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Abstract

The work presented in this thesis deals with rgaathagnetron sputtering processes
of metal oxides with a prime focus on high powempitse magnetron sputtering
(HIPIMS). The aim of the research is to contribttevards understanding of the
fundamental mechanisms governing a reactive HiP&ess and to investigate

their implications on the film growth.

The stabilization of the HiPIMS process at the sion zone between the metal and
compound modes of Al-O and Ce-O was investigatedealizing the film deposition
with improved properties and higher deposition eatd the results are compared with
direct current magnetron sputtering (DCMS) proces$ae investigations were made
for different sputtering conditions obtained by wag pulse frequency, peak power
and pumping speed. For the experimental conditemployed, it was found that
reactive HiPIMS can eliminate/suppress the hysieeftect for a range of frequency,
leading to a stable deposition process with a kigiposition rate. The hysteresis was
found to be eliminated for Al-O while for Ce-Owfas not eliminated but suppressed
as compared to the DCMS. The behavior of elimimésioppression of the hysteresis
may be influenced by high erosion rate during tiésey limited target oxidation
between the pulses and gas rarefaction effectsrant fof the target. Similar
investigations were made for Ti-O employing a largeget and the hysteresis was
found to be suppressed as compared to the respd2@MS, but not eliminated. It
was shown that the effect of gas rarefaction imaguful mechanism for preventing
oxide formation upon the target surface. The imp&chis effect depends on the off-

time between the pulses. Longer off-times reduedrtfiuence of gas rarefaction.

To gain a better understanding of the dischargeent#woltage behavior in a reactive
HiPIMS process of metal oxides, the ion composgiamd ion energy distributions

were measured for AI-O and Ti-O using time-averaged time-resolved mass

spectrometry. It was shown that the different disgh current behavior between non-
reactive and reactive modes couldn’t be explainelélys by the change in the

secondary electron emission yield from the sputtetarget. The high fluxes of'©

ions contribute substantially to the discharge entrigiving rise to an increase in the



discharge current in the oxide mode as compardidetanetal mode. The results also
show that the source of oxygen in the dischargboth, the target surface (via

sputtering) as well as the gas phase.

The investigations on the properties of HIPIMS gnodilms were made by
synthesizing metal oxide thin films using Al-O, @iand Ag-Cu-O. It was shown that
Al,Osfilms grown under optimum condition using reacti#&IMS exhibit superior
properties as compared to DCMS. The HiPIMS growndiexhibit higher refractive
index as well as the deposition rate of the filmvgh was higher under the same
operating conditions. The effect of HIPIMS peak pown TiQ film properties was
investigated and the results are compared withDl68S. The properties of TiO
films such as refractive index, film density andapé structure were experimentally
determined. The ion composition during film gromttas investigated and an
explanation on the correlation of the film propestand ion energy was made. It was
found that energetic and ionized sputtered fluxdactive HiPIMS can be used to
tailor the phase formation of the Ti@®ms with high peak powers facilitating the
rutile phase while the anatase phase can be obtaisiag low peak powers. These
phases can be obtained at room temperature wittxternal substrate heating or
post-deposition annealing which is in contrast lie teactive DCMS where both,
anatase and rutile phases of TéPe obtained at either elevated growth temperatures
or by employing post deposition annealing. Theatftd HiPIMS peak power on the
crystal structure of the grown films was also inigeged for ternary compound, Ag-
Cu-0, for which films were synthesized using reactHiPIMS as well as reactive
DCMS. It was found that the stoichiometric Ay,O3; can be synthesized by all
examined pulsing peak powers. The oxygen gas flate mrequired to form
stoichiometric films is proportional to the pulsipgak power in HiPIMS. DCMS
required low oxygen gas flow to synthesis the $tioimetric films. The HiPIMS
grown films exhibit more pronounced crystallineusture as compared to the films
grown using DCMS. This is likely an effect of highbnized depositing flux which
facilitates an intense ion bombardment during ilve §rowth using HiPIMS. Our
results indicate that ACwOs; film formation is very sensitive to the ion
bombardment on the substrate as well as to the-&té@ction of metal and oxygen

ions to the target.
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Popularvetenskaplig sammanfattning pa svenska

Arbetet som presenteras i denna avhandling betagdeing pa ytor av material med
hjalp av reaktiv sputtering. Speciellt anvands @knik kallad "high power impulse
magneton sputtering” (HiPIMS) p& svenska ungefagelffektspulsad magnetron
sputtering och avhandlingen utreder hur den pavedka reaktiva sputterprocessen
och tillvaxten av skikten. Avhandlingensarbetet gftat bade till att erhalla en
grundlaggande forstdelse av den reaktiva sputspingessen t.ex., hur den reaktiva
gasen paverkar strom-spannings-karakteristiken Hes palagda pulserna och
jonsammansattningen i plasmat, samt till att anségeh erhallina forstaelsen for att
tillverka skikt av foreningar, speciellt metalloeid Normalt &r reaktiva
sputterprocesser valdigt ostabila nar man blandalein reaktiva gasen for att fa ratt
samansattning pa belaggningen. Hur olika parametéaom pulsfrekvens, pulseffekt
och gasflodeshastighet genom systemet, paverkaiadastabilitet har undersoktes. |
detta arbete visar jag att det gar att stabilipenaessen med hjalp av HiPIMS och jag
foreslar mojliga mekanismer for hur denna stabilige gar till. Dessa inkluderar en
kombination av h6g etshastighet av sputterkallaseupulserna, begransad oxidering
av sputterkdllan mellan pulserna och av gasurtunrfimamfor sputterkallan. |
avhandlingen visas att belaggningar ayQlkan vaxas med hjalp av reaktiv HIPIMS
och fa egenskaper som ar 6verlagsna skikt vaxtatraéiionell reaktiv sputtering.
Dessa egenskaper inkluderar hogre tillvaxthastjgit@are material och hogre
brytningsindex. Ett annat material som studerat3iép, ett material som anvands
som en optisk ytbelaggning for att erhdlla olikaiska fenomen men ocksa for att
materialet ar fotokatalytiskt vilket kan halla etayen om den utsatts for solljus.
Beroende pa vilka egenskaper man vill optimera ifdman kunna anvanda olika
faser av TiQ. Nar man vaxer material med HiPIMS s& kan manjanyté skapade
jonerna for att bombardera skiktet under tillvixkéed hjalp av detta
jonbombardemang kan onskad fas erhallas. Ett tredjeerial som studerades ar
silverkopparoxid. Det &r ett material som kan fitiiampningar som solcellsmaterial.
Det visade sig att skikt som vaxtes med HiPIMS éarbattre kristallinet (farre

gitterdefekter och stdrre korn). Detta ar av stkt for solcellstillampningen.
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Chapter 1

Introduction

1.1 Thin Film Technology

Thin films are layers of materials which are tyflicaleposited upon substrates. The
thickness of these films is in the range of a famometers to a few micrometers [1, p.
3]. At this scale, the properties of thin films madiffer significantly from bulk
materials. Using thin films one can combine thepprties of a bulk material with
those of the surface material, which is formedhas film and the overall effect is the
improvement in the desired properties such as r@eatt mechanical and optical
properties. In addition to improving propertiesacsubstrate material i.e., cutting tools,
etc., thin films and coatings can also reduce t® of materials compared to its bulk
counterpart. Various materials including metals, eletitrics  (insulator),
semiconductors and polymers are widely used as filnirs in various industrial
applications such as electronic devices, opticatings, etc. The film quality depends
on the deposition technique used as well as prao@wditions during the deposition.
There are a number of methods for producing thHmsfi such as chemical vapor
deposition, evaporation, sputtering (atoms aretejefrom a surface due to an impact
of energetic particle on the surface; sputteringhis main technique of thin film
deposition used in this thesis and it is describeatktail in Chapter 2, section 2.3) and

various combinations of these. Generally, thesehatst are divided into two main



groups: Chemical Vapor Deposition (CVD) and Phylsié@por Deposition (PVD) [2,
p. 96].

In a CVD process, thin films are grown via chemioedctions of precursor gases
taking place at high temperatures. The processheasapability of depositing a large
variety of coatings of different materials (metatgmiconductors, organics and
inorganics) on large area substrates [2, p. 278lvéVer, there are several limiting
aspects of the CVD process, many of them relatetidchigh process temperatures
often required [2, p. 286].

In a PVD process, thin film deposition takes pla@e condensation of a vaporized
material onto a substrate [2, p. 145]. The vaporth&f source material can be
generated by several means such as heating, iorbdvsdment, etc. The most
common PVD methods are evaporation and sputtefihgse methods allow for the
deposition of thin films at low substrate temperat(below 100°C). At present, the

use of PVD is widely used in a wide range of indaktapplications.

1.2 Research Background

Compound thin films such as metal oxides, nitridespides and their combinations
are widely used in various industrial applicatioi®day, we find products with
compound films prepared by PVD based methods sighreactive magnetron
sputtering, in areas such as protective coatingsarts windows, photovoltaic
applications and microelectronic devices. New ajgpions bring higher requirements
on the stability of the growth process and on tleefggmance (e.g., quality and
efficiency) of deposition systems. Along with stipj the process should facilitate an
accurate control over film composition, film proples and thickness uniformity
while maintaining a high deposition rate. Moreovére reproducibility and the
portability of the process from one system to aaeptire essential. There are several
issues which are encountered during reactive démogirocesses — especially with
metal oxide systems which — that along with ancéfit control, demand new

solutions.

The hysteresis effect is one of the primary prolsleencountered during reactive
sputtering and is caused by compound film formatibthe surface of the sputtering

target (target poisoning). This leads to procestability and sometimes a very low



deposition rate as the reactive gas flow incref&€s]. An external feedback control
system is commonly employed to overcome this issumyever, this adds an
additional cost and complexity to the productiongass. Elimination or suppression
of hysteresis without an external feedback conwil facilitate low cost, high

deposition rate film production with a stable prege

Recently, reactive magnetron sputtering of metadl@xhin films using high power
impulse magnetron sputtering (HiPIMS) has shown thessibility for the
elimination/suppression of the hysteresis effedhatit using an external feedback
control signal during film deposition [6,7]. Thessmpelling results provide
opportunities for the development of new technasgio deposit metal oxide thin
films. Moreover, HiPIMS allows for controlling thenergy and direction of the
deposition flux. These ion fluxes can be usedtiuénce film growth processes and
make films with superior properties (e.g., optieald mechanical) as compared to

films deposited by conventional magnetron sputterin

1.3 Aims and Obijectives

The aim of this research has been to make theiveddtPIMS process an industrially
viable method for high rate and high quality deposs of metal oxide thin films.
This is achieved by developing an understandintheffundamentals of the reactive
HiPIMS process by employing several metal oxideshsas A}Oz;, CeQ, TiO, and
Ag.Cw0s. An understanding of the process has been achibyedtudying the
behavior of the hysteresis effect and dischargarpaters such as discharge current,
discharge voltage, reactive gas flow rate, etc.wa as by analyzing the plasma
chemistry and plasma energetic using mass spedimprfumder conditions suitable
for thin film deposition). The properties of thepdsited films have been investigated
by employing several analytical techniques suclts@mnning electron microscopy
(SEM), x-ray diffraction (XRD), spectroscopic elipmetry (SE) and elastic recaoll
detection analysis (ERDA).

1.4 Outline
This thesis begins with a general overview of tfilm deposition and growth as
related to sputtering deposition techniques. Falgwthis is a section on reactive

magnetron sputtering in order to understand theemgénbehavior and problems



encountered during reactive sputtering. Strategfie®duce hysteresis are suggested
and the discharge current behavior in a reactiielMIE discharge is presented. A
chapter on material systems studied in this thesiecluded followed by a chapter on
the characterization techniques used in this wieitkally, a summary of the results of

the publications is provided.



Chapter 2

Thin Film Deposition and Growth

This chapter describes the basics of plasma-bagefilm deposition techniques with
a focus on magnetron sputtering based methods, Hies fundamentals of plasma
physics and plasma discharges are presented fallome the introduction of

magnetron sputtering and its commonly used varidrite general principles of thin

film growth are also summarized in this chapter.

2.1 Plasma Physics

In 1929, Irving Langmuir [8] used the word “plasma’describe the state of matter
(ionized gas) inside the glow discharge. The plasmoasists of positively and
negatively charged species and neutral particle®radl, plasma is neutral (quasi-
neutrality) [1, p. 150-151] since there exists tadygan equal number of ions and

electrons (0, =n,=n particles/nd). Generally, we classify plasmas as thermal

equilibrium and non-thermal equilibrium which arefided as:

1. Thermal equilibrium Plasma

In this type of plasma, the plasma constituentsrateermal equilibrium, i.e.,
the electron temperature is roughly equal to thetéonperatureT, =T;) [9, p. 8]. For
example, much of matter in the universe (stars) etinsists of thermal equilibrium
plasma[1, p. 159].



2. Non-thermal equilibrium Plasma
An example of non-thermal equilibrium plasmas is ghscharge at low
pressure P= 1 mTorr to 1 Torr (0.13 - 133 Pa). In such plasn&ectrons have

temperatures much higher than iong ¥>T,) [9, p. 8]. Due to their lower mass

electrons exchange energy in collisions with thekeound gas less efficiently than
ions. The temperature of ions is comparable witt tf the container, whereas the

electron temperature is in the order of severalshad degrees Kelvin [1, p. 159].

The plasma relevant for this thesis is of the lowsgure non-thermal equilibrium
type which is generated via an electrical discharfgen inert gas. A brief description

of the electrical gas discharges is presentedeiméxt section.

2.2 Plasma for Material Processing

The plasma for material processing such as thosgé insPVD based glow discharge
methods are generated via the electrical dischafgegas under low pressure in an
evacuated chamber. An inert gas (usually Ar) isiesea working gas. The electrical
discharge is generated by applying an electriclihge to the electrodes (cathode and
anode) whereas the walls of the chamber (usuadlyyesas the anode. The gas
discharge plasma can be divided into three differegimes which includelark
discharge, glow discharge andarc discharge (see Figure 1) based on the discharge
current [10].

Dark discharge When an electrical potential is applied betwe®n tivo electrodes,
few electrons (present due to, e.g., backgrounitiad) are accelerated towards the
anode with a kinetic energy supplied by the diffiees in potential between the
electrodes. Collisional processes — i.e., elastid melastic collision — between
energetic electrons and neutral gas particles &@®s) can occur. If the electrons
have sufficient energy, they can ionize neutral gasticles through inelastic

collisions via the following reaction:
e +Ar - 2 +Ar

The resulting electrons can take part in furth@ization of the gas atoms. Gas ions

( Ar*) will be accelerated towards the cathode and assalt of their impact,

electrons (often calledecondary electrons) along with the atoms of the cathode



material are ejected through the process of spngtefhe ejected atoms are, therefore,
termed as theputtered atoms (as explained in the following section). Initiglithere
is very small current flowing due to the low numioéicharge carriers. This regime is

called theTownsend discharge [2, p. 149-150] (see Figure 1).

Glow discharge If enough secondary electrons are ejected to rgemehe same
number of ions that are used to generate the sappetectrons, the discharge is self-
sustained. In this regime, gas breakdown occurstlamdioltage decreases suddenly
while the current increases rapidly. The plasmessta glow and this regime is called
the normal glow [2, p. 150]. Further increase in the voltage wi#lsult in a
corresponding increase in the current density wkidhresult in an increase in the
discharge power. The ion bombardment will coverimle cathode surface and at
this point a transition to a new regime occurs Whgcalled theabnormal glow [2, p.
150]. The process of sputtering (see section 268drgs to the abnormal glow

discharge.

Arc discharge Increasing power density even further leads éortfionic emission of
electrons from the cathode. The voltage drops sugdehile the current density

becomes very high. This regime is caléed discharge [2, p. 150].

Dark discharge Glow discharge Arc discharge

Townsend regime

Breakdown voltage

> /"’1 l"-,_ Glow-to-arc
[— g i transition
© r'd
(@] A
g A
= Y
o
> \ y,
Normal Abnormal Thermal arc
glow glow _
A l‘L—'—(
) | L | L | L | L | L | L >
107 10° 10° 10" 10 10° 10° 10*

Current[A]

Figure 1. Different phases of plasma discharge rg¢ioa. (After Roth [10].)



2.3 Sputter Deposition
Sputtering is a process in which atoms are ejeftted a solid material (sputtering
target) by bombarding the target surface with estérgparticles, often ions of an

ionized inert gas (sputtering gas) [2, p. 172].

A schematic drawing of a typical sputtering setsppresented in Figure 2. The
sputtering target, usually solid, serves as thieotht by applying a negative voltage to
it while the walls of the chamber serve as the andthe chamber is evacuated using
vacuum pumps after which an inert gas such as Atieduced to the chamber and
the plasma is generated by an electrical dischafgthe gas. The ions from the
plasma bombard the target surface and sputtertonisavia momentum transfer [2, p.
174-180]. The rate of sputtering is proportionatte current density of inert gas ions
bombarding the target surface [11]. The sputtetetha traverse through the plasma
and reach the substrate where they may condensdoandfilms. Energy of the
sputtered atoms is described by the so called Toorasergy distribution having an
energy range of a few eV up to tens of eV. The lmemof sputtered atoms per
incident ion, known as thsputtering yield, depends on the target material, surface
binding energy of the target atoms, incident enenggss of the projectile as well as
on the angle of incidence of the bombarding pat[d, p. 566]. Moreover, during
impact of the incident ion, there are other proessscurring as presented in Figure 3.
For example, the emission of secondary electrom filoe target that is important to
sustain the discharge as described in section @@ discharge). The number of
emitted electrons per incident ion — knownsasondary electron yield or secondary

electron emission coefficient — also determines the discharge voltage [12].
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Figure 2. A schematics of a magnetron sputterirstesy.
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Figure 3. Different processes occurring during getc incident ion bombardment.



2.4 Magnetron Sputtering

Enhancing the ionization rate of gas ions durirgy ghocess of sputtering to achieve
more efficient sputtering conditions by a magndteld is the concept used in

magnetron sputtering [2, p. 222]. In this case, itiegnets are placed behind the
cathode in order to confine electrons close totélnget surface using the magnetic
field. The force acting on a charged particle ia gresence of the magnetic field is

the Lorentz force [9, p. 27] given by,
F=q(E+vxB),

where g is the charge of particles is electric fieldy is the velocity of charged

particle andB is the magnetic field. If the velocity of an elextris non-parallel to the
magnetic field, it will experience force and follolelical path — which is also
termed as the gyration radius — around the magfiefit lines. This increases the
path and thus enhances the number of collisionwdsst electrons and inert gas
atoms leading to an increased ionization efficieneyich in turn increases the
efficiency of the sputtering gas ion generation #mefeby enhances the sputtering
efficiency. Only the electrons are confined by thagnetic field. lons due to their
high masses have very large radius of the heliatth pomparable to the chamber
dimension while the radius of gyration for elecsadn typically about 1 mm [14, p.
46]. Plasma generated in magnetrons can be sustatree lower pressure and lower
operating voltage than in conventional diode spute where the sputtering
efficiency is lower. In diode sputtering, since nmagnetic field is used, high
operating voltages and pressures are required nerge working gas ions. The
typical operating pressure and discharge voltagsl us magnetron sputtering —
allowing the discharge to maintain — are 0.1 - 1aRd[500 V, respectively, while
those used in conventional sputtering are abouP2@ndR2 - 3 keV, respectively
[13].

Circular planar magnetron is the most common magneatonfiguration used. In this
configuration, the magnet with one pole is placedha central axis of the circular
magnetron and the second pole is placed in the aimgiguration around the outer

edge, as shown in Figure 4.
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(@)

(b)

Figure 4. Schematic of a cross section of a plaregnetron: (a) a balanced magnetron and (b)
a type Il unbalanced magnetron displaying onlyipbmagnetic field lines close to the target

surface. Here, the target appears with the chaistiteracetrack formation.
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In general, there are two standard types of magrfetld configuration used in

deposition by magnetron sputtering [13]:

Balanced magnetron

The inner and outer magnets have the same strevigith confines the electrons
close to the target surface. This means that @enmd does not reach to the substrate
and results in low ion bombardment of the substfiate current density < 1 mAcf)
during film growth, thereby leading to low mobilitf the depositing atoms on the
substrate. This configuration is displayed in Feggdr(a).

Unbalanced magnetron

If the inner magnet has a stronger pole than theramagnet, the magnetic field
configuration is unbalanced (type | unbalanced m&gn). In the type |l
configuration, the inner pole is weaker than théepyole; the magnetic field lines
open up and extend towards the substrate (seeeHg(ly)). The electrons follow the
field lines and, therefore, the plasma is also rdeéel to the substrate. lon
bombardment (ion current density = 2 - 10 mA@rduring growth can beneficially
influence the film properties, such as increasdinga density and improve adhesion

to the substrate.

2.5 Magnetron Sputtering - Modes of Operation
There are variants of magnetron sputtering depgndinhow the power is applied.
Among these, the techniques used in this thesis dimext current magnetron

sputtering and high power impulse magnetron spoger

2.5.1 Direct Current Magnetron Sputtering

In thin film sputtering deposition, direct curremagnetron sputtering (DCMS) is
successfully used to grow conducting thin filmshagh deposition rates whereas it
can also be scaled for making large scale depnsitidhin films. This makes DCMS

an industrially attractive deposition techniqueDBMS, a constant power is applied
to the target which is limited by the thermal laadthe target. This power limitation
(maximum power densities of a few 10s of Wordoes not allow for generating high
plasma densities and the resulting ion fractionhef sputtered material is very low
(only a few percent for metals) [15]. The majonfiythe flux is therefore consisting of

neutral depositing species with energy of few eVeall, this results in the energy of
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the sputtered species limiting the energy input itite substrate. It is possible to
improve the film quality by applying a negative @uotial to the substrate, additional
heat at the substrate and using an unbalanced tnagr{gype 11). This will provide
the possibility of ion bombardment during film griwthereby improving the film
quality.

2.5.2 High Power Impulse Magnetron Sputtering

A high power impulse magnetron sputtering (HiPIMB3charge is operated with
very high instantaneous power which facilitates teneration of high plasma
densities, thereby creating highly ionized depogitifluxes. This scheme was
introduced by Kouznetsaat al. [16] in 1999. In HiPIMS, the power to the cathasle
applied using short uni-polar pulses of low dutgley(pulse on-time divided by the
period of the pulse) resulting in very high targetk power densities of the order of
kWcm?[15-17]. The typical discharge current and voltagareforms in HiPIMS are

shown in Figure 5 (a).

Thanks to the high peak power, dense plasma isrggkin front of the target with

typical plasma densities in the order of*°L@n®. High electron density facilitates
ionization of neutral species and a high degreeritation of both gas and sputtered
species is reached [16]. lonized depositing flugesvide the possibility to control

their energy and direction during film growth [18]1The energetic bombardment
during the film growth facilitates the growth ofirfis with superior properties as
compared to those obtained by conventional magmetputtering techniques, e.g.,
denser films [20-22], tailored film structures [25,23,24], good mechanical [22,24—
26] and electrical [27] properties, etc.
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Figure 5. Discharge current and rectangular shafiage waveforms generated by a HiPIMS
power supply (SPIK 1000 A pulsing unit fed by anvAdced Energy Pinnacle generator).
The data was recorded from an Ar — Ti HIPIMS disgbaoperating at the average power of
200 W with pulse on/off time configurations a) 108900 ps and b) 500/19500 ps.

Several researchers have investigated the curodaif)e characteristic behavior of

HiPIMS. Anderset al. [28] showed the current/voltage characteristi@dfliPIMS

discharge using different target materi@s, Ti, Nb, C, W, Al and Qr It was found

that the HIPIMS current discharge exhibits two @saduring the pulse on time. The
initial phase depends on operating pressure addnisnated by gas ions. The second
phase depends on the power and target materidfispsetering (the back-attraction
of the sputtered atoms to the target and therehysimg sputtering) strongly
contributes to the discharge current. Andzra. [28] also showed that self-sputtering
is significantly affected by the amount of the rplit charged sputtered ions rather

than the singly charged ions. When the plasma digehhas a sufficient amount of
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multiply charged ions of the sputtered materiadsthions can be back attracted to the
target giving rise to secondary electron emissidnciv subsequently results in the
transition of the discharge to the high currenimegy(see for example Figure 11 in
[28]).

Besides bombardment of the target with the higimgrgetic positive gas ions, the
kinetic energy from the ions transferred to th@earlso results in heat generated at
the target surface. This heat can be transferrébdetgas in front of the target. If we
assume that the process gas obeys the ideal gathawthe pressure of the g&g.

can be given as,
Pgas = NgasKT ,

wherek is the Boltzmann constantigsis the gas density anidis the gas temperature.
In the case that the gas pressure in the chambeoristant (Isobaric process),
increased gas temperature leads to lower gas defgsis dilution effect or gas
rarefaction effect) [29]. Moreover, the sputtered atoms also transfergy to the gas
atoms in front of the target via momentum transfbich means the gas density in
front of the target surface is low which adds te ¢fas rarefaction. This phenomenon
is also referred to asputtering wind [30]. The magnitude of the gas rarefaction
depends on several parameters [31], e.g., appliegp gas pressure and gas species.
With HIPIMS plasma conditions — where the ionizedtjzle density is very large —
the effect of gas rarefaction is enhanced. Sevessarchers have investigated this
phenomenon for HiIPIMS as well as for lonized PVDagasses [17,28,29,31,32]. The
decreased gas density in front of the target duga® rarefaction results in the
decrease of the sputtering gas ions which in tauses a decrease in the discharge
current [33] (see Figure 5 (b)). The effect of gasefaction and behavior of the
discharge current for Ti and Al during the growth 16-O and AI-O have been
discussed ifPaper 4.

There are some disadvantages with HiPIMS, e.gwaraeposition rate for metals as
compared to conventional magnetron sputtering a& $ame average power.
Helmerssoret al. [15] reviewed deposition rate data in HIPIMS andrfd that the

rates are typically 25 - 35% of the rates in DCMBis observed low deposition rate

can be attributed to several mechanisms, such dsdittaction of metal ions to the
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target followed by self-sputtering [15,34,35] ambmalous transport of the sputtered
species [36]. However, it is possible to incredsedeposition rate by optimizing the
parameters such as changing the magnetic fieldhefmagnetron [37], applying a

magnetic coil between the substrate and magnedrgett[19].

2.6 Thin Film Growth

In the process of a film formation, atoms suchhasé sputtered from a target — in
the case of magnetron sputtering — reach the sbsand condense to form a
coating. There are several parameters that infeietie growth behavior and
structural features of thin films. These paramegees determined by the deposition
conditions and influence how the atoms behaveastlbstrate before they are fully
bonded to form films (refered to adatoms) as well as the kinetics of the atoms (such
as mobility, diffusion) at the substrate surfacéie Tdependence of the structural
features of thin films on the deposition conditi@re often illustrated in the form of
structure-zone diagrams, also known as structunedanodels (SZMs) [2, p. 497].
The first structure zone model for magnetron-spettanetal thin films was proposed
by Thornton [38]. The parameters that are useddé&scribing the microstructural
evolution of the films in this model are sputteriggs pressure and substrate

temperature.

Sputtering gas pressureHigher pressure means more frequent collisionshef t
sputtered atoms with the background gas and loes@fgy. Therefore, the energy of
the atoms arriving to the substrate is lower r@sylin low adatom mobility giving

films with a porous microstructure at low substia®perature.

Substrate temperatureThis represents the thermal effect on the film ghowligher
temperature of the substrate can enhance adatonilitgddiffusion which allows
particles to find energetically favorable positipresulting in formation of a film with
larger grains (often columnar). At low temperatutes mobility/diffusion of adatom
is very low, resulting in films with smaller graine disordered structure. Low

temperature films also contain more voids.

The SZM presented by Thornton is divided into faanes (1, T, 2 and 3) based on
the resulting microstructure of the films influeddey the sputtering gas pressure and

substrate temperature (in the SZM, the ratio ofsthiestrate temperature and melting

-16-



point of the source material, i.€/Ty, has been used). The SZM is briefly discussed

here:

1. Zonel.

The structure of the films appear amorphous or amr erystalline structure
(many defects). The size of columns is typicallystef nanometers in diameter and
the individual columns are separated by voided Haties due to limited diffusion of
adatoms on the surface. This zone occurs wheratleTe/Ty, is in the range 0.1 - 0.5

and sputtering gas pressure is in the range 41Ba.

2. ZoneT.

Films in this zone contain poor crystalline struetsimilar to zone 1 but with
no voids present. This zone may be consideredti@nsition between zones 1 and 2.
The ratioTJ Ty is in the range of 0.1 - 0.4 at sputtering gasguee 0.15 Pa, and/Tn,
is in the range 0.4 - 0.5 at sputtering gas preséira.

3. Zone2.
In this zone crystalline columnar grain with fevamfects than in zone 1 are
found. There are no voids (dense grain boundabiesyeen the column3y/Ty, is in

the range 0.4 - 0.7 and atoms have energy highgbnioudiffuse on the surface.

4. Zone3.
This zone occurs alyTy, > 0.6, which is high enough to activate bulk

diffusion in the film.

In addition, there are other parameters such attespg power, substrate bias, and
deposition rate that influence the microstructurélims. However, the microstructure
still falls within one of the SZMs proposed by Thtam and is determined by the

energy of adatoms.
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Chapter 3

Reactive Magnetron Sputtering

In this chapter, the fundamentals of a reactive meign sputtering process along

with the discussion on elimination/suppressiorhef hysteresis effect are described.

3.1 General Behavior

Compound films such as metal oxides or metal mridre commonly deposited using
an insulating compound target via radio frequeriRl)(magnetron sputtering [2, p.
211]. However, the deposition rate is low becauddhe lower sputtering yield of the

compound material relative to metal, especiallymiatal oxide. Also the sputtering
efficiency in RF discharges is low. Another limitat of RF sputtering is its

complicated and expensive hardware [3]. Theref@fe magnetron sputtering is less

attractive for industrial processes.

Reactive DC magnetron sputtering is an alternatéghnique for compound film

deposition with potentially higher deposition ratssn RF magnetron sputtering.
Also, it uses metal targets which are easier am@dpér to manufacture. In a typical
DCMS reactive process, compound film is synthesipethe presence of a reactive
gas mixed with an inert working gas (e.qg., Ar) Ipytering of a metallic target [2, p.
216]. Reactive gas in the discharge will react fondch the desired compound at the

substrate. For example, in the case ofQAlfilm growth, oxygen is introduced and
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reacts with sputtered Al species to form@4d on the substrate. In practice, however,
there are some challenges which have to be addreBse to the process instability
during reactive sputtering deposition, the depwositates may be low. Also, the film

stoichiometry may be influenced by the process itimms.

3.2 Growth of Compound Films

In reactive sputtering the sputtered material eadth the reactive gas species and
forms a compound. This offers the possibility totcol the chemical composition and

other film properties by varying the ratio betwékrxes of the sputtered material and
reactive gas.

For a typical reactive sputtering process, threfferdint modes — metal mode,
compound mode and the transition between them —usuelly considered based on

the reactive gas flow rate [4]. These modes aeflpriliscussed below.

1. Metal mode.

In this mode, the reactive gas flow fed into therober is not sufficient
(reactive gas partial pressure is low) to reachwit the sputtered material deposited
at the surfaces in the chamber such as chambes,wsalbstrate and target. Thereby,
the deposited film at the substrate is sub-stoioktoic and the desired properties of
the film are not achieved due to the excess ofetangaterial (e.g. the composition
corresponds to SiQ, TiO.« or TiNi.). The sputtering target surface in this mode is

predominantly metallic with a low fraction of compal.

2. Transition mode.

In this region, there is a complex dependence ef dbmposition on the
reactive gas flow typically there is more than everking point corresponding to a
single value of the gas flow. Depending on the waglpoint, the deposited films may
be stoichiometric while the target surface is stifltallic. The optimum working point,

however, may be unstable.

3. Compound mode.
If the amount of the reactive gas is further inseghthe reactive gas partial
pressure will be high and the whole target surfaitebe covered by the compound

film (completely poisoned). This mode is referredas compound mode. In this
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region, the sputtering efficiency decreases whasults in lower deposition rate as
compared to the transition mode. This is a resfiltow sputtering yield of most
compounds, especially oxides. In some cases, comipowde is preferred because of
its stability, such as in large area coatings @sgl In addition to the low deposition
rate, excess of reactive gas may result in ovéctgtametric composition of some

compounds such as TiN with undesirable color.

3.3 Process Stability
During a reactive sputtering process, the readietmveen the target material and the
reactive gas might lead to process instability tlueseveral effects [4]. The most

common among these are: (1) Hysteresis (2) Arcam(8) Disappearing anode.

3.3.1 Hysteresis Effect

The hysteresis effect is an issue to overcomeadntinee sputtering in order to deposit
stoichiometric films at a high deposition ratetHé discharge power is kept constant
and the reactive gas flow is increasing, there mélla critical point in the reactive gas
flow where the transition to compound mode occus.this critical point, the
compound formation takes place at the whole surféditee sputtering target resulting
in a sudden change in the sputtering rate as cadparthe metal surface. Thereby,
the deposition rate suddenly decreases. This angeanied by an increase of reactive
gas partial pressure. Typically, the sputterinddyief the compound is substantially
lower than that of the elemental material [3-Hjis causes the deposition rate to
decrease as the supply of the reactive gas in@eesieh leads to a further decrease
in the deposition rate and an avalanche like ttiamsfrom metal to compound mode
of operation. A typical experimental processingveufor the mass deposition rate vs.
the supply of the reactive gas is shown in Figur@ite mass deposition rate drops
when the reactive gas flow is higher than the aaltireactive gas flow. However,
when decreasing the reactive gas flow the depasitide does not increase at the
same point but needs to be reduced more to shawrkgss in the gas flow [3-5]. The
resulting curve is referred to ashgsteresis curve. The area between the decreasing
and increasing points is referred to as ligsteresis region, sometimes also called
transition region. At the same time, a corresponding hysteresiceiffeobserved in a
plot of the reactive gas partial pressure vs. #aetive gas flow and this is shown in

Figure 7. Hysteresis will also be observed for otpeocess properties such as
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discharge voltage and discharge current. Thiséalme secondary electron yield also
changes when the compound mode started which Histtsathe plasma impedance.
The change of discharge voltage or discharge curfgecrease or increase) as
compared to the discharge voltage or dischargecuin metal mode depends on the

target material [12].

Controlling the reactive gas partial pressure edtef the reactive gas flow makes
operation inside the transition region possible kdis to a hysteresis free [3,5]. A
typical experimental processing curve for the ligachas partial pressure vs. the
supply of the reactive gas for a reactive sputteprocess is shown in Figure 8 (a).
The corresponding hysteresis effect is observethirelationship between the mass
deposition rate and the reactive gas flow and dsvshin Figure 8 (b). In contrast to

Figures 6 and 7, there is no hysteresis in thégbgmtessure in Figures 8 (a) and (b)
and all operating points in the transition area ateessible. The partial pressure
control requires active adjustments and the cdetraldds cost and complexity to the
operation. However, it has substantial benefitshla thesis, the hysteresis behavior
has been investigated using reactive gas partedspre control and is shown in
Paper 1 Control of the reactive gas flow is discusse&aper 2
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Figure 6. Typical experimental curve of mass depmsirate for reactive sputtering process
of Ti.
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As mentioned above, the sputtering yield of oxigesypically lower than that of
metals, which means that sputtering from an oxidget results in lower deposition
rates as compared to that of the metal mode. Lsegke industrial processes require
that films are grown at high deposition rates veitbtable process. Higher deposition
rates can be obtained by sputtering at a suitatil® n the transition mode, thereby
avoiding a fully poisoned target — using a processtrol based on a suitable
feedback signal control to control the gas flowoider to keep the process stable.
There are several quantities in reactive sputtewhich can be used as a feedback
signal for process control. Some types of signadsdescribed in literature reviews

[3,4] and references therein:

1. Optical emission spectrometer (OES) signal

When the partial pressure of the reactive gas @&sg® then the intensity of
emission lines from the sputtered material decea$his is due to an increasing
fraction of the target surface covered by compononaderial which leads to a lower
erosion rate. Schillest al. [39] used the optical emission line of the tamyeterial as
a feedback signal by adjusting the gas flow andewadsle to control the constant
partial pressure of reactive gas during the dejposit

2. Mass spectrometer signal

Mass spectrometry measures the mass-to-chargeofatitarged particles and
thus can analyze the chemical composition of tloegss atmosphere. Therefore, this
technique provides a direct measure of the paptiessures (more details of mass
spectrometry will be described in Chapter 5, sectid.1). Sproul and Tomashek [3]
used mass spectrometry in order to maintain a aohtartial pressure during the
deposition. One issue with the mass spectrometehas there is drift in signal
intensity with time; however the ratio of peaks eéns relatively constant with time,

which can be used to compensate for this drift.

3. Cathode voltage signal

If the power (or current) is kept constant whil@aabing the reactive gas flow,
then the discharge voltage changes due to the ehaifntipe secondary electron yield
of the target thus affecting the plasma impedaAénito and Parsons [40] used the
feedback signal from the cathode voltage to stabilhe transition zone during

deposition. However, this signal is not sensitinéydo the partial pressure of reactive
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gas but also to other parameters such as targ&ntgs and temperature of the target
that influence the cathode voltage. Therefore,qusliis feedback to synthesize a true

stoichiometric film is difficult.

4. Oxygen sensor

An oxygen sensor is an electronic device which astéhe concentration of
oxygen. Typical oxygen sensor includes two pordestedes, commonly platinum
separated by a ceramic electrolyte such as yttahilged zirconia (YSZ) and
semiconducting metal oxide (TiOCeQ, etc). One electrode is in contact with the
ambient and the other in contact with the testagagronment. The oxygen molecules
are adsorbed by electrode and dissociate into ataxygen. The electrons from
electrolyte can transfer to oxygen atoms forminggex ions. The oxygen ions are
collected by the electrodes creating a voltagesdifice between them. Such a sensor
is used in various fields such as medical, foocc@ssing and automobiles [41]. The
main use of oxygen sensors is in automobile engimesder to control the air-fuel
ratio (Lambday) in the combustion engine. This oxygen sensotsis geferred to as
Lambda probe [41]. Thereby, the oxygen sensor output is fedkb@cthe engine
control for controlling the engine operates arotimel stoichiometric point(= 1). In
Paper 1, we used a lambda probe to detect the amountygfesxintroduced into the
chamber. The potential measured by the lambda pgeobend to the control unit and
used to control oxygen gas mass flow controlleider to maintain the oxygen
partial pressure. The advantage of using a lambalaepis the size and price, which

makes it suitable for large area coating contreteaps with multiple sensors.

3.3.2 Arcing

In reactive sputtering of insulating films, arcingcurs on the target surface in the
regions covered by non-conductive coatings. Pasitivarges will be collected at the
non-conductive layer due to bombardment by posjtieharged ions. This charge can
build up until the charge reaches the breakdowtagel and an arc will occur. There
are many techniques, including RF power supplyptated cylindrical target [3,4],
which are employed to avoid arcing. One commonlpleged method of avoiding or
significantly reducing the arcing effect duringnfildeposition is to use pulsed DC
reactive sputtering [42]. With this technique, ayrametric bipolar pulsed voltage

(the positive level is about only 10% of the negatpeak level) is applied to the
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cathode in order to allow for electrons to be attrd to the target surface to discharge

the non-conductive layer.

3.3.3 Disappearing Anode Effect

Another commonly encountered problem in a reaalgosition process of insulating
films is that insulating layers are also formedtbe chamber walls (i.e., the walls
serve as the anode for the discharge). This méenariode will gradually lose the
ability to collect electrons, resulting in a shift the plasma potential to a situation
where the potential between the cathode and ttemalalisappears and the plasma is
extinguished. There are various methods to avaiddibappearing anode effect, for

example, using dual magnetron sputtering [3,4].

3.4 Strategies to Reduce Hysteresis

In this thesis, we focus on the problem of hysisrdslimination or suppression of
hysteresis could enable high rate sputtering witteofieedback control unit which
would be very beneficial. Berg and Nyberg [5] sadlithe parameters which
influence the hysteresis effect by proposing a rhdéoiereactive sputtering. They
discussed the dependence of the hysteresis orathprgssure, deposition rate as well
as reactive gas flow. The model also presentedwsnivays to reduce or remove the

hysteresis. Most of them, however, have limitatiséch prevent industrial use.

The examples of methods to reduce hysteresis iotiveasputtering are briefly

summarized here:

1. Increasing pumping speed

Pumping speed is an important parameter that affeet hysteresis. Kadlet
al. [43] showed that if the pumping speed of the sys®) is greater than the critical
pumping speed, the hysteresis effect can be avoitedhe model by Berg and
Nyberg [5], it was shown that when the derivativfettee total supply (sum of all

sources for reactive gas consumptioQf and pressurePj is higher than

zero(dc?;’t >0j, the hysteresis can be eliminated. However, ttevback of this

method is the requirement for a very high pumpipgesl, especially for a large
deposition system. For these reasons, the high imgrgpeed approach is not used

very often.
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2. Reduction of the target area

The area of the sputtering target also influenbeshiysteresis effect. Berg and
Nyberg [5] showed that reducing the target areareanice the width of hysteresis
loop. Nyberget al. [44] also showed corresponding experimental restihe problem
of this method is the film uniformity which compdites deposition on large area
substrates. However, they demonstrated that mowiragnets inside the target

assembly may be used.

3. Sub-stoichiometric target

Kubart et al. [45] have shown that the hysteresis effect canelneoved by
targets consisting of a mixture of compound andainetaterial (i.e., a fraction of
composition between Tiand Ti powders). They also shown a high depositide

can be achieved when the target composition isropeid.

4. Gascomposition

Severinet al. [46] suggested that for some metal oxide systémaddition of
nitrogen gas into the sputtering atmosphere duregctive sputtering leads to
stabilization of the process and the hysteresiceffan be eliminated. This is due to
the higher sputtering yield of nitride than the tgring yield of oxide. However, the

deposited films contained low amounts of nitrogen.

5. Reactive HiIiPIMS

Initially, HIPIMS was used in reactive sputterin§ raetal nitrides for wear
and corrosion resistant coatings (hard coatingyelsas decorative coatings — e.g.,
CrNx [22], TiNk [47], etc. The deposited films show superior prtips such as
excellent adhesion, denser structure and highednkas than films deposited by
conventional PVD. In reactive HiPIMS of metal oxsd¢here are also improved film
properties as compared to films deposited by cainesl magnetron sputtering, e.g.,
films with a high refractive index [48,49], high&m density [48,50] and higher
crystalline at lower deposition substrate tempeeagrowth [51]. Achieving higher
deposition rates in reactive HiPIMS vs. reactiveNI£is in contrast to results found
in non-reactive sputtering (as previously discussesection 2.5). This is due to the
possibility to increase process stability duringatéve deposition by HiPIMS [6,7].

However, the understanding of the mechanisms imeblgduring reactive processes
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using HiPIMS remains very limited. A brief reviev the studies performed on the

process stability when using reactive HiPIMS isspreied below.

HiPIMS facilitates the elimination/suppression béthysteresis. The first report on
the hysteresis effect using HiPIMS and conventid@MS on the Al-O system was
presented by Wallin and Helmersson [6]. The worlovad that HiPIMS can
eliminate the hysteresis. The results demonstrstiilization of the transition zone
leading to true stoichiometric films with a highpdsition rate. The authors suggested
that the observed behavior is due to a high erosite during the pulses which can
remove the compound film on the target surfacethieumore, it might be an effect of

limited target oxidation between the pulses anccbarduced target poisoning.

Another study of hysteresis in HIPIMS was publistidSarakinost al. [7]. Zr-O
system was used to investigate the hysteresisteffeding reactive HiPIMS and
DCMS. In that work the off-time was varied keepthg pulse on-time constant at 50
ps (off-time 450us and 145Qus, corresponding with pulse frequency 2 kHz aBé6

Hz, respectively). The results showed that HiPIld& to stabilization of the transition
zone and also the deposition rate was higher tl@M®. The explanation was based
on a high erosion rate of the compound film during pulses. This is because of a
higher discharge voltage in HIiPIMS compared to DCiSulting in higher sputtering
yield. In general, HiIiPIMS uses higher dischargdage to maintain the plasma than
in DCMS and a longer off-time (lower frequency) dee& higher discharge voltage.
They calculated sputtering yield of Zr@ased on the observed discharge voltage and
found that a higher sputtering yield of compourchéi on the target surface during
the pulse on-time when the pulse off-time is longérese two studies confirmed that
HiPIMS can eliminate/suppress the hysteresis effadtmade the process more stable
than DCMS.

Recently, Audronist al. [52] reported characteristics of the hysteresfeotfusing
HiPIMS as well as DCMS for the Ti-O system. Theutesshow no difference in
hysteresis width between HiPIMS and DCMS; alsosg@udtequency and duty cycle
only affect the overall shape of the hysteresieaffThis has been attributed to the
pronounced reactive ion implantation to the taggeface in reactive HiPIMS due to
very high peak voltage (which leads to strongegetpoisoning). It should be noted
that — in contrast to Wallin and Helmersson [6] @atakinost al. [7] — Audronis
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et al. [52] used low frequencies (300, 450 and 600 He;phlse on-time was 56)
and a very large target area (188 mm x 296 mm x@). The material system was
also different from Wallin and Helmerss{#] and Sarakinost al. [7]. It should also
be noted that, the measurements by Audreiné. were very fast. They could record

the whole hysteresis curve in only a few minutes.

At the moment, there are several explanations eftiysteresis behavior in reactive
HiPIMS. We would like to focus more on this phenome. InPaper 1andPaper 2

we study the possibility of stabilizing the traimit zone by reactive HiPIMS over a

wide range of experimental parameters such as [frdgeency and duty cycle, etc.

We also investigate the effect of target materiplanping speed, target area, etc.,
which influences the hysteresis effect. In additiove seek to contribute to the

understanding of the fundamental mechanisms thaermdeée the process

characteristics in reactive HiPIMS processes.

3.5 Discharge Current Behavior in a Reactive HIRMIS Discharge

As described in section 2.5.2 — i.e., the dischdgjgavior in metal mode of HIPIMS
— we found that the discharge current in a readdiRIMS process (using oxygen as
the reactive gas) shows a pronounced differenchape and peak value as compared
to the metal mode. The discharge current wavefarmthe metal (Ar) and oxide
mode of HiPIMS (Ar+Q) for (a) Ti and (b) Al sputtering targets are show Figure

9. It is very surprising that both Ti and Al sholetsame discharge current behavior
in oxide mode as compared to their metal mode. Ehisecause the change in the
secondary electron yield of Ti and Al in oxide modedifferent. In general, the
secondary electron yield of Ti is lower in oxide deoas compared to metal mode and
the opposite is true for Al [12]. IRaper 4 we investigate ion composition as well as
ion energy distribution in both metal and oxide m®dor Ti and Al. The paper

contributes towards understanding the behavior.
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Figure 9: Typical discharge current waveforms ia hetal (Ar) and oxide mode of HiPIMS
(Ar+0,) for (a) Ti and (b) Al sputtering targets. The ginf frequency was constant (50 Hz),
the pulse length was 3Q@s, and the target diameter was 100 mm. The avel@gbarge
power was varied between 100 and 400 W.
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Chapter 4
Metal Oxide Thin Film Materials

In this chapter, an overview of the material systamed in the thesis along with a
brief literature survey related to the synthesistloh films using these material

systems is presented.

4.1 AI-O System

Aluminum oxide or alumina (ADs) is a ceramic material with excellent properties
such as high abrasive and corrosion resistanch,agdness, chemical inertness and
optical transparency [51,53-55]. However, the prige of ALO; strongly depend on
the structure (amorphous or crystalline), where thgstalline AbO3; can exhibit
different phases, i.eq, k, 6, n, andy [56, p. 30]. Among the different phases,
(corundum) is the only thermodynamically stableggha he properties makeAl ,03
suitable for use in cutting tools. Thin films syasized by sputter deposition at room
temperature are typically x-ray amorphous. Metdstahases — mostly, 6, andy-
Al, O3 — occur at a substrate temperature between 180€7@0reactive magnetron
sputtering or if any special technique during tih@ growth, e.g., bipolar pulse dual
magnetron sputtering [54] or a RF coil is usedniréase the ionization of sputtered
flux [57]. Crystallinea-Al,O3 can be synthesized by conventional pulse DCMS at

substrate temperatures approximately °@68s demonstrated by Zywitzéd al. [53].
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Lower substrate temperature (880 can be used to synthesize tit\l,O; phase
using reactive HiPIMS as shown by Walénal. [51].

4.2 Ti-O System

Titanium dioxide or titania (Tig) is used for various applications such as optjcall
transparent [58], photocatalytic [59,60] and phtgogochemical [61] coatings. T¥O
exhibits three different phases namely anatasée rahd brookite. The crystalline
structure for anatase and rutile is tetragonal ,[6&hereas brookite has an
orthorhombic structure [62]. Conventional magnetsputtering at room temperature
produces typically x-ray amorphous films. In ortieiget anatase or rutile, additional
heat at the substrate during deposition is requifde anatase phase is formed at
lower temperature [RO0°C [63]) while the rutile phase is formed at Hag
temperature (above 600°C [58]). Recently, anataseé wmutile TiQ thin films
deposited by reactive HiIPIMS were obtained withgwlistrate heating [64]. PPaper

4, synthesis of Ti@thin films using reactive HiPIMS is demonstratedheTresults
demonstrate the possibility of synthesis of anatas@le and mixed phases by

reactive HiPIMS when the peak power is varied.

4.3 Ce-O System

Cerium oxide or ceria (Cefpis an electrical semiconductor oxide. It hasuofite
type cubic structure [65] with a lattice constantam temperature of 5.411 A. CeO
can be used for microelectronic semiconductor devif66], chemical diffusion
barriers [67], optical coatings [68], oxygen sesd@9] and solid electrolytes for fuel
cells [70]. For thin films, many techniques arerigeused for fabrication of CeO
including, thermal evaporation [71], e-beam evapora[72], pulse laser deposition
(PLD) [73], sol-gel [74] and magnetron sputterirdp,[75]. CeQ@ can be deposited
directly on a silicon substrate without the need afbarrier layer due to a
crystallographic match with the substrate; theidattmismatch parameter between

them is a very small value of 0.3% [76].

4.4 Ag-Cu-O System
Silver copper oxide, ACwO3, was first synthesized in powder form using a co-
precipitation method and reported in 1999 by GoRemeroet al. [77]. AgCWw0;3

has a tetragonal structure with a space groyfamd and lattice constanta =

-32-



0.58857 nm and = 1.06868 nm [78]. In a theoretical study, Fehgl. [79] predicted
excellent optical and electrical properties suchaasarrow band gap and a high
absorption coefficient. These properties make@gO; suitable for photovoltaic

applications.

Thin films of AgCu,O3 were first produced using reactive magnetron sping of a
copper target partially covered by silver chips ][78lowever, stoichiometric
Ag.Cw0;5 films were not found. In order to synthesize th@chiometric AgCu,Os,
several researches tried to use various strategigls as co-sputtering of silver and
copper targets [80] as well as alloy targets — /1b1 [81], Ados Cw [81],
AgoClos [81], AgeClos [82] and AgsCus [83,84]. Moreover, the effect of
deposition parameters such as annealing temperf8die deposition temperature
[81,83], oxygen flow rate [82] and deposition pow88] on the AgCwOs films
properties was investigated. Uthangtaal. [81] and Hariet al. [85] found that the
single phase of A€ w03 can be synthesized using an alloy silver-coppep (Bl 3).
Recently, Lundet al. [83] have shown that the deposition temperatoréhé range
200 - 300C can be used to synthesize 8g,0; films from an alloy silver-copper
(AgosCuws) target. Synthesis of AGwOs thin films using reactive HiPIMS is
demonstrated irPaper 5 in this thesis. The results show that the filnusture
measured by grazing incidence x-ray diffractionikith a stoichiometry very close to

that of the bulk material which has previously heen demonstrated.
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Chapter 5

Plasma and Film Characterization

In this chapter, a brief description of the analtitechniques used is given. The
techniques are divided into two groups: plasma attarization and film
characterization. The plasma characterization kas lised for studying the influence
of plasma chemistry and energetic on the film proge while the film properties
such as optical, structural, etc., were investijate order to seek a correlation

between the plasma and film properties.

5.1 Plasma Characterization
The plasma composition, ionized fluxes of the dépas species and energy
distributions of sputtered metal, reactive and tgpitg gas ions were measured using

time-averaged and time-resolved mass spectrometry.

5.1.1 Mass Spectrometry
The basic operation of the mass spectrometer isridesl as follows. The mass
spectrometer can be divided into four sections:[86]extractor probe, energy filter,

mass filter and detector, as shown in Figure 10.
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Figure 10. Schematic of a mass spectrometer.

The extractor probe with a small orifice (diamebetween 50 - 300 um) is inserted
into the plasma. Neutral and ionized plasma carestis can enter into the
spectrometer through the orifice. The extractortisecalso contains an ionization
source where electron impact ionization of the radgas species takes place. This is
used when the residual gas analysis (RGA) is disWéhen measuring ions the
ionization source is turned off. The ions in thetrastor are focused by an
electrostatic lens to the energy filter sectiorthef spectrometer which is a so called
Bessel box. Here the ions with a certain energysakected which are then sent to the
final stage of the filtering process (mass filteging another focusing electrostatic
lens. A commonly used mass filter — a quadruplesrfidter — uses four parallel
electrodes which filters out the ions of undesirmadss. Finally, the ions of the
selected mass and energy will be detected with disiector — also called the
secondary electron multiplier (or Faraday cup) ciete Typically, the distribution
functions measured by a mass spectrometer reprédseribn velocity distribution
function in the forward direction vs. energy [8B]Imer et al. [86] have shown, using
the conversion faction, the relation between thevielocity distribution and the ion
energy distribution functions. Ifaper 3 and Paper 4 we reported the energy
distribution functions without any conversion due the small change of shape
between velocity and energy distributions, if tmemrgy of ions is less than 100 eV
[871.
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5.2 Film Characterization

In this thesis, four different techniques for th#émf characterization (x-ray

diffractometry, spectroscopic ellipsometry, scagniectron microscope and elastic
recoil detector analysis) have been used and thailsleof each technique are

described in the following section.

5.2.1 X-ray Diffractometry

An x-ray is an electromagnetic wave with wavelenigthhe range of 0.01 - 10 nm.

Most atoms in a solid (crystal) are arranged pécally in a lattice, and the spacing

between the planes in the crystal is of the santeroof magnitude of an x-ray

wavelength, which makes x-rays suitable to anatheecrystallography of a crystal.

A schematic illustration 06/26 x-ray diffraction setup is shown in Figure 11. The
angle of the primary beam and the exiting beaf vgth respect the sample surface
during operating. The basic principal of x-ray difftometry is described by Bragg’s
law of reflection [88, p. 10] where the path diface of beams reflected from

different atomic planes is equal to an integer neindd wavelengths
2dsind=nA,

whered is the spacing between the diffracted plaress the incident angle of the x-
ray beampn is integer andl is the wavelength of the x-ray. The diffractioritpen of
the crystalline phase is unique and depends omtiterial. The peak positions in a
diffractogram depend on the structure factor wtitile width of the peak depends on
the grain/crystallite size. If the grain/crystallisize is smaller, the peak broadens.
When no peak is detected by XRD, the material hery $mall grain size or the

material is amorphous and the structure is refeiex$ x-ray amorphous.

X-ray source
\\ / Detector

53

Figure 11. Schematic &/20 x-ray diffraction setupf = o is the angle of the incident beam

relative to the sample surfacd 8 the diffraction angle.
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r —TiO, as deposited n

n TiO2 Anatase
(JCPDS # 21-1272)

Intensity (c/s)

Figure 12. A grazing incidence x-ray diffractograh TiO, films. The solid vertical lines
show the peak position for anatase - F{QCPDS - Joint Committee on Powder Diffraction
Standards).

In this thesis, grazing incidence x-ray diffracti@IlXRD) was used to investigate the
crystallography of oxide films. In this method, tineident angle of the primary beam
() with respect to the sample surface is kept allsangle, typically 1- & Therefore,
Bragg reflections are only coming from the surfateicture thereby making this
technique suitable for analyzing very thin film8[&. 143-159]. Another difference
in the GIXRD method compared to tl§#26 x-ray diffraction method is that in
GIXRD, the planes in different orientations compghte the substrate surface are
probed, whereas with &26 scan only planes parallel to the substrate suréaee
probed [88, p. 150].

In this thesis, a Philips PW1830 diffractometer wiaed to perform analysis of the
crystal structure. The measurements were perfonwittd Cu Ko (A = 0.15406 nm)
monochromatic radiation operated at 40 keV and 40 m Paper 1, the incident
beam anglep, was T while the scanning range i 2vas 15 - 85 In Paper 4 the
incident beam anglep, was 3 while the scanning range irf 2vas 20 - 65 An
example of a GIXRD pattern of an anatase ;Ti@n film is shown in Figure 12. In
Paper 5 the crystal structure was measured by a PhilipeX MRD diffractometer
with Cu Ko (A = 0.15406 nm) monochromatic radiation operatetDatV and 40 mA.

The incident beam angle, was 2 while the scanning range i® vas 15 - 85
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5.2.2 Spectroscopic Ellipsometry

Ellipsometry is a technique used to investigatdcaptproperties. This technique is
surface sensitive and non-destructive. In ellipsoynehe change of polarization of
light upon reflection is measured. In general, whepolarized light beam impinges
the sample surface and reflects, the polarizatimnges depending on the properties
of the sample. Typical parameters which are medsamre@¥ andA where¥ describes
the relative amplitude change amd represents the relative phase change upon
reflection [2, p. 573]. The schematic view of a d@pescopic ellipsometer setup is

shown in Figure 13.

In this work, the optical properties and thickne$ghe thin films were investigated
by utilizing ellipsometric parameters¥(and A) measured by a dual rotating
compensator ellipsometer (RC2) from J. A. Woollam,@nc. The recorde® andA
spectra were analyzed using the CompleteEASE sdmdtivam J. A. Woollam Co.,
Inc. by fitting the data to a model consisting of &l-O layer on a Si substrate. The
optical response of the Al-O layer (refractive irde, and extinction coefficienk)
was described using the Cauchy dispersion forntb&aresults are shown FPaper 1

of a model consisting of a Ti-O layer on a Si stdist The optical response of the Ti-
O layer (refractive indexn, and extinction coefficienty) was described using the

Cauchy dispersion formula and the results are shiowaper 4

Light source Detector

Analyzer

Compensator Compensator

Sample

Figure 13. Schematic view of spectroscopic ellipstmn
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5.2.3 Scanning Electron Microscopy

In scanning electron microscopy (SEM) an electreanh is employed to illuminate
the sample and the backscattered and secondatyoeleejected from the sample are
collected to form an image. The electron beam @dpced by heating a metallic
filament (a type of electron source). The electseam is focused by electromagnetic
lenses which direct the beam down to the samplaeir The electron beam can be
accelerated to energies ranging from 0.5 - 50 k&\p[ 585]. When the electron beam
hits the sample surface, electrons in the beampeaetrate and lose energy due to
scattering and absorption within a pear-shapedmelinside the sample. The size of
the pear-shaped volume is dependent on the eleetrergy, atomic number of the
sample element and the sample density. The interabetween the electron beam
and the sample leads to an energy exchange betteemesults in the reflection of
high energy electrons (backscattered electron)ssioni of secondary electrons and
emission of electromagnetic radiation [2, p. 588581 general, the sample should
be electrically conductive to prevent the accunoitedf electrostatic charge at the
surface. However, a non-conductive sample can bé/zed via SEM using special
preparation routine. The special preparation ugualiolves coating the sample with
an ultrathin electrically-conducting material, coomty gold. This coating can
prevent the accumulation of static electrical ckaogn the sample during electron
irradiation. In this work, SEM was used to lookaasample cross section to measure
the film thickness. The samples in this work suchA,O; and TiQ are non-
conductive. In this thesis we used low energy (¥)kelectron beam instead of
coating the samples with ultrathin gold in ordefdwer the risks of build-up of static

electric charge.

5.2.4 Elastic Recoil Detector Analysis

In order to investigate the chemical composition @ement depth profiles in the
near surface layer of thin films, ion beam analysis be employed. Elastic recoil
detection analysis (ERDA) is an ion beam basedyaisatechnique which is used for
guantitative analysis of light to medium elemer®&8][ ERDA uses a heavy ion beam
with energy in the order of several MeV. The incogibeam knocks out atoms in the
sample and the recoiled atoms are picked up byd#tector. Typical scattering

geometry is shown in Figure 14. When a projectilanass M, atomic nhumber Z

and energy Ecollides with an atom of mass,Mnd atomic number,dn the sample,



it will transfer the energy £to the atom at a recoil angle From the measured
energy spectrum of the recoil, a concentration ld@pofile can be calculated. In this
work, the film stoichiometry was determined by meaf time-of-flight elastic recoil
detection analysis (TOF-ERDA). 40 Me¥/1°* ions were used as a projectile beam
and the incident angle relative to the surface 25°. The detector was placed at a
recoil scattering angle of 45In Paper 1andPaper 4 we used ERDA to determine

the film compositions.

My, Z,, B

Sample

Figure 14. Schematic of the ERDA geometry.

-41-



-42-



Chapter 6

Summary of Results

In this chapter | will summarize the main resultshe five included papers and share
my opinion on how this thesis may have contributethe field of reactive sputtering.
| have conducted research on metal oxides depdsjtedactive high power impulse
magnetron sputtering (HiPIMS). Understanding predashavior of reactive HiPIMS
is one of the major ways for improving the depositiprocess, deposition rate,
process stability and film properties. Direct catrenagnetron sputtering (DCMS)

was also studied as a comparison to reactive HiRlkt&r the similar conditions.

6.1 Fundamentals of Reactive High Power Impulse Magnetm

Sputtering

Paper 1- Hysteresis and process stability in reactive higbwer impulse magnetron
sputtering of metal oxides

Al-O and Ce-O systems were used to study the rgseeffect by reactive HiIPIMS
and DCMS. It was found that for the same sputtecimgditions, reactive HIPIMS can
eliminate/reduce the hysteresis effect in comparioDCMS. The stabilization of
the transition zone is observed in the range afueacy (2 and 4 kHz) for Al-O while
for Ce-O, reactive HiPIMS can reduce the hystereffisct. The main mechanism

proposed to explain this phenomenon is the effegae rarefaction and refill time of



the gas dynamic between the pulses. Moreover, st faand that the stabilization of
the transition zone in HIPIMS is not dependent fom pumping speed of the system.
In order to unravel the effect of the process &tgbon the film properties, AD3
films were grown on Si substrates by reactive HiBlghd DCMS. A series of films
with thicknesses of about 200 nm was grown varyheg oxygen gas flows. Again,
HiPIMS showed a wide stable range to grow the htomoetric films and the
deposition rate of the films were higher than DCNF8rthermore, the properties of
films deposited by reactive HiPIMS showed a highefractive index indicating

higher film density as compared to films deposhgdeactive DCMS.

Paper 2- Studies ohysteresiseffect in reactive HiPIMS deposition of oxides

The effect of target area on the hysteresis effec¢active HIPIMS was investigated
in this work. A Ti-O system was used and the diamnef the Ti target was 100 mm.
The geometry of the system is also different fréva system irPaper 1in order to
compare the characteristic hysteresis curve ateceta pulse frequency for different
geometry systems. The results show that althoughgdometry of the system is
different, reactive HiPIMS can reduce the hysteregdth; also, there is an optimum
frequency to minimize the hysteresis width. Theetfof gas rarefaction and gas refill
times are also investigated. The gas rarefactidroint of the target starts to dominate
when the off-time is short enough to prevent the gefill in front of the target.
Furthermore, gas rarefaction is more pronouncedh witreasing peak current. In
summary, this paper indicates that the reductiothefhysteresis effect may be very

system dependent.

Paper 3 - Understanding the discharge current behavior in r&#&ve high power
impulse magnetron sputtering of oxides

In this paper, differences in the discharge curreebavior in non-reactive and
reactive high power impulse magnetron sputteringnaftal oxides, i.e. different
shapes and peak current density, are studied. Wik contributes towards
understanding the physics of reactive high powepuilse magnetron sputtering
(HiPIMS) processes by studying the discharge ctirbetavior of Ti-O and Al-O.
The understanding was developed by investigatiegidhic contributions as well as
the time evolution of the sputtering and reactias gns (At* and G*respectively)

and sputtered metal ions tTiand Al") to the discharge current. The effect of



secondary electron emission yield of metal and exatget surfaces along with the
influence of the partial sputtering yields for’ArTi**, AI** and 3" on the discharge
current were also investigated. It was found thaa ireactive HiPIMS process, the
discharge was dominated by ionized oxygen and tieegy distribution functions of
the O ions resemble to that of the sputtered metalak @stablished that the oxygen
is preferentially sputtered from the target surfatgch means that the source of'O
ions was the sputtering target rather than the gjagse. The ionized oxygen
determines the discharge behavior in reactive HBININd its contribution to the
observed increased discharge currents in oxide ni®detal. Another important
finding of this paper is the observation that arsir gas depletion regime is never
reached when operating in the oxide mode. The @rpatal observations of this

research were also supported by TRIDYN simulations.

6.2 Growth Using Reactive High Power Impulse Maggtron
Sputtering

Paper 4 - Effect of peak power in reactive high power impulse magnetro
sputtering of titanium dioxide

In this paper, the effect of peak power on the prps of TiQ films grown by
reactive HiPIMS and DCMS was investigated. For tamtsaverage power and pulse
on-time, the change in pulse frequency led to agban the peak power. That is, the
peak power increased with decreased pulse frequdhoyas found that it was
possible to control the phase composition via theIMS peak power, and films
containing pure anatase, pure rutile and a mixbeteveen anatase and rutile phases
were grown. Furthermore, the ion composition angirtenergy distributions were
analyzed using energy resolved mass spectromeftrg. idn energy distributions
showed that O ions in the plasma were more energhtin the Ti ions. The
crystallinity and variation in the phase compositiof TiO, films depended on the
energy of the arriving particles (mainly ionizedesges). TiQ films deposited by
reactive HiPIMS showed superior properties to ilmesf deposited by DCMS, i.e., a
higher refractive index and a higher film densifthe deposition rate is a small lost in
HiPIMS as compared to DCMS.



Paper 5- AgCu,0;s films deposited by reactive high power impulse mafgon
sputtering

In this paper, the effect of peak power investidatePaper 4 was studied for a new
material system, where the target is an alloy (Ag/an this study, the influence of
peak power and oxygen gas flow rate on the filnucdtire is investigated using
reactive HiPIMS as well as DCMS. It was found ttied films deposited by HiPIMS,
in order to get stoichiometric AGwO; films, required higher oxygen gas flow when
increasing peak power. This may be due to targetnthg efficiency during the pulse
and re-sputtering effect at the substrate with Igigknergetic incoming species
especially, negative oxygen ions. It is also fouhdt the stoichiometric ACWwO;
films deposited by HiPIMS can be grown at room temapure with pronounced
crystalline structures than DCMS while the depositiates are comparable in both

cases.
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