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Abstract 

The atomic layer deposition (ALD) technique is a subclass of chemical vapor deposition (CVD) 

using a sequential gas phase chemical process to deposit ultrathin films with uniformity and 

conformality on 3D surfaces. The sequential process gives it a unique position in the field of 

micro and nanofabrication since the chemical precursors are used to react with the surface 

of a material one at a time in a self-limiting manner. ALD thus plays an increasingly important 

role in modern semiconductors and energy applications. Among the available thin film 

deposition techniques, ALD stands out in terms of thickness control and conformality on 3D 

surfaces. Moreover, the resulting films are dense and of high quality.  

The work presented in this Ph.D. thesis can be broadly classified into two parts,  

In the first part of my Ph.D. research, diffrent applications of ALD using diverse materials that 

exhibit distinct nucleation behaviors were studied. We leveraged the variation in nucleation 

and growth differences to explore different applications. Furthermore, the obstacles that 

come with growing ultra-thin conformal films or using new and complex materials were 

emphasized, which underlined the significance of designing in situ ALD systems in the second 

phase of my research. 

1. ALD as a protective coating: The atomic layer deposition (ALD) of oxides is a widely 

used method for producing conformal and uniform thin films. This work utilizes the 

nucleation and growth aspects of common oxides such as HfO2, TiO2, and ZrO2 to 

address the challenge of corrosion-assisted cracking in magnesium alloys, which are 

being investigated for use as temporary implant devices. High corrosion rates and 

premature deformation due to stress corrosion cracking (SCC) limit the clinical 

applications of these devices. To investigate the effectiveness of ALD coatings for 

corrosion protection, 100 nm thick TiO2 and ZrO2 coatings were deposited, and their 

effects on the SCC susceptibility of an AZ31 Mg alloy were studied. Both coatings 

showed improved performance against stress corrosion cracking for AZ31 alloy. 
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Furthermore, a comparison study of the corrosion protection performance of ALD and 

sputtered biocompatible TiO2 coatings was carried out. The results showed that both 

sputtering and ALD coating improved the corrosion resistance of the AZ31 alloy, but 

the ALD-coated surface exhibited the lowest corrosion rates, regardless of the surface 

conditions. The difference in coating performance was attributed to the line of sight 

limitation of sputtering, which was apparent in 3D samples. 

Finally, the corrosion behavior and cytotoxicity of the AZ31 Mg alloy were studied 

after the deposition of 100 nm thick TiO2, ZrO2, and HfO2 ALD coatings. The results 

revealed that the ALD TiO2 coating led to a notable improvement in the corrosion 

performance of AZ31 alloy, while ZrO2 and HfO2 ALD coatings demonstrated even 

higher corrosion resistance. This superior performance was attributed to the coatings 

lower wettability, greater electrochemical stability, and superior surface integrity, 

characterized by fewer cracks and pores. Furthermore, the higher corrosion resistance 

provided by the coatings led to an improvement in the cytotoxicity performance of 

AZ31 alloy. 

 

2. ALD for catalyst design: High surface area materials have been shown to exhibit low 

overpotential and improved activity as oxygen evolution reaction (OER) catalysts 

compared to planar surfaces. In addition to using low-cost materials, the ability to 

deposit catalyst material uniformly on 3D surfaces using atomic layer deposition (ALD) 

can be advantageous in controlling particle size and surface coverage, thus creating a 

potential process property relationship. Here, we study the use of ALD to deposit Cu 

on Ti and Ni mesh as OER catalysts, uniformly distributed Cu islands were formed on 

Ti substrate, whereas Cu clusters were seen in the case of Ni substrate. Results from 

linear sweep voltammetry in 1 M KOH solution show that that the Ni mesh 

outperformed the Ti mesh in terms of overpotential, with the lowest overpotential of 

320 mV observed for both the pristine Ni mesh and Ni mesh with 1500 cycles of ALD 

Cu. The study also revealed a correlation between island density and OER 

performance in the case of Ti mesh. The Ti mesh with 500 ALD Cu cycles exhibited the 

highest Cu island density and, consequently, delivered the best performance with an 

overpotential of 345 mV. 
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3. ALD of perovskites: This review examines the growth process of ALD perovskites to 

gain insights into the challenges associated with such processes and the steps required 

to tackle them. The combination of the functionality of perovskites and the deposition 

advantages of ALD has led to new endeavors in diverse applications. ALD offers high 

conformality, uniformity, and control over the growth and stoichiometry of these 

films, making it advantageous compared with other deposition processes. Modern-

day devices with novel designs and high efficiencies require materials with controlled 

stoichiometries and complex device designs. Four applications were reviewed and 

discussed: high-k dielectrics, piezoelectrics, optoelectronics, and solar-to-energy 

conversion devices. In addition, interfacial effects and the impact of different process 

parameters were reviewed. 

In the second part in situ ALD systems were designed, as for new precursors and complex 

process there is still a lack of clear understanding of the reaction mechanisms occurring during 

the ALD process and there are other challenges associated with nucleation of thin films 

restricting growth of ultrathin films. Conducting in situ studies can help achieve optimized 

ALD growth by providing continuous chemical and physical information during the process.   

1. In situ FTIR ALD: In this work, a compact and flexible in situ transmission FTIR 

spectroscopy ALD system has been designed and built, allowing to detect surface 

organometallic species from the first reactant half-cycle and mapping out ligand 

exchange reactions in the subsequent half-cycles.  The integrity and functionality of 

the system to track the nucleation stage are validated by conducting in situ FTIR 

absorption measurements of Al2O3 using Tri-methyl Aluminum (TMA) and H2O. Thus, 

with Potassium Bromide (KBr) as substrate, this instrument can enable 

straightforward ALD nucleation studies using a DTGS detector having sufficient signal 

without additional optical setup and modifications to off-the-shelf FTIR systems that 

allow low wavenumber experiments. 

2. In situ XAS ALD: Although the general principle of the ALD Cu process is known, the 

nucleation phase has limited experimental studies, due to the lack of a 

characterization techniques that  are sensitive enough to probe minute quantities of 

material deposited per half-cycle. However, synchrotron-based X-ray absorption 

techniques have the capability to do so. X-ray absorption spectra of materials are 
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characterized by a sharp increase in absorption at specific photon energies, depending 

on the absorbing element. Structural information can be deduced from the measured 

absorption spectra. 

Before conducting in situ studies for Cu growth using X-ray Absorption Spectroscopy 

(XAS), preliminary experiments were performed to develop the ALD process and 

confirm growth on different substrates.  

The in situ XAS ALD was designed and built to conduct absorbtion spectroscopy studies 

at the Stanford synchrotron radiation light source (SLAC national accelerator, 

California). Unfortunately, the study was incomplete due to X-ray beam alignment 

difficulties, limited beam time, and Covid-related restrictions. 
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1. Chapter 1: Introduction and overview 

Atomic layer deposition (ALD) occupies a unique position in both research and industry due 

to its ability to deposit materials with nanoscale precision, high uniformity, conformality, and 

excellent stoichiometry control [1]. This technique has revolutionized the fabrication of 

commercial devices with film thickness below 5 nm [2] . In addition, ALD enables the 

deposition of complex materials, such as doped, ternary, quaternary, and multi-component 

materials, in a single process [3] . With the increasing demand for downsizing and the use of 

more economical materials, ALD has become the benchmark and ultimate limit for 

miniaturization in manufacturing [4].  As a result, the ALD materials library is rapidly 

expanding to include metals, insulators, and semiconductors in both crystalline and 

amorphous phases [5]. ALD is now an essential process in emerging research and industrial 

applications, particularly in the development of novel semiconductors, energy conversion 

technologies, and protective coatings [6]. 

1.1 ALD growth modes  

1.1.1 Surface interaction  

In terms of growth, by definition  ALD growth takes place with an atom-by-atom arrangement 

in the form of monolayer growth, but in reality, less than a monolayer growth is observed for 

most of the processes [7]. The two important factors for such behavior are steric hindrance, 

where the precursor molecule is prevented from interacting with the active sites on the 

surface, and the other is the lack of active species on the substrate [8].  

The growth mode can be categorized into three types based on the interaction forces 

between the adsorbed atoms and both the underlying substrate and the deposited substrate 

[9] (Figure 1). The first type represents an ideal scenario, where one monolayer is grown per 

cycle, resulting in 2D growth. This growth mode is also referred to as Frank-van der Merwe 

growth or bi-dimensional growth. In terms of surface forces, the adhesive force on the surface 

surpasses the cohesive force between atoms of the precursor molecule, facilitating a layer-
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by-layer growth on the substrate. In other words, the atoms fully cover the surface, forming 

a complete monolayer before the subsequent layer is deposited on top. 

In the second type of growth, known as Volmer-Weber growth [10], growth occurs in the form 

of islands due to substrate dependence or inhibition. This island growth is facilitated by the 

preferential absorption of precursor molecules on the deposited surface. In this mode, the 

initial nucleation of small clusters or islands takes place on the surface. The formation of these 

islands is attributed to the fact that the interaction between the adsorbed atoms is stronger 

among themselves compared to their interaction with the substrate. In terms of energy or 

force, the cohesive force among the atoms surpasses the surface adhesive force, causing the 

atoms to accumulate. Subsequently, these small clusters grow into larger three-dimensional 

structures and eventually merge to cover the entire surface. 

Lastly, the third type of growth, known as Stranski-Krastanov growth [11], is characterized by 

random deposition. In this growth mode, molecules have an equal probability of attaching to 

any surface, resulting in much smoother films when compared to island growth. 

 

Figure 1: Schematic illustration of selected growth modes possible in ALD:  two dimensional growth 
or layer by layer growth, island growth without diffusion  and  random deposition due to island 
growth with diffusion [12].  

The nucleation phenomenon and the types of growth can also be understood in the context 

of wetting behavior, which can be described using Young's equation [13] . In this scenario, the 

initial nanoparticles or clusters formed on the substrate can be thought of as liquid droplets 

on a solid surface. This perspective provides insights into the relationship between surface 

energies and wetting behavior [14]. 

Young's equation, represented as eq.(1): 
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γS=+γL(cos  θ)+γSL   (1) 

where, S represents the substrate, L denotes a liquid droplet on the substrate, SL stands for 

the substrate-liquid interface, and θ represents the contact angle. γS represents the surface 

energy of the substrate, γL is the surface energy of the nanocluster "droplet," and γSL is the 

interfacial energy between the substrate and the nanocluster "droplet." 

In the case of ideal wetting behavior, θ approaches approximately 0, and cos  θ approaches 

approximately 1. Under these conditions, Young's equation simplifies to γS = γL + γSL. Assuming 

there is finite interfacial energy, wetting requires that γS > γL. Consequently, the underlying 

substrate must have a higher surface energy than the liquid "droplet" on the substrate for 

uniform nucleation and the formation of ultra-thin films. 

The growth modes discussed above can be influenced by process parameter, such as the 

precursor purge time, which affects the self-limiting behavior. Self-limiting behavior is a 

fundamental characteristic of ALD [1], setting it apart from closely related thin-film deposition 

techniques like CVD. In the ALD process, each cycle comprises two half-reactions. In the first 

half-reaction, a precursor molecule is introduced to the substrate and reacts with the surface, 

forming the first half-layer. Followed by removal of unreacted gas.Then, the second half-

reaction involves a second precursor, which reacts with the surface to form the monolayer, 

again followed by removal of unreacted precursor molecules. Notably, these half-reactions 

are self-terminating, meaning that surface saturation occurs during each half-reaction. Once 

the surface is saturated, additional precursor molecules do not readily react, leading to the 

self-limiting behavior. Saturation takes place when all available reaction sites on the surface 

are occupied by precursor molecules, preventing further reactions 

In other words, as the exposure of the precursor increases, the surface reaches a point of 

saturation, rendering it non-reactive. In cases where only a fraction of the substrate's surface 

is covered, achieved by reducing the duration of the precursor pulse and purge, the surface 

retains limited reactivity. This may occur due to the short purge duration, which can leave 

unreacted precursor molecules. Subsequently, when the co-reactant is introduced, it can lead 

to gas-phase reactions, resembling CVD growth. To achieve pure ALD growth, it is crucial to 
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provide a sufficient precursor pulse to fully saturate the surface and an adequate purge to 

completely remove any unreacted gases.  

1.1.2 High aspect ratio structures 

The trend toward miniaturization in semiconductor devices has led to the development of 

increasingly complex 3D structures with a high aspect ratio (HAR), characterized by significant 

differences in depth and width. When dealing with HAR structures, the growth behavior of 

ALD within narrow features in the molecular flow regime can be categorized as either 

diffusion-limited or reaction-limited. It's important to note that the type of ALD growth is 

influenced by both the aspect ratio (AR) of the feature and the sticking probability of the ALD 

reactants. The aspect ratio (AR) of a structure is conventionally expressed as AR = L/w, where 

'L' (in meters) represents the depth of the structure, and 'w' (in meters) represents its width. 

Three distinct growth types can be identified (Figure 2). The first, diffusion-limited growth, is 

influenced by the geometry of the feature, which significantly impacts the coating process. 

During deposition, the most readily accessible surface sites are the initial ones to be covered, 

resulting in a distinct  boundary between the coated (accessible) and as-yet-uncoated (less 

accessible) regions. This boundary gradually extends deeper into the feature as deposition 

proceeds. In the second type, known as reaction-limited growth, the primary characteristic is 

a notably low sticking probability of the reactant molecules. In such scenarios, the division 

between the coated and uncoated sections of the feature is less distinct and less sharply 

defined, ultimately leading to a more conformal deposition. The third type is recombination-

limited growth, where saturation is not primarily influenced by diffusion rates or sticking 

probabilities but is instead determined by the loss of radicals due to recombination during 

collisions with the feature's side-walls. 

 

Figure 2: Schematic representation of unsaturated thickness profiles: (a) diffusion limited, (b)reaction 
limited and, (c) recombination limited growth type [1].  
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1.2 Motivation 

1.2.1 Exploring ALD-based application  

1.2.1.1 ALD of oxides as a protective coating  

1.2.1.1.1  ALD  of oxides  

The ALD of oxides have been widely implemented in the semiconductor industry [2]  due to 

the development of  efficient growth process that allows conformal and uniform thin films 

[15]. Also, compared to the ALD of metals, the nucleation and growth aspect of most common 

oxides such as Al2O3, HfO2, TiO2, and ZrO2 has been conformal and uniform [16]. This is due 

to the availability of stable precursors, the presence of suitable reactive sites on the 

deposition surface, and, most importantly, efficient self-terminating surface reactions [16].    

1.2.1.1.2 Protective coating application  

The ability of ALD to deposit  of uniform and conformal coatings has been incomparable. Its 

exceptional performance in prolonging the operational lifespan and enhancing the 

performance of organic light emitting diodes (OLEDs) is well studied and implemented [17]. 

OLEDs are vulnerable to environmental factors, such as moisture and oxygen, which can lead 

to performance degradation and reduced longevity. In recent years, researchers are actively 

exploring a multitude of applications where ALD's unique capability for uniform surface 

coating has yielded promising results [18]. Notably, ALD has demonstrated its effectiveness 

in corrosion protection for steel through the deposition of metal oxide coatings. This 

underscores the versatility and reliability of ALD in a wide range of protective coating 

applications [19]. 

1.2.1.2 ALD Cu as a catalyst for oxygen evolution reaction (OER) 

1.2.1.2.1  ALD  of Cu 

Copper (Cu) has long been favored as an interconnect material [20] in the microelectronics 

industry due to its low electrical resistivity, high electro-migration resistance, high thermal 

conductivity, and favorable chemical and thermodynamic properties [21].  

To deposit Cu thin films, several techniques such as electrochemical deposition, physical 

vapor deposition (PVD), chemical vapor deposition (CVD), and atomic layer deposition (ALD) 
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can be used. However, with the increasing demand for downsizing and designing high aspect 

ratio structures, where "downsizing" here refers to the trend in the microelectronics industry 

where there is a demand for making electronic devices smaller and more compact. This 

typically involves reducing the size of individual components, features, and structures on 

semiconductor devices, for higher performance and greater integration of components into 

smaller spaces to improve device performance and efficiency. As a result, new challenges 

have arisen, such as decreased cross-sectional area leading to increased resistance and non-

uniform deposition.  

The microelectronics industry often utilizes ALD alongside PVD despite ALD being more 

expensive for the deposited thickness [22]. In general for common metal oxides, such as Al2O3, 

HfO2, TiO2, ZrO2 etc.  ALD provides precise and conformal coating, making it suitable for 

manufacturing ultra-thin films and complex multilayers, as well as achieving consistent 

thickness even in complex structures. It also offers control over material properties, electrical 

properties, and the creation of effective barrier layers, which are essential for next-generation 

devices and improved device reliability. While PVD is more economical, the unique 

capabilities of ALD are essential for meeting the increasingly stringent requirements of 

advanced semiconductor manufacturing, justifying its use despite higher costs. 

Among the various deposition techniques, PVD methods like thermal evaporation and 

sputtering have been widely employed in the industry [23] . However, ALD has recently gained 

significant attention as a seed layer for subsequent electrolytic and electroless deposition 

methods [24], especially for the deposition of Cu on arbitrary substrates. Despite this interest, 

preferential growth on metallic surfaces like Ti, Pt, and Ru has been observed, leading to non-

uniform and rough thin films due to island growth and contamination from precursor 

decomposition. Moreover, growth studies for different precursors and substrate 

combinations are limited. 

While thermal ALD of Cu suffers from a slow growth rate, high temperature requirement 

(>240°C), and incorporation of impurities, plasma-based processes have been explored to 

address these limitations [25]. However, these processes have resulted in high roughness and 

agglomeration of Cu thin films [26], making it difficult to deposit conformal films on high 

aspect ratio structures [27]. 
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Apart from microelectronics, Cu-based materials have also garnered significant interest in 

catalysis [28] and gas sensing applications [29], making it imperative to address these 

challenges to explore the full potential of Cu in various fields. 

1.2.1.2.2  Oxygen evolution reaction (OER) catalyst application  

Due to the instability in the supply of conventional fossil fuels for energy generation and 

growing concerns about the effects of global warming resulting from ever-increasing 

greenhouse gas (GHG) emissions, there is a pressing need to find sustainable energy solutions. 

One approach is to convert water to chemical energy by splitting it into oxygen and hydrogen, 

but the anodic oxygen evolution reaction (OER), which is essential for this process, is a 

complex and slow process that requires high energy inputs [30]. 

To facilitate the OER, an ideal catalyst should promote the reaction rate, reduce the over-

potential, and have low activation energy. While noble metal-based catalysts such as RuO2, 

IrO2, and Pt have shown high OER performance, their limited availability and high cost makes 

them unsuitable for large-scale implementation [31]. Therefore, there is a need for stable, 

active, and cost-effective electro-catalysts, for which different materials and strategies must 

be explored. 

Recently, Copper based materials has emerged as a promising catalyst due to its numerous 

advantages, such as low cost, low toxicity, high electrical conductivity, and high strength 

compared to other transition metals [32]. Additionally, Copper has demonstrated remarkable 

electrocatalytic activity and stability, making it a viable candidate as a replacement material 

for noble metals in OER applications [33]. As such, there has been growing interest in 

exploring Copper-based catalysts as a potential solution for sustainable energy generation. 

1.2.1.3 ALD perovskite applications  

1.2.1.3.1 ALD of perovskites 

Perovskites are a type of ternary oxide that typically have a cubic structure. When using 

Atomic Layer Deposition (ALD) to deposit perovskites, a sequential reaction occurs where 

binary oxides AO and BO2 are formed (Figure 3). The growth rate of AO on BO2, or vice versa, 

differs due to differences in bonding site density and chemisorption rates provided by the 

surfaces. A perovskite structure is typically formed by intermixing these binary layers [34]. 
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Therefore, for successful ALD deposition, the diffusion length of atomic species should be 

higher than the thickness of each binary layer, which should be less than 2 Å. This allows for 

the mobility of atoms and results in a uniform composition. If the binary layer thickness is 

greater than 2 Å, atomic species diffusion is restricted, resulting in phase segregation [3]. In 

such cases, a higher deposition temperature or a post-deposition annealing process is 

required to increase the diffusion of atomic species [3]. Therefore, to develop perovskites 

with a specific composition, it is crucial to understand the interaction of materials with 

different surfaces. 

 

Figure 3: ALD growth of ABO3 compounds [34]  

1.2.1.3.2 Applications  

Perovskites deposited using atomic layer deposition (ALD) offer several advantages that make 

them a promising choice for various applications. Research on ALD deposition of perovskites 

for dynamic random access memory (DRAM) applications [35] has shown that thin films of 

strontium titanate (STO) and barium titanate (BTO) [36–38] with high dielectric constants 

(over 146) are ideal candidates, resulting in an equivalent oxide thickness (EOT) below 0.5 nm 

[39]. 

Perovskite-based piezoelectric materials have recently gained attention for their use in nano-

electromechanical systems (NEMS) and micro-electromechanical system (MEMS) based 

applications. Barium titanate (BTO) based perovskites with high piezoelectric coefficient d33 

of 500 pC/N [40], comparable with lead zirconate titanate (PZT) [41], are a promising lead (Pb) 

free alternative for piezoelectric materials [39]. 

In addition, perovskite-based solar cells have been successfully developed using 

methylammonium lead iodide (CH3NH3PbI3), achieving more than 20% efficiency and thus 

becoming competitive with silicon-based solar PV technologies [42] . Moreover, a novel 

hybrid ALD process that combines ALD lead sulfide (PbS) [43] with further processing can be 

implemented to fabricate light-emitting diodes[44]. 
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ALD provides the feasibility of working at lower temperatures with controlled conformal 

growth for these applications. Furthermore, lanthanum-based perovskite compounds are 

used for thermo-chemical processes where oxidation and reduction reactions are leveraged 

for the production of H2 and CO in solar energy conversion  [45]. ALD deposition of perovskites 

enables conformal deposition on high surface area structures, ultimately improving the fuel 

yield. Additionally, perovskite redox materials allow for lower temperatures (1200˚C) 

compared to conventional cerium oxide, which generally requires higher temperatures (1500 

˚C), resulting in an unpractical thermal load to the system [39]. 

These applications demonstrate the potential of ALD-deposited perovskites to enhance 

performance and provide novel solutions for various industries. 

1.2.2 Challenges in ALD growth 

With new and novel applications and materials comes new challenges. In recent years, there 

has been significant development and experimentation with new precursors containing 

various organometallic compounds for ALD [46]. Despite these efforts, however, there is still 

a lack of clear understanding regarding the reaction mechanisms occurring during the ALD 

process for many of these precursors [47].  

It is important to note that the initial nucleation phase of ALD can differ significantly from the 

later stages, where self-limiting chemical vapor exposure governs the growth process [5]. This 

early stage can vary across different material systems, and the chemical and physical 

mechanisms behind the nucleation phenomena are still not fully understood. This phase is 

crucial in determining the properties of future thin films. Therefore, a deeper understanding 

of this phase is essential for successful miniaturization. In addition to this, the topological and 

morphological studies at atomic scale resolutions are currently insufficient [48], indicating a 

need for further research in this area. 

Moreover, perovskite materials deposited through ALD are multi-component materials that 

require a combination of binary cycles to deposit them, known as a super cycle. This complex 

deposition process requires a detailed understanding of the growth mechanism and precursor 

interaction to achieve controlled growth and tunable functionalities [49].  
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Thus, conducting in situ studies can help achieve optimized ALD growth by providing 

continuous chemical and physical information during the process [50]. This will enable a 

better understanding of the complex interactions and mechanisms involved in the deposition 

process, leading to more efficient and effective use of new precursors and improved thin film 

properties. 

1.2.3 In situ ALD studies 

In situ ALD studies provide a direct way to observe the surface chemistry, physical and 

structural properties of the ALD process. These studies offer valuable insights into the 

nucleation and growth of thin films, surface chemistry and defects, and the effects of process 

parameters on film properties [51]. By analyzing this information, process control can be 

improved, new precursors can be designed, and reaction conditions can be tailored to achieve 

desired material properties. In situ studies also allow real-time measurements of film 

thickness and facilitate the optimization of process parameters for the desired material 

properties. However, challenges with in situ techniques include the need for specialized 

equipment, limited characterization techniques, and higher costs and time requirements for 

initial experiments. 

1.2.3.1 In situ FTIR ALD 

One of the analytical techniques that can be used is infrared (IR) spectroscopy, which offers 

the advantage of flexibility in the variety of sample types to be analysed (e.g., liquids, 

powders, gases, thin films, and solid surfaces). In addition, in situ FTIR systems allow us to 

detect surface organometallic species from the first reactant half-cycle and thus help us to 

map out ligand exchange reactions in the subsequent half-cycles [52]. 

FTIR spectroscopy is a powerful tool for analyzing the surface chemistry of materials when  

integrated with an ALD reactor (Figure 4), allowing us to conduct real-time analysis of film 

growth and surface chemistry during the deposition process. 
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Figure 4: Schemtic represenation of the integration of ALD reactor and FTIR system. 

The principle of ALD involves sequential exposure of a substrate to two or more precursor 

gases, which react with the substrate surface to form a monolayer of the desired material. 

After each exposure, the substrate is purged with an inert gas to remove any unreacted 

precursor and reaction by-products. In in situ FTIR ALD, the FTIR spectrometer is used to 

analyze the surface species of the substrate before and after each precursor exposure. This 

allows for the identification of the formation of the desired material and any unwanted by-

products. This technique is particularly useful in detecting surface organometallic species 

from the first reactant half-cycle and mapping out the ligand exchange reaction in subsequent 

half-cycles. 

Moreover, FTIR spectroscopy is an inexpensive and widely available tool in different labs, with 

a high signal-to-noise (S/N) ratio and low data acquisition time [52]. 

1.2.3.2 In situ XAS ALD  

X-ray absorption spectroscopy (XAS) is an element-specific technique that can provide 

valuable information about local electronic and geometric structures of materials. XAS has 

several key advantages [31]. In situ XAS ALD system  (Figure 5)  at a synchrotron can probe a 

much wider range of elemental edges and has a much higher signal-to-noise (S/N) ratio due 

to orders of magnitude higher flux, allowing for the detection of even trace elements.  
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Figure 5: Description of the X-ray beam incident on the sample surface in the in situ XAS reactor 
assembly. 

XAS can be divided into three main regions: the pre-edge, X-ray absorption near edge 

spectroscopy (XANES) region, and extended x-ray absorption fine structure (EXAFS). Each 

region provides valuable information about the material. The pre-edge region can estimate 

ligand-field, spin-state, and centrosymmetric. The XANES region can be used to obtain local 

geometric structure and metal-ligand overlap via shakedown transitions, ligand arrangement, 

oxidation state, and density of states. The EXAFS region can obtain bond distances, 

coordination numbers, and Debeye-Waller factors [32]. 
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1.3  Thesis objective 

The objective of this Ph.D. thesis is to investigate and evaluate the potential of atomic layer 

deposition (ALD) for various applications, leveraging its unique growth behavior. With the 

increasing demand for new materials and complex processes in emerging applications, there 

are growing challenges in the growth of ALD thin films. Therefore, it is crucial to develop a 

comprehensive understanding of the growth process. Furthermore, the thesis aims to design 

and develop in situ ALD systems that can monitor the growth process for new or intricate 

procedures, especially for ultra-thin films in the expanding field of novel applications. Through 

these efforts, the thesis seeks to advance the knowledge and capabilities of ALD technology 

and enable its broader use in cutting-edge applications 

1.3.1 Research questions this Ph.D. thesis is answering  

Question 1.  What is the scope of ALD based applications beyond microelectronics, 

and what are their potential benefits? 

 ALD for Catalyst design 

High surface area materials have found interest due to low over-potentials 

and enhanced activity as an oxygen evolution reaction (OER) catalyst 

compared to planar surface forms. ALD deposited Cu on Ti and Ni mesh as 

a catalyst for OER will be investigated. 

 

 ALD for protective coatings 

Investigating the corrosion behaviour of ALD-coated AZ31 magnesium alloy 

for use in biomedical applications 

Question 2.  Can ALD be adapted to deposit new materials and complex 

structures? 

 Review: ALD of perovskites 

A literature study is conducted, and the growth of ALD perovskites is 

discussed, with an application-centered overview of the characteristics of 

perovskite processing in the ultrathin films regime.   

 Question 3.  What are the major difficulties in developing new ALD materials and 

processes? 

 Review: ALD of perovskites 

The different challenges associated with complex and new process are 

highlighted, such as unknown chemistry, abnormal growth behavior, 

differential growth at interface and process parameters optimization 

requirements  thus revealing importance of growth studies. 
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Question 4. How can we optimize the growth of ALD thin films for new materials 

and processes? 

ALD growth studies can be conducted by both ex situ and in situ means, but 

the degree of understanding of the process property relationhip varies. 

 Ex situ  study 

In this work, preliminary ex situ study was conducted for ALD Cu (Ch. : 9), 

where the effect of process parmeters on the nucleation and growth was 

evaluated and discussed.  

 In situ study 

In situ ALD studies provide a direct way to observe the surface chemistry, 

physical and structural properties of the ALD process. Thus, in this work in 

situ ALD systems will be designed which will enable in situ studies. 

Question 5. Can we develop an in situ ALD system that can enable real-time 

monitoring and control of the deposition process? 

 In situ FTIR 

In this work, a flexible and compact in situ transmission FTIR spectroscopy 

ALD system is designed and built, allowing us to detect surface 

organometallic species from the first half-cycle and map out ligand 

exchange reactions in the subsequent half-cycles. 

 In situ XAS 

In this work, an in situ XAS ALD system was designed to investigate the ALD 

growth of Cu, a process whose general principle is well-known, but the 

nucleation phase has not been explored experimentally due to the 

challenge of characterizing the minute quantities of material deposited in 

each half-cycle. 

Question 6. What are the critical differences between the designed in situ ALD 

system and state-of-the-art in situ ALD systems , and how can we leverage these 

differences to advance the field? 

In this work, a detailed description of the system design and important aspects 

related to it are discussed. It is anticipated this work will be valuable knowledge 

for a wider community working on material growth and characterization.   

Certain aspects are highlighted that are critical for successful implementation 

of in situ ALD studies such as, reactor heating, minimum reactor volume, 

protection of optical window, direct integration of the characterization 

equipment, detector selection in the case of in situ FTIR studies, portable 

system design and substrate selection 

Question 7. What are the technical and practical challenges in building an in situ 

ALD system and what are the potential solutions and trade-offs? 
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This work emphasizes the practical challenges that arise in the design of in situ 

systems. The most critical of these challenges is the integration of the 

characterization tool and ALD system. This integration is often hindered by 

limited space, which is a common observation. In addition, the modular design 

and numerous vacuum components can make leak detection a significant 

challenge, consuming a considerable amount of time and resources.  
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1.4 Thesis structure 

This thesis consists of 9 chapters, an outline and summary of each chapter is presented here, 

Chapter 1: Introduction and overview 

This chapter serves as a background to the research work, which aims to explore the use of 

atomic layer deposition (ALD) for various applications and to develop in situ ALD systems to 

address the challenges associated with new materials and future applications. It includes the 

motivation behind the research, as well as the objectives and key research questions 

answerred in the thesis.   

Chapter 2: Literature review 

This chapter provides an overview and introduction to the atomic layer deposition (ALD) 

process and highlights its unique capabilities in comparison to other deposition techniques. It 

also gives a brief overview of different applications that use ALD. Furthermore, the section 

highlights various characterization tools that have been utilized in in situ ALD studies.     

A section is assigned to  ALD perovskite for novel applications, the use of more complex 

materials with Atomic Layer Deposition (ALD), such as perovskites, has been explored for 

novel applications. To better understand the potential of ALD technique for deposition of 

these materials, a literature review was conducted, which discusses various perovskite-based 

applications. Additionally, the review includes an examination of the growth process for 

Strontium Titanate (STO), in order to gain insights into the challenges associated with such 

processes and the steps required to tackle them. 

Finally a section in this chapter is dedicated to a discussion on “Why in situ studies are 

required?”   In this section, we will briefly introduce various in situ techniques and emphasize 

why in situ studies are important. Subsequently, we will discuss the main reasons for 

conducting such studies. This discussion will help us understand how in situ systems 

contribute to and improve the ALD process. 

Chapter 3: Experimental techniques 

This chapter provides an overview of the various characterization methods employed in this 

study. It includes system details of fourier transform infrared spectroscopy (FTIR), X-ray 



 

17 
 

absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), scanning electron 

microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), ellipsometry, and 

electrochemical measurements equipment used in this research. 

Chapter 4: Experimental study – ALD of oxides as protective coatings 

This chapter presents a summary of experimental work on the use of atomic layer deposition 

(ALD) as a protective coating. It begins with a discussion on the benefits of ALD of metal oxides 

for corrosion protection, highlighting the advantages over other deposition methods. The 

chapter then describes the results of my contribution to this collaborative work, which 

involved conducting ALD and sputter deposition of thin films, using spectroscopic 

ellipsometry to measure film thickness, profilometry to assess surface roughness, and X-ray 

photoelectron spectroscopy (XPS) to determine the materials chemical composition. A 

complete set of results for this section is provided in the research articles included in the 

Appendix. 

Chapter 5: Experimental study – ALD of Cu as a catalyst for Oxygen evolution 

reaction(OER) 

This chapter presents the experimental study on the use of atomic layer deposition (ALD) of 

copper on high surface area 3D structures as a catalyst for the oxygen evolution reaction. 

Chapter 6: Experimental study – Design of in situ ALD FTIR system    

This chapter focuses on the experimental work conducted to design an in situ ALD FTIR 

system, based on our published research article. The chapter begins with a discussion on the 

in situ FTIR technique, followed by a review of the current state of the art. Subsequent 

sections describe the design of the in situ FTIR system, along with details of the validation 

process. By presenting this experimental work, the chapter aims to contribute to the ongoing 

efforts to improve the ALD process through the development of effective in situ system. 

Chapter 7: Experimental study – Design of in situ ALD XAS system    

This chapter builds upon previous work on the design of in situ Atomic Layer Deposition (ALD) 

systems, focusing specifically on the design of an in situ X-ray Absorption Spectroscopy (XAS) 

system. The chapter begins with an introduction to XAS and an explanation of why in situ XAS 

is a useful characterization strategy for ALD processes. The design of the in situ XAS system is 

then discussed, followed by a description of the preliminary ex situ experiments carried out 
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to develop an initial ALD Copper (Cu) process and gain an understanding of the growth 

process. Finally, a discussion of the in situ XAS experiments is presented, including the 

challenges faced during measurement and subsequent improvements made to the system. 

Chapter 8: Conclusion and future work 

This chapter serves as the conclusion for the entire body of work conducted during this Ph.D. 

research. Based on the results obtained and the current status of the work, the chapter also 

includes a discussion of future directions for research.  

Chapter 9: References    

This chapter serves as a comprehensive list of all references cited throughout the thesis. 
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2. Chapter 2: Literature review 

2.1 Atomic Layer Deposition (ALD) 

2.1.1 Background 

ALD is a thin-film deposition method, often regarded as a variation of the chemical vapor 

deposition (CVD) technique. However, a crucial conceptual distinction exists between ALD 

and CVD. In CVD, the process is steady-state, meaning that growth continues at a consistent 

rate as a function of time, maintaining a constant growth rate over time. In contrast, ALD is 

based on the principle of self-limited interactions between species and the substrate surface. 

This means that molecules can only react with a finite number of available surface sites. Once 

these sites are consumed, the growth process terminates. This unique characteristic of ALD 

results in inherently conformal deposition, as it ensures that the growth precisely conforms 

to the contours and features of the substrate. 

There has been a dispute on the claims of the invention of the ALD technique. However, the 

consensus is that it was independently invented twice [53]. The well-known origin of ALD, 

named initially “atomic layer epitaxy” (ALE), was in Finland in the 1970s by Prof. Suntola [54]. 

However, ALD was also studied earlier in the form of “molecular layering” in the former soviet 

union in the 1960s by Prof. Aleskovskii and Kolt’sov [55].  

2.1.2 Principle 

ALD deposition process works on the principle of self-limiting sequential interaction of 

precursor and co-reactant. Generally, a single precursor and co-reactant are used for binary 

compounds. Whereas, complex compounds or multi-component materials are deposited by 

combining binary cycles [3]. The distinctive self-limiting characteristics of ALD allow 

comparatively better conformal growth behavior and control over the thickness compared to 

CVD process. The thickness of the deposition is controlled by the number of cycles defined in 

the process. Figure 6 describes a typical ALD system with major components. 
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Figure 6: Simplified schmeatic of ALD system with major components. 

To better understand the ALD growth process, we will review the Al2O3 growth mechanism 

[52]. The ALD Al2O3 growth on -OH terminated SiO2/Si substrate mainly involves –CH3 and –

OH groups. The chemistry can be illustrated schematically, as shown in Figure 7. The ALD cycle 

starts with an -OH terminated surface. In the 1st half-cycle, trimethyl aluminum (TMA) vapor 

is pulsed in a controlled way to chemisorb the -OH groups present on the surface. TMA 

presence initiates a ligand exchange reaction (eq. 2), where the metal component of the 

precursor attaches with oxygen and simultaneously forms a -CH3 terminated surface. This 

results in CH4 (g) molecules forming as a reaction product. This is followed by a system purge 

using inert gas to remove the unreacted precursor and reaction by-products, which gives the 

ALD process itself a limiting characteristic behavior. The 2nd half-cycle consists of an H2O vapor 

pulse which reacts with a –CH3 terminated surface, initiating ligand exchange reaction, 

resulting in the formation of a –OH terminated surface, followed by a similar inert gas purge 

of the reactor (eq. 3). The reactions ((eq. 2 and eq. 3)) are summarized in the equations below 

(with the surface represented as ‖), and we obtain the required thickness of the thin film by 

specifying the number of cycles in the ALD process. This enables us to achieve precise control 

over the deposition of conformal and uniform thin films [52].  

              ‖-OH (s) + Al(CH3)3 (g) → ‖-O- Al(CH3)2 (s) +CH4 (g)                              (2) 

             ‖-O- Al(CH3)2 (s) + H2O (g) → ‖-O- Al(CH3)OH (s) + CH4 (g)    (3) 
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Figure 7: Schematic representation of the chemistry involved in the cyclic ALD process of Al2O3 using 

TMA and H2O [52] 

2.1.3 Process characteristics  

The defining feature of ALD is saturated growth. For each ALD cycle, the reaction between 

the precursor molecule and the surface should be self-limiting, and the presence of excess 

precursor should not result in an increased growth rate. Thus, for an ideal ALD process, 

saturated growth is expected. 

For ALD processes, the growth rate is defined in terms of growth per cycle (GPC). The GPC can 

be linear or non-linear depending on multiple factors; as shown in Figure 8, for a substrate-

independent process, linear growth is observed, and for a substrate-dependent growth, the 

growth could be either enhanced or inhibited in the first few cycles, thus affecting the initial 

linearity of the growth. 
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Figure 8: Classification for the ALD processes based on the growth modes: (a) linear mode: where there 

is a linear increase in growth with number of ALD cycles used,  (b) substrate-enhanced mode; the 

substrate surface provides favourable conditions for the reaction to take place thus resulting in 

enhanced growth , (c) substrate-inhibited mode  of type 1 resulting in no further growth in thicknes 

after certain number of cycles, and (d) substrate-inhibited mode  of type 2, where there is increase 

followed by dip in thickness of the thin film  [10] . 

The substrate temperature influences the deposition process (Figure 9). Generally, ALD 

precursor molecules interact differently at different temperatures. It is typically observed 

that, at low temperatures, a low growth rate could be due to physisorption, as there are a 

low number of active sites. At the same time, precursor condensation is also possible to result 

in high growth. In the latter case of condensation, the thin films have a large amount of 

contamination from the condensed precursor molecule. A similar growth rate is observed at 

a slightly higher temperature range, called the ALD temperature window; in this temperature 

window or range, the deposited thin film is expected to be free from contamination. Whereas 

heating the substrate above the ALD temperature window can either cause precursor 

decomposition, resulting in a higher growth rate due to contamination, or lower growth due 

to desorption of the precursor molecules attached to the substrate surface. 
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Figure 9: ALD GPC  versus temperature showing ALD window [5]. 

The volatility of an ALD precursor is a critical parameter that impacts film thickness control, 

uniformity, self-limiting behavior, deposition rate [56], and the potential for thermal 

decomposition [57]. Precursors with the appropriate level of volatility need to be carefully 

selected to ensure the success of the ALD process and the desired film properties. The 

volatility will be further dicussed in the coming precursor selection section.  

2.1.4 Type of ALD 

The interaction of the precursor molecules with the substrate surface can be driven by 

different modes. The most used and straightforward approach is thermal ALD, where the 

reaction is assisted by the thermal energy supplied through continuous substrate heating at 

a defined temperature, depending on the precursor requirements. This approach has been 

widely used for depositing ceramics and metals; substrate temperature ranges from 50 °C to 

500 °C [58]. In terms of system design, one of the advantages of thermal ALD is simplified 

reactor design, allowing flexibility in the system setup. Concerning the deposited layer, 

thermal ALD works well on high aspect ratio structures. The other extensively studied 

approach is plasma-enhanced ALD [25], which is especially suitable for thermally sensitive 

substrates that cannot handle high temperatures, such as polymers. The reaction process, in 

this case, is driven by energetic ions produced inside the reactor. However, plasma ALD limits 

its use in high aspect ratio structures due to ion recombination [59]. Due to the requirement 

of attaching additional components to the reactor for plasma generation, the system design 

is much more complex and less flexible.  
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2.1.5 Materials range 

Advancements in ALD technology have led to the development of new precursors and 

processes, broadening the range of materials that can be deposited [60]. This range includes 

pure elements as well as compounds containing Te, F, N, O, S, Se, and other elements, as 

illustrated in Figure 10. While the complexity and efficiency of ALD vary for different materials, 

binary oxides like HfO2, Al2O3, and ZrO2 have been widely studied and implemented as high K 

materials in DRAM capacitors. Ternary compounds, such as BaTiO3 (BTO), which have a 

perovskite structure [61], are being explored for superior properties in the same application. 

For microelectronics applications, ALD-based nitrides such as Titanium nitride (TiN) and 

Tungsten nitride (WN) have been studied as barrier layers [62]. For a comprehensive list of 

materials studied for the ALD process, please refer to the detailed review [63]. 

 

Figure 10: Overview of materials grown by ALD, the ALD growth of pure elements and compounds 

represented through shading and colors [34] (source: https://www.atomiclimits.com/alddatabase/ 

[64]). 

2.1.6 Precursor selection 

When selecting a precursor for a material deposition, it is important to consider the specific 

process requirements, as there is possibility of multiple precursors for the same material type 

[34]. Thus, precursors are classified based on their thermal stability, reactivity, and volatility. 

Ideally, an efficient precursor will react quickly with the substrate surface groups and reach 
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the surface saturation stage as rapidly as possible. Precursors are typically classified based on 

their ligands, which includes halides, β-diketonates, alkoxides, alkylamides, alkyls, 

cyclopentadienyls, and amidinates. Based on the type of ligands the properties of the 

precursors can be tuned thus helping meet the process requirements  [46]. 

The volatility of an ALD precursor is a critical factor in the ALD process. Volatility refers to how 

quickly a precursor can transform into a vapor (gas) under specific conditions like temperature 

and pressure. Highly volatile precursors readily become vapor, while less volatile ones do so 

more slowly. In ALD, precursors must vaporize to interact with the substrate and create thin 

films, making their volatility a key determinant of process efficiency. Achieving the right 

balance of volatility is essential for precise and controlled film deposition. For example, ALD 

at low temperatures benefits from highly volatile precursors, while less volatile ones require 

higher vaporization temperatures. However, excessive heating can lead to thermal 

decomposition before the precursor reaches the substrate, underscoring the importance of 

an optimal volatility level for successful ALD [65]. 

2.2 ALD vs. other deposition techniques and its limitations 

ALD stands out in terms of thickness control and conformality on 3D surfaces and complex 

geometries when compared to other available thin film deposition techniques, such as 

physical vapor deposition (PVD), electrochemical deposition, chemical vapor deposition 

(CVD), and its variants, including metalorganic chemical vapor deposition (MOCVD). In 

addition to that, ALD films are versatile, dense, and of high quality [66]. 

However, the saturated ALD growth comes at the cost of a slow growth rate compared to 

other deposition process. Nevertheless, this limitation can be compensated by large batch 

processing, resulting in increased film volume produced in unit time [2].  

ALD works efficiently in a defined temperature window, depending on the precursor 

chemistry. A stable sample temperature is advantageous; inefficient and non-uniform heating 

can cause cold spots in the reactor, resulting in precursor condensation and subsequent 

desorption, thus resulting in non-uniform and contaminated thin films. 

The ALD process typically consists of a sequence of alternating precursor pulses, each 

followed by a purge step, rather than a continuous flow of precursor gases as seen in CVD. 
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Thus, ALD is characterized by the sequential, self-limiting adsorption of precursors. In each 

ALD cycle, a precursor is pulsed into the chamber for a specific duration, allowing it to react 

with the substrate surface.   

Although ALD is inherently a self-saturating process, designed to limit each precursor pulse to 

ideally deposit one monolayer of material on the substrate, the pulse duration still holds 

significance within this framework. In an ideally self-saturating ALD process, the reaction 

between the precursor and the substrate should conclude in a very short time. An excessively 

long pulse duration can lead to overexposure, causing more precursor molecules to adsorb 

than necessary for a single monolayer. This may result in non-ideal film properties and limted 

thickness control [67]. Conversely, a too-short pulse duration may not provide sufficient time 

for all reactive sites on the substrate to interact with the precursor, leading to incomplete 

surface reactions and incomplete monolayer coverage.However, In specific cases, especially 

when employing less reactive precursors, longer pulse durations might be necessary to ensure 

adequate surface reactions at lower temperatures. Therefore, optimizing pulse durations is 

crucial to strike a balance between achieving complete surface reactions, uniform coverage, 

and efficient precursor usage while adhering to the self-limiting nature of ALD. The optimal 

pulse duration can also vary depending on the specific ALD process and the desired properties 

of the thin film [68]. 

There are limited standardized ALD processes with defined conditions and working windows; 

new precursor chemistries and processes must be studied and optimized for individual ALD 

system designs. 

PVD techniques (e.g., sputtering, evaporation, and electron beam deposition) are highly 

directional in terms of deposition direction (Figure 11). They rely on the line of sight from the 

target source to the substrate, resulting in a directional deposition pattern. PVD is susceptible 

to shadowing effects, where certain areas of a substrate may not receive direct deposition 

due to obstructed line-of-sight paths. This can lead to non-uniform coverage on complex or 

deep structures. Also,  achieving uniformity with PVD can be challenging on surfaces with 

complex topographies, It may require substrate rotation or multiple deposition angles to 

improve uniformity. In contrast, ALD is known for its exceptional uniformity and conformality, 

making it ideal for complex 3D substrates and high-aspect-ratio structures. It ensures precise 
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and uniform coverage even on intricate and irregular surfaces  which is  a distinct 

characteristic that sets ALD apart. 

 

Figure 11: Schematic represenation of directionality in different deposition methods [69]. 

In terms of cost, commercial ALD systems are comparatively more expensive than other 

vacuum deposition systems. The cost of maintenance of the different components and high 

precursor costs add to overall costs in the long run. In recent years, home-built ALD systems 

have been designed and built to study new processes at a much lower cost [70]. They also 

give researchers more flexibility in experimentation and process optimization than 

commercial systems.  

In the case of industrial implementation, the cost-effectiveness of the ALD process in terms 

of deposition rate is a major challenge, for which different approaches are being explored. 

One interesting strategy to tackle this challenge is using spatial ALD (SALD) [71].  In a spatial 

ALD process, the substrate moves over precursor zones or gaseous volumes, thus building up 

layers, whereas in the normal ALD process, the substrate is static, and the precursor is pulsed 

and purged from the reactor volume. Thus, in spatial ALD, avoiding the pulse and purge step 

makes the process faster, resulting in high throughput at a lower cost. 

2.3 Current ALD based applications 

Microelectronics industry has been the most important user of the ALD , obviously because 

of the scaling down requirements of new devices, there has been a lot of research and 

discussion on the use of ALD in these fields in academia,  but very little or negligible 

information  is revealed by the companies on the actual implementation due to strategic 

reasons [2].  
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ALD plays a critical role in microelectronics industry due to increasingly more complex designs  

requirements for 3D capacitor structures along with high accuracy in deposition thickness, 

uniformity, conformality on 3D surfaces.  One of the most widely studied and implemented 

application is deposition of high k dielectrics for dynamic random access memory (DRAM) 

capacitor (Figure 12)and metal oxide field effect transistor (MOSFET). From the insutrial 

implementaion point of view, Samsung has developed 10 nm DRAM with 8 billion cells for an 

8 gb chip [72]. The other possible use of ALD in microelectronics industry is for interconnects 

with the  deposition of ALD tungsten (W), ruthenium (Ru) and copper (Cu) [73].  

 

Figure 12: Simplified schematic diagram of a DRAM capacitor with ALD deposited dielectric [49]. 

Magnetic heads used to read and write in hard disks found the use of ALD Al2O3 in commercial 

applications, the insulting gap layers deposited using ALD  were found to be very effective for 

downscaled 3D structures [2].  

Apart from electronics, ALD has found use as protective coating or barrier coating [74]. In the 

OLED technology, the utilization of ALD coatings as protective layers assumes critical 

importance. OLED devices are particularly vulnerable to environmental factors, namely 

moisture and oxygen, which has shown to deteriorate device performance and reduce its 

operational lifespan. Among the key technologies influencing the lifetime and reliability of 

OLEDs, encapsulation  plays an important role. Thin film encapsulation (TFE) has emerged as 

one of the most critical approaches for protection against the penetration of moisture and 

oxygen. 

Metal oxide thin films, including aluminum oxide (Al2O3), zirconium oxide (ZrO2), and titanium 

oxide (TiO2), grown via ALD, have emerged as preferred choices for TFE materials. These ALD 
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coatings function as effective barriers, shielding OLED devices from the adverse effects of 

environmental factors (Figure 13). Beyond their moisture and oxygen resistance, ALD coatings 

also find utility in enhancing the optical and electrical characteristics of OLED devices. 

Furthermore, they offer a long-term encapsulation solution, shielding  the devices for 

extended protection and improved performance [17]. 

 

Figure 13: Structure of OLED encapsulation [17] 

Within the domain of solar photovoltaics, ALD has emerged as a prominent technology with 

widespread applications, particularly in silicon solar cells [75] . ALD's role is most notably seen 

in the deposition of metal oxide layers, serving as both passivation layers and passivating 

contacts for crystalline silicon (c-Si) solar cells [76]. These thin ALD films play a vital role in 

reducing surface recombination and electronic losses, thereby resulting in substantial 

enhancements in solar cell efficiency. Moreover, ALD can also used to deposit reflective 

coatings of the solar cells. These coatings are useful  in mitigating sunlight reflection, thereby 

ensuring that a larger fraction of incident light is absorbed by the solar cell, which results in 

improved efficiency. 

Other applications were ALD is still being explored and a great potential is seen is in energy 

storage and conversion applications [77], such as for the design of efficient catalyst for fuel 

cell, this would help in design high surface area catalyst and also address the problem of 

material loading as seen in the case of Pt [78]( Figure 14).  

ALD has also found use in lithium based Batteries , for enhancing the conductivity of cathode 

materials, the adoption of Carbon/Sulfur (C/S) composite electrodes has emerged as a 

conventional choice for use in Lithium-Sulfur (Li-S) systems. These composite electrodes are 

designed to encapsulate sulfur within a porous carbon structure, effectively reducing the 

diffusion of polysulfides and concurrently improving electronic conductivity. However, this 

approach alone does not comprehensively address the underlying challenges. To tackle the 

issue of polysulfide dissolution, incorporation of metal oxide (Al2O3 and TiO2) and porous 

oxide nanoparticles is found to be useful strategy, which function as adsorption and 
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absorption agents. In this context, ALD emerges as a valuable technique for engineering 

cathodes with these protective layers [79]. 

 

Figure 14: ALD coated Pt anode on Solid oxide fuel cell (SOFC) for energy starge and conversion 
application [80] 

Desalination [81] is another interesting application where problems faced in membrane 

design such as  slow water transportation and a high energy cost can addressed with the used 

of ALD (Figure 15), the strategy adapted to tackle this challenge is design of biomimetic 

membranes which uses flexible supports along with corrosion protection and mechanical 

stability [22]. The potential and possibilities of using is ALD is enormous as it offers high quality 

thin films, thus there is no doubt there will more commercial application which will rely on 

unique abilities which ALD has to offer.  

 

Figure 15: ZnO Microfiltration Membranes for desalination by ALD [82]. 
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2.4 ALD perovskite for novel applications 

This section  is based on Research article 1 [34] and 2 [39]. This work was conducted in the 

initial stage of the Ph.D. work to gain a deeper insight into the ALD perovskites process and 

different challenges, and also to have an overview of different perovskite based applications 

that are possible using the ALD process. The complete details of this chapter can be found in 

the research articles included in the appendix. 

2.4.1 Growth process 

This section provides an overview of the atomic layer deposition (ALD) process for depositing 

perovskite thin films, using strontium titanate (STO) as a model system [30]. Of particular 

interest is the use of cyclo-pentadienyl (Cp)-based precursors due to their high reactivity and 

low carbon contamination [83]. Similar to the conventional ALD process, the deposition of 

STO thin films involves four surface reactions in a super-cycle [84,85]. Firstly, the surface is 

hydroxylated with H2O pulses, followed by a reactor purge. Next, the Sr precursor reacts with 

the hydroxylated surface, protonating one of the ligands with H while the other ligand leaves 

the reaction chamber in the vapor phase carried by an inert process gas. In the second step, 

the remaining Cp ligands are protonated and removed by pulsing with H2O, forming an -OH 

terminated surface of Sr in preparation for the following binary layer deposition. The 

deposition of titanium oxide (TiO2) binary layers follows a similar reaction mechanism  [86], 

but the energetics of growth differ from those of binary compounds alone [30] due to the 

ternary compound's unique behavior [34]. 

2.4.2 ALD perovskite applications 

2.4.2.1 High K dielectrics for DRAM capacitors 

ALD is widely used in the micro and nanoelectronics industry because of its ability to deposit 

conformal and uniform layers, especially for high-k dielectric materials used in DRAM 

capacitors. The benchmark for evaluating dielectric materials for DRAM applications is the 

EOT, which is determined by the dielectric constants and thickness of the material. High-k 

dielectric materials with ultra-low thickness and high uniformity can achieve the EOT target 

of 0.3 nm [35]. However, depositing ultra-thin layers using ALD can result in high leakage 

currents due to post-deposition annealing-induced cracks  [87]. Additionally, decreasing the 

thickness can increase the leakage current and lead to direct electron tunneling, which affects 
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device performance. To achieve high-performance dynamic random access memory (DRAM), 

it is crucial to have an optimized thickness with a high dielectric constant. Several materials 

have been studied as high-k dielectrics  , and among them, strontium titanate (STO) and 

barium strontium titanate (BST) exhibit high dielectric constants  [36–38]. These thin films are 

ideal candidates for future DRAM applications due to their high dielectric constants, as shown 

in (Figure 16). However, interfacial dead layer effects can cause a reduction in the dielectric 

constant when the thickness of the film is reduced below 50 nm.  Table 1 provides a overview 

of the dielectric properties of perovskite thin films and the factors that affect their properties 

[34]. 

 

Figure 16: Bandgap energy and specific permittivity of various dielectric films [88] .  

Table 1: Dielectric constant of perovskite-based thin films synthesized by ALD [39] 

Material Thickness (nm) K EOT Remarks Year Ref. 

BaTiO3 32 73 1.8 
permitivity increase with postdeposition 

annealing at 600˚C 
2007 [89] 

SrTiO3 10 146 0.57 
Change in K with composition Ti/(Ti+Sr)= 32% - 

61% 
2011 [90] 

SrHfO3 4.6 17 1 
Growth on Ge substrate with postdeposition 

annealing 
2014 [91] 

BaTiO3 5 122 0.38 
Postdeposition plasma treatment improves the 

EOT 
2014 [92] 

BaTiO3 20 35 2.2 
Low temp. deposition (180˚C) with pyrrole-

based precursor. 
2015 [93] 

SrZrO3 11.5 31 0.8 Epitaxial growth on pre-treated Ge Substrate 2018 [94] 

2.4.2.2 Piezoelectric 

Thin films based on piezoelectric materials have become increasingly important for 

micromechanical systems (MEMS) [39]. These films work on the principle of converting 

BTO

(a) (b)
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applied strain energy to an electric signal and vice versa. While lead zirconate titanate (PZT) 

has exceptional piezoelectric properties, its hazardous nature has led to interest in finding 

new piezoelectric materials to replace it [41]. However, PZT remains the preferred material 

for microactuators, microphones, and energy harvesting devices. With the growing interest 

in nanoelectromechanical systems (NEMS) and MEMS technologies, atomic layer deposition 

(ALD) can play a vital role in depositing ultra-thin films. ALD-deposited barium-based 

perovskites with ideal piezoelectric properties and a proven deposition process of barium 

oxide and barium titanate are promising candidates. Barium-based perovskites have a 

piezoelectric coefficient comparable to PZT. For example, 100 nm thick PZT perovskite films 

have been used as a piezoelectric material for low voltage actuators using sputtering and sol-

gel deposition methods, while sputter-deposited aluminum nitride (AlN) films of a similar 

thickness have been used for logical nano-switching [95]. 

2.4.2.3 Optoelectronics 

Perovskite-based solar cells are an important application of perovskite-based compounds  

[42] . These solar cells have achieved efficiencies of over 20%, making them competitive with 

Si-based PV technology in terms of efficiency [96] . Methyl-ammonium lead bromide/iodide 

(CH3NH3PbI3), a lead organo-halide perovskite, has excellent optoelectronic properties, 

including an optical band gap of 1.55 eV in the near-infrared region and high absorption per 

unit length of 104 cm-1 just above the band gap [43] . These properties have also been used 

in other applications, such as light-emitting diodes and lasers [97]. 

ALD is a promising technique for developing organometallic perovskites due to its advantages 

over solution-based processes, including the ability to work at lower temperatures, provide 

conformal growth on larger areas, and not require a very low vacuum, making it suitable for 

industrial implementation  [39]. Recently, a hybrid deposition method has been adopted that 

combines ALD deposition of PbS with sublimation of iodine chips in a sealed environment and 

dipping in CH3NH3I and IPA [145]. This approach has been used to fabricate light-emitting 

diodes based on direct bandgap semiconductors, with ALD providing the feasibility of working 

at lower temperatures with controlled conformal growth. The perovskite layer thickness in 

this structure is 15 nm, which is ideal for ALD deposition. 
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2.4.2.4 Solar to energy conversion (thermo-chemical process) 

The field of renewable energy is constantly evolving, with new technologies and devices being 

explored for higher efficiency and environmental sustainability. One promising technology in 

this regard is "solar to fuel," which converts H2O and CO2 into H2 and CO gas using perovskite 

materials through thermochemical reaction cycles [39]. This process involves concentrated 

light providing the heat for the endothermic reaction at the perovskite surface, followed by 

an exothermic reaction with H2O and CO2 that produces H2 and CO, as shown in Figure 17 (a). 

Ceria is currently the preferred material for this application due to its high efficiency and 

thermal and chemical stability. However, the higher working temperature required for ceria 

is a concern, as it creates excess thermal load on the system. Therefore, researchers are 

exploring perovskites as an alternate family of materials. Perovskites have an energetically 

stable electronic system, which allows for fine-tuning of stoichiometry and electrochemical 

properties, and a wide range of stoichiometries can be achieved to fit the exchange reactions 

occurring at the surface [98]. 

Most perovskites studied for this application are complex quaternary oxides based on 

elements such as La, Sr, Mn, Cr, Fe, Co, and Al [98]. With the development of new atomic 

layer deposition (ALD) precursors and a wider range of materials, it is now possible to grow 

complex compounds with reasonable control over composition and stoichiometry. 

Lanthanum-based perovskites deposited using ALD have been extensively studied for 

different applications  [99]. Recently, ALD-deposited Pd-doped lanthanum ferrite (LaFeO3) 

was studied as a smart catalyst that undergoes efficient redox cycling. ALD was instrumental 

in depositing highly conformal layers on high surface area supports [100], such as porous 

structures, opening new avenues for research and development in the field of thermo-

chemical splitting of CO2 [39,45]. 

However, perovskites still face challenges, including chemical stability and low enthalpies, 

which must be addressed [101]. Lower enthalpies are favorable for the reduction reaction but 

result in lower hydrogen yield or fuel formation during oxidation. Despite these challenges, 

perovskites show great promise as a sustainable and efficient material for "solar to fuel" 

technology. Further research and development can help overcome the remaining obstacles 

and bring this technology closer to commercialization [102,103].  
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Figure 17:(a) Schematic of the 2-step thermochemical solar-to-fuel conversion process [99]. (b) Ceria 

sample with dual-scale porosity [100]. 

2.4.3 Challenges in ALD of perovskites 

2.4.3.1 Differential growth at the interface 

The growth rate of ternary compounds cannot be simply calculated by combining the growth 

rate of binary compounds. This is because the surface reactivity between precursor ligands 

and interfacial functional groups can be higher than expected, resulting in a faster growth 

rate [104] . To understand how interfaces affect growth, the nucleation/wetting aspect of 

binaries on different substrates needs to be understood. This is particularly important for 

ternaries, as each binary deposited becomes the substrate for the next binary.  summarizes 

the results of different studies on the growth of SrO on different surfaces. In a typical ALD 

growth process of STO, sub-cycles of TiO2 and SrO are deposited. The growth of SrO on SrO 

and SrO on TiO2 surfaces differ; for example, Rahtu et al. found that SrO grows faster on TiO2 

than on itself due to higher adsorption of the Sr precursor [84] . The growth of SrO in the first 

few cycles is also enhanced on the hydroxylated SiO2 surface, which has a higher reactivity 

and OH density than SrO [85]. Also, the growth process of ternary compounds is complex due 

to multiple interdependencies, and several other parameters affecting the process [34]. 

The growth of ternary compounds is a complex process that cannot be easily calculated by 

combining the growth rates of binary compounds. This is because the surface reactivity 

between precursor ligands and interfacial functional groups can be higher than expected, 

resulting in a faster growth rate. To understand how interfaces affect growth, it is important 

to comprehend the nucleation/wetting aspect of binaries on different substrates, especially 

for ternaries, as each binary deposited becomes the substrate for the next binary.  

summarizes the results of various studies on the growth of SrO on different surfaces. The 

growth process of ternary compounds is complex, with multiple interdependencies and 

several other parameters affecting the process. 

(a) (b)
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Table 2: Effect of interface condition on the ALD growth [34] 

Material Binary 

A/B 

Reactant / Co 

reactant A 

Reactant B / Co 

reactant B 

Temp. 

(˚C)  

Year Ref. Growth Remark 

STO SrO/ 

TiO2 

Sr(iPr3Cp)2 /H20 Ti[OCH(CH3)2]4 / D2O 325 ˚C 2001 [84] Higher SrO growth on TiO2 surface 

STO SrO/ 

TiO2 

Sr(tBu3Cp)2 /H20 Ti(OMe)4 /H2O 250˚C 2009 [83] Higher Ti incorporation due to 

increased Strontium pulse  

STO SrO/ 

TiO2 

Sr(iPr3Cp)2  /H20 Ti (O-iPr)2(tmhd)2 / O3 370 ˚C 2011 [90] Higher SrO growth on TiO2 surface 

 

2.4.3.2 Effect of process parameters on growth 

To start with, precursor selection is crucial for perovskite thin film development, with Sr and 

Ba-based perovskites commonly deposited using diketonates [105] and Cp-based precursors 

[85][106]. The bonding energy between the ligand and the metal atom affects the growth 

process, with Cp-based precursors found to be ideal due to weaker bonding with the metal 

and lower carbon contamination [107]. The energy required for breaking the bond between 

the metal and the first ligand in the Sr(iPr3Cp) precursor is 2.58 eV, while diketonate-based 

precursors require a higher energy at 4.94 eV, making Cp-based precursors more stable [107]. 

Subsequently, co-reactants used, such as H2O, O2 plasma, or ozone, affect growth rates and 

usable reactor temperatures [8] [27]. The use of plasma sources offers advantages such as 

lower deposition temperatures, which allows deposition on fragile substrates or those with 

thermal limitations. For instance, plasma is essential for space defined double patterning 

method in the fabrication of logic devices that require lower working temperatures due to 

the use of temperature-sensitive photo resist. HfO2 dielectric films with higher interface 

quality and density, along with lower impurity levels, can be formed using O2 plasma  [108], 

and low-temperature deposition can also prevent the formation of unwanted oxide layers at 

the interface [109]. 

PEALD has certain advantages, such as higher growth rates due to increased surface reactivity, 

leading to enhanced growth per cycle [110]. However, these advantages are limited to specific 

applications and processes. PEALD can result in limited conformality on high aspect ratio 

structures due to surface collisions [59]. Moreover, plasma-induced damage from high-

energy ion bombardment can cause defects on the substrate surface and undesirable 
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oxidation and nitration when using O2 or N2, NH3-based plasmas. Despite these limitations, 

the advantages of plasma processing for STO and BTO perovskites often outweigh its 

drawbacks since growth and crystal structure are affected. Perovskite crystallinity is critical 

for obtaining the desired structural properties, as many of the material functionalities depend 

on their crystalline structure [34]. 

Also during ALD process, incomplete removal of precursor ligands can lead to carbon and 

hydroxide contamination, which reduces thin film performance. Thus, it's essential to 

optimize process parameters to achieve optimum ligand interaction during the cyclic process 

[89] . Figure 18  summarizes the various deposition process variations and post-deposition 

treatments that need to be optimized for obtaining perovskites with desired properties [34]. 

 

Figure 18: Effect of different process parameters on perovskites properties [34]. 

2.4.4 Summary 

In conclusion, this study investigated the growth mechanism and interfacial effects of ALD 

deposited perovskites, and explored their potential applications. We found that the use of 

ALD for synthesizing perovskites offers several advantages over other deposition processes, 

including high conformality, uniformity, and control over the growth and stoichiometry of the 

films. The research also reviewed a range of perovskite-based applications to highlight the 

capability of ALD. In summary, this lireature study provides an understanding of the growth 

of ALD perovskites and highlights their potential for various applications in the ultrathin films 



 

38 
 

regime [34]. In addition to this , this work stresses the need for in situ studies to have better 

understanding of new and complex processes. 

2.5 Why in situ studies are required 

2.5.1 Introduction 

In situ ALD studies provide a direct observation of the surface chemistry and reaction 

mechanisms involved in the ALD process. By monitoring the surface and gas-phase species 

during deposition, we can gain valuable insights into the nucleation and growth of thin films, 

the role of surface chemistry and defects, and the effects of process parameters on film 

properties [50]. This allows us to understand the role of surface chemistry and defects on film 

growth and properties.  

Surface-sensitive technique such as reflection high-Energy electron diffraction (RHEED) has 

been used for the study of ALD growth  [111]. This technique has been utilized for in situ 

analysis of crystal growth in systems such as pulsed laser deposition (PLD) and molecular 

beam epitaxy (MBE). In RHEED, a beam of high-energy electrons, typically in the range of 5–

35 keV, is directed towards the sample surface at grazing incident angles, often at 

approximately 1°–3° with respect to the wafer's surface. The short wavelength of these high-

energy electrons (approximately 0.070 Å) is significantly smaller than the spacing between 

scattering centers, which are typically atoms on or near the surface of the material. By 

analyzing the diffraction spots and intensity oscillations of the reflected beam, valuable 

information related to the growth mechanism can extracted, such as crystallographic phase, 

crystal orientation, and lattice constant of the material under study. 

Techniques such as X-ray photoelectron spectroscopy (XPS) [112] and Fourier transform 

infrared spectroscopy (FTIR) [52], can be used to probe the surface chemistry of the substrate 

and film during deposition. These techniques provide information about the formation of 

surface oxides, surface functional groups, and surface reactions, which can further help 

researchers to improve the quality, uniformity, and reproducibility of ALD thin films. 

Quadrupole mass spectrometry (QMS) has been  widely used for in situ ALD studies [113], this  

method involves the ionization of gases and the subsequent measurement of the mass-to-
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charge ratio (m/z) [114], which allows for the identification of the composition of gases or 

reaction products.  

Moreover, this information can be used to design new precursors, tailor reaction conditions, 

and improve process control. In situ studies can also provide insights into the nucleation and 

growth of thin films, as well as the evolution of surface morphology and crystal structure 

during the deposition process [48]. 

One of the significant advantages of in situ ALD studies is that they can provide real-time 

measurements of the film thickness such as, refractive index using techniques such as quartz 

crystal microbalance (QCM) [114] and spectroscopic ellipsometry [115]. These measurements 

can help to optimize process parameters such as precursor pulse times and purge times, 

which can affect the film growth rate and quality. Thus helping us to achieve the desired 

material properties, such as high uniformity, high purity, and improved electrical and 

mechanical properties. 

Overall, in situ ALD studies are a powerful tool for understanding and optimizing the ALD 

process. They enable us to gain insights into the fundamental surface chemistry and reaction 

mechanisms involved, and provide a means to develop new materials and applications. 

Besides fundamental research, in situ ALD studies are also useful for industrial applications 

such as the fabrication of electronic devices, solar cells, batteries, and catalytic systems. In 

situ ALD studies can help optimize the deposition process, reduce defects, and improve the 

yield and performance of these devices.  

However, while in situ growth studies have advantages there certain challenges. Firstly, these 

techniques may require specialized equipment and sample preparation, which can limit the 

size and type of samples that can be studied. Secondly, there are limited characterization 

techniques compared to ex situ techniques, which can limit the types of measurements that 

can be made.  Finally, in situ techniques can be more expensive and time-consuming for the 

initial experiments compared to ex situ techniques, due to specialized system designs.  
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2.5.2 Motivation for in situ studies 

2.5.2.1  New precursors 

In recent years, there has been continuous development and experimentation with new 

precursors containing various organometallic compounds for ALD [116]. However, despite 

these efforts, there is still a lack of clear understanding of the reaction mechanisms occurring 

during the ALD process for many of these precursors. Conducting in situ studies can help 

achieve optimized ALD growth by providing continuous chemical information during the 

process. This will enable us to gain a better understanding of the complex interactions and 

mechanisms involved in the deposition process, leading to more efficient and effective use of 

new precursors and improved thin film properties. 

2.5.2.2 Miniaturization  

The initial nucleation phase of ALD can differ significantly from the later stages, where self-

limiting chemical vapor exposure governs the growth process. This early stage can vary 

significantly across different material systems, and the chemical and physical mechanisms 

behind the nucleation phenomena are still not fully understood. Current and future thin films 

will be determined by the nucleation phase [117]. Hence, whether the topography following 

the initial cycles may or may not be beneficial, miniaturization will rely on understanding this 

phase[118]. Topological and morphological studies at atomic scale resolutions are missing 

signifying our insufficient knowledge of ALD processes in key emerging applications. Thus, 

with the implementation of in situ studies at lowest possible scale, significant understanding 

and knowledge can be achieved, thus helping us reach the goal of miniaturization for different 

applications.  

2.5.2.3  Complex ALD process and process property relationship 

For example, perovskite materials deposited through ALD are multi-component materials 

that require the combination of binary cycles, referred to as a super cycle, to deposit them 

[43]. The deposition of functional thin films using ALD requires a comprehensive 

understanding of the growth mechanism and precursor interactions to achieve precise 

control over film composition and tunable functionalities. This understanding can be gained 

through a range of in situ studies that provide insight into the evolution of the thin film 

structure and properties during the deposition process. By adjusting various deposition 
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parameters, different thin films properties can be controlled and the functionality be  tailored 

to specific applications, such as the composition of the materials, the concentration of point 

defects, lattice strain, and crystal structure. This process-property relationship would allow 

for the exploration of new, high-performance materials with novel applications, making ALD 

a powerful tool for advancing materials science research.   

2.6 In situ ALD characterization methods 

There are several methods for characterizing materials in situ during ALD [50], but the most 

commonly used techniques are spectroscopic ellipsometry, gas phase and surface infrared 

spectroscopy, quartz crystal microbalance (QCM), quadrupole mass spectrometry (QMS), and 

optical emission spectroscopy. Classifying these methods based on their adequacy, feasibility, 

complexity, and cost provides a good overview of the possibilities and perspectives for 

choosing the appropriate technique for specific materials study [119] . 

Each technique has its own advantages and limitations, so it is essential to understand what 

information is needed to improve a particular ALD thin film. In this section, we briefly 

summarize the each method.  

2.6.1 In situ spectroscopic ellipsometry 

We begin the discussion with spectroscopic ellipsometry (SE) [115] , which measures the 

change in polarization of light reflected from the growth surface (Figure 19). SE offers several 

advantages, including rapid measurement of film thickness, providing valuable insights into 

the optical and electrical properties of materials. To summarise, it allows for the calculation 

of growth rate per cycle by monitoring thickness increase, it is possible to  investigate the 

nucleation behavior on diverse substrates by capturing data after each ALD cycle during initial 

growth, and is capabale of  probing of submonolayer-level changes following precursor and 

reactant steps by collecting data after each ALD half-cycle.   

Ellipsometry data is typically represented through the amplitude ratio (ψ) and phase angle (Δ) 

as shown in eq. 4, which are linked to the complex Fresnel reflection coefficients (Rp and Rs) 

for p- and s-polarized light. This relationship is expressed as, 

ρ = Rp/Rs = tan(ψ)eiΔ    (4) 
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The polarization change is determined across a range of wavelengths within a specific photon 

energy spectrum. From the gathered ellipsometric data, it is possible to deduce both the 

thickness of the film and the dispersion relation of optical constants across this photon energy 

spectrum. These optical constants are expressed as the refractive index (n) and extinction 

coefficient (k), and are represented in terms of the real (ε1) and imaginary (ε2) components of 

the complex dielectric function ε.  

The relationship between these components is defined as eq. 5, 

ε1 = n2 − k2 and ε2 = 2nk [115]  (5) 

Leveraging these optical constants, various material properties of thin films can be derived, 

including the determination of the optical band gap for dielectric materials.  

The sensitivity of SE is capable  to detect changes in the thickness of surface layers equivalent 

to 0.01 monolayer [120].   However, the method can be complex due to optical modeling, and 

expensive ellipsometry equipment and the requirement of optical ports on the ALD reactor. 

 

Figure 19: . (a) Schematic representation of a single-wafer ALD reactor integrated with rotating 
compensator ellipsomete.  (b) Photograph of a JAWoollam Co., Inc., M2000 spectroscopic 

ellipsometer fitted on an Oxford Instruments FlexAL™ ALD reactor [115] . 
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2.6.2 In situ Infrared spectroscopy 

Now, let's discuss another technique that relies on the absorption of infrared light. Infrared 

spectroscopy plays a crucial role in in situ FTIR ALD studies. This approach utilizes an FTIR 

spectrometer to examine the molecular species present on the substrate and within the 

reactor volume before and after each exposure to precursor molecules.This enables the 

identification of both the desired material formation and any undesired by-products. The 

absorbance value is calculated using the formula eq.6 ,  

absorbance = -log10(Isample/Ireference)  (6) 

where Isample represents the intensity of transmitted infrared (IR) radiation through the 

sample, and Ireference represents the IR intensity without the sample (Figure 20). Typically, 

spectroscopy data is collected within the range of 400 to 4000 cm-1 at a resolution of 4 cm-1, 

averaging 200 scans across all measured spectra. 

This technique proves especially valuable in detecting surface organometallic species during 

the first reactant half-cycle and elucidating the ligand exchange reaction in subsequent cycles. 

It can be employed in two ways: by detecting molecules in the gas phase or by studying their 

interaction on the surface. While the gas-phase approach provides accurate calibration, its 

sensitivity can vary for different species, making it challenging to detect certain substances. 

Additionally, gas-phase measurements capture all species present, not just those on the 

substrate. In contrast, surface infrared spectroscopy detects surface groups formed or 

removed during the ALD process  [52], offering a deeper understanding of the reaction 

mechanism. Also, in surface infrared spectroscopy, the utilization of high-surface-area 

nanoparticles has shown to enhance the signal intensity in in situ ALD studies [121]. Zirconium 

dioxide (ZrO2) nanopowder substrates [122], with high surface area, contribute significantly 

to this improvement. By expanding the available surface area for the loading of precursor 

molecules, ZrO2 substrates ensure that even the smallest quantities of these molecules can 

generate a satisfactory signal intensity, ultimately enhancing the sensitivity and reliability of 

surface infrared spectroscopy. 
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Figure 20: Schematic of the ALD reactor connected to an IR spectrophotometer for ins situ ALD 
studies with sample positioned in transmission mode [123]. 

2.6.3 Quartz crystal microbalance 

The quartz crystal microbalance (QCM) is a widely employed and cost-effective technique for 

quantifying mass variations. While this method offers simplicity and quantitative 

measurement of mass gain and loss, it does exhibit sensitivity to fluctuations in ALD process 

parameters, such as gas flows and system temperature. The QCM, serving as a highly sensitive 

mass sensor, operates by applying alternating current to a quartz crystal, inducing oscillations 

linked to the crystal's thickness. As mass is deposited or removed from the crystal's surface, 

it causes noticeable oscillation frequency changes. These frequency shifts can be accurately 

quantified using the Sauerbrey equation, establishing a connection between frequency 

alterations and mass variations. Notably, the QCM's high sensitivity enables the detection of 

mass changes at submonolayer resolutions, rendering it invaluable in growth studies for 

precise mass measurements and monitoring. 

QCMs find routine application in traditional vacuum deposition processes where in situ 

thickness measurements hold significance, such as in thermal evaporation. In ALD studies, 

QCM measurements have emerged as a useful  in situ method for assessing growth rates, and 

optimizing processing conditions. Nevertheless, obtaining accurate mass measurements 

during ALD presents challenges, primarily because QCM measurements are typically 

conducted at room temperature. To address these limitations, a novel wall-mounted integral 

QCM has been developed and tested under various ALD conditions [124] (Figure 21). In this 
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work, an Inficon SQM160 multi-film rate/thickness monitor was utilized to track the QCM's 

frequency, providing a frequency resolution of 0.03 Hz at 10 readings per second. This 

resolution corresponds to a mass resolution of approximately 0.375 ng/cm2. 

 

Figure 21: Schematic of ingrated QCM fixture [124]. 

2.6.4 Quadrupole mass spectrometry 

Quadrupole mass spectrometry (QMS) is a widely adopted method that involves the 

ionization of gases and the subsequent measurement of the mass-to-charge ratio (m/z) [114]. 

This allows for the identification of the composition of gases or reaction products. While this 

technique is relatively straightforward and cost-effective, it can be challenging to distinguish 

between products originating from the substrate and those originating from the reactor walls. 

In in situ QMS studies  [121], the analysis are conducted by incorporating a 200 atomic mass 

unit (amu) quadrupole mass spectrometer which are equipped with a pressure reduction 

system (Eg. PPR200, SRS Inc., Sunnyvale, CA) into the reactor setup. During the exposure to 

reactants, the QMS performs the  scans across the mass range from 1 to 75 m/z with a 

resolution of 0.1 m/z. A Faraday cup is  employed as the detector, without the use of an 

electron multiplier. With these settings, approximately 5 seconds are required to complete a 

scan across the entire mass range. Figure 22 shows a schematic diagram illustrating the 

integration of QMS with an ALD system.  
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Figure 22: The in situ QMS depicted in an  schematic  of Oxford Instruments FlexALD reactor [125]. 

2.6.5 Optical emission spectroscopy 

Optical emission spectroscopy is useful during plasma exposure for plasma-enhanced ALD 

(PEALD) studies [126]. Because in plasma-assisted ALD one of the two main steps is the 

exposure of the surface to a plasma for surface ligand exchange, the unique possibility exist 

to study the light emitted by the plasma (Figure 23). This plasma emission contains information 

about the species present in the plasma and with the method of optical emission 

spectroscopy (OES)  reactant species delivered to the surface by the plasma can be identified.   

This method measures the radiation emitted by excited species as they decay to lower energy 

levels, enabling identification of the excited species present in the plasma. In ionizing plasmas, 

the excitation of species primarily occurs through electron impact. This excitation process 

involves the transition of a species from one energy level (q) to another (p), followed by 

possible decay to a lower energy level (k) through spontaneous emission. Consequently, the 

wavelength (λ) of an emission line corresponds to the energy difference (Ep - Ek) between 

these levels, as described by eq. 7, 

λ = hc / (Ep - Ek) (7) 

where h and c represent Planck's constant and the speed of light, respectively. The emission 

intensity (Ipk) in terms of the number of photons per unit volume per second is determined 



 

47 
 

by the product of the transition probability (Einstein coefficient, Ak) for spontaneous emission 

and the population density (np) of the excited level  as eq.8, 

Ipk = npApk (8) 

This relationship underscores that emission intensity is proportional to the density of 

electronically excited species, assuming self-absorption can be neglected in OES 

measurements.  

 

Figure 23: Schematic representation of the Oxford Instruments FlexAL reactor integrated with OES 
component [126].  

2.7 In situ ALD synchrotron techniques 

The utilization of a synchrotron radiation source for in situ studies offers substantial 

advantages when compared to the use of conventional commercial x-ray tube sources. The 

most important advantage is the  elevated photon flux attainable from a synchrotron source 

in contrast to commercial x-ray tubes. This heightened photon flux not only amplifies the 

signal-to-noise ratio but also reduces measurement time. Furthermore, synchrotron sources 

permit the use of higher energy x-ray radiation, a distinct advantage when compared to the 

typical 8.04 keV Cu Kα emission characteristic of commercial x-ray tubes. This extended 

energy range expands the experimental capabilities. A practical consideration that underlines 

the adoption of synchrotron radiation pertains to spatial constraints. Compact commercial x-



 

48 
 

ray instruments may lack the necessary physical space and flexibility to seamlessly integrate 

to ALD system within the instrument itself. In contrast, synchrotron beam line end stations 

are traditionally designed on a larger scale, affording the requisite room and adaptability to 

house an ALD setup effectively [127] . 

The Table 3 shows different synchrotron based technqiues which has been used for ALD 

studies.  

Table 3: Synchrotron based in situ characterization methods used for ALD research [127]. 

 

2.7.1 X-ray absorption spectroscopy (XAS) 

XAS involves measurement of X-ray absorption by a material while varying the X-ray energy, 

which offers valuable insights into the material's structural and electronic properties. In the 

context of in situ studies during ALD, when investigating thin films, the conventional method 

of absorption measurement reveals minimal alterations in transmission due to the limited 

amount of absorbing material within the film, leading to a suboptimal signal-to-noise ratio. 

Conversely, fluorescence signals remain detectable even when the quantity of material is 

quite limited. For XAS studies during ALD, the sample of interest can  be prepared as as a thin 

film, powder, or liquid. It must exhibit stability under the X-ray beam and compatibility with 

the experimental setup [48]. 

In the course of the measurement, an incident X-ray beam is directed towards the sample, 

leading to two processes. Firstly, photoelectric absorption occurs, whereby X-rays are 

absorbed by atoms in the sample, resulting in the ejection of inner-shell electrons. The 

probability of this absorption depends on the energy of the incident X-rays and the atomic 
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properties of the absorbing element. Secondly, Scattering processes can take place, 

encompassing elastic or inelastic interactions between X-rays and the sample's electrons or 

nuclei without absorption. However, XAS primarily centers on the absorption process. 

Detecting equipment is employed to capture the transmitted or fluorescent X-rays emanating 

from this absorption process. During the analysis, the energy of the X-ray beam is 

systematically scanned across a defined range, effectively encompassing the X-ray absorption 

edge specific to the element of interest. The resultant absorption spectrum is then recorded 

as a function of X-ray energy as illustrated in Figure 24. 

 

Figure 24: Example X-ray absorption spectrum iron– sulfur–lithium [128] with different regions 
numbered as 1: background region, 2: Edge,3: XANES and,4: EXAFS. 

The XANES region constitutes the low-energy range situated just above the absorption edge 

(Figure 24). Within this range lies crucial information concerning the electronic structure and 

chemical state of the absorbing element. It gives insights into  oxidation state, coordination 

environment, and bonding characteristics. The EXAFS region encompasses the high-energy 

range that follows the XANES region. This region is instrumental in providing details about the 

local atomic structure surrounding the absorbing element. Within the EXAFS spectrum, 

oscillations are due to the constructive and destructive interference of X-rays scattered by 

neighboring atoms. Analyzing these oscillations allows for the determination of parameters 

such as atomic distances, coordination numbers, and the degree of disorder in the atomic 

arrangement. 

The relationship between absorption and the intensity of secondary X-rays in XAS is directly 

proportional and is given by eq. 9. Essentially, as the sample's X-ray absorption increases, the 

intensity of the resulting fluorescent X-rays also increases. This higher level of X-ray 
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absorption leads to greater electron excitation and, subsequently, elevated emission of 

fluorescent X-rays, resulting in a stronger fluorescent signal. 

k=
√2𝑚𝑒(𝐸−𝐸0)

ħ
  (9) 

here 'K' represents the wavenumber of the photoelectron, 'E' is the energy of the incident X-

ray, and 'E0' represents the energy required to remove the electron.  

The probability of absorption (χ) is related to the cosine function as eq.10,  

χ ∝ cos(2kD)  (10) 

where 'χ' represents the probability of absorption, and 'D' is the distance between the atoms. 

The absorption spectrum obtained is analysed using theoretical models and advanced data 

processing techniques. By conducting theoretical calculations and making comparisons with 

reference materials, the X-ray Absorption Spectroscopy (XAS) data can be effectively 

interpreted. 

2.7.2 X-ray reflectivity  (XRR) 

In situ XRR is a highly effective technique employed in ALD studies conducted at synchrotron 

facilities. XRR revolves around the controlled incidence of X-rays upon a thin film or substrate 

at a shallow angle relative to the surface. It serves as a valuable tool for exploring various 

aspects of thin film growth, encompassing the precise determination of film thickness, 

assessment of surface roughness, and evaluation of film density [129]. 

By measuring  the intensity of reflected X-rays across different incident angles, researchers 

gain the ability to monitor alterations in film thickness and roughness as ALD cycles progress. 

Furthermore, the utilization of synchrotron radiation enhances the intensity of both incident 

and reflected X-rays, broadening the range of accessible incident angles by a few degrees 

when compared to conventional laboratory-based systems. The fundamental principle 

underlying XRR involves the interaction of X-rays with the thin film. These incident X-rays 

penetrate the film and are subsequently reflected at the interface between the film and the 

underlying substrate. Simultaneously, X-rays are also reflected at the interface between the 

film and the surrounding air. These interactions generate an interference pattern, 

characterized by periodic oscillations within the XRR pattern, analysis of these fringes enables 
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the precise determination of film thickness [127].In addition to film thickness, XRR facilitates 

the assessment of surface roughness and the determination of film density. Typically, this 

involves fitting the experimentally measured XRR curve to a well-defined theoretical model, 

allowing for the extraction of these key parameters [48]. 

2.7.3 X-ray diffraction (XRD) 

Utilizing XRD is critical in the investigation of crystalline materials. However, the application 

of in situ XRD during ALD is somewhat constrained since most materials deposited through 

ALD exhibit an amorphous structure during the deposition process. Nonetheless, certain ALD 

processes, such as the deposition of ZnO, are notable exceptions as they yield crystalline 

materials during deposition [130]. Furthermore, XRD proves particularly advantageous when 

exploring metallic materials, making it a valuable tool for ALD studies [127]. 

In this context, synchrotron-based XRD offers a distinct edge over laboratory-based XRD. The 

primary advantage comes from its heightened sensitivity and detection capabilities. By 

harnessing the intense photon flux generated by synchrotron sources, even minute quantities 

of crystalline material can be detected.  

When the crystallites within a film exhibit random orientation, the intensity of the diffraction 

peaks becomes a valuable metric for assessing the deposited material's quantity. The analysis 

involving the Scherrer equation applied to peak widths in the XRD pattern  enables the 

determination of grain sizes within the deposited film.  

The mean size (τ) of ordered crystalline domains can be calculated using the formula (eq.11): 

τ= K λ / βcos(Ɵ) (11) 

In this equation, K represents a dimensionless shape factor, typically close to unity and 

dependent on the crystallite shape, λ denotes the x-ray wavelength, β signifies the line 

broadening at half the maximum intensity in radians, and Ɵ corresponds to the Bragg angle. 

Incorporating XRD as an in situ technique during ALD enables investigation of phenomena 

nucleation of metals, the dynamic changes in grain sizes throughout the growth process, the 

impact of growth parameters on crystallinity, and the influence of the substrate, including 

epitaxial growth. However, it's crucial to consider that synchrotron X-ray sources remain 

stationary. Therefore, the ALD chamber needs to possess the adaptability to align itself 



 

52 
 

accurately with the Bragg condition for the specific diffraction peak of interest (Figure 25). This 

approach of collecting in situ data offers a unique advantage as it allows for the continuous 

monitoring of a single ALD film's growth process, spanning from its initial nucleation phase 

through to the eventual coalescence of the film [127]. 

Grazing incidence X-ray diffraction (GIXRD) allows for assessing the orientation and 

composition of thin films. By employing a grazing angle for the incident x-ray beam, the 

technique effectively limits its penetration into the substrate. This aspect is particularly 

essential when examining ultra-thin films, such as those encountered during the initial 

nucleation stages of ALD growth. The minimized interaction with the substrate reduces 

background interference [127]. 

 

Figure 25: Schematic of the in situ XRD chamber [127]. 

2.7.4 Grazing incidence small angle X-ray scattering (GISAXS) 

GISAXS is found to be useful method for characterizing the morphology of nanoscale entities 

such as particles and pores. In the context ALD,  GISAXS helps in determining the size of islands 

formed in the early stages of growth before the film's consolidation. A GISAXS experiment 

primarily involves the measurement of diffuse scattering surrounding the beam that's 

specularly reflected from the sample. To minimize undesired bulk scattering originating from 

the substrate and enhance the near-surface scattering, an extremely small angle of incidence 

is employed, maintaining a close proximity to the sample surface. In this configuration, any 

form of surface roughness or variation in electron density within the subsurface region results 

in scattering in non-specular directions. The scattered intensity is typically captured using a 
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two-dimensional detector, and data is collected as a function of both the out-of-plane and in-

plane angles. Thorough analysis of the resulting 2D GISAXS spectra offers insights into the 

geometry, size distribution, and spatial correlation of the scattering features, contributing 

significantly to the study of ALD processes [127]. 

2.7.5 X-ray photoelectron spectroscopy (XPS) 

XPS is a powerful technique utilized for investigating the composition and chemical state of 

elements within a material. Operating based on the principles of the photoelectric effect, XPS 

involves illuminating the material with x-rays at a fixed energy (Ephoton). These x-rays interact 

with electrons within the shells of the atoms being irradiated. When the energy of Ephoton 

surpasses the binding energy of the electrons (Ebinding), these electrons are emitted and 

acquire kinetic energy (Ekinetic) equal to the energy surplus. Subsequently, these 

photoelectrons can be collected and subjected to analysis. This process is described by eq.12:  

Ebinding = Ephoton - (Ekinetic - ɸ)  (12) 

where ɸ represents the work function of the spectrometer. Each element exhibits a unique 

set of peaks at specific Ebinding values, enabling elemental analysis of the sample. Moreover, 

since Ebinding is also contingent upon the chemical state of the involved atoms, XPS proves 

invaluable in determining the local bonding configurations of the atoms.  

XPS relies on the collection of electrons, necessitating ultra-high vacuum (UHV) conditions. 

This requirement poses a substantial challenge when considering the integration of XPS as an 

in situ technique. Incorporation of ALD within an XPS chamber, achieving and maintaining 

UHV conditions is challenging, and extensive precautions are required to protect  the detector 

against the effects of the ALD process [127]. However, XPS has been  used as an in vacuo 

technique [131], signifying that the sample is transferred from an ALD chamber to an XPS 

analysis chamber under UHV conditions. 
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3. Chapter 3: Experimental techniques 

3.1 FTIR 

In this work, we used a Bruker vertex 80V spectrometer to perform FTIR spectroscopy. The 

spectroscopy data was collected between 400 to 4000 cm-1 at a resolution of 4 cm-1, with an 

average of 200 scans for all the measured spectra. We utilized the sample compartment 

volume of the spectrometer, and designed the reactor with limited space availability in mind 

(Figure 26). Provisions were made for the reactor outlet and inlet to reduce interference with 

the spectrometer. To ensure accurate measurements, the infrared beam from the 

spectrometer was aligned to pass through the center of the sample holder[52].  

 

Figure 26: Drawing  of the ALD system Integrated with the FTIR spectrometer 

The absorbance was calculated using the relation eq.13,  

Absorbance= -log10 (Isample / Ireference)  (13) 

where Isample and Ireference are IR intensity of transmitted radiation.  

The substrate consisted of a 4 mm thick KBr (potassium bromide) with a 5 nm Si (silicon) layer 

sputtered onto it. KBr possesses a refractive index of approximately 1.533 in the IR spectrum, 

making it highly transparent  to IR light, KBr was placed normal to the incident IR beam with 

an optical transmittance of 90% over the IR spectrum, by using a material with a lower 
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refractive index like KBr, it helps minimize reflection losses to ∼10% at normal incidence, thus 

enhancing the efficiency of IR measurements (Figure 27). This choice of substrate offers 

superior IR transmissivity compared to a typical p-doped Si wafer.  

 

Figure 27: Comparison of IR transmision at  wavenumber 1000 cm-1 for different substrates, (a) Si s 
and (b) KBr.  

More IR beam intensity at the detector results in a better signal-to-noise (S/N) ratio of the 

obtained spectra. For comparison of the two substrates (Si and KBr) the signal amplitude of 

the incident beam on the detector was measured (Figure 28), for Si Wafer the signal was 1605 

units, compared to 18600 units with the use of 5nm Si/KBr substrate. For systems, where high 

sensitivity is required for very small absorption’s higher S/N ratio allows us to have a clearer 

and distinguishable spectrum. If surface studies, i.e. the nucleation of ALD films (or in our case 

TMA) with the Si surface are of interest, we believe that the approach of depositing a thin Si 

layer on the surface only can yield much better insight into the underlying chemistry during 

nucleation.  

  

Figure 28: Comparison of detector signal of incident IR beam  for SI and KBr substrate 
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3.2 XAS 

For conducting XAS experiments, the samples were positioned at a grazing angle relative to 

the incident x-ray beam and detector at SSRL BL 11-2, a wiggler side station with a range of 

2.4 keV – 11 keV unfocused energy. The energy x-ray slits were adjusted to a size of 1 mm x 

10 mm. Total Fluorescence Yield (TFY) data at the Cu K-edge were collected using a Passivated 

Implanted Planar Silicon (PIPS) detector. A low grazing angle of incidence was chosen to limit 

the X-ray beam's interaction with the surface and to track the growth cycle of the ALD process 

for evaluation of the structural evolution of the formed thin film. Additionally, the low 

incidence angle helped reduce scattering loss from the substrate.  

In the X-ray analysis setup, alignment is crucial for accurate measurements. The incoming X-

ray beam is centered on the beam inlet flange, ensuring precise targeting of the sample (Figure 

29). Detector alignment is maintained, with the detector center aligned with the centerline of 

the detector flange. To ensure optimal sample positioning, the sample holder is placed in a 

manner that aligns the sample surface with the lowest point of the beryllium windows 

aperture, allowing for the passage of X-rays.  

The  alignment is further refined through the use of stage movement and a fluorescent strip-

camera setup. However, it's worth noting that alignment with the fluorescent strip and 

camera is not feasible when beryllium windows are in use; in such cases, quartz windows are 

employed for alignment. 

 

Figure 29: Schematic showing the setup of in situ XAS ALD reactor and X-ray beam. 
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3.3 XPS 

To determine the chemical composition of the ALD TiO2, HfO2, and ZrO2 thin films for 

protective coating applications and ALD Cu on Ti and Ni Mesh for Cu catalyst for OER 

application, X-ray photoluminescence spectroscopy (XPS) measurements were performed. 

The Kratos Analytical XPS Microprobe, which utilizes Al (Kα) radiation of 1486 eV in a vacuum 

environment of 5x10-9 Torr, was utilized for this purpose. The XPS data were analyzed using 

Casa XPS software. 

3.4 SEM and EDS 

The SU9000 Hitachi High-Tech electron microscope was used to capture Scanning Electron 

Microscopy (SEM) images with an acceleration voltage of 3 kV. Energy dispersive 

spectroscopy (EDS) was also performed using the Oxford Ultim Extreme 120 mm2 attached 

to the same SEM. 

3.5 Ellipsometry 

The thickness of ALD TiO2, HfO2, ZrO2 and Al2O3 thin films on Si substrate was measured using 

a Woollam M2000 ellipsometer. This ellipsometer model which we used has a fixed angle 

base that is at an incident angle of 65 degrees [132] . To extract the thickness, the optical 

layer stack (OLS) technique was employed with completeEASE software provided by the same 

company. The software's inbuilt library of optical parameters and absorption coefficient of 

different materials was used to determine the thickness. 

3.6 Electrochemical measurements 

The catalysts electrochemical investigation was done using (Ivium-n-Stat) potentiostat in a 

three-electrode cell where sputtered catalyst, Hg/HgO electrode (Pine Research), and carbon 

rod were used as working, reference, and counter electrodes, respectively. The KOH 
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electrolytes were N2 saturated. The OER catalyst was activated by cycling for 10 cycles at a 

scan rate of 100 mV/s between 1.1 V and 1.8 V vs. reversible hydrogen electrode (RHE). The 

linear sweep voltammetry (LSV) polarization curves were carried out in a (1.2 – 1.8 V vs. RHE) 

potential range at a 1 mV/s scan rate. Electrochemical impedance spectroscopy (EIS) is 

conducted at an amplitude of 10 mV root mean square (RMS) alternating current (AC) 

perturbation in a 0.1− 105 Hz frequency range. The ohmic (iR) resistance was compensated at 

100 % of the high-frequency resistance (HFR) collected by EIS at 1.7 V vs. RHE. The stability 

testing was carried out at 1.8 V vs. RHE in 1 M KOH for a Ni sample with 500 cycles of copper. 

The reference electrode (Hg/HgO) was calibrated in a hydrogen-saturated electrolyte using a 

Pt counter and working electrodes. By determining the potential in which current is zero in 

the polarization curve, the (Hg/HgO) reference electrode is assessed versus RHE. The Hg/HgO 

electrode is calibrated versus RHE in 1 M KOH:     

𝐸𝑣𝑠RHE = 𝐸vsHg/HgO + 0.9               (14) 

The over-potential (η) is calculated, considering EO2/H2O = 1.23 V versus RHE, as follows: 

         𝜂 = 𝐸𝑣𝑠RHE − 1.23                   (15) 
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4. Chapter 4: Experimental study – ALD of oxides as 

protective coatings 

This section is a summary based on the published findings from research article 3 [133], 4 

[134], and 5 [135]. Through this collaborative effort, a potential application based on the ALD 

process was studied. The contributions performed by me are highlighted and discussed in this 

chapter along with other relevant results required for understanding the outcome of the 

work. A comprehensive set of results and discussion for this section can be found in the 

research articles included in the Appendix. 

I contributed in this collaborative work by conducting ALD and sputter deposition of thin films, 

performing spectroscopic ellipsometry to measure film thickness, using profilometry to 

measure surface roughness, and conducting XPS analysis to determine the material's 

chemical composition. 

4.1 Background: ALD metal oxides for corrosion protection 

ALD is a unique and promising technique for developing protection layers, thanks to its ability 

to deposit ultra-thin films with uniformity on 3D surfaces and high aspect ratio structures. 

Recent studies have shown promising results in the corrosion protection of metals, with the 

use of Al2O3, TiO2, ZnO, HfO2, and ZrO2 [85]. Using ALD, a decrease in corrosion rate for most 

surfaces has been achieved, although the degree of protection varies depending on the 

interface type and process conditions [86]. Furthermore, the use of protective layers with ALD 

has been extended to various other applications, such as TiO2 protection layers for electrodes 

in water splitting [87], corrosion protection of photoelectrochemical cells [88], and protection 

of next-generation lithium-ion batteries [89]. As such, the scope and potential of the ALD 

technique is broad, making it a relevant and valuable tool for various industrial applications. 
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4.2 Advantage of ALD vs other techniques for protection application 

Coatings have become the go-to approach for surface protection and functionalization in both 

industry and academia [136]. While there are many deposition methods available that follow 

the surface texture and add the possibility of tailoring the surface porosity, physical vapor 

deposition (PVD), sol-gel methods, and anodization have had varying degrees of success in 

improving corrosion resistance [137]. However, these methods have also had limitations such 

as cracking of thin films, limited control over deposition thickness, and undesirable porosity. 

Sputtering has shown good results, but its use is limited to flat surfaces due to line-of-sight 

deposition [134]. The "line of sight" limitation in thin film deposition techniques refers to the 

constraint that these techniques operate based on a direct line of sight between the 

deposition source and the substrate surface. This means that only the portions of the 

substrate surface that are directly exposed to the deposition source can receive material, and 

those areas that are obstructed or shadowed from the source will not receive deposition. This 

limitation can be particularly relevant in techniques such as physical vapor deposition (PVD) 

methods like sputtering and evaporation, as well as some chemical vapor deposition (CVD) 

processes. As a result, complex three-dimensional structures, recessed areas, or features 

hidden from the direct line of sight may not receive uniform or complete coverage, leading to 

issues like incomplete coatings, uneven film thickness, and shadowing effects (Figure 30).  

 To overcome this challenge, chemical vapor deposition (CVD) has emerged as a viable 

alternative, with ALD being particularly well-suited due to its best-in-class conformality, thin 

film density, and composition control [138]. 

 

Figure 30: Coating uniformity on 3D substrates with different deposition techniques [139]. 
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4.3 Study: Improving stress corrosion cracking behavior of AZ31 alloy with 

conformal thin titania and zirconia coatings for biomedical applications 

In this study, we investigate the susceptibility of stress corrosion cracking (SCC) in AZ31 alloy   

coated with a 100 nm thick layer of ALD ZrO2 and TiO2. ZrO2 and TiO2 were selected as coating 

materials due to their known biocompatibility [133].  

AZ31 is a magnesium alloy that belongs to the broader class of magnesium-aluminum (Mg-Al) 

alloys. It is one of the most commonly used magnesium alloys and is known for its good 

combination of properties, including low density, high strength-to-weight ratio, and good 

corrosion resistance. AZ31 is primarily composed of magnesium (Mg), aluminum (Al), and 

amount of zinc (Zn) (Table 4) [140]. AZ31 finds use in a wide range of applications, including 

aerospace [141] and marine components[142], automotive parts, medical devices, and 

sporting goods [143]. Its lightweight and corrosion-resistant properties make it valuable in 

industries where weight savings and durability are essential.  

Table 4: Chemical composition of Mg Alloy AZ31 [140]. 

 

In this work, AZ31 magnesium-aluminum (Mg-Al) alloy has been considered for medical 

applications, i.e.  bone implants and transplants, for several reasons: 

1. Biocompatibility: Magnesium is an essential element in the human body, and its alloys 

like AZ31 are generally biocompatible [144]. This means that they are well-tolerated 

by the body and do not elicit harmful immune responses or allergic reactions when 

used as implants. This biocompatibility makes AZ31 suitable for medical applications. 

2. Low Density: AZ31 is a lightweight material with a low density, similar to that of natural 

bone. This characteristic can reduce the overall weight of implants, making them more 

comfortable for patients and potentially reducing the risk of complications during and 

after surgery [145]. 
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3. Mechanical Properties: While not as strong as some other implant materials like 

titanium alloys, AZ31 offers a balance of mechanical properties that can be suitable 

for certain medical applications. It has adequate strength and stiffness for bone 

implants and can provide the necessary support while allowing for some flexibility 

[146]. 

4. Degradability: One of the unique advantages of magnesium alloys like AZ31 is their 

potential to degrade in the body over time. This property can be beneficial for 

temporary implants, such as bone fixation devices or scaffolds for bone regeneration. 

As the implant gradually degrades, it can be replaced by newly formed bone tissue, 

reducing the need for additional surgeries to remove the implant [147]. 

The use of magnesium alloys in medical applications is an area of ongoing research and 

development. While AZ31 and similar alloys have shown promise, researchers are 

continuously working to optimize their properties and performance for specific medical 

applications.  

4.3.1 ALD deposition process  

The ALD coating process was conducted using the Savannah S200 ALD system (Figure 31) 

(Veeco Instruments Inc., USA). The deposition of a 100 nm thickness of zirconium oxide  

(ZrO2) was achieved through a series of successive cycles at 160 ◦C using Tetrakis 

(dimethylamino) zirconium (TDMAZ) and deionized water (H2O) as reactants. The pulse and 

purge durations of the precursor and co-reactant, as well as the thermal conditions of the 

system, were determined according to the standard recipes provided by the manufacturer of 

the ALD system. These standard processes did not require further optimization, as the 

measured growth rates, as confirmed by the ellipsometer, were consistent with the expected 

values. Each cycle consisted of two stages: a 250 ms TDMAZ precursor pulse, followed by a 

10 s N2 purge to eliminate residual reactants and by-products, and a 150 ms H2O precursor 

pulse, followed by a 15 s N2 purge. The TDMAZ precursor and delivery lines were heated to 

75 ◦C and 160 ◦C, respectively, while the H2O precursor was maintained at room temperature. 

The deposition rate of the ZrO2 layer was determined through ellipsometry, yielding a rate of 

approximately 1.08 Å/cycle. Given that the deposition was conducted using standard ALD 

precursors within the ALD Savannah system, which has a well-defined growth process, there 
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was no need for cross-verification of thickness using SEM. Consequently, the measured 

growth rate closely aligned with the expected rate [133]. 

 

Figure 31: Schematic of Savannah ALD system used for the ALD of ZrO2 and TiO2  . 

In thermal atomic layer deposition (ALD) of ZrO2, the process with  the use of Zr(NMe2)4 as 

the zirconium source and H2O as the oxygen source. This reaction mechanism can be 

represented by two distinct reactions [148]: 

Here, --I denotes the surface and an asterisk (*) denotes a surface species. 

Step 1: TDMAZ precursor pulse :  Zr(NMe2)4  

--I-ZrO2-OH* + Zr(NMe2)4 → --I-ZrO2-O-ZrNMe2* + HNMe2   (16) 

Step 2 : Purge of the reactor for the evacuation of unreacted TDMAZ precursor. 

Step 3: H2O pulse. 

--I-ZrO2-O-ZrNMe2* + H2O → --I-ZrO2-O-ZrOH* + HNMe2   (17) 

Step 4 : Purge of the reactor for the evacuation of  unreacted H2O. 
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For TiO2, Tetrakis (dimethylamido) titanium (IV) (TDMA-Ti) was used as a precursor, heated 

to 75 ◦C. Each cycle involved a 0.1 s TDMA-Ti precursor pulse, followed by a 5 s N2 purge with 

a flow rate of 20 sccm, and a 0.015 s H2O precursor pulse, followed by a 5 s N2 purge. The 

deposition rate of the TiO2 layer was measured to be 0.5 Å/cycle [133]. 

This reaction mechanism can be represented by the below reactions steps [149], 

Here, --I denotes the surface and an asterisk (*) denotes a surface species. 

Step 1: TDMAT precursor pulse:  

--I-TiO2-OH* + Ti(N(CH3)2)4 → --I-TiO2-O-Ti(N(CH3)2)2* + NH(CH3)2  (18) 

Step 2: Purge of the reactor for the evacuation of unreacted TDMAT precursor. 

Step 3: H2O pulse:  

--I-TiO2-O-Ti(N(CH3)2)2* + 2H2O → TiO2-TiO2-OH* + 3NH(CH3)2   (19) 

Step 4: Purge of the reactor for the evacuation of unreacted H2O. 

4.3.2 Results 

4.3.2.1 Ellipsometery  

The thickness of the film was determined using spectroscopic ellipsometry at a fixed angle of 

incidence of 65◦, using a J.A. Woollam M2000U instrument. The measurements were carried 

out on thin films deposited on p-doped <100> 500 μm thick Si wafers. The ellipsometry data 

were analyzed using a B-spline model, which accounted for the Si substrate, native oxide 

layer, and the ALD layer of the relevant material. The measured thickness for the TiO2 and 

ZrO2 deposition was 100.98 and 100.97 nm thick, respectively [133].  

4.3.2.2 Chemical composition 

We conducted X-ray photoelectron spectroscopy (XPS) measurements to analyze the 

chemical composition of the TiO2 and ZrO2 coating deposited through ALD. Kratos Analytical 

XPS system, which employs Al (Kα) radiation of 1486 eV in a vacuum environment of 5*10-9 

Torr, was used for this purpose. The XPS data were analyzed using CasaXPS software [133]. 
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First, the surface was etched for 180 s at an energy of 2 KeV to remove environmental 

contamination and surface oxidation. High-resolution regional scans were then conducted on 

TiO2 substrates for Ti 2p, O 1s, and C 1s to assess the chemical composition. Negligible 

amounts of C were observed, indicating a contamination-free deposition. The regional scans 

of Ti 2p and O 1s (shown in Figure 32 a and b, respectively) revealed peaks at binding energies 

of 459 eV and 464 eV for Ti 2p3/2 and Ti 2p1/2, respectively, corresponding to the Ti4+ oxidation 

state in TiO2. A shoulder around 456 eV was also observed, which is due to the presence of 

Ti3+ caused by the argon etching step. The O peak at 531 eV corresponds to O atoms in the 

TiO2 phase, while the small shoulder at higher energy is due to O in OH groups present as 

impurities. The composition of the TiO2 thin film was found to be approximately 60% oxygen 

and 40% titanium, indicating an oxygen-deficient deposition [133]. 

 

Figure 32: XPS spectra for ALD deposited TiO2 (a) Ti 2p regional peak and (b) O 1s regional peak [133]. 

For ZrO2 coated samples, high-resolution regional scans of Zr 3d, O 1s, and C 1s were 

conducted. No peak was observed in the high-resolution scan for elemental carbon, indicating 

a carbon-free ALD deposition. The Zr 3d high-resolution spectra (shown in  Figure 33 (a)) 

displayed two peaks at binding energy 182 eV and 184 eV, which correspond to Zr 3d5/2 and 

Zr 3d3/2, respectively.  The The deconculation of peaks were in accordance with the values 

reported in literature .   The O 1s scan revealed (Figure 33 (b))a peak at 530 eV, which belongs 

to ZrO2, while the shoulder on the higher energy side is due to the oxidation of metal in air 

forming ZrO. Quantification calculations using CASA XPS software showed a composition of 

40% Zr and 60% O, indicating an oxygen-deficient ZrO2 thin film [133]. 
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Figure 33: XPS spectra for ALD ZrO2  ,(a) Zr 3d regional peak and (b) O 1s regional peak [133] . 

4.3.3  Summary 

Both the coatings showed improved performance against stress corrosion cracking (SSC) for 

AZ31 alloy. TiO2 reduced the IUTS  and the Iε  to 6% and 40%, respectively, while for  ZrO2 the 

reduction was 70% and 76%, respectively, (IUTS  and the Iε  are the susceptibility indices, UTS 

(ultimate tensile strength ) and ε (elongation)). The difference in the performance of the two 

coating could be due key parameters, such as cohesive energy, wettability, thermal 

expansion, and elongation of the coating [133]. The details of the improved performance are 

highlighted below.  

Surface Analysis 

SEM analysis of the ALD coated samples revealed the presence of cracks, as depicted in (Figure 

34). Notably, the number of cracks (referred to as crack density in Table 5) and their respective 

lengths exhibited an increase when transitioning from ZrO2 to TiO2 coated samples. The 

integrity of the coating is a crucial factor, as defects like pores and cracks serve as pathways 

for the of fluids to reach the substrate, thus contributing to the difference in their corrosion 

behavior[133].  

Table 5: Crack density of coated samples [133]. 
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Figure 34: SEM images of ALD (a) TiO2  and,  (b) ZrO2 coated AZ31 surfaces with surface cracks [133]. 

Potentiodynamic polarization curves 

To assess corrosion, the potentiodynamic polarization curves were detrmined. The curves for 

both the TiO2 and ZrO2-coated samples, as well as the uncoated ones, are presented in Figure 

35. The corrosion potential (Ecorr) and corrosion current density (icorr), and the results are 

summarized in Table 6. Compared to the uncoated alloy, the coated samples showed a 

reduction in corrosion current density, with the ZrO2 coating demonstrating a more significant 

reduction than the TiO2 coating. A lower corrosion current density signifies a slower corrosion 

rate, indicating that these coatings effectively shield the Mg alloys from corrosion, particularly 

the ZrO2 coating, which showed superior barrier properties[133]. 

Table 6: Corrosion potentials (Ecorr) and corrosion current densities (icorr) [133]. 

 

 

Figure 35: Potentiodynamic polarization curves of bare (blue), TiO2 coated (red) and ZrO2 coated 
(green) AZ31 alloy in SBF [133]. 
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Stress corrosion cracking 

The susceptibility to stress corrosion cracking (SCC) of AZ31 samples was evaluated, both 

uncoated and coated with TiO2 and ZrO2, under test conditions in air and simulated body fluid 

(SBF) [133] .   

The susceptibility indices IUTS and IƐ were calculated according to Eq. (20) and Eq. (21), 

IUTS = (UTSair - UTSSBF )/ UTSair  (20) 

Iε = (εair - εSBF )/εair     (21) 

where UTS is the Ultimate Tensile Strength and ε the elongation at failure.  A lower index 

value indicates higher resistance to SCC. Our assessment in both air and SBF revealed that 

both coatings significantly enhance the SCC resistance of AZ31 alloy. Notably, the 100 nm 

thick ZrO2 coating exhibited more effective reduction in SCC susceptibility compared to the 

TiO2 coating. Specifically, Iε was reduced from 75.1 to 43.2 with TiO2 and to 18.3 with ZrO2, 

while IUTS decreased from 8.97 to 8.42 with TiO2 and to 2.68 with ZrO2 (Figure 36) [133]. 

 

Figure 36: SSC indices for the bare and coated AZ31 sample [133]. 

Hydrogen evolution test 

Hydrogen evolution test was conducted to evaluate the corrosion behavior of AZ31 alloy in a 

simulated body fluid (SBF), comparing samples with and without ALD coatings. The objective 

of this test was to gauge the corrosion resistance and overall performance of AZ31 alloy in an 

environment that replicates physiological conditions. The hydrogen evolution curves for both 

uncoated and coated samples are presented in Figure 37, with the results indicating that the 
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application of coatings effectively shields AZ31 alloy from degradation. Notably, the 100 nm 

thick ZrO2 coating outperforms the TiO2 coating, reducing hydrogen evolution by 93% 

compared to the bare sample, while the TiO2 coating reduces it by 52%. This demonstrates 

the superior protective properties of the ZrO2 coating in preventing corrosion [133]. 

 

Figure 37: Hydrogen evolved from the immersion of bare (blue), TiO2 coated (red) and ZrO2 coated 
(green) AZ31 alloy in SBF [133]. 

Fractography 

The improved  corrosion performance  observed in the coated samples when tested in SBF  in 

contrast to the bare sample, is further validated by examining the tilted views of the gauge 

section. A comparison of these views between the bare sample and the coated samples (as 

shown in Figure 38)  reveals clear differences. The bare samples exhibit deep secondary cracks 

and some pits, whereas the coated sample displays an absence of deep secondary cracks and 

pits. Moreover, the ZrO2 coated samples exhibit necking, which serves as confirmation of 

increased ductility [133].  

 

Figure 38: SEM fractographies of the gauge section of (a) bare, (b) TiO2 coated and (b) ZrO2 coated 
samples [133].  
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4.4 Study: Comparing physiologically relevant corrosion performances of Mg 

AZ31 alloy protected by ALD and sputter coated TiO2 

This study focuses on evaluating the effectiveness of Atomic Layer Deposition (ALD) coatings 

in reducing corrosion on AZ31 alloy implant surfaces, and comparing the results with those 

obtained using the sputtering technique [134]. To achieve this, we used both ALD and 

sputtering to coat specimens with varying surface roughness and 3D topologies, creating a 40 

nm layer of TiO2. TiO2 was chosen as the coating material due to its high biocompatibility and 

its ability to bond quickly and directly with living bone after implantation, making it a 

promising material in the biomedical field. We analyzed the chemical composition of the TiO2 

layer using X-ray photoelectron spectroscopy (XPS) both before and after a 24-hour corrosion 

period in simulated body fluid (SBF) [134]. 

4.4.1 ALD and sputter deposition process 

These samples or substrates were AZ31 alloy material,  included flat discs, used for 

potentiodynamic polarization curves, and plates for hydrogen evolution tests. Additionally, 

small cubes with pass-through holes were created to mimic the porosity seen in actual 

implants. The flat discs had a 29 mm diameter and were 2 mm thick (as shown in Figure 39 a), 

while the plates were 2 mm thick, 60 mm long, and 25 mm wide (as seen in Figure 39 b). To 

achieve different surface textures, the samples were grounded. The "rough" group was 

treated with 40 grit silicon carbide papers, resulting in a rough surface, while the "smooth" 

group underwent grinding up to 4000 grit silicon carbide papers, achieving a smooth surface 

[134]. 

 

Figure 39: 3D representation of substrates in different shapes,  (a) discs, (b) plates and  (c) 3D structures 
used in the hydrogen evolution experiments [134] . 
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To  deposit a thin film of TiO2, we used the AJA ATC-2200 V magnetron-sputtering tool from 

AJA International Inc. USA, with a 99.99% pure 2" TiO2 target as the source material. The 

sputtering chamber was evacuated to a base pressure below 2e-7 Torr, and we used an RF 

power of 63 W, a pressure of 3 mtorr, and an Argon gas flow rate of 63 sccm for deposition. 

To determine the deposition rate, we conducted preliminary  depositions and measured the 

deposition rate using quartz crystal monitor (QCM), which resulted in a deposition rate of 

0.21 nm/min [134]. 

For ALD growth of the TiO2 thin film, we used a Savannah S200 system operating on thermal 

mode at a reactor temperature of 160 °C. We used Tetrakis (dimethyl amido) titanium (IV) or 

TDMATi as the metal organic precursor, heated to 75 °C, and deionized water as an oxidizer. 

A constant flow rate of 20 sccm of Nitrogen was used as a carrier gas. The oxidant and 

precursor were pulsed in the following sequence: a 0.015 s water pulse, a 5 s purge, a 0.1 s 

TDMA-Ti precursor pulse, and another 5 s purge. To determine the growth rate, we also 

coated Si wafers and used spectroscopic ellipsometry (Woollam M2000, USA), which showed 

a growth rate of 0.5 Å /cycle [134]. 

The deposition process on 3D cube samples necessitated a specialized lid, resulting in an 

expansion of the reactor volume. Initially, with the standard 5-second purge time, a notably 

high growth rate of 0.70 Å per cycle was recorded. Consequently, various purge times were 

tested in an attempt to achieve a growth rate similar to that observed with the standard lid. 

It was observed that as the purge time was extended, a consistent reduction in the growth 

rate occurred, gradually approaching the standard rate (Figure 40). Subsequently, when a 20-

second purge time was implemented, a growth rate of 0.54 Å per cycle was measured, closely 

aligning with the standard rate. Further extending the purge time to 30 seconds did not yield 

any significant change in the growth rate. 
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Figure 40: Purge time optimization of ALD TiO2 for a specialized big lid on the Svannah ALD system. 

The reaction mechanism for the ALD TiO2  can be represented by the below reactions steps 

[149], 

Here, --I denotes the surface and an asterisk (*) denotes a surface species. 

Step 1: TDMAT precursor pulse:  

--I-TiO2-OH* + Ti(N(CH3)2)4 → --I-TiO2-O-Ti(N(CH3)2)2* + NH(CH3)2  (22) 

Step 2: Purge of the reactor for the evacuation of unreacted TDMAT precursor. 

Step 3: H2O pulse:  

--I-TiO2-O-Ti(N(CH3)2)2* + 2H2O → TiO2-TiO2-OH* + 3NH(CH3)2  (23) 

Step 4: Purge of the reactor for the evacuation of unreacted H2O. 

4.4.2 Results 

4.4.2.1 Roughness measurement  

We used a Dektak 150 Profilometer (Veeco, USA) to measure the roughness values of both 

smooth and rough discs. To calculate the Roughness Average (Ra), we defined an assessment 

length of 300 μm, where we calculated the arithmetic average deviation from the mean line. 

We carried out measurements at multiple points on each sample and calculated the average 
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value. The results showed that the average surface roughness of the smooth bare samples 

was 118.6 ± 5.1 nm, while that of the rough bare samples was 4794.3 ± 49.4 nm [134]. 

4.4.2.2 Chemical composition 

X-ray photoelectron spectroscopy (XPS) was utilized to assess the chemical composition of 

the samples coated with sputter and ALD techniques. Furthermore, the chemical composition 

of the smooth samples coated with sputter and ALD after immersion in SBF for 24 hours was 

evaluated using XPS. The measurements were conducted using a Kratos Analytical XPS 

Microprobe, which uses Al (Kα) radiation of 1486 eV in a vacuum environment of 5 × 10−9 

Torr. The XPS data was analyzed using CasaXPS software [134]. 

To eliminate the effects of environmental contamination and surface oxidation, etching was 

conducted on the surface before conducting the measurements. The surface was etched for 

180 seconds with an ion beam energy of 2 KeV. High-resolution regional scans for titanium, 

oxygen, and carbon were performed, and negligible amounts of carbon were observed, 

indicating an ideal deposition without any process contamination [134]. 

The regional scans (Figure 41) of titanium for ALD and sputter deposition techniques showed 

very similar peaks, corresponding to the core level binding energies of Ti 2p3/2 and Ti 2p1/2, 

which is due to Ti4+ oxidation state in TiO2. The shoulder at lower energy around 456 eV was 

observed due to the presence of Ti3+ caused by the argon-etching step. Regional scans of 

oxygen in both ALD and sputter-coated samples showed a peak at 531 eV, which is due to 

oxygen atoms in TiO2 phase, while a small shoulder at higher energy is due to O in –OH groups 

present as impurities. The composition of the TiO2 thin films was found to be around 60% for 

O and 40% Ti, indicating an O deficient deposition in both cases [134]. 
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Figure 41: : XPS spectra for ALD TiO2 (a) Ti 2p (b) O 1s and sputter deposited TiO2 (c) Ti 2p and (d) O 1s 
[134]. 

4.4.3 Summary 

In this study, the corrosion performance of AZ31 Mg alloy coated with ALD was evaluated, as 

well as the effectiveness of sputtered and ALD-coated biocompatible TiO2 coatings were 

compared. The corrosion properties of substrates with varying surface roughness and 

complex 3D architectures were also investigated.  A 40 nm layer of TiO2 was deposited to all 

samples through sputter deposition and ALD techniques. These samples or substrates 

included flat discs, used for potentiodynamic polarization curves, plates for hydrogen 

evolution tests, and  small cubes with pass-through holes  to mimic the porosity seen in actual 

implants. To achieve different surface textures, the samples were grounded and smoothened 

with different grit papers [134].  
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Analyzing the data (Table 7) derived from the potentiodynamic polarization curves, significant 

improvements in corrosion resistance for both rough and smooth samples was observed with 

the TiO2 coatings. This improvement is characterized by an increase in the corrosion potential 

(Ecorr) and a reduction in corrosion current density (icorr), by over an order of magnitude. 

Notably, ALD coatings were particularly effective in protecting against corrosion, especially 

when dealing with surfaces of high roughness [134]. 

Table 7: Electrochemical corrosion data extrapolated from potentiodynamic polarization for rough and 
smooth samples [134]. 

 

The outcomes from the hydrogen evolution tests (Figure 42) align closely with the 

observations made in the potentiodynamic polarization curves. The coating application slows 

down the corrosion process, regardless of the surface roughness under consideration. 

Moreover, the distinction in effectiveness between the sputter and ALD coatings is 

particularly evident in the case of rough samples, which is in line with the findings of the 

potentiodynamic polarization curves. This superior corrosion protection offered by ALD, 

when compared to sputtering, is further validated by the results of hydrogen evolution tests 

conducted on 3D structures [134]. 

 

Figure 42: Hydrogen evolution of (a) rough samples, (b) smooth samples and, (c) 3D samples [134]. 

Figure 43 illustrates the overall appearances of cylindrical samples coated via sputter and ALD 

methods, both before and after one day of immersion in SBF, for both smooth and rough 
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samples. An evident reduction in the extent of corrosion damage is observed in all cases 

where coatings were applied. Notably, the protective effectiveness of the ALD coating stands 

out. In both smooth and rough samples, the majority of the TiO2 coating remains intact. In 

contrast, sputter-coated samples reveal several areas where the Mg substrate is exposed, 

especially in the case of rough specimens [134]. 

 

Figure 43: Macro-morphologies of (a),smooth and (b) rough (bare, sputter and ALD TiO2 coated 
samples) before and after corrosion [134].  

Figure 44 provides an overview of the visual changes in the 3D samples, both in their pristine 

state and following a one-day immersion in SBF, for bare, sputter-coated, and ALD-coated 

samples. The bare samples exhibit extensive corrosion, obscuring their original form to a 

significant degree. Notably, the application of coatings leads to a noticeable reduction in 

corrosion, with the ALD-coated sample standing out as particularly effective in preserving the 

sample's original shape [134]. 
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Figure 44: Macro-morphologies of smooth bare, sputter and ALD TiO2 coated 3D samples before and 
after corrosion [134]. 

To summarise the results showed that both sputtering and ALD coating improved the 

corrosion resistance of the AZ31 alloy, but the ALD-coated surface exhibited the lowest 

corrosion rates, regardless of the surface conditions. This makes the ALD technique a 

promising approach for developing biodegradable implants with increased durability inside 

the human body [134].  

ALD-grown TiO2 films are characterized by their fine-grained structure [150], which results in 

a uniform coating. This is advantageous for corrosion protection because smaller grains 

contribute to a continuous and uniform barrier, minimizing pathways for corrosive agents to 

penetrate the substrate. Moreover, ALD produces highly dense [151] and conformal films that 

effectively blocks corrosive substances from reaching the underlying substrate. In both cases, 

the key to effective corrosion protection lies in the creation of a dense, pinhole-free, and 

defect-free coating. 

The variation in coating performance can be attributed to the constraints posed by the line of 

sight during the sputtering process, which became particularly evident in the case of 3D 

samples. Interestingly, when we examined the SEM micrograph of the undercuts and 

shadowed areas within the sliced 3D structures (Figure 45), it became apparent that the 

sputter-coated samples exhibited a similar morphology to the bare samples. This suggests 

that these regions were either not covered at all or were only partially coated to begin with. 
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In contrast, ALD coatings are conformal in nature, meaning they conform to and effectively 

cover the inner areas of the structure. Our hypothesis is that this conformal coverage of the 

internal structure is the primary factor contributing to the significant differences observed in 

degradation when the internal structure is exposed to SBF [134]. 

 

Figure 45: SEM image of sliced cross-section (a) bare, (b) sputter coated and, (c) ALD coated 3D samples 
[134]. 
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4.5 Study: On the evaluation of ALD TiO2, ZrO2, and HfO2 coatings on corrosion 

and cytotoxicity performances 

In this study, we investigate the effect of TiO2, ZrO2, and HfO2 ALD coatings on both the 

corrosion resistance and cell viability of AZ31 alloys in bone-implant applications [135]. We 

also conducted various tests on 100 nm thick coated AZ31 samples to understand their 

corrosion resistance. ALD HfO2 coatings shown to reduce the corrosion current density of 

AZ31 alloys by up to three orders of magnitude, but little information is available on its effects 

on cell viability. To fill this gap, we evaluate the effects of ALD HfO2 coatings on cell viability 

using 100 nm thick ALD HfO2 coated AZ31 samples [135]. 

4.5.1 ALD deposition process 

A commercial ALD reactor (Savannah S200, USA) was used to deposit the ALD coatings in our 

study. For the deposition of 100 nm of ZrO2, we employed successive cyclic reactions of 

Tetrakis dimethylamino zirconium (TDMAZ) and deionized water (H2O) at 160 °C. Each cycle 

consisted of two parts: a 250 ms TDMAZ precursor pulse followed by a 10 s N2 purge with a 

flow rate of 20 sccm, and a 150 ms H2O precursor pulse followed by a 10 s N2 purge. The 

TDMAZ precursor was heated at 75 °C, while the H2O precursor and the delivery lines were 

kept at 25 °C and 160 °C, respectively. The N2 purge was utilized to remove residual reactants 

and by-products from the chamber to prevent additional chemical vapor deposition reactions. 

We determined the deposition rate to be around 1.08 A°/cycle [135]. 

This reaction mechanism of ALD ZrO2 can be represented by the below reaction steps [148]: 

Here, --I denotes the surface and an asterisk (*) denotes a surface species. 

Step 1: TDMAZ precursor pulse :  Zr(NMe2)4  

--I-ZrO2-OH* + Zr(NMe2)4 → --I-ZrO2-O-ZrNMe2* + HNMe2   (24) 

Step 2 : Purge of the reactor for the evacuation of unreacted TDMAZ precursor. 

Step 3: H2O pulse. 

--I-ZrO2-O-ZrNMe2* + H2O → --I-ZrO2-O-ZrOH* + HNMe2   (25) 
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Step 4 : Purge of the reactor for the evacuation of  unreacted H2O. 

For ALD TiO2, we used Tetrakis dimethylamino titanium (IV) or TDMA-Ti heated at 75 °C. Each 

cycle comprised of a 0.1 s TDMA-Ti precursor pulse followed by a 5 s N2 purge with a flow rate 

of 20 sccm, and a 0.015 s H2O precursor pulse followed by a 5 s N2 purge. The deposition rate 

was measured to be 0.5 A ˚/cycle [135]. 

This reaction mechanism of ALD TiO2 can be represented by the below reactions steps [149], 

Here, --I denotes the surface and an asterisk (*) denotes a surface species. 

Step 1: TDMAT precursor pulse:  

--I-TiO2-OH* + Ti(N(CH3)2)4 → --I-TiO2-O-Ti(N(CH3)2)2* + NH(CH3)2  (26) 

Step 2: Purge of the reactor for the evacuation of unreacted TDMAT precursor. 

Step 3: H2O pulse:  

--I-TiO2-O-Ti(N(CH3)2)2* + 2H2O → TiO2-TiO2-OH* + 3NH(CH3)2  (27) 

Step 4: Purge of the reactor for the evacuation of unreacted H2O. 

Finally, for HfO2 deposition, we utilized Tetrakis dimethylamino Hafnium (TDMAH) and 

deionized water (H2O) at 160 °C. Each cycle comprised of a 200 ms TDMAZ precursor pulse 

followed by a 10 s N2 purge with a flow rate of 20 sccm, and a 150 ms H2O precursor pulse 

followed by a 10 s purge. The TDMAZ precursor was heated at 75 °C, while the H2O precursor 

and the delivery lines were kept at 25 °C and 160 °C, respectively. The deposition rate was 

determined to be 1.3 A°/cycle [135]. 

This reaction mechanism of ALD HfO2 can be represented by the below reactions steps [152], 

Here, --I denotes the surface and an asterisk (*) denotes a surface species. 

Step 1: TDMAT precursor pulse:  

--I-HfO2-OH* + HfN(CH3)2)4 → --I-HfO2-O-Hf(N(CH3)2)2* + NH(CH3)2  (28) 
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Step 2: Purge of the reactor for the evacuation of unreacted TDMAT precursor. 

Step 3: H2O pulse:  

--I-HfO2-O-Hf(N(CH3)2)2* + 2H2O → HfO2-HfO2-OH* + 3NH(CH3)2  (29) 

Step 4: Purge of the reactor for the evacuation of unreacted H2O. 

4.5.2 Results 

4.5.2.1 Chemical composition 

The chemical composition of TiO2, ZrO2, and HfO2 ALD coatings was assessed using X-ray 

photoluminescence (XPS) measurements. A Kratos Analytical XPS system was used to conduct 

the measurements in a vacuum environment of 5 × 10−9 Torr, using Al (K α) radiation of 1486 

eV. CasaXPS software was used to analyze the XPS data [135]. 

To minimize the effect of the underlying substrate, the measurements were carried out on 

thin films deposited on Si wafers. Prior to chemical characterization, the effect of 

environmental contamination and surface oxidation were removed by etching the surface for 

three minutes with an energy of 2 KeV [135]. 

For TiO2, high resolution regional scans were conducted for titanium and  oxygen (Figure 46). 

The negligible amount of carbon detected excluded the presence of any process 

contamination, thus indicating an ideal deposition. Regional scans of titanium and oxygen 

showed peaks corresponding to the core level binding energies of Ti 2p3/2 and Ti 2p1/2, 

respectively, indicating the presence of Ti4+ oxidation state in TiO2. The presence of Ti3+ due 

to the argon etching step caused a shoulder at lower energy. Oxygen atoms in TiO2 phase lead 

to the peak at 531 eV, while oxygen in hydroxyl groups present in the form of impurities 

induces the small shoulder at higher energy. The composition was found to be oxygen 

deficient with 60% of oxygen and 40% of titanium, while the stoichiometric composition 

should be 66.7% oxygen and 33.3% titanium [135]. 
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Figure 46:  XPS spectra for ALD TiO2 (a) Ti 2p and (b) O 1s [135].  

For ZrO2, high resolution regional scans were also carried out for zirconium, oxygen, and 

carbon (Figure 47). No peak was observed in the high resolution scan for the element carbon, 

indicating a nearly carbon-free ALD deposition. The high-resolution spectra of Zr 3d showed 

two peaks at binding energy 182 eV and 184 eV, corresponding to Zr 3d5/2 and Zr 3d3/2, 

respectively. The scan conducted for O 1s showed a peak at 530 eV, which belongs to ZrO2, 

and the shoulder on the higher energy side is due to the oxidation of metal in air forming ZrO. 

The quantification calculation using CASAXPS software showed a composition of 40% Zr and 

60% O, indicating an oxygen deficient zirconia thin film [135]. 

 

Figure 47: XPS spectra for ALD deposited ZrO2 (a) Zr 3d and (b) O 1s  [135]. 

 

. 
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For HfO2, high resolution regional scans for hafnium and oxygen were conducted (Figure 48). 

An ideal deposition without any contaminants was highlighted by the negligible amount of 

carbon detected. The core level spectra of O 1s associated with HfO2 showed a shoulder at 

higher energy above the peak at 531 eV due to the presence of a small amount of 

contamination, likely carbon or moisture. In the regional scan of element Hf 4f, peak positions 

at 18.5 eV and 20.7 eV correspond to Hf 4f7/2 and Hf 4f5/2 in HfO2 [153]. The shoulders at lower 

energies below 18.5 eV are due to Hf interstitials and oxygen vacancies. Again, the deposition 

was observed to be oxygen deficient, with a composition of 63% oxygen and 37% hafnium, 

while the stoichiometric composition of HfO2 should have Hf and O in 1:2 ratio i.e. 66.7% 

oxygen and 33.3% hafnium [135]. 

 

Figure 48: XPS spectra of ALD deposited HfO2 (a) HF 4f and (b) O 1s [135]. 

4.5.3 Summary 

In this work, the impact of a 100 nm thick TiO2, ZrO2, and HfO2 atomic layer deposition (ALD) 

coating on both the corrosion behavior and cytotoxicity of the AZ31 magnesium alloy was 

studied. Results revealed ALD TiO2 coating led to a notable improvement in the corrosion 

performance of AZ31 alloy, while ZrO2 and HfO2 ALD coatings demonstrated even higher 

corrosion resistance. This superior performance can be attributed to the coatings lower 

wettability [154], greater electrochemical stability [155], and superior surface integrity 

characterized by fewer cracks and pores (Figure 49).  
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Figure 49: Micro-morphologies of  (a) bare, (b) TiO2, (c)  ZrO2, and (d), HfO2  coated samples after 
corrosion [135]. 

Moreover, the enhanced corrosion resistance imparted by these coatings contributed to 

improved cytotoxicity performance of the AZ31 alloy [135]. Cytotoxicity was evaluated using 

the MTS cell proliferation assay (Promega) with L929 murine fibroblasts. The application of 

these coatings effectively mitigated the pH increase associated with the uncoated alloy. 

Specifically, the pH was reduced by 15.5% when a 100 nm ALD TiO2 coating was applied. Even 

greater enhancements were achieved when ZrO2 and, particularly, HfO2 were employed: the 

former resulted in a pH reduction of 27.1%, while the latter led to an impressive reduction of 

29.7% [135]. 

Figure 50 provides a visual representation of the macro-morphologies of coated samples both 

before and after a one-day immersion in SBF, with the uncoated AZ31 sample serving as a 

control. The figure illustrates the corrosion-reducing effects of the coatings. Notably, in the 

case of HfO2-coated samples, corrosion damage became nearly non-existent. The extensively 

corroded surface observed on the bare samples, marked by the presence of pits, was notably 

reduced by the application of a TiO2 layer. In the macro-morphologies of ZrO2-coated 

samples, there was scarcely any observable corrosion, save for some small areas of corrosion 

in the center, revealed more prominently in micro-morphological analysis. While the macro-

morphologies of HfO2-coated samples appeared entirely free of corrosion, closer examination 

via micro-morphological analysis disclosed the presence of small areas where early-stage 

corrosion products were forming [135]. 

 

Figure 50:Macro-morphologies of bare, TiO2 , ZrO2 and HfO2 coated samples before and after corrosion 
[135]. 
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The average corrosion potential (Ecorr) and corrosion current density (icorr) values for both 

uncoated and coated samples were extracted from the potentiodynamic polarization curves 

and are presented in Table 8. Notably, the presence of coatings significantly enhances the 

material's corrosion resistance. Specifically, the HfO2 coating stands out, exhibiting the lowest 

corrosion current density, which is only half of that offered by ZrO2 and a 40 times lower than 

that of TiO2  [135]. 

Table 8: Corrosion potentials (Ecorr ) and corrosion current densities (i corr ) values for bare and coated 
samples [135]. 

 

The hydrogen evolution test (Figure 51) clearly demonstrates the protective effect of the 

coatings on AZ31 alloy. Notably, after 7 days, the amount of hydrogen evolved from the 

uncoated samples is reduced by 52% when a 100 nm ALD TiO2 coating is applied. Even more 

significant enhancements were achieved when employing ZrO2 and, especially, HfO2: the 

former results in a 92.5% reduction in hydrogen evolution, while the latter achieves an 

impressive reduction of 95% [135]. 

 

Figure 51: Hydrogen evolved from the immersion of bare and coated AZ31 alloy in SBF [135]. 
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5. Chapter 5: Experimental study – ALD of Cu as a 

catalyst for oxygen evolution reaction (OER) 

This chapter investigates the use of atomic layer deposition (ALD) of copper on high surface 

area 3D structures as a catalyst for the oxygen evolution reaction (OER).  A comprehensive 

set of results for this chapter can be found in the research article 6 (manuscript) included in 

the appendix.  

5.1 Background 

Water splitting, which converts water into chemical energy, is an important reaction that has 

been identified as a potential solution to the world's energy crisis and is crucial for enabling 

hydrogen-based renewable energy technologies [156]. However, the anodic oxygen evolution 

reaction (OER) involved in the process is complex and slow [30], requiring high-energy inputs, 

and effective and efficient catalysts are needed for large-scale implementation [157]. 

Currently, noble metal-based catalysts like RuO2, IrO2, and Pt have high OER performance but 

are limited by their high cost and limited material availability [31]. 

As a solution, researchers are exploring copper-based catalysts, which have gained attention 

in recent years due to their low cost, low toxicity, high strength, and resistance to erosion and 

abrasion compared to other transition metals [32]. Among copper-based catalysts, oxides, 

hydroxides, sulfides, selenides, tellurides, and phosphides are being studied, with each type 

having its own advantages and limitations. Copper oxides are particularly advantageous due 

to their simplicity and abundance in the earth's crust, which is critical for large-scale 

implementation. They also have a well-defined coordination chemistry and remain stable at 

high potentials, unlike other compounds that can undergo chemical transformation, affecting 

their chemical activity[158]. 
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5.2 Experimental  

Cu was deposited on Ti and Ni mesh (thickness 500 μm) with consistent diameters (~Ti: 30 

μm and ~Ni: 35μm ) and high porosity, giving us a high surface area substrate. The mesh was 

purchased from BEKAERT, Belgium, the porosity of  Ti and Ni mesh was 56% and  66% 

respectively. 

A custom-built ALD system was employed for depositing copper islands, utilizing nitrogen 

(AGA 5.0) as a carrier gas for the copper precursor. Figure 52 describes the design of the ALD 

system. The ALD reactor used in this system was similar to the one utilized for in situ XAS 

studies of copper, with the exception of gate valve and optical window replacement by blank 

flanges. The base pressure of the system was 20 mtorr. The solid precursor copper(II) 

acetylacetonate (Cu(acac)2) was sourced from Gelest (USA). The sublimation of Cu(acac)2 was 

carried out at 145°C, with high purity molecular hydrogen produced on demand by using a 

generator from Peak Scientific (Scotland, UK) serving as the co-reactant. 

 

Figure 52: Schematic of the ALD system design used for the ALD deposition of Cu. 

The deposition of Cu islands is performed through successive cyclic reactions between 

Cu(acac)2 and H2 at 245 °C, the substrate is directly mounted above the ceramic cartridge 

heater. Each ALD cycle is composed of two parts. The first part consists of a 5 s copper 

precursor boost [159] using Ar gas flowing at 200 sccm, which is an effective strategy to 

deliver low vapour pressure precursors.  This is followed by  precursor pulse of 3 s under 

exposure mode with the exhaust valve closed, which allows more time for the precursor to 

react with the substrate surface [160].  Finally sytem evacuation is carried out for 10 s to 
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complete the first step . The second part consists of a 5 s H2 pulse under exposure mode 

followed by a similar system evacuation.   

The reaction mechanism of ALD Cu, utilizing Cu(acac)2 and H2, is anticipated to follow a 

conventional redox reaction [161]. In this mechanism, "M" represents the substrate which is  

metal surface, "g" and "s" indicates the gaseous solid state’s respectively as shown in eq. 30 

and eq.31. 

Cu(acac)2(g) + M(s) → M-Cu(acac)(s) + (acac) (g)  (30) 

M-Cu(acac)(s) + H2 (g) → M-Cu(s) + H(acac) (g)+H(g)    (31)  

This equation elucidates the transition of Cu(acac)2 in the gaseous state reacting intially with 

the metal surface and thus breaking down half of the attached precursor ligand. In the 

subsequent H2 pulse, the remaning acac ligand attached to the surface via the metal centre is 

removed to form solid copper (M) along with the production of gaseous H(acac) and atomic 

H. 

This reaction can also be comprehended through the following schematic representation 

(Figure 53):  

 

Figure 53: Schematic representation of the reaction mechanism of thermal ALD of  Cu using Cu(acac)2 
and H2 

5.3 Results and discussion 

The ALD deposition of Cu on Ti Mesh is in the form of islands, it is found that with the increase 

in the number of cycles the size of the island increased (Figure 54 (a-c)). This type of growth 

behavior of Cu on TiO2 has been described before as self-limiting island growth [162]. The 
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island growth behavior is typically observed in  ALD of metals and is a result of agglomeration 

[163]. Copper is known for its tendency to agglomerate or form clusters. The precursor 

molecules may adsorb and diffuse to form clusters before reaching adjacent sites, 

contributing to island growth. Theoretical study conducted on the Cu agglomeration [164] has 

shown  formation of copper clusters on the WN(001) surface which  is energetically favorable, 

and the energy barriers for this cluster formation are not very high. It implies that the copper 

atoms on the substrate have a tendency to group together and form clusters rather than 

spreading out evenly to create a conformal monolayer. In other words, the natural preference 

of copper atoms on this specific substrate is to aggregate into clusters rather than forming a 

smooth, continuous monolayer.  Thus, the tendency for copper to form clusters is in 

competition with the formation of a uniform monolayer, and the formation of clusters is the 

more competitive process. Furthermore, investigations have shown that surface defects or 

roughness play a role in promoting the preferential nucleation of copper islands in these areas 

[162].  

 The average diameter of the Cu islands is 10 nm, 24 nm, and 54 nm for 100, 500, and 1500 

cycles respectively. Whereas in the case of Ni Mesh, the growth is seen in the form of clusters 

of Cu (Figure 54 (d-f)) with much bigger islands representing a collection of Cu particles very 

close to each other.   Visibly, the surface coverage of ALD Cu is higher on Ni mesh when 

compared to Ti mesh. 

 

 

Figure 54: SEM images of the ALD deposited Cu for different numbers of cycles showing separate 

island Ti (a-c) mesh  as compared to cluster formation on Ni (d-f) mesh. 
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The results of the electrochemical OER performance in terms of onset potential and potential 

required to reach 10 mA cm-2 for Ni and Ti substrates coated with ALD Cu for different number 

of cycles is presented in Figure 55.   Figure 55 (a) shows the linear sweep voltammetry of ALD 

Cu coated Ti  substrates and reveals that the Ti substrate with 500 cycles showed the best 

performance compared to the bare Ti substrate. The island density was found to be related 

to the OER performance; with the sample having 500 ALD Cu cycles and the highest Cu Island 

density (58 islands per µm2) performing the best with an overpotential of 345 mV among the 

different Ti mesh samples. The other two samples with 100 and 1500 cycles performed lower 

but had approximately similar island density and OER performance. It is noteworthy that the 

Ti mesh with no Cu deposition performed slightly better than the samples with 100 and 1500 

ALD Cu cycles. This indicates that a lower number of Cu islands 36 and 39 per µm2 (100 and 

1500 cycles respectively) lowers the OER performance indicating a possible synergistic effects 

[165] as seen in other transition metal oxide combinations [166]. Additionally, transition 

metal oxide-based catalysts on Ti substrates have exhibited surface deactivation and stability 

loss due to mixed mechanisms [166]. Firstly, there could be catalyst dissolution and 

detachment, which results in a rapid change in catalyst performance. Moreover, the gradual 

formation of a thicker oxide layer can lead to the loss of electrical conductivity, hindering 

performance in the form of surface passivation. Lastly, a change in surface chemical 

composition can have an adverse effect on the catalyst's performance [167]. It might be 

interesting to note here, the native oxide layer on Ni mesh should be less than 0.8 nm [168], 

whereas a comparatively thicker native oxide layer is expected on the Ti (thickness of native 

TiO2 ~10 nm [169]).  

For Ni substrates with ALD Cu, Figure 55 (b) shows the linear sweep voltammetry data. The 

best performance was observed in the Ni substrate coated with 1500 cycles, with a trend of 

improved OER performance in terms of lower overpotential with increasing number of ALD 

Cu deposition cycles. However, it was also noted that the bare Ni mesh performed similarly 

to the best-performing ALD Cu on Ni mesh sample.  

In Figure 55 (c), the potentials at a current density of 10 mA cm-2 were evaluated. 

Overpotential, which is the standard metric used for water splitting studies and calculated as 

η=EvsRHE-1.23, is measured at 10 mA cm-2. Results showed that the Ni mesh samples 

performed better than the Ti substrates, interestingly with the lowest overpotential of 320 
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mV recorded for both the pristine Ni mesh and Ni mesh with 1500 cycles of ALD Cu. The Ni 

substrate with 100 and 500 cycles of ALD Cu had an overpotential of 390 and 370 mV 

respectively. 

In order to investigate the effect of the number of ALD Cu cycles on the Ni mesh substrates, 

we  studied the ALD Cu nucleation and growth using SEM images (Figure 54). The results 

showed that the nucleation of ALD Cu was observed throughout the surface even with lowest 

deposition cycles.  However, with the increase in cycles formation of Cu clusters was observed 

with an increasing size. The size of the Cu clusters increased, ranging from 30-60 nm for 100 

cycles, 200-300 nm for 500 cycles, and 400-600 nm for 1500 cycles. It was observed that the  

surface area on Ni mesh is higher with 1500 ALD Cu cycles due to the presence of larger 

clusters with a higher number of particles, followed by 500 and 100 ALD Cu cycles samples. 

For an approximation, assuming the islands are hemispheres and are uniformly distributed 

ALD Cu hemispheres on Ni surface the surface area of Cu per µm2 is evaluated as 1.53, 1.57, 

and 1.57 µm2 for 100, 500, and 1500 cycles, respectively. A recent study [170] discusses the 

correlation between the OER performance of Cu catalysts and their structural forms, 

indicating that the presence of Cu nanoclusters enhances the catalyst performance. It is 

possible that the increase in Cu loading and surface area with the number of deposition cycles 

along with better adhesion when compared on Ti mesh  could explain why the 1500 cycles 

sample exhibited better performance compared with lower numbers of cycles. 

Furthermore, our observations also revealed that there was similar performance between the 

pristine Ni mesh and the Ni mesh with 1500 cycles of ALD Cu. This can  be a result of the 

formation of Ni(OH)2 on the pristine Ni surface. Previous studies have shown that Ni(OH)2 

enhances OER activity [171]. When pristine Ni is immersed in an alkaline media, such as 1M 

KOH, it immediately forms a layer of Ni(OH)2 above the NiO layer. These layers tend to grow 

with increasing electrochemical cycles, resulting in increased surface roughness and increased 

electrochemically active sites. Therefore, the formation of Ni(OH)2 on the pristine Ni surface 

may explain why it exhibited similar OER activity to the Ni mesh with 1500 cycles of ALD Cu. 

For the Ti mesh samples, the best performance was achieved by the substrate coated with 

500 cycles of ALD Cu, with an overpotential of 345 mV. In comparison, the pristine Ti mesh, 

100 cycles Cu, and 1500 cycles Cu sample had overpotentials of 490 mV, 550 mV, and 540 mV 

respectively. 
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SEM images (Figure 54 (a-c)) of Ti mesh samples showed that the ALD growth of Cu resulted 

in island formation. With an increase in the number of Cu deposition cycles (100, 500, and 

1500), the size of the islands increased. The average size of the islands in terms of diameter 

was 10 nm, 24 nm, and 54 nm for 100, 500, and 1500 cycles, respectively. The Cu island 

density was 36, 58, and 39 particles/islands per µm2 for 100, 500, and 1500 cycles, 

respectively. The number of islands increased from 100 cycles to 500 cycles, but decreased 

with 1500 cycles, possibly due to coalescence of smaller islands to form larger ones. 

The island density was found to be related to the OER performance, with the sample having 

500 ALD Cu cycles and the highest Cu island density (58 islands per µm2) performing the best 

with an overpotential of 345 mV among the different Ti mesh samples. The other two samples 

with 100 and 1500 cycles performed lower, but had similar island density and OER 

performance. It is noteworthy that the Ti mesh with no Cu deposition performed better than 

the samples with 100 and 1500 ALD Cu cycles. This indicates that a lower number of Cu islands 

36 and 39 per µm2 (100 and 1500 cycles respectively,  poor surface adhesion of the islands 

and in addition to blocking the active sites on the pristine Ti mesh substrate, lowers the OER 

performance. 

When we compare the OER performance of our samples with catalyst to similar mesh designs, 

foils or other 3D structures, the results are found to be comparable to literature values. For 

example, Ni foams underwent electro oxidation to yield a NiOx/Ni type surface, which 

resulted in an OER overpotential of 390 mV (j = 10 mA cm-2 ) along with high stability (20000 

sec in 1 M KOH) [172]. The high stability was linked to interface effect of NiOx/Ni, where the 

interface enhances the intrinsic catalytic activity and stability by optimizing the surface atomic 

and chemical structures [173]. Similarly, the OER activity of cobalt sulphite nano-sheets 

electrodeposited on Ti foil required an overpotential of 361 mV to achieve a current density 

of j = 10 mA cm-2 [174]. 
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Figure 55: OER performance of different Cu coated and pristine sample Ti and Ni mesh samples in 1 M 
KOH, (a) and (b) Linear sweep voltammogram of the oxygen evaluation reaction, (c) Potential at 
constant current densities for different samples, and (d) Stability test for Ni with 500 cycles of Cu. 

The stability of the sample (Ni 500 ALD cycles of Cu) was evaluated for 43 hours in 1 M KOH 

at 1.8 V vs RHE, as shown in Figure 55 (d). The catalyst showed a performance loss within the 

first 3 hours, indicating a possibility of detachment/dissolution of the catalyst coating. Also, 

dissolution of copper has also been reported in the case of a 30% nickel-copper alloy during 

the OER process [175], indicating a possible effect on adhesion behavior on Ni mesh 

substrates during extended durations. 

In comparison with state of art of noble metal-free bifunctional catalysts [176] and other 

complex catalysts [177], the overpotential measured at 10 mA cm-2 for our ALD Cu coated Ni 

(1500 cycles) and Ti (1500 cycles) mesh samples are found to be  320 mV and 345 mV, 

respectively.  In addition, there is less complexity involved in our case for the fabrication of 

islands on highly porous 3D substrates with the use of ALD. A recent review [178] on Cu based 

catalyst for OER helps us to compare performance in terms of overpotential required to 

achieve 10 mA cm-2 for OER. However, we argue that the preparation route for the catalyst 

fabrication  presented here is facile i.e. striaghforward and implementable, requiring the 
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pristine substrate to undergo one automated deposition cycle only with no further 

processing. Also, with regards to the cost, the economic advantage of ALD over sputtering or 

CVD hinges on the specific context and application requirements. ALD demonstrates cost-

effectiveness in scenarios where precision, uniformity, and the unique capabilities it offers for 

intricate 3D surfaces are essential. In such cases, ALD is often the sole feasible choice, given 

its unmatched ability to fulfill these requirements. Whereas, sputtering is favored for its 

higher deposition rates and with lower equipment costs, particularly when applied to flat 

substrates. Thus, the choice of the most economically viable method relies on the distinct 

demands of the application and the need to strike a balance between the factors at play.   

It has to be noted, however, that the OER activity decreases faster than with the published 

counterparts, which we argue being a matter of poor adhesion. In future studies, the latter 

could be enhanced by increasing the process complexity through a removal of the surface 

oxide prior to the deposition, through a plasma cleaning process [179] or a wet chemical 

etching routine [180]. Further, a graphene conductive layer [181] or a variation in 

stoichiometry may be strategies to employ.  

5.4 Summary 

We investigated the potential of ALD Cu deposited on Ti and Ni mesh as cost-effective 

electrocatalysts for the oxygen evolution reaction (OER). Our results showed that Ni mesh 

substrates had lower overpotential than Ti substrates, with the lowest overpotential of 320 

mV recorded for both pristine Ni mesh and Ni mesh with 1500 cycles of ALD Cu. The SEM 

images showed that an increase in Cu loading and surface area with the number of deposition 

cycles could explain the better performance of the Ni 1500 cycles sample. Moreover, the 

formation of Ni(OH)2 on the pristine Ni surface may explain why it exhibited similar OER 

activity to the Ni mesh with 1500 cycles of ALD Cu.  For Ti mesh substrates, the best 

performance was achieved by the substrate coated with 500 cycles of ALD Cu, with an 

overpotential of 345 mV. The island density of Cu was found to be related to the OER 

performance, with the sample having 500 ALD Cu cycles and the highest Cu island density 

performing the best. The Ti mesh with no Cu deposition performed better than the samples 

with 100 and 1500 ALD Cu cycles, indicating that a low presence of Cu islands along with poor 

surface adhesion could negatively affect the performance. The SEM and XPS analyses 
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provided insights into the surface morphology and oxidation state of the ALD Cu catalysts on 

both substrates, confirming the presence of CuO and Cu2O. However, the durability test 

revealed limited adhesion of the best performing sample, with performance reduction 

observed within the first three hours. The SEM and EDS analysis of the adhesion test samples 

further revealed detachment and modifications of the ALD Cu layer indicating the need for 

further investigation to improve the adhesion and stability of the catalyst surface. 

Furthermore, the overpotentials measured at 10 mA cm-2 for our ALD Cu coated Ni and Ti 

mesh samples are comparable to state-of-the-art noble metal-free bifunctional catalysts, and 

our approach offers less complexity in fabricating islands on highly porous 3D substrates with 

the use of ALD. 
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6. Chapter 6: Experimental study - Design of in situ ALD 

FTIR system 

In this chapter, a summary of the design of an in situ FTIR system based on research article 7 

[52] is provided. A comprehensive set of results for this chapter can be found in the research 

article 7 included in the appendix. 

6.1 In situ FTIR 

FTIR spectroscopy is a powerful tool for analysing the surface chemistry of materials. In in situ 

FTIR ALD, the FTIR instrument is integrated with the ALD reactor to allow for real-time analysis 

of film growth and surface chemistry during the deposition process. 

The principle of ALD is based on exposing a substrate sequentially to two or more precursor 

gases, which react with the substrate surface to form a monolayer of the desired material. 

After each exposure, the substrate is purged with an inert gas to remove any unreacted 

precursor and reaction by-products. In in situ FTIR ALD, the FTIR spectrometer is used to 

analyse the surface species of the substrate before and after each precursor exposure. This 

allows for identification of the formation of the desired material and any unwanted by-

products. This technique is especially useful in detecting surface organometallic species from 

the first reactant half-cycle and mapping out the ligand exchange reaction in subsequent half-

cycles. 

The flexibility of in situ ALD growth studies using infrared (IR) spectroscopy is a significant 

advantage as different sampling techniques such as transmission measurements, attenuated 

total reflection (ATR), and diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) can be used for various sample types including liquids, powders, gases, thin films, 

and solid surfaces [52]. 
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FTIR offers several advantages as a characterization tool, including high signal-to-noise (S/N) 

ratio, low data-acquisition time, and flexibility in sample preparation. Additionally, FTIR 

systems are inexpensive and widely available in different labs [52].  

6.2 State of the art 

In situ ALD FTIR studies have been conducted using home-built reactors, which have 

demonstrated the potential to carry out in situ studies [182]. However, the system design of 

these reactors poses particular challenges that can have an impact on the ALD process and 

characterization capability. Previous studies have shown that the use of a cold-wall reactor is 

one such challenge, as it can lead to precursor condensation that is difficult to remove even 

with system purging [183]. Although a cold wall reactor may be suitable for certain processes 

using reactive precursors and chemistries at low temperatures, it can result in slow 

desorption of the precursor over time, creating a virtual leak that can react with the surface 

under study. To mitigate this issue, it is recommended to heat the reactor wall and design the 

reactor with the smallest volume possible, which would enable a comparatively more 

straightforward system evacuation, thereby reducing the possibility of CVD growth [184]. 

However, most reported ALD systems have been designed for multiple in situ characterization 

capabilities, resulting in large reactor volumes with multiple ports [52]. 

The contamination of optical windows in the IR beam path is another critical issue that needs 

to be addressed in ALD reactors since the windows must remain clean. If the precursor pulse 

is introduced into the reactor without covering the windows, it can result in the condensation 

of precursor molecules, contaminating the window surface [183]. Although this configuration 

has been used before, the contamination problem can be partly resolved by conducting a 

background measurement immediately before each pulse. However, even with this solution, 

the measured absorption spectrum can still be misleading as it will also consider the 

formation and removal of molecules on the window's surface, which can differ depending on 

the temperature difference between the window and substrate. To address this issue, gate 

valves must be used to shield the windows during the precursor pulse [52]. 

The integration of the reactor and characterization tool in in situ ALD systems has proven to 

be challenging. Typically, the IR source, detector, and ALD reactor are integrated using 

multiple mirrors in an optics compartment, adding complexity to the system design and 
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causing optical losses [121,184,185]. To avoid these issues, it is beneficial to directly integrate 

the ALD system with a FTIR spectrometer, eliminating the need for additional components 

[52]. 

However, even in situ ALD reactors with optical flanges on tubes for diagnostic access can 

pose problems due to stagnant volumes that result in the mixing of reactive gases, limiting 

the system's in situ characterization capability. To address this issue, the reactor should be 

designed with diagnostic access in the form of optical flanges directly on the reactor wall to 

avoid unwept volumes and ensure efficient evacuation [52]. 

In situ ALD FTIR studies require high sensitivity due to optical losses. Most previous studies 

have used mercury cadmium telluride (MCT) detectors, which have limitations such as a lower 

wavenumber limit of around 600 cm-1 and variations in response depending on the 

composition of the detector [186]. However, narrowband MCT detectors with higher 

sensitivity and a lower spectral window are commercially available, indicating that 600 cm-1 

is not the absolute limit of MCT [52]. 

In contrast, the wide bandgap deuterated L-alanine doped triglycine sulfate (DTGS) detector 

used in this work can measure down to 30-50 cm-1, but the use of KBr in the beam path limits 

the spectral range to 400 cm-1. The DTGS detector offers higher stability and lower drift than 

MCTs, making it an ideal choice for capturing weak signals below 600 cm-1. In this study, we 

aim to evaluate the in situ system's capability to track the chemistry during Al2O3 ALD half-

cycles using the DTGS detector  [187]. 

6.3 Design of in situ FTIR ALD system  

In this section, a summary of the design and components of the in situ FTIR ALD system is 

provided (Figure 56). The reactor has a T-shape design with three flanges, CF-40 type, welded 

directly on the center T-piece. The center flange is for mounting the sample holder, and the 

other two flanges are for optical diagnostic purposes. The reactor body is made of stainless 

steel AISI304 and has a compact size with a small reactor volume for efficient precursor 

delivery and purging. Electrical heating tapes heat the reactor walls, and precursor gases are 

introduced through an inlet port on the front side of the reactor [52]. 
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Figure 56: (a) 3D representation of the in situ ALD reactor, (b) front-view cross-sectional diagram of 
the ALD reactor (dimensions in mm). 

The system's manifold is designed (Figure 57) with 316L stainless steel VCR components from 

Swagelok and is equipped with pneumatic controlled diaphragm valves, referred to as ALD 

valves, which are used for pulsing the precursors. The introduction of the carrier gas into the 

system is controlled by a mass flow controller from Alicat scientific. The manifold, inlet, and 

outlet are heated using electrical heating tapes from Omega Engineering [52]. 

 

Figure 57: 3D representation of the manifold design with the ALD valves and precursor. 
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The sample holder assembly (Figure 58) is centered around a thermocouple feedthrough that 

consists of a ceramic holder, ceramic heater, and 316L Stainless steel (SS) sample holder. The 

sample holder is heated with a 20 mm x 20 mm x 2.5 mm advanced ceramic heater (Ultramic 

600, Watlow) with a power rating of 200 W, mounted on a specially designed ceramic holder. 

The sample is mounted on the sample holder using SEM clips (Ted Pella), and a hole is drilled 

in the center of the sample holder to allow the infrared light beam to pass through, ensuring 

homogeneous heating of the sample [52]. 

 

Figure 58: 3D representation of sample holder assembly. 

The vacuum system uses an RV5 rotary vane vacuum pump from Edwards to achieve an 

ultimate pressure of 6 mtorr in the reactor system. A molecular sieve trap with zeolite 

particles is installed in the exhaust line to remove hydrocarbons, water vapor, and other gases 

from the outlet gas stream. A Pirani gauge from Pfeiffer vacuum is used to measure vacuum, 

and an ALD valve is installed to protect the pressure gauge during reactant pulse [52]. 

The control system comprises an Arduino Mega 2560 Rev.3 and a MOSFET shield, along with 

a custom Python-based software running on a PC for communication and control of the 

Arduino. The self-developed PC software provides systematic valve control, allowing users to 

load, edit, and execute ALD recipes [52]. 

6.4 Methods 

6.4.1 Substrate selection for FTIR studies 

The suitability of single-side polished p-type Si wafers as substrates for in situ ALD studies in 

transmission mode was assessed. The thickness of the silicon wafer was measured at 279 ± 

25 μm. The reflectivity of p-polarised light has a characteristic minimum at the Brewster angle, 

which minimizes reflection losses in transmission geometry and ensures a well-defined 

polarisation of both reflected and transmitted beams. This increases the sensitivity to 
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absorption from adsorbed species. Our ex situ FTIR experiments revealed that for a p-Type Si 

(resistivity: 1-10 Ω cm, crystal orientation: <100>±1°) at normal incidence and Brewster angle, 

the absorbance of the observed peaks was similar (Figure 59). The two prominent peaks at 

~1100 cm-1 and ~610 cm-1 are typically observed in the absorption spectra of silicon. However, 

using silicon as a substrate results in significant reflection losses of approximately 40%, due 

to its high refractive index with a complex refractive index of ~3.4 + i2.12e-7  (n+ ik) at 

wavelength of 3.333 μm (corresponds to 3000 cm-1), where n is the refractive index and k is 

the extinction coefficient.  In addition, free carrier absorption may contribute to sufficiently 

low wavenumbers. To minimize reflection losses, the IR transparent KBr, with a refractive 

index of ~1.5 and almost zero extinction coefficient  in the IR light, was used as a substrate. 

Consequently, the reflection loss is minimized to approximately 10% at normal incidence [52].  

 

Figure 59: Absorbance spectra for Si at normal incidence vs. at Brewster angle with no sample as 

background [52]. 

6.4.2 Windows protection  

In situ ALD spectroscopic studies rely on accurately tracking changes in absorption spectra, 

but contamination can lead to misleading data that is difficult to analyze. One common source 

of contamination is the condensation of precursor molecules on window surfaces during 

introduction into the reactor. Even conducting a background measurement before each pulse 

may not fully resolve this issue, as it also considers the formation and removal of molecules 
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on the window surface, and the reaction mechanism can be affected by different 

temperatures between the window and substrate [52]. 

To minimize window contamination, several strategies should be implemented. The first and 

most critical step is installing pneumatically controlled gate valves on the reactor, which close 

during the precursor and oxidant pulses to protect the windows. Reactor purging is also 

necessary, with at least 100 seconds of evacuation after the reactant pulse and prior to 

opening the gate valves, to prevent contamination from residual gases. Heating all vacuum 

components is another important step to avoid cold spots and desorption of molecules, which 

can cause contamination and shift ALD processes outside the self-limiting regime [52]. 

6.4.3 Detector for FTIR spectroscopy measurements 

DTGS and MCT [186] detectors are commonly used in FTIR spectroscopy, each with its 

advantages and limitations. MCT detectors have a faster response time and higher sensitivity, 

making them useful for applications with low light intensity and weak absorption signals. 

However, MCT detectors are limited to a minimum wavenumber of 600 cm-1, and detecting 

OH-related modes can be challenging due to ice condensation on the detector windows, 

which causes ice peaks to appear in the spectra. In contrast, DTGS detectors can detect 

wavenumbers down to the far-IR and are beneficial in detecting vibrational bands and 

coordination bonds in metal complexes. However, the available spectral range is often limited 

by the optical window materials used [52]. 

In in situ ALD FTIR studies, MCT [187] detectors are commonly used due to their high 

sensitivity requirements. However, the wide bandgap DTGS detector can measure down to 

30-50 cm-1, and its higher stability and lower drift make it a good alternative for capturing 

weak signals below 600 cm-1[52]. 

6.5 Main results  

In situ FTIR experiments were conducted to track the reaction mechanism. The first Al(CH3)3 

(TMA) pulse, which is the first half-cycle, produced positive peaks at 3016 cm-1 and 1306 cm-

1 (Figure 60 (a)). These peaks indicate the presence of CH4, which is formed as a reaction 

product during TMA adsorption. This behavior has been previously reported when excess 

TMA precursor was used and a gas phase IR spectrum was measured with the exhaust valve 



 

106 
 

closed. However, detecting the rotational-vibrational fine structure of the CH4 spectrum in 

the absorption spectrum, specifically in the spectral region with the CH stretching modes 

(2800- 3000 cm-1) of adsorbed methyl groups, was difficult [52]. 

After the subsequent H2O pulse, the peaks flipped at the same position, indicating the 

removal of molecular species. With the second TMA pulse, the formation of peaks was 

observed and their removal with the next H2O pulse confirmed the cyclic ALD process [178]. 

Negative peaks were observed from 1400 – 1800 cm-1 and 3500 – 3900 cm-1 after the first 

TMA pulse, explaining the presence of a rotationally resolved vibrational spectrum of water 

vapor. The presence of peaks from CO2 (2300-2400 cm-1) suggested that at least part of the 

water vapor contribution originated from residual atmospheric gases in the beam path and 

slight partial pressure differences between sample and reference measurements [52]. 

 

Figure 60: (a) Absorbance spectra (1000 - 4000 cm-1) after 1st, 2nd TMA, and water pulse, respectively, 

with 5 nm Si/KBr substrate as background for 1st TMA pulse measurement. Previous measurements 

are the background for remaining subsequent measurements (b) Absorbance spectra from (500-1500 

cm-1) [52]. 
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6.6 Summary 

An in situ ALD-FTIR system is developed  within an existing FTIR characterization instrument. 

The approach employs a mechanical design suitable for most conventional spectroscopy 

compartments, which has been successfully validated in a Bruker Vertex 80 FTIR 

spectrometer. Off-the-shelf electronic equipment, vacuum components, and electric heaters 

were employed, but a specially designed sample holder was used to ensure uniform substrate 

heating. This holder allowed us to use a 4 mm thick KBr disc with sputtered 5 nm Si as a 

substrate, which increased the IR transmissivity compared to a conventional p-doped Si wafer 

[52]. 

Insights on the significance of purging and proper vacuum base level are provided to establish 

self-limiting ALD conditions, which is essential for studying the nucleation chemistry. The 

reactor windows are successfully shielded from cross-contamination using pneumatic gate 

valves, uniform reactor heating, and an extended argon purge of the system. It is suggested 

that an argon window shield and a turbopump could provide further protection and reduced 

purge time [52]. 

The  MCT vs. DTGS detectors with ex situ studies are compared, to show how they can be 

instrumental in investigating metal complexes during the early stages of ALD nucleation. 

Finally, the system's capability to conduct in-situ studies is demonstrated by successfully 

tracking the ligand exchange reaction for the ALD growth of Al2O3 using an FTIR spectrometer 

[52]. 
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7. Chapter 7: Experimental study - Design of in situ ALD 

XAS system  

This chapter focuses on the design of in situ X-ray absorption spectroscopy (XAS) system, as 

well as the initial ex situ experiments that were conducted to investigate the growth of atomic 

layer deposition (ALD) Cu. The in situ XAS system was designed and the first round of in situ 

experiments was carried out. However, the study could not yield conclusive results regarding 

ALD Cu growth due to some challenges, including beam alignment issues and limited beam 

time.  

7.1 X-ray absorption spectroscopy 

X-Ray absorption spectroscopy is an inner shell spectroscopy technique where the x-ray 

interacts predominantly with the deep core electrons [188]. The deep core electron moves to 

the unoccupied state above the fermi energy, resulting in a core hole. Subsequently, this 

causes the decay of higher electrons into the core hole, causing the emission of a photon. 

However, the decay of higher electrons can also cause the emission of Auger electrons.  

The XAS spectra of any material are characterized by a sharp increase in absorption at specific 

photon energy, depending on the absorbing element. The sudden increase in absorption is 

defined as absorption edges related to the energy required to remove a deep core electron. 

Figure 61 shows the absorption spectrum of iron-sulphur-lithium nanocomposite, a sharp rise 

in absorption can be seen at around 7100 eV; this is the energy required to remove an 

electron from 1s orbital; this is called iron K edge. The peaks and other features near or on 

edge are known as x-ray absorption near edge structure (XANES). The features above the edge 

in gradual oscillations are called extended X-Ray absorption fine structure (EXAFS). From the 

measured absorption spectra, deducing structural information is of most interest. However, 

directly obtaining information for an unknown material is not possible. In order to obtain 

information, the absorption spectrum of the most probable structures is theoretically 
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calculated and compared with the measured spectrum, thus systematically narrowing it down 

to a specific structure. After having a good idea about the structure, other properties like 

bond length, symmetry, and density of states can be obtained [128]. 

 

Figure 61: X-ray absorption spectrum of an electrode incorporating the iron–sulfur–lithium 

nanocomposite [128].  

7.2 Why in situ XAS ALD 

The fundamental question that arises when considering the merits of conducting in situ X-ray 

absorption spectroscopy (XAS) studies is why one would opt for such an approach when 

simpler and more readily available characterization techniques such as X-ray photoelectron 

spectroscopy (XPS), X-ray reflectivity, and scanning probe microscopy (SPM) are capable of 

providing atomic scale structural and chemical information. However, the use of these 

techniques for in situ atomic layer deposition (ALD) studies poses a significant challenge due 

to the requirement of high vacuum conditions for successful measurements. As the ALD 

process is carried out at low vacuum, a pressure gap emerges, necessitating the internal 

transfer of the sample from the reactor to a separate characterization compartment. This 

transfer can result in significant delays, leading to deviations from continuous ALD growth 

and making in situ XAS studies a more viable and informative alternative for examining ALD 

processes. 
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In situ X-ray absorption spectroscopy (XAS) studies during atomic layer deposition (ALD) can 

provide valuable insights into the chemical and electronic structure of thin films as they grow 

[48]. By analyzing changes in the XAS spectra at different stages of the ALD cycle, we can track 

the chemical evolution of the thin films and gain insights into the reaction mechanism and 

kinetics of the ALD process. Specifically, in situ XAS ALD studies can reveal the oxidation state 

of the metal in the thin film by measuring the energy and intensity of the metal K-edge 

absorption edge. Moreover, it can provide information about the coordination geometry of 

the metal atoms in the thin films by analyzing changes in the shape and intensity of the pre-

edge feature in the XAS spectra. Furthermore, in situ XAS ALD studies can detect the presence 

of impurities or defects that can impact the optical, electrical, and mechanical properties of 

the films. Overall, in situ XAS ALD studies are a powerful tool for characterizing the chemical 

and structural properties of thin films, which can help optimize the ALD process and design 

functional materials for various applications. 

In this study, our focus was on designing an in situ XAS ALD system to investigate the ALD 

growth of Cu, a process whose general principle is well-known, but the nucleation phase has 

not been explored experimentally due to the challenge of characterizing the minute 

quantities of material deposited in each half-cycle. However, synchrotron-based X-ray 

absorption techniques are capable of probing these small quantities of material and have 

already been used to gain valuable insights into the chemical, compositional, and structural 

evolution during the initial stages of metal and metal oxide ALD. In particular, X-ray 

absorption techniques have provided deep insights into these aspects of the ALD process, as 

demonstrated by previous studies [48].  

7.3 State of the art 

Designing an in situ XAS ALD system has several challenges that need to be carefully 

considered. One crucial aspect is the compatibility of the materials and components used in 

the system with synchrotron radiation. Materials that outgas or degrade under vacuum or 

radiation can contaminate the sample or beamline, and potentially damage the equipment. 

The small size of the sample and limited space in the measurement chamber make it 

challenging to achieve precise alignment and positioning of the sample relative to the X-ray 

beam. It is necessary to center and orient the sample correctly to ensure consistent and 
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reliable measurements. In addition to this, XAS measurements can be affected by various 

factors such as radiation damage and non-uniform sample heating, which can compromise 

the quality of the data. These factors need to be carefully controlled and calibrated to ensure 

accurate and reliable results. 

Because of different challenges and limitations in system design, there is always a tradeoff 

while developing these systems. Although great progress has been made with the design of 

modular in situ ALD systems depending on the needs of the required process. For instance, a 

a successful portable and modular in situ XAS system was developed by Klug et al [189], with 

two separate reactor modules for measuring X-ray scattering, and for X-ray absorption 

spectroscopy (XAS). In the XAS reactor module the windows on the reactor module were 

constructed  using 5 mil (0.127 mm) thick kapton tape which has a silicone adhesive layer with 

an adhesive thickness of 38.1 µm.  Kapton tape may release volatile organic compounds 

(VOCs) at high temperatures, which can contaminate the substrate and adversely affect the 

ALD process. Additionally, some of the chemicals used in ALD may react with the Kapton tape 

and cause further contamination issues. In addition to this, Kapton tape may also be prone to 

degradation and may not withstand the high temperatures and reactive environments inside 

an ALD reactor. This can lead to particles being released into the reactor, which can again 

negatively affect the quality of the deposited films. The use of pnematically controlled gate 

valves along with beryllium windows will be a practical and effective approach. 

Dendooven et al [190] designed a mobile setup for synchrotron-based in-situ Atomic Layer 

Deposition (ALD) studies. This system was capable of conducting both thermal and plasma-

based processes and included mini gate valves that pneumatically controlled the beryllium 

windows. The ALD system, along with its components including the turbo pump, was 

mounted on a Huber tilt stage, a multi-axis positioning system commonly used in beamlines. 

The reactor's bottom flange was kept flat, and the distance from the sample to the baseplate 

was restricted to 170 mm, which limited the flexibility of the system for sample alignment. 

Despite this challenge, the system was designed for mounting stages, and the execution of 

experiments was problem-free. However, integrating this setup into synchrotron facilities 

where a goniometer controls incident angle and rotation, as seen in the case of the Stanford 

Synchrotron Radiation Lightsource (SSRL), could be challenging [127]. 
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In situ ALD systems have been developed to be used at synchrotron facilities for various X-ray 

techniques, mainly due to the advantages these facilities offer. Synchrotron sources provide 

a higher photon flux compared to commercial X-ray tubes, resulting in a better signal-to-noise 

(S/N) ratio. Furthermore, synchrotron sources extend the available range of X-ray radiation 

beyond the typical 8.04 KeV (Cu Kα emission). Additionally, synchrotron facilities offer much 

larger instrument space compared to commercial X-ray systems. Although there is limited 

information available regarding the design and setup of in situ ALD X-ray Absorption 

Spectroscopy (XAS) systems, results obtained by studying different materials have been 

consistently reported in the literature [191]. While the limited literature is sufficient to 

understand the design of in-situ XAS systems, practical challenges associated with these 

complex experiments are difficult to predict and can only be fully understood during the 

execution of experiments within the limited time offered at synchrotron facilities. 

7.4 Design of in situ XAS ALD system 

The in situ XAS ALD system was specifically designed for conducting experiments at the 

Stanford synchrotron radiation lightsource (SSRL) facility. It's important to note that different 

facilities may have varying sample mounting procedures, and at SSRL a goniometer was 

utilized for this purpose.  

7.4.1  System design 

The reaction chamber was produced by welding together stainless steel AISI316L piping and 

readily available vacuum parts. Only two CF 40 connections were needed for the XAS study. 

The additional flanges enabled future use of the chamber for XRR and plasma-enhanced ALD 

studies. 

7.4.2 Sample holder 

The placement and alignment of the sample in the reaction chamber with respect to the 

characterization tool is critical. The perfect alignment of the reaction chamber and the 

characterization tool along the sample holder is the one which the highest measurement 

signal is attained. An adjustable sample holder was designed to achieve this, giving flexibility 

while setting up the system. The sample holder design is based on Kurt. J. Lesker vacuum 
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feedthrough, with two 8 mm stainless steel rods welded on. The substrate mounting 

arrangement is fixed to the rods using two grub screws. The rods and the screws give flexibility 

in adjusting the position of the sample holder in the lengthwise direction of the rods. The 

sample holder is made from aluminum with a diameter of 35 mm and a thickness of 11 mm. 

A rectangular slot is milled on the top to position the ceramic heater. Then, with the help of 

M3 bolts and stainless steel strips, the samples are fixed directly above the ceramic heater. 

7.4.3  Optical windows  

CF 16 flange beryllium windows were mounted on the X-ray beam inlet flange and the flange 

of the detector side. During the precursor pulse, the windows were protected with the help 

of gate valves. Beryllium material has a low mass absorption coefficient, thus resulting in high 

transmission of x-rays. The windows have an aperture of 13 mm and are designed and rated 

for vacuum conditions.  

7.4.4  Support frame  

The support frame helps reducing the direct load on the stage, which is not designed for 

carrying loads. This would allow the movement of the reactor chamber in XYZ directions with 

the help of the moving stage present in the beamline. The support frame helped integrating 

the reactor and the moving stage, allowing more flexibility during the sample alignment. In 

addition, a more precise adjustment control is provided, which is critical for low incidence 

setup.  

The support frame was designed similarly to the gantry crane with three directional 

movements (Figure 62). Square extruded aluminum profiles of the required length were used 

for designing the frame. Linear guides were used for the movement in the X and Y direction. 

The air-bellow was used to move in the Z direction and carry the reactor load. The reactor 

was connected to a gantry plate through the air bellow. With the help of a pneumatic 

regulator, a constant output pressure was maintained. Thus, with the help of external 

pressure via the air below, the load on the stage could be negligible. 
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Figure 62: In situ XAS ALD reactor mounted on the support frame. 

7.4.5 Beam allignment 

The incoming X Rays were centered on the beam inlet flange. Similarly, the center of the 

detector was aligned with the centerline of the detector flange. The position of the sample 

holder was such that the sample surface was at the lowest point of the beryllium windows 

aperture. The sample holder on the rods was positioned such that the sample surface was 

parallel to the centerline of the beam inlet flange and the detector flange. The precise 

alignment was performed by moving the stage and positioning it with the help of a fluorescent 

strip and a camera. The alignment using the fluorescent strip and camera was impossible with 

beryllium windows; thus, for every sample alignment, the windows had to be switched to 

quartz windows.   

7.4.6  System overview 

The reactor, sample holder, and frame design are described in the previous sections. The 

overall setup and X-Ray beam direction are presented below in Figure 63. The other 

components of the ALD system, precursor, pressure gauge, heating, gate valves, and exhaust 

assembly, follow the same approach discussed in the FTIR design section.  
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Figure 63: Overview of X-Ray Beam direction and sample position 

7.5 Methods 

7.5.1  Substrate preparation  

In general, ALD Cu with different precursors on an arbitrary substrate has been a major 

challenge; there has been preferential growth on metallic surfaces such as Ti, Pt, and Ru. Thus, 

to study the growth process with in situ XAS, 100 nm thick Ti, Pt, and Ru substrates were 

prepared using e-beam evaporation and Magnetron sputtering on a Si wafer.  

7.5.2  Cu precursor boosting  

Due to the low vapour pressure of the Cu(acac)2 Cu precursor [192], it becomes difficult to 

transport the precursor molecules from the cylinder to the reactor. The pressure can be 

increased by boosting the method. This is achieved by supplying the precursor cylinder with 

the inert gas for a set duration using a divert Valve and mass flow controller (MFC), as shown 

in Figure 64. This arrangement improves precursor vapor delivery into the reactor. 
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Figure 64: Precursor boosting setup for low vapour pressure precursors. 

7.6 Experiment:  

Cu(acac)2 was used as the solid precursor for Cu deposition, which was purchased from 

Gelest. The precursor was sublimated at 145 °C, and H2 was used as a co-reactant. Due to the 

low vapor pressure of the precursor, nitrogen (AGA 5.0) was used as a boosting gas to improve 

the precursor vaporization.  

7.6.1 Preliminary ex situ experimental study 

For the ex situ study of ALD Cu growth, a home-built ALD system was used.  Nitrogen (AGA 

5.0) was used as a boosting gas for the Cu precursor. The base pressure in the reactor was 20 

x 10-3 torr under no pulse condition. The solid precursor Cu(acac)2 was purchased from Gelest. 

The Cu(acac)2 precursor was sublimated at 145 °C, while H2 was used as a co-reactant. High 

purity Molecular H2 was produced on demand by using an H2 generator from Peak scientific. 
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7.6.2 In situ XAS characterization 

To perform X-ray absorption studies, a custom-made in situ Atomic-Layer-Deposition (ALD) 

optical spectroscopy reactor was adapted for 20 x 30 mm samples (described earlier). The 

reactor consisted of a chamber mounted to two automatic gate valves oriented 90° relative 

to each other (VAT Vacuumvalves AG). One valve was mounted to the SLAC SSRL beamline, 

separating the chamber from the incident beam, and a passivated implanted planar silicon 

(PIPS) detector was fixed to the other valve. A pressure gauge was attached to monitor the 

chamber pressure, which was maintained at 2 x 10-3 torr during the deposition process. 

The reactor was connected to a custom-made manifold via a flexible hose, which contained 

two precursors (H2 and Cu(acac)2) in 50 cm3 stainless steel sample cylinders, as well as 

connections to the N2 purge gas mass flow controller and the roughing pump. Pneumatic 

valves (Swagelok) were used for pulsing precursor vapor to the chamber and for separating 

pumping and purging. All devices could be actuated remotely without opening the hutch of 

beamline at the National Linear Accelerator Laboratory (Menlo Park, CA, USA). 

To increase the vapor pressure of the Cu precursor, a boost setup with N2 was used, and a 

ceramic heater plate with a built-in thermocouple (Watlow) was used for heating the 

substrates and controlling the deposition temperature. To ensure the integrity of the reactor, 

a rate of rise check was performed before the experiments, and the rate of rise was stable 

below 20 mtorr/min. 

For X-ray absorption studies, an absorption spectrum revealing the chemical evolution of thin 

Cu films was planned to be taken after every half-cycle of ALD after opening the pneumatic 

valves. The deposition process involved pumping down the chamber to 10-3 torr, pulsing N2 

into the Cu canister to increase the vapor pressure, introducing precursor (H2 or Cu(acac)2 for 

each half-cycle, respectively), pumping down, opening gate valves, measuring XAS spectra, 

and repeating the process for the next half-cycles. 
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7.7 Results and discussion 

7.7.1  Preliminary ex situ ALD Cu study 

Prior to conducting in situ studies for Cu growth, preliminary growth experiments were 

conducted to develop the ALD process and confirm growth on various substrates. In the first 

part of this work, we performed a comparative study of Cu thin film ALD growth. This study 

investigated the dependence of nucleation and coverage on various parameters such as the 

type of substrate, number of ALD cycles, growth temperature, H2 exposure time, and Ar gas 

flow during Cu precursor boosting. This not only provided insight into the growth mechanism 

but also helped in determining optimal process parameters and system conditions for the 

subsequent planned in situ XAS study. 

7.7.1.1 Background  

7.7.1.2 Literature: Nucleation and growth 

The first reported ALD Cu process was conducted using cuprous chloride (CuCl), with Zn as a 

reducing agent [193]; Zn contamination from the co-reactant was detected in the thin film. In 

addition, the CuCl precursor was found to have low volatility and required a high temperature 

(>400 °C) for the thermal evaporation and transportation of the precursor. Later, the first 

metal-organic precursor was used, copper bis(2,2,6,6-tetramethyl-3,5- heptanedionate), 

Cu(tmhd)2 [194] and subsequently another Cu (2) β-diketonate precursor, copper (II) (bis2,4-

pentanedionate) Cu(acac)2 [195]  were studied. The β-diketonate precursors were generally 

found to have low vapour pressure and low reactivity with molecular hydrogen due to the 

strong Cu-O bond. As a result, a high substrate temperature was required resulting in rough 

deposition and contamination due to precursor decomposition. Another β-diketonate 

derivative, copper (II) hexafluoroacetylacetonate hydrate Cu(hfac)2·xH2O [196], which was 

earlier studied for CVD growth, had comparatively higher vapor pressure. However, during 

the ALD studies, the films were found to have considerable fluorine contamination. In the 

search for a reactive and higher vapor pressure precursor Cu (I) amidinate precursor, N,N’-di-

iso-propylacetamidinato copper(I) [Cu(iPr-amd)]2 [197] was studied; however, the deposition 

was found to be non-uniform on different substrates. A variant of amidinate precursor, 

copper (I) N,N’ di-sec-butylacetamidinate, Cu(Bu-amd)2 [198], was found to have a lower 

melting point, and it evaporated from the liquid state, thus giving a stable material flux as 
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compared to solid precursors which sublimate [199]. However, the growth was substrate 

dependent and was found to be uniform and conformal, only on metallic cobalt and 

ruthenium.  

A summary of the most common ALD Cu processes is given below in Table 9. In addition, a 

detailed description of the physical properties of the Cu precursors can be found in reference 

[198], and a summary of the ALD Cu precursors and process can be found in reference [200].  

Table 9: Different ALD Cu precursors and their characteristics. 

Precursor Co-Reac. Characteristics Ref. Year 

CuCl  Zn Zn contamination, high process temp.   [193] 1997 

Cu(tmhd)2 H2 Low vapour pressure and low 

reactivity 

[194] 1998 

Cu(acac)2 H2 High growth Temp. [195] 1999 

Cu(hfac)2 H2 Fluorine contamination  [196] 2000 

[Cu(iPr-amd)]2 H2 Non-uniform growth, selective 

deposition, and contamination 

[197] 2003 

Cu(Bu-amd)2 H2 Substrate dependent growth [198] 2006 

Cu(dmap)2 ZnEt2 Not suitable for ultra-thin depositions 

(<5 nm)  

[201] 2009 

 

Specific processes have stringent requirements in terms of substrate temperature in order to 

grow ALD Cu at low temperatures (<150 °C), bis(dimethylamino-2-propoxy)copper(II), 

Cu(dmap)2 with diethyl zinc (ZnEt2 ) as a co-reactant was studied [201], but the process could 

not produce ultra-thin uniform Cu films below 5 nm.  

For the selection of the ALD precursor, it should be thermally stable, reactive, and volatile. Cu 

β-diketonate precursors [201] are found to be stable and comparatively volatile when 

compared to other Cu precursors. Among Cu (I) and Cu(II) β-diketonate precursors, Cu(I) β-

diketonate precursors tend to undergo disproportionation reaction [201], which is a major 

limitation for producing self-limiting ALD growth. Recently, renewed interest has been seen 

in utilizing Cu(acac)2 [202], a Cu(II) β-diketonate precursor with different organic reducers 

[203]. This is due to broader theoretical [161] and experimental studies [204] on this type of 
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precursor compared to other precursor types [205]. However, despite the number of reports, 

understanding the growth process with different process parameters is not yet thoroughly 

explored.  

7.7.1.3 Literature: Selective growth 

The selective Cu growth has been evident from the earliest Cu CVD growth studies [206]; later, 

similar behavior was observed in ALD-grown thin films. ALD Cu growth studied by Jan-Otto 

Carlsson et al. [194] using Cu(II)-2,2,6,6-tetramethyl-3,5-heptanedionate Cu(tmhd)2 showed 

selective growth on metallic platinum coated substrates and no growth was observed on glass 

and oxidized metal surfaces. In the case of Hydroxyl-terminated (OH) and oxidized metal 

surface, with the reaction of Cu(tmhd)2 precursor, a strong bond is formed between copper 

and surface oxygen through which electron transfer is hindered, causing the precursor 

molecule to remain attached to the surface thus terminating further reaction steps. However, 

in the case of electron-rich metallic surfaces, the transfer of electrons to the adsorbed 

molecules helps activate the process, thus causing partial removal of the ligands.  

7.7.1.4 Ex situ experimental study : Results and discussion 

We studied the growth behavior of ALD Cu using Cu(acac)2 precursor and Molecular H2 on 

three different substrates, Ti, Si, and Ru. The nucleation and growth was found to be limited 

on n-doped Si, marginally better nucleation was observed on Ru, and among the three 

substrates, the best growth behavior in terms of nucleation was observed on Ti (Figure 65). 

The selective Cu growth has been evident from the earliest Cu CVD growth studies [206], 

similar behavior was also observed for ALD grown thin films.  ALD Cu growth study [194] using 

Cu(II)-2,2,6,6-tetramethyl-3,5-heptanedionate Cu(tmhd)2 showed selective growth on 

metallic platinum coated substrates and no growth was observed on glass and oxidized metal 

surfaces. It was reported that, in the case of Hydroxyl terminated (OH) and oxidized metal 

surface, with the reaction of Cu (tmhd)2 precursor a strong bond is formed between Copper 

and surface Oxygen through which electron transfer is hindered, causing the precursor 

molecule to remain attached to the surface thus terminating further reaction steps. However, 

in the case of electron rich metallic surfaces, the transfer of electrons to the adsorbed 

molecules helps in activation of the ligand exchange process and thus causing partial removal 

of the ligands. 
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Figure 65: SEM micrographs of ALD Cu nucleation on (a) Ti, (b) Si, and (c) Ru substrates. 

The growth process was studied for different number of cycles at the same process conditions 

(Figure 66), at lower number of cycles nucleation is in the form of uniformly distributed small 

particles, with the increase in the number of cycles formation of bigger islands is observed. 

With further increase in number of cycles, it results in coalescence of islands. 

 

Figure 66: SEM micrographs of ALD Cu on Ti substrate with different number of cycles. 

For the uniform and conformal growth of ALD Cu, island formation (Figure 67) due to 

coalescence has been a major challenge [195]. Here, for a fixed 1500 number of cycles, the 

effect of temperature on ALD Cu growth on Ti substrate’s  was studied. It is evident form SEM 

micrographs (Figure 68) at lower temperature of 180 °C, the grains are smaller and separated 

compared to sample at high temperatures. At lower temperature, nucleation looks denser 

but with a smaller grain size, this could be due to decreased reactivity of the precursor and 

co-reactant on the surface, thus limiting the growth rate.  With the increase in temperature 

to 210 °C, a clear increase in grain size is observed along with larger separation, which is a 

typical behavior observed and relates to island coalescence [207]. The coarsening of the 

particle could be due movement of islands or particles over the substrate undergoing binary 

collisions resulting in liquid like coalescence of particles, or the other possible mechanism is 

transport of single atoms between the islands which is also referred as Ostwald Ripening  

[208]. Interestingly, with further increase in temperature to 245 °C, a connectivity between 

the islands is observed, this could be due to increased nucleation at this temperature followed 
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by coalescence phenomenon. The composite behavior, where with increase in temperature 

results in increase in nucleation and grain size has also been reported before for ALD of TiO2 

[209] .  

 

Figure 67: Island growth of ALD Cu on Ti substrate. 

 

Figure 68: Studying the effect of substrate temperature of ALD Cu on Ti substrate. 

The ALD growth behaviour was further investagted at different precursor and co-reactant 

exposure durations. Molecular H2 was used as the reducing agent for the ALD of Cu. In the 

study of the effect of H2 exposure, the ALD Cu surface coverage was found to decrease with 

increase in H2 exposure (Figure 69). In general, molecular hydrogen is inert at lower 

temperature, thus it necessitates the use of high temperatures for the activation of hydrogen 

molecule, thus the substrate temperature was set constant at 245 °C. With the H2 exposure 

of 5 seconds a comparatively higher nucleation and surface coverage was observed, with the 

increase in exposure time to 20 seconds, increase in grain size was seen along with decrease 

in surface coverage area. However, on further increase in H2 exposure time smaller Cu grains 

were seen indicating reduce growth with Cu agglomeration. Molecular Hydrogen when in 

contact with metal surfaces homolytically dissociates to hydrogen adatoms [200]. The 

behavior of Hydrogen atom can be understood from the reactive molecular dynamic study 

(RMD) reported earlier by Thomas Gessner et al [161]. The atomic Hydrogen becomes 

reactive towards adsorbed Cu(acac)2 precursor molecule, The Cu-O bond is broken between 

the Cu and the attached ligand. A H2(acac) molecule is formed, from which H2O molecule is 
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released as a product along with ethane and acetone in gas phase. The H2O molecule is 

expected re-adsorb itself on the surface. It is also possible the molecular Hydrogen forms Cu-

H bonds as a temporary intermediate after the removal of precursor ligands [210].  Reduced 

grain size and reduced nucleation or inhibited growth could be due to the extended 

interaction of the reaction products formed after the initial H2 exposure. The products formed 

after the H2 pulse, and which re-adsorbed on the surface could possibly reduce the 

subsequent interaction of Cu(acac)2 precursor with the surface thus reducing the Cu growth 

and nucleation.   

 

Figure 69: Studying the effect of H2 exposure of ALD Cu on Ti substrate. 

The effect of the Ar flow in to the Cu precursor cylinder for boosting was also evaluated (Figure 

70), it was found that by increasing the flow rate of the inert gas, the nucleation of the Cu on 

Ti substrate drastically increased, this could be due increased delivery of the precursor 

molecules into the reactor.  

 

Figure 70: Studying the effect of Ar flow for boosting of the Cu Precursor. 

7.7.2  Overview of in situ XAS experiments 

The general principle of ALD Cu process is known, but the nucleation phase is not yet 

experimentally studied due to the lack of a characterization technique sensitive enough to 

probe minute quantities of material, such as those deposited in this process per half-cycle. 

However, synchrotron based X-ray absorption techniques have this capability. 



 

125 
 

After the design of the in situ system, the main objective was to study the ALD Cu growth. 

This would help us understand Cu's core level oxidation state, clarifying whether it is in 

metallic form or oxidized in the first few cycles. In addition, with further analysis, information 

about the bond distance and Cu coordination number would help determining the strain and 

interfacial effects. 

7.7.2.1 Practical challenges during the experiments 

For grazing incidence experiments, the scope of tolerance is minimal. Therefore, any 

deviation from the required system alignment results in complete measurement failure. 

Indeed, the difficulty in alignment was the major challenge during our experiments. The 

difficulty in the alignment was caused due to small aperture of the beryllium window, leaky 

air bellow, and difficulty in identifying the correct height of the sample holder.  

Beryllium windows size 

The diameter of the beryllium windows was 13 mm, whereas the internal diameter of the 

reactor mounting the flange was 37 mm. Thus, there was enough space for mounting larger 

windows. The reason for not selecting larger windows was high cost compared to smaller 

ones. This challenge was clearly understood while the experiments were performed. Smaller 

windows also limited the number of fluorescent photons reaching the detector, resulting in a 

weak absorption signal.  

Leak in air bellow assembly 

The air bellow assembly had an unexpected leak causing sagging of the reactor when the 

pressure of the assembly went below a certain level. In order to maintain the position, a 

continuous supply of pressurized gas was used. However, this approach was not infallible, as 

the pressure was not stable. Thus, this contributed to alignment difficulties. 

Substrate tilt 

The sample holder mounting the ceramic heater, and the substrate was attached to the rods 

via grub screws. These screws caused misalignment of the substrate during the tightening. As 

the ideal position of the substrate is to the center line of the windows, any misalignment due 

to tightening significantly affects the requirement of grazing incidence for the experiments.  
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Feedthrough selection 

A type J thermocouple feedthrough was used to design the sample holder. One of the leads 

in this type of thermocouple is constant. This alloy is made of Copper and Nickel. It was found 

that copper inside the reactor, especially in close proximity to the substrate, is not ideal. As 

this can interfere with copper growth measurements which we were interested in.  

7.7.3  Improvements in the system design 

Based on the experiments conducted during our beam time at SLAC, several improvements 

in the system design were proposed and implemented for the next possible beam time. Large 

Beryllium windows directly mounted on CF40 flange were used for more precise X-Ray beam 

alignment. Type C thermocouple feedthrough was used, as the thermocouple leads do not 

contain copper and work with high stability under vacuum and H2 atmosphere. For simplifying 

the sample alignment, Yttrium Aluminum Garnet (YAG) crystal was placed closer to the 

sample position, and its fluorescence characteristics with the incidence of X Rays can be 

utilized for accurate beam positioning.  The fluorescence will be viewed using a camera 

positioned on the top flange of the reactor. 

7.8 Summary 

Before conducting in situ studies for Cu growth, preliminary experiments were performed to 

develop the ALD process and confirm growth on different substrates. In the first part of this 

work, a comparative study of Cu thin film ALD growth was conducted using Cu(acac)2 and H2. 

The growth behavior was compared on Ti, Si, and Ru substrates. It was found that nucleation 

and growth were limited on n-doped Si, while the best growth behavior in terms of nucleation 

was observed on Ti. Different numbers of cycles were studied at the same process conditions, 

and it was observed that with an increase in the number of cycles, coalescence of islands was 

observed. The impact of growth temperature on the Cu ALD process was evaluated, and it 

was found that higher temperatures resulted in composite behavior with higher nucleation 

and coalescence occurring at the same time. The effect of precursor exposure on the growth 

surface was also studied, and it was observed that the exposure had a clear effect on 

nucleation, highlighting the need for process optimization.  
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For the in situ X-ray Absorption Spectroscopy (XAS) studies, an in situ XAS system was 

designed and integrated with the X-ray beam at the synchrotron facility. Unfortunately, the 

experiment could not yield any useful data during the allotted beam time due to beam 

alignment issues and time constraints. However, the experience gained during the initial 

experiments proved valuable in identifying opportunities for further system improvements. 

These improvements were planned for the next beam time, but Covid-related restrictions 

prevented further experiments from being conducted with the improved system. 
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8. Chapter 8: Conclusions and future work 

8.1 Conclusions 

The study began by exploring the use of metal oxides, specifically ALD TiO2, HfO2, and ZrO2, 

to deposit conformal and uniform thin films on AZ31 alloy for corrosion protection. The 

research then shifted to another application, ALD Cu nucleation and growth behavior was 

utilized to develop high surface area catalysts by investigating the use of ALD Cu islands on Ti 

and Ni mesh substrates for the oxygen evolution reaction (OER). In addition, in this work, 

novel perovskite-based applications were reviewed, which allowed for a deeper 

understanding of the challenges associated with new materials and precursors. To overcome 

these challenges and gain better control over the growth process, in situ FTIR and XAS systems 

were designed to enable understanding of the ALD thin films' growth mechanism and 

structural evaluation. The results of this research demonstrate the potential for ALD in various 

applications and highlight the importance of in situ studies to gain better control over the 

growth process, ultimately leading to a process-property relationship.  

ALD protective coating for corrosion protection 

The protective coating applications were explored in three studies. The first study showed 

that the reduction in corrosion was the primary reason for the reduced susceptibility to stress 

corrosion cracking (SCC) of Atomic Layer Deposition (ALD) coated AZ31 alloys in simulated 

body fluid (SBF). In the second study the potential of Mg alloys for biomedical applications 

was evaluated, the effectiveness of ALD coatings in reducing corrosion of an AZ31 alloy in SBF 

was studied, and the results showed that the ALD coatings were superior, particularly on 3D 

aspects, this improved performance was attributed to the higher surface integrity, adhesion 

strength, and lower line-of-sight restrictions of ALD compared to sputter deposition.  The final 

study evaluated the corrosion behavior and biological response of ALD TiO2, HfO2, and ZrO2 

coatings on AZ31 alloy, and all three coatings improved the corrosion behavior and 

cytotoxicity of the alloy, with HfO2 coatings exhibiting the highest corrosion resistance and 



 

130 
 

cell viability. Overall, this thesis provides valuable insights into the use of protective coatings 

on AZ31 alloys for biomedical applications. 

Oxygen evaluation reaction (OER) Cu catalyst  

This study explored the potential of ALD Cu deposited on Ti and Ni mesh as cost-effective 

electrocatalysts for the oxygen evolution reaction (OER). The results showed that Ni mesh 

substrates had lower overpotential than Ti substrates, with the lowest overpotential recorded 

for both pristine Ni mesh and Ni mesh with 1500 cycles of ALD Cu. The SEM images revealed 

that an increase in Cu loading and surface area with the number of deposition cycles could 

explain the better performance of the Ni 1500 cycles sample. Regarding the Ti mesh 

substrates, the best performance was observed for the substrate coated with 500 cycles of 

ALD Cu, with the island density of Cu found to be related to the OER performance. However, 

the durability test revealed limited adhesion of the best performing sample, indicating the 

need for further investigation to improve the adhesion and stability of the catalyst surface. 

Overall, the overpotential measured at 10 mA cm-2 for our ALD Cu coated Ni and Ti mesh 

samples are comparable to state-of-the-art noble metal-free bifunctional catalysts, and the 

approach used in this work offers less complexity in fabricating islands on highly porous 3D 

substrates with the use of ALD. This study provides valuable insights into the development of 

cost-effective electrocatalysts for OER applications. 

ALD perovskites growth and application 

This review work focused on exploring the potential applications of ALD-deposited 

perovskites and the challenges associated with their deposition. The advantages of using ALD 

in depositing perovskites were highlighted. However, challenges such as slow growth rates, 

difficulty in ultrathin film formation, and carbon contamination due to ligand decomposition 

were identified. In order to overcome these challenges, an understanding of the growth 

process and nucleation mechanism is necessary. This work provides valuable insight into the 

processing, structure, and properties of perovskites in the ultrathin film regime, emphasizing 

the need for in situ studies for better control over growth. Therefore, this review work will 

contribute to advancing the field of ALD-deposited perovskites and promote further research 

on the optimization of deposition parameters for different applications. 
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In situ ALD study 

This study presents a novel mechanical design for in situ ALD FTIR (and potentially other 

optical) spectroscopy studies in transmission mode within an existing characterization 

instrument. The design allows for substrate heating and a coated KBr window substrate, 

demonstrating its compatibility with most conventional spectroscopy compartments, 

including the Bruker Vertex 80 FTIR spectrophotometer. The validation of the system's 

integrity and functionality was successfully demonstrated through in situ FTIR absorption 

measurements of Al2O3 using Tri-methyl Aluminum (TMA) and H2O. Additionally, a 

comparison of MCT vs DTGS detectors was conducted to show the utility of respective studies 

in investigating metal complexes during the early stages of ALD nucleation. The study provides 

critical insights into the successful implementation of in situ ALD FTIR studies, which will aid 

the scientific community in establishing reproducible research results through a proper 

strategy in in situ system design.  

Moreover, the work presents an in situ X-ray absorption spectroscopy (XAS) system designed 

to deduce structural information from the measured absorption spectra of ALD Cu. Although 

the study was incomplete due to X-ray beam alignment difficulties and limited beam time, 

the design improvements to the proposed and implemented system, open up avenues for 

future research in in situ XAS measurements for the study of ALD film growth. Overall, this 

study provides valuable knowledge for a wider community working on material growth and 

its characterization. 

8.2 Future Work 

ALD applications  

For the ALD based catalyst study, based on the results presented in this study, several 

directions for further research can be pursued to improve the performance of Cu-based OER 

catalysts. The most urgent is to improve the adhesion of the catalyst to the substrate, which 

is currently limited in our case and leads to a faster decrease in OER activity compared to 

state-of-the-art catalysts. This could be achieved by implementing a surface oxide removal 
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step prior to the deposition of the Cu-based catalyst, using methods such as plasma cleaning 

[179] or wet chemical etching [180]. 

Another promising strategy for improving the performance of the catalyst is the use of a 

graphene conductive layer [181], which has been shown in literature to enhance the 

electrochemical properties of metal-based catalysts. Additionally, variations in the 

stoichiometry of the Cu-based catalyst may also be explored to optimize the catalytic activity 

and stability. 

Also, the use of ALD Cu as an electrocatalyst for CO2 reduction is an intriguing application with 

significant potential for addressing environmental challenges. In light of the observed 

advantages of rough Cu surfaces in promoting the formation of multi-carbon products, it 

would be valuable to investigate the performance of ALD-based Cu catalysts in CO2 utilization 

experiments. This would involve conducting electrochemical measurements using various 

roughness levels of the Cu substrate, as well as exploring the effects of other process 

parameters. 

In the ALD of perovskites work, based on the findings presented in this Ph.D. thesis, there are 

several future directions for research that would be beneficial to pursue. Those diections 

include, experimental in situ growth studies can be conducted for perovskite-based high-k 

dielectrics, piezoelectrics, optoelectronics, and solar energy conversion devices to explore the 

process property relationship for these respective applications. Such studies would enable 

researchers to better understand the growth mechanisms, as well as optimize the deposition 

conditions to achieve desired material properties. 

In situ studies 

The in situ X-ray absorption spectroscopy (XAS) experiments conducted during the beam time 

at SLAC provided valuable insights into the nucleation and growth of ALD Cu thin films. Based 

on the results obtained, several improvements in the system design were proposed and 

implemented to enhance the sensitivity and accuracy of the XAS measurements. However, 

further investigations are necessary to gain a deeper understanding of the structural 

evolution of the Cu thin films during the initial few cycles of growth. 
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In particular, it would be beneficial to conduct additional in situ XAS experiments to monitor 

the nucleation and growth of the Cu thin films at different stages of the ALD process. This 

would involve measuring the changes in the local coordination environment and oxidation 

state of the Cu atoms as a function of cycle number, as well as exploring the effects of 

different process conditions on the film growth behavior. 
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