Linköping Studies in Science and Technology
Dissertation No. 1221

Alumina Thin Films
From Computer Calculations to Cutting Tools

Erik Wallin

Plasma & Coatings Physics Division
Department of Physics, Chemistry and Biology
Linköping University, Sweden
2008

Cover:
The cover image shows an Al atom approaching an Alterminated α-Al2O3 (0001) surface. Al atoms are green
and O atoms red. The surface structure was obtained using
the Vienna ab-initio simulation package (VASP) and the
image was created using POV-Ray.

© Erik Wallin 2008

ISBN: 978-91-7393-769-6
ISSN: 0345-7524

Printed by LiU-Tryck, Linköping, Sweden, 2008

ABSTRACT
The work presented in this thesis deals with experimental and theoretical studies related to
alumina thin films. Alumina, Al2O3, is a polymorphic material utilized in a variety of
applications, e.g., in the form of thin films. However, controlling thin film growth of this
material, in particular at low substrate temperatures, is not straightforward. The aim of this
work is to increase the understanding of the basic mechanisms governing alumina growth and
to investigate novel ways of synthesizing alumina coatings. The thesis can be divided into two
main parts, where the first part deals with fundamental studies of mechanisms affecting
alumina growth and the second part with more application-oriented studies of high power
impulse magnetron sputter (HiPIMS) deposition of the material.
In the first part, it was shown that the thermodynamically stable α phase, which normally is synthesized at substrate temperatures of around 1000 °C, can be grown using reactive
sputtering at a substrate temperature of merely 500 °C by controlling the nucleation surface.
This was done by predepositing a Cr2O3 nucleation layer. Moreover, it was found that an
additional requirement for the formation of the α phase is that the depositions are carried out
at low enough total pressure and high enough oxygen partial pressure. Based on these
observations, it was concluded that energetic bombardment, plausibly originating from
energetic oxygen, is necessary for the formation of α alumina (in addition to the effect of the
chromia nucleation layer). Moreover, the effects of residual water on the growth of crystalline
films were investigated by varying the partial pressure of water in the ultra high vacuum
(UHV) chamber. Films deposited onto chromia nucleation layers exhibited a columnar
structure and consisted of crystalline α-alumina if deposited under UHV conditions. However, as water to a partial pressure of 1×10-5 Torr was introduced, the columnar α-alumina
growth was disrupted. Instead, a microstructure consisting of small, equiaxed grains was
formed, and the γ-alumina content was found to increase with increasing film thickness.
To gain a better understanding of the atomistic processes occurring on the surface, density functional theory based computational studies of adsorption and diffusion of Al, O, AlO,
and O2 on different α-alumina (0001) surfaces were also performed. The results give possible
reasons for the difficulties in growing the α phase at low temperatures through the identification of several metastable adsorption sites and also show how adsorbed hydrogen might
inhibit further growth of α-alumina crystallites. In addition, it was shown that the Al surface
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diffusion activation energies are unexpectedly low, suggesting that limited surface diffusivity
is not the main obstacle for low-temperature α-alumina growth. Instead, it is suggested to be
more important to find ways of reducing the amount of impurities, especially hydrogen, in the
process and to facilitate α-alumina nucleation when designing new processes for lowtemperature deposition of α-alumina.
In the second part of the thesis, reactive HiPIMS deposition of alumina was studied. In
HiPIMS, a high-density plasma is created by applying very high power to the sputtering
magnetron at a low duty cycle. It was found, both from experiments and modeling, that the
use of HiPIMS drastically influences the characteristics of the reactive sputtering process,
causing reduced target poisoning and thereby reduced or eliminated hysteresis effects and
relatively high deposition rates of stoichiometric alumina films. This is not only of importance
for alumina growth, but for reactive sputter deposition in general, where hysteresis effects and
loss of deposition rate pose a substantial problem. Moreover, it was found that the energetic
and ionized deposition flux in the HiPIMS discharge can be used to lower the deposition
temperature of α-alumina. Coatings predominantly consisting of the α phase were grown at
temperatures as low as 650 °C directly onto cemented carbide substrates without the use of
nucleation layers. Such coatings were also deposited onto cutting inserts and were tested in a
steel turning application. The coatings were found to increase the crater wear resistance
compared to a benchmark TiAlN coating, and the process consequently shows great potential
for further development towards industrial applications.
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POPULÄRVETENSKAPLIG SAMMANFATTNING
Tunna filmer är lager av material med en tjocklek som sträcker sig från några få enskilda
atomlager till åtskilliga mikrometer (tusendels millimeter). Det finns två huvudsakliga skäl till
att belägga ett material med en tunn film av ett annat material. För det första kan man på det
sättet kombinera ytegenskaperna hos ett material med övriga egenskaper från ett annat
material (jfr. målarfärg). För det andra kan man genom att skapa väldigt tunna skikt av ett
material framkalla helt nya egenskaper som kan vara användbara i t.ex. elektroniktillämpningar. Tunna filmer av de här slagen finns överallt omkring oss utan att vi tänker på det – för
att minska friktionen i stekpannan, som optiska beläggningar på glasögon och fönster,
dekorativa filmer på plastdetaljer, nötningsbeständiga skikt på verktyg för metallbearbetning,
i hårddiskar och, inte minst, i all elektronik.
Den här avhandlingen handlar om tunna filmer bestående av aluminiumoxid, d.v.s. en
kemisk förening mellan aluminium och syre. Ytbeläggningar av aluminiumoxid utnyttjas
redan idag i stor utsträckning, framförallt som nötningsbeständiga skikt på verktyg avsedda
för skärande bearbetning. Atomerna i aluminiumoxid kan ordna sig på en mängd olika sätt –
materialet har många olika faser. Dessa faser har delvis olika egenskaper och det är ofta svårt
att kontrollera vilken fas som bildas när man skapar en ytbeläggning, speciellt vid lägre
temperaturer. De metoder man i första hand använder i metallbearbetningsindustrin idag
innebär att man hettar upp materialet som man ska skapa beläggningen på (substratet) till
närmare 1000 grader. Det gör naturligtvis att man är mycket begränsad i sitt val av substratmaterial. Dessutom kan skador på ytbeläggningen uppträda vid nedkylningen från beläggningstemperaturen. I det här arbetet har jag forskat kring vilka grundläggande mekanismer
som styr vilken fas av aluminiumoxid som bildas under olika förutsättningar, samt med hjälp
av denna information försökt hitta nya metoder att på ett effektivt sätt skapa aluminiumoxidfilmer med önskad struktur.
I de experiment jag gjort har jag växt tunna filmer med hjälp av en metod som kallas
sputtring. I sputtring använder man sig av en vakuumkammare där man pumpar ut nästan all
luft. Därefter släpper man in en ädelgas, som t.ex. argon, och ibland även en reaktiv gas, i det
här fallet syre, beroende på vilken typ av beläggning man vill göra. Inuti kammaren finns ett
så kallat target, i det här fallet en bit aluminium. Genom att applicera en elektrisk spänning
mellan target och kammarväggarna kan man skapa ett plasma av gasen inuti vakuumkammaIII

ren. Ett plasma är en gas där en relativt stor del av partiklarna är elektriskt laddade – plasmat
är en blandning av vanliga neutrala gasatomer, positivt laddade joner av gasen, samt elektroner. När man lägger på en spänning på target kommer jonerna från plasmat att bombardera
ytan och targetatomer (i det här fallet aluminium) kommer att skjutas ut – sputtras. Dessa
förångade atomer landar (kondenserar) sedan på substratet och bildar ytbeläggningen, ibland
tillsammans med andra slags atomer (t.ex. syre) som finns i kammaren. Sputtring är en ofta
använd metod som ger stora möjligheter att kontrollera den resulterande filmens struktur.
Mina resultat visar att det går att påverka aluminiumoxidfilmens struktur genom att
först belägga ett annat material med en liknande struktur. På det sättet kan man ”lura”
atomerna i aluminiumoxiden att ordna sig på ett visst sätt. Vidare visar jag att den mängd gas
som finns kvar i vakuumkammaren spelar stor roll för hur filmen växer. Speciellt viktigt är
vattnet som i princip alltid finns kvar i vakuumkammaren när man pumpat ur den. För att
bättre förstå vad som händer på ytan på atomär skala gjordes även avancerade kvantmekaniska datorberäkningar. Med hjälp av dessa observerades möjliga faktorer som påverkar filmens
struktur samt hur vatten kan påverka filmtillväxten på atomär nivå. Beräkningsresultaten
visade även hur aluminiumatomerna kan röra sig på den växande filmens yta.
I den sista delen av avhandlingen provades en ny sputtringsmetod för att skapa beläggningarna. Den kallas HiPIMS (High Power Impulse Magnetron Sputtering) och har till stor
del utvecklats vid Linköpings universitet. I vanlig sputtring är de flesta beläggningsatomerna
som kommer fram till substratet elektriskt neutrala, men med hjälp av att applicera höga
pulser av elektrisk effekt till systemet kan man i HiPIMS jonisera de flesta av beläggningsatomerna. Att ha elektriskt laddade joner istället för neutrala atomer ger betydligt större
möjligheter att kontrollera deras hastighet och riktning. I avhandlingen visar jag att användandet av den här metoden ger mycket stora fördelar vad gäller processens stabilitet. Det gäller
inte bara för aluminiumoxid, utan för alla fall av sputtring där man använder reaktiva gaser
som t.ex. syre eller kväve. Då processinstabilitet, och därmed låg beläggningshastighet, är ett
mycket stort problem inom industrin är dessa resultat mycket viktiga och lovande. Det visade
sig även att aluminiumoxidfilmer belagda med metoden har mycket goda egenskaper. Den typ
av struktur som man i industriella sammanhang normalt får vid substrattemperaturer runt
1000 grader kunde skapas redan vid 650 grader. Det inger förhoppningar om att det t.ex. ska
gå att skapa denna typ av ytbeläggningar på andra substratmaterial som är mer känsliga för
värme. För att även testa metoden i ett verkligt fall belades ett skärverktyg. Skäret testades
sedan av Sandvik Tooling i en svarvningsapplikation och beläggningen visades sig hålla
mycket bra för påfrestningen. Utsikterna för att det ska gå att använda denna typ av metod för
att förbättra aluminiumoxidfilmer i existerande tillämpningar, och för att kunna använda dem
i helt nya applikationer, är alltså mycket goda.
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1 INTRODUCTION
1.1

Thin Film Technology

Thin films are layers of material having a thickness reaching from a few nanometers, corresponding to just a couple of atomic monolayers, up to several micrometers. The first thin film
applications can be traced back all the way to ancient Egypt, where thin layers of material
were applied to objects for decorative purposes. Findings have been made of leaf gold,
hammered down to a thickness of only 0.3 µm, dating back to around 1500 years B.C. [1].
Today, thin films are mainly used in order to fulfill more functional purposes, even though
decorative coatings still constitute a large part of the commercial market. Without most
people noticing, thin films are found nearly everywhere around us; in optical coatings on
glasses or windows, as decorative films on, e.g., plastic parts, in the automotive industry, as
wear-resistant layers in metal-cutting applications, in computer hard disks, and, not least, in
microelectronics. From these examples, two main reasons motivating the use of thin films can
be identified. Firstly and most importantly, coating a material opens the possibility of
combining the bulk properties of one material with the surface properties of another material,
such as, e.g., in decorative applications. Secondly, entirely new properties can arise as a
consequence of the small dimensions in thin film structures, which can be useful in, e.g.,
microelectronics. In present time, the ancient art of gold beating has evolved into modern thin
film science, and the amount of research being conducted in the field, both from industry and
academia, is rapidly growing in order to meet the demand for novel coating materials, new
thin film applications, improved performance of existing coating materials, and enhanced
deposition processes.
1.2

Background to this Thesis

The work presented in this thesis concerns research on aluminum oxide thin films. Aluminum
oxide, commonly referred to as alumina, has the chemical formula Al2O3 and has been known
and explored as a bulk material since antiquity, e.g., in the form of the gemstones sapphire
and ruby [2]. These gemstones consist of alumina doped with trace amounts of impurities
giving rise to their characteristic colors. Alumina is also one of the reasons for the appealing
1

properties of the metal aluminum – a stable, thin, aluminum oxide scale forms naturally on
metallic aluminum in air, thereby protecting the metal from further oxidation and consequently being the reason for the good corrosion resistance of aluminum [3]. Moreover,
alumina in bulk form is one of the most widely used ceramics [4]. In the crystalline phase
known as α-alumina it is commonly referred to as corundum. The development of aluminum
oxide as a thin film material has been pushed forward by applications such as, e.g., wearprotective coatings in the cutting tool industry [5,6], as an insulating layer in semiconductor
devices [7,8], and as tunnel barrier in special thin film structures [9,10]. Owing to the many
applications of the material, much research has been done on alumina. Despite this, many
questions still remain to be answered concerning the control and understanding of crystalline
alumina thin film formation and properties. One of the main reasons for this is the complexities arising as a consequence of the existence of numerous different crystalline phases [11].
In industry, protective alumina coatings on cemented carbide cutting tools, deposited
using chemical vapor deposition techniques, have been used for several decades [5]. These are
still widely utilized and developed, due to the beneficial mechanical, chemical, and thermal
properties of alumina [6]. However, the deposition processes are carried out at substrate
temperatures around 1000 °C in order for formation of the desired α phase to take place. The
high temperatures put limitations on the substrate materials that are possible to use and might
in addition result in unwanted effects in the coatings such as cracks arising when the samples
are cooled down from the deposition temperature, or chemical reactions between film and
substrate [12,13]. The desire of overcoming these problems has made many researchers
attempt to deposit crystalline alumina using physical vapor deposition techniques [14,15]. In
terms of applications, this is also the main motivation for the present work. Besides this, being
able to control low-temperature synthesis of crystalline alumina in a better way might lead to
possibilities of using alumina coatings in other, novel, applications. Furthermore, the fundamental knowledge gained from alumina as model system can also be applied to other
situations and material systems.
1.3

Objectives

The primary objective of this thesis work is to increase the understanding of the mechanisms
behind the formation of different phases and structures of alumina thin films, in particular for
synthesis at reduced temperatures using physical vapor deposition. The secondary objective of
the work is to use the gained knowledge to design processes suitable for depositing α-alumina
at low-to-moderate substrate temperatures, as motivated by the issues described in the
preceding section. More specifically, this has been done by exploring thin film growth related
fundamental aspects of alumina surfaces using computational means, the effects of impurities
on alumina growth, the influence of nucleation surfaces on the phase formation, and the
potential of using the deposition process known as high power impulse magnetron sputtering
as a novel route for synthesizing crystalline alumina coatings.
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1.4

Outline

The results of the thesis are presented in seven appended papers preceded by an introduction.
The papers can be divided into two parts, where the first part, consisting of the first four
papers, deals with more fundamental aspects of alumina thin film growth. In Paper I, the
effect of controlled nucleation during reactive sputter deposition of alumina is explored. Paper
II is a theoretical study of thin film growth related adsorption behavior on α-Al2O3 (0001)
surfaces, while Paper III deals with experimental investigations of the effects of residual
water on the growth of crystalline alumina films. In Paper IV, computer calculations have
again been used, this time to investigate the Al surface diffusivity on different alumina
surfaces. In the last three papers, constituting the second and more application-oriented part,
the potential of using a method called high power impulse magnetron sputtering for depositing alumina has been investigated. In Paper V, the reactive sputtering process has been
studied, and in Paper VI, the structure of the resulting films was investigated. Paper VII
further expands on this topic through more detailed investigations of films deposited onto
cutting tools, including performance testing of the coatings in a real metal-cutting application.
The outline of the introductory chapters preceding the papers are as follows. First an
overview of thin film growth in general, and sputtering in particular, is given. After this, the
analysis techniques used and the theory behind the computational modeling tools applied are
presented. This is followed by a chapter devoted to the material alumina and an overview of
previously published results related to alumina thin films and surfaces. After this, the findings
in the seven appended papers are summarized. The thesis is concluded with a short outlook,
where some possible directions for future research on the topic are outlined, and a discussion
of some additional results, which are not included in the appended papers.
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2 THIN FILM GROWTH
In this chapter some common methods for depositing thin films will be described, focusing on
sputter deposition, which is the method of choice in this work.
2.1

Chemical Vapor Deposition

Thin film deposition techniques can be divided into two main categories; chemical vapor
deposition (CVD) and physical vapor deposition (PVD). In CVD, volatile gases (precursors)
are let into the deposition chamber and are allowed to react in order to form the desired
coating material on a substrate. This is normally done at elevated temperatures, meaning that
the process takes place at, or close to, thermal equilibrium. CVD processes are commonly
used in industry, e.g., for depositing alumina as a protective coating on cutting tools [5,6].
The most well-established CVD process for growing alumina involves the gases AlCl3, H2,
and CO2 [16]. The solid alumina is formed through a reaction between AlCl3 gas and water
vapor according to

2AlCl3 (g) + 3H 2 O (g) ⎯
⎯→ Al 2 O 3 (s) + 6HCl (g) ,

(2.1)

with the water vapor forming as
⎯→ H 2 O (g) + CO (g) .
H 2 (g) + CO 2 (g) ⎯

(2.2)

Hence, the overall reaction can be summarized as

2AlCl3 (g) + 3H 2 (g) + 3CO 2 (g) ⎯
⎯→ Al2O3 (s) + 6HCl (g) + 3CO (g) .

(2.3)

It is commonly accepted that the formation of water vapor as described in equation (2.2) is the
rate-limiting step [16]. Sometimes, H2S gas is also added during the process. H2S has a
catalytic effect resulting in substantially increased deposition rates [17]. A high H2S gas
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content resulting in doping of the growing film seems to also facilitate the formation of the
metastable γ phase of alumina [17], as further discussed in section 5.2.1.
CVD is able to effectively produce thick, homogeneous coatings, also on substrates
having complex geometries. One of the most severe drawbacks with conventional CVD
methods is, however, the high temperatures used. This prohibits the use of heat sensitive
substrates and might lead to problems when cooling down the substrates, e.g., due to different
thermal expansion coefficients of film and substrate. CVD techniques exist where one has
tried to overcome this problem, e.g., by using a plasma (instead of temperature) to activate the
process. This is known as plasma enhanced CVD (PECVD) or plasma assisted CVD
(PACVD).
2.2

Physical Vapor Deposition

In PVD techniques, material is instead vaporized (in vacuum) from a solid or liquid source
and transported to the substrate, where it condenses to form a thin film. PVD processes can be
used at significantly lower substrate temperatures compared to CVD, making it possible to
perform depositions on a wider range of substrates, including heat sensitive materials. It also
means that the process can operate far from thermal equilibrium, allowing for, e.g., the
formation of metastable phases. A range of different types of PVD methods exist. The most
straight-forward ones rely on evaporation (or sublimation) of the source material. In this case,
the material to be deposited is simply supplied with enough thermal energy in order to form a
vapor, which then condenses on the substrate. This can be achieved by, e.g., resistive heating
or electron beam heating. However, with increasing demands on the coating and process
properties, and with the desire to be able to deposit a wider range of materials, more flexible
and efficient plasma-based PVD methods have grown increasingly common. Among these,
arc evaporation and sputtering are the most widely used.

Figure 1. Different plasma discharge regimes. Based on a figure in Lundin
[18], after Roth [19].
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Arc evaporation and sputtering operates in different plasma discharge regimes (cf.
Figure 1) and have different characteristics. In cathodic arc evaporation [20,21], a highcurrent, low-voltage plasma discharge in the form of an arc spot is formed on the source,
causing local melting and evaporation of material. The arc discharge produces a plasma
having a (locally) very high plasma density, resulting in a large degree of ionization of the
evaporated source material [21]. This makes it possible to control the direction and ionenergies of the deposition flux using electric and magnetic fields, which is a very important
advantage when optimizing film properties. Moreover, the deposition rate is usually rather
high compared to, e.g., sputtering [20]. However, larger, solid, so-called macroparticles are
also ejected from the arc spot and might get incorporated into the growing film, resulting in
deteriorated coating performance. Consequently, much effort has been put into finding ways
of filtering out the macroparticles [21]. The commercial success of such sources has, however, so far been limited [21]. Still, cathodic arc evaporation techniques are commonly used in
industrial applications for the deposition of dense and well-adherent coatings [20]. In contrast
to arc evaporation, sputter deposition relies on the ejection of the source material through ion
bombardment, utilizing a high-voltage, low-current abnormal-glow type of plasma discharge
(cf. Figure 1) as described further in the following.
Substrate bias voltage
Vacuum chamber
(anode)
Plasma
Substrate
Gas inlet(s)

Target
(cathode)
Target power

Figure 2. Schematic drawing of a simple sputter deposition system [22].
2.3

Sputter Deposition

2.3.1 Basic Principles

The basic principle in sputtering relies on ejection (sputtering) of atoms from a source
(usually called target) by bombardment of gaseous ions from a plasma. The ejected atoms are
then transported to the substrate, where they condense to form a film. A schematic drawing of
a typical sputter deposition system is shown in Figure 2. The plasma is created by letting in a
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sputtering gas (usually a noble gas such as argon) into an evacuated vacuum chamber and
applying a voltage between the target (cathode) and the chamber walls (anode). The few
electrons initially present in the gas will be accelerated away from the cathode, eventually
hitting gas atoms. If the electron energy is high enough, the gas atoms will be ionized and,
hence, more electrons created. As a consequence, a small current will start to flow. This is the
so-called Townsend discharge regime (see Figure 1). If the voltage is increased further, an
avalanching reaction, a breakdown, will eventually occur, where more and more ions and
electrons are created due to ionization processes in the gas as well as due to electron emission
from the target upon ion bombardment (see also section 2.3.3). The voltage now drops, the
current increases, and the plasma enters the self-sustaining normal glow discharge regime, as
shown in Figure 1. As the voltage and current is increased further, the abnormal glow regime
is reached. This is where sputtering processes normally operate. Upon further increase in
voltage and current, thermionic emission of electrons will start to occur and the arc discharge
regime is reached. Although this is the type of plasma discharge used for depositions using
cathodic arc evaporation, it is highly non-desirable to reach this state in sputtering processes
as it is associated with the type of film defects present in arc evaporated coatings.
2.3.2 The Sputtering Plasma

A plasma can be defined as a collection of free charged particles moving in random directions
which is, on the average, electrically neutral [23]. Sputtering plasmas are usually weakly
ionized, meaning that the ratio of charged particles to neutral particles in the quasi-neutral gas
is small. Moreover, in the electrically driven low-pressure plasma discharges used in sputtering, the much more mobile electrons are preferentially heated compared to the heavier
neutrals and ions. Consequently, the average energy of the electrons, usually of the order of a
few eV, is much larger than the average energy of the ions and neutrals, which is of the order
of a few tens of meV. Hence, the discharge operates at a steady state far from thermal
equilibrium.
Ideally, the plasma is at a constant potential known as the plasma potential, Vp , which
usually is the most positive potential in the system. This is due to the much higher mobility of
the electrons compared to the ions, which causes an initial loss of electrons to the anode,
resulting in a corresponding electric field between the anode and the plasma as equilibrium is
reached. The region between the chamber walls (or the surface of any other object immersed
in the plasma) and the plasma is called the plasma sheath. This is where most of the potential
drop occurs and, consequently, where most of the electric field is. Moreover, the high
mobility of the electrons will cause any object immersed in the plasma which is electrically
floating (such as, e.g., a substrate) to obtain a potential which usually is negative compared to
both the plasma and anode potentials. This potential is known as the floating potential, Vf .
Hence, ions leaving the plasma to an electrically floating object such as, e.g., a substrate will
be accelerated over a voltage, Vp − Vf , causing energetic bombardment of the growing film.
The energy of this bombardment is often tailored by applying a bias voltage to the substrate,
instead of having it electrically floating.
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2.3.3 Processes at the Target

The positive ions in the plasma are attracted to the negatively biased cathode and may sputter
away target atoms if the energy of the impacting ions is high enough. The efficiency of this
process depends on the sputtering yield of the target material. This quantity is defined as the
number of target atoms ejected per incident ion. The sputtering yield depends on a number of
factors, such as the kinetic energy of the incoming ions, the binding energy of the target
atoms, the angle of incidence, and the efficiency of momentum transfer between the incoming
ions and the target atoms [24]. Besides ejection of target atoms, a number of other processes
might occur as energetic ions hit the target, as depicted in Figure 3. For example, crucial for
maintaining a direct current plasma is the emission of secondary electrons from the cathode,
which compensates for the electrons continuously lost to the chamber walls. The number of
electrons emitted per incident sputter gas ion, known as the secondary electron emission
coefficient or secondary electron yield, also proves to be important for the deposition rate. If
the secondary electron emission coefficient is large, the current in the discharge will increase.
At constant applied power (or when keeping the current constant), this means that the target
voltage will decrease, causing a corresponding reduction in sputtering yield and deposition
rate. This has important impacts on reactive sputtering processes of, e.g., alumina, as further
discussed in section 2.3.6.

Figure 3. Schematic illustration of different possible processes occurring at
the target during sputtering.
2.3.4 Magnetron Sputtering

To be able to achieve more efficient sputtering conditions, most modern sputter deposition
systems utilize magnetrons [25,26]. In a magnetron, magnets are placed directly behind the
target as shown in Figure 4. The electrons will then be acted on by the Lorentz force, given by
F = q (E + v × B ) ,

(2.4)

where q is the charge, v is the velocity of the particle, and E and B are the electric and
magnetic fields, respectively. The resulting force will cause the electrons to move in gyrating,
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spiral-shaped orbits around the magnetic field lines (if ejected non-parallel to the field). This
leads to a better confinement of the ionizing electrons close to the target in the region where
the magnetic field lines are parallel to the target surface. The higher ionization probability in
this region will lead to more efficient sputtering and a higher sputtering rate, resulting in the
formation of an erosion track (race-track) on the target surface (see Figure 4) and an overall
higher deposition rate. Moreover, magnetrons make it possible to run the process at lower
sputtering gas pressures, thereby enhancing the film properties and increasing the deposition
rate further. Of course, the ions will also be affected by magnetic forces, but due to the much
larger mass of the ions compared to the electrons, this effect is usually negligible. If the outer
and inner magnets of the magnetron balance each other, one speaks about a balanced
magnetron. It has, however, turned out that it in many cases is beneficial to utilize magnetrons
which are unbalanced to avoid a too strong confinement of the plasma. When having stronger
outer magnets than inner magnets, as illustrated in Figure 4b, one talks about a type II
unbalanced magnetron, whereas a magnetron with stronger inner magnets is referred to as a
type I unbalanced magnetron [26]. With a type II configuration like the one shown in Figure
4b, the plasma is extended further out into the chamber towards the substrate, due to the
“magnetic bottle” formed [26]. The transport towards the substrate is thereby improved, and
the possibilities of ion and electron bombardment of the growing film are enhanced [26].

Figure 4. A balanced magnetron (a) and a type II unbalanced magnetron
(b). From Lundin [18].
2.3.5 DC, Pulsed DC, and RF Sputtering

The most straightforward way to do sputter deposition is to apply a constant voltage between
the target (cathode) and the chamber walls (anode). This is known as direct current (DC)
sputtering. However, in some cases it is beneficial to instead use a time-varying voltage. For
example, when reactively depositing an insulating material using a reactive gas and a metallic
target, parts of the target surface might become covered with an insulating film (see section
2.3.6). As a result, charge accumulates on the target surface, eventually causing the sputtering
process to cease or a dielectric breakdown (an arc) to occur on the surface. To prevent this,
pulsed DC power can be applied [27]. In this technique, an asymmetric pulse is used, which
discharges the surface during the positive cycle (usually 10-20 % of the total voltage cycle
time). Typical frequencies are in the order of a few tens or hundreds of kHz. Other applica10

tions of pulsed power include the recently developed high power impulse magnetron sputtering (HiPIMS) technique described in section 2.3.7 [28].
When the target material one wishes to use is electrically insulating, a current can no
longer be drawn through it and ordinary DC sputtering is impossible. However, one can still
transfer energy to the plasma through capacitive coupling if high enough frequencies are used.
The technique of applying sinusoidal radio frequency (RF) signals to the target is known as
RF sputtering. At radio frequencies, the fields change quickly enough so that the heavier ions
no longer can follow the fields, but slow enough so that the electrons can.* In this frequency
regime, the electrons will oscillate with the applied field and transfer energy to the plasma
through collisions, causing, e.g., ionization and excitation processes. The reason that sputtering actually takes place at the target is that a negative DC self-biasing will occur at the
cathode relative to the anode. Due to the higher mobility of the electrons compared to the
ions, an electron current will initially be drawn to both electrodes as the time varying signal is
first applied. This causes a charge buildup on the surfaces and development of a sheath region
in a similar way as described in section 2.3.2. Since the electrodes are capacitively coupled to
the plasma, and capacitance is proportional to electrode area, the voltage drop will be
significantly larger at the smaller target (cathode) compared to the chamber walls (anode).
Hence, the resulting sputtering situation will be similar to that obtained with DC power. One
of the drawbacks with RF sputtering in industrial applications is the more complicated and
expensive equipment needed, e.g., in order to avoid reflections of power due to mismatching
impedances which might occur as a consequence of the high frequencies. In this work, RF
power has been used both for reactive sputtering of an Al target in Ar/O2 gas mixtures (Paper
I) and for depositions from a ceramic Al2O3 target (Paper III).
2.3.6 Reactive Sputtering

When sputter depositing a compound, such as a nitride or oxide, two distinctly different
methods exist. Either a compound target is used directly or a metallic target together with a
reactive gas such as oxygen or nitrogen is used. The latter method is known as reactive
sputtering and is the preferred technique in many applications, since it might allow for the use
of DC, or pulsed DC, power instead of RF sputtering, and most often results in higher
deposition rates. Usually, a mixture of an ordinary inert sputtering gas, such as argon, and the
reactive gas is used. The lower deposition rates obtained with compound targets are, e.g., in
the case of alumina, due to both the higher surface binding energies of the target atoms for
alumina compared to aluminum, and the higher secondary electron emission coefficient of
alumina, causing a lower target voltage at constant current or power.
Due to reactions occurring between the reactive gas and the continuously deposited
chamber walls and substrate, the reactive sputtering process becomes rather complicated and
much effort has been put into finding ways of effectively controlling the process [29]. The
complexity of the process is caused by the apparently conflicting demands of depositing films
with desired stoichiometry, while still avoiding the formation of a compound phase on the
target (so called target poisoning). Hence, a too low reactive gas flow will lead to the
*

The frequency 13.56 MHz is reserved for these purposes and is therefore most often used.
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formation of understoichiometric films, whereas a too high gas flow will result in the
formation of a compound on the target surface, causing arcing on the target surface or a
reduction in deposition rate for the same reasons as when depositing from a compound target
directly. Figure 5 shows a typical reactive gas partial pressure versus reactive gas flow graph.
The increase in reactive gas partial pressure is negligible as the reactive gas is first introduced,
due to gas consumption caused by compound formation between the sputtered metal and the
reactive gas at chamber walls and the substrate. However, as a certain threshold value is
reached the collecting areas become saturated and the pressure rises quickly. Above this limit,
the partial pressure will vary linearly with the reactive gas flow. If the pressure is decreased
again, the drop to a lower partial pressure will occur for a lower gas flow than where the
sudden increase occurred, so that a hysteresis loop is formed. Due to the same arguments,
hysteresis will also be observed for other process properties, such as deposition rate and film
stoichiometry. These hysteresis effects lead to unstable process properties and difficulties in
achieving optimal film stoichiometry and deposition rate.

Figure 5. Typical hysteresis behavior of the reactive gas partial pressure as
the reactive gas flow is varied during sputtering.

The reactive sputtering process has been modeled by Berg et al. [30,31]. The Berg
model is based on a set of balance equations, describing the flux of metal and reactive gas
between target, collecting areas (including substrates), and pumps [30]. Despite the model
being fairly simple, it accurately reproduces many experimentally observed phenomena.
Figure 6 shows an example of results for the target erosion rate (which, of course, is strongly
correlated to the deposition rate), reactive gas partial pressure, as well as coverage of compound at the target and collecting areas, as produced by the model with some assumed typical
values of system parameters (cf. Paper V). Characteristic “S-shaped” curves can be observed
in all three cases. If the reactive gas flow is varied in experiments, these relations give rise to a
hysteresis behavior similar to what is shown in Figure 5, as indicated by the dashed lines in
Figure 6a. However, if one instead is able to control the reactive gas partial pressure, one can
operate at all points on the curves in Figure 6. This is known as partial pressure control and
12

can be achieved by using a fast feedback loop between measurements of the partial pressure
(e.g., using mass spectrometry, optical spectroscopy, or by measuring the total chamber
pressure) and the reactive gas flow [29]. This allows for synthesis of films throughout the
whole stoichiometry range, and deposition of films with optimal deposition rate [29].
However, the experimental setup becomes rather complicated. As shown by the Berg model,
hysteresis effect can be reduced, or even completely eliminated, if a small enough target size
(or, rather, target erosion zone) or a high enough pumping speed is used [31,32]. A small
target erosion zone can be achieved on larger scale systems by having a movable magnet pack
behind the target. This makes it possible to retain the total currents used when sputtering from
the whole target without overheating the small erosion zone, by simply moving the erosion
zone (magnets) over the target surface [33]. Furthermore, recent additions to the model,
supported by experimental results, have shown that hysteresis issues in some cases can be
circumvented by introducing a second reactive gas (e.g., N2 during reactive deposition of
oxides) [34] or by a suitable choice of the target composition [35].

Figure 6. Target erosion rate (a), reactive gas partial pressure (b), and compound fraction at the target and collecting areas (c) calculated as functions
of the reactive gas flow using the Berg model. The sudden jumps in the
process conditions occurring when the reactive gas flow is varied are indicated by dashed lines in (a).

In this work, reactive sputtering was utilized in Papers I and V-VII. In Paper I, essentially no hysteresis effects were observed due to the high pumping speed and small target size
of the laboratory scale deposition system used for these experiments. In Papers V-VII, the
same system was used. Here, however, the effective pumping speed was reduced by baffling
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the pump in order to better resemble industrial deposition conditions and allow for studies of
hysteresis effects. In Paper V, a slightly modified version of the Berg model was applied in
order to better understand the process conditions during reactive high power impulse magnetron sputtering.
2.3.7 High Power Impulse Magnetron Sputtering

It is in many cases desirable to be able to control the energy and direction of the depositing
species in PVD processes using electric and magnetic fields in order to tailor film and process
properties [28]. This is, however, only possible if a large fraction of the deposition flux is
ionized. When the deposition flux consists of more ions than neutrals, the deposition process
is referred to as ionized PVD (IPVD) [36]. One example of an IPVD process is cathodic arc
evaporation, described in section 2.2, where the high plasma density in the arc discharge
region in many cases results in close to full ionization of the evaporated material [37].
Conversely, only a small fraction (a few percent) of the sputtered atoms becomes ionized on
their way to the substrate in conventional sputtering [28]. This has led to the development of
different modified sputtering methods seeking to increase the ionized fraction of material,
e.g., using a secondary inductively coupled [38] or microwave-driven [39] plasma discharge,
or specially designed hollow cathodes [40]. The main application during the early development of ionized magnetron sputtering techniques was filling of vias and trenches in the
semiconductor industry [41]. Today, other applications have become increasingly important
due to the many possibilities opened by an ionized flux, such as, e.g., synthesis of films at
lower temperatures [42], growth of films with improved density and adhesion [43,44], and
guiding of the deposition flux [45].
High power impulse magnetron sputtering (HiPIMS)* is a fairly new IPVD technique. It
was developed at Linköping University by Kouznetsov et al. [46], possibly inspired by
previous work by Mozgrin et al. [47]. In HiPIMS, a high density plasma is created by simply
applying high electrical power to a conventional sputtering magnetron. However, in order to
avoid overheating of the target, the average power has to be kept at a moderate level and the
power is therefore applied in pulses at a low duty cycle, i.e., the ratio of the pulse on-time to
the total cycle time is low (a few percent). Typically, frequencies ranging from a few tens of
Hz up to a few kHz are used, with pulse lengths of a few tens of µs up to hundreds of µs.
Figure 7 shows an example of voltage and current traces for the type of pulse applied in
Papers V-VII. In this case a rather high frequency and short pulse length was used; 1 kHz and
35 µs, respectively. Moreover, as can be seen from Figure 7, the voltage is fairly constant
during the pulse due to the large capacitor bank of the power supply compared to the total
amount of current drawn during the pulse. (Other HiPIMS power supplies exist in which the
capacitor bank is fully discharged in each pulse [46].)
The high peak power in HiPIMS (often > 1 kWcm-2 [28,46]) has been shown to result in
peak plasma densities exceeding 1018 m-3 [28,48,49], which is enough to ionize a large
fraction of the sputtered material. For example, ionic contributions to optical emission spectra
*

The technique is by some authors referred to as high power pulsed magnetron sputtering
(HPPMS).
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have been reported of over 90 % for Ti [50]. As a comparison, the plasma density in DC
magnetron sputtering is typically around 1015-1016 m-3 [51]. Moreover, the ionic species in the
HiPIMS discharge have been found to possess inherently high energies, as compared to the
DC sputtering case [52]. It can be noted that although the voltages applied in HiPIMS
typically are higher than in DC magnetron sputtering, high peak currents and powers are also
obtained when the pulse voltage is at levels comparable to those in DC sputtering [53]. As the
pulse length is increased, however, the current decreases and eventually reaches a level
corresponding to the steady-state DC sputtering regime [53,54]. This phenomenon can
plausibly be attributed to gas rarefaction effects [53,54,55]. If the pulse length is increased at
higher applied voltages, the discharge can under certain conditions enter a sustained selfsputtering regime [53].

Figure 7. Voltage and current time traces for the type of HiPIMS pulse applied in the experiments of Papers V-VII.

The main advantage with HiPIMS is, of course, the high ionized fraction of the deposition material, which has proved useful in several applications [43,44,45,46]. (An additional
process-related advantage is demonstrated in Paper V.) There are, however, also disadvantages with the technique. The by far most severe drawback is that the deposition rate generally
is lower in HiPIMS as compared to DC sputtering at the same average power. Typically, the
deposition rate is found to be a factor of 2-4 lower than the DC rate, but is strongly dependent
on material and pulse configuration [28]. Several reasons have been suggested for the loss of
deposition rate. One possible explanation is that sputtered atoms which become ionized are
attracted back to the target in the region known as the pre-sheath, as modeled by Christie [56].
The back-attracted ions will of course also result in sputtering of the target. Consequently, this
would lead to a more severe loss of rate for materials with a low self-sputtering yield – a trend
which also has been observed in experiments [57]. Another suggestion for the reduced
deposition rate is that more material is being lost to the side-walls of the deposition chamber
instead of being transported to the substrate [58]. This phenomenon has been explained to be
due to an anomalous electron transport mechanism present in the HiPIMS discharge [59,60],
resulting in acceleration of ionic species radially outwards, across the magnetic field lines
[58]. Moreover, Emmerlich et al. [61] pointed out the non-linearity of the sputtering yield,
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which results in lower deposition rates for the same average power if a higher voltage is used
in the HiPIMS case. Plausibly, a combination of effects is responsible for the low deposition
rate. It has been shown that the deposition flux can be guided by magnetic fields [45], and it is
possible that the problems of low rates can be circumvented by tailoring the magnetic
confinement. Another issue associated with HiPIMS is the stronger tendency of arcing
compared to DC sputtering. However, this problem is nowadays mitigated with the use of
modern power supplies having arc suppression capabilities.
In this work, HiPIMS was used in Papers V-VII. In Paper V, the reactive sputtering
process was studied, with results showing that the use of HiPIMS can reduce hysteresis
effects and suppress target poisoning. Thereby, the loss of deposition rate is to a large extent
compensated for during reactive sputtering of alumina. In Papers VI and VII, synthesis of
alumina films under such conditions was explored.
2.4

Nucleation, Growth, and Microstructural Evolution

While the previous sections in this chapter have treated different deposition techniques and
ways of producing the film-forming species, this section will deal with what is happening
after the deposition flux has reached the substrate and how the structure of the growing film
evolves.
As atoms initially arrive on the substrate they will diffuse around on the surface and
eventually meet other adatoms, forming clusters. When a certain critical size of the cluster is
reached, it becomes stable and nucleation has occurred [62,63]. What is happening during the
nucleation stage of growth is, of course, not only depending on the nature of the adatoms, but
also to a large degree on the properties of the substrate. In some growth situations, the
growing film extends the structure of an underlying single crystal substrate. This is known as
epitaxial growth [64]. In Paper I, a similar effect was observed when chromia was used as a
template for the formation of α-alumina. Since chromia and α-alumina have the same crystal
structure with a fairly small lattice mismatch, the pre-deposition of a chromia nucleation layer
promotes the formation of the α phase at the nucleation stage of growth. Moreover, what
structure the stable nuclei have is not only governed by the bulk stability of different configurations. Due to the small size of the nuclei, other effects such as, e.g., surface energies play an
important role. Surface energy stabilization has been suggested as a possible reason for the
formation of the γ phase during the initial stages of alumina growth at reduced temperatures,
as further discussed in section 5.3.2.
As polycrystalline film growth continues after nucleation, a range of different phenomena can occur determining the structure of the resulting film [62,63]. Some of the nucleated
islands might grow in size on the expense of others, as the system strives towards minimizing
its total energy. This process is known as coarsening. After a while, the nucleated islands will
start to coalesce. The coarsening process might continue as the film is fully coalesced through
motion of grain boundaries in a process known as grain growth. A key factor in the processes
governing the structure evolution is the mobility of atoms. The most straightforward way to
affect the mobility is to change the temperature, where a higher temperature supplies energy
leading to higher adatom mobilities. However, energy can also be provided by the adatom
themselves, e.g., by applying a substrate bias in IPVD methods, or by surface bombardment
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of other energetic species, such as inert sputtering gas ions. Figure 8 schematically shows
different types of thin film microstructures obtained for different substrate temperatures (i.e.,
adatom mobilities) [63,65]. For low mobilities (Zone I), a porous and fibrous structure
develops. In the transition zone (Zone T), adatom surface diffusion increases and coarsening
occurs in the early stages of growth. Moreover, due to the higher adatom mobilities competitive growth might occur, where grains with high-mobility surfaces are overgrown by grains
with low-mobility surfaces as adatoms to a larger extent are trapped on these grains. Hence,
the film might start to develop a preferred crystallographic orientation (texture) as a function
of film thickness. In Zone II, bulk diffusion becomes significant and grain growth takes place
during the whole film thickening process, driven by a minimization of interfacial and surface
energies.

Figure 8. Structure zone model schematically showing the microstructural
evolution of pure, elemental films as a function of the homologous temperature, Ts/Tm, where Ts is the substrate temperature and Tm the melting temperature of the material. After Petrov et al. [63].

It is worth noting that the idealized illustration in Figure 8 (and in some respects the description above) is somewhat over-simplified and only applies to synthesis of elemental films
without any impurities, even though the basic principles are valid in the more general case.
Impurities, sometimes even in concentrations below the detection limit of compositional
analysis tools, have in some cases been shown to reduce mobilities and interrupt growth of
crystallites, thereby acting as grain refiners [65]. In other cases, however, impurities might
facilitate adatom surface mobility and instead act as grain size promoters [65]. Moreover, in
plasma-based PVD methods energetic bombardment might (in addition to increased mobility)
cause defects and renucleation, resulting in a finer grain structure [66]. These issues are
further discussed in Paper III for the case of alumina growth with water contamination.
Besides being of high importance for the microstructure, mobilities might also affect the
crystal structure. For example, if a metastable crystalline phase has nucleated in the early
stage of growth due to its lower surface energy (see above), a transformation to a more stable
phase as grains grow bigger and bulk energies become dominating might require a high
activation energy for rearranging the atoms, as this might involve, e.g., slow bulk diffusion
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processes. Similarly, for a certain crystalline phase to continue growing, it is necessary that
surface adatom mobilities are high enough for the adatoms to find their low-energy adsorption
sites and avoid being trapped in metastable positions corresponding to atomic arrangements
different from that of the desired phase. Papers II and IV deal with this kind of effects for the
case of alumina thin film growth through investigations of metastable Al adsorption sites and
Al adatom mobilities on α-alumina (0001) surfaces.
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3 CHARACTERIZATION TECHNIQUES
In order to study how different parameters affect the growth, it is of course necessary to be
able to study the properties of the grown films, such as their crystal structure and microstructure. Moreover, to understand the growth evolution, it is in many situations beneficial to be
able to characterize the plasma and the deposition flux in various ways. In this chapter, the
tools used for these kinds of analyses in the appended papers will be briefly described.
3.1

Plasma Characterization

Different fundamental properties of the plasma, such as the plasma and floating potentials, are
conveniently measured using plasma probe techniques, which in principle rely on measuring
voltage-current characteristics for differently designed conducting probes immersed in the
plasma [67]. To be able to characterize the species in the deposition flux, however, more
complicated measurement techniques are needed. In this work, mass spectrometry was
applied and will therefore be described in more detail in the following.
3.1.1 Mass Spectrometry

Mass spectrometers are used in various applications within physics, chemistry, and biology,
e.g., to find the composition of unknown samples. In this work, mass spectrometry was used
in Paper III to measure the composition of the ion flux incident onto the substrate.
There are two main different operational principles for separating species entering a
mass spectrometer. In a time-of-flight spectrometer, ions are accelerated by an electric field to
a certain kinetic energy, Ek . After this, they pass a field-free drift region in the spectrometer.
Since all ions will have the same kinetic energy after having passed the electric field region
and the kinetic energy can be expressed as Ek = mv 2 / 2 , different species will have different
velocities depending on their mass. Consequently, the transit time through the drift region will
be different. Hence, by measuring the time it takes for ions to reach the detector at the end of
the drift region, it is possible to distinguish between different species. Moreover, from the
peak broadening one can deduce information about the kinetic energy of the species (before
they were accelerated in the spectrometer).
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The filtering in the second type of mass spectrometers is instead based on electric and
magnetic fields. The spectrometer used in Paper III is of this type. In this case, ions first pass
a stage containing a few extraction electrodes, of which the voltages can be tuned to optimize
detection for the conditions in a certain measurement situation. In some spectrometers,
referred to as energy-resolved mass spectrometers, this stage is followed by a unit which
filters ions with respect to their kinetic energy. The spectrometer used in this work utilizes a
so called Bessel box for the energy filtering. This is a quite simple construction, consisting of
a few electrodes at different potentials retarding or accelerating the ions and only letting ions
with a certain energy pass. The final stages are the ion mass-to-charge filtering and the
detection, both of which can be done in numerous different ways. A common way of performing the filtering, which was also used in the present case, is to use a quadrupole mass filter. It
consists of four electrodes, to which radio frequency power with a superimposed direct
current voltage is applied in a sophisticated way so that only ions with a certain mass-tocharge ratio are allowed to pass, as illustrated in Figure 9. Finally, the detection is usually
done either with a simple Faraday cup detector or, as in the present case, with a more
advanced and sensitive secondary electron multiplier detector.

Figure 9. Schematic illustration of the working principle of a quadrupole,
filtering ions with respect to their mass-to-charge ratio. The dotted line illustrates a non-resonant ion being lost to the side, while the dashed line shows
the trajectory of a resonant ion, passing the filter.

Common to both principles of operation is that species that are to be analyzed need to
be charged. This means that if neutrals are to be studied, they need to first be ionized, while,
e.g., the ion flux from a plasma can be measured directly. Mass spectrometers are therefore
usually equipped with an ionization stage, which can be activated when measuring neutrals.
Most often, the ionization stage consists of a hot filament ejecting electrons, which are
accelerated to a certain energy and subsequently ionize the neutrals entering the spectrometer
through impact ionization.
To avoid collisions within the mass spectrometer, the pressure inside the instrument has
to be relatively low. The specific mass spectrometer used in this study, a Hiden PSM 003, is
therefore differentially pumped in order to allow for measurements at the higher chamber
pressures typically used during sputter deposition and has a probe with a small orifice (0.3
mm in diameter) sticking into the plasma. Overall, mass spectrometry is a very powerful
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technique for evaluating the deposition flux in many cases, especially for qualitative analysis.
Quantitative evaluation of measurements is, however, a very delicate matter requiring careful
calibration.
3.2

Thin Film Characterization

There are many characterization methods available to study different properties of thin films.
In this work, mainly four different techniques have been used; x-ray diffraction to study the
crystal structure of the films, scanning and transmission electron microscopy to investigate
their microstructure and crystallinity, and elastic recoil detection analysis to study the
composition of the samples. These methods are described in more detail in the following
sections.
3.2.1 X-ray Diffraction

In x-ray diffraction (XRD), an x-ray beam is incident onto the sample and the diffracted
beams coming out of it are detected. The intensity of the diffracted radiation is dependent on
the interaction of the beam with the sample and, in particular, the orientations of, and
distances between, different crystallographic planes. A schematic illustration of the principle
of the technique is shown in Figure 10. By requiring that the difference in path length of
beams reflected from different atomic planes should equal an integer number of wavelengths,
i.e., for constructive interference to occur, Bragg’s law can be derived (see Figure 10).
Bragg’s law gives a condition for intensity maxima of the diffracted radiation as a function of
the angle θ , and is given by
2d sin θ = nλ ,

(3.1)

where n is an integer, λ is the wavelength of the x-ray radiation, and d is the interplanar
spacing of the diffracting atomic planes. Of course, the situation shown Figure 10 is somewhat over-simplified. Still, this model is applicable in most cases.

Figure 10. Schematic illustration demonstrating diffraction according to
Bragg’s law.
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A schematic illustration of a practical XRD setup is shown in Figure 11. Often, both the
angle of the incident beam, ω , and the diffraction angle, 2θ , are scanned simultaneously in a
coupled manner forming a so called θ 2θ scan (i.e., with ω = θ ). In this case, only planes
parallel to the sample surface are probed. However, for the study of thin, polycrystalline films
it might be beneficial to instead use a grazing incidence XRD (GIXRD) setup [68]. In this
method, the angle of the incident beam, ω , is kept at a small angle (usually a few degrees)
relative to the sample surface, and only the diffraction angle, 2θ , is varied. In this way, the
penetration depth of the beam is reduced and data from a larger sample area is obtained,
resulting in a relative increase in the diffracted intensity from the near-surface part of the
sample. Note that for GIXRD, the orientation of the probed atomic planes relative to the
sample surface varies during the scan (i.e., as the diffraction angle, 2θ , is changed).

Figure 11. Schematic illustration of an x-ray diffraction setup. The angle of
the incident beam relative to the sample surface, ω , and the diffraction angle, 2θ , are indicated.

XRD methods can be used to determine a number of thin film properties, such as crystal
structure, grain size, stress, and preferred growth directions [69]. In Papers I and III, GIXRD
was used to determine the phase composition of grown films by comparing diffractograms
(detected intensity versus diffraction angle) with available published data for different
alumina phases. In Papers VI and VII, where the deposited films were thicker, determination
of crystal structure was instead done using ordinary θ 2θ scans (and only in some cases
GIXRD). From this data, the preferred growth direction (or texture) was analyzed in Paper VI
by comparing the relative intensity of film peaks with expected relative intensities from
powder diffraction data. Texture analysis is commonly done by calculating so-called texture
factors for different possible diffractions, e.g., according to [70]
m
I hkil
A(θ hkil )
∑ I hkil ,
m
db
I hkil
A(θ hkil )
∑ I hkil
db

Thkil =
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(3.2)

m
db
where I hkil
are the measured intensities, I hkil
the corresponding intensities obtained from
powder diffraction data, and A(θ hkil ) the absorption factor at a certain diffraction angle. The
absorption factor accounts for the limited thickness of the thin film and the consequent
variation of the path length of the x-rays in the film (interaction volume) with incidence angle
[70]. This quantity is material dependent – for a material interacting strongly with x-rays,
more scattering will occur closer to the surface, as compared to a material interacting weakly
with the incoming radiation, and the dependence of the incidence angle will therefore be
smaller [70]. According to the definition in equation (3.2), peaks having the same relative
intensity as expected from a randomly oriented powder sample will correspond to a texture
factor of unity. A higher number indicates a stronger preferred orientation in this direction,
whereas a smaller number indicates weaker intensity than for randomly oriented grains.
All in all, XRD is a very powerful and easy-to-use technique. The advantages of the
method include the fact that it is non-destructive, and that it requires no, or very limited,
sample preparation. Due to the relatively large area hit by the incident x-ray radiation, it is a
macroscopic method, contrary to, e.g., transmission electron microscopy.

3.2.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a widely applied technique both in industry and
academia, as it is both easy to use and provides plenty of information. In addition to an
essentially improved resolution and magnification compared to optical microscopy, SEM also
provides a large depth of field. The technique is, as the name implies, based on scanning a
focused electron beam across the sample surface in a raster scan pattern.

Figure 12. Illustration of different interactions occurring in a SEM sample
upon exposure to the electron beam.

The electron beam interacts with the sample in several different ways, as illustrated in
Figure 12. By detecting the secondary electrons generated, topographical images of the
sample surface can be obtained. (Cross-sectional images of thin films are of course also
readily attainable by simply cleaving the sample to be studied.) This is the most common
imaging mode in the SEM. Additional information can be obtained by detecting back-
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scattered electrons, providing compositional contrast in the image, or emitted x-ray radiation
in what is known as energy-dispersive x-ray spectroscopy (EDX), yielding compositional
information by measuring the energy of characteristic photons emitted from elements in the
sample.
3.2.3 Transmission Electron Microscopy

In transmission electron microscopy (TEM) [71], an electron beam passes through a sample
and the transmitted electrons are detected. The function is very similar to an ordinary optical
microscope, but with the important difference that, due to the wavelike properties of matter,
the electrons with the energies typically used in TEM can be associated with wavelengths in
the order of 10-12 m. Compared to SEM, TEM is able to produce images with superior
resolution. However, TEM is a considerably more complicated method, where high quality
electromagnetic lenses have to be used to focus the electron beam, and where the studied
specimen has to be thin enough so that electrons can pass through it. Consequently, TEM
requires expensive equipment, a skilled operator, as well as extensive sample preparation. The
technique has therefore mainly come to be used in academia.
There are several different imaging modes in TEM. The most straight-forward way to
obtain an image is to detect the directly transmitted beam. This yields what is known as a
bright field image. Contrast is formed due to scattering events occurring in the specimen and
can be improved by inserting an objective aperture in the back focal plane, blocking scattered
beams deflected away from the optical axis. Some of the electrons are diffracted according to
Bragg’s law. These diffracted beams can be used to generate an electron diffraction pattern in
the back focal plane, containing information of, e.g., the crystal structure of the studied
sample similarly as in XRD. Often, an aperture of a certain size is inserted so that diffraction
information is obtained from a more limited region of the sample. This is known as selected
area electron diffraction (SAED) and was, e.g., used in Paper III to study the evolution of the
crystal structure with film thickness. Furthermore, it is possible to generate images from one
or more of the diffracted beams using apertures, yielding what is known as dark field images.
These can, e.g., be used to image grains with a certain crystallographic orientation in a thin
film. Such imaging was used to study the columnar grain structure of some of the films
investigated in Paper III. By imaging using a combination of the directly transmitted beam
and diffracted beams, it is possible to produce images with lattice resolution due to phase
contrast. This is known as high resolution TEM (HRTEM) and is exemplified in Figure 13,
where a cross-sectional high resolution image of a Cr2O3/Al2O3 interface is shown (from
Paper III).
Preparing TEM specimens is somewhat of an art, and there are many possible ways to
do it. The cross-sectional specimen shown in Figure 13 was prepared by first cutting the
deposited sample into pieces approximately 1×2 mm, and placing two such pieces in a Ti grid
with the film sides facing each other. The sample was then first mechanically thinned and
polished, and thereafter ion milled to electron transparent thickness using a GATAN Precision
Ion-Polishing System (PIPS). Finally, a polishing step using low-energy ions was performed
in order to remove the damaged surface layer caused by the preceding step.
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Figure 13. Cross-sectional high resolution transmission electron micrograph
of a Cr2O3/α-Al2O3 interface. From Paper III.
3.2.4 Elastic Recoil Detection Analysis

Knowing the chemical composition is of crucial importance in order to understand the
properties of thin films. However, quantifying the elemental composition of compounds is not
always straightforward, especially not for materials such as alumina which consists of
relatively light elements. Consequently, many standard techniques are difficult to use in a
quantitative way. Elastic recoil detection analysis (ERDA), however, allows for reliable
quantification of aluminum and oxygen, as well as hydrogen, in thin film samples [72]. In
ERDA, the studied sample is exposed to a beam of highly energetic ions (in the present work
Cl7+ ions with an energy of 35 MeV was used) at an angle with respect to the sample surface.
This results in that film atoms are forwardly scattered away from the surface (recoiled)
through essentially elastic collisions. By detecting the mass and energy of the recoiled
species, a depth-resolved composition profile can be obtained. In Papers I and III, ERDA was
used to study the aluminum, oxygen, and hydrogen content of the films. The recoiled
aluminum and oxygen species were detected in a Bragg ionization chamber, whereas hydrogen was measured with a Si detector. In these measurements, the composition was found to be
fairly constant throughout the film thickness. Therefore, only average values are presented in
the appended papers.
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4 THEORETICAL MODELING
Computer-based theoretical calculations, and in particular methods relying on a quantum
mechanical description of the systems under study, have had a tremendous impact on
materials research during the last decade. In this chapter, the theory behind some of these
computational tools will be outlined, focusing on methods based on density functional theory.
4.1

Computer Modeling – Background

The motivation for using computer codes in materials science in the first place is at least twofold. Firstly, calculating material properties with theoretical tools might give the researcher
the possibility to understand the system on a much smaller geometrical scale, or much shorter
time scale, than what is possible experimentally. Secondly, the use of computers makes it
possible to simulate experiments, or large series of experiments, which are too time consuming, too expensive, or too dangerous to perform in real life. Overall, the information gained
from the calculations can be of great value when either trying to explain, or predict, experimental results.
The modeling can be carried out using a number of methods of different sophistication,
resulting in different accuracy and computer demands of the computer codes. The key issue in
any atomistic computer simulation of a material is to find a good-enough description of the
interaction between the atoms. Depending on how this interaction is calculated, the computational methods can be divided into two main categories; classical and quantum mechanical
methods. In a classical description, forces between atoms are described by an interaction
potential, represented by an analytical formula with parameters typically derived empirically
from experimental results. Hence, this description might work reasonably well for situations
closely resembling the conditions during the experiments on which the fit was based.
However, one has to be careful when using the potential in other, untested situations. In
quantum mechanical methods on the other hand, the forces and bonding between atoms are
calculated from purely theoretical considerations of the electronic structure of the material
and the only information needed by the computer program is the atomic number of the species
involved. Since no fitting to known material data is used, the quantum mechanical methods
are referred to as ab initio (Latin meaning “from the beginning”) or first principles methods.
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The main disadvantage with quantum mechanical calculations is that they are very computationally demanding, consequently putting limitations on the system sizes and time scales
which are possible to study.
When the forces acting on the atoms are known, the desired physical information can be
obtained in different ways. One can, e.g., let the atoms relax according to the calculated forces
to obtain an (0 K) equilibrium configuration corresponding to a local or global minimum in
the potential energy of the system. In other methods, one studies the time evolution of the
system under certain conditions and constraints (as in molecular dynamics, MD, methods), or
statistical averages of properties from an ensemble of systems (as in Monte Carlo, MC,
simulations). In this work, the modeling has been carried out using density functional theory
based quantum mechanical calculations of the total energy and electronic structure of
equilibrium configurations. The rest of this chapter will therefore be devoted to this methodology and, in particular, density functional theory (DFT), as well as more specific techniques
for studying surfaces and barriers for kinetic processes. (For a more thorough treatment of
DFT, see, e.g., the textbook by Martin [73].) In Papers II and IV, DFT was used to study the
adsorption behavior of film forming species and the energy barriers for Al surface diffusion
on different α-Al2O3 (0001) surfaces.
4.2

Density Functional Theory

4.2.1 The Hohenberg-Kohn Theorems

In general, solving a problem quantum mechanically means solving a Schrödinger equation
having 3N degrees of freedom, where N is the number of particles. In materials research, N
translates to the number of electrons in the system. This means that solving this equation turns
into an extremely numerically demanding task even for quite small systems. The foundation
for an alternative approach known as density functional theory was laid in the 1960s through
two theorems presented and proved in a seminal paper by Hohenberg and Kohn [74]. The two
theorems can be stated as follows:
1. For a system of interacting particles in an external potential, Vext (r ) , the external potential is uniquely determined (except for a constant) by the ground state particle density, n(r ) .
2. The total energy of the system can be described by a functional of the particle density,
E [n(r )] , with the ground state energy of the system being the minimum of this functional. There exists such a functional which is valid for any external potential, Vext (r ) ,
and the particle density minimizing E [n(r )] is the exact ground state particle density.
The first theorem tells us that the full Hamiltonian is known if n(r ) is known, since the
external potential is fully determined by the ground state electron density. Consequently, all
properties of the system are in principal completely determined given the ground state
electron density. The second theorem tells us that a general form of the functional E [n(r )]
exists and that n(r ) can be determined if E [n(r )] is known for the system. However, it turns
out that formulating E [n(r )] is not straightforward. Therefore, a formulation of this functional
using effective approximations for unknown quantities is needed in order to make use of the
theory in practice.
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4.2.2 The Kohn-Sham Equations

The first step towards practical applications of DFT was taken through the formulation of an
energy functional by Kohn and Sham [75]. They based their approach on the assumption that
the exact ground state electron density can be represented by the ground state density of
another, auxiliary, system of non-interacting electrons. The validity of this assumption has so
far not been rigorously proven in the general case, but methods relying on it have been found
to work extraordinary well. Using this approach, the so-called Kohn-Sham energy functional
can be written as
E KS [n(r )] = Ts [n(r )] + ∫ Vext (r )n(r )dr + E Hartree [n(r )] + E xc [n(r )] ,

(4.1)

where Ts [n(r )] is the kinetic energy of the auxiliary system of non-interacting electrons,
Vext (r ) is the external potential, and EHartree [n(r )] represents the Hartree energy, which is the
classical approximation of the electron-electron interaction. The remaining many-body
effects, known as exchange and correlation, are grouped into the last term, Exc [n(r )]. This
quantity cannot be calculated exactly in the general case, but different approximations can be
applied in order to estimate it. Some of these approximations are discussed in section 4.2.3.
When having an explicit form of the energy functional, the total energy can be minimized in order to arrive at the ground state electron density and the ground state energy. This
minimization is often done with respect to the Kohn-Sham wave functions, ψ i (r ) , which are
related to the electron density through
N

n(r ) = ∑ ψ i (r ) .
2

(4.2)

i =1

Minimizing the total energy using a variational approach now eventually leads to a set of
Schrödinger-like equations known as the Kohn-Sham equations,
⎡ h2 2
⎤
∇ + Veff (r )⎥ψ i (r ) = Eiψ i (r ) ,
⎢−
2
m
⎣
⎦

(4.3)

where Veff (r ) is an effective potential including the external potential, as well as Hartree and
exchange-correlation terms corresponding to equation (4.1). Hence, the original 3N dimensional problem has been formulated as a set of equations involving only three variables. For
this achievement and the development of DFT in general, Walter Kohn was awarded the
Nobel Prize in chemistry in 1998 [76]. The task of modern DFT computer codes is to
efficiently solve the above set of equations in order to yield the ground state electron density
and the total energy. Since Veff (r ) depends on the electron density and, consequently, on
ψ i (r ) , the equations have to be solved in an iterative, self-consistent, manner as illustrated in
the flowchart in Figure 14.
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Initial guess of n(r)

Calculate the effective
potential Veff(r)

Solve the Kohn-Sham
equations (eq. 4.3)

Calculate the resulting
electron density (eq. 4.2)

No

Is the solution self-consistent?
[ninput(r)=noutput(r)]

Yes
Done!

Figure 14. Flowchart illustrating the self-consistent solution of the KohnSham equations. After Martin [73].
4.2.3 Approximations for the Exchange-Correlation Energy

The exchange-correlation energy, Exc [n(r )], can be approximated in a number of different
ways. In the simplest approach, which was presented already in the original paper by Kohn
and Sham [75], one simply replaces the exchange-correlation potential at a certain point in
space with that of a homogenous electron gas having the same density. This approach is
known as the local density approximation (LDA) and yields surprisingly good results in many
situations.
The most straightforward extension to the LDA is to include a dependence of one more
term in the Taylor series expansion of the electron density, i.e., a gradient term. This approach
is known as the gradient expansion approximation (GEA) and was also suggested in the
original paper of Kohn and Sham [75]. However, the use of this functional most often leads to
worse results than the LDA [77] (for reasons reaching beyond the scope of this text). Therefore, approximations have been designed where the behavior of the gradient is adjusted so that
certain desired properties of the exchange-correlation functional are preserved. These are
known as generalized gradient approximations (GGAs). Numerous different GGAs exist.
Three commonly used forms are the ones by Becke (B88) [78], Perdew and Wang (PW91)
[79], and Perdew, Burke, and Ernzerhof (PBE) [80]. In Papers II and IV, the PW91 functional
was used.
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4.2.4 Plane Waves and Pseudopotentials

In order to solve the Kohn-Sham equations numerically, the unknown wave functions are
expanded in a basis of some known basis functions. When describing solids subject to
periodic boundary conditions, a natural choice is to use a basis set consisting of plane waves.
However, one cannot use an infinite number of plane waves, and the series expansion
consequently has to be truncated at some point. The number of plane waves included in this
expansion is one important parameter to consider when performing plane wave DFT calculations in practice.
One simplification commonly applied in order to reduce the number of plane waves
necessary, and thereby the computational cost, is the so called frozen-core approximation.
This approximation relies on the fact that the core states usually are not affected by chemical
bonding to any great extent, while at the same time being very costly to describe using plane
waves. The frozen-core approximation solves this problem by only calculating the properties
of the core electrons once, and keeping them fixed in subsequent calculations. The core region
is then commonly described using pseudopotentials. It is important that these pseudopotentials yield smooth wave functions in the core region, so that the wave functions can be
accurately described using a reasonable number of plane waves. A range of different approaches to this problem exists. Two commonly used methods are the ultrasoft pseudopotential (USPP) method [81] and the projector augmented-wave (PAW) potential method [82,83].
In Papers II and IV, the PAW approach was used.
4.3

Specific Methods Used in this Work

4.3.1 Surface Calculations

In Papers II and IV, alumina surfaces have been the systems under study. In order to perform
plane wave DFT calculations of surface properties, a common approach is to model the
system using a so-called slab geometry. This means that periodic boundary conditions are
applied in all three dimensions, while the surface is modeled using a thin slab of material with
vacuum regions separating the slabs in one direction. Figure 15 schematically shows such a
geometrical setup. In this case, 5×5×3 supercells of an O-terminated α-Al2O3 (0001) surface
is shown, where each slab consists of twelve atomic layers. Each supercell consists of 2×2
hexagonal unit cells in the lateral direction, in order to avoid interaction between periodic
replicas of adsorbates on the surface, and a 12 Å vacuum region, in order to avoid interaction
between the periodic replicas of the slab.
When performing surface slab calculations, it is important to use a large enough vacuum
region separating the slabs as well as enough layers in the slab, in order to avoid any artifacts
arising from the geometrical setup. Hence, these, and similar, parameters have to be tested for
every specific situation under study. Furthermore, it is common to keep a few layers in the
bottom part of the slab fixed in their bulk positions, in order to assure bulk conditions in this
part of the slab (see, e.g., refs. 84, 85, 86, 87, and 88). This might, however, also lead to
unexpected artifacts for some materials, such as alumina, as further discussed in ref. 89 and in
Paper IV.
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Figure 15. 5×5×3 supercells of an O-terminated α-alumina (0001) surface.
O atoms are red and Al atoms green.
4.3.2 Studies of Kinetic Processes – the Nudged Elastic Band Method

In chemistry and condensed matter physics, one is often interested in studying different paths
and energy barriers for the rearrangement of atoms from one (stable) configuration to another.
Knowledge of the minimum energy path (MEP) for rearranging the atoms, and the barrier for
this reaction, gives the possibility to estimate transition rates in, e.g., chemical reactions,
phase transformations, and diffusion processes. Finding the MEP is, however, generally not
straightforward and different approaches to the problem have been proposed. In the following,
a few different methods will be discussed. The text in this section follows along the lines of
Jonsson et al. [90], where further details can be found.
The most straightforward way to investigate the transition between two configurations
of atoms is probably to do a linear interpolation between the two endpoints as illustrated in
Figure 16.* Of course, a linear interpolation between the endpoints does not necessarily result
in the MEP. An improved method can be obtained by relaxing the remaining degrees of
freedom for all points along the linear interpolation. In Figure 16, this corresponds to
relaxation along lines perpendicular to the linear interpolation and is illustrated for one case
by the long dashes. This technique is known as the drag method. However, the drag method
does not either lead to the MEP in general. The same is true for slowest ascent algorithms, in

*

Note that in this illustration the full potential energy surface is known, which is often not the
case in a real application.
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which the path is traced out stepwise from the endpoints in the direction of slowest ascending
potential energy, as is also evident from Figure 16.

Figure 16. Illustration of different methods for finding the saddle point between two endpoints, showing a linear interpolation (short dashes), a line for
drag minimization (long dashes), and the resulting paths from a drag minimization algorithm (solid lines). In this case, the paths obtained from drag
minimization lie very close to those obtained from slowest ascent optimization. The (correct) minimum energy path is shown as a dotted line. From
Jonsson et al. [90].

In order to overcome the problems associated with the most basic methods described in
the previous paragraph, so-called elastic band methods have been developed. The idea in this
case is to create a chain of images (replicas of the system) along the path between the two
endpoints. These images are then optimized simultaneously under certain constraints. In the
plain elastic band method, the images are connected with springs, which hold the path
together and avoid that all images relax down towards the low-potential-energy endpoints.
However, too strong spring-forces lead to “corner-cutting” and a consequent over-estimation
of the barrier energy, whereas too weak springs result in that the images “slide down” from
the potential energy maximum, thus reducing the resolution of the path close to the barrier.
These two effects are illustrated in Figure 17. In the nudged elastic band (NEB) method, these
two problems are cured by only using the component of the spring force which is parallel with
the path, and only the component of the true force which is perpendicular to the path.
Optimization according to this scheme results in the MEP provided that enough images are
used along the path. The convergence performance can be further enhanced by appropriately
defining the tangent at each image [91]. Additionally, a climbing-image modification can be
applied to further improve the method [92]. In climbing-image NEB, the image with the
highest energy is moved towards higher energy along the path, but still towards lower energy
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perpendicular to the path (i.e., the force component along the path is inverted for one of the
images). As a result, this image eventually ends up at the saddle point, thus reducing the need
for interpolation schemes in order to exactly locate the transition state. Overall, the NEB
methodology is expected to very accurately identify the transition states for general cases
where the potential energy surface is unknown. In Paper IV, the NEB method was used to
obtain MEPs and energy barriers for Al surface diffusion on α-alumina (0001) surfaces. This
information was then used to estimate jump frequencies of adatoms on the surface.

Figure 17. Illustration of the plain elastic band method with (a) too strong
spring forces resulting in corner-cutting, and (b) too weak springs resulting
in that images slide down from the potential energy maximum. The (correct)
minimum energy path is indicated by a solid line without circles in both images. From Jonsson et al. [90].
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5 ALUMINA
In this chapter, selected alumina phases and their properties will be described. In addition,
previous literature concerning alumina thin film growth, with emphasis on the synthesis of
crystalline coatings, as well as alumina surfaces is reviewed.
5.1

Alumina Phases and their Properties

Besides the thermodynamically stable α phase, numerous metastable phases exist [11]. The
different phases have differing properties, which is one of the reasons for the broad applicability of alumina. In the following sections, α-alumina and a few of the most relevant metastable
phases are described.
Table 1. Selected properties of (bulk) α-alumina (at room temperature).
Property
Density (g/cm3)
Melting point (°C)
Bulk modulus (GPa)
Elastic modulus (GPa)
Hardness (GPa)
Thermal conductivity (W/(m·K))
Relative dielectric constant
Band gap (eV)

Value
3.96-3.99
~2050
239
409-441
28
46
10.5
8.8

Reference(s)
11, 96
96
93
94, 96, 97
94
97
97
95

5.1.1 The α phase

The α phase of alumina, also known as corundum, is the only thermodynamically stable
alumina phase. Some of its properties are summarized in Table 1. As can be seen, α-alumina
is thermally stable and possesses very good mechanical properties. The appealing mechanical
properties are preserved also at higher temperatures [96]. These properties combined with its
chemical inertness have made it one of the technologically most important ceramic materials.
Moreover, it is an excellent electric insulator and optically transparent [97], making it useful
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for certain applications in electronics and optics. In its single crystal form, α-alumina is
known as sapphire and is a commonly used substrate material, e.g., in optics and electronics.
The crystal structure of α-alumina can be described as an approximately hexagonal
close packed (hcp) oxygen sublattice, with aluminum atoms filling two thirds of the octahedrally coordinated interstitial positions [98]. This structure, which is often referred to as the
corundum structure, is shared with a number of other metal sesquioxides, such as Cr2O3,
Fe2O3, and Ti2O3. The primitive unit cell is rhombohedral, and contains six oxygen atoms and
four aluminum atoms. Often, however, the structure is more conveniently described by a
hexagonal unit cell containing thirty atoms, due to the hcp arrangement of the oxygen anion
sublattice, as shown in Figure 18. The [0001] direction of the hexagonal unit cell coincides
with the [111] direction of the primitive rhombohedral cell. The lattice parameters are
a = 5.128 Å and α = 55.3° in the rhombohedral representation, which translate to a´ = 4.76 Å
and c = 13.0 Å for the hexagonal cell [98]. The bonding in α-alumina, and in alumina phases
in general, is highly ionic with calculated effective ionic charges of close to +3 and -2 for
aluminum and oxygen, respectively [99].

Figure 18. Side view (a) and top view (b) of the hexagonal unit cell of αalumina. Green spheres represent Al atoms and red ones O atoms.
5.1.2 Metastable Phases

The number of reported metastable alumina phases, also known as transition aluminas,
exceeds ten, although some of the phases reported in literature appear similar [11]. Among the
different alumina phases, subcategories can be defined based on the arrangement of the closepacked oxygen sublattice. For example, some phases have an approximately hcp arrangement
of the oxygen anions (i.e., ···ABAB··· layer stacking), while others have a face centered cubic
(fcc) arrangement (···ABC··· stacking). α-alumina belongs to the first category together with
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the χ phase, whereas, e.g., γ-, η-, δ-, and θ-alumina belong to the latter subcategory [11]. κalumina is often assigned to the first category, but the structure has more recently been
determined to be orthorhombic with an approximate ···ABAC··· oxygen plane stacking
[11,100] and should consequently more correctly be described as having a double hexagonal
close packed (dhcp) oxygen structure. All metastable aluminas transform upon heating, with
transformation sequences irreversibly ending in the thermodynamically stable α phase at
elevated temperatures. The α-alumina transformation temperature is, however, relatively
high, and it is possible to form many of the metastable phases at synthesis conditions between
room temperature and about 1000 °C. This might pose a problem when the goal is to synthesize the α phase in a controlled way at low or intermediate temperatures, but it also opens the
possibility of using the different transition aluminas in specific applications. The O sublattice
structures and transformation temperatures for some of the more commonly encountered
metastable alumina phases are summarized in Table 2. It can be noted that the exact structures
of many of the metastable phases commonly used in applications still are under debate. For
example, it was not until recently that the structure of the κ phase was elucidated through a
combination of experimental work and first principles calculations [100]. A similar approach
has been used to yield a better description of the structure of γ-alumina, where especially the
distribution of Al cations between octahedral and tetrahedral sites has been, and to some
extent still is, under debate [101,102].
Table 2. Structure of, and transformations between, the bulk forms of some
common metastable alumina polymorphs [11,97].
Phase

η
γ
δ
θ
χ
κ
α

O sublattice

···ABC···
···ABC···
···ABC···
···ABC···
···ABAB···
···ABAC···
···ABAB···

Transformation
temperature (°C)
600-800
700-800
900-1000
1000-1100
650-750
900-1050
2050

Transforms to

θ
δ/θ
θ
α
κ
α
Liq.

The metastable phases find use in numerous applications. For example, chemically vapor deposited κ-alumina has, alongside α-alumina, been used extensively for wear-resistant
coatings on cutting tools, since it is easier to synthesize than the α phase under certain CVD
process conditions [103,104] (see section 5.2.1 for a more thorough discussion of CVD of
alumina). The low surface energy and the consequent inherent high specific surface areas of
γ-alumina have made it useful in catalysis applications [11,105]. Here, the phase transformations occurring in high-temperature applications at 700-800 °C constitute a problem. Therefore, many attempts have been made to increase the thermal stability of this phase, e.g., by
doping [11,106,107]. Furthermore, thin films consisting of (metastable) amorphous alumina
has proved to be very useful, e.g., in optics and as a dielectric medium in electronics. In such
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applications, the alumina films are usually either deposited by sputtering [108,109] or by the
CVD technique known as atomic layer deposition (ALD) [7,8,110].
5.2

Growth of Crystalline Alumina Thin Films

5.2.1 Chemical Vapor Deposition

Chemically vapor deposited α- and κ-alumina has been used for several decades as protective
coatings on cemented carbide cutting tools [5,6,16]. Most often, α-alumina is the preferred
phase, mainly because of its thermal stability, but the κ phase is easily formed and has been
used extensively [111]. Due to the good mechanical properties and relatively high transformation temperature, the κ phase performs as well as α-alumina in some applications [112].
However, as the cutting temperatures become high enough, the κ- to α-alumina transformation inevitably occurs. Due to the volume contraction accompanying the phase transformation,
this results in severe cracking of the coating and a consequent increase in wear rate [113,114].
One important factor influencing which phase that forms has been shown to be the nucleation
surface on which the alumina coatings are deposited [115]. It has been suggested that previous
α phase CVD coatings in fact in many cases were coatings which had nucleated as κ-alumina,
and subsequently transformed to α-alumina upon heating during, or after, the deposition [6].
Consequently, by more carefully controlling the nucleation stage of growth and promoting α
phase nucleation, higher quality coatings have been obtained [6]. Ruppi [6,116] reported that
the cutting performance of the coatings could be further enhanced by promoting a certain
texture. It was shown possible to control the texture both by tailoring the nucleation surface
[6] and, more recently, by adjusting the process parameters during deposition [116]. Despite
that neither nanoindentation measurements [117] nor micro-abrasion tests [118] showed any
significant dependence on texture, the wear rate during turning was substantially affected with
[0001] textured films exhibiting the best properties [116]. This was suggested to be due to
several factors, e.g., a higher ability of the [0001] textured coatings to undergo uniform plastic
deformation. Finally, it is worth noting that γ-alumina can also be formed during CVD
processes, even though it is seldom beneficial considering the applications in question. It has
been shown that the formation of this phase is promoted by introducing H2S as a catalyst
and/or dopant during the depositions [17,119].
Although chemically vapor deposited alumina films dominate the market for alumina
coated cemented carbide cutting tools they still have drawbacks, mainly associated with the
high deposition temperatures necessary (usually around 1000 °C). For example, the elevated
temperatures might induce unwanted chemical effects due to reactions between substrate and
film [13], and cracks might occur when the samples are cooled down after deposition, due to
differences in the thermal expansion coefficients of the substrate and film materials [12].
Furthermore, the high deposition temperatures of course severely limit the choice of substrate
materials to those withstanding high temperatures, such as, e.g., cemented carbides. To meet
the need for lower deposition temperatures, alumina growth by plasma enhanced/assisted
CVD (PECVD/PACVD) has been studied by several research groups [120,121,122]. Notably,
Kyrylov et al. [122] showed that by applying power densities of up to 6.6 W/cm2 to the
cathode (where the substrates are placed), α-alumina coatings could be deposited at substrate
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temperatures as low as 580 °C. This was attributed to an increased adatom mobility caused by
the energetic bombardment. Kurapov et al. [123] investigated the microstructure of films
deposited under such conditions. The coatings were found to contain a large number of pores,
which were suggested to be the result of formation and clustering of vacancies and/or Cl
incorporation and bubble formation. γ-alumina is also commonly formed in PECVD/PACVD
processes [120,121]. It has been shown that the phase content is affected by H2S additions in
the gas similarly as in conventional CVD [124].
5.2.2 Cathodic Arc Evaporation

As discussed in section 2.2, cathodic arc evaporation has an inherently high ionized fraction
of the deposition flux and a high energy of the depositing species compared to, e.g., conventional sputtering. Several authors have tried to utilize this, most often in conjunction with a
fairly high substrate bias, in order to achieve and study low-temperature growth of crystalline
alumina phases. For example, Bolt et al. [125] used filtered vacuum arc deposition to
synthesize alumina films. The coatings were found to be amorphous at substrate temperatures
below 300 °C, while predominantly γ phase formed at substrate temperatures between 400
and 750 °C and α-alumina at 800 °C when a substrate bias as high as -300 V was applied. A
decreased α phase formation temperature was later reported by Brill et al. [126] and YamadaTakamura et al. [127]. Brill et al. [126] deposited films predominantly consisting of αalumina at substrate temperatures down to 600-700 °C by applying a substrate RF bias
voltage of -200 V. Coatings grown with a substrate bias of less than -50 V only contained the
α phase at temperatures around 800 °C and were found to be x-ray amorphous at temperatures
below 400 °C. The films synthesized at intermediate temperatures contained a mixture of
crystalline phases. TEM investigations of α phase dominant coatings revealed that the film
growth started out as a mixture of γ-alumina and amorphous content, with subsequent
nucleation and growth of α-alumina on the γ phase grains at a film thickness of a few hundred
nanometers [126,127]. The arc deposited alumina coatings showed promising performance as
hydrogen permeation barriers [126]. Rosén et al. [128] deposited alumina using a similar
approach, but were not able to deposit phase pure α-alumina films with -100 V bias even at
800 °C. However, films dominated by the γ phase were synthesized at temperatures down to
200 °C. They attributed the apparent discrepancies compared to previous studies to differences in deposition conditions and possible influence of the choice of substrate on the phase
formation.
Chromium sesquioxide, Cr2O3, forms the same corundum structure as α-alumina and
has a similar lattice parameter, but is considerably easier to synthesize at reduced substrate
temperatures. This has triggered research on the possibilities of stabilizing the α phase of
alumina in thin films by forming solid solutions of chromia and alumina [129,130,131].
Ramm et al. [131] used a pulsed arc deposition technique referred to as pulse-enhanced
electron emission arc evaporation to synthesize (Al1-xCrx)2O3 solid solutions in the compositional range 0.3 ≤ x ≤ 1 at a substrate temperature of around 550 °C. The coatings were found
to all have the corundum structure, regardless of the substrate material used [131], and
possessed a reasonably good thermal stability [132]. (Al1-xCrx)2O3 films deposited using this
method were also found to be efficient hydrogen permeation barriers [133].
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5.2.3 Sputter Deposition

Formation of crystalline phases utilizing conventional sputtering, without any special
preparation of the nucleation surface, takes place at substrate temperatures above 400-500 °C
[134,135,136], while alumina deposited at lower temperatures usually is x-ray amorphous.
Most often, the crystalline phase formed is γ-alumina [134,137] and obtaining the α phase is
not straightforward. However, the performance of sputter deposited γ-alumina coatings in,
e.g., high speed metal cutting applications has been found to be surprisingly good [137].
In order to lower the formation temperature of crystalline phases in general, and αalumina in particular, several authors have turned to different ionized magnetron sputtering
techniques (cf. section 2.3.7). For example, Schneider et al. [42,138] used an RF coil to
increase the ionization of the deposition flux and deposited films containing metastable κ- and
θ-alumina at temperatures down to 320 °C and 180 °C, respectively, by adjusting the ion flux
to the substrate. More recently, Khanna et al. [139,140] demonstrated growth of various
metastable phases (mostly γ-alumina) without intentional substrate heating utilizing inverted
dual cylindrical magnetron sputtering. (The temperature of the substrates gained from such a
process itself has been estimated to be around 350-400 °C [141].) Zywitzki et al. [14,142]
deposited alumina with conventional pulsed DC sputtering and showed that practically phase
pure α-alumina could be formed at 760 °C and the γ phase at temperatures down to 350 °C, if
a suitable substrate bias and cathode power was applied. Using TEM, they showed that the αalumina dominant films started growing as γ-alumina on the substrate, and that the α phase
did not nucleate and start to grow until after a certain thickness [143]. Hence, these observations are very similar to those made for arc evaporated films by Yamada-Takamura et al.
[127]. It can further be noted that too high substrate bias again resulted in an increase of the γalumina content in the films [142]. Li et al. [144] used an approach similar to that of Zywitzki
et al., but also employed a solenoid creating a magnetic field in the vicinity of the substrate,
as well as higher substrate bias values (up to 400 V). They claimed to have synthesized
(unidentified) crystalline alumina phases at temperatures down to 250 °C. However, some
films went through partial amorphization within a couple of days after the depositions,
possibly due to the large compressive stresses present in the coatings [144]. Ionized magnetron sputter deposition of alumina have in this work been explored in Papers V-VII, where
reactive HiPIMS was used to synthesize α-alumina at reduced substrate temperatures.
The reasons for the difficulties in forming α-alumina during thin film growth at low or
intermediate temperatures are not completely understood. However, the nucleation stage of
growth has, similarly as in CVD [6], been shown to be important. For example, it was shown
by Jin et al. [145] that by depositing a chromia nucleation layer, α-alumina could be deposited by RF sputtering of a ceramic target at 400 °C. As described in the previous section,
Cr2O3 and α-Al2O3 are isostructural with a relatively small lattice mismatch and, accordingly,
a Cr2O3 layer is expected to facilitate the nucleation of the α phase. The method was later
shown to work for technological substrates and the growth temperature was further lowered to
280 °C [146], indicating that the main obstacle for low-temperature α-alumina growth in fact
is to nucleate the correct phase. Furthermore, it was suggested that surface energy stabilization of the γ phase could be the reason for the difficulties in initially nucleating α-alumina
[146] (see section 5.3.2). Evidence for localized epitaxial growth of α-alumina onto the
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chromia grains has been provided using TEM (see also Paper III) [146,147]. Kohara et al.
[148] used a similar approach, but created the Cr2O3 nucleation layer by oxidizing a CrN film
predeposited onto the cemented carbide substrates. With this method, α-alumina dominant
coatings could be formed at substrate temperatures down to 700 °C. Similarly as in the study
by Zywitzki and Hoetzsch [142], it was found that a too high substrate bias suppressed growth
of the α phase and resulted in an increase of the γ-alumina content in the films [148]. Chromia
predeposition has also been claimed to aid the formation of the α phase in coatings deposited
using inverted cylindrical magnetron sputtering [149,150] at substrate temperatures estimated
to be in the range of 350-400 °C [141]. Very recently, Eklund et al. [151] investigated the
effect of the texture of the chromia nucleation layer on the phase formation for sputter
deposited alumina films. Interestingly, they observed extended growth of α-alumina onto
[ 10 1 4 ]-textured chromia at a substrate temperature of 450 °C, whereas only limited α phase
nucleation occurred on [0001]-textured prelayers. In this work, the conditions for deposition
of α-alumina onto Cr2O3 nucleation layers by reactive sputtering of a metallic target were
explored in Paper I, and in Paper III chromia layers were used in the study of effects from
residual water on the growth of crystalline alumina phases.
Alumina-based ternary oxides have also been deposited using sputtering. Similarly as
described for arc deposited coatings in the previous section, attempts have been made to
deposit (Al1-xCrx)2O3 solid solutions [129,152], with corundum structured films being reported
at substrate temperatures down to 500 °C for Cr-rich compositions [152]. Moreover, oxide
nanocomposites have been synthesized with the aim to increase the toughness of the coatings
and avoid the brittleness associated with alumina. For example, Trinh et al. [153,154,155]
deposited films in the alumina-zirconia system using various sputter deposition methods.
Different crystalline zirconia phases were obtained depending on the deposition conditions
and Al content in the films, while the alumina mainly occurred in amorphous form or, in some
cases, as nanocrystalline γ-alumina.
5.3

Alumina Surfaces

5.3.1 Clean Surfaces and Surface Adsorption

Alumina surfaces in general, and α-alumina surfaces in particular, have been studied extensively in the past by both experimental and theoretical means. This has been motivated by the
importance of alumina surfaces in applications, such as in catalysis and as substrate material.
Moreover, the α-Al2O3 (0001) surface often serves as a prototype for oxide surfaces in
general. In most reports, this surface is identified as the most stable α-alumina surface
[156,157]. However, due to the ···O-Al-Al-O-Al-Al··· layer stacking sequence in the [0001]
direction (cf. Figure 18), different terminations of this surface are possible, and the stable
termination as well as the surface relaxations have been a matter of controversy in previous
investigations [158,159,160]. Hydrogen on the surfaces has been found to be one important
reason for the apparent discrepancies between different studies [161,162,163]. While the
surface terminated by a single Al layer seems to be most stable under ultra high vacuum
conditions, hydrogen on the surface might stabilize the O-terminated surface and change the
amount and direction of the surface relaxations [161,162,163]. More recently, γ-alumina
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surfaces have gained interest in theoretical studies, mainly due to an increased understanding
of its structure, making, e.g., adsorption studies possible [107,164,165]. The γ phase has lower
surface energy than the α phase, as shown both theoretically and experimentally [164,166].
This is the main reason for the inherent high specific surface areas and porous structures of γalumina, making it useful in catalysis applications (see also section 5.3.2).
Previous adsorption related studies have mainly been concerned with α-alumina surfaces and, in particular, the (0001) surface. For example, Lodziana and Norskov [84] studied
the interaction of Cu and Pd with differently terminated (0001) surfaces and found that is was
weak and covalent-like for the Al-rich surface, whereas a stronger and ionic-like interaction
was observed on the O-terminated surface. Other authors have investigated the interaction
between other metal atoms, or metal surfaces, and α-Al2O3 surfaces and have found similar
trends [167,168]. Rosén et al. [87] performed thin film growth related computational studies
of adsorption of different Al and O ions on the O-terminated surface. They found that the
adsorption energies depended strongly on the adsorption site as well as on the charge state of
the adsorbing ion. In Paper II, the adsorption behavior of neutral species relevant for alumina
thin film growth was investigated for differently terminated (0001) surfaces. After publication
of Paper II, Hinnemann and Carter [89] investigated adsorption of a range of different atoms
on the Al-terminated surface. For Al and O, the overall trends agreed with the results in Paper
II, although the adsorption energies for Al were found to be sensitive to whether some layers
in the slab were fixed in their bulk positions or not. Therefore, such effects are further
discussed and studied in Paper IV together with energy barriers for surface diffusion.
5.3.2 Surfaces and Alumina Thin Film Growth

Surfaces are, of course, of crucial importance for thin film growth. As discussed in section
2.4, much of the structure of the resulting films is dependent on the mobility of adatoms on
the growing surface. The mobility is affected by both the energy of the adatoms and by the
energy barriers for different surface diffusion processes, where the latter can be effectively
calculated using computational means. The only previous investigation related to surface selfdiffusion on α-alumina surfaces known to the author is the theoretical study by Rosén et al.
[88]. They used DFT calculations to estimate the diffusion barriers for Al+ ions on the Oterminated (0001) surface and found the activation energy for diffusion from a metastable site
to the bulk Al position to be 1.6 eV. This was suggested as a possible explanation for the
difficulties in growing the α phase at lower temperatures [88]. An increased adatom surface
mobility is often mentioned as a mechanism promoting α phase formation when depositing
with assistance of energetic bombardment [120,128,144]. However, relatively high ion
energies are in many cases required (often exceeding 100 eV [126,127,128,144]) and,
consequently, additional mechanisms might very well be active. Moreover, it is not yet clear
how a limited mobility can explain the apparent preference for γ-alumina formation as
compared to the α phase. In Paper IV, ab initio calculations were used to calculate the energy
barriers for surface diffusion of (neutral) Al atoms on Al- and O-terminated (0001) surfaces.
With these results as starting point, the influence of surface diffusivity on low-temperature αalumina growth is discussed.
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A possible explanation for the preference for γ-alumina formation during physical vapor
deposition of alumina has been elucidated recently. McHale et al. [166] measured the surface
energies of γ- and α-alumina and found that for specific surface areas larger than 125 m2/g,
the γ phase is energetically favored compared to α-alumina, due to its significantly lower
surface energy. Assuming spherical grains, 125 m2/g corresponds to a grain diameter of 12-13
nm. Hence, as also pointed out in previous work [128,146], the γ phase is in fact thermodynamically favored at small enough grain sizes, e.g., at the nucleation stage of thin film
growth. This observation is further corroborated by TEM investigations of arc evaporated and
sputter deposited α-alumina coatings, showing how γ-alumina nucleated on the substrate
surface and how a gradual transition to α-alumina growth occurred [127,143]. Another
possible factor influencing the phase formation in alumina coatings is impurities, in particular
hydrogen, on the growth surfaces, as further discussed in Papers II-IV.
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6 SUMMARY OF THE APPENDED PAPERS
In this chapter the main findings of the seven appended papers are summarized and the
motivation for the studies is outlined.
6.1

Fundamentals of Alumina Thin Film Growth (Papers I-IV)

As described in section 5.2.3, controlling the nucleation stage of growth has been shown to be
crucial in order to form the α phase at lower temperatures during sputter deposition. Jin et al.
[145] were first to demonstrate low temperature growth onto a Cr2O3 nucleation layer, and
later the temperature was further lowered and the Cr2O3/Al2O3 interface more closely
investigated by Andersson et al. [146]. In both studies, RF sputtering of ceramic Al2O3 targets
was applied. The purpose of Paper I was to investigate reactive sputter deposition of αalumina onto chromia layers. Depositions were performed using RF sputtering of a metallic
aluminum target at a substrate temperature of 500 °C, varying the total pressure as well as the
oxygen partial pressure. It was found that the α phase could only be grown at a low enough
total pressure and high enough oxygen partial pressure (i.e., in the poisoned mode), otherwise
γ-alumina was formed. Based on these observations, it was concluded that energetic bombardment, plausibly originating from energetic oxygen, was necessary for the formation of αalumina (in addition to the effect of the chromia nucleation layer). Energetic oxygen species
with energies corresponding to acceleration over the target voltage (i.e., a few hundred eV)
have previously been shown to be present during sputter deposition of oxides [169,170].
These form as negative oxygen ions at, or in the vicinity of, the target surface and are
accelerated over the target sheath voltage. Some of them are neutralized on their way to the
substrate [171]. That energetic oxygen indeed was the origin of the observed effects in this
case was corroborated by energy-resolved mass spectrometry studies of the deposition flux
performed parallel to the work presented in this thesis [172]. Some initial studies of the
effects of residual water on the growth are also presented in Paper I. The investigation of such
effects is further extended and described in Paper III.
Studies of alumina surfaces and surface processes on an atomic scale are an important
step towards a better understanding of alumina thin film growth and phase formation. In
Paper II, density functional theory based methods were used to study the adsorption of Al, O,
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AlO, and O2 on differently terminated α-alumina (0001) surfaces. The three surface terminations obtainable by cleaving the bulk structure (AlO-, AlAl-, and O-terminations), as well as a
completely hydrogenated O-terminated surface were considered. Al was found to adsorb
strongly on the AlO- and O-terminated surfaces and showed a predominantly ionic-like
interaction with the surfaces. The adsorption was stronger on the O-terminated surface, where
also two metastable sites were identified. On completely hydrogenated surfaces, Al adsorption
in the bulk position was found to be unstable or very weak, depending on the configuration of
the hydrogen surface atoms. On the O-terminated surface, the creation of O vacancies was
found to be plausible, corroborating earlier findings of a driving force towards O deficient
configurations of this surface [161]. Concerning alumina thin film growth, the identification
of several metastable adsorption sites on the O-terminated surface provides a possible part of
the explanation for the difficulties in growing crystalline alumina. This issue was further
explored in Paper IV. Moreover, the results suggest that hydrogen adsorption on growth
surfaces disturbs the continued growth of crystallites and, thereby, might inhibit growth of the
α phase. This was further investigated experimentally in Paper III.
Previous studies of magnetron sputter deposited amorphous alumina thin films have
demonstrated the importance of residual water for the resulting film properties. For example,
a correlation between hydrogen incorporation and elastic modulus has been shown [173], and
the mechanism of hydrogen incorporation has been investigated [174]. Furthermore, the role
of the energetic bombardment in the α phase formation during PVD growth is not clear, and
possible explanations include creation of stress and defects [128], facilitation of diffusion
processes [128], and removal of impurities (e.g., hydrogen) on the growth surfaces [175].
Hence, a study of how impurities, and in particular residual water, affect the growth of
crystalline alumina phases is highly motivated. In Paper III, growth of films under different
vacuum conditions has been mimicked by varying the partial pressure of H2O in the ultra high
vacuum chamber. Films were deposited at a substrate temperature of 500 °C, both onto
predeposited chromia nucleation layers, and directly onto silicon substrates. As expected, the
films grown on chromia nucleation layers exhibited a columnar structure and consisted of
crystalline α-alumina if deposited at a low enough total pressure under ultra high vacuum
conditions. However, as water to a partial pressure of 1×10-5 Torr was introduced, the
columnar growth was interrupted and a more porous microstructure consisting of small,
equiaxed grains was formed. This change in microstructure was accompanied by an altered
phase composition of the films, where the γ-alumina content was found to increase with
increasing film thickness, as determined by XRD and SAED. Mass spectrometry of the ion
flux to the substrate showed a significant increase of (energetic) negative ions (especially
OH-) as the water partial pressure was increased. Based on this, it was suggested that the
change in film structure was due to one, or a combination, of at least two effects; (i) H
adsorbing on growth surfaces, causing renucleation of grains with limited epitaxial relationship with the underlying grains (cf. the theoretical results in Paper II), and (ii) renucleation
due to an increased energetic bombardment caused by target surface reactions. Films deposited at higher total pressures, or without chromia nucleation layers, were found to consist of γalumina regardless of the water partial pressure. The fact that the γ phase formed as the total
pressure was increased indicates that the energetic bombardment shown to be necessary
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during reactive sputter deposition of the α phase in Paper I, is also crucial when depositing
from ceramic targets. ERDA showed that the H content was low (< 1 at. %) in all films, and
that the H incorporation was varying only slightly with the water partial pressure. Consequently, this shows that effects of residual gases during sputter deposition of oxides can be
considerable, also in cases where the impurity incorporation in the films is found to be low.
As has been discussed previously, e.g. in section 5.2, limited adatom mobility is often
mentioned as a reason for the difficulties in synthesizing α-alumina thin films at low temperature. In Paper IV, ab initio density functional theory calculations were used to study the Al
adatom mobility on the AlO- and O-terminated (0001) surfaces, with the adsorption results
from Paper II as starting point. This was done by calculating the activation energy barriers for
adatom jumps on the surfaces using the nudged elastic band method. The results show that
surface diffusion on the (most stable) AlO-terminated surface is relatively fast with an
activation energy barrier of 0.75 eV, whereas Al hopping on the O-terminated surface is
slower, with barriers for diffusion from the two metastable positions existing on this surface
to the stable site of 0.31 and 0.99 eV, respectively. Based on these results, adatom jump
frequencies as a function of temperature were estimated and the results were discussed in
conjunction with previously published literature on experimental investigations of alumina
thin film deposition. It was concluded that α-alumina thin film growth is not likely to be
limited by surface diffusion at low-to-moderate temperatures. Instead, it is suggested that the
main obstacles for low-temperature α-alumina thin film synthesis are impurities, in particular
hydrogen, on growth surfaces, and the difficulties in nucleating the α phase. Hence, this
points to that design of novel processes for low-temperature α-alumina deposition primarily
should be focused on finding ways of overcoming these obstacles, rather than promoting
surface diffusion.
6.2

Growth using High Power Impulse Magnetron Sputtering (Papers V-VII)

Ionized PVD has been used extensively in the past in the endeavor to lower the synthesis
temperature of crystalline alumina coatings, as summarized in section 5.2. In this work, the
feasibility of using the fairly newly developed ionized PVD technique high power impulse
magnetron sputtering (HiPIMS) was investigated. As a first step, the process characteristics of
reactive HiPIMS of Al in Ar/O2 mixtures were studied in Paper V. Under suitable conditions,
the use of HiPIMS was found to give rise to numerous beneficial process properties such as a
reduced or eliminated hysteresis effect, less abrupt transition to the poisoned target mode, and
a higher maximum deposition rate compared to DC sputtering with the same initial metal rate.
Hence, these phenomena compensate for the lower rates generally observed in HiPIMS and
can lead to more efficient and stable sputtering conditions. The effects were suggested to be
due to the pulsed nature of the target erosion; the high erosion rate during the pulses effectively cleans the target surface and displaces the oxidation to higher flows, while target
poisoning between pulses, i.e. with limited plasma activation, is expected to be fairly small. A
qualitative model, accounting for these effects, was created through a modification in the
standard Berg model for reactive sputtering. After the publication of Paper V, other researchers have corroborated the altered process characteristics of reactive HiPIMS for the case of Zr
sputtering in Ar/O2 mixtures [176].
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Given the positive influence of HiPIMS on the reactive process characteristics, alumina
thin film synthesis using this technique was explored in Paper VI. Coatings were deposited
on both cemented carbide (WC/Co) and Mo substrates. α-alumina formed readily on both
substrates at a temperature of 650 °C, both at floating substrate potential and with applied RF
bias voltages of up to -100 V. The α-alumina films were found to exhibit a preferred in-plane
orientation of the c-axis and a plate-like microstructure. The tendency of an in-plane orientation of the c-axis was strongest for the film deposited at floating potential onto cemented
carbide and less pronounced for the coatings deposited onto Mo and with applied substrate
bias. Films deposited with bias were found to have wider platelets and a somewhat denser
microstructure, with smaller grains appearing between the platelets. This was suggested to be
due to increased adatom mobility, resulting in wider grains, in combination with bombardment-induced renucleation events leading to the formation of the smaller grains. X-ray
diffraction indicated that coatings deposited at 575 °C contained γ-alumina, whereas films
grown at 500 °C or lower were X-ray amorphous. The effective synthesis route for α-Al2O3
coatings at moderate substrate temperatures demonstrated in Paper VI may lead to improved
performance of alumina coatings in existing applications through the suppression of unwanted
temperature-effects in the films. In addition, it might open the possibility of utilizing αalumina in novel applications, e.g., involving heat-sensitive substrates.
In the more industrially oriented Paper VII, the potential of utilizing α-alumina coatings deposited using HiPIMS as wear-resistant coatings on metal-cutting tools was investigated. A cemented carbide tool deposited with an AlTiN benchmark coating was compared
with a tool with an AlTiN layer and an additional HiPIMS deposited α-alumina layer in a
turning test. It was shown that the alumina layer contributed significantly to the tool life,
indicating that this type of films has potential of being beneficially used in metal-cutting
applications. In addition to technological testing, more extensive studies of the microstructure
were performed in Paper VII. Transmission electron microscopy revealed that while parts of
the film, deposited onto cemented carbide substrates at 650 °C, contained fully crystalline αalumina without traces of metastable phases or amorphous content, one part of the TEM
specimen also contained additional nanocrystalline γ-alumina. The reason for this is not fully
understood.
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7 ADDITIONAL RESULTS AND OUTLOOK
This chapter contains additional results that were obtained during the course of this work, but
which are not included in the appended papers, as well as an outlook on some possible
directions for future research within the topics of this thesis.
7.1

Evolution of Film Stresses during Reactive Sputter Deposition

Polycrystalline thin films are usually in a stressed state, meaning that they either “want” to
expand or shrink more than the constraining substrate allows them to [177,178]. The amount
of stress in coatings is of high importance for the resulting film properties and can influence,
e.g., mechanical properties and adhesion. A distinction can be made between the intrinsic
stress of the film, mainly arising due to the growth process itself, and the extrinsic, or thermal,
stress [178], which is caused by the difference in thermal expansion of film and substrate. The
total internal stress is the sum of these two contributions [178].
Previous investigations of oxide thin film growth using sputtering processes have shown
that fairly high compressive stresses (i.e., where the film “wants” to expand) might develop in
the coatings [179,180]. This has been suggested to be due to bombardment of energetic
oxygen species [180]. As energetic oxygen was found to be abundantly present during the
growth experiments in Paper I [172], the evolution of film stresses for different O2 flows was
also studied. This was done in situ during depositions using a laser curvature measurement
method where the intrinsic stress of the film could be deduced from the bending of thin Si
substrates (0.38 mm thick). The deposition conditions were identical to those in Paper I with a
total pressure of 0.33 Pa. In all cases, the stress level remained fairly constant after the first
few tens of nanometers of deposition. Figure 19 shows the level of intrinsic film stress at a
film thickness of 70 nm for different O2 flows. Positive values correspond to tensile stress,
whereas negative values correspond to compressive stress. For reference, the target DC bias,
indicative of the degree of target poisoning, is also shown. As can be seen, the film grown
with the lowest O2 flow has a slight tensile stress, while films grown with higher flows (in the
region where α-alumina formed in Paper I) develops fairly high compressive stresses reaching
up to 3 GPa as the target becomes completely poisoned. Hence, this agrees well with the
notion that the high compressive stresses are caused by bombardment of energetic oxygen
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species, as the amount of these has been found to increase with the degree of target poisoning
[172]. The difference between the α-alumina films, deposited onto Cr2O3 nucleation layers,
and the γ-alumina films grown directly onto Si are negligible, with variations in the stress
level being smaller than the error margins of the measurements.

Figure 19. Intrinsic film stress at a film thickness of 70 nm for deposition at
different O2 flows, as obtained from in situ laser curvature measurements
(square symbols). Depositions were made both onto Cr2O3 nucleation layers
(filled squares) and directly onto Si (open squares). The circles indicate the
target DC self-bias voltage.

Of interest for future studies would, e.g., be the impact of film stresses on the coating
properties, and how the stress can be controlled independently of the phase composition of the
films. Moreover, it would be interesting to investigate if the stress itself influences the phase
formation of the growing films, as well as the levels of stress in films deposited using
HiPIMS.
7.2

Low-Temperature Alumina Growth

Some insights into the fundamental mechanisms governing low-temperature growth of
crystalline alumina have been gained from Papers I-IV. However, some questions still remain
to be answered and new ones have arisen. For example, even though the work performed in
this thesis suggests that impurities and the nucleation stage of growth are important for the
phase formation in alumina films, whereas the adatom mobility has less influence than
previously thought, the relative importance of these different effects is not completely clear.
To elucidate this, more calculations of surface properties would be beneficial, including
studies of surface energies, effects of impurities (especially H), and activation energies for
surface diffusion on different α-alumina surfaces as well as for surfaces of metastable phases,
in particular the γ phase. It would also be of interest to compare the results for alumina with
results for, e.g., chromia, as this material is considerably easier to synthesize in crystalline
form. To bridge the gap between the computer calculations and the deposition of polycrystalline thin films in experiments, epitaxial growth of single crystal alumina films onto different
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orientations of single crystal α-alumina (sapphire) substrates would be beneficial. This would
give greater possibilities to directly correlate results from the ab initio calculations with
experiments. Some studies of epitaxial growth onto sapphire were initiated during the final
stage of the work presented in this thesis, but no results were yet available at the time of
writing.
When knowing what factors that are most important for controlling the growth, one can
use this knowledge to better optimize deposition processes. For example, what ion energies
and fluxes would be optimal to use to remove impurities on the surface (cf. Rosén et al.
[175]) or to promote surface and bulk diffusion processes? If impurities turn out to be the
dominant effect, are there alternative ways of mitigating the effect of these besides better
vacuum conditions, energetic bombardment, and higher surface temperatures? How can the
nucleation conditions be optimized in order to obtain a specific alumina phase, and how can
the nucleation layers be achieved in an industrially viable way without compromising other
coating properties? In addition, a thorough characterization of, e.g., mechanical, electrical,
and optical properties of coatings deposited under various conditions would be highly
relevant.
7.3

Reactive High Power Impulse Magnetron Sputtering

The results presented in Paper V concerning the improvement in process stability and
reduction of hysteresis effects during reactive sputtering could be of high importance in many
applications. Hence, a more complete understanding of the mechanisms responsible for these
effects is desirable. In particular, it would be of interest to more closely investigate the
dependence of the hysteresis on frequency, pulse length, pulse shape, and material. Due to the
extensive arcing occurring for sputtering of Al at higher O2 flows, a material less prone to
arcing, thereby allowing for sputtering in the completely poisoned mode, would be better
suited for more thorough investigations. Initial studies of sputtering of a Ce target have been
performed in the group, showing that it is possible to sputter this material in the completely
poisoned mode using HiPIMS. Interestingly, it was found that it is possible to substantially
reduce the hysteresis also for Ce. However, a higher frequency than in the Al case was found
necessary (around 4 kHz). Since Ce is more reactive to O2 than Al, this result is in agreement
with the reasons suggested for the effects in Paper V; for a more reactive element, the time
between pulses has to be shorter in order to avoid oxidation between pulses beyond what is
possible to sputter away during the pulse on-time. In this context, the electrical properties (for
different metals) of the (very) thin oxide layer forming could also be relevant. Even more
information on the target oxidation mechanisms could be gained from in situ studies of the
target surface composition during sputtering. This can be done using a Rutherford backscattering spectrometry (RBS) setup [181]. Finally, it would be of interest to perform studies of
hysteresis effects in an industrial-scale deposition system, validating the possibility of
improving the process stability under such conditions.
The model of the reactive process described in Paper V is able to qualitatively reproduce the experimental observations. However, the introduction of an effective target current is
a quite crude way of achieving this and a more physically appealing modification of the
model would be beneficial for the understanding. One could, e.g., imagine creating a time
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dependent model, more closely resembling the experimental conditions. (Some modeling of
the dynamic behavior of conventional reactive sputtering processes has already been performed [182].) Plausibly, this model would also have to involve the effect of the plasma
activation of the oxidation process, e.g., through a varying sticking coefficient of the reactive
gas. Moreover, it is possible that the thickness of the oxide layer forming is central and that
gas dynamics (rarefaction of reactive gas in front of the target) might contribute. Overall,
models better describing the experimental conditions would have the potential of substantially
advancing the understanding of the reactive HiPIMS process, thereby making further
optimization of the process conditions possible.
Concerning the synthesis of alumina films using HiPIMS as described in Papers VI and
VII, interesting pathways for future research also exist. For example, the microstructure of the
α-alumina films is far from optimal for many applications. Hence, it would be of interest to
investigate if the microstructure can somehow be tailored, e.g., by applying higher bias
voltages, using a different deposition temperature, or by changing other deposition conditions.
It should also be elucidated whether the platelets really are terminated by (0001) surfaces and,
if that is the case, why this effect is present. Moreover, the parameter space for the depositions
should be investigated more carefully with respect to, e.g., total pressure, temperature, bias,
and substrate material in order to investigate how these factors influence the deposition
process and if it is possible to further optimize the temperature for formation of crystalline
phases. Finally, the cutting tests presented in Paper VII are very rudimentary. More tests
should be done on different coatings and for different cutting operations, and the tests should
be carried out for a larger number of tools so that better statistics can be obtained.
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