I'\

Minho University Transilvania Univengit
Portugal Romania

Characterization of the electrical and
optical properties of the Cyg®, and
AIN O, thin films

Master Thesis

Eng. Roxana ARVINTE

Supervisors:

Prof. Dr. Filipe VAZ
Prof. Dr. LuisMARQUES

2011



Acknowledgements

Every investigation becomes feasible at the expefdbe collaboration of various
people, and | can only thank the people for theitaboration, intervention or support that
made this study possible. As | was saying the zaadin of this master thesis would not have

been possible without some important people to wherpress my gratefulness.

I will like to start with the supervisors of my #is, Professors Filipe Vaz and Luis
Marques for their contribution experience and kremgle, for their suggestions and most of
all for the encouragement, attention, availabilgggd dedication for my work, my doubts, but
mostly for me, my very thanks, it was a pleasurevtok, learn and share experiences with
you!

Also, I will like to say thank you to my colleagueel Borges for all his help regarding
the all areas of knowledge that the work involvéat, his advices and of course for his

friendship.

| want to thank to all people from the GFCT grougPhysics Department from Universidade

do Minho for their dedication, support and frienigsh

A special acknowledgement to Professor Luis Cuwindnis help and encouragement

and of course for his friendship.

Thank you very much too all people that during thissis helped me in different ways.

R. Arvinte 2



TABLE OF CONTENT
Chapter | INTrodUCLION. .. ... e e e e e e e e e e e e e e 6
1.1. Introductive notion about Surface engineering..........co.eevieviiiiiiinieeennennn. 7
1.1.1 Surface eNGINEEIING. .. ....uuuie et et e e e e e eeens 7
1.2. Dataregarding thetypesof materialsused...........ccovviiiiiii i i, 9
1.2.1. Thin films based on chromium.................cooiii i 10

1.2.2. Thin films based on aluminium............c.ccooiiiiiiiii 11

IS R0 [ox [T Lo o F P 13
REFEN BNCES. .. .o 14
Chapter Il Deposition Technique: Reactive magnetron sputtering.............coovvvvvnenn. 16
2.1. Deposition technique: reactive magnetron sputtering................oveen. .17
2.1.1. BASIC CONCEPL ... ettt et e et e e e e e 17

2.1.2. SPULLEINING FEQIMES. .. .u it ettt e e e e et e e e e e eeeaeean e 19

2.1.3. Magnetron SPULLEIING. ... ....orvie e et ie e e e e eeeens 20

2.1.4. Reactive SPULLEIING. .. ... cu ettt e et et e e e e e e e 22

2.2. DEPOSITION SYSLEIM ...ttt et e e e e e e e et e e e e 24
2.2.1. Deposition Chamber........c.coo it e e 25

2.2.2. VaCCUM SYSEBIML. . .ttt ettt e e e e e e e e en e 26

2.2.3. Pre-chamber and electric system..............cccooiiiiiiieine . 27
2.3. Samples preparation..........c..ve e v e 28

P @0 o 11 1= ' o R PP 30

REFEI BNCES. .. . 31

Chapter I11 Prepared SamPIES. ... ... e e e 33
G300 I I 1 oo 18 o 1 o o I PSPPI 7 |

3.2. Characterization teChNIQUES. ... ....cot it e e e e e e e een s 36

3.3 ReSUItS ANd diSCUSSION ... it et e e e e e e e e eaes 41

3.3.1. Chromium OXYNItHAE ... e e e e e 41

Target potential........ ..o 41

DepPOSItION rate.....cv it e e e e 43

Morphology of the films.................cooiiiiii el 46
3.3.2. Aluminium oxXynitride. ...........cooviiiiiiiii e e AT
Target potential............cooeeiie i e AT

R. Arvinte 3



Deposition rate.........coovvi i e a0 49

Morphology of the films. ... 50

i, CONCIUSIONS. .. e e e et e e e e e e e e et e e e e et et ae e e enas 51

RE B BNCES. ... e e e D3

Chapter IV Composition and Structural characterization................ccevvieiie e, 55

2 I 1 1§ oo [ [ o o PRSP - ¢

4.2. Characterization teChNIQUES ..........c.uii i e 57

4.2.1. Composition analysis: Rutherford Backscaite(RBS)................. 57

4.2.2. Characterization Techniques - X-ray diffraot(XRD).................. 60

Bragg S laW......o.ui i 61

Bragg-Brentano geomMetry ... ......c.ovvieiieiiiiii i 63

Glancing Incidence X-ray Diffraction (GIXD)...........ccceeevvennnen. 64

4.3. RESUITS AN ISCUSSION ... ettt ittt e e et e e et e e e e e ans 64

4.3.1 Chromium oxynitride ..........coovviii i e e B4

Composition of thefilms............cooii L. 64

Structure analysis of prepared films.....................................68

4.3.2. Aluminium OXYNItrde. ... ....oeieee e e e e e e 71

Composition of the films............coiii 71

Structure analysis of prepared films...............cccoeie i 74

A4, CONCIUSIONS. .. ..ot e e e e e e e e e e e e e e 76

REFEIBNCES. ... e e (8

Chapter V Electrical CharaCterization..............oooiuiie s e e e e 80

o300 IR I 14 oo 1§ [ox 1 o o PPt < |

5.2, EleCtriCal FeSISIVITY ... .v et e e e e e e e e e e e e ne e a0 02

5.2.1. CONAUCTOLS. ..ottt e e e e e e e O

5.2. 2. INSUIALOIS . .. e e 85

5.2.3. SeMICONAUCTALS. .. ...t ee e e e e ee e 2. 80

5.3. Characterization teChNIQUES. ... ....covieie it e e e e e e e een s 87

5.3.1. Four-point probe. ..o 87

5.3.2. Two point technique I-V CUIVES........covvii it 38

5.4. ReSUItS @Nd QiSCUSSION ... ..ttt e et e e e e e e e e e e 90
5.4.1. Electrical behaviour of the chromium oxyiair

and aluminium oxynitride coating............coovve it iiiiii e, 90

5.5, CONCIUSIONS. .. .ttt et e e e e e e e e e e e e e e 92

R. Arvinte 4



REFEIENCES. ... e 9
Chapter VI Optical Characterization............c.viuiie i e e 96
200 I I 14 oo 1§ [ox 1 o o PRSPPI © I 4
6.1.1. Reststrahlen or lattice absorption................cco o, 99

6.1.2. Free-carrier abSOorpliQn. ..........ovvveieiie e e eeeaas 100
6.1.3. Band-to-band or fundamental absorption............................. 101

6.1.4. Impurity @absorption. ... 102

6.2. Characterization teChNiqUES.............coveiiiiiiiiici i enenn2.102
6.2.1. Spectrophotometry and colour space...................coeevveeenn... 102

6.2.2. Interaction between light and matter...................................105

6.2.3. TranSMISSIQM......vvi it re e e ee e eennenneneeeenn .. 100

6.2.4. RefleCtioN. ... 107

6.3. Resultsand disCUSSION.........ccuvieii i e e e 108
6.3.1. Optical behaviour of chromium and aluminiaxynitride coating...108

6.3.2. Reflectance of the coating............c..ocooeiii i, 111

6.3.3. Optical transmittance of the coatings..............c.ccooeeviiinnnn. 113

B.4. CONCIUSIONS. .. ..ttt e et e e et e e e e et e et e e 115
REfEIENCES. ... e AT

R. Arvinte 5



Chapter |
[ntroduction




Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

1.1. Introductive notion about Surface engineering

1.1.1 Surface engineering

According to David Melford at the Institute of Méta the UK which has elaborate a
first definition of this term "surface engineeriagsentially consist in the design of the surface
and substrate together as a system to providerpafee that are unable separately.” Surface
engineering is not a simple choice of one of thfase treatment technologies, but she refers
specifically to the design of the unified systenrface layer based material so that it will best
respond to the functional role of a rational usenaterials at acceptable costs.

Surface engineering involves a wide range of teldyies, some of them well known
and successfully applied for many years, such fagstn surface treatments with or without
reaction, hardening by rolling, so although someaaded technology, have expanded only
their commercial purpose in recent years (hard ahelayer deposition stimulated or
activated in plasma, ion implantation, laser treaitnsputtered deposition) [1].

Focusing the scientific effort to develop this navea of multidisciplinary research
was determined by the fact that removal of a machhmpart from use is caused by three
phenomens, i.e. wear, corrosion and fatigue, winicturs mainly in the area, where the
demands are more intense and complexes [2]. Psigeedeterioration of metal parts and
tool surfaces used in industry leads to graduatedese in the use of their properties or even
their premature removal from service. Destructibthe materials due to wear and corrosion
both direct and indirect, with a economic cost ohdireds of billions of dollars each year for
different countries [3].

In Fig.1.1. is shown schematically the superfideyer — substrate system. The
connection between the two elements is achievedarbyinterface whose thickness and
structure depends on the nature of materials amdeithnology necessary for obtaining the
superficial layer [4].

The system presents four distinct areas:
0 contact surfacewith the conjugated piece or environment where the
roughness, friction coefficient and chemical siggpdre the most important;
O interface between superficial layer and substrate, whereesidh and

chemical interaction between coating and subsaaerucial properties;
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O superficial laye which isparticularly interested in depth, composition ithe
microstructure determinate for their properties su@s hardness, tens
strength, cowsion, internal stress, Young modulus tenacity

0 substratewhose basic properties are tensile strength htoesgs, hardness a

Youngmodulus [5]

-------------------

| Requirements | | Wenticl fixtors

Low friction coeff. | Chemical composition |

! Wearresistance ! \ Thickness i

| Ohidation resisiance | Hardness of the coating |

\ Diffusiom barriers | i Residual stress staie :

Thermal isolatiomn | | (layer) 0

| [ i

| | | Morphor '

! Adherence | B !

i Geometry | : Topogmphy i

! i ! Cleaning process |

| . ! Deposition process i

Hardness | | Crystallinestruct Residual q ) i

S Larure. spue | Residuai stress state |

i i ] stre i i

! Temc:'!}r: | Substrate | fistrac)
! 0 | Substrote composition
| Substrote hardness
1 ] 1

Fig.1.1. The superficial layer-substrate system

Deposition particledy theil energy and nature have a great influence on thetste,
composition and compactness the deposition Depending on the intended funcial
destination of the filmduring the depositioiprocess are controllinthe: deposition time
thickness, electricalresistance, or another parame¢ The physical deposition is
technological process of creating thin filnconsisting of powder matericoating and heat
treatment bysintering and homogenization of layer.

PVD coating process has its beginning from 1857erwkaraday was able deposit on a
glassy surface metal vapgusoduced bypulverization of a metallic specim, which was in
an inert environment. pproximately 100 years the process has beenlied only for
decoration, using condensation of pure meex. coatings on watch dials). The method d

not ensure growth durabilityr hardness of the surface layer of tools t
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

PVD techniques are physical deposition techniqlies. nanostructure layers, through
these deposition technologies enable conversiohcagipns of thermal energy into electrical
energy. Deposition process includes dry and websligpn. Chemical vapor deposition and
physical vapor deposition are dry depositions hia deposition process, the deposited atoms
are bounded only by molecular bonds due to the denWaals forces. The PVD is a
deposition process of a thin layer in a gas phabkeyre the source material is transformed by
physical means in vacuum, from a substrate withaytchemical reaction involved [1].

During PVD deposition, the material which fallowstie deposited is vaporized or sprayed,
and is mixed with a gas and then condenses fronmvadper form into a thin film on the
material. Layers are obtained by condensationherstirface substrate of atomic or molecular
species in vapor.

PVD processes can be divided according to the rdstbd formation of the primary
vapors: thermal evaporation processes and kinetilwvepzation processes. Deposition
material or at least its basic component is iditiad solid or liquid state. Atomic vapor source
transition is made by physical mechanisms, meapirgerization, particle bombardment or
by evaporation. For the deposition to produce @ndhbstrate with little loss of material is
necessary that between the walls and the substradgist temperature differences, i.e. the
substrate to be colder and the walls to be at yees temperature. PVD technique is used
with good results for metal layers with controlledrphology [6].

1.2. Dataregarding the types of materials used

Recently,a new class of materials has become wgpgritant for several technological
fields, but poorly explored, the oxynitrides: MeNxQyith Me=metal). The importance of
this class of materials is based on the fact thggen is much more reactive than nitrogen
and, due to this higher reactivity, the additionaokmall amount of oxygen to a growing
transition metal nitride film induces the productimiionic metal-oxygen bonds in a matrix
of roughly covalent metal-nitrogen bond. This fackates a new structure with a large
gradient indifferent properties, where the opticakctrical and mechanical ones may be
tailored according to the particular applicatiorvisaged. The control of the oxide/nitride
ratio allows tuning of the band gap,band width, angtallographic order between oxide and
nitride and, in consequence, the electronic praggef materials and thus, the overall films

responses [7].
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

1.2.1. Thin films based on chromium

Chromium based coatings have been investigatedot@r a decade and were
successfully implemented in many areas such as wuoadhining, bearing work other
engineering components. These coatings exhibit llexteproperties like high hardness,
oxidation resistance, chemical stability, etc. [7-8hromium nitride (CrN) and chromium
oxide (CpOs3) are very good candidates for protection of steddsorative applications due to
their distinct colours and for their mechanical gedies [9-10]. In fact, and due to the CrN
excellent mechanical properties, oxidation resistachemical stability and slide, it has been
used as a material for cutting tools, plastic metalds, and frictional parts [11]. It also finds
applications in automotive industry as coatingslédoricated tribological systems. They are
also used in molds and pins for aluminium die cgstwhere mechanical resistance and high
temperature oxidation resistance is required [CRromium nitride (CrN) films have drawn
wide attention in electronics industry becausehgirt high hardness (1090 Hv) and lower
electrical resistivity (64@QQ cm) [14].

Among the various chromium oxides,,Of is the most stable under ambient conditions,
and it is characterized by its chemical inertnesshility, mechanical strength and relatively
high hardness Previous research shows that thedssaf chromium oxide coatings strongly
depends on the stoichiometric polycrystalline@zrphase present in the coating [12], with
high quality CO3 stoichiometric coatings reaching nearly 30 GPaltess combined with
good scratch resistance. In terms of optical-basgplications GiO; thin films include
electrochromic coatings, infrared (IR)-transmittingatings, selective black absorbers, and
optically selective surfaces of solar collector3][1

As chromium oxide is an insulating antiferromagoetaterial it is also suitable as a
tunnel junction barrier. Depending on its stoiche@rg CrN, shows a metallic-likepgn =~
6.4x10% Q cm, x= 0.93) or semiconducting behavigrefy > 1x10% Q cm, x= 1.06) while
chromium oxide is a wide-band gap semiconductgr(& eV, pcr0z>> 1Q cm). Combining
both materials as chromium oxynitride opens thesibdgy to tune the energy band gap and

hence the electronic properties in a wide rangg [14
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Fig. 1.2. Application of the thin films based on chromium

In comparison with GOs, the chromium oxynitride has a higher corrosisgistance and the
layer has a better adhesion and a uniform stru¢8jre

Chromium oxynitride crystallize in the rock saltustture (fcc) and are antiferromagnetic with
a Néel point of about 273K [9]. The density of bkN (6.2 gcr?) is higher by 12%
compared to GO (5.2gcn?®). This is plausible, since chromium oxide crystaks only at

substrate temperatures>o800 °C [4].

1.2.2. Thin films based on aluminium

Among the group of possible oxynitrides, aluminiaxynitrid thin films (AINOy)
may have some interesting applications in differesthnological fields, due to a wide
difference in the two base materials: aluminiurmieht (AIN) and aluminium oxide (AD3).
However, the available knowledge on this particidgstem is still much reduced and its
application is still very limited.

Anyway, and similarly to the other already studiexiynitride systems, the wide
variation between the properties of;@% and those of AIN opens a significant number of
possible applications for the AI-N-O system, whiaha first approach, would allow to tailor
the properties of the oxynitride films between thotéhe pure oxide and nitride films, or to
combine some of their advantages by varying theeatnation of aluminium, oxygen and
nitrogen in the film, according to the particulapkgation envisaged.

Aluminium nitride (AIN) is known as being a semictuctor with a large band gap
(6.2eV) [1] in its more stable and common hexagdmalrtzite) crystalline structure [2].

Beyond this structure, AIN has also two kinds obicustructures (with two different lattice

R. Arvinte 11



Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

parameters) [2] and it was considered, a couplieohdes ago [3],as one of the best existing
thermal conductors, being an important ceramic natased in many applications such as
substrate in microelectronic devices. The hexagd¥dl also exhibits a high chemical
stability, high hardness (25 GPa) [4] and high teleal resistivity (1020 cm) [5]. The thermal
conductivity and electrical resistivity are evemtmer for the cubic AIN [2]. Polycrystalline
aluminium nitride has also high dielectric strengjistween 400 and 550 V), which can be
improved if one produces amorphous AIN [1]; a matksi dielectric constant (8.8 at 1 MHz)
[5];and it is an excellent piezoelectric mater@il [

AIN also resists to high temperatures (melting pabove 2670 K) and caustic
chemical etching [7]. All these physical/chemicabgerties allowed the use of this material
in the fabrication of optical sensors (in the U\siale region), high power and high
temperature electronic devices, surface acoustivewgsSAW) devices [8], electronic
packages, among several other examples.

On the other hand, aluminium oxide, or simply alai(ALOs3), is an insulator
material which is commonly prepared in the fornpofymorphous material, since it can exist
in many metastable structures that are divided imo broad categories: a face-centered-
cubic (fcc) or a hexagonal close packed (hcp) gearent of oxygen anions. The
arrangement of aluminium cations can produce diffestructures, those that are based in fcc
packing of oxygen and those based on hcp packiogygen. The first case includesAl,O3
andn- Al,Os (cubic arrangement)- Al,O3; (monoclinic), and- Al,O3 (either tetragonal or
orthorhombic); while in these second case we haveAl,O3; (trigonal), k- AbOs
(orthorhombic), and x- ADs; (hexagonal) phases [9]. The dominant and stabiseplof
alumina,a- Al,O3, possesse strig on asymmetry with rhombohedraldisdattice. It exhibits
chemical and mechanical stability at a temperabfingp to 1250 K and melts at 2326 K [10]
and it is considered as the best anti-oxidizatioatiog at high temperatures, being an
important coating used in the metal working indg$trl]. An important fact aboui- Al,Os
(or corundum phase of alumina) is that it only barmproduced at temperatures above 1023 K,
using Physical Vapour Deposition (PVD) techniquEs [

The particular dielectric properties of aluminaowallto use it in a large variety of
applications, which can vary from microelectronggl optical applications to wear resistant
coatings [12], as protective films for metal reflesidor dark mirrors, and in metal—oxide
semiconductor devices [13]. Regarding the “mixddhanium oxynitride films, its use is not

yet very common, despite some very few examplesareknown in the field of protective
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coatings against wear, diffusion and corrosion, icapt coatings, optoelectronics,

microelectronics [14], multilayer capacitors asleltric [1], among others.

Fig. 1.3. Application of the thin films based on aluminum

Taking into account that the properties of the mai® significantly depend on their
interdependence of composition, structure and nadggly, an understanding of these
relationships will be a major concern in this wolfar this purpose a set of Cr-N-O and Al-
N-O films was prepared and analyzed in terms othallabove items. The study will allow
the establishment of limits for practical applidapiof devices coated with these materials,
providing new areas of application and supplyintega for new materials design for specific
applications.

1.3. Conclusion

The this first chapter presents information regagdburfaces engineering and the
PVD deposition methods of thin layers, and datauabite coatings used based on chromium
and aluminum in particular the oxynitride type.
During PVD deposition, the material that has todeposited is vaporized or sprayed, is
mixed with a gas and then it condenses under ar¥apua of a thin film on the substrate. The
coatings are obtained by condensation on the surédcthe substrate of an atomic or
molecular species, under vapor phase.

Thin films as the chromium oxynitride have intenegtproperties like, high hardness
and a beautiful decorative colour green, therefoee industrial applications as hard and
decorative coatings. Regarding the mixed coatiagsluminum oxynitride type, its use is not

yet very common, despite some very few examplesateknown in the field of protective
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coatings against wear, diffusion and corrosion, icapt coatings, optoelectronics,

microelectronics [14], multilayer capacitors aseltric [1], among others.
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Chapter I1

Deposttion Technique:

Reactive magnetron sputtering




2.1. Deposition technique: reactive magnetron sputtering

2.1.1. Basic concept

The term sputtering comes from the Dutch “sputtereaaning “to spit out in small

particles and with a characteristic explosive sGu8guttering was first observed by Groves
in 1852 but was Plicker first to suggest, in 1868t this discovery can be used as a tool to
produce metallic films. Today, sputtering is a pdwletool used for the deposition of thin
films, in chemical analysis, etching and cleaniSguttering is commonly utilized for thin
film deposition, as the extreme conditions for mngltor chemically reacting high melting
point materials are not required, as with evaponatir an electrochemical process [1].
In the basic sputtering process, a target plabmmsbarded by energetic ions, generated by a
glow discharge plasma, located in front of the éarg’he bombardment process causes the
removal of atoms of the target, which will condengsea substrate (part to be coated) as a thin
film [2]. Secondary electrons are also emitted fritra target surface as a result of the ion
bombardment. These electrons play an importantinaieaintaining the plasma.

Sputtering is a physical vapour deposition pro¢B84D) and is driven by momentum
transfer between the ions and atoms in the mat@rig. 2.1). Collisions are elastic or
inelastic, depending on whether the internal enefgye colliding specie is preserved. In an
elastic collision, only kinetic energy is interclgma and there is conservation of the
momentum and kinetic energy of translational mati@md no atomic excitation occurs and

potential energy is conserved [3].

Sputiering

LE L '-:uh-:-. raic

5 )

1.1||,l.l wlomm Cloating

-‘Lu,m

L TRt L e e |

Fig. 2.1. Scheme of the sputtering process
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

As a result of both momentum and kinetic energyseovation laws, the ratio of the kinetic
energies between the two species that collide is:
Ey 4M1 M, P

= ———(o0s (eq.2.1)

E;  (M1+M3)

where (M, E;) and (M, E,) refer to the mass and energy of the impingingigdas and the
sputtered target atoms, respectively. The anglefised by the initial trajectory of impinging
particle and the line joining their centres at eaht Nevertheless, the first collision pushes
atoms deeper into the material, the subsequensioolé between the atoms result in some of
the atoms near the surface being ejected awaytteraurface of the target (Fig. 2.1).

The first and most well-known scientific work oretlyuantification of the sputtering
process was carried out by P. Sigmund [3]. He megothat the momentum transfer
processes occurring at the surface are causectlision cascade, within the surface layers,
Fig.2.1. The amount of ejected atoms from the serfper incident particle is called the
sputter yield, which is an important measure of éffeciency of the sputtering process. The
sputter yield depends not only on the energy anssesof the incident ions, but also on the
atoms of the target and their surface binding gnargl/or on the possible compounds formed
at the target surface [4-7].

The sputtering process is quantified in terms ef $puttering yield, defined as the
number of target atoms ejected per incident partithe yield depends on the target species
and the nature, energy, and angle of incidenceeobbmbarding species.

During sputtering process there are two main pseethat occur: plasma generation and ion
bombardment. There are several ways to supply ¢sessary energy for plasma generation
from a neutral gas. In magnetron sputtering therpéais achieved by applying an electric
field to a neutral gas (Fig. 2.2) [8]. A variety pbwer supplies are used for plasma
generation, ranging from direct current (DC) tceaitite current (AC), with frequencies into
the mega-hertz range — radiofrequency (RF) — b#iegnost common ones. In dc sputtering,
a potential difference of several hundred voltgaserated between the substrate holder and
the magnetron, creating an intense electric fielvben them (Fig. 2.2) [9]. The electrons in
neutral gas are accelerated by the intense elefitid applied between the electrodes,
generating new electrons and ions (electron-impacization) and thus mantaining the

plasma.
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Substrate and film growth

Sputtering | L

Gag ———p —_—

Sputtering Target

Fig. 2.2. Scheme of the system used to obtain the plasma

2.1.2. Sputtering regimes

The fundamental understanding of sputtering emehges investigations that study
the interactions between bombarding charged pestighd atoms in a solid [5]. In 1908, Stark
was the first to propose the momentum transferrthemhich states that target atoms are
ejected when momentum is transferred from bombgridins to target atoms. The momentum
transfer processes occurring at the surface areddy a collision cascade within the surface
layers, which was first proposed by Sigmund.

At low kinetic energies (below 50 eV), the ions Wonave sufficient energy to
dislocate the target atoms and thus the ejectidargét particles occurs only for very special
collision geometries. The momentum transferred fritv@ ion impact will drive only the
surface target atoms further into the target. Fodenate energies (between 50 and roughly 1
keV), the ion impact dislocate (“knock-on”) atonma the target, which by their turn will
dislocate other target atoms. This induces a oamtlisascade that eject atoms, ions, electrons
and neutrals from the first 10 to 50A of the suefat a target. Several studies show that, to
induce sputtering, the ion energies must exceedtiimes the binding energy of the atoms at
the target surface [10,11]. It is in this rangeeokrgies that most common PVD systems

operate and can be illustrated schematically inXig.
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2.1.3. Magnetron sputtering

Magnetron sputtering has developed rapidly overldeedecade to the point where it
has become established as the process of choicéhdodeposition of a wide range of
industrial important coatings. The driving forcehbve this development has been the
increasing demand for high-quality functional filmsmany diverse market sectors.

The basic sputtering process has been known aspiteéts limitations, used for many years.

It consists in the bombardment of a target (or @d¢h plate by energetic ions generated in a
glow discharge plasma, situated in front of thgéar The bombardment process causes the
removal, i.e., “sputtering ", of target atoms, ethinay then condense on a substrate as a thin
film [13]. Secondary electrons are also emittedrfrihe target surface as a result of the ion
bombardment, and these electrons play an impaméatn maintaining the plasma. However,
basic sputtering is limited by low deposition ratiesv ionisation efficiencies in the plasma,
and causes high substrate heating.

The introduction of what is now termed ““conven#ibn or ““balanced™ magnetron,
in the early 1970s was an important step forwaroviercoming these limitations. However, it
was the development of the unbalanced magnetrtreitate 1980s and its incorporation into
multi-source "“closed-field” systems in the ed®00s, that transformed the capabilities of
this technique, and has subsequently been resperisibthe raise of its importance [12].
Magnetron is, in basic terms, a system composedhagnets with a specific orientation,
positioned behind the target. The magnets areiposd in order that one pole is situated at
the central axis of the target and the second igalermed by a ring of magnets around the
outer edge of the target. The introduction of a meig field parallel to the target surface
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constrains the electromotion o the vicinity of the target, forcing therto describe
helicoidally trajectorieground magnetic field flux lini near the target surface (F2.4). The
electrons are thus confined (“trappein front of the target, bubns are allowed to trav
across the sheath and gain acceleration towardarthet[14]. This confinemer, results in an
increased ionization efficiency within the regiocisse to the target, and thin a higher
plasma density.This, in turn, leads to an increase in ion bomment of the targe

originating higher sputtering rates and, thereforgher deposition rates at the substrate |

magnetic field lines : Taget '\

Erosion tracks

Fig. 2.4. Scheme of a magnetron and the correspondent madiedd line:

The increased ionization efficiency achieve the magnetron, allows the discharge
be maintained at lower operating pressures (tylpica0® mbar, compared to? mbar) and
lower operating voltages (typicall-500V, compared to -2 t&d-kV), than it is possible in tr
basic sputtering [15]. Inpite of these advantages, the plasma confinemesé ¢b the targe
induces localized sputtering phenomena, reduciagfluttered area of the target to less
30 % of the target mater- the erosion zone [16]. To overcome this limita of
conventional magnetronsiew magnetrons have been desigwith different degrees of
magnetic fieldunbalancing [17]. There are two types of planar meagns, unbalanced a
balanced, with slight differences in des, which are illustrated in fig. In a conventional
balanced magnetron, the plasma is strongly confiodtie target region, typically extendi
to few tens of millimeters (typically between 60dab00 mm) from the target surface. I
type-1 unbalanced magnetron the outer ring of magnetgesgthned relative to the centr
pole. In this case, not all the field lines areseld between the central and outer poles it
magnetron, but some are directed towards the sbst@nd some secondary electrons
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able to follow these field lines. Consequently, ptteesma is no longer strongly confined to the
target region, but is also allowed to flow out todsthe substrate [18 this case the field
lines which do not close on themselves are diretciedrds the chamber walls and the plasma
density in the substrate region is low. (Fig. 218)an unbalanced-type magnetron (type 2),
not all the magnetic field lines are closed betwélea central and outer poles in the
magnetron, but some are focused in the directioth@fsubstrate, [12], resulting that some
secondary electrons are able to follow these fieles. This generates plasmas that are no
longer strongly confined to the target region, & also allowed to run out in the direction of
the substrate, originating higher ionic currentanfrthe plasma without the requirement of
externally biasing the substrate. Thus, in additomproviding a high flux of adatoms, an

unbalanced magnetron also acts as a very effactiveource.

| Substrate | | Substrate | | Substrate |

~G0mm
Target Target Target
N s N N] s | IN] N |s] N
Conventional Magnetron Type-1 Unbalanced Type-2 Unbalanced
('balanced’ magnetron) Magnetron Magnetron

Fig.2.5. Schematic representation of the plasma confinewiesgrved in conventional and
unbalanced magnetrons

2.1.4. Reactive sputtering

Reactive sputtering can be defined as the sputtesinglemental targets in the
presence of chemically reactive gases that redtt vath the ejected target material and the
target surface. It has become a very popular tectenin today’s search for new materials, for
the deposition of a wide range of compound andyatin films including oxides, nitrides,
carbides, fluorides or arsenides [20].

Although reactive sputtering is conceptually simplkeis in fact a complex and
nonlinear process which involves many interdepengemameters. The presence of the

reactive gas at both the cathode surface and thstrate results in strong interactions of their
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active gas not only with the condensing materialaiso with the cathode surface, resulting in
the so-called target poisoning. If flow control @&active gas is used, such reactions are
marked by a change in the impedance of the opegrgdiasma, an abrupt increase in the
system pressure or more precisely, in the reagagepressure, a drastic drop in the deposition
rate and a change in the film composition from metal to gas-rich [20].

The simplest experiment to study the reactive sputy process is the so called
hysteresis experiment: the discharge is ignitedpume argon, at a given pressure by
introducing a certain argon flow to vacuum chambée ratio between the argon flow and
the argon pressure defines the argon pumping speeging the discharge current constant,
the oxygen flow is stepwise increased. When thestasgcompletely poisoned the measuring
procedure is reversed, i.e. the oxygen flow is sigpaecreased until the discharge is again in
pure argon.

This value of reactive gas flow is defined as thigcal flow where transition between
metallic and compound mode occur at the targetréastive gas flows lower than the critical
value, the target works in a “metallic mode”, white reactive gas flows higher than that
critical value, it works in the “poisoned mode”. & kransition from the “metallic mode” to
“poisoned mode”, most of the times, exhibits a égesis that can be reduced by increasing
the pumping speed (Fig.2.6).

Metallic Poisoned
made mode

]
1

s

|
|
I
I

)

Depaosition rate

Reactive gas partial pressure

Reactive gas flow

Fig.2.6. Typical behaviour of the deposition rate, and prgiressure of the reactive gas
versus the reactive gas flow rate, during a reactivagnetron sputtering
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Figure 2.6 shows the behaviour of the partial pressf the reactive gas, as function
of the reactive gas flow rate, when the plasmanisand off. When the plasma is off, the
partial pressure varies linearly with the reactgas flow rate injected into the deposition
chamber, while when the plasma is on, the partiedgure of the reactive gas remains almost
constant until the reactive gas flow reaches thieakvalue.

This constancy of the partial pressure of the readas is due to the trapping of the
reactive gas, by compounds formation on the tasgdace, as well as by the metal deposited
on the walls and the substrate (getter effect). Whe reactive gas flow is higher than the
critical value, the target becomes poisoned and citresumption of reactive gas drops,
inducing linear behaviour of the partial pressuréhe reactive gas with the reactive gas flow
injection [24].

In a general way, the behaviour of the target gataluring reactive magnetron
sputtering can be mostly attributed to the formmatba compound layer on the target surface,
which has a different ion-induced secondary elecemission (ISEE) coefficient than the
target material. In terms of target voltage, itvislely known and accepted that the minimum
voltage required to sustain the magnetron dischiargeven by:

Vi = mE‘:—O&ﬁe (eq.2.2)
with Wy representing the effective ionization energyge the ion induced secondary electron
emission coefficient; and E the effective gas iatian probability. The other two parameters,
gi and g, are close to unit for magnetron sputtering, whicbans that the cathode voltage
essentially depends on theee coefficient [22-23].

2.2. Deposition system

For this work, CriNOy and AIN(Oy thin films were prepared by dc reactive magnetron
sputtering, in a laboratory-sized deposition sysigng. 2.7) [25]. The system is mainly
composed by a deposition chamber, a vacuum systgas flow control system, an electrical

system, a pre-chamber and a control unit.
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Fig.2.7. a) Schematic representation of the h-made deposition systeib) image of the

deposition system

2.2.1. Deposition chamber

The deposition chamber has a cylind shape, with a diameter cloto 0.4 m and
with a volume of approximately (4 nt. The system can accommodate four netrons in a
closed or mirrored field configuration. In the cafethe samples deposited in framewof
this thesis, only one vertically rectangular magnei(unbalanced of type :in a closed field
configuration, was used [26]he target rest in front of the water cooled magmetwvith
dimensions 200x100x6 mrfi@. 2.8).

Fig. 2.8. Image of the inside of the deposition char
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Fig. 2.9. Schematics representation of the disposition ofrthgnetron and substrate holder
in the interior of the chamber

2.2.2. Vaccum system

The vacuum system is composed by three rotatoryppuamd two turbomolecular
pumps see Fig. The primary vacuum (~0.5 Pa) irddposition chamber is obtained by two
parallel rotatory pumps: a Trivac D8B and a BalzBidO 012A, with nominal pumping
speeds of 2.36 L/s and 3.33 L/s, respectively. Base pressure was obtained by the two
parallel turbomolecular pumps: a Balzers TPU200 amdAlcatel PTM 5400, with nominal
pumping speeds of 190 L/s and 400 L/s, respectivEhe overall pumping speed was
measure to be approximately 356 L/s. The pressiside the chamber was controlled by two
pressure gauges: a pirany for primary vacuum (mBé&dl 10) and a penning (model CP25-
K) for secondary vacuum, both models from Edwards.
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Fig. 2.10. Schematics of the vacuum system

2.2.3. Pre-chamber and electric system

A rotatory pump, Edwards E2M18, was connected preavacuum chamber, with a
pumping speed of 5.7 L/s. This pump allowed reaghina primary vacuum in the order of 2
Pa, before the substrates (placed at the subbkilter) were transferred, through a gate valve
(placed between the main chamber and the pre-chartabthe main chamber. This allowed
reaching the base pressure much faster. The ekcsystem is composed by two Huittinger
dc generators, a PFG 2500 DC and a PFG 7500 D& awitaximum output power of 2.5 and
7.5 kW, respectively. A Pulsed power supply fromlEModel RPG 50) was used for the
etching of the substrates (in-situ pre-cleaningxuirent rectifier from Delta (Portugal) was
used for the biasing of the substrates (maximumeatiof 2 A). The power supplies, as well
as the different opening/closing of the valves tedgas feeds are computer controlled.
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2.3. Samples preparation

Magnetron sputtering has become the process oteHlor the deposition of a wide
range of industrially important coatings. Exampledude hard, wear-resistant coatings, low
friction coatings, corrosion resistant coatingszatative coatings and coatings with specific
optical, or electrical properties [12].

Recently,a new class of materials has become wgpgritant for several technological
fields, but poorly explored, the oxynitrides: MeNxQyith Me=metal). The importance of
this class of materials is based on the fact thggen is much more reactive than nitrogen
and, due to this higher reactivity, the additionaomall amount of oxygen to a growing
transition metal nitride film induces the producti@inionic metal-oxygen bonds in a matrix
of roughly covalent metal-nitrogen bond. Among greup of already studied oxynitrides,
aluminium oxynitride (AINOy) and chromium oxynitride (CiDy) have many interesting
applications in different technologic fields, bhetavailable knowledge on these two systems,
specially the first one, is somewhat limited. Tse wf aluminium oxynitride is not yet very
common, nevertheless there are some very few apipiis in the field of microelectronics,
such as dielectric in multilayer capacitors, bardiéfusion [22].

On the other hand, chromium oxynitride coatingsehbeen investigated for over a
decade and were successfully implemented in maegsaThese coatings exhibit excellent
properties like high hardness, oxidation resisteano@ chemical stability and have used also
as temperature dependent resistors in thermaltiaadlidetectors [27]. Taking in to account
that the properties of the materials significantlgpend on their interdependence of
composition, structure and morphology, an undedstanof these relationships will be a
major concern in this work. For this purpose aaseil and Cr—N-O thin films was prepared
and analyzed in terms of all the above items. $higly will allow the establishment of limits
for practical applicability of devices coated withese materials, providing new areas of
application and supplying criteria for new matesidésign for specific applications.

In basic terms, the work consisted in the depasitbdifferent series of samples, in
which the main purpose was to study in detall ttieiénce of deposition parameters in film’'s
properties in special the influence on electrical aptical properties.

Two series of samples were prepared, a first ort@ wiromium oxynitride (set of 15

samples) and a second one of aluminium oxynitrgdeef of 15 samples).
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The first series, noted in the text as seriesyOgNis a set of 15 samples that were prepared
with the substrate holder positioned at 70 mm fthentarget in a rotation mode-type (9 rpm),
using a gas atmosphere composed of argon and taveegas mixture composed of 85 % N
+ 15 % Q (17:3 ratio). The working pressure was approximyatmnstant during the
depositions (varying slightly between ~0.4 and®2j.
The substrates used were:
i) glass (used for optical and electrical charaz#tion);
ii) silicon (100 — for structural, composition angbrphological analysis).

The substrates were grounded and kept at a constaperature of approximately 373
K during the 1.5 or 2 h deposition. A delay timefigé minutes was used before positioning
the surface of the samples in front of the Cr t#taf§6.6 at.% purity). This delay time was
used to avoid the deposition of material resulfmogn the target cleaning process and also to

assure a practically constant deposition tempegaifithe substrates during film growth.

Table |- Summary of deposition parameters seldctethe deposition of Cr{O,films.

Parameter Vaue
Traget current density 75Am 2
Argon flow 70 sccm
Argon partial pressure 0.3 Pa
Gas mixturgnz+ 02) flow 0 to 32 sccm
Gas mixturdN2 + O2) partial pressure 0to 0.256 Pa

The second series, noted in the text as seriesG)INs a set of 16 samples that were
prepared using the same basic conditions as gteséries (series AlD).
The coated substrates were:
iii) glass (used for optical and electrical chaegiation);
iv) silicon (100 — for structural, composition amebrphological analysis).

Table Il summarizes the deposition conditions Usethis second series of samples.
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Table Il - Summary of deposition parameters seteftiethe deposition of AIRD,films.

Parameter Value
Traget current density 75 Am 2
Argon flow 70 sccm
Argon partial pressure 0.3 Pa
Gas mixturgN:+ 02) flow Oto 11.3 sccm
Gas mixturdNz + 02) partial pressure 0 to 0.0902Pa

2.4. Conclusion

This chapter presents the deposition system usedhé deposition of thin films
systems regarding thEN,Oy and CrNOy type. Was used the reactive magnetron sputtering in
special the DC magnetron sputtering in a systensisbng in an Cr and Al target with a high
purity (99.6%).

Substrates that were used for the deposition assgind silicon, and were deposited a set of
10 samples of Cr{Oy type and 15 samples of AIN, type. The deposition process is divided
in two major parts: the etching and the actual déjom.

The two sets of thin films of oxynitride type weateposited in a static way using a gas
atmosphere composed of argon and a reactive gaarmicomposed of oxygen and nitrogen
with a constant temperature of about 373 K durirggdeposition, which lasted about 1.5 or 2
hours. A delay time of five minutes was used befasitioning the surface of the samples in
front of the Cr and Al. This delay time was usedtoid the deposition of material resulting
from the target cleaning process and also to asauneractically constant deposition

temperature of the substrates during film growth.
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

3.1. Introduction

Typically, PVD processes are used to deposit fimith thicknesses in the range of a
few nanometers to thousands of nanometers; howtheyr can also be used to form
multilayer coatings, graded composition depositsryvthick deposits and freestanding
structures [1].

Reactive sputtering is well-known to be a suitaklehnique to deposit several types of thin
films, including the cases of metallic oxide anttide thin films, and specially those of

that are related to this work. Regarding its agpian, it is known that different films, using
almost all periodic table elements, for the mostieth purposes are being produced by
Physical Vapour Deposition techniques, where reacsputtering is one of the most used
methods. Reactive sputtering has some importantactaistics, among which, its high
versatility should be one of most important onesnnected to an easy control of the
deposition parameters and thus particularly swetabl modulate the final properties of the
coatings [2-7].

Typically, a problem in reactive sputter depositisro prevent the “poisoning” of the
sputtering target by the formation of a compoungifeon its surface. Poisoning of a target
surface greatly reduces the sputtering rate andtespg efficiency. This problem is
controlled by having a high sputtering rate (magpretsputtering) and controlling the
availability of the reactive gas, such that theil e enough reactive species to react with
the film surface to deposit the desired compournd,not so much that it will unduly poison
the target surface [1].

Reactions in the gas phase are ruled out for thee gaasons that ions can not be neutralised
in the gas phase (there is no mechanism which csmipdte the heat of neutralisation to
conserve both momentum and energy in a two-bodgsysherefore it can only happen at a
surface) .These cathode reactions are seen taaseiddenly at some rate of reactive gas
flow. If flow control of reactive gas is used, suéacations are marked by a change in the
impedance of the operating plasma, an abrupt iger@a the system pressure (or more
precisely in the reactive gas pressure), a drdstip in the deposition rate and a change in the
film composition from metal-rich to gas-rich [8].

Within the different controls that are done in mwdéaboratories (and production
lines), there are always special features that teeée taken into account if high quality films
are expected to be prepared the so-called progstdilities. If these process instabilities are
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always seen as undesirable and responsible fomatitavs in film’s responses (electrical,
optical, mechanical, among others), the case adrdéige films is particularly serious since it
will have severe consequences in thin film coloAmong others, typical instability
phenomena of experimental parameters are frequerlyvith the reactive process involving
one metallic target with one (or more) reactive(gas[9-13].

In reactive sputtering, the reaction at the cathisdealled an oxide mode and the
reaction at the substrate is called a metallic mdte deposition rate is significantly affected
by the surface condition of the target and/or thaenof the reactive sputtering. Deposition
rates will show the hysteresis curve with the aiaof the flow rates of the reactive gas

[14].
Y
Metallic mode /|
\ i
gas ! |
consumption ! T
' Reactive ' mode
i :' * Reactive gas flow rate
fr, f:,

Fig. 3.1. Hysteresis behaviour of reactive gas consumtion

The hysteresis effect is very undesirable and bdseteliminated, if flow control of
reactive gas is used, because the process is lestside this region [8]. At one value of it
is likely to deposit compound films of different isttometries and thus physical properties.
This is due to the existence of two stable opegatiates corresponding to an individual value
of f; ,when fis in the region of hysteresis. Fast and soplait process control systems are
required in order to operate inside this region.
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3.2. Characterization techniques

Instead of light, the Scanning Electron Microscdf¥M) uses secondary electrons
emitted from the surface to form the image. Thensity and angle of emission of the
electrons depend both on the surface topographytlamdnaterial. The angle of emission
depends on the surface morphology so the spatallgeted electrons allow an image of the
surface to be collected and visually presented. [15]

The SEM technique provides the investigator withighly magnified image of the
surface of a material that is very similar to whae would expect if one could actuallgee”
the surface visually. In the SEM, a source of etews is focused (in vacuum) into a fine
probe that is rastered over the surface of theiisyaec As the electrons penetrate the surface,
a number of interactions occur that can resulbh@é@mission of electrons or photons from (or
through) the surface. A reasonable fraction of ¢hectrons emitted can be collected by
appropriate detectors, and the output can be wsettlulate the brightness of a cathode ray
tube (CRT) whose xand y-inputs are driven in synchronism with the xejtages rastering
the electron beam. In this way an image is produsethe CRT; every point that the beam
strikes on the sample is mapped directly onto eesponding point on the screen [1].

The principle images produced in the SEM are oédhtypes: secondary electron
images, backscattered electron images, and elemetitay maps. Secondary and
backscattered electrons are conventionally seghesteording to their energies.
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Fig. 3.2. Schematic of the scanning electron microscope

The most common imaging mode relies on detectiahisfvery lowest portion of the
emitted energy distribution. Their very low enemggans they originate from a subsurface
depth of no larger than several angstroms. The enna@gnification is then simply the ratio of
scan lengths on the CRT to that on the specimen.

Backscattered electrons are the high- energy elextthat are elastically scattered and
essentially possess the same energy as the incidieatrons. The probability of
backscattering increases with the atomic numberfZhe sample material. Since the
backscattered fraction is not a very strong fumcod Z (varying very roughly as - 0.05Z for
primary electron beams employed in the SEM).

A SEM is like a large X-ray vacuum tube used in\aortional X-ray diffraction
systems. Electrons emitted from the filament (cdé)@re accelerated to high energies where
they strike the specimen target (anode). In thegs®, X-rays characteristic of atoms in the
irradiated area are emitted. By an analysis of ttreergies, the atoms can be identified and by
a count of the numbers of X-rays emitted the cotraéon of atoms in the specimen can be
determined [16].
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Fig. 3.3. Electron and photon signals emanating from tearps&thinteraction volume
during electron-beam impingement on specimen serfac

All these signals are the result of strong elecgpecimen interactions, which depends on
the energy of the incident electrons and the natéitbe specimen and can be used to form
images or diffraction patterns [17-19]. As the la@glenergy primary electrons penetrate the
solid, they undergo scattering which increasedrtezaction volume [20]. Fig.3.4 shows the

range and spatial resolution of backscatteredrelest secondary electrons, X-ray and Auger
electrons incident on a solid.
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Fig. 3.4. Summary of the range and spatial resolution of baakered electrons, secondary
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Some of the primary electrons will be backscattaoedard the surface with little or
no energy loss; these high energy electrons yiettebimage contrast in many situations [1,
21]. Energetic primary electrons ionize atoms ie #volid producing X-rays which are
characteristic of the elements that are preseit [21
Samples to be analyzed in SEM have to be: stableigh vacuum, stable physical and
chemically and have electrical conductive in thefeswe. Due to the last condition (and
because some samples have high resistivity) thpleamare coated with a thin film of usually
gold to ensure electrical conductivity [19].

In our case the determination of the thickness nvade on a Leica Cambridge S-360
SEM that is equipped with a fully automated stag# a maximum travel of 100 mm in the
X and Y axes, and 50 mm in the Z axis. In additiorall of the features of the S-200 this
instrument has the following capabilities:
High resolution digital capture and storage of Shihges using the PC based Orion
software. Capture and store images at 2992 x 285@ution in tiff or jpeg format. Storage of

stage positions, allowing the user to return to pmregelected position [22].

Fig. 3.5. Scanning electron microscope Leica Cambridge S-360

Thickness is one of the most important thin-filnmgraeters since it largely determines
the properties of a film. On the other hand, alnadksproperties of thin films depend on the
thickness and can therefore be used for the theskngeasurement. From this fact follows a
great diversity in methods of measurements. Thg gencept of thickness depends on the
method of measurement selected or, more accuraiéfigrent methods of measurement may
yield different results, different thickness foetkame film [23].
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There are many direct and indirect techniques feasuaring the thickness of a
deposited thin film. A general problem in measurfiign thickness is the definition of the
“surface.” Since films have a low thickness, sudistisurface roughness can play a major role
in the thickness measurement. Film and coatingktigiss may be defined in three ways:
geometrical thickness, mass thickness, propertkigss.

Different thickness measuring techniques may gifferthg values for the thickness.
Many of the indirect thickness measuring techniqueguire careful calibration. Often
thickness is determined by depositing the film osn@ooth substrate (witness plate) in an
equivalent position and determining the geometritdatkness. Since the growth and
geometric area on the witness plate is differeminfthat of the real substrate, the thicknesses
may differ but the measurement is good for relati@ieies from run-to-run [23].

A large variety of different methods are shownigufe 3.6.

Optical Metallography

methods SEM
Holography

Removal Coulometric

method Ball cratering
Feeler gauge

Magnetic flux

Electromagnetic

B

methods Eddy current
Capacity
Scattering Beta back scattering
methods Ultrasonic
Excitation X —ray
methods fluorescence

Fig. 3.6. Different methods of measuring the coating thicknes
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3.3. Results and discussion

3.3.1. Chromium oxynitride

Target potential

The characterization of target voltage is alwaysnsas a simple, but also powerful
technique, giving important indications on the @& characteristics. In fact, and in terms of
industrial production, this characterization iseoftused as the main measure for quality
control. Since in this work a mixture of oxygen amttogen was used as a reactive gas, it is
possible that the formation of oxide and nitridenpounds takes place at the target surface,

and thus ruling both potential and deposition kegtkeavior.
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Fig. 3.7. Evolution of the target potential, as a functiortlod partial pressure of reactive gas

(N2+O5). The pressure was measured prior to discharggiam

From the analysis of the target potential evolutwath reactive gas pressure one can
observe two major deposition regimes for the pregpasamples. A first regime with gas
partial pressures between 0.01 and 0.1 Pa andatbarad by relatively low target voltages,
has values varying only slightly around -380 V. Tdet of samples within this zone were
prepared with reactive gas flows lower than 8 saexhjbiting metallic-like surface tones. A
second zone follows, for partial gas pressures é&tw0.1 and 0.27 Pa, where the target
voltage increased gradually from -375 V to valukese to -420 V. Due to this variation of
target voltage, one would expect a gradual chamglee growth modes of the samples within
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this zone, as well as in its properties. This agdion was firstly confirmed by the sudden
modification in the surface appearance of the ogatwithin this second zone, which varied
from metallic-like to interference-like ones.

To explain the behaviour of the target voltage Wit reactive gas pressure, one has to
consider the gettering of the reactive gas by &nget material, as shown by Berg et al. [24],
leading to the formation of a compound layer ontdrget surface and thus, influencing the
reactive gas partial pressure and also the ionemdilsecondary electron emission (ISEE)
coefficient of the target material [25].

In terms of target voltage, it is widely known aextepted that the minimum voltage required
to sustain the magnetron discharge is given by:

Wo

Vinin = ———— 3.1
T yiSEE Eeje, (€q.3.1)

with Wy representing the effective ionization energyge the ion induced secondary electron
emission coefficient; and E the effective gas iatian probability. The other two parameters,
gi and g, are close to unit for magnetron sputtering, whicbans that the cathode voltage
essentially depends on theee coefficient [26]. The dependence of this coefiitien the
reactive gas partial pressure varies for diffetanget materials and reactive gases [27]. In
short the Berg model describes the gettering ofr¢aetive gas by the target material which
influences the reactive gas partial pressure. Atreaetive gas flow, the reactive gas is almost
completely gettered and hence the target condigamains metallic. When on increasing the
reactive gas flow the maximum amount of reactivewgaish can be gettered is reached, the
reactive gas partial pressure increases and thgettdsecomes completely poisoned.
Depending on the experimental conditions this ckaingm metallic to poisoned mode can
occur abruptly [28].

In this respect, it is widely known and accepteat the minimum voltage required to
sustain the magnetron discharge is roughly invgrgadportional to theysge coefficient of
the target material [27]. The dependence of theffamdent on the reactive gas partial pressure
varies for different target materials and reacgeses, increasing for some metals like Al and
Y, with increasing reactive gas incorporation oe target, while for other materials, like Cr,
Ti, Zr decreases with the reactive gas incorpongi26]. For the present case, at low reactive
gas flow, the reactive gas is almost completelyegedt and hence the target condition remains
metallic, which explains the low constant targetage observed for Cr target. On increasing
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the reactive gas flow, the amount of gas that cagetttered by the Cr target is reached, the
reactive gas partial pressure increases and tlgetté®wecomes gradually poisoned, which
explains the steady increase in the target voltdzgerved for then set of samples that were
indexed to the second zone.

Deposition rate

Since deposition rate can influence the crystajliraind structural defects of the
coatings and consequently the final propertiehefthin films, the first characterization done
was the evaluation of the deposition rate as atimaf the gas mixture (NO,) partial
pressure.

Being a direct reflex of the material that consétuthe growing film, and thus related
with the atmosphere present within the reactor, dh@racterization of the deposition rate
enables to follow the first differences in the @egal films and, above all, to establish some
rules of thumb regarding the types of films thatéhddeen grown: metallic-like, oxide-like,
etc.
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Following the variation of target potential, thepdsition rate measurements reveal
different types of films, which seem to clear dug¢ analysis made above of the different film
depositions. The evolution of deposition rate, B@, indicates that the set of samples that
were firstly divided into two major zones after tia@get potential analysis, should be in fact
split into 3 different modes (regimes) — i) a sétsamples that were deposited within a
metallic mode regime, which will be indexed fronrdedter as zone | films; ii) a second set of
samples that were deposited in an compound modéejosegime, indexed from hereafter as
zone Il films; and in between, a set of films tkaem to have been deposited in a some kind
of transition regime, which will be noted as bein@ zone T.

Regarding the available literature about this dejoosrate variation issue, and based on
Safi’'s hysteresis behaviour of reactive magnetparitering [29], Spencer et al. [30] proposed
a conceptual model of the reactive sputtering mecm which the deposition rate variations
were the motive of extensive analysis. This modsicdbes the effects of raising the reactive

gas partial pressure at the target and the substrat

Metal \putl:t rate

a) !
Target poisoning h) “Gas fich”
Metal Atomic ratio //_
fux Sputtering rate gas‘metal — ]
of poi mn:d target i film '\ T
Metal rich Stoichiometry
Reactive gas pressure Reactive gas pressure

Fig 3.9. The origins of the reactive gas consumption repoedirom Spencer et al. [224)
Evolution of the metal flux as a function of reaetpressureb) Evolution of the atomic ratio

gas/metal as a function of reactive gas pressure

At the target, a partially poisoned surface reswh®n the poisoning rate is higher than
the cleaning rate. Since the sputtering yield ofanatoms from a poisoned surface is less
than that from a pure metallic target, the metat from the target decreases with increasing
reactive gas partial pressure until the entireetiaig) poisoned, as can be seen in Fig. 3.9a. At
the substrate, when the reactive gas partial pressulow, the formation rate of the

compound film is limited by the impact rate andizdtion of the reactive gas atoms and
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hence a metal rich, or sub-stoichiometric, film epdsited. Since the impact rate of the
reactive gas atoms increases with its partial pressthe reactive gas content of the
compound film increases with the reactive gas paptiassure until a gas-rich, or over-
stoichiometric saturated, film is deposited Figh3.9

The first regime — metallic mode, includes the grad samples prepared with reactive
gas flows up to 8 sccm (corresponding to partiglspures varying from 0.01 to 0.1 Pa),
revealing higher deposition rates (above 35 nm/mwuhjch is characteristic of the sputtering
process occurring in the metallic regime [31].

For reactive gas partial pressures above 0.16 lRage tis a clear tendency for a
progressive decrease of the deposition rate, raguitom roughly 40 nm/min. to a value
close to 10 nm/min. at the highest reactive gas.flbhe progressive decrease of deposition
rate within the oxide zone (zone Il) is a consegaeof the well-known poisoning effect of
the target by both reactive gases [32]. Both chuvomnitride and oxide layers form at the
surface of the Cr target. Since the sputteringdyaélboth compounds is lower than that of Cr,
a decrease in the deposition rate is expected. d&etthese two main zones (corresponding to
the group of samples prepared with reactive gassflbetween 12 and 20 sccm), one can
clearly distinguish the previous mentioned transitzone, which maybe associated to the
transition regime between the metallic and compowgime in the hysteresis cycle of pure
nitrides, where the deposition rate tends to sgbit about 40 nm.mim The fact that the
deposition rate does not change significantly ieduthat the set of samples that were
prepared within this growth mode will probably ral/gery similar characteristics, namely in
what concerns to morphology and structure, and tieis set of basic properties. The almost
consistency in the deposition rate values maybetdude almost constant target potential

values, consistent with an almost steady statbeo§puttering process.
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Morphology of the films

Fig. 3.10 presents Scanning Electron MicroscopyMphkicrographs of the cross-
section morphologies of the films relevant forthtee zones.

Fig. 3.10. SEM cross-sections images of the filajsZone 1,b) Zone T¢) Zone II

Regarding the samples deposited, they developggieat columnar microstructure
that is very well correlated with the decreasenm deposition rate presented and discussed in
Fig. 3.8. With the increase of the partial pressofrgeactive gas mixture the type of the
growth is changed from a columnar-like type in zéreere the amount of metallic atoms
sputtered are very high to a more dense columkargrowth for the samples that compose
zone T.

The second zone indexed with low values of depositate and with a completely
poisoned chromium target reveals a very dense strei@ure with a less pronounced
columnar morphology.
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3.3.2. Aluminium oxynitride

Target potential

Fig. 3.11 shows the evolution of target potentidl, of the different coatings as a
function of the gas mixture gNFO,) partial pressure.
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Fig. 3.11. Evolution of the target potential, as a functiortlué partial pressure of reactive

gas (N+0O,). The pressure was measured prior to dischargeiam

As it can be observed, the target potential védr@s about 450 V, for an atmosphere
without reactive gas, to values between 428 and\42¢hen the reactive gas partial pressures
vary from 0.01 to 0.02 Pa, respectively. When tlagti@l pressure reaches the value of
approximately 0.03 Pa, there is a significant dessrea the target potential, dropping about
11% to a value of about374 V. This decrease persistil a minimum value of 268 V is
reached for a reactive gas mixture partial presetite06 Pa. Above this pressure, the target
potential remains approximately constant.

According to the obtained results in Fig. 3.11, omght identify two main zones, with a
transition zone between them like the case of,OyMliscussed before. The first one-zone |,
is observed for gas mixture partial pressures uf.62Pa, corresponding to high target
potentials. A second zone—zone ll-is indexed tofithes prepared with gas partial pressures
of 0.06 Pa and above, which are characterizedwy#dues of target potential.
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Between these two zones, one can consider a iangine—zone T (0.03Rapnz+o2
< 0.05Pa), where target potential is decreasingugiad
In the case of aluminium sputtering, the increasethe reactive gas partial pressure
(oxygen/nitrogen) induces the formation of an okidede layer on the target surface,
leading to an increase of thgee coefficient and the consequent decrease of théalige
voltage (-V) [33-35]. This particular behavior cba used to explain the evolution of both
target potential and deposition rate as a funatiotine reactive gas partial pressure observed.
For the case of the films indexed to zone |, thgefaremains in a clean surface state (metallic
mode), corresponding to a low value of thge coefficient thus explaining the high value of
cathode voltage. The slight decrease of the tapgéential observed in zone |, can be
explained by the raise of thesge coefficient due to the increasing on the reactias ipn
implantation on the target. In the case of the fiprepared with in the transition zone (zone
T), the target is most likely becoming partiallyidixed, since the free Gibbs energy of

formation of aluminium oxide (aluminap\G?,; ;o5 x(A1;03) = —1.58 x 103k mol™" is
much lower than of the aluminium nitrid®G? ,, 596 x (AIN) = —2,87 x 10%k] mol™" [36],

meaning that oxidation of the target surface pradatas over nitrating. In this zone T, the
cathode voltage decreases with reactive gas peeshug to the increase néee coefficient as
the target becomes more and more oxidized.

Finally, in the case of the films prepared withimeoadll, the target is completely
poisoned and thus the discharge voltage reachesinisnum value, meaning that theee

coefficient is at its maximum value.
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Deposition rate
Fig. 3.12 presents the evolution of the depositate, of the different coatings as a

function of the gas mixture g\NFO,) partial pressure.
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Fig. 3.12. Evolution of the deposition rate as a functionra partial pressure of reactive gas

(N2+O5). The pressure was measured prior to discharggiam

Regarding the deposition rate, Fig. 3.12 showszéme | within the range of reactive
gas partial pressures (0.00 Panz+02< 0.02Pa), a deposition rate that remains approxiyat
constant at a value around 35 nm.thin
Zone T shows a significant increase of the depositade from about 43% to a value of 63
nm.miri%, when the partial pressure is increased from @0203 Pa. Increasing further the
reactive gas pressure, the deposition rate de@aéseply until a minimum value of about 4—
5 nm.min* is reached, for a gas mixture partial pressut@ @8 Pa and above that is indexed
in zone 1.

In order to clarify the three zones evolution, onest take into account that reactive
magnetron sputtering is a complex process, depgndim many parameters that are
commonly strongly correlated. The reactive gas wsexputter the target, not only reacts with
the sputtered material in the plasma region, sd edteracts with the cathode surface, leading
to ion implantation or chemisorptions of reactiveedes on the target surface. These
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processes modify the sputtering yield, thus affectihe deposition rate, but also the ion
induced secondary electron emission coefficientheftarget, which, in its turn, is closely
related to the minimum sustaining discharge voltdyaring reactive magnetron sputtering
there are three general working regimes for thdtepd target: the first one, a so-called
metallic mode, occurs when the partial pressuresattive gas is too low to react with the
metallic target, which remains clean. This induttespreparation of films with relatively high
deposition rates and target voltages that can lativey low in some cases [37], but also
relatively high, such as the case demonstratedfoetbe aluminium oxynitrides.

This would be the case demonstrated here by thelearimdexed to zone I. A second
regime appears as a result of the increase ottitive gas pressure, which starts to “poison”
the target surface, resulting on a decrease ddpitster yield [8], and in a decrease of the
deposition rates, to get her with a significant atawn on the target potential values. This
would be the case of the films prepared in the framek of this study indexed to the
transition zone. Finally, the third regime (targeisoning) occurs when the sputtered targets
are close or completely poisoned, leading to angtrdecrease in the sputter yield and
consequently in the obtained deposition rate. is thse, the target voltages are commonly
observed to be relatively low (or high) [38] in cpamison to those observed for zone I. This
would be the case of the films prepared for thidysthat were indexed to zone II.

Concerning the deposition rate of the films (calmdabased on SEM observations),
one should note that for the same deposition tiheethickness of the samples depends on the
amount of material that arrives to the substrataclvis correlated with the amount of atoms
sputtered from the target. Since the sputter yoéld poisoned target is less than that from a
metallic target, it is expected that the depositiate decreases as the partial pressure

increases until the target becomes totally poisoned

Morphology of the samples

Regarding the morphology of the Al-N-O system aalgsis of the SEM images was
made for a better understanding of the results fatirthe three zones as it this shown in fig.
3.13(a-c). The observation of the obtained resuktsrevealing the type of growth of the films
that present a significantly difference between films prepared in zone | and those from
zone T, whereas the zone | films present a tymioalmnar-like growth, the transition zone

are very porous with a cauliflower-like growth. Tefore the high deposition rates within
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zone T do not imply a higher quantity of materfattwas being deposited, but the formation
of films with lower density.
The increase of the partial pressure within zonedLices a decrease of the deposition rate

that is a direct consequence of the reductionetaiget sputtering yield.

Fig. 3.13. SEM cross-sections images of the filajsZone 1,b) Zone T¢) Zone lI

Finally, zone Il reveal a dense but featurelespe-tgrowth that is explained by the
roughly constant deposition within this zone thaticonsequence of the aluminium target

that is completely poisoned and the amount of riettioms that are very low.

3.4. Conclusions

This chapter presents the fundamental charactenzabf the coatings in special the
target potential, deposition rate determined with tise of the thickness and morphology of

these coatings.
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The samples of the Cg)y, system presents an analysis of the evolution efdinget
potential dividing the coatings into two main zonese with the relative small target voltage
and the other area with values of the target veltdbat increase gradually.

Instead, determining the deposition rate leadsrewa classification of the samples meaning
dividing them into three regimes. Zone | is an aceasisting of deposited samples in a
metallic regime, a zone T with samples deposited somewhat transition regime and the
third zone indexed to as zone Il with samples dépdsn a compound (oxide) regime. In the
case of morphology of deposited coatings they haeweloped a columnar type

microstructure.

The system of AINO, type presents an analysis of the target potentiak
continuously decreasing and the coatings are dividethree zones. Zone | is a zone with
high values of target potential, zone T presentsegof target potential that are gradual
decreasing and zone Il is characterized by low eslaf target potential. Deposition rate
remains almost constant over zone | with a meta#igime, zone T shows a significant
increase of the deposition rate and zone Il showkaap drop of the deposition rate in the
oxide type regime. The morphology of this systemaspnts a typical columnar growth for
zone |, the coatings from zone T are porous withcaunliflower type growth, as for the

coatings from zone Il they present a dense growitiowt specific form.
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

4.1. Introduction

lon implantation has been extensively used to obtawide variation in near-surface
microstructure and properties. Using MeV ions i lk@come possible to make structures of
interest such as buried conducting layers [1] aexy Varge scale integration (VLSI) deep
wells. The damage produced during MeV ion implaotatan be used to reduce minority
carrier life time in Si and to provide buried geitg sites for collection of metallic impurities.
Energetic ions induce damage in the silicon andigtier fluences, a phase transformation
from crystalline Si (c-Si) to amorphous Si (a-SBncoccur. Damage induced by ion
irradiation in Si depends on fluence, flux, energytlué ion, mass of the ion, target
temperature, tilt angle of the target, etc. Underding the amorphization process is still an
active area of research and various mechanisms Ibese put forward [1]. As it is well
known, RBS is an ion beam analysis technique basethe elastic collision between the
incoming particles and target nuclei [2]. From tsteidy of scattered projectiles, atomic
composition depth profiles can be obtained forrbkar surface region of materials, making
RBS a powerful nondestructive technique for thigpse.

The term structure is used as a commonly accepiadept in materials engineering,
although many systems are more or less nanoscalethture. Due to the nature and
characteristics of PVD processes, the structurapgties of thin films are, in general,
strongly dependent of the deposition parametersh sas deposition rate, deposition
temperature, gas (working and reactive ones) pressimpurities, ion bombardment etc [3].
Diffraction effects are observed when electromagneadiation impinges on periodic
structures with geometrical variations on the langtale of the wavelength of the radiation.
The interatomic distances in crystals and molecahesunt to 0.15-0.4 nm which correspond
in the electromagnetic spectrum with the wavelengthx-rays having photon energies
between 3 and 8 keV.

Accordingly, phenomena like constructive and desive interference should become
observable when crystalline and molecular strustuaee exposed to x-rays [4]. When a
crystalline film is irradiated with short wavelehgK-rays the crystal planes can satisfy the
Bragg diffraction conditions giving a diffractiorafern. This diffraction pattern can be used
to determine the crystal plane spacing (and thestiistal phase), preferential orientation of
the crystals in the structure, lattice distorti@md crystallite size [5]. Thin-film XRD is
important in many technological applications, beseaaf its abilities to accurately determine

R. Arvinte 56



Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

strains and to uniquely identify, the presence emghposition of phases. In semiconductor
and optical materials applications, XRD is usedntasure the strain stare, orientation, and
defects in epitaxial thin films, which affect thbrf's electronic and optical properties.

For magnetic thin films, it is used to identify glea and to determine preferred
orientations, since these can determine magneatjgepties. In metallurgical applications, it is
used to deter-mine strains in surface layers amdfilims, which influence their mechanical
properties. For packaging materials, XRD can beal useinvestigate diffusion and phase

formation at interfaces [6].

4.2. Characterization techniques

4.2.1. Composition analysis: Rutherford Backscatte(RBS)

The method was first employed by nuclear physi¢stsnalyze their targets in 1951.
Extensive application to material science beganhe late1960s. The technique has been
refined and now constitutes one of the most commetiaals for compositional analysis of
the surface region [7].

This popular thin-film characterization techniqedies on the use of very high energy (MeV)
beams of low mass ions. These have the properpeétrating thousands of angstroms or
even microns deep into films or film- substrate bamations. Interestingly, such beams cause
negligible sputtering of surface atoms. Rather, ghgectile ions lose their energy through
electronic excitation and ionization of target asonThese “electronic collisions” are so
numerous that the energy loss can be considerbd tontinuous with depth. Sometimes the
fast-moving light ions (usualljHe") penetrate the atomic electron cloud shield ardkrgo
close-impact collisions with the nuclei of the muadavier stationary target atoms.

The analysis of the surface and near-surface regfi@olids has become an important
field of science and technology. RBS is one of tlstrpowerful methods among a number of
analyzing techniques. In RBS, high-energy ion beamsally H or He ions with energies in
the range 1-4 MeV, are used as probes. A sampteadiated by the ion beam. Almost all
ions penetrate deep inside the sample up to caunmi@ntil they entirely lose their kinetic
energy. During the penetration some ions collidéhwie target atoms and are subject to
elastic Coulomb scattering (Rutherford scatterimefjveen the projectile and the target nuclei
and maybe backscattered from the sample. The enéthg ion backscattered from the target

R. Arvinte 57



atom depends on the target atom mass. This allompasitional analysis of a surface region
of several micrometers by measuring the energytspamf the backscattered ions.

Figure 4.1 illustrates a schematic set-up of RB& am example of an energy spectrum
for a two-element thin film on a low mass substraiee ions scattered from each element
form a separated peak. The number of target atarttsei film can be derived from the peak

yields and the peak width gives the film thickne3s [
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Fig. 4.1. RBS spectrum for a two element compound filgBgAon a low mass substrate. The

inset shows the schematic set-up of RBS

The resulting scattering from the Coulomb repuldi@tween ion and nucleus has been
long known in nuclear physics as Rutherford scater The primary reason that this
phenomenon has been so successfully capitalized f@pdilm analysis is that classical two-
body elastic scattering is operative. This, perhapskes RBS the easiest of the analytical
techniques to understand.

At a basic level, RBS demonstrates the electrastapulsion between high energy
incident ions and target nuclei. The specimen ustlaty is bombarded with monoenergetic
beam of*He" particles and the backscattered particles arecéeteby the detector analysis
system which measures the energies of the parti@esing the collision, energy is
transferred from the incident particle to the tagmecimen atoms; the change in energy of the
scattered particle depends on the masses of ingoama target atoms. For an incident

particle of mass M the energy is g&while the mass of the target atom is.M
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After the collision, the residual energy E of thartitle scattered at angle @ can be

expressed as:

E= ICE, (eq.4.1)
(Mycos@+ ’MZ— M? sin2? 6
k= — 2 (eq.4.2)
M+ M,

where k is the kinematic scattering factor, whishactually the energy ratio of the particle
before and after the collision. Since k dependthemmasses of the incident particle and target
atom and the scattering angle, the energy of tagesed particle is also determined by these
three parameters.

For a particular combination of M., and6 the equation 2 allows to correlate the energy of

the incident ion before and after to interactiothvthe target atom.
E =K, *E, (eq.4.3)

K, is known as the kinematic factor and can be cated|from equation 4.3.

Once the incident ion mass, energy and angulartiposof the ion detector are

selected,K; just depends on the atomic weight of the targematThe majorities of the

incident ions penetrates below the film surface aredcontinuously losing energy at a linear
rate with distance traversed, but the scatterecimngy is still given by equation 4.3 only the

E, is now the ion incident energy at that point i@ matrix. The backscattered ions that

collide with the detector generate an impulse iharoportional to the energy of the detected
particles allowing the determination of their energ

Measuring theEg, allows the determination of the mass of the taajatos. In the

course of passage through the target materiaipthbeam can be thought of as splitting into
two separate chemical elements, each spannindgeaettit range of energies. For each broad
elemental peak detected, the highest and lowesgiesecorrespond to atoms on the front and
back film surfaces, respectively. Therefore, by soeag the number and energy of
backscattered ions, information about the naturth@felements present, their concentration,
and their depth distribution can all be simultarsdpwacquired [9]. A simplified layout of
backscattering experiment is shown in Fig.4.2.
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Fig. 4.2. Schematic representation of the experimental sietuButherford backscattering

analysis

In the standard RBS, 1-4 MeV He ion beams and a&®&:tor are commonly used.
Although both the mass and depth resolutions acegpdor H ions than for He ions, H ions
are sometimes used in RBS in order to analyze daeggons. lons generated by an ion
source are accelerated by an electric field. The miokely used devices for the production of
a megaelectronvolt ion beam are the Van de Gragble and Cockcroft and Walton type
accelerators. The accelerated ions are analyzed byagnet to eliminate contamination
species and to select the ion energy. The caldwaif the analyzing magnet is usually done
using resonant nuclear reactions. After passing ahalyzing magnet, the ion beam is
collimated by apertures to a size of ca.1 mm amebdliiced to a scattering chamber where
targets are mounted on a manipulator. The beanemus usually monitored by target current
or a beam monitor system installed between the dipaiture and the target. The typical beam
current is of the order of 10 nA. For a channelingasurement, the beam divergence angle
and the precision of the manipulator should be tless 1mrad [7].

4.2.2. Characterization Techniques - X-ray diffrant(XRD)

X-rays were discovered in 1895 by the German pistswilhelm Conrad Rontgen.
Currently, already well-known and studied, thisiaéidn, which consists of electromagnetic
waves of wavelength ranging between 0.1 and 10 i8,groduced when fast electrons collide
with a metallic target [10]. X-ray Diffraction (XRDOs a powerful technique used to uniquely
identify the crystalline phases present in materald to measure the structural properties
(strain state, grain size, epitaxy, phase composition, epredl orientation, and defect

structure)of these phases. XRD is also used to determinghilckness of thin films and
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multilayers, and atomic arrangements in amorphoatenals (including polymersand at
interfaces [11].

An integral part of the process of crystal struetdetermination is an experiment and

the techniques used to collect the experimenta. dete experiment consists of scattering
radiation from crystalline matter, the radiatiohstt are usually employed being x-rays,
electrons and neutrons. Although all three radmstioan be employed, the vast majority of
structure determinations are based on x-ray diffyaclata [12.].
Diffraction occurs when a wave encounters a seasfesegularly spaced obstacles that are
capable of scattering the wave, and have spachajsare comparable in magnitude to the
wavelength. Furthermore, diffraction is a consegeenf specific phase relationships that are
established between two or more waves that have susdtered by the obstacles [13].

Bragg's law

X-rays are a form of electromagnetic radiation thave high energies and short
wavelengths—wavelengths on the order of the at@mécings for solids. When a beam of x-
rays impinges on a solid material, a portion o$ théam will be scattered in all directions by
the electrons associated with each atom or ionligmtvithin the beam’s path [14].

== Q=0 === O === Q=== OO

Fig. 4.3. Bragg's diffraction condition for a reflection ofrays in two planes of atoms in a
solid

For constructive interference between two waveser@ain geometric configuration is
needed. X-rays 1 and 2 are reflected by the atomsdPQ (Fig. 4.3) and the path difference
between them will be:
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QS + QT = 2dsif (eq.4.4)

The high degree of order and periodicity in a alysan be envisioned by selecting sets
of crystallographic lattice planes that are occdpdy the atoms comprising the crystal. The
planes are all parallel to each other and intetbectixes of the crystallographic unit cell. Any
set of lattice planes can be indexed by an integge hkl with the meaning that a/h, a/k and
a/l now specify the points of intersection of tlagtite planes with the unit cell edges. This
system of geometrical ordering of atoms on crystgliphic planes is well known to be
indicated by the so-called Miller indices hkl. As axample, the lattice planes with Miller
indices (110) and (111) are displayed in fig. @@the simple cubic lattice.

|| LO=18
=

Fig. 4.4. Lattice planes with Miller indices (110) and (11id)a simple cubic lattice

The distance between two adjacent planes is giyaheinterplanar spacing,gwith the
indices specifying the Miller indices of the apprage lattice planes. For cubic lattices it is
found by simple geometric consideration that therplanar spacing depends on the unit cell

parameten and the Miller indices according to [4]:

dhkl = ﬁ (eq45)

For a set of crystalline plans with Miller indicéiskl), the condition for constructive
interference to be observed is the transpositioBragg's law (eq.4.3) [15] which relate
between the wavelength of X-radiatio),(the angle between the incident beam, the plane
responsible for Bragg diffractiof) and the distance between crystal plangg)(d

Zdhleine =nl (eq46)
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n represents the diffraction order.
The variation of the angle of the beam on the samfibws the detection of the peaks

that correspond to the crystal planes in the sample

Bragg-Brentano geometry

The basic measurement geometry of by far the nresuéntly used x-ray diffraction
instrument is depicted in Fig.4.5. The angle ofhbibie incoming and the exiting beamgis
with respect to the specimen surface. Its measuregeometry may also be applied to the
investigation of thin films, especially if the lay®s polycrystalline and has been deposited on

a flat substrate, as is often the case [4].

e Focussing
f - circle
Rpc ™
Xeray | * Detector
b e ]
NiFif =
DS AS 7'\ Receiving
< \Slit

Fig 4.5. Schematic representation @26 diffraction in Bragg—Brentano geometry

After passing through receiving slits, the diffeattX-rays are detected. The specimen is
rotated at one- half the angular velocity of théed®r. Since the incident and diffracted X
rays make the same angle to the specimen surfaocetusal information is obtained only

about (hkl) planes parallel to this surface [16].
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Glancing Incidence X-ray Diffraction (GIXD)
For ultrathin epitaxial films (less than - 100 Arazing Incidence X-ray Diffraction
(GIXD) is the preferred method and has been usathaoacterize monolayer films. Here the

incidence angle is small (-0)5and the X rays penetrate only - 100- 200 A, thiospecimen.

detector

monochromator

X-ray
source divergence slit

SOLLER slit
” detector

%f/ > window
incidence angle o “diffraction angle 2@
layer

substrate

Fig. 4.6. Schematic diagram of grazing incidence X-ray ddfeanetry (GIXRD), 2 Bragg

angle,» angle of incidence

The exit angle of the diffracted X rays is also Bnaad structural information is
obtained about (hkl) planes perpendicular to trexispen surface [15]. GIXRD can therefore
be used for the extreme situation of surface gsirector epitaxial relationships at the
interfaces of films, where atomic positions cande¢ermined to an accuracy of 0.001 A in

favorable cases [8].

4.3. Results and discussion

4.3.1 Chromium oxynitride

Composition of the films

The atomic composition of the as-deposited samplas measured by Rutherford
Backscattering Spectroscopy (RBS) using (1.4, IM&Y and 2 MeV for the proton arfte
beams, respectively. The scattering angles weré (s#@ndard detector, IBM geometry) and
180° (annular detector), tilt angles 0° and 25°mgasition profiles for the as-deposited
samples were generated using software NDF [17].t@t'N, 1°0 and®Si data, the cross-
sections given by Ramos et al. were used [18].aHadyzed area was about 0.5%0.5m
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Fig. 4.7. RBS spectra obtained for the measurements of thes s samples prepared with

different reactive gas flows

As a summary, figure 4.7 shows the obtained RBStspeand simulations of the
representative samples prepared with differenttreagas flows from the three different
zones. The first important fact that should be nomed is that the results from the RBS

simulations revealed an almost homogenous in daptiposition profiles.
Following the previous analysis, the samples in&igan be divided in the same three

zones, which actually correspond to important vemes of the composition.
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Fig. 4.8. Evolution of the chemical composition as a functibthe partial pressure of

reactive gas (O,). The pressure was measured prior to discharggiggn The chemical
composition of all samples was determined withieaor of about 3-5 at. %

For the films in Zone |, prepared with low part@lessure of reactive gas mixture
(pn2+02< 0.1 Pa), the concentration of chromium decreasgdenly from 75 at. % to a value
close to 58 at. %, thus confirming the high subesiometric condition of these samples and
their metallic nature, as in fact anticipated bgithvisual inspection. The concentration of
oxygen and nitrogen presents quite similar behasion this first zone, with the oxygen
varying from about 13 to 21 at. %., and the nitrof@m around 11 to 21 at. %. For films
prepared within zone T, the chromium content rev@aslight decrease from around 47 to a
value close to 45 at. %. Oxygen and nitrogen cdsatare approximately constant and with a
quite similar value within this zone, at about 30%.

Regarding the samples prepared with the highest myix¢ure partial pressures
(between 0.16 to 0.25 Pa), zone Il, the compositonalysis, Fig. 4.8, reveals again the
decrease of the chromium content from around 4@ t@lue close to 32 at.%. The RBS
analysis shows for this zone a slightly decreag@ehitrogen content from to around 8 at. %
and a significant increase of the oxygen contehfd3 at.% to a value close to 56 at.%.

Beyond these absolute values of composition and treiations, it is particularly
important to notice the evolution of the atomidoatof the different elements as shown in
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Fig. 4.9, which may give the first indication abdbe particular tendency for compound

formation.
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Fig. 4.9. Evolution of the concentration ratio as a functimirthe partial pressure of reactive

gas (N+0O,). The pressure was measured prior to dischargéiam The chemical

composition of all samples was determined withireaor of about 3-5 at. %

Within zone |, results show that all non-metalsctromium atomic ratios (§Ccr,

Cn/Ccr and G+N/Cey) have values below one, indicative of the subtstwoetric nature of the

films, forming a kind of metastable solid solutiohCr(N,O).

Within the transition zone, thedlCcrand Gi/Cc;, ratios are approximately constant, with

while theoG/Cc, ratio is higher than 1, characteristic of an over-

values close to 0.6,

the taat the G+n/Ccey ratio in this zone is

still below 1.5 (the value that would correspondhe CpO3; compound), would mean, in a

1

stoichiometric compound. On the other hand

first approximation, that there is not enough oxygeven if together with N) to form oxide-

like compounds (N-doped if this element could ogcapme of the O positions within the a

but at the same time also too hggiorm a oxygen-doped

Cr(O,N)s-type compound)

nitride-like phase. This may induced the possipiiit have over-stoichiometric Cr (O,N)-type

compound in this transition zone.

Finally, the films from zone Il show an increasettid G/Cc, and the G.W/Cc, ratios to

values around 1.7 and 2, respectively, with tRéOg; ratio decreasing to a value close to 0.3.

This set of results can be explained by the higineding enthalpy of chromium oxide (-564

67
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kJ/mol per chromium atom) compared to chromiumidet(-125 kJ/mol), favouring thus the
bonding of Cr atoms with oxygen [19]. The filmsriahis zone are likely to be oxide-based
Cr,0O3 or CrG, compounds, with the excess of nitrogen probabigdgancorporated in lattice

or in interstitial positions within the oxide phd2€-21].

Structure analysis of prepared films

The crystallographic structure was investigatedXayay diffraction (XRD), using a
Philips PW 1710 diffractometer (CueK radiation) operating in a Bragg- Brentano
configuration. XRD patterns were deconvoluted, aseg to be Pearson VIl functions to
yield the peak position, peak intensity and integraadth [22].

Fig. 4.10 shows a summary of the different strwadtteatures revealed by the overall set
of prepared samples. In fact, and following both dieposition characteristics (target potential
end deposition rate) and composition analysis, stinectural characterization revealed the
development of three major types of crystallineuctires, represented by each of the
diffractograms depicted in Fig. 4.10.

Thus, the set of samples that were prepared withén metallic-like zone, zone |,
represented in Fig. 4.10 by the sample prepareld thig highest €./Cc, ratio within this
zone (CrN.36 0037, showed the development of a very poorly crytadl structure (quasi-
crystalline), where the position of the differentfrdction patterns suggest that it may be
similar to a fcc CrN-type one. It is worth mentiogj that a hcp Cr-type phase may also be
present, as evidenced by the large and broad pgeakund B = 44°, as well as the peak tail
at 2 ~ 65° meaning that the samples in this zone prgbedhsist of a mixture of both
CrN(O) and Cr(O) phases. The (O) representatianserted here to take into account the

non-neglecting possibility that it may be incorgedhin both structures [20-21].
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Fig. 4.10. X-ray diffraction patterns for representative saggpbf each of the three

identified zones with different crystallographiatieres.

Notice also the relatively high shift in the pealsjions for the CrN(O) phase, which can
be easily understood taking into account the saletsbmetric condition of the samples in
this zone (G/Ccr and G/Ccr below 0.4 and €/Cc, ratio below 0.7), and the fact that
oxygen being very reactive, may be occupying nérogositions in the CrN lattice (as
mentioned above), thus inducing significant lattdcgortions.

Regarding the samples that were indexed to zortagl 4.10 clearly shows that a CrN-
type structure is present, with relatively high stejlinity, as demonstrated by the XRD
pattern of the Crblz1 Opes Sample. The two diffraction peaks observed cooedpo (111)
and (200) planes of that fcc CrN(O)-type structumith a (111) preferential growth. As
already anticipated by the composition analysispriole phase is observed, which may be
easily understood by the insufficient oxygen conterthe films to form such a gb; phase.
Important also to note is the much higher crystailiof this zone T samples when compared
to the results obtained for the zone | samplestheumore, it is also to note the significantly
less shift in the peaks position, again if compdeethose of zone |I.

The main reason for such behaviour is certainlyo@ased with the particular
stoichiometry of the samples within this zone. Asndnstrated by Fig. 4.10, the samples
prepared within zone T havexC¢,and G/Cc, ratios close to 0.6, while theoG/Cc; ratio is
varies between about 1 and 1.3. Taking into accthmipossibility to have O occupying N
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positions within the fcc CrN lattice (quite probaldue to the low @Cc, ratio), this would

lead to an increasing stoichiometric-conditiontd trystalline phase and thus to a continuous

approach towards the CrN peak positions.

Finally, the samples prepared within zone Il depetm amorphous-type structure, as
shown in the diffractogram of the sample with cosipon CrNy2{0:64s Beyond the

composition analysis, Fig. 4.8, which induced andesike nature of the films prepared

within this zone Il their structural features atearly different from the two previous zones,

where the amorphous type structure may correspwmiaah toxide-like phase, as demonstrated

by R. Mientus et al. [19].
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Fig. 4.11. Grain size(a) and lattice parameteb) of the crystals as a function of the

concentration ratio

R. Arvinte

70



Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

Taking in too account the structural transitionsaigr size and lattice parameter
(determined by using the integral breadth methoeewcarry out as a function of the non-
metallic/metallic ratio (Fig. 4.11a). The resulte ahowing an increase of the grain size from
~3.5 to 12.5 nm with the increase of concentratadio (0.7 <G.+\/Ccr <1.3) that is given by
the improvement on the crystallinity of the film®m zone T. Zone Il with a concentration
ratio, Go+n/Cer between 1.3 to 2.0 presents a decrease of the gjea revealing the tendency
of the films to become amorphous with an increak¢he oxygen content which is an
important factor for the changes occurring in ttracture of the films. This behaviour can be
explained by a deformation energy dominant prodés$ is mainly due to the oxygen
incorporation in the CrN lattice and thus the amabf inherent structural defects [27].

Fig. 4.11b presents the lattice parameter as d@itumof the concentration ratioday/Cc;.
The increase of the lattice parameter presentdteiplot can be described by the insertion of
nitrogen and oxygen in interstitial positions. Amert factor that can have an impact over the
increase on the lattice parameter is the compressisidual stress state in which the films
may be. This factor is revealed by the lattice peters of the CrN coating in zone T
(a=4.05A) that are lower than the reference valuthis material (gn= 4.149A) that might
be turn by the structural defects or doping ofdkggen.

4.3.2. Aluminium oxynitride

Composition of the films
Fig. 4.12 (a - b) shows the chemical compositidt?gfpand the concentration ratios of
non-metallic/metallic elements of the films as action of the partial pressure of the reactive

gas mixture.
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For films belonging to zone |, prepared with low t@rpressures of the reactive gas
mixture (pz+0=< 0.02Pa), the concentration of aluminium decreabgktly with the increase
of the reactive gas pressure, from 100 at.% pureocAtentration to a value close to 90 at.%.
The concentration at.% of oxygen and nitrogen meed slightly for these films, with the
oxygen varying from 0 to 8 at.% (0<oCa <0.09); and the nitrogen from 0 to 3 at.% (0<
Cn/Ca <0.04), as shown in Fig. 4.12 (a and b). The fimghis zone have a characteristic
metallic color, as a result of the high aluminiuntent and the small incorporation of
nitrogen and oxygen in the films. The films withimstfirst zone will be noted here after as
belonging to a metallic-like zone.

Regarding the samples that were prepared with itifeebt gas mixture partial pressures
(pn2+o2 > 0.06Pa), zone Il, the RBS analysis revealed thafilmms have very similar
compositions, with an aluminium content around #@aand an oxygen amount close to 60
at.%. The nitrogen concentration drops to a residiadue non-detectable within the
resolution of the experimental setup, meaning itsedmount should be below 3-5 at.%. This
set of results induces a roughly stoichiometric position of the films in the form of ADs
(alumina) films. This is to be expected since theelosputter yield of the poisoned target
reduces significantly the amount of aluminium thaitva to the substrate and it is completely
consumed due to high density of reactive gas iptagma.

The higher affinity of oxygen to bond aluminium caamgd to nitrogen, explains this non-
incorporation of nitrogen in the films. In accordaneith this oxide-like concentration, the
films have interference-like colorations, consistesth their semi-transparency. The films
within this second zone will be thus noted hereradts belonging to a compound-like zone.
Between these two main zones, a transition regiaas walready identified (zoneT),
corresponding to the films that were prepared vatctive gas partial pressures between 0.03
and 0.05 Pa.

Within this transition zone, the incorporation dfirminium decreases more sharply than
in zone |, varying from 85 to 55 at.%. In these §ilthe incorporation of nitrogen and oxygen
becomes more important, as can be observed froshtdmp increase of thepGy/Cy ratio up
to 0.81, with the oxygen concentration rising fréthto 20 at.% (0.12Co/Cp <0.34) and the
nitrogen content also increasing, from 5 to 25 afPA6<C\/Cp <0.47). The films in this
transition zone have dark grey opaque-like surtaces, which is most likely the result of
their decreasing metallic content.
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Structure analysis of prepared films

Fig. 4.13 shows X-ray diffraction diagrams of regmetative AINOy films, prepared
within the frame of the present work.
Given the three different zones of films identifie@vpously, the obtained results revealed
crystalline-like thin films within zones | and T,cdamorphous-type ones for the case of the

films prepared within zone II.
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Fig. 4.13. X-ray diffraction patterns for representative saggpfor metallic-like and

transition zone

The coating deposited without reactive gas (“pua&iminium thin film) exhibits, as
expected, a face-centered cubic (fcc) structureyaateristic of aluminium [23]. The two
diffraction peaks represented in Fig. 4.13 corresptm (111) and (200) planes of such fcc
structure, with a clear (111) preferential growAlrsecond important note is that in spite of the
differences in the composition of the films withiones | and T, the structure is maintained,
although the peak intensity is gradually decreasiity increasing pressure of reactive gas.
This means that the films are becoming less crysalending up as completely amorphous
or the highest partial pressuresfp.> 0.06Pa), zone Il.

Furthermore, with increasing reactive gas partiakpures, the diffraction peaks also are
shifting to lower diffraction angles, correspondittghigher lattice parameters, which could
be a sign of the presence of some nitrogen andewxyg interstitial positions or even

substituting metallic atoms in the fcc crystallsteucture of the aluminium.
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This change in the lattice parameter can be obdarvé&ig. 4.14b, where the values of the
lattice parameter and grain size (estimated by XRBk fitting with a Pearson VII function,

using the integral breadth method) are plotted fametion of the concentration ratios of the
films.
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The results show that there is a general tendeacythe increase of the lattice
parameter as more oxygen and nitrogen is incorparatthe films. Another important fact is
that the lattice parameter of the aluminium coat@g4.034A for R+0= 0.00Pa) is lower
than the reference value of this material founth@aavailable literature [24] {&=4.0496nm),
which is a typical behavior for the films deposibgdmagnetron sputtering, indicating that the
film is in a compressive residual stress state [@G]ch by its turn may result from structural
defects such as interstitials, vacancies and sasidual doping elements such as those of
argon and oxygen.

Concerning the film’s grain size, the results phbtiie Fig.4.14a show that there is a
sharp decrease of this property as a function eiibn-metallic/metallic ratio (§&n/Ca) in
zone |, from 52 nm (&n/Ca =0.00 Pa) to 14 nm \/Ca =0.13). This decreasing can be
explained by the incorporation of oxygen in the §lthat is segregated to the surface and
grain boundaries, which inhibits the grain coamgrduring columnar film growth, due to the
reduced mobility of aluminium atoms on oxide layj@8].

Interesting to note for the different zones filmgshs behaviour that can be observed for the
grain size evolution within the transition zone.thms zone, no significant variation of the
grain size is reported, which assumes a value @fitaB0 nm. This behavior is consistent with
the formation of round shape grains whose growtboispletely blocked by a surrounding
oxide layer in an early stage of grain formatio6][2

4.4. Conclusions

This chapter presents the determination of atonsimposition of the deposited
samples and the depth profiles of the concentrafiiorthe direction of growth) has been
achieved by Rutherford backscattering spectrosd®BS), crystallographic structure was
investigated by X-ray diffraction (XRD) and XRD p&ins were deconvoluted assuming to be
Pearson VIl functions to yield the peak's positipeak intensity and integral breadth and
from here determination of grain size and lattiaegmeter.

CrNyOy system presents a chemical composition were theoQezentration reveals a
continuously decreasing from 75 at.% in zone 12aa8% to zone II, while the concentration

of nitrogen and oxygen shows a continuous incre@afiee first and the transition zone, and in
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zone Il oxygen due to the higher reactivity makegpresence felt increasing to a value of 56
at% compared to nitrogen that decreases consigerabl

Besides this, the concentration ratio reveals ¢orezl a sub-stochiometric nature of films that
forms a metastable solid solution of Cr(N,O)x, &i#ion and zone Il shows a over-
stochiometric nature f the films but where the fedrmcompounds are different as fallows,
over-stochiometric compounds such as Cr(O,N) witmgounds such as £0;, CrO,, with

an excess of nitrogen. This system developed a €ahered cubic structure with low
crystalline for zone | to a CrN(O) structure wigtlatively high crystallinity in the transition
zone and an amorphous type structure with oxidesgshan zone Il. Concentration and
structure lead to determination of grain size #taiws an increase for the first zones, from ~
3.5t0 12.5 nm and a lattice parameter that gramsimuously up to ~ 4.05 A.

In the second system of AlNy, chemical concentration is similar to the one & th
first system that shows the reducing of the chromaoncentration for zone | and T, reaching
stable values in Zone Il. The nitrogen concentrafalows a decrease for zone I, and an
increase of the oxygen for all the three zones. Thacentration ratio revels a sub-
stoichiometric nature of films from the first zonasd a stoichiometric behaviour of the
coatings of AJO; (alumina) in zone 1I. .

These concentrations helps to form the structurietwin this case the presents a fcc
crystalline structure of the aluminium in zone Ittwa decrease of the cristallinity during the
transition zone and becoming amorphous for the ksvippm zone II.

Determination of grain size shows a decrease witheasing the non-metallic /metallic and a

lattice parameter is characterized by an increasndy the non-metallic /metallic ratio.
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

5.1. Introduction

The capability to design novel non equilibrium doktructures using thin film
technologies has boosted in recent years the gramdhpractical use of a wide variety of 3d
transition metal (TM) nitrides, oxides, and oxyidé&s. This interest has triggered numerous
efforts to investigate their electronic structuredaconsequently their potential for
applications. As a consequence of their high edec&gativity, nitrogen and oxygen have a
strong tendency to attract electrons from neighgpmetal atoms, creating strong crystal
fields which result in metallic, semiconducting,jmsulating behaviors [1].

Several studies have been performed recently o®-&¥-coatings, to investigate the effect of
oxygen on their electronic, structural, morpholeg@nd mechanical properties [2].
Depending on its stoichiometry Cri$hows a metallic-likepen=6.4x 104 Q cm, x~ 0.93)

or semiconducting behaviopdn> 1 X 102 Q cm, %= 1.06 ) but chromium oxide is a wide-
band gap semiconductor f£4 eV, pcroz »> 1 Q cm). Combining both materials as
chromium oxynitride, promises the possibility torwdhe energy band gap and hence the
electronic properties in a wide range. Another pdssapplication is the use of chromium
oxynitride films as temperature dependent resistotisermal radiation detectors [3].

Among the group of possible oxynitrides, aluminioxynitride thin films (AINOy)
may have some interesting applications in differesghnological fields, due to a wide
difference in the two base materials: aluminiunnicét (AIN) and aluminium oxide (ADs).
Aluminium nitride (AIN) is known as being a semicluttor with a large band gap (6.2 eV)
[4] in its more stable and common hexagonal (wtejzirystalline structure [5]. Beyond this
structure, AIN has also two kinds of cubic struesufwith two different lattice parameters)
and it was considered, a couple of decades agas[Gjne of the best existing thermal
conductors, being an important ceramic materiatluseanany applications such as substrate
in microelectronic devices [7].

On the other hand, aluminium oxide, or simply alai(ALOs3), is an insulator
material which is commonly prepared in the fornpofymorphous material, since it can exist
in many metastable structures that are divided imo broad categories: a face-centered-
cubic (fcc) or a hexagonal close packed (hcp) gearent of oxygen anions [8]. The
particular dielectric properties of alumina allowing it in a large variety of applications,
which can vary from microelectronics and opticaplagations to wear resistant coatings [9],
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as protective films for metal reflectors, for darkmovs, and in metal-oxide—semiconductor
devices [10].

For a better understanding of the other charaetioizs discussed in the previous chapters
with the electronic properties of the films, an lggs of the resistivity was carried out. This
chapter will allow an establishment of the differerin the electrical behaviour of the films
and how it is influenced the film properties. THe@cterization of the electrical properties
will also establish the limits of practical appllty and new areas of application for these

thin films.

5.2. Electrical resistivity

Electrical resistivity is a key physical propertiyadl materials. It is often necessary to
accurately measure the resistivity of a given niatelThe electrical resistivity of different
materials at room temperature can vary by overrg@rs of magnitude. No single technique
or instrument can measure resistivities over thdewange [11]. Electrical resistance (R) is a
physics quantity that expresses the "impairmentfesed by charge carriers, subject to the
action of an electric field, when crossing from @np to another in a given “"body , being
dependent on the dimensions and type of materialwioich this body is constituted.
Moreover, electrical resistivityp( electrical resistivity) is a quantity that is @lelated to an
impairment suffered by the charge carriers, howesgean intrinsic property of matter, being
independent of the size of the body [12].

The electrical resistivity of a material describesv much it resists the flow of electricity.
This property does not depend on the physical deoas of the material. The resistivity of a
material can vary greatly at different temperatufidee resistivity of metals usually increases
as temperature increases, while the resistivitysemfmiconductors usually decreases as
temperature increases. The resistivity of a mdteda also depend on the applied magnetic
field.

The resistivity of a material is related with a local applied electric field @&)d the resultant

current density (J) by the following expression:

E=p] (eq.5.1)
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where E is the electric field (V/m), J is the cutrdensity (A m?), andp is a proportionality
coefficient (2 m). Equation 5.1 is one form of Ohm’s law. Notatt& and J are vectors, amd

is, in general, a tensor. This implies that theenirdoes not necessarily flow in the direction
of the applied electric field. In the case of isptccand homogeneous materials, it is assumed
thatp is a scalar [13-14].

In all conductors, semiconductors, and many ingwatnaterials, only electronic
conduction exists, and the magnitude of the eleticonductivity is strongly dependent on
the number of electrons available to participatéhien conduction process. However, not all
electrons in every atom will accelerate in the pneg of an electric field.

The number of electrons available for electricatdiwection in a particular material is related
to the arrangement of electron states or levels v@spect to energy, and then the manner in
which these states are occupied by electrons [AGtelatively large separation distances,
each atom is independent of all the others andhaile the atomic energy levels and electron
configuration as if isolated. However, as the ataosie within close proximity of one
another, electrons are acted upon, or perturbethdglectrons and nuclei of adjacent atoms.
This influence is such that each distinct atomitestaay split into a series of closely spaced
electron states in the solid,to form what is terrapalectron energy band.

Figure 5.1 exhibits the energy band diagrams dofehelasses of solids: insulators,
semiconductors, and conductors. In insulators,bdwedgap is relatively large and thermal
energy or an applied electric field cannot raise uppermost electron in the valence band to
the conduction band. In metals or conductors, traaction band is either partially filled or
overlaps the valence band such that there is nddagnand current can readily flow in these
materials. In semiconductors, the bandgap is sm#ilen that of insulators, and thermal
energy can excite electrons to the conduction bdrde bandgap of a semiconductor
decreases with higher temperature. For instance,silccon, Eg is 1.12 eV at room

temperature and 1.17 eV at zero Kelvin [16]
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Fig.5.1. Simplified diagram of the electronic band structafénsulators, semiconductors and
conductors (metals). The position of the Fermilleverhen the sample is at absolute zero
temperature (0 K)

The Fermi level is an important consequence of kthedry, the highest occupied
guantum state of electrons at absolute zero teryveraThe position of the Fermi level
relative to the conduction band is an importantapeeter that contributes to determine the
electrical properties of a particular material. Tgasition of the Fermi level position is also
indicated in Figure 5.1. The Fermi energy &so referred to as the Fermi level, is the hsghe
energy occupied state at T = OK for an electrowl, &y close to that for T > OK, which is
within about 0.1 eV at room temperature.

As a practical matterd&epresents the highest energy electrons in arileauin solid
notwithstanding the Fermi tail. Therefore any eatooins of electrons imposed, for example,
by an external electric field, or even optical extoin, will potentially lift the equilibrium

energy levels to higher energies [17].

5.2.1. Conductors

Metals are good conductors because the electroimese valence bands are not fixed
to their atoms. But that is not the only conditifmm conduction. What makes a metal a
conductor is that if you apply an external electiedd to it (a potential difference), the
electrons will start to accelerate and move. Nolynéhe probability distribution of k of the
electron “cloud” has zero average: (k) =0. If yqply an electric field E, the electrons start

moving on average a bit more in the direction of E.
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For an electron to become free, it must be exatedromoted in to one of the empty and
available energy states above Bhus, very little energy is required to promoleceons into
the low-lying empty states. Generally, the energyjaled by an electric field is sufficient to
excite large numbers of electrons into these camiystates.

Even though these electrons are not locally boundarty particular atom, they,
nevertheless, must experience some excitation ¢conbe conducting electrons that are truly
free.

Thus, although only a fraction is excited, thidl gfives rise to a relatively large number of

free electrons and, consequently, a high condugtivi
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Fig. 5.2. a) Detail of a half-filled band at T = 0, showing tRermi-Dirac distribution of the
left: b) Band structure of a metal at T > 0, showing therfieDirac distribution of the left.

Their resistivity is typically on the order of 1Qm at room temperature, decreases
with decreasing temperature, and in an ideal diystauld even vanish at T=0. A material is
customarily considered metallic if its conductivigxceeds 10(Qm)™ (i.e., its resistivityp<
1uQm).

5.2.2. Insulators

Insulators have higher-energy “conduction bandsit they do not energetically
overlap with the (filled) valence band. There is and gap between the valence and
conduction bands. If the band gah is large compared to the temperature of the mahtee.
if AE>» KT, then the chance that an electron gets “actiglethermally excited to the
conduction band is so low that this virtually nehappens [semiconductor based]. The most

relevant band gap is the one that separates thastibat are filled completely in the ground
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state from those that are completely empty. Thisaacur when the number of electrons per
atom is even, and they completely fill one or maaeds in the ground state, and the next,
empty band is separated by a finite energy gap thenoccupied ones. At finite temperatures
those states whose energy is larger than the chematential can be partially filled by

thermally excited electrons, and lower-energy statan be partially empty.

Farmi “filling” T=n
function

Valance band Ey
(Filled)

Fig. 5.3. Band structure in which Hies in the gap between bands

Therefore, strictly speaking, the conductivity doed vanish even when the energy
gap exceeds the thermal energyf kA material is considered to be electrically ilagung if
its conductivity is less than T(Q@m)™. In general, those materials that are insulatbtsva

temperatures remain insulators at room temperainweg18].

5.2.3. Semiconductors

Among the materials whose band structure has éee figétp around the chemical
potential particular behavior is observed in thtm@ewhich the energy gap is larger than the
thermal energy at room temperature but nonethsldfisiently small, consequently electrons
excited thermally across the gap carry an electricent that can be easily measured and has
substantial ffects. Such materials are called semiconductors.
However, suppose that some other process exciéesrais into the conduction band, for
instance the absorption of a photon. We then haweohile electron that contributes to
conductivity. But we also have a positively chargeatancy, called a “hole”. The hole can
now also move around, as if it is a positively ¢jear particle in itself. If an electric field is

applied to the material, the free electrons indbeduction band move inE direction while

the holes move ir-E direction. Both movements contribute to the cotidac
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Fig. 5.4. Band structure of a semiconductor The gap betwaad®is much smaller than in
an insulator, so there is now a small populationh& conduction band

Since all the electrons in the conduction band canggnally from the valence band,
the number of vacancies in the valence band istigxagual to the number of electrons in the
conduction band. Thus, the values of (H=) must be exactly equal to the values-(Ef),
and so the Fermi energy must be at midpoint of lserergy gap between conduction and
valence bands.

The thermal excitation across the energy gap betwes valence and the conduction band is
relatively probable leading to measurable eledtraanductivity. Semiconductors depend
more strongly on the temperature regarding thetradat conductivity then conductors and
insulators [13, 17, 18].

5.3. Characterization techniques

5.3.1. Four-point probe

The most common way of measuring the resistivitg @emiconductor material is by
using a four-point collinear probe. The four-poatllinear probe technique of resistivity
measurement involves bringing four, equally spae#ectrical conducting pins in contact
with the material of unknown resistance. The arsgylaced in the center of the material.
An in-line four-point probe is used to determine #pecimen sheet resistance at each desired
measurement location. The number and positioningh@@surement locations is determined

by end-use needs, or by the parties to the tetercase of referee measurements. At each
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location, a direct current is passed into the spenj using two of the probes, as specified,
and the potential difference is measured usingatmer two probes. Current polarity is
reversed and the potential difference is remeastoeglow elimination of thermoelectric
effects. Before the probe is raised, the processpsated using a different combination of
probes, as specified. At each location, the shettamce is obtained from the four ratios of
potential difference to current [20-24].

current source and measurement

O

@\r-—CUHHENT
0 - VOLTAGE

—_

| l l I 4 POINT PROBES

FILM SURFACE

Fig. 5.5. Four-point probe method for measuring the resigtiof the coatings

The resistivity is then calculated from the follomgiequation:

_ vw/
o

(eq.5.2)

Wherep is the resistivity inQm, V voltage measured by voltmeter in volts, w- tvidf the
sample bar measured in meters, h- height of th@leabar measured in meters, I- current the
ammeter measures flowing through the sample in a@apkrdistance between the two points
where the voltmeter wires make contact to the l@gsured in meters [14].

5.3.2. Two point technique I-V curves

The resistivity of a material can be obtained byasuging the resistance and physical
dimensions of a bar of materi#h. this case, the material is cut into the shape ctangular
bar of lengtH, heighth, and widths w. Copper wires are attached to botis ®f the bar. This
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is called the two-point technique, since wires aitached to the material at two points. A
voltage source applies a voltage V across thedaarsing a current | to flow through the bar.
(Alternatively, a current source could force cutrdmough the sample bar, while a voltmeter
in parallel with the current source measures tHeage induced across the sample bar). The
amount of current | that flows through the bar isasueed by the ammeter, which is
connected in series with the bar and voltage sourhe voltage drop across the ammeter

should be negligible.

Al ilum
avapirated
cnntacts

Ammeter

Fig. 5.6. I-V technique for measuring the resistivity of toatings

The two-point resistivity of the material is then:

wherep is the resistivity inm, R is the measured resistanceinand w, h, and | are the
measured physical dimensions of the sample baetens

In spite of the simplicity of this technique to rsaee electrical resistivity, there is
usually some resistance between the contact winels the material or inherent to the
measuring equipment itself. This additional resistais responsible for obtaining resistivity
values higher than the real values of the testetenmh Because of this problem, the
experimental error is relatively smaller if it ised to measure the electrical resistivity of high
electrical resistivity or insulating materials, wlehe electrical resistivity is several orders of
magnitude higher than that one of the contactsl{]3-
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

5.4. Results and discussion

5.4.1. Electrical behaviour of the chromium oxyidi&rand aluminium oxynitride coatings

The electrical resistivity of the conducting film&s measured using the four-pointed
probe method (in linear geometry) [25]. For higbisavity films, aluminum contacts (1x6
mnY’) were vapor deposited on the top of the coatimgsthe electrical resistivity of the films
was obtained from the I-@haracteristic.
Following both the composition and structural cleteastics evolutions of the systems, the
electrical properties are showing, a wide rangdifdérent behaviors, as it can be observed by
the evolution of the electrical resistivity at roaemperature, as a function of the non-
metallic/metallic concentration ratio (Fig. 5.7h& results correspond to the films from both
systems AINO, (a) and CrNOy (b).
The first conclusion to be drawn from this plotthat the evolution of resistivity is in good
agreement with the different zones (regimes) aedlysefore for both systems , revealing that
composition influences the film properties, asantfit was already demonstrated for all films

characteristics, such as the structural evolution.
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Fig. 5.7. Electrical resistivity at room temperature of tlienk as a function of thex)

Co+n/Cal concentration ratiob) Co+n/Cer concentration ratio
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

Regarding the AINOy, system (Fig. 5.7a) the plot reveals for zonerhdilwith low values of
chemical ratio (G+n/Ca <0.13) a very low electrical resistivity, closettee aluminium bulk
resistivity = 2.67uQm). This zone consists in sub-stoichiometric thim§, with a fcc Al-
type crystalline structure, were the electricalstdgty analyzed is between 3 and 2Q cm
corresponding to the metallic-like films.

Within the transition zone were the compositionorag between 0.17< &\/Ca <0.65 that
reveal the same sub-stoichiometric conditions aratyatallinity of the fcc structure. The
incorporation of nitrogen and oxygen in the lattieads to an increase in the electrical
resistivity of the films to values between 5.6%80d 1.1x1HpQ cm. This behaviour can be
explained by the decrease of the amount of the dteetrons in the lattice, due to the
reduction of the metallic content of the films.

Finally, the oxide films formed with a concentratioatio G.\/Ca = Co/Ca =1.5 that
revealed an over-stoichiometric condition with anogphous AJOs structure that belongs to
the compound-like zone respectively zone II.

The films from this zone exhibit an expected insulébehaviour with values of electrical
resistivity between 10 and 18° uQ cm. The electrical resistivity of these aluminanfil is in
agreement with the values found in the literatorettie alumina coatings [26-27].

Regarding the second system of thin films of I\ this are reviling for the samples
from zone I, which presented a sub-stoichiometdndition and poorly crystallized XRD
patterns of a fcc CrN-type structure, the resigtiginalysis revealed relatively low values of
resistivity, from 7.2x1®uQ cm to around 1.5xf0uQ cm, which are characteristic of
metallic-like compounds, and relatively close tmdf of chromium nitride with varied
stoichiometries, CrN(1x1F < peny < 15x10 pQ cm) [26) but also higher the those of the
Al-N-O system. R. Mientus et ak9] reported the resistivity values of CrON films gy in
the vicinity of 1x10 uQ cm for the lower nitride range - nitride-based toags, the
equivalent to zone | in this work. Anyway, theiratings were already in the stoichiometric
condition and thus the range was not includingtlafi set of sub-stoichiometric nitride
compositions (O doped), which in the present cageaims the variation from 1x%0to
1x10" uQ cm.

For the samples prepared within the transition zavigere the composition analyses
revealed a e./Cc, ratio increase to an over-stochiometric conditiand the structural
analysis showed a high crystalline fcc CrN-typegghahe resistivity analysis conducted to

the development of an increase of the electricsistigity of the films, with values ranging
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

between 7x1dand 1.4x10uQ cm. Again, there is a good agreement between tessets
and those obtained for both Gridnd CrQN, systems 28]. The first important note is the
good agreement of the results obtained for thesfilmithin this transition zone and those
obtained by R. Mientus et akq], which have quite similar values in their stommetric to
close-stoiciometric-like Cr@y films. Important also to note is the agreementtiodse
resistivity values of the samples from zone T wilibse of bulk chromium nitridepén =
1x10" Q cm) [29].

Finally, the oxide-like samples prepared within @dhpresented an expected insulator-
type behaviour, with high values of resistivity yiag between 1,9x10and 1.1x1®pQ cm,
consistent with GOs resistivity Pcr20s>>1F pQ cm), and far beyond the values obtained in
zone T. This increase in the resistivity is alsagsstent with the increase in the stoichiometry
of the samples, Fig. 3.9, especially that gf@;, which goes even beyond that o£G4.

This work suggests that by simply changing the treaaqas flow it's possible to tune the
electrical properties of CrNO and AINO compoundsainvide range, from metallic like to

semiconducting behaviour.

5.5. Conclusions

This chapter presents the evolution of the eleaftriesistivity measured at room
temperature, according to the non-metallic/metaltincentration ratio which depends on both
concentration and structure of the deposited films.

Regarding the first system of ARy revelas for zone | samples that presents low gatiie
concentration ratio and electrical resistivity, welectrical resistivity analyzed is between 3
and 23 cmpQ cm. The second system with thin films of G&y with samples deposited
under sub-stoichiometric conditions showing rekdiiviow resistivity of these films, with
values from 7.2 x uQ cm to about 1.5 x £QQ cm corresponding to a metallic films and
yet higher than the ones from first system.

In the transition zone for the aluminium system kghere sub-stoichiometric
conditions and fcc crystal structure, the electriesistivity of the samples have values
between 5.6 x Foand 1.1 x 10uQ cm. This behaviour can be explained by reduciedie
electrons from the lattice, as a reduction of metaltent within the layer. Instead the second
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system presents the same conductor behaviour vgtiehvalues contained between 7 X 10
and 1.4 x 10uQ cm.
Finally, the formed oxide films presents a overcktometric condition with an amorphous
structure of AJO; belonging to the compound zone, meaning zone krevhthe coatings
present an insulating behaviour. The same insutgf® is noted for zone Il of the Ci®,
samples with values ranging between 1.9 % 1.1 x 1dpQ cm which consistent with
the higher oxygen content.

This work suggests that by simply changing the treacgas flow is possible the
adjustment of the electrical properties of AINO &rtNO compounds in a wide range, from a

metallic behaviour to a semiconductor one.
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Chapter V1

Optical Characterization




Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

6.1. Introduction

Optical measurements are attractive because theeyalarost always non-contacting
with minimal sample preparation, a major advantagen contacts are detrimental. The
instrumentation form any optical techniques are memcially available and are often
automated. The measurements can have very hightigén$l]. In order to understand the
optical behavior of films and film systems, one mbgcome familiar with the optical
constants of materials, their origins, magnitudes] how they depend on the way film are
processedOn this basis, optical properties are interpretdibben what we know of the
electronic structure and how it is affected by atostructure, bonding, impurities, and
defects [2].

From absorption spectrum as a function of photargyn a number of processes can
be contributed to absorption. At high energies phstare absorbed by the transitions of
electrons from filled valence band states to engptyduction band states.

For energies just below the lowest forbidden eneggp, radiation is absorbed due to the
formation of excitants, and electron transitionsween band and impurity states. The
transitions of free carriers within energy bandsdpice an absorption continuum which
increases with decreasing photon energy. Also, ditystalline lattice itself can absorb
radiation, with the energy being given off in optiphonons. Finally, at low energies, or long
wavelengths, electronic transitions can be obsebetdieen impurities and their associated
bands [3-4].

Optical measurements fall into three broad categogphotometric measurements (amplitude
of reflected or transmitted light is measured),rietence measurements (phase of reflected or
transmitted light is measured), and polarizatiorasaeements (ellipticity of reflected light is

measured) [1]. The main optical techniques are samzed in Fig.6.1.
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Emission Reflection
+ Photoluminescence (PL) i + Optical Microscopy
+ Raman Spectroscopy + Ellipsometry

+ UV Photoelectron + Reflection Spectroscopy

/|/$

Absorption Transmission

+ Photoconductance (PC) + Absorption Coefficient
+ Photoelectron Spectroscopy # Infrared Spectroscopy

Fig.6.1. Optical characterization techniques

Investigations of optical properties of solids,luting these of thin films, are aimed
on: first, to obtain data for ascertaining theimtastructure; second, to determine such
important parameters as refractivities and absotigis necessary for designing devices and
their elements. Thin films of transparent and lighisorbing materials are widely used in
manufacturing interferential and absorption filiens production of multi-layer mirrors,
polarizers, light detectors, in making antirefleaticoatings. In all enumerated cases one
needs to have exact data upon optical constargedree, of considered materials. For many
years respective calculations were based on rektips that took into account repeated
reflections and interference in a thin layer, anglagured in experiment were intensities of
light beams reflected and transmitted by the tayet [5-6].

Optical properties of semiconductors typically dehef their refractive index and
extinction coefficientk or absorption coefficient (or equivalently the real and imaginary
parts of the relative permittivity) and their disgien relations, that is their dependence on the
wavelength ), of the electromagnetic radiation or photon endngyand the changes in the
dispersion relations with temperature, pressuteyialg, impurities, etc [7].

The knowledge of accurate values of the waveledgitendent complex refractive index of
thin solid films is very important, both from a fuaxdental and a technological viewpoint. It
yields fundamental information on the optical eyeggp (for semiconductors and insulators),
defect levels, phonon and plasma frequenciesMaeover, the refractive index is necessary
for the design and modeling of optical componemi$ aptical coatings such as interference
filters. If the model of an isotropic, homogeneond plane-parallel thin film can be adopted,
the real and imaginary parts of the refractive indeeach wavelength completely determine
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the optical properties of the film (in most instagcne film thickness can be determined at
the same time) [8].

The important features in thevs hv behaviour as the photon energy increases can be
classified in the following types of absorptions:
(a) Reststrahlen or lattice absorption in which theiation is absorbed by vibrations of the
crystal ions,
(b) free-carrier absorption due to the presencdred electrons and holes, an effect that
decreases with increasing photon energy,
(c) an impurity absorption band (usually narrowg dioe various dopants,
(d) exciton absorption peaks that are usually okeskat low temperatures and are close to the
fundamental absorption edge,
(e) band-to-band or fundamental absorption of pi®tevhich excites an electron from the

valence to the conduction band [7].

108 | | |
Fund amental absarption

Reststrahlen
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R Ahsarption edge
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Impurity
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Free carrier :
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0001 0.0l 1 1 10 104

Photon energy (eV) —»

Absorption coefficient (1/cm)

Exciton {low T)

T~ N\ Freecarrier

Fig. 6.2. Absorption coefficient is plotted as a functiortred photon energy in a typical

semiconductor to illustrate various possible absionp processes

6.1.1. Reststrahlen or lattice absorption

The Reststrahlen absorption takes place mostlyhen ibfrared region giving no
contribution to color. It originates from the resge of optical phonons to the electromagnetic
wave. For any two nearest-neighbor atoms havingosipp charges, the optical phonon
oscillations are then equipped with a set of dipoWith a frequency comparable to that of
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the lattice vibration, the incident electric fiefdluces the vibration of two opposite charges in
the converse direction. The vibration in the tramse optical mode generates the strongest
absorption, called Reststrahlen absorption, andesathe reflection of the remaining light
(mostly in the infrared region) called Reststrahieitection [9].

6.1.2. Free-carrier absorption

Striking a material having the partially filled esice band, the electromagnetic
radiation excites the free carriers from the omdjiground states to unfilled higher energy
states locating immediately above the Fermi enéeggl. Therefore, these carriers absorb
light with a wide range of energy including theibie region. After being excited to the
higher energy levels, no electron is infinitelyldéain that state. Some may collide with the
lattice vibrations and then dissipate their extrargy in form of heat. Some excited electrons
return to lower energy states by dissipating tbeiergy in the form of photons. The photons
immediately leave the material surface as the @ksereflected light [10].

The response of material is represented in termthefrefractive index, n, and the
extinction coefficient, k. The refractive indextlse ratio of light velocity in vacuum and in
medium so it is not less than unity. The extinctmyefficient of materials indicates the
exponential damping of the light wave amplitudeimigithe propagation in medium and it
depends mainly on the conductivity of the materiBlsth terms are described together as the
complex refractive index, N. The response of fraiers to the electromagnetic radiation can
be described by the Drude model [11-12]. This madgllains the relation of the complex
refractive index with the number of free electradg,an electronic charge, and an effective
mass,

me as follows:

4TtNge?

Mew?

N=n+ik=1-

(eq.6.1)

The frequency at zero complex refractive indexeBreéd as the plasma frequency [9]:

W} =[47Nee2J (eq.6.2)
m,

with m,being the effective mass ahdthe number of conduction electrons per unit volume.
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6.1.3. Band-to-band or fundamental absorption

Band-to-band absorption or fundamental absorptibmadiation occurs due to the
photo-excitation of an electron from the valencendao the conduction band. Thus,
absorption of a photon creates an electron in tmelection band and a hole in the valence
band and requires the energy and momentum congemaftthe excited electron, hole, and
photon. In crystalline solids, as the band striegutepend on the electron wavevector k, there
are two types of band-to-band absorptions corredipgrto direct and indirect transitions. In
contrast, in amorphous solids, where no long-ramigker exists only direct transitions are
meaningful [7].Both direct and indirect interband transitions mimstolve a third particle
(e.g., a phonon) in addition to the electron andtg in order to account for the momentum
transfer [3].

Cristal with a direct Gap Cristal with a indirect Gap
Absorption . Absorption

Transparent
region

Onset of indirect
Onsel of direct photon transition
photen

transition

Photon cnergy Fa— a) Fhoton energy fio —s b)

Fig. 6.3. The absorption edge od) a direct semiconductor arg) indirect semiconductor

From this picture it is clear that indirect trammits require a modification of the
density of states since in the energy of the kttitorations (phonons) is involved in the
transition process. The phonon is either createdti®y absorption process or, if the
temperature is high enough, it is already thermaigited in the crystal.

With band gaps larger than the highest energy énvikible region (3.5 eV), the materials
become transparent since there is no absorptionsdifle light. Materials with band gaps
smaller than 1.7 eV (lower limit of visible regionthe electromagnetic spectrum) are opaque
and blackish due to the absorption of the wholetspm of visible light wavelengths.
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6.1.4. Impurity absorption
Impurity absorption can be registered as the peadkabsorption coefficient lying

below the fundamental (band-to-band) and excitabsorption. Mostly they can be related to
the presence of ionized impurities or, simply, iofibe origin of these peaks lies in the
electronic transitions either between electronatest of an ion and conduction/valence band
or intra-ionic transitions (e.g., within d or f $lse or between s and d shells, etc.). In the first
case the appearing features are intense and bnegdahile in the latter case their appearance
strongly depends on whether these transitionsllwed or not by the parity selection rules.
For allowed transitions the appearing absorpticekpeare quite intense and broad while the

forbidden transitions produce weak and narrow pg#ks

6.2. Characterization techniques

6.2.1. Spectrophotometry and colour space

In psychology, colour look is classified by mearfsvesual sensation into three
independent properties [13]: lightness, hue andgraabn. Hue is what we usually mean when
we ask “what colour is that?” It is s the classifion in terms of red, blue, green, etc. Each
hue corresponds to the relative spectral intertbiéy is very strong in particular ranges of
wavelengths, saturation is related to chromatigaguration tells us how a colour looks under
certain lighting conditions.

Spectroscopy is a technique that measures theadti@n of molecules with
electromagnetic radiation. Light in the near-ulicdet (UV) and visible (vis) range of the
electromagnetic spectrum has an energy of about4EDkImof.The energy of the light is
used to promote electrons from the ground sta@ntexcited state. A spectrum is obtained
when the absorption of light is measured as a foncof its frequency or wavelength.
Molecules with electrons in delocalized aromatistegns often absorb light in the near-UVv
(150-400nm) or the visible (400-800nm) region.

Spectrophotometers are standard laboratory equiprikay usually contain two light
sources: a deuterium lamp, which emits light in théregion and a tungsten—halogen lamp
for the visible region. After passing through a momromator (or through optical filters) the
light is focused into the cuvette and the amounligéft that passes through the sample is
detected by a photomultiplier or a photodiode. tuldle-beam instruments a cuvette with
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buffer is placed in the reference beam, and its absoebs subtracted from the absorbance
measured for the sample.

Colourimetryis a form or better said one of the branches etipscopy, an analysis
that measures how atoms or molecules respond wipased to electromagnetic radiation of
a certain wavelength and energy. The analysis madml an measurement of the absorption
of visible light, the intensity of a solution’s cair (“colorimetry”) or the intensity of light
reflected from the surface of materials (“reflecarcolorimetry”) by using chemical tests or
inexpensive apparatus. The intensity of the ligkitieg the sample (transmitted light) is
measured on the other side of the sample. By campdhe incident intensity to the
transmitted intensity, the absorbance can be detedrior that wavelength of light [14-15].
The CIELAB metric transforms colors to a represeota which is approximately
perceptually uniform in the sense that Euclideastagices between different colors in this
space correspond roughly to perceived color diffees [16-17]

Colorimetry can describe the physiological colowrgeption by means of the L*a*b*
coordinates in the CIELAB colour space.
The a* and b* represents the chromaticity coordisadnd their magnitudes and signs are

indicate hues and saturation [18]

Platural bl nance

Lesa Luminanze L=0

CIELAB

Fig. 6.4. Schematic of the CIELAB colour space

Regarding a* the positive values denote redness thednegative ones denote
greenness, as for b* coordinate the positive vahakcates yellowness and the negative
blueness [19] with magnitudes that vary from zereha center of the sphere to 100 at the

surface.
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As for the vertical axis this represents lightnegish scale of magnitudes between 100 that is
attributed to a perfect white sample and zero ¢selof a perfect black (fig.6).
The equations are expressed as follows:

L*=11652 ~16 (eq.6.3)
YO
10
a*=50({3 §10° —J—sf% (eq.6.4)
10 10
b*= 20({3/\(_13 -J _yf%0 (€9.6.5)
YlO ZlO

WhereX,,, Y,and Z,are the XYZ Tristimulus values for a CIE 10° Suppdmtary

Standard.
X2, Y2,z are theXYZ tristimulus values for a perfect reflecting fuiéer observed of the

specimen. The value 10° reveals the filed of vidwB® mm at 500 mm view distance.
Tristimulus values are the spectral sensitivityed, green and blue light of the three different
cones in the retina and are obatined from the iategquations that are presented in the

visible region. The equations are presebted agvisl|

780

X,o= K3j8 OS(/] )%, (A)R(A)dA (€q.6.6)

Y= K:Jj:S()I)ylo (A)R(A)dA (eq.6.7)

Z,,= K:z:s(/])zm(A)R(A )dy (eq.6.8)

Where K= 100 (€q.6.9)
[ S(A)yo(A)ay

380

Tristimulus values are calculated from spectrademténce factors, R), covering the
range 400-700 nm. In a 0-1 scale these factorseeghe reflectance at each wavelength as a

decimal fraction of that reflected by a perfecteeting diffuser identically illuminated. R)
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is multiplied by SX), the relative spectral power distribution of itheminant, by each of the
three colour matching functionxlo()l), Ylo()l), Zlo(/l) and by the scaling factar[20].

The color measurement of the samples was madeoat temperature by using a
portable spectrophotometer Minolta CM-2600d. Theasaeement was performed at 8 degree
viewing angle with a difuse illumination (D65 liglsiource). The color quantization was
reported using the L* a* b* color system [21].

The transmission and reflectivity was measured gusia Shimadzu UV-3101

spectrophotometer.

6.2.2. Interaction between light and matter

When a light beam interacts at an interface betw®em semi-infinite media (air and
material), several phenomena can occur. The wamergky changes direction (refraction),
slows down, and it can be partially or completebs@bed (absorption), or transmitted

(transmission), Fig.6.5.

Reflected Transmitted
light light

Incident avet®
light Absorbed

Fig. 6.5. Phenomena occurring due to the interaction betwiggt and matter

When a material interacts with a such light beamg of its most important characteristics
may be unfolded: its complex index of refraction,wich is a combination of a real number
or refraction index n, and an imaginary number xdmetion coefficient k. From k one can

obtain the absorption coefficient, of the material as [18]:

a= 4”k//1 (eq.6.10)
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6.2.3. Transmission

Optical transmission or absorption measurements usel to determine optical
absorption coefficients and certain impurities.
During transmission measurements light is incidenthe sample and the transmitted light is
measured as a function of wavelength as illustratddg.6.6. The sample is characterized by
reflection coefficient R, absorption coefficiemt complex refractive index (A jki), and
thickness d. Light of intensity is incident from the left. The absorption coefficierelated
to the extinction coefficientkby a = 4nki/A. The transmitted light;lcan be measured
absolutely or the ratio of transmitted to incidkgiut can be formed [1].

AVAV e I AVAV gt

o, k

— d e E—

Fig. 6.6. Schematic transmittance measurement

The transmittance T of a sample with identical frand back reflection coefficient and light

incident normal to the sample surface is:

(1_R)Ze—ad

- 1+R2e-®d_2Re—adcos (¢) (eq611)
where¢ = 4nn;d/A and the reflectance R is given by:
_ (ng—ny)*+kf (eq.6.12)

T (ng+ny)?+k2

The semiconductor band gap can be determined bysurieg the absorption
coefficient as a function of the photon energy [ight,with energy higher than the band gap,
is absorbed. However, absorption is low to modefatdw nearEgs. For indirect band-gap
semiconductorsy? is plotted againgtv, the extrapolated intercept on theaxis yields the
semiconductor band gap. Such a plot is sometinfesed to as a Tauc plot. For direct band-
gap semiconductors like GaAs, for examplfeis plotted againgtv and the band gap is again
determined from the extrapolated intercept [22].
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6.2.4. Reflection

Reflection or reflectivity measurements are commamigde to determine layer
thicknesses, both for insulating layers on semiaohdg substrates and for epitaxial
semiconductor films.
Figure 6.7. shows a reflection of linearly poladaight at the interface between two media.

Fig. 6.7. Linearly polarized light after reflection at thetarface between two media changes
to elliptically polarized light

The reflectance for the structure, consisting ofatsorbing layer of thickness; @n a

nonabsorbing substrate, is given by:

_ rZe%14rZe~*14 27 1,005 (01)

T e@d14r2y2e—ad1 4211, cos (@1) (eq.6.13)
Where
_ no—ng _nyg—ny __ 4mnqd4cos (¢‘) A . nosin (¢)
n= T =", ;¢ =arcsin [—n1 ] (eq.6.14)

Reflection is often dominated by surface roughnetsch makes the material diffusive or
specular. The cause for specular reflection idfarénce in refractive indices. The fraction of
reflected light, R, is determined by Fresnel's folan

R = (2m) (€q.6.15)

(nz+n4)?

Instead of illuminating the sample with monochromalight and varying the

wavelength, it is possible to shine white lightptaaning many wavelengths, onto the sample
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and analyze the reflected light by passing it thhoagspectrometer. Small areas can be
characterized by shining the light through a micope. Once the various wavelengths have
been dispersed by the spectrometer, they can leetddtby a photodiode array with the
various wavelengths falling on different diodeghe array, for automatic data acquisition [7].
Reflectance measurements are also used to detehmiti@ckness of epitaxial semiconductor
layers, but it only works if there is a substanti@iping density change at the epitaxial

substrate interface, because there must be a méésundex of refraction change at that
interface.

6.3. Results and discussion

6.3.1. Optical behaviour of chromium and aluminiorynitride coatings
Regarding the optical behaviour of the chromium ahdninium oxynitride this is

represented in the colour coordinates as a funatiothe reactive partial pressure+D,
represented by the CIELAB 1976 colour space indi§.and 6.9.
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films
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Fig. 6.8. L* coordinate of the CIELAB 1976 colour space fpiICGaN,Oy and b) AINOy, under
the standard CIE illuminant D65, for films preparetth different reactive gas flows from

series 1. The error bar was determinate by maxirdewiation to the average value

Regarding the values that defined the brightnesshef samples of the CgN
represented in fig. 6.8a) were the same three zoihte samples mentioned in the previous
chapters are still present the same as in theafa8kN Oy (fig 6.8b). Discussing the samples
of the chromium oxynitride the plot revealed thaine | presents the higher values of
brightness L* that is characteristic of the sampbespared with low reactive gas partial
pressure PO, that have a characteristic metallic colour. Thghhvalues of L* is applied
even for zone | of the aluminium oxynitride coasntpat compose this zone, indicate the
same metallic colour that decrease with the inere&she reactive gas.

The samples that indicates the transition zoné¢h®ichromium presents steady values
of brightness to a value close to 51 that revdatsdecrease of the metallic content in the
samples with a dark grey colour. The brightnessieslregarding the aluminium oxynitride
coatings that forms zone T, are almost stable avilark grey opaque-like surface tones.

As for the second zone (zone Il) the distinctiotween the two systems is quite clear
and can be very well seen in fig 6.8 a) and b)sTane reveal samples prepared with high
reactive gas partial pressure presenting loweregabf brightness with a dark grey colour
consistent with their semi-transparency for theeaaischromium oxynitride (Fig. 6.8a). The
samples of aluminium oxynitride that forms zoneeveal an increase of L* compared with

the one from the transition zone that is explaingdhe composition of the films that reveal a
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higher incorporation of the oxygen that is in adaorce with the interference-like colorations,
consistent with its semi-transparency (Fig 6.8b).

For a better understanding of this differences betwthe set of samples that compose
this three different zone for chromium and alsodmminium oxynitride. The decrease of the

brightness is given by the decrease of the amdutieochromium or aluminium content that

arrives to the substrates and of course of thdiveagas partial pressure used for the coating
deposition.
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Fig. 6.9. Chromaticity coordinates (a* and b*) of the CIELAB76 colour space for a)
CrNyOy and b) AINOy, under the standard CIE illuminant D65, for filpepared with

different reactive gas flows. The error bar wasedetinate by maximum deviation to the

average value
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Characterization of the electrical and optical grbies of the CrNxOy and AINxOy thin films

The chromaticity coordinates of the chromium oxydé (Fig. 6.9a) presents for zone
| when the partial pressure is low between 0.0168.G64 Pa, the values of a* shown no
significant change but the positive b* value thegiresents the yellowness shows a significant
decreases that continues also for the samplesdhgose the transition zone. Regarding the
zone Il where the partial pressure has the highkreg ~ 0.25 Pa were the, a* value keeps the
same tendency like in the other zone but b* valresdecreasing sharply until a negative
value of b* (blueness) is touched.

Taking in consideration the second case, namelyalin@inium oxynitride it can be
seen a quite clear difference between these twtersgs (Fig. 6.9b). The first zone of
aluminium that is compose by the low values of ipapressure pO, have an almost
constant values of a* and b* at the limit betweka thegative and positive values of the
chromaticity coordinates. The difference can beeensin zone Il were chromaticity
coordinates presents a significant change compwaitid zone | and T. In this zone the
positive a* values (redness) shows a significaaotdase and a sharp decrease of the negative
b* values (blueness) describing very well the if@emnce colorations of the samples from this

zone given by the changes in the composition ptegem the other chapters.

6.3.2. Reflectance of the coatings

Fig. 6.10 presents the reflectance spectrum invieible range of the chromium
oxynitride from the all three zones that were daddeven from the first chapters. From the
analysis of the reflectance spectra is visiblegh Walues of reflectance in zone | that is to be
expected because of the metallic nature of thesfilm

As the reactive mixture gas is increasing and theornium concentration is
decreasing the reflectance decreases slightlyarrénsition zone were the samples present a
dark grey colour.

Taking in consideration the metallic like behaviafithe reflectance spectrum of the
sample in the first zones, zone Il compose fromr-gt@ichiometric films reveal a drop of
reflectance that is explained by their semi-transpey and by the phase transition (from CrN
to CrOg3) [23] that is described by the chemical conceiurat

R. Arvinte 111



I8 . ; ; . 24
36 2%

34 0% | 224

L
A
1
M
-l
1

B 1

Reflectance/ %
Reflectance/ %

T T T T T T T T T T T T T T T T T T T T T T
A00 450 500 550 600 650 700 400 450 500 550 600 650 700
Wavelenght/ nm Wavelenght/ nm
22 . . . .
] 0%
e
20 |
_—
~. 18 1
3 Zone Il
g
[
£ 16 -
K
s ] L T%
= 14
12 0%
400 450 500 550 600 650 700

Wavelenght/ nm

Fig. 6.10. Reflectance spectrum in the visible range of th¥,0Oy samples from the all three

zones

Taking under analysis the behaviour of the reflec¢aspectra of the AIXD, samples
we discover that zone | presents the metallic likbaviour of the samples with the a much
higher value of reflectance then in the case ofctiremium toching a value close of 90% for
the sample without reactive gas (pure Al) as itloaa seen in Fig. 6.11.

In the transition zone the reflectance drops t@sdual value of 4% given by the
decrease of the metallic content and the dark apaqglor of the samples.

In zone 1l given by the semi-transparency of the@a and the insulator behaviour, a
increase of the reflectance spectra to a valu&b¥o-that may be explained by the increase of
the oxygen content given by the formation of theraha (ALOs).

An application of AION films can be as an opticaatings that's way the presence of

the transparency is an important factor [24].
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Fig. 6.11. Reflectance spectrum in the visible range of tig®J samples from the all three

zones

6.3.3. Optical transmittance of the coatings
Figure 6.12 shows the transmittance spectrumsaimpie that compose zone Il of the
two sets of coatings of chromium and aluminium attgle. The measurements of the optical

transmittance were performed with a wavelength gkats from 200 until 2500 nm.
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Fig. 6.12. Transmittance spectrums for the samples from zica) samples of chromiui

oxynitride,b) samples of aluminium oxynitride

The data of the optical transmittance reveal thatsamples measured from zone |

the two systems are optically transparn the visible and neanfrared regions

The analysis of transmittance spectra of the chwuomoxynitride reveal that in zone | t

sample deposited with 30 sccm presents a transiéttaf ~ 30% in the ne-infrared region.

With the increase of the reive mixture gas the optical transmittance increases in the

visible range and to a value close to 80% in the-infrared region. As for the aluminiu

oxynitride samples the transmittance data revealbtttically transparency in the visible ¢

nearinfrared region with values close to 90% as caoliserved in fig 6.12 b

Zona T

Zona |
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Zona | Zona T Zona ll

Fig. 6.13. Pictures of the substrates after the depositiothefthin films from the all thre
zones thaare dived:a) AIN;Oytype ando) CrNO, type

Figure 6.13presents pictures from 1 representative samples divided irthe three
zonesin order to see their color due to reactive gasvfthat was introduced during tt

deposition process.

6.4. Conclusions

This chapter presented the optical properties iof films determined namelyolor,
reflectivity and optical ransmission that thesfiims have developed after tkdeposition.
These were determined biging aportable spectrophotometer Minolta (-2600d trade (with
which was measured tlwolor of the samples color space CIELAB 1976 and reflance)
and with the help of theShimadzu UV3101 PC spectrophotometer was determ
transmission of the films.

In the caseof brightness * of the two different systems of owitrides, itshows a
clear difference betweethe chromiumand aluminumoxynitride. Aluminum oxynitride
reveals for zone & metallic zon area withhigher values compared with samples fizone |
of the chromium oxynitride. Chromatic crdinates a* and *of the first zonepresents the
same difference between the two systethe samples of AIRD, showsa constant value of
the two coordinates a* and bwhile the CrNO, samples reveals a decrease ofpositive
value b* and an approximgly constant value ca*. This difference persists in trcase of
reflectance, withvalues up to 85%or the AIN,O, andvalues up to 40% for thCrN,O,

samples.
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Transition zone of the two systems reveals a degiréeightness L* of the chromium
oxynitride greater than that of aluminum. The &N chromatic coordinates have revealed a
stability in zone |, as for the Cgy they show a value almost stable for a* and anicoas
to decrease of b* bringing darker tones of thesepéas revealed by the reflectance measured
for this samples with values up to ~24%. SampleslNf,O, have a decrease of the reflection
up to 7% which means that the colours of the fimase a darker tone going until black with
an opaque surface.

Zone |l is represented by a significant reductiothie brightness in the samples of chromium
oxynitride while the aluminium system shows an éase of it. This difference is supported
by the chromatic coordinates that continues to ese for CrNO while in the aluminum
system both a* and b* reveal a significant incredde amount of the reflectance decreases
in the chromium system and for aluminum, she hsigrficant growth that is consistent with
semitransparency of these samples.

In the second zone, the optical analysis carrietl @vealed high values of
transmittance in near infrared domain g being afiyctransparent in the visible one, thing
that is applied to both systems (aluminum and clwom
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