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Introduction

A thin film is a layer of material with a thicke ranging from a fraction of a nanometre
to several micrometers. Thin film technology playsimportant role in our modern live. This
importance originates from their wide range of agtion. Thin film technology enables
devices such as solar cells, smart and architdctunalows, surface protection, data storage,
decorative and wear resistance coatings, opticlnaicroelectronic devicedl]. It has been
observed that the required applications rely stgoran the properties of the thin film
materials and their properties depend on the deposiprocesses used. Therefore,
understanding the growth mechanism of the differdnm film materials has been the
inspiration of many research activitied.[

Recently, titanium dioxide (Tig) thin films have attracted a significant attentiand
became a major area of research since the discovéty photocatalytic effect of wates||
TiO, is a wide band gap oxide which is characterizedhigi chemical stability, mechanical
hardness and optical transmittance as well as tafyactive index. Therefore it is used in a
variety of applications including solar energy cersion [ optical coatings g and
protective layerg6, 7]. TiO, thin films can crystallize in two crystalline sttures, anatase
and rutile B], anatase is metastable at room temperature witile is the thermodynamically
stable phase. Each phase is characterized by wsigah properties and the related
applications. For example, the rutile phase is kmdov its comparatively high mass density
(4.23 g/cm) [9] and in comparison to other common metal oxidégh hefractive index of up
to 2.75 at 589 nm9. Hence, it is highly desirable for applicationg.ethe fabrication of
antireflective coatings10, 11, 12 The anatase phase in turn is characterized kbgra
pronounced photocatalytic activity3, 14 in combination with small water contact angles
(hydrophilicity). Consequently, it is applied tobfecate self-cleaninglf4, 13, antifogging
glass [L4] and antibacterial surface$4]. It is also used in the purification of water aaid
through the photolysis of organic and toxic compmsuf].

Many deposition techniques such as sol-gel prosed€f chemical vapour deposition
[17], evaporation 18], ion beam assisted depositiol®[ 2(Q and sputter depositior2], 23

have already been employed to deposit ;Tiflin films. Among these techniques sputter
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Chapter 1. Introduction

deposition is favoured for a number of reasons.tt8pag is one of the most widely used
techniques for preparing compound thin films. Itespecially favoured by the large area
coating industry because of the excellent scatgtoli the process, low process temperature
and deposition of adhesive and homogeneous filnie dapability of controlling film
properties and stoichiometry during growth as \aslia relative high deposition rate are other
attractive features of this technique.

Numerous prior efforts[23-3d have been performed to investigate the structure
formation of TiQ thin films as a function of various deposition graeters such as e.g. total
pressure, oxygen partial pressure, substrate teyper deposition rate and film thickness.
These efforts were mainly driven by the interesapply such films as photocatalysts. It has
been demonstrated from these studies that thetteuis strongly dependent on the process
parameters. For instance, the energetic particheblaodment is one of the most important
parameters governing thin film phase formation. ldeer, the nature of the bombarding
species and the mechanism of phase formation asaidn of bombardment have not yet
been investigated. Moreover, little attention haserb given to understand the growth
mechanism of such films and the reasons why thégsraht phases are formed is poorly
understood. Nevertheless, controlling the film cilee due to the targeted application is the
essential motivation to understand the correlati@iween different sputtering process
parameters and the structure formation of suchsfiliiherefore, this work aims to clarify the
growth mechanism of Tigxhin films prepared by reactive sputtering. Thisrkvaims also to
draw a conclusion on the influence of the variousdamental process parameters on the
structure and the photo-induced properties of $iitis.

In line with these aims, some of the applicatiomsvall as the required properties of FiO
thin films are described in chapter 2. A literatoegiew on the influence of different process
parameters on the structure of Fiin films is presented; in addition the photocacti/e
properties of such films are reviewed.

In chapter 3, an overview on the theory of sputiegposition and the high power pulsed
magnetron sputtering are presented. Also a backdgraum the growth mechanism of thin
films as well as the influence of impacting eneigetrticles (ion bombardment) on the film
growth during sputtering is reported. As the forimatof residual stress in the film is a
consequence of the bombardment; therefore an @weren the residual stress mechanism

and some of the stress models are also introduced.




In chapter 4, the experimental techniques usethenfabrication of TiQ thin films are
described. The principle of various techniquesia¢id to investigate the morphology and
structure of the thin films fabricated such as atofarce microscopy, transmission electron
microscopy and grazing incidence x- ray diffractiane presented. Additionally, the
determination of the residual stress in the spedteilms by means of waver curvature
method is described. Finally, the photoconductitéghnique which is employed to study the
interaction of the film surface with light is inttaced.

In chapter 5, the preparation of Li@in films and the investigation of the structared
topography of such films under the influence of #mergetic particles by using ion beam
assisted sputtering is presented. The effect afetaaging on the film structure is also
demonstrated. Additionally, the evaluation of fistructure by utilizing high power pulse
sputtering and the effect of post annealing on gtracture of the bombarded films are
discussed. At the end, the development of the uekidtress in the fabricated films as a
function of the different deposition parametersisoduced.

Chapter 6 starts by presenting the influence of ftdamental process parameters
(oxygen partial pressure, film thickness) on theicttire and morphology of the reactively
sputtered Ti@ films. Then the investigation of the microstruettand the homogeneity of
such films are described. At the end, a model mp@sed which describes the growth
mechanism of Ti@films upon variation of the sputtering process.

In chapter 7, investigations of the photoconducgix@perties of TiQfilms with different
structure at different ambient conditions are diseal. Finally, a summary and outlook of this

work are given.
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2

Titanium dioxide- properties and applications

Titanium dioxide (often also referred to as "ti@hiis a naturally occurring oxide of
titanium, chemical formula is TiDIt exhibits some interesting properties and e¢fore one
of the most widely used materials in many applaratreas. In this chapter, an overview on
the most important physical properties of Ti@nd the resulting applications are presented.
Additionally, a literature survey of the influenoéthe deposition parameters on the structure

of TiO; thin films and of the photoconductive propertiésuch films is provided.

2.1 Applications and properties

Titanium dioxide (TiQ) is chemically inert and occurs in three differengstal forms:
anatase, rutile and brookite. The rutile struc{r®0) is the thermodynamically stable phase
for particles above 35 nm in size. The (110) facquite low in energy and most stable than
the other rutile faces (100) and (001). Anatasd)19the most stable phase for nanoparticles
below 11 nm. The (101) face is a low energy surfacd is the most prevalent face for
anatase nanocrystals. The brookite which is raded#fficult to prepare has been found to be
the most stable phase for nanoparticles in the5LhfB range 39]. TiO, thin films exhibit
only these two crystalline structures, anataseratii@ upon sputter deposition. These phases
are well distinguishable in terms of their physipgadperties.

The structure of rutile and anatase can be destibgerms of chains of Tigoctahedral.
The two crystal structures differ by the distortioheach octahedron and by the assembly
pattern of the octahedral chains. A titanium atsnodtahedrally coordinated by six oxygen
atoms. In the rutile structure each octahedron ontact with 10 neighbor octahedrons (two
sharing edge oxygen pairs and eight sharing coomggen atoms), while in the anatase
structure each octahedron is in contact with eighghbors (four sharing an edge and four
sharing a corner). These differences in latticacstires cause different mass densities and
electronic band structures between the two form§i@k. The unit cell structures of the
anatase and rutile crystal are illustrated in ®guid (a, b)respectively.
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Chapter 2. Titanium dioxide-properties and applications

The driti distance in anatase is longer whereas the distance is shorter than in rutile.
Moreover, rutile is the high temperature and stablase, it has a higher index of refraction
up to 2.75 at 589 nm, high mass density (4.23 grf)/§8h and lower band gap than anatase.
On the other hand, the anatase phase is a low-tatape polymorph and characterized by a
very pronounced photocatalytic activityd in combination with small water contact angles
(hydrophilicity). A transformation from anatase tatile can be thermally induced at
temperatures above 800 °8].[Some of the physical properties of anatase atité rcrystal
structures of TiQare summarized in table 1.

AT %%

% ©
L3

Figure 2.1: Crystal structure of a) anatase (101) and b) r(til®) [L4].

Properties Anatase rutile
Energy gap 3.3eV 3.0eV
Mass density 3.894 g/cr 4.23 glcni

Refractive index n 2.55 2.75
dhricTi 3.79/3.04A 3.57/2.96 A
drio 1.934/1.980% 1.949/1.980 A

Table 1: Some of the physical properties of anatase ank fTitD, structures.

Due to the different physical properties of thase states, Ti@thin films are employed
in a wide range of applications. The anatase pappears to be the most photoactive and the
most practical for widespread environmental apfibces such as water purification,

wastewater treatment, hazardous waste contropuaification, and water disinfectiord()].




As mentioned in the introduction, it is also apgli® fabricate self-cleaninglfl, 13 and
antibacterial surfaced {]. Optical coatings also profit from the wettinghla@ior of the film
which results in an anti-fogging effedt4]. Applications for the rutile structure comprisg.e
the fabrication of antireflective coating$(, 11, 12 due to its high refractive index. It is
evident that the precise control of the film stwret is a key requirement to tailor the
performance of the film for the targeted applicatidherefore, structure control presently
constitutes one of the main challenges in the desi@dequate coating processes.

2.2 Correlation: structure and deposition parametes

During the last decade significant endeavors haenbmade to understand the structure
formation of sputtered Ti©thin films. These efforts were mainly driven byetmterest to
apply such films as photocatalysts. Special emphhas been put on understanding the
correlation between process parameters and theatmnmof the anatase and rutile phases in
thin films. Consequently, a large number of studese been published that investigate
structure formation as a function of various depmsi parameters such as total pressure,
oxygen partial pressure, substrate temperaturg, thickness, magnetron configuration and
electrical discharge properties including the ioombardment of the substrate. These
parameters can be defined in four main categoongggen flow, film thickness, heating
temperature and energetic particles. A summaryhefrmost significant findings of these

studies will be provided in this section.

2.2.1 Growth of TiO, thin films upon variation of oxygen flow

Various studies 41, 24, 41, 4P have been concerned with the investigation of the
structure of TiQ thin films upon variation of the oxygen contenttie deposition process.
The films have been fabricated by means of diffeidgposition techniques on unheated
substrate, for example by reactive dcMS 44]] reactive r.f. magnetron sputtering4] and
pulsed dcMS41]. All investigations show that the rutile phaséhis dominant phase at lower
oxygen partial pressure. The formation of the a®tdructure was found to be preferential at
higher oxygen partial pressure

It has been also observed that the anatase phdasemed at higher total sputtering
pressures and exhibits a decline in the crystafliwith increasing the pressure or decreasing
the (oxygen/total pressum./py) ratio [21, 24, 4]). This has been attributed to the action of




Chapter 2. Titanium dioxide-properties and applications

the energy delivered to the growing filrl], 24, 4] in addition to the surface temperature
[21]. The formation of rutile at lower pressure and loxygen partial pressure is attributed to
the higher activation energy for the formation bé trutile than the anatase phase. The
formation of pure anatase at higher pressures [dagred by the loss of ion energy and
therefore to a loss of energy necessary to forngla lenergy rutile phaset]]. However, the
authors have not discussed the exact mechanismhasepformation as a function of
increasing the oxygen partial pressure or the pabfiroombarding species which influence
the growing film

Further findings: the crystallinity of the films @lvs improvements upon decreasing the
target- substrate distances which has been exgldipean increase of the substrate surface
temperatureZ1].

The influence of the total pressure on the micumstre and surface morphology has
been studied by SEM (secondary electron microscfipd]) All films revealed a columnar
microstructure. At low total pressure, relativelgnde surfaces with surface particles of
polygonal shape are formed. More open surfacesauvithver density, a higher roughness and
blocks of surface particles separated by deep vaieghe features of the films which have
been deposited at higher total pressures. Thetsteuwariation of TiQ thin fiims as a
function of the oxygen ratio and total pressure I@sn described in a phase diagram, figure
2.2[24].
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Figure 2.2: Schematic phase diagram for reactive r.f. magnetputtering of the Ti@films
on unheated substrate as established by Zepdhn |
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2.2.2 Film thickness parameter

The effect of the film thickness on the structuoenfation of TiQ thin films has been
examined 21, 25, 26, 27, 41, 43The investigations have been carried out apglgifferent
deposition techniques and at different depositiond@ions. For example, the films were
deposited by r.f magnetron sputtering with variagbhiekness ranging from 70-950 nm at two
different pressures of 0.92 and 2.77 P3.[In [26, 27, 43 a series of nanocrystalline films
(100 to 2000 nm) have been deposited by reactipeldri pulsed dcMS on unheated
substratesAll studies show that the formation of the anatgdmse is improved upon
increasing film thickness his has been explained by increasing the subseatperature and
the energy delivered to the growing film at higtteckness 21].

A gradual conversion of the structure from an arhoys phase close to the substrate at
low thickness, to a mixture of rutile and anatase #hen a pure anatase film at higher
thickness has been observdd][ The authors attributed the structure conversioly to the
energy delivered during growth and not to an insirea substrate surface temperature. They
have found that interrupting the deposition evedyn@inutes followed by cooling down the
substrate surface results in the same film stracsrwithout interruption. This means that the
substrate temperature has no effect on the steuumation of thick films.

An investigation of thickness series (100-2000 ranktonstant oxygen partial pressure
(Poz = 0.15 Pa) shows that the thin film has a rutitecture while formation of an anatase
phase is favored at higher thickne26][ The authors assumed that rutile grows diredtiya
substrate interface and is replaced by anataseimatbasing distance from the substrate. An
XRD scan at several small angles of incidence et the rutile peak is nearly absent for
the smallest angles of incidence and is increasittghigher penetration depth. Grain sizes of
6-7 and 10 nm have been estimated for the rutidetla® anatase phase respectively.

Annealing of these samples in air at temperatwas 200 to 1000 °C shows no change
in the crystallinity up to 600-700°Q27]. Then the transformation of anatase into rutie h
been observed at annealing temperature of 800 &8Cheymer. The authors didn’'t draw any
relevant conclusions from these results.

Moreover, deposition of thickness series (54 to020@) at low sputtering pressure of 0.5
Pa and low oxygen partial pressure of 0.03 Pa texuln amorphous films 4f).
Crystallization of the anatase phase has been \@abempon annealing in air at 350°C for
thinner films of 54 and 100 nm. The crystalliteeszleduced by the Williamson-Hall method
indicate crystallite sizes of more than 100 nmtk& thin and more than 300 nm for the thick
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Chapter 2. Titanium dioxide-properties and applications

films. The films show tensile stress in all directiwith average values of several hundred
MPa estimated with an isotropic elastic moduluséenUpon annealing to 500°C, stresses
disappeared in films with thicknesses above 800 nm.

However, all studies haven’t drawn any clear cosioln on the mechanism of structure
variation upon increasing the film thickness. Atkere are no comprehensive investigations

of the surface topography as a function of filnckimess.

2.2.3 Substrate temperature

It has been found3R, 33, 44, 4bthat the substrate heating has a strong effedhen
structure of TiQ thin films. These investigations exhibited that the anataseseha
preferentially formed upon increasing substratepemature For example, all films deposited
[44] at ambient temperature as well as with increasihthe substrate temperature to 500°C
consist of anatase structure. At low temperatueefitn shows a preferred orientation in the
(101) direction and non-uniformity as observed frahe SEM images. The preferred
orientation changed to the (004) direction norneathte substrate and the uniformity of the
film is improved with increasing the substrate temgure above 450°C.

On the other hand, films deposited either by vacamemplasma evaporation (VAPE) or
reactive dcMS show an amorphous phase with no @ifieatures at room temperatuss,[
45]. Upon increasing the substrate temperature tdG0énd more, crystallization of the
anatase phase with large surface features and mesgthas been observ&$][ Moreover,
the formation of the anatase phase with typicalaserfeatures in the SEM images has also
been obtained upon increasing the substrate tetoperta 140° and 220°Cl§]. The authors
concluded that increasing the temperature leadmtoicrease of the crystalline grain size.
This is explained by the reaction of the sputtefegarticles with the oxygen atoms on the
substrate due to the thermal effetd]|

Furthermore, they32] have investigated the film structure as a functad substrate
temperature (150 and 250°C) in addition to ion sdedi deposition at two different ion
energies (150 and 300 eVhhese results show that formation of rutile isof@d at high
energetic ion bombardment even with substrate igativhile the anatase phase is
preferentially formed at the conditions where is hombardment or high substrate
temperature.This indicates that the influence of substrate terajure on the structure
vanished in the presence of high ion bombardmalgo ion bombardment leads to the

generation of compressive stress in the film.
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» At low substrate temperature (150°) without bombaedt, the film structure exhibits

anatase with a small rutile portion. With ion atsise of low kinetic energy (150 eV), an

amorphous phase with very few crystallites in thadrir is formed. Higher kinetic energy

of 300 eV leads to a similar structure with moregke rutile crystallites in the amorphous
matrix.

» At high substrate temperature (250°C) without i@sistancethe film possesses an

anatase phase comprised of small grains of 10 rhthenstructure is fibrous columnar.
The anatase grains grow with 20 nm grain size aedctystallinity improves largely at

low kinetic energy (150 eV). The film exhibits a omain-like weakly crystallized

bottom layer followed by rutile crystallites atdatstages of film growth at higher kinetic

energy (300 eV). This means that increased iorstasgie changes the structure from

anatase to rutile.
> No explanation is given for the formation of rutd&ucture at higher ion bombardment

and for the strange interlayer at the substratacer

2.2.4 Energetic particles

Different methods have been utilized to examinerthle of energetic particles on the
structure formation of Ti@thin films, such as; using different magnetron fgumration [29,
30, 37, ion bombardment43, 36, 3T, and HIPIMS B8, 46, 4. Some of these investigations

will be summarized in this section.

1.Different magnetron configuration

The TiG, thin films have been deposited utilizing balaneed unbalanced magnetrons
and at variable magnetic field strength of 150-18GQ different gas pressures of 1.0 or 3.0
Pa R9]. The plasma being directed onto the substrate suréaw low—ion energy ion
bombardment of the growing film is obtained usimgumbalanced magnetrot has been
found that the crystallinity of the films improvedth increasing the magnetic field strength
due to the decreasing the target voltage. Moreoletter crystallinity (highly anatase
structure) is obtained using UBNIhe authors attributed that to the increased logrgnAr*
bombardment due to the self-bias. SEM images shwaw the difference in the surface
topography (rutile and anatase) is attributed éostiicondary nucleation rate which is assumed
to be higher for the rutile films due to the massoxygen ion bombardment. The secondary
nucleation is the formation of new crystals in fhresence of crystals of the same nature

("parents”). The secondary nucleation rate dependke properties of the "parent” crystals.

( 11}




Chapter 2. Titanium dioxide-properties and applications

Moreover, intensification of the magnetic fieldestgth at the target surface to 5000 G by
using an auxiliary permanent magnet behind thetsateshas been explore8l]. The ion
energy was measured to be about 50 eV as compa2sl ¢V for non-modified process. It
has been observed that at low and high pressueerutile phase is dominant in the modified
sputtering process, while polycrystalline anatélsesfgrow in conventional sputtering at high
pressure and disappeared at low presdsihie surface morphology images show two different
types of features (anatase and rutile grains) ditlerent sizes and are consistent with the
XRD pattern. The growth of a non-stoichimoetric y@&n 1.9) rutile structure has been
attributed to the intense Ar ion bombardment whéads to oxygen vacancies.

These investigations show that the rutile phasensrgetically favored at high ion
bombardment. However, this has been attributetié¢aattion of Ar species and the negative
oxygen ions are not considerekhe influence of negative oxygen ions on the stmgchas
been shown for a variety of materigis1-53, but it is often disregarded in the structure

formation of sputtered TigXilms.

2.lon bombardment

The effect of ion bombardment on the structure i@,Tlilms has been investigated by
different methods, e.g. deposition using dc duagmet&ron sputtering with high frequency
[23] and by simultaneous bombardment with oxygen iosghg an auxiliary electron
cyclotron resonance (ECR3€]. Both studies show that increasing the ion bombandraed
thereby the energy delivered to the growing filmdse to a superior rutile phazeterioration
of the structure is observed upon increasing tmeldasdment.

These results can be summarized as foll&8k |
» The authors stated that there are several souf@seayy impact onto the growing film:

1) substrate temperature, 2) ion bombardment, &jrfgeby the magnetron, 4) heating by

chemical reactions during film formation and 5)iatide heating by the plasma.

» The energy delivered to the film is inversely prammal to the deposition rate and
proportional to the ion current density at the $tatts, i.e. heating depends on the relative
arrival ratio of ions to film particles. They stdtéhat this is the reason for the formation
of an amorphous structure in the transition regilme to the high rate.

» An increased ion bombardment is achieved by spagtevith high frequency, since the
plasma buildup regime dominates the discharge agileh electron temperatures are

achieved. However, they only consider in this dhgebombardment by positive ions of
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low energy which are accelerated near the substatdhe target voltage is also

significantly increased during plasma ignition. ldenl suppose that the energy of the

impinging negative oxygen ions is also higher.

> Deterioration of the structure is observed by iasieg the pulse frequency and hence the
ion bombardment. As a conclusion, the authors bateid the increase of the ion
bombardment to an increase of the electron temjoerdtbelieve, however, that increase
the energy of the negative oxygen ions is the meason.

Additionally, simultaneous bombardment of reactivelvaporated Ti@ thin films by
oxygen ions reveals also the formation of the eytihase36]. The peak intensity of the rutile
phase increases with increasing bombardment (ffuooro energy). Bombardment by argon
ions also promotes the growth of the rutile ph&k®vever, the rutile peak is much weaker as
compared with oxygen ion bombardment. This isne kvith our results.

Furthermore, Lobel et al3f] have attributed the nucleation of rutile to irasag the

process energy (electron and ion bombardment)rangresence of Ti in the vapor phase.

3.HIPIMS.

High power impulse magnetron sputtering is charastd by high plasma densities and
high ionization of sputtered ions. Consequentlg, riegative oxygen ions on the target surface
have a high kinetic energy. Therefore, HIPIMS istaer suitable technique to illustrate the
role of energetic particles on the film structuris technique has been utilized to investigate
the structure of Ti@thin films [e.g.38, 46, 4T. It has been observed that HIPIMS leads to a
superior rutile phase due to the large electroxfaaching the substraté).

For example, Stranak et aBf, 49 have studied the crystallographic and morpholaigic
properties of TiQ thin films prepared by HiPIMS at low substrate pamatures <65°C). It
was deduced from probe measurements that the nae@naged over the pulse) electron
energy decreased and the mean electron densigasexd with increasing the total pressure.
At low sputtering pressure, a pure rutile film ispdsited while the anatase phase is solely
present at high pressures when the films are \eny(R0 to 40 nm). Intermediate pressures
yield mixed films. As mentioned before, increasihg sputtering pressure reduces the energy
delivered to the growing film and thereby increathesfilm roughness. The authors assumed
that the energetic impact is the main driving fofoe the phase formation at different

pressures-However, the existence of negative oxygen ion®ionsidered.
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Chapter 2. Titanium dioxide-properties and applications

4 .Other investigations

Examination of the nature and the energy distrdsutof positive and negative ions
impinging on the growing Ti®film as a function of sputtering pressure has baeme by
Martin et al. B4]. They have found that the flux of positive ionsgly decreases when the
total pressure increases, whereas the energy bdigtm remains rather unchanged. In
contrast, the flux of negative oxygen ions (lowrgyg increases with increasing pressure and
the mean energy increases as well (18 to 26 e\Mixed anatase/rutile structure is observed
at the lowest pressure while for the higher pressanly anatase films are depositddhe
author attributed the structure formation to thioscof positive ion bombardment.

A similar structure behavior is also presented bgiation of the total working pressure
from 0.3 to 1.0 and 3.0 P2§]. The authors in this case attributed the fornmatid a rutile
phase at low pressure to the presence ofifid Q' species in the plasma process. However,
there is no proof for the presence of high enecgelectrons which required ionizing these
species. They also argued that the high energetitcies impinge on the growing film
surface at lower pressures play a role in the ftiomaof rutile. The AFM images show large
grains in the film surface for all pressures. lasiag the pressure leads to a change from
simple to more complicated features with sub-stnes. They assumed that high energy
particles bombardment (reflected Ar neutrals angatiee oxygen ions) are responsible for
the structural variations at different pressures.

The crystal structure and microstructure of t@in films have been investigated with a
variation of the pulse mode (unipolar and bipol&9]. All films were amorphous with a
columnar microstructure and a rough surface at 7ikk\Ghipolar and bipolar modes and at 1
Pa. Crystalline films are formed with increasing 8puttering power to 10 kW (both modes)
at a pressure of 0.5 Pa. However, the unipolar nybelds highly anatase films while the
bipolar mode yields purely rutile structures.

Microstructure: TEM images show amorphous layefrsalmout 200 nm at the substrate
interface for both films (anatase and rutile). Tagle films exhibit a much larger dislocation
density than the anatase films while the lateralrgsizes are similar. It is concluded that the
high dislocation density is responsible for thedatdKRD peaks of rutile instead of a small
grain sizeThey attributed the formation of rutile in bipolaode to the high plasma density
in the vicinity of the substrate for this mode. §ieads to an increase in energetic particles

bombardmentAs in other studies, the type of the bombardingcgs has not been identified.
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Also the formation of a crystalline film on the tiaily amorphous interlayer is explained by
an increase of the substrate temperature duringsitem.

To sum up, we can conclude from these studies dlaprocess parameters have a
significant influence on the structure formationTaD, thin films as presented in table 2. The
formation of the anatase phase is preferentiaNpred at high oxygen content as well as
large film thicknesses. It also benefits from irmgiag the substrate temperature and the low
energetic bombardment. On the other hand, theerptilase seems to be enhanced by the
energetic particles bombardment during film grov@kyveral interpretations have been given
to explain this structural behavior as a functibthe different process parameters.

However, regarding the action of energetic patidlombardment on the phase
formation, there is no clear conclusion on the reataf the bombarding species, their
respective energies and finally on the exact mashawnf phase formation as a function of
particle bombardment. Most of the published workisndt at all take into account the action
of negative oxygen ions. The growth mechanism ef TiO, thin films as a function of the
oxygen flow and film thickness is not completelypaissed. Moreover, little attention has
been given to investigate the surface topograplytia@ microstructure as a function of these
parameters. Therefore, the mechanism of the steictormation is not completely

understood.
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Parameter Structure Interpretation
Low oxygen flow/ Rutile The higher activation energy of the rutile
low sputter pressure than the anatase phagd[ 24, 4]
High oxygen flow/ Anatase The loss of ion energy delivered to the

high sputter pressur

(D

growing film at high pressure], 24, 41

Thick films Anatase?l, 25, 26, | Increasing the substrate temperature and
27,41, 43 the energy delivered to the growing filn

[21]

Substrate Anatase 32, 33, 4% | The reaction of the sputtered Ti particles

temperature up to with the oxygen atoms on the substrate

300°C due to thermal effectp)

High ion Rutile [23, 36, 3T | Bombardment by Ar ions3[L, 39

bombardment

HIPIMS Rutile 38, 46, 47 | The large electron flux reaching the
substrate47]

Table 2: The influence of the various process paraaters on the structure of TiQ thin

film as summarized from the literature.

2.3 Photo-induced properties

Due to the wide application field of T®hin films as a photocatalyst, the photocatalytic
activity of this material has been investigated different methods. For instance, the
degradation of acetaldehyde with time @CHO) upon UV illumination 29 and the
decomposition of methylene blue 168:1gN3S-Cl-3HO) dye solution have been measured
[51]. The photo- induced hydrophilicity of TyOthin films was also evaluated through
measurement of contact angles for pure water &Réillumination [28]. All investigations

have shown that the anatase phase has a highétyatttan the rutile phase. The reason is
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that the bottom energy of conduction band of amatssabout 0.2 eV higher than the rutile
phase, so the photo-generated electrons in theuctod band of anatase have a higher
energy pb2l. On the other hand, few studie§3[59 have been concerned with the
investigation of the photoconductive propertiesach films at different ambient conditions.
Hence, the correlation between the structure vanat of TiQ, thin films and the
photoconductive properties has not been discowseedn this section, some of these efforts

will be summarized.

2.3.1 Photoconductivity

The photoconductive properties of BiGhin films show a strong dependence on the
ambient atmosphere. 163, 54, the photoconductive measurements have beeredautit in
vacuum and air as a function of on-off illuminatiperiods. It has been observed that the
photoconductivity in vacuum is much larger thanain. The photoconductivity shows a
sudden increment to a maximum and then falls dawa steady state in air as the light is
switched on and off. On the contrary, in vacuum itteease is slow and no saturation is
observed even for long time exposuréhe authors attributed the difference of
photoconductivity in vacuum and air tiee loss of surface adsorbed oxygee. removal of
conduction electrons by adsorbed, the adsorbed oxygen captures electrons from dlie b
and creates negatively charged @ns. Due to the low concentration of i@ vacuum, the
electron removal rate is low and a large photocotidity is observed. On the other hand, the
removal rate is higher in air and thereby the pbataluctivity is low.

Investigations of the photoconductivity of nanotajine anatase films show similar
results p4]. The dark conductivity has also been measuredshodis a low value in vacuum.
This has been attributed to the removal of watecwhadsorbs on the TiGsurface and leads
to formation of Tf>. Regarding the photoconductivity, the authors arthat there are two
mechanisms affecting the PC behaviour; surfacerbddooxygen as explained i63 and
electron-hole recombination by surface hydroxylup®m They have also observed that the
trapping mechanism has an effect on the photocditycin vacuum. Therefore, the
variation of the photoconductivity as a functiontloé ambient atmosphere has been attributed
to the competition between photo-generation, regoation and trapping mechanisms.
Moreover, the second cycle of illumination is dtiied to the residual occupancy of traps
from the first cycle. Increasing the light integsiéads to an increase of the photogeneration

rate and a high trapping rate. Also, the decayhaftgconductivity is explained by electron-
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hole recombination. They have constructed a modathwexplains the behavior of the
photoconductivity in terms of adsorbed oxygen cagerin addition to the hole trapping

mechanismOther mechanisms have been also included asrdtad in figure2.3.

Figure 2.3: Photoconductivity model. The diagram representsethergy level of the trap
state and an electron scavenger staté @1She surface. The arrows represent the different
possible electron transitions. (1) photogenerati(®), band-to-band recombination, (3)

electron trapping, (4) hole trapping, (5) electsaavengingg3].

Several studies have been carried out by Golegd. en the photoconductivity of TiO
thin films deposited at different conditions5F58. For example, they have investigated the
photoconductivity of polycrystalline anatase fil@7 um thickness) and NBi; O, as a
function of ambient conditions, light intensity amemperature 5. The results can be
summarized in several points:

» The dark conductivity is explained by trapping Isplde photoconductivity in this model
is attributed to the excess of free electrons.

» The dark conductivity shows a difference accordiogthe ambient atmosphere; in
oxygen, air and argon it was determined to1*18*10° and 710" (Qcm)* respectively.
This has been explained by a loss of adsorbedcud@ygen.

» They observed that thghotoconductivity increases (when the ambient esnged from
air to argon) due to change of the surface oxygeemage.

» The decay in the dark conductivity was determingdhe surface barrier height, which
increased with time due to increasing the negatharge as the electron trapped at O
(ads).
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» Increasing the temperature at constant light intgnkeads to a decrease of the
conductivity. This has been explained by increasihg energy barrier due to an
increasing electron density.

» The higher the light intensity, the faster the sation of the photoconductivity; in
addition, an increase of the electron-hole pairegation and the hole trapping rate are
observed. As the light intensity decreases, thiasaicharge decreases and as a result, the

surface barrier is large.

Moreover, they have presented ] that changing the atmosphere from oxygen to
argon leads to a decrease of the photoconductiVitg photoconductivity returns to the
original value upon introducing argon again. Upeplacing the argon by oxygen for the
second cycle, the drop in the photoconductivity Viaster than the first cycle as shown in
figure 2.4. They attributed this variation to the probability photoannealing of oxygen
surface defects during the first illumination cyciee. illumination in presence of oxygen
leads to incorporation of oxygen into the oxygewcaries at the surface. They have also
observed that the magnitude of the photocondugtigitproportional to the square root of
light intensity. i.e. the total electron densityathcorresponded to the steady-state
photoconductivity condition increased and no sditbmeof the steady-state photoconductivity

was observed over the whole range of intensity.
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Figure 2.4: Sensor response of steady-state photoconduditivityn-film TiO, containing 10

atom % Nb under 1780 W/mvhite-light illumination at 120° CHg).
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Chapter 2. Titanium dioxide-properties and applications

Furthermore, the thermally stimulated current (T8@p measured to obtain information
about the trap levels in the Ti@hin films by Takeuchig9]. TSC was measured as a function
of temperature after irradiation the sample for iBh. These measurements show the
existence of trapping levels in the Ti@lms, some of these levels are considered to be
assigned to structural defects associated with exy@gcancies. They have also found that the
concentration of these defects decreases with asurg the oxygen concentration in the

Sputtering gas.

To conclude, all studies have focused on investgaif the photoconductivity of the
TiO, films as a function of the ambient atmosphetewever, no attention has been given
to perform the photoconductivity measurements o, Tthin films with different

structures.
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3

Sputter deposition and film growth

In the course of this work, the sputtering techeidpas been employed to fabricate IO
thin films. Therefore, an overview on the sputtgriachnique will be provided in this chapter.
Background information on the thin film growth medsm and the role of energetic particles
during the film growth will be given. Moreover amsmary of the proposed theories which

discuss the origin of the residual stress geneduedg film deposition is presented.

3.1 Sputtering process
3.1.1 Concept of sputtering

Sputtering is a process whereby portions of a ngatiaterial (target) are ejected through
bombardment by energetic species, i.e. if ions mge@ion the target, it causes ejection of
target atoms and condensation on a substrate mo &thin film. The rate of the material
leaving the target depends on the number of thebboaing ions. Therefore it is desirable to
increase the plasma density in front of the spuijesource. Other interactions can also occur
due to the bombardment (figusel). Some of these interactions are:

(i) Secondary electrons, (ii) reflected ions and néwtpecies at the target surface, (iii)
implantation ions, with buried ions under the targerface, and (iv) rearrangement of the
target structure and also electromagnetic radiation

Each of these interactions depends on the typensf(mass, charge), the nature of the surface
atoms, and on the ion energy.

Moreover, sputtering can be defined as a non-thlevaporization process where surface
atoms are physically ejected from a solid surfacenbmentum transfer from an atomic-sized
energetic bombarding particle which is usually aegais ion, accelerated from the plasma.
Incidence of these ions with sufficient energy be target leads to an atomic collision
cascade within the target material. When theseadascrecoil and reach the target surface

with energy above the surface binding energy @felaatoms, an atom can be ejected.

e/
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Figure 3.1: Depiction of processes generated on the surfacegd@mmbarded by energetic

particles p0].

The sputtering yield (Y) is the most important paeger that characterizes the sputtering
process. The sputtering yield can be defined astkeage number of atoms ejected from the
target per incident ion and is a measure of theieffcy of sputtering.

Y = Nsjected particids N incident particles

The sputtering yield depends on many parametenis asdhe mass of the bombarding
particle as well as its energy, the mass of thgetastoms, the surface binding energy of target
atoms and the energetic distribution of the incigeatticles. It is also sensitive to the angle of
incidence of the bombarding particle. In the caSgeny high energies, the sputtering yield
decreases since the ions loose much of their esgelglow the surface and re-sputtering of
the deposition material.

A theoretical description for the sputter yield theen given by Sigmund@]]; the sputter
yield is expressed as a function of energy of thpimging ions on a planar surface. For low
energy particles (E< 1 keV), the sputtering yisldéfined as:

_3% 4mm E

Y =
4 (m +m)* U, o
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Where m, and m, are the mass of target atom and impinging iorpeesvely. E is the
energy of the incident ion and is the surface binding energy of the target maltefihe

parametera is a measure of the efficiency of the momentumdier in the collision and is a

monotonically increasing function with value rangjinom 0.17 to 1.4 a&, / m, ranges from

0.1 to 10. Another formula has been derived to iptéte sputtering yield in the case of high
energy particles (E> 1 keV):

_ 0042la(S,(E)
- U 2.2

(o]

Y

Where s, (E) is the energy loss per unit distance by incident i

By knowing the sputtering yield, the sputteringerathich is the velocity of ablation of
the target can be determined. Theoretically, thdtepng rate S(hm/min) is the summation
of the sputtering rate due to iop.sand neutral Qurasbombardment. §scan be determined
from [62]:

623 WI(Y)

ons — 2.3
P

WhereW andp are the atomic weight (g/mol) and density (gfcof the sputtered material,

is the current density at the cathode (mAJcamd(Y) is the mean sputter yield. The energy
distribution of the neutrals should be known foe tthetermination of Quuas It iS reported
[63-64 that the neutral bombardment contributes abo@ 30 50% of the total sputtering

rate in a glow discharge plasma. Hence with theutation of $ns, S can be evaluated.

3.1.2 Principle of glow discharge for sputtering

The glow discharge can be approximately descrited gplasma which is a partially
ionized gas composed of ions, electrons and nesjpeadies exhibiting a collective behaviour
[69]. The density of charged particles must be lamygugh compared with the dimension of
the plasma so that significant Coulombic interactmccurs. This interaction enables the
charged species to behave in a fluid like fashimhdetermines the plasma properties.

A dc glow discharge is formed by applying of a moitd between two electrodes. In the
sputtering technique, the material to be sputté@aadet) is operated as the cathode because it
is connected to the negative terminal of the paswgply. The substrate which faces the target

plays the role of the anode and both are instaltleén evacuated chamber. The glow
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discharge process is created by introducing théesimg gas which is typically an inert gas
(Argon) with a pressure ranging from a few to 100 onr into the chamber. Then an electric
voltage in the kV range is applied to the targéiisTresults in ionization of the sputtering gas
when the existing native electrons in the chambeeaergetic enough. The resulting Ans
are accelerated towards the cathode and lead torseyeral of the physical processes which
are described in section 3.1.1, in addition to gaten of secondary electrons. These
electrons cause the generation of new ions, wimi¢hrn result in emission of new secondary
electrons. This ionization-emission cascade lead¢hé ignition of a self-sustained glow
discharge between the cathode and the anode. iHuisadge is accompanied by a sharp rise
in the current and drop in the voltage and thisod@mn technique is known as direct current
(dc) diode sputtering.

The minimum potential differencé, (often referred as the breakdown voltage) between
the cathode and the anode for the generation effassistaining glow discharge depends on

the pressure p of the gas and the anode to cathsid@ce d and can be defined as:

Vo in(pd) +B 2.4
The constants A and B are parameters which desitrébgas propertie$§).

The area between the cathode and the anode haso8tepositive potential (the plasma
potential). In the vicinity of the two electrodekeaths develop with a net positive space
charge, so that the electric field is restrictedhese areas. The corresponding zones in the
sputtering chamber are referred as the cathodethstaeal anode sheath. The voltage

distribution in a dc glow discharge is schematicallown in figure3.2.
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Figure 3.2:Voltage distribution in a dc glow dischard#].
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Generally in a dc glow discharge, there is a |dssnergy due to the impingement of the
energetic plasma on the electrodes and the watlseothamber. This loss is compensated by
the applied electric filed. Additionally, thereasloss of electrons due to recombination with
the ions at the walls and into the external ciratitthe anode. This loss of electrons is
compensated by the emission of secondary electbgnsombardment of the cathode by

positive plasma ions.

3.1.3 Magnetron Sputtering

Dc diode sputtering has the disadvantages of lowsigpn rates and low ionization
efficiencies of the plasma due to the high workpingssure. Additionally, as a consequence of
the high target voltage, the growing films are bddiy fast electrons which are repelled from
the cathode. This in turn can affect the obtainkd properties. Therefore it is desired to
increase the plasma density in front of the sputjetarget to maintain the glow discharge at
low pressures and voltage and overcome these tdsstddis can be achieved by combining
the existing electric filed with a magnetic fieltrdugh attachment of a ring magnet below the
target. The magnet is placed in such a way thapofeis positioned at the central axis of the
target, and the second pole is placed in a ringratdhe outer edge of the target. In this case

the moving electrons experience the well-known htordorce:

F =T = g€ +vxB) 25

Where g, m and/ are the electron charge, mass and velocity reispictvhile Eand Bare
the electric and magnetic field vectors.

In the case when the electric field lies perpendrcto the magnetic field, the electron
repelled by the negative cathode potential arepgdmear the target and move in cycloidal
curves over the target surface, as shown in figuBe The electrons are confined in the
vicinity of the target resulting in an increasedhimation and this is the principle of the
magnetron operation. As a consequence, the plasmaity increases and thereby the
sputtering rate. Also, the sputtering gas pressanebe reduced resulting in an increase of the
incident particles energy and the possible momeritansfer. This is an advantage since less
material is lost to the chamber wall and back ®tdrget through scattering in the discharge

gas.
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Vacuumpump Substrate Gas inlet

L HV | Power supply

Figure 3.3: Basic principle of sputter deposition, ions gerenlah the plasma and accelerated

towards a target of sputter material.

Due to the confinement of the electrons, the sludjlee magnetic field efficiently erodes
the target where the magnetic field lines are pelrtd the target surface; a so-called race-

track is created. An example of a sputtered cirdaliayet is shown in figurg.4.

Figure 3.4: A typical circular sputter target. The race-tragkcieated due to the erosion of the

target attached to a magnetron.

3.1.4 Reactive magnetron sputtering
The sputter deposition can be used to deposisfdimcompound materials by sputtering
either from a compound target or from an elemetataet in the presence of a reactive gas

“reactive sputter deposition”. The disadvantagsmftter deposition from a compound target
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is the confinement of the films stoichiometry tdues similar to the target composition. In
the case of a pure metal target used in combinatiina reactive gas, the reaction between
the sputtered material and the reactive gas cangkice at the film surface and a compound
film can be grown. This is the principle of reaetimagnetron sputtering. The change of the
sputtering gas composition affects the target btometry (target coverage), since a part of
the target's surface is covered by the same conthbolihe coverage of the target with
compound molecules is referred as ‘target poisoning

When a single reactive gas is supplied to the ming chamber, it reacts with the target
and the collecting area of the chamber. The relatigp between the film composition and the
supply of reactive gas is non-linear and this pseamay exhibit hysteresis behavior. Figure
3.5 shows an example of the hysteresis phenomenorhw$iobserved during reactive dc
sputtering of zirconium oxide (Zrfrom a metallic targetg8]. The variation of the oxygen
partial pressure, target voltage and the mass d&posate have been investigated at constant

target current and constant working pressure wiaration of the oxygen flow from 0O to 4

sccm.
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Figure 3.5: Influence of oxygen flow on: the oxygen partial §sere, target voltage and the
mass deposition rate of reactively sputtered Ziilths. The variation with increasing and

decreasing oxygen flow shows a pronounced hysteedfsct (8.
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Chapter 3. Sputter deposition and film growth

Depending on the oxygen flow range three diffenegions can be distinguished. All
properties remain constant in the regions | andatitl these regions are separated by a
hysteresis zone (ll).

1. At low oxygen flow rate, no significant partial gsire of oxygen is formed since the
molecules of the reactive gas are gettered by plétesed atoms6]. This sputtering
regime is known as the metallic mode (Zone |) andharacterized by a high deposition
rate and a low target coverage.

2. When the oxygen flow rate exceeds the gettering ahthe reactive gas molecules, more
oxygen molecules become available for chemicaltimaat the target surface. This leads
to an increase of the oxygen partial pressure (40nerhis regime is known as the
transition mode which is characterized by a dropdeposition rate because of the
increase of the target coverage which leads toowthrof a stoichiometric oxide films.
This can be explained by the lower sputtering yield the compounds than the
corresponding metals due to the high strength efctbvalent/ionic bonds present at the
poisoned target surfac&(]. The transition from metallic (region I) to compa mode
(region 1) is accompanied by a pronounced hysierféect. This transition is also found
for the target voltage. An increase of the targeltage in the transition regime is
attributed to an increase of the plasma impedarius.is explained by the effect of lower
secondary electron emission yield of the oxideamparison to the corresponding metal
[71].

3. For higher oxygen flows, no pronounced change s&oked for the target voltage and the
mass deposition rate due to the stability of thegess chemical condition (full
poisoning), while the partial pressure increasedity with the oxygen flow. This zone
(Zone 11I) is referred as the oxidic mode.

In the reverse direction with decreasing of oxydlenv rate, the getter effect is not
effective in this stage since the chamber walls areered by the compound material. In
addition, the sputtering rate of the material hade higher than the oxidation rate at the
given oxygen flow rate to get back to the metaticde. As a consequence, a hysteresis loop
occurs. This hysteresis effect is material depensi@ce it does not occur for all materials. In
the transition regime, the process is unstabletadllee hysteresis effect. However, the sputter
deposition is possible in this regime but requaetve process control.
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3.1.5 Berg’s model (Theoretical modeling of reacter sputtering)

A theoretical model for the reactive sputteringgass (DC or RF) from an elemental
target using one reactive gas has been developeBeby et al. TO, 734. This model is
referred as “Berg’s model” and describes the rehestihip between most parameters in the
sputtering process. It also helps to understandntiieence of theprocessing parameteos
the overall behaviour of the sputtering processchAematic description for Berg’'s model is

presented in figura.6.

Target _
. | et A b
a ! = o |5
(2) i 2wt

Q

Reactive gas supplyl' > Qp \m(l B

Qtol I f
- To pump {{
Qe Fiub. F (1-6,)
[ i i, <ea ¢
0, (1-8,) 0,

Figure 3.6: Theoretical model for a reactive sputtering procassexplained by Berg. (a)
Collecting area A including substrate. (b) Abstract model for thaxflof the sputtered
material to the collecting area Aarget area. Q =Q +Q¢ +Q, is the sum of the respective
reactive gas flows to the target, the substratd, tae pump6, 6; are the fraction of the
substrate area and the target respectively, wisidovered by compound moleculesg, F:
total number of the sputtered elemental and comg@anticles respectively per unit time. J is

the ion current density’[].

As assumed by the model, the whole sputtering sys&ealivided into the target area;A
placed in front of a collecting area An the vacuum chamber which is consisting of the
substrate and the chamber walls. Both areas atenasisto be either free or covered by a
monolayer of compound molecules. A reactive gaplsup connected to the chamber. Based
on these simplifications, a broad range of propasameters is predictable.
> As there is a reactive gas, the reactions betwbksmeatal target atoms and the reactive

gas will cause a fraction of the target to consistcompound molecule$;. This

compound formation is uniformly distributed ovee twhole target surface. This fraction
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Chapter 3. Sputter deposition and film growth

of the targe®; has a different composition than the remainingtfoac(1-6;). The fraction

of the target surface (@) consists of elemental non-reacted atoms.

The same situation exists at the receiving argawhkere all sputtered material is
assumed to be uniformly collected. The compounctiya at this surface area (deposited
film) is denoted..

On the target surface, it is assumed that noicrabetween elemental target atoms and
the reactive gas can take place on the compourtidnaof the target area;AOn the
other hand, it is assumed that at steady statbesubstrate area, the composition of the
added film material must be identical to the ergptiilm composition.

The total sputter erosion rate R, the depositida B 6; and 6. can be calculated as a
function of the partial pressure as shown in figi#& (a, b). The deposition rate curve
may have a maximum value before reaching compdetet poisoning. The curves of the
compound fractions of the targ8t and of the collecting surface. show that fully
stochiometric films can be obtained when the taogehpound fraction is onl§; ~ 0.8.
This effect is possible because a number of alrspdytered and deposited target atoms
can react with reactive gas atoms on the subsstaface. The difference between the
compound fractions of the targgtand the collecting are is thus strongly dependent
on the ratio of the respective total surfacefA

It has been pointed out that the characteristisii§oe” of the curves in the transition
regime corresponds to the hysteresis width, figare g.

A mathematical expression has been derived tstilite the origin of the hysteresis. Also
the presence or absence of a hysteresis can betpeftom the derivation dQdP. If in
some region d@/dP< 0, this means that the process will exhibihysteresis. If
dQw/dP>0 over the whole region, then the hysteresilsnet exist in this process. It can
be determined using the relation:

thOt — th + dQC + de
dP dP dP dP 2.6

The hysteresis cannot be eliminated by applyingh power to the target which leads to

reducing the target poisoning effect by a high ®vutrosion rate. Increasing the argon
ion current causes a magnification of the curveshasvn in figure §.7 0.
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Figure 3.7: Behaviour of various process parameters duringtiseasputtering as simulated

by Berg‘'s model. (a, b) Calculated target erosate R, substrate deposition rate D and the
compound fraction$,, 0; at the target and substrate a function of the reactive gas partial
pressure P. (c) Calculated partial pressure Par@@n ion current as a function of the reactive

gas flow Qu:.

Berg’s model is not a complete model to descrilee rdactive sputtering process. The
simplifications made in the model restrict the d&i of the calculated results. Berg's model
considers the getter effect to be the physicalgssavhich governs the target voltage. On the
contrary, Depla et al7j] could experimentally detect that the dischargdage behavior
originates from the formation of an oxidized layérich is 1-2 nm thin on the target surface
during the sputtering process. In addition, thdéugrice of ion implantation on the process

behavior has been consider&d]|

3.1.6 High power Impulse magnetron sputtering

HiPIMS stands for High Power Impulse Magnetron 8pgutg. This technique is based
on increasing the plasma density in front of thettgping source and thereby decreasing the
mean ionization distance for the sputtered pagiclacreasing the plasma density can be
achieved by applying high power density to the eéamf several kW cifiin short unipolar
pulses of low duty cycle (on/off time ratio <10%)dapulse repetition frequency (<10 kHz),
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Chapter 3. Sputter deposition and film growth

as schematically shown in figuB8. As a consequence of the generation of a highityens
plasma, the ion—to—neutral ratio increases by asing the ionization probability of the
sputtered material7p]. These features provide the possibility to tailbe film properties,
depositing dense and smooth metalli€][and compound filims77]. Also as a result of
increasing the ion bombardment and implantaticf}, [the adhesion of the coatings will be
enhanced.

periodically
continued

Voff

S ! ! \

toff I ton I toff I ton I toff
Figure 3.8: A schematic representation of the target voltagenduHIPIMS, t, and t¢ are
the pulse on- and off-time respectively.

The power density supplied to the target is lichilyy thermal load that the target can
receive. Most of the energy of the positive ionsederated to the target is transformed into
heat. Therefore, the average target power densitylg be low (a few W cif) to prevent the
target from overheating and damage of the magmetstee target. A schematic of a HiIPIMS
power supply is shown in figur8.9.The electrical pulses are generally generated by
discharging a capacitor bank via a semiconducteedawitch. The capacitors are charged by
a DC power supply which is connected to the magneffhe capacitors are discharged in a
repetitive manner. They release the stored energyuises of defined width and frequency
using fast switches in thgs range, located between the capacitors and thedmt The size

of the capacitor bank is typically 1-p, depending on the size of the target.
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Figure 3.9: A schematic of HiPIMS processes.

One of the major drawbacks of this technique islolneer deposition rate in comparison
to DC sputtering. This reduction is mainly duelte self-sputtering phenomern&]. Some of
the ionized material in the dense plasma is recagton the cathode surface by the high
negative voltage. In the presence of a magnetid, fee fraction of the applied voltage will
penetrate the bulk plasma and create a potentaligt. As a consequence, if the sputtered
atoms cannot overcome this potential and reaclsubstrate surface, it is drawn back to the
target and causes self-sputtering and the deposiate drops. Another problem in the
HiPIMS process is the occurrence of arcs on thbockt surface. This phenomenon occurs
during deposition from conducting targets covergdnsulating layers. It has been observed
that dielectric particles on the target surface rbhaythe source of arcing, since they can be
charged up to a high voltage and then dischargeavitad this problem, HiPIMS can be

operated using short pulses in the range fromZ®{gs [80].

3.2. Mechanism of film growth

The fundamentals of the sputtering deposition m®ckave been presented in the
previous section. The growth process of thin layerghe substrate will be discussed in this
section. The film growth as well as the nucleagpwacess determines many film properties
such as film density, surface area, surface moggyohnd grain size. As presented, the
sputtering leads to formation of a thin film by depgion and condensation of atoms from the
vapor phase on a substrate. This process can loeilses as a sequence: the initial stage
(nucleation) at first; where single atoms or molesware adsorbed on the substrate and then
several atoms can combine to form clusters (nucldign these nucleation centers converge

together to form a fully covering film in the solleal (coalescence) stage. Finally in the

e/
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advanced stage of film growth a closed (continudilg) can be formed. The growth
mechanisms during these stages are presented isetttion.

3.2.1. Nucleation

During the earliest stages of film formation a suéint number of vapor atoms or
molecules condensed. Condensation occurs whermpieging atoms transfer their kinetic
energy(Exn) to the substrate and dissipate it into latticeatibns. To keep the atoms on the
surface, their kinetic energy has to be lower ttrer adsorption energ§E.q). The sticking
coefficient is the probability that an impingingat is incorporated into the substrate surface.
It is measured by the ratio of the amount of cosddnmaterial on the surface to the total
amount of material impinged. Once the atom has l@@=orbed (called an “ad-atom”) it
migrates along the substrate’s surface and junga fine lattice site to another (diffusion)
[81]. Diffusion is a thermally activated process; ibydes the migration mechanism of the
ad-atoms to find their required positions to repicethe correct crystal structure. Finally, the
formation of an atomic layer has to proceed throtighaggregation of mobile ad-atoms into
stable clusters (nucleation) which grow by accumita On the other hand, far from
equilibrium growth, the ad-atoms aggregate toge#tmet form nuclei which either tends to
grow in size or dissociate. When the critical nuslesize reaches atomic dimensions, the
atomistic theory of nucleation has to be used.

Based on the thermodynamic consideration, Ba@&} introduced a classification of
epitaxial growth modes. The term epitaxy is usedtie growth of a crystalline layer upon a
crystalline substrate, where the crystalline oaéoh of the substrate imposes an order on the
orientation of the deposited laye83. Three different growth modes are distinguished
according to the balance between the surface fmeegg of the depositp, the surface free
energy of the substrae and the interface free energy. This is known as Bauer’s criterion,

which is shown in figur&.10.
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Volmer-Weber (island)

Figure 3.10: The three epitaxial growth mechanisms close tantbeynamic equilibrium: (a)
Volmer-Weber mode, (b) Frank-Van-der-Merve mode #&ojdStranski-Krastanov growth
mode B4].

» When ys< ypt+ vint, the energy balance requires to minimize the acaered by the
deposited material and the deposit will grow in fihen of three dimensional islands on
the substrate. This mode is referred/atmer-Webegrowth, figure3.10 a

> In the case of the limiting conditiops= yp+ yint, this growth mode is referred &sank-
Van-der-Merve figure 3.10 b This is an ideal mode for homoepitaxial growtisteyn
(growth of crystalline layer on a chemically ideati crystalline substrate).

» If ys> ypt vint, the area covered by the deposited material shoellchinimized and the
deposit will grow smoothly forming one layer at iné. The growing layer will be
strained. After deposition of a few layers, theluahce of the substrate’s free energy
vanishes and the energy tends towards zero. Thidreak the condition for layer-by-
layer growth and leads back to the island growths §rowth mode is known &ranski-

Krastanovgrowth mode, figur&.10 ¢

3.2.2. Coalescence

As a consequence of the progressive growth of tieen coalescence of individual
nuclei with each other proceeds until a closed fénfiormed. The coalescence phenomenon
has a strong effect on the structure and the ptiegeof the resulting film; since

recrystallization, grain growth, and orientatioranfes occur as a consequence of coalescence

[85].
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The coalescence phenomenon has been discussethsndk“sintering” of two particles
in contact with each other. The coalescence oconlg when islands touch each other
physically; this mechanism is similar to the simtgrof two spheres. When two nuclei touch
each other at a contact point, a thin neck forms$ &ind then grows in width until both nuclei
are fused completely with each other. The driviogé for neck growth is simply the natural
tendency to reduce the total surface energy ofsirstem. Hence a flow of atoms moves
toward the neck. The general behavior of the néessbeen explained on the basis of mass

transport resulting from the tendency to minimize surface energy.

3.2.3. Advanced layer growth
The influence of deposition parameters on the ghowth can be understood in terms of

their effects on the sticking coefficient, the raation density, and the surface mobility of ad-

atoms. Agglomeration of a film increases with irgiag the surface mobility and decreasing
the nucleation density. Also deposition of laydrdiffierent deposition parameters yields very
different structural properties. This section deaish the origin of the structure of the
growing layers.A model referred as the structure zone model (SZMxonstructed to
describe the influence of the deposition parameierthe microstructure of the growing film

[86]. This model predicts three structural zones &mation of the homologous temperature

Th=T/Tm, where T is the substrate temperature apdsTthe coating- material melting point.

From figure3.11, the three zones are characterized as:

1. Zone | (T/Tx< 0.3): Columnar growth, the film is composed diefis of small diameters.
The crystalline fibers grow out of the primary reichnd proceed to the top of the film.
The crystal diameter increases with J/The crystal contains a high density of defects
and the grain boundaries are porous.

2. Zone T (0.3<T/f< 0.5): The film growth is controlled in this regidy the ad-atom
surface diffusion. The structure consists of colamgrains separated by distinct dense,
intercrystalline boundaries. The grain sizes ineeeaith T/T,. The structure is fine
crystalline at the substrate, composed of V-shapadhs while columnar grains can be
grown in the upper part of thick films. The devetmgnt of V-shaped crystals is a result of
the competition taking place among the differemthiented neighboring crystals which
concludes in a columnar morphology at higher thesen

3. Zone Il (T/T»> 0.5): Textured growth, the bulk diffusion is siggant. The structure

consists of equiaxed grains with a bright surfadss structure is attributed to the high
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substrate temperature range. The grain diametamease with T/F. This strong
restructuring is controlled by the minimizationtbé interface and the surface energy and

leads to the growth of a film with pronounced tegtu
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Figure 3.11: Basic structure zone models as a function of thadlogous temperature TAT
and the film thickness3p).

Thornton B7, 8§ has extended the structure zone model to magnspuottered films by
adding an axis for the sputtering gas (Ar) as shawfigure 3.12 The pressure affects the
direction and the energy delivered to the surfage sputtered species and energetic
bombarding species. A high pressure means an seiaaollisions of the sputtered particles
and simultaneously a decrease in the average epnétpg particles arriving at the substrate.
This model predicts that a decrease of sputteniaggure will shift the transition from Zone T
to Zone Il to lower values of T/ due to the increase of the energy transferrededilm by
the energetic plasma species. Zone 1 is charaetetiy a high argon pressure, voided
structure and the occurrence of tensile stresse Zorftransition zone) consists of a dense
array of poorly fibrous grains without voided boanés. At high T/T, the film surface is

smooth.
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Figure 3.12: Structure Zone model by Thornton, schematic repitatien of the dependence
of the coating structure on a substrate temperadacke argon pressure. T is the absolute

temperature and,fis the melting temperature of the coating mat¢€éé].

Gaseous impurities and atoms of the reactive gasdchbave drastic effects on the
microstructure, so the concentration of these ggeshould be considered. Thus active
species such as oxygen have been found to redatenadnobility and therefore can promote
Zone 1 structures. In addition, the intense enargaeh bombardment during deposition can
suppress the development of the open zone 1 stescai low T/T,. Since the energy flux
carried to the substrate by the neutralized antkatefd ions depends on the target mass
relative to that of the working gas, and the wogkigas pressure. The atoms reach the
substrate with a substantial fraction of theirialitenergy at low working pressures. The
bombardment by energetic particles is an impoppanameter during film growth. The effect
of these species will be discussed in the nextisecMoreover, bombardment by such
energetic particles can lead to stress developmestudy of stress development during film
growth can provide evidence of the presence, enangynature of bombarding particles. The
residual film stress in sputtered films will be geated in section 3.4.

Thornton P1] has also observed that Zone T emerged upon decgethe sputtering gas
pressure. It is considered to be the internal siracof Zone 1. Also Zone 1 and the T
boundary is non-linear and varies in a fashionlsinto the film bias potential as a function of

gas pressure. Therefore, Messier et @] has modified Thornton’s model by replacing the
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gas pressure with / This Vs induced mobility seems to be the more fundamepratess
which affects the physical structure rather thasspure.

3.3. Influence of energetic particles on the filmmwth during sputtering

Bombardment of the growing film during the sputtgriprocess by energetic species is
one of the most important parameters governingptiese formation. In addition, it exerts a
strong influence on the microstructure of the filhme energetic particles transfer energy and
momentum to atoms in the film as they slow downe H®ifect of such particles on the
growing film depends on its energy and its flux plrticular, the interaction of the energetic
species with the atoms of the target material dépen the ion energ{].

Films grown at low energetic bombardment exhilitsolumnar structure with closed
grains. An increase of the bombarding energy ldadse-nucleation with interruption of
columnar growth. In addition, the high energieshaf bombarding particles damage a surface
by creating near-surface defects due to the imalem of the energetic species in the
growing film and partially destroy the growing filniihis phenomenon leads to the generation
of residual compressive stress in the thin flmnpoessive stresses can also be generated by
incorporation of rare gas. Other effects can apgaarto implantation of energetic particles in
the growing film such as resputtering and chanmgllinechanism (penetration of highly
charged species deeply in the growing film). Ndtthé energetic particles that strike a
substrate are implanted in the film. Some of theenbackscattered.

In the case of reactive sputtering of metal oxiftesn metallic targets, high energy O
ions are generated at the target surface and bdnthaer growing film. These ions have
implications on the film growth. The existence ofi@hs has been verified by employing the
time-of-flight method during sputtering from ceran¥nO and BaTi@ targets 93]. They
have proven that the oxygen ions with energiesvadgmt to approximately the full cathode
potential strongly influence the structure formati{94]. These ions are created at the target
surface from collisions with the sputtering speciklso Mraz et al. 48] has explained the
relationship between the target voltage and theggnéistributions of Oions of transition
metal oxides. Three ion populations were detecatdtie plasma. The low energy ions may be
formed in the cathode sheath. The medium and mghgg ions with energies corresponding

to half and full of the target potential may be tsgred from the target as, andO" and are

accelerated over the cathode sheath. In additigarilya et al. 49] have deduced that large
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fluxes of medium and high energy @ns comparable to the fluxes of low energyi@ns
enable formation of crystalline transition metalidex thin films at low temperature. They
have also concluded that at low flux of high engcgens which is typical for groups V and
VI leads to amorphous films. The ion energies I8 ttase are sufficient to produce thermal
spikes to release stress and also cause backsmytétrlow total pressures. On the other
hand, high fluxes at low energies for group IV leadilm crystallization and rearrangement
of deposited atoms, thereby creating high compresgresses.

These negatively charged ions are generated gidikened fraction of the target surface
and are accelerated within the cathode dark spacards the growing film, where the electric
potential gradient is almost perpendicular to @uwget surface even at the racetrack. In this
very narrow area the entire target voltage drope Tajectories of these ions are strongly
governed by the geometry of the racetrack and finerethe age of the targeb(. As
sketched in figur&.13 in the case of a new target without any pronodreresion trace; the
ions are mostly accelerated directly towards thgeeaf the substrate. In the case of an old
target the opposite behavior is observed. The eaitthe substrate is bombarded by a large

flux of highly energetic oxygen ions.

Old target New target

Substrate Substrate

O O

Erosion trace

Figure 3.13: Trajectories of Oions for an old target with a strong erosion traoe a new
target with planar surfaces. For new targets, thes iare accelerated towards substrate
positions directly opposite the erosion trace. Bged targets, the distribution of ion
trajectories strongly depends on the shape of theian trace, which typically results in

bombardment predominantly of the sample cer&ig [
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3.4. Generation of stresses in thin films

Intrinsic stresses are the cumulative result ofnubal and microstructural defects
incorporated during the film condensation procéssdiscussed in the preceding section, the
growing films experience an intense energetic badrbant. This leads to the formation of
films with high defect density and residual stresgéne intrinsic stresses in the deposited thin
films can lead to severe problems including adhefadures, defects in the substrate, fracture
and undesirable formation of holes. Additionallyymf stresses influence the electronic
properties and lead e.g. to semiconductor bandgidts.dn general, the intrinsic stresses can
be tensile or compressive. The tensile stressescamsidered to be positive while the
compressive stresses are considered to be negAtimedel for the generation of internal
stress (a) tensile and (b) compressive in thin/§trhstrate during the deposition of a film is
illustrated in figure3.14 As shown in the case of tensile stress (a) dusuttace tension
forces, the growing film shrinks relative to thebstrate. To achieve equilibrium in the
bending moments, the substrate is bent concaveManp In similar fashion, compressive

stress bends the substrate convex outward.

a) b)
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Figure 3.14: Sequence of events leading to (a) residual tensitess; (b) residual

compressive stress in a filrG7).
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The nature and magnitude of stress depends omg#rg\eof the deposition process (the
particle flux and energy striking the condensedn)ilwhich is linked with the film
microstructure. The intrinsic stresses in sputtdids are related to the structure zones.
Tensile stress is observed in zone 1- type, pdibus, with a void rich microstructure and is
explained in terms of the grain boundary relaxatrandel P5]. Compressive stress is
observed in zone T-type, dense films and is ingtgar in terms of the atomic peening
mechanism 46, 97. In the magnetron sputtering process, the preseafdighly energetic
particles leads to the formation of compressivessts in the film. The different models

which explain the origin of this phenomenon willdiscussed in this section.

3.4.1 Atomic peening model

D’ Heurle [97] suggested that the compressive stress obsensglittered films is caused
by bombardment of the film surface by energetitiplas species in a process similar to “shot
peening”. During sputtering, when the impinging sdmave energies of tens to hundreds of
eV, their collision with the growing film will resuin a displacement of atoms into the film,
i.e. into spaces smaller than the normal volumeapam. This leads to an expansion of the
film outward from the substrate. Since the filmnist free to expand, the entrapped atoms
cause macroscopic compressive stress.

This model §8] assumes that (i) atoms are displaced from tlegifibrium positions by a
series of collisions which produce a distortion time volume; (ii) at low deposition
temperature (T/§ <0.25), the mass transport and the defect mokality low to freeze the
volumetric distortion in place; and (iii) the rele volumetric distortion (strain) is
proportional to the fractional number of atoms rdNplaced from equilibrium sites. The

compressive stress can be expressed by:

o =ke,/ E.Q,
EM 2.7
Q=———"—
1-v)D
Where® is the ion flux,k is a factor that contains Avogadro’s number arfteohumerical
constants. Eis the particle energyQ, M/D is the elastic energy per mole and the target

material’'s atomic volume respectivelfe, v is Young's modulus and Poisson’s ratio

respectively. This expression shows that:
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» The compressive stress depends on the molar voldime. indicates that the strain
produced due to the interaction between the pastiahd the film target is related to the
atomic arrangement.

> In addition, the stress is dependent on the phlypicerties of the target, the energy,
flux and angle at which particles bombard the film.

» The forward sputtering linear cascade theory sugdbat the stress should be scaled with
the momentum rather than energy due to the depeadsrthe compressive stress on the

particle energy.

Muller [99] has shown that ion incorporation and recoil impdéion of surface atoms led
to film densification caused by a momentum tranpfexcess i.e. the structure modification is
affected by the particle energy. The microstrucewelution for Ni as a function of particle
energy is illustrated in figur8.15 At low adatom kinetic energy, the structure ishrin
defects- large micropores, open voids and micrenokiare noticeable with correspondingly
low tensile stress, figurg.15 (a) As the energy increases, the pores become smaaliethe
atomic network is more interconnected, the tersiitess increases and reaches a maximum
value (b). At lager incident energies, the defects gradudisappear and a well-layered

crystal structures evolves. This is accompaniedebgile stress reduction as pores collapse

(©).

Figure 3.15: Typical microstructure evolution as a function éident energy, a) low patrticle

energy, b) intermediate energies, and c) highermggseP9).

3.4.2 Momentum transfer model
As discussed in the preceding section, the stressnomentum dependent. The
bombarding ions can transfer momentum to the donliichtoms. Therefore, the momentum

transferred into the film by bombarding ions pepatgting atom is given byop|:
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P; :(D\/ZME 2.8

Where ¢ is the bombarding ion flux, M is the ion mass & its energy. The variation of

the intrinsic stress with the normalized momeanrfor any sputtering or ion-assisted
evaporation process is shown in fig@ré6 The stress profile consists of three regimes:
1. At low Pn films are characterized by Zone 1 microstructwtech is unable to support

high tensile stress. This low momentum might eaigdtigh pressure sputtering, or using a

light mass target with a heavy mass inert gaspbbque deposition.
2. Increasing the momentuFﬁ: the atomic- peening mechanism becomes operatnehw

leads to porosity annihilation by recoil implantetiand knock-on processes. This results
in densification of the microstructure, transitioom zone 1 to zone T. Consequently, the
tensile stress decreases as it is compensatedrbgressive stress. In this region, the
atomic peening mechanism is predominant and theafar sputtering model predicts a

linear dependence on particle momentum.

3. At high Pn the compressive stress reaches maximum as tliesgiength of the material

is attained. A Further increase in the momenturddea plastic flow.
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Figure 3.16: Idealized intrinsic stress vs. Normalized momenijThe corresponding

microstructure with increasing momentum is alsonsi{94g].
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3.4.3 Knock-on implantation and thermal spike (Daw model)

A successful description of the origin of compresginechanical stress in sputtered film
has been put forward by Davis(d. This model explains that the net compressivesstr
results from a balance between the stress indugetkriock-on implantation” of the film
atoms and stress relaxation by “thermal spike rimma Knock-on implantation occurs
when an energetic ion with energy above a certagshold E;; transfers sufficient energy to
the film atoms to implant them below the surfacehaf film. As the volume occupied by the
displaced atoms is smaller than the normal atorolame, the film is placed in a strained
state by the knock-on implantation. Formation @oapressive stress is associated with this
strain. A reduction in the stress by movement ef ithplanted atoms to the film surface is
energetically favoured. To do so, an implanted atoust acquire a certain threshold energy
Eo to overcome the energy from the surrounding at@md escape from its metastable
position to the surface of the film. The requiredrgy can be received from the bombarding
energetic particles. When these hit the surfactheffilm, their energy is transferred to the
surrounding atoms. This produces a local heatingiwis referred as “a thermal spike”.

Based on the assumption of this model that theeebalance between implantation and
relaxation, so that the density of implanted atgncanstant with time and the magnitude of

the compressive stresss proportional to:

Y El/2
1-v R/ j+kE>?’
k =0.0160E,°"

Where E is the ion energy, R the net depositing, fjus the bombarding flux and k is a

o(E) O
2.9

material dependent parameter. Y is the Young's rusdof the film material and is the
Poisson ratio. The variation of compressive stessa function of the kinetic energy of the
incident particles for different values of R/j daa predicted as shown in figusel7.
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Compressive Stress

Region 200 400 600 800 1000
lon Energy (eV)

Figure 3.17: Variation of compressive stress as a function & kinetic energy of the

impinging particles at different values of R/j Hland 20 as predicted by Davis mode)(j.

In general, the compressive stress increases @xamam with increasing ion energy and
then decreases for all fluxes. For higher valueg,adhe compressive stress slowly decreases
(Region 11). Also the magnitude of the maximum coegsive stress is highly dependent on
R/j (Region I). The lower the values of R/}, thegler the compressive stress is observed.
While the lower values of compressive stress anadoat high values of R/j. Two cases for
stress reduction can be identified from equati@n 2.

1) When the energetic flux is low, then R/J is largenparedto kE®®. The compressive
stress can be expressed as:

= 1/2
o(E) O YT 2.10
1-v R '

2) When the energetic flux is large enough, so thatifsmall compared t&E>>, the
compressive stress can be approximated by:
o(E)0 1

1-v KkE

From equations 2.10 and 2.11, the simple methodsefiucing the compressive stress

2.11

upon sputtering are:
» For low normalized fluxes: the stress is proposicto the square root of the ion energy
and is determined by the magnitude of the kinetiergy of the incident particles as
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implied from equation 2.10. Low compressive strissfound for small ion energies E
(Region Il in figure3.17).

» For large fluxes j: equation 2.11 shows that thechmaical stress can be reduced by
increasing the ion energy (Region Il in figud.7).

On the other hand, large stresses can be produked & large flux of particles of low
energy is incident on the film (Region I in figudel?). In general, it can be concluded that the
bombardment by energetic particles leads to a bpilof compressive stress that increases
with increasing ion energy. Therefore the energy ffux of sputtered particles are necessary

to explain the deposition stress observed.
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Experimental techniques

In this chapter, the experimental techniques usedhie fabrication and characterization
of TiO, thin films are discussed. An overview on the caorimal dc Magnetron Sputtering
(dcMS), lon-Beam Assisted Deposition (IBAD), andgHhli Power Impulse Magnetron
Sputtering (HIPIMS) deposition techniques are pmes® In addition, analytical and
characterisation methods including X-ray diffrantigXRD), atomic force microscopy
(AFM), the determination of in-situ stress by theafer curvature method, and the

photoconductivity are also explained.

4.1 Sputter deposition techniques

The utilized system in this work is a home mati@l] magnetron sputtering deposition
setup which is illustrated in figure 1. The sputtering chamber is a cylindrical stainiste®|
chamber evacuated by a Pfeiffer turbo molecularpbacked by a Leybold vacuum pump.
The base pressure achieved was approximatélyrigar. The chamber can be equipped with
up to 6 targets each with a size of 75 mm diamatet 6 mm thickness. The rotatable
substrate holder plate attached to the top coveosite to the targets allows for loading of 24
substrates with a maximum size of 76 x 24 mm. Aathetplate (Shutter) with a single hole
above the centre of the target is located betwhensubstrate holder and the target. The
distance between target and substrate is typi&&llgnm. High voltages can be applied to the
target through an advanced Energy Pinnacle dc pewgply. One channel of the supply is
combined with a Melec SPIK 2000 pulser for the HBIprocess. ALEM LA205-S current
transducer and BEM CV3-1500 voltage transducer are used to measuréatbet voltage
and the target current respectively. A TDS2014tdigoscilloscope is used to monitor the
target current and voltage. The films can be preduim constant current mode; constant
power or constant voltage mode. The total presisukept constant by varying the argon flow
while the desired oxygen flow rate is fixed; theripugrade of both gases is 5N. The gas
composition in the chamber is determined by a quadr mass spectrometer (QMS)

connected to the chamber via a differential pressalve.
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To pump

Window

Figure 4.1: Schematic drawing of the magnetron sputter chamblee. chamber can be

equipped with up to 6 sputter targets.

4.2 lon beam assisted setup

The second deposition tool used to fabricate ti@ fhin films is the lon Beam Assisted
Deposition (IBAD). The geometry of this techniqeeshown in figuret.2. In this system an
auxiliary electron cyclotron resonance (ECR) iorurse (Tectra Gen 1) 1027 with an
additional pumping stage is installed in the spudegposition system. It enables simultaneous
bombardment of the growing film with ions duringtteposition. The ion gun is installed at
approximately 45° to provide precise control of rge¢ic ion bombardment. The target to
substrate distance is slightly higher in this sys{80 mm). A low total pressure of 0.3 to 0.4
Pa is employed for film deposition in this procéssensure appropriate conditions for the
operation of the ion gun and a large mean free fmatkhe ions produced. The bombarding
species is fed directly into the plasma cup ofitdresource. This improves the efficiency of
the ionization and the purity of the ion beam. &t forobe is used to measure the ion current at

the substrate position, neglecting the small ported secondary electrons generated by the
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collision of ions with the probe. This helps to efetine the ion flux densitii,, using the
expression90]:

N- o ion
ion Fxx/éxe 14

Wherelion is the measured ion current, e is the elementaayge, F is the area of the flat
probe and the factc+/2 is a geometrical correction taking into account tilteng angle of
45° of the impinging ion beam with respect to th#ostrate. The flux density of TO

molecules Nio2 can be derived from the deposition rate:
IOTio2 x NA
a_
TiOp
Where R is the deposition rathly is Avogadro’s numbe Orq is the mass density and

Ny, = RX 4.2

a ., Is the molar mass of TiOrespectively. The ratio between the bombarding flar

density and the flux density of the Ti@olecules is the relative arrival ratio and isiled

as: N 4.3

Substrate

/

e"’@
A
O
\0

Ar+ O, Plasma

V

Ti-Target

Figure 4.2: Geometry of the IBAD process, an auxiliary ion begun is installed at an

inclination angle of 45° to enable control of tbe bombardment.
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4.3 Film preparation

TiO, thin films have been deposited in this work on nmscope glass slides and on
silicon wafers with (100) orientation. The systeas lbeen pumped down to the base pressure
of 10° mbar after loading the samples and the requiregetsbonded to the cathode. The
target was pre-sputtered in Argon (sputtering das)at least 10 minutes to remove any
surface oxide from the target.

The determination of the working point, i.e. thppeopriate flow rate of the reactive gas,
is a prerequisite for sample deposition. Theretarget characterization is required prior to
deposition. The characterization has been perfornyeeikamining the target behaviour upon
increasing and decreasing flow of the reactive(gaggen in this work). Sputtering has been
performed in a constant current mode. The temperatuthe shield between the cathode and
the substrate stage was measured for the mederials used and was found to increase up to
170°C after about 3 h in oxide mode and saturageck in this work, sputtering started after
a waiting time of 3 h in the oxide mode to ensure stability of the temperature during
deposition and avoid the influence of temperatuaeations on the sample structure. By
adjusting the suitable sputtering conditions, oxyflew and the corresponding sputter time,

the sputter session was programmed using the sgoftevare and coating is started.

4.4 Analysis of film structure

Investigation of the film properties such as thgstal structure, the crystalline quality, as
well as the film topography have been performetizutg different analytical techniques:
XRD, AFM and transmission electron microscope (TEKN) overview on these systems is
presented in this section.

4.4.1 Gl-X-Ray diffraction

The X-ray diffraction pattern provides detailedammhation about the structural properties
of the sample. When crystalline or molecular stiteet consist of a set of N+1 atomic planes
of spacing d exposed to X-rays with incidence arigleach atomic plane reflects a small
fraction of the incident amplitude. Due to the phatfference between the X-ray photons
scattered at each individual lattice plane, a aiffion patterns obtained (constructive and

destructive interference). The interference is toecfive when the path difference of two
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parallel beams diffracted by parallel crystal pgmean integer multiple of their wavelength.
This condition is expressed by:

nA =2dsiné 4.4
Where n is an integer, d is the spacing betweempltmees in the lattice, artdis the angle of
the lattice planes with respect to the incidenta)-beam of wavelength. Equation 4.4 is

referred as Bragg'’s equation (W.L. Bragg (1912))3]. A schematic representation of Bragg
diffraction is shown in figure.3.

Incidernt :
plane wawe (El)
2d sin#@
Constructive interference
when
e o o o o o nL=2dsinB
Bragg’s Law

Figure 4.3: Schematic representation of Bragg diffraction gstal planes with inner planar
spacing 6.

The lattice constants or d-spacing, the latticeraginy and the dimensions of the unit cell
are determined by inserting the measured angukitigo6 in Bragg's equation. From the d-
spacing, phases are identified by using the JCPI¥t( Committee for Powder Data
Standards) Powder Diffraction File. The reflecti@as then be indexed by Miller indices.

X-ray diffraction can be used for the determinatitbe grain size in the polycrystalline
film. When the size of the individual grain is lesgn 10 cm (100nm), this leads to peak
broadening, and the extent of the broadening goyen

B = 091
tco<@

4.5

Equation 4.5 is known as Scherrer equatib®], B is the broadening of the diffraction peak
given by the full width at half maximum (FWHM) ands the grain size.

X-ray diffraction is a very important experimentathnique which is used to address all
information related to the crystal structure of thmaterial, including lattice constants,

identification of unknown materials, preferred otetion of polycrystals and stresses.
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Different x-ray diffraction geometries can be enyald to investigate the film structure. In the
course of this work, a Philips X' Pert Pro MRD dé€tometer (45kV, 40 mA) equipped with

a Cu ku radiation source that provides an X-ray beam ofaelength ~ 1.54 A° (figuré.4)

has been utilized. The x-ray source is fixed anth llbe detector and the sample stage are
automatically moved to allow for different measuegrh geometries. The diffractometer’s
setup can be grouped into three parts: at the entideam line (right hand side), the x-ray
beam is produced and its divergence is adjusteanirappropriate way for the respective
measurement. The Eulerian cradle (middle) is usethi positioning of the sample whereas
the secondary optics allows the adjustment of g#teddor’s position. The GI-XRD scans were
performed by using the PW 3011/2 detector, which ke filled proportional counter and

provides high angular resolution

Detector

Collimator
Figure 4.4: The Philips XPERT PRO x-ray system. The acronyms designateStiiker slit

(SS), the programmable divergence slit (PDS), thgnammable receiving slit (PRS), and the

Monochromator

programmable anti-scatter slit (PAS).

The machine has been utilized in two different gewies to investigate the structure of
the TiQ, thin films in this work:
(i) Grazing incidence geometry (GI): in this cases sample angle is kept constamt<0.7°
for TiO, films) and the detector is moving around the deteaircle’s centre, i.e.is varied.
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This allows for the irradiation of a very large aref the sample and most of the beam is
diffracted inside the film. This geometry is widelysed for the investigations of
polycrystalline films with low orientational orddigure 4.5(a).

(i) Rocking curve geometry: the diffraction anglé a specific peak is fixed (e.g. anatase
(101) and rutile (110) phases in Lifdms) by the position of the detector. The samghgle

is varied around= 0, as shown in figuré.5(b).

Figure 4.5. Schematic representation of the (a) grazing in@degeometry: the angle
between the incident beam and the substrate id {@&° for TiQ films) and the detector is
moved only (b) rocking curve XRD geometry: the st rotated while the detector is fixed
at the diffraction angle of a specific peak (anatél1) and rutile (110) in TXilms). The
letter D represents the detector and (SS) stamdbddSoller slit.

4.4.2 Atomic Force Microscopy (AFM)

Atomic force microscopy is a very high-resolutigqpé of scanning probe microscopy.
AFM provides a 3D profile of the surface on a naabs by measuring forces between a
sharp tip and the surface at very short distanc2-X0 nm probe-sample separation).The
surface topography of the TiGamples in this work was investigated employinDigital
Instruments Dimension 3100 Nanoscope in the tapppeyation mode. The scanning has
been performed by using a nanoscopic tip with &usadf 10 nm which is located at the end
of a cantilever as shown in figure6. The scan head is moved along the x-y-z direction by
piezo transducers.

When the tip is brought into proximity of the samglrface, forces between the tip and
the sample lead to a deflection of the cantileveroeding to Hooke’s law. A detector

measures the cantilever deflection as the tip @sed over the sample. The deflection is
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measured using a laser spot reflected from thestwface of the cantilever into an array of
photodiodes. The measured cantilever deflectioltavah computer to generate a map of
surface topography. Several forces typically cowote to the deflection of an AFM
cantilever. The most commonly present force astegtiith an AFM is an interatomic force
called the van der Waals force. This force depenitisally upon the distance between the tip
and the sample.

There are three primary imaging modes in AFM (cantaode, tapping mode and non-
contact mode). In tapping mode, the probe-surfaparmtion is very small (0.5-2 nm). The
cantilever is driven to oscillate up and down aamis resonance frequency by a small
piezoelectric element mounted in the fifhe interaction with forces acting on the cantilever
when the tip comes close to the surface causemntipitude of this oscillation decrease as the
tip gets closer to the sample. By maintaining astamt oscillation amplitude, the tip-sample

interaction is kept constant and an image of tiikasa is obtained.

- Amplitude Detector

High Resolution
Oscillator

Oscillation Piezo

Photo-
detector

Silicon Cantilever
| with Integral Tip

Sample |

Figure 4. 6: Principle of AFM operation in the tapping mode. Hugface is scanned by using
a tip with a radius of around 10 nm. The tip ostds and scans the film surface in x-y-

direction.

4.4.3 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is used ltam structural information from
the samples that are thin enough to transmit @estrin the course of this work, TEM

measurements of selected Fifdms have been performed with a Tecnai F20 oeerat 200
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kV at the Ernst Ruska Center for Electron Microsc@p the Forschungszentrum Jilich.
Preparation the TEM sample has been performed bydatd techniques, involving
mechanical grinding, dimpling and Ar ion milling.riBht-field images and dark-field
diffraction contrast images have been recordeduestigate the microstructure of the sample.
TEM uses electrons and their much lower wavelengtikes it possible to get a
resolution a thousand times better obtained wiligla microscope. Electrons are thermally
emitted from the gun and are accelerated to 10@keigher. The electron beam is projected
onto the specimen by a condenser lens system asnsho figure 4.7. The electrons
experience a variety of scattering processes duhiag passage through the sample. Elastic
scattering which gives rise to diffraction pattenssimportant for TEM. The diffracted
electron beams and the primary beam pass throwggries of post-specimen lenses which
leads to the production of the image of the sampiages can be formed in several ways.
The first mode is the bright-field image which tstained by blocking all diffracted beams by
placing apertures in the back focal plane of thgdlve lens and allowing the central
transmitted beam only. The second mode is the filgickimage which is formed by selecting

one of the diffracted beams for imaging.

Virtual source
e ; —~> > FirstCondenser Lens
S L T Second Condenser Lens
1
I Condenser Aperture
Sample

Objective Lens

Objective Aperture
Selected Area Aperture

First intermediate Lens

Secondary intermediate Lens

ﬁmr -
Main Screen (phosphor)

Figure 4.7: Principle of the transmission electron microscapyopted from105).
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4.5 Optical properties and film thickness

In this work, the optical spectra have been usedld@étermine the thickness of the
sputtered TiQ@thin films. This has been done by measuring thpsgimetric optical spectra,
the transmittance and reflectance spectra. Theappyying an adequate description of the
dielectric function utilizing the SCOUT softwardese spectra have been modelled. This
leads to determination of the optical propertied tre thickness of the investigated films. In
this section, the techniques used and the modetiethod for the determination of the film

thickness are discussed.

4.5.1 Spectroscopic ellipsometry

Spectroscopic ellipsometry is a very sensitiveagbtiechnique devoted to the analysis of
the surfaces and the determination of the optioaktants, roughness, thickness of the thin
films and other properties with an impact on thdiagh response. It is based on the
measurement of the variation of the polarizati@atesof the light after reflection from a planar
surface. The light reflected at the sample surfiscgenerally elliptically polarized. The
reflected light undergoes phase changes that dieratit for different electric field
components; polarized parallel (p) and perpendic® to the plane of incidence.
Ellipsometry measures this state of polarizatithe measured response depends on optical
properties and thickness of individual materidlse amplitude and phase shift of fnands
components are described by two ellipsometric ahglandA. These angles are correlated

with the Fresnel coefficients for tise andp polarized fractionsRs, R;) of the reflected light
by [104]:

4.6

‘;Uz

5=

l

P = tany.exp(iA
= @ .exp(ip)

S

The Fresnel coefficients are related to the opticalstants of the surface and expressed by:
Cosg, — N COSy, R = n, cosy, — 1, COsy,
cosg+ncosy ° ,CoSy +,CoSp

Where n, and n, are the complex indices of refraction of two medidile the angle:¢,

~_ﬁ2
R, ==
n,

4.7

ancg are the angle of incidence and refraction, respelgti
In this work, the ellipsometric measurements of ;Tikin films were performed using a
Wollam M2000-Ul rotating compensator ellipsometeithe instrument employs

electromagnetic radiation in the spectral rang@.58-5.13 eV (1700 nm to 250 nm), utilizing
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halogen (NIR/VIS) and deuterium (UV) lamps for mination. Detection is performed by an

InGaAs diode array (NIR) and CCD array camera teaibles the simultaneous

measurements of all wavelengths in the spectrajeramhe fixed polarizer has an azimuth
angle of 45° with respect to the plane of incideand polarizes the incident light equally to

the s andp directions. The compensator is a retarder whidiges a phase shift between the
two components of the electric field. A second dixgolarizer (analyzer) is used after the
sample in order to polarize linearly the reflectegim. The arrangement of the optical
components in the beam path is shown in figuBe The resulting spectra have been fitted by
the OJL model using a SCOUT program (section 4.5.3)

Analyser

f

P I'hin film

Plane of incidence

Figure 4.8: Arrangements of the optical components in Woollan20PD-Ul rotating

compensator ellipsometer.

4.5.2 Reflectance and transmittance

The reflectance and transmittance spectra in tbik Wwave been measured using a Perkin
Elmer Lambda 25 UV/VIS spectrometer in the rangenfrl90 t01100 nm (1.13- 6.53 eV)
[107]. The instrument is equipped with Deuterium anddsten light sources. A sputtered
aluminum film has been used as a reference samptad reflectance measurements.

The measurement of the reflectance and transmétamthe NIR/Vis/UV range is based
on the interaction of electromagnetic radiationhwtite electrons of the material. When a light

beam impinges on an optical medium, some of thelémt light is reflected from the front
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surface, while the rest enters the medium and gatpa through it. The reflection is defined
by the coefficient of reflection (R) which is thatio of the amplitude of the reflected wave to
the amplitude of the incident wave. Also, the traission coefficient (T) which is used to

define the transmission is the ratio of the amgbtwf the transmitted beam to the amplitude
of the incident one. This can be describedR¥yT=1 if there is no absorption or scattering.
The propagation of the beam through the materiacmpanied by a change in the wave
velocity and this is described by the refractivdex which depends on the frequency of the

light beam.

4.5.3 Modeling of the dielectric function

Modeling the ellipsometry spectra as well as tHecgance and transmittance data has
been performed with an adequate description of disdectric function (OJL interband
transition) model 10§ by the SCOUT softwarelp9. OJL is an elementary empirical model
for the distribution of electronic states of an aptmus semiconductor, which captures the
basic features expected. In an amorphous semictorductail in the absorption spectrum
extends into the gap region. On the other hand,defect-free crystalline semiconductor, the
absorption spectrum terminates abruptly at theggngap.

It is recognized that the distribution of statehibits a square-root functional dependence
in the band region and an exponential functiongledeence in the tail region. Hence,
expressions for the density of states (DOS) areunasd which contain tail states
exponentially decaying into the band gap, as shiomfigure 4.9. The original parameters of
the OJL density of states model are the enerf§ieand Ec, the 'damping constants' of the
valence and conduction bapdandy. respectively as well as the masses of the valande
conduction bandn, and mc. The mobility edges of the valence and conductiandbare

expressed ad0g:

1 1
EMobV:Ev_Ey\NEMobC:Ec-l-Eyc’ 4.8

1
The mobility in the OJL model is therefore given E_ +§ Ve —(E\, _E W

In the case of an amorphous semiconductor, the mimmeis a poor quantum number. Hence

the optical absorption coefficient can be expressed

a(hw) = D?(hw)d (hw) 4.9
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WhereJ (7 ) denotes the joint density-of-states (JDOS) whicmbines the density of
states of the valence and conduction biD?(#w) is the optical transition matrix element. At

low temperatures and by assuming independent ctioddzand and valence-band potential
fluctuations, this JDOS function may be expressed a

J(how) = TNC(E)NV(E—ha))dE 4.10

The integration collects all possible transitionsnf the valence —to- conduction band with
energy separation equal to the energy of the abdgshboton.

In an amorphous semiconductor, the absorptiongaiften assumed to exhibit a linear-
exponential functional dependence on the photorggnee.

a(hw) =a, exp{@j

0

411

Wherea , and 7w, are numerical constants, is referred to as the absorption tail width which

is commonly used to characterize the absorptiore @ig@n amorphous semiconductor.

Density of states MNiE)

Valence band Conduction band

~exp((E-E)NC)
/_ ~expl-(E-Eg ) \
-
Ey E, o Energv E

Figure 4.7: Description of OJL interband transition model sitaissumed to possess parabolic
bands with tail states exponentially decaying theband gap.

SCOUT [L09 is software for the analysis of optical spectrg bomparison of

measurements and models. It is mostly used to amaljmany measured spectra

simultaneously. It has the advantage of automatimg of model parameters like film
thickness or gap energies to adjust simulated tsored spectra.

e/

62

——



Chapter 4. Experimental techniques

4.6 In-situ stress measurements by wafer curvatummethod

The precise determination of the magnitude of #mdual stress in thin films provides
valuable information on the growth mechanisrhe wafer curvature method which is based
on measurement of the substrate’s curvature en#iedirect determination of the stress in
the film [110. The biaxial (plane) stress in the film can bdcakated using Stoney’s

equation:

yol Ef2 (11
6(1_Vs)tf R I:\’O

Where, R and Ry represent the curvature of the substrate befopogiton and during

4.12

deposition, respectivelys, t; are the thicknesses of the substrate and thed&pectively and
EJ/(1-vs) denotes the biaxial elastic modulus of the sutestra

In the course of this work, the mechanical strekghe TiO, thin films has been
investigated by means of an in-situ wafer curvatmethod 111]. A homemade setup is
utilized where two parallel laser beams are usedetermine the curvature of the substrate.
The principle of the setup is schematically showfigure4.10.

Lasersetup Screen
Mirror Mirror BSl)lil‘l‘E'l‘ \
............... _ -
______________________________________ - 39
Mirror

I j : | Window

Sputter-
chamber

. :4—l-i Sample
-

Coating

Figure 4.8: Schematic drawing of the wafer curvature setup. [ABer beam is split into two

individual beams and directed onto the backsidd@sample on which a film is deposited.
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In the setup, a laser beam is generated by a skhhgjde laser diode. The laser beam is
separated by a beam splitter into two individuarbs, which are parallelized by a set of three
mirrors. The two parallel laser beams are theneglidto the chamber and are reflected by
the back of the sample. The reflected laser beaenaralyzed by a standard webcam outside
the machine which records the laser beam on ars@eery tenth of a second. The screen
consists of a wood frame in which a smooth traresggpaper is stretched and mounted on an
optical bench located a few meter from the setugafera (Logitech QuickCam Pro 4000)
with a charge-coupled device (CCD) chip with naiséuction was used. The position of the
two laser spots on the screen is determined by emawcessing software realized in
LABVIEW. The curvature of the sample can then blewated from the distance of the laser
beams on the screen using the geometrical propatithe system. The stress measurements
have been carried out on ultrathin silicon substrgi80 um) covered by a layer of silicon

oxide.

4.7 Photoconductivity

Irradiation of the TiQ@ film with light of energy above the energy gapdedao the
generation of electron hole pairs and a significaotease of the conductivity. The generation
of the charge carriers takes place within a fewtéseconds (1¢s) [117. These free charge
carriers can recombine with each other within a femoseconds (10s) or are trapped at
defects. Oxygen defects are the most common inypuriTiO, and act as attractors for the
photo-generated holes. The trapped holes exertasliyall electromagnetic attraction to the
free electrons and thus trapped at the negativgyesxydefects. However, there are other
imperfections that result from lattice defectsmerstitials which have different energy levels
and charges. They can also serve as traps or@sbetation centers. The gradual occupation
of the impurities with holes (trapping) leads t@ tbaturation behavior of the photocurrent.
The saturation rate depends on the number of @lmildaps compared to the carrier
concentration in the film. Increasing the carriencentration can be done by increasing the
light intensity[55], since high intensity leads to the generation ofaraharge carriers. When
the trapped holes are excluded from recombinatidh the electrons, the concentration of
free electrons is increased and thereby the comitycof the TiO; films increased. It has
been found that the photoconductive propertiesiOf @re strongly depending on the ambient
environment. This has been explained by a lossledrdded oxygen from the surface. Oxygen

acts as a scavenger for the photogenerated elscémh its removal extends the electron
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lifetime and leads to large saturation of the photcent, i.e. removal of conduction electrons

by adsorbed ©to form adsorbe O; [53, 54, 5%, as illustrated in the following equilibrium:

0,(g) = O,(ad9 +e (solid) = O, (ad9 4.13

In the course of this work, the photoconductivitgasurements have been carried out
using a 4200-SCS Keithley setup. The electricaltaxts to the film have been achieved
through two metallic needles connected to the saregfges where two Ti contact electrodes
have been deposited by sputtering. The temperatutbe sample can be changed using
Peltier elements in the range from -50°C to 120°@ictv allows measurements of the
photoconductivity at different temperatures. Toidwwndensation on the sample surface and
to create a reproducible experimental environmeming the measurement, the sample is
covered by an acrylic glass. This cover is mada gfass plate and during the measurement
flushed with argon or oxygen to study the effect different atmospheres on the
photoconductivity. The absorption spectrum of tpiass shows good transparency in the
visible range down to 300 nm and therefore the gtadtlytic activity of TiQ is not affected.
The setup is shown in figurell

Figure 4.9: The photoconductivity setup. The needles which @anected to the top
electrodes of the sample appear in the right sidigevon the left side the UV-LED lamp is

visible which is used to irradiate the sample.
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A LED lamp (OLTH-0480-UV, laser components) is usedthe UV source to irradiate
the films. It consists of 50 individual LEDs, whiee combined in an array. To reduce the
large viewing angle of the LED, a parabolic coleeds used to focus the light in an angle of
+/-30°. The LED and the controller board are modraa a holder which can be positioned
over the sample. The distance to the sample isteelso that the total light intensity will be
incident on the sample. The maximum light intensgy244 mW This light intensity is
switched on or off electronically via an electrigaput. Finally he (photo-) current is
measured as a function of time.
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5

The influence of energetic particles on the

structure of reactively sputtered TiO, thin films

In the preceding chapters, we have mentioned tl@4 thin films have a wide range of
applications which depend on the crystalline stecof this material. Therefore, the precise
control of the film structure is a key requiremémtailor the performance of the film for the
targeted application. As also mentioned, this wairks to understand the mechanism of the
structure evolution as a function of the differpnbcess parameters. The investigation of the
structure of the sputtered TiGhin films as a function of the energetic partcfgrameter is

presented in this chapter.

5.1 Target characterization and deposition charactestics

In order to achieve our task, TiGhin films have been deposited using different
sputtering techniques such as conventional dcMS HIRIMS. The determination of the
working point and the appropriate conditions focheg@rocess are required. This has been
performed by recording the variation of the targeltage as a function of increasing and
decreasing oxygen flow “Target characterisationjuFe 5.1 shows the hysteresis curve for a
Ti target using conventional dcMS and HIPIMS afeadi#nt pulse configurations 50/450 and
50/950 us. The total sputtering pressure was kapdtant at 0.8 Pa and the discharge current
at 0.9 A. As mentioned in section 4.3, pre-sputtgfor 3 hr in the oxidic mode is required to
ensure stability of the temperature during depasitFrom these measurements, the following
remarks can be made:

* A pronounced hysteresis is observed by employiegdtMS process, while it is reduced
by applying HiIPIMS.
* For dcMS, the cathode potential is gradually inseelauntil a certain critical oxygen flow

Is reached (transition point at 4.5 sccm) whiclregponds to a fully oxidized target. This

transition is accompanied by a sudden increasbeosécondary electron emission vyield

[113. Beyond this transition the discharge voltageagrs almost constant.
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On the other hand, the transition point is shifted lower oxygen flows for HIiPIMS. The
width of the hysteresis area is reduced and almlosinated as also observed for an Al
target [L14.

The change in the voltage from metallic mode tadimxmode is smaller for HIPIMS in
comparison to dcMs mode. Also, the target voltaggeased when the duty cycle was
decreased, i.e. when the pulse —off time was iseedrom 450 to 950 ps. This is
attributed to the change in the target's surfagmaclstometry (target coverage), i.e.
increase in the Ti fraction on the target surfadeis is explained by the effect of gas
rarefaction which is the depletion of Ar and 6pecies in the target vicinity due to
collisions with energetic sputtered atoms. The rgasfaction in HiPIMS increases with
the peak target current which results in less ab#el Q for oxidization of the target
during the pulse on-time. The increase in the tawg#tage upon changing the pulse
configuration leads to an increase in the meaneioergy which may affect the target

sputtering yield 115.
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Figure 5.1: Influence of the oxygen flow rate on the dischawgitage of TiQ films at
constant discharge current of 0.9 A and workingsguee of 0.8 Pa by employing (a) dcMs,
(b)HIPIMS 50/450 ps and (c) HIPIMS 50/950 ps preess The dashed lines represent the
width of the hysteresis region. The hysteresisImoat eliminated by HiPIMS while a

pronounced hysteresis is observed for dcMS process.

The actual deposition rate which is determined lwdohg the film thickness by the
sputter time shows significant differences for tligerent sputtering processes, as presented
in figure 5.2 For dcMS mode, as the oxygen gas is introdudexl deposition rate initially
increases gradually in the metallic mode. Thisaofved by a sudden drop during the
transition region to approximatetyO, 2 nm/s. As the oxide compounds starts to fonnthe
target surface, a gradual decrease is observeddtumtow value ofx 0, 08 nm/s is reached at

high oxygen flow. This is attributed to a drastectkase in the sputtering yield.
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On the other hand, a lower deposition rate valués thhe same behaviour is observed by
using HiPIMS mode with different pulse configuraiso The loss of deposition rate in
HIPIMS is attributed to the self-sputtering pheno i.e. sputtering of the target by ionized
sputtered specie3 9.

1,2
[ | —HE—dcMS
) 1 o-ab —e—HiPIMS 50/450 us
€ 1,04 = A‘,‘\ —A—HiPIMS 50/950 s
= /
 — \A——A ()
g 0,8 -
© )
c 0,64
O )
2 ]
8 0,4
% 4
A 0,2- on
i M\A‘..T.\. l'
0,0 ' J y ! y T ' J y T
0 2 4 6 8 10

Oxygen flow [sccm]

Figure 5.2: Variation of the deposition rate as a function ygen flow of TiQ thin films
deposited at constant working pressure of 0.8 Fladistharge current of 0.9 A employing
dcMs and HIiPIMS 50/450 ps. A lower deposition rat@bserved for HIPIMS process than
dcMS.

5.2 Role of energetic particles during film growth

As already presented in section (2.2), significeffdrts have already been undertaken to
understand the structure formation of sputtered, T films. These studies have focused on
an investigation of the structure formation asracfion of various process parameters such as
total pressure, oxygen partial pressure, substetgerature, film thickness, magnetron

configuration and electrical discharge propertiasluding the ion bombardment of the
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substrate. Regarding the influence of the depasipiarameters on the structure formation
there is a consensus throughout most publicativaisenergetic particle bombardment is one
of the most important parameters governing phasadtion. However, there does not seem
to be a consensus about the bombarding speci@srabaired energies and finally about the
exact mechanism by which the phase formation ggéned as a function of bombardment.
Moreover, most studies even ignore the role of Iijigimergetic negatively charged oxygen
ions. Although the marked influence of negative gty ion bombardment inherent in the
sputter discharge has been shown already for atyanf materials 48-50, 116-11B it is
often disregarded in the structure formation ofttgyad TiQ films.

Instead, many authors conclude that low energybimmbardment due to positive ions
accelerated by the differences in plasma and satbspotentials is the main contributor to
phase formation. On the other hand, several iny&stns of deposition processes different
from sputtering exist that clearly show the impoda of the high-energy ion bombardment
on TiGO, structure formation. Amongst these studies arestigations of oxygen ion-assisted
evaporation of TiQ [32], ion beam dynamic mixing3p] and reactive ion cluster beam
evaporation 119,120 which have in common a strong energetic ion bachinent of the
growing films. In contrast, other techniques susrekectron beanB[/, 121 and vacuum arc
plasma evaporation3f] typically lack strong energetic particle bombaeth Hence,
comparing the resulting film structure if methodsleposition are chosen where the energetic
bombardment is either pronounced or very low ersatite conclusion that, if the films are
crystalline, anatase films are grown without ineien bombardment, while strong ion
bombardment promotes the growth of the rutile phBlssvever, only very few studies exist
on sputtering of Ti@that discuss the existence of highly energetiageryions created at the
sputter target surface and their possible influeorefilm properties (e.g.2B, 37, 12D.
Therefore, it is our main goal to demonstrate:

(i) The influence of energetic ion bombardment. (Weth energies significantly larger than
typical plasma potentials) and to show that itasponsible for the effects that are often
attributed to low energy bombardment,

(i) that there are distinct fingerprints in theoperties of reactively sputtered Tid@ilms
which provide both an unambiguous proof for theseence of highly energetic negative ions
and clarify the influence of these particles omfproperties and

e/
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(ii) that the action of these negative oxygen i@as be controlled to yield desired film
properties by means of, e.g., ion-assisted reaanoMS, tailoring of target or chamber
geometry and HiPIMS.

To achieve this goal, we first investigate the grtips of TiQ films fabricated by the
ion-assisted dc magnetron sputtering (IBAD) processler additional tailored ion
bombardment. From these experiments we deduceg el fingerprints of the influence of
energetic ion bombardment on structure formatidms Bllows for identifying the possible
action of energetic particle bombardment in the 8cihd HiPIMS processes.

Unambiguous proof that Qs the dominant bombarding species in these pseses
possible since the existence of these ions inik@asputter processes has been confirmed and
their impact on the structure formation in reacthpaitter processes has been investigated for
a variety of materials. It was first proven by Toagaet al by utilizing time-of-flight
measurements during sputtering of ZnO that oxygems iwith energies equivalent to
approximately the full cathode potentid3 strongly influence structure formatior94].
These ions are created at the target surface fiahsions with the sputtering species. A
possible formation mechanism is discussed 183 This mechanism characterizes the
sputtered Oions and the secondary electron emission fromyAdléscribing the low-energy
sputtering process in terms of an electronic eioita followed by desorption. This
excitation/desorption mechanism together with tbkiston cascade generate an ion kinetic
energy distribution of the secondary electronstaedsputtered Tas a function of the oxygen
coverage and impact energy. It also implies a tatiom between the emission yield of
negative oxygen ions and secondary electrons. Thiselation has been shown in a
comprehensive investigation of oxygen ion energiad emission intensities for a large
variety of sputtered metal oxides by utilizing eperesolved mass spectromet@?2fl]. The
existence of highly energetic negative oxygen ifmrssputtering group IV transition metal
oxides has been demonstrated forId4, Zr and Hf 8] where in the latter case it has also
been shown that the emission intensity is stromgpared, e.g., with group V transition metal
oxides. The strong influence of energetic oxygenbhombardment on structure formation has
been demonstrated, e.g., for 2r{116, 126. Interpreting the results summarized it24]
there seems to be a trend that oxygen ion emissiangest for alkali and alkaline earth metal
oxides and decreases with increasing valence @itrtnsition metal oxides. Since Zn has a
low valence of 2 this trend is also consistent wvitth fact that sputtered ZnO films show
strong damage due to energetic oxygen ion bombardnf®r this material it was also
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demonstrated that the trajectories of the negaikygen ions are strongly governed by the
geometry of the racetrack and therefore by thechglee target$0]. This is a consequence of
the creation of these ions directly at the targetase and the subsequent acceleration in the
very narrow cathode sheath where the electric piategradient is almost perpendicular to the
target surface even at the racetrack. Consequethily,correlation between negative ion
trajectories and the target profile is universalblid and not restricted to ZnO. For this
reason, any dependence of Ti@lm properties on the age of the target providé®ng
evidence for an influence of energetic negativebhombardment originating from the target

surface.

5.3 Crystal structure and surface topography of sptiered TiO, thin films

TiO, films have been firstly deposited employing diéfier sputtering techniques such as
ion beam assisted IBAD, conventional dcMS undeieckiht geometrical conditions and by
HIPIMS at various sputtering conditions. Then thestal structure and the surface
topography of the fabricated films have been ingestd in order to demonstrate the
influence of the energetic ion bombardment on #iigc formation. In this section, the
investigations of the film structure using grazingidence X-ray diffraction and the surface
topography by atomic force microscopy for the sgreti TiQ films at different conditions are
discussed.

5.3.1 Prepared by ion- assisted reactive dcMS

lon bombardment can influence film growth by a &griof different mechanisms.
Preferential damage of specifically oriented grdorsexample would strongly depend on the
angle of incidence and the texture of the film. Téreergy and inertia of the bombarding
species should generally determine the balance eaegtwmplantation, densification and
sputtering effects. Even chemical reactions camoid@ reactive ion species is used such as
in the case of oxygen ion bombardment of Jiilns.

Since the deposition tool utilized does not allewvd change of the angle of incidence of
the ions, the impact of preferential damage has been investigated systematically.
However, typical sputter deposited Bi@ms do not exhibit pronounced crystallographic
texture. Hence, any effect that is based on therantion between the ion beam and

specifically oriented grains is not expected toet@pon the angle of incidence. To identify a
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possible influence of chemical interaction we haged both oxygen ions and inert xenon
ions in our experiments.

The ion-beam assisted setup which was describsédtion 4.2 has been utilized. Low
total pressures of 0.3 to 0.4 Pa have been emplamyddm deposition to ensure appropriate
conditions for the operation of the ion gun, pradgoof a large mean free path for the ions.
Additionally, discharge currents of 1.2 to 1.6 Amg®e were used to compensate for the
slightly increased target to substrate distanceB@fmm necessary for the simultaneous
bombardment. To investigate the influence of iombardment on film growth, deposition
conditions were used that typically promote tharfation of mixed anatase and rutile film
structures in the as-deposited state. Additional bombardment was then applied and the
change of film structure was investigated. Two nexfiee samples produced without auxiliary
bombardment were usually deposited at the beginamyat the end of each bombardment
series, respectively, to confirm process stability.

Figure 5.3 shows grazing incidence XRD patterns of films gnomith additional O ion
bombardment. For the bombarded films the ion enevgy increased from 150 to 300 eV
while the power of the microwave source of the gum was kept fixed. As a consequence,
the current density of the ion beam also increagddion energy from approximately 0.7 pA
/ cnt to about 2.3 pA / chy as measured with a flat probe at the substraséi@o prior to
deposition. These current densities correspondelative arrival ratios of ions to TiO
molecules of about 1.1 % (0.7 pA / Onto 3.7 % (2.3 pA / cA) as derived from the
deposition rate of the films. It is evident thaeevat low arrival ratios and for ion energies
that are small compared to the typical energigseghtively charged oxygen ions generated at
the target surface (~ 400 - 500 V) there is a figant influence on the film structure upon
the bombardment. Particularly striking is the selecdeterioration of the anatase phase.
While the rutile phase is almost unaffected by dldditional ion bombardment, the anatase
phase completely disappears from the spectra htdugent densities and ion energies. This
difference might be due to the higher density ef tltile phase, which leads to an increased

stability against ion erosion.
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Figure 5.3: Grazing incidence XRD patterns of Tifims sputtered under additional’ @n
bombardment with different energies and intensitidse impact of energetic bombardment
leads to a selective degradation of the anatassephkfowever, at very intense bombardment

also the rutile phase deteriorates.

The impact of oxygen ion bombardment also cleadyifiests itself in changes of surface
topography as shown for two films in figuse4. The un-bombarded reference film exhibits
surface features with two different lateral lengtteles. To some extent it seems that the
surface can be described by regularly arranged |grahed features constituting a
background on which an open structure of rathegirtar features with significantly larger
mean widths has grown. Upon ion bombardment tlgelégatures completely vanish and the
surface consists of the small-grained featuresealdm simplify the discussion of AFM
images we will henceforth refer to the regular drgedined surface structure, such as
observed for sample 10-5C, adype 1 surfacevhile atype 2 surfacelenotes the irregular
structural features observed for sample 10-1C. Ayvsimilar dependence of surface
topography on phase composition of Tifdms has already frequently been reported in the
literature [e.g21, 24, 28, 29, 31, 45, 1R%here it is typically found that a type 1 sudas
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related to growth conditions that yield rutile fémvhile anatase structures seem to exhibit a
type 2 surface. It should be mentioned here thairoestigations also revealed a correlation
between surface topography and film thickness. Hewesince the crystal structure similarly
depends on film thickness (see for examgé,[2§). Hence respective changes of the
observed surface type coincided with the changthefcrystal structure (rutile or anatase)
present at the film surface.

‘No bombardment

Figure 5. 4: Surface topography of a Ti@lm bombarded with Oions. XRD spectra of

these films are shown in figue3. The left image shows the un-bombarded refereraehwv

features a mixed type 1 and type 2 structure. Tampte grown under intense ion
bombardment is characterized by a pure type 1 &&ructure. The scan size is 1 prih

pm. Images are post-processed to enhance surfacgaton.

In [45] it was found for reactive ion beam mixing of Ti@at the crystal quality strongly
depends on the ion species. To investigate posdifilerences between reactive and inert
species in ion-assisted sputtering we have perfdremperiments also with an inert ion
species. Therefore, xenon was used as the bombaspleties. While the ion energy was kept
fixed at 180 eV, the current density was increaseah approximately 0.6 to 1.2 pA / ém
which corresponds to arrival ratios of 0.9 % ar®l %. Figure5.5 shows grazing incidence
XRD patterns from which it is evident that agaisteaking change in film structure occurs

upon increasing intensity of the ion bombardmenis lespecially noteworthy that at low
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current densities of 0.6 pA / énthe formation of the rutile phase is noticeablpmoted
while the anatase phase generally deteriorates agditional ion bombardment. The surface
topography (fig.5.6) also shows changes very similar to those found tfi@ oxygen
bombardment. A clear trend from a type 2 surfadé wery small type 1 contribution without
ion bombardment towards a pronounced type 1 sumatteincreasing intensity of the ion
bombardment is evident.

45; 'no ion bombardment | Xe', 180 eV, 1.2 yA cm”
30
215
L,
& e mev.osmmar %52 26 28 3
B o |Xe’. 1806V, 06pAcm  ~ 24 26 28 30
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Figure 5.5: Grazing incidence XRD patterns of Tiims sputtered under additional X®n
bombardment with two different intensities at aefixion energy of 180 eV. The impact of
energetic bombardment leads to a selective degoadaf the anatase phase. At small
currents of the auxiliary Xeion bombardment the growth of the rutile phaspr@moted by
the bombardment.
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Figure 5.6: Surface topography of Tilfilms bombarded with Xeions. XRD spectra of
these films are shown in figute5. The un-bombarded reference features a mixedlyged
type 2 structure with strong tendency to a pureet@pstructure. Under medium intensity
bombardment the type 2 content is significantlyucstl while the sample grown under
intense ion bombardment is characterized by a fypee1 surface structure. The scan size is 1

pmx 1 um. Images are post-processed to enhance sadecgation

From comparison of the results from oxygen and wrermn bombardment we can
conclude that the nature of the bombarding spdecessctive or inert) does not play a major
role in determining the film structure upon ion dmardment.

To summarize the results from experiments with idied additional ion bombardment it
can be stated that ion bombardment selectivelydngithe formation of the anatase phase. At
low intensity it was also found that growth of theile phase can be promoted by adequate
ion bombardment. Furthermore, besides the XRD ipettehe resulting surface topography
also clearly indicates the change in structure dmehce the consequences of ion
bombardment. These results are now applied to sks¢be influence of the racetrack
geometry of a reactively sputtered Ti-target (dcM$) structure formation, since the
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racetrack of the target itself constitutes a soofdaghly energetic ions in reactive sputtering.
Films will also be shown that have been depositedeu conditions where this oxygen ion
bombardment from the target surface has been rddbgegeometrical means. Finally,
structure formation of Ti@ will be discussed for reactive HiPIMS dischargekere a

significantly stronger influence of ion bombardmeneéxpected compared to dcMS.

5.3.2 Influenced by racetrack geometry

As discussed in section 5.2, during reactive dejoosof TiO, negatively charged oxygen
ions are created at the oxidized fraction of theyel surface due to collisions with the
sputtering species. These oxygen ions are acoeteaad typically hit the growing film with a
kinetic energy approximately equivalent to the ftdthode voltage4B, 117, 12k Since the
extent of the cathode dark space is usually muchllemthan the lateral scale of the target
racetrack, the trajectories of the negatively chdrgxygen ions strongly depend on the shape
of the target surface5(]. Hence the distribution of oxygen ion bombardmafdng the
substrate depends on the geometry of the deposiyistem but also on the age of the target.
Therefore the films fabricated in our lab coatews tgpically inhomogeneous in terms of the
lateral distribution of oxygen ion bombardment gmdnounced changes are observed upon
aging of the target50]. As sketched in figuré&.7, new targets without any pronounced
erosion trace produce oxygen ion bombardment predortly towards the edge of the
substrate while the use of aged targets resulf®dasing the ion bombardment onto the
centre. Films were deposited utilizing a new andolhTi target respectively at a typical
working pressure of 0.8 Pa at a discharge curre®dOocand a target to substrate distance of 55
mm. The film properties were investigated at thetme and the edge of the substrates
respectively. Regarding the influence of film tmelss on crystal structure [cf e2]] films

have been deposited with different thicknesseshiese investigations.

8C J

——



Chapter 5. The influence of energetic particles on the structure of reactively
sputtered TiO: thin films

Substrate

Erosion Trace
Figure 5.7: Influence of racetrack geometry on the ion trajgetofor new and old targets.

Oxygen ions that are created at the target ardeaated in a direction perpendicular to the
local target surface area. For new targets the an@saccelerated towards substrate positions
directly opposite the erosion trace. For aged tarthee distribution of ion trajectories strongly
depends on the shape of the erosion trace, whigicatlyy results in bombardment

predominantly of the sample centre in the coatysjesns utilized for this work (cBp]).

Figure 5.8 shows the XRD patterns recorded for films thatehbeen deposited from a
new target. AFM images for these films are preskimefigure 5.9. There are a number of
pronounced differences between film propertiehatsample centre and at the edge. Starting
with the crystal structure it is apparent that &tirinvestigated films the rutile structure is
more distinct at substrate positions above thetrade of the target, even though films are
thinner by about 10-15% at this position. Sinceew target has been used, the area above the
racetrack is subject to the most intense bombartibhenegatively charged oxygen ions from
the cathode as compared to other areas on theragbdQualitatively, this result is very
similar to the structure formation under addition@non ion bombardment at medium
intensity (fig.5.5). Hence, it seems that the formation of the rytise benefits from the
bombardment. Regarding the anatase phase thersnmlaincrease in intensity (except for
the thinnest film) of the (101) peak at positior®we the racetrack accompanied by an

increase in peak width.
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At positions above the target’s racetrack the eytihase is more dominant as compared to the
sample centre. Also, the anatase peak shows a levgelM and a small shift towards lower
angles compared to the centre, which is indicab¥ea smaller average grain size and

increased compressive stress, respectively.
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Figure 5.8: Grazing incidence XRD patterns of Ti@Ims deposited utilizing a new target.
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New target 1 { New target
Sample centre ; . ple edge

Figure 5.9: Surface topography of a Tidilm deposited using a new target. Above the
target’s racetrack (sample edge) the surface fesitarmixed type 1 and type 2 structure. At
the sample centre a closed type 1 structure appeatsminate the surface. Corresponding
XRD spectra of these samples are shown in figuBeThe scan size is 1 pml um. Images

are post-processed to enhance surface corrugation.

In conclusion, since the integral intensities ofhbthe anatase (101) peak and the rutile
(110) peak increase above the racetrack the filppau@ntly exhibit better crystallization in
this area. Additionally, in the same area the fdromaof the rutile phase seems to be favored
with respect to the anatase phase. From the pesitigns (literature values marked by
vertical lines) it is evident that the crystal iledt is significantly strained in the bombarded
regions (above the racetrack) of the substrate Afid images show that at the centre of the
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film there is a closed type 2 surface structure.ti#d¢ edge, where negative oxygen ion
bombardment is most intense, a type 1 surface tapbg can be clearly seen which is only
partially covered by an open type 2 structure.

Investigating TiQ films sputtered from an aged target confirms ossuanption that
negative oxygen ion bombardment is the main redsorthe structural inhomogeneities.
Figures5.10 and 5.11 clearly show that the pattern of typical fingenpsi of oxygen ion
bombardment has changed, which is in-line withetkgected change in distribution of the ion
bombardment due to altered target geometry (cf5ig. Now the sample centre shows an

increased intensity of the rutile phase in comlxmatith a larger width of the anatase (101)

peak.
Sample centre Above racetrack
440 nm 380 nm
120 TO-1C ~ | TO-1R
80 S g;
>4
40
150 525 nm 454 nm
g TO-2C TO-2R
2,100
P
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2
£
210- 620 nm |536 nm
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140- ,
701
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2 Theta [°] 2 Theta [°]
Figure 5.10: Grazing incidence XRD patterns of TiGhin films deposited at intermediate
oxygen flow from an old target. The samples weransed at the sample centre and at
positions directly above the target’'s racetrackspeetively. In the sample centre the rutile
phase is more pronounced compared with the positmve the racetrack. Also, the anatase
peak shows a small shift towards lower angles atdéntre position in comparison. The
increasing width of the anatase peak indicatestligaverage anatase grain size is smaller at

the substrate centre.
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Old target
Sample centre

e

Figure 5.11: Surface topography of a Tidilm deposited from an old target. Above the
racetrack, the surface exhibits a closed type @&ire, while at the sample centre a mixed
type 1 and type 2 structure is found. These finsliogrrelate with the XRD spectra of these
samples as shown in figukelQ The scan size isuin x lum. Images are post-processed to

enhance surface corrugation

Film strain also is more pronounced at the sam@idre in contrast to the films from the

new target as shown in figufel2 where the peak positions of the anatase peakharens
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We have used the Scherrer equatidd4] to estimate the anatase grain size at the differe
substrate positions for the new and the old targspectively.
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Figure 5.12:Position of the anatase (101) peak as extractedl fine spectra shown in figures
5.8and5.10 There is evidence that at sample positions stibjeiocreased energetic oxygen
ion bombardment there is a shift of the anatasé& peaition towards lower angles. For the
new target this is at the position opposite to rideetrack (sample edge) while for the old
target this is at the sample centre. The shift edkpposition indicates lattice strain and

therefore mechanical film stresses induced byripgact of ions.
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Figure 5.13: Estimation of the average grain sizes of the apapdmse for films sputtered
from an old and a new target, respectively. Thee8eh formula has been applied to the
anatase peaks in the diffraction patterns showigures5.8and5.1Q For the new target, the
grain size is larger at the centre of the substdide for the old targets the grain size is
largest at a position at the sample edge (abovéatigets racetrack). This difference between
the old and the new target is clear evidence ferdfiect of oxygen ion bombardment on

structure evolution.

Figure 5.13 shows that the grain size is significantly affectey the oxygen ion
bombardment. At positions with low bombardment gnain size is increased by a factor of
approximately 2 with respect to positions that litgoredominantly by the energetic ions. In
summary, these results provide unambiguous praifhighly energetic negatively charged
oxygen ions created at the target surface anderetetl towards the growing film by the full
cathode voltage strongly effect phase compositedrgin (and thus film stress) as well as

overall crystallization of reactively sputtered pifdms.
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5.3.3 Deposited by dcMS under reduced oxygen ion impardment

To determine what would be the resulting film staue if oxygen ion bombardment was
significantly reduced, an experiment was designdwres the substrates were placed in
vertical direction as shown in figuke14, such that the current density of energetic oxygen
ions from the target surface was lower and ion ichpaoceeded at grazing incidence.

-

Figure 5.14: Sketch for the vertical substrate geometry. Thessates are placed in vertical

position in order to reduce the bombardment bygater oxygen ions from the target surface.

Corresponding XRD patterns are presented in fi§ut& where the deposition geometry
is also sketched as an inset. Sample S1 shoulkelgaeded as a reference sample here, since it
was placed at the top of the “cavity” constructedtbree substrates on a single carrier
position. Because an aged target was utilized, EaBip was therefore subject to oxygen ion
bombardment from the target. There is no anatask e the diffraction pattern, but
potentially a very weak rutile signal & 2 27.5°. Sample S2 is one of the samples that were
placed at the sides of the carrier. Because thm fhickness of this sample is quite
inhomogeneous, the sample was analyzed at itsetiglosition, which corresponds to a film
thickness very comparable to that of sample S1.pgBa82 shows a pronounced anatase (101)
peak. Sample S3 was deposited in an open cawtywithout a top sample. Apparently the
anatase signal from this sample is even strongerattvibute the difference between samples
S2 and S3 to recoil ions that are reflected at tsatles S1 and probably increased ion
bombardment of sample S2 in comparison to sampld g3 average grain size of sample S3
has been estimated to 22 nm (Scherrer).

To discuss the results from this experiment it &hdust be noted that all samples (S1-

S3) produced are very thin (compare e.g. with linekhesses of samples shown in figubes
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and5.10. With regard to the pronounced influence of fillnickness on crystal quality],

which is also evident from figurés8 & 5.10 the very weak crystalline quality of sample S1
is typical for this film thickness. Therefore itéven more striking that both samples S2 and
S3 exhibit a distinctly improved anatase structuittout any rutile phase. Thus reducing the
intensity of the energetic oxygen ion bombardmeonimf the sputter target enables the

fabrication of films with pure anatase structure.
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Figure 5.15: Grazing incidence XRD patterns of samples depositi¢lll a special substrate
geometry. To reduce the impact of energetic oxymers, samples have been arranged
vertically at the edge of the substrate carrier.oAé of the carrier positions an additional
substrate (S1) had been placed at the top posifioa.structure of this sample is massively
influenced by the oxygen ion impact and shows & waxak rutile structure probably, while
sample S2 shows a distinct anatase structure abaprbardment was of reduced intensity
and occurred under grazing incidence. Probably &a® was hit by recoil ions from the top
position (S1) because the structure of sample SBhmvas sputtered with an open top
position is of even better quality.
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5.3.4 Structure evolution in a HIPIMS process

To characterize the structure formation of Fi®ms in a HIPIMS process, films have
been deposited at a constant average dischargentand by applying unipolar pulses with a
length of 50 ps at a working pressure of 0.8 Pathis mode, the peak discharge current
during a single pulse can be varied by changingebetition frequency of the discharge, i.e.
the length of the off-time between adjacent spupteises. With increasing off-time, the
repetition frequency decreases and therefore temgygrmlelivered to the sputter target during a
single pulse has to increase to maintain a constagriage discharge current. Hence, target
voltage and, as a consequence, also the peak turceeases. This behavior is depicted in
figure5.16 where the discharge voltage and peak currerlatied versus off-time. The data
at zero off-time correspond to the properties &fGdischarge operated at the same average
target current with the pulser operated in DC mdéamtures of the HiPIMS discharge are an
extremely high peak power density and a signifigaincreased target voltage compared to a
dcMS discharge at the same average discharge twrgmower 15. Consequently, the
negatively charged oxygen ions that are createthattarget surface and subsequently
accelerated towards the growing film have much didéinetic energies upon impact. Based
on our previous investigations we therefore expestgnificant increase in the influence of
this ion bombardment. Additionally, there is a getaeffect that is expected to further
increase the relative strength of the oxygen iomlmrdment, which will be explained in the
following. With increasing peak current densitytbé HiPIMS discharge, self-sputtering of
the target becomes increasingly dominant since saintiee sputtered species are ionized in
the dense plasma and subsequently retracted towledtarget surface. This significantly
lowers the process efficiency, i.e. the ratio bemvéhe deposition rate and the sputtering
power [79, 128. This reduction of the deposition rate is evidéomn figure5.16 Since the
rate of generation of the negatively charged oxyigas is not expected to be influenced to
the same extent by the increasing action of selftspng due to the collision of the oxygen
ions with the energetic sputtered Ti particles andncrease of the ionized sputtered species
in the target’s vicinity. This would imply an in@®ed ratio of bombarding oxygen ions to
deposited TiQ molecules at the substrate. Consequently, in alM8Pdischarge the
concurrent increase of the energy of the bombariting and the increase of the relative ion
flux is expected to have a significant impact ancure formation.

A series of films was sputtered at an average tangeent of 0.9 A. The peak power was

adjusted by increasing the off-time from 800 to @0Q@s for the different samples.
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Accordingly, the frequency of the discharge deadasom approximately 1180 to 490 Hz

while the peak power increased from about 32 tokK\MV/4
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Figure 5.16: Process properties of Ti@ilms deposited by HIPIMS. With increasing off-&m
(i.e. decreasing pulse frequency) at constant geetarget current of 900 mA the peak
current strongly increases up to 160 amperes #®idlgest off-time. At the same time the
target voltage increases by about 50 V from appnakely 650 to 700 V. The voltage in a
dcMS process is only 500 V. The deposition ratengily decreases with increasing peak
power, due to the self-sputtering phenomenon, wihsctevident from the resulting film

thicknesses. This is a typical feature of HiPIM8garsses.

Figure 5.17 shows XRD patterns of the films fabricated. Onetled spectra shows a
sample (D1) sputtered in a dcMS process under wiberdentical conditions, which serves
as a reference. XRD spectra were recorded at thplsacentre and at the edge to also show
the lateral in-homogeneities according to the dioeal oxygen ion bombardment from the
target. From the reference it is evident that thiézed target exhibited only a shallow
racetrack. This is evident e.g. from the intensier(110) peak at the substrate position
opposite to the targets racetrack. From our previouestigations we know that this is an
unambiguous fingerprint of intense oxygen ion bordbeent from the cathode. Hence, for

the HiPIMS films there are several clear trends:
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i) Atlow peak currents of 50 Amperes (sample HiB peak and integral intensities both of
the anatase (101) and the rutile (110) peak ageldy a factor of 2 at the sample centre
compared to the reference sample D1. There mighgeberal reasons for that. First, a
similar observation has been made when investigdtia profiles of films sputtered from
old or new targets, respectively (figures8 & 5.10. There, an increase of the overall
crystallinity of the films has been observed atsttdie positions that were subject to an
increased oxygen ion bombardment. Therefore, alsdhie HiIPIMS samples energetic
oxygen ion bombardment should yield an increaserysitalline phase. Second, since the
average discharge power is increased by 33 - 46%dmples H1 - H5 compared to
sample D1 due to the increase in discharge voltageincreased transfer of thermal
energy from the target and the plasma to the gmviilm occurs which could have a
significant influence.

i) Compared to the relative intensity of the asat and rutile peaks of the reference D1,
even at the lowest peak power (sample H1) theadrémdy a more pronounced decrease
in the anatase peak intensity at the edge of tpleeas compared to the centre. Also, the
improvement in the rutile (110) peak intensity hé tedge of the sample (above the
racetrack) is not as pronounced as for sample Dd.tWérefore conclude that the ion
bombardment in the HIPIMS discharge is significastronger than in the DC discharge
already at medium peak currents. This can be obddrem the homogeneity of the film
structure along the substrate profile due to amesse of the ion bombardment in the
HIPIMS process as the peak power increases (sardglé$3).

i) With increasing peak power the selective det@tion of the anatase phase becomes
more pronounced especially at the sample centreeeShe discharge voltage does not
significantly increase upon increasing the peakenurfrom 50 Amperes (sample H1) to
160 Amperes (sample H5) and based on our resuts fon-assisted dcMS we can
understand this trend as an increase of the relativival ratio of oxygen ions to T3O
molecules.

iv) With high peak powers the film structure tetdecome almost homogeneous across the
substrate and is very likely governed by massivergetic bombardment across the full
width of the sample (H5). This fact can probablyditibuted to the extension of the
erosion area presumably due to a loss of magnetitnement above the sputtered target
at extreme power densitie$29. The lateral homogeneity of the ion bombardment a

high peak powers (sample H5 and partially H4) ishier supported by the fact that for
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peak currents larger than 104 Amperes the relatitensity of the rutile peaks at the
centre and the edge of the samples has changadtaler that can be explained solely by

the difference in film thickness between the déf@rsample positions.
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Figure 5. 17:Grazing incidence XRD patterns of films sputterecaiHIPIMS process. The
length of the voltage pulses was fixed at 50 pseémh film while the pulsing frequency was
varied by changing the delay between adjacent puteen 800 to 2000 us. The discharge
current was fixed at 900 mA for all films. Low freencies result in larger peak sputter
currents and higher discharge voltages, as indicdtiee deposition time for each film was 1
hour. The film thickness especially at large pudirequencies is slightly increased compared
to the dcMS film (D1) which serves as a refereneeehThe increase of the deposition rate
for high frequencies (H1) is a general featurehaf HiPIMS discharge and is observed for
other materials as well. With increasing peak aqurtke anatase peak selectively deteriorates
while the growth of the rutile structure is pronubteéAt highest peak currents (H5) the
structure exhibits a homogeneous profile alongsthiestrate since no difference between the

sample centre and the edge is observed.
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A statement should be given here about a possifilgence of the film thickness on the
results discussed above. Since film thickness dseseby about a factor of 2 upon increasing
the peak discharge current from 50 to 160 Ampeties, thickness dependence has an
influence on film structure as well. However, itshaeen confirmed that this effect does not
alter the qualitative result by subsequent depwsitof a sample with a thickness of
approximately 300 nm at 50 Amperes peak. This sampbwed a clear indication of the
presence of the anatase phase (although the pteaisity is weaker than for sample H1) in
contrast to sample H5 which is of similar thickness

The change to homogeneous films with increasingegpa¥ensity is also reflected in the
surface topography. The samples sputtered at 58n@8.60 Amperes peak were mapped by
AFM. The corresponding images are presented inrdi§ul& The sample sputtered at 50
Amperes peak (H1) shows a mixed type 1 and 2 smrfeith extremely large connected
regions of type 2 at the centre while towards tbgitppn above the racetrack a type 1 surface
topography dominates. A similar observation was en&ol the sample sputtered at 78
Amperes peak (H2). However, there is a shift towagredominant type 1 surface structure
in direct comparison with sample H1. At highest powensities, type 2 surface features are
completely absent (H5). The film sputtered at 160p&res peak is solely governed by type 1
surface features at all substrate positions. Tldservations are fully consistent with the
correlations between ion bombardment, crystal sireaand surface topography discussed for

the IAS and dcMS processes in the foregoing sextion
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Figure 5.18: Surface topography profile of HIPIMS films (H1, H25) sputtered at different
pulse configurations. The samples are scanned un s$teps from the sample centre to a
position approximately above the racetrack. Thengegtdcal distance between the scanned
areas was 8 mm. The sample sputtered at 50 amkgkEpshows a distinct in-homogeneity
along the substrate. In the sample centre a miysel T and type 2 structure is found which is
dominated by type 2. Above the racetrack a typeucture dominates. With increasing peak
current (H1— H2 — H5) a pure type 1 structure forms along the futeat of the substrate
suggesting intense energetic bombardment at alktiaib positions. Images are post-

processed to enhance surface corrugation.
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5.3.5 Thermal stability of films grown under inten® ion bombardment

To further investigate structure formation uponrgeéc ion bombardment, TigXilms
have also been treated in a post-deposition theamataling process. Five different samples
have been selected: 1) A sample (T1) grown at leygen partial pressure which exhibited a
very weak mixed anatase/rutile structure after ditjom. 2) A sample with a pronounced
mixed crystal structure deposited at an intermediaiygen partial pressure (T2). 3) A sample
exhibiting a pronounced anatase phase and a weik cantribution upon sputtering at a
high partial pressure (T3). 4) A HIPIMS sample defeal at a large peak current (T4). 5) A
rutile sample produced by ion-assisted reactivétspng (T5).

It has been widely accepted in the literature tieatystallization upon post-deposition
thermal annealing strongly depends on the microgtra of the sample2[/, 37. Typically
films that are amorphous or mixed anatase/rutileilek pronounced anatase growth upon
thermal annealing if the annealing temperature @ Welow the transition temperature of
approximately 800 °C above which anatase ;Ti©converted into a rutile structure. Only
films with a pronounced anatase structure (as-degu)sare stable under post-deposition
annealing below this temperature. Therefore, difiscult to fabricate thermally stable rutile
films by sputtering at moderate temperatures satclw temperatures rutile flms can be
deposited which are not thermally stable whilelighfly higher substrate temperatures films
typically grow with a preferred anatase structure.

The samples investigated have been annealed fouts lin air at a temperature of 270
°C. Some of the specimens have been further trdatemh additional annealing process at
500 °C in vacuum for 2 hours. The results of thegeeriments are shown in figuselQ
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Figure 5.19: GI-XRD patterns of TiQ films treated by post-deposition thermal annealing
steps. Sample T1 - T3 have been deposited in aathdcMS process at different oxygen
partial pressures. Low partial pressures yieldlamost amorphous structure (T1), while with
increasing partial pressure mixed rutile/anatas®) @nd finally strongly anatase films (T3)
are fabricated. Samples T4 and T5 have been prddogdiPIMS and ion-assisted dcMS,
respectively. Films have been annealed in air &t °Z7 for 2 hours. Some films have been
heated again at 500 °C for 2 hours in vacuum. Eordard dcMS only the anatase sample

(T3) is stable under the thermal treatment whilthlsamples produced via ionized PVD (T4

and T5) exhibit a stable rutile phase.
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It is evident that samples T1 - T3 exhibit exa¢tlg behavior described above, i.e. it is
not possible to fabricate a thermally stable rufilen. However, it is evident from the
structure of samples T4 and T5 that have experéesgticient high energy ion bombardment
during deposition either by ion-assisted dcMS oPINIS vyield rutile films that are
comparatively stable. We propose that this behasiarconsequence of the microstructure of
the as-deposited films. We assume that films granaher low ion bombardment and without
a pronounced anatase phase contain a significanititmation of an amorphous phase which
crystallizes into the anatase phase at temperataliebelow 800 °C for energetic reasons
explained in B7]. Films grown under intense high energy ion bordbsnt on the contrary
are assumed to have fully crystallized into thaleuphase during deposition and hence
formation of an anatase phase is energeticallpassible.

5.4 Mechanical growth stress

The mechanical stress in the deposited thin filars lead to severe problems including
adhesion failures, formation of cracks and undblréormation of holes. As the TidIms
are applied in applications where it is cruciabt@rantee a certain lifetime, it is important to
understand the origin of mechanical stress andrabits level in the films. As mentioned in
section 3.4, the generation of stress in the fdmaused by the energetic bombardment of the
growing film. Also, the TiQ films undergo a variation of the structure witle ttieposition
parameters and the energetic bombardment. Henowejestigate and understand the origin of
deposition stresses in the films as a function ke structure and the various process
parameters is the objective of this section.

The mechanical stress has been investigated by sngfaan in-situ wafer curvature
method. The film stress and the instantaneoussshr@ge been calculated from the film force
and the deposition rate. The instantaneous steggesents the differential change in stress
induced by each new deposited layer. Therefore sensitive to abrupt changes in the stress
generating mechanisms. The instantaneous strdséinged by:

o, = d (film force per unit length) [Pam]d (film thickness) [m] 5.1

As reported in the literatur@(), 32, 130- 13R the TiQ, films exhibit a compressive
stress with a magnitude of the order of GPa wisathependent on the variation of the process
parameters. Figur®.20 shows the film stress of two crystalline Bi@ms deposited at

relatively low oxygen partial pressure of 8.5 sawith different thicknesses and structures of
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rutile and mixed with small anatase contributiorspectively. Both samples show the
development of compressive stress on the orde2®f5Pa, which is suddenly formed at the
early stage of film formation and reaches a maxinaina few nanometers thickness. Then
there is a slight decrease followed by a linearaase of the film stress during the continuous
film growth. It seems that the structure variatioas no significant influence on the film
stress, whereas there is a slight decrease in dlgaitade of the compressive stress for mixed
structure. The generation of the compressive sinetdee TiGQ films has been attributed to the
atomic peening mechanisrid3, 134, i.e. the impact of high energy sputtered atomghe
growing film, as explained in section 3.4.1. Thghhmagnitude of the compressive stress is
attributed to increase of the kinetic energy of $pattered particles. The particles impinging
on the surface of the growing film can move to memergetically favored sites such as voids,
interstitial positions and grain boundaries. Thghler density of the film grown under these

conditions will promote increase in the compressivess.
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Figure 5.20:In-situ stress measurement of Fifdms sputtered at relatively low oxygen flow
(8.5 sccm) with different thickness and structuréss obvious that both samples exhibit
generation of compressive stress during the egalyesof the film formation followed by a
slight decrease. Then there is a linear increasaglthe advance layer growth. There is no
significant change in the magnitude or the behagfahe compressive stress upon structure

variation.
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5.4.1 Dependence of film stress on the oxygen camitén the process

To further unravel the influence of the processapaaters and the structure variation on
the stress, the film stress has been investigat@dfi@anction of oxygen partial pressure. Figure
5.21 shows the film stress and the instantaneous stfe$£0, films fabricated at different
oxygen flows. All films have been deposited atshene discharge current and total sputtering
pressure. At high oxygen flows (12-16 sccrg);Qhe films exhibit a rutile structure with
approximately equal thickness of 122 nm. At an @ydgow of 7.5 sccm, the film shows a
mixed structure with 800 nm thickness due to dejmsat high deposition time. However all
films exhibit a compressive stress of the ordeGéfa. The level of the compressive stress
increases with increasing oxygen partial pressline. same trend has been observed in ZnO
and ZrQ films by Drese et al.126, 13%. They attributed this to increasing the bombamdime
of the growing film by the energetic oxygen ions e oxygen flow increases, the oxidation
layer on the target surface increases where thegete oxygen ions are formed. The
instantaneous stress (the lower graph, figar2l) reveals that the generation of the
compressive stress takes place at the early staggedilm growth. As the oxygen flow
increases, the development of the compressivesstiesirs at the first deposited layers with a
high order of magnitude. This has been attributech¢reasing the energy of the bombarded

oxygen ions and the kinetic energy of the sputt@aticles to the growing film by applying
high oxygen content to the film.
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Figure 5. 21: Dependence of the film stress and the instantanstress on the oxygen
content in the growing Ti©film. All films at high oxygen flows (12-16 sccmoOshow a
rutile structure while film sputtered at low oxyg#ow with higher thickness show a mixed
structure. The in-situ stress measurements of @M, Tilms at different oxygen partial
pressure reveal that increasing the oxygen corméagls to the generation of a pronounced
compressive stress in the film. The generationhef ¢compressive stress starts at the first
deposited layers with applying high oxygen flowsthie growing film as observed from the

instantaneous stress (lower graph).
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5.4.2 Influence of sputtering pressure on the filnstress

The mechanical stress has been further investigapmh a variation of the total
sputtering pressure. Figurg22 presents the in-situ stress and the instantanstress
measurements of Tgdilms deposited at an oxygen partial pressure2o$dcm and different
working pressures in the range of 0.4 to 1.4 Pa. films show either a rutile or amorphous
structure. As usual all films exhibit a compresssteess. In contrast to the effect of the
oxygen partial pressure, the compressive stresgsshn opposite trend. The magnitude of the
compressive stress decreases as the total spgttpressure increases. This has been
explained by a reduction of the energy of the bawulibhg oxygen ions upon increased
collisions [L35. As the sputtering pressure increases, moresgmiis occur for the ions on
their way to the substrate. This leads to moretesgag of the ions, a reduction of kinetic
energy and thereby a decrease in the compressegs aipon increasing the pressure. The
instantaneous stress (equation 5.1) shows thatehigputtering pressures reduce the
compressive stress in the Tifllms. As the total sputtering pressure increaties deposition
of new layers with a low kinetic energy has no meétect on the stress formation in the
growing film. The dependence of the stress values &lm thickness of 15 nm upon
sputtering pressure is presented in figbr83 It is obvious that the compressive stress

changes dramatically upon increasing of the spotgressure.

5.4.3 Variation of the film stress with the dischage current

It has been found that by increasing the rf power,compressive stress increased which
is attributed to increase of the kinetic energyhef sputtered particles and the densification of
the film [132. Also a sharp increase of the compressive stnassbeen observed at high
substrate bias correlated with the higher densitythe film [13(. Hence, we have
investigated the in-situ stress as a function ef discharge current. Figute24 shows the
film stress of TiQ films deposited at low oxygen partial pressureselto the transition point
upon variation of the discharge current from 0.50t6 ampere and at constant sputtering
pressure of 0.8 Pa. All films exhibit an amorphatrsicture. It is clearly visible that a high
level of compressive stress on the order of -15 (SRgenerated in the film upon applying a
high current. On the other hand, a very low amairompressive stress is formed at a very
low target current. It has been found that theigdad impinging on the surface of the growing

film at high r.f. power leads to movement of thatbeg atoms to more energetically favoured
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sites such as voids and interstitial positioh37. This causes the high densification of the
growing film and generation of high compressivesst Therefore we assume that increasing
the target current leads to densification of thewgng film and thereby generation of high

values of compressive stress.
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Figure 5.22: Variation of the film stress and the instantanestiess as a function of the
sputtering pressure of Tpdilms. All films have been deposited at an oxydlew of 12 sccm
upon variation of the sputtering pressure from @.41.4 Pa. Increasing the pressure and
thereby decreasing the energy of the bombardedeoxigmns leads to reducing the magnitude

of the compressive stress in the film. The instaedais stress confirms this finding (the lower

graph).
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Figure 5.23: Variation of the compressive stress values atma finickness of 15 nm as a
function of increasing sputter pressure. The higher deposition pressure, the lower the

compressive stress values in the film.
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current leads to a reduction of the compressiesstievel in the film.
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Chapter 5. The influence of energetic particles on the structure of reactively
sputtered TiO: thin films

To summarize this section, the investigation of thechanical stress of reactively
sputtered TiQ thin films reveals a generation of compressivesstrwith a magnitude of
several GPa. The compressive stress with high matmiis suddenly formed at the early
stage of film deposition. This is followed by a dual decrease and then linear increase with
film thickness which is explained by the atomic mag mechanisml33, 134 i.e. the impact
of high energy sputtered atoms and energetic oxyges to the growing film. The high
magnitude of the compressive stress is attributethd¢rease of the kinetic energy of the
sputtered particles. The particles impinging on sbgace of the growing film can move to
more energetically favored sites such as voidsrstitial positions and grain boundaries. The
higher density of the film grown under these caondig will promote increase in the
compressive stress. It is also shown that the sstregnitude is strongly dependent on the
process parameters instead of the film structugnUincreasing the oxygen content and
hence the bombardment by high energetic oxygen stilsng the film an increase of the
compressive stress level is observd@q, 13%. The same behavior is observed as the
discharge current increases. Also, compressivessiseobserved in very dense films due to
the increasing of momentum reaching the film areliticrease of the adatom mobility30,
134). This is more evident from the variation of theess with the sputtering pressure. At
high sputtering pressure, more collisions occutlierions on the way to the substrate thereby
lowering the energetic ion bombardment the filh89. This leads to a reduction of the
compressive stress level in the film. The compuessiress is significant for thicker films due
to the accumulation of defects and impurity incogtion during the growthl32. It has been
also observed that the compressive stress is kldxgng the continuous film growth; this

might be explained by the thermal spike mechanisbdd] |

5.5. Discussion

The results from ion-assisted reactive sputterimg) faom the investigation of the lateral
sample profiles for a standard dcMS process utdjiznew and aged targets, respectively,
provide unambiguous proof that highly energetic fmombardment (especially negative
oxygen ions generated at the target surface) neee tegarded probably as one of the most
important quantities governing structure formateuring reactive sputter deposition of BiO

films.




It has been found that the rutile phase of ;Ti§lectively grows with increasing
energy/intensity of the bombardment. For the fispattered by standard dcMS (figutes &
5.10 it has been found that the crystallization irte tutile phase is promoted by high energy
oxygen ion bombardment inherent to the depositechiique. For films grown by ion-
assisted sputtering an increase in the intensithefutile (110) peak has been found only at
low ion current densities (sample IX-2C in figused) while higher current densities and
energies already lead to a slight deterioration afghe rutile phase. For films deposited onto
vertically aligned substrates (with respect to theget surface) films have been deposited
without detectable traces of the rutile phase ($esn2 & S3 in figuré.15. In conclusion,
energetic bombardment is mandatory for the nudeatf the rutile phase. This can be
explained by the fact that rutile is the high-eryephase (thermally stable phase at high
temperature) of Tig) in contrast to the anatase phase and therefopéires a sufficient
amount of energy to nucleate [cf e2¢, 35, 37, 4]L

According to our investigations the anatase phgsiedlly deteriorates upon an increase
of high energy ion bombardment. This is likely aedt consequence of the fact that rutile
nucleation is strongly promoted under such cond#tioHowever, for several samples a
selective deterioration of the anatase (101) peak hlso been observed without a
simultaneous increase of the rutile (110) peaknsitg (compare e.g. samples I0-1C and IO-
3C in figure5.3). Therefore energetic ion bombardment might haveadditional destructive
influence on the crystallization or the growth bktanatase phase aside the promotion of
rutile nucleation and growth. As yet, there is Heac proof for this assumption. Under
conditions that result in relatively weak bombardingf the growing film (vertical substrates,
figure 5.15 the growth of the anatase phase is strongly ptednoThis behavior has
frequently been observed in the literature and besn attributed to the fact that the
amorphous phase has a density very similar to émsity of anatase TiCbut significantly
lower than the density of the rutile structure. fEhere, crystallization into the anatase phase
is energetically favored at medium temperatureshvigio not yet promote nucleation of the
rutile phase 37]. Anatase growth also profits from the fact thaat@se grains seem to grow
much faster than rutile grains under such condst[8@]. The difference in grain size of the
anatase and the rutile crystals indicates a rerbbrldifference in the growth rate between
both phases. The Anatase phase with large gragrewsng fast whereas the rutile is growing
very slowly at temperature below 600° C. This migbtexplained by the high surface free

energy of the rutie phase than the anatase prasgp&ined in chapter 8.
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Chapter 5. The influence of energetic particles on the structure of reactively
sputtered TiO: thin films

In many cases (see figurés3 & 5.10 for example) the bombardment by high energy
oxygen ions does not only promote the growth efrilitiie phase but also seems to improve
the overall crystallinity of the films which is @l@nt from the increase of the integral intensity
of both the anatase (101) and the rutile (110) pAakincrease of the quality of anatase films
for medium ion bombardment has also been foundhenliterature 32]. We attribute this to
an increased nucleation density of the anataseepiraparticular. The density of the anatase
phase (3.89 g cfl) is much lower than the density of the rutile ph&$.23 g ciif), so the
anatase grains might be grown in a vertical dioectover the rutile grains which leads to
increase the crystallinity and overgrown the rutifethe anatase phase. Also the formation of
rutile means a stronger densification and costsenamrergy than the formation of anatase
[37].

Structure formation in a HiPIMS discharge is vemyikar to the ion-assisted sputtering
process on the one hand and to the observations opah investigating the influence of the
target racetrack on the other hand. There is a elelgr correlation of the structure with the
trajectories of energetic negative oxygen ions. HBteictural changes are much more
pronounced than in a DC process, which lead t@#isemption of an increased bombardment
intensity. Hence we think that this is a stronggbréor the fact that also in a HiPIMS
discharge negative oxygen ions with high energresta dominant ion species that governs
structure formation. We therefore propose thattpety charged ions, in the absence of a
large substrate bias potential, obtain comparatil@lv energies that have a much weaker
influence on the crystallization of T}O

In consequence the existence and where applichkldrajectories of the negatively
charged oxygen ions emanating from the target serfeeed to be regarded as an important
parameter in the discussion of the structural éwiwof TiO, films.

In summary our experimental findings clearly shavggbilities and limitations to tailor
TiO, films for applications where the phase composit®an important parameter. We have
demonstrated that a HiPIMS discharge apparentlys dogt meet the prerequisites for
fabricating films with anatase phase featuringéagggin sizes. On the other hand, the growth
of thermally stable films with pure rutile struatuis strongly promoted in a HiPIMS process.

We also have shown that ion bombardment has agsinflmence on surface topography.
The observed surface features can be clearly disshed. For a variety of films sputtered
under different environmental conditions (oxygemntiph pressure, and with different film
thicknesses; as will be presented in chapter 6yeveerally observe that rutile films exhibit a
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type 1 surface structure while the onset of angbhsse formation is typically accompanied
by partial coverage of that surface by type 2 fietuFilms with preferentially anatase phase
finally do not exhibit type 1 features at all. Hent¢he explicit reduction of type 2 surface
features in favor of the remaining type 1 surfag®ruion bombardment is also a clear
indication of the promotion of the rutile structuaed the accompanying deterioration of the
anatase phase. Due to this inter-correlation betwegstal structure and surface topography
of as-deposited films ion bombardment typicallyeats both crystallinity and topography

It has also been found that the energetic bombartncauses the generation of
compressive stress on the order of several GPaglthre first stage of film growth. This has
been explained by the atomic peening mechanis3fi,[134. We have observed that the film
stress shows a significant variation upon changlagosition parameters such as oxygen
partial pressure, total sputtering pressure andhdige current. This is explained by the

change of the energetic oxygen ions striking tme &s the parameters change.

5.6. Conclusion

There is clear evidence that, besides the diremtlessible deposition conditions, ion
bombardment plays a dominant role in structure &iom. There is also unambiguous proof
for the fact that it is the bombardment of the grayfilms by highly energetic oxygen ions
inherent to the sputtering process that dominatesctsre formation rather than the
bombardment by low energy positive ions from thespia. Energetic bombardment strongly
promotes the growth of the rutile films while arssafilms typically profit from growth
conditions that are characterized by the absenderofery weak) ion bombardment. Purely
rutile films can be grown under intense ion bombadt. In contrast to weakly anatase
mixed films grown under low energetic ion bombardimesuch films are thermally very
stable since complete crystallization into the leutphase is promoted by the intense
bombardment during deposition and hence conveisionan anatase phase is energetically
unfavorable. This knowledge further contributesat@omprehensive understanding of the
correlation between film structure and process rpatars and therefore constitutes another

important step towards tailoring the structure araphology of TiQ films.
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6

Structure zone model for the growth of reactively

sputtered TiO, thin films

6.1 Introduction

As shown in chapter 5 the energetic oxygen iong fzasignificant effect on the structure
formation of thin TiQ films. It has been proven that the growth of aufilms is favored at
strong energetic bombardment while anatase filrpgc&jly profit from the absence of (or
very weak) ion bombardment. As presented in se@i@n a large number of studies have
been performed on Tithin films at different deposition parameters sashoxygen partial
pressure and film thickness. It is reporteddd,[24, 4] that the structure formation of T30
thin films depends strongly on the oxygen contarthe process. The crystallinity of anatase
phase is favored at high oxygen partial pressBgg) (while rutile is the dominatant phase at
lower values of Roy). It was also reported in2l, 23, 25, 2pbthat the structure shows a
transformation from rutile at low deposition tine dnatase upon increasing the thickness of
the deposited film. However, no significant attenthas been given to investigate the surface
topography and the film microstructure as a functid the oxygen content or film thickness.
Moreover, the formation mechanism of the film stane is still discussed controversially.
Therefore, it is our goal to figure out the meclkanmiof the structure evolution of sputtered
TiO, thin films and establish a model to describe tinecture variation as a function of the
various process parameters.

To achieve this goal, we have been concerned vihimvestigation of the crystal
structure as well as the surface structure of negygt sputtered TiQ thin films upon the
variation of these deposition parameters (oxygartezd and film thickness). More analysis
of the film structure has also been done by thdlsangle rocking curve scan of the thickness
films series, due to the observed change of thetalfyne structure from rutile to anatase with
increasing film thickness. Additionally, an invegtiion of the microstructure have been
performed by TEM measurements on selected filmi different thickness to further unravel
the change in the film growth upon variation of tlilen thickness. The influence of the
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heating parameter during growth has also been ftigetsd. At the end, a structure zone
model has been developed to describe the cornelagowveen the structure variation of 31O
thin films and the process parameters. The invastigs and the results obtained are
presented in this chapter.

6.2 Influence of oxygen partial pressure on the sticture

In order to reveal the role of the oxygen partildgsure on the structure of RiGhin
films, a series of samples were fabricated at @hfie oxygen flow rates ranging from 7.5 to
20 sccm with approximately equal thickness of 280 ihe deposition was carried out in
dcMS mode at a discharge current of 0.9 A. The erfa@rgon ratio was varied to keep the
total sputtering pressure constant at 0.8 Pa. ph#esing was started again after 3 hr pre-
sputtering in the oxide mode to ensure temperagtadeility during deposition and avoid any
influence of temperature variations on the sampilecsire. The films display a significant
variation from a pure rutile to a mixed structupon increasing the oxygen flow as shown in
figure 6.1. Further increment of the oxygen flow has no mafflct on the structure i.e. no
transition to the pure anatase phase has beenveldlsdihe grazing incidence XRD patterns
show that the rutile phase (110) dominates for éosygen partial pressure samples (O1, 7.5
sccm -02, 8.5 scecm). The anatase phase (110) befrefin increasing the oxygen flow and
starts to contribute to the film structure. Therefdhe resulting samples (O3, 11 sccm - O5,
12 sccm) show a mixed structure of rutile and as®at&urther increasing the oxygen flow
leads to an increase of the anatase peak inteddityigher oxygen flow, the anatase phase
approximately dominates the film structure as showsamples (O7, 17 sccm- O8, 20 sccm).
These results indicate that the formation of thatase phase is favored at high oxygen flow
on unheated substratg,< 170°C, which is consistent witR1, 24, 4].

The evaluation of the film structure upon incregsihe oxygen partial pressure is also
evident from the surface topography. AFM imagegldig the influence of the oxygen flow
on the surface structure as shown in figbr2 The surface structure exhibits two different
features with different sizes, for example samp#e ©o simplify the discussion of AFM
images we will refer to the regular small-grainenifface structure (sample O1) as a type 1
while a type 2 surface denotes the large irregglatures which are observed for sample 08,
as discussed in chapter 5. As reported in theatilee P1, 31, 4% the type 1 surface is linked
with a rutile phase while the anatase phase isnapanied by type 2 features. At low oxygen
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flow (samples O1-0O2), the surface is characterizgdhe small-grained features (type 1).
Upon increase the oxygen flow (sample O3-04), utagfeatures (type 2) with larger mean
width than type 1 started to form at separate sidsle the major fraction of the surface is
still governed by typel. Further increasing of fluev leads to enlarging type 2 features as
apparent in samples (05-06). Then it continuesvergrow until the films show completely
ordered and smooth surface structure with typefufes at high oxygen flows (O7- O8).
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Figure 6.1: Grazing incidence XRD patterns of Ti@hin films deposited at different oxygen
partial pressures. The scans were performed ah@dence angle of 0.7°. At low oxygen
flow, the films exhibit a rutile structure (sampl@4-02). Upon increasing the flow, a mixed
structure of anatase and rutile formed (samplesO88- At higher oxygen flow, the

contribution of anatase phase increased and doadirthé structure (samples O7-08).
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Figure 6.2: Surface topography of Tigdilms deposited at different oxygen partial pressu
XRD spectra of these films are shown in figéré. At low oxygen, the film exhibits a fine-
grained surface (type 1, samples 01-02). With emireg the flow, irregular features (type 2)
with large size form at separated sites, whilentiagor fraction of the surface is still governed
by typel (samples 0O3-O4). At larger oxygen flowgpet 2 features have apparently
overgrown the smaller features (O7-O8). The scanggzl x 1 um2. Images are post-

processed to enhance surface corrugation.
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In summary, these results show that presence @é lamounts of oxygen in the process
promotes the formation of the anatase phase, \lleutile phase dominates the structure at
low oxygen partial pressure. Several explanatioagehbeen derived to understand this
behavior. Lobl et al.37] have reported that the formation of the rutilegh is favored when
Ti atoms are the dominant vapour species, whilentiedeation of anatase is favored by the
presence of TiO and T¥OAdditionally, Okimura et al.]36 have attributed the growth of
the rutile phase to the higher irradiation of Ahrough the formation of O vacancies by
sputtering at low pressure. They3[] also reported that the rutile phase is formedthsy

reaction of Ti witho; and the concentration ab; is much higher at low pressures when
high-energy electrons produgge ions via inelastic collisions. Moreover, Suhail &t [5]

attributed the phase conversion to the energy einbident particles since they observed an
increase in the cathode potential for higher oxypartial pressures and thereby decrease in
the deposition rate. The reduction in the depasitade has been attributed to the oxidation of
the target and negative ion formation effects. ldeme can conclude that the growth of rutile
at low partial pressure is controlled by the enedgjivered to the film. However, these
explanations do not provide a clear understandinthé role of high oxygen flow on the

formation of anatase phase.

6.3 The role of film thickness on the structure fomation

As reported in21, 23, 25, 26, 41the structure of Ti@films strongly depends on their
thickness. It has been found that the crystal siracof the fabricated films undergoes a
gradual conversion from an amorphous to rutile te@ech anatase/rutile phase to a pure
anatase phase with increasing the film thicknessic, to understand the growth mechanism
upon increasing the film thicknesses, two seriesTi@, films have been sputtered with
variation of the thicknesses at low and high oxyf§ew of 6.2 and 15 sccm, respectively.
The standard deposition parameters have been dp@ielcMS mode at discharge current of
0.9 A and total sputtering pressure of 0.8 Paduliteon to pre-sputtering for 3 h in the oxide
mode to exclude the effect of temperature variatiorthe sample structure. The series have
been also performed in a random array to demoestray the influence of the thickness on
the structure. Figuré.3 shows the grazing incidence XRD patterns of filgnswn at low
oxygen flow (6.2 sccm) close to the transition megi The amorphous phase is obtained at
low thicknesses from 33 nm to 243 nm (samples ). Upon increasing the thickness to
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303 nm (sample T5), a film with rutile phase (1iOformed. At 400 nm thickness (sample
T6), the anatase phase (101) starts to take pdhneistructure and its contribution increased
by further increasing of the thickness to 608 namfgles T7-T8).

Oxygen flow: 6.2 sccm

901 62 nm

75 T2, LO

60-W

45

301

151

90/ 150 nm| —~ . 243 nm
B 75] T3.L0l S s T4,L0
8 60; < &z
L O TRYY
>, 301 WWW
= 15;
2 90- 303 nm 400 nm
o 75 T5,LO T6, LO
= 60
£ 45

30MW"

151

90+ 502 nm 608 nm
75 T7,LO T8, LO

60
45
30
15

24 26 28 24 26 28
2 Theta [°] 2 Theta [°]

w

0

Figure 6.3: Grazing incidence XRD patterns of Tims with different film thicknesses. All
films were deposited at low oxygen flow of 6.2 scdrhin films appear amorphous up to 243
nm samples (T1-T4). With increasing thickness t@m30 (sample T5), the rutile phase
appears first, while the anatase phase startgno @b higher thicknesses of 400 nm (samples
T6). Mixed films with high intensity of anatase pglaare formed upon increasing the

thickness (samples T7-T8).




The surface topography reveals a good correlatidim tive crystal structure as exhibited
from AFM images, figures.4. It is evident that type 1 and type 2 featuresteat the film
surface. For the thinner films of 33 and 62 nm (si& T1-T2), an amorphous surface is
observed. For films with a thickness of 150 and 243 (T3-T4), there is probably an
amorphous background on which crystallites seerfortm at separate sites. When the film
grows thicker (303 nm (T5)), the background is fechby homogeneously distributed small
crystallites (type 1 features) with the additiofamation of large features (type 2) at separate
sites. That pattern apparently continues as thetfiickness increases up to 502 nm (T6- T7).
For thick films 608 nm (T8), there is still a bac&gnd of type 1 features but the large grains
(type 2) seem to spread in the size, and form sedsurface.

The structure evaluation as a function of the filmtkness has also been investigated at
high oxygen flow (15 sccm). Figue5 and figure6.6 show the development of the crystal
and surface structure of these films as displayedrazing incidence XRD spectra and AFM
images, respectively. At high oxygen partial pressthe structural development of these
films shows identical behavior as at low partiadgsure (figuré.3) except for the dominance
of the anatase phase at low film thickness. Therphous phase is obtained for thinner films
of 33 and 64 nm (T1-T2). In comparison to low oxygeessure, the rutile phase is formed at
a lower thickness of 105 nm (T3), already. Morep@emixed anatase and rutile structure is
formed at low thickness 151 nm (T4). For thickempkes, a pure anatase structure is
apparently formed.

A similar scenario of the surface structure deveept at high oxygen partial pressure as
at low partial pressure is also revealed by AFMde® The exception is that type 2 features
dominate the surface and overgrown type 1 feattideva thickness of 201 nm (T5). For
thicker films, a completely closed, dense-packed mugh surface with type 2 features is
formed (samples T6-T9) and no more change in tetsire is observed upon increasing the
thickness. As presented in chapter 5 and repaontétki literature3 1, 24, 4%, features 1 and 2
represent rutile and anatase grains respectively.
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T=33nm,R=0.65nm %] T=62 nm, R=1.13 nm
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Figure 6.4: Surface topography of Tgdilms with different thickness at low oxygen floo¥

6.2 sccm. The corresponding XRD spectra for thiises fare shown in figuré.3. Very thin
films show no surface features (T1-T2). With ingiag the thickness to 303 nm (T5), films
are first governed by small, homogeneously distedwsurface features (type 1). For thicker
samples (T6- T7), large features (type 2) appeahersurface. These large features (type 2)
overgrow and apparently dominate the surface. Tamsize is £1 um?2. Images are post-
processed to enhance surface corrugation. R detit@d3MS roughness calculated from the
AFM scans.
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Figure 6.5: Grazing incidence XRD patterns of Ti@ms with different thicknesses at a high
oxygen flow of 15 sccm. Thin films appear amorph@li&-T2). Increasing the thickness
leads to formation of the rutile phase (T3-T4). Taeatase phase forms upon further
increasing of the thickness (T5-T7), until it doats the structure at thicker films (T8-T10).
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6.78 nm
. “;“‘?

Figure 6.6: Surface topography of Tilfilms deposited with different thicknesses at high
oxygen flow of 15 sccm. XRD spectra of these filane shown in figuré.5. Thinner films

(T2) exhibit an amorphous background. The smatufes (typel) start to occupy the surface
at higher thickness (T3-T4). A mixed surface ofetyp and type 2 features is formed with
increasing the thickness to 201 nm (T5). The |deggures (type 2) continue to grow and
overgrow type 1 features at higher thickness andidate the surface completely (T6-T9).
The scansize isXlL um2. Images are post-processed to enhance surtacggation. R

denotes the RMS roughness calculated from the Afavis
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Investigations of TiQ films sputtered with different thickness either latv or high
oxygen partial pressure indicate that the growthhef anatase phase is strongly favored at
higher film thickness as well as at high oxygertiphpressure as shown in section 6.2. The
change of the crystalline structure from rutileattatase with increasing film thickness is in-
line with the finding in the literatur@]l, 23, 25, 2p It is apparent from XRD spectra that the
anatase reflex decreases in width, which correspoachn increasing of the vertical grain
size. The rutile reflex in contrast does not chamg&idth noticeably. Therefore, we have
used the Scherrer equatidiDff] to estimate the anatase and rutile grain sizethése series.
Figure 6.7 shows the variation of the grain sizes and filmgimness as a function of film
thickness at low and high oxygen partial presstine rutile grains have small dimensions in
comparison to the anatase grains and show onliglat glhange with the thickness. On the
contrary, the anatase grains and the film roughsles® a significant change with increasing
the thickness especially at high oxygen partiaksguee. There is a threshold thickness at
which the anatase phase dominates the structueeAthis thickness, the anatase grain size
and the film roughness show a slight change uporasing the thickness while a decrease in

the rutile grains is obtained.
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Figure 6.7: The lateral grain size of the anatase and rutigses as estimated from the GlI-
XRD scans using Scherrer’s equation, as a funafdim thickness at low and high oxygen
flows (6.2 and 15 sccm) respectively. The film rongss determined from AFM images is
also shown. It is apparent that the rutile graiagensmall dimensions and a slight change is
observed over the thickness range. For the anatesse, there is a threshold thickness for
each oxygen flow above which this phase grows. ¢ threshold thickness, the film

roughness shows a significant increase.

To summarize these results, the structure under@oeadual change from amorphous to
pure anatase via a mixed structure upon incredgmghickness both at low and high oxygen
partial pressure. The higher the film thickness, ftister is the formation of the anatase phase.

The anatase phase is preferred at high oxygerapprassure even at low film thickness and
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the rutile structure seems to be buried with thet@se phase by increasing the thickness. This
leads to an in-homogenous structure during growth increasing thickness. To prove this, a

small angle rocking curve scan has been performeatiefiims with different thicknesses.

6.4 Homogeneity of the film structure (Small AngleRocking Curve)

As presented in the preceding section, there isadugl change of the structure upon
increasing of the film thickness. It seems thatriitde phase grows at the substrate interface
in amorphous background and is gradually replagednatase with increasing thickness, as
found in R6]. Therefore, this leads to the assumption thatsthécture is inhomogeneous. In
order to prove this assumption, small angle roclkingve scans have been performed for
films with variable thicknesses at a high oxygemtiphpressure, by doing omega scans at
several small angles of incidence for each phasatdae and rutile) as shown in figure.

As observed from the scan:
1) The first two samples at low thickness (T4, haye both structures present (rutile and
anatase phases) at the film surface. This can bewed from the fact that there is a sharp

increase of the signals directly at the criticaglan

2) If films grow thicker (T6-T7), the rutile reflets shifted to higher angles and is buried by
the anatase. This is evident from the fact thatribes of the rutile intensity becomes delayed

and does not exhibit a steep rise at the critidgeeanymore.

3) Further increasing of the thickness causes amrase of the anatase reflex at the expense
of the rutile reflex (T8-T9). For thicker films (0}, there is no rutile peak anymore in the
scan.

4) The crystal quality of the rutile structure doest seem to increase with film thickness.
This can be seen nicely from the first two samile$ & T5). There is no increase in the
maximum intensity of the rutile reflex. This willebobserved in the case of homogenous

mixtures of anatase and rutile structure as presesgction 6.5.
5) In case of the anatase reflex, the peak intenkgarly rises with increasing film thickness.

6) The surface roughness increases with increakipgr thickness which can also be

concluded from the broadening of the transitiothatcritical edge.
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Rocking Curves
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Figure 6.8: Small angle rocking curve scans of Fifdms with different thicknesses at high
oxygen flow of 15 sccm. Corresponding XRD specteashown in figures.5. Samples (T4-

T6) show a coexistence of rutile and anatase geitise film surface. At higher thicknesses
(T7-T9) the scans show the typical behavior of sargrown rutile layer. The rutile phase is

buried completely by the anatase phase at veryfiiighhickness (T10).

This could be interpreted as a two layer systerh witme local structure gradient at the
interface between rutile and anatase, i.e. an img@meous structure has been obtained. A
simplified postulated geometry has been developatkscribe this variation of the structure

as shown in figuré.9.
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Rutile

amorphous

Substrate

Figure 6.9: Model of a possible geometrical distribution obtase and rutile grains based on

the combination of AFM measurements and GI-XRD scan

To confirm this geometrical model, one possibilgyto use the depth information about
the film structure that is included in the intepsif small angle rocking curves (figufeg).
To interpretate the x-ray signal intensity, attfaasmodel needs to be developed. The intensity
is then calculated using the model and the resulthee compared with the measurement. If
the model adequately fits the measurement, the Impalameters are likely to correctly
describe the geometrical film structure. This modél also show the expected structure

distribution for homogenous and inhomogeneous fayer

6.5 Modeling of the small angle rocking curve scans

In this section, a mathematical model has beenldesd by Dominik Kéhl 13§ to
describe the reflected beam intensity for the sm@uadjle rocking curve. This model is based
on a geometrical consideration for the Ti#dm structure. Figure5.10 shows a sketch of the
geometry for a small angle rocking curve and theqggple of the model.

The x-ray beam hits the sample surface at typioadly small angles of incidence with
respect to the sample surface (e.g. 0bi<< 2°). If w1 is larger than the angle of total
reflection, the beam propagates through the medindis diffracted at crystallites according
to Bragg's law. The fraction of crystallites witliitable orientation leads to an increased
signal intensity at the detector placed at a figedition & with respect to the incident beam.
On propagating through the film, the beam is ated, which can be described by an
exponential law with a decay lengih
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(1) =1, " with | =1, +1,
Where,|l is the path length of the beam through the medNate that this length corresponds
to the sum of the incident beam and the diffratteam, figure5.10

Film

[y

Substrate

Figure 6.10:Sketch of the geometry of a small angle grazinglemce measurement.

Before we can calculate the diffracted intensitfe\& geometrical considerations have to
be done. First of all we should note that #/ D, where D is the total thickness of the film.
This means that for small angles of incidence westaplify the expression for the total path

length of the beam and link this with the vertipahetration depth into the sample:

=1L +1,=1, d=II[sina,

Furthermore:COS &, = N [cos , andCOS 6. = n

Where n is the refractive index of the medium adgd is the angle of total reflection.
Substituting the second equation into Snell's lgetforming a series expansion and only
considering terms up to first orderdndirectly leads tow,~ w1—6. for small angles.

To calculate the diffracted intensity, we now neéedum over all possible contributions:

D /sin(w,-6;)

() O |

0

s @™ Eﬁ% B(w, - )+ 6(w, - wo)jdl




Wherel is the intensity measured at the detec&ig a geometrical structure factor which is
unity only for a completely homogeneous distribnsi®mf scattering centre through the film.
The term in parentheses corrects the signal intefwi the limited width of the detectdfor
extremely small angles of incidence only a fractibithe beam actually is detected due to the
limited observable spot size visible to the detedBis the Heaviside function which is a
non-continuous function whose value is zero forateg argument and one for positive
argument andy is the angle above which the full irradiated dseasible to the detector.

In our experiments usually a collimator is usedhia diffracted beam optics such that the
visible spot length is in the range of 1 cm. In theident beam optics a very narrow
divergence slit is employed resulting in a veryrpiaeam with small angular spread. It can be
easily shown that in this caeg < w; and hence the last term in the integral may bergph

To describe the intensity of titania films, the @mng task is now reduced to finding
suitable expressions f@ for the rutile and the anatase grains separatedyth& irradiated
area is typically much larger than the lateral widf the film microstructure, it is sufficient to
model the thickness dependency of the volume traabf anatase to rutile. The parameters
used are shown in figui@11 D is the total film thickness without the amorphanizrlayer
at the substrate interface amthe included thickness of a purely anatase toprlayee values

Cs tand G, pare the anatase volume fractions at the top atieediottom of the rutile regions.

—0

Anatase‘

Rutile
amorphous

Substrate

Figure 6.11: Description of the model parameters used. The iféirtreated as a three layer
system with a linearly graded interface. The geoyr&town in figure5.9is a special case of

this more general model.

It can be easily shown that the intensity of thatase signal can be described by:
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(D-b)/sin(e—6,)

1edi+ | ((c:a,t ‘Ca.b)DD_E)—;jg)*Ca.bj & dl

a/sin(w—6.)

a(@) 0

0
a/sin(w-6.)

and the rutile intensity is described by:
(D-b)/sin(ey—6)

D /sin(c-6) —dl B B D-b-d(l) —a
r(@) D J'(D_b)/sm(q_gc)lﬁ di+ I (1 [(Ca" Ca )m *Cap | 17

alsin(w-6,)
with
d()=1Binw -6,

To correct for different scattering amplitudes loé rutile and the anatase grains, suitable
correction pre-factors may be used to scale thesigimals. It should be noted that all possible
film geometries based on linear gradients can bdeted with the developed model. E.g. the
parameter sets:

{a:%b:%} (1) andla=b=0,C,, =C,, =05 (2)

Correspond to the extreme cases of (1) a simplelayer system with equal thicknesses of
the rutile and anatase layers with a sharp interfaad (2) a homogeneous mixture of rutile
and anatase through the medium.

A small maple script has been written to perforne thtegrations and to plot the
calculated intensities. To demonstrate the impadtifterent layer stack geometries on the

signal intensity, four different layer stacks araated as shown in figui@ 12

Stack 1: Stack 2:

Substrate Substrate
Stack 4:

Substrate Su bstrate

Figure 6.12: Geometries of the four different layer stacks tratsimulated as an example.
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The anatase and rutile signals have been calcutatetthese four stack geometries for
films with different thicknesses. One simulatiopn@duces our XRD and AFM results well

(Stack 4). The simulation result of the approprlater stack is presented in figusel3

60 : — Anatase — Rutile
) 72%
"é 54%

-
g
5,
F
17,]
o=
o]
£
0- .
1

Figure 6.13: Simulation of small angle rocking curves for a filmith an inhomogeneous
distribution of the rutile and anatase grains.Ha model (inset), the film is assumed to be
purely rutile at the substrate interface. With @asing thickness, the anatase content increases
linearly until it completely governs the structuame larger thicknesses. The corresponding
rocking curve spectra have been simulated for @iffegrowth stages (thicknesses) as marked
by the dotted white lines (inset). In the simulaspectrum, dotted arrows indicate increasing
film thickness. The thinnest film (10% anatasegharacterized by a large rutile content with
a small anatase contribution. The spectrum shosmeal anatase intensity and a large rutile
contribution. Upon increasing the thickness (30% &0%), the anatase intensity increases
while the rutile intensity decreases at the same.tBoth intensities decrease at larger angles
as the x-ray beam passes through a smaller voluactidn of the crystalline structure. At
larger thicknesses (64% and 72%), the film is attar&zed by a complete anatase top layer.
In this case, the increase in rutile intensityhsted towards larger angles and still increases
at 1°. This behavior is characteristic for a laydnich has been overgrown by another

structure.
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We can draw some conclusions from these results:

>
>

The intensities change drastically if there is eepanatase top layer.

The decrease in the rutile signal with increasimgkiness can be explained by a rutile
layer which is buried by an anatase layer.

The rutile reflex does not only depend on the nundserutile grains but also on their
geometrical distribution.

The ratio of the anatase and rutile intensity rergjly dependent on both the angle of
incidence and the geometrical structure of the.film

The weight percentage of anatase and rutile phiasgsnixture can be determined from

. . 1
XRD measurements using the empirical formWlg = [139, wherelp

1+1.2689 /1,

denotes the intensity of the strongest anatasect&fh andlr is the intensity of the

strongest rutile reflection.

This calculation is not applicable in the case mhomogenous structure, since this
formula only considers fixed intensity ratios ofatase and rutile phases at all angles of
incidence. From simulations as shown in figare4, we find that this prerequisite is only
fulfilled for homogeneous mixtures of anatase amtle. Hence this formula is suitable
only for powder samples rather than for sputtereaist
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Figure 6.14: Simulation of a small angle rocking curve for amfilconsisting of a
homogeneous mixture of rutile (30%) and anatas&j#fFains. For simplicity, the diffraction
intensities were assumed to match in case of egplame fractions of rutile and anatase.
Apparently, the ratio of intensities is independeinthe incidence angle. This is expected for
a film that does not show any inhomogeneous degthlzltions.

Additionally, from the simulations of other stackisis obvious that if a constant quality
(no gradient with film thickness) of the anataseuile grains is assumed, there is no change
in the position of the maximum reflex intensity thie topmost layer with increasing film
thickness. In consequence, as soon as the surfahe @Im is fully closed by e.g. a purely
anatase layer, there should be no further intemsgywith increasing film thickness. This is
of course different from what is typically observétis discrepancy can only be explained
by a gradual change of the reflected intensity witbwing film thickness, i.e. a change of
crystal quality. The intensity usually starts terease already at lower angles and does not
instantaneously reach the maximum value exactlyhat angle of total reflection. This
behavior can be explained by surface roughnessallyssputtered samples exhibit a rough
surface topography which leads to some variaticdh@nangle of incidence.

In summary, this model and the simulations confiour postulated geometrical
distribution which is shown in figuré.9. Also it reveals that there is an inhomogeneous
distribution of the rutile and anatase phases @fsgiuttered Ti@films upon increasing of the

film thickness
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6.6 Microstructure

To clarify the change in the film growth with inasng film thickness, TEM
measurements have been performed on two seleatgplesa(T1 and T2) fabricated at low
oxygen flow of 5.5 sccm with different thickness#s404 and 620 nm. These films show a
mixed rutile/ anatase structure and a pure anatasse, respectively as shown in figérés

The cross-section TEM image of the mixed struc{dB nnm) exhibits a microstructure
with mountain-like crystals at the interface anthe layer at the top surface as shown in
figure 6.16 The corresponding diffraction pattern indicatbattthe large crystals at the
bottom layer possess a rutile structure with soefieations from the silicon substrate. The
anatase phase is detected at the top layer oiite f

The images in figuré.17 show crystalline columns with a conical shape. The glowt
starts with a seed layer at the substrate-intesatteapproximately few nanometers. The first
columnar crystallites with conical shape start towgfrom the seed layer. These crystallites
extend throughout the whole layer with further figmowth until the layer completely consists
of columnar microstructure with cone-shaped criigtal The individual grains at the top
position in the diffraction pattern reveals tha¢ ¢tolumns are typically assigned for anatase
structure as integrated and shown in the intesgiectra (c). On the other hand, the seed layer
which observed at the bottom layer of the film redd to rutile phase with some reflection

from the silicon substrate.
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Figure 6.15:Grazing incidence XRD scans of THi@ms deposited at low oxygen flow of 5.5
sccm with different film thicknesses (T1 and T2heTthin film (T1) shows a mixed structure

with a large rutile contribution while T2 possesagqaurely anatase structure.
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Figure 6.16: Cross-sectional TEM image of Ti@hin film (T1) with a thickness of 404 nm
(rutile rich). (a) Shows bright field image of thin, (b) the corresponding diffraction pattern
at different positions (top and bottom layer) o #ample and (c) represents the intensity of
the different diffraction patterns. The film showsolumnar microstructure, the bottom layer
is assigned to the rutile phase which a thin lgyews on the top with anatase phase as seen

from the diffraction patterns.
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Figure 6.17: Cross-sectional TEM image of TiQhin film (T2) with thickness of 620 nm
(purely anatase structure). (a) Shows bright fieddge of the film, (b) the corresponding
diffraction pattern at different positions (top amdttom layer) of the sample and (c)
represents the intensity of the different diffrantipatterns. The film shows a columnar
microstructure, since a column with conical shapgrowing at the top layer with anatase
phase. The thinner layer which grows at the intexrféhe bottom layer) possesses a rutile

phase as can be seen from the diffraction patterns.
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These results demonstrate that the reactively ex@attTiQ thin films have a columnar
microstructure and show an in-homogenous distoutf the anatase and the rutile phases.
The columnar growth of Ti©thin films has been observed and reported initemature P4,

32, 35, 121, 140, 141The TEM observations explain the structure warrawith increasing
thickness and the complete replacement of theerptibse by anatase. The rutile phase grows
at the interface and is completely overgrown bytaseupon increasing the thickness. These
results are consistent with XRD and AFM scans aodfien the postulated geometrical
distribution model (figuré.9).

6.7 Influence of buffer layer and heating on the sticture formation

The substrate temperature and the post-anneakagntent parameters have a strong
influence and play an important role in the crystation of TiG, thin films, as reported in the
literature (e.g.23, 25, 32, 45, 141). It has been shown that the crystallinity oé thnatase
phase is improving upon increasing the temperatnée the transition to the rutile structure
is observed at a higher temperature of 700°C.

In order to demonstrate the influence of substnatging and the Tigbuffer layer on the
structure formation, series of samples have bepodgied upon changing oxygen flow during
deposition. Another series has been recorded witisteate heating at a temperature of
400°C. The depositions were carried out at standputtering conditions, a total pressure of
0.8 Pa and a discharge current of 0.9A. Figufie3 shows the grazing incidence XRD scans
from the sample centre and the sample edge foriessef samples deposited at different
conditions. The left column represents Ti@in films which have been used as buffer layers
for the continuous films in the right column.

1. Low flow series (5.5 sccm  thin buffer layer with rutile structure has bedeposited
at low oxygen partial pressure as shown on thesldé&. Switching from low to high flow
(15 sccm Q) leads to the formation of an anatase phase @night side). Strong anatase
peak above the racetrack is observed due to thettaging (old target).

2. High flow series (15 sccm 4D thin buffer layer at high oxygen partial pressis also
characterized by the nucleation of the anataseepl@msequently, a high oxygen flow in
combination with a low bombardment at the substedglige leads to a superior quality of
the anatase structure. No significant change obsdervthe structure at the sample centre

upon switching from high flow to low flow (15> 5.5 sccm Q).




3. Heating series (low oxygen partial pressure at @p0Othe films in this series have been
deposited at a substrate temperature of 400°CGrabXygen flow of 5.5 sccm ©OHeating
in the early stage of film growth only produces w@fér layer that promotes anatase
growth while heating for the full growth time yialda superior anatase structure.
Moreover, the heating leads to complete transitbrhe structure from rutile to pure
anatase, the buffer layer in low flow series (1)l @nhe continuous film of the heating
series (3). This illustrates that the substratetihgaduring deposition has the same
influence on the structure as a high oxygen papi@ssure or a low oxygen ions

bombardment.

In summary, these results reveal that the nucleatiacghe anatase phase is favored at high
oxygen partial pressure as well as in the presefidew oxygen content in the process
combining with substrate heating. The growth aitase phase under these conditions might
be ascribed to the annihilation of defects whiah areferentially created during film growth.
These defects are considered to be oxygen vacamhiek are created by preferential oxygen
sputtering 142, 143 The defects are formed by weak sputtering of theface or
bombardment the substrate by negative oxygen ibfd pr by Ar* ions [143; which leads
to a preferential loss of oxygen atoms from theodépd layer. These defects can be removed
by substrate heating or by applying high oxygeniglapressure. It has been found that the
oxygen deficiency decreases with annealitgy], annealing in oxygen atmosphedfetf] and
with increasing oxygen concentration in the sputtegas 59]. On the other hand, since the
Ar* sputtering of stoichiometric TiOleads to preferential loss of O from the near aef
region [L43 and as mentioned earlier that higher irradiatdrAr® strongly assists the the
growth of rutile phase through the formation of &ancies136. It is also known that the
rutile phase can accept a larger defect density thae anatase3p]. Therefore; growth of
rutile structure is preferential at conditions tipabmote a large number of defects (at low
partial pressure or energetic ion bombardment).

The origin of the oxygen vacancies can be explaasetbllows: TiQ surface can contain
a substantial amount of oxygen defects and intedsfii defects 146. The Ti interstitial
defects are mostly found in bulk because it prefersave a high coordination. On the other
hand, the oxygen vacancies with undercoordinatethea sites are energetically favored
where a smaller number of Ti-O bonds need to b&dmoThese defects are frequent on the

anatase and rutile surfaces. The oxygen vacaneiesbe found on the surface and the
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subsurface sites in both phases. The oxygen vasanoithe surface are corresponding to the
removal of a surface twofold bridging oxygen,{OIt has been found that for rutile (110)
phase, the formation energy of surfaceJQracancies is lower than that of subsurface
vacancies. In the case of anatase (001) and (1@fgces, the oxygen vacancies have lower
formation energy in the subsurface than at theasarfBased on the density- functional theory
(DFT) calculations, the formation energy of oxygecancies at the surface sites of (4.15 eV)
is lower than in the subsurface region for the as@(101) phase and the anatase (001). While
for rutile (110) phase, the formation of surfaced@ng oxygen vacancies with formation
energy of (3.68 eV) and sub-bridging vacanciesmaost likely. Also, the concentration of
surface oxygen vacancies is quite large (5%-10%utile phase under standard preparation
conditions. The formation energy;s{i&s defined as the difference between the surhetdtal
energy of the defect surfaces{Eand the removed oxygen specieg) @d the perfect surface
state (By). B = (EustEo)-Eps The smaller the {Ethe higher is the formation probability4q.
Therefore, it is expected to find a high concerdrabf oxygen vacancies at the surface in

rutile (110) phase than in anatase (101) phase.
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Figure 6.18: Grazing incidence XRD patterns of THi@ms sputtered at different conditions.
The left and right columns show the TiBuffer layer and the continuous film respectivély.
buffer layer with rutile structure formed at lowymen flow (5.5 sccm € while the anatase
phase dominates the structure at high oxygen fidws¢sm @) [1) low flow series]. The high
oxygen flow promotes the formation of the anatas&sp and no significant structure change
is observed upon changing to low flow {£55.5 sccm) [2) high flow series]. Heating at
400°C at low oxygen flow for the full growth timedds to a superior anatase structure, as

shown in [3) heating series].
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Chapter 6. Structure zone model for the growth of reactively sputtered TiO thin
films

6.8 Structure zone model

Based on the preceding results, a structure zortelnfior reactively sputtered TiQhin
films has been established to describe the streictariation as a function of the different
process parameters. It has been shown that thilcsyisicture as well as the surface structure
of sputtered Ti@thin films is strongly influenced by several pasders, such as the oxygen
partial pressure, the oxygen ion bombardment aadilth thickness.

Figure6.19showsa schematic diagram which exhibits the variatiothef structure from
the amorphous structure to the anatase phasemizea (rutile/anatase) state as a function of
increasing oxygen partial pressure and oxygen mmbidardment on the X-axis and the Y-
axis, respectively. This model is valid for filmgthvidentical thickness and deposited on
unheated substrate. The darker region correspora&igher crystallinity of anatase structure
while the gray colour represents a mixed or rgitecture.

» Increasing the oxygen flow: the structure underg@estransformation from the
amorphous-mixed (rutile/anatase) - to anatase phase

> Increasing the oxygen ion bombardment: variatiothefstructure moves in the opposite
direction of increasing the oxygen content. Crysti®y of anatase films show
deterioration upon applying energetic ion bombanabneven higher ion bombardment
leads to formation of amorphous structure.

» Reducing the oxygen ion bombardment by utilizingtical substrate geometry leads to

superior anatase structure.
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Figure 6.19 : Structure zone model for sputtered Tihin films which describes the

influence of increasing the oxygen content (X-a=is)l oxygen ion bombardment (Y-axis) on
the structure formation. Increasing the oxygen eonteads to improvement of the anatase
structure while the oxygen ion bombardment hasojyeosite effect on the structure. This

model is valid for films with identical thicknessasd on unheated substrate.
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Chapter 6. Structure zone model for the growth of reactively sputtered TiO: thin
films

The variation of the film structure as a functidrfibm thickness for thin and thick films
is shown in figure5.20. The X-axis and Y-axis also represent increasimgakygen content
and the oxygen ion bombardment, respectively. Fon films (the left diagram), the
amorphous and mixed phases seem to govern théuseguwwver the oxygen flow range while a
small contribution of the anatase phase is obseatddgh oxygen partial pressure. On the
other hand, the film structure is governed by as®fzhase for thick films even at low oxygen
partial pressure. The dark colour represents th@awed crystallinity of the anatase phase
while the bright one represents amorphous and mbteactures. Increasing the oxygen
bombardment leads to formation of an amorphouststre and a mixed structure in thicker
films. The absence of the anatase structure fdrenigpn bombardment is observed in both

cases (thin and thick films). This model is alsdidvdor films deposited on unheated

substrates.
A mixed anatase A | amorphous N

g :

: )

m oo
X a. '

> >
Oxygen Oxygen

Figure 6.20: Change of the quality of TiOfilms as a function of film thickness with
increasing oxygen partial pressure and oxygen bainient. Thin films show amorphous or
mixed phases upon increasing oxygen partial presasiwell as oxygen bombardment. The
anatase phase governs the structure for thickes fdlven at low oxygen partial pressure. This

model is valid for films deposited on unheated snaibs.
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Moreover, the surface topography shows a clearelaion with the crystal structure
(XRD scans) as presented in figuse21 A transition from an amorphous surface to the
formation of regular arranged small rutile featuweish irregular larger anatase grains is
observed with increasing oxygen content in the.filkhhigher oxygen flow, a closed surface
with anatase grains is obtained. The surface streghoves in the opposite direction upon
increasing the energetic bombardment.

>
>

Oxygen lon Bombardment

Oxygen Content
Figure 6.21: Schematic diagram for the variation of the struettopography of reactively
sputtered TiQ films upon increasing the oxygen partial presqu¢exis) and oxygen ion
bombardment (Y-axis). The structure exhibits a gfammation from an amorphous phase
with small rutile features to a surface completetpulated with large anatase grains upon
increasing oxygen flow. The opposite behavior igmied upon high oxygen ion
bombardment. The surface structure shows a cleeglabon with the crystal structure (XRD
patterns).
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Chapter 6. Structure zone model for the growth of reactively sputtered TiO thin
films

6.9 Discussion

The structure of reactively sputtered Fi@in films deposited with dcMS is strongly
influenced by variation of the process parametersh sas oxygen partial pressure, film
thickness and substrate heating:

» Oxygen partial pressure: the oxygen content inpileeess plays the major role in the
structure formation. It leads to an improvement thé anatase structure and a
transformation of the structure from amorphous tatase via a mixed phase upon
increasing the oxygen flow rate. The growth of ke phase is attributed to a formation
of defects (O vacancies) at low pressurédq upon employing energetic particles. These
defects might be removed by applying high oxygessgure $9] or heating 144 which
leads to the formation of an anatase structure.

» Film thickness: increasing the thickness of thenfimproves the crystallinity of the
anatase structure both at low and high oxygenglgstessure. This might be explained
by a difference of grain density of the involvedapbs 37]. A few anatase grains are
always formed even with low ion bombardment as shénem surface structure results.
Due to the lower density of anatase grains (3.8%)/than rutile (4.25 g/ch); the anatase
grains might grow faster by shadowing and overgngwthe rutile phase. This finding is
in-line with our interpretation of the surface tgpaphy. Variation of the film structure
upon increasing the film thickness has been expthiby increasing the substrate
temperatureq1]. This interpretation contradicts with the finding[41], since they found
that interrupting the deposition by cooling dowe gubstrate for thicker films results in
the same structure as without interruption.

» Small angle rocking curve scans demonstrate theafilth is in-homogenous in line with
the simulation of the scans. The postulated geacaéttistribution of the phases assumes
that the rutile phase grows at the substrate-imterfvith a contribution of anatase grains.
At higher thickness, a complete surface of anatag®med.

» TEM measurements show a columnar microstructuthefilm. The growth of a rutile
phase is always observed at the substrate-intevdske a conical- shaped layer of
anatase grows at the surface. With increasing niesk, the rutile phase is buried by
anatase. This is consistent with XRD and AFM scand confirms our geometrical

distribution model.
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» Substrate heating leads to superior anatase farmathis can be ascribed to the removal
of oxygen vacancies which are created during filowgh [144. The formation of
anatase is also favored at high oxygen partialspresas shown from the buffer layer

experiment.

6.10 Conclusions

Tailoring the composition of sputtered HiGhin films is the motivation to establish a
comprehensive understanding of the correlation éetwthe film structure and the various
process parameters. It has been found that theeggoparameters have a pronounced
influence on the structure formation. It is evidehat anatase structure is preferentially
favored at higher oxygen partial pressure as welhigher film thickness. Moreover, the
anatase structure profits from an absence or vegkvon bombardment. On the other hand,
the formation of the rutile phase was improved iy bombardment of energetic negative
oxygen ions during the film growth. The oxygen iodmsmbardment might be causes a
generation of more oxygen vacancies during filmwghowhich leads to a superior rutile
phase formation. The preference for a rutile oraaatase film structure might simply be
explained by a competition between the generatimh annihilation of oxygen vacancies.
Moreover, the sputtered T3@ilms show a columnar microstructure with an inlagenous
distribution of anatase and rutile phases durirayvgjn. These findings have been summarized
in a structure zone model which elucidates theetation between the variation of film

structure and various process parameters.
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Photoconductive properties of TiQ thin films

As presented in section 2.3.1, previous studi@sgq have focused on the investigation
of the photoconductive properties of Titin films at different ambient conditions. In erd
to find out the correlation between the photocomistedehaviour and the structure variation,
four TiO, films with different structure have been selectédure 7.1 The films were
deposited with a thickness ®f220 nm at different oxygen flows of 8.5, 11, 14ldY sccm
O,, the samples are referred to as 02, O3, O5 andd&3pectively. The photoconductivity
measurements have been performed by the setup vgidescribed in section 4.7. The
voltage was applied to the film and the photocurneas recorded as the UV-light was
switched on and off for periods of time between &8 350 seconds. The sample was heated

shortly to 120°C between adjacent steps to (prgbala-trap majority of the charge carriers.

150 4 ‘ 02,8.5sccm O, 03,11 sccm O,
1201 215 nm ~ 214 nm
e
90 -’
=

(224
o

oot s

05, 14 sccm O2 07,17 sccm O,

223 nm 224 nm

-—

(3]

o
1

1201
90 |
60
30 \‘“\»«
24 26 28 3024 26 28 30
2 Theta [°] 2 Theta [°]
Figure 7.1: Grazing incidence XRD patterns of Ti@iims sputtered at different oxygen

A(101)

Intensity [cps]

partial pressure with thickness around 220 nm. fillhves show structure variation from pure
rutile (O2) to a mixed structure with a high portiof the anatase phase (O7). These films

have been selected for the photoconductivity measents.
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Chapter 7. Photoconductive properties of TiO> thin films

7.1. Influence of ambient atmosphere on the photooductivity

1- Argon
The photocurrent was measured in argon atmosgberde four selected TiOfilms.
Figure7.2 shows as an example the sample with a high anatden O7 at 45° C upon a
variation of the light intensity in the range frob® to 1. The photocurrent spectrum was
recorded for two on-off illumination cycles. Thegtbcurrent response to illumination can be
explained as:
> lllumination of the film leads to a generation of -eh” pairs and an increase of the
instantaneous current. The current then increasesadthe trapping of holes.
» A small amount of current is still observed as themination is switched off. This is
ascribed to the de-trapping of charge carrierse@jol
» The photocurrent in the second cycle is attribdtethe residual occupancy of traps from

the first illumination p4].

Q7,17 sccm: T= 45°C, Argon, Different I(UV) Intensity

2x10° [1(10)) " 1(8))
2x10°* O 6x10
1x10” 0> {5: /! N 3x10°
< 6x10°
- 0 i®) ° 1)
=
C  6x10° 5x10°°
[4}] -8
S 4x10° a0
3 3x10™
9 2x10° 2x10™
2 3x10? W 7xq0 R0
Q- 3x10° 5x10°™;
2)("[0-a 3}(10.8'
2x10° e e
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Figure 7.2: Variation of the photocurrent of the highly anatébe (O7) as a function of light
intensity at 45° C in argon atmosphere. The phaoteoti was measured for two on-off
illumination cycles. Variation of the light intemgicauses a dramatic change of the spectra.
The measurements are also irreproducible (bluessiirRe-measuring the photocurrent at the
same light intensity (10) at the end of the runveha significant drift in the current behavior

and magnitude. The origin of this drift is unclear.
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It is obvious that there is a dramatic change & fihotocurrent behaviour upon
decreasing the light intensity from 10 to 8. Thash of the photocurrent seems to remain
constant for all lower light intensities from 510At the end, the photocurrent behaviour was
re-measured for the starting light intensity 10uébkurves) to confirm reproducibility. The
second measurement shows a clear change in thentlwth in terms of curve shape and
magnitude. The same behaviour has been observeatHer films with different structure
(02, O3, O5). This might be attributed to a chanféhe film surface after the interaction

with the light source. However, the origin of thlisft is still unclear.

2- Air

The influence of air on the photoconductivity h&sb@deen investigated. The variation of
the photocurrent at different UV light intensityr fanatase sample (O7) as an example is
presented in figuré.3. All other measured films with different structy @2, O3, O5) exhibit
the same behaviour. Contrary to argon atmosphe&@edsing the light intensity leads to
gradual change of the photocurrent. The photocumieas to maximum and then falls to
steady-state value with switching on the light. Hane response is produced during the
consecutive periods of illumination. The photocntrenagnitude decreases with decreasing
light intensity. This is explained by a low rate mfiotogeneration at low intensity and the
slow rate of the trap filling mechanisr®4]. Moreover, the drift in the measurements does not
exist as observed in the case of argon atmosplbeedecay of the photocurrent with off-

illumination is ascribed to electron-hole recombiima mechanism44].

14¢ J

——



Chapter 7. Photoconductive properties of TiO> thin films

O7, 17 sccm: T= 45°C, Air, Different I(UV) Intensity
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Figure 7.3: The photocurrent behaviowf an anatase TiOfilm (O7) at different UV-light
intensity at 45° C in air. The photocurrent was suead for two on-off illumination cycles.
The photocurrent reaches a maximum and then talissteady state value upon switching on
the light. This behavior is also observed in theosd illumination cycle. The photocurrent
magnitude decreases as the light intensity desedse measurement is reproducible which
is observed from re-measuring the photocurrenthatsame light intensity (10) at the end of
the run (blue curves).

3- Oxygen atmosphere

To further unravel the influence of the ambientiemvnent, the photoconductivity has
been investigated in oxygen atmosphere. The photduwof the TiQ thin films (02, O3, and
0O7) was measured as a function of the oxygen pressuthe atmosphere at 20°C and
constant light intensity, as shown in figurd. It has been observed that:

» The magnitude of the photocurrent decreases witeasing oxygen partial pressure in
the atmosphere for all films.

> At low oxygen concentration of 1.42 I/h, switchiog the light leads to an abrupt increase
of the photocurrent with no saturation i.e. faapping rate. This is observed in rutile and
mixed films (02, and O3). On the other hand, gradoerease of the photocurrent is

obtained for anatase structure (O7) i.e. slow irappate.
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» Increasing of the oxygen concentration leads ttoaw sncrease of the photocurrent i.e.
lower trapping rate (rutile structure, O2)

» The increase and decay of the photocurrent becdomeeis with increasing the oxygen
pressure (mixed structure, O3). The saturatiorit@sreed at high concentration of oxygen
(11.33 I/h).

» The steady state value and saturation of the pbo®mt is reached at small oxygen
concentration (highly anatase structure, O7). Tidgcates that the presence of an anatase
phase in the structure reduces the trapping anmagping rates. The saturation of the
photocurrent is also attained at lower light intgnand low concentration of the oxygen

in the ambient atmosphere.
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Figure 7.4: Change of the photocurrent of Ti@hin films (rutile O2, mixed O3, and highly
anatase O7) as a function of oxygen content irathkient atmosphere at 20° C and constant
light intensity. The corresponding XRD scans foesth samples are shown in figuré. At

low oxygen concentration, fast trapping with nousation of the photocurrent is observed.
Increasing the oxygen pressure in the ambient gthewe reduces the trapping rate. For the
anatase film (O7), the steady-state value of thetq@urrent is reached at low oxygen

pressure.
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Chapter 7. Photoconductive properties of TiO> thin films

To summarize these results, the variation of thetgdonductivity at different ambient
atmospheres such as air, argon and oxygen cartrlirited to the loss of surface adsorbed
oxygen p3-54. This can be observed from changing the shape raagnitude of the
photocurrent in oxygen atmosphere, figurd. The higher the oxygen concentration in the
atmosphere, the saturation and steady-state gfttb#current reach faster. Oxygen is known
as scavenger for the photogenerated electrons;eads to a reduction of the conduction
electron density 47]. Due to the high oxygen coverage in air and oxygs well, the
removal of conduction electrons by adsorbed oxyigereases. Consequently, the electron
life time is extended and the photocurrent is |@m.the contrary, the low oxygen coverage in
argon reduces the electron scavenger rate andotharéarge photocurrent is produced. The
presence of the anatase phase in the structur@wespthe photoconductivity; the saturation
of the photocurrent is reached at conditions of lmht intensity and low concentration of

oxygen in the ambient environment, as shown inrégus.
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Figure 7. 5: The photocurrent behaviour for TiGilms (02, O3 and O7) at temperature of
20°C, light intensity of 5 and oxygen concentratadril1.33 I/h. It is obvious that the steady-
state value and saturation of the photocurrene@chied faster in the presence of anatase
phase in the structure (O7). This indicates thattthpping and de-trapping rates are slower

than the rutile or mixed structures.
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7.2. Effect of temperature on the photoconductivityn oxygen atmosphere.

In order to illustrate the effect of temperaturetba photoconductivity, the photocurrent
of the TIG films was measured at different temperatures 6€280°C and 80°C in oxygen
atmosphere with a variation of the light intensifygure 7.6 (a-c)shows the photocurrent
spectra of rutile (02), mixed (O5) and anatase (k.
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Figure 7.6: Variation of the photocurrent behaviour of (ajleu¢02), (b) mixed (O5) and (c)
anatase (O7) Tiofilms as a function of temperatures (20°, 50° 8098C) at different light
intensities of (1, 5, 10) and an oxygen flow raft® 66 I/h. The magnitude of photocurrent is
directly proportional to the light intensity. Inesing the temperature reduces the trapping rate
and thereby a saturation of the photocurrent iainbd at low light intensity. A pronounced
trapping and de-trapping is observed in the ruditacture (O2). The presence of the anatase

phase in the structure reduces the trapping arichgping rates (05, O7).

These measurements can be summarized as follows:

» The magnitude of the photocurrent is directly pmipoal to the light intensity for all
films with different structures and at all temperast.

» Increasing the temperatures affects the trappingdeatrapping speed, i.e. the saturation
of the photocurrent is attained at high temperatanmed the trapping rate is low. This is
observed for rutile structure (O2) at 80°C, figuré a.

> Increasing the anatase contribution in the strectiffects the trapping rate, i.e. the

steady-state value and the saturation of the photent is reached at lower temperature.
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Chapter 7. Photoconductive properties of TiO> thin films

This is observed for the mixed structure (O5) a@&@nd higher light intensity of (5),
figure 7.6 h It is also exhibited by the film with predominaabatase structure (O7),
figure7.6 ¢

» Figure7.7 shows the variation of the photocurrent as a fanatf temperature at constant
light intensity for a rutile and anatase films (&2d O7). It is evident that the magnitude
and response of the photocurrent is strongly aftebty the structure variation.
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Figure 7.7: Variation of the photocurrent behaviour as a fuorctof temperature at constant
light intensity of rutile (O2) and anatase (O7)id. Contribution of anatase phase has a

significant effect on the behavior and magnitudeh& photocurrent over the temperatures

range. Saturation of the photocurrent is attairtddva temperatures for the anatase structure.
This indicates that the trapping and de-trappingsrare slower for the rutile phase.
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7.3 Conclusions

The photoconductive properties of BiGhin films show a strong dependence on the
different ambient atmospheres e. g argon, air angdjen. They also exhibit a significant
variation with film structure. The mechanism of fhteotoconductivity of Ti@thin films with
different structures can be summarized as:

» Electron-hole pairs are generated as a result dluemination of the TiQ films.

» The holes are captured by traps and the photodursenarried by conduction band
electrons $8]. As result, the photocurrent increases in tha filumination cycle.

» The holes escape from the traps and recombinetigtiexcess electrons upon switching
off the illumination and thereby the photocurreatalys.

» The photocurrent in the second illumination cydaitributed to the residual occupancy
of traps from the first illuminatiorb].

» Decreasing the light intensity reduces the photegaion rate and thereby the filling rate
of trap is slow which leads to a decrease of theqonductivity 4]

» Increasing of the photoconductivity as the tempmeatdecreased at constant light
intensity is attributed to move of the conductideceon density to higher energidss].

» The variation of the photoconductivity with ambiettnosphere has been attributed to the
loss of adsorbed oxygeb3-5q. Oxygen is known as scavenger for the photogéeera
electrons; this leads to a reduction of the condoctlectron density. As mentioned, a
high oxygen coverage in air and in oxygen incredlsesemoval of conduction electrons
by adsorbed oxygen. As a result, the electrortilifie is extended and much saturation of
the photocurrent is obtained. On the other hanid,dgygen coverage in argon or vacuum
reduces the removal rate and thereby a large ploéot is produced.

» It is observed that the structure variation affeébes photoconductive behaviour, e.g. the
trapping and de-trapping rate is faster in rutilentin anatase or mixed films. It is known
that the rutile structure has a larger defect dgrtbian the anatase phastb|[ These
defects are considered to be oxygen vacandiég [which might be act as trapping
centres $8]. Hence, we assume that illumination of the rupfese leads to fast trapping
of holes by these defects, while the trapping ratslow in the anatase phase (02 and
Q7), figure7.7.

» lllumination in the presence of oxygen leads toimcorporation of oxygen into the
oxygen vacancies at the surface][ Therefore, our assumption is that some of the
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Chapter 7. Photoconductive properties of TiO> thin films

oxygen vacancies at the surface might be fillechigh oxygen pressure in ambient
atmosphere. Consequently, a low trapping ratetsiodd. Figure’.4,02 and O3.
However, understanding the photoconductive mechanigth variation of the film
structure is not completely understood. Where dateation the concentration of the
oxygen vacancies for the different phases usingthieemally simulated current (TSC)
measurements is required. A clear understandingeophotoconductive behaviour as a

function of the temperature is also needed.
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Summary and outlook

In this work, an atomistic understanding of thevgio mechanism of Ti@thin films
under the influence of various sputtering procesgmpeters has been developed. It has
demonstrated that tailoring the structure of thactigely sputtered Ti@thin films can be
achieved upon controlling the sputtering procesarpaters. The Ti@thin films exhibit two
crystalline structures i.e. anatase and rutile. @hatase phase appears to be stabilized
compared to rutile, this is attributed to the lovgerface energy of anatase with respect to
rutile [146. The surface free energy is the reversible wak ynit area involved in forming
of a new surface of substance.

Rutile has three main crystal faces. The (110)ehkas the smallest surface energy in all
planes of rutile (surface free energyis 0.82 J rif). The anatase phase has two low energy
surfaces, the majority (101) and the minority (0@1)he anatase Wulff shapé&4q. The
anatase (101) is the most stable due to its relgtlow surface free energy= 0.52 J rif) in
comparison to yg= 0.81 J nf) for anatase (001) by using the generalized gnadie
approximations of density functional theofiylf]. The (101) plane and the (110) plane are the
common and the energetically preferred orientatisnshe anatase and the rutile phase,
respectively. It has been observed from the Br&ggntano XRD scans of two Tidilms T1
and T2 annealed at different temperatures, figdite The as-deposited T1 exhibits an
amorphous structure. An anatase phase with a swadegtation around the (101) plane is
formed upon annealing in vacuum (the upper gragdilgure 8.1). The as-deposited T2 shows
a mixed anatase/ rutile structure. Upon annealingii, an anatase (200) is appeared in
addition to the strong (101) anatase and (110erptanes. The other planes such as: A (004),
A (105) and A (200) in T1 and T2, respectively drermally formed. Moreover, it has been
found that rutile (110) preferentially grows whée tarrival ratio of ion to atom is low upon
deposition by ion beam assisteddif]. A change of preferred orientation from (110)260)
with increase of the arrival ratio was observechwitle’ and Xé ion bombardment during
film growth. This has been explained in terms a¥ kurface free energy of (110) orientation
at low arrival ratio and ion channeling. As thehat ratio increases, the damage caused by

ion bombardment compresses the growth of crystalitith shallow ion channeling. Then
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Chapter 8. Summary and outlook

(200) preferred orientation is observed becausisafieep ion channeling. Also, the rutile
phase in the (110) plane grows with an increasthefQ"/O" ion energy from ECR ion
source while the peak intensity of the other pladess not show any chang€]. This
indicates that the anatase (101) plane and thke r{dti0) plane are energetically preferred

orientations.
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Figure 8. 1. Bragg-Brentano XRD scans of annealed ;Ti@ms (T1, T2) at different
temperatures. T1 shows anatase phase with a stregation around (101). Anatase (200)
is formed in addition to the strong anatase (10 rutile (110) reflections upon Annealing
of as-deposited mixed anatase/rutile structure.(TB¢se scans indicate that the anatase (101)

and the rutile (110) are energetically preferradraations of both phases.
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Different sputtering techniques e.g. dcMS, IBAS adilPIMS have been utilized to
fabricate titanium dioxide thin films. The invesiigpns have been performed as a function of
different parameters such as energetic bombardnwyigen partial pressure and film
thickness. It has been found that the formationeaéh phase is governed by specific
parameters. For instance, energetic bombardmentgies the growth of the rutile structure.
On the other hand, the growth of the anatase ppeasits from absence or very weak
bombardment. Additionally, the anatase phase wefeantially favoured at higher oxygen
partial pressure as well as higher film thickneBse substrate heating has led to superior
anatase formation.

In chapter 5, it has been demonstrated that thegetie bombardment plays a dominant
role in the structure formation. It has been protrat the bombardment of the growing film
by highly energetic negative oxygen ions inherenthe sputtering process promotes the
growth of the rutile structure. This has been olsgiby an investigation of the sample profile
utilizing new and aged targets, since the distrdsubf oxygen ion bombardment along the
substrate depends on the age of the target. Thigogorted from measurements of the growth
in a HIPIMS process, where the negative oxygen it high energies are the dominant
species that govern the structure formation. Mogeopure rutile films have been grown
under additional ion bombardment by ion-assistedttepng at low ion energy. Higher
energies have led to the deterioration of theauwdttucture. These results also show that the
ion bombardment selectively hindered the formabbithe anatase phase. The investigation
of the structure under the influence of iOn and Xé ion bombardment has indicated that the
nature of the bombarding species does not plajeanraetermining the film structure. On the
contrary, reducing the intensity of the energetiggen ion bombardment from the sputter
target has enabled the formation of pure anatasetste. It has also been shown that the ion
bombardment has a strong influence on the surfgmegtaphy. Two surface features can be
clearly distinguished. Type 1 topography could salibed as a regular arrangement of
small-grained features which were assigned toergfhins. Irregular large features (type 2)
were referred to as anatase grains. It has alsomgnated that the pure rutile structure grown
in the HIPIMS process is thermally stable. The iotpa highly energetic oxygen ions to the
growing film has led to generation of compressiress which is dependent on the various
process parameters.

The crystal structure as well as the surface tayy has been investigated upon

variation of the oxygen partial pressure and tha thickness. It has been shown that the
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Chapter 8. Summary and outlook

anatase phase is preferentially formed at high exyipw and at higher film thickness as
well. The rutile phase is observed at low oxygezspure. The surface topography has shown
a good correlation with the crystal structure. Aghhoxygen partial pressure and at high film
thickness, the anatase features (type 2) are ctehplgoverned the surface structure. The
film shows an inhomogeneous distribution of theleuand anatase phases upon increasing
the film thickness. The small angle rocking curears have shown that the rutile grows at
the substrate interface with a contribution of asatgrains. At high thickness, the anatase
phase has overgrown rutile phase and hence gotleenstructure. This has been confirmed
by a simulation of the rocking curve scans forafight film structures. Furthermore, TEM
measurements have confirmed our postulated modmitaihe structure distribution. The
measurements show that the growth of rutile is gbaabserved at the substrate interface with
a conical- shape layer of anatase at the surface.

The nucleation of rutile by energetic bombardmeas wxplained by the fact that rutile is
the high-energy phase of TiQt has been attributed to the existence of oxydgfiects at low
oxygen partial pressure. On the other hand, nuoteaf anatase might be attributed to repair
of these defects at high oxygen pressures or byingeaOvergrowth of anatase at high
thickness was explained by the lower density oftas®agrains than rutile. A structure zone
model was established to describe the structuratiar of TiO, thin films under the
influence of various process parameters. The nticteanechanism of anatase and rutile
grains can be expressed in term of energetic baintent as follows:

1- Low energy bombardment promotes the formation ofleation sites for crystal

formation as appeared from the AFM scans at lowgeryflow.

2- Intermediate energy bombardment causes the formafionixed anatase and rutile.
The anatase grains win the competition with th@ergfrains due to its lower density
as observed from the film thickness results.

3- High energy bombardment: the rutile phase govehesnucleation mechanism as
shown from the Oand Xé& ions results; this might be due to the formatidrnigh

defect densities.

Investigations of the photoconductive propertiesT, thin films at different ambient
atmospheres have shown significant variations Wilth structure. It has been demonstrated
that the trapping and de-trapping rates are sldaethe anatase structure than the rutile

phase.




However, the mechanism of the photoconductivity dsnction of the film structure has
not been completely understood. Determination treentration of the oxygen vacancies for
the different phases from the thermally simulatadent (TSC) measurements is required.
The presence of the oxygen vacancies can also senad from the photoluminescence
spectra. Therefore, it is required to perform thesasurements for the different Ti@m
structures. The role of the temperature on the q@uoiductive behaviour is not completely
clear. In order to figure out the correlation betwethe photo-induced properties and the
structure, the forthcoming experiments in furtheorke on TiQ should focus on the
investigations of the photo-induced properties, élgg photoconductivity, photoluminescence
and the work function at different film structurés.addition, building a model describing the

variation of these properties with film structureald also be targeted.
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