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Abstract 

The focus of this thesis is the development and optimization of atomic layer deposition 
(ALD) processes of cobalt oxide and copper oxide thin films. Emphasis is placed also on 
the characterization of the chemical and physical properties of the obtained thin films.  
As materials, cobalt oxides and copper oxides are semiconducting, and they also absorb 
visible light. Therefore, these materials are potentially useful to be utilized in various 
electronic, optical and catalytic applications. 
 
ALD is a chemical gas-phase thin film synthesis technique that has several advantageous 
features, such as the ability to produce films with exceptional conformality on three-
dimensional high aspect ratio structures, excellent uniformity of film thickness over large 
area substrates and accurate control of film thickness in a sub-nanometer range. The origin 
of these features is the unique film growth mechanism based on sequential and self-limiting 
gas-to-solid chemical reactions. In order to enable all the useful features of ALD in thin 
films deposition, the precursor chemistry must be studied, developed and above all, 
understood. 
 
Studies related to cobalt and copper ALD precursors have largely focused on the deposition 
of metallic thin films due to their applicability in the microelectronics industry. ALD of 
cobalt oxide and copper oxide, on the other hand, has received significantly less attention. 
The contribution of this PhD thesis toward cobalt oxide and copper oxide thin film 
deposition is four ALD process development studies on these materials. 
 
The Co(BTSA)2(THF) + H2O process could be used to deposit CoO films at temperatures 
of 75 – 250 ºC. However, the films deposited using this precursor combination contained 
an increased amount of H, C and Si impurities that originated from the BTSA ligands. The 
amount of impurities increased with increasing deposition temperature which suggests that 
Co(BTSA)2(THF) is not an ideal precursor for cobalt oxide film deposition with ALD. In-
situ reaction mechanism studies gave evidence toward that the film growth occurs via a 
ligand exchange mechanism. 
 
The Cot–Bu(DAD)2 cobalt precursor was used together with O3 to deposit cobalt oxide films. 
The optimal deposition temperature for this process was 120 ºC, at which polycrystalline 
and phase-pure Co3O4 thin films were obtained. The formation of mixed valence Co3O4 
films from a Co(II) precursor occurred due to the high oxidative power of O3. The Co3O4 
films deposited at 120 ºC contained only a low amount of impurities, of which H was the 
most prominent at approximately a low 5 at-%. In photoelectrochemical studies, cobalt 
oxide nanoparticles were discovered to be efficient catalysts for the photoelectrochemical 
oxygen evolution reaction. 
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The Cu(OAc)2 + H2O process produced crystalline Cu2O thin films at temperatures close to 
200 ºC. During the process development study, it was found that Cu(OAc)2 is reduced to 
the volatile copper(I) acetate (CuOAc) when heated to its source temperature in ALD 
conditions. According to in-situ reaction mechanism studies and post-deposition film 
characterization, film growth proceeds via a ligand exchange route and results in the release 
of acetic acid as the reaction by-product. Elemental analysis of the films revealed that the 
Cu:O ratio of the films is close to the stoichiometric value of 2.0 and that the films contain 
exceptionally low amounts of impurities, 0.4 at-% H and ≤ 0.2 at-% C. 
 
The Cu(dmap)2 copper precursor was used at deposition temperatures of 80 – 140 ºC 
together with O3. This ALD chemistry produced polycrystalline and phase-pure CuO thin 
films with relatively low amount of impurities, ≤  3.0 at-% H, C and N at the optimal 
deposition temperature for this process, 120 ºC. 
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1 Introduction 

Materials science is the study of properties of solid matter and the characterization of its 
chemical and physical properties. In the recent years, nanomaterials have emerged as an 
increasingly popular and important sub-field of materials science. The interest toward 
nanomaterials stems from their unique size-dependent properties which can be drastically 
different when compared to the same material in macroscopic form. Nanomaterials also 
hold great potential to be utilized in various technologies, such as electronics, optics, 
catalysis and medicine, among others. 
 
Thin films, i.e. material layers which are limited to the nanometer scale in thickness, are a 
prime example of nanomaterials that have made the leap from research laboratories to 
consumer products. Currently, thin film technologies enable several important applications 
and devices, such as microelectronics, rechargeable batteries and solar cells. 
 
When it comes to techniques for thin film synthesis, chemical gas-phase deposition methods 
have emerged as the most important ones due to their advantageous capability to coat 
complex three-dimensional geometries in a conformal manner. This feature is of critical 
importance for driving the miniaturization of electronics, batteries and other technologies 
forward. Of the gas-phase deposition techniques, the atomic layer deposition (ALD) method 
has proven to be unmatched for depositing high quality thin films which are not only 
conformal but also pinhole-free and uniform on large area substrates. Furthermore, 
thicknesses of thin films deposited with ALD can be controlled very precisely, often in the 
sub-nanometer range. Together, these features make ALD an invaluable tool for modern 
nanotechnology. 

 
The goal of this dissertation work was to develop and study new ALD chemistries that can 
be used to deposit cobalt oxide and copper oxide thin films. These materials exhibit 
semiconductivity and also absorb visible light, which makes them potential candidates to be 
utilized in diverse electronic, optical and catalytic applications. The focus of the work lies 
in ALD process development, which consists of studying how the choice of precursor 
molecules and different process parameters affect the chemical and physical properties of 
the obtained thin films. The contribution of this work toward advancing the fields of 
nanomaterials and thin film technology consists of four ALD process development studies; 
two for cobalt oxide thin films and two for copper oxide thin films. 

 
The contents of this thesis are organized in the following manner. Chapter 2 gives an 
introduction to some fundamental properties of cobalt oxide and copper oxide thin films as 
well as to some of their applications. Chapter 3 contains an introduction to ALD and Chapter 
4 reviews the current state of ALD of cobalt oxide and copper oxide thin films as well as 
their properties and applications. Chapter 5 describes the experimental techniques employed 
throughout the work and Chapter 6 summarizes the main results of the four ALD process 
development studies conducted in the course of this work. Finally, concluding remarks and 
an outlook are given in Chapter 7. 
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2 Background 

This chapter contains an introduction to the chemical and physical properties of cobalt 
oxides and copper oxides. Included is also a brief discussion on some possible applications 
of cobalt oxide and copper oxide thin films. 

2.1 Cobalt oxides 

Cobalt is a first-row transition metal with an electron configuration [Ar] 3d7 4s2. Cobalt 
cations have two primary oxidation states, Co2+ and Co3+ from which Co2+ is more common. 
The corresponding, chemically stable cobalt oxides are the monoxide, CoO and the mixed 
valence oxide Co3O4. The mixed valence oxide contains both Co2+ and Co3+ ions in a 
stoichiometry of Co2+Co2

3+O4. Pure cobalt(III) oxide, Co2O3, is not a stable compound.

Cobalt monoxide crystallizes in the cubic rock-salt structure.1 Nanocrystalline CoO can also 
exist in a hexagonal form similar to the wurtzite-type structure, especially in the case of 
nanoparticles and nanocrystalline thin films.2–5 Co3O4, on the other hand, crystallizes in the 
normal spinel structure.6 In this structure, oxygen ions form a face centered cubic lattice and 
Co2+ and Co3+ ions reside at the interstitial tetrahedral and octahedral sites, respectively. 
Representative unit cell structures of the three cobalt oxides are shown in Figure 1. 

Figure 1.  Unit cells of cubic CoO, hexagonal CoO and cubic spinel Co3O4.  

Reports on the electrical properties of CoO are contradictory as this material has been 
classified to be both semiconducting and insulating.7–10 The resistivity of  single crystal CoO 
has been noted to be as high as 1010 Ω cm, which indicates that this material is an electrical 
insulator.8 However, the conductivity of CoO increases with increasing temperature, which 
is characteristic to semiconductors. Based on both theoretical and experimental studies, 
CoO has been classified as a charge-transfer insulator with a wide band gap of 5 – 7 eV.9–11 
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CoO also absorbs light at wavelengths of 440 – 500 nm which correspond to photon energies 
of 2.5 – 2.8 eV. 

 
Co3O4, on the other hand, is a p-type semiconductor.12–14 The p-type conductivity in Co3O4 
originates from cobalt vacancies in the crystal lattice, which create electron acceptor states 
within the band gap.13 The electrical resistivity of polycrystalline Co3O4 thin films is in the 
order of 10–1 – 102 Ω cm,12,14 which is significantly lower than the values reported for CoO. 
The optical properties of Co3O4 in the UV–Vis–NIR wavelength range are linked to 
absorption events that correspond to charge transfer between the Co2+ and the Co3+ ions as 
well as excitation of electrons from the valence band to the conduction band.15 Charge 
transfer between the cobalt cations occurs at photon energies of 0.7 – 1.8 eV,15 while the 
excitation of electrons from the valence band to the conduction band occurs at photon 
energies of 2.0 – 2.6 eV.12,15 

 
CoO can be oxidized to Co3O4 by annealing in an oxygen containing atmosphere.16 
Depending on the partial pressure of oxygen, CoO will oxidize to Co3O4 at temperatures of 
300 – 500 °C. Raising the annealing temperature to 600 °C under N2 has been reported to 
result in a reduction of Co3O4 back to CoO. If Co3O4 is annealed under high vacuum, the 
onset temperature for reduction to CoO is 300 °C.12 In addition to the pure oxides, CoO and 
Co3O4, cobalt also forms various hydroxides and oxyhydroxides, such as Co(OH)2 and 
CoOOH.17 These hydroxides and oxyhydroxide species can form spontaneously on cobalt 
oxide surfaces upon exposure to moisture.18,19 Upon annealing in inert conditions, cobalt 
hydroxides and oxyhydroxides decompose to either CoO or Co3O4.17 

 
Cobalt oxide thin films can be utilized in several applications associated with energy storage 
and conversion, as well as in catalysis, resistive switching,20,21 magnetic materials21 and gas 
sensing,22 among others. Perhaps the most prominent application for cobalt oxide is found 
in lithium ion batteries. By means of lithiation, both CoO and Co3O4 can be converted to 
LiCoO2 which is used as a cathode material in high energy density lithium ion batteries.23,24 
Moreover, (meso)porous cobalt oxide thin films find use as electrodes in electrochemical 
supercapacitors.25,26 In contrast to high energy density batteries, supercapacitors have high 
power densities and therefore supercapacitors can function as a complementary technology 
in energy storage and release. 
 
Cobalt oxides, hydroxides and oxyhydroxides have proven to be efficient catalysts for the 
oxygen evolution reaction (OER).27–29 The ability of these materials to transform H2O to O2 
originates from the rich redox chemistry of cobalt, which can facilitate the formation of 
cobalt superoxide surface species that can be oxidized to transformed to molecular oxygen 
by photogenerated holes.29 Moreover, cobalt oxide nanoparticles and overlayers have shown 
to be efficient co-catalysts in electrochemical water splitting based on n-type semiconductor 
photoanodes, such as TiO2 and Fe2O3.30,31 

 
In addition to the simple binary cobalt oxides, CoO and Co3O4, ternary, quaternary, doped 
and other cobalt containing oxide materials are of interest due to their electrical, optical and 
magnetic properties. For example, the in-plane resistivity of single crystalline, delafossite 
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class PdCoO2 and PtCoO2 can be as low as 2 × 10–6  Ω cm, i.e. lower than those of the parent 
noble metals and practically as low as the resistivity of copper, 1.7 × 10–6 Ω cm.32 The spinel 
structured nickel cobalt oxide, NixCo3–xO4 is another example of a conductive oxide.33–35 
The resistivity of this material depends on the degree of Ni substitution in the Co3O4 lattice 
and is in the order of 10–3 Ω cm. Moreover, nickel cobalt oxides retain p-type 
semiconductivity and are also ferromagnetic.35 Other cobalt containing oxides exhibiting 
ferri- or ferromagnetism include cobalt iron oxides,36 cobalt manganese oxides37 and 
lanthanum cobalt oxides,38 among others. What is more, ternary and more complex layered 
cobalt oxides, such as Ca3Co4O9, are thermoelectric materials with high figures of merit for 
converting heat to electricity.39,40  

2.2 Copper oxides 

Like cobalt, copper is also a first-row transition metal. The electron configuration of copper 
is [Ar] 3d10 4s1 and common compounds of Cu exist at oxidation states of +1 and +2. The 
oxides corresponding to Cu+ and Cu2+ are Cu2O and CuO, respectively. In ternary and 
quaternary cuprates, copper can exist also as Cu3+.41 Of the binary copper oxides, Cu2O 
crystallizes in a simple cubic structure, while CuO assumes the monoclinic tenorite structure 
(Figure 2).  

Figure 2. Unit cells of cubic Cu2O and monoclinic CuO. 

In addition to Cu2O and CuO, a mixed valence copper oxide, Cu4O3, is also known.42 Cu4O3 
is considered to be a metastable material, as CuO and Cu2O impurity phases are easily 
formed during its synthesis and post-synthesis annealing.43,44 

Cu2O and CuO are both p-type semiconductors.45,46 Similarly to the cobalt oxides, the 
p-type semiconductivity in copper oxides originates from intrinsic Cu vacancies in the
crystal lattices of these compounds.47 Of the two copper oxide variants, Cu2O has been
studied significantly more due to its advantageous electrical and optical properties.
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The electrical properties reported for Cu2O thin films show large variance depending on 
sample morphology and grain size. Resistivities of polycrystalline Cu2O thin films are 
generally in the range of 102 – 105 Ω cm.48,49 A high degree of crystallinity and large grain 
size haven been reported to result in low resistivity. The Hall mobility of holes in 
polycrystalline Cu2O thin films varies between 5 – 60 cm2 V–1 s–1 and high mobility is 
observed for films with a high degree of crystallinity.48,49 In the case of epitaxial Cu2O 
deposited on MgO substrates by sputtering, Hall mobility of holes up to 90 cm2 V–1 s–1 have 
been obtained.50 The band gap of Cu2O is approximately 2.1 – 2.2 eV.51,52 This photon 
energy range corresponds to the visible wavelengths which makes Cu2O an interesting 
material for solar energy applications. 
 
While the monoxide of copper, CuO, has received less attention than Cu2O, reports on the 
electrical and optical properties of CuO are still found in the literature. The resistivity of 
polycrystalline CuO thin films is in the range of 100 – 103 Ω cm and the Hall mobility of 
holes in polycrystalline CuO thin films is < 7  cm2 V–1 s–1.53–56 The band gap of bulk CuO 
is approximately 1.4 eV.57 
 
The oxidation state of copper in its oxides can be controlled by annealing.44 In an oxygen 
containing atmosphere, the oxidation of Cu2O occurs at temperatures of approximately  
300 °C, whereas CuO can be reduced to Cu2O by vacuum annealing at 600 – 700 °C. 
Concerning the hydroxides of copper, Cu(I) hydroxide, CuOH, is not stable and decomposes 
to Cu2O and water.58 Cu(OH)2 is a stable compound that starts to decompose to CuO and 
H2O at temperatures of 150 °C and higher.59 
 
The applications of copper oxide thin films are often related to energy production. As copper 
oxides are Earth-abundant materials and of low cost, they have been considered to be used 
in low-cost solar cell technologies.60,61 Another widely studied application is the use of 
Cu2O as a photocathode in electrochemical water splitting.62 While Cu2O appears to be an 
ideal material for the hydrogen evolution reaction from the point of view of its band gap, it 
suffers from photocorrosion that results in a gradual decrease in performance due to the 
formation of Cu and CuO impurity phases.63 However, recent studies have shown that the 
photocorrosion of Cu2O under electrochemical conditions can be mitigated by protecting 
the photocathode surface with ultrathin capping layers, such as Al-doped ZnO (AZO) and 
TiO2.64,65 
 
Cu2O has been also considered as a p-type channel material in thin film transistor (TFT) 
structures.66–68 In this context, low-temperature deposition of amorphous Cu2O thin films is 
of particular interest, as this approach is a possible pathway to enable flexible electronics.69  
 
In addition to the binary oxides, copper forms numerous ternary and quaternary oxides, such 
as the delafossite class CuMO2 compounds and the layered cuprates, MCuO3 and M2CuO4. 
Similarly to Cu2O, most of the CuMO2 delafossites exhibit p-type semiconductivity.46 
Importantly, the choice of the metal M in these compounds can be used to modify both the 
electrical and optical properties of the material. In comparison to binary Cu2O, some copper 
delafossites, for example CuAlO2,70 SrCu2O2

71 and (magnesium doped) CuCrO2
72,73 exhibit 
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good electrical conductivity and are also optically transparent due to their wide band gaps 
of approximately 3.1 – 3.5 eV. Due to this combination of electronic and optical properties, 
CuAlO2, SrCu2O2 and (Mg)CuCrO2 are classified as transparent conductive oxides (TCO). 
Recently, studies on copper containing p-type TCOs has attracted increasing attention due 
to their potential in next generation photovoltaics.74 Another prospective use for p-type 
TCOs is to combine them with the common n-type TCOs for creating pn-junctions and 
eventually, low-cost transparent electronics.75,76 
 
Layered cuprates, such as (Sr)La2CuO4,77 YBa2Cu3O7–x

78 and Hg2Ba2Ca2Cu3O8+x,79
 are 

known to exhibit superconductivity at temperatures achievable with liquid nitrogen cooling.  
Thin films of these materials are interesting with respect to many applications based on 
superconductive electromagnets, such as magnetic resonance imaging (MRI), nuclear 
magnetic resonance (NMR) and magnetic levitation.80 
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3 Atomic layer deposition 

3.1 Fundamentals of ALD 

 
ALD is a chemical gas-phase deposition method that can be used for creating high quality 
thin films of various materials, including oxides, chalcogenides, nitrides, halides and 
metals.81,82 In the recent years, both the chemistry and technology aspects of ALD have 
emerged as a topic of ever increasing interest among researchers, chemical companies and 
notably, the semiconductor industry.83–85 

 
From the point of view of industrial applicability, the most prominent research topics in 
modern ALD technology involve metallization,86 high-k oxides,84,87 lithography,88 
photovoltaics,89 microelectromechanical systems (MEMS)90 and optical coatings.84 Other, 
emerging topics in ALD are 2D materials,91,92 lithium-ion batteries,93,94 catalysis95 and 
medical technologies.96 The reason why ALD can enable advances in many of these 
technologies is its unmatched ability to produce continuous, pinhole-free thin films that are 
uniform over a large surface area and also conformal on complex three-dimensional 
substrates.81 

 
As a thin film deposition method, ALD is based on self-limiting gas-to-solid reactions that 
take place on the surface of a substrate. The self-limiting film deposition mode characteristic 
to ALD can be achieved by 1) finding a suitable combination of film-forming precursor 
molecules, 2) pulsing the gaseous film-forming precursors to the substrate in a sequential 
manner, 3) ensuring that the precursors do not react in the gas phase by separating the 
precursor pulses with purging periods, 4) choosing appropriate process parameters, such as 
precursor pulse times and deposition temperature. 
 
Film growth in ALD occurs in cycles. For a simple binary film deposition process, these 
cycles consist of precursor pulses for precursor A and precursor B as well as purging periods 
for each precursor. Ideally, when the precursor A is pulsed to a substrate, it will either react 
with surface groups or adsorb on the surface. Once all available surface groups have reacted 
or all adsorption sites have been filled, no further material will be deposited. In other words, 
the film growth is self-limiting. The first precursor pulse is followed by a purge with an 
inert gas, during which unreacted precursor molecules and any possible surface reaction by-
products are removed from the vicinity of the subtrate. After the purging period, precursor 
B is pulsed to the substrate where it reacts with the new surface species formed from 
precursor A. During the pulse of precursor B, a new monolayer or a fraction of a monolayer 
of material in the form of a thin film is formed. Finally, a second purge period is used to 
remove unreacted molecules of precursor B as well as the reaction by-products. This 
completes the ALD cycle. 
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The amount of material deposited during one ALD cycle is referred to as the growth rate or 
the growth per cycle (GPC) value. Typically, the GPC of an ALD process is measured in 
the order of ångströms (Å, 10–10 m), which signifies that the thickness of ALD thin films 
can be controlled in the sub-nanometer range. 
 
As ALD is based on surface chemistry, the choice of precursors plays an important role in 
the film deposition. The main requirements for ALD precursors are volatility, thermal 
stability and sufficient reactivity.97 For depositing metal oxide films, one of the precursors 
must contain a metal atom, while the other precursor acts as the oxygen source.98 The same 
analogue applies also for the deposition of chalcogenides, nitrides and halides.82 For 
depositing metallic films, different reducing agents, such as molecular hydrogen or 
compounds that can form hydrogen radicals, can be utilized.99,100 Thin films of noble metals 
can also be deposited by using molecular oxygen or ozone as the co-reactant. This type of 
ALD chemistry results in the formation of noble metal oxides that are not stable under the 
deposition conditions and decompose to pure metals.98  
 
In addition to film deposition driven solely by thermal energy, various energy enhanced 
variants of ALD have been developed.101 In plasma-enhanced ALD (PE-ALD), one of the 
precursors is either a reductive or an oxidative plasma.102 This approach enables the 
deposition of metals, oxides and other materials not necessarily achievable by thermal ALD. 
PE-ALD can enable film deposition at lower temperatures than thermal ALD which is useful 
for depositing thin films on substrates that have a limited thermal stability, such as polymers. 
More recently emerged variants of ALD include photo-assisted ALD and electron-enhanced 
ALD, in which one of the “precursors” is either UV-Vis photons 103 or electrons.104 

3.2. Temperature effects in film deposition 

In thermal ALD, film deposition is done at temperatures that are well above RT in order to 
ensure sufficient reactivity during the film-forming surface reactions.81 The effects of 
deposition temperature are commonly represented by a plot of GPC as a function of the 
reaction temperature. A graph displaying some of the trends in GPC with changing 
deposition temperature is presented in Figure 3. These effects can be divided into two 
categories; those originating from the chemical and physical properties of the precursor 
molecules and those associated with the substrate or the deposited material. 
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Figure 3.  Effect of deposition temperature to GPC in ALD. 

 
The temperature range where film growth proceeds in a self-limiting manner and without 
detrimental decomposition of precursors is referred to as an ALD window (a).83  
At deposition temperatures below the ALD window, low vapor pressure precursors can 
condense on the film surface, which leads to the deposition of more than one monolayer per 
cycle (b). Precursor condensation can also lead to the incorporation of precursor ligands in 
the films, which signifies the formation of impure and non-stoichiometric films. On the 
other hand, a too low deposition temperature can also diminish the reactivity of the 
precursors. This effect is observed as decreased GPC values (c). Increasing the deposition 
temperature can be used to resolve both (b) and (c). However, increasing the deposition 
temperature too much can lead to either thermal decomposition (d) or desorption of 
precursor molecules (e). The thermal decomposition of a precursor causes material to be 
deposited continuously, similarly to CVD. In such a case, the advantages originating from 
the self-limiting growth mode are lost. Furthermore, thermal decomposition of a metal 
precursor can be reductive, which can result in the formation of films which contain both 
oxide and metallic phases.82 In certain ALD processes, GPC can either increase (f) or 
decrease (g) within the ALD window. These phenomena are explained by the fact that the 
number of adsorption sites on the growth surface depends on temperature. (f) is commonly 
observed in noble metal ALD where O2 is used as the co-reactant and is related to the uptake 
of atomic oxygen in the films. Possible effects in (g) are the densification of the deposited 
film,101 the thermal decomposition of surface hydroxyls105 and for ALD processes based on 
O3, the decomposition of O3 to the less reactive O2.106 
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3.3 Effect of the oxygen source and reaction mechanisms 

The most commonly used oxygen sources in thermal ALD of metal oxide thin films are H2O 
and O3.82 In some examples, molecular oxygen, O2 , “wet oxygen”, i.e. a mixture of H2O 
vapor and O2,107,108 as well as primary alcohols and H2O2 have also been utilized.82,109 Not 
all metal precursors are reactive towards H2O, O2 or alcohols, while O3 is a more universal 
oxygen source due to its high reactivity. Depending on the chemistry of the metal precursor 
ligands and the choice of the oxygen source, film growth can proceed through ligand 
exchange, ligand combustion or a combination of the two.98  
 
The surface reactions of ALD processes can be studied in-situ using different techniques, 
such as quadrupole mass spectroscopy (QMS), quartz crystal microbalance (QCM)  and 
infrared (IR) spectroscopy.105,110 For understanding the surface chemistry of ALD 
processes, QMS and IR spectroscopy are particularly useful techniques, as they can be 
applied to identify the by-products of the film deposition reactions. QCM, on the other hand, 
can be used to easily determine if a precursor is decomposing upon adsorption. When it 
comes to solving reaction mechanisms of ALD processes, the utilization of two or more 
complementary in-situ techniques usually gives the best result.98 

3.3.1 Water  

In ALD chemistry where H2O is used as the oxygen source, the primary reaction mechanism 
is an exchange reaction between the ligands of the metal precursor and the surface hydroxyl 
groups.98 These reactions result in a formation of new chemical bonds between metal atoms 
and oxygen atoms as well as the release of protonated ligands as by-products.The ligand 
exchange reactions can occur during both the metal precursor pulse and the H2O pulse.  
A schematic of the ligand exchange process is shown in Figure 4. 

 
 

 
 

Figure 4. A schematic showing the different steps in metal oxide film deposition in ALD when H2O is used as the 
oxygen source. M = metal cation, L = a ligand that can be protonated. 
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If there are no hydroxyl groups on the surface, metal precursors can still undergo molecular 
adsorption.111 This mechanism is valid at deposition temperatures where the surface 
hydroxyls undergo thermal decomposition to a bare metal oxide terminated surface.105,112 
In the case of molecular adsorption of the metal precursor, the ligand exchange reactions 
will occur only during the H2O pulse.98 The adsorption of a metal precursor can also be 
dissociative, during which metal-ligand bonds break without the exchange reaction. If the 
dissociated ligands form a strong chemical bond with the surface, they can remain in the 
film as impurities. 
 
The main advantage of using H2O as the oxygen source is the feature of removing the metal 
precursor ligands intact. This approach can be used to avoid the incorporation of ligand 
fragments as impurities. Other advantages of H2O include its ready availability, ease of use 
and non-toxicity. The disadvantages associated with H2O based ALD chemistry are related 
to extremely low and high deposition temperatures. At low temperatures (≤ 100 °C), water 
molecules can remain on the film surface as well as on the ALD reactor walls due to high 
activation energy of desorption.81 This signifies that long purging times are required to 
ensure that film growth proceeds in the ALD mode. Consequently, ALD metal oxide films 
deposited using H2O at low temperatures often contain an increased amount of hydrogen 
impurities.113 The disadvantages of high temperature deposition are related to surface 
dehydroxylation, which has been noted to cause a decrease in GPC due to diminished 
amount of surface groups available for ligand exchange reactions.98 

3.3.2 Ozone 

In ALD metal oxide processes based on using O3 as the oxygen source, the primary reaction 
mechanism is ligand combustion.98 In this mechanism, atomic oxygen and oxygen radicals, 
which are formed from O3 molecules, oxidize the ligands of surface-bound metal precursors. 
These reactions result in the formation of oxygen to metal chemical bonds as well as 
combustion by-products. For metal-organic and organometallic precursors, the combustion 
by-products are low-molecular mass molecules derivable from their ligands, such as CO2, 
H2O and oxides of nitrogen. O3 is also reactive toward metal halide precursors, such as 
chlorides and iodides.114,115 This deposition approach is useful for obtaining films that are 
free of hydrogen and carbon impurities. A schematic of ligand combustion chemistry during 
the O3 pulse is shown in Figure 5. 
 

 
 

Figure 5. A schematic showing the combustion of the ligands of surface bound metal precursor molecule. L is a 
metal-organic or an organometallic ligand. 
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Due to its high reactivity, O3 can enable film deposition with metal precursors that are not 
reactive toward H2O.82 Importantly, the redox chemistry of O3 in ALD does not only 
combust the ligands of the metal precursor molecules, but also oxidizes the metal atoms in 
the deposited films to high oxidation states. This effect is particularly important in ALD of 
transition metals that have several stable oxidation states, such as cobalt and copper. While 
the O3 based ALD chemistry can be used to deposit films of several transition metal oxides, 
phase control of the deposited material is often lost. 
 
The high oxidation power of O3 can also affect substrates. For example, H terminated Si 
surfaces are readily oxidized to SiO2 by O3 already at room temperature.116 Similarly for 
other common substrates in ALD, such as metals or TiN, they can be oxidized by O3 which 
can be detrimental with respect to device performance.  

 
Another important effect in ALD of metal oxides is the surface-mediated decomposition of 
O3.106,117 This effect is particularly noticeable on p-type metal oxide surfaces as these 
materials are efficient catalysts for O3 decomposition.117 By using MnO2 as a model catalyst, 
it was shown that the reaction between O3 and atomic oxygen that results in the formation 
of O2 is catalyzed by the p-type metal oxide surface.118,119 As O2 is far less reactive than O3, 
this effect can lead to the deposition of films that are non-uniform and not conformal.14,106 
As the combustion of the ligands of metal precursor molecules and the decomposition of O3 
are competing processes, excessively long oxygen source pulse times can be required in 
ALD processes where O3 is used. The decomposition of O3 in ALD conditions is accelerated 
at high temperatures.106 Conversely, lowering the deposition temperature can be used to 
mitigate this effect. 

3.3.3 Molecular oxygen 

Molecular oxygen is less reactive than O3 and therefore the use of O2 as the oxygen source 
in thermal ALD is limited to only few precursor combinations and materials. Possible routes 
for O2 based thermal ALD of metal oxides include the use of high deposition temperatures 
or highly reactive metal precursors. Both approaches have notable disadvantages, which 
include the possible thermal decomposition of the metal precursor and difficulties in 
obtaining self-limiting growth.  
 
Moreover, O2 can be also used to deposit noble metal thin films, such as platinum or 
ruthenium, that can catalyse the dissociation of O2 to form atomic oxygen.99 In this 
approach, the ligands of the noble metal precursor are combusted by atomic oxygen created 
in-situ on the surface of the deposited noble metal film. 
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4. ALD of cobalt oxide and copper oxide thin films 

This chapter reviews the ALD processes for cobalt oxide and copper oxide thin films. The 
thin film deposition chemistries summarized here are categorized based on whether H2O, 
O3 or O2 was used as the oxygen source. This chapter also includes an overview of the 
functional properties and applications of ALD cobalt oxide and copper oxide thin films.  

4.1 Cobalt oxides 

A total of 14 cobalt precursors have been used to deposit cobalt oxide thin films with ALD. 
The molecular structures of these precursors are shown in Figure 6. 

 

 
 

Figure 6. Chemical structures of precursors utilized in ALD of cobalt oxide thin films. The oxygen source(s) used 
with each precursor have been listed below the name of the molecule. 
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4.1.1 Water processes 

Six of the cobalt precursor molecules in Figure 6 are reactive toward H2O. The main ALD 
process parameters, including the deposition temperature range, GPC, saturation 
characteristics and the phase of the obtained films are compiled in Table 1. The oxidation 
state of cobalt in all these compounds is +2. As H2O is not a strong oxidant, the deposition 
of CoO films can be expected. However, some of these cobalt precursors have been reported 
to produce Co3O4 containing films or even single phase Co3O4 at elevated deposition 
temperatures. 

 
Table 1. Characteristics of ALD cobalt oxide processes based on using H2O as the oxygen source. 
N.R. = not reported. 

Precursor 
Deposition 

temperature (°C) 
GPC (Å) Saturation 

Phase of the 
deposited films 

Ref. 

Co(i–Pramd)2
 170 – 180, 250 0.4 N.R. CoO 120,121 

Co(t–Buamd)2 180 – 270 N.R. N.R. CoO 122,123 

Co(thd)2 162 – 283 N.R. N.R. CoO, Co3O4 124 

Co(i–PrDAD)2 200 – 300 N.R. N.R. CoO + Co3O4, Co3O4 125 

CoCl2(TMEDA) 225 - 275 0.06 – 0.38 yes CoO, CoO + Co 5 

Co(BTSA)2(THF) 75 – 250 0.2 – 1.2 yes CoO, Co(OH)2 III 
 
The Co(i-Pramd)2 precursor has been used together with H2O for depositing cobalt oxide 
films at 170 – 180 °C and 250 °C.120,121 Even though this ALD chemistry has been utilized 
by several authors, no saturation studies exist for this process. In addition, no report on the 
thermal stability of Co(i-Pr2amd)2 has been given. Nevertheless, this precursor combination 
can be used to deposit stoichiometric and crystalline cubic CoO films as determined with, 
X-ray diffraction (XRD), Rutherford backscattering spectrometry (RBS) and reflection 
high-energy electron diffraction (RHEED) measurements. Furthermore, the CoO films were 
noted to grow epitaxially on strontium titanate surfaces.121 
 
Co(t–Buamd)2, another cobalt amidinate precursor, is also reactive toward H2O.122,123 This 
precursor combination has been used for cobalt oxide film deposition at temperatures of 
180 – 270 °C. Photoelectron spectra of films deposited at 180 – 270 °C show that these 
films are of the CoO phase. Interestingly, the O 1s binding energy region spectra for films 
deposited at 180 °C showed only a single peak assignable to the lattice oxygen of CoO, 
which suggests that the films are free from hydrogen impurities. Increasing the deposition 
temperature to 305 °C and higher was reported to result in reductive decomposition of  
Co(t–Buamd)2 and the formation of metallic Co in the films. Based on RHEED 
measurements, CoO films deposited from Co(t–Buamd)2 + H2O are polycrystalline cubic 
CoO on thermal SiO2 and epitaxial on single crystalline MgO. 
 
The Co(thd)2 precursor has been used to deposit cobalt oxide thin films with H2O as the 
oxygen source,124 even though metal β-diketonates are usually not reactive towards water 
vapour in ALD conditions.82 The GPC value for the Co(thd)2 + H2O ALD process, however, 
is significantly low, only 0.03 – 0.06 Å at 162 – 259 °C. A GPC value this low effectively 
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renders this process impractical for depositing continuous films. The phase of the cobalt 
oxide films deposited with this process was noted to be dependent on the deposition 
temperature.124 At 186 °C, polycrystalline cubic CoO films were obtained whereas 
increasing the deposition temperature to 210 – 235 °C resulted in the formation of 
polycrystalline Co3O4. The cobalt oxide films deposited 259 °C were reported to be contain 
both CoO and Co3O4. 

 
The diazadienyl cobalt(II) compound, Co(i-Pr2DAD)2 has been used together with H2O at 
deposition temperatures of 200 – 300 °C.125 Information on the ALD characteristics of the 
Co(i-Pr2DAD)2 + H2O process is limited, as the main focus in the studies on this cobalt 
precursor has been its reactivity towards O2 and O3.125,126 According to XRD measurements, 
the films deposited from Co(i-Pr2DAD)2 + H2O are amorphous at 200 °C, a mixture of CoO 
and Co3O4 phases at 225 °C, and Co3O4 at deposition temperatures of 250–300 °C.125  
The oxidation of cobalt from Co2+ to Co3+ in a water assisted ALD process is unusual and 
may be related to redox effects caused by the i-PrDAD ligands. 

 
CoCl2(TMEDA) is a diamine adduct of cobalt(II) chloride. On its own, CoCl2 does not have 
a sufficient vapor pressure to be used as precursor in ALD, but adducting CoCl2 with 
TMEDA enables film deposition at temperatures of 225 °C and above.5 Saturative growth 
with respect to both the cobalt precursor and H2O was confirmed at a deposition temperature 
of 275 °C. Films deposited using CoCl2(TMEDA) + H2O at  225 – 275 °C were reported to 
be of the CoO phase whereas films deposited at 300 °C were a mixture of CoO and metallic 
Co due to partial decomposition of the cobalt precursor. At deposition temperatures below 
300 °C the films were polycrystalline CoO and contained both the cubic and hexagonal 
phases. These films were noted to contain large out-of-plane, pyramid-like grains that 
caused an increase in surface roughness. For 50 nm thick films deposited at 250, 275 and 
300 °C, the average RMS roughness were 9 – 12 nm. According to Time-of-Flight Elastic 
Recoil Detection Analysis (ToF-ERDA) and X-ray photoelectron spectroscopy (XPS) 
studies, the Co:O stoichiometry of films deposited at 250 and 275 °C was close to 1.0, the 
films contained ≤ 1.2 at-% of H, C, N and Cl impurities, and the oxidation state of cobalt 
was +2. 

 4.1.2 Ozone processes 

ALD of cobalt oxide with O3 as the oxygen source has been demonstrated with eight cobalt 
precursors (Figure 6). Due to the high oxidation power of O3, cobalt oxide films deposited 
using this oxygen source are primarily of the Co3O4 phase. The main parameters for cobalt 
oxide ALD processes based on O3 are listed in Table 2. 
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Table 2. Characteristics of ALD cobalt oxide processes based on O3. N.R. = not reported. 

 
 
The Co(thd)2 + O3 ALD chemistry has been used to deposit cobalt oxide films at 
temperatures of 186 – 400 °C.127–129 The onset of thermal decomposition of Co(thd)2 is 
approximately 310 °C, above which the GPC of this process starts to increase sharply.128 
Based on saturation studies, film growth is self-limiting at 186 °C with respect to both 
precursors with a GPC of 0.20 Å. Films deposited on Si substrates at 186 – 283 °C were 
polycrystalline Co3O4,127,128 whereas registry between the substrate and the deposited film 
was reported for single crystalline MgO, SrTiO3 and α-Al2O3.129 Notably, films deposited 
on 5×7 cm2 glass substrates at 186 °C showed thickness non-uniformity. The thickness 
gradients were suggested to be caused by uneven delivery of O3 to the substrate,128 but the 
decomposition of O3 on the cobalt oxide film surface is likely to contribute to the non-
uniformity of the films as well. 
 
For the CoCp2 + O3 ALD chemistry, four separate fundamental studies are found in the 
literature.14,130–132 Cobalt oxide films deposited using CoCp2 + O3 are polycrystalline Co3O4 
when deposited on Si and glass substrates, as verified with XRD, Raman spectroscopy and 
electron diffraction. Huang et al. used XPS to show that < 1 nm thick films contain cobalt 
as Co2+ and not Co3+.131 When the film thickness was increased to 6 nm and above, the 
deposition of Co3+ containing films, i.e. the Co3O4 phase was observed. Saturative film 
growth has been verified for both CoCp2 and O3 at temperatures of 167 °C and 250 °C.130,132 
In this temperature window, the GPC for this deposition chemistry is 0.4 – 0.5 Å.130–132 
According to Diskus et al., films deposited at 150 – 280 °C had uniform thickness, whereas 
at deposition temperatures of 137 °C and lower, an increase in thickness non-uniformity 
occurred along with decrease of GPC to approximately 0.2 Å.130 Holden et al. also reported 
an increase in thickness non-uniformity when the deposition temperature was decreased 
from 175 to 150 °C, but conversely observed an increase in GPC from 0.5  to 0.8 Å.14  
The increase in GPC was assigned to the condensation of CoCp2. This discrepancy between 
the two studies is most likely originating from differences in the vapor pressure of CoCp2 
as Diskus et al. evaporated CoCp2 at room temperature, whereas Holden et al. used an 
evaporation temperature of 100 °C. In the study by Diskus et al., the thermal decomposition 
of CoCp2 occurred at deposition temperatures over 331 °C.130 

Precursor 
Deposition 

temperature (°C) 
GPC (Å) Saturation 

Phase of the 
deposited films 

Ref. 

Co(thd)2 186 – 400 0.2 yes Co3O4 127–129 

CoCp2 125 – 331 0.25 – 0.5 yes Co3O4, Co + Co3O4 
14,130–

132 
CoCp(CO)2 50 – 200 0.8 – 1.1 yes Co3O4 133 

CCTBA 68 – 138  0.8 – 4.4 yes CoO + Co3O4 134 
Co2(CO)8 50 6.0 no CoO + Co3O4 135 

Coi-Pr(DAD)2 120 – 250  0.9 – 1.2 yes Co3O4 126 
Co(DMOCHCOCF3)2 150 – 200 0.1 – 0.2 no Co3O4 136 

Co(t-Bu2DAD)2 100 – 150 0.45 – 1.2 yes Co3O4 II 
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The CoCp2(CO)2 cobalt precursor has been used in combination with O3 at deposition 
temperatures of 50 – 200 °C.133 According to in-situ QCM measurements, film growth is 
self-limiting at 100 °C with a GPC of 1.1 Å. Above temperatures of 150 °C, CoCp(CO)2 
starts to decompose as evidenced by an increase in GPC to approximately 4.5 Å at 200 °C. 
Raman spectra of films deposited on glass at 50 – 150 °C were in agreement with spectra 
measured from a Co3O4 powder reference. However, according to Auger electron 
spectroscopy measurements, the oxygen to cobalt ratio in the films was 1.0, which implies 
the deposition of CoO films. 
 
Another cobalt precursor with carbonyl ligands, hexacarbonyl(tert-butylacetylene)dicobalt, 
CCTBA, has also been used together with O3 to deposit cobalt oxide films.134 The limited 
thermal stability of CCTBA restricts the usability of this cobalt precursor to temperatures 
of 68 – 138 °C. According to in-situ QCM measurements, saturation with respect to CCTBA 
is obtained only at a single temperature of 68 °C. At temperatures of 80 – 138 °C, QCM did 
not show self-limiting mass increase during the cobalt precursor pulse, which indicates that 
CCTBA is decomposing. At 68 °C, i.e. under saturative film growth conditions, the GPC of 
this process was approximately 0.8 Å. Based on cross-sectional TEM images and electron 
diffraction patterns, films deposited at all temperatures were primarily of the Co3O4 phase 
but also contained small amounts of CoO. Auger electron spectroscopy (AES) experiments 
revealed that the oxygen to cobalt ratio in the films was close to 1.0, which also supports 
that the films contain both CoO and Co3O4. The step coverages of films deposited on aspect 
ratio 7.1 trenches at 80 and 138 °C were 100 % and 60 %, respectively. 
 
The prototypical cobalt carbonyl compound Co2(CO)8 has been used in ALD together with 
O3 at a single deposition temperature of 50 °C.135 The authors declared that this process 
exhibits saturative growth behaviour, however, the reported GPC value was approximately 
6.0 Å. A GPC this high denotes that over one monolayer is deposited during one deposition 
cycle. Based on characterization with XRD, the cobalt oxide films obtained using this 
chemistry were a mixture of CoO and Co3O4. According to XPS studies, the films contained 
cobalt as both Co2+ and Co3+, which is in agreement with the deposition of Co3O4. 

 
The Coi-Pr(DAD)2 + O3 process has been used to deposit cobalt oxide films at temperatures 
of 120 – 300 °C.126 Saturation studies done using in-situ QCM measurements at 150 °C 
confirmed that the film growth proceeds saturatively with respect to both precursors. The 
GPC value for this process was approximately 1.0 Å at 120 – 250 °C. When the deposition 
temperature was increased to 300 °C, a twofold increase in GPC was observed, which is 
indicative of decomposition of Coi-Pr(DAD)2. Electron diffraction patterns of films 
deposited at 150 – 250 °C corresponded to polycrystalline Co3O4 and also Raman spectra 
agreed with the presence of Co3O4. No indication of the CoO phase was given by either of 
the characterization methods. According to XPS measurements, the O:Co ratios of films 
deposited at 200 and 250 °C were 1.33, which corresponds to stoichiometric Co3O4. 
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The Co(DMOCHCOCF3)2 precursor has been used in combination with O3 in a temperature 
range of 150 – 200 °C.136 Saturation studies for this process were done at 200 °C. This 
deposition chemistry does not show normal saturation behaviour, as the GPC was noted to 
decrease from 0.2 Å to approximately 0.1 Å when the cobalt precursor pulse length was 
increased from 2.5 to 3.0 s. This behaviour was suggested to originate from etching of the 
deposited film by the cobalt precursor. The cobalt oxide films deposited at 200 °C were  
X-ray amorphous. According to XPS measurements, the as-deposited films contained both 
Co2+ and Co3+ and therefore, this precursor combination is suitable for depositing 
amorphous Co3O4 films. Annealing the as-deposited films in air at 800 °C for 3 h resulted 
in the formation of polycrystalline Co3O4 films. 

4.1.3 Oxygen processes 

Two examples of ALD chemistry for cobalt oxide film deposition with O2 as the oxygen 
source are found in the literature. The scarcity of reports in this category is due to a lack of 
sufficiently reactive cobalt precursors. As O2 is not as reactive as O3, the cobalt precursors 
need to be either highly reactive or thermally stable at high temperatures. The Coi-Pr(DAD)2 
+ O2 process is an example of the former option and the CoI2 + O2 process of the latter. 
 
The Coi-Pr(DAD)2 + O2 process has been used to deposit cobalt oxide films at temperatures 
of 125–300 °C.125 The authors stated that no film growth occurred at 325 °C when O2 was 
omitted from the pulsing sequence and concluded that Coi-Pr(DAD)2 is thermally stable up 
to this temperature. Saturation experiments were performed at 275 °C and the self-limiting 
growth mode was claimed to exist with respect to both precursors. However, the obtained 
GPC value of approximately 8.1 Å is unusually high and suggests that Coi-Pr2(DAD)2 is 
decomposing. The crystalline phase of films deposited from Coi-Pr2(DAD)2 + O2 was 
reported to vary with respect to the deposition temperature. According to XRD and Raman 
spectroscopy studies, films deposited at 125–250 °C were a mixture of CoO and Co3O4, 
whereas films deposited at 265 °C and above were phase-pure, polycrystalline Co3O4. For 
films deposited at 275 °C, the O:Co stoichiometry was determined using RBS and 
stoichiometry of 1.3 corresponding to Co3O4 was obtained. 

 
The CoI2 + O2 process is an example of high-temperature metal oxide ALD chemistry.137 
Due to the low vapor pressure of CoI2, an unusually high source temperature of 465 °C is 
needed for this precursor. Saturative growth mode with respect to both CoI2 and O2 was 
confirmed at a deposition temperature of 525 °C. At 475 – 600 °C, GPC on Si substrates 
was approximately 1.5–2.0 Å and on MgO approximately 0.8 – 1.0 Å. Films deposited on 
Si were polycrystalline, phase-pure Co3O4 whereas on the MgO substrates, registry between 
the deposited Co3O4 films and the underlying substrate was observed. At 700 °C, GPC 
decreased close to 0 Å, which suggests that CoI2 cannot adsorb on the growth surface at this 
temperature. Co3O4 films deposited at 575 °C were shown to have an O:Co stoichiometry 
of 1:33 and to be free of iodine impurities, as analyzed with X-ray fluorescence (XRF), RBS 
and ToF-ERDA. 
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4.1.4 Electrical and optical properties of ALD cobalt oxide films 

Resistivities of ALD Co3O4 thin films have been reported for those deposited from CoCp2 
+ O3 14 and Co(thd)2 + O3.128,129 For polycrystalline Co3O4 films on Si and glass substrates, 
resistivities were in the range 0.1 – 80 Ω cm depending on film thickness. Generally, films 
deposited at high deposition temperatures were found to have higher resistivity than films 
obtained at lower deposition temperatures.128,129 The increased resistivity in the films 
deposited at high temperatures may be due to impurities in the form of CoO or carbon 
originating to partial decomposition of Co(thd)2.  
 
Band gap analysis of Co3O4 films has been presented by Holden et al.,14 who reported 
energy gap widths of approximately 2.2 eV for films deposited at temperatures of 150 –  
350 °C. The band gap analysis was done using the Tauc plot method and assuming for direct 
allowed transitions. 

4.1.5 Applications of ALD cobalt oxide films 

An interesting and attractive property of cobalt oxides is their electrocatalytic activity in the 
water oxidation reaction.138 Ngo et al. applied the Co(i–Pramd)2 + H2O ALD chemistry for 
creating CoO/TiO2 and CoO/SrTiO3 photoanodes suitable for visible light driven photo-
electrochemical water splitting.121 In these structures, the top CoO layer acts as an 
electrocatalyst for the oxygen evolution reaction on the photoanode surface. Using these 
photoanode structures, photoelectrochemical water oxidation was demonstrated with visible 
light (λ > 420 nm) illumination. This result is remarkable, as water splitting with pristine 
TiO2 and SrTiO3 photoanodes requires UV illumination. 
 
The electrocatalytic properties of cobalt oxide films in water splitting were also studied by 
Oh et al., who used the Coi–Pr(DAD)2 + O2 deposition chemistry for creating n-Si/CoOx 
photoanode structures.139 The best photoelectrochemical performance was achieved with 
photoanodes that were a mixture of the CoO and Co3O4 phases. With these photoanode 
structures, appreciably high photocurrents of approximately 30 mA cm–2 were obtained 
under illumination from a 1.5 AM Sun simulator. 
 
Another topic of emerging interest related to cobalt oxide films is metallization via post-
deposition reduction.5,122 Väyrynen et al. showed that CoO films can be reduced to metallic 
Co by 45 minute annealing in 10 % forming gas at 250 °C.5 The method for obtaining 
metallic Co from CoO reported by Zhang was based on reduction with atomic deuterium at 
220 °C and capping the Co film with an oxygen scavenging Al layer.122 
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4.2 Copper oxides 

A total of 11 copper precursors have been used in copper oxide film deposition.  
The molecular structures of these precursors are shown in Figure 7. 

 
 

 
 

Figure 7. Chemical structures of precursors utilized in ALD of copper oxide thin films. The oxygen source(s) used 
with each precursor have been listed below the name of the molecule. 
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4.2.1 Water processes 

Seven of the precursors shown in Figure 7 have been used with H2O for depositing copper 
oxide films. The main process parameters of these ALD processes are listed in Table 3.  
The ALD processes utilizing “wet oxygen”, i.e. the combination of H2O and O2 are also 
discussed here. 

 
Table 3. Characteristics of ALD copper oxide processes based on using H2O and wet oxygen as the oxygen source. 
a) For the CuCl + H2O –process, b) for the CuCl + H2O + O2 –process, c) for the CuCl + H2O –process with I2 added 
to the H2O vessel, d) on Ru substrates, e) GPC and saturation are not applicable for Spatial ALD. 

Precursor 
Deposition 

temperature (°C) 
GPC (Å) Saturation 

Phase of the 
deposited films 

Ref. 

CuCl 350 – 700 
0.1 – 1.5 a) 

2.0 – 2.2 b) yes b) / no a)  Cu + Cu2O,a)  
Cu2O,c) CuO b) 

107,140 

(nBu3P)2Cu(acac) 100 – 135 0.05 – 0.1 no Cu2O, Cu2O + CuO d) 108 
Cu(hfac)2 210 – 302 0.4 no Cu2O 140,141 

Cu(dmamb)2 120 – 240  0.13 – 1.5 yes Cu2O 142 
Cu(dmap)2 110 – 200 0.12 yes Cu2O 143 

(hfac)Cu(TMVS) 150 – 350  1 nm / min e) N/A e) Cu2O, Cu + Cu2O 49 
Cu(OAc)2 180 – 240  0.11 – 0.13  yes Cu2O, Cu + Cu2O IV 

 
 

The CuCl + H2O ALD chemistry can be used to deposit Cu2O films at 350 – 700 °C.140 This 
precursor combination is applicable only at high temperatures due to the low vapor pressure 
of CuCl. According to the deposition experiments at 400 °C, film growth is not saturative 
due to the thermal instability of CuCl. The thermal instability of CuCl was also noted to 
result in metallic copper impurities in the films. Interestingly, the addition of I2 to the H2O 
pulse was noted to prevent the formation of metallic Cu in the films. A probable mechanism 
of the mechanism for the removal of metallic Cu is its oxidation to CuI by I2. From here on, 
CuI can either evaporate from the surface or reach with H2O to form Cu2O and HI. The 
Cu2O films deposited on Si were polycrystalline, whereas deposition on α-Al2O3 substrates 
resulted in the formation of Cu2O films with a (110) preferred orientation. Cu2O films 
deposited from CuCl + H2O were reported to have thickness gradients along the direction 
of precursor flow. A likely explanation for the thickness non-uniformity is that the films are 
etched by HCl which is forming as a by-product in the film-forming surface reactions. 
 
In another ALD study utilizing CuCl, this copper precursor was used in combination with 
“wet oxygen”.107 In this ALD chemistry, H2O is used to the remove the Cl ligands and O2 
to oxidize Cu+ to Cu2+. The deposition experiments were done at a single temperature of 
410 °C on MgO substrates. Saturative growth was verified to occur with respect to both 
precursors with a GPC of approximately 2.0 Å. According to XRD analysis, the deposited 
films were of the CuO phase with a preferred (111) orientation. This verifies that O2 can 
oxidize Cu+ to Cu2+ at the deposition temperature used for this study. 
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“Wet oxygen” has also been used together with the heteroleptic [(nBu3)P]2Cu(acac) copper 
precursor.108 In this study, film deposition experiments were done on SiO2, Ta, TaN and Ru 
substrates. Saturation experiments with respect to the copper precursor were performed at 
135 °C on TaN, but no presence of self-limiting growth was observed. Temperature-
independent growth with GPC of approximately 0.1 Å was reported up to 120 ºC on the 
metallic Ta, TaN and Ru substrates, while on SiO2 the GPC values were below 0.05 Å at 
100 – 130 ºC. Films deposited on all substrates were primarily of the Cu2O phase, as 
characterized with XPS and electron diffraction. Films deposited on Ru substrates were 
noted to contain both Cu2O and CuO. The partial oxidation of the films was suggested to be 
due to the catalytic dissociation of O2 on the Ru substrate. Angle-resolved XPS studies 
showed that the surfaces of the Cu2O films deposited on all substrates contained copper as 
Cu2+, which was assigned to the formation of Cu(OH)2 and CuO species by post-deposition 
oxidation in air. 
 
The fluorinated β-diketonate copper precursor, Cu(hfac)2 has been used together with H2O 
to deposit Cu2O films at temperatures of 210 – 302 °C.141 The main topic of this study was 
to deposit metallic copper / copper nitride in an ABC type deposition scheme, where A is 
Cu(hfac)2, B is H2O and C is NH3. However, the properties of the oxide deposition process 
were also discussed to a minor extent. According to the saturation experiments at 247 °C, 
the Cu(hfac)2 + H2O process showed self-limiting growth with respect to H2O but not to the 
copper precursor. It was noted that no thermal decomposition of Cu(hfac)2 occurred at this 
temperature. Notably, protonated hfac ligands (Hhfac) can etch copper oxide,144 which may 
explain the lack of saturation for this deposition chemistry. According to XRD, films 
deposited from Cu(hfac)2 + H2O on SiO2 at 247 °C were polycrystalline Cu2O.141 This 
finding is interesting, as the oxidation state of copper in Cu(hfac)2 is +2 which implies that 
copper is reduced during the deposition process. However, no discussion on a possible redox 
mechanism was included. According to XPS measurements, copper exists in the films as 
Cu+ and the carbon and fluorine contents in the films were ≤ 1.0 at-%. 

 
Cu(dmamb)2 is an aminoalkoxide copper(II) precursor that has been used together with H2O 
to deposit Cu2O films at temperatures of 120 – 240 °C.142 The authors reported that no 
thermal decomposition of this copper precursor occurred at up to a temperature of 240 °C. 
Saturation experiments at 140 °C showed that the film growth is self-limiting with GPC of 
approximately 0.13 Å. Increasing the deposition temperature to 160 – 240 °C resulted in an 
increase of GPC to 0.45 – 1.5 Å, which indicates that Cu(dmamb)2 is decomposing at these 
temperatures. Based on XRD and electron diffraction, the films deposited in the studied 
temperature range were phase-pure polycrystalline Cu2O. Based on RBS measurements, the 
oxygen to copper ratio in the films was approximately 1.1:2 and the amounts of C and N 
impurities were < 0.2 at-%. Furthermore, Cu2O films deposited from Cu(dmamb)2 + H2O 
at 140 °C on 1.1 µm long, ordered Si nanowires with an aspect ratio of 7.6 were reported to 
be 100 % conformal.145 
 
Cu(dmap)2 is another aminoalkoxide copper precursor that has been used together with H2O 
to deposit copper oxide thin films.143 Film deposition experiments in this study were done 
at temperatures of 110 – 200 °C and process characterization was done using in-situ QCM 
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measurements. According to QCM data collected at 150 °C, no mass increase occurred 
when H2O was omitted from the precursor pulsing sequence. This result was interpreted to 
signify that Cu(dmap)2 is thermally stable at 150 °C. However, this deposition chemistry 
showed non-saturative growth characteristics, as increasing the copper precursor pulse time 
from 0.2 to 1.0 s resulted in a decrease in GPC from approximately 0.15 to 0.1 Å. The film 
characterization was done using ultra thin, 5 nm samples. According to XRD, the films 
deposited at 150 °C were amorphous. Based on XPS, the films contain copper as Cu+. These 
results were used to conclude that this deposition process produces Cu2O. The authors 
pointed out that it is possible for protonated dmap ligands to reduce Cu2+,146,147 which can 
explain why Cu2O films are obtained from a Cu(II) precursor instead of CuO. 
 
Deposition of copper oxide thin films has also been demonstrated using spatial atmospheric 
pressure ALD.49 The copper precursor in this study was (hfac)Cu(TMVS) (CupraSelect™) 
and film deposition experiments were carried out at temperatures of 150 – 350 °C.  
The growth rate of copper oxide films reported in this study was very high, approximately 
1 nm min–1. Notably, this deposition rate is two orders of magnitude higher than what is 
achieved in traditional thermal ALD. According to film characterization with XRD and 
electron diffraction, the (hfac)Cu(TMVS) + H2O spatial ALD process produces phase-pure, 
polycrystalline Cu2O films at 150 – 300 °C and films that are a mixture of Cu2O and CuO 
at 350 °C. Notably, (hfac)Cu(TMVS) has also been used to deposit pure metallic Cu films 
with CVD at 75 – 420 °C.148 This would imply that (hfac)Cu(TMVS) is decomposing during 
the spatial ALD copper oxide deposition process described in Ref. (49). 

4.2.2 Ozone processes 

Five precursors have been used together with O3 in ALD of copper oxide thin films.  
The main process parameters for these ALD chemistries are summarized in Table 4. 
 

 
Table 4. Characteristics of ALD copper oxide processes based on using O3 as the oxygen source. 

Precursor 
Deposition 

temperature (°C) 
GPC (Å) Saturation 

Phase of the 
deposited films 

Ref. 

(hfac)Cu(DMB) 100 0.31 yes Cu2O + CuO 68 
Cu(acac)2 150 – 240 0.38 no CuO 53 
Cu(thd)2 200 – 260 0.15 no CuO + Cu2O 54 

[Cus–Bu(amd)]2  250 0.45 – 0.7 N.R. CuO 149 
Cu(dmap)2 80 – 140 0.2 – 0.3 yes CuO I 
 
 

(hfac)Cu(DMB) is a copper(I) precursor that has been used in combination with O3 at a 
single deposition temperature of 100 °C.68 Saturative growth was reported to occur with 
respect to both precursors with a GPC of 0.31 Å. The as-deposited films were X-ray 
amorphous. Based on XPS measurements and interpretation of Auger electron spectra, the 
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authors suggested that the as-deposited films contained copper as Cu2+, Cu+ and Cu0. This 
result is surprising, as O3 can oxidize both Cu+ and Cu0 to Cu2+ due to its high oxidation 
potential.109 However, β-diketonates are known to promote disproportionation chemistry of 
copper(I) and the multiple oxidation states of copper in the films may be a consequence of 
this redox chemistry.150 According to XRD and optical measurements, the as-deposited 
films and films subjected to post-deposition rapid thermal annealing (RTA) in air at 200 °C 
were Cu2O, whereas films treated with RTA in air at 400 °C crystallized in the monoclinic 
CuO structure.68 

 
Properties of the Cu(acac)2 + O3 ALD chemistry have been studied at temperatures of  
150 – 240 °C.53 Deposition experiments done at 200 °C showed that the film growth is not 
saturative with respect to Cu(acac)2. The authors also stated that films deposited at the 
highest deposition temperature studied, 240 °C, were non-uniform due to the decomposition 
of Cu(acac)2. Films deposited at 160 – 240 °C were polycrystalline CuO, albeit with a low 
degree of crystallinity. According to XPS, the prevailing oxidation state of copper in films 
deposited at all temperatures was +2, which confirms the deposition of CuO.  
 
The Cu(thd)2 + O3 precursor combination has been studied at deposition temperatures of 
200 – 260 °C.54 Saturation studies done at 240 °C. Self-limiting growth behaviour occurred 
for Cu(thd)2 but curiously, not with respect to O3. The authors ascribed this behaviour to 
precursor decomposition. Based on XRD measurements, the films deposited from Cu(thd)2 
+ O3 were weakly crystalline CuO similarly to the films deposited from Cu(acac)2 + O3.53 
It was also noted that occasional traces of Cu2O impurity phases were present in the films.54 
Post-deposition RTA in a dynamic O2 atmosphere at 400 °C resulted in the formation of 
CuO films with an increased degree of crystallinity. 
  
[Cus-Bu(amd)]2 is a dimeric copper amidinate compound that has been used together with O3 
at a single deposition temperature of 250 °C.149 No saturation studies exist for this precursor 
combination, but the GPC of this process was reported to be 0.45 – 0.6 Å depending on the 
copper precursor pulse length. The obtained films where characterized with XRD, Raman 
spectroscopy and XPS. Based on XRD and Raman measurements, films deposited on Si and 
FTO substrates were polycrystalline CuO. XPS measurements showed that the oxidation 
state of Cu in the films was +2. Deconvolution of O 1s photoelectron spectra indicated that 
the films also contained copper carbonate and copper hydroxide, which may indicate that 
[Cus-Bu(amd)]2 undergoes partial thermal decomposition at 250 °C. 

4.2.3 Electrical and optical properties of ALD copper oxide films 

Similarly to the ALD cobalt oxide films, the electrical and optical properties of ALD copper 
oxide films are of interest. CuO films have been primarily characterized with respect to 
electrical resistivity and band gap. Cu2O films have also been characterized optically, but 
also with Hall measurements which yield information on electrical and semiconductor 
properties such as charge carrier type, mobility and concentration. 
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The electrical resistivities of CuO films deposited from Cu(acac)2 and O3 were reported to 
vary with deposition temperature.53 The resistivity of 40 nm thick CuO films deposited at 
150 °C was in the order of 100 Ω cm, while increasing the deposition temperature to 240 °C 
resulted in films with a specific resistivity of 103 Ω cm. A possible explanation for the 
increase in resistivity is the increased carbon impurity content in the films deposited at high 
temperatures. CuO films deposited from Cu(thd)2 + O3 were also noted to exhibit similar 
electrical properties.54 The resistivity of the as-deposited, 20 – 80 nm thick films was 
approximately 20 – 50 Ω cm, whereas RTA for 5 minutes at 400 °C in a dynamic O2 
atmosphere resulted in films with resistivity values close to 1 Ω cm. 
   
The authors of the Cu(thd)2 + O3 chemistry also studied the optical properties of their CuO 
films.54 The experiments were done utilizing the Tauc plot method and the analysis was 
done assuming for indirect allowed transitions. The band gap values reported for CuO thin 
films varied depending on the sample thickness; 9 nm thick films had a narrow band gap of 
1.06 eV whereas the band gap values of thicker films were increasing monotonously with 
increasing thickness. For an 81 nm CuO film, a band gap of 1.24 eV was reported. 

 
Band gap studies of copper oxide films were also carried out by the authors of the single 
deposition temperature (50 °C) (hfac)Cu(DMB) + O3 process.68 However, they did not 
specify whether the analyses were done with respect to a direct or an indirect band gap. The 
band gaps of as-deposited films and films subjected to RTA in air at 200 °C were close to 
2.1 eV, which indicates the formation of the Cu2O phase. Increasing the RTA temperature 
to 300 – 500 °C resulted in films with band gap values of approximately 1.4 – 1.5 eV, which 
are characteristic for CuO. 
 
Electrical properties of the Cu2O films deposited using the (hfac)Cu(TMVS) +H2O spatial 
ALD process were studied with Hall measurements.49 The Hall mobilities of 50 – 120 nm 
thick films were approximately of 0.5 – 5 cm2 V–1 s–1. The charge carrier concentration in 
films deposited at all temperatures were constant at approximately 1016 cm–3, while the 
resistivies of the films decreased with increasing deposition temperature. The resistivities 
of films deposited at 225 °C was approximately 120 Ω cm. For films deposited with the 
Cu(dmamb)2 + H2O chemistry at 140 °C, Hall mobility values of 8.1 cm2 V–1s–1 were 
reported.142  
 
The authors of the (hfac)Cu(TMVS) + H2O and Cu(dmamb)2 + H2O ALD processes also 
studied the optical properties of their Cu2O films.49,142 These analyses were done utilizing 
the Tauc plot method and assuming for direct allowed transitions. Both studies reported that 
the direct allowed band gap of the Cu2O films is 2.5 eV. 

 
 



26 
 

4.2.4 Applications of ALD copper oxide films 

Cu2O films deposited with the Cu(dmamb)2 + H2O process have been used for making 
photodiodes on n-Si substrates.145 Two different device structures were used, planar Si and  
Si nanowires with an aspect ratio of approximately 7.6. The Cu2O films deposited on the 
nanowire structure were reported to be 100 % conformal and thus, this approach was 
demonstrated to be suitable for creating an n-Si/p-Cu2O core-shell photodiode array. 
Compared to reference planar devices, the core-shell nanowire devices exhibited improved 
photodetection performance under UV illumination and enhanced photocurrent in the 
forward bias region. The improved performance of the core-shell nanowire structure was 
assigned to increased light absorption and effective separation of photogenerated charges at 
the pn-interface. 

 
The (hfac)Cu(DMB) + O3 process was used to make bottom-gate thin film transistor (TFT) 
structures.68 In these devices, p+–Si was used as the gate metal and a 100 nm thick SiO2 
layer as the gate dielectric. The thickness of the copper oxide channel layer was not reported. 
The Cu2O channel layer was subjected to RTA in air at temperatures of 200 – 500 °C. The 
TFT devices made from as-deposited, amorphous Cu2O layers were measured to have a 
field effect mobility of 1.7 cm2 V–1 s–1 and an on/off ratio in the order of 103. Improvement 
in device performance was obtained by oxidizing the copper oxide channel layer to CuO 
with RTA in air at 300 °C. The field effect mobility of the devices with the annealed CuO 
layer was 5.6 cm2 V–1 s–1 and the on/off ratio was approximately 105. 
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4.3 Ternary, quaternary and other complex cobalt oxides and 
copper oxides 

Similarly to their binary counterparts CoO, Co3O4, Cu2O and CuO, thin films of ternary, 
quaternary and doped cobalt or copper containing oxides hold potential to be utilized in 
various electronic, optical and catalytic applications. In ALD, ternary, quaternary and other 
complex thin films can be synthesized by combining two or more deposition processes for 
the corresponding binaries.82,151 The stoichiometry of the films can be adjusted by 
controlling the pulsing ratio of the different metal precursors. Most of the ternary, 
quaternary and other complex metal oxide films have been deposited from metal  
β-diketonates and O3 due to the thermal compatibility of these ALD chemistries.151 In most 
instances, the ternary and quaternary metal oxide thin films are amorphous as-deposited but 
can be crystallized by annealing at elevated temperatures. The ALD processes for cobalt-
containing complex oxide thin films are listed in Table 5 and the ALD processes for copper-
containing oxide films are listed in Table 6. 

 
Table 5. ALD processes for cobalt-containing complex oxide thin films. a) DEZ = diethylzinc. 

Material Metal 
precursors 

Oxygen 
source 

Deposition  
temperature (°C) 

Crystallization  
requirement 

Ref. 

[CoCa2O3]xCoO2 
Ca(thd)2 
Co(thd)2 

O3 200 – 300 
RTA under O2 and N2 

at 550 – 850 °C 
40 

MnCo2O4 
Mn(thd)2  
Co(thd)3 

O3 135 – 275 Crystalline as-dep. 152 

CoFe2O4 
FeCp2 
CoCp2 

O2 450  Crystalline as-dep. 153 

CoFe2O4 
FeCp2 
CoCp2 

O3 250 Crystalline as-dep. 154 

Fe2CoO4 
(FeCo)1.5O4 

Fe(thd)3 
Co(thd)2 

O3 185 – 235 
Anneal under O2  
at 600 or 800 °C 

155 

NiCo2O4 
Ni(thd)2 
Co(thd)2 

O3 200 Crystalline as-dep. 35 

SrCoO3 
Co(thd)3 
Sr(thd)2 

O3 290 – 330  
RTA under O2 or N2 

at 600 – 800 °C 
156 

LaCoO3 
Co(thd)3 
La(thd)3 

O3 200 – 400 Anneal in air at 600 °C 127 

(Sr,La)CoO3 
Co(thd)3 
Sr(thd)2 

La(thd)3 
O3 290 – 340 

RTA under O2 or N2 
 at 500 – 1000 °C 

157 

ZnO:Co 
DEZa) 

Co(acac)3 
H2O 160 Crystalline ZnO as-dep. 158 

TiO2:Co 
Ti(OMe)3 
Co(acac)3 

H2O, O3 300 Crystalline TiO2 as-dep. 159 

Co3O4:ZrO2 
nanolaminate 

Co(acac)3 
ZrCl4 

O3 300 Crystalline-as dep. 21,160 
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Table 6. ALD processes for copper-containing complex oxide thin films. 

Material Metal 
precursors 

Oxygen 
source 

Deposition 
temperature (°C) 

Crystallization  
requirement 

Ref. 

CuCrO2 
Cr(acac)3 
Cu(thd)2 

O3 240 – 270 
RTA in Ar  

at 700 – 950 °C 
72 

CuCr2O4 
Cr(acac)3 
Cu(thd)2 

O3 250  
RTA under O2  

at 700 °C 
161 

CuCrO2:Mg 
Mg(thd)2 
Cr(acac)3 
Cu(thd)2 

O3 250 RTA in Ar at 800 °C 73 

LaCuO3 
La2CuO4 

Cu(acac)2 
La(thd)3 

O3 210 – 300 
Anneal under O2  
at 650 – 900 °C 

162 

(Sr,La)CuO4 
Cu(acac)2 
Sr(thd)2 
La(thd)3 

O3 250 Anneal in air at 650 °C  77 

CuWO4 
[Cus–Bu(amd)]2 

(tBuN)2W(Me2N)2 
O3  

H2O 
250 Anneal in air at 600 °C 149 

ZnO:Cu 
DEZ 

Cu(hfac)2 
H2O 200 Crystalline ZnO as-dep. 163 

 
 
Of the ternary, quaternary and other cobalt-containing compounds listed in Table 5, 
MnCo2O4, CoFe2O4, (CoFe)1.5O4, NiCo2O4 and cobalt-doped TiO2 exhibit ferri- or ferro-
magnetism. Consequently, thin films of these materials have been studied and characterized 
with respect to coercivity and magnetic saturation.35,152,154,155,159 The motivation for 
depositing magnetic thin films with ALD is the utilization of these materials in magnetic 
storage devices based on 3D architectures. Another approach for creating magnetic thin 
films is the deposition of nanolaminates, such as ZrO2:Co3O4.21,160  
 
From the copper-containing oxides listed in Table 6,  CuCrO2 and the Mg-doped copper 
chromium delafossite, CuCrO2:Mg are of p-type TCOs.35,72,73,161 The electrical properties 
and the width of the band gap of copper chromium oxides can be adjusted by controlling 
the cation stoichiometry. As an example, the resistivity of CuCrO2 thin films crystallized 
with rapid thermal annealing in Ar is in the the order of 100 Ω cm,72 whereas the resistivity 
of CuCr2O4 is two orders of magnitude greater, in the range of 102 Ω cm.161 By doping 
CuCrO2 with Mg, electrical resistivity as low as  10–3 Ω cm can be achieved.73 Due to a 
band gap of  3.1 eV of CuCrO2:Mg an appreciably transmittance in the visible wavelength 
range, approximately 80 %, can be obtained.73  
 
Recently, the deposition of La2–xSrxCuO4–y  thin films with ALD has been demonstrated by 
Sønsteby et al.77 In this study, highly oriented thin films of the superconductive cuprate 
were deposited from metal β–diketonate precursors and O3 on pseudocubic LaAlO3 

substrates. The as-deposited films were amorphous but crystallized in the superconductive 
Ruddlesden-Popper 1 phase upon annealing in air at 650 °C. The authors demonstrated that 
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the cation stoichiometry of the deposited films could be accurately controlled by adjusting 
the metal precursor pulsing sequence. The lowest sheet resistance for the approximately  
40 nm thick films was obtained with a Sr cation content of 5 – 6 %. Temperature dependent 
electrical measurements of the films showed a drastic decrease in sheet resistance at 
temperatures below 20 K. The resistivity did not, however, reach zero as expected for a 
superconducting material. The remaining resistivity in the films was assigned to originate 
grain boundaries present in the samples. 
 
Ternary oxide films can also be made by depositing two discrete binary material layers and 
annealing the stack to form a homogeneous film. This approach, the so stack deposition-
annealing (SDA) method, has been used for creating CuWO4 thin film photoanodes.149  
As a material, CuWO4 exhibits n-type conductivity and has a band gap suitable for visible 
light absorption, approximately 2.3 eV. The synthesis of CuWO4 thin films was realized by 
depositing a WO3 bottom layer from (tBuN)2W(Me2N)2 + H2O and by depositing a top CuO 
layer using the [Cus–Bu(amd)]2 + O3 process. A homogeneous, polycrystalline CuWO4 film 
was obtained after annealing in air at 600 °C for 30 minutes. Stability testing under 
electrochemical conditions (1.23 V vs. RHE, pH 9, 1 sun illumination) showed that CuWO4 
photoanodes made with the SDA approach were stable up to 4 hours, whereas the 
performance of reference WO3 thin film photoanodes degraded after 1 hour of operation. 
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5 Experimental 

5.1 Film deposition 

All film deposition experiments performed during this dissertation work were done using 
the commercial F-120 ALD reactor (ASM Microchemistry Ltd.) operated in the cross-flow 
configuration.164 Nitrogen (99.999%, O2 ≤ 3 ppm, H2O ≤ 3 ppm) was used as a carrier and 
purging gas at a flow rate of 400 sccm. The pressure of the ALD reactor during the film 
deposition experiments was approximately 10 mbar. 

 
Deposition experiments for process optimization and film characterization were done on 
5×5 cm2 squares of soda lime glass (SLG) and native oxide terminated Si (100) substrates 
(Okmetic Oy). Thin film samples for photoelectrochemical characterization were deposited 
on fluorine doped tin(IV) oxide (SnO2:F, FTO) coated glass substrates (Solems TEC7, 
6 – 8 Ω/sq). Prior to film deposition, the SLG and FTO substrates were cleaned with 
ultrasonication in successive baths of alkaline detergent, absolute ethanol and deionized 
water, whereas the Si substrates were used as received. Before loading any substrates to the 
ALD reactor, they were blown clean of particles using pressurized N2. 

 
All the cobalt and copper precursors used for film deposition are solids. The precursors were 
evaporated inside the ALD reactor from an open glass vessel. Deionized water or a mixture 
of O2/O3 were used as the oxygen sources. Water vapor was introduced to the ALD reactor 
through a needle valve using vacuum draw. O3 was generated from O2 gas (99.999%) using 
a Wedeco Ozomatic 4 HC ozone generator. The resulting O2/O3 mixture, with an O3 
concentration of approximately 100 g / N m3 was led to the ALD reactor through needle and 
solenoid valves. The flow rate of the O2/O3 gas mixture was adjusted to approximately  
200 sccm using the needle valve. 

5.2 In situ reaction mechanism studies 

The reaction mechanism studies were done using a modified F-120 ALD reactor (ASM 
Microchemistry Ltd.) consisting of a Hiden HAL/3F 501 QMS equipped with a Faraday 
cup detector and a Maxtek TM 400 QCM. A full description of the ALD reactor modified 
for the reaction mechanism studies has been published elsewhere.105 In short, the reactor 
consists of two chambers, the deposition chamber and the QMS chamber. The deposition 
chamber holds the QCM and a set of large SLG substrates. The SLG substrates increase the 
surface area of the deposition chamber which helps to obtain a sufficient amount of reaction 
by-products for the QMS analyzer. The deposition chamber is connected to the QMS 
chamber via a 100 µm diameter orifice. The pressure of the deposition chamber is 
approximately 10 mbar while the pressure in the QMS chamber is in the order of 10–5 mbar. 
The pressure difference is achieved by differential pumping through the orifice by using a 
turbomolecular pump. Nitrogen (99.999% O2 ≤ 3 ppm, H2O ≤ 3 ppm) was used as a carrier 
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and purging gas. In the reaction mechanism studies, deuterium oxide, D2O (99.96% D, 
Eurisotop) was used instead of H2O to distinguish the by-products of ligand exchange 
reations from ligand fragments that form upon ionization in the QMS. The formalism for 
the analysis of QMS and QCM data is based on the work of Rahtu and Knapas.98,105 

5.3 Film characterization 

Film characterization with respect to crystallinity was conducted using a PANalytical 
X’Pert Pro MPD X-ray diffractometer or a Rigaku SmartLab X-ray diffractometer. Both 
instruments were equipped with a Cu Kα X-ray source (λ = 1.54 Å). All of the XRD 
measurements were performed in the grazing incidence geometry using an incidence angle 
of 1°. High temperature XRD measurements were done using an Anton-Paar HTK 1200N 
oven connected to the PANalytical X’Pert Pro MPD instrument. 

 
Thicknesses of the films were measured using either X-ray reflectivity (XRR), UV-Vis 
spectrophotometry, ellipsometry or energy dispersive X-ray spectroscopy (EDX). The XRR 
measurements were done with the PANalytical X’Pert Pro MPD X-ray diffractometer. Film 
thickness was modeled from the XRR data using the X’Pert Reflectivity 1.2a software 
(PANalytical). UV-Vis measurements were done using a Hitachi U-2000 spectrophotometer 
at a wavelength range of 190–1100 nm. The UV-Vis spectrophotometer was operated in the 
reflectance geometry. The data obtained from the UV-Vis measurements was modeled using 
the ThinFilm software.165 Ellipsometric measurements were done using the FilmSense  
FS-1 multi-wavelength instrument. Film thickness was modeled from the measurement data 
using the Cauchy formalism. The EDX spectra were collected using a system consisting of 
a Hitachi S-4800 field emission scanning electron microscope (FESEM) and an Oxford 
INCA 350 microanalysis instrument. Film thickness was calculated from the EDX spectra 
using the GMRfilm software.166 In case of metal oxide thin films, the error in film thickness 
measured with this method is less than 10 %. The analyses were carried out assuming for 
bulk density for the material in question. 

 
Film morphology was studied using FESEM and atomic force microscopy (AFM).  
The FESEM analyses were done using the Hitachi S-4800 instrument. AFM images were 
collected using a Veeco Multimode V atomic force microscope equipped with a Nanoscope 
V controller. The AFM surface analysis was done in the intermittent contact mode (tapping 
mode) in air using Si probes with a nominal tip radius of 8 nm (Bruker). In order to remove 
artifacts caused by sample tilt and scanner bow, the AFM images were either flattened or 
plane-fitted using the Nanoscope 1.6 software package (Bruker). The surface roughness of 
the thin film samples was calculated as average root-mean-square (Rq) values from either 
0.5×0.5 µm2 or 2.0×2.0 µm2 images using the Nanoscope 1.6 software. 

 
X-ray photoelectron spectroscopy (XPS) studies were done in a UHV system consisting of 
an Omicron DAR 400 X-ray source (1253.6 eV Mg Kα line) and an Omicron ARGUS 
spectrometer equipped with a multichannel plate detector. The spectrometer was operated 
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at a pass energy of 20 eV. The binding energies of the photoelectron spectra were calibrated 
using the C 1s peak of ambient hydrocarbons at 284.8 eV. No sputtering was done for any 
of the thin film samples. Analysis of the photoelectron spectra was done using the CasaXPS 
software package (www.casaxps.com). Deconvolution of the photoelectron spectra was 
done according to peak fitting parameters for Co and Cu refined by Biesinger et al.167–169 
Time-of-Flight elastic recoil detection analysis was done using the 5 MV EGP–10–II 
tandem accelerator at University of Helsinki, Finland. The setup used for the ion beam 
measurements has been described in full elsewhere.170  

 
Optical properties of films deposited on SLG substrates were studied by UV-Vis spectro-
photometry. The measurements were done using the Hitachi U-2000 spectrophotometer at 
a wavelength range of 190–1100 nm and the Shimadzu UV-2600 instrument in a wavelength 
range of 200–800 nm. The determination of band gaps was done using the Tauc plot 
formalism.171 

 
Photoelectrochemical measurements were done in a standard electrochemical cell 
consisting of a Pt counter electrode and an Ag/AgCl (3 M KCl) reference electrode. ALD 
thin films deposited on FTO substrates were used as the working electrode. The 
electrochemical cell was controlled using a SP-300 BioLogic potentiostat. Wavelength-
resolved photocurrent measurements were done using a system consisting of a 150 W xenon 
lamp and a grating monochromator with a nominal bandwidth of 10 nm. The working 
electrodes were irradiated from the back side, through the glass substrate. Oxygen evolution 
experiments were conducted in a two-compartment cell connected to an OxySense 325i 
oxygen analyzer. 0.1 M borate buffer (pH 9.2) was used as the electrolyte solution. Prior to 
the oxygen evolution experiments, the electrolyte solution was purged with argon gas for 
30 min to remove dissolved oxygen. The working electrode was illuminated with a 150 W 
xenon lamp equipped with a KG-3 heat-absorbing filter (Schott) and a 1.5 AM filter. 

 
Photoconductivity measurements were carried out using a setup consisting of a Keithley 
2450 source meter and laser diodes emitting at 405, 450, 523, 635, 780 and 980 nm 
(Thorlabs). The incident light power density was controlled using neutral density filters. 
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6 Results and discussion 

This chapter reviews the central results of this dissertation work. Included is a summary of 
four ALD process development studies, as well as characterization of functional properties 
of cobalt oxide and copper oxide thin films. A more detailed analysis of the results can be 
found in references. I – IV 

6.1 ALD of cobalt oxide thin films 

In the course of this work, two new ALD processes were developed for depositing cobalt 
oxide thin films, the Co(BTSA)2(THF) + H2O process III and the Cot-Bu(DAD)2 + O3 
process.II 

6.1.1. Co(BTSA)2(THF) + H2O III 

Co(BTSA)2(THF)2 is a metal silylamide compound that can be obtained through a simple 
synthetic procedure comprising of a metathesis reaction between CoCl2 and Li(BTSA). 
If the synthesis is done in tetrahydrofuran (THF), Co(BTSA)2(THF) is obtained, whereas 
using diethyl ether (Et2O) as the solvent yields the dimeric [Co(BTSA)2]2.172 
  
According to TGA measurements performed under a dynamic N2 atmosphere (1 atm), both 
variants of this cobalt precursor evaporate in a single step and leave a minimal residue of 
approximately 3 – 4 m-% (Figure 8). In non-vacuum conditions, the dimeric [Co(BTSA)2]2 
appears to have a lower onset temperature for mass loss. However, in ALD conditions, 
Co(BTSA)2(THF) can be evaporated already at 55 °C while [Co(BTSA)2]2 requires a source 
temperature of 70 °C. 

 

 
 

Figure 8. TGA graphs of [Co(BTSA)2]2 and Co(BTSA)2(THF). Image reproduced from Journal of Vacuum Science 
and Technology A, Vol. 37, 010908, T. Iivonen et al.: “Atomic layer deposition of cobalt(II) oxide thin films from 
Co(BTSA)2(THF)”, with the permission of the American Vacuum Society. 
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All film deposition experiments were done using Co(BTSA)2(THF) due to its lower source 
temperature requirement. The onset of thermal decomposition of Co(BTSA)2(THF) was 
found to be approximately 275 °C as evidenced by the formation of silvery gray metallic 
deposit on the hot end of the cobalt precursor tube at this temperature. No visual indication 
of thermal decomposition of Co(BTSA)2(THF) was observed at deposition temperatures of 
250 °C and lower. 
 
Based on post-deposition thickness measurements, the Co(BTSA)2(THF) + H2O process 
showed good ALD characteristics. The GPC of this process had a strong dependence on 
temperature. At temperatures of 75 – 125 °C, GPC of 1.1 – 1.2 Å was obtained (Figure 9a). 
Increasing the deposition temperature above 125 °C resulted in decreased GPC. Film growth 
was found to be saturative at 100 and 200 °C with respect to both the cobalt precursor and 
H2O (Figure 9 b). Moreover, a linear relationship between film thickness and the number of 
applied deposition cycles was confirmed at both 100 and 200 °C (Figure 9c). 
 

 
 

Figure 9. ALD characteristics of the Co(BTSA)2(THF) + H2O ALD process. (a) The effect of temperature on GPC, 
(b) saturation studies at 100 and 200 °C and (c) film thickness as a function of the number of deposition cycles at 100 
and 200 °C. 

 
Based on GI-XRD analyses, films deposited at 75 – 200 °C were a mixture of the cubic and 
hexagonal wurtzite phases of cobalt monoxide. No reflections assignable to Co3O4 were 
observed. The degree of crystallinity of films deposited at all temperatures was low and the 
films deposited at 250 °C were X-ray amorphous. The low crystallinity is due to the 
relatively high levels of H, N and Si impurities remaining in the films (Table 7).  
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Table 7. Elemental composition (at-%) of cobalt oxide films deposited from Co(BTSA)2(THF) + H2O at 75–250 °C. 

Tdep (ºC) Co O H C Si Co:O Si:C 

75 37.6 ± 0.4 46.7 ± 0.5 12.1 ± 0.5 1.9 ± 0.1 1.8 ± 0.1 0.81 0.95 

100 38.3 ± 0.4 41.9 ± 0.8 15.2 ± 1.5 2.1 ± 0.1 2.2  ± 0.1 0.91 1.1 

125 34.5 ± 0.3 44.0  ± 0.5 16.7 ± 0.6  2.3 ± 0.1 2.5 ± 0.1 0.78 1.1 

150 34.0 ± 0.3 41.3 ± 0.7 18.7 ± 1.3 2.6 ± 0.1 3.3 ± 0.1 0.82 1.3 

200 33.6 ± 0.4 46.0 ± 0.8 13.0 ± 1.4 2.1± 0.1 5.4 ± 0.2 0.73 2.6 

250 32.5 ± 0.4 46.7 ± 0.9 12.3 ± 1.4 2.1 ± 0.2 6.4 ± 0.3 0.70 3.1 

 
 

From Table 7 it can be observed that the amount of Si impurities in the films is increasing 
with increasing deposition temperature which suggests that Co(BTSA)2(THF) is (partially) 
decomposing during the surface reactions. Importantly, the amount of nitrogen in all films 
was below the detection limit of ToF-ERDA (approximately 0.2 at-%). As no nitrogen 
impurities were present in the films while silicon impurities were, it is evident that the N–
Si bond in the BTSA ligands is labile under the film deposition conditions. As silicon has a 
strong affinity to form covalent bonds with oxygen,173 it is likely that Si is incorporated in 
the films as –O–Si–Mex moieties (Me = methyl, x = 1–3). The Si:C ratio in the films 
increases from approximately 1.0 at 75 – 125 °C up to 3.1 at 250 °C, which indicates that 
also the Si–C bonds in the BTSA ligands are broken during the film deposition. Formation 
of the –O–Si–Mex surface terminations has been suggested to explain the decrease in GPC 
with increasing deposition temperature, as these surface groups hinder the chemisorption of 
both the metal precursor and H2O and therefore inhibit the film growth.174 

 
Concerning the hydrogen impurities, hydrogen can exist in the films as two different 
chemical species, cobalt hydroxide and as part of methyl groups originating from the BTSA 
ligands. Based on XPS studies, films deposited at all temperatures contain Co(OH)2 (Figure 
10). In fact, within the probing depth of XPS, the intensity of the hydroxyl peak is greater 
than that of the lattice oxide for films deposited at all temperatures. Notably, the reaction 
between CoO and H2O to form Co(OH)2 is thermodynamically favorable,18 and therefore 
the formation of Co(OH)2 can occur either during the film deposition or during post-
deposition exposure to ambient moisture. According to ToF-ERDA depth profile 
measurements, hydrogen is distributed conformally throughout the films, which implies that 
exposure to ambient moisture is not the sole origin of the hydrogen impurities. 
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Figure 10. Photoelectron spectra in the O 1s binding energy region for films deposited using Co(BTSA)2(THF) + 
H2O at 75 – 250 °C. 

 
The surface chemistry of the Co(BTSA)2(THF) + D2O ALD process at 100 °C was studied 
in-situ using QMS and QCM. At this deposition temperature, the amount of Si impurities 
was low in comparison to the other deposition temperatures, approximately 2 at-%.  This 
signifies that the majority of the surface reactions at 100 °C are ligand exchange reactions 
which result in the deposition of CoO, Co(OH)2 or both. The QMS measurements were done 
by following two signals, m/z = 72, which corresponds to THF, and m/z = 147, which is the 
most intensive ionization fragment of the deuterated BTSA ligand (D-BTSA) (Figure 11 a). 

 

 
Figure 11. (a) QMS data for m/z = 72 (THF+) and m/z = 147 at 100 °C. (b) QMS data for m/z = 147 at 100 °C for 
two cycles of the Co(BTSA)2(THF) + D2O process. 

The signal for m/z = 72 was observed during the process pulses (cobalt precursor pulse) and 
also during the consecutive reference pulses of Co(BTSA)2(THF) (Figure 11a). The 
intensity of m/z = 72 during the process pulses and the cobalt precursors reference pulses 
was constant. This indicates that during the process pulses, THF is released from the parent 
molecule when Co(BTSA)2(THF) adsorbs on the film surface. During the reference pulses, 
THF is separated from Co(BTSA)2(THF) upon ionization in QMS. As THF is a weak Lewis 
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base and has a high vapor pressure, it can simply desorb from the surface of the deposited 
film and is therefore unlikely to be incorporated in the deposited material as an impurity.  
 
The analysis of the reaction mechanism was based on measuring the intensities for  
m/z = 147 during the cobalt precursor pulse and the D2O pulse. As the QMS analysis is 
based on measuring the ratio of ligands released during the different precursor pulses, this 
technique cannot distinguish whether the deposited material is CoO or Co(OD)2. A general 
scheme for the deposition of an arbitrary mixture of CoO and Co(OD)2 can be presented 
using Eqns. (1) – (3). In these equations, n determines the stoichiometry of the deposited 
films, i.e. n = 0 corresponds to pure Co(OD)2 and n = 1 corresponds to pure CoO. The 
surface species in Eqns. (1) – (3) are designated with an asterisk *. As THF was found to 
have a passive role in film deposition, it has been omitted from the reaction equations for 
clarity. 
 
Net reaction: (0 < n < 1) 

 
Co(BTSA)2 (g) + (2 – n) D2O (g) → CoOn(OD)(2–2n) (s) + 2 D–BTSA (g)             (1) 
 
Cobalt precursor pulse: 
 
x OD* + Co(BTSA)2 (g) → Ox–Co(BTSA)(2–x)* + x D–BTSA (g)             (2) 
 
D2O pulse: 
 
Ox–Co(BTSA)(2–x)* + (2–n ) D2O (g) → CoOn(OD)(2–2n) (s) + x OD* + (2–x) D–BTSA (g)            (3) 
 
The ratio of D-BTSA ligands released during the cobalt precursor pulse and the D2O pulse, 
R, is 

 
R = 

x
2 − x

                (4) 
 

Solving (4) for x gives x = 
2R

1 + R
 .  

 
As observed from Figure 11b, the intensity of m/z = 147 is far greater during the 
Co(BTSA)2(THF) pulse than during the D2O pulse. This alone suggests that a vast majority 
of the ligand exchange reactions occurs during the cobalt precursor pulse. Numerical 
integration of the QMS signals yields x ≈ 1.90 which states that, on average, 95 % of the 
BTSA ligands are released from the film surface during the cobalt precursor pulse.  

 
In addition to QMS, the surface chemistry of the Co(BTSA)2(THF) + D2O process was also 
studied with QCM. The QCM trace presented in Figure 12 shows an irreversible mass 
increase during both the cobalt precursor and the D2O pulses. These events signify film 
deposition. During the purging periods following the precursor pulses, mass change is 
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negative. These events are most likely linked to the reversible adsorption of the cobalt 
precursor or the reversible physisorption of D-BTSA and D2O, respectively. 

 
  

 
 

Figure 12. QCM data for the Co(BTSA)2(THF) + D2O process at 100 °C. Image reproduced from Journal of 
Vacuum Science and Technology A, Vol. 37, 010908, T. Iivonen et al.: “Atomic layer deposition of cobalt(II) 
oxide thin films from Co(BTSA)2(THF)”, with the permission of the American Vacuum Society. 

 
In the QCM trace shown in Figure 12, m1 represents the change in mass after the cobalt 
precursor pulse and the following purge, while m0 is the mass change after a complete ALD 
cycle. In terms of Eqns. (1) – (3), m1 and m0 have the following relationship: 

 
 
 
∆m after a Co(BTSA)2THF pulse and purge

∆m after a full process cycle
 ≡  m1

m0
 ≡   M Co(BTSA)2 − x M (D–BTSA)

M CoOn(OD) (2–2n)
          (5) 

 
 

Solving (5) for x yields 
 
 

x = 
[M (Co(BTSA)2)− m1

m0
 M (CoOn(OD)(2–2n))]

M (D–BTSA)
             (6) 

 
Based on the QCM trace in Figure 12, m1 / m0 ≈ 0.80. Assuming that the deposited material 
is pure CoO, i.e. n = 1, gives x = 1.96. On the other hand, using n = 0, which corresponds to 
the deposition of Co(OD)2 gives x = 1.86. Both values are in agreement with the value of  
x ≈ 1.90 obtained with QMS. Therefore, the in-situ measurement data alone cannot give a 
definitive answer on whether the deposited material is CoO, Co(OD)2 or a mixture thereof. 
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However, the release of deutered BTSA ligands during the cobalt precursor pulses is a clear 
indication that film growth proceeds via the ligand exchange mechanism. 

 
Based on the compositional analysis of the films, as well as the in-situ studies, it is clear 
that Co(BTSA)2(THF) is not an ideal precursor for ALD of cobalt oxide thin films. While 
the amount of impurities in the films deposited using this chemistry can be minimized by 
performing film deposition at low temperatures, other ALD cobalt oxide chemistries, such 
as those based on cobalt amidinate precursors120,122 are more suitable for depositing 
impurity-free and stoichiometric CoO. 

6.1.2. Co(t-BuDAD)2 + O3 II 

Cot-Bu(DAD)2 (Figure 6) is a diazadienyl compound that was initially used in ALD for 
depositing metallic cobalt films.175–177 In this work, Cot-Bu(DAD)2 was used together with 
O3 for depositing cobalt oxide films. In the film deposition experiments, a source 
temperature of 95 °C was used for Cot-Bu(DAD)2. The highest deposition temperature was 
200 °C, at which grey metallic deposit formed on the hot end of the precursor glass tube 
used for this cobalt precursor. No visual indication of decomposition was observed at 
temperatures of 180 °C and lower. However, films deposited at 130 °C and above suffered 
from severe thickness gradients along the direction of the precursor vapor flow. This 
thickness non-uniformity was caused by the decomposition of O3 on the catalytic cobalt 
oxide surface. Uniform films were obtained at deposition temperatures of 120 °C and below. 
At these temperatures GPC was 0.95 – 1.20 Å (Figure 13a). At 120 °C, the film growth was 
saturative with respect to both precursors (Figure 13b,c). In addition, the thickness of films 
deposited at 120 °C increased linearly with increasing number of deposition cycles (Figure 
13d). 

 
Based on GI-XRD measurements, films deposited on Si substrates at 120 °C were 
polycrystalline Co3O4 (Figure 14a). No reflections indicating a presence of CoO were 
detected. Annealing the films in air resulted in an increase of crystallinity, while changing 
the annealing atmosphere to N2 allowed the films to be reduced to CoO at 700 °C (Figure 
14b). 

 
The deposition of phase-pure Co3O4 thin films was evident also from ToF-ERDA and XPS 
measurement data. According ToF-ERDA, the Co:O ratio in films deposited at 120 °C was 
0.70, which is close to the stoichiometry of pure Co3O4, 0.75 (Table 8). The films contained 
approximately 5 at-% hydrogen and < 2.0 at-% carbon as impurities. Based on the ToF-
ERDA depth profiles, the hydrogen impurities were distributed uniformly throughout the 
films (Figure 15a). This indicates that the hydrogen impurities are incorporated in the films 
during film deposition. Possible mechanisms for the incorporation of the hydrogen 
impurities are the incomplete combustion of the t-BuDAD ligands or the adsorption of by-
product H2O on the surface of the growing film. According to the XPS measurements, the 
hydrogen present in the films forms cobalt hydroxide (Figure 15b). 
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Figure 13. ALD characteristics of the Cot-Bu(DAD)2 + O3 ALD process. (a) the effect of temperature on GPC, (b) and 
(c), saturation studies at 120 °C and (d) film thickness as a function of the number of deposition cycles at  
120 °C. 

 
 
 

 

 
 

Figure 14. HT-XRD diffractograms of Co3O4 films deposited at 120 °C and annealed in (a) air and (b) dynamic 
N2 atmosphere. The measurement temperature is shown under each diffractogram.  
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Table 8. Elemental composition (at-%) of a Co3O4 film deposited using Cot–Bu(DAD)2 and O3 at 120 °C. 

Co O H C N Co:O 
38.4 ± 0.4 54.6 ± 0.6 4.8 ± 0.5 1.6 ± 0.1 0.7 ± 0.1 0.70 

 
 

 

Figure 15. (a) ToF-ERDA depth profile and (b) X-ray photoelectron spectrum in the O 1s binding energy range of a  
120 nm thick Co3O4 film deposited at 120 °C. 

6.2. ALD of copper oxide thin films 

The research on copper oxide thin films resulted in the development of two new ALD 
processes. The Cu(OAc)2 + H2O process can be used to deposit Cu2O thin films,IV whereas 
the Cu(dmap)2 + O3 precursor combination produces CuO films.I 

6.2.1. Cu(OAc)2 + H2O IV 

Copper(II) acetate [Cu(OAc)2] (Figure 7) is an interesting ALD precursor in a sense that 
Cu(I) oxide films are obtained when H2O is used as the oxygen source. This indicates that 
copper is reduced from Cu2+ to Cu+ during the film deposition. According to thermo-
gravimetric and mass spectrometric studies reported in the literature, reduction of Cu(OAc)2 
occurs upon heating in vacuo and results in the formation of volatile Cu(I) acetate, 
CuOAc.178,179 In the following text, the copper precursor in the gas phase is referred to as 
CuOAc as the evaporating copper species is copper(I) acetate. 
 
Film deposition experiments were done in the temperature range of 180 – 240 ºC using 
either Cu(OAc)2·H2O or anhydrous Cu(OAc)2 as the starting copper precursor.  
No difference could be observed between the films deposited from Cu(OAc)2·H2O and 
those deposited from anhydrous Cu(OAc)2. No film growth occurred with Cu(OAc)2·H2O 
when the H2O pulse was omitted from the process sequence. This indicates that the water 
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of crystallization in Cu(OAc)2·H2O does not contribute to the film growth. Films deposited 
at 240 ºC had a metallic appearance which indicates that CuOAc is decomposing reductively 
or undergoing disproportionation at this temperature. Films deposited on glass substrates at 
180 – 220 ºC were yellow and partially transparent, which is characteristic for nano-
crystalline Cu2O thin films.  
 
The GPC of this process at 180 – 240 ºC was approximately 0.11 – 0.13 Å (Figure 16a). 
Based on saturation experiments at 200 ºC, the film growth was self-limiting with respect 
to both CuOAc and H2O (Figure 16 b,c). In the early stages of the film growth, i.e. before a 
continuous copper oxide film was formed on the native oxide terminated Si (100) substrate, 
the GPC was 0.11 Å. For continuous, thicker films deposited using 3000, 5000 and 7000 
cycles, GPC decreased to 0.08 Å. This entails that the adsorption density of CuOAc is higher 
on a SiO2 surface than on a Cu2O surface. A possible explanation for this observation is that 
hydroxyl groups on Cu2O surfaces are less stable than Si-OH surface groups. According to 
Korzhavyi et al., Cu(I) hydroxyls are labile and undergo thermal decomposition to Cu2O.58 
In this case the main film deposition mechanism would be the molecular adsorption of 
CuOAc on the Cu2O surface, followed by the ligand exchange reaction during the water 
pulse. 

 
 

 
 

Figure 16. ALD characteristics of the Cu(OAc)2 + H2O ALD process. (a) the effect of deposition temperature on 
GPC, (b) and (c) saturation studies at 200 ºC and (d) film thickness as a function of number of deposition cycles.  
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The film deposition mechanism which involves the molecular adsorption of CuOAc was 
supported by the results of in-situ reaction mechanism studies carried out using QMS and 
QCM. The QMS analysis was done by following the intensity of the primary electron 
ionization fragment of deuterated acetic acid (D–OAc, m/z = 43)180 at 200 ºC. The molecular 
ion of deutered acetic acid, m/z = 61, was also detected but the signal to noise –ratio of the 
molecular ion of D-OAc was nearly zero. Thus, m/z = 61 was not used in the reaction 
mechanism analysis. 

 

 

 
Figure 17. (a) QMS and (b) QCM data for the Cu(OAc)2 + D2O ALD process at 200 ºC. 

During the ALD process, m/z = 43 was observed during both the copper precursor pulses 
and D2O pulses (Figure 17a). Furthermore, m/z = 43 was detected also during the 
consecutive reference pulses of Cu(OAc)2. This indicates that the signal for m/z = 43 arises 
from both CuOAc and D–OAc. The intensities of the QMS signals for m/z = 43 during the 
Cu(OAc)2 process pulses and the reference pulses were virtually identical. In other words, 
the background-corrected intensity of m/z = 43 during the process pulses of Cu(OAc)2 is 
close to zero. The chemical interpretation of this result is that CuOAc is adsorbing 
molecularly on the Cu2O surface. In terms of half-reactions (8) – (9), x is zero. 

 
Net reaction: 

 
2 CuOAc (g) + D2O → Cu2O (s) + 2 D–OAc (g)             (7) 

 
Copper precursor pulse: 

 
x OD* + 2 CuOAc (g) → Ox–Cu2(OAc)(2–x)* + x D–OAc (g)                       (8) 
 
D2O pulse: 

 
Ox–Cu2(OAc)(2–x)* + D2O (g) → Cu2O (g) + x OD* + (2–x) D2O (g)            (9) 
 
The reaction mechanism involving the molecular adsorption of CuOAc was partially 
supported by the QCM data (Figure 17b). From the QCM trace, it can be seen that the QCM 
mass is increasing during the copper precursor pulse due to the adsorption of CuOAc. 
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During the following purge, a decrease in the QCM mass is observed, which can signify 
that CuOAc is desorbing from the surface. During the D2O pulse, the rate of mass loss is 
lower than during the preceding purge. The decrease in mass during the D2O pulse is due to 
the fact that the mass of the released deutered acetic acid ligands is greater than the mass of 
oxygen deposited in the film. During the purge following the D2O pulse, the QCM mass 
continues to decrease, which can be related to the decomposition of Cu(I) surface hydroxyls 
to Cu2O: 

 
2 CuOH (s) → Cu2O (s) + H2O (g)             (10) 

 
Based on the QCM trace shown in Figure 17b, the m1/m0 ratio is approximately 1.44.  
The relationship between the QCM mass change and the amount of ligands x released during 
the copper precursor pulse is 

 
 

∆m after a Cu(OAc)2 pulse and purge
∆m after a full process cycle

 ≡  
m1
m0

 ≡ 
2 M(CuOAc) − x M (DOAc)

M (Cu2O)
        (11) 

 

𝑥 =  
2 M (CuOAc)− m1

m0
 M (Cu2O)

M (DOAc)
               (12) 

 
 
Solving Eqn. (12) for x using m1 / m0 = 1.44 yields x ≈ 0.64. Based on this ratio, 
approximately 2/3 of the ligands of CuOAc would be released during the D2O pulse and 1/3 
during the copper precursor pulse. This apparent difference between the QMS and QCM 
results is likely caused by the low intensity of the QMS signals and the resulting uncertainty 
in the QMS data. 

 
Based on GI-XRD measurements, the copper oxide films deposited from Cu(OAc)2 + H2O 
at 180 – 220 ºC are polycrystalline Cu2O (Figure 18a). No reflections assignable to CuO 
were detected. The films deposited at 240 ºC contained reflections assignable to metallic 
copper, which indicates that CuOAc is either decomposing reductively or dispropor-
tionation. The adhesion of the metallic copper deposited on Si and SLG at 240 ºC was poor 
and the films did not pass the Scotch tape adhesion test.  
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Figure 18. (a) GI-XRD patterns for films deposited using 5000 cycles at temperatures of 180 – 240 ºC. (b) ToF-
ERDA depth profile for a Cu2O film deposited using 7000 cycles. 

 
According to ToF-ERDA measurements, the Cu2O films deposited at 200 ºC are nearly 
stoichiometric (Table 9). The amount of both hydrogen and carbon impurities in the films 
is exceptionally low, 0.4 at-% H and ≤ 0.2 at-% C. Based on the ToF-ERDA depth profile 
shown in Figure 18b, hydrogen is concentrated on the film surface, while the bulk of the 
film is free of impurities. The scarcity of hydrogen impurities is explained by the lability of 
Cu(I) hydroxides.58 The low amount of carbon impurities is explained by the fact that acetic 
acid, which is formed as a by-product in the ligand exchange reactions, is a stable compound 
that has a high vapor pressure,181 and therefore desorbs cleanly from the film surface. 

 
 
 
Table 9. Elemental composition (at-%) of a 50 thick Cu2O film deposited using Cu(OAc)2 + H2O at 200 °C. 

 Cu O H C Cu:O 
65.8 33.6 0.4 ≤ 0.2 1.96 

 

6.2.2. Cu(dmap)2 + O3 I 

Similarly to Cot–Bu(DAD)2, Cu(dmap)2 was initially used for the deposition of metallic thin 
films with both CVD and ALD.147,182 This copper precursor is also reactive towards O3, and 
as Cu(dmap)2 exhibits good volatility, this precursor combination is well-suited for low-
temperature ALD of copper oxide thin films. 

 
The Cu(dmap)2 precursor was evaporated at 65 ºC in all deposition experiments. Film 
deposition was carried out at 80 – 140 ºC. The onset for the decomposition of Cu(dmap)2 
was 150 ºC, as evidenced by the coloration of the hot end of the precursor glass tube at this 
temperature. No indication of thermal decomposition of Cu(dmap)2 was observed at 
deposition temperatures of 140 ºC and lower. 
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Figure 19. ALD characteristics of the Cu(dmap)2 + O3 process. (a) The effect of temperature on GPC, (b) and (c) 
saturation studies at 120 °C and (d) film thickness as a function of the number of cycles at 120 °C. 

 
Contrarily to the report by Avila et al.,143 using H2O as the oxygen source did not result in 
film growth. GPC of the Cu(dmap)2 + O3 process was 0.20 Å at 80 ºC and 0.26 – 0.30 Å at 
100 – 140 ºC (Figure 19a). Based on saturation experiments at 120 ºC, the film growth 
proceeded in a self-limiting manner with respect to both Cu(dmap)2 and O3 (Figure 19b,c). 
In further deposition experiments at 120 ºC, the relationship between film thickness and the 
number of deposition cycles was found to be linear at a GPC of 0.30 Å up to 2000 cycles, 
the highest cycle number studied (Figure 19d). 
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Figure 20. (a) GI-XRD diffractograms of CuO films deposited at 80–140 ºC using 1000 cycles. (b) HT-XRD 
diffractograms for a 30 nm CuO film deposited at 120 ºC and annealed at different temperatures under an N2 
atmosphere. 

Based on GI-XRD measurements, films deposited from Cu(dmap)2 + O3 on Si and SLG at 
80 – 140 ºC were polycrystalline CuO (Figure 20a). For the as-deposited films, no 
reflections assignable to metallic Cu or Cu2O were detected. Notably, the films deposited at 
80 ºC were only weakly crystalline, while increasing the deposition temperature to 100 ºC 
and above resulted in increased degree of crystallinity. Further improvement in film 
crystallinity was achieved by high temperature annealing in a dynamic N2 atmosphere at 
500 ºC (Figure 20b). Increasing the annealing temperature resulted in a partial reduction to 
Cu2O at 600 ºC and complete reduction at 700 ºC. 

 
Surface morphology studies of as-deposited films with AFM (Figure 21) yielded results that 
were in agreement with the GI-XRD measurements. The approximately 20 nm thick CuO 
film deposited at 80 °C showed morphology typical for a weakly crystalline or amorphous 
material as well as a low root-mean-square roughness value of 0.45 nm. The films deposited 
at 100 – 140 °C, on the other hand, consisted of grains that were 30 nm or smaller in 
diameter. The RMS roughnesses of the films deposited at 100 – 140 ºC were  
1.3 – 1.8 nm, which correspond to 4 – 6 % of the film thicknesses. 
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Figure 21. Top-view AFM images of CuO films deposited at 80 – 140 C using 1000 cycles. The 200 nm scale bar 
and the 0 – 20 nm height scale apply to all images. 

 
XPS measurements showed that films obtained at all deposition temperatures contained 
copper solely as Cu2+. The photoelectron spectra in the Cu 2p binding energy range 
contained Cu 2p3/2 and Cu 2p1/2 peaks at 933.7 ± 0.1 and 953.6 ± 0.1 eV, respectively, which 
is characteristic for CuO (Figure 22a).167 The photoelectron spectra in the O 1s binding 
energy range contained peaks for both the lattice oxide of CuO (529.4 ± 0.1 eV) and 
hydroxide or carbonate (531.1 ± 0.1 eV) (Figure 22b). For the films deposited at 80 °C, the 
intensity of the peak assignable to Cu(OH)2 / CuCO3 was greater than for the films deposited 
at 100 – 140 ºC. This indicates that the films deposited at the lowest temperature contain 
high amount of hydrogen or carbon impurities. The incorporation of light element impurities 
in the films was also observed in the ToF-ERDA measurements (Figure 22c, Table 10). The 
CuO films deposited at 80 ºC contained approximately 7 at-% hydrogen and 2 at-% of 
carbon. Increasing the deposition temperature resulted in films with less impurities and the 
CuO films deposited at 140 ºC contained only 2 at-% H and < 0.5 at-% C. 
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Figure 22. X-ray photoelectron spectra for binding energy regions of (a) Cu 2p and (b) O 1s measured for CuO 
films deposited at 80 – 140 °C. Panel (c) shows a ToF-ERDA depth profile of a CuO film deposited using 2000 
cycles at 120 °C. 

 
 
 
Table 10. Elemental composition (at-%) of copper oxide films deposited from Cu(dmap)2 + O3 at 80–140 °C  
as measured with ToF-ERDA. 

Tdep (ºC) Cu O H C N Cu:O 

80 44.4 ± 0.7 45.0 ± 0.8 7.4 ± 0.6 2.0 ± 0.4 0.9 ± 0.3 0.99 

100 47.0 ± 0.7 48.9 ± 0.8 3.1 ± 0.5 0.6 ± 0.3 0.3 ± 0.2 0.96 

120 47.0 ± 0.8 49.3 ± 0.9 2.8 ± 0.5 0.5 ± 0.3 0.2 ± 0.2 0.95 

140 49.7 ± 0.8 47.6 ± 0.8 1.9 ± 0.5 0.4 ± 0.3 0.2 ± 0.2 1.04 
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6.3 Functional properties of CoO, Co3O4, Cu2O and CuO films 

As discussed throughout this thesis, cobalt oxide and copper oxide thin films exhibit  
p-type semiconductivity and absorb light at visible wavelengths. Therefore, these materials 
have potential to be utilized in various optical, electronic and catalytic applications. Optical 
properties of cobalt oxide and copper oxide thin films deposited in this work were evaluated 
using UV-Vis transmittance measurements. Catalytic properties of Co3O4 nanoparticles and 
films deposited using the Cot–Bu(DAD)2 + O3 ALD process were tested in the photoelectro-
chemical water splitting reaction. Optoelectronic properties of Cu2O films deposited from 
Cu(OAc)2 + H2O were studied by making photoconductor test structures. 

6.3.1 Optical properties and band gap analysis 

Optical properties of Co3O4, Cu2O and CuO films deposited during this work were evaluated 
with UV-Vis transmittance measurements and using the Tauc plot method (Figure 23).I–IV  

 

 
Figure 23. Band gap analyses for (a) a 100 nm thick CuO film deposited using Cu(dmap)2 + O3, (b)  a 100 nm thick 
Co3O4 film deposited using Co t–Bu(DAD)2 + O3 and (c) a 30 nm thick Cu2O film deposited using Cu(OAc)2 + H2O. 
Panel (d) shows transmittance data of CoO films deposited from Co(BTSA)2(THF) + H2O at 100 – 200 °C. The insets 
of panels (a) – (c) show the transmittance / absorbance data used for calculating the band gap values. The inset of 
panel (d) shows a derivative of the transmittance with respect to wavelength for a CoO film deposited at 200 °C. 
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The indirect allowed band gap obtained for a 100 nm CuO film deposited from Cu(dmap)2 
+ O3 at 120 °C was 1.1 eV.I This value is lower than what is normally reported for bulk 
CuO, 1.4 eV.57,183 However, the experimentally obtained value is in agreement with the 
band gap values of 1.1 – 1.2 eV reported for sub-100 nm thick CuO deposited using the 
Cu(thd)2 + O3 ALD chemistry.54 For copper oxide films deposited from (hfac)Cu(DMB) + 
O3 chemistry and crystallized as CuO with RTA at 300 – 500 °C, band gaps of 1.4 – 1.5 eV 
were reported.68 The authors of the (hfac)Cu(DMB) + O3 process did not, however, specify 
whether the band gap analysis was done accounting for direct or indirect transitions. As a 
note, in several reports on the optical properties of CuO thin films found in the literature, 
the band gap analysis has been done with respect to direct allowed transitions. Owing to this 
misconception, band gaps values of larger than 1.5 eV are commonly reported.56,184,185  
 
For a 120 nm thick Co3O4 film deposited using Cot–Bu(DAD)2 + O3 at 120 °C, a direct 
allowed band gap of 2.0 eV was obtained (Figure 23b). The transmittance data shown in the 
inset of Figure 23b shows two distinct optical events at approximately 810 and 550 nm, 
respectively. The absorption event occurring at 810 nm corresponds to a charge transfer 
between Co2+ and Co3+, while the optical event at approximately 550 nm corresponds to the 
excitation of electrons across the fundamental band gap.12,15 The direct band gap value of 
2.0 eV obtained for the Co3O4 films deposited in this work is in agreement with the values 
of 2.0 – 2.2 eV reported for ALD Co3O4 films deposited using the CoCp2 + O3 and  
Coi–Pr(DAD)2 + O3 precursor combinations.14,125 The band gap values of the single phase 
Co3O4 films deposited using ALD are also in agreement with the values of Co3O4 films 
obtained with other techniques, such as CVD (1.9 – 2.0 eV),12 spray pyrolysis (2.1 eV)186 
and reactive magnetron sputtering (2.0 – 2.2 eV).187 
 
For Cu2O films deposited from Cu(OAc)2 + H2O at 200 °C, the Tauc plot analysis was 
carried out assuming for direct forbidden transitions, as prompted by Malerba et al.52 For a 
24 nm thick Cu2O film deposited on glass, this approach yielded a band gap of 2.1 eV 
(Figure 23c), which is agreement with literature values reported form both bulk and thin 
film samples of Cu2O.52 The direct forbidden band gap value of 2.1 eV obtained in this work 
is not comparable to the band gap values reported for Cu2O films deposited using other 
ALD chemistries, such as (hfac)Cu(TMVS) + H2O and Cu(dmamb)2 + H2O because the 
band gap analyses in these studies were done with respect to direct allowed transitions.49,142 
The direct allowed band gap of Cu2O films reported in these studies was 2.5 eV. As a 
comparison, when the Tauc plot analysis of Cu2O films deposited in this work was done 
with respect to a direct allowed transition, a band gap of 2.4 eV was obtained. 

 
The optical properties of CoO films deposited using the Co(BTSA)2(THF) + H2O process 
at 100 – 200 °C were studied with transmittance measurements in the UV-Vis wavelength 
range (Figure 23d). Tauc plot analysis of the transmittance data did not yield valid results, 
as the band gap of CoO is approximately 6 eV 9,188 and therefore not accessible by 
transmittance measurements on films deposited on SLG. The transmittance data presented 
in Figure 23d includes a low intensity absorption event at 720 nm. This wavelength 
translates to photon energy of 1.7 eV, which does not correspond to any optical feature of 
CoO and is likely related to the Co(OH)2 or silicon impurities present in the films. 
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6.3.2 Photoelectrochemical water splitting 

For studying the electrocatalytic properties of cobalt oxide nanoparticles and thin films 
deposited with ALD, 10, 50, 100, 300, 500 and 1000 cycles of the Cot–Bu(DAD)2 + O3 
process were applied on 100 nm thick, polycrystalline anatase/rutile TiO2 photoanodes at a 
deposition temperature of 120 °C.II In comparison to the reference TiO2 photoanodes, the 
highest increase in photocurrent, incident photon-to-current efficiency (IPCE) and OER 
rate, approximately 30 %, were obtained with TiO2 thin films modified with 10 cobalt oxide 
deposition cycles (Figure 24).  

 

Despite the relatively high GPC of the Cot–Bu(DAD)2 + O3 process, 10 deposition cycles 
does not result in a continuous film, but cobalt oxide islands, or nanoparticles, are formed 
instead.II Increase in photoelectrochemical performance was observed also for photoanodes 
modified with 50, 100 and 300 cobalt oxide deposition cycles. However, photocurrent 
measurements with chopped illumination revealed that the photoanodes modified with 
thicker cobalt oxide overlayers suffered from a fast recombination of the photogenerated 
charges, which can be caused by the accumulation of holes in the electrocatalyst layer.189  
Based on the IPCE plot shown in Figure 24b, the surface modification of TiO2 thin film 
photoanodes does not result in visible light activity. Instead, the improvement in the device 
performance stems from the capability of cobalt oxide nanoparticles and overlayers to 
extract photogenerated holes from TiO2 and to catalyze the OER (Figure 24c,d).27,28 

Figure 24. Photoelectrochemical properties of 100 nm TiO2 photoanodes with (red) and without (black) 
modification with 10 cobalt oxide deposition cycles. (a) photocurrent transients at different illumination 
wavelengths, (b) IPCE–plot, (c) photocurrent over 60 minutes, (d) a snapshot of the rate of the oxygen evolution 
reaction during 60 minutes of irradiation. 
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6.3.3 Photoconductivity 

Photoconductivity is a known effect for both n-type and p-type semiconductors.190 The 
fundamental mechanism of photoconduction in semiconductors is the light-induced 
excitation of electrons from the valence band to the conduction band. As a consequence, the 
concentration of free electrons or holes available to carry electric current is increased.  
In order to induce photoconductivity, the wavelength of irradiation must match the band 
gap of the semiconductor. 

 
 

 
Figure 25. Optoelectronic properties of Cu2O photoconductor devices. (a) Schematic presentation of the Cu2O photo-
conductor test structure. Inset of panel (a) : Image of the photoconductor devices from glass side (back side). (b) 
Responsivity and absorbance as a function of illumination wavelength. (c) Relationship between photocurrent and 
responsivity on illumination light density. (d) Time-dependent photocurrent response of a device illumination for  
1 minute. Inset of panel (d) : time-dependent photoresponse with chopped illumination (10 s on, 10 s off). In (c) and 
(d), a 405 nm laser was used for illumination. Image reproduced from IV, Copyright ® 2019 Authors, distributed 
under a Creative Commons CC BY License. 

 
Cu2O holds potential to be used in photodetection in the visible wavelength range due to its 
band gap of approximately 2.1 eV and a high absorption coefficient for visible wavelength 
photons.52 The evaluation of the optoelectronic properties of approximately 24 nm thick 
Cu2O films deposited at 200 °C consisted of photocurrent measurements and analysis of 
parameters related to photodetection, such as responsivity and time constants.IV 
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The responsivity of a photodetector is defined as  
 

R = 
Iphoto

Plight
= 

Ilight −  Idark

Pd ∙ A
 ,            (13) 

 
where Iphoto (ΔI) is the photocurrent, i.e. the difference between current under illumination 
(Ilight) and dark current (Idark). Plight is the power of the incident light at the sample surface. 
Plight can be also defined as the product of intensity Pd of the light source and the area of the 
device, A.  

 
As seen from Figure 25b, the responsivity of the thin film photoconductor follows the 
absorbance of Cu2O. When the illumination power density was kept constant, the highest 
responsivity and therefore, the highest photocurrent was observed when the device was 
activated using illumination at 405 nm. Upon illumination at this wavelength, a maximum 
in responsivity was reached at an incident power density of 1 mW cm–2 (Figure 25c). 
Therefore, the 24 nm thick device is saturated at very low illumination power densities. The 
increase in photocurrent under illumination at 405 nm was found to depend on the 
illumination power density according to Iphoto ∝ Pd 

(0.5). 
 

Temporal photocurrent measurements revealed that the photocurrent of the Cu2O thin film 
device did not saturate even after 60 s of illumination (Figure 25d). The relaxation time of 
the device was correspondingly long, in the order of 300 s. The slow switching 
characteristics of Cu2O are caused by the persistent photocurrent (PPC) effect, which has 
been suggested to originate from the trapping of electrons to intra-band gap states.191 The 
PPC effect causes the conductivity of Cu2O to slowly increase upon illumination and the 
increase in conductivity to persist under dark conditions. In comparison to bulk crystals of 
Cu2O in which the PPC effect persist for several days,51 the nanometer level thickness of 
the Cu2O thin films contributes to a faster discharge of the PPC effect. 
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7 Conclusions 

The goal of this PhD project was to explore and develop new chemistries for depositing 
cobalt oxide and copper oxide thin films using ALD. Notably, studies on deposition and 
characterization of thin films of cobalt oxides and copper oxides are of great importance, as 
these materials have the potential to enable various technologies, such as solar fuel 
production, thin film batteries and transparent electronics. Moreover, as the direct 
deposition of transition metals with ALD has proved to be challenging, the deposition of 
oxide films and subsequent post-deposition reduction to metals can offer an alternative route 
to enable both cobalt and copper metallization. 
 
During the course of this work, two new cobalt oxide and two new copper oxide ALD 
chemistries were systematically evaluated and properties of the films obtained from each 
respective process thoroughly characterized. All four ALD processes developed in this work 
exhibited saturative growth behaviour. From the point of view of depositing uniform and 
conformal thin films, the saturative film growth mode is essential. 
 
The Co(BTSA)2(THF) + H2O precursor combination was found to produce cobalt oxide 
films that contained significant amounts of hydrogen, carbon and silicon as impurities. The 
amount of impurities in the films could be minimized by using a low deposition temperature, 
but the deposition of stoichiometric and pure CoO could not be achieved. The H impurities 
in the films originate either from hydroxides or the BTSA ligands. The BTSA ligands are 
also the origin of the C and Si impurities. No nitrogen was detected in the films, which 
suggests that the N–Si bond in the BTSA ligands is labile and likely to break under 
conditions that are typical for ALD of oxide thin films. Other possible mechanisms for H, 
C and Si impurity incorporation are the condensation of BTSA ligands or the reaction of 
BTSA ligands with OH groups. 
 
Cot–Bu(DAD)2 proved to be a well-suited precursor for low-temperature (100 – 120 °C) ALD 
of cobalt oxide thin films. This precursor was unreactive toward H2O, but using the more 
reactive O3 as the oxygen source enabled the deposition of polycrystalline Co3O4 thin films. 
The GPC for this process was relatively high, approximately 1.0 – 1.2 Å depending on the 
deposition temperature. Based on ToF-ERDA measurements, the films deposited from  
Cot–Bu(DAD)2 + O3 contained approximately 5 at-% of hydrogen, while the contents of 
carbon and nitrogen impurities were < 2.0 at-%. According to XPS analyses, hydrogen in 
the films is forming cobalt hydroxide. Furthermore, this low-temperature ALD chemistry 
was also shown to be suitable for depositing electrocatalytic cobalt oxide nanoparticles on 
TiO2 thin film photoanodes and thereby increasing the performance of TiO2 in the oxygen 
evolution reaction. 
 
Cu(dmap)2 was found to be an exemplary precursor for low-temperature copper oxide ALD. 
The films deposited with O3 at 80 – 140 °C were polycrystalline CuO and contained low 
amounts of light impurities, < 7.4 at-% H, < 2.0 at-% C and < 0.9 at-% N. The optimal 
deposition temperature with respect to film crystallinity and purity was 120 °C. Despite the 
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high degree of crystallinity, surface roughnesses of the films were low, approximately 5 % 
of film thicknesses for 20 – 30 nm samples thick films on Si substrates. 

 
The Cu(OAc)2 + H2O ALD chemistry proved to be interesting in a sense that it produced 
Cu2O thin films even though the oxidation state of copper in Cu(OAc)2 is +2 and no separate 
reducing agent was used. This redox chemistry is explained by the thermally induced 
reduction of Cu(OAc)2 to the volatile CuOAc. The Cu2O films deposited at 200 °C using 
Cu(OAc)2 + H2O were polycrystalline, phase-pure and virtually free of impurities. Even 
though ALD is well-known for its ability to produce high-quality thin films with low 
impurity content, the deposition of oxide films with only 0.4 at-% H and ≤ 0.2 at-% C can 
be considered to be exceptional. Based on in-situ reaction mechanism studies, the film 
growth in this process proceeds through ligand exchange and results in the formation of 
acetic acid. 

 
Concerning future studies on the topic of this thesis, emphasis should be placed on 
developing new precursors suitable for depositing cobalt oxide and copper oxide thin films.  
A significant part of the metal precursors described in this work have been originally 
designed for the deposition of metallic cobalt and copper films with either CVD or ALD. 
While these precursors can be also used to deposit oxide thin films, the design and synthesis 
of volatile and reactive molecules specifically optimized for oxide deposition would 
undoubtedly be beneficial. 

 
With respect to applications, the deposition of ternary and quaternary cobalt- and copper-
containing oxides using ALD should be explored further. As an example, an ALD 
deposition process for the prototypical p-type TCO, CuAlO2, remains to be published even 
though robust ALD processes for both Cu2O and Al2O3 exist. In view of obtaining thin films 
with optimized electronic and optical properties, epitaxial deposition of these materials 
should also be considered. 
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