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Chapter 1 

Introduction 

The aim of this PhD research is to expand the state-of-the-art in chemical vapor-based 

thin film deposition routes by addressing either new deposition techniques or 

exploring novel combinations of existing ones. This chapter starts with an introduction 

to chemical vapor-based thin film deposition techniques and history of their 

development. Next, the contribution of this thesis to the state-of-the-art thin film 

fabrication techniques is identified and the adopted model systems are presented. At 

the end, the research framework and outline of the thesis are addressed. 
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1.1 Chemical vapor-based thin film deposition processes 

Chemical vapor-based thin film* deposition methods rely on chemical reactions 

between gas molecules and a substrate. Depending on the process, chemical 

reactions can occur also in the gas phase, as in chemical vapor deposition (CVD), or 

solely at the surface, as in atomic/molecular layer deposition (ALD/MLD). This is 

one of the main differences between the two approaches, which are illustrated 

schematically in Figure 1.1, reporting the example of deposition of metal oxide films. 

CVD is a continuous deposition process in which film deposition precursors can 

also undergo gas phase reactions such as, precursor dissociation and thermal 

decomposition, reduction, oxidation, nitridation, etc. Once the atomic and molecular 

species reach the substrate surface, processes of diffusion, reaction toward thin film 

formation and desorption of gaseous by-products occur. ALD on the other hand, is a 

cyclic deposition process in which growth proceeds via self-limiting reactions of 

precursors with the substrate surface. Every ALD process consists of at least two 

half surface-reactions (half-cycles), each consisting of a precursor or a co-reactant 

dosing step followed by purging/pumping of by-products (Figure 1.1). The energy 

for chemical reactions in both CVD and ALD is typically provided by heat, plasma or 

photon energy. 

Figure 1.1. Summary of the reaction steps in CVD and ALD processes for metal oxide (metal 

with three valence electrons). In the left, gases are continuously supplied to the reactor and 

all the steps coexist in the process chamber. In the right, reactions steps 1-4 are taking place 

at separate time intervals. Note that in steps 1 and 3 (in right), precursor/co-reactant species 

diffuse through the boundary layer first and then surface reaction takes place. 

* Thickness of such films can vary from fraction of a nanometer to a few hundreds of nanometers.
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Both techniques feature specific advantages owing to the nature of the reactions: 

continuous reactions in CVD lead to higher deposition rates compared to ALD. On 

the other hand, the self-limiting nature of surface reactions in ALD results in control 

on film growth at sub-nm level, which virtually leads to pinhole-free thin films with 

excellent conformality and uniformity when compared to films fabricated by CVD.1–

3 Examples of common chemistries for CVD, ALD and MLD (as a variant of ALD) 

processes are presented in Table A1.1. 

1.2 History of development of CVD  

A time-line reporting on the development of chemical vapor-based thin film 

deposition methods is illustrated in Figure 1.2. The processes are classified 

according to three categories:  

 CVD-related processes 

CVD was the first chemical vapor-based thin film deposition method developed in 

mid-19th century by depositing transition metals. Later at the beginning of the 20th 

century, CVD of silicon was introduced, which is still a valid process for depositing 

thin film silicon in industry. In the latter case, the energy required for reactions 

between the gas molecules and gas-surface were provided by heat. After  a century 

from the introduction of CVD, plasma–enhanced CVD (PE-CVD) processes were 

developed in 1950s to extend the applicability of CVD to a wider range of precursors 

and make it compatible with temperature sensitive substrates.4 In fact, the adoption 

of plasma in PE-CVD enables to carry out CVD reactions at lower thermal budget, 

because of the enhanced reactivity of species in the gas phase and at the surface by 

electrons, photons and ions present in the plasma.5 Plasma sources can be operated 

at low pressure as well as atmospheric pressure leading to glow discharge (APG),6,7 

dielectric barrier discharge (DBD),8 corona and microwave discharges.9–11 Laser and 

ultraviolet light are also excitation sources adopted to promote CVD reactions, 

known as photo-CVD.12–14 Hot-wire-assisted CVD (HW-CVD) or catalytic-CVD, is 

primarily known for the deposition of a-Si:H films.15,16 It makes use of a hot filament 

(>1000 ˚C) above the substrate surface to activate the precursor molecule (SiH4 in 

case of a-Si:H) in the gas phase. At the same time, the gas phase collisions are 

minimized by keeping the chamber pressure low. A similar novel approach, 

initiated-CVD (i-CVD) or hot-filament CVD (HFCVD), was adopted in early 2000s for 

activating initiators (e.g. peroxide molecules) by a resistively heated filament (as 

low as 180 ˚C) in order to promote the classical polymerization steps of 
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initiation/propagation/termination of organic and hybrid molecules with 

unsaturated bonds or ring functionalities.17 Parallel to expansion of the excitation 

sources for CVD, several CVD and PE-CVD approaches were developed to deposit 

thin films on flexible substrates such as metal foils and plastics, in roll-to-roll 

configuration.18–20 

ALD-related processes 

Although atomic layer deposition (ALD)† was initially developed in the late 1960s in 

USSR (nowadays Russia), the first patent on ALD was filed in 1974 by Suntola et al.21 

by depositing ZnS films for electroluminescence displays. The technique soon 

became the target of many studies for fabricating metal oxides and nitrides used for 

micro- and optoelectronic applications.22 Molecules such as H2O, O2, O3, NH3, and 

N2O were commonly used as co-reactants for thermal ALD processes. Multiple 

photo-assisted ALD processes were developed in the 1980s by photocatalytic 

decomposition of metal-organic precursor on the surface using lasers.23–25 The first 

plasma-enhanced ALD (also known as plasma-assisted ALD, radical-enhanced ALD 

or plasma ALD) process was reported in 1991 for deposition of gallium arsenide 

with the use of H2-fed plasma.26 At the beginning of the 21st century, plasma was 

successfully applied in ALD to widen the ALD temperature window and to explore 

new chemistries, otherwise not accessible by thermal ALD processes.27 In plasma-

enhanced ALD, radicals mostly play the role of co-reactant in the second-half cycle 

of ALD processes. Typical plasmas are then O2, H2, N2 -fed. Furthermore, other 

plasmas such as NH3 and SF6 have also been employed for plasma-enhanced ALD of 

metals, metal nitrides and metal fluorides.27–29 

Despite the advantages earlier addressed, ALD is often associated with the 

downside of being accompanied by low throughput, given its growth-per-cycle in 

the range of 0.01-0.1 nm, for a cycle duration which generally lasts from a few to 

tens of seconds. This limitation is overcome by spatial ALD, which refers to ALD 

processes in which the exposures of the substrate to precursor and co-reactant are 

spatially separated in space, rather than by time as in temporal ALD (see appendix 

2.I for details). A flow of inert gas between the precursor and co-reactant regions

avoids any inter-mixing between precursor and co-reactant, therefore suppressing 

CVD contribution to film growth. These features also enable ALD deposition on 

continuous and flexible substrates. Back in the 1970s and together with the first 

demonstration of ALD, the concept of spatial ALD was already presented, but until 

†ALD was known as atomic layer epitaxy (ALE) till around the year 2000. Nowadays ALE is used as an 
acronym for atomic layer etching. 



14 Chapter 1 

2000s, only a few processes were reported in which precursor and co-reactants 

were spatially separated.24,30 Roll-to-roll ALD on flexible continuous web was 

reported for depositing ZnO in 2008.31 Three years later, O2 plasma was employed 

in a spatial rotary reactor and the first plasma-enhanced spatial ALD process was 

stablished for depositing Al2O3.32 In fact, spatial ALD processes paved the way for 

further industrialization of ALD by increasing the process throughput without 

compromising on film quality. In parallel, also the development of atmospheric 

pressure ALD processes in both temporal33–35 and spatial36,37 modes has taken place. 

More recently, other new ALD processes, such as hot-wire-assisted ALD (HW-

ALD)38 and electron-enhanced ALD (EE-ALD)39 were introduced. 

MLD-related processes 

Molecular layer deposition (MLD) is analogous to ALD by which hybrid 

inorganic/organic or organic films are developed. The first MLD process was 

reported in 1991 for depositing polyimide polymer films using pyromellitic 

dianhydride (PMDA) and 2,4-diaminitrobenzene (DNB) or 4-4´-diaminodiphenyl 

ether (DDE) as precursors.40 Later on, many (homo/hetero-) bi-functional aliphatic 

and aromatic alcohols, amides and carboxylic acids were employed as precursors 

for MLD of polymer films such as polyamide, polyimide-amide, polyurea, polyester 

and polyimine.41–43 

One of the large advancements in the field of atomic/molecular layer processing 

has occurred in 2007 by combining inorganic chemistry of ALD and organic 

chemistry of MLD towards fabricating hybrid (inorganic/organic) films.44,45 In this 

approach, a metal-organic or metal-halide precursor (those common for ALD of 

oxides and metals) is adopted as precursor together with an organic monomer as 

co-reactant to deposit films with unique functional properties, known as 

“metalcones”.43,46 Thermal, mechanical and electrical properties of different types of 

metalcones deposited by MLD have been studied and compared to metal oxides.47–

49 Furthermore, material properties of these hybrids can be readily tuned by 

alternating MLD cycles with ALD cycles. More recently, oxidative and photo-assisted 

MLD processes have been reported for organic film deposition in literature.50,51 

Development of these energy-enhanced MLD processes are discussed in more detail 

in Chapter 2. 
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1.3 Contribution of this thesis to the development of chemical 

vapor-based thin film processes 

The time-line presented in Figure 1.2 indicates that a remarkable progress in thin 

film deposition technologies has taken place over the last 15 years. This thesis 

contributes to this progress by expanding the state-of-the-art thin film deposition 

techniques with the introduction of a micro-plasma printing process at atmospheric 

pressure (Chapter 5) and with the demonstration of plasma-enhanced MLD process 

of metalcones (Chapter 7). The deposition techniques and materials which are used 

as model system in this thesis, together with their precursors and co-reactants are 

summarized in Table 1.1.  Moreover, this thesis addresses several applications of 

thin films. Spatial ALD (S-ALD) is utilized to develop dense inorganic single-layers 

(Chapter 4), while the combination of PE-CVD and plasma-enhanced ALD (PE-ALD) 

is used to synthesize inorganic/inorganic bi-layers (Chapter 6). Both approaches 

provide high throughput solutions for fabricating high quality moisture barrier 

layers. Furthermore, MLD is combined with ALD to prepare environmentally stable 

multi-layers of potential use as transparent conductive films (Chapter 8). 

 
Table 1.1. Summary of the processes and materials used for investigation in this thesis. 

Abbreviation are listed on page 7. 

* Micro-plasma printing process was performed at atmospheric pressure. 

1.4 Research framework and outline of the thesis 

Chapter 2 contains a brief literature review on the recent developments in energy-

enhanced chemical-vapor based thin film deposition processes. Details of the new 

setups used for thin film deposition and analysis in this thesis are described in 

Processes Materials Precursors co-reactants Chapter 

Plasma-enhanced ALD TiO2, Al2O3 TTIP, TMA O2 plasma 4, 6 

Thermal ALD/MLD 
TiO2, ZnO, Zincone, 

Alucone 
TTIP, DEZ, TMA H2O, HQ, EG 4, 5, 7, 8 

Micro-plasma printing* TiO2 TTIP N2/O2 plasma 5 

Plasma-enhanced CVD SiO2 V3D3 O2 plasma 6 

Plasma-enhanced MLD Alucone TMA EG, He plasma 7 

Spatial ALD TiO2 TTIP H2O 4 
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Chapter 3. The following research fields are studied in detail in the framework of 

this Ph.D. work in Chapters 4 – 8: 

Chemical vapor-based deposition processes at low temperatures for 

fabricating high quality TiO2 films 

In Chapter 4 and Chapter 5 titanium tetraisopropoxide (TTIP)-based deposition 

processes are adopted to deposit thin films of amorphous TiO2 at low temperatures 

(< 120 ˚C), and at low (1 mbar), as well as at atmospheric pressure. TTIP is a cost-

effective precursor with relatively high vapor pressure compared to the other 

metal-organic Ti precursors, which makes it competitive for industrial applications. 

In Chapter 4, thermal and plasma-enhanced ALD processes, including high 

throughput spatial ALD are developed to deposit TiO2 moisture barrier films. Film 

material properties (chemical composition, refractive index, water vapor 

transmission rate) are evaluated and the comparison among TiO2 films deposited 

by both temporal and spatial ALD (Figure 1.3) processes at the same range of 

substrate temperature is carried out. 

In Chapter 5, one-step patterning of TiO2 films is explored by using a newly 

developed atmospheric pressure micro-plasma printer at low temperatures (65 ˚C). 

Using this system, plasma can be locally activated only on the desired areas of the 

substrate as shown in Figure 1.3. Upon hardware modification of the printing head, 

the films are deposited under CVD mode by injecting TTIP directly to the N2/O2 

plasma, and under ALD mode by alternate exposure of the surface to TTIP and N2/O2 

plasma and with spatially separated by N2 gas curtains. TiO2 films fabricated by the 

two deposition modes are evaluated and compared in terms of their morphology, 

impurity content, refractive index, and printing resolution. 

Figure 1.3. The deposition techniques used in Chapters 4 and 5 of this thesis for large-scale 

(Spatial ALD) and local deposition of TiO2 thin films, respectively. 
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Innovations and synergy in chemical vapor-based deposition routes 

for fabricating inorganic and hybrid films 

Chapters 6, 7 and 8 describe the development of either new deposition techniques 

or the combination of existing deposition routes (Figure 1.4) addressed in the 

following:  

Figure 1.4. Summary of the approaches employed in Chapters 6, 7 and 8 of this thesis, from 

left to right. (A: TMA, B: O2 plasma, B´: EG, C: He plasma, D: DEZ, E: H2O, F: HQ) 

Synergy between PE-CVD and ALD: SiO2/Al2O3 bi-layers serving as moisture 

barrier layers 

The synergy between PE-CVD and PE-ALD toward high throughput synthesis of high 

quality moisture barrier layers is explored in Chapter 6. The deposition of an ultra-

thin Al2O3 layer by ALD on top of a PE-CVD SiO2 film as shown in Figure 1.4, lead to 

a transition from mediocre (intrinsic WVTR ~ 10-3 g.day-1m-2) to excellent barrier 

properties (intrinsic WVTR ~ 10-5 g.day-1m-2) in the SiO2 film. The mechanism 

behind this transition is unravelled by means of ellipsometric porosimetry (EP) 

studies on pristine and Al2O3-capped SiO2 films. EP (details of the technique can be 

found in Chapter 3) is a sensitive optical diagnostic tool for analysing (content, size, 

shape) of open-porosity‡ in thin films, especially suitable for detection of low 

amounts of porosity (even less than 1%). By utilizing selected probe molecules with 

‡ Pores that are connected to surface of the film. 



18 Chapter 1 

different molecule size (0.27 - 0.6 nm) in Chapter 6, information with respect to the 

mechanisms leading to the excellent barrier performance of Al2O3-capped SiO2 are 

inferred. 

Variations on MLD: Toward environmentally stable hybrid films 

Hybrid films prepared by MLD are often recognized as environmentally unstable 

due to infiltration of H2O (d = 0.27 nm) into their micro-porosity§ and subsequent 

chemical reactions which lead to the film decomposition. Hence suppression of 

micro-porosity in hybrid films can be highly beneficial for inhibiting H2O ingress to 

the films and therefore brings about stability of the hybrid films. Two different 

variations of MLD are explored to overcome the environmental stability issue of 

these hybrid films in Chapter 7 and Chapter 8. In the former, a plasma-enhanced MLD 

(PE-MLD) process is investigated for the first time, while in the latter, the synergy 

between ALD and MLD laminates is explored to synthesize environmentally stable 

hybrid thin films. In both cases, insights regarding porosity and stability of the films 

are achieved by EP and infra-red spectroscopy studies, respectively. Specifically, 

 In Chapter 7, PE-MLD process is innovated by incorporating a He-fed

plasma step after organic monomer pulse in the MLD cycle as shown in

Figure 1.4. The application of plasma allows for modifying film structure, as

well as changing chemisorption of metal-organic molecules during the

deposition process. In fact, PE-MLD adds extra parameters to the

conventional MLD process for tailoring material properties of the films. In

the case study of plasma-alucone by TMA/EG/He-fed plasma, changes in

stoichiometry, density and micro-porosity of the films are monitored with

respect to the thermal-alucone film. Moreover, an improved stability of the

plasma-alucone under ambient condition with respect to the thermal-

alucone is achieved and motivated by EP studies. It is concluded that a

reduction of micro-porosity in the films occurs upon exposure of the MLD

surface to a He-fed plasma.

 In Chapter 8, thermally driven ALD and MLD processes are combined in

super-cycle manner as shown in Figure 1.4 to fabricate hybrid ZnO-zincone

multilayers. The main goal of this study is to investigate the mechanism

behind improved environmental stability of ZnO-zincone multilayers (with

a few ZnO ALD cycles in the multilayer structure) with respect to the

§ According to IUPAC classification, porosity with d < 2 nm and 2 nm < d < 50 nm (d: pore diameter)
are defined as micro-porosity and meso-porosity, respectively. The term "nano-porosity" is also used 
instead of micro-porosity for pores with d < 2 nm in the literature. 
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zincone film. The systematic reduction in micro-porosity content of the 

multilayers and its correlation with the improved environmental stability 

of the films are elucidated in detail. 
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Appendix 1 

Table A1.1. Examples of chemistries for CVD, ALD and MLD.27,43,52–56 

Process Thin film  Precursor Co-reactant 

CVD* Oxide: SiO2, Al2O3, TiO2, ZnO, 

WOx, Fe2O3, SnO2, NiO, HfO2, 

ZrO2 

Metal-organics, 

Metal halides, Metal 

amides 

O2, O3, H2, Plasmas, 

etc. 

 Pure element: Si, Fe, C, Ag, Al, 

Cu, Co, Cr, Hf, Mo, Ni, Au, Pd, 

Pt, Ru, Rh, Zr, W, Ti, V, Ta 

  

 Nitride: TiN, BN, ZrN, HfN, 

TaN, NbN, VN 

  

 Carbide: SiC, WC, Mo2C, TiC, 

HfC, VC, TaC 

  

ALD Oxide: Al2O3, TiO2, ZnO, ZrO2, 

SnO2, CoOx, RuOx, CuOx, NiO, 

Ga2O3, MgO, Li2O, SiO2, POx, 

CaO, VOx, CrOx,  FeOx,  Nb2O5, 

In2O3, SnO2, Ba, HfO2, WOx, 

PtOx 

Metal-organics, 

Metal halides, Metal 

amides 

H2O, O3, NH3, O2, H2, 

H2O2, N2O, Plasmas, 

etc. 

 Pure element: Co, Fe, Ru, Pt, 

Ni, Al, Cu, Zn, Si, Ge, Rh, Ag, 

Pd, Sb, Ir, W 

  

 Nitride: AlN, TiN, Si3N4, GaN, 

InN, BN, Cu3N, ZrNx, MoxN, 

HfN 

  

 Other: Sulfides, Oxy-nitrides, 

Carbides, phosphates, 

fluorides 

  

MLD Polymer: polyamide, 

polyimide, polyuria, 

polyurethane, polythiourea, 

polyester, polyimine 

Acid anhydrides, 

acid chlorides, 

aldehydes, etc. 

Alcohols, Amides, 

Carboxylic acids 

 Hybrid: Alucone, Zincone, 

Titanicone, Zircone, 

Hafnicone, Tincone 

Metal-organics, 

Metal halides, Metal 

amides 

Alcohols, Amines, 

Phenols, Carboxylic 

acids 

 

* The co-reactant term is not popular in the CVD process. All gases might be considered as CVD precursors 

or process gases. 
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Chapter 2 
 

 
State-of-the-art in energy-enhanced chemical 

vapor-based thin film deposition 

 
 

This chapter addresses the most recent advancements in energy-enhanced chemical 

vapor-based thin film deposition techniques. The focus is mainly placed on plasma-

enhanced processes, because most of the processes used for thin film deposition in this 

thesis are employing plasma. 
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2.1 Introduction 

Chemical vapor-based thin film deposition processes can be categorised by the 

method which is used to activate the precursor molecules during the deposition 

process. In addition to heat, the required energy for activating the precursor 

molecules can be supplied by plasmas, UV-photons, etc. The processes which 

employ such extra energy sources are defined as energy-enhanced processes and 

are summarized in Table 2.1. 

 

Table 2.1. Summary of energy-enhanced chemical vapor-based thin film deposition 

processes, sources and reactive species which lead to film growth. The energy-enhanced 

processes which are investigated in this thesis are shown in blue color in this table.  

Activation 
method 

Sources  Reactive 
species  

CVD ALD MLD 

Electrical 
discharge 

Low pressure 
plasma (ICP, 
CCP, 
microwave), 
atmospheric 
pressure 
plasma (DBD, 
APG) 

Ions, 
radicals, UV-
photons, 
electrons, 
Other 
reactive 
species (O3, 
NxOy, etc.)** 

Plasma-
enhanced CVD, 
Plasma 
polymerization 
 

Plasma-
enhanced ALD, 
Radical-
enhanced ALD 
 

Plasma-
enhanced 
MLD* 
 

Light UV lamp, 
plasma, laser 
 

UV and 
visible 
photons, 
radicals 
 

Photo-assisted 
CVD 
(photochemical 
vapor 
deposition), 
Laser-assisted 
CVD 

Photo-assisted 
ALD 
 

Photo-
activated 
MLD 
 

Thermal 
activation 

Hot 
grid/filament 
 

Radicals Initiated-CVD, 
Hot wire-CVD, 
 

Hot-wire-
assisted ALD 

 

Others Focused ion 
beam, Electron 
flood gun 

Ions, 
Electrons 

Focused Ion-
beam 
deposition,  

Electron-
enhanced ALD 

 

* Plasma-enhanced MLD process was developed in the framework of this thesis (Chapter 7). 
** Deposition processes which use only ozone (generated remotely from the reactor) as co-reactant might be 
categorized as either thermal or energy-enhanced. 

 

Energy enhanced processes enable chemical reactions either in the gas phase or 

at the surface, at a lower thermal budget, which is beneficial for deposition of thin 

films on thermally sensitive substrates.1 For example, by using plasma-enhanced 

ALD in Chapter 4, the substrate temperature could be lowered to 80 ˚C to avoid heat-

induced damage of the polymer substrate without sacrificing the film’s quality. 

Lowering the process temperature also decreases the probability of precursor 

decomposition during film deposition. Working at lower process temperature is not 

the only added value of plasmas, as they also offer a number of merits over thermal 
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deposition processes including a higher degree of freedom in choice of precursors, 

better control in tailoring materials properties and often higher growth rates.2 

Among the different energy-enhanced deposition processes, only plasma-based 

processes have been utilized to deposit the films in this work. Thus, mostly plasma-

based deposition processes are going to be discussed here in this chapter. 

2.2 Plasma-based CVD and ALD processes 

Chemical reactions in plasma-based CVD and ALD are enhanced by gas-phase 

species produced in electrical discharges close to the surface. Specifically, highly 

reactive species such as radicals, ions and electrons can contribute to the surface 

chemistry and the synthesis of a film in plasma-based CVD and ALD. Therefore, the 

choice of type and properties of the plasmas used for plasma-based CVD and ALD 

process can largely influence the growth and properties of the deposited films. 

 Classification of plasmas 

Plasma is identified as a reactive medium consisting of freely moving charged 

particles and other gas-phase species.3 Plasmas are generally formed in the volume 

between electrodes by providing direct or alternate current (DC/AC) voltage 

sources, often referred to as gas discharge. More details about plasmas can be found 

in appendix 2-II.  

Plasmas are characterized by different parameters among which plasma density 

and the temperature of the several species populating the plasma are the most 

relevant. Based on temperature, plasmas are classified into two main categories, as 

either thermal (quasi-equilibrium) or non-thermal (non-equilibrium). Selected 

parameters of these two types of plasmas are summarized in Table 2.2. In thermal 

plasmas, species are in local thermodynamic equilibrium and their temperature are 

equal: Te = Ti = Tg (Te: electron temperature, Ti: ion temperature and Tg: gas 

temperature). The gas temperature in thermal plasma can reach values of 1-2 × 104 

K, mainly due to elastic collisions between electrons and gas molecules. Thermal 

plasmas, e.g. thermal arc, are sustained at high pressures (near atmosphere or 

atmospheric pressures) and characterized by a high plasma density (ne ≈ ni ≈ 1014 -

1019 cm-3, ne: electron density ni; ion density).4 These types of plasmas have  limited 

application in thin film deposition, e.g. CVD of diamond coating using arc-jet CVD,5,6 

but are more popular for depositing coatings by plasma spraying. 
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Table 2.2. Typical parameters of thermal and non-thermal plasmas and their application in 

chemical-vapor based thin film deposition. (α = degree of ionization = ni/n, ni: ion density, n: 

plasma density) 

 Te 

(eV) 

Tg 

(K) 

α examples Application in chemical 

vapor-based thin film 

deposition 

Thermal 1-2 1-2×104 >10-2 Arc, Fusion Arc-jet CVD 

Non-

thermal 

1-10 300-500 < 10-4 Low and atmospheric 

pressure glow 

discharges 

PE-CVD, PE-ALD,  

PE-MLD 

 

In contrast, species are not in local equilibrium in non-thermal plasma and the 

temperature of electrons is much higher than the temperature of heavy particles: Te 

>> Ti ≈ Tg. Electron temperature in non-thermal plasmas can be as high as 104-105 K 

(1-10 eV), while the gas temperature can be as low as room temperature.7,8 This 

makes non-thermal plasmas compatible with processing at low substrate 

temperature. Non-thermal plasmas are usually generated at low pressures, low 

powers or by different types of pulsed discharge systems. 

Non-thermal plasmas, also referred to as glow discharge or cold plasma can be 

classified according to their external parameters, e.g. working pressure, excitation 

frequency, type of gas and electrode configuration. Non-thermal plasmas employed 

for thin film deposition are often classified in terms of their working pressure into 

two main classes of low and atmospheric pressure plasmas. Thin film deposition by 

these main categories are addressed in the following two sections, while 

fundamental aspects are addressed in appendix 2.II. 

 

 Low pressure plasma-based CVD and ALD 

Low pressure, non-thermal plasmas are commonly used for thin film fabrication by 

both CVD and ALD processes. At low pressures, mean free paths are long (e.g. 6 mm 

for nitrogen molecules at 0.01 mbar) and collisions between the particles in the 

plasma are less frequent than at high pressure. Therefore, the temperature of gas in 

low pressure plasmas is not increased by the temperature of the electrons and the 

non-equilibrium condition for cold plasma generation, i.e. Te >> Ti ≈ Tg, is fulfilled. 

Multiple reviews have already been published on low pressure plasmas for PE-

ALD and PE-CVD.2,9,10 Here in this section, the low pressure configurations of cold-

plasmas which are commonly used for both PE-ALD and PE-CVD are briefly 

explained. The low pressure plasma configurations used for CVD and ALD processes 

can be classified into two main categories of "direct" and "remote" plasmas. The 
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difference between the two is that in the former, substrate is located where the 

plasma is generated, while in the remote plasma the substrate is located outside of 

the plasma region and is not involved in the plasma generation (Figure 2.1). Direct 

plasmas are typically parallel-plate capacitively coupled plasma (CCP) powered by 

radio frequency (RF, 13.56 MHz), in which one of the electrodes is powered and the 

other one is grounded. In this configuration, gases typically enter the reactor 

through showerhead electrode or from a side of the electrodes. The CCPs are 

commonly used for both PE-CVD and PE-ALD processes at low pressures. In such 

plasma configuration, flux of the ions and radicals to the surface can be rather high 

depending on the plasma chemistry. Moreover, energy of ions and radicals on the 

surface in direct-plasma reactors can be substantial depending on the process 

conditions, e.g. pressure and applied voltage. In order to reduce the flux and energy 

of ions arriving at the substrate surface in direct plasma, a grounded grid can be 

placed in between the electrodes.11,12 This approach leads to confinement of the 

plasma in between the powered electrode and the grid and reduces the flux and 

energy of the high energy ions and photons to the substrate surface (Figure 2.1b). 

Such plasma configuration is, for example, used for deposition of TiO2 by PE-ALD in 

Chapter 4. It is also possible to apply an external voltage (pulsed DC or RF) to the 

grid. The latter can enhance the control over plasma density in addition to flux of 

the ions and radicals to the substrate surface.13 Additionally, direct current (DC) and 

microwave (Figure 2.1a and c) are among the other direct-plasma sources for PE-

CVD.14–18 

Remote plasma sources are typically either microwave or RF driven inductively 

coupled plasma (ICP). In these cases, the substrate is placed downstream of the 

plasma source (Figure 2.1d and e) and is not involved in the plasma generation.19–21 

Hence unlike the direct-plasma, the plasma’s composition and properties in remote-

plasma can be controlled independent from the substrate.2 It is worth mentioning 

that the average energy of ions at the grounded substrate surface in ICP can still be 

as high as a few tens of eV.9 A remote ICP plasma source is used for PE-ALD of Al2O3 

in Chapter 5. In remote plasmas, there is a possibility to enhance the ion energy by 

biasing the substrate with an external DC or RF voltage, while ion flux can be 

controlled rather independently by changing the plasma power. Remote plasmas 

with substrate biasing were initially used in PE-CVD for tuning the material 

properties of thin films.22–26 More recently, RF substrate biasing has been employed 

in ICP reactors for tailoring material properties of various oxides and nitrides during 

PE-ALD.27–30 ALD by remote plasmas when the plasma source is placed at a relatively 

far distance from the substrate surface (Figure 2.1f) is known as radical-enhanced 

ALD.31,32 Due to the relatively large distance between the plasma source in the latter, 
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only reactive radicals which have a higher lifetime than ions and electrons are able 

to reach the substrate surface.  In addition to the above-mentioned plasma sources 

for thin film deposition at low pressures, there has been many other plasma sources 

and configurations for PE-CVD such as expanding thermal plasma (ETP),33 DC 

microplasma,34 dual frequency plasma sources,35,36 hollow-cathode,37,38 etc. 

 

 

 
Figure 2.1. The most popular low pressure plasma configurations used for chemical vapor-

based thin film deposition. Direct plasmas: a) Parallel-plate DC or RF plasma (CCP). b) CCP 

with a mesh in between the electrodes (this configuration is also known as remote CCP). c) 

Direct microwave plasma.  Remote plasmas: d) ICP with or without substrate biasing, e) 

Remote microwave plasma. f) Remote ICP/MW for radical enhanced ALD. Part of this figure 

is adapted from ref.39 

 

 Atmospheric pressure plasma-based CVD and ALD 

There has been an increasing interest in thin film fabrication by atmospheric 

pressure plasmas over the last two decades.40–42 The main advantage of thin film 

deposition at atmospheric pressure is eliminating the costly vacuum equipment 

required for low pressure processes. A common and relatively easy approach for 

generating non-thermal plasmas at atmospheric pressure is to place an insulating 

layer in the discharge area between the electrodes. The latter is the main idea for 

generating dielectric barrier discharges (DBDs). The insulating layer in DBD helps 

to avoid streamer-to-spark transition by limiting the electric field and hence current 

and density of electrons (more details in appendix 2.II). Pulsed power sources with 

a frequency range between 0.5 and 500 kHz are mainly used as power supply and 
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the required AC voltage for such frequencies can be between 1 and 100 kV.8 

Depending on the frequency of the power supply and type of the dielectric material, 

the gap distance between the electrodes in DBD systems can change between 0.1 

mm and several centimetres. In terms of discharge properties, electron temperature 

in DBDs is in the range of 1 - 10 eV, while the electron density changes typically 

between 108 - 1015 cm-3 depending on the discharge regime (see appendix 2.II for 

more details on the discharge modes of DBDs). In fact, DBD features the most 

popular source for thin film deposition at atmospheric pressures. 

Besides the advantages offered by DBDs such as easy operation and low cost of 

equipment, thin film fabrication in atmospheric pressures using DBD is compatible 

with high throughput production by continuous deposition techniques, e.g. roll-to-

roll processing, in open air. From the materials processing point of view, a broad 

range of materials from pure organic to inorganic thin films have been fabricated by 

DBDs. Processes in which organic thin films are prepared in plasma are known as 

"plasma polymerization" and are not the subject of the present study. Fabricating 

inorganic thin films by DBD is known as AP-PECVD/AP-PE-ALD and example of both 

can be found in Chapter 5. A number of critical reviews on thin film deposition (only 

PE-CVD and not PE-ALD) using atmospheric pressure plasmas have been published 

during the recent years.41,43–45 In the following sections, first the application of DBDs 

in PE-CVD and then in PE-ALD are briefly reviewed. Types and different operation 

regimes of DBDs can be found in appendix 2.II. 

Atmospheric pressure PE-CVD 

PE-CVD by DBDs is generally achieved via two main approaches of "direct" and 

"indirect". PE-CVD with indirect DBD is known as "atmospheric pressure plasma jet" 

(APPJ), "post-discharge" or "after-glow" deposition. Active species in these 

processes are formed remotely and pushed onto the substrate surface. Details of the 

atmospheric plasma jets and their application in thin film deposition can be found 

in other reviews.40,46–48 In direct DBD, active species are created near the substrate 

which is placed between the two electrodes (the substrate can also serve as the 

dielectric itself). A few examples of direct DBD reactors for PE-CVD are shown in 

Figure 2.2. In addition to these examples, many other special configurations of DBDs 

are used for thin film deposition. An example of special configuration is needle-to-

plate DBD design used for the thin film deposition by micro-plasma printing in 

Chapter 5. Details of this micro-plasma system can be also found in Chapter 3. 
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Figure 2.2. Examples of direct DBD configurations for PE-CVD. Reprinted from ref.44 

Copyright 2012, with permission of John Wiley & Sons, Inc. 

 

PE-CVD using direct DBD might be preferred due to the higher throughput, 

however, it poses some extra challenges compared with the indirect one, as in the 

direct DBD the substrate-discharge interaction is unavoidable. Some properties of 

the substrate material such as surface conductivity and roughness have shown to 

influence the discharge in parallel-plate DBDs. When a conductive or semi-

conductive material is adopted as substrate in parallel plate filamentary DBD 

(FDBD) and glow DBD (GDBD), localized intense micro-discharges occur at the same 

position of the substrate which leads to non-uniformity of the coatings or might even 

induce damage to the substrate. In glow DBD, the high conductivity of the surface 

can lead to spreading the charge deposited by the micro-discharge all over the 

surface and the local variation of the potential is too small to stop the micro-

discharge.45,49 In the case of depositing on non-flat surfaces, e.g. 3-dimentional and 

rough substrates, using direct DBDs might lead to non-uniform coatings.50 Since the 

gap between the electrodes in DBDs is normally small (can be as low as 0.1 mm), 

changes in gap distance across the electrode due to high roughness or high aspect-

ratio features on the substrate might change the discharge regime in different parts 

of the substrate. Occurrence of local filamentary discharges in DBD when the 

discharge is operated in homogeneous glow or glow-like regime can damage the 

substrate and cause inhomogeneity of the coatings.45 

Examples of inorganic materials deposited by direct DBD are listed in Table 2.3. 

As it can be seen from the table, different regimes of DBD have been employed for 

PE-CVD of metal oxides and nitrides. Choosing the most suitable discharge regime 

for PE-CVD with direct DBD depends on the required thin film properties and the 

type of substrate material. Since filamentary discharges can operate in a wide range 

of process parameters and dilution gases, there is still a huge interest in employing 

them for direct PE-CVD. In general, filamentary discharges (FDBD) are suitable for 

deposition of low density and powder-like films. Next to this, filamentary discharge 

has shown to be beneficial for depositing films with preferred orientation and larger 

effective photocatalytic surface area.51 Instead, homogeneous discharge regimes, 
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e.g. Townsend DBD (TDBD), Glow DBD (GDBD), and Glow-like DBD (GLDBD), are 

mostly utilized when higher density, smoothness and uniformity for the final films 

are required.52,53 

Table 2.3. Examples of PE-CVD processes developed by direct DBD. 

Discharge Film Substrate Precursors Dilution gas Reference 

Glow like DBD (R2R-APGD) SiO2 PEN HMDSO+air Ar 52,54 

Glow like DBD (R2R-APGD) SiO2 PEN TEOS+O2 Ar+N2 53,55 

Planar FDBD, GDBD SiO2 PET HMDSO/ 

HMDSO+air 

Ar 56 

Planar TDBD SiO2 c-Si SiH4+N2O/ 

HMDSO+N2O 

N2 42 

Planar GDBD, TDBD SiNx c-Si SiH4+NH3 Ar 57 

Needle-to-plate DBD TiO2 glass/c-Si TTIP/TTIP +O2 N2 Chapter 5 

Planar DBD TiO2 c-Si TTIP+dry air N2 58 
Planar FDBD TiO2 glass TTIP+O2 Ar 59 
Planar GDBD, FDBD TiO2 glass TiCl4 +N2O He 51 

 

 

Atmospheric pressure PE-ALD 

Despite popularity of atmospheric pressure CVD and PE-CVD in the literature, there 

have been limited studies on atmospheric pressure ALD (AP-ALD) process until 10 

years ago. Thin films of metal oxides such as ZnO, HfO2 and ZrO2 were deposited by 

alternate exposure of the substrate to spatially separated metal-halide precursor 

and O2 in a thermal AP-ALD reactor.60–65 By increasing popularity of spatial 

(Appendix 2.1) and roll-to-roll ALD processes which were often operated at 

atmospheric pressure, a great opportunity for exploring application of AP plasma in 

ALD was provided. The use of AP plasma in ALD has been explored for first time in 

2010 in an spatial ALD reactor.66 A summary of plasma-enhanced ALD processes 

which have been developed at atmospheric pressure, together with materials and 

the plasma gas mixtures is presented in Table 2.4. It is clear that among the AP 

plasma sources, DBD has been the most popular plasma source for plasma-

enhanced ALD at atmospheric pressures in both temporal and spatial modes. 

One of the main challenges associated with thermal ALD processes for depositing 

metal oxide films at atmospheric pressure when using water as co-reactant 

(especially at temperatures below 150 ˚C) is physisorption of water molecules on 

the surface during co-reactant exposure. Physically adsorbed water was shown to 

increase the growth-per-cycle (GPC) of Al2O3 ALD at atmospheric pressure by 50% 

compared to the saturated GPC at low pressures.67 Since at high pressures diffusion 
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of molecules through the boundary layer is much slower than at low pressure, long 

purge times (> 50 s) and high flow rates (> 30 slm*) of purge gas in the growth zone 

are required to purge the excess water from the reactor/substrate surface.67,68 As a 

result, thermal AP-ALD processes at low temperatures often experience the 

contribution from CVD-like growth rather than only ALD growth. 

 

Table 2.4. Summary of atmospheric pressure plasma-enhanced ALD processes reported in 
the literature. 

AP plasma source Type Reactor Thin film Plasma gas Reference 

DBD (10-100 kHz) DBD, SDBDҰ  Spatial Al2O3, ZrO2 N2/O2 69 
 (direct/remote)  ZrO2 N2/O2 70 
   Al2O3 He/O2 66 
   Ag N2/H2 71 
   ZnO, SiO2 N2/O2 72 
DBD (3-8 kHz) ISBD* Temporal TiO2 Ar/O2 73 
DBD (3-8 kHz) Remote SDBD Spatial Al2O3 Ar/O2 74,75 
   SnOx Ar/O2 74,76 
DBD (60-70 kHz) Direct Spatial TiO2 N2/O2 Chapter 5 

Microwave (2.45 
GHz) 

Remote Spatial Al2O3 He/O2 77 

Ұ Surface dielectric barrier discharge 
* Isolated surface barrier discharge 

 

As mentioned earlier in this Chapter, plasma-enhanced ALD features multiple 

advantages compared to thermal ALD. In addition to those advantages, use of 

plasma instead of water as co-reactant in AP-ALD can reduce CVD-like growth. O2-

fed plasma (diluted by a neutral gas) has been employed as co-reactant of AP-ALD 

for depositing different metal oxides (Table 2.4). In atmospheric pressure PE-ALD 

of metal oxides by O2-fed plasmas, O radicals are the major reactive species in the 

oxidation step of the ALD cycle. Moreover, a high concentration of O3 is produced in 

atmospheric pressure O2-fed plasmas (1018 cm-3 in case of DBDs)78 which can also 

contribute to the oxidation reactions. Note that H2O can be also generated in O2-fed 

plasmas as result of combustion like reactions between O radicals and surface 

organic ligands.79–81 

As shown before, both filamentary and homogeneous regimes of DBD are adopted 

in PE-CVD. Instead, in the case of PE-ALD at atmospheric pressure, where DBD is 

used as plasma source, homogeneous discharge is preferred.69 This is because for 

an ideal ALD process, homogeneous coverage of the plasma species over the surface 

is required. In order to avoid electrical-source substrate interactions and the 

possibility of generating a filamentary discharge (as discussed earlier for PE-CVD 

                                                           
* Standard litre per minute 
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using direct DBD), often remote DBDs are used for PE-ALD at atmospheric pressure. 

Both remote and direct DBD configurations were used in a spatial ALD reactor by 

Creyghton et al.69 and compared with each other. They found out that using a remote 

DBD source suppresses the electrical source-substrate interactions which often 

damages the substrate as a result of filamentary discharges. The distance between 

the remote DBDs and substrate surface in spatial ALD reactors is typically less than 

500 µm. This allows the important reactive species for PE-ALD (O radicals and O3 in 

the case of O2-fed plasma) with relatively long life time (> 100 µs) to reach the 

substrate surface and promote the growth even when produced remotely from the 

substrate. 

In addition to large area deposition with atmospheric pressure PE-ALD, local thin 

film deposition by PE-ALD was demonstrated by Poodt et al.66 They used a localized 

plasma source in a spatial rotary reactor to deposit patterns of Al2O3 in a circular 

shape. Atmospheric pressure PE-ALD is also used in Chapter 5 of this thesis for local 

thin film deposition. The local deposition of TiO2 films is demonstrated by using a 

micro-plasma printer (experimental details available in Chapter 3) as the plasma 

source for PE-ALD. The plasma configuration in the micro-plasma printer system is 

direct DBD, and the plasma is generated between grounded needle electrodes and 

the substrate which is placed on a powered electrode.  

 

2.3 Energy-enhanced molecular layer deposition 

Molecular layer deposition (MLD) is based on the same principle as ALD and was 

initially developed for organic thin film fabrication with molecular-layer precision.82 

Details of MLD process for organic and organic/inorganic thin film deposition is 

provided in appendix 2.I. Specifically, MLD of hybrids relies on self-limiting 

reactions between a metal-organic or halide precursor and one or more organic 

monomers dosed sequentially in the reaction chamber. Examples of precursors and 

thin film materials with both organic and hybrid chemistries are provided in Chapter 

1 (Table A1.1). The adoption of organic monomers with different structures, e.g. 

aliphatic and aromatic, in MLD allows for tuning the material properties of the films. 

In order to be suitable for MLD, organic monomers should provide a decent level of 

vapor pressure (> 1 Torr at T < 200 ˚C) and exhibit a decomposition temperature of 

higher than typical deposition temperatures (100-250 ˚C) for MLD films. 

Furthermore, the MLD precursor must provide at least two functional groups to 

sustain the growth via sequential half-reactions (Figure A2.1.2). The latter limits the 

application of a part of the organic monomers with sufficient vapor pressure in MLD. 

Another limitation associated to MLD is that most of the MLD processes show a very 



34  Chapter 2 

narrow process temperature window: MLD at low temperatures (< 100 ˚C) is often 

not feasible due to low volatility of the organic precursors, or might lead to 

precursor condensation and non-MLD growth. On the other side, increasing the 

deposition temperature in MLD often leads to a drastic decrease in the GPC, either 

because of out-diffusion of the molecules from the film, or increased chance of 

double reactions of the precursor with available surface reaction sites when homo-

bifunctional molecules are used as MLD precursors. The latter will be discussed in 

more detail in Section 2.3.4. 

In order to achieve specific properties in the MLD films, cross-linking of the 

organic chains is desired. For example, cross linking of aluminum-dioxybenzene 

chains in AL/HQ-based alucone has shown to improve mechanical strength and 

conductivity of the film.83 The cross-linking was achieved through post-annealing 

treatment at a temperature higher than the deposition temperature and a long 

treatment time (12 h). Cross-linking between organic chains can be also beneficial 

for supressing open-porosity and hence improving environmental stability of the 

MLD films, as the relation between porosity and stability of the MLD films was 

shown in Chapters 7 and 8. However, the cross-linked structure was only achieved 

after post-deposition annealing of the film and not during MLD. Therefore, 

development of new MLD processes to overcome the above-mentioned limitations 

and to gain more control on the thermal MLD process is sought. 

Some of the above mentioned limitations (e.g. low GPC at high temperatures, use 

of organic monomer with one functional group) of MLD can be addressed by 

coupling energy-enhanced deposition routes with MLD. Despite the popularity of 

using energetic species in CVD and ALD to facilitate reactions as mentioned earlier 

in this chapter, energy-enhanced MLD processes have hardly been studied in the 

literature. There are only a few examples of energy-enhanced MLD processes using 

UV photons and different oxidative chemistries in the literature. Energy-enhanced 

MLD processes can assist the conventional MLD processes by enabling: 1) 

Surface/monomer activation, 2) Ring opening reactions, 3) Cross-linking between 

organic chains of the monomers, and 4) Chemical reactions which are not 

thermodynamically favoured. The energy-enhanced MLD processes available in 

literature can be classified based on the activation method in three groups: photo-

activated (2.3.1), ozone-based (2.3.2), and oxidative MLD (2.3.3). Other, more recent 

approaches are addressed in Section 2.3.4. 

In fact, the development of energy-enhanced MLD processes is expected to enable 

a variety of new organic and hybrid synthesis routes which were previously 

unavailable to MLD, e.g. by enabling MLD using organic monomers with one 

functional group.  



 State-of-the-art in energy-enhanced ...   35 

Photo-activated MLD 

Photo-activated MLD (pMLD) is a new route in MLD process in which chemical 

reactions are facilitated through exposure to ultraviolet (UV) light. The possibility 

of using photochemical reactions in MLD when reactants with protected groups†, 

e.g. acyl chloride, are utilized, was hypothesized by George et al.84 Exposure of 1-(0-

nitrobenzyl)-3-oxyheptanoyl (NOC) to amine-terminated surface yields a 

nitrobenzyl-protected surface. The use of UV light would then convert the 

nitrobenzyl-protected surface to a hydroxyl-terminated surface, based on an earlier 

report on photoinduced removal of nitrobenzyl groups for deprotecting the 

underlying hydroxyl groups.85 This reaction sequence is illustrated in Figure 2.3. It 

is noteworthy that the mechanism of pMLD growth using such reactant pair has not 

been confirmed by experiments.  

More recently, UV light was employed in MLD of surface-tethered polymers relying 

on Iodo-Ene coupling chemistry.86  A schematic illustration of the organic monomers 

and the resultant polymer after pMLD is illustrated in Figure 2.4. UV light in this case 

was utilized to induce formation of covalent, nonpolar C-C linkage between ethylene 

glycol dimethacrylate (EGM) and 1,3-diiodopropane (DIP). The mechanism behind 

this photoactivated radical step-growth polymerization process was found to be 

more complex than a simple step-growth polymerization, as photoinduced 

homolytic cleavage of DIP monomer can also contribute to the pMLD growth 

process.  

Figure 2.3. Illustration of surface chemistry for incorporation of protected groups and 

deprotection of hydroxyl groups by UV light exposure. This self-limiting chemistry can be 

used to deposit MLD films by reactants containing protecting groups. Adapted with 

permission from George et al.84 Copyright 2009 American Chemical Society. 

† Protected groups are used to temporarily mask the characteristic chemistry of the functional group 
in a molecule. 
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Figure 2.4. Illustration of organic monomers and the polymer after Iodo-Ene pMLD. Adapted 

with permission from Lillethorup et al. 86 Copyright 2017 American Chemical Society. 

Ozone-based MLD 

Ozone is widely used as a co-reactant for ALD of metals87,88 and metal oxides.89–92 In 

conventional organic chemistry, ozone has often been used to cleave aromatic rings 

leading to formation of carboxylic acid groups.93–95 However, application of ozone in 

self-limiting MLD reactions has been limited to a few studies so far. Ozone was 

recently used in MLD by Haung et al.96 who introduced an ozone-assisted MLD 

process for depositing octenytrichlorosilane multilayers (Figure 2.5). In this 

process, ozone was utilized to convert the vinyl groups of 7-octenytrichlorosilane 

(7-OTS) surface to carboxylic acid terminated (-COOH) groups. 7-OTS is one of the 

well-known self-assembled monolayers (SAMs) and oxidation of C=C termination in 

this molecule using ozone was studied earlier in the literature.97,98 

Figure 2.5. Illustration of surface activation by ozone during ozone-assisted MLD of OTS 

multilayers. Different steps during one ozone-assisted MLD cycle: 7-OTS + 

H2O/purge/O3/purge/TMA/purge/water/purge. 
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In order to promote film growth in MLD, every precursor molecule should provide 

at least two functional groups. As mentioned before, this limits the applicability of 

mono-functional aromatic monomers which are characterized by relatively higher 

vapor pressure compared to bi- and tri-functional aromatic precursors. For 

example, MLD of alucone films with a metalorganic precursor, e.g. TMA, and a mono-

functional aromatic precursor, e.g. phenol, would lead to termination of growth, as 

the phenol molecule provides only one OH group to react with Al-CH3 terminated 

surface. Svärd et al.99 showed that self-limiting MLD type growth with such a 

precursor pair can be obtained by exposing the surface to ozone after completing 

every TMA + phenol MLD cycle. Ozone exposure leads to cleavage of the aromatic 

ring (Figure 2.6) and provides carboxylic acid (-COOH) surface functional groups to 

react with the TMA molecules in the next MLD cycle. Ring opening reactions also 

occurred when phenol was replaced by 3-(trifluoromethyl)phenol and 2-fluor-4-

(trifluoromethyl)benzaldehyde. 

In addition to film surface re-activation and ring opening reactions enabled by 

ozone, MLD films were grown using only ozone as a co-reactant. This is the case of 

carbosiloxane thin films using 1,2-bis[(diethylamino)-dimethylsilyl]ethane 

precursor under saturation conditions.100 In conclusion, ozone-assisted MLD opens 

up numerous opportunities for low temperature MLD using mono-functional 

aromatic monomers and enables MLD with a wider range of organic chemistry. 

Figure 2.6. Illustration of surface chemistry before (left) and after (right) ozone-based ring-

opening reaction during MLD of alucone films by TMA+ phenol+O3. Adapted with permission 

from Svärd et al.99. Copyright 2017 American Chemical Society. 

Oxidative MLD 

Oxidative MLD (oMLD) was introduced for fabricating conductive poly (3,4-

ethylenedioxythiophene) (PEDOT) polymer films using ethylene dioxythiophene 

(EDOT) and molybdenum(V) chloride (MoCl5) as precursors.101,102 Differently from 

the MLD process of hybrid films (Appendix 2.I), the metal halide precursor in oMLD 

plays the role of oxidant in the second MLD half-reaction. 
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PEDOT is often prepared by solution-based processes, vapor phase 

polymerization (VPP) and oxidative CVD (oCVD) approaches. In order to achieve the 

highest conductivity in PEDOT grown by VPP and oCVD, using a chemical additive 

and/or post polymerization treatment is essential. PEDOT films grown by oMLD 

exhibited a higher level of conductivity than films grown by conventional 

approaches without requiring the post-deposition treatments. Furthermore, the 

self-limiting nature of MLD reactions guarantees conformal growth of PEDOT films 

with sub-monolayer precision which is not easily achieved by other deposition 

methods. 

Plasma-enhanced MLD 

Plasma-enhanced molecular layer deposition (PE-MLD) is a novel approach 

presented in Chapter 7 and based on the synergy between plasma and molecular 

layer deposition. Although plasma in combination with ALD has been explored 

extensively for inorganic thin film deposition, application of plasmas in MLD which 

involves self-limiting reactions between organic and organic/inorganic reactants 

has not been studied so far. Here in this section, the limitations of thermal MLD 

processes are discussed and then benefits and the potential of using plasma in the 

field of MLD are addressed. 

Some of the limitations concerning the selection of co-reactants in MLD were 

mentioned earlier in this section. In addition to those, homo-bifunctional co-

reactants such as ethylene glycol (EG) and diethylene glycol (DEG) are prone to react 

twice in the same MLD cycle with two surface functional groups. These so-called 

“double reactions” inhibit the growth of the MLD layer. Growth termination by 

double reactions has been reported for both organic and hybrid MLD films. In case 

of organics, MLD polyurea films with different homo-bifunctional monomers have 

shown to undergo a severe reduction in the growth rate caused by double 

reactions.103 In the case of hybrid films, double reactions of EG were reported to fully 

terminate the surface sites and stop the MLD growth of titanicone and vanadicone, 

with tetrakis (dimethylamido)titanium (TDMAT) and tetrakis 

(dimethylamino)vanadium(IV) (TDMAV) adopted as precursors, respectively.104,105 

Termination of the growth in these cases was explained by unavailability of the 

surface functional groups due to double reactions of EG. Moreover, the GPC of 

alucone films deposited by TMA and EG in a range of substrate temperature between 

80 and 200 ˚C was reported to decrease dramatically by increasing the substrate 

temperature.106 A similar behavior was observed for MLD of zincone and hafnicone 

films with EG as co-reactant.107,108 In addition to an increase in precursor desorption 

by increasing the temperature, the extremely low GPC at higher deposition 
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temperature in the above-mentioned cases was partly attributed to the greater 

number of double reactions of EG at higher temperatures.106,107 Note that other than 

temperature, the extent of double reactions depends also on other parameters such 

as flexibility and length of the hydrocarbon backbone in the co-reactant 

molecule.103,109 The growth of such hybrid MLD films has been also suggested to 

proceed via CVD reactions between metal-organic molecule (adsorbed through 

diffusion into the polymer film) and EG molecules provided in the next MLD cycle.106 

In the latter, increasing the temperature leads to desorption of the metal-organic 

precursor out of the near surface areas and hence a reduction in GPC. All in all, the 

lack of a temperature window, termination of growth in special cases and the 

considerable decrease in GPC by increasing the deposition temperature restricts the 

use of temperature as a parameter in MLD to control film properties. 

 The above-mentioned limitations can be addressed by adding a plasma step to the 

MLD process. PE-MLD is referred to a process in which a plasma step is used during 

the deposition process. Plasma-surface interactions in PE-MLD provide possibilities 

for changing the surface chemistry or activating, cross-linking and densifying the 

underlying surface bonds. An example of a PE-MLD process is shown in Chapter 7 

for the case study of alucone films and the details of the PE-MLD reactor can be 

found in Chapter 3. The plasma-enhanced process is developed by adding a short He 

plasma step to the standard thermal MLD process of alucone, based on a cycle of 

TMA and EG as precursor and co-reactant, respectively. A schematic of both thermal 

and PE-MLD processes for depositing alucone films is shown in Figure 2.7.  

Figure 2.7. Scheme of the reaction sequence in a) thermal and b) plasma-enhanced MLD of 

alucone (A: TMA, B: EG, C: He plasma). 
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The choice of He plasma for PE-MLD in Chapter 7 is motivated by its smaller atomic 

mass compared to the other noble gases for plasma processing, e.g. Ar, which limits 

the damage to the film caused by heavy ions. For the case study of TMA/EG-based 

alucone, it is shown that the gentle He plasma step at moderate pressures (~ 500 

mTorr) modifies the chemical bonds of EG at the surface and provides additional 

functional groups for chemisorption of TMA in the next half-MLD cycle. The reaction 

of TMA with the He plasma exposed surface is shown to be self-limiting. It is also 

shown that the plasma can modify the materials properties of alucone. Specifically, 

an increase in density and consequently, a decrease in open-porosity content is 

observed for the alucone film deposited by PE-MLD compared to the one deposited 

by the thermal MLD process. 
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Appendix 2.I 

Basics of atomic/molecular layer deposition 

In this appendix, the basic principles and characteristics of ALD/MLD, together with 

special forms of these two processes are explained. ALD and MLD are chemical 

routes for thin film deposition from the vapor phase, wherein a sequence of self-

limiting surface reactions is repeated for a discrete number of times. A schematic 

illustration of one ALD/MLD cycle is shown in Figure A2.1.1a and b.  

Each ALD/MLD cycle typically consists of four steps: i) precursor dosing, ii) 

purge/pump, iii) co-reactant dosing and iv) purge/pump. Typical compounds used 

as precursor/reactants for both ALD and MLD can be found in Table A1.1. Film 

growth proceeds via these two self-limiting half reactions between precursor/co-

reactant and the surface. In each precursor/co-reactant dosing step, the gas phase 

molecules chemisorb to the surface by reacting with the available surface functional 

groups. It is important to note that the precursor and co-reactant molecules do not 

react with themselves and with the functional groups which they create after 

chemisorption. Therefore, increasing the dosing time after all the surface reaction 

sites are occupied will not lead anymore to an increase in growth per cycle (GPC) as 

shown in Figure A2.1.1c. GPC is an important and practical parameter for 

characterisation of every ALD/MLD process, which is calculated based on 

measuring either thickness or mass of the deposited film per deposition cycle by in-

situ spectroscopic ellipsometry (SE) and quartz crystal microbalance (QCM), 

respectively. It is also possible to measure the GPC as the number of atoms deposited 

per ALD cycle (measuring the number of deposited atoms by RBS and dividing it by 

the number of deposition cycles). The remaining precursor/co-reactant molecules 

and the reaction by-products must be purged completely from the reactor in each 

purging step. Adequate purge/pumping of precursor/co-reactant residuals and by-

products from the reactor after each dosing step is essential to prevent undesired 

CVD type growth. Saturation curves shown in Figure A2.1.1c are obtained by 

measuring GPC while increasing precursor/co-reactant dosing and purging times 

(one at a time), when other dosing/purging times are long enough. These curves are 

necessary for showing self-limiting nature of the reactions in ALD and MLD. 
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Figure A2.1.1.  Schematic presentations of important ALD/MLD growth characterization: a) 

and b) various steps in ALD and MLD, c) saturation curves of growth per cycle (GPC) and 

surface coverage during each particular step, d) and e) ideal and experimentally observed 

ALD and MLD film thickness as a function of the number of cycles, f) change in GPC as a 

function of temperature and ALD/MLD temperature window. 
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An ideal ALD/MLD growth is characterized by a constant GPC, i.e. linear increase 

in thickness by increasing the number of cycles (Figure A2.1.1d and e). However, 

often different GPC values are observed for growth of the films on substrate surface 

and as-grown films. The growth can be either delayed or accelerated. For example, 

ALD process might experience a nucleation delay at the initial stages of the growth. 

The latter happens when the growth is inhibited by the substrate surface: a concept 

which is beneficial for area-selective ALD. Specifically in MLD processes, GPC might 

decrease gradually as shown in Figure A2.1.1e when homo-bifunctional organic 

precursors with flexible backbone are used as precursor/co-reactant. The latter can 

occur due to termination of surface functional groups as a consequence of double 

reactions. 

The saturated ALD growth (GPCsat) can be affected by the substrate temperature. 

However, there is a range of temperature in which ideally the GPCsat remains 

constant known as "temperature window" (Figure A2.1.1f). Within this temperature 

range, the GPCsat (in terms of thickness per cycle) might slightly decrease by 

increasing the temperature due to the changes in the concentration of surface 

functional groups and variations in the film density or composition.1 Below this 

temperature range, drastic increase in GPC may occur due to physisorption instead 

of the desired self-saturating chemisorption. On the other hand, a decrease in the 

GPC at temperatures below the temperature window may be due to insufficient 

thermal energy for driving surface chemistry. At temperatures higher than the 

temperature window, precursor decomposition may lead to an abnormally high 

GPC. Although lower GPC can be also obtained due to desorption of chemisorbed 

precursor molecules from the surface at high temperatures. 

In addition to the simple ALD scheme shown in Figure A2.1.1b which consist of 2 

half cycles (also known as AB ALD cycle), other schemes with additional steps can 

be exploited. For example, ABC ALD cycle can be made by adding an extra C step 

(with a purge step) in every ALD cycle. Also, mixtures of 2 different AB and A´B´ ALD 

cycles can be used to deposit alloys in a super-cycle manner. In the latter, /m/ cycles 

of AB can be mixed with /n/ cycles of A´B´ to deposit films with (AB)m(A´B´)n 

reaction sequence. 
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MLD of hybrid films 

Similar to ALD for inorganic and MLD for organic thin films, hybrid organic-

inorganic thin films can be formed via self-limiting reactions using a metal-organic 

(-halide/amide) precursor and at least an organic co-reactant. A simple AB reaction 

cycle between a metal-organic and a homo-bifunctional organic molecule is shown 

in Figure A2.1.2, but processes with more complex reactions are also possible, e.g. 

ABC reaction cycle where C can be an organic molecule with different functionalities. 

Examples of the MLD precursors and hybrid films deposited by MLD can be found 

in Chapter 1 (Table A1.1). 

Hybrid thin films deposited by MLD exhibit special material properties which can 

be completely different from the two organic and inorganic parent materials. 

Furthermore, the simple MLD cycle shown in Figure A2.1.2 can be combined with 

ALD of metal oxide or organic MLD to achieve nano-laminate or supper-lattice 

structures (Figure A2.1.3). The material properties of the above-mentioned hybrid 

films can be precisely tuned by controlling organic/inorganic content via adjusting 

the number of ALD/MLD cycles. Examples of material properties which have been 

shown to be tunable are: mechanical, electrical and optical properties, roughness, 

density and porosity.82,110–113

Figure A2.1.2. Schematic illustration of a simple MLD cycle for deposition of hybrid films. 
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Figure A2.1.3. Schematic illustration and TEM images of hybrid ALD/MLD multilayers (nano-

laminates) with different number of ALD/MLD cycles. In TEM images, white and black regions 

represent ZnO and zincone layers, respectively. ZnO and zincone layers are deposited by 

DEZ/HQ and DEZ/H2O precursor pairs, respectively. The 50:1 composition shows vertically 

continuous ZnO grains through the organic single-layer, while in 50:5 composition the ZnO 

grains are confined between the two organic super-cycles. 

Spatial ALD 

High throughput ALD is enabled by development of spatial ALD (SALD) processes. 

The main difference between temporal and spatial ALD stems from the method 

which the substrate is exposed to the precursors (Figure A2.1.4). In temporal ALD, 

the substrate does not move and gases are dosed into and purged from the ALD 

chamber sequentially. While in SALD, substrate moves between two different 

physical locations in the chamber where continuous flow of precursor and co-

reactant is exposed to the substrate surface. The precursor and co-reactant regions 

in SALD are separated by a flow of inert gas to purge the reaction products while the 

substrate moves from one region to another, and to avoid mixing of precursor and 

co-reactant. 
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Figure A2.1.4. Schematic representation of a) temporal and b) spatial ALD/MLD processes. 

Reprinted from ref. 114 with permission of AIP Publishing.  

 

An example of SALD deposition head is shown in Figure A2.1.5. Depending on the 

SALD reactor design, exposure of the substrate to the different gas zones might be 

maintained by moving the substrate to the different precursor zones, moving the 

ALD deposition head on the substrate surface or a combination of both. ALD cycle 

time in SALD is a function of substrate/deposition-head speed and length of each 

zone. Length of the precursor and co-reactant zones and therefore precursor and 

co-reactant exposure times are typically the same in spatial ALD reactors. 

In SALD systems in which one of the substrate or ALD deposition head moves, the 

precursor/co-reactant exposure time can be calculated through dividing the length 

of the zones by the substrate velocity. However, the calculation will be more 

complicated if both substrate and deposition head move. SALD processes have been 

developed in both low and atmospheric pressures using various co-reactants, such 

as H2O, NH3, O3 and O2-fed plasma.114–117 Parallel to continuous development of 

SALD processes for large area inorganic thin film deposition, the fist attempts for 

depositing organic and hybrid thin films through spatial molecular layer deposition 

(SMLD) have been made. Successful deposition of polyamide and alucone MLD films 

has recently been demonstrated by SMLD.116 

Growth characterization of SALD/SMLD processes is essentially the same as 

normal ALD/MLD processes explained earlier in this appendix. However, there are 

some small differences between saturation curves of temporal and spatial 

processes. For example, precursor/co-reactant exposure and purge times are 

typically the same in spatial systems due to the design of the spatial reactors. Thus 

saturation in spatial processes is normally shown by only one curve. Other than 

exposure time, which is controlled by head/substrate rotation or movement speed, 

other parameters such as precursor/co-reactant gas flow rate have been shown to 

influence the film growth in spatial processes. 
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Figure A2.1.5. Schematic illustration of a SALD deposition head; the two precursor zones are 

separated by a gas bearing. Reprinted from114 with permission of AIP Publishing. 
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Appendix 2.II 

Physical aspects of plasma 

 

This appendix explains basic physical aspects of plasmas. In addition, characteristics 

of different types of cold-plasmas popular for plasma-based thin film deposition by 

CVD and ALD are briefly described. Readers are encouraged to study the reference 

books for more fundamental details.3,4,7,8,118–120 

 

Plasma and sheath 

Plasmas are quasi-neutral, which means that the density of electrons is almost equal 

to the density of ions (ne ≈ ni) and therefore the net space charge ρ = e(ni – ne) in 

plasma is about zero. However, when plasma meets a surface, e.g. electrode surface, 

substrate or reactor wall, a boundary layer forms which the quasi-neutral condition 

does not prevail in. This thin positively charged region between the plasma and the 

wall is called a sheath. The structure of the sheath layer depends on the potential 

difference between the bulk plasma and the solid surface. The net ρ in the sheath 

region is positive (ni > ne) which leads to a potential profile between the bulk plasma 

and the wall. The development of the electric field retards the electrons with force –

eE back to the plasma and conversely, accelerates the ions toward the wall surface. 

A diagram of different regions in a bounded plasma is shown in Figure A2.2.1. 

 

 

 
Figure A2.2.1. Diagram of the plasma sheath and changes in electron and ion density. 

Direction of the electric field is toward the wall surface. 
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The velocity of ions at the sheath edge (x = 0), known as Bohm velocity, is greater 

than the presheath region, i.e. the zone between bulk plasma and the sheath (Figure 

A2.2.1). According to the Bohm sheath criterion, only ions that arrive to the sheath 

with a velocity greater than Bohm velocity can reach the wall surface. It also shows 

that the ions velocity is a function of the electron temperature. The sheath potential 

which is the electrical potential developed across the plasma sheath adjusts itself in 

such a way that the flux of ions is equal to the flux of electrons reaching the surface. 

The sheath potential (in the case of insulating wall) is equal to:3 

 

𝑉𝑠 = −𝛷𝑤 =  
𝑇𝑒

2
 ln (

𝑚𝑖

2𝜋𝑚𝑒
)                                                                                                     (A2-1) 

 

Thickness of the plasma sheath, where the electron density is negligible and 

potential drop (Vs) occurs, depends on different parameters such as Debye length, 

collisional mean free path in plasma and external bias applied to the surface. The 

well-known Child law of space-charge-limited ion current in a plane diode can be 

used to determine the sheath thickness in the case where the wall is biased 

negatively with respect to the plasma potential. The sheath thickness can be 

determined by: 

 

𝑠𝑐ℎ𝑖𝑙𝑑 =  
√2

3
 𝜆𝐷𝑒 (

2𝑉0

𝑘𝐵𝑇𝑒
)

3

4
                                                                                                         (A2-2) 

 

where: 

 

𝜆𝐷𝑒 =  (
𝜀0𝑘𝑇𝑒

𝑛𝑒𝑒2 )

1

2
                                                                                                                         (A2-3) 

 

From these equations it can be seen that the sheath thickness is at least a few times 

larger than the Debye length. The afore-mentioned Child law is only valid under 

certain conditions. It is valid when the sheath potential is large compared to the 

electron temperature. At low pressures where the mean free path is much greater 

than the sheath thickness (λi > s) and when external bias is applied to the surface, 

the sheath is collision-less and its thickness can be calculated by equation A2-2. At 

higher pressures where the mean free path is smaller than the sheath thickness (λi 

< s), the sheath is collisional and the assumptions for energy conversion to derive 

Child law fail. 
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Table A.2.2. Internal plasma parameters and their symbol. 

Symbol Parameter 

ne Density of ions 

ni Density of electrons 

nn Density of neutral particles 

n0 Plasma density 

α Degree of ionization 

ρ Net space charge  (charge density) 

E Electric field 

Φ Electric potential 

Te Electron temperature 

Ti Ion temperature 

Tg Gas temperature 

λDe Debye length 

V0 Electric potential in free space 

Vp Plasma potential 

VB Bias voltage on the surface 

Vs Sheath potential 

ND Number of electrons in Debye sphere 

Ji Ion current density 

s Thickness of the plasma sheath 

uBohm Velocity of ions at sheath edge (Bohm velocity) 

me Mass of electron 

mi Mass of ion 

 

 

Ignition and sustaining a plasma at low and atmospheric pressures 

The process of transformation of a non-conducting material into a conductor as a 

result of a strong electric field is called electric breakdown. Mechanism of breakdown 

and plasma generation in low and atmospheric pressure are different from each 

other. At low pressures, breakdown in a gap d by a DC voltage V which produces a 

homogeneous electric field of E=V/d (Figure A2.2.2) is described by Townsend 

mechanism.  
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Figure A2.2.2. Townsend breakdown in a gap. Reproduced from ref.8 with permission of 

The Cambridge University Press through PLSclear. 

 

The primary electrons which provide low initial current (i0) drift towards the 

anode and generate avalanches by ionizing the gas. Ionization in avalanches is 

described by Townsend ionization coefficient α, which indicates production of 

electrons per unit length along the electric field (dne/dx=αne, ne(x)=ne0exp(αx)). The 

total current in the gap is calculated by Townsend formula: 

 

𝑖 =
𝑖0 exp(𝛼𝑑)

1−𝛾[exp(𝛼𝑑)−1]
                                                                                                      (A2-4) 

 

(ne: electron density, α: Townsend ionization coefficient, γ: secondary electron 

emission coefficient, i0: current of primary electrons, d: discharge gap width) 

 

By using critical breakdown conditions (γ[exp(αd)-1]=1 and αd=ln(1/γ+1)) for 

initiating a self-sustaining discharge in the gap d,119 critical breakdown voltage can 

be calculated from the following equation:8,119 

 

 𝑉𝑏𝑟𝑒𝑎𝑘𝑑𝑜𝑤𝑛 =
𝐵(𝑝𝑑)

ln(𝐴𝑝𝑑)−ln[ln(
1

𝛾
)+1]

                                                                 (A2-5) 

 
(Vbreakdown: breakdown voltage, A and B: constants depending on the type of gas, p: 

pressure) 

The Vbreakdown value depends on multiple parameters such as type of the gas, 

material of the cathode, discharge gap width and the pressure. The relation between 

breakdown voltage and the pd parameter based on the previous formula (Paschen’s 

law) can be described in a curve, known as Paschen curve (Figure A2.2.3). As can be 

seen from the Paschen curves, breakdown voltage of atomic gases are normally 

lower compared to molecular gases, as in atomic gases all energy goes directly to 

the gas ionization. In molecular gases, part of the energy is consumed by vibrational 

and rotational transitions and dissociation of the molecules. 
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Figure A2.2.3. Experimental Paschen curves for different atomic and molecular gases. 

Reproduced from ref. 119 with permission of SNCSC. 
 

Electron avalanche and streamer formation/propagation at high pressures 

A strong avalanche normally forms by amplification of the primary electrons in the 

electric field and grows from cathode to the anode (Figure A2.2.4). In Townsend 

regime, the space charge created by the avalanche do not lead to distortion of the 

external electric field E0. Depending on a number of factors; pd and K (overvoltage 

= V - Vbreakdown), the breakdown mechanism might be no longer Townsend. The 

Townsend breakdown mechanism can only be applied for low pressures and short 

gaps (pd < 4000 Torr.cm, and at atmospheric pressure d < 5 cm). At higher 

pressures, another breakdown mechanism takes place which is called spark or 

streamer; weakly ionized thin channels formed from primary avalanches in a 

sufficiently strong electric field (E > E0), growing towards electrodes. This avalanche 

also generates photons, which consequently initiate numerous secondary 

avalanches in the vicinity of the primary one. Electrons of the secondary avalanches 

are pulled by the strong electric field into the positively charged trail of the primary 

avalanche, creating the rapidly propagating streamer between electrodes.8 

Mechanism of streamer formation is very fast (1 ns). Formation of streamer requires 

an electric field of space charge in the avalanche Ea, which is equal to the external 

electric field E0:8 
 

𝐸𝑎 =
𝑒

4𝜋𝜀0𝑟𝐴
2  𝑒𝑥𝑝 [𝑒 (

𝐸0

𝑝
) 𝑑] ≈  𝐸0                                                                                      (A2-6) 
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With assuming rA ≈ 1/α, streamer formation in gap d, αd parameter must exceed 

the critical value (Meek breakdown condition): 

 

𝛼 (
𝐸0

𝑝
) 𝑑 = ln

4𝜋𝜀0𝐸0

𝑒𝛼2 ≈ 20           ,        𝑁𝑒 = exp(𝛼𝑑) = 3 . 108                                   (A2-7) 

(rA: avalanche head radius, Ne: total number of electrons) 
 

In small discharge gaps, streamer formation occurs when avalanche reaches the 

anode (cathode-directed or positive streamer). In case of larger gaps, streamer 

formation can take place far from anode (anode-directed or negative streamer) and 

streamer can grow toward both electrodes as shown in Figure A2.2.4. 
 

 

 

Figure A2.2.4. Electron avalanche and streamer formation in an electric discharge. Adapted 

from ref. 121 
 

 
Atmospheric pressure cold plasmas and barrier discharges 

As mentioned earlier in this chapter, generating cold plasmas at low pressures is not 

very challenging. But generating cold plasma at higher pressures, e.g. atmospheric 

pressure, is more complex than low pressure plasmas. Increasing the system 

pressure results in a decrease of mean free path (a few nm in atmospheric 

pressures) of the species and consequently an increase of the number of collisions 

between the electrons and gas atoms/molecules. Kinetic energy of electrons is then 

transferred to ions and gas molecules via collisions which leads to heating of the gas 

(Figure A2.2.5). This means that at atmospheric pressure, plasma satisfies the 

criteria of local thermodynamic equilibrium and is thermal. The increase in the gas 

temperature can be also realized from the relation between the temperatures and 

electric field in plasma:7 
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𝑇𝑒−𝑇𝑔

𝑇𝑒
≈  200 𝐴 . [

𝐸 (
𝑉

𝑐𝑚
).  𝜆 (𝑐𝑚)

𝑇𝑒(𝑒𝑉)
]

2

        (A2-8) 

 

Where Te and Tg are temperature of the electrons and the gas, respectively, λ is mean 

free path of electron, A is atomic weight of gas molecule. The increase in pressure 

lead to a decrease in λ, and therefore the temperature gap (Te – Tg) becomes small. 

In order to keep the gas temperature (Tg) low and prevent thermalization while 

increasing the pressure, at least one of the following approaches are necessary: 1) 

Local increase in electric field: using alternating polarities of electrodes with a low 

(kHz range) frequency by pulsed voltage (Pulsed DC or AC) sources. 2) Reducing ne 

(Je) by placing a dielectric layer in between the electrodes, 3) Reducing the plasma 

size (L) by decreasing the gaps between the electrodes. 4) Increasing the heat 

transfer by cooling the electrodes or increasing the gas flow. Taking the 

aforementioned approaches into account, different types of plasmas can operate at 

atmospheric pressures: corona, pulsed corona, dielectric barrier discharge (DBD), 

atmospheric pressure glow discharge (APG), ns-pulsed plasmas. 

 

 

Figure A2.2.5. Relationship between pressure and temperature of species in plasma. 

Adopted from ref.78 Copyright 2006, with permission from Elsevier. 

 

 

Different types and regimes of dielectric barrier discharge 

Dielectric barrier discharges normally proceed through a large number of 

independent current filaments referred as microdischarges. A DBD formed by 

multitude of randomly distributed microdischarges is characterized by an electron 

density of 1014 cm-3 and is known as filamentary DBD (FDBD). Filamentary DBD 

works in N2, Ar, air and other noble gases and is not very sensitive to the gas 
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impurities. On the contrary, diffuse or homogeneous discharges (Townsend DBD, 

Glow-like DBD and Glow DBD) are known to contain a lower electron density in the 

range between 107 and 1011 cm-3. In the diffuse DBD mode the electrodes are 

homogeneously covered with the plasma, but the plasma is not necessarily uniform 

in the axial direction. Glow-like and Glow DBDs (also known as APGs: atmospheric 

pressure glow discharges) only work under special conditions, i.e. selected range of 

frequencies and gas compositions, and are sensitive to the impurities of the dilution 

gas.7,44,122 Distinguishing between filamentary and diffuse discharges from the 

appearance of the discharge is not easy, as the time scale for generation of micro-

discharges as well as their size is very small and FDBD might seem homogeneous 

with naked eyes (Filaments can be observed by fast camera photography). 

Filamentary and diffuse discharges can be recognized by the shape of current pulses 

in their current and voltage waveforms. Examples are shown in Figure A2.2.6. 

DBDs are also commonly categorised based on the shape and place of the 

electrodes and the insulating layer. The most popular configuration of DBD is planar 

and different types of planar DBDs are shown Figure A2.2.7. Apart from these simple 

configurations, DBDs exist in many other special forms, such as sliding discharge, 

capillary plasma electrode discharge, packed-bed, surface DBD, DBD-based plasma 

jets, etc.123 which are used for various purposes beyond thin film deposition. 

Specifically for DBD-based thin film deposition, the film properties can be largely 

affected by the DBD configuration which plays a significant role in the discharge 

physics and transport of the reactive species to the substrate surface. 

Figure A2.2.6. Typical current-voltage characteristics for a) filamentary and b) diffuse DBDs. 

Adapted from ref.124 
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Figure A2.2.7. Basic planar configurations of DBDs. (a) volume DBD (1-symmetric, 2-

assymetric, 3- floated dielectric), (b) surface DBD (1-symmetric, 2-asymmetric ‘actuator’ 

design) (c) coplanar discharge. © IOP Publishing. Reproduced with permission from ref.123 

All rights reserved. 

 

Type of the plasma gas and additives (precursor/reactive gas) in DBDs is another 

important factor determining the discharge regime and stability/uniformity of the 

discharge. DBDs used for thin film deposition purposes are mainly produced in 

neutral gases: Ar, N2, He and air.44 In case of PE-CVD using DBDs, the precursor is 

often carried by one of those gases to the discharge area. Furthermore, other gases 

such as O2, NH3, N2O and H2 can be mixed with the main gas to produce excited atoms 

and molecules contributing to the film deposition. 

Similar to other types of plasmas, DBDs contain species such as electrons, ions, 

photons and radicals. However, temperature and density of the species in DBDs can 

be different from those parameters in low pressure plasmas. The maximum electron 

density in DBDs can be as high as 1015 cm-1 (for FDBD), while in the low pressure 

plasmas it normally does not exceed from 1011 cm-1. Glow DBDs feature similar 

electron density and temperature (1-10 eV) as low temperature cold plasmas. 

Unlike low pressure plasmas, kinetic energy of ions at atmospheric pressure is 

limited by elastic collision losses. The latter stems from very small mean free path 

(< 100 nm) of ions at high pressures. Ions at atmospheric pressure are just 

considered as chemical species without significant energy (< 1 eV).125,126 Thus, 

physical sputtering and surface activation due to kinetic energy of ions are negligible 
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in DBDs. The low kinetic energy of ions at atmospheric pressure plasmas, however, 

should not lead to underestimation of their contribution to the film growth (when 

substrate is placed at one of the electrodes). Flux of ions at atmospheric pressure is 

comparable to their flux at low pressures and ions can contribute to radical 

formation in the gas phase, as well as at the surface.44 However, when plasma is 

generated remotely from the substrate surface, short lifetime of the ions (< 10 ns) 

might even limit their arrival at the substrate surface.  

Apart from visible photons emitted by plasma, it has been shown that energetic 

vacuum-ultraviolet (VUV/UV) photons are generated in dielectric barrier 

discharges. For example, when DBDs are operated in rare gases or rare gas/halogen 

mixtures, microdischarges emit UV/VUV photons.127,128 Although UV radiation from 

DBDs may not play the major role in deposition mechanisms, it can still induce 

change to the chemical bonds of the precursor in gas phase or on the surface during 

the film deposition.73,129 Another factor to be considered is the gas temperature in 

different discharge modes. In DBDs, the gas temperature might slightly vary 

depending on the type of the discharge. For example, the gas temperature in FDBD 

(≈ 100 ˚C) is higher than the gas temperature in GDBD (≈ 30 ˚C). Therefore, the 

substrate temperature might rise when FDBD is used for direct deposition 

processes at room temperature. 
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Chapter 3 
 

 
Experimental  

 
 

In this chapter, the experimental setups developed during this PhD study, namely the 

micro-plasma printer and the MALDi setups, are presented. Moreover, given the 

relevance of ellipsometric porosimetry studies throughout the thesis, this technique is 

also addressed in this chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 Chapter 3 

3.1 Micro-plasma printer 

Hardware and software overview 

The micro-plasma printer system shown in Figure 3.1 has been developed by 

InnoPhysics B.V. for local plasma generation at atmospheric pressure.1–4 The 

standard micro-plasma printer system consists of a high-voltage power supply, a 

printing head, an in-built camera to visualize the plasma, gas flow nozzles for 

dielectric or semiconducting/conducting substrates, driver electronics of the print 

head, and a substrate table which serves as powered electrode. The plasma printing 

head is integrated into a Roland EGX-350 engraver body which allows for the head 

movement in X, Y and Z directions. Accuracy of the head movement in XY axis and Z 

direction are 20 µm and 10 µm, respectively. The printer is connected to a PC and 

the printer head’s motion, as well as plasma ignition, is controlled via a user 

interface programmed in LabVIEW. 

Figure 3.1. An illustration of the table-top micro-plasma printer system. 

Working principle 

The micro-plasma printer exploits a needle-to-plane configuration of DBD. The 

power is supplied by a 30-100 kHz sinusoidal high voltage source. The plasma is 

generated between the powered electrode (substrate table) and grounded needle 

electrode(s) with a dielectric layer in between (Figure 3.2a). Since pressure is 

constant, micro-discharge initiates when the distance between the needle 

electrode’s tip and the dielectric surface reaches the critical value of d (d2 in Figure 

3.2a-c) at a constant V according to the Paschen’s law. The V value can vary between 

1 to 9 kV in this micro-plasma system. The plasma is on only when the pd value is 
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lower than the critical value for plasma ignition according to the Passchen’s curve 

(Figure 3.2c). The needle moves about 500 µm before reaching d2 (d1-d2 ≈ 500 µm) 

and the smallest distance between the tip and the dielectric surface can vary 

between 100 and 300 µm (d2 ≈ 100-300 µm). The discharge terminates by 

increasing the distance between the needle’s tip and the powered electrode, i.e. at a 

distance of d > d2. The voltage-current characteristic of the micro-plasma shows a 

behavior between a filamentary and a diffuse discharge (appendix 2.II), as shown in 

Figure 3.2b. DBDs with this type of characteristics are often called as transient DBD. 

Figure 3.2.  Working principle of the micro-plasma printer system. a) Position of one needle 

electrode in Z direction as a function of time and plasma generation during printing one 

plasma dot. b) Real-time change in the current and discharge signals during printing one 

plasma dot (around 400 µs) - The magnified graph shows the sinusoidal voltage and current 

signal during three micro-discharges. c) Paschen’s curve: Illustration of the discharge 

formation by changing the gap distance between the HV electrode and the needle’s tip. 

Numbers 1 and 2 are positions of the needle electrode shown in a), when plasma is off and 

on, respectively.  
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Print head and configurations 

The micro-plasma printer head consists of 24 (2 row of 12 needles) needle 

electrodes which are positioned 270 µm from each other in Y direction (Figure 3.3). 

The diameter of the needle at the tip is around 30 µm. After placing the head at a 

fixed Z position on top of the surface, the Z position of the needles and therefore 

plasma ignition by each needle can be controlled independently from the other 

needles (Figure 3.3a). This allows for ignition of the plasma at different locations at 

the substrate when the printing head moves above the substrate in the X direction. 

The needles move up and down with a constant frequency (around 300 Hz) which 

changes with respect to the head movement speed in the X direction (5-60 mm/s). 

The discharge time (Plasma on time in Figure 3.2b) in the micro-plasma printer is 

only a function of the applied voltage and the gap distance and does not change with 

the head’s movement speed along the X direction. 

The configuration shown in Figure 3.3a demonstrates the plasma generation on a 

dielectric substrate which is placed directly on the powered electrode (substrate 

table). In order to generate plasma on (semi)-conductive substrates, a dielectric 

layer is inserted between the needle electrode and the substrate which is placed on 

top of the powered electrode. Both configurations have been adopted for the 

experiments addressed in Chapter 5. 

Figure 3.3.  a) Schematic of the printing head and plasma printing with one needle. b) Side 

and bottom-views of the plasma head when all needle electrodes are ignited (on a dielectric 

substrate). 

Printing by the micro-plasma printer 

The key advantage of the micro-plasma printer system compared to other 

atmospheric pressure plasma sources is to generate plasma locally on selected areas 

of the substrate surface, as shown in Figure 3.3a. Printing a pattern by the micro-
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plasma printer requires a digitally-made black and white image consisting of pixels. 

Every black pixel in the image translates to a plasma-dot on the substrate surface 

and thus dimension of the pattern is determined by the number of pixels in the 

image. In the default settings, the distance between every plasma dots is the same 

as the distance between the needle electrodes, i.e. 270 µm. Printing with such 

settings is defined as printing without overlap (Figure 3.4). It is also possible to 

decrease the distance between the pixels to 90 µm in the settings of the software. 

This mode of printing is called printing with overlap (Figure 3.4). It is important to 

note that the final size of the printed pattern depends on the aforementioned 

distance settings, and the printing mode should be taken into account when making 

the black and white pattern for printing. 

Dimension of the area that is treated by one plasma dot can vary depending on the 

type of plasma gas, gap distance and applied voltage. This dimension cannot be 

directly measured and can be only estimated, for example, after subsequent metal 

plating4 or area-selective ALD processing5 of the plasma treated area. If the diameter 

of the plasma dot is larger than the distance between two adjacent pixels, printing 

without overlap is sufficient to have a uniform treated pattern. When the diameter 

of the plasma dot is smaller than the distance between the pixels, parts of the surface 

between the pixels might not be completely covered by the plasma, which can cause 

non-uniform plasma treatment/deposition. In this case, it is recommended to use 

the printing with overlap or repeat the same printing pattern for a few times when 

printing performed without overlap. 

 

 

 
 

Figure 3.4. Two different printing schemes using the same pattern (6×4 pixels) in the micro-

plasma system. In one print repeat, one plasma dot is printed on every circle and the distance 

between every two dots in the two modes are a = 270 µm and b = 90 µm. The printing 

direction represents the direction in which the needles move while being actuated and 

plasma dots are being printed. 
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Micro-plasma diagnostics 

Due to the small geometry of the plasma in the micro-plasma printer, the 

implementation of in-situ diagnostics on the micro-plasma is challenging. A number 

of diagnostics such as optical emission spectroscopy (OES), Fourier transform 

infrared spectroscopy (FTIR) and electrical characterization1 of the discharge have 

been implemented (Figure 3.5). Note that the plasma diagnostics in all those cases 

has been performed in static mode (when the head is not moving and plasma is 

generated in a fixed spot on the surface). For OES studies, the optical fibre is placed 

in front of the needle electrodes to collect the plasma emission through the gap 

(200-500 µm) between the print head and the substrate table. FTIR analysis is 

performed on the exhaust gas of the plasma. In order to collect the gas, the area 

between the print head and the substrate is sealed by a plastic ring and the gas is 

transferred to the multi-pass gas cell by gas tubes for FTIR analysis. One of the 

drawbacks of detecting the gases far from the plasma is that only those species can 

be measured which are stable enough to reach the gas cell. Moreover, some of the 

species might recombine/react and make a new compound which is different from 

those produced in the plasma. However, the FTIR analysis in the far-field of the 

plasma can be still informative and is used popularly for studying plasma chemistry. 

O3 and different types of NxOy species were detected from FTIR analysis of the 

N2/O2-fed micro-plasma, similar to what has been measured in N2/O2-fed DBDs in 

the literature.6,7  In order to measure the discharge current, a resistor is placed in 

series to the plasma circuit and the voltage across the resistor is measured by an 

oscilloscope.  The discharge current is calculated using the Ohm’s law (V = I × R, 

where V: discharge voltage I: discharge current, R: resistivity) and knowing the R 

value of the resistor. An example of the discharge-current graph is shown in Figure 

3.2b. The applied voltage (Vp-p) in this figure was measured by a high-voltage probe. 

Figure 3.5. Plasma diagnostics on the micro-plasma printer. 
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3.2 ALD/MLD setup (MALDi) 

Reactor and load-lock chambers 

The MALDi reactor (originally a PE-CVD reactor) was modified for developing 

plasma-enhanced MLD process. Schematic views of the setup are shown in Figure 

3.6. The setup is equipped with a reactor and a load-lock system for 

loading/unloading the samples to/from the reactor. Both load-lock and reactor can 

reach pressures in the range of 10-7 mbar by two separate turbo pumps (Figure 

3.6a). The process chamber is always under vacuum and separated from the load 

lock by a gate valve. After placing the sample on the substrate table in the load-lock, 

the samples can be transferred to the reactor after a pressure lower than 10-4 mbar 

is reached in the load-lock. After loading the sample to the reactor and closing the 

gate valve between the load-lock and the reactor, the deposition process can be 

carried out in a wide range of pressure from 10-5 mbar to few mbar. The reactor 

pressure can be tuned by controlling the flow of Ar to the reactor and/or tuning the 

butterfly valve before the pump. The latter is only possible when the process is 

performed by the oil-pump. Both thermal and plasma-enhanced MLD alucone 

processes in Chapter 7 were developed in a pressure range between 0.1 and 0.7 

mbar, using a rotary pump and Ar as background gas. The substrate table 

temperature of MALDi can be tuned between 25 - 450 ˚C by using a cooling/heating 

system. The reactor wall can be heated to up to 120 ˚C by heating wires. 

Figure 3.6. a) Top-view schematic of MALDi setup. b) Cross section (A-A) of the MALDi 

reactor shown in a). 
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Plasma configuration 

The reactor works with a capacitively coupled parallel-plate plasma (Figure 3.6b). 

The bottom electrode is grounded and acts as substrate table. The top shower 

electrode which is connected to a 13.56 MHz RF power supply via an L-network type 

(with two capacitors and a coil) matching unit. The plasma input power can be 

adjusted to up to 100 W and the distance between the two electrodes can be 

adjusted between 1 and 20 cm using a knob which is on top of the reactor. During 

the experiments performed in Chapter 7, the distance between the electrodes was 

set to 13 cm to allow for in-situ spectroscopic ellipsometry studies. 

Gases and precursors 

The MALDi setup features a typical ALD/MLD tool, equipped with fast diaphragm 

ALD valves (with minimum pulse time of 50 ms) to pulse precursors/co-reactants 

into the reactor. All gases (Ar, He, O2, H2, NH3, N2) can enter the reactor through two 

main lines: A line which is connected to the showerhead electrode and another line 

connected to the side of the reactor. The flow of each gas is controlled by a separate 

mass flow controller (MFC) and every gas line is separated from the main line by a 

diaphragm sealed valve. The reactor is equipped with 4 precursor bubbling lines 

and each line is connected to the reactor via a fast ALD valve. As most of organic 

precursors have relatively low vapor pressure, it is essential to be able to heat the 

bubblers and the lines which carry the precursors to the reactor. All the bubblers 

and lines can be heated and their temperature can be controlled separately in the 

MALDi software.  

In-situ diagnostics 

The MALDi setup is equipped with several entrance/exit ports for in-situ analysis. 

Two ports with an incidence angle of 70˚ with respect to the normal of the substrate 

are used for in-situ ellipsometry studies. Both ports are separated from atmosphere 

with quartz glasses and can be isolated from the reactor by gate valves during 

exposure of chemicals. There is another port on top of the reactor designed for 

connection to mass spectrometer via a gate valve. Additionally, two ports with an 

angle of 45˚ are designed for in-situ ATR-FTIR studies. It is also possible to attach an 

optical fiber through a glass window to collect optical emission of the plasma for 

OES analysis. 

Another possible diagnostic for quantifying energy of ions in the plasma is 

retarding field energy analyser (RFEA). By integrating an RFEA probe onto the 

grounded electrode, energy of ions which bombard the substrate surface can be 
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measured. The ion energy distribution in MALDi reactor has already been measured 

during PE-CVD of µc-Si:H films using mixtures of SiH4 and H2 (Figure 3.7). The 

measurements were performed in a pressure of 0.6 mbar, an inter-electrode gap 

distance of 3 cm and input power of 94 mW.cm-2. Flow of H2 in those experiments 

was 50 sccm.  
 

 

Figure 3.7. Ion energy distribution in MALDi reactor measured by retarding field energy 

analyser (RFEA) in pure H2 and H2+ SiH4 mixtures for deposition of µc-Si:H films. RFEA was 

integrated in the grounded electrode. Adapted from ref.8 with permission. © IOP Publishing. 

All rights reserved 

 

3.3 Ellipsometric porosimetry 

 Theory 

Ellipsometric porosimetry (EP) is one of the adsorption porosimetry techniques 

which provides access to information such as size and content of open-porosity in 

(ultra-)thin films.9–11 In adsorption porosimetry, the volume of an adsorptive (probe 

molecule) which is adsorbed to/condensed on the layer is measured over a range of 

adsorptive relative pressure (0 < Pl/Psat. < 1, Pl: partial pressure of probe molecule, 

Psat.: vapor pressure of probe molecule). The result of an adsorption porosimetry 

measurement is plotted as an adsorption/desorption isotherm, showing the ratio 

between volume of adsorptive and volume of the film (Vads./Vfilm) as a function of 

relative pressure of the probe molecule (Pl/Psat.). Information regarding size, 

content and shape of open-porosity can be derived from adsorption/desorption 

isotherms.12,13 Different types of isotherms are presented and described in Figure 

3.8. 
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Figure 3.8. Different types of adsorption/desorption isotherms. Type I: micro-porous with a 

pore diameter less than 2 nm; Type IV: meso-porous with a pore diameter in the range 

between 2 and 50 nm, Type II: none-porous or macro-porous with a pore diameter larger 

than 50 nm; Type VI: non-porous, with the formation of stepwise adsorptive multi-layer; Type 

III and type V: materials with a weak affinity with the adsorptive molecule, in the non-porous 

or mesoporous regime, respectively. Adopted with permission from ref.14 (© 1985 IUPAC) 

 

 

In classical adsorption studies, the adsorptive volume and hence the porosity is 

calculated by weighing the porous sample during adsorption/desorption study.15 

Instead, in EP, changes in optical properties of the porous film are monitored by 

spectroscopic ellipsometry (SE).10 Those optical characteristics are: refractive index 

of the porous film, thickness of the porous film (in case of swelling), and thickness 

of probe layer developing on top of the porous film after all pores are filled (typical 

for micro-porous films). Due to high sensitivity of ellipsometry to small changes in 

optical characteristics of the film under study, even small amounts of porosity (< 

0.5%) can be identified by EP.12,13,16,17  

A porous system can be considered as a multicomponent system consisting of a 

matrix and pores. Optical characteristics, i.e. refractive index, and material 
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composition of a multicomponent system can be related to each other using the 

Lorentz-Lorenz equation:18 

 

𝐵 = ∑ 𝑁𝑖𝛼𝑖𝑖 =
3 (𝑛2−1)

4𝜋 (𝑛2+2)
                                                                                                   (3-1) 

 

Where B is volume polarizability, Ni and αi are the number of molecules per unit 

volume and the molecular polarizability of the material components, respectively. 

After adsorption of adsorptive, the two components of the systems are matrix and 

adsorptive (Figure 3.9). The Lorentz-Lorenz equation for such system can be 

written as:  

 

𝐵𝑒𝑓𝑓 = 𝐵𝑚 + 𝐵𝑝                                                                                                                         (3-2) 

 

In which Beff is effective volume polarizability of the film, Bp and Bm are volume 

polarizability of the adsorptive (probe molecule) and matrix, respectively. For a film 

with open pore volume of P, equation 3-2 can be rewritten as: 

  

𝐵𝑒𝑓𝑓 = 𝐵𝑚 (1 − 𝑃) + 𝐵𝑝. 𝑃                                                                                                     (3-3) 

 

When pores are empty, Bm=B0 and when all pores are filled with the adsorptive, 

Beff=Bsat. Therefore, the open-pore volume can be calculated as:19 

 

𝑃 =
𝐵𝑠𝑎𝑡.−𝐵0

𝐵𝑝
=

(𝑛𝑠𝑎𝑡.
2 −1)

(𝑛𝑠𝑎𝑡.
2 +2)

− 
(𝑛0

2−1)

(𝑛0
2+2)

(𝑛𝑝
2 −1)

(𝑛𝑝
2 +2)

                                                                                       (3-4) 

 

Where np is the refractive index value of the adsorptive, n0 and nsat are the refractive 

index values of the film when pores are empty and filled with the adsorptive, 

respectively. Measuring the open-pore volume of the film with this approach does 

not require any assumption, i.e. the estimation of the open-pore volume is 

independent of the matrix refractive index. 
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Figure 3.9. Schematic of a porous film with empty pores (left) and open pores filled with 

adsorptive (right).  

 

By knowing the refractive index and film thickness during the 

adsorption/desorption study, the volume of adsorptive at each Pl/Psat. can be 

calculated through following formula:18 

 
𝑉𝑎𝑑𝑠.

𝑉𝑓𝑖𝑙𝑚
=

𝑉𝑚

𝛼𝑎𝑑𝑠..𝑑1
(𝐵1𝑑1 − 𝐵0𝑑0)                                                                                                     (3-5) 

 

Where Vm is the molecular volume of the adsorptive and αads. is the polarizability of 

the adsorptive molecule, B0 and B1 are volume polarizability of the porous film with 

empty pores and after adsorption, respectively, d0 and d1 are thickness of the porous 

film with empty pores and after adsorption, respectively. A change in thickness of 

the layer might occur due to swelling of the film during adsorption of the probe 

molecule. In the case of micro-porous* (d < 2 nm; d: pore diameter) films under 

study in this thesis, swelling was absent and thickness of the film was kept constant 

in the model. Instead, a layer of probe molecules was considered on top of the film, 

as defined by the Cauchy formula with fixed parameters (a, b, c and k). Equation 3-

5 for these type of films can be written as:  

 
𝑉𝑎𝑑𝑠.

𝑉𝑓𝑖𝑙𝑚
=

𝑉𝑚

𝛼𝑎𝑑𝑠..( 𝑑𝑡+𝑑0)
((𝐵1𝑑0 + 𝐵𝑡𝑑𝑡) − 𝐵0𝑑0)                                                                    (3-6) 

 

Where Bt and dt are volume polarizability and thickness of the adsorbate multilayer 

which develops on the surface of the layer. An example of adsorption isotherm for a 

micro-porous film together with a schematic illustration of different stages of 

adsorption, i.e. pore filling and multilayer development, is shown in Figure 3.10. In 

the case of mesoporous (2 nm <  d < 50 nm) films, the first layer of adsorbate forms 

                                                           
* Also known as nano-porous. 
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on the walls of the pores and this step is followed by filing the pores upon increasing 

partial pressure of the adsorptive. An example of a typical adsorption isotherm for 

a mesoporous film and the schematic illustration of the film during adsorption are 

presented in Figure 3.10. 

 

 

 

Figure 3.10. Examples of adsorption isotherms for a micro-porous and meso-porous film. 

 

 

 EP setup and measurement details 

EP experiments in this thesis were carried out in a home-built EP setup which is 

shown schematically in Figure 3.11. Different parameters such as the pressure of 

the chamber, temperatures and gas and liquid flows in this setup are controlled via 

a home-built software. Three main EP probe molecules with different sizes are 

employed for the EP measurements by this setup, namely water (H2O, d = 0.3 nm, n 

= 1.4280), ethanol (C2H6O, d = 0.42 nm, n = 1.3604), toluene (C7H8, d = 0.6 nm, n = 

1.4865). The adsorptive liquid is kept in a stainless steel pot at 25 ˚C. The liquid is 

vaporized using a controlled evaporating and mixing unit (CEM) and is delivered to 

the chamber by a flow of Ar gas. Flows of adsorptive liquid and Ar are controlled by 

mass flow controllers (MFCs). Pressure of the chamber varies between 100 and 800 

mbar during the EP study. 

 Prior to each EP measurement, the sample is placed on the substrate table in the 

chamber and is kept for about 12 hours under vacuum (< 5×10-4 mbar). This step is 

performed to remove the residual water molecules from the film and the chamber 

walls. During an adsorption/desorption study, the partial pressure is changed step-

wise from 0 to 1 and from 1 to 0 by changing the liquid flow, the chamber pressure 

or both. The step size of Pl/Psat. is typically smaller (0.005 or 0.01) at low partial 



76  Chapter 3 

pressures (0 < Pl/Psat. < 0.25) to probe the changes more accurately in the pore-

filling region. The latter is more important for micro-porous films with very low 

levels (less than 1 %) of open-porosity. For higher partial pressures (> 0.25), partial 

pressure is changed with steps of 0.05. The length of each Pl/Psat. step is typically 

between 15-20 minutes. During the whole adsorption/desorption process, 

ellipsometry data are acquired continuously at a fixed angle of 70° using a J.A. 

Woolam Inc. MD2000F ellipsometer. The ellipsometry data are averaged for each 

Pl/Psat. step during the stabilization time (5-10 minutes depending on the duration 

of Pl/Psat. step) and the average value of refractive index/multilayer thickness in 

each Pl/Psat. is plotted against the Pl/Psat.. One complete adsorption/desorption 

measurement contains about 40 steps of partial pressure change which can take up 

to 12 hours. 

 

 

 

Figure 3.11. Schematic of the home-built EP setup. The CEM and the lines between CEM and 

chamber were heated to 50˚C and 55 ˚C, respectively. The chamber walls, substrate table, and 

pump-lines were heated to 60 ˚C, 20 ˚C and 70 ˚C, respectively. 
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Chapter 4 
 

 
Low temperature temporal and spatial atomic layer 

deposition of TiO2 films* 

 
 

Titanium dioxide films were grown by atomic layer deposition (ALD) using titanium tetra-

isopropoxide (TTIP) as a titanium precursor and water, ozone or oxygen plasma as co-reactants. 

Low temperatures (80-120 ˚C) were used to grow moisture barrier TiO2 films on polyethylene 

naphtalate (PEN). The maximum growth per cycle for water, ozone and oxygen plasma 

processes were 0.33, 0.12 and 0.56 Å/cycle, respectively. X-ray photoelectron spectrometry (XPS) 

was used to evaluate the chemical composition of the layers and the origin of the carbon 

contamination was studied by deconvoluting carbon C1s peaks. In plasma-assisted ALD, the film 

properties were dependent on the energy dose supplied by the plasma. TiO2 films were also 

successfully deposited by using a spatial ALD (SALD) system based on the results from the 

temporal ALD. Similar properties were measured compared to the temporal ALD deposited TiO2 

but the deposition time could be reduced using SALD. The TiO2 films deposited by plasma-

assisted ALD showed better moisture barrier properties than the layers deposited by thermal 

processes. WVTR values lower than 5×10-4 g·day-1·m-2 (38 ˚C and 90% RH) was measured for 20 

nm of TiO2 film deposited by plasma-assisted ALD. 

1 X  

                                                           
* M. Aghaee, P.S. Maydannik, P. Johansson, J. Kuusipalo, M. Creatore, T. Homola and D.C. Cameron, J. Vac. 
Sci. Technol. A, 2015, 33, 041512. 
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3.1 Introduction 

Atomic layer deposition (ALD) is a thin film deposition technique which offers some 

superior properties over other existing thin film deposition methods, for example, 

it can produce conformal films with angstrom scale thickness control.1,2 In addition, 

the self-limiting nature of surface reactions in ALD leads to the production of 

continuous pinhole- free films which can be applied successfully on high aspect ratio 

surfaces. Different metals, metal oxides and nitrides can be deposited using this 

method at relatively low temperatures.3-5 The unique properties of the ALD method 

also meet the demanding requirements of industries such as semiconductors and 

microelectronics: indeed, they have been widely used for nanoscale device 

fabrication.6 As distinct from conventional temporal ALD which has an alternating 

sequence of precursor exposure, spatial ALD is a high throughput ALD method 

which is compatible with flexible continuous substrates and large scale thin film 

production.7 The concept of spatial ALD leads to the same sequence of precursor and 

purge gas exposure as conventional temporal ALD. In this method, the substrate is 

exposed to a coating head which consists of several spatially separated precursor 

and purge zones. One half reaction occurs when the substrate passes through a 

precursor gas zone which is separated from the other precursor zone by a purge 

zone. The schematic and real views of different configurations of spatial and roll-to-

roll ALD systems can be find in references.7-11 

ALD layers have been shown to have the capability of being used as moisture 

barriers for organic light emitting diodes (OLEDs).12 One of the major obstacles to 

the realization of flexible OLEDs as well as thin film solar cells is a reliable thin-film 

encapsulation. The level of water vapor transmission rate (WVTR) that is required 

for the above-mentioned applications is below 10-6 g·day-1·m-2 to ensure a lifetime 

of above 10,000 h.13 The value of WVTR for polymers is many orders of magnitude 

higher than this.14 However, a thin film barrier coating deposited by ALD could 

provide such properties to a polymer layer and make it suitable for flexible 

electronic applications. A low temperature process is required for coating on 

polymers and other temperature sensitive substrates.15-20 At relatively high 

temperatures, although still lower than the polymer melting point, thermal 

degradation can occur changing the polymer physical and mechanical properties.21 

In addition, lowering the process temperature can also decrease the mechanical 

stress induced by differences in the coefficient of thermal expansion (CTE) between 

the film and polymer substrate during cooling, responsible for the appearance of 

cracks in the film.22-24  

Several single layers and multilayer stacks of TiO2, Al2O3 and ZnO prepared by 

thermal and plasma-assisted ALD on polymer substrates have been used for 
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encapsulation and moisture barrier purpose.25-27 Among these oxides, titanium 

dioxide is a promising material with good stability against degradation. Several ALD 

studies on titanium dioxide have been carried out using different titanium 

precursors. TiCl4,28 TiI4,29 tetrakis-dimethyl-amido titanium (TDMAT),30 titanium 

tetraisopropoxide (TTIP),31 titanium ethoxide32 and titanium methoxide33 were 

used in order to deposit titanium dioxide ALD films. Among these precursors, TTIP 

is cost- efficient and has the highest vapor pressure among titanium metalorganics 

which makes it an interesting precursor for developing for large scale and roll-to-

roll ALD processes.  

In this paper, relatively low temperatures have been used for atomic layer 

deposition of titanium dioxide moisture barrier films on polymer surfaces using 

TTIP. Water, ozone and oxygen plasma have been used as the oxidising precursor in 

TiO2 temporal ALD processes. WVTR values lower than 5×10-4 g·day-1·m-2 have been 

measured in tropical condition for a single 20 nm TiO2 layer deposited on PEN by 

plasma-assisted atomic layer deposition in a temporal ALD system. The preliminary 

results of the temporal ALD were used to develop a spatial ALD process, using TTIP 

and water as precursors and the film properties were studied. 

3.2 Experimental 

 Temporal ALD 

The samples were prepared using a TFS-200 ALD system (Beneq Oy, Finland) using 

either a thermal or a plasma process. TTIP (97% Sigma Aldrich) was used as a 

titanium precursor and water, O3 and O2 plasma were used as the oxygen source. 

The titanium precursor bubbler was heated to 65 ˚C to obtain a high enough vapor 

pressure and nitrogen (99,999%) was used as the carrier gas. The vapor delivery 

line was heated to 75 °C in order to prevent vapor condensation. Water was held at 

20 °C and used without carrier gas and the water vapor delivery line was held at 

room temperature (>20 ˚C). Ozone was generated using a BMT 803N ozone 

generator which is able to produce 8 gr/h ozone with purity of 99,999% and 

concentration of 250 g/Nm3. Each cycle consisted of 2 precursor pulses, and 2 purge 

steps between the precursor pulses and nitrogen (99.999%) obtained from liquid 

nitrogen boil-off was used as the purge gas between precursor pulses. Depositions 

were carried out between 80 and 120 ˚C. 

The remote plasma system used in the temporal ALD is illustrated in Figure 4.1. It 

is similar to the plasma systems which were used by Kääriäinen et al. and Kariniemi 

et al.34,35 Plasma was generated by capacitive coupling with a 13.56 MHz rf plasma 
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source. The distance between the plasma electrode and the substrate surface was 

25 mm and remained constant during all ALD cycles. A grid at ground potential was 

situated between the plasma electrode and the substrate to avoid ion bombardment 

of the substrate and the distance between the grid and substrate was 12 mm. 

Additional argon (99.999%) was used to facilitate the generation of the plasma. O2 

gas (99.999%) was introduced to the chamber to produce oxygen radicals. All 

plasma depositions were done at 80 ˚C. 

 

 

Figure 4.1. Schematic view of plasma ALD reactor. 

Polished (100) silicon wafers were used as substrates for film thickness 

measurements and X-ray photoelectron spectroscopy analysis (XPS). Teonex® PEN 

(Polyethylene naphthalate) from DuPont Teijin with thickness of 125 µm, which is 

the most popular polymer that has been used for flexible displays, was used as a 

polymer substrate for WVTR measurements. A clean enclosure with the class of ISO 

5 (ISO 14644-1) was used to protect the polymer surface against dust and 

contaminants. 

The film thickness was measured from the film deposited on silicon by using a 

spectroscopic ellipsometer M-2000UI from J.A. Woollam Co. Inc. between 400 and 

1800 nm using a Cauchy model of the titanium oxide optical characteristics. The 

growth rate was calculated based on these thickness measurements. The refractive 

index of the films was measured at the wavelength of 600 nm. XPS analysis was done 

using a Thermo Scientific™ K-Alpha™ system with Al kα (1486.68 eV) excitation. The 

spot size of the X-ray was 400 µm2 and remained constant in all measurements. The 

photoelectron takeoff angle was set at 90° which means that the detector was 

perpendicular to the sample. Ar+ ions were accelerated to 2 keV with 2×4 mm2 

raster size to etch the sample surface for 20 s in order to remove surface 
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contaminants. The water vapor transmission rates of the titanium dioxide films on 

polymer as well as uncoated polymer were measured using an AQUATRAN® 

Model1 (MOCON Inc.) system in tropical conditions (38 ˚C and 90% RH). Two 

parallel measurements were done for each sample and the mean value of them is 

reported. 

 Spatial ALD 

A TFS-200R spatial ALD system (Beneq Oy, Finland) was used to prepare titanium 

dioxide films using TTIP and water to study the growth rate of titanium dioxide 

layers at different deposition temperatures. A schematic view of the spatial ALD 

reactor is shown in Figure 4.2. The reactor consists of a cylindrical chamber with 8 

precursor nozzles arranged radially, each separated by a nitrogen purge nozzle, 

which means that 4 ALD cycles take place in each rotation of the substrate. The axial 

length of each nozzle is 120 mm which is the same as substrate width and the gap 

between the nozzles and substrate was 500 µm. The time that one point of the 

substrate needs to pass one precursor zone is defined as the “residence time”. The 

width of each precursor zone was assumed to be the width of the nozzle, which was 

12 mm. This ignores the width of the nitrogen curtain between nozzles. The 

temperatures of the TTIP and water containers were the same as in the temporal 

ALD process. Nitrogen with a flow rate of 100 sccm was used as a carrier gas for 

both TTIP and water. 4600 sccm of nitrogen flow was also used as a purge gas. 50 

µm thick flexible silicon was used in order to measure the film thickness and 

metallized polymer was used to check the uniformity of the film along the nozzle’s 

length. The carbon content of the films was also measured by XPS. 

 

 

 

Figure 4.2. Schematic view of TFS-200 SALD reactor (top view). 
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3.3 Results and Discussion 

 Film growth by temporal ALD 

Water process 

TiO2 thin films were deposited on silicon using different water and TTIP pulse 

lengths with 1 second of purge length after TTIP exposure and 25-50 seconds of 

purge length after H2O exposure. Purge length up to 25 s was used for up to 2 s of 

H2O pulse length and 50 s for the pulse times more than 2 s. With these purge lengths 

there was no evidence of non-ALD film growth. Above 500 ms, changes in the TTIP 

pulse length showed no changes in growth rate and refractive index of the films. 

However, changing the water pulse length caused significant variations in both the 

growth rate and the refractive index. The effects of changes in water pulse length 

were studied by changing the water pulse time between 500 ms and 3 s. Figure 4.3 

shows the deposition rates and refractive indices of the films which were deposited 

using TTIP and water with ABAB… cycles at 80, 100 and 120 ˚C. The growth of 

titanium dioxide on the silicon surface saturated with approximately 2 s of water 

pulse which gave the maximum growth rate of 0.33 Å/cycle at 120 ˚C. Varying 

temperature in the range of 80-120 ˚C had no significant effect on the growth rate; 

however, saturation occurred at lower water pulse times for higher temperatures. 

Xie et al.36 measured a growth rate of 0.03-0.15 Å/cycle between 50-150 ˚C. They 

also reported an increase in the growth rate in the temperature range of 50 to 150 

°C which does not agree with the results of this study. Both Rahtu et al.37 and Ritala 

et al.38 reported a growth rate of 0.15 Å/cycle at substrate temperature of 150 ˚C. 

On the other hand, Doring et al.39 reported it 1.5 Å/cycle at the same substrate 

temperature. Sinha et al.40 also measured the growth rate at 160 ˚C which was 0.68 

Å/cycle. The recent work by Meng et al.41 is in better agreement with current work. 

They measured a growth rate of 0.34 Å/cycle at 150 ˚C on an anodic aluminium 

oxide surface. A wide range of precursor temperature between 25 to 82 ˚C was used 

in the studies referred to. The differences between the deposition rates measured in 

this and earlier works may be partly due to the different pressure conditions and 

possibly different dosing conditions. In the present work the TTIP vapor pressure 

was higher than in Ref.42– the precursor source temperature and the process 

pressure were 65 ˚C and about 750 mTorr in this case compared with 45 ˚C and 7.5-

100 mTorr in the case of Ref.42. 

The refractive index increased with increasing water pulse length and reached a 

saturation at 1.5-2 s for all the three deposition temperatures. An increase in 

substrate temperature significantly affected the refractive index of the films. For 2 s 
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of water pulse, the refractive index changed from 2.05 for 80 ˚C to 2.2 for 120 ˚C 

showing that the titanium dioxide films are denser at higher temperature (Figure 

4.3 b). X-ray diffraction (XRD) patterns also showed no evidence of crystallinity 

indicating that the films were amorphous as to be expected from the low deposition 

temperatures. The transition from amorphous to anatase TiO2 has been reported 

180 ˚C in the thermal ALD.31 

 

 

Figure 4.3. a) Growth rate and b) refractive index of TiO2 films as a function of water pulse 

length. 

The mechanisms of the reaction between TTIP and water were studied by Rahtu 

et al.37 and Aarik et al.31 using deuterated water to identify them. It was found that 

between 150-250 ˚C half of the isopropoxide ligands are released during the TTIP 

pulse in reaction with hydroxyl groups and the other half are released during the 

water pulse. The two half equations are given below: 

 

3 2 4 3 2 2 3 22 ( ) ( (CH ) ) )( ) ( )2 ( ( ) ) ( ) 2(CH ) ( )OD s Ti OCH g O Ti OCH CH s CHOD g             (4-1)

3 2 2 2 2 3 2( )2 ( ( ) ) ( ) 2 ( ) ( )2 ( ) ( ) 2( ) ( )O Ti OCH CH s D O g O Ti OD s CH CHOD g           (4-2) 
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Where D represents deuterium. For temperatures higher than 250 ˚C one 

isopropoxide group reacts with one surface hydroxyl group and the other three 

isopropoxide groups react with the water pulse. Generally, it has been shown for 

several ALD processes using water that the hydroxyl coverage is better on the 

surface in low temperatures and decreases with increasing temperature.43,44 As the 

temperature increases, some hydroxyl groups probably combine to form water 

molecules which are removed from the surface.45 

22 ( )OH O H O g                                                                                              (4-3)               

This dehydroxylation leads to reduction in –OH groups on the surface at elevated 

temperature. In thermal ALD, the complete reaction of surface groups and incoming 

precursors happens in the presence of adequate thermal energy. Absence of 

adequate thermal energy for the reaction of TTIP and surface –OH at low surface 

temperatures (80-120 ˚C) could be a reason for the low growth rate of titanium 

dioxide. There is also the possibility of forming water multilayers for the long water 

pulse length at temperatures lower than 100 ˚C.46 Quartz crystal microbalance 

(QCM) measurements made by Aarik et al.31 for TTIP and water at 100 ˚C  revealed 

a mass decrease immediately after the water pulse that is related to water 

desorption from the surface. Desorption of molecular water from the surface will 

take a longer time when the temperature is as low as 80 ˚C. Insufficient purge times 

may lead to incomplete water desorption from surface and consequently anomalous 

growth of the oxide by a CVD process. In this work, the effects of purge time were 

also tested during deposition of titanium dioxide from TTIP and water. It was found 

that the purge times as long as 50 s are needed after 4 s of water exposure, but for 2 

s of water pulse, 25 s of purge time is enough. Thus with increasing water pulse time, 

much higher purge times are needed to remove excess water molecules from the 

surface. In order to decrease the process time for practical applications, a water 

pulse time as low as 2 s is desirable. 

Ozone process 

The growth rate of TiO2 films prepared by TTIP and ozone was measured at the same 

temperature as the TTIP and water process. The TTIP pulse and purge times that 

were used in this case were 500 ms and 1 s respectively. Different O3 pulse times 

varying from 500 ms to 5 s were used and no marked change in the growth rate was 

observed between 80 and 120 ˚C by varying O3 feeding time, and the growth rate 

remained constant between 0.1-0.12 Å/cycle. The refractive index of the films also 

was measured in the range of 1.8-1.9. Since these low growth rates and refractive 
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index values would not lead to a practical process, no further studies were carried 

out with TTIP and ozone. 

Plasma oxidation process 

Using oxygen plasma lead to higher growth rates in comparison to water and ozone 

processes at 80 ˚C with the same pulse lengths. The TTIP pulse and purge lengths 

was 500 ms and 1 s respectively and remained constant for all the deposition 

conditions. Oxygen plasma pulse length varied between 500 ms and 5 s and a 5 s of 

purge length was used after the oxygen plasma pulse. Figure 4.4a shows the changes 

in growth rate and refractive index of titanium dioxide layers with O2 plasma pulse 

length. The growth rate of titanium dioxide layers deposited by TTIP and oxygen 

plasma varied between 0.37 and 0.56 Å/cycle. The maximum growth rate of 0.56 

Å/cycle occurred with 2 s of oxygen plasma pulse and plasma power of 250 W. As is 

shown in the graph, the growth rate initially increases with increasing O2 pulse 

length and drops after reaching a maximum. Using longer O2 pulse times resulted in 

lower growth rates but as the O2 pulse length increases, refractive index of the films 

increases which shows the films become denser.47 The refractive indices of the films 

deposited by TTIP and oxygen plasma measured between 2.07 and 2.33 and are 

higher than the films which were deposited by TTIP and water which indicates that 

plasma is able to make denser films. Changing plasma power also affects both 

growth rate and refractive index of the resultant films. Generally, the measured 

growth rate was higher for the higher plasma power. The refractive index increased 

when the plasma power was increased from 150 to 250 W. The maximum growth 

rate occurred at longer plasma pulse times for lower plasma power. To illustrate 

this, the growth rate and refractive index data are plotted as a function of the energy 

input to the plasma as shown in Figure 4.4b. This shows that the plasma energy is 

the driver of the reactions and indicates that much shorter plasma pulses could be 

used if the power is increased. This is due to the effect of increasing reactivity of 

oxygen plasma with increasing plasma power.48 With increasing plasma power, 

removal of TTIP ligands from the surface also takes place more efficiently. 

The growth rates measured using TTIP and oxygen plasma in the present study 

are in good agreement with previous studies with the same temperature range.49,50 

In comparison to the water process, plasma deposition helps to decrease overall 

process time by decreasing the purge time after oxidant precursor exposure. There 

also exists the possibility of generating water during plasma-assisted ALD, due to 

the reaction of the oxygen radicals with hydrocarbons from the TTIP, but the 

amount of water that is produced in this case is does not significantly affect the 

process time. 
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Figure 4.4. a) Growth rate and refractive index of TiO2 Films as a function of oxygen plasma 

pulse length and b) energy input to the plasma. 

 

 Properties of TiO2 layers deposited by temporal ALD 

X-ray photoelectron spectroscopy 

The results of elemental analysis which was performed on samples deposited with 

different deposition conditions are shown in Table 4.1. Three samples from the films 

deposited by TTIP and water at 80, 100 and 120 ˚C were selected for XPS 

measurements. For TTIP and oxygen plasma, the samples deposited with the plasma 

power of 200 W and different pulse lengths were selected to study the effects of 

oxygen plasma exposure on the film chemical composition. Moreover, two samples 

that were deposited by 150 W and 250 W were selected to survey the effects of 

plasma power. The measurements were done before and after 20 s of Ar+ ion 

bombardment. The high level of carbon content in as-deposited samples is related 

to surface C-C and C-H contaminations as the C1s peak in the binding energy of 284.7 

eV for all the films confirms this issue.51  

It was found that the content of residual carbon in the films grown by the thermal 

ALD process with H2O as an oxidant remained constant within the error of XPS 

measurements. The mechanism of reaction between TTIP and water is much 

simpler than in the case of TTIP and oxygen plasma. In the water process, at 

temperatures between 80 and 120 ˚C precursor decomposition does not take place 

and the only reactant surface group after TTIP exposure is the surface –OH group.38 

A considerable change was observed in the carbon content of the films deposited by 

TTIP and oxygen plasma for different oxygen plasma pulse lengths. The carbon 

content decreased with increasing oxygen plasma pulse length from 5.1% for a 0.5 

s oxygen plasma pulse length to 3% for a 2 s oxygen plasma pulse length and 
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negligible amount of carbon was detected for 5 s of oxygen plasma pulse length. 

Changing plasma power also affected the carbon content of the films. As it can be 

seen in Table 4.1 the carbon content gradually decreased when increasing the 

plasma power from 150 to 250 W. Comparing them in terms of plasma energy also 

suggests that the carbon content is a function of plasma energy input and decreases 

with increasing the plasma energy. The analysis of the C1s peak of XPS spectra after 

sputtering for the films deposited by TTIP and both water and oxygen plasma shows 

that the carbon configurations are different in both films. The deconvolution of the 

C1s peaks shown in Figure 4.5a for the films deposited by the thermal H2O process 

consists of two peaks at binding energies of 284.7 eV and 286 eV which indicate that 

the carbon bond belongs to a C-C, C-OH and C-O-C groups in the film. An additional 

peak at 282 eV is also present in all of them which belongs to Ti-C bond.52,53 Since 

there is no Ti-C bond in the TTIP precursor, the formation of a Ti-C bond can be due 

to the reducing effect of the sputtering prior to the XPS measurement. The same 

effect was observed by Sonnenfeld et al.54 Lack of Ti-C bonds in the same samples 

before sputtering also supports the idea of the reducing effect during sputtering. The 

C1s peak of the films deposited by plasma shows a peak at binding energy of 288.8 

eV in addition to the peak at 284.7 eV (Figure 4.5b). The binding energy of 288.8 eV 

corresponds to O=C–O functional groups in the film.55,56 It has been reported that 

both metal carbonates and hydroxyl are reactive sites for TTIP chemisorption in 

plasma-assisted ALD of TiO2.57 The reaction between O radicals and organic ligands 

produces H2O, CO and CO2. Moreover, surface carbonates and bicarbonates are 

known to be formed due to simultaneous reaction of H2O and CO2 with a metal oxide 

surface.58 Incorporation of (CO32-) in addition to –OH surface group in the plasma 

process possibly leaves some carbon within the film structure. Changes in relative 

fraction of the two types of surface reactive site with changing plasma pulse length 

is the most probable reason for the small amount of carbon in higher plasma pulses. 

The (CO32-) groups are superseded by –OH surface groups by prolonging the oxygen 

plasma pulse length. 

Deconvolution of Ti2p spectra into Gaussian peaks for the samples before Ar+ ion 

etching indicates two Ti2p2/3 peaks at binding energies of 458.5 eV and 457.1 eV 

which correspond to Ti(IV) and Ti(III) oxidation states respectively.59-60 The 

intensity ratio of I(Ti3+)/I(Ti4+) varies between 0.01-0.03 which shows the negligible 

amount of Ti (III) oxidation state. The state of oxidation changed partially from Ti 

(IV) to Ti (III) after Ar+ ion etching as previously reported in several studies.61-64 
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Table 4.1. Carbon content of TiO2 films deposited by temporal ALD (after Ar+ sputtering). 

Reactant 
Plasma Power 

(W) 

Temperature 

(°C) 

Pulse length 

(s) 

Carbon content  

(atomic% ±0.5) 

water 

 

80 

100 

2 

2 

2.1 

2.4 

100 2 2.4 

120 2 2.0 

oxygen 

plasma 

250 80 0.5 4.8 

200 80 0.5 5.1 

80 2 3.0 

80 5 0.5 

150 80 0.5 5.9 

 

 

 

 

Figure 4.5. C1s peaks of XPS spectra for 1) TTIP and water (water pulse length: 2 s, 100 ˚C) 

and 2) TTIP and oxygen plasma (oxygen plasma pulse length: 2 s). 
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Water vapor transmission rate 

WVTR measurements were performed on the series of TiO2 films with the thickness 

of 10, 20 and 45 nm deposited on PEN. The WVTR value of the pristine PEN was 

measured to be 1 g·day-1·m-2. 45 nm thick TiO2 (TTIP and water) decreased the 

water permeation rate to the level of 3×10-2 g·day-1·m-2. The precursor pulse and 

purge sequence for these films was: 500 ms TTIP pulse, 1 s TTIP purge, 2 s water 

pulse and 25 s water purge. A water pulse time of 2 seconds was selected to avoid 

excess water accumulation on the surface during the coating process and decrease 

the overall process time. Figure 4.6 shows the changes in WVTR values of TiO2 

coated PEN using TTIP and water with temperature. As the temperature increases, 

the WVTR value decreases. 

The TiO2 films deposited by TTIP and oxygen plasma showed a lower level of 

moisture permeation. Figure 4.7 shows the variation of WVTR value for the samples 

by different thickness made by different plasma (200 W) pulse length. The TTIP 

pulse and purge times were the same times that were used in water process. 

Different oxygen plasma pulse lengths of 500 ms, 2 s and 5 s were used and a 5 s 

purge after oxygen plasma pulse. The WVTR value for 45 nm of the film with 

prepared by 500 ms oxygen plasma pulse length turned out to be 1×10-3 g·day-1·m-2 

which is still lower than the best value for the film deposited by the water process. 

For both 2 and 5 s of pulse length and thicknesses more than 20 nm the WVTR value 

were measured lower than the measurement limit of the equipment (lower than 

5×10-4 g·day-1·m-2). These low values could be attributed to the dense and conformal 

nature of the films prepared using plasma-assisted ALD. By decreasing the film 

thickness down to 10 nm the WVTR value for 2 s and 5 s of oxygen plasma length 

increased to 3×10-1 g·day-1·m-2 and 3×10-3 g·day-1·m-2 respectively. 

 

 

Figure 4.6. WVTR of the films deposited by TTIP and water. 
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Figure 4.7. WVTR of the films deposited by TTIP and oxygen plasma. 

Kim et al.27 measured the WVTR value for 80 nm titanium dioxide layer deposited 

by TDMAT and oxygen plasma on PES at the substrate temperature of 90 ˚C. They 

reported 2.3×10-2 g·day-1·m-2 in measurement condition of 37.8 ˚C and 100% RH. 

WVTR values in the level of 10-1 for 40-60 nm thick TiO2 ALD layer on PES substrate 

were measured by Han et al.65 They also used TDMAT and oxygen plasma at 80 ˚C 

to deposit TiO2 and the WVTR measurement condition was 38 ˚C and 100% RH. 

Dickey et al.66 reported the WVTR values down to the equipment measurement limit 

(5×10-4) for 8 nm of TiO2 layer on PET deposited using a plasma assisted roll-to-roll 

ALD system. In this case measurements were made at 38 ˚C and 90% RH. In this 

study, since the limit for the measurement instrument was 5×10-4 g·day-1·m-2, the 

values lower than this value could not be measured and the exact value of WVTR for 

20 and 40 nm of TiO2 deposited by TTIP and oxygen plasma remained unknown. A 

calcium test or similar is needed to measure lower values of WVTR. 

The water vapor transmission rate through the film is determined by four stages 

of adsorption, solubilization, diffusion and desorption.67 The density and size of 

defects inside the film are determinant factors for the diffusion thorough the film.68 

The denser ALD films which contain narrower and more widely separated pathways 

for water permeation can hinder this diffusion of moisture through the film.69 The 

level of nano-porosity inside thin films also is known as a factor which is correlated 

to the water permeation of ALD layers.70 Depending on the process conditions, e.g. 

water or plasma exposure time, plasma power and deposition temperature which 

directly affect the film microstructure and physical properties, the density and size 

of pores inside the film structure can be different. As it can be seen from Figure 4.3 



Low temperature temporal and spatial ALD of TiO2 films                              93 

for the water process, the refractive index of the films increases with increase of 

temperature which suggests that the films are becoming denser. Increasing the 

oxygen plasma pulse length also led to the production of denser films and in 

consequence lower WVTR values. It can be therefore concluded that the water 

permeation decreased with increasing film density. 

 

 Spatial ALD of TTIP and water 

The results of growth rate, refractive index and elemental analysis of titanium 

dioxide films deposited by Spatial ALD system using TTIP and water as precursors 

are presented in this section. Figure 4.8a shows the growth rate of spatially 

deposited titanium dioxide as a function of residence time and rotations per minute 

(rpm) at three deposition temperatures. Changes in deposition temperature showed 

insignificant effects on the growth rate. The growth rate increased with increasing 

residence time and saturated at about 0.35 Å/cycle for all the three deposition 

temperatures. This value is slightly higher than the saturated growth in temporal 

ALD of TTIP and water (Figure 4.3a). Increasing the residence time above 459 ms (5 

rpm) showed no considerable change in the growth rate for all the three 

temperatures. One feature of the SALD system is that the precursor exposure time 

and the purging time cannot be independently varied since their ratio is fixed by the 

mechanical dimensions of reaction chamber. However, as in conventional ALD, the 

precursor dose is a combination of the precursor exposure time and the precursor 

vapor pressure. The purging time will, of course, depend on the rotation speed. 

Therefore a balance between the precursor dose and the purging time can be 

achieved which will minimize the amount of excess water and other byproducts 

which needs to be removed from the film surface. This enables a fast ALD cycle to be 

achieved in SALD. A decrease in deposition temperature to 80 ˚C showed no 

anomalous growth at low residence times (high speed deposition) as was reported 

by Maydannik et al.46 for Al2O3 deposited using trimethylaluminium (TMA) and 

water in the same type of spatial ALD reactor. They explained this anomalous 

growth by formation of water multilayers at substrate temperature lower than 100 

˚C leading to a CVD reaction between the excess water and the incoming TMA 

precursor. The absence of such CVD growth behavior over a wide range of residence 

time for TTIP and water suggests that this explanation does not hold. Figure 4.8b 

shows the change in refractive index of spatially deposited titanium dioxide layers 

using TTIP and water with residence time at three deposition temperatures. All the 

curves reach a saturation at the residence time of 230 ms. Similar to temporal ALD, 

it can be seen that the refractive index is higher for the higher temperatures at a 
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given residence time. Comparing to the films produced by temporal ALD, the 

refractive index of the films produced by spatial ALD are slightly higher at the same 

temperature and in the saturated mode. 

 

 

Figure 4.8. a) Growth rate and b) refractive index of TiO2 films deposited by spatial ALD. 

XPS analysis was carried out in order to compare the spatially deposited titanium 

dioxide films with those deposited by temporal ALD. Table 4.2 shows the carbon 

content of the samples with various residence times and deposited in different 

temperatures. In each temperature, the carbon content of the sample deposited by 

153 ms of residence time is similar to the one deposited by temporal ALD and in 

saturated mode. Increasing the residence time to 459 ms led to small changes in 

carbon content and no change in the case of the samples deposited at 100 ˚C. The 

origin of the relatively higher carbon content with higher speed deposition (100 

rpm) is the result of incomplete reaction between incoming H2O molecules and the 

TTIP surface ligands which are consequently trapped in the film and increase the 

residual carbon inside the films. The lower purge time might also contribute, as 

some of methyl groups remaining from the previous reaction might be carried into 

the next half reaction zone due to the incomplete purge. With increasing residence 
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time, there will be more time for surface ligands and incoming precursors to react 

and also be removed in the purge zones. Therefore purer films with lower carbon 

contamination will be produced with increasing residence time. Increasing the 

residence time after reaching saturation at 153 ms showed little change in either 

carbon content, film growth rate or refractive index. The C1s peaks of the SALD TiO2 

samples were the same as the peaks which were observed for the water process in 

temporal ALD (Figure 4.5a). Deconvoluting the C1s peaks of the XPS spectra showed 

that C-C, C-OH and C-O-C are the functional groups which are present in the TiO2 

layers deposited by SALD using TTIP and water. 

By increasing the temperature from 80 ˚C to 120 ̊ C, the carbon content in the films 

slightly decreased. At high deposition rates (100 rpm) it is still possible to have the 

carbon content as low as 2.7% at 120 °C. Comparing the growth rate, refractive 

index and chemical analysis shows that the same results of the temporal ALD can be 

obtained by spatial ALD with considerably lower deposition time which shows the 

capability of spatial ALD to produce titanium dioxide films with the same film quality 

of temporal ALD. However, the increased growth rate in the SALD process compared 

to the temporal process might be explained by a slight CVD component which may 

occur in the SALD process since dosing and purging time cannot be controlled 

independently. 

 

 

Table 4.2. Carbon content of SALD samples. 

Residence time, C % ± 0.5 

ms 80 ˚C 100 ˚C 120 ˚C 

23 (100rpm) 4.5 4.1 2.7 

153 (15rpm) 2.0 2.3 2.3 

459 (5rpm) 2.7 2.3 1.8 
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3.4 Conclusions 

TiO2 thin films have been deposited by thermal and plasma-assisted temporal ALD 

and also SALD at low temperatures (≤ 120 ˚C) using TTIP as the Ti precursor. In the 

thermal process with water as the oxidant, the effect of temperature variation 

between 80 and 120 ˚C on deposition rate was minimal, nevertheless, the density of 

the films increased with increase of temperature. The process with ozone as the 

oxidant had low growth rate at these temperatures and is not practically useful. In 

plasma-assisted ALD, the length of the oxygen plasma pulse played an important 

role in both purity and density of the layers. The WVTR measurements on TiO2 films 

deposited on PEN indicated that for temporal ALD the plasma-assisted process 

produces better moisture barrier layers and WVTR values lower than 5×10-4 g·day-

1·m-2 were obtained for 20 nm of TiO2 films deposited on PEN using more than 2 s of 

oxygen plasma pulse length. The SALD process using TTIP and water showed similar 

growth rate and quality to the layers produced by temporal ALD. The production 

rate of SALD TiO2 films is greater than temporal ALD for similar film characteristics. 

For comparison, further studies using oxygen plasma as an oxidant source in SALD 

will be carried out in due course.   
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Chapter 5 
 

 
TiO2 thin film patterns prepared by chemical vapor 

deposition and atomic layer deposition using an 
atmospheric pressure micro-plasma printer* 

 

A micro-plasma printer was employed to deposit thin films and patterns of TiO2 by titanium 

tetra-isopropoxide (TTIP) and N2/O2 plasma at atmospheric pressure. The setup was adopted to 

carry out deposition in two configurations, namely under chemical vapor deposition (CVD) and 

atomic layer deposition (ALD) modes. The properties of the TiO2, as well as the patterning 

resolution have been investigated. The amorphous TiO2 deposited in the CVD mode contained a 

relatively high level of impurities (residual carbon content of 5-10 at.%) and were characterized 

by a low refractive index of 1.8. With the ALD mode on the other hand, TiO2 was obtained with 

low level of impurities (< 1 at.% C and < 2 at.% N), a refractive index of 1.98, and growth-per-

cycle of 0.15 nm. Furthermore, the spatial resolution for a 8 nm-thick film was determined by 

XPS line scan and found to be equal to 2000 µm and 900 µm for the CVD and ALD modes, 

respectively. This work can be regarded as the first step towards area-selective CVD and ALD of 

TiO2 by a micro-plasma printer which can be further explored and extended to other material 

systems. 

 

 

 

 

 

 

 

 

                                                           
* M. Aghaee, J. Verheijen, A.A.E. Stevens, W.M.M. Kessels and M. Creatore, submitted. 
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5.1 Introduction 

Direct deposition of thin film patterns has recently become a subject of extensive 

research.1,2 Many areas ranging from semiconductor to biomedical applications 

require fabrication of patterned micro- and nanostructures.3–5 Besides applications 

which require nano-scale patterns, a broad range of devices such as thin film 

transistors (TFTs),6,7 solar cells,8 sensors 9 and microfluidic channels 10,11 demand 

micron-scale patterns in their structures. The fabrication of some of these devices 

rely on costly patterning methods, such as (photo-)lithography. Therefore, 

alternative, simple and cost-effective approaches, from sub-millimeter to micron-

scale patterning, are sought. 

Chemical vapor-based thin film deposition techniques such as chemical vapor 

deposition (CVD) and atomic layer deposition (ALD) have been both acknowledged 

for delivering  thin films with accurate control in chemical, opto-electrical, and 

structural properties.12,13 Fabricating patterns of thin films by CVD and ALD is 

generally achieved either by top-down or bottom-up approaches.2 The former 

involves either masking selected areas of the substrate with a resist followed by thin 

film deposition and mask removal (lift-off), or masking selected areas of deposited 

film with a resist followed by etching and subsequent mask removal. The bottom-up 

approach instead, does not require the masking step and the patterning is mainly 

achieved via local activation of the desired areas of the substrate to promote film 

growth only on those selected areas. Bottom-up processes, which rely on the 

inherent properties of materials to allow for selective deposition are desired due to 

the fewer processing steps.14–16 Furthermore, they allow for self-aligned fabrication 

of patterns which can address the alignment challenge associated to the top-down 

approaches.17,18 Hence there is currently a large interest in such bottom-up 

approaches for area-selective deposition.17,19 As an example, nano-scale patterning 

of metals on oxides was shown by depositing a seed layer of Pt with electron beam 

induced deposition (EBID) prior to Pt ALD.20 Pt ALD growth instantly occurs on Pt 

seed layer, while Pt seed-free oxide regions experience a long incubation time for Pt 

growth. Another example of a bottom-up process is sub-mm scale patterning of 

In2O3:H using local plasma activation of H-terminated Si surface, prior to ALD.21 The 

latter benefits from the selective growth of In2O3:H with InCp precursor and H2O/O2 

mixture on oxidized Si surfaces.22 In both examples of area-selective ALD, ALD 

growth is promoted on the activated areas, while ALD growth on the other regions 

experiences an incubation time. It is important to notice that these bottom-up 

approaches require at least two processing steps (local activation and subsequent 

ALD) and rely on the ALD precursor’s chemistry and precursor/substrate 

combination. 
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In this contribution we introduce a one-step patterning approach for thin oxide 

films based on a micro-plasma printer: the film can be directly deposited on selected 

areas of the substrate according to a pattern defined through software. Specifically, 

the micro-plasma printer, which is a multi-needle-to-plate dielectric barrier 

discharge (DBD) system, enables a dot-wise plasma ignition on the surface. The 

micro-plasma printer was originally adopted for surface treatment and 

functionalization using non-depositing gases such as N2/O2 mixtures.23,24 An 

example of patterning application was already mentioned above: a novel two-step 

process for sub-mm scale area-selective ALD of transparent conductive oxides 

(TCOs) by activation of H-terminated Si using a micro-plasma printer prior to 

In2O3:H deposition by ALD.21 Hexamethyldisiloxane (HMDSO) and (3-

Aminopropyl)trimethoxysilane (APTMS) were also tested as precursors in the 

micro-discharge area. Plasma polymerized HMDSO was applied to generate 

hydrophobic surfaces,25 and APTMS was adopted to deliver amine functionalities at 

the surface, followed by subsequent metal electrodeless nickel plating.26 

Whereas the micro-plasma printer has proven its robustness primarily in 

patterned surface functionalization, its potential in delivering patterned, ultra-thin 

oxide films in only one step has not been explored yet. More specifically, in this work 

we present the first step toward such a one-step patterning of thin oxide films by a 

micro-plasma printer, by addressing the case study of TiO2. This material has been 

chosen because it has been already widely investigated in different CVD and ALD 

processes. In more detail, we adopt the atmospheric pressure micro-plasma source 

in two configuration modes. The first features plasma activation of both precursor 

(titanium tetra-isopropoxide) and N2/O2 mixtures, according to a plasma-enhanced 

CVD mode. The second features plasma activation of only N2/O2 mixtures, following 

the exposure of the substrate to the Ti-precursor, according to a plasma-enhanced 

ALD mode.  

The paper is organized as follows. The experimental section addresses the 

hardware modifications necessary to run the micro-plasma setup in the two 

deposition modes, as well as the materials and characterization methods used. The 

results section presents the discussion of the TiO2 film characterization when 

deposition is carried out in the two modes, CVD and ALD. Finally, we also discuss 

the outcome of the first spatial resolution studies when TiO2 is deposited in CVD and 

ALD modes, by means of X-ray Photoelectron Spectroscopy (XPS) line scan 

measurements. The conclusions of this work are presented at the end. 
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5.2 Experimental 

 Micro-plasma printer 

The micro-plasma printer (InnoPhysics B.V.)23,26 is a multi-needle-to-plate DBD 

system operating at atmospheric pressure (Figure 5.1). A high voltage AC power 

source with an operating frequency of 60-70 kHz is used as power supply and 

connected to the printer table. The plasma is generated between the table and 

grounded printing head with a dielectric layer placed in the gap between the 

electrodes. The exact position of the dielectric layer depends on the substrate 

material. If the substrate is non-conductive, the substrate itself can serve as 

dielectric and there is no need for an extra dielectric layer (Figure 5.1d- left). In case 

of (semi-) conductive substrate, a 260 µm thick Al2O3 sheet acts as dielectric 

between the electrodes and the substrate (Figure 5.1d- right). The printing head 

which can move in /X/, /Y/ and /Z/ directions over the table, consists of 2 rows of 

f12 needle electrodes positioned 270 µm from each other. The actuation of the 

needles is independent from the movement of the printing head in /Z/ direction. 

While the printing head is fixed in a certain /Z/ position (typically about 500 µm 

above the substrate surface), every needle electrode can be actuated independently 

(Figure 5.1c) along the /Z/ axis to control the plasma ignition, according to the 

Paschen’s law. The voltage supplied to the printer can vary in the range of 1-9 kV 

peak-to-peak depending on the process gas and the gap between the electrodes. In 

every single plasma printing step which is defined as one print repeat (PR), the print 

head is moved with a constant speed (10-60 mm/s) over the substrate surface while 

the needle electrodes are actuated only on the areas of the substrate which are pre-

defined by the software. The average time which each area of the substrate is 

exposed to the plasma with the above-mentioned settings is independent of the 

head speed and is approximately 400 µs. 

 Thin film deposition by micro-plasma printer 

The micro-plasma printer was adapted for operating according to two deposition 

modes, CVD and ALD of TiO2. The two different designs of the chamber are reported 

in Figure 5.2. In the CVD design, precursor and plasma gas were injected 

simultaneously to the front of the needle electrodes and an exhaust line was placed 

behind the needle electrodes. While in the ALD design, precursor injection was 

separated from the plasma needles and plasma gas by means of a N2 curtain. In both 

cases, the chamber was protected against ambient air and moisture by means of a 

N2 curtain ring with a flow of 2 slm during the process. The N2 used had a purity of 
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99.999%. Titanium tetra-isopropoxide (TTIP, ≥ 97% purity, Sigma Aldrich) was 

used as the CVD and ALD precursor and was heated to 30 °C. N2 was used as carrier 

gas. Stainless steel flexible lines carrying the precursor were heated to 50 °C to 

prevent vapor condensation. The substrate table was also heated to 60 °C.  

 

Plasma-enhanced CVD 

Silicate glass (Thermo Scientific Menzel-Gläser) and p-type c-Si (100) wafers were 

used as the substrates for CVD process. Depositions on c-Si were performed with 

just injecting TTIP carried by 53 sccm N2 to the plasma. While for deposition on 

glass, TTIP was carried by 25 sccm N2 and mixed with 0-10 sccm of O2 (99.999%) 

before being injected to the plasma. In order to have sufficient area for analysis, a 

rectangle TiO2 film with an area of 3.3 × 12 mm2 was deposited on each substrate. 

By using a digital pattern, the distance between each plasma spot was set to 90 µm 

to avoid thickness non-uniformity along the deposited films. 

 

 

Figure 5.1. a) Printing head of the micro-plasma printer. b) Illustration of printing when all 

needle electrodes are activated and c) printing a pattern with selected needle electrodes 

activated. Actuation of the needle electrodes takes place individually via controlling the 

distance between the needle electrode and substrate. d) Schematic front-views of the micro-

plasma system for plasma-treatment of glass and c-Si substrates. In both cases, the gap 

between the ignited needle electrodes and dielectric was fixed at 150 µm. For c-Si, a dielectric 

sheet of Al2O3 with a thickness of 260 µm is inserted between the needle electrodes and 

substrate. 
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Figure 5.2. 2D-schematic views of the micro-plasma printer for deposition of TiO2 in CVD 

mode providing TTIP simultaneously with N2/O2 plasma on a) glass and c-Si substrates, and 

in ALD mode via alternate exposure of the substrate to b1) TTIP precursor and b2) N2/O2 

plasma. Plasma gas inlet and exhaust line of the plasma zone are placed in the front and back 

of the needle electrodes, respectively. The extra purge steps in ALD mode were carried out 

before and after plasma ignition in (b2). 

 

 

Plasma-enhanced ALD 

p-type c-Si (100) wafer was the substrate for the ALD process by the micro-plasma 

printer. The O2 plasma generated by the micro-plasma was used as co-reactant and 

the substrate was exposed to TTIP (carried by 25 sccm N2) and O2 plasma by moving 

the head back and forth between two areas spatially separated by a N2 gas flow 

(Figure 5.2b1 and b2). It is noteworthy that the constant flow of O2 (10 sccm) mixed 

with the N2 from curtain gas such that a N2/O2 plasma was generated. TTIP exposure 

time was varied between 315 ms and 1900 ms by tuning the speed of the head. 

Dependent on the exposure time, purge time was varied between 650 and 3900 ms. 

The precursor exposure and purge time for different head translation speeds are 

presented in Table 5.1. In some cases, a purge time step was added between the 

plasma and TTIP exposures by holding the substrate in the plasma region (plasma 

off), which is referred here to as “extra purge time”. The plasma exposure time in 
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every PR was calculated to be 400 µs for the given voltage and gap distance between 

the electrodes in this study and was independent of both TTIP exposure and purge 

times. In order to increase the plasma exposure time in each ALD cycle, the number 

of PRs was increased. The distance between TTIP exposure and plasma region was 

large enough to avoid multiple exposure of the substrate to TTIP when several PRs 

were performed in every ALD cycle. Similar to the CVD mode, in ALD mode also a 

rectangle TiO2 film with an area of 3.3 × 12 mm2 was deposited on each substrate to 

allow for film analysis. For resolution study in Section 5.3.3, two needle electrodes 

were used in the ALD mode to facilitate the N2/O2 plasma ignition. This was because 

the plasma generated in N2/O2 was less stable with only one needle. To ignite the 

plasma with the same voltage and O2 flow rate as the deposition with all needle 

electrodes (5.8 kV, 10 sccm O2) and have a stable plasma, 2 needle electrodes were 

necessary. 

 

 

Table 5.1. Precursor exposure and purge times for different printer head speeds. 

Motion speed (mm/s) Precursor exposure time (ms) Purge time (ms) 

10 1900 3900 

20 950 1950 

30 630 1300 

40 475 975 

50 380 780 

60 315 650 

 

 

 Thin film characterization 

The thickness and refractive index (n) of the films were measured on c-Si and glass 

substrates by a variable angle spectroscopic ellipsometer (M-2000D, J.A. Woollam 

Inc.) employing a Tauc-Lorentz model in the wavelength range of 300-1000 nm for 

analysis. An EMA (Effective Medium Approximation) model using 50% voids and 

50% of the film material, was used for calculating roughness and half of the 

roughness was added to the film thickness determined by the Tauc-Lorentz model. 

Top view images of the deposited films were recorded by a field emission scanning 

electron microscope (Sigma, ZEISS) with an accelerating voltage of 2 kV. Atomic 

force microscopy (AFM, Dimension 3100, Veeco) was used to visualize the surface 
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morphology of the films. AFM raw data were processes by the open source software 

Gwyddion. X-ray photoelectron spectroscopy (XPS) analysis was performed on both 

CVD and ALD TiO2 films by a Thermo ScientificTM system with Al Kα (1486.68 eV) 

excitation. XPS measurements were carried out on as-deposited samples and after a 

60s of sputtering with low energy (500 eV) Ar+ to remove adventitious carbon from 

the surface. The binding energy values were corrected for charging, based on the 

C1s peak at 284.7 eV, associated to surface contamination upon exposure of the film 

to ambient. For XPS line scans, the diameter of the x-ray beam was reduced from 

400 µm to 50 µm and the distance between two consecutive measurements was set 

at 60 µm. Rutherford backscattering spectrometry (RBS) and elastic recoil detection 

(ERD) were performed for measuring atomic composition of TiO2 films by ACCTEC 

B.V. spectrometer using a 1900 KeV He+ beam. During RBS measurements, detectors 

were at scattering angles of 140° and 170°. The detector was at a recoil angle of 30° 

for ERD measurements. In order to identify any possible crystalline structure in the 

TiO2 films deposited on the small area, Raman spectroscopy was performed with a 

Renishaw spectrometer using a 514 nm laser as the excitation source. 

 

5.3 Results and discussion 

 Atmospheric pressure plasma-enhanced CVD of TiO2 

The atmospheric pressure plasma-enhanced CVD of TiO2 films was performed on 

glass substrates by flowing TTIP with and without O2. The same was done on c-Si 

but in this case by flowing only TTIP to the chamber as due to physical limitations 

of the hardware, depositions on c-Si substrate could only be done without adding 

O2. Figure 5.3 shows increase in thickness of TiO2 layers as a function of the number 

of PRs. The thickness of the TiO2 film on glass substrate was measured to be 56 nm 

after 25 PRs when only TTIP was injected to plasma. The growth rate can be 

calculated per plasma repeat, equivalent to a plasma duration of 400 µs. Hence the 

growth of 2.2 ± 0.2 nm/PR corresponds to a growth rate of 5.5 nm/ms on glass 

substrate in absence of O2. The growth decreased to 1.9 ± 0.2 nm/PR (growth rate 

is 4.7 nm/ms) by adding 10 sccm of O2 to the gas mixture. In case of deposition on 

c-Si, the growth was 1.3 ± 0.1 nm/PR (growth rate is 3.25 nm/ms). The decrease in 

growth rate by adding O2 when deposition was performed on glass can be ascribed 

to formation of O radical in the N2/O2 plasma leading to more efficient abstraction 

of hydrocarbon ligands from TTIP, as addressed later when discussing the film 

chemical composition. The lower growth rate achieved in the case of c-Si substrates 

compared to glass was attributed to the difference in the DBD configuration (Figure 
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5.1), more specifically the difference in terms of inter-electrode gap. The gap 

between two electrodes when deposition was performed on c-Si substrate (Figure 

5.1d- right) was twice as the gap in the case of glass substrate (Figure 5.1d- left). Our 

experiments showed that a higher gap distance (more than 150 µm) in micro-

plasma DBD system lead to a lower energy-density when keeping operating voltage 

the same (Figure A5.1a). Furthermore, there is a difference in dielectric material 

when depositions were carried out on glass and c-Si substrates. In case of 

depositions on glass, the 1 mm-thick glass substrate itself served the dielectric role 

in DBD. While in case of depositions on c-Si, a 260 µm Al2O3 sheet was used as the 

dielectric in the gap between needle electrodes and table. Thickness and 

permittivity of the dielectric are known to have a strong effect on the properties of 

the plasma.27 

 

 

 

 

Figure 5.3. TiO2 thickness evolution as a function of the number of plasma print repeats in 

CVD process as measured by ex-situ spectroscopic ellipsometry. The corresponding plasma 

exposure time is also given in the top horizontal axis. TTIP was used with N2 as the carrier 

gas, with and without O2 in the gas mixture and the applied voltage was 5.8 kV for all 

experiments. 

 

 

 



110  Chapter 5 

The plasma-enhanced CVD TiO2 films were amorphous, as no peaks related to 

anatase or rutile structures were found in their Raman spectra. The top-view SEM 

images of around 80 nm-thick TiO2 films on glass are shown in Figure 5.4. The TiO2 

films deposited with dosing only TTIP in the plasma (Figure 5.4a and b) were rough 

with particle-like features on top of TiO2 surface. A decrease in size of the features 

was observed when the applied voltage was increased from 4.8 to 5.8 kV. The 

morphology of the TiO2 film deposited by adding 10 sccm O2 to TTIP (Figure 5.4c) 

markedly changed toward less and smaller particles when compared to those TiO2 

films deposited with only TTIP and with the same applied voltage. The morphology 

of the surface in Figure 5.4c, that is the sample deposited by TTIP and 10 sccm O2, is 

very similar to what observed by Yoshiki et al.28, where TiO2 films were deposited 

by a mixture of TTIP with He/O2 plasma at atmospheric pressure. 

 

 

 

 
Figure 5.4. Top-view SEM images of CVD TiO2 layers deposited on glass substrate under 

various conditions in terms of voltage and gas mixture: a) 4.8 kV with only TTIP, b) 5.8 kV 

with only TTIP, c) 5.8kV with TTIP and 10 sccm O2 in the gas mixture. All the films were 

prepared by 40 PR. The film thickness is around 80 nm. 
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The SEM observation was supported by AFM analysis. AFM micrographs of 

different TiO2 films deposited on glass and c-Si are displayed in Figure 5.5.  AFM 

images of TiO2 films deposited on glass with only TTIP and two different applied 

voltages (Figure 5.5a and b) revealed smaller features for the sample deposited 

using higher plasma energy. The RMS value decreased from 18 ± 1 to 11 ± 1 nm by 

increasing the voltage from 4.8 to 5.8 kV. However, both samples appear to be 

affected by macro-porosity (shown by arrows in Figure 5.5a and b). The RMS value 

decreased to 4.0 ± 0.5 nm after adding 10 sccm O2 to the plasma. Less particle-like 

features can be observed in the AFM image of TiO2 layer deposited by adding O2 to 

the gas mixtures (Figure 5.5c), in line with the SEM image of the same sample 

(Figure 5.4c). The sample deposited on c-Si substrate in the absence of O2, instead, 

was found to be smooth with a RMS value of 0.25 ± 0.05 nm (Figure 5.5d) similar to 

the RMS value of bare c-Si substrate itself. The contrast in roughness of TiO2 films 

deposited on c-Si and glass substrates can be likely explained by the difference in 

charge distribution on conductive and dielectric surfaces in atmospheric pressure 

electric discharges. Deposited charge on the surface of a dielectric is known to be 

non-uniform.29 Increasing the surface conductivity can result in a more uniform 

distribution of charges over the surface and therefore to an enhancement in stability 

and uniformity of plasma.30 It should be noted that regardless of the process gas and 

deposition conditions, depositing smooth TiO2 layers in a DBD system has been 

reported to be a general challenge in the literature.31,32  

 

 

Figure 5.5. AFM images of CVD TiO2 films prepared with 40 PR on glass and c-Si substrates 

under various conditions in terms of voltage and gas mixture. a) 4.8 kV, on glass substrate 

with only TTIP, b) 5.8 kV, on glass substrate with only TTIP, c) 5.8 kV, on glass substrate with 

TTIP and 10 sccm O2, d) 5.8 kV, on c-Si substrate with only TTIP. Black arrows in (a) and (b) 

are pointing to “macro-porosity” in the film. The thickness of the film is around 80 nm.  
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The chemical composition of TiO2 layers deposited on glass and c-Si substrates 

was determined by XPS and is presented in Table 5.2. The TiO2 films were deposited 

on glass using 25 sccm of TTIP and different applied voltages and O2 flows, while the 

TiO2 film on c-Si was deposited with 53 sccm of TTIP. For depositions on glass with 

only TTIP, TiO2 films contained around 10 and 3 at.% of C and N, respectively, and 

increasing the voltage from 4.8 to 5.8 kV did not lead to further changes in layer 

chemical composition. Adding 5 and 10 sccm O2 to the plasma resulted in a gradual 

decrease in the C content from 10.1 at.% to less than 5% and in N content from 3.4% 

to 1.7%, respectively. Increasing the amount of O2 in the plasma leads to generation 

of O radicals which can combust the TTIP fragments. 33 However, chemistry of 

TTIP/O2/N2 fed plasma can be more complicated and the presence of other oxidizing 

agents such as O3 and NxOy in the plasma can cannot be excluded. In fact, FTIR 

analysis confirmed the presence of O3 and different types of NxOy in the effluent gas 

of the N2/O2-fed micro-plasma (Appendix 5). 

In case of TiO2 films grown on c-Si substrates, the C content was found to be lower 

than in the case of glass substrates and the amount of N was negligible (Table 5.2). 

The lower amount of N could be due to the lower energy-density under higher inter-

electrode gap conditions and limited atomic N formation by direct electron impact 

dissociation. Yet the refractive index (n) of a 50 nm thick film on c-Si substrate was 

1.8 ± 0.05 at 632.8 nm which is much lower than typical value for dense and 

amorphous TiO2 film (n = 2.2-2.4).34 The lower refractive index of the plasma-

enhanced CVD TiO2 films in this work compared to dense TiO2 can be related either 

to the residual carbon in the film or presence of porosity in the layers.  

 

 

Table 5.2. XPS analysis of the CVD TiO2 films deposited on glass and silicon with different 

flows of O2 in the gas mixture and different applied voltages. The values are reported after 60 

s of sputtering with Ar ions to remove the surface C contamination. The maximum error in 

the elemental concentration measured by XPS was 0.5%. The thickness of the samples was in 

the range of 20-40 nm.  

Gas composition Substrate Voltage (kV) 
Atomic % 

[C] [N] 

25 sccm TTIP Glass 4.8 10.1 3.2 

25 sccm TTIP Glass 5.8 10.7 3.4 

25 sccm TTIP + 5 sccm O2 Glass 5.8 6.8 1.7 

25 sccm TTIP + 10 sccm O2 Glass 5.8 4.9 1.7 

53 sccm TTIP c-Si 5.8 7.5 <1 
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XPS scans of Ti2p and N1s spectral regions were used to identify the chemical 

bonds in plasma-enhanced CVD TiO2 films (Figure 5.6). Ti2p3/2 and Ti2p1/2 peaks 

associated to the layer deposited on c-Si were found at 459.1 eV and 464.9 eV, 

respectively, which correspond to Ti4+ oxidation state. The peaks were shifted to 

lower binding energy values by 0.6 eV when analysing TiO2 on glass. The shift can 

be explained by the presence of Ti-N-O bonds in the film, confirmed by the N1s peak 

at 401.5-402 eV, observed for the TiO2 films deposited on glass.35,36 The peak at 400 

eV can be assigned to molecularly adsorbed nitrogen such as NOx.36–38 NxOy neutrals 

and charged species such as NO, NO2, NO3, N2O5, NO-, NO2- and NO3- have been 

reported to form in N2/O2 DBDs,39–41 and similar species were detected by FTIR in 

the effluent gas of the N2/O2-fed micro-plasma (Appendix 5). In cases which O2 was 

not employed, such species could still form due to potential diffusion of air through 

the N2 curtain. 

 

 

 

Figure 5.6. High resolution a) Ti2p and b) N1s XPS spectra of CVD TiO2 films using only TTIP 

on glass and c-Si substrates. 

 

 

To place our results in perspective, it is worth reporting that several DBD-

enhanced TiO2 deposition processes using TTIP combined with different gas 

mixtures (TTIP combined with Ar/N2/O2) were reported in the literature. Klenko 

and Pichal used a TTIP/Ar/O2 mixture in a planar DBD and deposited carbon-rich 

TiO2 layers.31,42 They reported RMS roughness values between 15 to 23 nm for their 

TiO2 films, which is in the range of values for the CVD TiO2 films deposited on glass 

with the micro-plasma printer. More recently, Shelemin et al. reported a process for 

depositing nitrogen-doped TiO2 nanoparticles using TTIP/N2/O2 gas mixture in a 

planar DBD system.32 They studied the effect of gas flow rate, as well as plasma 
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power on the chemical composition of the films and they observed a carbon content 

in the range of 15-39 at.%, which are much higher than the carbon levels of the films 

obtained through CVD by the micro-plasma printer (5-10 at.%). They also observed 

an increase in the amount of N in the film by increasing the gas flow rate to the 

discharge volume, while keeping the ratio between O2 and N2 constant. Hodgkinson 

et al. reported C content of about 46 at.% for TiO2 films deposited by TTIP at 

atmospheric pressure and using He as the carrier gas.43  

To summarize, we adopted several surface characterization techniques to evaluate 

physical and chemical properties of the plasma-enhanced CVD TiO2 films. It was 

found that the TiO2 films were smooth only when deposited on c-Si. All films 

deposited on glass and c-Si contained C impurities and only those on glass contained 

N impurities. The chemical composition of the films was comparable to some of the 

plasma-enhanced CVD TiO2 films (different process pressure and precursor) in the 

literature.44,45 The films deposited by the CVD using the micro-plasma printer can be 

considered as a potential candidate for applications in which high density TiO2 is not 

required, such as for example in certain gas-sensing applications 46,47 or as electrode 

in perovskite solar cells.48 

 Atmospheric pressure plasma-enhanced ALD of TiO2  

In order to explore potential of the micro-plasma printer for area-selective ALD, the 

design of printing head was modified, as described earlier in Section 5.2.2. 

Saturation behaviour and chemical composition of the films were investigated by 

analysing the TiO2 films locally deposited on c-Si in a simple rectangular shape. 

 

Saturation behaviour 

Figure 5.7a shows the growth per cycle (GPC) of TiO2 layers as a function of TTIP 

exposure time for different purge times. The GPC increased to 0.15 nm and saturated 

at 475 ms of TTIP exposure and 30 s of extra purge time. As explained in the 

experimental section, the extra purge time was carried out after both TTIP and 

plasma exposure by holding the substrate (deposition area in Figure 5.2b2) in the 

plasma region. For shorter extra purge times, saturation of the growth rate was not 

achieved and increasing the TTIP exposure time led to an increase in GPC up to 0.35 

nm for 2 s of TTIP exposure time and 0 s extra purge. The latter is attributed to a 

contribution of parasitic CVD reactions to film growth. Such CVD reactions can occur 

between unreacted TTIP and the gas species from the subsequent plasma exposure. 

Figure 5.7b shows the GPC of TiO2 ALD as a function of extra purge time, when TTIP 

and plasma exposure time were 475 ms and 400 µs, respectively. For these 
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conditions, saturation was achieved after 10 s of extra purge time. It is noteworthy 

that the TiO2 films deposited by ALD in saturation conditions were smooth with RMS 

values of 0.25 ± 0.05 nm, according to the AFM measurements. Raman 

measurements also confirmed amorphous nature of the films deposited under the 

ALD mode. 

The saturated GPC value obtained in this work (0.15 ± 0.05 nm) is within the range 

of GPC values reported in the literature (Table 5.3). The GPC value of ALD TiO2 layers 

grown at low pressures and low temperatures (< 100 °C) with TTIP and O2 plasma 

were reported to be between 0.05 – 0.19 nm when using different plasma sources 

and temperatures.49–51 Plasma-enhanced ALD of titanium oxide at atmospheric 

pressure was reported by Theirich et al.52 They used TTIP and Ar/O2 plasma in a 

DBD reactor and obtained a GPC value of 0.16 nm. However, they pointed out that 

at least 1/4 of the growth is CVD reactions-induced due to residual moisture in their 

reactor. For the ALD TiO2 samples in this study, we calculated the number of 

deposited Ti atoms per ALD cycle based on RBS analysis, which resulted to be 

between 2.2 and 2.4 atom/nm2cycle. This is higher than what was reported for 

plasma-enhanced ALD of TiO2 between 25-250˚C by Potts et al.,51,53 i.e. between 0.9 

and 1.5 Ti atom/nm2cycle and corresponding to a GPC of 0.05-0.06 nm. Other 

studies which obtained a higher GPC range (Table 5.3) did not provide information 

regarding the number of Ti atoms and therefore a direct comparison with their 

study in terms of the number of deposited Ti atoms per ALD cycle is not possible.  

 

 

 

Figure 5.7. a) The growth per cycle (GPC) of TiO2 ALD layers as a function of TTIP exposure 

time for three different values of extra purge times. b) GPC as a function of extra purge time 

at 475 ms of TTIP exposure time. The plasma exposure time was 400 µs for both graphs. The 

dashed lines are a guide to the eye. 
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Table 5.3. Summary of the conditions and results for plasma-enhanced ALD of TiO2 using 

TTIP as precursor as reported in the literature.  

Pressure Plasma gas Substrate 

temperature (˚C) 

GPC (nm/cycle) Reference 

Low 

pressure 

O2 25-300 0.05-0.06 51 
O2 room temperature 0.06 53 
O2 100-400 0.06-0.12 54 
O2 - N2O 250 (O2:) 0.035-(N2O:) 0.059  55 
Ar/O2 - H2O 50-325 0.04-0.05 56 
Ar/O2 80 0.056 50 
O2 50 0.19 49 

Atmospheric 

pressure 

Ar/O2 room temperature 0.16 52 

N2/O2 65 0.15 This work 

 

 

We hypothesize that the higher GPC of our study compared to some of the other 

studies in the literature can be attributed to diffusion of moisture through the non-

optimal curtain system during the print-head translation and hence contribution of 

CVD reactions to the overall deposition process. However, the higher GPC can be 

also attributed to the presence of reactive species other than O radicals in N2/O2 

plasma. As mentioned in the previous section, O3 and nitrogen oxide species 

(Appendix 5) are formed in N2/O2 plasmas at atmospheric pressure which might 

play a role in the oxidation step of the ALD cycle. At low temperatures (<100 ⁰C), the 

GPC of TTIP/O3 process was reported to be 0.01 nm,50 and hence we can infer that 

the role of O3 during ALD with the micro-plasma printer at 60 ⁰C is negligible. 

Nitrogen oxides such as NO2 and NO3 have been reported to have impact on the 

growth of different metal oxides during O3-based ALD when O3 is generated by DBD; 

addition of N2 to the O2 supply of the DBD (as O3 generator for ALD) and generation 

of NxOy species has shown to yield a higher GPC in HfO2, ZrO2, La2O3, and a lower GPC 

in Al2O3 O3-based ALD processes.57–59 To our knowledge, nitrogen oxides have not 

been explored as oxidant in ALD of TiO2 and hence their impact on the ALD growth 

of TiO2 is not known. 

In order to study the effect of plasma exposure time on TiO2 growth, the GPC was 

measured for the samples deposited by varying the number of plasma PRs in every 

ALD cycle (Figure 5.8). Increasing the number of plasma prints from 1 to 3 resulted 

in a decrease in the GPC from 0.18 to 0.15 nm. The higher GPC at 1 PR can probably 

be attributed to incomplete removal of hydrocarbons due to inadequate plasma 

exposure time. Increasing the number of plasma prints further to 10 did not result 



                               TiO2 thin film patterns prepared using a micro-plasma printer 117 

in any noticeable change in GPC, however, the chemical composition of the TiO2 

layers changed, as will be discussed in the next section. 

 

 

 

Figure 5. 8. GPC of ALD layer as a function of the number of plasma repeats in each ALD cycle. 

The GPC is calculated from the thickness measured by ex-situ spectroscopic ellipsometry after 

100 ALD cycles on c-Si. The corresponding plasma exposure time is also given in the top 

horizontal axis. Data is given for 475 ms of TTIP exposure time and no extra purge time. 

 

Chemical composition 

The effect of plasma pulse length on C and N impurity content of TiO2 films was 

studied via XPS and is presented in Table 5.4. The carbon and nitrogen content 

decreased from 5 and 3 at.% to less than 1 and 2 at.%, respectively, when the 

number of PRs increased from 1 to 7 in each ALD cycle. Despite the fact that the GPC 

already saturated at 3 PRs (Figure 5.8), the XPS analysis showed that at least 7 PRs 

were required to deliver virtually carbon-free TiO2. High resolution XPS C1s spectra 

showed that the residual carbon in the film is a mixture of C-H, C-O and C=O bonds 

for the samples deposited with 1-5 PRs (Figure A5.2). N was present in the film likely 

due to a contribution of NxOy species formed in the N2/O2 plasma. Nitrogen content 

decreased slightly by increasing the plasma exposure time. High resolution N1s 

peak of TiO2 layers deposited with 1 and 10 plasma PRs are shown in Figure 5.9. 

Both films showed three peaks at around 400 eV, 402 eV and 407.5 eV. The peak 

around 400 eV is ascribed to molecularly adsorbed nitrogen such as NOx,36–38 while 

the smaller peak at around 402 eV can be assigned to Ti-N-O bonds.35 The peak at 

407.5 eV is attributed to NO3 bonds.60 This peak disappeared quickly after the first 

step of Ar+ sputtering and its intensity was much lower when the plasma exposure 
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time was prolonged. Furthermore, Ti2p peaks of the films deposited by 1 and 10 

plasma PRs (Figure 5.9a) are slightly shifted to lower binding energies, associated 

to N-bonded Ti atoms as observed in the previous section for CVD TiO2 films on 

glass.   

 

 

 

Table 5.4. Chemical composition (determined by XPS) of the ALD TiO2 layers prepared with 

different number of print repeats and hence varying plasma exposure times. The samples 

were deposited with 475 ms of TTIP exposure time and no extra purge time. The maximum 

error in measuring C and N by XPS is 0.5 at.%. 

PR in each ALD cycle Total plasma pulse length (ms) 
Atomic % 

[C] [N] 

1 0.4 5.1 3.0 

3 1.2 2.7 2.6 

5 2.0 2.0 2.4 

7 2.8 <1.0 1.8 

10 4.0 <1.0 1.9 

 

 

 

 

Figure 5.9. High resolution a) Ti2p and b) N1s XPS spectra of the TiO2 films prepared by two 

different number of N2/O2 plasma PRs in each ALD cycle. The spectra were recorded prior to 

sputtering of the films with Ar ions. 
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In addition to XPS, we also carried out RBS/ ERD analyses on two TiO2 films 

deposited at different plasma exposure times (Table 5.5). The RBS measurements 

did not show any carbon present in the films, suggesting that the latter was below 

the detection limit of the method (5 at.%). This is in line with the XPS results which 

showed 4.2 at.% and less than 1 at.% of C for samples deposited with 1 and 10 PR, 

respectively. Both RBS and XPS showed a decrease in N content by increasing the 

number of PRs in each ALD cycle. ERD measurement showed a decrease in hydrogen 

content by increasing the number of PRs. Larger contents of carbon and hydrogen 

in the film obtained with 1 PR suggest that CHx and OH species are present in the 

layer.61–64  

The refractive index of the TiO2 film increased from 1.86 to 1.98 by prolonging the 

plasma exposure time (Table 5.5), further indicating the role of plasma reactive 

species in controlling film properties. Plasma exposure time in this study was in the 

order of few milliseconds, which is considerably shorter than the plasma duration 

in most of the previous studies reported in the literature.49,50,52,53,65 The lowest 

plasma exposure time during a ALD process was reported by Poodt et al. for Al2O3 

deposition by spatial ALD (100 ms).66 One of the key differences between our 

process and more standard ALD processes, besides the working pressure, is the 

geometry of the chamber. The plasma was generated in a small gap of 150 µm and 

the O radicals were created in proximity of the surface where the reactions take 

place. Therefore, we argue that reactions were possibly limited by the reaction rate 

rather than by transport rate of species to the surface.  

 

 

Table 5.5. ALD TiO2 film properties for two different number of PRs. Relative error in number 

of Ti atoms deposited per cycle is 5% and for Ti:2%, O:4% and N:2% (These elements were 

all determined by RBS). H content is measured by ERD and the relative error is 10%. 

Detection limit of RBS for N and C is 2 at.% and 5 at.%, respectively. The errors in measuring 

N and C by XPS do not exceed 0.5 at.%. The refractive index n was derived from the 

spectroscopic ellipsometry data. 

PR in 

each 

ALD 

cycle 

Extra 

purge 

time 

(s) 

Total 

plasma 

exposure 

time (ms) 

Atomic %  by 

XPS 

 Atomic % by 

RBS/ERD 
[O]/[Ti] 

Refractive 

index 
[C] [N] 

 
[C] [N] [H] 

1 10 0.4 4.2 5.4  <5.0 3.5 12.3 2.05 1.86 

10 10 4.0 <1.0 4.9  <5.0 2.9 6.3 2.20 1.98 
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The ALD process of TiO2 films using the micro-plasma printer showed its potential 

in delivering TiO2 films with low levels of impurities when compared to layers 

deposited under CVD mode. In the next section, we present the preliminary analysis 

of the spatial resolution which can be achieved by both deposition modes. 

 

 Spatial resolution of micro-plasma printed TiO2 layers 

The printing resolution of the micro-plasma printer in CVD and ALD mode is 

addressed in this section. Note that the printing resolution is defined as the smallest 

feature that can be deposited by the micro-plasma printer. It is worth mentioning 

that the previous study using the same micro-plasma printer for surface 

functionalization using an organic molecule,26 showed a sub-millimeter to 

millimeter-range resolution. In order to test the resolution for the case or inorganic 

material deposition, lines of TiO2 (10 mm long) were deposited on c-Si by using 1 

needle electrode in CVD mode and 2 needle electrodes in ALD mode by the micro-

plasma printer as discussed in the experimental section. XPS line scans were 

performed perpendicular to the lines to estimate the width of the deposited TiO2 

lines. Figure 5.10a shows the elemental concentration perpendicular to the TiO2 line 

deposited in CVD mode with one needle electrode and 20 PR (53 sccm of TTIP 

without O2). The point where the Ti and Si signals started to increase and decrease, 

respectively, was defined as the edge of the pattern. As can be seen from the graph, 

Ti was also detected in areas outside the pattern which can be related to diffusion 

of the gas phase species to the surrounding areas of the line. However, the area 

where the Ti signal was consistently higher than the surrounding regions was 

measured to be 2000 µm (distance between the two dashed lines in Figure 5.10a). 

Since the deposition area was not sufficient to carry out spectroscopic ellipsometry 

measurements, we estimated the thickness from XPS analysis (details in appendix 

5). The thickness of TiO2 layer was measured to be approximately 8 nm (±0.5 nm). 

The difference between the predicted thickness of 26 nm (according to the growth 

rate determined earlier by ellipsometry when all needles were used) and effectively 

deposited thickness can be explained by the difference in gas flow distribution when 

one needle or multiple needle electrodes are used. Furthermore, the thickness of the 

TiO2 layer deposited on the vicinity areas of the line was estimated by XPS to be 

approximately 5 nm (±0.5 nm). 
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Figure 5.10. XPS line scans of TiO2 lines deposited by the micro-plasma printer in a) CVD 

mode, 20 PR with 1 needle electrode and b) ALD mode with 2 needle electrodes, 50 ALD cycles 

and 1 PR in each cycle. 

 

Figure 5.10b shows the XPS line scan of the TiO2 line deposited by 50 cycles of ALD. 

The line was deposited by 2 needle electrodes, 475 ms of TTIP, 10 s of extra purge 

time and 1 plasma PR for every ALD cycle. The width of the pattern, i.e. the area 

which Ti concentration is higher than the background, was approximately 1800 µm 

(distance between the two dashed lines in Figure 5.10b). It is clear that the 

resolution of the pattern in ALD mode and using 2 needle electrodes was better than 

the resolution in CVD mode when just one needle electrode was used for deposition. 

The expected thickness for 50 ALD cycles based on deposition with all needles 

measured by ellipsometry (GPC: 0.15 nm) was about 7.5 nm (±0.1 nm) and the 

estimated thickness from XPS measurements was about 7 nm (±0.5 nm) in the 

middle of the line when using two needles. The thickness of the TiO2 at the areas 

outside the line in Figure 5.10b was estimated around 3 nm (±0.5 nm) by XPS. The 

film growth in the proximity of the patterned area is possibly due to diffusion of 

species produced in the N2/O2 plasma to outside the patterned area and reaction 

with the adsorbed precursor molecules on the surface. Moreover, the amount of 

carbon at areas outside the line was more than 40%. This carbon-rich TiO2 may be 

formed due to incomplete reaction between TTIP and residual of plasma species, i.e. 

O radicals, O3 and NxOy, diffused to the vicinity areas. Finally, in order to demonstrate 

the capability of the micro-plasma printer to print patterns under ALD mode, a 

simple “2”-shaped pattern was printed as shown in Figure 5.11 on c-Si aiming at a 

TiO2 thickness of 30 nm.  
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Figure 5.11. Simple TiO2 pattern (number “2”) prepared by micro-plasma-enhanced ALD. 

The sample is deposited with 475 ms TTIP exposure time, 1 PR in each ALD cycle and without 

any extra purge time. Thickness of the TiO2 layer is approximately 25 ± 3 nm in this picture.  

 

5.4 Conclusions 

Plasma-enhanced CVD and ALD processes were developed for area-selective 

deposition of TiO2 films by employing an atmospheric pressure micro-plasma 

printer. The CVD process by the micro-plasma printer enabled deposition of TiO2 

with a growth rate of 1.3-2.3 nm per print repeat. The lowest C concentration in the 

CVD films was found equal to 5.0±0.5 % and the refractive index did not exceed the 

value of 1.8, even after adding O2 to the gas mixture. In contrast, ALD y the micro-

plasma printer delivered virtually carbon free TiO2 films with a refractive index of 

1.98 by increasing the N2/O2 plasma exposure time up to 4 ms. A growth per cycle 

within the range of the reported values in the literature was obtained in ALD mode. 

Furthermore, the plasma exposure time in the ALD process was found to be a key 

parameter to control the properties of TiO2 films. Separation of the TTIP and plasma 

exposures in ALD allowed using sufficiently long plasma exposure times in each ALD 

cycle which could not be achieved in the CVD process. Preliminary tests were 

performed to estimate the printing resolution of the two techniques. Lines of TiO2 

were deposited by 1 or 2 needle electrodes and it was shown that for the same film 

thickness, the resolution of the line deposited by ALD is better than the one 

deposited by CVD. Further research is required to improve the printing resolution 

of the patterns which can pave the way to potential applications of the plasma-

printing technology in area-selective deposition of inorganic compounds. 
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Appendix 5 

Plasma energy 

Energy of the micro-plasma was measured for the case in which plasma was ignited 

using only one needle on a 1 mm thick glass substrate (figure 1b) in air. The energy 

was calculated by integrating the discharge current and voltage over the plasma 

ignition time using the following equation:67 

𝐸𝑝𝑙𝑎𝑠𝑚𝑎 =  ∫ 𝑖𝑝(𝜏) 𝑉(𝜏)𝑑𝜏
𝑡

0
                                                                                                  (A5-1)               

Where ip and V are the discharge current and voltage, respectively, and t is the 

discharge duration. Two main factors which directly affect the energy of the micro-

plasma were found to be the discharge voltage (Vp-p) and inter-electrode gap (d). 

Changes in energy for one plasma print (400 µm) using one needle by varying V and 

d are plotted in Figure A5.1. At a constant voltage of Vp-p=6 kV , the energy increased 

by increasing d from 50 µm to 150 µm, while a further increase in d resulted in a 

drop in energy value (Figure A5.1a). The plasma energy was found to increase 

drastically (Figure A5.1b) by increasing the applied voltage, for a constant d=150 

µm.  

 

Figure A5.1. Plasma energy as a function of a) inter-electrode gap and b) applied voltage. The 

measurements were conducted in air (1 atm.) on 1 mm thick glass and the reported energy 

values are the overall energy of the plasma during a full actuation of one needle.  

 

For Vp-p = 6.0 kV and inter-electrode gap of d=150 µm, the energy calculated 

approximately 55 µJ (Figure A5.1a) for one needle movement which was around 400 

µs. For printing with a speed of 40 mm/s, the frequency of needle movement was 

150 Hz. Thus, the power-density of the plasma with the above-mentioned setting is 

equal to approx. 100 mWcm-2. 
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FTIR analysis of the micro-plasma effluent gas 

FTIR studies on the effluent gas of the micro-plasma were performed using a Bruker 

Vertex 80v spectrometer, equipped with a multi-pass cell with an absorption length 

of 1 m. Schematic of the micro-plasma and FTIR setup are shown in Figure A5.2. 

Plasma was ignited by actuating 12 needles with frequency of 300 Hz at the same 

spot without moving the printing head. A total flow of 1500 sccm (O2+N2) passed 

through the plasma region and was then transported to the multi-pass cell using a 2 

m long polyethylene tube (d = 4 mm). The FTIR measurement was started 200 s after 

igniting the plasma and the plasma was running continuously during the FTIR 

measurements. Every IR spectrum was averaged over 100 scans with a resolution 

of 0.1 cm-1 during the plasma ignition. 

 

 

 

Figure A.5.2. a) Schematic front-view of the micro-plasma printer and b) FTIR setup. 

 

A FTIR absorption spectra of the micro-plasma with the gas mixture of O2/(N2+O2) 

= 0.2 is shown in Figure A5.3. O3, N2O, NO2 and N2O5 were identified as the species 

in the effluent gas of the micro-plasma. These type of species which are stable 

enough to reach the multi-pass cell are often called “long-lived” reactive species. It 

should be noted that these long-lived species could be either formed in the plasma 

region or be a result of the reactions between reactive species while being 

transported to the multi-pass cell. For example, NO3 cannot be detected in the FTIR 

spectra of the effluent plasma gas, however, the presence of NO3 in the effluent gas 

of DBD was previously shown by modelling of the chemical reactions in a DBD 

reactor and in humid air.2 Furthermore, UV-Vis absorption spectroscopy on DBD in 

humid air showed NO3 to be one of the reaction by-products.3 NO3 is mainly 
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produced from the reaction between O3 and NO2, which is then oxidized to form 

N2O5 via the following reactions:4,5 

 

NO2 + O3 → NO3 + O2                                                                                                                                                   (A5-2) 

NO2 + NO3 + M ↔ N2O5 + M                                                                                                (A5-3) 

 

where M can be N2. As N2O5 in N2/O2 plasma is mainly formed via reaction 2 and 3, 

the N2O5 absorption peak in the FTIR spectra can be considered as evidence for the 

presence of NO3 in the plasma gas. 

 

 

Figure A5.3. FTIR spectra of N2/O2 -fed micro-plasma printer recorded from the exhaust gas. 

The feed gas composition is O2/(N2+O2)=0.2. Absorption length of IR light was increased to 1 

m by using a multi-pass cell. The chamber was purged with N2 for 1 hour and a background 

was recorded before igniting the plasma. 

 

 

Approximation of the TiO2 film thickness by XPS  

When the TiO2 film is thin enough to detect a signal originating from the substrate, 

the film thickness can be measured from the Ti2p and Si2p peak ratio, by:70,71 

 

𝑑 = 𝜆 𝑐𝑜𝑠𝜃 ln (1 +
𝐼𝑆𝑖

′  𝐼𝑜𝑥𝑖𝑑𝑒

𝐼𝑜𝑥𝑖𝑑𝑒
′  𝐼𝑆𝑖

)                                                                                              (A5-4) 

 

Where d is the oxide film thickness, λ is the attenuation length of the photoelectrons 

from the substrate in the over-layer TiO2 film, 𝜃 is the detection angle, I'Si and I'oxide 

are the bulk intensities of Si2p and Ti2p for a thick (i.e. more than 30 nm) film or 

substrate, respectively, and Ioxide and ISi are the intensities of Ti2p and Si2p peaks for 

the film under consideration, respectively. 
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Supporting Figures 

 

 

Figure A5.4. High resolution XPS C1s peak of TiO2 ALD films deposited with different plasma 

exposure times. The spectra are recorder after 60 s of sputtering with Ar+. The low binding 

energy peak at 282.5 eV is related to the titanium carbide formed due to the sputtering.  
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Chapter 6 
 

 
On the synergistic effect of inorganic/inorganic 

barrier layers: an ellipsometric porosimetry 
investigation* 

 

 

In this paper, plasma-enhanced chemical vapor deposited SiO2 layers capped by an ultra-thin 

plasma-assisted atomic layer deposited Al2O3 over-layer are analysed by means of ellipsometric 

porosimetry (EP). In a very recent contribution, we have shown that the combination of the two 

layers provided excellent intrinsic moisture permeation barrier performance down to the 10-5-

10-6 g.day-1.m-2 regime. The present paper therefore addresses the microstructural changes 

which the SiO2 layers undergo upon Al2O3 deposition, as monitored by ellipsometric porosimetry 

(EP). It was found that the Al2O3 deposition primarily affects the relative content of open pores 

with d > 0.3 nm (water as probe) and d > 0.42 nm (ethanol as probe) from 5.35 to 2.81 % and 

from 2.50 to 0.32 %, respectively.  

                                                           
* M. Aghaee, A. Perrotta, S.A. Starostine, H.W. de Vries, M.C.M. van de Sanden, W.M.M. Kessels and M. 
Creatore, Plasma Process Polym., 2017, 14(10), 1700012. 
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6.1 Introduction 

One of the major challenges in developing organic light emitting diodes (OLEDs), 

photovoltaics (OPV) and thin film transistors (OTFTs) is the sensitivity of their 

active organic layers to oxygen and moisture. In the last decade, several studies have 

been reported on the development and characterization of either single or multi-

layer oxygen/moisture permeation barriers.1–6 The level of water vapor 

transmission rate (WVTR) that is required for OLEDs and OPV is 10-6 gday-1m-2 to 

ensure a lifetime of 10,000 h.7 Although deposition technologies such as plasma-

enhanced chemical vapor deposition (PE-CVD),8 magnetron sputtering,9 magnetron 

PE-CVD,10 and thermal and plasma-assisted atomic layer deposition (ALD),11,12 have 

been widely acknowledged to deliver thin film-based systems characterized by 

sufficient- up to- excellent barrier properties, the challenge is to develop a cost-

effective and high throughput deposition method for large area applications. 

In recent years, roll-to-roll atmospheric plasma dielectric barrier discharge 

equipment has been shown to be effective tool to develop barrier layers on 

polymers,13–15 with the advantage of not requiring expensive vacuum systems. 

Specifically, it has been reported that SiO2 films deposited by roll-to-roll 

atmospheric pressure PE-CVD system at a dynamic deposition rate (DDR)* of ~10 

nm/mmin are characterized by a satisfactory level of moisture barrier performance 

(10-3 gday-1m-2 , 40 °C and 90% RH) as determined by Deltaperm instrument (ASTM 

D1434-82).16 However, in the same paper it has been also reported that an increase 

in DDR up to 60 nm/mmin leads to a deterioration of the barrier performance with 

a WVTR value approaching 1 gday-1m-2. 

In order to guarantee satisfactory barrier performance levels at high deposition 

rates, it has very recently been shown by Starostin et al.17 that the application of an 

ultra-thin ALD Al2O3 layer (nominally less than 2 nm) on top of the high DDR (HDDR) 

SiO2 layer heals the pristine SiO2 barrier performance, exhibiting a final WVTR of 

110-3 gday-1m-2 (40 °C and 90% RH).17 It is worth mentioning that the ultra-thin 

Al2O3 layer by itself exhibits no barrier properties, when applied as single barrier 

onto the Ca substrate. The values mentioned above are all effective WVTR values, i.e., 

they refer to water permeation through both local macro-defects and the bulk of the 

layer. In the Ca test, by excluding the contribution of macro-defects, the intrinsic 

WVTR value can be obtained, which is associated to the bulk permeation 

phenomena through the interconnected (sub-) nano-porosity† of the barrier layer, 

as extensively addressed in Ref.18–21. For the system reported in 17, the SiO2 intrinsic 

                                                           
* DDR is a term used for throughput of thin film deposition on a moving web in the roll-to roll PE-CVD 

system 
† Sub nano-porosity refers to the pores with diameter less than 1 nm 
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barrier properties were also found to improve from 310-3 down to ~810-6 gday-

1m-2 (20 °C and 50% RH) for a 2 nm thick ALD Al2O3 over-layer. 

The synergy of the HDDR/ALD bilayer system, extensively described and 

discussed in Ref.17, shares some similarities with other works reported in the 

literature (Table 6.1), i.e. all cases where the barrier performance enhancement 

cannot be interpreted by means of the ideal laminate theory.22 Specifically, Dameron 

et al.23 reported on a ALD Al2O3 layer combined with a rapid-ALD SiO2 top layer, 

yielding a WVTR value of ~110-4 gday-1m-2. The authors argued that the rapid ALD 

SiO2 layer growth occurred also within the local pinholes in the Al2O3 layer 

underneath. Encapsulation of PE-CVD SiOx or SiNx (100 nm) by 10-50 nm of ALD 

deposited Al2O3 was shown by Kim et al.24 providing a structure with a WVTR value 

as low as (2±1)10-5 gday-1m-2. They attributed the low WVTR value to the 

passivation of the defects and pinholes in the PE-CVD layer by the top ALD layer. 

Similarly, Carcia et al.25 reported a decrease in WVTR for a 100 nm-thick PE-CVD 

SiNx layer from ~710-3 to less than 510-5 gday-1m-2, when coated with a 5 nm-thick 

ALD Al2O3. They hypothesized that sealing of local defects in the SiNx layer occurred 

upon Al2O3 deposition. Alternatively, they mentioned the hypothesis of the 

improvement of nucleation of Al2O3 when grown on SiNx by decreasing the number 

of required ALD cycles to achieve a continuous Al2O3 layer. 

 

Table 6.1. Examples of ALD/PE-CVD bilayers from literature. 

Layer 

thickness 

[nm] 

WVTR 

[gday-1m-2] 

Top layer 

thickness [nm] 

WVTR with top 

layer  

[gday-1m-2] 

Test method and 

conditions 
Ref. 

APG SiO2, 100 1 ALD Al2O3, 2 110-3 
ASTM D1434-82, 

(40°C, 90%RH) 
17 

ALD Al2O3, 10 110-3 ALD SiO2, 60 110-4 
Tritium test,  

(25°C, 100%RH) 
23 

PE-CVD SiOx or 

SiNx, 100 nm 
410-2 ALD Al2O3, 10-50 (2±1) 10-5 

Ca test 

(20°C, 50%RH) 
24 

PE-CVD SiNx, 

100 
710-3 ALD Al2O3, 5 510-5 

Ca test, 

(38°C, 85%RH) 
25 

      

 

In this contribution we present an in-depth analysis of such effect for the PE-CVD 

SiO2/plasma-assisted ALD Al2O3 model system by means of ellipsometric 

porosimetry.26–29 We demonstrate that the (sub-)nano-porosity present in the 

underneath SiO2 layer is strongly affected by the deposition of the ultra-thin Al2O3 

layer, leading either to a pore-blocking or pore-filling effect. In our previous studies, 
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EP was employed by Andringa et al.18 on SiNx layers deposited by plasma-assisted 

ALD, and by Perrotta et al.19,21,30 on inorganic thin films, i.e., SiO2 and Al2O3, and 

organosilicon based layers deposited by plasma-assisted ALD, PE-CVD and initiated 

CVD (i-CVD). As follow-up of our previous works, here we adopt three molecules 

(water, ethanol, toluene) probing the pore diameter range found to be crucial in 

controlling the transition from satisfactory to excellent levels of water permeation 

barrier,19 i.e. 0.27-0.6 nm.  

This study is carried out on a model system consisting of a 100 nm-thick PE-CVD 

SiO2 with variable content of nano-porosity and 16 cycles of plasma-assisted ALD 

Al2O3. This number of cycles corresponds to 2 nm of Al2O3 on c-Si surface. SiO2 layers 

were deposited using a low pressure PE-CVD system to reproduce the layers 

deposited by atmospheric pressure PE-CVD. As was previously studied by Perrotta 

et al.19 the intrinsic moisture barrier quality (i-WVTR value) of SiO2 layers deposited 

by PE-CVD is correlated to their nano-porosity content. In a recent study by Perrotta 

et al,20 where EP and electrochemical impedance spectroscopy (EIS) were 

combined, it is shown that the amount of pores in SiO2 layers can be tuned from less 

than 1% to 4.8% by changing the PE-CVD process parameters, i.e. plasma power. 

Therefore, we know that changing the low pressure PE-CVD process can lead to 

variety of samples with different amount of pores and therefore to a range of i-

WVTR values. 

The paper is organized as follows: methods of the preparation and 

characterisation of the layers and principles of ellipsometric porosimetry are 

provided in the experimental section. The results and discussion section is divided 

in two parts: the first part provides the initial characterization of the PE-CVD SiO2 

layers by ex-situ spectroscopic ellipsometry (SE) and Fourier transform infrared 

(FT-IR) spectroscopy. The second part addresses the EP characterization of the PE-

CVD SiO2 layers prior and upon deposition of an ultra-thin (~ 2 nm) layer of Al2O3. 

  

6.2 Methods 

 Barrier layer deposition 

SiO2 layers with a thickness of 100 nm were deposited on c-Si substrate in a home-

built rf-driven parallel plate PE-CVD system. Details of the system and deposition 

process can be found elsewhere.31 The deposition was carried out at 100 °C by a 

plasma fed with 1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane (V3D3, > 95% purity, 

Gelest), Ar, and O2, with flows of 0.5, 70 and 30 sccm, respectively. In order to deposit 

layers exhibiting a range of nano-porosity, as was explained in the previous section, 
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different plasma power values between 125 and 200 W were used. The PE-CVD 

system was equipped with a spectroscopic ellipsometer (J. A. Woolam co. M-2000D) 

in order to evaluate the optical properties of the layer in-situ prior to exposure to 

the ambient. An inductively coupled plasma-assisted atomic layer deposition system 

(FlexAl, Oxford Instruments) was employed for the deposition of an ultrathin Al2O3 

film on top of the PE-CVD SiO2 layer at the substrate temperature of 80 °C with 

trimethylaluminium (TMA) as precursor and O2 plasma as reactant. Process details 

of the ALD Al2O3 process can be found elsewhere.32,33 Sixteen ALD cycles led to 2 nm 

thick Al2O3 layers as measured on c-Si substrates.  

 Opto-chemical characterization 

A FT-IR spectrophotometer (Bruker Tensor 27) was employed to study the chemical 

bonds of the as-deposited SiO2 samples. The spectral range investigated was 375-

4000 cm-1 with a resolution of 4 cm-1 and averaging over 256 scans. Before spectra 

acquisition, the spectrometer was purged with N2 to minimize H2O and CO2 

absorption. All the reported FT-IR spectra are baseline corrected and normalized 

with respect to the layer thickness. After the PE-CVD process and exposure to 

ambient air, the ex-situ refractive index (n) values of the SiO2 films were measured 

by means of a multi-angle ellipsometer (190-1000 nm, J.A. Woollam Co. M-2000D 

ellipsometer) at three angles of incidence (65°, 70°, and 75°). The EP measurements 

have been performed using a home-built vacuum chamber equipped with an 

ellipsometer. The angle between the light source and the detector of the 

ellipsometer was fixed at 70°. More details about the setup and the process 

parameters can be found elsewhere.18,19,30 The evaluation of the open nano-porosity 

was carried out by using three probe molecules in the EP setup with different 

molecular kinetic diameters: water (d=0.27 nm), ethanol (d=0.42 nm), and toluene 

(d=0.6 nm). The size of each molecule was derived by optimizing the geometry by 

means of a MM2 force field (ChemDraw software) and using the Mol2MolTM 

software. 

In each EP measurement, the changes in Ψ and Δ of the layer were probed for a 

range of wavelengths (246-1000 nm) during the whole experiment. A Cauchy 

function for the refractive index:  

 

  2 4
λ A  

λ λ

B C
n                                                                                                   (6-1) 

 

was used for the SiO2 layer to model the measured Ψ and Δ, being a suitable 

parametrization for transparent materials and widely used for SiO2 layers.34,35 By 
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fitting the A and B parameters to the measured data, the n and thickness values of 

the SiO2 layer were determined. The thickness of the SiO2 was found constant during 

the EP measurements, pointing out that the layers do not undergo swelling upon 

exposure to the probe molecules. Multilayer development of probe molecules 

occurring on top of the SiO2 layer was modelled by adding another Cauchy function 

with the A, B and C parameters kept constant and characteristic of each probe 

molecule. 

In case of the SiO2 samples with Al2O3 over-layer, a Cauchy function with fixed 

Al2O3 refractive index was added on top of the SiO2 Cauchy function in the optical 

model. The Al2O3 thickness was modelled prior to the EP studies and then kept 

constant. Knowing the characteristics of the adsorptive, the relative adsorptive 

volume can be derived from the following equation:27  
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                                                        (6-2) 

 

where Vm and αads are the molecular volume and volume polarizability of the 

adsorptive, respectively, B0 and Bs are the polarizability of the layer with empty 

pores and the layer during adsorption, respectively, Bt is the polarizability of the 

adsorptive molecule, d0 and dt are the film thickness and thickness of the adsorbate 

multilayer which develops on the surface of the layer. An adsorption isotherm is 

generated by plotting the adsorptive volume as a function of the ratio between the 

partial pressure (Pl) and the vapor pressure (Psat) of the probe molecule. Adsorption 

isotherms are classified based on their shapes according to the IUPAC 

classification.36,37 Type I isotherm is representative of a microporous solid having 

open pores with a diameter of less than 2 nm (Figure 6.1a). A type II isotherm 

describes nonporous or macroporous materials with pore size larger than 50 nm 

(Figure 6.1b). Materials with pore size between 2 – 50 nm show hysteresis in the 

desorption part of their isotherms and are characterized by a type IV isotherm 

(Figure 6.1C). The two first types of isotherms, and also a combination of them, are 

the most common forms of the isotherms and will be discussed in this paper, while 

type IV isotherm is out of the scope of this paper. A type III isotherm appears when 

there is a weak interaction between substrate material and the probe molecule 

(Figure 6.1d). 
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Figure 6.1. IUPAC classification of adsorption isotherms: a) microporous (d< 2nm), b) non-

porous or macroporous (d> 50nm), c) mesoporous (2 >d> 50nm) and d) weak substrate 

interaction.  

The open porosity content was calculated using the following equation: 
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In this equation nliq. and n0 are the refractive index values of the liquid used as 

adsorptive and the silica film with empty pores, respectively. nx is the refractive 

index value in which all of the pores are filled with the adsorptive. The multilayer 

starts to develop after the first monolayer is formed which causes an inflection point 

in the adsorption isotherm. The specific relative pressure (0.1-0.3) at which the first 

monolayer is formed is highlighted in Figures 6.1b and 1c. The final thickness of the 

adsorptive layer depends on the adsorptive and the surface energy, however, it does 

not exceed a few atomic layers. The main advantage of using this method to 

determine the open porosity relative content is the fact that it does not need to 

assume any reference value for dense silica layers. The ellipsometric data were 

acquired in the whole range of Pl/Psat by steps of 0.01 in the range 0 to 0.05, steps of 

0.25 in the range 0.5-0.15, steps of 0.5 in the range 0.15-0.3, and steps of 0.1 in the 

range 0.3-1. The refractive index value was averaged during 10 min of 

measurement, with an error of ±510-4.The error on the open porosity value was 

±0.02%. 
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6.3 Results and discussion 

 Characterization of PE-CVD SiO2 

SiO2 layers prepared by PE-CVD were characterized by measuring the in-situ and ex-

situ n values. Figure 6.2 shows the refractive index change Δn as a function of the in-

situ n values of the SiO2 layers. The in-situ values of n at 632.8 nm for all PE-CVD SiO2 

layers in this study were lower than thermal silica (1.464), which points out the 

presence of porosity within the layers. This is witnessed also by the increase in n 

(ageing) upon exposure to ambient air. The relative increase in the n value is larger 

for the samples with lower in-situ n values. Two samples characterized by the 

highest and lowest Δn values were selected and defined as porous SiO2 (p-SiO2) and 

dense SiO2 (d-SiO2). These two samples will be adopted as model systems to 

investigate their change in open porosity content upon deposition of the ultra-thin 

ALD Al2O3.  

 

 

Figure 6.2. Values of Δn as function of in-situ refractive index n for different PE-CVD SiO2 

layers. The error bar values for n are ±0.002. The dotted line is drawn to guide the eye. 

A qualitative comparison between the selected samples (p-SiO2 and d-SiO2) was 

carried out by means of FT-IR analysis, as shown in Figure 6.3. The SiOH stretching 

modes at 3450 cm-1 (hydrogen bonded SiOH) and 3650 cm-1 (OH stretching in 

isolated SiOH ) are observed in the FT-IR spectrum of p-SiO2, while only a small 

absorption at 3650 cm-1 was detected in the d-SiO2 FTIR spectrum. These 

observations were confirmed by the behavior of the SiOH bending mode at 950 cm-

1 ,38,39 present in the trace of the p-SiO2 and absent in the one of d-SiO2. Earlier studies 

showed that the shoulder of asymmetric Si-O-Si absorption band which is located at 

1200 cm-1 is found to be related to porosity in the SiO2 layer.40–42 The decrease in 
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intensity of this shoulder confirms the denser nature of the d-SiO2 sample with 

respect to p-SiO2.  

 

 

Figure 6.3. FT-IR spectra of the porous and dense SiO2 films. All the spectra are normalized 

by the layer thickness. 

 EP Characterization 

PE-CVD SiO2 films: relative porosity content 

The results of the isothermal adsorption studies are reported in terms of relative 

adsorptive volume in the pores of the p-SiO2 and d-SiO2 samples as a function of 

Pl/Psat (Figure 6.4). Since no hysteresis was observed, the desorption isotherms are 

not reported. The comparison between p-SiO2 and d-SiO2 isotherms (Figure 6.4) 

shows the lower uptake of water molecules by d-SiO2 samples in the pore filling 

region (0 < Pl/Psat < 0.2). According to the IUPAC classification, both isotherms can 

be initially categorized as microporous, i.e. d < 2 nm. Furthermore, the inflection 

point, i.e. the partial pressure at which a monolayer of probe molecule develops, is 

visible for the d-SiO2 at Pl/Psat value between 0.2 and 0.3, pointing out a narrow 

distribution of micropores. The lack of a steep linear increase in Vads/Vfilm at Pl/Psat 

values between 0.3 and 0.8, together with the absence of hysteresis, points out that 

mesopores are absent in both samples. At high Pl/Psat, d-SiO2 showed a clear increase 

in the water uptake, typical of the formation of a multilayer. For the p-SiO2, instead, 

the multilayer formation is hidden by the micropore filling, eventually resulting in a 

linear increase in water uptake characterized by a mild slope. Therefore, p-SiO2 and 

d-SiO2 isotherms are categorized as combination of Type I and Type II (Type I-II) 

isotherm.   
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According to Equation 6-2, Vads/Vfilm  and the shape of the adsorption isotherm are 

affected by two phenomena, namely polarizability of the layer and the multilayer 

thickness which develops on the surface once the pores are filled. When different 

probe molecules are used for EP studies, the liquid multilayer thicknesses are 

different due to difference in molecule size and polarity of the probe molecules. 

Therefore, comparing isotherms of different probe molecules in one graph might 

lead to misinterpretation of the data. In order to make a better comparison, the 

refractive index is reported in Figure 6.5 for all probe molecules. 

 

 

Figure 6.4. Adsorption isotherms of p-SiO2 and d-SiO2 as a function of the relative water 

vapor pressure. 

 

 

 

Figure 6.5. Refractive index of a) p-SiO2 and b) d-SiO2 layers upon changing the liquid relative 

vapor pressure.  
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In case of p-SiO2, a change in the refractive index was observed for all probe 

molecules. The highest uptake was observed when water was adopted as probe 

molecule. This experimental result points out a progressive decrease in the relative 

content of pores accessible to water, ethanol and toluene (Figure 6.5a). In contrast, 

the d-SiO2 sample experiences a limited change in refractive index only when water 

was adopted as probe molecule (Figure 6.5b, inset), while n was found constant 

when ethanol and toluene were used. This result points out the lack of porosity with 

size above 0.42 nm in d-SiO2 samples. 

Figure 6.6 shows an example of liquid multilayer development on the p-SiO2 and 

d-SiO2 layers by changing the relative water vapor pressure. By increasing the liquid 

vapor pressure, a complete monolayer forms when all pores are filled by probe 

molecules. In both samples, the multi-layers of probe molecule develop already from 

the early stages of the adsorption process and the final multilayer thickness is higher 

for the d-SiO2. In the d-SiO2 sample, infiltration is completed earlier than p-SiO2 and 

there is less competition on growth of the multilayer. In all cases (water, ethanol and 

toluene), the final multilayer thickness does not exceed several atomic layers (1-3 

nm) and condensation was not observed.  

To summarize the data presented in Figure 6.5, the relative open porosity content 

of the samples calculated from Eq. 6-3 is reported in Table 6.2 in the first and third 

row. 

 

 

 

Figure 6.6. Multilayer development on p-SiO2 and d-SiO2 samples upon changing the water 

relative vapor pressure. 
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Table 6.2. Open nano-porosity content for p-SiO2 and d-SiO2 prior and upon deposition of a 

ALD Al2O3 over-layer. 

 Porosity % (±0.02%) 

Water (d=0.27 nm) Ethanol (d=0.42 nm) Toluene (d=0.6 nm) 

p-SiO2 5.35 2.50 1.76 

p-SiO2 + 16 ALD cycles 2.81 0.32 0 

d-SiO2 0.54 0 0 

d-SiO2 + 16 ALD cycles 0.21 0 0 

 

 

PE-CVD SiO2 / ALD Al2O3: relative porosity content 

Adsorption isotherms of p-SiO2 prior and upon deposition of an ultra-thin ALD Al2O3 

(~2 nm) are shown in Figure 6.7a (water)-b (ethanol)-c (toluene). It can be seen 

that the Al2O3 deposition leads to a decrease in probe molecule uptake in all cases. 

The open pore relative content upon Al2O3 deposition is reported in Table 6.2 in the 

2nd and 4th row. The deposition of an ultra-thin Al2O3 therefore affects the open 

porosity distribution in the SiO2 underneath: approximately 1/3 of the total open 

porosity with pore size in the range of 0.27-0.6 nm are effectively blocked upon 

Al2O3 deposition. The uptake of water molecule in p-SiO2 decreased after adding 16 

cycles of ALD Al2O3 layer (Figure 6.7a) and shape of the isotherm changed toward a 

type II isotherm, yet with a residual type I character. We hypothesize that the 

increased adsorption volume after Pl/Psat=0.4 for the isotherm of p-SiO2 + 16 cycles 

of ALD Al2O3 is related to a stronger H2O multilayer development than in the case of 

the pristine p-SiO2 sample, due to the change in the surface energy upon Al2O3 

deposition. 

In the case of p-SiO2, the quantitative decrease in open porosity with a diameter 

above 0.42 nm (see Table 6.2) upon ALD Al2O3 deposition indicates that a few cycles 

of Al2O3 are successful in either filling or blocking pores with a diameter above 0.42 

and 0.6 nm, respectively. This is schematically shown in the cartoon in Figure 6.8. 

The TMA precursor has a molecular diameter of 0.65 nm, similar to the probe 

molecule toluene. It is therefore plausible to think that TMA infiltrates during the 

ALD half cycle in pores with diameter larger than 0.65 nm therefore leading to 

infiltration of TMA molecules and Al2O3 growth within these pores (Figure 6.8a). 

Smaller pores (d≤ 0.65 nm) are instead inaccessible to TMA and therefore Al2O3 

growth presumably occurs on the SiO2 surface and block the ingress of the probe 

molecule into those pores (Figure 6.8b). 
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Figure 6.7. Adsorption isotherms of SiO2 layers prior and upon ALD Al2O3 deposition. Probe 

molecules: a, d) water, b) ethanol and c) toluene. 

 

 

Figure 6.8. The first ALD half reaction between SiO2 surface hydroxyl groups and TMA 

molecules in the a) pores accessible to TMA molecule and b) pores smaller than TMA 

molecule. Silica network is shown by green circles. 
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The decrease in water molecule uptake is also visible for the d-SiO2 sample upon 

Al2O3 deposition (Figure 6.7d), with only a very small amount of open pores with 

diameter between 0.27 and 0.42 nm and as low as 0.2% could still be detected. In 

the case of d-SiO2 no porosity could be detected with ethanol and toluene both 

before and after depositing the Al2O3 layer which points out the absence of open 

porosity with a size larger than 0.42 nm. The decrease in nano-porosity detected 

with water, therefore, is attributed to a blocking effect of the Al2O3 growing and thus 

blocking the open nano-porosity in the SiO2 layer underneath. 

In the present study, we have shown that the nano-porosity of p-SiO2 with a pore 

diameter ≥ 0.42 nm, decreases upon deposition of an ultra-thin Al2O3 layer and this 

correlates with the moisture permeation barrier enhancement, as reported in Ref 17. 

At the same time, the lack of porosity (d> 0.42 nm) in the d-SiO2 sample is in good 

agreement with its intrinsic WVTR value (~10-5 gday-1m-2), obtained for LDDR SiO2 

layers deposited by roll-to roll atmospheric PE-CVD.  

 

6.4 Conclusions 

EP was applied to investigate the role of an ultra-thin ALD Al2O3 over-layer (~2 nm) 

in enhancing the intrinsic barrier properties of SiO2 moisture permeation barrier 

layers from 10-3 to 10-5 gday-1m-2 regime. Water, ethanol and toluene with different 

molecule sizes were used as EP probe molecules to detect the relative amount of 

open-nanopores on a porous and dense PE-CVD SiO2 layer before and after 

deposition of the Al2O3 layer. EP measurements showed that the total amount of 

open-nanopores between 0.27 and 0.6 nm is reduced upon deposition of an 

ultrathin Al2O3 layer by ALD. Deposition of the ultra-thin Al2O3 layer on the SiO2 

layer leads to effective blocking/filling of nano-pores with d≥ 0.42 nm, accounting 

for the transition from mediocre (intrinsic WVTR~10-3 gday-1m-2 ) to excellent 

barrier properties (intrinsic WVTR~10-5 gday-1m-2 ) in SiO2 layers observed in 

previous studies. 
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Chapter 7 
 

 
Plasma-enhanced molecular layer deposition:  

the case study of alucone* 

 

In this contribution, we demonstrate plasma-enhanced molecular layer deposition (PE-MLD) of 

alucone thin films by employing trimethyl aluminum (TMA), ethylene glycol (EG) and helium 

plasma in an ABC -type cycle. The PE-MLD process of alucone at 150 ˚C showed a growth-per-

cycle of 1.26 Å measured by in-situ spectroscopic ellipsometry, which was slightly higher than 

the value of 1.19 Å for the thermal process employing only TMA and EG. Changes in chemical 

composition and bonds in plasma-alucone compared to thermal-alucone were studied by 

Rutherford backscattering spectroscopy (RBS), elastic recoil detection (ERD) and Fourier 

transform infrared spectroscopy (FTIR). The helium plasma step was shown to affect the 

material properties of the films. A mass density value of 1.70 g/cm3 was measured for the 

plasma-alucone film with respect to 1.38 g/cm3 for the case of thermal-alucone. Film 

densification was in agreement with the suppression of micro-porosity in alucone, as supported 

by ellipsometric porosimetry. Specifically, the plasma-alucone and the thermal-alucone films 

exhibited micro-porosity relative content of 0.6 % and 1.9 %, respectively. Consequently, the 

environmental stability of the plasma-alucone film was improved in comparison to the thermal-

alucone counterpart after 5 h of exposure to ambient air (23 ˚C, 50% relative humidity).  

                                                           
* M. Aghaee, J-P Niemelä, W. M. M. Kessels, M. Creatore, to be submitted. 
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Molecular layer deposition (MLD) is a gas-phase thin film deposition technique 

which shares the same principles as atomic layer deposition (ALD). MLD allows to 

synthesize organic and hybrid organic-inorganic films with molecular-level control 

of film growth and film properties, via sequential and self-limiting surface reactions. 

While purely organic polymer films such as polyimide and polyurea can be 

deposited using two or more organic precursors,1,2 metalcone films are deposited 

by metal-containing precursors such as trimethyl aluminum (TMA), diethyl zinc or 

titanium tetrachloride in combination with one or more organic precursors. The 

most common organic co-reactants for MLD of metalcones are ethylene glycol (EG), 

glycerol and hydroquinone.3–5 

Plasma processing in combination with ALD has been extensively explored 

towards the synthesis of metals, metal oxides, nitrides and sulfides.6–10 Plasma is 

typically employed as co-reactant to promote ligand removal from the chemisorbed 

metal precursor and to incorporate non-metal elements in the film. Plasma-

enhanced ALD delivers thin films with a wider range of material properties, e.g. 

density and stoichiometry, and at a lower thermal budget compared to thermal 

ALD.9 Despite the popularity of plasma and other energy sources, e.g. UV light, ozone 

and electrons in ALD processing,11,12 energy-enhanced MLD processes have not 

been explored except in a few case studies. Photo-assisted MLD (pMLD) was carried 

out by exposing the film to UV light to enable cross-linking reactions between the 

organic components,13 while ozone has been employed in MLD process to enable 

ring-opening reactions,14 or to activate the surface during MLD.15,16 Also, oxidative 

MLD (oMLD) was carried out using sequential reactions of an organic monomer with 

molybdenum(V) chloride precursor to enable MLD growth of conductive 

polymers.17,18 Recently, plasma polymerization of trimethyl phosphate was adopted 

in an ALD cycle in combination with an O2 plasma and followed by a cycle of metal 

oxide, to synthesize metal phosphate films by ALD.19 

In this contribution, we investigated the deposition of alucone films by a plasma-

enhanced MLD (PE-MLD) process by employing an ABC –type growth consisting of 

TMA, EG and He plasma exposure. We showed that the use of He plasma increased 

the density of the films with respect to thermal-alucone films. The latter have been 

recently shown to exhibit micro-porosity, which negatively affects the layer’s 

environmental stability. When plasma was adopted in an ABC–type cycle, 

ellipsometric porosimetry (EP) showed that the open porosity of the film decreased 

compared to that of thermal-alucone. Moreover, ambient stability of the alucone 

films was improved, as observed by means of Fourier transform infrared 

spectroscopy (FTIR). 
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The thermal and the plasma-alucone thin films were deposited in a home-built 

ALD/MLD reactor equipped with a capacitively-coupled parallel-plate plasma 

source (Schematic can be found in Figure A7.1a). The growth of the films was 

monitored with in-situ spectroscopic ellipsometry (SE, J.A. Woollam Inc. M2000F), 

and the Cauchy was employed to determine thickness and refractive index of the 

films. The thermal-alucone films were deposited at 150 ˚C by an AB-type MLD 

process with TMA and EG as precursors. Saturation curves in Figure 7.1 showed a 

typical MLD type growth behavior for the thermal alucone process. Under saturation 

conditions (TMA/purge/EG/purge: 50ms/100s/5s/150s) an average growth-per-

cycle (GPC) value of 1.19 Å was measured by in-situ SE, in agreement with earlier 

studies.3,20 Thickness of the thermal-alucone film was found to increase linearly as 

a function of the number of the deposition cycles (Figure A7.2). An ABC-type plasma-

enhanced MLD processes for deposition of plasma-alucone films was then 

developed by adding a C step corresponding to 0.5 s of He plasma dose (Figure 

A7.1b) to the saturation conditions stablished for the thermal alucone. Plasma 

power of 50 W was used and the plasma dose was followed by purging for 30 s. The 

plasma-alucone process showed an average GPC value of 1.26 Å, which was slightly 

higher than that of thermal-alucone. Increasing the TMA pulse and purge times after 

0.5 s of plasma pulse did not lead to any noticeable change in GPC of the plasma-

alucone (red data points in Figure 7.1). Furthermore, increasing the purge time after 

the plasma step to 60 s did not lead to any change in the GPC, indicating that the 30 

s purge after the plasma step was long enough. 

 

 

 

Figure 7.1. Saturation curves of alucone MLD process at 150 ˚C. GPC is measured by in-situ 

spectroscopic ellipsometry. He plasma exposure and purge times for the PE-MLD process are 

0.5 s and 30 s, respectively.  
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In addition to ellipsometry, the GPC was inferred by measuring the number of 

deposited atoms per cycle via Rutherford backscattering spectroscopy (RBS) and 

elastic recoil detection (ERD). In the case of Al, the number of atoms deposited per 

cycle was 1.0 and 1.5 atnm-2cycle-1 for thermal and plasma-alucone, respectively 

(Table 7.1). The number of deposited O atoms increased from 2.6 atnm-2cycle-1 in 

thermal-alucone to 3.3 atnm-2cycle-1 for plasma-alucone. The [O]/[Al] ratio for the 

thermal alucone was 2.6, which was slightly lower than the value of 3 for Al-(O-CH2-

CH2-O)1.5 composition of stoichiometric alucone.21 Despite the increase observed in 

the absolute number of deposited Al and O atoms per cycle, the [O]/[Al] ratio 

decreased to 2.2 for plasma-alucone. Furthermore, the number of C and H atoms 

remained nearly constant in both thermal and plasma-alucone as reported in table 

7.1. Overall number of deposited atoms per cycle measured by RBS/ERD in plasma-

alucone was higher than the thermal-alucone, in agreement with the GPC measured 

by SE. 

 

Table 7.1. Material properties of thermal and plasma-alucone films. Chemical composition 

and density were measured by RBS/ERD. The relative error in measurement of C, O and Al 

elements by RBS is 12 %, and H by ERD is 10%. The maximum error in density is 10 %. 

Porosity was measured by ellipsometric porosimetry using ethanol (d = 0.42 nm) as probe 

molecule. 

 

Number of deposited atoms per  

(PE-)MLD cycle (atnm-2cycle-1) [O]/[Al] 

Film 

density 

(g.cm-3) 

Refractive 

index 

+ 0.005 

Open micro-porosity  

(vol% ± 0.1%)                                         

d > 0.42 nm H C O Al 

Thermal 2.1 2.7 2.6 1.0 2.6 1.38 1.520 1.9 

Plasma  2.0 2.6 3.3 1.5 2.2 1.70 1.570 0.6 

 

The larger number of Al and O atoms deposited per cycle in the case of plasma-

alucone with respect to thermal-alucone suggests that He plasma modifies the EG-

terminated surface in favor of chemisorption of TMA molecules. This increase in 

adsorption of TMA was expected to lead also to an increase in chemisorption of EG, 

and consequently an increase in the number of deposited O, C and H atoms per cycle. 

However, the number of O atoms increased, while the number C and H atoms did 

not increase (Table 7.1). The latter observation suggests that the short He plasma 

pulse employed in this study after the EG purge step partially eliminates C and H 

atoms from the surface. This is in line with the literature studies on He plasmas 

under intermediate (about 500 mTorr) pressure conditions, which are 

characterized by average ion energies of less than 10 eV,22 lower than the threshold 

of typical ion energy required for sputtering,9 and yet sufficiently high to eliminate 

part of the organic bonds from the (sub-)surface.23 
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The chemical fingerprints of the films were studied by FTIR spectroscopy (Tensor 

27 Bruker spectrometer). The FTIR spectra of thermal and plasma-alucone films are 

shown in Figure 7.2. Both spectra are characterized by the typical features of 

alucone.3,24 The bending mode of the Al-O bond was observed between 500 and 740 

cm-1, while the absorbance peaks at 905 cm-1, 1086 cm-1 and 1132 cm-1 were 

assigned to stretching vibrations of the Al-O, C-O and C-C bonds, respectively. The 

absorbance of CH2 twisting, wagging and scissors modes were observed between 

1300 and 1500 cm-1. Symmetric and asymmetric stretching vibration bands of CH2 

bonds were observed at 2879 cm-1 and 2949 cm-1. Apart from typical alucone 

features, plasma-alucone exhibited a feature at around 800 cm-1 (labeled with *) 

assigned to Al-O bonds in bulk-like AlOx (Figure A7.3) and/or =CH out-of-plain 

bending mode for aliphatic carbon.25–27 Moreover, the feature at 1600 cm-1 could be 

assigned to the scissor mode of adsorbed H2O and/or the C=C stretching mode.3,24 

 

 

Figure 7.2. FTIR spectra of thermal and plasma-alucone films. The FTIR spectra are 

normalized to the film thickness (δ: bending mode, ν: stretching mode). 

 

The comparison between the two FTIR spectra in Figure 7.2 showed that the areas 

of the C-O, Al-O and CH2 absorption bands were smaller in the spectrum of plasma-

alucone than that of thermal-alucone. As our RBS data showed an increase in both 

Al and O content in the plasma-alucone compared to the thermal alucone, the lower 

areas of C-O and Al-O absorption bands in the plasma-alucone implied that the 

bonds around the oxygen atoms were particularly affected by the He plasma 

exposure. As the peak at around 800 cm-1 labeled with * in Figure 7.2 could be 

assigned to Al-O bonds in bulk-like AlOx (Figure A7.3), it is likely that a part of the 

alucone-type Al-O bonds were converted into Al-O bonds of bulk-like alumina. Note 

that a similar shift of Al-O absorption to lower wavenumbers has also been observed 
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upon pyrolysis of TMA/EG based alucones.28 The increase in AlOx type growth in 

plasma-alucone can be also appreciated from the earlier presented RBS data in 

Table 7.1. A value of 2.2 was measured for [O]/[Al] ratio in the plasma alucone, 

which was closer to the stoichiometric [O]/[Al] ratio for Al2O3 ([O]/[Al]=1.5) than 

alucone ([O]/[Al]=3). 

The smaller area of the C-O and CH2 absorption bands in the plasma-alucone 

compared to the thermal-alucone support the hypothesis of partial elimination of C 

and H atoms from the surface during the plasma step, which could occur via cleavage 

of the C-O bonds and elimination of gas phase CH2=CH-O species. Note that in 

alucone, both sides of the O-CH2-CH2-O species can be bonded to the surface as a 

result of surface double reactions.3,29 In this case, cleavage of the C-O bonds and 

dehydrogenation of O-CH2-CH2-O species could lead to formation of C=C bonds in 

the film (Figure 7.3). Formation of the C=C bond was confirmed by the appearance 

of the peak at 1600 cm-1, and further supported by the peak at around 800 cm-1 

which could be ascribed to =CH bending mode. The above-mentioned modifications 

after the He plasma exposure would lead to availability of more functional surface 

groups for TMA chemisorption in the next MLD cycle as depicted in Figure 7.3. 

 

 

 

Figure 7.3. Schematic illustration of surface groups before and after He plasma step during 

plasma-enhanced MLD growth of alucone, suggested on the basis of the FTIR and RBS/ERD 

results. Cleavage of the C-O bond in 1 and 2 leads to formation of the C=C bond in the film and 

elimination of gas phase CH2=CH-O, respectively.  

 

After observing the impact of plasma on GPC and chemical composition of alucone, 

the effect of plasma on specific properties of alucone such as density and porosity 

was investigated. Earlier studies showed a correlation between environmental 

stability of the metalcones and their low mass density, related to the presence of 

open micro-porosity (d < 2 nm, d: pore diameter).24,30 As an example, alucone films 

exhibited up to 5 % of open micro-porosity with size between 0.42 and 2 nm.24 

Open-porosity with such size can be deleterious to the stability of the films as it 

allows for permeation of gaseous molecules (e.g. water with a diameter of 0.27 nm) 
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into the film bulk. Thus, in addition to the growth and chemical characterization of 

alucones, film density and the relative content of open porosity of thermal and 

plasma-alucone films were studied. The density values determined by RBS/ERD 

were found to be 1.38 and 1.70 gcm-3 for the thermal and plasma-alucone films, 

respectively (Table 7.1). The value for thermal-alucone is relatively close to the 

literature value of 1.5 gcm-3 obtained by X-ray reflectivity technique.3 Refractive 

indices (at λ = 632.8 nm) of the films were 1.520 + 0.005 and 1.570 + 0.005 for 

thermal and plasma-alucone films, respectively, as determined by in-situ 

ellipsometry. The increase in the refractive index is in agreement with the observed 

increase in the density of the plasma-alucone film. 

In order to obtain detailed information on open-porosity of the films, ellipsometric 

porosimetry (EP) studies were performed using ethanol with a kinetic diameter of 

0.42 nm as the probe molecule. Further details on the EP measurement can be found 

in appendix 7. Ethanol adsorption isotherms of the thermal and the plasma-alucone 

films are shown in Figure 7.4. Both isotherms are characterized by two regions 

featuring pore-filling (0 < Pl/Psat. < 0.1-0.2) and ethanol multilayer development 

(Pl/Psat. > 0.2). The presence of micro-porosity, i.e. pores with size between 0.42 nm 

and 2 nm, is evident in both films due to the uptake of ethanol in the pore-filling 

region. Furthermore, hysteresis was observed in desorption isotherms of both films 

caused by hindered desorption of the probe molecule at low Pl/Psat.. Hysteresis is an 

indication of the presence of interconnected pores and pores with size close to the 

size of EP probe molecule. The open micro-porosity content was found to be 1.9 % 

and 0.6 % for thermal and plasma-alucone, respectively. 

 

 

Figure 7.4. Ethanol adsorption/desorption isotherms of thermal and plasma-alucone films. 

The samples were exposed to air only for a short time (< 5 min) as they were immediately 

transferred to the EP chamber after deposition. Thickness of the thermal and plasma-alucone 

film was 52 and 43 nm, respectively. 
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We also investigated the impact of densification and suppressed open micro-

porosity on environmental stability of alucone. In order to demonstrate this, both 

thermal and plasma-alucone films were exposed to ambient air (23 ̊ C, 50 % RH) and 

probed by FTIR as a function of air exposure time. The spectra obtained after 5 h of 

exposure to ambient air are plotted in Figure 7.5a. Stretching vibration of adsorbed 

OH between 3000 and 3600 cm-1 was pronounced for the thermal-alucone film, 

while the spectrum for the plasma-alucone film showed considerably less 

absorption in the same frequency range. As alucones are known to be sensitive 

towards moisture, the lower concentration of hydroxyl groups points out the 

improved stability of the plasma-alucone film. For both thermal and plasma-alucone 

the intensity of the C-O, C-C and Al-O peaks were lower after the air exposure than 

the pristine samples. The symmetric and asymmetric stretching modes of the CH2 

bond between 2780 and 3030 cm-1 have been shown to disappear completely upon 

full degradation of the alucone films, and hence provide a good metric of the 

degradation.24 We probed the degradation of the CH2 bonds by integrating the area 

of the symmetric and asymmetric CH2 stretching peaks as a function of air exposure 

time (Figure 7.5b). It was found that degradation of CH2 bond occurred in both films, 

but it slowed down in the case of plasma-alucone film. The improved stability of the 

plasma-alucone film can be therefore ascribed to the suppressed open porosity. 

 

 

 

Figure 7.5. a) FTIR spectra of thermal and plasma-alucone after 5 h of air (23 ˚C, 50 % RH) 

exposure. FTIR spectra are normalized by the film thickness. b) Normalized integrated 

absorbance of CH2 FTIR peak of thermal and plasma-alucone films as a function of air 

exposure time. 
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In conclusion, we demonstrated the addition of a plasma step within a molecular 

layer deposition process for metalcones. The plasma-enhanced MLD process of 

TMA/EG-based alucone film was successfully developed by addition of a He plasma 

step to the thermal MLD process. We found via FTIR and RBS studies that employing 

the He plasma after the EG exposure allowed for modification of the organic surface 

bonds and partial elimination of C and H from the surface. The latter led to an 

increase in chemisorption of TMA in PE-MLD cycle. The PE-MLD process delivered 

a denser alucone film with a lower amount of porosity (0.6 vol. %) compared to the 

thermal-alucone (1.9 vol. %). FTIR studies as a function of air exposure time showed 

that the suppression of micro-porosity slowed down in-diffusion of moisture and 

therefore more stability was observed for the plasma-alucone films. Provided the 

maturity of the plasma technology in other research fields, we foresee that 

combining plasma-enhanced processing with molecular layer deposition can 

provide an added degree of freedom for designing and tailoring of a wide variety of 

hybrid organic-inorganic and all-organic materials. 
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Appendix 7 
 

Experimental details 

Film deposition: Alucone films were deposited by trimethyl aluminum (TMA, 

Dockweiler Chemicals Gmbh) and ethylene glycol (EG, > 99%, Merck kGaA) as 

precursors. TMA bubbler and lines were kept at room temperature, while EG 

bubbler and lines were heated to 80 and 100 ˚C, respectively. The temperature of 

substrate and reactor wall were 150˚C and 120 ˚C, respectively, during all 

depositions. TMA was delivered by its own vapor pressure to the reactor while EG 

was bubbled with 100 sccm of Ar (99.999%). 20 sccm of Ar was used as background 

gas to facilitate purging of reaction products and reactor pressure was 70-150 

mTorr during purging steps. For the plasma-enhanced MLD process, Ar flow was set 

to 0 after EG purge and 40 sccm of He was flown to the reactor. A plasma pulse (50 

W) was employed 20 s after flowing He to the reactor to reach a constant pressure 

of 500 mTorr. After the plasma pulse, He flow was set to 0 and 20 sccm of Ar was 

used for purging. 

Depositions were performed on p-type c-Si with 1.5 nm of native oxide. Alucone 

samples were stored in a glove box (H2O and O2 < 1 ppm) immediately after taking 

the samples out of the reactor. Those samples were used later for characterization. 

It should be noted that storing samples under inert environment in glove box did 

not lead to significant physical and chemical changes of the films. 

 

In-situ spectroscopic ellipsometry during film growth: Optical parameters of a 

40-50 nm-thick films were fitted to obtain a value for the refractive index; this value 

was then fixed and used to fit the thickness during the film growth. 

 

Details of EP measurement: EP measurements were performed using a home-built 

setup equipped with a J.A. Woollam Inc. M2000F ellipsometer. 

Adsorption/desorption isotherms were obtained by probing refractive index of the 

film and thickness of ethanol layer developed on top of the film during isothermal 

adsorption/desorption of the probe molecule. Those parameters were translated to 

adsorptive volume by Lorentz-Lorenz relationship and adsorption/desorption 

isotherms were obtained. In each adsorption/desorption isotherm, the ratio 

between volume of adsorptive and volume of the film (Vads./Vfilm) is plotted as the 

function of ethanol partial pressure (Pl/Psat.). 
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Figure A7.1. a) Schematic of the plasma-enhanced MLD reactor (MALDi). b) Scheme of one 

cycle plasma-enhanced MLD of alucone using TMA, EG and He plasma. 

Figure A7.2. Thickness evolution of thermal and plasma-alucone films as a function of the 

number of cycles measured by in-situ spectroscopic ellipsometry. The conditions for 

deposition of thermal-alucone: TMA/purge/EG/purge: 50ms/100s/5s/150s and plasma-

alucone: TMA/purge/EG/purge/He plasma/purge: 50ms/100s/5s/150s/0.5s/30s. 



158  Chapter 7 

 

Figure A7.3. FTIR spectra of ALD Al2O3 (deposited by TMA/water at 150 ˚C) and plasma-

alucone films. Thickness of the ALD Al2O3 and plasma alucone layer is 37.0 and 40.8 nm, 

respectively, and the spectra are normalized by the film thickness. The peak at 1090-1120 

cm-1 in the spectra of ALD Al2O3 is attributed to Si-O-Si bending mode which appeared due to 

difference between the thickness of native oxide under the Al2O3 ALD layer and the reference 

Si substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Plasma-enhanced MLD: the case study of alucone                                    159 

References 

1 T. Yoshimura, S. Tatsuura and W. Sotoyama, Appl. Phys. Lett., 1991, 59, 482–484. 
2 D. S. Bergsman, R. G. Closser, C. J. Tassone, B. M. Clemens, D. Nordlund and S. F. Bent, 

Chem. Mater., 2017, 29, 1192–1203. 
3 A. A. Dameron, D. Seghete, B. B. Burton, S. D. Davidson, A. S. Cavanagh, J. A. Bertrand 

and S. M. George, Chem. Mater., 2008, 20, 3315–3326. 
4 Q. Peng, B. Gong, R. M. Vangundy and G. N. Parsons, Chem. Mater., 2009, 21, 820–830. 
5 A. I. Abdulagatov, K. E. Terauds, J. J. Travis, A. S. Cavanagh, R. Raj and S. M. George, J. 

Phys. Chem. C, 2013, 117, 17442–17450. 
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Chapter 8 
 

 
On role of micro-porosity in affecting the 

environmental stability of atomic/molecular layer 
deposited (ZnO)a(Zn-O-C6H4-O)b films* 

 

Atomic/molecular layer deposited (ALD/MLD) inorganic-organic thin films form a novel class 

of materials with tunable properties. In selected cases, hybrid materials are reported to show 

environmental instability, specifically towards moisture. In this contribution, we focus on zinc 

oxide/zincone multi-layers with theoretical formula of (ZnO)a(Zn-O-C6H4-O)b. We show by 

means of ellipsometric porosimetry that micro-porosity in the range of 0.42 and 2 nm in the 

pristine zincone layer is responsible for its environmental degradation. During degradation, it 

is found that a relative micro-porosity content of 1.2 ± 0.1 vol% in the pristine zincone films 

evolves into micro-mesoporosity with a relative content of 39 ± 1 vol%. We also show that the 

micro-porosity in the zincone layer can be gradually suppressed when few cycles (a =1-10) of 

ZnO are introduced. The resulting (ZnO)a(Zn-O-C6H4-O)b=1 periodic multilayer is 

environmentally stable film for a = 10. It is found that the suppressed micro-porosity is due to 

the development of continuous ZnO layers for a > 10.  

                                                           
* M. Aghaee, J-P. Niemelä, W. M. M. Kessels and M. Creatore, Dalton Trans., 2019, 48, 3496–3505. 
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8.1 Introduction 

Atomic layer deposition (ALD)1–4 and molecular layer deposition (MLD)5–7 are 

chemical vapor deposition methods in which film growth relies on cyclic self-

saturating reactions between the gas-phase precursors and the substrate (or 

growing film) surface. The difference between these otherwise analogous 

techniques is that in ALD, the film growth proceeds via deposition of atomic 

monolayers and in MLD via molecular monolayers. For both methods the key merits 

stemming from the self-limiting surface reactions are excellent thickness control 

and conformality of deposition, even on demanding high-aspect-ratio structures.8 

When these two techniques are used in combination (ALD/MLD), novel inorganic-

organic hybrid thin-film materials can be fabricated.9–12 The asset of this 

combinatorial approach is that the chemical composition, and hence the functional 

properties of these hybrid layers, can be tuned by controlling the relative number of 

ALD and MLD deposition cycles. Typical metal precursors for MLD are those familiar 

from the field of ALD, such as trimethyl aluminum for Al, titanium tetrachloride for 

Ti, or diethyl zinc  (DEZ; ZnEt2) for Zn. Examples of the organic precursors are 

aliphatic12 or aromatic alcohols,10 amines13 and carboxylic acids.14  

One of the most common MLD films is the so called zincone, that can be deposited 

e.g. from DEZ and hydroquinone (HQ; HO-C6H4-OH).15–19 For such a precursor/co-

reactant pair the film growth relies on ligand-exchange reactions between the Et 

groups of DEZ and the OH groups of HQ in a way that the inorganic and the organic 

building- blocks are bonded via Zn-O-C linkages. Theoretically, the monomer unit of 

Zn-O-C6H4-O is deposited per each DEZ/HQ cycle and the film surface is -OH 

terminated after HQ exposure. For periodic ALD/MLD multilayer structures, ZnO 

can be deposited via DEZ/H2O ALD cycles between the Zn-O-C6H4-O units such that 

the bonding to the ZnO layers is again provided by Zn-O-C linkages. Thus, the 

theoretical composition of these hybrids is of type (ZnO)a(Zn-O-C6H4-O)b, where a 

and b are the numbers of ALD and MLD cycles per one super-cycle, respectively. 

Note that, owing to the excellent thickness control of the technique, setting b=1 

enables fabrication of multilayer structures, where the thickness of the organic 

layers is virtually limited to the level of a molecular monolayer.20–23 The adoption of 

HQ is reported to minimize unwanted double reactions with the functional groups 

present at the surface.17 Moreover, its π electrons and added flexibility could be 

beneficial for (flexible) electronic applications such as thermoelectrics24 and 

transparent conductors.16 However, ambient instability for ZnO-zincone multi-

layers and, specifically for compositions with a < 10, has been identified as an 

issue.19  
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Recently, the stability of zincone thin films grown from DEZ and HQ precursors 

was studied by Choudhury et al.19: Fourier transform infrared spectroscopy (FTIR) 

showed that pure zincone films degraded upon ambient exposure and that the 

degradation product closely resembled pure HQ. It was concluded that the Zn-O 

bond was unstable when present in the (Zn-O-C6H4-O) bonding configuration and 

that its stability could be achieved by adding a few ZnO ALD cycles between the Zn-

O-C6H4-O monomer units. Choudhury et al. attributed the instability of the Zn-O 

bonds in zincone layers to the longer bond length of Zn-O in (Zn-O-C6H4-O)-based 

molecular chain compared to the Zn-O bond length in pure ZnO films and in ZnO 

units in hybrid multi-layers, according to the calculation of formation enthalpy of 

those bonds by DFT (-205 kJ.mol-1 for only two zincone units vs. -628 kJ.mol-1 for 

two zincone units with two ZnO units in between).19 

The chemical degradation of these hybrid films is expected to be driven by the 

ingress of water vapor into the (open) porosity of the film. In this work, we identify 

the type of porosity† and its relative content in MLD-fabricated zincone thin films 

and we follow the evolution of the porosity relative content in time during film 

degradation in ambient air. Furthermore, we show that the increase in 

environmental stability of hybrid (ZnO)a(Zn-O-C6H4-O)b=1 films is due to the 

decrease in  open porosity. The latter is measured to be less than 0.05% for a=10, 

leading to suppression of film degradation. For a=10, a continuous, closed ZnO film 

is deposited in the multi-layer structure. 

The paper is organized as follows: details of thin film preparation by ALD/MLD 

and film characterization techniques are provided in the Experimental section. 

Characterization of porosity and its correlation with the environmental stability of 

the zincone and multilayer films are addressed in the Results and Discussion section. 

The latter ends with a discussion on the mechanism of growth in the multilayer films 

and its relation with chemical composition as well as structural and electrical 

properties of the films.  

8.2 Experimental 

 ALD/MLD deposition 

Atomic/molecular layer depositions were carried out in an OPALTM reactor from 

Oxford Instruments. The deposition chamber was equipped with two ports (quartz 

windows) with an incidence angle of 70˚ for in-situ spectroscopic ellipsometry (SE) 

                                                           
† According to IUPAC classification, pores with d < 2 nm and 0 < d < 50 nm (d: pore diameter) are 
classified as micro-pores and meso-pores, respectively. 
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studies. Diethylzinc (DEZ; (C2H5)2Zn, Akzo Nobel Chemicals B.V.) was used as the 

zinc precursor for both ALD and MLD processes. Deionized water (H2O) and 

hydroquinone (HQ; C6H6O2, 99% purity, ThermoFisher GmbH) were utilized as the 

oxidant and organic co-reactants of ALD and MLD processes, respectively. Deionized 

water and DEZ bubblers were maintained at room temperature and the HQ bubbler 

was heated and stabilized at 120 ˚C. The hydroquinone bubbler was bubbled with 

500 sccm of Ar (99.999%) and the lines carrying HQ were heated to 130 ˚C. The 

temperatures of the substrate table and the reactor walls were set to 150 ˚C during 

all the experiments.  

     Precursor dosing and purging sequence for ALD of ZnO was: 

DEZ/purge/H2O/purge = 50 ms/6s/100ms/10s, while for the MLD process of 

zincone the sequence was: DEZ/purge/HQ/pump-down/purge = 

150ms/6s/20s/10s/20s. The former parameters lead to 0.19 nm of ZnO per ALD 

cycle and were selected based on previous studies using the same precursor, co-

reactant and reactor.25 The parameters for MLD of zincone were selected based on 

saturation curves reported in Figure A8.1 which lead to a growth per cycle (GPC) of 

0.16 nm in saturation conditions, similar to GPC values reported in the literature.15,18 

The pump down step in the MLD process was used as a transition step to stabilize 

the reactor pressure prior to the purge step. Argon with flow rate of 150 sccm was 

used as purging gas and the reactor pressure was stabilized at 115 mTorr during 

purging steps. The pressure increase after DEZ, H2O and HQ dosing steps was 50, 50 

and 200 mTorr, respectively. For depositing the (ZnO)a(Zn-O-C6H4-O)b=1 multilayer 

films, above-mentioned ALD and MLD recipes were used to deposit a and b cycles, 

respectively. The number of super-cycles (each super cycle consists of a + b cycles) 

were selected to deposit a film thickness in the rage of 70-100 nm. Each film 

thickness value, as determined by spectroscopic ellipsometry, is reported in the 

caption of Figures and tables. 

     The depositions were performed on single-side polished crystalline silicon (c-Si 

(100)) substrates with 1.5 nm of native oxide for all characterizations except for Hall 

measurements. For the latter the films were deposited on c-Si substrates with 450 

nm thick thermal oxide. In all deposition processes, both types of substrates were 

placed close to each other in the reactor. After each deposition, samples were 

transferred immediately to a glovebox (O2 and H2O < 1 ppm), in a way that air 

exposure time between deposition and storing in the glovebox did not exceed 5 min. 

The samples which only experienced this short air exposure are referred to as as-

deposited samples in this work. It should be noted that storing under inert 

environment in the glovebox did not lead to any change in chemical and physical 

properties of the films. For degradation studies, samples were kept in the laboratory 
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environment (22 ˚C, 58% relative humidity (RH)) which is denoted as ambient air 

or ambient condition in this paper. 

 Thin film characterization 

Film growth was monitored by in-situ spectroscopic ellipsometry (SE; M-2000D, J.A. 

Woollam co.) during each deposition. A Cauchy model was employed to fit the data 

between 400 and 1000 nm in order to derive thickness and refractive index (n) of 

the films. For the analysis of the in-situ SE data, the refractive index was always first 

determined for the final film, and then fixed for fitting the gradual thickness increase 

as function of the number of ALD/MLD cycles.  

The film open porosity was characterized by ellipsometric porosimetry (EP).26,27 

This method probes the change in optical constants of thin films by SE, upon 

isothermal adsorption-desorption of probe molecules, such as H2O, ethanol or 

toluene, which differ in terms of molecular size. The use of EP on MLD films has been 

limited to a few studies, such as titanicone, vanadicone and alucone films probed by 

toluene (d = 0.6 nm) and ethanol (d= 0.42 nm).28–31 There are also a few studies in 

the literature using nitrogen adsorption/desorption studies for analyzing porosity 

in MLD layers.32,33 This method is based on measuring the weight of the 

adsorbed/desorbed nitrogen for the determination of surface area and porosity in 

porous materials and has been applied on hybrid thin films when deposited on high 

surface area substrates, e.g. nano-powders. EP, on the contrary, has proven to be 

sensitive to low relative content of porosity in thin films deposited on flat substrates. 

EP studies were carried out in a home-built vacuum chamber equipped with an 

ellipsometer.34–36 The pot containing the probe molecule was kept at room 

temperature and the sample temperature was 20 ˚C. Ethanol (C2H6O, > 99.5%, VWR 

chemicals) was chosen as EP probe molecule in this work due to its small molecule 

size (diameter of the ethanol molecule was determined to be 0.42 nm using 

Mol2MolTM software). The EP data was fitted using a Cauchy function with variable 

A, B and C parameters to probe the changes in refractive index of the film. An extra 

Cauchy layer with constant A, B and C of ethanol was used to monitor the ethanol 

thickness development on top of the microporous films. The optical properties of 

the films were not modified upon EP studies, suggesting that the probe molecule-

film interactions are reversible. This was confirmed by FTIR analysis of films which 

underwent EP studies (Figure A8.2).  

Images of the film surfaces were obtained using a Zeiss (Sigma) scanning electron 

microscope (SEM). For determination of the elemental composition of the materials 

X-ray photoelectron spectroscopy (XPS), Rutherford backscattering spectrometry 

(RBS) and elastic recoil detection (ERD) were employed. XPS analysis was 
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performed with a Thermo Scientific K-AlphaTM system with Al Kα (1486.68 eV) 

excitation. RBS and ERD measurements were performed with Ion Beam Analysis 

Station (IBAS; Differ Ion Beam Lab) using a 2 MeV He+ beam. RBS measurements 

were performed in channeling mode to reduce the background under the C and O 

features, and detectors were at scattering angles of 110° and 170°. The detector was 

at a recoil angle of 30° for ERD measurements. To identify the chemical bonds in the 

films, FTIR analysis was performed using a Bruker Tensor 27 spectrometer in 

transmission mode and the spectra were recorded by averaging over 512 scans 

obtained with a resolution of 4 cm-1 between 375 and 4000 cm-1. The FTIR chamber 

was purged with N2 prior to the measurement to minimize the H2O and CO2 

absorption. To characterize the crystallinity of the films, X-ray diffraction patterns 

were obtained by a PANalytical X’pert Pro diffractometer using Cu Kα (λ= 0.154 nm) 

X-ray source. For analysis of the electrical transport properties, Hall measurements 

were performed in the van der Pauw configuration. The measurements were carried 

out at room temperature under ambient air with Lake Shore 8400 Hall setup 

equipped with a 1.7 T magnet. 

 

8.3 Results and Discussion 

 Chemical characterization of zincone films 

The MLD growth of zincone exhibited linear thickness increase corresponding to a 

GPC of 0.16 nm. No nucleation delay on native oxide covered c-Si surface was 

observed (Figure 8.1a). FTIR spectrum of the as-deposited zincone film (Figure 

8.1b) showed three main absorption peaks at 788 cm-1, 1204 cm-1 and 1492 cm-1, 

attributed to Zn-O (in Zn-O-C6H4-O) stretch, C-O stretch and C=C aromatic stretch 

modes, respectively. C-H out of plain bending and stretching modes were observed 

at 821 cm-1 and around 3030 cm-1, respectively. These IR fingerprints are in line with 

what has been reported previously for zincone films deposited from the same 

precursors.16,19 Furthermore, bulk chemical composition of the zincone film was 

determined by RBS/ERD analyses and compared with the theoretical composition 

(Table 8.1). The bulk chemical composition measured by RBS/ERD was fairly close 

to the theoretical zincone (C6H4O2Zn), with around 1 atomic % difference for Zn 

content and less than 3 atomic % difference for C and O contents. The larger 

deviation in H content compared to the other elements can be partly attributed to 

the relatively large error in H measurement (± 9 %) by ERD. 
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Figure 8.1. a) Thickness of a zincone film vs. number of MLD cycles as measured by in-situ 

ellipsometry. b) FTIR spectrum of an 80 nm-thick as-deposited zincone film. 

 

 

Table 8.1. Measured chemical composition of zincone layers (65 nm) by RBS/ERD with 

respect to the theoretical chemical formula (Zn-O-C6H4-O). The relative errors (combined 

statistical and systematical errors) are: C and O: 5 %, Zn: 3 %, H: 9 %. 

Element 
Atomic % 

RBS/ERD Theory 

C 48.1 46.1 

O 18.4 15.4 

Zn 8.8 7.7 

H 24.7 30.8 

 

 

 Porosity evolution and chemical changes in zincone films upon 

exposure to ambient 

EP experiments with ethanol as probe molecule were performed on zincone thin 

films. In each EP experiment, the volume adsorption of ethanol with respect to the 

adsorbent (film) volume (Vl/Vads.) is plotted as a function of the partial pressure of 

probe molecule (Pl/Psat. l). The resulting ethanol adsorption isotherms of the as-

deposited film and the film after 1 day of ambient air exposure are shown in Figure 

8.2. The as-deposited zincone film showed a rapid increase in adsorption at low 

partial pressure values of ethanol (0 < Pl/Psat. l < 0.2, l = ethanol): this is characteristic 
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of microporous films (d < 2 nm; d is the pore diameter). By increasing the partial 

pressure (Pl/Psat. l > 0.2), the adsorption curve experiences an inflection point and an 

ethanol multilayer on the top surface of the film develops. A relative content of 

micro-porosity, i.e. porosity with pore size larger than the size of ethanol, but 

smaller than 2 nm, in the as-deposited zincone film was found equal to 1.2% (± 

0.1%). This pore size is clearly accessible to water molecules (d = 0.27 nm), so that 

water can easily permeate into the bulk of the films and induce their degradation. 

Adsorption isotherm of the zincone sample after 1 day of air exposure was 

markedly different from the adsorption isotherm of the pristine sample. First of all, 

the zincone sample after 1 day of air exposure showed a higher ethanol adsorption 

in the micro-porosity region, when compared to the as-deposited film (inset of 

Figure 8.2). Furthermore, a very large increase in adsorption was observed at high 

partial pressures of ethanol (Pl/Psat. l > 0.5), together with a hysteresis in the 

adsorption/desorption curves (Figure A8.3b) which clearly indicates meso-porosity 

(2 nm < d < 50 nm) in the aged film. Therefore, the zincone film after one day of 

exposure to air was characterized by a heterogeneous distribution of micro-

mesoporosity, with a total open-pore volume of 39% (± 1%). 

 

 

 

Figure 8.2. Ethanol adsorption isotherms of a 73 nm as-deposited zincone film and after 1 

day of exposure to ambient air. The measurements were performed on two different samples 

from the same deposition run. The inset shows a close up of the low partial pressure regime. 

Desorption curve of the degraded sample which is plotted separately in Figure A8.3b shows 

hysteresis, typical of meso-porosity.  
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To support the conclusions drawn from the EP measurements, the zincone sample 

was analyzed by SEM at different stages of air exposure (Figure 8.3). The surface of 

the as-deposited film was observed to be flat with no visible features, in line with 

the small pore size obtained via EP. After 1 hour of exposure to air, features similar 

to pinholes or open-pores started to develop. The pores were distributed 

homogeneously over the surface and their diameter at this stage did not exceed 10 

nm. By extending the exposure time to 4 hours, the surface coverage of the pores 

increased and their size was seen to increase up to approximately 20 nm in 

diameter, resembling a meso-porous structure. The surface structure and the nature 

of pores did not change notably by prolonging the air exposure time to 1 day. 

Together with formation of porosity, both thickness and refractive index (n) of the 

zincone film were affected by air exposure (Figure A8.4). Thickness of the zincone 

layer was reduced by 26% after 1 day of exposure to air with respect to the as-

deposited film, while n decreased from 1.67 to 1.54. 

In parallel to the transition from microporous to combined microporous-

mesoporous character, the zincone films underwent notable chemical changes. FTIR 

spectra of the zincone film in the as-deposited state and after exposing the film to 

ambient air are shown in Figure 8.4. The main absorption peaks at 788 cm-1, 1204 

cm-1 and 1492 cm-1 were assigned to Zn-O (in Zn-O-C6H4-O) stretch, C-O stretch and 

C=C aromatic stretch modes in the zincone structure, respectively.19,37 While the 

intensity of these Zn-O, C-O and C=C peaks gradually decreased by exposing the film 

to ambient air, new peaks attributed to C=C ring vibration and C-O stretching modes 

of molecular hydroquinone appeared at 754 cm-1 and 1249 cm-1, respectively. 

Furthermore, the peak assigned to C=C aromatic stretch mode of zincone at 1492 

cm-1 splits into two peaks at 1455 cm-1 and 1521 cm-1 when the film was kept in air 

for more than 2.5 h, in line with the observation by Choudhury et al.19 The two peaks 

were characteristic of the C=C aromatic stretching mode of molecular 

hydroquinone.38 The C-H stretching and out-of-plane bending modes at around 

3030 cm-1 and 821 cm-1, respectively, remained unchanged even after prolonged air 

exposure. The weak absorption peak at around 520 cm-1 became more pronounced 

in the FTIR spectra of the degraded films. This peak can be assigned to CO bending 

mode of molecular HQ.19 Apart from the changes observed for the zincone bonds, 

two new narrow peaks at 3376 cm-1 and 1368 cm-1 were observed after 2.5 hours of 

air exposure. The former was related to vibration of free hydroxyl group39 and 

accompanied by a broad stretching vibration of bonded OH between 3100 cm-1 and 

3300 cm-1. Appearance of the narrow band at 3376 cm-1 was an indication of 

diffusion of water molecules into the film during the first hours of exposure to air. 

While the broad peak between 3100 and 3300 cm-1 was associated to C-OH in-plane 



170  Chapter 8 

bending mode, indicating incorporation of OH (or H) to the degraded film. 

Altogether, after one day of air exposure, the FTIR spectrum of the zincone film 

became comparable to the FTIR spectrum of hydroquinone–and notably–it implied 

absence of any Zn-O bonds in form of Zn-O-C6H4-O structure, as observed by 

Choudhury et al.19  

 

 

Figure 8.3. SEM top-view of a 73 nm-thick zincone film before and after degradation (1 hr, 4 

hr and 1 day) in ambient. 

 

 

 

Figure 8.4. FTIR spectra of an as-deposited zincone (73 nm) and upon 1 hr, 2.5 hrs, 4 hrs, 8 

hrs and 24 hrs of exposure to ambient air (22 ˚C, 58% RH). FTIR peak assignments can be 

found in Table 8.2. 
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Table 8.2. FTIR peak positions and their assignments for zincone film and molecular 

hydroquinone. 

Wavenumber 

(cm-1) 

Assignment 

408 Zn-O stretching mode (bulk Zn-O) 

520 C-O bending mode of molecular HQ 

754 C=C ring vibration of molecular HQ 

788 Zn-O stretching mode of zincone 

821 C-H out of plane bending 

1095 C-H bending mode of molecular HQ 

1204 C-O stretching mode of zincone 

1249 C-O stretching mode of molecular HQ 

1368 C-OH in plane bending mode 

1455 C=C aromatic stretching mode of molecular HQ 

1492 C=C aromatic stretching mode of zincone 

1521 C=C aromatic stretching mode of molecular HQ 

3000-3100 Aromatic C-H stretching mode 

3100-3300 Bonded OH stretching mode 

3376 Stretching of free hydroxyl group 

 

 

In addition to FTIR, XPS was adopted as complementary compositional analysis 

tool for probing the chemical degradation in zincone films. Atomic % of Zn, C and O 

was measured after gradual exposure to ambient air of 1 h, 4 h and 24 h, and 

compared to the pristine sample (Figure 8.5). Despite the fact that vibration of Zn-O 

bond at 788 cm-1 was hardly visible in FTIR spectra of the degraded zincone films, 

XPS scans of the O1s and Zn2p spectral regions revealed peaks at 530 eV and 1021.5 

eV, respectively, both related to Zn-O bond (Figure A8.5). This observation allows to 

conclude that the majority of the Zn-O bonds remain in the film after degradation 

without linkage to the HQ molecules. Furthermore, an increase in relative Zn and O 

content with respect to C content was observed by prolonging air exposure time 

(Figure 8.5). The lower content of C in the degraded films is attributed to out-

diffusion of HQ molecules from the film. Note that a similar observation was made 

by Peng et al. for zincone films deposited by DEZ and ethylene glycol.40 The XPS 

results also indicate that the O/Zn ratio in the zincone film remain nearly constant 

after one day of exposure to air.  
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Figure 8.5. Change in C, O and Zn atomic concentration% of zincone (65 nm) after exposing 

the samples to ambient air (22 ˚C, 58% RH), as obtained by XPS.  

 

To summarize the interplay between porosity development and chemical changes 

in the MLD film upon air exposure, we attribute the notable film degradation in 

ambient air as caused by its micro-porous structure, being accessible to water. The 

open micro-porosity provides paths for permeation of moisture into the bulk of the 

film and reactions of moisture with Zn-O-C6H4-O units occur. This reaction leads to 

dissociation of Zn-O bonds in Zn-O-C6H4-O units and out-diffusion of free HQ 

molecules. Note that film degradation is not quantitative and a fraction of the HQ 

bonds is still present in the film, as confirmed by FTIR analysis of the degraded film 

in Figure 8.4. The degradation accelerates in parallel with the meso-porosity 

character development due to unrestricted access of moisture to the bulk of the film. 

This leads to films rich in Zn and O and with lower relative content of carbon, with 

respect to the pristine zincone layer. Hence a reduction in film thickness is observed 

(Figure A8.4) for the degraded zincone compared to the as-deposited film. 

 Suppressed porosity and environmental stability in the (ZnO)a(Zn-O-

C6H4-O)b=1 multilayer films 

We further explored how the chemical composition of hybrid multilayers affected 

the micro-porosity and the stability of the deposited layers in ambient atmosphere. 

To this purpose, (ZnO)a(Zn-O-C6H4-O)b=1 hybrid ALD/MLD films were deposited by 

changing the parameter a, that is, the number of ZnO ALD cycles between single MLD 

cycles of zincone. This combined deposition process showed typical behavior of 

ALD/MLD processes, such that overall the thickness of the films (measured after 

every 5-20 cycles) increased linearly with increasing number of the deposition 

cycles (Figure A8.6). However, nucleation of ZnO on -C6H4-OH terminated surface 
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was observed to be delayed when the thickness was monitored after every ALD 

cycle. More details on the film growth and the film structure are provided in Section 

8.3.4. 

Ethanol adsorption isotherms of as-deposited zincone and (ZnO)a(Zn-O-C6H4-O)b=1 

multilayer films are shown in Figure 8.6. The open porosity content of the as-

deposited multilayers was calculated from the respective ethanol adsorption 

isotherms and is presented in Table 8.3. The films with a = 1 and 2 showed 

characteristics similar to those of pure zincone films, that is, micro-porosity (0.42 

nm < d < 2 nm), with a relative content of 1.0% and 0.9% respectively, both close to 

the value obtained for the zincone film (1.2%). The micro-porosity was suppressed 

with increasing a from 2 to 5 for the (ZnO)a(Zn-O-C6H4-O)b=1 multilayer films (Figure 

8.6). The films with a = 5 and 10 showed no uptake of ethanol and open –micro-

porosity values less than 0.05% (lower-limit of EP sensitivity). In all cases, an 

ethanol multilayer was developed at high partial pressures of ethanol (Pl/Psat. l > 0.5) 

as shown in Figure 8.6. Altogether, the reduction in the initial porosity relative 

content in the ALD/MLD films, in comparison to the MLD films, is expected to affect 

the stability of the multilayer when exposed to air. After one day of exposure to air, 

open-pore content of the ALD/MLD multilayer with a = 2 was comparable to one of 

zincone MLD sample. In contrast, only a small increase in the relative content of 

open-pore in the film with a = 5 was observed (0.2%) and the open-pore content of 

the film with a = 10 remained unaffected upon 24 h air exposure (Table 8.3).  

Mass density and refractive index of the (ZnO)a(Zn-O-C6H4-O)b=1 films was seen to 

increase systematically from zicone toward ZnO with increasing a (Figure 8.7a). In 

order to compare the degradation of the multilayers, the intensities of the 788 cm-1 

Zn-O peak in the (ZnO)a(Zn-O-C6H4-O)b=1 structure are plotted as a function of air 

exposure time in Figure 8.7b. The data of Figure 8.7b are extracted from the FTIR 

spectra reported in Figure 8.4 and Figure A8.7. For the zincone film (a = 0), the 

intensity value of the Zn-O peak at 788 cm-1 decreased to less than 20% of its value 

for the as-deposited film during the first few hours of the air exposure. However, the 

decrease in intensity is less steep with increasing a, presumably due to hindered 

diffusion of water molecules into the bulk of the film, leading to more stable films 

against ambient conditions. The intensity of the multilayer film with a = 10 was well 

preserved after 24 hours of air exposure, showing a stable Zn-O bond in the 

(ZnO)a(Zn-O-C6H4-O)b=1 structure. Looking at the trends in Table 8.3 and Figure 8.7a, 

and b, it can be seen that films characterized by a lower content in open micro-

porosity and higher refractive index and mass density, are chemically stable. 
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Figure 8.6. Ethanol adsorption isotherms of as-deposited (ZnO)a(Zn-O-C6H4-O)b=1 films with 

a = 0, 1, 2, 5 and 10. Thickness are reported in Table 8.3. Desorption isotherms are not plotted 

because of lack of hysteresis. 

 

 

Table 8.3. Open porosity content of the (ZnO)a(Zn-O-C6H4-O)b=1 films before and after 1 day 

degradation in air. The error in the thickness values is typically < 1 nm. 

a in 

(ZnO)a(Zn-O-C6H4-O)b=1 

As-deposited 

film thickness 

(nm) 

Open porosity% (± 0.1) 

As-deposited 
After one day in air 

(22 ˚C, 58% RH) 

0 (zincone) 73 1.2 39 ± 1 

1 79 1.0 not available 

2 80 0.9 38 ± 1 

5 75 < 0.05 0.2 

10 85 < 0.05 < 0.05 

 

 

 

Finally, it should be noted that the degradation of zincone and (ZnO)a(Zn-O-C6H4-

O)b=1 films is strongly dependent on the relative humidity (RH) of the environment. 

As an example, degradation of the zincone film at 33% and 58% RH was compared 

in Figure A8.8. It can be seen that the degradation rate is much lower when the 

zincone samples were kept at an environment with lower RH (22 ˚C and 33% RH). 
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Figure 8.7. a) Mass density and refractive index (n) of the (ZnO)a(Zn-O-C6H4-O)b=1 films 

measured by RBS/ERD and spectroscopic ellipsometry, respectively. b) Relative intensity of 

Zn-O FTIR peak at 788 cm-1 for (ZnO)a(Zn-O-C6H4-O)b=1 films with a = 0, 1, 2, 5 and 10 after 

exposure to ambient air (22 ˚C, 58% RH).Thickness of the films are 70, 65, 79, 88, 84, and 85 

nm for ZnO and films with a = 0, 1, 2, 5 and 10, respectively. 

 

 The relation between properties and the growth mechanism of zinc 

oxide/zincone films 

Structural properties and chemical composition are studied in order to gain more 

insight on the porosity formation in (ZnO)a(Zn-O-C6H4-O)b=1 films. The FTIR spectra 

for the as-deposited (ZnO)a(Zn-O-C6H4-O)b=1 films were, as expected, showing 

systematic changes with changing composition of the films (Figure 8.8a). All spectra 

exhibited the main zincone peaks at 788 cm-1, 1204 cm-1 and 1492 cm-1, as described 

in Figure 8.4 and Table 8.2: the intensity of these peaks decreased with increasing a 

as the relative organic content in the films decreased. The notable difference 

between the spectra for the pure zincone structure and the multilayer structures is 

that for multilayers compositions with a > 5, the Zn-O vibration at 408 cm-1 was 

observed. Note that this peak is not observed for a = 1 and a = 2. As this vibration 

stems from Zn-O bonds arranged in tetrahedral configuration in bulk-like ZnO,41 its 

presence indicates the onset of the development of 3D ZnO lattice in the multilayer 

structures. The FTIR results were in line with the XRD analysis of the samples 

(Figure 8.8b): while the films with a = 0, 1 and 2 were observed to be amorphous, 

long-range order was detected for a ≥ 5 as hexagonal wurtzite crystallites began to 

form within the ZnO layers. As the trends for the FTIR and XRD structural data in 

Figure 8.8 bear a remarkable similarity to the stability trend (Figure 8.7b), we 

conclude that it is the formation of bulk-like ZnO layers that suppresses film 
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porosity, diffusion of water, and hence delivers the environmental stability in the 

(ZnO)a(Zn-O-C6H4-O)b=1 hybrid thin films. 

 

 

 

Figure 8.8.  a) FTIR spectra of the as-deposited zincone and (ZnO)a(Zn-O-C6H4-O)b=1 films. b) 

XRD patterns of ZnO and (ZnO)a(Zn-O-C6H4-O)b=1 films; the diffraction maxima are indexed to 

the hexagonal wurtzite structure. Thickness of the films ranges from 80 to 90 nm. 

 

 

Moreover, we argue that the major reason for delayed onset of crystallinity of ZnO 

layers in the (ZnO)a(Zn-O-C6H4-O)b=1 multilayer films is the nucleation delay of ZnO 

on the C6H4-OH terminated surfaces, which leads to delayed closure of ZnO layers. 

Therefore, the film growth of a multilayer with a = 10 (grown on a 70 nm-thick layer 

of the same type) was monitored by measuring the film thickness after every 

deposition cycle with in-situ SE and is shown in Figure 8.9a. Distinct regimes can be 

distinguished in the data: regions where gradual thickness increase is observed 

during the DEZ/H2O cycles, and the regions where the single DEZ/HQ cycles yield a 

larger thickness increment due to the incorporation of the bulky organic molecules. 

Most importantly, the thickness up-take due to the growth of ZnO during circa the 

first 5 DEZ/H2O cycles right after the DEZ/HQ cycles were clearly smaller than 

during the steady-state growth of ZnO. This indicates that the growth of ZnO 

experiences nucleation delay, right after -C6H4-OH termination of the film by the 

DEZ/HQ cycles. The observation of the nucleation delay of ZnO during the growth of 

multilayers was supported by the chemical analysis of the zincone, ZnO and ZnO-

zincone multilayer sample series by RBS. In Section 8.3.1, the atomic composition of 

zincone film was shown to be reasonably close to theoretical composition of (Zn-O-

C6H4-O). However, a relatively large deviation from theoretical values was observed 
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for multilayers with respect to the expected chemical formula of (ZnO)a(Zn-O-C6H4-

O)b=1 (Table A8.1). Furthermore, average number of Zn atoms deposited per 

ALD/MLD cycles in each film was calculated by dividing the overall number of Zn 

atoms measured by RBS to the number of ALD/MLD cycles ((c × (a + b)), where a, b 

and c are the number ALD, MLD and super-cycles, respectively) which was 

employed to deposit the film. RBS showed lower average number of Zn atoms 

deposited per ALD/MLD cycles than expected for all the multilayer compositions 

(Figure 8.9b). Note that the expected values (red dashed line in Figure 8.9b) were 

calculated on the basis of the experimental values for zincone and ZnO obtained by 

RBS. Specifically for the multilayer composition with a = 2, the average number of 

Zn atoms deposited in every ALD/MLD cycle largely deviated from the theoretical 

value expected for that composition and was very close to the value obtained for the 

zincone film. The latter clearly indicates a delay in growth during the first cycles of 

ZnO ALD after the one zincone MLD cycle.  

 

 

Figure 8.9. a) Thickness of the (ZnO)a(Zn-O-C6H4-O)b=1 film with a = 10 against the number 

of ALD/MLD cycles, as measured with in-situ SE on top of a 70 nm thick film of the same type. 

b) Areal density of Zn atoms for as-deposited (ZnO)a(Zn-O-C6H4-O)b=1 films measured by RBS. 

Thickness of the films can be found in Table A8.1. The red dashed line for multilayers is 

calculated based on the areal densities of zincone (1.1 atom.nm-2.cycle-1) and ZnO (7.7 

atom.nm-2.cycle-1), measured by RBS. 

 

 

We hypothesize that the -C6H4-OH terminated surface provides a lower number of 

-OH surface sites for DEZ chemisorption compared to -Zn-OH or -Si-OH surfaces. 

This could be due to some of the HQ molecules reacting with surface with both of 

their –OH groups and/or due to steric hindrance of the HQ molecules. The former 
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has been shown to occur in the case of adsorption of HQ molecule on Ge (100) 

surface.42 Regarding the latter, it has been proposed based on modeling of the ZnO-

HQ interfaces, that the HQ molecules may indeed not bond to every available Zn 

atom on the surface, as this would lead to notable repulsive forces between the 

benzene rings.41 As a consequence the surface density of –OH groups available for 

the subsequent DEZ dose of the DEZ/H2O cycle would be reduced and lead to 

nucleation delay for the ZnO growth. Moreover, it follows that the nucleation delay 

is expected to lead to a deviation of the obtained film composition from the ideal 

composition (ZnO)a(Zn-O-C6H4-O)b=1, as for the ideal composition reaction of HQ 

molecules with every available Et group is assumed. It would be expected that for 

small a, i.e. a = 2, the relative number of Zn atoms deposited per ALD/MLD cycles 

would be less than the calculated value which is shown by a red dashed line in Figure 

8.9b. As expected for larger a outside the nucleation regime, i.e. a = 5 and 10, the 

number of deposited Zn per ALD/MLD cycles became closer to the calculated values 

for those a values. 

As final note, electrical properties of the multilayers have been measured by Hall 

(details of the electrical characterization can be found in appendix 8). While samples 

with a < 10 were found too resistive to be measured with the four-point method, in 

connection with the delayed closure of ZnO layers in the multilayers, we observed 

an onset (as detected by four-point probe) in electrical conductivity for multilayer 

compositions with a ≥ 10. For the multilayer compositions with a ≥ 20, a similar 

resistivity to that of purely inorganic ZnO was measured (Table A8.2). The 

correlation between the electrical transport, structural, and porosimetry data leads 

to the conclusion that the well-connected ZnO layers in between zincone 

monolayers are not only vital for the stability, but also for sufficient in-plane 

transport of electrons in the (ZnO)a(Zn-O-C6H4-O)b=1 type hybrid films.  

 

8.4 Conclusions 

The relation between porosity and ambient stability of ALD/MLD-fabricated 

(ZnO)a(Zn-O-C6H4-O)b thin films was studied by means of ellipsometric porosimetry. 

It was found that the notable physical and chemical changes measured in (Zn-O-

C6H4-O)b zincone films upon exposure to ambient air largely stem from the presence 

of micro-porosity in the layer, quantified as 1.2% of pore volume. The initial micro-

porosity allowed for diffusion of moisture into the bulk of the films, and was 

responsible for vulnerability of the Zn-O bonds adjacent to the benzene rings in the 

film structure, with the degradation of the films as a consequence. The degraded 

films were notably porous with open-pore volume up to 39%, and micro/meso-
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porous in nature. The formation of initial micro-porosity was inhibited in the 

(ZnO)a(Zn-O-C6H4-O)b=1 multilayer structures with a > 5, i.e. the composition at 

which the closure of the ZnO layers was observed to occur. The ZnO layers limit the 

moisture ingress and diffusion and, consequently, stable hybrid films were obtained. 

Moreover, the delayed closure of ZnO layers was explained by the nucleation delay 

of ZnO ALD on C6H4-OH terminated surfaces. The connectivity within the ZnO layers 

not only translates into improved stability, but is also observed to be vital for the 

lateral charge transport in the multilayer films, important for their potential 

application in flexible electronics. 
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Appendix 8 
 

 

Figure A8.1. Saturation curves for zincone MLD process, measured by ex-situ spectroscopic 

ellipsometry. Lines serve as guides to the eye. 

 

 

Figure A8.2. FTIR spectra of a 60 nm as-deposited zincone film before and after EP 

measurement (12 hours in vacuum after the measurement). The intensity of the main 

absorption peaks in the zincone film after EP are slightly lower than the as-deposited film, 

which is most probably related to the degradation of the film during a few minutes exposure 

of the samples to the environment when transferring from FTIR setup to the EP chamber and 

back. In order to check this, a sample (check sample) was exposed to air for a similar amount 

of time. The intensity of the peaks in the sample after EP is similar to the check sample. 
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Figure A8.3. Ethanol adsorption and desorption isotherms of a) pristine zincone (73 nm) and 

b) the zincone sample after 1 day in ambient air. In the both cases, desorption is complete, i.e. 

Vads. /Vfilm = 0 at Pl/Psat. = 0, upon 12 hours under vacuum (not shown in the graphs). This also 

allows to conclude that no change occurs in the film upon EP measurements. 

 

 

 

 

 

Figure A8.4. Real time spectroscopic ellipsometry analysis of zincone in ambient air (22 ˚C, 

58 % RH). The measurement step was 30 s. 
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Figure A8.5. High resolution C1s, O1s and Zn2p XPS spectra of as-deposited and degraded 

zincone films. Thickness of the as-deposited film is 65 nm. 

 

 

 

 

Figure A8.6. Thickness of (ZnO)a(Zn-O-C6H4-O)b=1 films measured during ALD/MLD process 

by in-situ ellipsometry measured after every 5-20 cycles. 
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Figure A8.7. FTIR spectra of (ZnO)a(Zn-O-C6H4-O)b=1 layers with a values equal to a) 1 (79 

nm), b) 2 (80 nm), c) 5 (75 nm) and d) 10 (85 nm) in as-deposited state and after degradation 

in ambient air. Thicknesses were measured by in-situ SE after deposition and before 

unloading the samples from the reactor. The peaks assignments are available in Table 8.2. 

 

 

 

 

Figure A8.8. Relative intensity of the Zn-O FTIR peak at 788 cm-1 for a zincone (73 nm) film at 

two different environments. 
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Table A8.1. Chemical composition of (ZnO)a(Zn-O-C6H4-O)b=1 layers measured by RBS/ERD. 

Thickness of the layers were measured by SE and used in the mass density calculations. The 

relative errors (combined statistical and systematical errors) for C and O: 5%, Zn: 3%, H: 9%. 

The maximum error in the mass density calculation is 9%. The error in the thickness values 

is typically < 1 nm. 

a in 

(ZnO)a(Zn-O-C6H4-O)b=1 

Thickness 

(nm) 

Atomic % 
Mass density 

(g·cm-3) [H] [C] [O] [Zn] 

0 (Zincone) 65 24.7 48.1 18.4 8.8 1.95 

2 88 28.1 38.6 21.8 11.5 2.31 

5 84 15.5 20.1 35.2 29.2 4.17 

10 85 11.8 13.4 38.4 36.4 4.65 

ZnO 70 2.1 3.1 48.1 46.7 5.49 

 

 

 

Electrical properties 

Stemming from the general interest towards ZnO for various optoelectronic 

applications, the transport properties of these Zn-based ALD/MLD hybrids are of 

interest.16,24 In the case of (ZnO)a(Zn-O-C6H4-O)b=1 type multilayers, we observed an 

onset (measurability with a four-point probe) in electrical conductivity for 

multilayer compositions with a ≥ 10. The previous reports have given contradictory 

results in terms of electrical conductivity: high conductivity has been observed 

already for small a ~ 1,16 but larger a values ~ 40,43 have been also reported to be 

required for onset in conductivity. In our study, as the samples with small a (< 10) 

were found too resistive to be measured with the four-point method, samples with 

a = 20 and a = 50 were studied as well. We observed that for a ≥ 20, resistivity (ρ = 

(neµ)-1, where n is the carrier density, e the elementary charge and µ the mobility) 

was similar to that of purely inorganic ZnO, while for a = 10 resistivity increased 

notably (Table A8.2). Hall measurements indicated that this increase in resistivity 

was due to decrease in both n and µ. Moreover, within the sample series studied, any 

remarkable benefits to electrical transport were not identified by incorporation of 

aromatic units in ZnO. This is in contrast to what was observed by Yoon et al.16 and 

in line with results by Tynell et al.43 Note that the conductivity of our intrinsic ZnO 

was already at the level of the most conductive hybrid films by Yoon et al.16, which 

could make further increase in conductivity challenging. 
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Table A8.2. Resistivity (ρ), carrier electron density (n) and mobility (µ) obtained via Hall 

measurements for the (ZnO)a(Zn-O-C6H4-O)b=1 films. The samples with a ≤ 5 were too 

resistive to be measured with the four-point method. The error in the thickness values is 

typically < 1 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Thickness (nm) ρ (10-3 Ωcm) n (1019 cm-3) µ (cm2/Vs) 

ZnO 66 7.8±0.1 2.8±0.1 28.9±2 

a = 50 98 6.9±0.1 2.9±0.1 31.3±2 

a = 20 103 9.0±0.1 3.1±0.2 22.1±1 

a = 10 85 (12.3±0.2)×103 0.01±0.005 0.5±0.1 
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This thesis addressed the development and demonstration of several chemical 

vapor-based thin film deposition processes and techniques. Specifically: 

- Titanium tetraisopropoxide-based TiO2 films were developed by plasma-

enhanced-CVD/ALD, temporal and spatial ALD at both low and atmospheric 

pressure. All processes were carried out at a substrate temperature lower than 

120 ˚C, compatible with processing on thermal sensitive substrates. Table 9.1 

summarizes the film properties discussed in Chapters 4 and 5. 

 At low pressure (Chapter 4), amorphous TiO2 films deposited by temporal 

and spatial ALD were shown to be very similar in terms of growth-per-cycle 

(GPC), chemical composition and other material properties. In parallel, 

(temporal) plasma-enhanced ALD at low pressure delivered TiO2 films 

without carbon impurities, higher refractive index and higher GPC than the 

thermal TiO2. Furthermore, the same films were found to have a higher mass 

density than the thermal ALD counterpart and exhibited an excellent 

moisture barrier properties (extrinsic-WVTR < 5·10-4 gday-1m-2). 

 Amorphous TiO2 films were successfully deposited in CVD and ALD modes at 

atmospheric pressure using a micro-plasma printer in Chapter 5. The TiO2 

films deposited in ALD mode were virtually carbon-free with a refractive 

index value of 2.0. On the other hand, the CVD mode delivered TiO2 films with 

carbon impurities and lower refractive index than the ALD mode. Preliminary 

experiments were performed to demonstrate the potential of the micro-

plasma printer towards one-step patterning of metal oxides. 7-8 nm –thick 

linear patterns of TiO2 were deposited and the printing resolution was 

estimated by XPS line scans. ALD with the micro-plasma printer provided a 

printing resolution of about 900 µm which was around two times better than 

the resolution for deposition of TiO2 films in the CVD mode. 
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Table 9.1. Summary of material properties for TiO2 films deposited by different processes in 

Chapters 4 and 5. Titanium tetraisopropoxide is used as the Ti-precursor in all the processes. 

* Error in carbon and nitrogen content is 0.5%. 

** By atmospheric pressure micro-plasma printer. 
‡ PR: Print Repeat 

 

 

- The synergy between plasma-enhanced CVD and ALD was explored in Chapter 6, 

where nano-porous plasma-enhanced SiO2 films featuring a relatively poor 

moisture barrier properties (extrinsic-WVTR ~ 10-1 gday-1m-2) were capped by 

an ultra-thin (~ 2 nm) ALD Al2O3 over-layer. Despite that the stand-alone ultra-

thin Al2O3 did not exhibit any barrier property against moisture, it was found to 

affect the overall barrier performance of the SiO2/Al2O3 bilayer towards an 

extrinsic-WVTR value of less than 10-3 gday-1m-2. EP studies using three 

different probe molecules (d = 0.27-0.6 nm) were performed to shed light on the 

mechanism behind the excellent performance of these bilayers. Multi-probe 

molecule EP studies indicated that part of the open pores of the plasma-

enhanced CVD films were filled by infiltration of metal-organic ALD precursor 

and formation of Al2O3 film in the open pores larger than the size of the precursor 

molecule. Pores with a size smaller than the precursor molecule were blocked by 

conformal deposition of the Al2O3 ALD layer on top of them. 

- Two different approaches were described in Chapters 7 and 8 to address the 

environmental instability of hybrid molecular layer deposited alucone and 

zincone films, respectively. In both approaches, the environmental stability was 

achieved by decreasing the volume associated to the open porosity in the film. 

This resulted in hindering infiltration of moisture into the bulk of the film, as 

concluded by FTIR and EP studies. Both approaches are here summarized: 

Process 
Temperatur

e (˚C) 

GPC 

(nm) 

Refractive 

index 

Minimum 

nitrogen 

impurity* 

(at.%) 

Minimum 

carbon 

impurity* 

(at.%) 

Temporal ALD (thermal) 80-120 0.03 2.2 - 2.0 

Plasma-enhanced 

temporal ALD 
80 0.056 2.3 - < 1 

Spatial ALD (thermal) 80-120 0.033 2.2 - 1.8 

Plasma-enhanced ALD** 65 0.15 2.0 2 < 1 

Plasma-enhanced CVD** 65 1.3/PR‡ 1.8 < 1 5.0 
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 Plasma-enhanced MLD: This deposition method was developed for the case 

study of alucone in Chapter 7. Employing a short He plasma step in the 

trimethylaluminum/ethylene glycol-based MLD process for deposition of 

alucone delivered a denser film with lower content of open-porosity 

compared to the one deposited by thermal MLD. The suppression of micro-

porosity slowed down in-diffusion of moisture and therefore higher stability 

was observed for the alucone film deposited by plasma-enhanced MLD. 

 ALD/MLD laminates:  This approach was addressed in Chapter 8 for 

environmentally stable ZnO/zincone hybrid films. By introducing more than 

5 ZnO ALD cycles in between zincone MLD monolayers, stable ALD/MLD 

multilayers were deposited. The increase in stability through fabrication of 

ALD/MLD multilayer occurred via the decrease in initial open porosity of the 

films from 1.2 vol% for zincone to less than 0.05 vol% for the multilayer films 

with more than 5 ZnO ALD cycles, as measured by EP. In addition, insights on 

the growth of ZnO on zincone were achieved: a delay in growth of ZnO on 

zincone was observed, which correlated with delayed formation of 

continuous ZnO layers in between the organic monolayers. Therefore, it was 

necessary to adopt at least ten ZnO ALD cycles to achieve environmental 

stability. 

 

 

Based on the research carried out in this thesis, several recommendations for 

further investigation and development of materials using chemical vapor-based 

deposition routes are given in the following. 

Potential applications of plasma in MLD 

- In addition to the results of plasma-enhanced MLD for alucone film presented in 

Chapter 7, plasma-enhanced MLD can be also employed for deposition of other 

types of metalcones. The plasma-enhanced MLD process can be utilized to 

overcome the issue of double reactions in ethylene glycol-based MLD processes. 

The double reaction occurs when EG reacts by its both OH groups with the 

available surface group which results in termination of the MLD growth. The 

double reaction of EG has been reported to terminate the growth of titanicone1 

and vanadicone,2 and slow down the growth of alucone drastically at a 

temperature higher than 150 ˚C.3 We also observed a huge decrease in GPC of 

thermal alucone when increasing the substrate temperature from 135 to 200 ˚C 

(Figure 9.1a). On the other side, GPC of the plasma-enhanced MLD was found to 



Conclusions and Outlook                                                        193 

be less sensitive to temperature. As shown in Figure 9.1, the plasma-enhanced 

MLD process could recover part of the drastic decrease in the GPC of thermal 

alucone at 200 ˚C, most likely by re-activating the EG exposed surface which has 

lost its surface functional groups due to the double reactions. These results are 

preliminary and further investigation is required to identify and quantify the 

surface functional groups after each step during the plasma-enhanced MLD 

process. For example, in-situ FTIR studies can give a very valuable insight in this 

respect. 

 

 

 

Figure 9.1. a) GPC as a function of substrate temperature for thermal and plasma-enhanced 

MLD of alucone (Plasma pulse time = 1 s, other parameters are the same as in Chapter 7). b) 

Thickness as function of the number of cycles for thermal and plasma-enhanced MLD of 

alucone at 200 ˚C. GPC and thickness of the film are measured by in-situ ellipsometry. 

 

 

- Porous inorganic thin films are of interest for application areas such as sensing, 

separation and catalysis.4,5 For such purposes, precise control of the pore size 

and distribution in the inorganic structure is required. Recently, hybrid MLD 

films have found to be suitable candidates for fabrication of inorganic films with 

porous structure.6 Metalcones can be converted to inorganic porous or 

composite films through post-deposition annealing in different environments. If 

the annealing is performed in oxygen-containing atmosphere, the organic 

component undergoes combustion leading to a porous metal-oxide network,6,7 

while annealing in oxygen-free atmospheres leads to formation of composite 

films with carbon in graphitic form.8,9 The size and content of porosity in the 

inorganic films fabricated by annealing was shown to rely on a number of 

processing parameters, i.e. heating rate during annealing and oxidation 
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environment (e.g. water etching, calcination at elevated temperatures).10 In 

addition, initial structure of the metalcones have shown to play a major role on 

the characteristic of the final inorganic porous structure. For example, it has been 

shown that the size of the pores in inorganic structure can be tuned through 

changing the size of the organic precursor adopted in the MLD process.11 The 

case study of plasma-enhanced MLD presented in Chapter 7 showed that the 

initial micro-porosity of alucone film can be suppressed upon development of 

plasma-enhanced MLD process. Therefore, application of plasma in MLD 

provides opportunities for tailoring the initial porosity and molecular structure 

of the metalcones, which can be highly interesting for fabrication of porous 

inorganic structures with a higher level of control over pore size and 

distribution. 

 

Micro-fabrication beyond thin film deposition by micro-plasma 

Besides the case of inorganic thin film deposition by the micro-plasma printer 

presented in Chapter 5, surface functionalization by the micro-plasma printer 

system was also explored.12,13 In addition to those studies, the synergy between the 

electric field and chemistry of plasma during plasma-enhanced CVD of TiO2 has led 

to fabrication of nitratine (NaNO3) micro-crystals with rhombohedral crystalline 

structure when depositions were performed on amorphous silicate glass. The 

nitratine crystals were identified by SEM, EDX and Raman analysis as shown in 

Figure 9.2. The source of sodium has been found to be diffusion of Na from the glass 

substrate towards the surface which was evidenced by XPS depth profile analysis. 

Generation of nitrogen oxide species in the micro-plasma when O2 was added to the 

gas mixture was also shown in Chapter 5. Developing such crystalline materials on 

amorphous surfaces can be of use for controlling crystallographic orientation of the 

films during epitaxial growth,14 as crystals with similar structure can act as seed 

layers for epitaxial growth on top of each other. As an example of application, 

nitratine can be used for epitaxial growth of calcite (CaCO3) micro-crystals due to 

similarities in their crystalline structure and lattice parameters.15 Micro-crystals of 

calcite have great significance in geological and biological systems,16 and their 

crystallographic orientations cannot be controlled precisely when grown from 

liquid solution. Although the nitratine microcrystals were found accidentally during 

the TiO2 film deposition, this finding can open questions toward understanding the 

effect of the plasma electric field on migration of atoms out of/into the electrode 

surfaces, which can lead to fabrication of materials with controlled micro-structure.  
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Figure 9.2. a) Energy dispersive x-ray spectroscopy (EDX) analysis of the glass substrate and 

crystals. C on the glass surface is related to the surface carbon contamination. b) Raman 

spectroscopy on the microcrystals. All the Raman peaks are attributed to NaNO3. C) SEM 

images of NaNO3 crystals on glass substrate. 
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Summary 

Innovation and synergy in thin film deposition 

From plasma-based chemical vapor deposition to atomic and 

molecular layer deposition 

Chemical vapor-based thin film deposition routes are extensively acknowledged for 

delivering high quality organic, inorganic and hybrid (organic/inorganic) thin films. 

When compared to solution-based techniques, vapor-based deposition routes such 

as chemical vapor deposition (CVD) and atomic/molecular layer deposition 

(ALD/MLD) enable virtually endless tuning of chemical, opto-electrical, and 

morphological properties. Moreover, ALD/MLD offers a unique control over film 

growth at Angstrom level, excellent film conformality on 3D- structures and a 

precise control of film quality. These characteristics stem from the cyclic and self-

limiting nature of surface reactions in ALD/MLD, which makes it a prominent 

deposition technique compared to the conventional ones.  

This dissertation aims at expanding the state-of-the-art in chemical vapor-based 

thin film deposition routes by addressing either new deposition techniques or 

exploring novel combinations of existing ones. Specifically: 

 Spatial ALD which is a variant of ALD is explored. The former differs from the 

conventional (temporal) ALD approach in the way that precursors are 

delivered to the substrate surface. In spatial ALD, precursors are supplied 

continuously and exposed to the substrate at different locations, rather than at 

different time intervals, as in temporal ALD. Spatial ALD, therefore, allows for 

thin film deposition on flexible and continuous substrates. Moreover, spatial 

ALD technology nowadays witnesses an increasing interest from industry 

because it can overcome the inherent limitation of temporal ALD, i.e. rather 

long processing times. This thesis investigates in detail the properties of thin 

TiO2 films deposited by temporal and spatial ALD processes by addressing, next 

to the conventional precursor/co-reactant combination of titanium 

tetraisopropoxide (TTIP)/water, also the use of an O2-fed plasma to replace 

H2O. The so-defined plasma-enhanced ALD process delivers TiO2 films with 

outstanding moisture barrier performance in comparison with thermal ALD 

TiO2, because of the reduced film porosity in plasma-enhanced ALD TiO2. 

 In addition to temporal and spatial ALD processes for deposition of TiO2 films, 

a newly developed micro-plasma printer is explored to deliver patterned TiO2 

films. Specifically, TTIP-based CVD and ALD processes are explored in 
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combination with N2/O2 plasma which is ignited locally, therefore leading to 

thin film deposition only in the plasma-activated regions of the substrate. The 

ALD process is found to deliver superior TiO2 film quality in terms of higher 

mass density and lower level of impurities, accompanied by an improved 

printing resolution, with respect to the CVD approach. The demonstration of 

CVD and ALD TiO2 by the micro-plasma printer can be regarded as the first step 

towards one-step printing of metal oxides which can be further explored and 

extended to other material systems. 

 This thesis also explores the synergy between CVD and ALD methods towards 

the synthesis of high growth rate moisture barrier layers consisting of 

relatively thick (about 100 nm) CVD SiO2 layers followed by ultra-thin (about 

2 nm) ALD Al2O3 layers. In parallel, the mechanism behind the excellent barrier 

properties of the SiO2/Al2O3 laminate is unravelled: Al2O3 leads to efficient 

blocking/filling of micro-pores (otherwise permeable to H2O) present in the 

SiO2 layer underneath. This insight is achieved by adopting a surface-sensitive 

optical diagnostic tool, ellipsometric porosimetry (EP), which enables the 

detection of open porosity in thin films. 

 This dissertation also addresses the deposition of hybrid thin films by means 

of molecular layer deposition (MLD). The latter, based on the same principles 

as ALD, allows for fabricating organic and hybrid thin films with molecular 

layer precision. Hybrid films are often reported in literature as 

environmentally unstable due to permeation of H2O into the open porosity of 

the thin film and subsequent decomposition. In two case studies, combinations 

of thin film deposition routes were explored with the aim of reducing the open 

porosity among metal alkoxide chains and limiting H2O ingress. The first case 

study is the one of trimethylaluminum/ethylene glycol-based alucone thin 

films synthesized by plasma-enhanced MLD. It is shown that combining MLD 

with very short exposure times (0.5s) of a He-fed plasma leads to a negligible 

film chemical modification. The decrease in micro-porosity and the improved 

film environmental stability are monitored by EP and infra-red spectroscopy. 

 The theme of environmentally unstable hybrid thin films is further investigated 

by combining ALD and MLD to deposit nano-laminates of oxides/alkoxide, 

namely ZnO/zincone. Using EP, it is found that the micro-porosity in pristine 

zincone films can be gradually suppressed by introducing several cycles (> 5) 

of ZnO in between zincone mono-layers. The suppressed micro-porosity 

coincides with the development of a continuous ZnO layer in the multilayer 

structure and an increase in electrical conductivity, relevant for potential 

applications of multilayers in e.g. flexible transparent electronics.  
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In summary, this dissertation contributes to the expansion of chemical vapor-

based thin film deposition routes by exploring new deposition techniques and novel 

combinations of state-of-the-art deposition approaches. Whereas the focus through 

the several chapters is on the specific property of (open) porosity in several thin 

films, this dissertation offers a reflection on the plethora of opportunities in tuning 

(ultra-)thin inorganic and hybrid thin film properties. 
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Contributions of the author 
 

The work presented in this thesis is original work of the author (M. Aghaee), except following:  

 

 TiO2 depositions in Chapter 4 were partly performed by J. Verheijen. 

 Hall measurements in Chapter 8 were performed by J-P Niemelä and the author was 

involved in interpretation of the data. 
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