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Abstract

This thesis explores deposition of amorphous thin films based on the two tran-
sition metal nitride systems, TiN and HfN. Additions of Si, Al and B have been
investigated using three different deposition techniques: dc magnetron sput-
tering, cathodic arc evaporation, and high power impulse magnetron sputter-
ing (HIPIMS). The effect of elemental composition, bonding structure, growth
temperature, and low-energy ion bombardment during growth has been in-
vestigated and correlated to the resulting microstructure and mechanical prop-
erties of the films. The thermal stability has been investigated by annealing
experiments.

Deposition by cathodic arc evaporation yields dense and homogeneous coa-
tings with essentially fully electron-diffraction amorphous structures with ad-
ditions of either Al+Si, B+Si or B+Al+Si to TiN. The B-containing coatings have
unusually few macroparticles. Annealing experiments show that Ti-Al-Si-N
coatings have an age hardening behavior, which is not as clear for B-containing
coatings. Compositional layering, due to rotation of the sample fixture during
deposition, is present but not always visible in the as-deposited state. The
layering acts as a template for renucleation during annealing. The coatings
recrystallize by growth of TiN-rich domains.

Amorphous growth by conventional dc magnetron sputtering is possible
over a wide range of compositions for Ti-B-Si-N thin films. The Ti content in
the films is reduced compared to the content in the sputtering target. Without
Si, the films consist of a BN onion-like structure surrounding TiN nanograins.
With additions of Si the films eventually grows fully amorphous. The growth
temperature has only minor effect on the microstructure, due to the limited
surface diffusion at the investigated temperature range (100-600 ◦C). Ion as-
sisted growth leads to nanoscale densification of the films and improved me-
chanical properties.

Ti-B-Si-N thin films are also deposited by a hybrid technique where dc mag-
netron sputtering is combined with HIPIMS. Here, the Ti:B ratio remains equal
to the target composition. Films with low Si content are porous with TiN
nanograins separated by BN-rich amorphous channels and have low hardness.
Increasing Si contents yield fully electron-amorphous films with higher hard-
ness.

Finally, Hf-Al-Si-N single-layer and multilayer films are grown by dc mag-
netron sputtering from a single Hf-Al-Si target. Amorphous growth is achie-
ved when the growth temperature was kept at its minimum. Low-energy sub-
strate bias modulation is used to grow nanocomposite/nanocolumnar mul-
tilayers from the single Hf-Al-Si target, where the layers has essentially the
same composition but different Si bonding structure, and different degree of
crystallinity.
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Populärvetenskaplig sammanfattning

Människan har i alla tider använt material som hon hittat i naturen och bear-
betat dem för att de ska kunna fungera som verktyg, som vapen eller kanske
för utsmyckning. Tidigare har vi varit begränsade till att bearbeta de material
som funnits naturligt tillgängliga. Men den tekniska utvecklingen under fram-
förallt nitton- och tjugohundratalet har gjort det möjligt att tillverka material
som tidigare inte fanns. De senaste hundra åren har vi också börjat förstå i
detalj hur olika material fungerar ända ner på atomnivå, vilket öppnat upp för
ett helt nytt tankesätt kring material och hur vi kan skapa dem.

Vi har utvecklat nya tekniker för att tillverka material, bland annat de yt-
beläggningstekniker som använts i det här arbetet. Dessa tekniker har kommit
att bli en global succé, en miljardindustri och faktiskt en förutsättning för det
moderna liv som vi känner det idag.

Anledningen till att vi har produkter som surfplattor och smarta mobil-
telefoner idag beror till stor del på utvecklingen av tunna filmer, skikt, eller
beläggningar som de också kallas. Idag är beläggningarna ofta inte tjockare
än någon eller några mikrometer, vilket motsvarar en eller några tusendelars
millimeter, och de är omöjliga att se med blotta ögat. Beläggningar i sig är in-
get nytt påfund, människan har använt sig av dem i tusentals år, till exempel
för glasering av kärl för förvaring och transport av vatten, men de senaste de-
cennierna har de blivit mer och mer tekniskt avancerade. Samma grundtanke
finns dock kvar, nämligen att kombinera egenskaperna hos två eller flera olika
material där det ena utgör ett tunt lager ovanpå det andra. På så sätt kan man
utnyttja de olika materialens bästa egenskaper. Exempelvis kan vi tänka oss
en bil där karossen är gjord av metall som är hårt men relativt lätt att forma.
För att bilen ska stå emot väder och vind målar vi den så att den skyddas mot
rostangrepp men också får en vacker färg.

Inom verktygsindustrin har beläggningar gjort det möjligt att öka produk-
tiviteten genom att förlänga verktygens livslängd. Detta gäller inte bara skruv-
mejslar och borr som du och jag köper för hemmabygget, utan framför allt för
verktyg för metallbearbetning i tillverkningsindustrin. För att vara använd-
bara inom detta område måste beläggningarna vara hårda och slitstarka så att
de håller för de stora påfrestningar i form av värme och tryck som uppstår då
man borrar, fräser, svarvar eller på annat sätt bearbetar ett material.

Idag används olika tekniker där grundämnena man vill ha i sitt skikt eller
beläggning fås från en fast eller flytande materialkälla. Atomerna förångas
eller stöts ut ur materialkällan och bildar ett moln, eller en ånga, som består
av atomer, elektroner och joner. Om objektet som ska beläggas, till exempel ett
borr, är i kontakt med atomångan kondenserar atomerna på ytan och skiktet
växer atom för atom.

Inne i skiktet ordnar sig atomerna i särskilda mönster, kristallstrukturer.
Grupper av atomer växer till kristaller som utgör själva skiktet. Storleken
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på kristallerna påverkar egenskaper som bland annat hårdhet, slitstyrka och
seghet. Mellan kristallerna, eller kornen, bildas så kallade korngränser där
atomerna sitter slumpmässigt placerade. Eftersom atomerna inte sitter ord-
nade i något särskilt mönster så säger man att de är amorfa – saknar ord-
ning. Hur stor andel amorft material man får kan bestämmas genom tillverk-
ningsprocessen.

Det är också möjligt att tillverka skikt som är helt amorfa, det vill säga att
atomerna sitter slumpmässigt placerade genom hela skiktet. Dock är det en
stor utmaning att tillverka amorfa skikt som är så pass hårda och slitstarka att
de är intressanta för verktygsindustrin. Mitt mål har varit att skapa så mycket
oordning som möjligt i skikten, utan att de förlorar de egenskaper som krävs
för att vara användbara för till exempel verktyg.

Tillverkningen av skikten har skett både i labbskala på universitetet och i
industriella system hos en företagspartner, vilket ställer olika krav på materi-
alval och tillverkningsprocess. I de skikt som tillverkats blandas övergångs-
metaller, till exempel titan eller hafnium med icke-metaller som kisel och bor
för att tillsammans med kväve bilda nitrider som tillhör en klass av material
som kallas keramer. Keramer har många attraktiva egenskaper, bland annat är
de hårda och har hög smältpunkt.

Tillverkningsprocessen gör det möjligt att styra hur atomerna rör sig när de
landat på objektets yta. Om de har en tendens att bilda kristaller så kommer
de att försöka hitta rätt plats för att göra det. Men hur mycket och hur snabbt
atomerna kan röra sig på ytan beror på vilken energi de har, som i sin tur
bland annat beror på vilket temperatur det är vid ytan. Om temperaturen är
låg rör sig atomerna långsamt. Om beläggningshastigheten samtidigt är hög
så hinner de inte flytta på sig innan nästa lager träffar ytan och täcker dem.
Det går också att göra det svårare för atomerna att hitta sina favoritgrannar
genom att blanda många olika grundämnen. Genom att välja grundämnen
som föredrar olika grannar och olika kristallstrukturer kan man se till att de
hindrar varandras framfart på ytan.

I det här arbetet har det varit viktigt att atomerna har lagom mycket energi
och rörlighet när de träffar ytan. Om de fastnar direkt så finns det risk att
materialet får stora håligheter och blir poröst vilket gör att det inte är lika hårt
som det skulle kunna vara. Samtidigt får inte rörligheten vara för bra, för då
bildas kristaller.

I den här avhandlingen visar jag att vi kan tillverka helt amorfa skikt baser-
ade på material som tidigare i princip alltid tillverkats med en stor andel krist-
aller. Mina skikt är fortfarande väldigt hårda, och har visat sig mer tåliga mot
sprickbildning än vissa kristallina material. Eftersom mina skikt är väldigt täta
och saknar korn, och därmed korngränser, kan de vara intressanta i helt nya
applikationer där korngränserna är de svagaste länkarna i materialet.
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I N T R O D U C T I O N

Thin films, or coatings, are technologically extremely important.
Thin film materials is a multi-billion dollar industry that keeps
growing. One reason for that is that thin films are everywhere
around us. We get in contact with them every day; most of the
time without even realizing their presence.

They are used in the microelectronics and on the scratch-resis-
tant glass screen of our smart phones, on non-stick frying pans,
as protective coatings in milk cartons, and as anti-reflective coat-
ings on glasses, just to name a few examples that are commonly
encountered. Even though most of the examples are inventions
of the twentieth century, the idea of coating an object with a thin
film to change its properties is not new. Mankind has used coat-
ings for thousands of years, for example glaze on stoneware to
make it water-tight or for decorative purposes.

Many applications of thin films passes unnoticed by for peo-
ple like you and I, since they are mainly used in industrial appli-
cations never noticed by the end consumer. An example of such
applications are tools for cutting, turning, drilling, and forming
in the automotive and aerospace industry. In this industry sec-
tion, thin films have made it possible to increase productivity by
extending tool life as the coatings keep getting better and better,
and more advanced to meet the needs in specific applications.

The first commercially available coated cutting tool was de-
veloped and produced by Sandvik Coromant in the late 1960s.
The tool consisted of a cemented carbide insert that was coated
with fine-grained TiC. 1 The insert itself already provided good
toughness, but lacked in wear resistance. With the coating, the
wear resistance was increased radically. After the first coated cut-
ting tool, a number of improved coatings have found their way
into the market during the last decades. The area has expanded
greatly since the 1960s, and the development is still ongoing.

Objective

Many transition metal nitride systems have been widely studied
for decades, with extensive focus towards tool industry appli-
cations. Nevertheless, areas remain that are not fully understood
or even explored yet. One of these areas concerns the amorphous
transition metal nitrides.

The main objective of this work is to study amorphous transi-
tion metal nitride-based thin films. The goal has been to investi-
gate the conditions under which they can be synthesized, and to
determine some of their properties, in hope of finding properties
that cannot be provided by their crystalline counterparts.
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I N T R O D U C T I O N

Outline of thesis

Following this brief introduction, Chapter 2 aims to put the work
into broader perspective with a description of amorphous solids
in general, a summary of the history of silicate glasses, character-
istic properties of glasses, and a presentation of some technolog-
ically important amorphous materials.

In Chapter 3, I present the deposition techniques that I have
used, including considerations specific for this work. Chapter 4
treats different types of bonding mechanisms, and the thermody-
namically stable parent compounds of the elements of relevance
for this work is presented. Chapter 5 continues with a description
of phase transformations, both liquid-to-solid and vapor-to-solid
ones, including nucleation and growth of thin films, and effects
on microstructure evolution.

The thin films are characterized using several different analy-
sis techniques, each described in Chapter 6.

Finally, I summarize the results from the papers in Chapter 7
together with my contributions to the field, followed by the ap-
pended papers.
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A M O R P H O U S S O L I D S A N D F I L M S

Very generally speaking, solid materials can be divided into crys-
talline or amorphous ones. A crystalline material has transla-
tional symmetry and is characterized by its unit cell, which when
extended in three dimensions gives the structure of the material.
Unlike crystalline solids, the term amorphous solid has no de-
fined structural meaning, but Kittel describes it as not crystalline
on any significant scale. 2 In condensed matter physics, an amor-
phous solid refers to a material that lacks the long-range order
that is characteristic for crystals. The word amorphous comes from
the Greek, and is a combination of the word a, which means with-
out, and the word morphé, which translates into shape or form.

Even though amorphous materials lack long-range order, they
have a structure that exhibits short-range order in regions where
the placement of the atoms can be predicted. 3 This means that
the atom positions are not totally uncorrelated as in an ideal gas,
where each atom may be located anywhere, but there is a local
correlation where each atom has its nearest-neighbor atoms at
almost the same distance to it. Also, the bond angles are similar
to those in the corresponding crystalline phase. 4

For a long time, it was thought that only a limited number of
materials could be prepared in the form of amorphous solids,
and amorphous metals were not believed to exist. But in the
mid-1950s pure metal Ga and Bi films were produced, 3 and soon
it was realized that there were no specific glass-forming solids.
Rather, it is a question of how the solids are produced, and Turn-
bull expressed it as: 4

Nearly all materials can, if cooled fast enough and far enough,
be prepared as amorphous solids.

However, until the end of the 20th century, it was mainly the
crystalline materials which got the attention of the scientific com-
munity. It was believed that, due to the disordered nature of the
amorphous materials, they would not find technological applica-
tions.

The words amorphous and glass, or glassy, are often used syn-
onymously in literature to describe disordered materials. In a
more precise form, the term glass or glassy is used for materi-
als which can be quenched from supercooled liquids and exhibit
a glass transition, while the term amorphous usually refers to
non-crystalline materials which are prepared as thin films by de-
position on substrates which are kept sufficiently cool to prevent
crystallisation. 5

The oldest and most famous amorphous solid that has been
manufactured by man is glass. Glass is, however, not a single
material, but an array of materials with similar properties. To
put the work in this thesis in some historical perspective, I will
start with a brief summary of the history of glass.

3



A M O R P H O U S S O L I D S A N D F I L M S

History of glass

The word glass stems from the Roman empire and the late-Latin
word glesum, which probably originates from a Germanic word
for a transparent, lustrous substance. 6

The art of glassmaking can be traced back to 3500 BCE in
Syria, Mesopotamia or Ancient Egypt, but naturally occurring
glass, obsidian, which is a volcanic glass that solidifies from lava,
has been used by societies since the Stone Age. 7 Obsidian is very
hard and brittle, and therefore fractures with very sharp edges,
making it useful for knives and arrowheads, etc. 8

The first objects that were produced out of glass were beads.
It is believed that the glass for the beads was produced uninten-
tionally in by-products of metal working or during the produc-
tion of faience. 7

During the Late Bronze Age, i.e. 1550-1200 BCE, glass mak-
ing technology developed in Egypt, and findings from that time
include both colored glass ingots, vessels, and beads. The first
vessels were cone-shaped, formed by winding a rope of molten
glass around a clay template. The glass was fused by repeated
heating sequences, and after solidification, the template was re-
moved. Glass was a luxury material, and the vessels were used
for storage of expensive goods like oils, perfume, and ointments.
The vessels were trade goods, and Egyptian vessels have been
found in archeological finding in Turkey, Italy and Spain. 6

In the 9th century BCE techniques for producing colorless, so-
called aqua-glass, were developed. 6 The aqua-glass commenced
the use of glass for architectural purposes, and glass windows
started to appear in the most important buildings in Rome, Her-
culaneum, and Pompeii. Window glasses as large as 70x70 cm2

have been found in archeological sites in Pompeii.
Glass blowing was discovered, or invented, about 2000 years

ago in Syria. 7 The glass blowing completely revolutionized the
glass industry. Glass vessels now became inexpensive, and a
large number of glass works spread through the Roman empire.
The most skilled glass makers lived in Belgium, Cologne, and
Normandy.

The art of glass making spread, and glass was extensively
used during the Middle Ages. In archeological excavations in
England, glass has been found in both cemetery and settlement
sites. 6 Sometime around 1000 CE a group of Normandy glass
makers moved to Italy, where they continued their development
and production of glass, which over the nextcoming 400 years
received a great reputation around the world. The production
of glass in Italy was concentrated to the island Murano, outside
Venice, which came to be the center for luxury Italian glassmak-
ing. 7

Glass became more readily available, and found widespread
use as stained glass windows in churches and cathedrals. In
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the 11th century a new technique developed in Germany, where
sheet glass was formed by first blowing spheres. The spheres
were shaped into cylinders and cut open while they still were
warm, and flattened. This technique, and the similar crown glass
technique, were the dominating ones until the 19th century.

In 1843, Bessemer patented an early type of float glass process.
This technique was, however, not very successful since it was so
expensive, 6 so the sheet glass technique continued to be the most
commonly used.

In the early 1900s, another process took over and spread glob-
ally, namely the Fourcault process in which a thin sheet of glass
is drawn vertically from the melt and held at the edges by rollers
that simultaneously cools and shapes the glass. To make the glass
clear, extensive grinding and polishing was needed.

The float glass, however, made a grandiose comeback in the
mid 20th century, when Pilkington and Bickerstaff invented and
launched their own float glass technique in 1959, 9 which had su-
perior quality compared to the glass produced by the Fourcault
process. In the Pilkington float glass technique, molten glass is
allowed to float on top of a bath of molten tin or other metal,
which gives the glass sheet a uniform thickness and very flat sur-
face. Once the glass is floating, the temperature of the metal bath
is gradually lowered until the glass sheet can be lifted away. 9

In the later part of the 20th century, new types of glasses were
developed, including laminated glass, reinforced glass and glass
bricks for use as building materials, all based on the conventional
silicate glass. But during the last 50 years or so, interests for other
type of glasses and amorphous solids have evolved in the scien-
tific community. These include the metallic glasses, but also ox-
ide, flouride, phosphate, borate, and chalcogenide glasses. Espe-
cially the chalcogenide glasses have become important in mod-
ern technology for use as fiber-optic wave guides in communica-
tion networks. Some chalcogenide glasses also exhibit thermally
driven amorphous-crystalline phase changes, which make them
useful for encoding binary information. Applied as thin films,
they form the basis of rewritable optical discs. 10

The advances in thin film processing techniques, has made it
possible to synthesize an almost infinite number of new amor-
phous materials. The bulk metallic glasses and their thin film
counterparts have been extremely important for the advances in
other types of amorphous thin film development. The metallic
glasses will be described in greater detail below, but to fully un-
derstand their development, we first need to understand some
basic properties of glass.
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FIGURE 2.1: Change in specific
volume as a glass is cooled
through Tg . After Barsoum.12

Glass properties

The two most important properties of glass are the glass transi-
tion temperature, Tg , and the viscosity, η. They are not only of
fundamental importance for glass manufacturers, but also holds
scientific interest. In Science, P.W. Andersson refers to the nature
of glass and the glass transition as: 11

The deepest and and most interesting unsolved problem in
solid state theory . . .

THE GLASS TRANSITION

The glass transition is a reversible transition from a hard and
relatively brittle state into a molten or rubber-like state of the
material. Most materials that are cooled from the liquid state
will abruptly solidify in a crystalline manner at a well-defined
temperature, their melting point, Tm. However, some materials
form amorphous solids instead, and they typically do not exhibit
a very specified melting temperature.

The transformation of a liquid into a crystalline solid most of-
ten occurs via the formation of a nuclei and its growth, a process
that requires some time. If the thermal energy is removed by
a rate that is higher than the time needed for crystallization, a
glass will form. 12 From this follows that every liquid, if cooled
fast enough, should be able to form a glass.

For amorphous solids, the change in specific volume and con-
figuration entropy with respect to the temperature is more grad-
ual than for crystalline ones. The properties follow the liquidus
line to a temperature, where the slope of the specific volume or
entropy versus temperature curve is drastically decreased, see
Figure 2.1. The point at which the slope breaks is known as the
glass transition temperature, Tg , and is the temperature at which
a glass-forming liquid transforms into a glass. In the temperature
range between Tm and Tg , the material is said to be a supercooled
liquid. However, it should be noted that not all supercooled liq-
uids form amorphous solids! A supercooled liquid can in some
cases crystallize almost instantly if a crystal is added as a core for
nucleation.

The atomic structure of a glass is similar to the structure in a
supercooled liquid, but glass behave as a solid below its Tg . A
supercooled liquid, on the other hand, behaves as a liquid, even
though it is below its freezing temperature.

Tg is not a discrete material dependent constant temperature.
It has been experimentally shown that Tg is a function of the
cooling rate, with Tg shifting to lower temperatures with de-
creasing cooling rates. 12 If the atoms have more time to rear-
range, a denser amorphous solid will result. This implies that
the glass transition temperature is not a thermodynamic quan-
tity, but rather a kinetic one.
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VISCOSITY

Viscosity is another important property of glass that can be influ-
enced by additions to the glass melt. The viscosity of the glass
melt is of course temperature dependent.

The viscosity η is a measure of the ratio of the applied shear
stress to the flow rate ν of a liquid. If the liquid would be con-
fined between two parallel plates with area A, separated by a
distance d, and subjected to a shear force F , the viscosity is given
by: 12

η =
Fd

Aν
=

τs
ε̇
, (2.1)

where ε is the strain rate (s−1) and τs is the applied shear stress
(Pa). The viscosity of a crystalline solid changes abruptly over an
extremely narrow temperature range during crystallization. For
silicate glasses, following fitting of a large number of experimen-
tal data, the most accurate dependence of viscosity on tempera-
ture is given by the Vogel-Fulcher-Tammann equation: 13

ln η = A+
B

T − T0
, (2.2)

where A, B, and T0 are temperature-independent adjustable pa-
rameters and T is the temperature.

For silicate glasses, the viscosity can be lowered by addition
of basic oxides (such as Na2O or CaO) that will break the sili-
cate network. As a result, the number of Si-O bonds that needs
to be broken during viscous flow decreases and a shear process
becomes easier. The viscosity of a glass is a measure of the dif-
fusivity, i.e. the atom mobility in the glass, which is one of the
crucial parameters for glass formation. At Tg , the viscosity of a
glass is of the order of 1015 Pa·s, which means that the atomic
mobility is quite low. 12

Bulk metallic glasses

The first metallic glass was discovered in 1960 by Klement et al.
by rapid quenching (105-106 K/s) of a Au80Si20-liquid. 14 A few
years later, Chen et al. managed to produce amorphous spheres
of the ternary Pd-Si-N (N=Ag, Cu or Au) systems. 15 Continuous
work on the Pd-based system led to the discovery of materials
where the supercooled regime could be extended to 40 K, which
made it possible to study the crystallization process in metallic
glasses.

The work of Chen, Turnbull and co-workers showed similari-
ties between metallic glasses and other non-metallic glasses such
as silicates, ceramic glasses, and also polymers. The glass transi-
tion was found to occur at a rather narrow temperature range for
metallic glasses (or bulk metallic glasses (BMG), to distinguish
them from their thin film counterparts), in contrast to the case in
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e.g. silicate glasses, and Tg was found to only vary slightly if the
cooling rate was changed. 16

Turnbull set up a criterion for the glass-forming ability (GFA)
and still today it is considered to be the best rule-of-thumb for
predicting GFA of any liquid. 17 The criterion relates the glass-
forming ability to the ratio of the glass transition temperature
and the melting temperate, saying that Tg/Tm≤2/3 gives a liq-
uid which can only crystallize within a very narrow temperature
range, and is thereby easier to prepare as an amorphous solid.

The work on bulk metallic glasses was focused on increasing
the critical size and to decrease the needed cooling rate. In 1974
a thickness of 1 mm was reached, and the cooling rate was only
103 K/s. 18 Ten years later, the critical size had been increased to
10 mm, while the cooling rate had been further decreased into
the 10 K/s region. 19,20

In the late 1980s the group of Inoue studied bulk metallic glass-
es based on rare-earth materials with additions of Al and found
exceptional glass-forming ability in La-Al-Ni and La-Al-Cu al-
loys. 21 Later they expanded their work to include Zr-based bulk
metallic glasses and found that they had high glass-forming abil-
ity and high thermal stability. 16 By this time, the critical thick-
ness had been increased to 15 mm. In 1993 a group of researchers
from Caltech developed a pentanary Zr-Ti-Cu-Ni-Be alloy which
is most known under the commercial name Vitreloy 1. 22 Its thick-
ness was several centimeters and Vitreloy 1 is the most studied
BMG today. The group of Inoue took up the work with Pd-based
systems and in 1997 they developed a Pd-Cu-Ni-P alloy with crit-
ical casting size of 72 mm, and the highest glass-forming ability
known to date. 23

Bulk metallic glasses are almost exclusively multicomponent
alloys. Some specific elements act to decrease the liquidus tem-
perature and thus improve glass formation. In addition, ele-
ments of different size and with different valence electron con-
figuration hinder crystalline formation in the metallic glasses. 24

Bulk metallic glasses are manufactured and sold commercially
today. The applications include sporting goods, cases for elec-
tronic products, cell phone cases, and medical devices. 25

Thin film metallic glasses

Simultaneous with the work on bulk metallic glasses, other grou-
ps started to investigate thin film metallic glasses (TFMG). This,
of course, made sense since the metallic glasses from the begin-
ning only were available as thin ribbons, and much of the strug-
gle during the first years of research on BMGs was to actually
produce bulk samples.

In the 1980s and 90s most of the work in the field of thin film
metallic glasses concerned sputtering of immiscible binary sys-
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tems, often Cu- or Fe-based. Thin film metallic glasses were also
produced by solid-state amorphization of multilayer films. 26,27

A great benefit with thin films is that if prepared by vapor-
to-solid deposition, they are expected to be farther from ther-
modynamic equilibrium than the corresponding glasses that are
prepared by liquid-to-solid melting and casting processes. This
means that the glass-forming ability of vapor-to-solid deposited
materials is larger, and that amorphization can be reached over a
wider compositional range.

Quite ironically, today it seems like there are more possible ap-
plications for thin film metallic glasses than for their bulk coun-
terparts. One reason for this might be the brittle nature of bulk
metallic glasses, something that does not necessarily have to be a
problem for thin film applications, since ductility can be achieved
by the right choice of substrate material.

Among the proposed applications, usage in MEMS devices
is one, due to the good corrosion resistance and wear proper-
ties of thin film metallic glasses. 28,29 Due to their glassy structure,
TFMGs have a fascinating ability to recover from e.g. scratches
and indents, upon annealing below Tg . This has been demon-
strated following nanoindentation, where atomic force microsco-
py (AFM) images reveal a decrease in the size of the residual in-
dent after annealing. The film surface also became smoother, and
the pile-up decreased. 27

Thin film metallic glasses, especially Cu- and Ag-containing
ones, have been suggested as coatings on door handles and other
hand-contact regions, e.g. in hospitals, since they have lower sur-
face roughness and are more hydrophobic than stainless steel.
They have also shown to have antimicrobial properties. 30

Amorphous thin films

Amorphous thin films does not exclusively concern thin film met-
allic glasses. Various amorphous oxide, carbide, and nitride thin
films have also found widespread interest in the scientific com-
munity, and have been investigated for a number of applications.

Thin film amorphous oxides have been heavily investigated
for the use as thin film transistors (TFT). 31 TFTs are used in sev-
eral type of displays and imaging devices, including liquid crys-
tal displays (LCD), in which they are integrated to each sub-pixel
in order to monitor the amount of light that reaches the eyes of
the viewer. Here, amorphous transparent conductors are attrac-
tive because the low processing temperature makes it possible to
grow on plastic substrates. In 2010 an estimated 30-40% of all
flat panel displays contained amorphous transparent conducting
oxides. 32

Among the carbide thin films, SiC is the most studied amor-
phous material, and can be used in a great variety of applica-
tions. Amorphous SiC devices are used in optoelectronics, e.g.
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in solar cells and in LEDs, as well as in coatings for extreme UV
optics. 33,34

Much work on thin film carbides have been going hand-in-
hand with thin film nitrides. Due to their extensive use as wear
protective coatings on cutting tools, major interest has been to-
wards nanocrystalline films and nanocomposites. Recently, amor-
phous transition metal carbides have been studied in more detail,
including both the binary Cr-C system 35,36 and the ternary Zr-Si-
C system. 37,38

For the nitrides, amorphous thin films were heavily investi-
gated for the use as diffusion barriers mainly during the 1990s.
Examples are Ti-Si-N, Ta-Si-N, Mo-Si-N and W-Si-N. 39
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Thin films can be grown in numerous ways, where two of the
main deposition techniques are chemical vapor deposition (CVD)
and physical vapor deposition (PVD). Both of these techniques
require vacuum to avoid reactions with the atmosphere, but also
for control of composition and microstructure of the films.

In CVD, the film is grown by allowing deposition species,
supplied in the gas phase, to react and form bonds with atoms
at the substrate surface at conditions near thermal equilibrium.
This process generally needs to take place at high temperatures
(∼1000 ◦C), which limits the use of heat-sensitive substrates. In
CVD, all areas in contact with the gas will be coated, which make
this technique very well suited for coating of complex shapes. To-
day, CVD is the most commonly used technique in hard coatings
industry, even though the fraction of coatings deposited by PVD
is steadily increasing.

In general terms, PVD can be described as a process where a
coating material is vaporized from a solid or liquid source mate-
rial, travels through a plasma, and condensates on the substrate.
PVD can only deposit films line-of-sight, but generally operates
at much lower temperatures than CVD, which in combination
with high deposition rates enables the formation of metastable
structures, as the atoms may not have time and energy to rear-
range in the most energetically favorable positions. This is cru-
cial, e.g., for the formation of amorphous thin films.

Among the available PVD techniques, the two most important
methods are evaporation and sputtering. The difference between
these two types of PVD processes is that in sputtering, atoms
are dislodged from the target surface by impact of gaseous ions,
while in evaporation, the atoms are removed by thermal means. 3

In this thesis, two different sputtering techniques; dc magnetron
sputtering, and high power impulse magnetron sputtering (HIPIMS),
and one evaporation technique; cathodic arc evaporation, have been
employed, all described in detail below.

DC magnetron sputtering

BASICS OF SPUTTERING

Figure 3.1 shows a schematic of the sputtering process. In its
simplest configuration a sputtering system consists of a vacuum
chamber, a so-called target connected to a voltage supply, a sub-
strate, a vacuum pump, and an inlet for the sputtering gas.

By applying a negative voltage to the target, in this case a dc
voltage, an electric field will form. A sputtering gas (in this case
Ar) is let into the chamber. A small amount of ions and electrons
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FIGURE 3.1: Schematic illustra-
tion of a magnetron sputtering
process on the target and sub-
strate side. Image courtesy of
Fredrik Eriksson.

will always be present in the chamber, and these will be affected
by the electric field. The electrons are repelled by the negatively
charged target, and if they gain enough energy from the electric
field, they will cause ionization of the sputtering gas.

The positively charged Ar ions will be attracted towards the
target, where they collide with the target surface causing numer-
ous collisions to take place. Mainly neutral target atoms are re-
moved by momentum transfer, but other particles such as sec-
ondary electrons, reflected ions and neutrals, and photons, are
also scattered from the surface. The neutral target atoms travel
through the chamber, where they spread in a cosn θ-distribution,
meaning that most of the target atoms will be sputtered in the
forward direction, where the substrate holder should be placed
so that most atoms will condense on the substrate and form the
thin film. Some of the target atoms, however, will be ionized and
they will travel through the plasma, hitting both the grounded
chamber walls and the substrate holder.

The secondary electrons are accelerated away from the target
surface. These electrons help sustain the glow discharge by ion-
ization of the sputtering gas atoms, which in turn bombard the
target and release more secondary electrons in an avalanche pro-
cess. When the number of generated electrons is high enough
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FIGURE 3.2: Schematic of
three different planar mag-
netron configurations with the
magnetic field lines indicated.
a) balanced magnetron, b)
unbalanced type I, and c) un-
balanced type II.

to produce ions that in turn regenerate the same number of elec-
trons, the discharge is self-sustaining and the gas begins to glow.
The light emitted is characteristic of both the target material and
the incident ions.

REACTIVE SPUTTERING

Reactive sputtering refers to the process where a reactive gas is
introduced in the chamber. Adding a reactive gas makes it pos-
sible to form complex compounds between the sputtered target
atoms and the reactive gas molecules. This was done in Paper
V, where Hf-Al-Si-N thin films were deposited by reactive sput-
tering from a Hf0.6Al0.2Si0.2 target in a N2-Ar gas mixture, and
in Paper II and Paper IV where Ti-B-Si-N films were grown in a
N2-Ar gas mixture from TiB2 and Si targets. Nitrogen is a com-
mon reactive gas, but also oxygen is used, as well as C2H2 and
CH4 for synthesizing carbides. The sputtering gas does not nec-
essarily have to be Ar. Other noble gases as Ne, Kr, and Xe can
also be used, even though Ar is the most common one. It is also
possible to sputter in the pure reactive gas, without any addition
of a sputtering gas.

MAGNETRON SETUP

Glow discharges are relatively inefficient ion sources. There is a
high risk that the electrons will hit the grounded chamber walls,
leaving the system, instead of colliding with the sputter gas atoms
and ionize them. Only a few percent of the gas atoms in a glow
discharge are actually ionized. By applying a magnetic field close
to the target, using a so-called magnetron, the time the electrons
spend in the vicinity of the target can be multiplied and the plas-
ma is much easier maintained. This was first discovered by Pen-
ning in 1936, 40 and further developed by Kay and others. 41,42
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FIGURE 3.3: Schematic im-
age illustrating the effect on
the plasma of superimpos-
ing an external magnetic field
Bext which a) opposes, and
b) reinforces the field of the
outer permanent magnets in
the magnetron. After Petrov
et al. 44

By 1975, the magnetron sputtering technique was commercially
used. 43

Several different geometries can be used for the magnetron,
including the planar type that was used in this study. The mag-
nets are placed so that there is at least one closed path or region
in front of the target surface, where the magnetic field is normal
to the electric field.

There are three types of magnetron configurations available:
balanced magnetrons, unbalanced type I, and unbalanced type
II, see Figure 3.2. In a balanced magnetron, the inner and outer
magnets have the same strength, which confines the plasma and
electrons close to the target surface. In unbalanced mode, the
inner and outer magnets have different strength, where type I
refers to a stronger inner magnet, whereas type II has stronger
outer magnets.

In Paper V, a modified type II unbalanced magnetron was
used. This system was developed and characterized by Petrov
et al. 44 It is a regular ultra high vacuum (UHV) planar magnetron
system with a pair of external Helmholtz coils that enables ap-
plication of a variable magnetic field Bext. This external mag-
netic field is superimposed on the permanent magnetic field of
the magnetron.

The external magnetic field can be negative or positive with
respect to the outer permanent magnets in the planar magnetron.
If the external field is negative, the field between the target and
the substrate will have the same sign as the central pole, mean-
ing that the electrons will be steered away from the substrate
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towards the walls of the chamber, reducing the plasma density
near the substrate, and thus reduce the ion-to-metal-flux ratio,
Ji/JMe, on the growing film, see Figure 3.3. A positive field
leads to an increased fraction of electrons that escape the trap
over the target, and they are channeled towards the substrate.
This increases the plasma density close to the substrate and en-
hances the ion flux incident at the growing film. In this system,
the ion-to-metal-flux ratio, Ji/JMe, has been shown to vary with
Bext, without any significant effect on the ion energy, Ei. This
enables independent control of the ion flux and the ion energy,
meaning that it is possible to control the degree of unbalancing
of the magnetron.

THE EFFECT OF SUBSTRATE BIAS VOLTAGE

Negative substrate bias voltages can be applied from an exter-
nal power source, and the growing film will then be subjected to
positive ion bombardment. Other energetic particles, such as sec-
ondary electrons, ions that have been reflected from the sputter-
ing target and are now neutrals, and photons are also irradiating
on the growing film.

By introducing a bias voltage, the electric fields near the sub-
strate are modified in order to vary the energy of the incident par-
ticles. The application of a bias voltage can change the film prop-
erties in several ways; it affects residual stresses, film morphol-
ogy, density, grain size and preferred crystallographic orienta-
tion; improves adhesion to the substrate; increases oxidation re-
sistance in optical films; enables control of magnetic anisotropy;
increases the probability for dopant incorporation; and enables
control of film composition, among other. 3,45

Applying a substrate bias voltage is an effective way of tailor-
ing film properties by quite simple means. When energetic par-
ticles bombard the substrate surface during film formation this
leads to higher surface mobility of adatoms and elevated film
temperatures, which has consequences for atomic reactions and
interdiffusion rates, and is of special importance for amorphous
film formation.

For controlling the growth kinetics and the physical proper-
ties of thin films, low-energy (Ei<100 eV) ion bombardment has
been shown to be useful. 45

SPUTTER YIELD AMPLIFICATION

The term sputter yield amplification (SYA) was introduced by
Berg and Kartadjiev. 46 It is based on preferential resputtering of
lighter species during ion bombardment of alloys, leading to en-
hanced sputter yields of lighter elements as compared to the ele-
mental ones.

The sputter yield is defined as the number of atoms ejected
from the target surface per incident ion. 47 It is one of the most
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FIGURE 3.4: Illustration of how
an energetic Ar atom impinges
on a heavy Hf atom in the
growing film, recoils and re-
sputter a light Al atom on its
way out.

fundamental parameters of the sputtering process, but still not
all effects that contribute to the sputter yield are fully under-
stood. The sputter yield of an element increases with increasing
incident ion energy, but also increases with increasing mass and
d-shell filling of the incident ion. 48,49 Sputter yields for many el-
ements can be found in the literature, but the sputter yield for
an element can vary substantially if it is sputtered from a pure
elemental target or from an alloy. For the elements used in this
study (N and B excluded), the sputter yield at 300 eV Ar+ bom-
bardment is 0.65 for Al, 0.31 for Si, 0.33 for Ti, and 0.48 for Hf. 50

When sputtering from an alloy target, the initial bombard-
ment will cause the element with highest sputter yield to be re-
moved first. The target will then be enriched in the material with
lower sputter yield. At steady state, the composition of sputtered
species is equal to the target composition. 51

SYA describes the compositional enhancement of an element
with higher mass mh as compared to an element with lower mass
ml due to bombardment by ions with intermediate mass mint.
The films deposited in Paper V consist of elements with large
difference in mass (Hf = 178.5 amu, Al = 27 amu, and Si = 28 amu)
as compared with the mass of Ar = 40 amu.

Even though a 5%-N2/Ar gas mixture was used, single charge
Ar+ ions are the primary energetic species that hit the growing
film, which was shown by mass spectroscopy experiments car-
ried out under similar deposition conditions. 52 The Ar ions will
have energies:

Ei = eVs = e|(Vb − Vp)|, (3.1)

where e is the electron charge, Vp is the plasma potential, and Vb

is the applied substrate bias potential. The energy transfer from
an impinging Ar ion to the growing film will have a maximum
energy transfer for 180◦ backscattering collisions. If the ion col-
lides with a Hf atom, the energy transfer can be estimated as: 53

4 ·mHf ·mAr

(mHf +mAr)2
Ei. (3.2)
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This means that ∼0.6Ei is transferred to the Hf atom, and the
Ar ion is backscattered with an energy Eb ≈ 0.4Ei. If the Ar ion
instead collides with an Al or Si atom it will transfer about 96-
97% of its energy and is reflected with Eb ≈ 0.03-0.04Ei.

This extremely efficient energy transfer to lighter elements,
leads to resputtering of Al and Si as an Ar ion first collides with a
Hf atom in the film, is backscattered, and collides with an Al or Si
atom on the way out. However, the energy of the backscattered
ion, Eb, must be high enough for preferential resputtering of Al
and Si, but below the Hf sputtering threshold.

In Paper V this effect was used to vary the composition of
the films by changing the incoming ion energy, Ei. In addition,
it was discovered that the change in ion energy also affects the
Si bonding in the films, where Si in films grown with low ion
energy is mainly Si-Si or Si-Hf bonded, while higher ion energies
promotes Si-N bonding.

High power impulse magnetron sputtering - HIPIMS

High power impulse magnetron sputtering (HIPIMS), also called
HPPMS (high power pulsed magnetron sputtering), is a PVD
method similar to dc magnetron sputtering, from which it de-
veloped. In conventional dc magnetron sputtering, increased
ion flux can be achieved, as previously mentioned, by unbalanc-
ing the magnetrons, strengthening the magnetic field by exter-
nal coils, or by increasing the substrate bias voltage. Increasing
the substrate bias voltage will, however, mainly increase the ion
energy which can lead to undesired implantation of sputter gas
ions.

Another option would be to increase the number density of
ionized particles in the plasma, as most of the sputtered material
in conventional dc magnetron sputtering is neutrals. Ionization
could, basically, be increased by increasing the power density
to the target and thereby increase the plasma density and ion-
ize more of the sputtered material, but this would also lead to
target melting, or the need for extreme cooling. The idea to in-
stead apply very short high-power pulses to the target was inves-
tigated by several groups of researchers during the 1990s, 54,55,56

but the final breakthrough came with the paper by Kouznetsov
et al., published in 1999. 57

By applying short pulses, typically 5-200 μs, with frequencies
ranging from tens of Hz to several kHz and power densities in
the kW/cm2-regime, dense and highly ionized plasma is gener-
ated in front of the target. 58,59,60 To keep the target temperature
down, the duty cycles are low, i.e. the pulse time in relation to
the cycle time is only a few percent. This leads to a low aver-
age power to the target, similar to the case for conventional dc
magnetron sputtering.
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The electron density is in the range of 1018-1019 m−3, which
is 2-4 orders of magnitude higher than for conventional dc mag-
netron sputtering, 61,62 leading to a reduction of the mean ioniza-
tion distance from typically 50 cm in conventional dc magnetron
sputtering 63 to only a few cm, thus increasing the probability of
ionization of the sputtered species. 64,65 The degree of ionization
depends on the discharge characteristics, but also on the target
material itself, and values from ∼5% for C to 90% for Ti has been
reported. 58,66

HIPIMS has been shown to have a number of merits over
conventional dc magnetron sputtering, including increased film
density, 66,67,68 due to the increased adatom mobility on the sub-
strate.

In addition, the lack of target poisoning is an attractive advan-
tage of HIPIMS compared to dc magnetron sputtering. 69 Target
poisoning drastically reduces the deposition rate, and is a com-
mon problem during reactive sputtering, especially of metals. 70

It is not certain why target poisoning is unusual in HIPIMS, but
one explanation might be rarefaction of the reactive gas, i.e. the
gas is more dissociated during the HIPIMS pulse since the gas is
heated by energetic sputtered species. 71,72 Another explanation
is that a high erosion rate of the target, following the high power
loads, act as effective cleaning of the target, which in combination
with low plasma activity between the pulses prevents compound
formation at the target surface. 69,73

Another advantage of HIPIMS over conventional dc magne-
tron sputtering is that the high degree of ionization of the sput-
tered species make the process less affected by the limiting line-
of-sight deposition. The charged species in the plasma can be
steered by applying electrical and magnetic fields, making it pos-
sible to deposit homogeneous coatings of quite complex shaped
objects, to a much further extent than possible with dc magnetron
sputtering. 74

In comparison to cathodic arc evaporation, which also bene-
fits from the high degree of ionization, HIPIMS has the advan-
tage of producing coatings free from macroparticles, leading to a
much smoother surface and improved scratch resistance. 75,76

Some of the drawbacks of HIPIMS are the often mentioned
low deposition rates compared to conventional dc magnetron
sputtering for the same average target power. 60,73 It should, how-
ever, be noted that deposition rates compared to conventional dc
magnetron sputtering varies greatly, ranging from 15-120% de-
pending on the material, even though 25-35% are more typically
reported values. 60,76

The reasons behind the lower deposition rates is not fully un-
derstood, but one explanation is that metal ions are being at-
tracted back to the target. 77 These ions can participate in the sput-
tering process, but since the self-sputtering yield is typically low-
er than the sputter gas yield, 78 the deposition rate will be de-
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FIGURE 3.5: Schematic image
illustrating the arc evaporation
process.

creased. In addition, these ions are not available for film growth
since they are confined at the target side, further reducing the
growth rate. Other explanations include weakening of the mag-
netic confinement of the magnetron, 54,79 and a non-linear ener-
getic dependence of the sputter yield to the deposition rate. 80 In
conventional dc magnetron sputtering the process operates un-
der conditions where the sputter yield has an almost linear re-
lationship to the ion energy of the impinging ions. The higher
cathode voltages typically used in HIPIMS may push the process
into a non-linear regime, so that a power increase will not lead to
corresponding increased sputter yield.

In Paper IV (TiB2)1−xSixN thin films were deposited reactively
in a hybrid coating system by operating the TiB2 target in HIP-
IMS mode, and the elemental Si target in conventional dc mag-
netron sputtering mode. To our knowledge, this is the first report
on TiB2-targets operated in HIPIMS mode.

Cathodic arc evaporation

As already stated; in evaporation techniques the atoms are re-
moved by thermal means. Both evaporation and sputtering tech-
niques derive from the mid-nineteenth century. The develop-
ment of better vacuum-pumping equipment and heating sources,
spurred the process of evaporation techniques, even though sput-
tering was also used on an industrial scale meanwhile. 3 Until the
late 1960s, evaporation was the preferred deposition technique,
due to high deposition rates, good vacuum, and the possibility
to deposit all kind of materials.

In arc evaporation a discharge between two electrodes is used
to melt and evaporate the material. The cathode corresponds to
the target in sputtering, and consists of the material that will be
deposited. The high current, low voltage discharge melts a small
spot on the cathode surface creating a plasma discharge. A cur-
rent flows from the small spot, the so-called cathode spot. At
the local spot the temperature is high enough to melt the target
material and neutral atoms, electrons, and ions, are evaporated.
There can be one or more active arc spots on the cathode surface,
but due to heating of the cathode at the local spot, the resistivity
increases. If several spots are active at the same time, the newer
spot will be preferred due to its lower resistance.

To start the process the arc has to be ignited. A common way
is to let a mechanical trigger create a short circuit on the cathode
side which gives a short, high-voltage pulse. Since the cathode
and the anode are largely separated in the system, a conductive
ionized gas, a so-called plasma, is created. The plasma make the
process self-sustained since the electrical current that flows be-
tween the cathode and the anode is transported by the plasma. 81

The electrons are attracted by the electric field, and they col-
lide with evaporated atoms and ionize them. The ions are then
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FIGURE 3.6: a) Schematic im-
age of an industrial cathodic
arc evaporation system with b)
corresponding photograph of
the system used in Paper I and
Paper III.

transported to the substrate surface where they condensate to
form the growing film. Figure 3.5 shows a schematic illustration
of the arc process.

In contrast to the case in magnetron sputtering, the plasma
is highly ionized in arc evaporation. Close to the cathode spots
the degree of ionization is nearly 100%. 81 The plasma can be ma-
nipulated using electric and magnetic fields. 82 This can be used
to change the stoichiometry of the films when growing from a
compound or alloy target, since different elements have differ-
ent degree of ionization. Ions with high degree of ionization will
impinge on the film surface with higher energy, thus penetrating
deeper into the film and cause preferential re-sputtering of light
elements in the growing film. A high degree of ionization also
provides high deposition rates, which makes it possible to grow
dense films with good adhesion. 83

In the same way as in reactive magnetron sputtering, reactive
cathodic arc evaporation can be performed by introducing a reac-
tive gas into the chamber. Light elements like carbon, oxygen or
nitrogen are often introduced in the gas phase, but they can also
be introduced via the cathode. 84 Compound and alloy cathodes
can be used to control and vary the composition of the films.

In industrial arc evaporation systems, there is usually room
for several cathodes. Figure 3.6 shows a schematic illustration
of the industrial system used in Paper I and Paper III. In this
system, cathodes can be placed both left and right of the chamber
door, but also on the door itself. The substrates are mounted on
a rotating drum in the center of the system.

By using cathodes of different composition, and aligning them
vertically on the wall of the deposition chamber, it is possible to
achieve variations in the film compositions depending on the po-
sition of the substrates in relation to the cathodes. By arranging
the cathodes vertically, the plasma generated from each cathode
will partly overlap. This can be used to grow films with a wide
range of compositions during one deposition. But if the drum
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holding the substrates is rotating, this can cause compositional
modulation that is visible as layering in the films. This layering
effect was seen in both Paper I and Paper III. This effect is de-
scribed in detail by Eriksson et al. 85

When the material is melted and evaporated, larger particles,
so-called droplets, are ejected. These droplets are incorporated
in the growing film. The droplets hinder the growing film, and
they can serve as nucleation sites for differently shaped grains
that can grow large in size. The presence of these macroparticles
increases the surface roughness. In Paper I a regular amount of
droplets were observed in the Ti-Al-Si-N coatings. The Ti-B-Si-N
and Ti-B-Al-Si-N coatings in Paper III, on the other hand, were
surprisingly featureless. A few droplets were observed, but to a
much lesser extent than what is usual for many arc evaporated
coatings. The same was observed by Knotek et al. in a study
where they evaluated the arc evaporation behavior, and result-
ing coating properties, of TiB2 cathodes with different manufac-
turing characteristics. 86

Plasma characterization

To control the growth of thin films there are several process pa-
rameters that have to be monitored, among which the most im-
portant ones include the ion energy, ion flux, and the substrate
temperature.

In this work, electrostatic probes were used to determine the
characteristics of the plasma, and changes in ion energy, Ei, and
the ion-to-metal flux ratio, Ji/JMe, with respect to the substrate
bias voltage, Vb, and applied magnetic field strength, Bext, were
investigated. Thermal probes were used to determine the sub-
strate temperature, Ts.

The basic operation principles and theoretical considerations
of these probes are discussed below.

ELECTROSTATIC PROBES

A magnetron glow discharge can be described as a region of rel-
atively low temperature and low pressure gas. 87 In a homoge-
neous plasma, the number of particles that crosses a unit area
per unit time is given by: 88

Γ =
1

4
nv̄, (3.3)

where n is the particle number density, and v̄ is the mean particle
speed. We assume that we only have single charged ions (this is
most likely not the case for the deposition with HIPIMS in Paper
IV, but a valid approximation for the case in Paper V). In addition
we assume that the number density of electrons is approximately
the same as the number density of ions, ne ≈ ni, and that the elec-
tron temperature, Te, and ion temperature, Ti, are comparable in
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FIGURE 3.7: Real experimen-
tal data showing typical I-V
characteristics for a Langmuir
probe, with the ion and elec-
tron saturation regions, and
the electron retarding field,
indicated in the figure.

size. Since electrons are much lighter than ions, the mobility of
electrons is much higher (at least 100x). If we insert a probe with
area A in the plasma, so that the plasma remains unperturbed,
the electric current I drawn through the probe would then be
dominated by electrons:

I = −eA(
1

4
niv̄i − 1

4
nev̄e) ≈ 1

4
eAnev̄e. (3.4)

This gives the plasma a small positive potential and it is said to
be in a quasineutral state. 89 The electric potential in the plasma,
without any probe, is denoted Vp.

The high velocity of the electrons creates a charge-depleted
zone close to any surface facing the plasma. This zone is called
dark space, and for typical magnetron sputtering conditions the
thickness of the dark space is of the order of mm. 89 The ions that
are transported through the plasma are accelerated towards the
substrate at the edge of the dark space, and if their mean-free
path is larger than the width of the dark space, the energy Ei of
the ions impinging of the film surface can be determined using
Equation 3.1:

Ei = eVs = e|(Vb − Vp)|,
In order to estimate the ion flux, it is necessary to know the ion
number density, ni (or the electron number density since ne ≈
ni), and the electron energy distribution function f(E). The en-
ergy distribution function in conventional dc glow discharges is
assumed to be of Maxwellian form, and it is then possible to ap-
proximate f(E) to a value of the electron temperature, Te.

Electrostatic probes are usually the best instruments for mea-
suring and characterizing the plasma and determine values of Te
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and also Vp. The electrodes have to be small in order to minimize
perturbation of the plasma during measurement.

In this work, single-probe electrodes were biased relative to
a larger reference electrode (the discharge anode). Two different
types of probes were used, here described for the measurements
in Paper V, but a similar setup was used also in Paper II.

The first one, a so-called Langmuir probe, consists of a 2-mm-
long, 0.4-mm-diameter cylindrical tungsten probe mounted in a
ceramic tube, placed approximately 5 mm above the regular sub-
strate position, whereas the second one was a planar probe. The
planar probe is a 6-mm-diameter stainless-steel disc mounted in
the center of a specially designed substrate holder. The planar
probe was placed in the regular substrate position facing the tar-
get and was electrically isolated from the surrounding holder
plate by a gap of 0.25 mm.

The operation principle is simple; a voltage, Vpr , is applied to
the probe with respect to the anode. The total probe current, Ipr
is measured, and so-called I-V curves are recorded. Figure 3.7
shows a typical I-V curve measured for a Hf0.6Al0.2Si0.2-target
in Paper V. The curve can be divided into three parts: 90

1. Vpr < Vf . This is the ion saturation region. Towards more
negative probe potentials, the total current is increasing
part ion current until only ions are collected and the ion
saturation current is reached.

2. Vpr < Vp. This region is called the electron retarding field,
and the probe is negative with respect to the plasma. Here,
electrons are repelled according to the Boltzmann relation,
until Vpr = Vf , where the total probe current is zero. At
this potential, the so-called floating potential, an insulating
probe which cannot draw current will float.

3. When Vpr > Vp the electron saturation region is reached.
The total current is increasingly electron current with in-
creasing probe potential. Eventually the electron current
cannot increase any more, since all arriving electrons are
collected by the probe. At Vpr = Vp, the probe is at the
same potential as the plasma and it mainly draws current
from electrons since they are more mobile than ions.

The total probe current, Ipr , is a sum of the electron current Ie
and the ion current Ii:

Ipr = Ie + Ii. (3.5)

In an ideal case, the ion and electron saturations currents, I∗i and
I∗e , respectively, can be written as:

I∗i,e =
eni,eA

4

√
8kBTi,e

πMi,e
, (3.6)
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FIGURE 3.8: The plasma po-
tential, Vp, and the electron
saturation current, I∗e are de-
termined using the tangent
method. The electron temper-
ature, Te, is determined using
the slope of the linear part of
the ln Ipr-curve.

where e is the electron charge, kB is the Boltzmann constant, A is
the probe area and Mi,e are the ion and electron masses, respec-
tively. The expressions can be used to determine ni and ne after
measuring the ion and electron saturation currents. The problem,
however, is that the ion saturation current, I∗i cannot be directly
determined from the I-V curves, so first I∗i has to be determined
using an alternative procedure (see below).

The I-V curves can, however, be used to determine the elec-
tron temperature, Te. To do that, the electron retarding field is
used. Here, the probe potential is negative with respect to the
plasma potential which means that the ion current has the value
I∗i . Only those electrons that have energies high enough to over-
come the potential difference Vpr − Vp are collected, according
to:

Ie = Ipr − I∗i = I∗e exp

(
−e

Vpr − Vp

kBTe

)
(3.7)

By this, the electron temperature can be calculated from the slope
of the linear part of the dependence ln(Ie) on Vpr . Equation 3.7
also allows for determination of the plasma potential, Vp, and the
electron saturation current, I∗e , by the so-called tangent method.
The interception point of the tangent to the slopes give ln I∗e and
Vp, see Figure 3.8.

To determine I∗i , the recorded data from the ion saturation
region can be used in the method of Laframboise, where a the-
oretical dependence between Ipr and I∗i is used, followed by an
iterative procedure to determine I∗i and Te. 91 Another option is
to use a planar probe, which was used in this thesis.

The planar probe measures the actual current densities reach-
ing the substrate. 92 The measured current, Ipr , is used to calcu-
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late the ion flux Ji, i.e. the ion current drawn through the probe,
by dividing the measured current, Ipr , with the electron electric
charge, the probe area, and the deposition time, t, according to:

Ji =
Ni

At
=

Ipr
eAt

. (3.8)

Using the deposition rate, r, the density of the film, ρ, and the
molar mass, M of the metal atoms, the metal atom flux, JMe, can
be determined by:

JMe =
NMe

At
=

ρNAr

M
, (3.9)

where NA is the Avogadro constant. NMe can also be taken from
RBS measurements, which was done in Paper V. Using Equa-
tions 3.8 and 3.9, the ion-to-metal flux ratio can be calculated:

Ji/JMe =
IprM

ρNAreAt
. (3.10)

TEMPERATURE MEASUREMENTS

The substrate temperature is of profound importance for the film
growth and resulting film properties. The temperature at the
substrate is a combination of the plasma heating and the applied
external heating. The resulting temperature at the substrate is af-
fected also by the thermal conductivity of the substrate material
itself. In this work, the substrate temperature has been measured
by a combination of thermocouples and pyrometers.

Thermocouple

For measurement of the substrate temperature, the thermocouple
is placed on top of a dummy sample and mounted in the regular
substrate position, see Figure 3.9.

The operation principle of a thermocouple is based on the
thermoelectric effect, or the so-called Seebeck effect. A conduc-
tor that is subjected to a thermal gradient generates a voltage.
To measure the voltage, another conductor has to be connected
to the wire that experiences the thermal gradient. This second
conductor will, of course, also experience a thermal gradient and
generate a voltage opposite to the first one. By using wires of
different material, giving rise to slightly different voltages, it is
possible to measure the voltage difference generated by the two
wires.

For most measurements, it is enough to assume that the out-
put voltage increases linearly with the temperature difference,
ΔT , but for more accurate measurements and measurements out-
side the range where linearity applies (depending on the thermo-
couple type), the non-linearity must be corrected for. Correction

2 5



M E T H O D S F O R T H I N F I L M S Y N T H E S I S

FIGURE 3.9: A thermocou-
ple mounted in the substrate
holder for temperature mea-
surements in Paper V.

coefficients can be found online from National Institute of Stan-
dards and Technology (NIST). 93

A thermocouple for use in deposition systems is a rather sim-
ple construction, basically just two wires that are spark welded
together in a so-called hot junction or thermocouple junction.
The two wires are then connected to a voltmeter outside the cham-
ber where the voltage difference is recorded and translated into
a temperature.

In this work a 0.51-mm-diameter K-type thermocouple was
used, in which the wires are chromel (90% nickel and 10% chro-
mium) and alumel (95% nickel, 2% manganese, 2% aluminum
and 1% silicon). The K-type is a very common thermocouple
since it can measure over a wide range of temperatures from -
200 ◦C to +1250 ◦C.

Pyrometer

A pyrometer is a non-conducting device that translates the ther-
mal radiation from an object into a temperature. This give py-
rometers a great advantage in that they do not require contact
with the object they are measuring. Pyrometers consist of an op-
tical system and a detector. The measured temperature is related
to the thermal radiation or irradiance j� of the object, according
to the Stefan-Boltzmann law:

j� = εσT 4, (3.11)

where ε is the emissivity of the object, σ is a proportionality con-
stant (the Stefan-Boltzmann constant), and T is the temperature.
Single wavelength pyrometers can operate over a wide range of
temperatures, but require knowledge of the sample’s emissivity.

There are also dual wavelength pyrometers, also called ra-
tio pyrometers. They detect the emitted energy at two different
wavelengths and calculates the temperature based on the ratio of
the two values. This is called two-color technique, and give reli-
able values even if the signal is weakened by dust or dirty glass
lenses along the sight path.

The dual wavelength pyrometers assume that the emissivity
is the same at both wavelengths, known as the gray body as-
sumption. Dual wavelength pyrometers became very popular
when they were introduced to the market, and it was later real-
ized that the gray body assumption does not apply for all mate-
rials, which causes measurement errors.

Today, there are also multi-wavelength pyrometers available,
that more accurately can measure the temperature of objects with
changing or unknown emissivities. 94

A major drawback with pyrometers is that most of them do
not work well at temperatures <600 ◦C. The substrate temper-
ature Ts in most of the studies in this work has been kept at
∼400 ◦C, and pyrometers have been used together with thermo-
couples to control the temperature settings.
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The properties of solid materials are closely related to how the
atoms are arranged, which in turn is primarily determined by the
bonds that hold the atoms together. Bonds are generally divided
into two groups: strong primary bonds such as ionic, metallic
and covalent bonds, and weaker secondary bonds such as van
der Waals bonds and hydrogen bonds.

For ceramics, three factors are decisive for the structure. 12 The
first one is the stoichiometry, which limits the type of structure
the atoms can assume by the demand that the sum of all charges
must be zero.

The second factor is the cation to anion radius ratio. The low-
est energy state is attained if the ions maximize their attraction
at the same time as the repulsions are minimized. Since the neg-
atively charged anions generally are larger than the positively
charged cations, the structure is determined by the largest num-
ber of anions that is possible to pack around the cations without
any cations or anions touching. The ratio is given by rc/ra, where
rc and ra are the cation and anion radii, respectively. The critical
ratio varies with coordination number. To predict the structure,
the size of the ions must be known. It is possible to determine the
distance between atoms by x-ray diffraction, but for ions it is of
course almost impossible to determine where one ion ends and
the other begins. 2 There are a number of compilations of atomic
and ionic radii available, where the atomic radii for the elements
of relevance in this work are rHf=1.55 Å, rTi=1.40 Å, rAl=1.25 Å,
rSi=1.10 Å, rB=0.85 Å, and rN=0.65 Å, given by Slater. 95

Finally, the third factor is a measure of the likelihood for co-
valency and tetrahedral coordination. Some compounds crystal-
lize in tetrahedrally coordinated structures such as zinc-blende
or wurtzite even though the radius ratio suggests otherwise. This
typically happens in structures where the covalent character of
the bond is enhanced or in structures that favor sp3-hybridization,
such as Si, Ge, and C. 12

Figure 4.1 shows the chemical bonding for some common hard
materials. Bonding in TiN, HfN and TiB2 are characterized by
their metallic bonding, whereas Si3N4, BN and AlN exhibit more
covalent type of bonding. However, the division can not be made
razor sharp, since transition metal nitrides involves simultane-
ous contributions of metallic, covalent and ionic bonding, 96,97

and no ceramics are purely covalently or ionically bonded. 12
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FIGURE 4.1: Hard materials,
classified after chemical bond-
ing, adapted from Mayrhofer
et al. 98

Bonding types

IONIC BONDING

Ionic bonding is formed in materials with charged particles, whe-
re the electrostatic interaction between the positive cations and
negative anions holds the solid together. In the most simple mod-
el of ionic solids the ions are considered as impenetrable charged
spheres. The solid are held together by the electrostatic attraction
between spheres with negative and positive charge. 2,99 Gener-
ally, ionic bonds form between metallic elements and non-metals.
There is always a range of mixed bonding going from ionic bond-
ing to covalent bonding, except for homopolar bonds which are
purely covalent (e.g. H2). Covalent bonding only occurs if ionic
bonding is unfavorable.

COVALENT BONDING

The covalent type of bonding is characterized by the sharing of
electron pairs between atoms, and there is a stable balance of at-
tractive and repulse forces between the atoms. 12 The electronic
distribution it not very different from metallic bonding, except
there are no partially filled bands, and that the distribution of
electronic densities are not uniform and not fully delocalized. 99

Covalent bonds are usually formed by two electrons, one from
each atom, that is connected through the bond. The electrons are
localized in the region between the two atoms instead of being
close to their own nuclei.
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As previously mentioned, elements like Si, Ge, and C have
strong covalent tendencies. Ceramics which are predominantly
covalently bonded, like silicon nitride in this work, are composed
of Si atoms that are simultaneously bonded to four N atoms in
a tetrahedral arrangement. The ground state configuration of
Si is 3p2 which suggests that only two primary bonds should
form. This is, however, not the case and is explained by the
hybridization between s and p orbitals. In Si the s-orbital can
hybridize with one p-orbital forming an sp-orbital, with two p-
orbitals forming a trigonal sp2-orbital, or hybridize with all three
p-orbitals and form a tetrahedral sp3-orbital. Each one of the or-
bitals belong to one electron, making it possible for every Si atom
to bond to four other atoms in the sp3-configuration. 12 The same
type of hybridization occurs in BN where h-BN and r-BN are sp2-
hybridized, whereas c-BN and w-BN are sp3-hybridized. 100,101,102

METALLIC BONDING

The last type of primary bonds are the metallic ones, which are
formed due to attractive forces between positively charged metal
ions and negatively charged fully delocalized electrons. In met-
als and solids characterized by metallic bonding there is quite a
large number of electrons that are free to move (1-2 per atom). 2

They are called conduction electrons and are gathered in an elec-
tron cloud that moves freely across the material. One could con-
sider the metallic bonding as a covalent bond that has expanded
until the density of electrons covers the interstitial regions and
there is band overlap in k-space. 99 In the transition metals, such
as Ti and Hf, there is additional binding contributions from inner
electron shells present, and their large d-electron shells lead to
high binding energies. 2 Metals and ceramics with metallic bind-
ing tend to crystallize in close-packed structures such as hcp, bcc,
and fcc.

Bonding and properties

The type of bonding strongly influences material properties. A
solid with strong bonds, like ionic ones, have high melting points,
exhibit high stability, but are also brittle and poor electrical and
thermal conductors. 12,103 The covalent bond is also strong, com-
parable to the ionic one, 2 and have strong directional properties.
Covalently bonded solids are not as good insulators as ionic ones
and as thin film materials they are characterized by high hard-
ness, high strength, but poor adhesion to the substrate. 98 Increas-
ing the covalent character reduces the number of bonds that have
to be broken during melting, which reduces the melting point.
However, this is also dependent on the melt structure, where for
example many polymers do not require bond breaking for melt-
ing, which in reality means low melting points despite the high
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FIGURE 4.2: NaCl-structure of
TiN/HfN where Ti or Hf atoms
occupy octahedral sites, coor-
dinating six N atoms.

degree of covalency. Some covalent ceramics to not melt, but de-
compose at high temperatures. 12 Metallic bonded materials have
high ductility, good adhesion when applied as coatings or thin
films, but suffer from lower hardness. 98

Mayrhofer et al. 98 showed that transition metals nitrides (TaN,
TiN, and HfN) have covalent components between the transition
metal and nitrogen, whereas for TiB2 the main covalent compo-
nent is between the B atoms. AlN also has covalent components
between Al and N, but shows no metallic components at all.

In addition to the strong primary bonds described here, also
other type of bonds play a major role for the properties of solids.
In h-BN the structure is primarily covalent within the atomic
planes (B and N are covalently bonded) while the layers are held
together by weak van der Waals bonds. This causes anisotropy of
most properties of h-BN, where for example hardness and electri-
cal and thermal conductivity are much higher within the planes
than perpendicular to them.

Binary parent compounds

TITANIUM NITRIDE

TiN is one of the most well known and most studied thin film
materials, and it has been commercially available as a wear re-
sistant coating on cutting tools since the 1970s. Despite the de-
velopment of coatings with improved properties, e.g., better ox-
idation resistance and higher hardness, TiN is still common. It
can also be found in a variety of other applications, e.g., as a dif-
fusion barrier, 104,105 and for decorative purposes. 106 TiNx is ther-
modynamically stable over a wide range, 0.6<x<1.2. 96,107 Thin
film TiN has a reported hardness value ranging from ∼20 GPa for
single-crystal films 108 to 26-30 GPa for polycrystalline ones. 109,110

A drawback with TiN is that it starts to oxidize at ∼550 ◦C, which
limits the use for high-temperature applications. 111,112

Ti and N form a compound with rock-salt structure (often also
called NaCl) with Strukturbericht designation B1 and unit cell
parameter a=4.24 Å. 113 The rock-salt structure can be described
as two fcc Bravais lattices where one is filled with nitrogen atoms
and the other with metal atoms, offset by a/2. In the structure,
pictured in Figure 4.2, the metal atoms occupy the octahedral
sites, and each metal atom is coordinating six nitrogen atoms.

HAFNIUM NITRIDE

HfN is a much less studied binary nitride than TiN. It has been in-
vestigated for the use as a diffusion barrier, 114 and HfN is known
to be the most refractory of all known nitrides, with a melting
point of ∼3300 ◦C and hardness of 25 GPa. 115,116 HfNx forms
the rock-salt structure with 0.8<x<1.2. 117,118 For nitrogen substo-
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FIGURE 4.3: Wurtzite structure
of AlN where each Al atom
coordinates four N atoms and
vice versa.

ichiometry, HfN is an insulator with a bandgap of 2-3 eV. 119 Un-
der high temperature and high pressure conditions it is also pos-
sible to synthesize cubic Hf3N4 in the Th3P4-structure in which
the Hf atoms are eightfold coordinated with N. 120 HfN has a unit
cell parameter, a=4.53 Å. 121

ALUMINUM NITRIDE

Aluminium nitride is a wide band gap (6.2 eV) 122 semiconduc-
tor that is used in optical and microelectronic device applica-
tions. AlN is stable at high temperatures with a melting point
>2800 ◦C, but in air AlN oxidizes at 700 ◦C and forms a protec-
tive surface layer that is stable up to 1370 ◦C. 123 The hardness of
AlN is ∼20 GPa. 124,125

AlN forms the wurtzite structure which belongs to the hexag-
onal crystal family. In the wurtzite structure the atoms have
tetragonal coordination, and the tetrahedra are arranged in such
a way that each Al atom is bonded to four N atoms (and vice
versa) with equal bond lengths. The metal-to-nitrogen ratio has
to be close to unity. The wurtzite structure can be described as
two hexagonal close packed (hcp) lattices, one with metal atoms,
and one with nitrogen atoms, that are stacked on top of each
other, and one is displaced in relation to the other. The nitrogen
atoms are placed so that they occupy half of the available tetrahe-
dral sites in the metal atom lattice. The wurtzite structure of AlN
is shown in Figure 4.3. The unit cell parameters are: a=3.11 Å and
c=4.98 Å. 126

In addition, there is a metastable zinc-blende AlN phase, 127

as well as a metastable rock-salt AlN phase at high temperates
and high pressures. Rock-salt AlN has also been observed as an
intermediate phase during spinodal decomposition. 128 The zinc-
blende structure is cubic, and named after the mineral zincblende
(sphalerite) and is also called ZnS or B3 from its Strukturbericht
designation. In the same way as in the rock-salt structure, it can
be seen as consisting of two fcc lattices stacked on top of each
other, but shifted relative another. The atoms are tetrahedrally
coordinated, in the same way as in the wurtzite structure.

S ILICON NITRIDE

Silicon nitride is a hard ceramic that has an unusually high frac-
ture toughness. It is most used in high temperature applications
such as gas turbines, car engine parts, and bearings, but also on
cutting tools. Silicon nitride does not melt, but decomposes at
∼1850 ◦C. 129 The hardness of silicon nitride is much dependent
on both phase and synthesis technique. For amorphous Si3N4,
hardness values between 9-23 GPa have been reported, and a the-
orectical value as high as 31.5 GPa is predicted. 130 For the cubic
silicon nitride phase, a hardness of 35 GPa is reported. 131

3 1



B O N D I N G A N D C R Y S T A L S T R U C T U R E S

FIGURE 4.4: Network of sili-
con nitride tetrahedra in which
each Si atom coordinates four
N atoms and each N atom coor-
dinates three Si atoms.

Si and N form the stable compound Si3N4. The two most
common phases are the trigonal α-phase and the hexagonal β-
phase. 132 The cubic spinel γ-phase can only be synthesized un-
der high-pressure and high-temperature conditions. 133 In addi-
tion, Si3N4 also forms an amorphous polymorph. This is the
most common structure for Si3N4 thin films, due to the strong
covalent bonding between Si and N that suppresses crystalliza-
tion. 134

The building block in Si3N4 is based on the SiN4-tetrahedron.
The tetrahedra are arranged in such a way that every Si atom
coordinates four N atoms and every N atom coordinates three
Si atoms, see Figure 4.4. The tetrahedra are stacked so that they
form alternating layers of silicon and nitrogen with a sequence
ABAB for the hexagonal β-phase and ABCDABCD for the trig-
onal α-phase. The layers A and B are the same in both phases,
and the C and D planes are related to the layers A and B by
c-axis glide planes. The unit cell parameters are a=7.75 Å and
c=5.62 Å for the α-phase 135 and a=7.61 Å and c=2.91 Å for the
β-phase. 135

In the cubic spinel-type γ-Si3N4 the silicon atoms are both
four-and six-fold coordinated with nitrogen, so that two silicon
atoms coordinate six nitrogen atoms octahedrally, and one sili-
con atom coordinates four nitrogen atoms tetrahedrally. To re-
flect this relationship an alternative notation, Si[Si2N4], has been
suggested. The unit cell parameter is a=7.80±0.08 Å. 133

TITANIUM BORIDE

The most technologically important Ti-B compound is titanium
diboride, TiB2. It has attracted much interest as a wear-resistant
coating due to its high hardness, 33 GPa, 136,137 but is also used
as a base material for cutting tool inserts. It has a high melting
temperature (∼3200 ◦C), high thermal conductivity and is resis-
tant to oxidation in air up to 1100 ◦C. 138 TiB2 is also used in the
aluminum industry as a grain refiner, since it has low solubility
in molten aluminum. 139

In TiB2, Ti and B form in a hexagonal close packed (hcp) struc-
ture, the so-called AlB2-structure, where the B-atoms form graph-
itic like sheets with alternating layers of Ti, see Figure 4.5. The ba-
sis is a tetrahedra where each Ti atom coordinates three B atoms.
The unit cell parameters are a=3.03 Å, and c=3.23 Å. 140 Other
possible crystal structures for Ti-B has also been reported: or-
thorombic TiB (FeB-type), 141 orthorombic Ti3B4 (Ta3B4-type), 142

and cubic TiB (NaCl-type). 143

ALUMINUM BORIDE

Aluminum boride includes two compounds – AlB2 (aluminium
diboride) and AlB12 (aluminium dodecaboride). Aluminium di-
boride forms in the same hexagonal close packed structure as
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FIGURE 4.5: AlB2-structure
with alternating layers of B and
Al or Ti.

FIGURE 4.6: Hexagonal BN
structure with mixed B and N
layers stacked so that each B
is on top of a N atom and vice
versa.

TiB2. AlB12 is used instead of diamond dust in grinding oper-
ations. Aluminium diboride on the other hand is considered to
be hazardous since it reacts with acids and hydrogen gas to pro-
duce toxic gases, e.g. borane. The unit cell parameter for AlB2 is
a=3.00 Å, and c=3.25 Å. 144

The exact number of crystalline forms of AlB12 is not certain.
The low temperature modification is the tetragonal α-phase. In
addition, AlB10, β-AlB12, and γ-AlB12 have been reported, but
there has been a debate on whether these structures are stable
or not. 139 Nevertheless, the structures are very similar to the B12

and B20 units, that builds up a three-dimensional network. 145

BORON NITRIDE

Boron nitride exists in several different polymorphs, with funda-
mentally different properties, and thus different areas of appli-
cation. The most stable structure is the hexagonal form, α-BN
or h-BN, which is similar to graphite. It is the softest of all BN
polymorphs and is used as a lubricant. The lubricating proper-
ties of BN is not reliant on water or gas molecules being trapped
in the structure, and therefore it can be used as a lubricant also in
vacuum. In addition, h-BN also has widespread use in cosmetic
products. 146

The hexagonal structure consists of mixed B and N layers,
where the atoms within each layer are bound by strong cova-
lent bonds, while the layers are held together by weaker van der
Waals bonds. 100 The layers are stacked in such a way that each B
atom is on top of a N atom, and vice versa. The unit cell param-
eters for h-BN are a=2.55 Å, and c=4.22 Å. 147

The other thermodynamically stable phase of BN is the cubic
phase, c-BN or β-BN, which is formed in the zinc-blende struc-
ture. Due to its similarity with diamond, c-BN exhibits extreme
hardness, 148 but shows superior thermal and chemical stability
properties compared to diamond. Cubic BN is produced by treat-
ing h-BN at high temperatures and high pressures. Thanks to the
excellent thermal and chemical stability c-BN is widely used for
high-temperature equipment, including cutting tool inserts.

There is also a rare wurtzite structure of BN (γ-BN or w-BN),
which also is synthesized from h-BN at high temperatures and
high pressures. 102 In both c-BN and w-BN the B and N atoms
are grouped into tetrahedra. During synthesis of w-BN, the basal
planes split into two planes, one containing B atoms and one con-
taining N atoms.

Rhombohedral BN (r-BN) is sp2-bonded, 149 but has a stacking
sequence of three layers instead of two as for h-BN. BN can also
form in less-defined structures including amorphous, 150,151,152 full-
erene-like, 153,154,155 and a turbostratic polymorph 156,157 that was
observed in Paper II.
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M E T A S T A B L E P H A S E S

The thin films in this work are metastable. Metastability refers to
a state where the system is locally stable and might be unaffected
by small fluctuations (like variations in temperature and/or pres-
sure), but where a global minimum in free energy exist, at which
the system is in equilibrium. An illustration of this can be found
in Figure 5.1. At point A, the system is at a local minimum. If
the system can overcome the energy barrier at B it can achieve its
most energetically favorable state at position C, where the global
minimum is.

This can also be realized for an alloy system by studying the
free energy diagram for a hypothetical alloy, A1−xBx, shown in
Figure 5.2. To construct these diagrams one draws the molar free
energy curves for each phase, α, and β. Since there are variations
in entropy and in electronic binding energy that vary with com-
position, also the molar free energy will vary. From the curve it is
fairly straight-forward to see that for an A-rich alloy the α-phase
will have lowest free energy, and for a B-rich alloy the β phase
is most favorable. In the region near point Z, the total energy
might be minimized if the atoms separate into two phases. For
this separation, or decomposition, to take place the atoms need to
diffuse over considerable distances, and this will only happen at
high enough temperatures, even if there are no other barriers for
separation. The low deposition temperatures employed in PVD
techniques make it possible to deposit metastable alloys far from
thermodynamical equilibrium conditions.

Nucleation and growth

In solid materials, most phase transformations are a result of
diffusional nucleation and growth. 158 For the hypothetical alloy
system in Figure 5.2, phase β at composition X could lower its
free energy if it could transform itself into phase α instead. This
transformation can occur and it begins by formation of small par-
ticles, nuclei, with different phase than that of the matrix that
surrounds them. The nuclei have to form interfaces to the ma-
trix phase. This requires energy, meaning that the energy gain
by reducing the system energy must be larger than the energy
needed for forming the interfaces. When the nuclei have reached
a critical size the gain in binding energy is larger than the loss in
surface energy and the nuclei will start to grow. Eventually, the
material will only consist of the lower-energy phase.

The nucleation process occurs during the most early stages
of phase change. For thin films, the nucleation process is of ut-
termost importance, since the grain structure that develops is
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FIGURE 5.1: Schematic illus-
tration of metastability. Point
A is a local minimum where
the system is in a metastable
state, whereas point C shows
a global minimum correspond-
ing to a stable configuration.
The energy barrier B must be
overcome to achieve the most
energetically favorable state.

FIGURE 5.2: Free energy dia-
gram of a hypothetical alloy
A1−xBx.

strongly influenced by what happens during film nucleation and
subsequent growth. 3

Nucleation occurs either homogeneously or heterogeneously.
Homogenous nucleation means that the nucleation occurs with-
out presence of any heterogeneities, whereas heterogeneous nu-
cleation start at heterogeneities, which can be, e.g., the walls of
the container, insoluble particles or free surfaces. 12 Heterogeneo-
us nucleation is most commonly occurring, but is not as well un-
derstood as homogenous nucleation.

HOMOGENEOUS NUCLEATION

The change in free energy per mole of a system is given by:

ΔG = ΔH − TΔS. (5.1)

where ΔH is the change in enthalpy, ΔS the change in entropy,
and T is the temperature. If we assume that a liquid is at its
melting point, T = Tm, the change in free energy that is associ-
ated with the transformation from solid-to-liquid is zero (ΔG=0),
the corresponding changes in enthalpy, ΔH , and entropy, ΔS, is
given by: 12

ΔS =
ΔH

Tm
. (5.2)

If the temperature is lower than Tm, the system will lower its
energy by forming a solid. The change in free energy for the
transformation is given by the difference in energy between the
supercooled liquid and the solid phase. If we assume that a small
supercooling does not influence the changes in the entropy and
enthalpy, it follows that: 12

ΔGv = ΔH − TΔS ≈ ΔH − T
ΔH

Tm
= ΔH

(
ΔT

Tm

)
, (5.3)

where ΔGv is the free-energy change of the transformation. This
means that the driving force for nucleation increases linearly with
increasing supercooling.

The energy changes that affect homogeneous nucleation in-
clude the volume free energy that is released as a result of the
liquid-to-solid transformation, the surface energy required for
formation of new surfaces, and the strain energy that results from
volume changes.

If we omit any strain effects, and assume that spherical nuclei
form in the liquid, with interfacial energy γ, and radius r, the
energy gained from their formation, is given by: 12

volume free energy = −4

3
πr3

ΔGv

Vm
= −4

3
πr3

ΔHf

Vm

(
ΔT

Tm

)
,

(5.4)
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FIGURE 5.3: Free energy
change vs. the radius of a
spherical nucleus in homo-
geneous nucleation.

where Vm is the molar volume of the solid phase. The energy
required for formation of the nuclei is given by:

surface energy = 4πr2γ. (5.5)

The sum of the volume free energy and the surface energy is
called the excess free-energy, and is a measure of the total energy
change in the system when a nucleus is formed. Since the en-
ergy that is needed for formation of new surfaces scales with r2,
whereas the volume energy term scales with r3, the excess free-
energy function goes through a maximum at a certain radius,
called the critical radius, rc. This means that when the radius
of a cluster is smaller than rc the energy of the system is locally
increased. These small clusters are more likely to dissolve, than
to grow. However, sometimes the clusters becomes large enough
and form a nucleus which has equal probability of growing or
decaying. 3,158

The rate of the homogenous nucleation is dependent on the
kinetic and thermodynamic barriers to nucleation. The latter is,
in turn, dependent on ΔGc, which is the energy barrier the sys-
tem has to overcome to form a nuclei, see Figure 5.3. ΔGc is
reduced as the supercooling increases, but at the same time the
atomic mobility is reduced, so that the thermodynamic barrier
goes through a maximum as a function of the supercooling. 158

The kinetic term is related to the frequency of successful atom
jumps across the nucleus-liquid interface, a parameter that, of
course, is difficult to measure. However, the frequency of suc-
cessful jumps is related to the viscosity, which was mentioned in
Chapter 2 as an important property of a glass, and is possible to
measure experimentally. 12

HETEROGENEOUS NUCLEATION

The other type of nucleation is the heterogeneous one, which is
much more common. The majority of nucleation is heteroge-
neous and occurs at defects such as the previously mentioned
container walls, but also at dislocations, interfaces or grains. This
is utilized in industry where insoluble particles are added to a
melt where they act as nucleation sites, and reduces the grain size
of the solid material. These sites are regions of higher free energy,
and they tend to reduce the interfacial energy, which means that
nucleation occurs at smaller supercoolings, where homogeneous
nucleation is unlikely.
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CRITERIA FOR GLASS FORMATION

For a liquid to solidify as a glass, a few criteria must be fulfilled. 12

These include:

- a low nucleation rate for the possible crystalline phase,

- a high viscosity near the melting point of the glass,

- and absence of nucleating heterogeneities.

Based on the first two criteria it has been experimentally shown
that the atom mobility, reflected in the viscosity at the melting
point, is the by far most important factor. 12

Thin film growth

Thin film growth is also a phase transformation, however, not a
liquid-to-solid one but a vapor-to-solid transformation. In thin
film growth, vaporized atoms condensate on an object and form
a solid film, involving a nucleation and growth process.

When the sputtered or evaporated species arrive at the sub-
strate, they move on the substrate surface and gather to form
small clusters or islands. These islands are more or less evenly
distributed over the surface. Impinging atoms are drawn to the
islands that grow larger and increase in density. The coalescence
of the islands decreases their density and creates uncovered ar-
eas on the substrate where nucleation can continue. 3 Finally the
islands merge into a film.

MICROSTRUCTURE EVOLUTION

The mobility of the adatoms on the surface determines the mi-
crostructure of the growing film. If the surface diffusivity is high,
the adatoms are able to travel greater distances and form large
grains. If the surface diffusivity is low, the adatoms will be trapp-
ed at low-energy lattice positions, creating many nucleation sites
at the substrate. These nucleation sites will grow individually
and form a columnar structured film. A way of illustrating the
effect of deposition parameters on the resulting structure is of-
ten done in a so-called structure zone diagram (SZD). These dia-
grams were developed for evaporation in 1969, 159 and for sput-
tering in 1974. 160 A diagram for plasma-based depositions was
presented more recently, 161 see Figure 5.4.

The structure zone diagram for plasma-based depositions de-
scribes the microstructure as a function of the generalized tem-
perature T �, the normalized energy E�, and the net film thick-
ness t�. The generalized temperature includes both the homolo-
gous temperature Th, which is the ratio of the substrate tempera-
ture Ts over the melting temperature Tm in K, and a temperature
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FIGURE 5.4: Structure zone
diagram for plasma-based thin
film deposition from Anders. 161

© 2010 Elsevier B.V. Reprinted
with permission.

shift that is caused by the potential energy of the particles arriv-
ing on the surface. The normalized energy E� describes the dis-
placement and heating effects that are caused by the kinetic en-
ergy of particles bombarding the surface, e.g., when the substrate
is biased. The net film thickness illustrates the microstructure of
the films as they grow, and also show the effect of densification
of the films, as well as possible ion etching.

The diagram suggested by Anders 161 is divided into four zon-
es, where zone 1 represents growth at low temperatures and low
energy. Here, the adatom mobility is low which favors growth of
textured porous films. Zone T is a transition zone, where the sur-
face diffusivity is improved compared with zone 1, but it is lim-
ited over grains boundaries, which lead to V-shaped grains. In
zone 2, the surface diffusivity is higher and not limited by grain
boundaries, thus leading to uniform columnar grain growth. Zo-
ne 3 involves high temperature and high energy, where bulk dif-
fusion is allowed and recrystallization and densification of large
grains occur.

The awake reader now realizes that amorphous films are not
represented in the SZD in Figure 5.4. This very well illustrates
that most interest in this field, until now, has been focused to-
wards crystalline thin films. Growth of amorphous films is highly
dependent on the deposition rate and the substrate temperature,
and in very general terms it can be said that high substrate tem-
peratures and low deposition rates is associated with large grains
or single crystals. And the other way around; low substrate tem-
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FIGURE 5.5: A simplified binary
phase diagram of a hypothetic
alloy A1−xBx with a deep eu-
tectic point.

peratures and high deposition rates yield polycrystalline or even
amorphous films.

According to most structure zone diagrams a necessary (but
not sufficient) condition for formation of amorphous phases is
that Th is smaller than 0.3. These films are expected to be porous,
but in this work I have shown that it is possible to grow amor-
phous films that also are dense.

FORMATION OF AMORPHOUS THIN FILMS

As already mentioned, for amorphous solids it becomes a pro-
found practical problem of realizing extremely fast cooling rates
(from 1 K/s for oxides to >106 K/s for elemental metals 158) for a
given volume. For thin films, fast cooling rates are not a con-
cern since the film condensate from the vapor phase. On the
other hand, for growing amorphous thin films, the atoms need
to be hindered from finding their equilibrium positions in the
lattice. This requires high deposition rates and low substrate
temperatures. Low substrate temperatures freezes the imping-
ing adatoms on the substrate and prevents them from diffusing
and finding equilibrium lattice sites. High deposition rates mean
that the atoms will not have time to move far on the substrate to
find such favored positions before yet another adatom arrives at
the surface. The atoms will thus be trapped in unfavorable po-
sitions and are covered in the growing film. There are ways to
affect the growth, not only by lowering the deposition tempera-
ture. Large doses of implanted ions on the growing film can also,
by momentum transfer, dissociate any emerging crystallites.

In general, the formation of amorphous phases is promoted in
alloy systems where: 162,163

1. The heat of mixing is strongly negative, hence in systems
with strong tendency for compound formation.

2. There are large differences (>10%) in atomic size.

3. The phase diagram contains deep eutectic points.

The trend is that the glass-forming ability tend to be larger for
binary materials than for elemental ones. The components in a
binary alloy hinder the mobility of each other, but this effect is
also attributed to the relation between the glass transition tem-
perature Tg , and the melting temperature Tm, as previously men-
tioned. Figure 5.5 shows a phase diagram for a binary system,
A1−xBx (0<x<1). For the alloy, the liquid is stabilized and the
melting point Tm is lowered as compared with the single-element
end points x=0 and x=1. There is a eutectic composition at x=0.5
at which the melting point Tm is minimized. Near the eutectic
composition, at point c in the figure, the liquid is much more
readily quenched to the glass phase than at a composition cor-
responding to point d, since the distance between Tm and Tg is
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FIGURE 5.6: Free energy curve
and corresponding phase dia-
gram for a system with immis-
cible components.

much larger at d than at c. The distance is even smaller at the
eutectic composition, meaning that this composition would be
favored for formation of amorphous solids.

SPINODAL DECOMPOSITION

Growth by PVD makes it possible to create systems where the
components normally are immiscible. It is even possible to create
systems where there is no free energy barrier for nucleation. Such
systems are stabilized only by diffusion barriers and are thermo-
dynamically unstable since any local compositional fluctuations
will be amplified if the films are exposed to high temperatures,
for example during annealing experiments or cutting operations.
This is called spinodal decomposition and means that there will
be areas in the film with different composition and also different
physical properties. For most crystalline solid solutions, a dif-
ference in composition comes with a variation in lattice parame-
ter, and in order to retain the lattice structure so-called coherency
strains are introduced in the material.

Figure 5.6 shows a free energy curve and corresponding phase
diagram for a system with immiscible components. Alloys within
the unstable, spinodal, region will undergo spinodal decomposi-
tion without any preceding nucleation. 164

AGE HARDENING

Age hardening is a hardening phenomenon that occurs when
precipitates form in a material, for example when it undergoes
phase decomposition during annealing. An example of this is
found during spinodal decomposition of TiAlN, 165 where cubic
TiAlN decomposes into c-TiN and c-AlN, and the later finally
into h-AlN. The first transformation is attributed to an increased
hardness that is lost when hexagonal AlN is formed.

The small particles, or precipitates, hinder defect formation
and dislocation movement in the material, leading to increased
hardness. If precipitates are present in the matrix, dislocations
will be arrested, go around, or cut right through them, which
is, irrespective of which, more difficult than traveling through
a homogeneous matrix. Introducing precipitates with the right
size in a material is a difficult process, and in the case of too little
diffusion – under aging – the particles will be to small to hinder
dislocations effectively. Too much diffusion will cause formation
of large precipitates that are dispersed and interact within most
dislocations.

An example of age hardening in this work is found in Paper
I, where initially x-ray amorphous (Ti0.26Al0.46Si0.28)N1.17 thin
films show a linear increase in hardness with increasing anneal-
ing temperature up to 1000 ◦C, due to formation of nanocrystals
in the films.
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Several different analysis techniques and instruments are needed
to determine the nature of a thin film. In this thesis a combina-
tion of x-ray diffraction (XRD), x-ray reflectivity (XRR), analyt-
ical transmission electron microscopy (TEM), scanning electron
microscopy (SEM), energy dispersive x-ray spectroscopy (EDX),
Rutherford backscattering spectrometry (RBS), elastic recoil de-
tection analysis (ERDA), x-ray photoelectron spectroscopy (XPS),
and nanoindentation, was used to determine composition, mi-
crostructure, and mechanical properties of the films.

X-ray diffraction

X-rays were detected by the German physicist Wilhelm Conrad
Röntgen in 1895, for which he was awarded the first Noble Prize
in Physics in 1901.

X-rays are electromagnetic waves with a wavelength of 0.01-
10 nm, which was discovered in 1912 by Max von Laue. This,
together with the discovery that atoms are periodically ordered
in crystals and that they can scatter x-rays, made him the Nobel
laureate in Physics in 1914. The wavelengths of x-rays are in the
same order of magnitude as the interatomic spacing in crystals
(0.15-0.4 nm), which make them suitable for characterization of
crystal structures. 166

X-ray diffraction (XRD) is a non-destructive technique that is
much used, since there is no need for complicated sample prepa-
ration, and the evaluation is often quick and straight-forward. It
is a versatile technique that can be used for characterization of
crystal structures, detection of phase transformations, measure-
ment of residual stress, thickness measurement, etc.

XRD is based on the principle of scattering. When x-rays en-
ter condensed matter they scatter in all directions, giving rise to
constructive and destructive interference. This phenomena was
first described by William Lawrence Bragg in 1912, which earned
him the Nobel Prize in Physics in 1915 (jointly awarded to him
and his father William Henry Bragg "for their service in the anal-
ysis of crystal structure by means of X-rays"). 167 The relationship is
called Bragg’s law:

2d sin θ = nλ, (6.1)

where d is the lattice plane distance, θ is the scattering angle, λ
the wavelength of the x-rays, and n is an integer. Bragg’s law
states an intensity maximum for an integer number of wave-
lengths, see also Figure 6.1. In the case of constructive interfer-
ence, intensities add up and show as peaks, while in destructive
interference x-rays cancel each other.

In an x-ray tube electrically charged particles are accelerated
towards an anode plate from where the x-rays are emitted. Com-
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FIGURE 6.1: Schematic illus-
tration of x-ray diffraction ac-
cording to Bragg’s law, Equa-
tion 6.1.

FIGURE 6.2: A typical diffrac-
togram showing Ti-Al-Si-N films
that are a) nanocrystalline,
and b) x-ray amorphous. Peaks
underneath the grey areas cor-
respond to the substrate.

mon anode materials are high purity metals such as copper, chro-
mium, or molybdenum. 166 Different elements give rise to slightly
different wavelengths. In this thesis, diffractometers with Cu-
anodes have been used exclusively. By using a Ni filter at the exit
of the x-ray tube, Cu Kβ-radiation is filtered out, and only Cu Kα

with a wavelength of 1.54 Å is left.
In symmetric θ− 2θ scans the incident beam angle changes at

half the rate of the outgoing beam, which gives peaks at charac-
teristic 2θ values, so-called Bragg angles. The incident and out-
going beams have equal angles with respect to the sample sur-
face, thus the scattering vector is always normal to the sample
surface, meaning that only reflections from lattice planes parallel
to the sample surface contribute to the peaks. Not only the peak
positions, but also the shape of the peaks can give valuable in-
formation. If the sample is textured, i.e., has preferred growth in
one specific lattice direction, it will change the relative height of
the peaks. Also, crystalline grain size affects the peak width and
it is possible to estimate the crystallite grain size using Scherrer’s
equation:

D =
Ksλ

β cos θ
, (6.2)

where D is the crystalline grain size, Ks is a geometrical shape
factor, λ the wavelength of the x-rays, β is the peak width (inte-
gral breadth or full width at half maximum (FWHM)), and θ is
the scattering angle. In Paper I, FWHM was used to calculate the
crystalline grain size. Small grain sizes will give broad and dif-
fuse peaks, and if the sample consist of randomly oriented crys-
tallites smaller than 2-5 nm, it may not be possible to detect them
due to severe peak broadening. A sample like that is regarded x-
ray amorphous. Figure 6.2 shows an example of a diffractogram
with a crystalline and an x-ray amorphous sample.

4 4



X - R AY D I F F R A C T I O N

FIGURE 6.3: Definition of
sample-related stress tensor
σij .

FIGURE 6.4: The rotation an-
gle Φ, and the tilt angle, Ψ,

for diffraction in the θ-2θ-
configuration.

STRESS MEASUREMENTS – THE sin2 Ψ-METHOD

X-ray diffraction can be used for measurement of residual stress
in coatings and thin films, which was done in Paper I.

The determination of stress (σ) is based on the measurement
of strain (ε), where the strain is a measure of the average amount
of elastic deformation, and is given by the difference in lattice
plane spacing (d) compared to the unstrained lattice spacing (d0):

ε =
d − d0

d0
. (6.3)

The relationship between stress and strain is given by Hooke’s
law 166,168

εij =
1 + ν

E
σij − δij

ν

E

∑
k

σkk , (6.4)

where E is the elastic modulus, and ν is Poisson’s ratio. See,
Figure 6.3 for definitions of the stress components for a thin film
on a substrate. The stress components, σij , i �= j , are the shear
components.

Using XRD, it is possible to measure the strain by rotating and
tilting the sample during measurement. Strain in the film will
introduce a shift in the lattice plane spacing, dΦΨ, that changes
with the tilt angle Ψ and the azimuth angle Φ (see Figure 6.4 for
definition of angles). The strain measured in the zz-direction, can
now be written as: 168

εΦΨ = (
1 + ν

E
)[(σxx cos

2 Φ+ σyy sin
2 Φ+ σxy sin 2Φ) sin

2 Ψ

+ (σxz cosΦ + σyz sinΦ) sin 2Ψ + σzzcos
2Ψ]

+ (
−ν

E
)(σxx + σyy) + σzz].

(6.5)

For thin films, it can be assumed that the stress state is biaxial.
This means that the strain is only in the in-plane direction, i.e.
parallel to the film-substrate interface. Due to symmetry along
the growth direction, the in-plane stress components can be sim-
plified to σxx=σyy=σ, and the out-of-plane componenet σzz=0.
Biaxial stress assumes zero shear stress components (σxy=σxz=
σyz=0), and that the stress has no dependence on the rotation an-
gle Φ. The strain can now be expressed as:

εΨ =
dΨ − d0

d0
=

1 + ν

E
σ sin2 Ψ− 2

ν

E
σ. (6.6)

The in-plane stress can either be compressive (σ < 0) or tensile
(σ > 0). A compressive stress means that there is a contraction of
the lattice plane spacing in the in-plane direction, while a tensile
stress means an elongation in the in-plane direction. Compres-
sive stress states are common for arc evaporated coatings grown
on cemented carbide substrates.
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By scanning Ψ over both positive and negative values for a se-
lected Bragg diffraction peak in the θ-2θ-configuration, the chan-
ges in lattice plane spacing, dΨ, can be recorded. High-angle
diffraction peaks give rise to larger peak shifts for different Ψ-
angles. Therefore it is recommended to use the highest possible
diffraction peak when recording the change in lattice plane spac-
ing. In some cases, e.g., for nanocrystalline materials, the high-
angle peak may have too low intensity to be accurately deter-
mined in position, and a low-angle peak must be chosen instead.
This was the case in Paper I, when the residual stress was de-
termined using the TiN (002) peak. Using a low-angle peak will
increase the error of the measurement.

Plotting dΨ vs. sin2 Ψ gives a linear relationship, where the
slope of the curve is equal to:

d0(1 + ν)

E
σ. (6.7)

In order to check for shear stress components (σxy , σxz , and σyz),
the sample is tilted to both positive and negative Ψ-angles. Non-
zero shear stress components will cause a split in the dΨ vs. sin2 Ψ
data, with different slopes for positive and negative Ψ-angles, re-
spectively.

The sin2 Ψ-method provides a simple and straight-forward
method to measure the in-plane stress in a thin film. One should,
however, be aware that the result is affected by a number of ap-
proximations and simplifications. First of all, Equation 6.7 as-
sumes that the unstrained lattice plane spacing d0 is known. This
value varies even with small compositional changes and is often
taken as the lattice plane spacing when Ψ=0, even though it in
most cases is not a correct approximation. Furthermore, the elas-
tic constants can be anisotropic, i.e. E and ν are dependent on the
orientation. Also, it is often the case that E and ν are not known
for the material under investigation. For most ternary and multi-
component nitrides there are no reliable values reported in litera-
ture. In Paper I, values for TiN (E=450 GPa, and ν=0.22, as given
by Sue et. al 169) was used for determination of residual stress in
Ti-Al-Si-N thin films. Other issues include stress gradients and
texture anisotropy. Nevertheless, the sin2 Ψ-method gives a use-
ful estimate of the residual stress.

X-ray reflectivity

X-ray reflectivity or x-ray reflectometry (XRR) has been used in
this work to determine deposition rates and density in Paper II,
density in Paper IV, and multilayer thickness in Paper V. XRR is a
surface-sensitive technique, that is based on reflections of x-rays
from surfaces and interfaces. It was first described by Parratt in
1954 for the study of thin layers of copper on glass substrates. 170
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XRR is not a diffraction technique, and hence not reliant on the
interatomic spacing of atom layers, but only on the difference in
refractive index of different media. Therefore, XRR is an excellent
technique to use for all kind of sample morphologies, including
amorphous ones.

The measurement is performed in a symmetric θ−2θ-configu-
ration, where the reflected angle is equal to the incident angle.
The scattering angles are small, usually not exceeding 5-6◦. The
pathway difference of the x-rays that have been scattered at the
substrate and the film surface gives rise to constructive interfer-
ence that shows as intensity maxima in the recorded scan. For
a monolayer film, a modified version of Bragg’s law can be de-
duced as

nλ = 2D sin θ

√
1 +

η2 − 1

sin2 θ
, (6.8)

where n is an integer, λ is the wavelength of the x-rays, D is the
film thickness, η the complex refractive index of the film, and θ
the scattering angle. Equation 6.8 can be rewritten as

sin2 θ =
λ2n2

4D2
− (η2 − 1), (6.9)

and now gives a linear relationship between n2 and sin2 θ. By
plotting them against each other, the slope of the curve can be
used for calculating the film thickness. For multilayer samples,
which can be considered as one dimensional analogues of 3D
crystals with reflections occuring at each interface, D corresponds
to the multilayer period, and η is then the mean refractive index
of the multilayer. 166

DENSITY AND SURFACE ROUGHNESS MEASUREMENTS

XRR can also be used for density measurements. The reflectiv-
ity curve of a sample is directly related to material parameters
of the sample, among other the electron density, ρe. The elec-
tron density in turn can be converted into the mass density ρ. By
recording the reflectivity curve of a sample, and fitting that with
a theoretical profile, the density can be derived if the composi-
tion is known. 166 In addition, the surface roughness of the sam-
ple can be determined by fitting the same curve. A rough surface
will cause imperfect interference and the reflected intensity will
divert from the theoretical one given by the law of Fresnel reflec-
tivity.

Determining the density and surface roughness of a sample is
nowadays very straight-forward, as there are several computer
programs available for fitting a recorded reflectivity curve. There
are basically three parts of the curve that has to be considered, see
Figure 6.5. The first part of the curve shows increasing intensity.
The shape of this part is very sensitive to the size of the specimen,
or the so-called sample length. The sample length also affects the
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FIGURE 6.5: Typical x-ray re-
flectivity scans for two Ti-B-Si-
N samples showing the critical
angle, θc, and the three re-
gions that have to be fitted for
determining the density and
surface roughness.

intensity in both the first and second part of the curve, and if the
specimen is too small, the critical angle θc, can not be correctly
positioned.

The second part is an intensity plateau, which is caused by
total reflection of the primary beam. Close to the critical angle,
there is a transition region. The shape of the transition region de-
pends on the x-ray absorption coefficient, μ. Without absorption
there would be a sharp drop in intensity at the critical angle. 170

The critical angle separates the second and third part of the
curve. The third part is characterized by a steep decrease in in-
tensity. The decrease is affected by the surface roughness, where
a rough surface will cause a steeper decrease than a smooth one.

Electron microscopy

In electron microscopy the beam that illuminates the sample con-
sists of electrons instead of visible light, as in the case of visi-
ble light microscopes (often also referred to as light optical mi-
croscopes). The resolution of a microscope can be described by
the Rayleigh criterion which states the smallest distance between
two objects that can be resolved:

d = 0.62
λ

n sin θ
, (6.10)

where d is the resolution, λ the wavelength, n the refractive index
of the medium, and θ the angle of the collected light. For an elec-
tron microscope operating at an acceleration voltage of 200 kV,
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FIGURE 6.6: Setup in bright
field (BF) and dark field (DF)
mode with corresponding im-
ages for a Hf-Al-Si-N sample
grown with four layers of differ-
ent composition.

as used here, gives a wavelength in the range of picometers. The
best electron microscopes can achieve better than 50 pm resolu-
tion 171 and magnification up to about 50.000.000x, as compared
to the best visible light microscopes that are limited to about 200
nm resolution and magnifications below 2000x.

In an electron microscope electrostatic and electromagnetic
lenses are used to control the electron beam and to focus it to
create an image. They have the same task as the glass lenses that
are used in visible light microscopes to focus the light.

TEM

In transmission electron microscopy (TEM) electrons are emitted
by an electron gun and accelerated at a voltage of ∼200 kV to-
wards the sample. The sample is thin, less than 100 nm, and the
beam is partly transmitted through, and partly scattered from
the sample. This gives rise to an outgoing beam with different
electron intensities, that holds information about the structure of
the sample. The various electron intensities are translated into
contrast, and the image is projected on a fluorescent screen or
recorded by sensors of a CCD camera, which can be displayed
on a computer monitor. 172

If the electron beam only interacts with the sample and then
is transferred to the screen, the result will be a low contrast im-
age. To improve contrast, apertures can be placed in the back
focal plane of the objective lens to filter away scattered electrons.
Only the transmitted electrons now contribute to the image, and
a bright field (BF) image with better contrast is obtained. The
dominating contrast mechanism in bright field mode is the mass-
thickness contrast that arises from elastic and incoherent scatter-
ing of the electrons by the atoms in the sample. Areas that are
thick, and that consist of atoms with high mass and high density
will scatter more electrons, and will appear dark in a BF image.

The electrons can also be filtered in such a manner that only
scattered electrons form the image. The contrast will now be in-
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FIGURE 6.7: Typical SAED
patterns for a) single-crystal
TiC (image courtesy of
O. Tengstrand), b) a 200 tex-
tured polycrystalline Hf-Al-Si-N
sample, and c) an electron
diffraction amorphous Ti-B-Si-N
sample showing the character-
istic diffuse halo.

verse, and the image mode is called dark field (DF). In dark field
mode the contrast occurs due to coherent scattering of the elec-
trons at certain Bragg angles. See Figure 6.6 for a schematic image
of the different operation modes.

The third contrast mechanism is phase contrast. It requires
more than one beam, and is used in high resolution (HR) TEM by
using a combination of the transmitted and the diffracted beam.
The contrast comes from the pathway difference between the two
beams when one of them is scattered. HR-TEM makes it possible
to get lattice-resolved images.

Electron diffraction can be used to obtain crystallographic in-
formation of the sample. Diffraction occurs in the TEM in a sim-
ilar manner as in XRD, but a great benefit of electron diffraction
compared to x-ray diffraction is that the short wavelength of the
electrons makes it possible to probe very small volumes of the
sample. 172 This was the case in Paper I, where the crystallization
of h-AlN could not be detected by XRD, but was later detected
using electron diffraction in TEM.

When the electron beam is diffracted by the atoms in the sam-
ple, and Bragg’s law is fulfilled, it gives rise to a diffraction pat-
tern in the back focal plane. By placing an aperture in the back
focal plane, certain areas on the sample can be chosen to obtain a
diffraction pattern from that specific region by so-called selected
area electron diffraction (SAED). SAED patterns can help to de-
termine whether a sample is amorphous, single crystalline or
polycrystalline. This is done by studying the shape of the diffrac-
tion pattern, where an amorphous sample would yield a diffuse
ring pattern, a polycrystalline sample gives a clear or speckled
ring pattern, and a single crystal sample would give a dotted pat-
tern, see Figure 6.7. By aligning the central beam along the zone
axis, the distance between the rings or dots in the diffraction pat-
tern and the central spot can be used to relate the diffractions
based on the Miller indices of the planes from which the respec-
tive diffraction origins.

In scanning transmission electron microscopy (STEM), the ele-
ctron beam is focused to a probe that is scanned across the sam-
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ple. The information is collected in each spot and in combination
with a high-angle annular dark-field detector (HAADF), that en-
hances the Z-contrast, and EDX, this can be used to map areas
and determine elemental composition. This is especially useful
for samples with both heavy and light elements, and was used
in Paper I to investigate the diffusion path of heavy Co and W
metals into the Ti-Al-Si-N film after annealing, and in Paper III
to evidence the TiN-rich layering.

SAMPLE PREPARATION FOR TEM

TEM sample preparation can be tedious work, and depending on
the sample characteristics different techniques can be used. The
most common ones for preparation of ceramic materials include
ion beam thinning, focused ion beam (FIB) thinning, crushing or
cleaving of samples. In this work I have exclusively been work-
ing with mechanical polishing followed by ion beam thinning for
both cross-sectional and for plan-view samples. The aim of all
TEM sample preparation is to create samples that are so thin that
they are electron transparent, meaning that their thickness must
be less than ∼100 nm. The sample preparation for cross-sectional
samples is divided into three steps:

- Sample mounting according to the sandwich method.

- Mechanical polishing.

- Ion beam thinning.

Step 1 – The Sandwich Method
The so-called sandwich method is used, as it allows for mount-
ing of two different specimens in one sample. The first step is to
cut thin strips of the film, using a diamond wheel. The maximum
size of one piece should not exceed (W x L x H): 0.3 mm x 1.8 mm
x 0.3-0.5 mm. The height of the sample can vary slightly due to
the possibility to use grids of different size (0.6, 0.8 or 1.0 mm).
The small pieces are thoroughly cleaned whereafter they are put
together, two-by-two, with the film side facing each other, like
a sandwich in the grid, see Figure 6.8. The sides of the grid are
pushed together, both from the front and from the back to clamp
the sample together. For brittle substrate material, special care
has to be taken in order not to break the specimen. When the
clamps are holding the pieces together, the grid is placed on Al
foil, covered with a 3:1 powder mixture of an epoxy resin and
carbon, and put on a heating plate (180 ◦C for 2 hours) for melt-
ing the powder and harden the glue.

Step 2 – Mechanical Polishing
The second step is to mechanically polish the sample to a thick-
ness of ∼50 μm. The mechanical polishing is a preparatory step
so that the sample can be further processed by other techniques.
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FIGURE 6.8: Sample mounting
using the sandwich method
with a) two specimens put to-
gether with film sides facing,
b) inserted into a Ti-grid, and
c) clamped together using the
transversal bars.

The goal is to obtain a flat and scratch-free surface with little me-
chanical damage. 173

First, the sample is removed from the Al foil, and excess glue
surrounding the grid is mechanically removed using a razor blade
or a small rasp. The sample is waxed onto a glass slide. First, the
sample is thinned by hand to ∼300 μm using a coarse (30 μm)
diamond grinding paper with water as a lubricant and coolant.
This is followed by finer grinding using 6 μm-paper for another
30 μm, 3 μm-paper for 10 μm, and finally to a mirror-like surface
using a 1 μm-paper. Between each step, the sample is rinsed in
water, and blown dry with compressed air, and observed in a vis-
ible light microscopy to ensure that scratches from the previous
step are removed before continuing. Continuously the thickness
of the sample is controlled using a digital gauge, see Figure 6.9b).

When the first side is finished, the sample is turned upside
down, and the procedure is repeated. The first grinding step
with the coarse paper is continued until a thickness of 96 μm is
achieved. The following three polishing steps will lead to a final
sample thickness of 50 μm.

Step 3 – Ion Beam Thinning
The final step of TEM sample preparation is the ion beam thin-
ning or ion milling, where the electron transparency is obtained.
The operation principle is simply that when an accelerated ion
beam interacts with a specimen, surface atoms of the specimen
will be removed. This technique can be used both for cross-
sectional samples, plan-view samples, and for thinning wedges
after cleaving.

The apparatus that I have used is a so-called Precision Ion Pol-
ishing System - PIPS. A thorough description of the instrument
was published by Alani & Swann. 174 In short, the system con-
sists of a chamber with a vacuum in the 10−6 Torr range, con-
nected to two ion guns, positioned 120° apart, see Figure 6.10 for
a schematic.

The ions are Ar+ operated at an energy of 1-6 keV. The thin-
ning rate is maximized by correct alignment of the ion beams,
and by adjustment of the gas flow to the beams. The beams can
be individually controlled. The angles of the incident beams can
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FIGURE 6.9: a) Mechanical
polishing by hand, and b) thick-
ness control measurement of
a sample glued onto a glass
slide.

be adjusted from -10° to +10°. Higher angles will give higher
thinning rates, while lower angles give a larger thin region of
high quality at the expense of longer milling times.

The system also offer the possibility of beam modulation whi-
ch is mainly used for cross-sectional samples. 175 By sequentially
turning the guns on and off at various positions along one rev-
olution, the effect of different thinning rates of the specimens in
the sample can be minimized. In addition, beam modulation also
limits the contamination of sputtered material from parts of the
ion miller itself that is in line-of-sight of the ion beams during ro-
tation. There are two options; single-beam and double-beam modu-
lation.

Single beam-modulation uses only one of the guns, and can be
used for polishing one sector from one side, or two sectors using
different rotation speed within the sectors.

Double beam uses both guns, and the milling occur from both
sides. This can be advantageous if the sample is fragile, since
milling from only one side can induce stresses in the sample that
might break it. There is also a third setting (off ) which means
that the beam modulation is turned off, and there is continuous
milling going on.

When the gas flow to the ion beams have been adjusted, and
the proper angle has been selected, the position of the ion beams
must be aligned using a fluorescent screen. The sample is then
positioned in a special holder that clamps it from both sides, and
mounted in the instrument (aligned with the glue-line parallel
to the front panel of the instrument so that polishing sectors are
±30° normal to the sample interface), and lowered into the vac-
uum chamber.

The sample can be rotated during the operation, and the on-
going process can be observed using the visible light microscope
that is placed above the sample holder position. For cross-sec-
tional samples, the milling goes on until there is a small hole in
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FIGURE 6.10: Schematic of ion
milling setup showing a) top-
view, and b) side-view of the
system with the two ion guns
marked with arrows.

FIGURE 6.11: Interference
fringes during ion milling of
a plan-view Ti-B-Si-N sample.

the center of the sample, covering both sides of the interface. By
this, there will be very thin regions around the hole that are elec-
tron transparent. The last step consists of final polishing of the
sample using a lower energy.

For all my cross-sectional TEM samples, I have used an ion en-
ergy of 5 keV, double-beam modulation, 3 r.p.m. rotation speed,
and 6° gun angles. With this setting I have been running the sys-
tem until a small hole has formed, then I have decreased the en-
ergy to <1 keV and changed to single-beam modulation for the
final polishing step.

Preparation of plan-view samples
Plan-view samples are prepared by cutting out 3-mm discs from
the specimen, either by using an ultrasonic disc cutter, or by hand
from a 4x4 mm2 piece that is shaped into a 3-mm disc using abra-
sive paper. The mechanical polishing is following the same steps
as described above, but of course only from the substrate side of
the sample, and with thicknesses adjusted accordingly so that the
final sample has a thickness of ∼50 μm. There is no need for a Ti
grid for a plan-view sample, and instead of using the holder with
clamps the sample is either glued onto a circular holder, or just
put on top of a special holder with a thin lip to keep it in place.
The ion milling is performed with single-beam modulation from
the substrate side of the sample. For plan-view samples, it is of-
ten not necessary to continue the milling until a hole is created.
Thanks to the visible light microscope, it is possible to monitor
the final stages of the thinning by the interference fringes that
arise and where each new colored fringe represents a thickness
change of a few hundred Å. When no new fringes appear, the
sample is thin enough. Figure 6.11 shows a typical example of
interference fringes for a Ti-B-Si-N sample on a Si substrate from
Paper II.
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FIGURE 6.12: a) A resulting
impression after nanoindenta-
tion with a cube corner tip of
a magnetron-sputtered Hf-Al-
Si-N film, b) plan-view image
of the topography of an arc-
evaporated Ti-B-Si-N film, and
c) a cross-sectional view of an
arc-evaporated Ti-Al-Si-N film.

SEM

In the same way as in TEM, scanning electron microscopy (SEM)
utilizes an electron beam to illuminate the sample, but the beam
in a SEM is focused and scanned across an area on the sample.
When the beam hits the sample, the electrons in the beam interact
with the sample and lose energy that is converted into heat, sec-
ondary electrons, backscattered electrons, Auger electrons, light,
and x-rays, among other. The image is created by displaying the
various intensities for the selected signal at the position the beam
was when the image was created. The resolution of a SEM is
∼2 nm, i.e., about an order of magnitude lower than that of a
TEM. On the other hand it has a great depth of field, so it can
produce images that well represents three-dimensional shapes.
Also, sample preparation is in most cases not needed, besides
ensuring conducting samples.

The main use of SEM is to investigate topography of the sur-
face of a sample, or to study the microstructure of a cross-sectio-
nal sample, see Figure 6.12. The SEM can also be equipped with
several spectroscopic tools for compositional analysis. In this
thesis energy dispersive x-ray spectroscopy was used, described
in detail below.

Chemical and elemental analysis

There are several characterization techniques available for the
chemical and elemental analysis of thin films. Common for them
is that they can give information on composition including com-
positional gradients, thickness, contamination, and for some also
information on the bonding state. In the work presented in this
thesis I have used a number of different techniques, both ion
scattering techniques like Rutherford backscattering spectrome-
try (RBS) and elastic recoil detection analysis (ERDA), and also
spectroscopic techniques like energy dispersive x-ray spectrosco-
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TABLE 6.1: Comparison be-
tween different chemical
analysis techniques used in
this thesis. Data is gathered
from Bubert & Riviére, 176

Jensen,177 Saha & Barron,178

and Brundl. 179 Please note
that the elements that can be
detected, the sensitivity, and
the compositional precision is
dependent on both the sample
characteristics and the instru-
ment, and can vary greatly.

Method Incident particle Outgoing particle Elements detected

RBS Ion Ion Be-U (Z > Zion)

ERDA Ion Atom H-U (Z < Zion)

EDX Electron X-ray photon Be-U (Na-U)

XPS X-ray photon Electron He-U (Li-U)

Method Depth probed Sensitivity Precision (composition)

RBS 1-2μm 0.01-10 at.% < 1 at.%

ERDA ∼1μm 10−4-10−6 at.% 1 at.%

EDX ∼2μm 0.01-0.1 at.% 2 at.%

XPS 5-10 nm 0.1-1 at.% ∼2 at.%

py (EDX) and x-ray photoelectron spectroscopy (XPS). Table 6.1
presents a comparison of different chemical analysis techniques.

The ion beam techniques, RBS and ERDA, are both based on
the elastic scattering of ions, where the principle of conservation
of energy and momentum during a collision applies. When a
projectile with mass M1, energy E1, and atomic number Z1 col-
lides with a target atom of mass M2, and atomic number Z2, it
will transfer parts of its energy to the target atom. The energy
transfer can be derived from laws of conservation of energy and
momentum and is given by:

E2 =
4M1M2 cos

2 θ

(M1 +M2)2
E1. (6.11)

By impinging the surface of the sample with an ion beam, there
will be backscattered projectiles, but also forward scattered pro-
jectiles and recoils. The backscattered projectiles, scattered by
angles θ>90◦ are analyzed in RBS. As a consequence of the con-
servation law, also the other participant in the collision, namely
the recoiled target atoms, contain the same kind of information.
These recoiled atoms are detected and analyzed in ERDA. 180 Fig-
ure 6.13 show a schematic of a RBS and ERDA setup. The tech-
niques are described in further detail below.

RBS

Backscattering from sample atoms with mass M2 can only occur
for projectiles with mass M1 if M1 < M2. Therefore, light ions
like He+ or protons are used in RBS, with energies in the range
from 0.5-3 MeV. Heavier ions will give high backscattered ener-
gies and large backscattering cross-sections. 181 RBS is well suited
for analysis of heavy elements, but the sensitivity for light ele-
ments is poor.

The energy of the backscattered ions is recorded, and an en-
ergy spectrum is obtained, where the backscattered ions with the
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FIGURE 6.13: A schematic of
RBS and ERDA setup.

FIGURE 6.14: A typical RBS
energy spectrum from a Hf-Al-
Si-N sample grown with four
layers with different composi-
tion.

highest energy have collided with the heaviest elements in the
sample. The ion energy is, however, also dependent on the dis-
tance travelled in the sample, meaning that ions scattered by an
atom deeper in the sample has lower energy.

The measured backscattering energy spectra can be fitted to
a simulation, here using the simulation program SIMNRA, 182

where the fit is based on composition and thickness of the sample
in order to yield an elemental depth profile. RBS is suitable for
analysis of thin films up to ∼500 nm. Preferably, the films should
consist of medium to heavy elements on light-element substrates.
A typical RBS spectrum from a Hf-Al-Si-N sample can be seen in
Figure 6.14.
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FIGURE 6.15: A typical ERDA
time-of-flight energy spectrum
from a Ti-B-Si-N sample.

ERDA

ERDA and RBS are often used complementary since ERDA is es-
pecially suited for detection of light elements. Depending on
what information that is sought for, different projectiles can be
chosen. Often heavy projectiles (129I9+ or 35Cl9+) with ener-
gies of 2-100 MeV are used, which makes it possible to analyze
a broad range of light and intermediate elements. The choice
of projectile will influence the sensitivity and depth resolution.
The sensitivity for ERDA is approximately the same for all ele-
ments. 181 Here, all experiments were performed using a 36 MeV
127I8+ beam.

A drawback with ERDA is that it can be difficult to separate
elements that are close in mass. This has been the case in this
thesis, where Al (27 amu) and Si (28 amu) are too close to be
resolved.

Since there will be both recoiled atoms and scattered projec-
tiles with a forward motion according to the law of conservation
of momentum, they will continue to the detector where they will
be simultaneously detected. This means that the recorded en-
ergy spectra will contain contributions from both recoiled atoms
and scattered projectiles, leading to a complex spectrum and a
demand for heavy data analysis. The data evaluation for all ER-
DA measurements in this thesis was done using the Contes pro-
gram. 183

XPS

X-ray photoelectron spectroscopy (XPS) can be used for composi-
tional analysis, but has become popular since it also can provide
chemical bonding information. The basis of XPS is the photoelec-
tric effect that was discovered by Heinrich Rudolf Hertz and later
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FIGURE 6.16: a) A typical XPS
survey spectrum from a Hf-Al-
Si-N sample with the black line
showing the signal from the
film as received and the red
signal after 2 min. etching with
500 eV Ar+ ions. b) A narrow
spectrum showing the Hf4f
signal composed of the Hf4f5/2
and Hf4f7/2 spin-split doublets.

explained by Albert Einstein in 1905, which awarded him the
Nobel Prize in Physics in 1921. Kai Siegbahn, a Swedish physi-
cist, and his group at Uppsala University worked with develop-
ment of XPS equipment and were the first ones to record a high-
energy-resolution XPS spectrum. In 1981, Siegbahn was awarded
the Nobel Prize in Physics for his contributions to the develop-
ment of high-resolution electron spectroscopy. XPS is sometimes
called ESCA - Electron Spectroscopy for Chemical Analysis, a
name that Siegbahn and his co-workes used, and that nowadays
primarily refers to when XPS is used for analysis of chemical
bonding.

The sample under investigation is irradiated with soft x-rays
with energies ranging from 0.1 MeV to 10 keV. The most common
x-ray sources are Al Kα (1486.6 eV) and Mg Kα (1253.6 eV). 176

A photon with energy hν interacts with an electron with a
binding energy EB . The energy of the photon is transferred to
the electron, and a photoelectron is ejected with a kinetic energy,
Ekin, given by:

Ekin = hν − EB − Φs. (6.12)

Φs is a measure of the potential that the photoelectron will be
affected by during passing from the sample to the spectrome-
ter. Φs is given by the difference between the sample work func-
tion and the spectrometer work function. The photoelectron can
come from a core level, or from an occupied portion of the va-
lence band. The valence electrons are involved with the chemical
bonding, and lower energy photons can be used to create spectra
associated with these more loosely bound electrons. They, how-
ever, do not provide elemental information. Since the electronic
binding energies are unique for all elements, measurement of the
kinetic energy of photoelectrons stemming from the core levels
give information that is significant for the atom with which the
photon has interacted.

The position of the peaks in the energy spectra is thus depen-
dent on the element from which it originates, and the intensity is
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related to the elemental concentration. The exact binding energy
and thereby peak position is also influenced by the surrounding
chemical environment. Changes in the chemical environment of
an element causes a redistribution of valence electron charges
that in turn affects the core electron binding energies. Changes
in binding energy lead to so-called chemical shifts, that are tab-
ulated for many elements, and thereby make the elemental ana-
lysis easier.

A typical example of an energy survey spectrum from a Hf-
Al-Si-N sample can be seen in Figure 6.16. The peaks correspond
to the energies of characteristic electrons which have been ejected
from the sample without energy loss. The tails, towards higher
binding energies, correspond to electrons, which have under-
gone inelastic scattering and suffered from loss of kinetic energy
on their way out of the sample. The black line in Figure 6.16a)
shows the results initially, before etching the sample with 500 eV
Ar+ ions for 2 min. The red line show the results after etching.
This exemplifies the surface sensitivity of XPS, where e.g., the
Hf4f peak, located at ∼534 eV, is initially drowned in the O1s sig-
nal. The tested depth is limited by the inelastic mean free path
of the photoelectron which is only of the order of 5-10 nm, and
therefore XPS measurements are very sensitive to surface con-
tamination and require UHV conditions for operation. Samples
are often sputter cleaned, as the Hf-Al-Si-N sample above, but
the same technique can also be used for depth profiling of sam-
ples.

Depth profiling is a destructive method, where the surface is
removed by ion bombardment. The surface is sequentially sput-
tered and analyzed, which is very time consuming, but can give
important information of compositional variations, or variations
in chemical bonding state. This was utilized in Paper V, where
depth profiling of a multilayer sample showed variations in the
Si bonding state between different layers. The complete mea-
surement over a depth of 28 nm took 65 hours.

EDX

In energy dispersive x-ray spectroscopy (EDS or EDX) x-rays em-
itted from the sample are detected. An EDX detector is often
operated in conjunction with a SEM or TEM. The principles for
generation of x-rays and the detection is mainly the same in SEM
and TEM. 179

In EDX the electron beam is used to irradiate the sample. The
incident electrons excite an electron from a core level and eject
it, creating an electron hole. An electron from a higher-energy
level fills the hole and at the same time an x-ray photon is re-
leased with an energy that corresponds to the energy difference
between the two electron levels. The x-rays that are emitted from
the sample surface are dependent on the electronic structure of

6 0



M E C H A N I C A L C H A R A C T E R I Z A T I O N

the atoms from which they were generated, and their energy is
specific for each element. This enables identification and quan-
tification of the elements in the sample. A detector is used to
convert the energy of the x-rays into voltage signals, that are then
analyzed. Light elements, for example nitrogen, have low detec-
tion efficiency since the emitted x-rays have low energy and high
probability of being absorbed before they reach the detector.

The accuracy can be affected by several factors, e.g., overlap-
ping peaks of some elements, but also the homogeneity of the
sample, since the probability that an x-ray escapes the sample
and is detected is dependent on the energy of the x-ray and the
amount and density of the material is has to escape from. 184

In SEM, the x-rays are emitted from a large volume of the sam-
ple, and both the spatial and depth resolution is of the order of
a few microns. In the case of thin films the substrate can influ-
ence the measurements if the penetration depth of the beam is
too large. The spatial resolution depends on the size of the inter-
action volume, which is determined by the accelerating voltage
and the mean atomic number of the sample. In TEM, where the
accelerating voltage is higher, less spreading of the beam give
a better spatial resolution than in SEM. The depth resolution is
limited by the thickness of the sample.

For quantification of an element in EDX, the intensities of each
element are counted in the detector at certain beam currents, and
the count rates are compared to standards, containing a known
amount of the element of interest. X-rays show matrix effects that
have to be encountered for by so-called ZAF-correction; atomic
number (Z), absorption (A), and fluorescence (F). This is usually
done automatically in the computer program. For quantifica-
tion of composition, EDX is well suited, but it lacks the precision
needed for detection of trace elements.

EDX is normally considered to be a non-destructive technique,
but in reality most samples suffer from some kind of damage un-
der the electron beam. In both SEM and TEM, scanning of the
electron beam over the sample surface can be used for elemental
mapping.

Mechanical characterization

NANOINDENTATION

Indentation techniques are the most commonly used techniques
for determining the mechanical properties of a material, such as
hardness and elastic modulus. In the case of thin films, special
consideration is needed since what is measured is a thin film on
a substantially thicker substrate. This requires a method that
ensures that it is the film that is measured, without contribu-
tion from the substrate. The most common method for evalu-
ating hardness and elastic modulus of a thin film is nanoinden-
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FIGURE 6.17: a) A typical
nanoindentation loading-
unloading curve, and b)
schematic illustration of a
cross-section through an in-
dent. Based on a figure by
Oliver and Pharr. 186

tation, where an indenter with a sharp diamond tip is pressed
into the film. 185 By controlling the applied load and evaluating
the deformed area, hardness and elastic modulus can be deter-
mined by applying the evaluation method developed by Oliver
and Pharr. 186

The hardness of a material is defined as the resistance to plas-
tic deformation. In nanoindentation the hardness, H , is equal the
applied load, P , divided by the contact area of the tip, A.

H =
P

A
(6.13)

The residual indents are usually too small to be measured by op-
tical means, so the contact area has to be calculated. For a pyra-
mid shaped diamond Berkovich tip (that was used in all mea-
surements in this thesis), the contact area is given by:

A = 24.49h2
c (6.14)

During indentation, the applied load, P , and the indentation dep-
th, h, is recorded continuously. The relation between the maxi-
mum indentation depth, hmax, the surface displacement, hs, and
the contact depth, hc, is shown in the cross-sectional schematic
illustration of an indentation in Figure 6.17. After removal of
the load the material recovers elastically and the resulting indent,
due to plastic deformation, have a depth, hf .

The reduced modulus Er is given by the equation

Er =
1

2

√
π

A

(
dP

dh

)
, (6.15)

where (dP/dh) is the contact stiffness that can be determined
from the gradient of the first part of the unloading curve, see
Figure 6.17. The elastic modulus of the sample can be calculated
if Poisson’s ratio (ν) is known, as well as the elastic modulus (Ei)
and Poisson’s ratio (νi) of the indenter:

1

Er
=

1− ν2

E
+

1− ν2
i

Ei
. (6.16)
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FIGURE 6.18: a) Sample
mounting by waxing the sam-
ples directly onto a holder
and by placing the sample
is tapered cross-section. b)
A typical overview of an arc
evaporated sample with the
substrate and nanoindentation
regions indicated.

To avoid influence from substrate the penetration depth should
not exceed 10% of the film thickness. The shape of the tip is cru-
cial for correct evaluation of the acquired data. The tip wears
with time, and therefore the tip contact area is calibrated with
respect to a sample with known hardness and elastic modulus.
Here, fused quartz has been used as reference material.

The hardness data acquired is also affected by material-depen-
dent properties, such as microstructure, stress, grain size and
grain boundaries, etc, but also on conditions during measure-
ments such as temperature and humidity. The arc evaporated
films in Paper I and Paper III, have a rough surface that can influ-
ence the measurements. Therefore, they have been polished be-
fore the measurements, and to avoid reduction of the film thick-
ness, the samples were placed in tapered cross-sections, see Fig-
ure 6.18. The data has been evaluated using a statistical approach,
and in these studies, the samples have been indented 25-50 times,
and the average values of hardness and elastic modulus with
their standard deviation has been reported.

FRACTURE TOUGHNESS

Fracture toughness is defined as the highest stress intensity that
a material can withstand without fracture in the presence of a
flaw. For thin films, however, traditional methods for determin-
ing toughness such as measuring the maximum stress intensity
factor under plane strain conditions, does not work since the
thickness usually ranges from nanometers to a few micrometers,
meaning that the plane strain condition is not met. 187

For thin films, nanoindentation can be used to create cracks.
The crack formation and propagation is then characterized as a
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measure of the fracture toughness. Crack propagation in a thin
film bonded to a substrate is a three-dimensional process. The
cracks are initiated at a flaw, and spreads through the material by
channeling. The propagation of a crack in a material is attributed
to a release of energy. 188

The type of cracking and the crack movement through the
film is affected by a number of factors. For example, if the sub-
strate is very stiff compared to the film, the crack may propagate
through parts of the film without reaching the substrate. In other
cases, the crack penetrates through the film-substrate interface
and continues into the substrate. Also, if the film-substrate inter-
face toughness is low, delamination of the film might occur due
to the shear stress at the interface outside the contact region dur-
ing loading, or due to tensile stress at the interface in the contact
region during unloading. 189

There are mainly three types of cracking that can result af-
ter indenting a thin film; radial cracking, circumferential crack-
ing, and lateral cracking. The exact type of cracking, and how
it will propagate through the material is dependent on film and
substrate properties, the indenter geometry, and the peak contact
load.

Radial corner cracks are common for thin films on stiff sub-
strates. Even if no large geometrical cracks are visible, a great
number of nanoscale and microscale cracks are expected to occur
following indentation, due to the hard coatings’ inability to yield
large plastic deformation. 190 Visible cracks are originating at the
edges of the indent, and a hemispherical plastic zone is gener-
ated underneath the impression. If the load is further increased
the shape of the plastic zone changes to cylindrical and the radial
cracks transform into so-called channel cracks. 187 Channel crack-
ing means that the crack goes all the way through the film down
to the substrate. These type of cracks are often confused with
circumferential cracking, which are formed inside an impression
after indentation using a spherical indenter with a large radius.

Lateral cracks form beneath the deformation zone parallel to
the surface, but can also form inside impressions parallel to the
contact edge.

By analyzing radial cracks that form after indentation using
a sharp edge indenter, e.g., a Vickers or Berkovich indenter, the
fracture toughness (Kc) is given by: 187

Kc = α

(
E

H

)1/2 (
P

c3/2

)
, (6.17)

in which c is the crack lenght, P is the peak load at indentation,
and α is an empirical constant which depends on the geometry
of the indenter (α = 0.016 for both Berkovich and Vickers type
indenters). E and H are the elastic modulus and hardness of the
material, respectively.
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FIGURE 6.19: Typical lateral
crack formation in a HfN refer-
ence sample, and radial crack-
ing in a TiN sample, following
indentation with 100 mN and
50 mN loads, respectively,
using a Berkovich diamond
probe.

For Equation 6.17 to be valid, it is required that a so-called
half-penny cracking pattern is formed around and underneath
the impression. This implies that c ≥ 2a, where a is the radius
of the impression, and that d, which is the depth of the half-
penny crack is less than 10% of the film thickness. The deriva-
tion of Equation 6.17 assume unlimited sample thickness, since
it is initially proposed for bulk materials. In order to produce
visible cracks, there is a threshold load of 250 mN or more for
most ceramic materials, 191,192 and the corresponding impressions
are several micrometers in depth. Even with a shaper inden-
ter (like the cube corner), the impressions range a few hundred
nanometers in depth. 193 Thus, for thin films, it is very hard to in-
troduce well-defined radial cracks and meet the depth limitation
of nanoindentation to exclude substrate effects.

To still be able to characterize fracture toughness of Hf-Al-Si-
N thin films in Paper V, a fixed load was used for all indentations,
and only films with the same thickness grown on the same type
of substrate were evaluated. Thereby, the general trends could
be studied, and the films could also be compared with reference
samples measured in the same way.
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FIGURE 7.1: Fractured SEM
cross-section of one of the
amorphous coatings in Paper I.

S U M M A R Y O F R E S U L T S A N D
C O N T R I B U T I O N S T O T H E F I E L D

Paper I

This study was initiated as an extension of a study by Flink et al.,
where it was reported that arc evaporated (Ti0.33Al0.67)1−xSixN
coatings were x-ray amorphous for x≥0.17. 194 The aim was to
distort crystallinity into an electron-diffraction amorphous state.

In the paper, I report on the growth of amorphous Ti-Al-Si-
N coatings by industrial cathodic arc evaporation. The coatings
were grown from Ti75Al25, Ti75Si25, and Ti23Al47Si30 cathodes in
a N2 atmosphere. It was shown that the microstructure changes
from nanocrystalline to predominantly amorphous with few sep-
arated 2-3 nm crystallites by addition of Al and Si to TiN. Fig-
ure 7.1 shows a cross-sectional SEM image of one of the amor-
phous coatings.

We show that the initially amorphous coatings start to crys-
tallize at 900-1000 ◦C by coarsening of nanocrystallites, preferen-
tially in Ti-rich layers that are induced by substrate rotation dur-
ing deposition. At 1100 ◦C inter-diffusion of Co and W from the
substrate occurs, and the films crystallize into c-TiN and h-AlN.

In the as-deposited state the amorphous coatings have a hard-
ness of ∼19 GPa. They exhibit age hardening with an increase in
hardness by 40 % up to ∼27 GPa, which is accompanied with a
change from a mainly amorphous to a nanocrystalline state.

The promising results in Paper I convinced me that it would be
possible to distort crystallinity into a fully amorphous state even
with the limitations stated by the industrial arc evaporation sys-
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FIGURE 7.2: BF-TEM cross-
sections of the film surfaces,
illustrating the decrease in
surface roughness when a sub-
strate bias voltage of -100 V
is applied, compared to a film
grown at floating potential, Vf .

tem. The major issue was to increase the Si content, which is dif-
ficult to do in industrial arc cathodes, due to the brittleness that
come with increasing amounts of Si. The benefit of using silicon
is that silicon nitride can be grown amorphous at temperatures
as high as 1100 ◦C, 195 and that it possesses a structural flexibil-
ity owing to the fourfold coordination with nitrogen, which is
an advantage when it comes to distorting otherwise crystalline
structures. B is another well known grain refiner, and has been
suggested to be an even better choice for formation of amorphous
phases, since B can be both three- and fourfold coordinated with
nitrogen. We therefore decided to exchange Al for B, to be able
to deposit amorphous films without the need for high Si-content
cathodes.

Paper II

As an initial study for Ti-B-Si-N, I used dc magnetron sputtering
for a systematic study over a wide range of deposition param-
eters. The results from this study served as a starting point for
both Paper III and Paper IV.

In Paper II, I report on (Ti0.25B0.75)1−xSixNy films, 0 ≤ x ≤
0.89, 0.9 ≤ y ≤ 1.25, grown by reactive dc magnetron sputter-
ing from compound TiB2 and elemental Si targets. We show
that films can be grown in a fully electron-diffraction amorphous
state with x>0.46, evidenced by XRD and HR-TEM investiga-
tions. In films grown without Si, BN form onion-like sheets that
surrounds TiN nanocrystallites.

The substrate temperature, varied from 100 to 600 ◦C, includ-
ing the contribution from plasma heating, shows only minor ef-
fects on the microstructure of the films, and on the mechanical
properties, due to the limited surface diffusion at these tempera-
tures.

A substrate bias voltage, on the other hand, drastically im-
proves the mechanical properties of the films, due to nanoscale
densification. In addition, the surface roughness is decreased, il-
lustrated in Figure. 7.2. A maximum hardness value of ∼27 GPa
was found for an amorphous (Ti0.25B0.75)0.39Si0.61N1.15 film gro-
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FIGURE 7.3: X-ray diffrac-
tograms from Ti-B-Si-N (A1, A2,
and B4), Ti-B-Si-Al-N (A3 and
A4), and Ti-B-Al-N (A5) coatings
in Paper III. Coatings A4 and
B4 are x-ray amorphous. An
uncoated substrate is shown as
reference.

wn at a substrate temperature of 400 ◦C and a substrate bias volt-
age of -100 V.

Paper III

In this paper I report on the thermal stability and mechanical
properties of amorphous Ti-B-Si-N and Ti-B-Si-Al-N coatings gro-
wn in the same industrial system as the coatings in Paper I. By
using three different cathodes; Ti85Si15, TiB2, and Ti33Al67, we
could deposit coatings over a wide range of compositions. We
show that the microstructure of the as-deposited coatings chang-
es from nanocrystalline to x-ray amorphous with addition of ei-
ther (B+Si+Al) or high amounts of (B+Si) to TiN, illustrated in
Figure 7.3. The amorphous coatings are dense and homogeneous,
and have unusually few macroparticles. The same type of Ti-
rich layering that was seen in the coatings in Paper I could be
observed also in these coatings. TEM observation also reveal
that Ti-B-Si-Al-N coatings are mainly amorphous with only a
few nanocrystalline grains, while the Ti-B-Si-N contains a larger
number of nanocrystals.

Annealing experiments, performed at temperatures between
700 ◦C and 1100 ◦C result in crystallization of the coatings by
clustering of TiN grains. The hardness of the amorphous as-
deposited samples are ∼17 GPa, and increases to ∼21 GPa with
annealing temperatures up to 800 ◦C. At annealing temperatures
of 1000 ◦C and above the hardness decreases due to inter-diffusi-
on of W and Co from the substrate to the coating.

Paper IV

The hybrid dc magnetron sputtering (DCMS) and high power
impulse magnetron sputtering (HIPIMS) system used in Paper
IV enables bombardment of the growing film by energetic target
ions. This promotes near-surface mixing, and can distort emerg-
ing crystallites, but the increased mobility of the species as they
land on the substrate might cause crystallization.

I report on films with an almost constant Ti/B ratio (0.54),
with increasing Si contents. Thanks to the use of an elemental
Si target, it was possible to grow films with as much as 20 at.% Si
(x=0.43). All films are x-ray amorphous, but for low Si contents,
the films are porous, and have a nanocrystalline structure with
2-4 nm TiN grains separated by BN-rich amorphous phase chan-
nels, inclined with respect to the substrate normal. With x≥0.22,
the films are fully electron diffraction amorphous, see Figure 7.4.
The hardness is shown to increase linearly with increasing Si con-
tent, from ∼9 GPa to ∼17 GPa.
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FIGURE 7.4: Selected area
electron diffraction (SAED) pat-
terns and corresponding HR-
TEM images from a nanocrys-
talline Ti-B-Si-N films with
4 at.% Si, and a fully electron
diffraction amorphous films
with 10 at.% Si. Modified from
Paper IV.

Paper V

Paper V follows a study by Howe et al., where real-time con-
trol of the AlN concentration in epitaxial Hf1−xAlxN(001) layers
was demonstrated by growth from a single Hf0.7Al0.3 alloy tar-
get using tunable magnetically-unbalanced reactive magnetron
sputtering. By bombardment of the growing films with high-
flux, low-energy ions during deposition, the Al resputter yield
is amplified, and the AlN incorporation probability is changed.
The preferential removal of lighter Al atoms is explained by for-
ward sputtering by recoiled Ar+ ions that are neutralized and
backscattered from heavy Hf atoms. 44,196

In our study, we wanted to extend this technique to vary both
the AlN and SiN concentrations in Hf1−x−yAlxSiyN, and grow
amorphous films. Then, I would grow alternating amorphous
Hf-Al-Si-N and nanocrystalline HfN layers using a single Hf0.6-
Al0.2Si0.2 alloy target, by just varying the ion energy.

Figure 7.5a) shows a cross-sectional overview BF-TEM image
of a four-layer Hf1−x−yAlxSiyN film in which the ion-to-metal
flux ratio Ji/JMe was varied from eight (layers 1-3), to one in the
top layer. The film growth temperature Ts was decreased step-
wise, from 450 ◦C for the bottom layer to 350 ◦C for the second
layer to 250 ◦C for the third layer, and 150 ◦C for the top layer.
Each layer was deposited for five min and the temperature was
equilibrated for 15 min between each deposition.

The BF-TEM image reveals a homogenous structure within
each of the four layers, with sharp interfaces and clear contrast
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FIGURE 7.5: a) BF-TEM and
b) DF-TEM images of a four
layer Hf-Al-Si-N film in which
the ion-to-metal flux ratio is
eight during growth of layer
one to three, and equal one for
the fourth layer. The substrate
temperature is sequentially re-
duced from 450 ◦C to 350 ◦C
to 250 ◦C to 150 ◦C. The ion
energy is 10 eV for all four lay-
ers.

differences. In the DF-TEM image in Figure 7.5b), the bottom
layer grown with Ji/JMe=8 and Ts=450 ◦C exhibits speckle con-
trast in the upper part. The interface between the bottom layer
and layer 2, which is grown with Ji/JMe=8 and Ts=350 ◦C, is
abrupt and defined by the change in contrast. Layer 2 exhibits
speckle contrast throughout and there is an increasing number of
bright areas near the interface with the layer 3. The interface be-
tween layer 2 and layer 3, which is grown with the same Ji/JMe,
but with Ts=250 ◦C, is smooth with less change in contrast. The
transition to the homogeneous amorphous top layer, grown with
Ji/JMe=1 and Ts=150 ◦C, is sharp.

The layer formation that is visible in Figure 7.5 is mainly the
result of diffraction contrast. The clear interfaces show that the
contrast changes are mainly due to differences in composition
and not in thickness of the sample. The composition of the first
three layers are the same, Hf0.76Al0.12Si0.12N, within the error
limits of the characterization technique. However, even a slight
change in Hf content would give a drastic change in diffraction
contrast due to the heavy mass of Hf. The fourth layer grown
with Ts=150 ◦C with Ji/JMe=1 is, however, different than the
other three layers. The lower ion-to-metal-flux ratio changes the
nanostructure of the layer from nanocrystalline to amorphous.
This change is attributed with an increase in Si and Al in the
layer, and the composition is Hf0.72Al0.14Si0.14N. Also, the ni-
trogen content in this layer is higher and it is slightly nitrogen
overstoichiometric with a ratio N/(Hf+Al+Si)=1.05, compared to
N/(Hf+Al+Si)=0.99 for the other layers.

The sharp interfaces between the layers that is observed in
Figure 7.5 are formed when the deposition process is stopped
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FIGURE 7.6: HR-TEM image
showing nanocrystalline grains
in layer 1.

FIGURE 7.7: Typical HR-TEM
image showing the nanostruc-
ture in layers 2 and 3, here
shown for layer 3.

FIGURE 7.8: HR-TEM image
showing the amorphous struc-
ture of layer 4.

between growth of each layer. In the DF-TEM image, an increas-
ing number of nanocrystalline grains are visible closer to the top
of each individual layer. This is especially clear close to the in-
terface between the layer 3 and layer 4. This could possibly be
due to formation of SiOx at the surface when the deposition is
stopped.

Figure 7.6 is a high-resolution TEM (HR-TEM) micrograph of
the bottom layer grown with Ji/JMe=8 at Ts=450 ◦C. It clearly
consists of ∼5 nm-sized grains encapsulated in an amorphous
matrix.

Layers 2 and 3 are equal in nanostructure. The typical ap-
pearance is shown for layer 3 in Figure 7.7. The layers consist
of 1-2 nm sized nanocrystalline grains, with lattice fringes visible
inside, encapsulated in an otherwise amorphous matrix.

Figure 7.8 shows the nanostructure of the amorphous top layer.
The layer is fully amorphous, without any evidence of grain for-
mation. Thus, I conclude that it is possible to grow fully amor-
phous Hf-Al-Si-N films from a single alloy Hf0.6Al0.2Si0.2-target
with Ei=10 eV, Ji/JMe=1 and Ts=150 ◦C.

The difference in substrate temperature between layer 3 (250 ◦C)
and layer 4 (150 ◦C) is only an effect of the increased ion-to-
metal flux ratio towards the substrate, since the external heating
was switched off during growth of both layers. However, the in-
creased temperature during growth of layer 3 is enough to cause
crystallization. Our results show that a very low substrate tem-
perature (150 ◦C), is needed for growth of fully amorphous films
at this composition. I concluded that it would not be possible
to grow alternating amorphous and nanocrystalline layers using
the Hf0.6Al0.2Si0.2-target, since a high flux is needed for the pref-
erential resputtering of lighter elements. However, I discovered
that films grown with Ji/JMe=8 at Ts=250 ◦C and Ei=10-50 eV
have different Si-bonding structure, depending on the ion energy.

In Paper V I report on multilayers grown by sequentially al-
ternating the ion energy between 10 eV (floating potential) and
40 eV, which yields nanocrystalline multilayers with layers that
are alternating hard and ductile, with essentially the same com-
position.

The hardness of the multilayers decrease monotonically from
∼27 GPa to ∼20 GPa as the bilayer period Λ is increased from 2
to 20 nm. However, the fracture toughness, characterized by di-
rect crack length measurements following 50-150 mN peak load
nanoindentations, increases with Λ. Multilayers with Λ=10 nm
are shown to be both hard, ∼ 24 GPa, and fracture tough.
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