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Abstract 
In this work, the growth of nanocrystalline (0001) oriented thin oxide films with corun-

dum structure on the (0001) oriented c-plane α-Al2O3 substrates was studied. The thin 

films development was realized by magnetron sputtering with ceramic oxide targets at 

low substrate temperatures. In order to realize an epitaxial film growth, increasing the 

deposition temperature and decreasing the deposition rate are the common methods. We 

developed iso-structural epitaxial films of binary Cr2O3, V2O3 and ternary phases in the 

systems of Al-Cr-O, V-Al-O and V-Cr-O grown on the α-Al2O3 substrates at low temper-

atures by physical vapor deposition (PVD) successfully. Furthermore, growth character-

ization of the films was investigated. 

First of all, considering the structural isomorphism of Cr2O3, V2O3 and α-Al2O3 even with 

relatively high lattice parameter mismatch of around 4 % for a-axis and 4 % - 8 % for 

c-axis, pure binary Cr2O3 and V2O3 films on the α-Al2O3 substrates were obtained. Then 

we extended our research to nano-crystalline coatings with corundum structure in the ter-

nary Al-Cr-O, V-Al-O and V-Cr-O systems. Segmented targets were used to deposit films 

with different compositions in one single PVD process in order to realize combinatorial 

thin materials approach. Various analytical methods were used to characterize the com-

position, microstructure and properties of the films. The stoichiometric composition of 

the films was determined by electron probe micro-analysis (EPMA) and Auger electron 

spectroscopy (AES). The crystallization behaviors of the thin films were characterized by 

detailed X-ray diffraction (XRD) analyses (i.e. XRD in Bragg-Brentano geometry, rock-

ing curves (ω-scans), pole figures, and reciprocal space mapping (RSM)). Transmission 

electron microscopy (TEM) was carried out to study the microstructure and describe the 

orientation and epitaxial relationship between the films and the substrates. Further, Ra-

man spectroscopy and infrared reflection-absorption spectroscopy (IRRAS) were carried 

out, and ultraviolet-visible (UV-VIS) spectroscopy was used to get the film band gap. 
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To investigate the microstructure and properties of Cr2O3 and V2O3 coatings with corun-

dum structure, we realized thin film deposited on the sapphire substrates at the tempera-

tures below 400 ℃ in the laboratory scale coater. The influence of the film thickness and 

the deposition temperature on the film microstructure and the film properties was dis-

cussed comprehensively. Nano-crystalline locally epitaxial film growth could be realized 

at lower deposition temperatures in the case of V2O3 films in comparison to Cr2O3 thin 

films. In addition, the crystalline quality and properties of the films deposited on the sub-

strates with and without plasma-etching process before coating were compared and dis-

cussed. 

The growth characteristics of nano-crystalline, ternary, chromium-rich, epitaxial grown 

thin films in the system Cr-Al-O films with composition variation and deposition temper-

ature variation were elucidated. Further, the microstructure and optical property of ternary 

coatings in the systems V-Al-O and V-Cr-O with different composition deposited at 400 ℃ 

were investigated. 

It could be shown that the films with different compositions were grown with locally 

epitaxy. (0001) orientation of stoichiometric Cr2O3, V2O3, and solid solution 

α-(Cr1-xAlx)δ+2O3, α-(V1-xAlx)δ+2O3 and α-(V1-xCrx)δ+2O3 thin films were grown on (0001) 

c-plane α-Al2O3 single crystal substrates. The epitaxial relationship of 

(0001)film // (0001)substrate and (101!0)film // (101!0)substrate could be identified. Individual co-

lumnar grains grow in c-axis direction of the substrates. Plasma-etching process on the 

substrate could cause the stacking faults during the film growth. Raman spectra show a 

significant shift of phonon frequency with lattice parameters caused by thickness varia-

tion, composition variation, and deposition temperature variation. 
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Kurzfassung 
Diese Arbeit beschreibt die Herstellung nanokristallinen (0001)-texturieren Dünnschich-

ten in Korundstruktur auf (0001)-orientierten α-Al2O3-Substraten. Die Entwicklung der 

Dünnschichten wurde durch Magnetron-Zerstäuben mit keramischen Oxid-Targets bei 

niedriger Substrattemperatur realisiert. Generell sind die Erhöhung der Abscheidetempe-

ratur und die Verringerung der Aufwachsrate gängige Verfahren, um ein epitaktishes 

Schichtwachstum zu realisieren. Im Rahmen dieser Arbeit wurden erfolgreich PVD-Pro-

zessparameter erarbeitet, mit denen binäre Cr2O3- und V2O3-Schichten sowie ternäre 

Schichten in den Systemen Al-Cr-O, V-Al-O und V-Cr-O bei möglichst tiefen Tempera-

turen synthetisiert werden konnten. Des Weiteren wurde das 

Schichtwachstum dieser Schchten umfassend untersucht. In Anbetracht des strukturellen 

Isomorphismus von Cr2O3, V2O3 und α-Al2O3 erhalten wir reine binäre Cr2O3- und V2O3- 

Schichten auf den α-Al2O3-Einkristall-Substraten mit (0001) Textur selbst bei einer rela-

tiv hohen Gitterparameterfehlanpassung (4 % für a-Achse and 4 % - 8 % für c-Achse). 

Danach wurden die Forschungsaktivitäten innerhalb dieser Dissertation auf kristalline 

ternäre Al-Cr-O-, V-Al-O- und V-Cr-O-Systeme vom Korundtyp. Es wurdem segmen-

tierte Targets verwendet, um Schichten mit verschiedenen Zusammensetzungen in einem 

einzigen PVD-Prozess und um einen smarten materialkombinatorischen Ansatz zu reali-

sieren. Die stöchiometrische Zusammensetzung der Schichten wurde durch Elektronen-

sondenmikroanalyse (EPMA) und Auger-Elekronenspektroskopie (AES) bestimmt. Das 

Kristallisationsverhalten der charakterisierten dünnen Schichten wurde durch detaillierte 

Röntgenbeugungsanalysen (XRD) (d.h. XRD in Bragg-Brentano-Geometrie, ω-kurve 

(ω-Scans), Polfiguren, reziproke Raumabbildung (RSM)) analysiert. Es wurden Trans-

missionselektronische Untersuchen (TEM) durchgeführt, um die Mikrostruktur zu be-

stimmen und die Orientierung und epitaktische Beziehung zwischen den Filmen und den 

Substraten zu beschreiben. Weiterhin wurden die Raman-Spektroskopie und Infrarot-Re-

flexionsabsorptionsspektroskopie (IRRAS) eingesetzt, um Informationen über die Bin-

dungszustände zu erhalten, und die Bandlücke mittels optischer Transmissionsspektro-

skopie im ultravioletten und sichtbaren (UV-VIS) Spektroskopie wurde verwendet, um 

die bandlücke zu erhalten. Die binären Cr2O3- und V2O3-Schichten mit Korund-Struktur 
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konnen erfolgreich bei Dopositionsterperaturen unter 400 °C im Labormaßstab herge-

stellt und hinsichtlich Ihrer Mikrostruktur und ihrer Schichteigenschaften umfassend cha-

rakterisiert werden. Bei der Schichtentwicklung wurde insbesondere der Einfluss der 

Schichtdicke und der Abscheideparameter auf die Schichtkonstitution systematisch un-

tersucht. Die Mindesttemperatur, beim der noch ein lokales epitaktisches Wachstum mög-

lich war lag bei den V2O3-Schichten bei 150 °C und bei den Cr2O3 bei 320 °C. Zusätzlich 

wurde der Einfluss einer Plasmavorbehandlung der Substrate auf das Schichtwachstum 

untersucht und optimiert.  

Des Weiteren wurde das Wachstum von chromreichen, epitaktisch gewachsenen Dünn-

schichten im System Cr-Al-O in Abhängigkeit der elementaren Zusammensetzung. Die 

Mikrostruktur wurde durch Glühen weiter optimiert. Außerdem wurden die Mikrostruk-

tur und die optischen Eigenschaften von ternären V-Al-O (V-reich) und V-Cr-O (V-rei-

chen) Filmen mit unterschiedlicher Zusammensetzung bei 400 ℃ untersucht. 

Es konnte gezeigt werden, dass Schichten mit unterschiedlicher Zusammensetzung mit 

ein lokales epitaktisches Wachstum aufweisen können. Prozessparameter für die Ab-

scheidung von Schichten mit einer (0001) Orimentieung konnten für Cr2O3, V2O3, α-(Cr1-

xAlx)δ+2O3, α-(V1-xAlx)δ+2O3 und α-(V1-xCrx)δ+2O3 Erfolgreich erarbeitet werden. Die epi-

taktische Beziehung von (0001) Schicht // (0001) Substrat und (101!0) Schicht // (101!0) 

Substrat konnte ebenfalls identifiziert werden. Einzelne säulenförmige Körner wachsen 

in die Richtung der c-Achse der Substrate. Eine etwasige Plasmavorbahandlung der Sub-

strate kann während des Filmwachstums zu Stapelfehlern führen. Raman-Spektren zeigen 

eine signifikante Verschiebung der Phononfrequenz, wobei Gitterparameter durch Di-

ckenschwankung, Zusammensetzungsänderung und Abscheidungstemperaturänderung 

verursacht werden statt warden. 
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1 Introduction, Motivation and 
Objectives 

In this chapter, a brief overview of the background, motivation and objectives of this 

study are given. 

1.1 Introduction 
Thin film technology is a key technology that includes both surface modification and 

surface coatings. This technology can be beneficially applied to many technical applica-

tions, such as surface functionalization, protection and decoration, and optical and micro-

electronic devices. Thin film deposition processes can be realized by the deposition of 

atoms, ions, and molecules. They can be tailored to functionalize a substrate material in 

a desired way. The chemical composition, microstructure and properties of a growing thin 

film are also controlled by the deposition conditions [1,2]. Epitaxial is a film grown on 

the crystalline substrate in ordered fashion that atomic arrangement of the film accepts 

crystallographic structure of the substrate. The novel properties of the films are strongly 

dependent on stoichiometry, composition, crystalline state, thickness, etc. High crystal 

quality is needed especially for electronics and optics applications. Epitaxial growth is 

one of the most important film techniques to fabricate various electronic and optical de-

vices [3]. 

Typical deposition methods encompass for example techniques of physical vapor depo-

sition (PVD), chemical vapor deposition (CVD) and the chemical solvent deposition in-

cluding sol-gel deposition [1,4–8]. Each deposition process has its own advantages, dis-

advantages and applications. CVD is the deposition of atoms and molecules by the 

reduction and decomposition of a chemical vapor precursor species which contains the 

materials to be deposited at high temperatures many hundreds of degrees than the melting 

point which is close to thermodynamic equilibrium [9]. CVD is extremely useful in the 

process of atomic layer deposition at depositing extremely thin layers of material for ep-

itaxial films. CVD offers a lot of advantages such as good film uniformity, compatibility, 
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conformal growth with good step coverage, high deposition rates and scalability from 

laboratory to industrial production. However, there are many disadvantages of CVD such 

as serious toxic or flammable gases are used, adequate precursors should be found and 

high deposition temperature is needed. The main use of CVD in industry is Si technology 

and growing for Ⅲ-Ⅳ compounds. PVD is the most promising technique which allows 

for the synthesis of thin films in metastable solid solution with regard of their kinetic non-

equilibrium conditions at low deposition temperature. The PVD process is divided into 

thermal evaporation (i.e. molecular beam epitaxy (MBE), electron-beam evaporation, 

pulsed laser deposition (PLD), etc.), sputtering (i.e. direct current (DC), alternating cur-

rent (AC), radio-frequency (RF), ion-beam, reactive and magnetron sputtering), and arc 

discharge [10]. Among these PVD processes for growing epitaxial films, MBE is used 

for which are required for lower substrate temperature, but ultrahigh-vacuum (typical 

around 10-8 Pa) and very low deposition rate (around 1 nm/min) [5,9]. Therefore, MBE 

is mainly applied for laboratory experiments because it is inefficient for mass production. 

Sputtering is another main vaporization film technique, in which the condensation and 

film growth processes frequently occur far from the thermodynamic equilibrium, due to 

kinetic restrictions. Thus, a good control of both the thermodynamic and the kinetic con-

ditions has implications on the growth dynamics and enables the tailoring of the structural, 

optical, electrical, and mechanical properties of the films [6]. The deposition temperature 

can affect the energy transferred to the film forming species (adatoms), which enables 

control over the film morphology and structural characteristics [7]. One way to control 

the growth dynamics is by heating the substrate during the deposition [9]. Another way 

to achieve epitaxial layer is by low energy ion implantation [8]. Among these sputtering 

methods, magnetron sputtering is one of the most promising techniques by which a wide 

variety of thin films can be made with little film contamination and at a high deposition 

rate, low temperature and low pressure. It has led to the development of lots of commer-

cial applications such as hard coatings, wear-resistant coatings, low friction coatings, cor-

rosion-resistant coatings, decorative coatings and coatings with specific optical, or elec-

trical properties [11]. Magnetron sputtering technology can deposit metals, alloys, 

compounds, organic matters, oxides, nitrides etc. on the substrate surface through select-

ing the appropriate sputtering process, different target materials and ambient gases [12]. 
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Oxides display a remarkable range of materials properties: some are hardening, insulating 

and ferroelectric while others demonstrate specific optical, electrical and magnetic prop-

erties. Al2O3 is a widely used material in industry in both the bulk and thin film forms. 

Particularly, the corundum phase (α-Al2O3) coatings are associated with high melting 

point (2327 K), excellent mechanical properties as well as superior chemical stability. 

Therefore, α-Al2O3 thin films have been used in tool industries as wear resistant and pro-

tective coatings [13–16], thermal and diffusion barriers [15,17–19], microelectronics ap-

plications [20,21] and optical industries [22–24]. Cr2O3 is one of the hardest among the 

common oxides with the microhardness of 29 GPa [25]. It also shows good mechanical, 

chemical inertness, magnetic and optical properties. Therefore, it has been used for pro-

tective coatings [26], optics [27], electronics [28], and various catalytic systems [29,30]. 

V2O3 displays a metal-insulator transition (MIT) as a function of temperature, pressure, 

and doping concentration [31]. α-Al2O3, Cr2O3 and V2O3 are iso-structural with the space 

group of R3!c, which is advantageous for the hetero-epitaxial growth. In this work, 

α-Al2O3 substrates with the same crystal structure as the films (Cr2O3, V2O3, etc.) are used 

in order to get epitaxial films at lower temperature by PVD. However, the film and the 

substrate have similar lattice parameters with lattice mismatches of less than 5 % in a-axis, 

which results in challenges to grow the epitaxial films. Various research groups [32–34] 

have explored several ways to improve epitaxial quality of the films by sputtering meth-

ods, such as increasing the deposition temperature, pre or post treatments, decreasing the 

film thickness and so on. More details are given in section 2. 

The so-called “Holleck triangle” which classifies the most common protective coating 

materials according to their chemical bonds has often been used for a first approach to 

the design of novel hard and functional coatings [35,36]. Its philosophy can also be ap-

plied to develop novel ceramic layer materials including metal nitrides, carbides, borides 

etc., i.e. new oxide thin films in form of metastable solid solution structures. Such mate-

rials exhibit strong ionic bonds (with energies up to several thousand kilojoules per mole, 

while the Al-O bonding energy is 507.5 kJ/mol ± 2.9 kJ/mol, the Cr-O bonding energy is 

461 kJ/mol ± 8 kJ/mol, and the V-O bonding energy is 626 kJ/mol ± 9 kJ/mol) and cova-

lent bonds (with energies about several hundred kilojoules per mole) [37,38]. This mixed 

bonding state can influence the materials properties significantly, for example it could 
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result in enhanced hardness and thermal stability of the material. Combination of two 

binary materials into ternary materials can be beneficial due to the simultaneous presence 

of the metals in the structures. For example, Al2O3-Cr2O3 system offers complete solid 

solubility over the compositional range above a certain higher temperature. More detailed 

are introduced in section 2.5, 2.6 and 2.7. PVD which is a non-equilibrium deposition 

process would be a tool to get such new solid solutions at lower substrate temperature. 

Alloying impact on material properties can be well explained. In this work, new ternary 

solid solution oxides Al-Cr-O, V-Al-O, and V-Cr-O films with composition variation was 

carried out. A combinatorial approach based on the use of a segmented target consisting 

of A2O3 and B2O3 (A and B indicate different metal elements, e.g. Al, Cr, V) half plates 

was used for the thin film synthesis. 

In order to obtain stoichiometric oxide films by magnetron sputtering, there are two op-

tions for the deposition process: a) one can do a reactive magnetron sputtering process 

using a metal target, and such processes require precise oxygen gas flow control during 

deposition; b) the alternative synthesis route is a non-reactive magnetron sputtering pro-

cess using ceramic (oxide) targets for sputtering. In this thesis, the synthesis route of non-

reactive magnetron sputtering is used, and single oxide ceramic targets Cr2O3 and V2O3 

are applied for the growth of Cr2O3 and V2O3 films, respectively; segmented targets for a 

combinatorial approach are used for the ternary Al-Cr-O, V-Cr-O and V-Al-O systems in 

solid solution state which is an innovative way to get ternary solid solutions with compo-

sition variation in one step. To sputter conductive targets in magnetron sputtering process, 

a DC power supply is generally used. For insulating or semiconducting targets, an RF 

power supply is required. Therefore, RF magnetron sputtering is used in this thesis.  

1.2 Motivation and objectives 
Me2O3 (Me indicates Al, Cr, V and so on) is an important class of materials which is 

widely used for protective layers in cutting tools, optical, electronic, magnetic device 

technology, etc.. For most applications, it is important to control precisely the microstruc-

ture (including lattice parameters), stain, and stoichiometry of the films, because the prop-

erties of thin films are influenced by many factors, including microstructure, composition, 

defect concentrations and so on [39]. Due to the films with different orientation exhibit 
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different properties, for most technological applications, it is desired that the deposited 

materials form crystalline overlayers that have one well-defined orientation with respect 

to the substrate crystal structure [40,41]. 

Oxide films with corundum microstructure, e.g. Cr2O3 and V2O3 grown on iso-structural 

oxide substrates e.g. α-Al2O3 can be considered a model system for studying oxide - oxide 

heterojunctions. This is motivated by (1) the films and the substrates have same crystal 

structure; (2) the materials do not react or interdiffuse under the growth conditions in the 

present study; (3) these individual corundum-type structure oxides have been studied and 

can be widely used in many applications. The α-Al2O3 substrates with the same corun-

dum-type structure as the films were used to assist the low temperature epitaxial growth 

of the iso-structural binary systems or to form a homogenous solid solution of ternary 

systems. 

The objectives are to understand the principle of the crystals growth on the iso-structural 

substrates at low deposition temperature (⩽ 400 ℃) and how and why the composition 

affects the microstructure and properties in the ternary solid solution.  

In this thesis, first, the epitaxial grown binary stoichiometric Cr2O3 and V2O3 thin films 

on the α-Al2O3 substrates were obtained by non-reactive RF magnetron sputtering using 

a ceramic target. Then new ternary solid solutions were studied which was based on the 

results of the binary systems. In order to obtain the stoichiometric films with systematic 

composition gradients in the ternary systems of Al-Cr-O, V-Al-O and V-Cr-O, a combi-

natorial approach using segmented ceramic targets was applied. The segmented ceramic 

targets also result in the growth of the films with varying microstructure and properties. 

The films properties are influenced by the microstructure which depends on the elemental 

composition, the substrate, the film thickness and the deposition temperature. 

In this thesis, the microstructure including the epitaxial quality of the thin films relative 

to the substrates were characterized by different techniques X-ray diffraction (XRD), 

transmission electron microscopy (TEM), Raman spectroscopy and Infrared reflection-

absorption spectroscopy (IRRAS) and the band gap was obtained by ultraviolet-visible-

near infrared (UV-VIS-NIR) spectroscopy. The variation of the microstructure and prop-

erties dependent on the deposition conditions and the film composition was discussed. 
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The influence of the film thickness, the deposition temperature and the perfection of the 

substrate surface on the epitaxial films was studied. Based on these results, deposition 

process parameters for the epitaxial film growth can be developed. 

The solid solutions of ternary oxides in various systems with the same corundum-type 

structures were successfully obtained. The crystal growth is developed from the binary 

systems to the ternary systems. The deposited films were polycrystalline with (0001) ori-

entation and epitaxial grown on the α-Al2O3 substrates. We investigated the influence of 

a substitution of the metal cation in a ternary system (in single-phase solid solution crys-

tallized thin films) on the epitaxial growth, the microstructure and the properties of the 

films. In ternary systems, the films with higher Al content possesses poorer crystal quality 

than the films with higher V content. The higher the Al content, the higher the tendency 

to build extremely nanocrystalline or even amorphous structures.  

In other words, the aim of this work is to explain the conditions under which epitaxial 

layer growth of binary and ternary oxides with corundum microstructure on iso-structural 

substrates by non-reactive magnetron sputtering is possible at low deposition tempera-

tures. 
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2 Material systems and state of the art 
In this chapter, material systems in which phases with corundum-type structures can be 

found studied in this thesis are presented. Firstly, the basic knowledge of crystals and the 

structure of the corundum crystallography are introduced. Secondly, various corundum 

materials such as binary α-Al2O3, Cr2O3, V2O3, and ternary Al-Cr-O, V-Al-O, and 

V-Cr-O systems are presented, including their properties, recent and potential applica-

tions, as well as the possibilities to produce these materials by means of thin film tech-

nology. 

2.1  Crystal structure 
In this part, the definition of a crystal is introduced in general. The materials studied in 

this thesis have the same corundum-type structure which is also presented in detail in this 

part.  

2.1.1 Definition of a crystal 
A crystal consists of atoms arranged in a pattern that repeats periodically in three dimen-

sions to a grid [42]. In crystals, atoms are arranged in a highly ordered fashion with spe-

cific periodic positions and symmetry.  

In 1611, Johannes Kepler made the first attempt to relate the external shape of a crystal 

(snowflakes) with its structure [43]. Robert Hooke extended Kepler’s ideas to other crys-

tals and suggested that the different shapes of crystals which occur in form of rhombs, 

trapezia, hexagons and other geometries could arise from the packing together of spheres 

or globules, which was first published in 1665 [44]. In 1669, Nicolaus Steno [45] stated 

a law that the crystal faces are 60˚ or 120˚ angles which arise from the close-packing of 

the spheres from simple observation of quartz crystals, which was developed as a general 

law by Rome de L’ Isle in 1783 [46]. In 1784, Ren�́� Just Haüy [47] pointed out the con-

nection between the internal order and the external symmetry of a crystal, however the 

existence of an internal order could not be certified at that time and until X-ray and elec-

tron diffraction techniques have been developed recently. Since then we have extended 

these ideas to three dimensions [48]. In 1926, Goldschmidt [49] found the relationship 
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between the crystal structure and the chemical composition which is called the laws of 

crystal chemistry, and he also considered physical properties dependent on the crystal 

structure. 

Crystals can be regarded as being built up by a continuing three dimensional (3D) trans-

lational repetition of the basic structural pattern, and this simplest component of the 3D 

pattern is called the “unit cell” [50]. The unit cell can be defined by three noncoplanar 

vectors �⃑�, 𝑏)⃑ , and	𝑐, and the angles between these axial vectors α, β, and γ. A crystal face 

or crystal plane is indexed with a set of integers, (hkl), which is called Miller index. A 

crystal face or plane (hkl) makes intercepts a/h, b/k, c/l with the edges of the unit cell of 

lengths a, b and c. If crystal planes in hexagonal systems are indexed using Miller indices, 

then crystallographically equivalent planes have indices which appear dissimilar. The 

planes parallel to the z axis, such as (11!0) and (100), are crystallographically equivalent, 

but it is not too easy to deduce this from their Miller indices. To overcome this, the Miller-

Bravais indexing system is used. In Miller-Bravais index, a fourth axis, u, which is ori-

ented at an angle of 120° to x and y axes and in the same plane, is introduced. A plane is 

then specified using four indices (hkil) that obey the constraint i = -(h+k), where h, k, and 

l are identical to the corresponding Miller indices. 

2.1.2 Hexagonal close-packed crystal structure  
First, we consider the atoms in one layer in a crystal are packed together in the same way. 

Then we extend one dimension to three dimensions by considering many layers of atoms 

stacked one on top of the other, i.e., atoms in the crystals arrange in certain patterns or 

lattice arrangements, which are known as close-packed structures [51]. 

The simplest way of stacking the layers is to place the atom centers directly above one 

another. However, in reality the atoms in the second layer tend to slip into the ‘hollows’ 

or interstices between the atoms in the layer below, in accordance with energetical con-

siderations suggesting that layers of atoms stacked in this “close-packed” way generally 

have the lowest energy and most stable state [48]. There are two possibilities how a third 

layer is placed upon the second one when the atoms in the third layer slip into the inter-

stices of the second layer: one case is that the atoms in the third layer are positioned 

directly above the atom centers in the first layer as shown in Fig. 1; the other case is when 
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the atoms in the third layer are positioned directly above the unoccupied interstices be-

tween the atoms in the first layer. In Fig. 1, atoms marked as “a” with a solid circles 

outline the first layer, atoms marked as “b” with dashed circles outline the second layer, 

and the atom-positions of the third layer are the same as those of the first layer. The 

stacking sequence is ababab…, which is called the hexagonal close-packed (hcp) struc-

ture. 

The atoms in a crystal can be mathematically represented as points in a 3D real space 

lattice. If these lattice points are arranged in a periodic arrangement, then the lattice can 

be defined by space unit vectors �⃑�, 𝑏)⃑ , and	𝑐, and the angles α, β, and γ. For the hexagonal 

system, the unit vector lengths are a = b ≠ c, and the angle between the unit vectors are 

α = β = 90°, γ = 120°, which is shown in Fig. 2. 

For the hexagonal structure, the distance dhkil between a family of planes (hkil) is: 

   (1) 

The angle  between planes (h1k1i1l1) and (h2k2i2l2) is [52]: 
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Fig. 1 Stacking sequences of the hcp layers of atoms. “a” are the atoms in the first layer, 

and “b” are the atoms in the second layer. 

 

Fig. 2 A hcp structure where a = b ≠ c, and α = β = 90°, γ = 120° [53]. 

2.1.3 Corundum-type crystal structure 
Corundum-type crystals have been extensively investigated because of their importance 

applications in mineralogical, thin film commercial production and so on. Corundum 

(α-Al2O3), eskolaite (Cr2O3), karelianite (V2O3), hematite (α-Fe2O3), as well as Ti2O3, 

α-Ga2O3, α-Rh2O3, α-B2O3, α-In2O3 and α-Ir2O3 exhibit the same crystal structure which 

is called the corundum-type structure [54–59].  

Although corundum-type crystals have a rhombohedral primitive unit cell, the equivalent 

hexagonal lattice, which contains three primitive cells and belongs one of six lattice fam-

ilies, is used [52]. Fig. 3 illustrates the corundum structure with the space group of 

D3d
6  (R3!c) in ideal hexagonal description. In the hexagonal view along the [0001] direc-

tion, the oxygen atoms (shown as red circles in Fig. 3) form parallel and nearly ideal 
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(slightly distorted) hcp array, while the metal atoms (shown as blue filled circles in Fig. 3) 

occupy two thirds of the octahedral interstitial sites between two oxygen layers, forming 

graphite-like layers parallel to the oxygen layers with ABCABC… stacking sequence in 

the c-axis. Metal atoms show a coordination with six oxygen atoms, and oxygen atoms 

show a coordination with four metal atoms. Each MeO6 (Me denotes metal) octahedron 

is linked with three other octahedrals through common edges and with one octahedron 

through a common face along c-direction [52,60–63]. From the stacking sequence shown 

in Fig. 3 (b), (c) and (d), one can observe that the oxygen has 6-fold symmetry, and the 

metal only has 3-fold symmetry. For Me2O3 corundum-type, the trivalent metal occupies 

the octahedral site at (0, 0, z) and the oxygen is placed at (x, 0, 1
4
) in the Me-centered 

setting. In an ideal hcp corundum both z and x are 1
3
, and c

a
 = 2.833 [54]. The lattice pa-

rameter c in a hexagonal structure is determined by six layers of oxygens with six inter-

vening sheets of cations and holes [60]. However, lattice distortion with deviations of the 

corundum-type structure from ideality is observed caused by electrostatic cation-cation 

repulsion due to the fact that one third of octahedral interstitial sites are unoccupied by 

cations, which is dependent on the temperature and pressure [54,55]. 

The lattice parameters and the interatomic distances at room temperature and pressure in 

α-Al2O3, Cr2O3 and V2O3 are listed in Table 1. These isomorphous corundum structures 

possess similar lattice parameters with a lattice misfit of less than 5 % in a-axis. Com-

pared to α-Al2O3 (a = 0.47588 nm and c = 1.2992 nm, according to Powder Diffraction 

File (PDF) card No. 42-1468), Cr2O3 (a = 0.495876 nm and c = 1.35942 nm, according 

to PDF card No. 38-479) has lattice mismatches of 4.2 % and 4.6 % for the a and c axes, 

respectively. While the V2O3 (a = 0.49540 nm, and c = 1.40083 nm, according to PDF 

card No. 34-187) has lattice mismatches to α-Al2O3 of 4.1 % and 7.8 % for the a and c 

axes, respectively. As expected for an essentially ionic structure, the metal atoms are dis-

placed from the octahedral centers towards the unshared faces, and shared edges are 

shorter than unshared edges. Concerning the values of the interatomic distances shown in 

Table 1, one should note there are two non-equivalent Me-O distances: the larger one 

with Me towards the shared face and the smaller towards the unshared face. There are 

also two different Me-Me distances in Me2O3, in which the relatively short distance along 
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the c-axis may be due to the particular geometrical features of the structure and not to a 

bonding interaction. For O-O distances in one material, there are four non-equivalent val-

ues in shared faces, unshared faces, shared edges and unshared edges, respectively [63]. 

 

 

Fig. 3 (a) The corundum structure in ideal hexagonal description. The oxygen atoms (red-

filled circles) form an hcp array. The metal atoms (blue-filled circles) occupy two-thirds 

of the octahedral interstices between two oxygen layers. c is the lattice parameter. The 

metal layers stack as ....ABCABC…. (b) (c) and (d) show the stacking model. The top 

views of the (b) A layer, (c) B layer and (d) C layer show that the oxygen-sublattice 

exhibits 6-fold symmetry while the metal sublattice exhibits only 3-fold symmetry. 

(b) (c) (d) 
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Table 1 Lattice parameters and atomic distances of α-Al2O3, Cr2O3, and V2O3 at room 

temperature and pressure of 1.01×105 Pa. Lattice parameters of α-Al2O3, Cr2O3, and V2O3 

are according to the PDF card No. 42-1468, No. 38-1479, and No. 34-187 from the Inter-

national Center for Diffraction Data (ICDD) database, respectively. Unit cell volumes are 

calculated by the formula V= √3a2c
2

. The atom distances of α-Al2O3 are cited from ref. [62], 

and the atom distances of Cr2O3 and V2O3 are from ref. [54]. Me denotes metal (Al, Cr, 

or V). Me, O1, O2, O3, O4, and O5 are shown in Fig. 3. 

Parameters α-Al2O3 Cr2O3 V2O3 

a / nm 0.47588 0.495876 0.49540 

c / nm 1.2992 1.35942 1.40083 

c/a 2.73 2.74 2.83 

Unit cell volume / nm3 0.2549 0.2895 0.2977 

Me-O distances    

Me-O1 0.1969 0.2009 0.2037 

Me-O5 0.1857 0.1962 0.1978 

Me-Me distances    

Me-Me (shared face) 0.2649 0.2649 0.2735 

Me-Me (shared edge) 0.2792 0.2885 0.2887 

O-O distances    

O1-O2 (shared face) 0.2524 0.2617 0.2615 

O1-O4 (shared edge) 0.2619 0.2730 0.2790 

O1-O5 (unshared edge) 0.2725 0.2844 0.2902 

O1-O3 (unshared face) 0.2869 0.2987 0.2988 

2.2 Aluminium oxide, Al2O3 
In this part, the phases, properties and applications of Al2O3 are presented. Various tech-

niques to prepare the Al2O3 from literatures are introduced. 
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2.2.1 Structure, properties and applications 
Al2O3 exists in many metastable polymorphs, such as γ-, η-, θ-, and δ-phases which 

structures are based on fcc packing of oxgen; α-, κ-, and χ-phases which are based on hcp 

packing, and additional monoclinic phases including θ’, θ’’ and λ-phases [61]. Among 

these phases, α-Al2O3 is the only thermodynamically stable phase with corundum-type 

structure over a wide range of temperatures up to 1100 ℃ which is characterized by a 

mixed ion-covalent bonding with 61 % of ionic character and 39 % of covalent 

character [64]. The other phases are called metastable phases, which can transform 

irreversibly to α-Al2O3 at a sufficiently high temperature [65–67]. Fig. 4 shows the Al-O 

phase diagram, which indicates no solid solubility of O in solid Al or deviation from 

stoichiometry in Al2O3 and the high melting point of α-Al2O3.  

α-Al2O3 possesses the corundum-type crystal structure with the space group of D3d
6  (R3!c) 

which has detailed discribed in section 2.1.3. 

α-Al2O3 possesses good thermal stability, mechanical, chemical, electrical and optical 

properties which are specified in Table 2, and has been widely used in various 

technologies from metallurgy (e.g. as an refractory material) to microelectronics (e.g. as 

a substrate for the growth of Si and GaN) [68,69]. α-Al2O3 is one of the most common 

phases among all Al2O3 phases with a high melting point of 2327 K as shown in 

Fig. 4 [70,71], which has no phase transition between room temperature and its melting 

point [17,72,73]. Due to its high melting point, α-Al2O3 has been used as an refractory 

(fire resistant) material [74,75]. α-Al2O3 is one of the hardest oxides in the world [76] and 

microhardness of 22 GPa - 23 GPa [77]. Due to this high hardness and its superior 

chemical stability, good mechanical strength at high temperatures and favourable thermal 

properties, it is used as wear resistant and protective coatings [13–16]. α-Al2O3 films are 

effective thermal or diffusion barriers against hot gas especially under the loading condi-

tions in fusion reactors due to its high density (3.93 g/cm3 - 4.01 g/cm3), thermomechan-

ical stability and hcp crystal structure with a very small number of defects [15,17–19,78]. 

Considering its electrical properties like the large band gap (8.8 eV) [79], a high dielectric 

constant (around 10), and high electrical insulating, Al2O3 films can be used in metal-

oxide-semiconductor gate dielectric applications [20,21], or as passivation layers in 
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metal-oxide-semiconductor devices [22]. Besides, Al2O3 is also used in magneto-resistive 

and magneto-optic read and write devices [80–82]. Further, Al2O3 films have been used 

in optical applications, e.g. as protective films for metal reflectors and dark mirrors, due 

to its low optical absorptance (i.e. high transparency with an index of refraction of 

1.64 - 1.77) [22–24]. 

 

Fig. 4 Al-O Phase diagram [83,84].  

Table 2 Properties of α-Al2O3. 

Property Value 

Molecular weight 101.96 g/mol 

Melting point [83,84] 2327 K 

Boiling point [85] 3000 ℃ 

Density [38] 3.93 g/cm3 - 4.01 g/cm3 

Dielectric Constant [20] ~ 10 

Microhardness [77] 22 GPa - 23 GPa 

Index of Refraction [25] 1.64 - 1.77 

Band Gap [79] 8.8 eV 
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2.2.2 Methods for Al2O3 thin film deposition 
For achieving crystalline α-Al2O3 films, high temperature deposition processes such as 

CVD are the domain methods. However, the substrate temperatures above 1000 ℃ are 

required for CVD [16,65,66]. Only amorphous Al2O3 films were grown at 600 ℃ - 700 ℃ 

and polycrystalline γ-Al2O3 could be grown at 900 ℃ - 1050 ℃ by metal-organic chemi-

cal vapor deposition (MOCVD) [86]. Textured polycrystalline α-Al2O3 layers with dif-

ferent orientation were deposited at 1000 ℃ by CVD [14]. Crystalline (0001)-oriented 

α-Al2O3 layers were obtained on (0001)-oriented Ti2O3 at 1000 ℃ by CVD [65]. With 

development of the CVD technology, the required substrate temperature towards lower. 

Kyrylov et al. [87] studied the effect of ion irradiation during the deposition of alumina 

films by plasma assisted CVD and prepared α-Al2O3 films at 580 ℃ in a bipolar pulsed 

plasma with a cathode power density of 6.6 W/cm2. 

Only amorphous or very poorly crystallized α-Al2O3 films could be obtained by conven-

tional PVD processes which operate usually at lower temperature under kinetic non-equi-

librium conditions. Hiesinger and Koenig reported earlier the preparation of amorphous 

Al2O3 films by reactive DC sputtering in 1951 [88]. Dragoo and Diamond [73] reported 

amorphous alumina films were prepared by condensing vapor from evaporating molten 

alumina on glass substrates. To obtain crystalline Al2O3 films, annealing of the amor-

phous films was done. Initial crystallization began at 570 ℃ for an annealing time of 

more than 8 h, then poorly crystalline alumina was converted from γ-Al2O3 to δ-Al2O3 

and finally to α-Al2O3, or films converted from θ-Al2O3 to α-Al2O3 (i.e. from the cubic 

phases to the corundum phase) with increasing the annealing temperature to 1200 ℃. 

Amorphous Al2O3 films were prepared in Ar-O2 mixtures by DC and RF reactive magne-

tron sputtering by Deshpandey and Holland in 1982 [22].  

In order to get crystalline α-Al2O3 films at lower deposition temperature, the develop-

ments of the PVD technology (e.g. pulsed deposition) are underway. Polycrystalline 

α-Al2O3 films were synthesized by PLD at 850 ℃ from a high density Al2O3 target by 

Hirschauer et al. [23]. The substrate temperature required for the formation of the α-Al2O3 

phase could be reduced to 760 ℃ by pulsed magnetron sputtering in recent developments 

in sputtering technology [89].  
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In the present work, a different approach with application of an iso-structure template 

layer for growing crystalline α-Al2O3 at low temperature was taken. Andersson et al. [90] 

reported that stoichiometric and crystalline Al2O3 thin films with α- and γ-phases mixture 

were grown on Cr2O3 nucleation layers at 500 ℃ by reactive Ar/O2 magnetron sputtering 

of a Al target. Jin et al. put forwards an approach of using a Cr2O3 thin layer as a structural 

template to deposit α-Al2O3 films with an orientation relationship of [011] Al2O3/[011] 

Cr2O3 at 400 ℃ - 600 ℃ by RF magnetron sputtering [13,72]. Eklund [91] grew α-Al2O3 

films on [0001]-textured Cr2O3 templates at 450 ℃ by reactive inductively coupled 

plasma magnetron sputtering from an Al target in Ar and O2 atmosphere. Crystalline 

α-Al2O3 films with a thickness of only 1 nm were grown epitaxially on Cr2O3 (0001) by 

evaporation of Al in O2 at a substrate temperature of 550 ℃ ± 100 ℃ by Dumbuya et 

al. [32]. Ashenford et al. [92] reported α-Al2O3 films which were grown on Cr2O3 which 

acted as a template in the temperature range of 300 ℃ - 500 ℃ by MBE. Further, the 

innovations of the (Al,Cr)2O3 solid solution thin films have been crystallized in a corun-

dum-type structure at lower temperature by PVD process [93] and this will be described 

in detail in section 2.5. 

2.3 Chromium oxide, Cr2O3 
In this part, the structure, properties and applications of Cr2O3 are presented. Various 

techniques to prepare Cr2O3 thin films described in literatures are introduced. 

2.3.1 Structure, properties and applications 
Chromium oxides are widely used in a variety of applications, such as refractory materials, 

protective coatings, electronics, optics, catalysts, etc. [26–29,94]. However, one needs to 

mention that there are many different oxide phases of chromium, including CrO, Cr2O, 

CrO2, CrO3, CrO5, Cr2O5, Cr2O3, Cr3O4, Cr8O11, Cr8O21, and others. The assessed Cr-O 

phase diagram is shown in Fig. 5. Only two solid intermediate phases, Cr2O3 and Cr3O4, 

are stable at high temperatures. The Cr2O3 is the dominating stable oxide phase over a 

wide temperature range, while the Cr3O4 is formed in a narrow temperature range from 

1910 K to 2000 K at high temperature [95,96]. Among all the chromium oxides, Cr2O3 is 

the most thermodynamic stable phase and the hardest material of all chromium ox-

ides [25]. Table 3 shows the physical properties of Cr2O3. Cr2O3 exhibits a high melting 
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point of 2675 K (see Fig. 5) [97,98] and high temperature oxidation resistance, which 

makes it as an important refractory material [94]. Cr2O3 possesses an insulating antifer-

romagnetic behavior with a Néel temperature at 307 K, which has been considered for 

use of Cr2O3 in tunnel junction barriers [4,99–103]. Cr2O3 is one of the most important 

p-type semiconductor transition metal-oxide materials with wide band gap of 

3 eV - 3.2 eV [103–105], making it a suitable material for many potential applications in 

optical and electronic devices, like in gate-dielectrics [28], UV-light emitters using nano-

lasers, and optical memory systems [27]. Cr2O3 coatings exhibit excellent properties of 

high hardness, chemical inertness, outstanding wear resistance, oxidation and corrosion 

resistance [106,107]. For Cr2O3 thin films, microhardness values of 29 GPa have been 

reported [25,108,109], and Hones et al. achieved single crystalline Cr2O3 thin films with 

nanohardness values up to 32 GPa [25]. Therefore, Cr2O3 coatings have been used as 

protective coatings of mechanical components or in tribological applications [26], as cor-

rosion resistant coatings for stainless steels [25] and have been developed for protection 

against corrosion and wear in magnetic heads and media such as magnetic rigid disks and 

magnetic disk heads [110] and in gas bearing applications [109]. Besides, Cr2O3 coatings 

have also been used in electronic, magnetic, optic and chemical fields. Furthermore, 

Cr2O3 coatings are also used in solar absorber surfaces. So-called Cr2O3-Cr black chro-

mium coatings have been used as selective solar absorber coatings, due to their attractive 

solar absorption characteristics with high absorptance over the visible spectrum but low 

emittance over a large temperature range [111–116]. Chromium-based catalysts have 

been studied for various petrochemical and environmental applications. Cr2O3 is an im-

portant catalyst widely examined for polymerization, hydrogenation-dehydrogenation, 

iso-merization, aromatization, and partial oxidation reactions, due to the peculiar charac-

teristics of Cr2O3 species on the surface of the support, e.g. oxidation state, coordination 

environment, and degree of polymerization [29,30]. Cr2O3 is used as commercial catalyst 

for dehydrogenation of alkanes [117]. In addition, crystalline Cr2O3 thin films have been 

used as a buffer layer for the growth of various films. For example, high quality epitaxial 

ZnO films were grown on c-Al2O3 substrates with Cr2O3 buffer layer by plasma-assisted 

molecular beam epitaxy (P-MBE) [118]. Cr2O3 films could also be used as a potential 

buffer layer for the growth of GaN layers for the fabrication of GaN-based light-emitting 
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diodes (LEDs), because the lattice mismatch between the Cr2O3 and GaN is smaller than 

that between the most commonly used Al2O3 substrate and GaN [33]. 

In summary, Cr2O3 as an important high temperature, mechanical, optical, electric, mag-

netic and chemical industrial material has attracted the attention of many researchers. 

Cr2O3 is regarded as one of the best candidates to replace Al2O3 in some special applica-

tions [119].  

 
Fig. 5 Cr-O phase diagram [95,96]． 

Table 3 Properties of Cr2O3. 

Property Value 

Molecular weight [120] 151.989 g/mol 

Melting point [95,96] 2675 K 

Boiling point [121] ~ 4000 ℃ 

Density [122] 5.18 g/cm3 

Dielectric Constant [123] ~ 11.9 

Microhardness [25,108,109]  29 GPa 

Index of Refraction [25] 2.5 

Band Gap [103–105] 3 eV - 3.4 eV for film, 3 eV - 3.2 eV for bulk 
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2.3.2 Methods for Cr2O3 thin film deposition  
Cr2O3 thin films can be synthesized by various techniques, including CVD and PVD 

methods, at much lower temperature compared with the deposition of α-Al2O3 thin films. 

The chemical methods include chemical spray pyrolysis which uses a liquid source for 

thin film coating and CVD where process gases are used for the generation of film form-

ing chromium and oxygen particles on hot substrate surfaces. Misho reported that poly-

crystalline Cr2O3 thin films were prepared on glass substrates that were preheated at 

around 500 ℃ by chemical spray pyrolysis [104]. Polycrystalline Cr2O3 thin films with 

corundum-type structure on Ni were obtained at 450 ℃ by MOCVD [124]. Polycrystal-

line Cr2O3 coatings on SiC and TiB2 were deposited by electrochemical deposition [125]. 

Multi-oxide-phases of chromium including Cr2O3 were grown by low temperature CVD 

using Cr(CO)6 and O2 gases [126]. Furthermore, PVD is the most promising technique to 

deposit crystalline Cr2O3 thin films because the required substrate temperature is lower 

than in the case of CVD. Amorphous thin films of chromium oxide were deposited at 

300 ℃ by electron-beam evaporation reported by Al-Kuhaili and Durrani [127]. Both 

amorphous and crystalline Cr2O3 films were obtained using DC magnetron reactive 

sputtering with a Cr target by varying the substrate temperature from room temperature 

to 300 ℃ [128]. Cr2O3 films with mixed crystalline and amorphous phases were depos-

ited on silicon and steel substrates at low substrate temperature (around 60 ℃) by pulsed 

DC reactive unbalanced magnetron sputtering using Cr targets [106]. Polycrystalline 

Cr2O3 phase was presented on low carbon steel substrates by reactive magnetron sputter-

ing in mixed Ar and O2 and post-annealing above 470 ℃ [129]. Polycrystalline Cr2O3 

films were obtained from metallic chromium target by RF reactive magnetron sputtering 

in the range of 15 % - 25 % gas flow ratio of oxygen to the sum of oxygen and argon and 

the substrate temperature exceeding 227 ℃ which was reported by Hones et al. [119]. 

Cr2O3 films with fiber texture were grown on Si (100) subtrates using inductively coupled 

plasma assisted reactive DC magnetron sputtering with a Cr target at substrate 

temperatures of 300 ℃ - 450 ℃ by Pedersen [130].  

Epitaxial Cr2O3 (0001) films with thickness of only 4.4 nm were produced by oxidation 

of Cr (110) films in high oxygen with pressure of 5×10-5 Torr at 330 ℃ and the (0001) 

Cr2O3 plane being parallel to the (110) Cr plane [131]. Cr2O3 films were grown on Pt 
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(111) with thicknesses ranging from one to eight monolayers by Cr evaporation in oxygen 

with pressure of 2×10-6 mbar at a substrate temperature of 327 ℃ [99,132,133]. Cr2O3 

(0001) epitaxial films have been grown on α-Al2O3 (0001) by oxygen-plasma-assisted 

molecular beam epitaxy (OPA-MBE) with a film grow rate of only around 0.6 nm/min at 

a substrate temperature of 500 ℃ as reported by Chambers et al. [134]. Epitaxial Cr2O3 

(0001) sublayers with a thickness of less than 5 nm were grown on α-Al2O3 (0001) sub-

strates by the evaporation of Cr at 350 ℃ [135]. An appropriate flow of oxygen is needed 

for the deposition of stoichiometric oxide films in the case of sputtering from a metallic 

target. Stoichiometric oxides films could be obtained using a ceramic target without 

oxygen reactive gas during sputtering, but RF power needs to be applied on the target due 

to the ceramic targets possess poor electrical conductivities (e.g. Al2O3 and Cr2O3 target 

exhibit the volume resistivity of larger than 1012 Ω·cm and 3×106 Ω·cm at room temper-

ature, respectively). Furthermore, due to the iso-structure between α-Al2O3 and Cr2O3, 

epitaxial crystalline Cr2O3 films with higher thickness and better crystal quality could be 

grown on α-Al2O3 at low temperature. Jeong et al. [33] obtained the epitaxial Cr2O3 (0001) 

phase on α-Al2O3 (0001) substrates by RF magnetron sputtering at room temperature 

(from a stoichiometric Cr2O3 target in an Ar/O2 mixture with a gas flow ratio of 9:1) and 

a post rapid thermal annealing process at 900 ℃ in vacuum for 2 min. In this work, epi-

taxial Cr2O3 (0001) films with strong texture were grown on α-Al2O3 (0001) substrates at 

320 ℃ by RF magnetron sputtering using Cr2O3 targets which will be described in detail 

in section 4.1.  

2.4 Vanadium sesqui-oxide, V2O3 
The structure, properties and applications of V2O3 are presented in this section. Mean-

while, various techniques to prepare V2O3 thin films described in literatures are intro-

duced. 

2.4.1 Structure, properties and applications 
The V-O phase diagram according to Wriedt [136] is shown in Fig. 6. The equilibrium 

solid phases, structure and composition are listed in Table 4. Among these phases, V2O3 

possesses the highest melting point of 1940 ℃ [137]. Besides, V2O3 is a dimorphic ma-

terials and undergoes a metal-insulator transition (MIT) at Tc (Tc ≈ -112 ℃) from a low 
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temperature antiferromagnetic insulating (AFI) phase with monoclinic crystal structure 

to a high temperature paramagnetic metallic (PM) phase with a corundum-type struc-

ture [138–142]. From AFI phase to PM phase transition, the electrical resistivity de-

creases by seven orders of magnitude [143]. The MIT property in V2O3 is accompanied 

by changes in the lattice structure and the optical properties. The low temperature insu-

lating phase is transparent to the radiation from infrared to near ultraviolet regions. For 

T > Tc, the high temperature electrically conducting phase is still transparent to the near 

infrared, visible light and near ultraviolet regions, while the reflectivity in the infrared 

region increases with decreasing the light frequency and it decreases over the whole in-

frared wavelength range as the temperature increases, which is attributed to the high tem-

perature metallic behavior [144]. 

 

Fig. 6 V-O Phase diagram (Condensed System, 0.1 MPa) according to H.A. Wriedt 

(ref. [136]). (V), α’, β, β’, δ, δ’, γ indicate the various solid phases of V-O system, and the 

structure and composition of the phases are shown in Table 4. “L” indicates “liquid”.  
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Table 4 The equilibrium solid phases of the V-O system (Condensed System, 0.1 MPa; 

“bcc” indicates body centered cubic structure; “bct” indicates body centered tetragonal 

structure; “fcc” indicates face centered cubic structure). 

Phase Structure 
Composition 

(at. % O) 
Hazards 

(V) bcc 0 - 17  

α’ bct 8.1 - 11.7  

β bct 7.9 - 28.5  

β’ bct 13 - 22  

δ, VO fcc 42 - 57  

δ’, V52O64 bct 54 - 56  

γ monoclinic 30 - 35  

V2O3 
rhombohedral (T > -112 ℃) 

monoclinic ( T< -112 ℃) 
60  

V3O5 monoclinic 62.5  

V4O7 

triclinic 

63.6  

V5O9 64.3  

V6O11 64.7  

V7O13 65.0  

V8O15 65.2  

VO2 
α-VO2: monoclinic (T < 68 ℃) 

β-VO2: tetragonal (T > 68 ℃) 

66.7 

66.6 - 66.9 
 

V6O13 monoclinic 68.4  

V3O7 monoclinic 70  

V2O5 orthorhombic 71.4 

Toxic 

Lethal dose : 10 mg/kg (rat, oral), 

23 mg/kg (mouse, oral) 

Lethal concentration: 500 mg/m3 

(cat, 23 min), 70 mg/m3 (rat, 2 h) 
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The significant changes in the electronic and optical properties associated with the phase 

transition are of interest for applications [145]. V2O3 has been found to show thermo-

chromism in the infrared region, which is transparent at low temperature and opaque at 

high temperature [142,146]. Since the transition temperature Tc of V2O3 is far below room 

temperature, and the resistance and the level of noise are relatively low, V2O3 is a good 

candidate for the fabrication of efficient micro-bolometers which are thermal infrared de-

tectors and can be used in infrared imaging applications such as thermal cameras, night 

vision cameras, surveillance, mine detection, early fire detection, medical imaging, and 

detection of gas leakage [142]. Further selected physical properties of V2O3 are listed in 

Table 5. 

Table 5 Properties of V2O3.  

Property Value 

Molecular weight [147] 149.88 g/mol 

Melting point [148] 1940 ℃ (2213 K) 

Boiling point [149] ~ 3000 ℃ 

Density [150] 4.87 g/cm3 

Microhardness [151] 17.5 GPa 

Index of Refraction [76] 2.36 

Band Gap [142] 0.66 eV at 343 ℃ (70 K) 

2.4.2 Methods for V2O3 thin film deposition 
V2O3 thin films can be obtained by both physical and chemical methods. Crystalline or 

epitaxial V2O3 films can be synthesized at lower temperature compared to the deposition 

of α-Al2O3 and Cr2O3 thin films. 

Chemical solution processes is a common method for obtaining crystalline V2O3 films. 

Piao et al. [152] synthesized polycrystalline V2O3 single phase thin films by the reduction 

of sol-gel-synthesized V2O5 films above 500 ℃ for 2 h in hydrogen atmosphere. Partlow 

et al. [153] also deposited thin polycrystalline V2O3 films on a variety of substrates using 

a sol-gel process. 
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Electron-beam evaporation, PLD and magnetron sputtering are used to realize crystalline 

epitaxial V2O3 thin films. Thin epitaxial films of (0001) oriented V2O3 were grown on 

(0001) oriented sapphire substrates by reactive electron-beam evaporation from sintered 

V2O3 powder targets at substrate temperatures between 500 ℃ and 800 ℃ with a low 

deposition rate only 0.1 nm/min - 3 nm/min which was reported by Schuler et al. [154]. 

Epitaxial polycrystalline V2O3 films with columnar structure on (101!2) sapphire sub-

strates were achieved by DC reactive sputtering in an Ar-O2 atmosphere in an ultra high 

vacuum (UHV) system at a substrate temperature of 350 ℃, using a high purity vanadium 

target [155]. (0001) and (112!0) oriented V2O3 films of thickness from 4 nm to 300 nm 

were deposited on (0001) and (112!0) oriented sapphire substrates using reactive DC mag-

netron sputtering from a vanadium target in an Ar/O2 gas atmosphere at 600 ℃ as re-

ported by Sass et al. [143]. Deposition of V2O3 thin films using a vanadium target repre-

sents significant challenges because the range of the deposition parameters for 

stoichiometric V2O3 is relatively small due to the existence of many different vanadium 

oxides as described in Fig. 6 [31]. To obtain the stoichiometric V2O3 films easily, a V2O3 

target could be used. To increase the epitaxial crystal quality and decrease the deposition 

temperature, iso-structure substrates could be used. Allimi et al. [31,156] reported that 

epitaxial 215-nm-thick V2O3 films could be grown on a- and c-plane sapphire substrates 

with the epitaxial relationship of (0001) V2O3 // (0001) Al2O3 and (112!0) V2O3 // (112!0) 

Al2O3 by PLD from powder pressed V2O3 target in an evacuated deposition chamber de-

void of O2 at the substrate temperature of 750 ℃. In this thesis, epitaxial V2O3 (0001) 

films with strong texture were grown on α-Al2O3 (0001) substrates at the temperature less 

than 400 ℃ by RF magnetron sputtering using V2O3 target and this will be described in 

detail in section 4.2.  

2.5 Materials in the ternary system of Al-Cr-O  
Materials in the system Al-Cr-O attracted strong interests of material scientists and engi-

neers in recent years, as new ceramics in this system are promising candidates for ad-

vanced property profiles. Especially materials forming a solid solution structure show 

excellent properties similar to α-Al2O3 or Cr2O3 in terms of high hardness, good wear 

resistance, high thermal stability, chemical inertness and corrosion resistance with regard 

to their mixed ionic and covalent bonds [5,16,157].  
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Detailed thermodynamical information on the Al2O3-Cr2O3 quasi-binary section of the 

Cr-Al-O phase diagram has been provided in various studies [74,158]. Fig. 7 shows the 

binary section Al2O3-Cr2O3 according to [74]. Two important regions in the Al2O3-Cr2O3 

phase diagram are described: one is the solid solution region at higher temperature and 

over the complete compositional range, and the other one is the immiscibility gap at lower 

temperature, where the single-phase solid solution should decompose into two co-existing 

corundum-type phases. In consequence, the homogeneous single phase solid solution 

(Al,Cr)2O3 is metastable at standard conditions. For the ternary system of Al-Cr-O, in 

which the two binary materials Al2O3 and Cr2O3 have a huge solubility in each other and 

are iso-structural, the properties (e.g. conductivity, ferromagnetism) can be easily de-

signed and modified in a continuous range simply by changing the ratio of the two starting 

materials [159].  

The Al-Cr-O solid solutions exist for the whole composition range down to the tempera-

tures of 1300 ℃ as shown in Fig. 7, alumina-chromium refractories have been found to 

resist corrosion in oxide and other melts and in gasifiers and steel production [160,161].  

The studies on the Al-Cr-O solid solution are mainly related to thin films. Ternary Al-Cr-

O films are forming dense layers under optimal coating conditions; in these the film den-

sity can be up to 4.86 g/cm3 for Cr-rich films, as shown for (Al0.25Cr0.75)2O3 coatings 

in [162] or down to 4.00 g/cm3 for Al-rich films, as shown for the (Al0.71Cr0.29)2O3 coat-

ings in [162]. Thus, Al-Cr-O films have been investigated as a new hydrogen permeation 

barrier candidate [157]. The Al-Cr-O films exhibit high hardness of about 26 GPa [163] 

and chemical inertness. These films could be used in cutting tools as wear resistant coat-

ing [164]. 

The dominated synthesis methods of thin films in the system Al-Cr-O are PVD methods, 

allowing the synthesis of thin films in such metastable solid solution with regard of their 

kinetic non-equilibrium conditions. In recent years, a substantial number of reports on 

polycrystalline single-phase (Cr, Al)2O3 thin films, and even more complex coatings (i.e. 

by additional alloying with other elements (see section 2.8), such as Fe have been pub-

lished [165,166], covering magnetron sputtering, cathodic arc evaporation [166] and 

other methods. Witthaut et al. [167] have prepared ternary Al-Cr-O layers mixed with 
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Cr2O3 and γ-Al2O3 on cemented carbide insert tips at a substrate temperature of 500 ℃ 

by reactive magnetron sputtering. A comprehensive investigation on the synthesis of pol-

ycrystalline (AlxCr1−x)2O3 solid solution thin films have been carried out at 500 ℃ - 600 ℃ 

using reactive cathodic arc evaporation by Pohler et al. [168,169] and Ramm et al. [170], 

who studied the phase formation, growth morphology, the effects of the target surface 

and substrate surface and the effects of an iso-structural seed or template layer in detail. 

Diechle et al. [162,171] reported that corundum-type solid solution α-(Al1−xCrx)2O3 thin 

films were deposited at 500 ℃ by reactive RF magnetron sputtering in Ar and O2 with a 

segmented target consisting of two half plates of Al and Cr. The template or prelayer 

approach was also investigated. Pedersen et al. [130] have synthesized corundum-type 

(Al,Cr)2O3 films with Cr/Al ratios of between 2 and 10 on <1 0 1! 4>-textured Cr2O3 pre-

layers by reactive inductively coupled plasma magnetron sputtering. They used Cr and 

Al targets at substrate temperatures of 300 ℃ - 450 ℃, and found that the films with 

lowest Cr/Al ratio of 2 were single phase crystalline but well within the miscibility gap, 

i.e., the α-(Al,Cr)2O3 was a metastable solid solution. In this thesis, epitaxial 

α-(Al1−xCrx)2O3 thin films were obtained on the iso-structure α-Al2O3 substrates at 320 ℃ 

and 400 ℃ by RF magnetron sputtering with a segmented ceramic target. 

Furthermore, other structures in Al-Cr-O solid solution and the phase transform to the 

corundum-type have been investigated. A fcc-(Al,Cr)2O3 solid solutions were obtained 

on cubic (CrN) and hexagonal ((Al0.97Si0.03)N) buffer layers at an early stage from powder 

metallurgical Al-Cr targets with oxygen by reactive cathodic arc deposition at 

550 ℃ ± 10 ℃, and the fcc phase transforms to more thermodynamically stable corun-

dum-type structure at higher film thickness beyond 2 μm, which was reported by Najafi 

et al. [172]. Khatibi et al. [163,173] deposited fcc-(Al1-xCrx)2O3 solid solution thin films 

with 0.6 < x < 0.7 on Si (001) substrates at temperatures of 400 ℃ - 500 ℃ by reactive 

RF magnetron sputtering from metallic targets of Al and Cr in a flow controlled Ar/O2 

gas mixture and they found phase transformation from cubic to corundum-type 

(Al0.32Cr0.68)2O3 starts at the annealing temperature of 925 ℃.  
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Fig. 7 Binary section Al2O3-Cr2O3 of the Al-Cr-O phase diagram according to [74]. “SS” 

is short for “solid solution”. 

2.6 Materials in the ternary system of V-Al-O 
Few works on Al-doped V2O3, V-doped Al2O3 or V-Al-O system have been reported ex-

cept for by Callaghan et al. [174] and Pryce and Runciman [175]. Some studies addressed 

the electronic properties of V3+ incorporated in α-Al2O3 as a diamagnetic host lattice, 

notably the optical spectra [175], paramagnetic resonance and magnetic susceptibil-

ity [174]. The phase diagram in the Al2O3-V2O3 system has not been reported in the pre-

sent works except for by Li as shown in Fig. 8 [176]. There is no intermediate compound 

phases in the binary section Al2O3-V2O3 which could be got from Fig. 8 as well as the 

results from Muan et al. [177,178]. The cation size difference in the Al2O3-V2O3 system 

is 19.6 %, which shows a large deviation from ideality and results in the eutectic or 

peritectic phase diagrams [158]. A eutectic reaction Liquid→Al2O3 +V2O3 occurs at the 

temperature of 1720 ℃.  
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Fig. 8 Phase diagram in the Al2O3-V2O3 system [176]. 

Researchers have obtained V-Al-O solid solution bulk materials by chemical methods. 

Fo�̈�x and Martinez [179] stated that it was possible to prepare Al2O3-V2O3 solid solutions 

by direct heating mixtures of two components at a temperature of 1800 ℃. In the publi-

cations of Callaghan et al. [174], a series of the Al2O3-V2O3 solid solutions with V con-

centrations between 0.99 % and 8.92 % have been prepared in the form of crystal powders. 

At first, V2O5 and aluminium wire were dissolved in HCl and then all the vanadium ions 

were strongly adsorbed on the alumina by using ammonia solution. The conversion of the 

other vanadium to the corundum phase solid solutions was accomplished by heating in 

hydrogen at 1400°C for 10 min - 15 min. Within this concentration range they showed a 

linear change of lattice parameters according to Vegard’s law. The (VxAI1-x)2O3 (x < 0.2) 

solid solutions were produced from chemically fine Al2O3 and V2O3 oxide tablets by heat-

ing in vacuum 1497 ℃ during 5 h by Viktobov [180]. However, few works on the V-Al-

O system thin films have been published. In this thesis, epitaxial corundum-type V-Al-O 

solid solution thin films were grown on α-Al2O3 (0001) substrates at the temperature of 

400 ℃ by RF magnetron sputtering using a segmented ceramic target and this will be 

described in detail in section 4.4. 
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2.7 Materials in the ternary system of V-Cr-O 
The structure and properties of pure binary Cr2O3 and V2O3 have been presented in the 

previous sections of this chapter. Both materials possess outstanding properties and are 

regarded as promising materials in many areas (both in bulk and thin film forms), which 

has led to intense research since many years. However, relatively less work has been re-

ported on the synthesis of new materials in the ternary system V-Cr-O (in comparison to 

published work on materials in the system Al-Cr-O). The exception of this statement is 

work that has focused on Cr-doped V2O3 materials with low Cr concentration of less than 

5 at. % [181].  

Considering the iso-structure of V2O3, Cr2O3 and Al2O3, the binary section V2O3-Cr2O3 

of the V-Cr-O phase diagram is expected to be similar to the binary section Al2O3-Cr2O3 

of the Al-Cr-O phase diagram. Fig. 9 shows this binary section V2O3-Cr2O3 according 

to ref. [158]. There are also two important regions: one is the solid solution in corundum-

type structure region at higher temperature and over the complete compositional range, 

and the other one is a decomposition into two co-existing corundum-type phases which 

is also called miscibility gap. Its critical point of decomposition was located at 50 mol % 

Cr2O3 and 895 ℃ (1168 K). The ionic radii of Al3+, Cr3+ and V3+ are 0.0535 nm, 

0.0615 nm and 0.0640 nm, respectively [182]. The cation size difference is no more than 

15 % for Al2O3-Cr2O3 (15.0 %) and V2O3-Cr2O3 systems (4.1 %). It can be expected that 

the behavior of solutions in these two systems is expected to be close to the ideal solution. 

However, the cation size difference for V2O3-Cr2O3 system is smaller than of that for 

Al2O3-Cr2O3 system. The miscibility gap is wider and the critical temperature of the mis-

cibility gap is lower than that described for the Al2O3-Cr2O3 system, which indicates less 

deviation from ideal solution behavior due to the smaller ionic radii [158].  

Fig. 9 shows the small region of the phase diagram for the MIT in (CrxV1−x)2O3, which 

displays the presence of three main phases: antiferromagnetic insulator (AFI), paramag-

netic insulator (PI) and paramagnetic metal (PM). The PM to AFI transition temperature 

increases slightly with increasing chromium concentration for x < 0.018 in (CrxV1−x)2O3. 

In addition, (CrxV1−x)2O3 with 0.005 < x < 0.018 (both in bulk and thin film forms) exhib-

its a PM to PI transition at higher temperature [156,181,183,184]. Homm et al. [185] have 
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found that the resistance increases with decreasing temperature for the highly Cr-doped 

samples (x > 0.03), and a collapse of the insulating state is observed with a reduction of 

the low temperature resistivity by up to 5 orders of magnitude for the low Cr-doped sam-

ples (x < 0.03). V-Cr-O system holds a great potential for different electronic devices.  

 

Fig. 9 Phase diagram in the V2O3-Cr2O3 system according to ref. [158]. 

 

Fig. 10 Phase diagram for the metal-insulator transition in (CrxV1−x)2O3 as a function of 

temperature (extracted from ref. [186]) AFI is short for antiferromagnetic insulator; PM 

is short for paramagnetic metal; PI is short for paramagnetic insulator. 
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V-Cr-O solid solution thin films can be synthesized by chemical and physical methods. 

Metcalf et al. [183] have prepared Cr-doped V2O3 films on (0001) and (112!0) oriented 

sapphire substrates by the reduction of sol-gel derived vanadium oxide films and found 

by optical transmission and resistivity measurements that the films undergo PM to AFI 

transition similar to V2O3. Single phase crystalline fine particles of (CrxV1-x)2O3 

(0 ⩽ x ⩽ 1) thin films have been synthesized by a vapor-phase explosive reaction of a gas 

mixture of CrO2Cl2+VOCl3+H2+O2 induced by a single laser pulse. The lattice constants 

were investigated with varying Cr concentration by Oyama et al. [187]. The binary Cr2O3-

V2O3 shows a wide miscibility gap below 895 ℃ (1168 K) as shown in Fig. 7. Thus, it 

should be possible to obtain such solid solution by PVD at low or medium deposition 

temperatures. Homm et al. [185] have grown epitaxial (CrxV1-x)2O3 thin films with Cr 

concentration between 0 % and 20 % on (0001) Al2O3 substrates by oxygen-assisted mo-

lecular beam epitaxy, and the structural and electrical properties of these films are re-

ported. Spitz et al. [188] reported that corundum-type V-Cr-O thin films were deposited 

by reactive RF magnetron sputtering of a segmented Cr-V target in an Ar/O2 atmosphere 

at 0.4 Pa at the temperature of 350 ℃. In this thesis, epitaxial corundum-type V-Cr-O 

solid solution thin films were grown on α-Al2O3 (0001) substrates at the temperature of 

400 ℃ by RF magnetron sputtering using a segmented ceramic target and this will be 

described in detail in section 4.5. 

2.8 Additional corundum-type crystalizing systems 
Me2O3 represent a very important class of materials. The extremely wide range of physi-

cal and chemical properties of Me2O3 suggests considerable potential for diverse appli-

cations in cutting tools, optical, electronic, and magnetic device technology. With devel-

opment of the film technology, control over surface morphology, structure, selective 

doping, controllable strain, lattice parameters and composition are all in principle possible. 

The structure, lattice parameters, and composition of the films strongly influence their 

surface physical and chemical properties. The epitaxial growth of crystalline oxide films 

has generated a wealth of scientific insight in several key areas of relevance to a wide 

variety of scientific and technological areas [80,189]. Future scientific growth in this field 
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thus depends critically on our ability to monitor and control both oxide epitaxial film 

growth processes and the film and interface structure and composition.  

Other binary and ternary oxide films with the same corundum-type structure, for example 

α-Fe2O3, (Cr,Zr)2O3, (Fe,Cr)2O3, (Fe,V)2O3, were also studied by many research-

ers [39,190–192].  

A number of groups have worked on the growth of epitaxial crystalline α-Fe2O3 thin films 

by both the chemical and physical methods. Tietz et al. [193] have grown the epitaxial 

crystalline α-Fe2O3 films on α-Al2O3 substrates with different orientations of {0001}, 

{11!02}, {112!0}, and {101!0} by CVD at the temperature of 1150 ℃ and they found nu-

cleation and growth of the island occurred preferentially at surface step on the (0001) 

surface which grew parallel to the substrate surface and the crystal growth was influenced 

by the interface energies and substrate surface structure. Wang et al. [194] have obtained 

α-Fe2O3 (0001) films with the thickness of 7 nm and 70 nm epitaxially grown on α-Al2O3 

(0001) by OPA-MBE, and the interface misfit dislocations were characterized. Chambers 

and Droubay [195] reported that ultrathin epitaxial α-Fe2O3 films were grown on Pt (111) 

by OPA-MBE at a growth rate of about 1.38 nm/min and a substrate of about 550 ℃. 

α-Fe2O3 was grown epitaxially on α-Al2O3 (0001) with a film thickness of only 16 nm by 

reactive magnetron sputtering from iron targets in an Ar-O2 gas mixture at a substrate 

temperature of 300 ℃ (Lee et al.) [39]. Fujii et al. [196] reported that 100 nm thick 

α-Fe2O3 films epitaxially formed on (0001), (112!0), and (101!2) oriented α-Al2O3 single 

crystal substrates at a substrate temperature of 723 K (450 ℃) by a reactive PVD method 

with deposition rate of 6 nm/min. α-Fe2O3 (0001) epitaxial ultra thin films (3 nm - 24 nm) 

were grown on Al2O3 (0001) substrates with and without a Cr2O3 buffer layer (15 nm) by 

MBE [197].  

Because the non-equilibrium PVD technologies offer many options to synthesize meta-

stable phases at low temperatures, PVD becomes the most common method for growing 

the ternary oxide films [198]. Spitz et al. [190] reported that a corundum-type structure 

(Cr,Zr)2O3 solid solution thin films were synthesized by reactive RF magnetron sputtering 

of a segmented chromium-zirconium target, and the phase is dependent on the chemical 

composition. Mashiko et al. [191,199] have obtained (0001) oriented 
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α-(CrxFe1-x)2O3 (0 < x < 1) solid solution films on c-sapphire substrates by PLD at growth 

temperature above 740 ℃; these films were subsequently annealed at 1000 ℃ for 1h in 

air to transform the spinel-type phase into the corundum-type phase and to improve the 

crystallinity. Chamberlin et al. [192,200] and Kaspar et al. [4] succeeded in growing epi-

taxial (Fe1-xCrx)2O3 and (Fe1-xVx)2O3 thin films on α-Al2O3 (0001) substrates with a 

growth rate of only 1.44 nm/min at 700 ℃ - 750 ℃ by OPA-MBE. 
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3 Experimental details 
In this chapter, the experimental details including the deposition process, materials and 

characterization of the thin films are presented. In section 3.1, the equipment used for thin 

film deposition, the deposition process and its parameters, and the target and substrate 

materials are introduced. In section 3.2, the film characterization with respect to compo-

sition, structure, and optical properties are described. 

3.1 Thin film deposition 
In this part, the thin film deposition process, the process parameters, the target and sub-

strate materials and the various important aspects of sample preparation are presented in 

detail. 

3.1.1 Radio-frequency (RF) magnetron sputtering process 

3.1.1.1 RF magnetron sputtering 
In short, sputtering deposition is the deposition of particles vaporized from a surface (i.e. 

target) by physical sputtering process [201]. Physical sputtering is a non-thermal vapori-

zation process where a target material is bombarded with gaseous ions accelerated from 

a plasma. The vaporized atoms are deposited on a substrate where the atoms condense 

and form a thin film. The bombarding energetic particles are usually gaseous ions (e.g. 

Ar+) accelerated in an electric field which are used for creating the plasma. Free electrons 

are immediately accelerated by the electric field in proximity to the target and ionize Ar 

atoms to form Ar+ ions, resulting in plasma ignition. Ar+ ions are accelerated towards the 

cathode, from which material is ejected in the form of mainly individual atoms, but to a 

lesser extent molecules and clusters. Then the ejected particles cross the plasma and con-

dense on a substrate [1]. Meanwhile, secondary electrons and sputtered atoms from the 

target surface are accelerated away from the cathode and these electrons play an important 

role in maintaining the plasma because these high energy electrons lead to further gas 

ionization and atoms are sputtered away from the surface [11,202].  
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The plasma may be generated by DC or RF power. In DC sputtering, the cathode electrode 

is the sputtering target and the substrate is placed on the anode which is at ground poten-

tial [201]. However, the target used in DC sputtering must be an electrical conductor since 

an insulating surface will develop a surface charge that will prevent ion bombardment of 

the surface. In case of ceramic targets, RF power must be applied instead of DC power. 

In RF sputtering, ions are accelerated to the surface with enough energy to cause sputter-

ing, then electrons reach the surface to prevent any charge buildup. A commercial RF 

frequency which is often used for sputtering is 13.56 MHz RF sputtering can be per-

formed at low gas pressures between 0.08 Pa and 10 Pa.  

 

Fig. 11 Plasma formation in a magnetron sputtering system with a cylindrical magnetron. 

In order to increase the density of plasma from which ions can be extracted to sputter the 

target material, a magnetron sputtering configuration is used. In magnetron sputtering 

with a cylindrical magnetron system as shown in Fig. 11, permanent magnets are located 

on the back side of the target to provide an “ionization region” with a magnetic field near 

the target surface. The electrons perform an E×B drift and are magnetically confined in a 

ring above the magnet gap. These electrons are trapped in the magnetic field by the mag-

netic mirror and provide ionization of Ar [203]. The negative plasma glow is trapped in 

the magnetic mirror formed by magnets so that the plasma density increases in this mag-

netically confined region [204]. Therefore, ions can be accelerated from the plasma to the 

cathode without loss of energy due to physical and charge-exchange collisions. Electrons 

in a magnetic field are subject to a force  F = qν × B will cause the electrons move in a 

circular path with radius called Larmor radius [205]. This increases the effective path 

length of the electrons and the probability of the collision between ionizing elections and 

atoms increases. This allows a high sputtering rate with a lower potential on the target. In 
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brief, the higher the current density, the higher the deposition rate of the films, and the 

higher the energy utilization efficiency [206]. In a word, RF magnetron sputtering has 

advantages of depositing thin films at low temperature with high film growth rate and 

insulating ceramic targets can be used. 

3.1.1.2 Film growth 

The film growth can be envisioned in three steps: 1) the transport of film species to the 

substrate including the adsorption of these species on the surface of the substrate; 2) the 

film species diffusion over the substrate surface including the movement of film atoms to 

their final positions; 3) nucleation, coalescence and continued film growth; 4) inter-dif-

fusion [207]. Fig. 12 shows Thornton’s well known structure zone model which qualita-

tively describes the structure of sputter deposited thin films changes according to the dep-

osition conditions. The structure behaves in a certain temperature and working gas 

pressure range. The surface and volume diffusion as well as the temperature are consid-

ered when the various structure zones are interpreted. Four structure zones of thin film 

morphology can be identified: zone 1 describes an amorphous structure or a porous struc-

ture consisting of tapered crystallites separated by voids; zone T is a transition zone con-

sisting of densely packed fibrous grains; zone 2 refers to a structure consisting of colum-

nar grains, which width increases with increasing ratio T/Tm in accordance with the 

activation energies typical of surface diffusion; and zone 3 refers to a recrystallized grain 

structure, were an increase in grain size is in accordance with the activation energies typ-

ical of bulk diffusion. 

 

Fig. 12 Structure-zone-model of Thornton for the films deposited by magnetron sputter-

ing [208] (T is the substrate temperature during deposition; Tm is the melting point of 

material.). 
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There are three different growth modes of thin films which are shown in Fig. 13 [207]. 

1) Vollmer-Weber (VW) mode is an island growth. In this case, γsubstrate <  γfilm + γinterface, 

where γsubstrate is the surface energy of substrate, γfilm is the surface energy of film, γinterface 

is the interface energy between film and substrate. Growing layer increases the interface 

energy and its own surface energy, leading to the layer “balls up” on the substrate. 

2) Frank-van der Merwe (FM) mode is a 2D growth mode, i.e. layer-by-layer growth. In 

this case, γsubstrate ≥  γfilm + γinterface, which indicates growing layer reduces surface energy, 

leading to complete wetting of the surface, thus smooth and layer-by-layer growth. 

3) Stranski-Krastanov (SK) mode is first covering the surface layer by layer and then 

growing by hemispheres, i.e. layer-plus-island growth. Initially, γsubstrate ≥  γfilm + γinterface, 

and then due to the strain in the growing layer which is caused by a mismatch in lattice 

parameters between the substrates and the films γsubstrate <  γfilm + γinterface. 

  

Fig. 13 A schematic representation of the different growth modes [209]. 

3.1.1.3 PVD equipment, deposition process and parameters 

All thin films presented in this thesis were deposited by non-reactive RF (13.56 MHz) 

magnetron sputtering in a Leybold Z 550 PVD coater as shown in Fig. 14. The system is 

equipped with a CESAR series RF power generator (Advanced Energy Industries, Inc., 

USA) to supply RF power on the sputtering target, another RF power generator (type TIS 

1,2/13560, Hüttinger Elektronik GmbH, Germany) to supply RF power on the substrate 

(which is used when the substrate surface is cleaned by a plasma plasma-etching process), 

a DC power supply (type GP060R-10, Takasago International Corporation, Japan; oper-

ated in DC current control mode) for the heater which is integrated in the substrate table, 

multi-gas controllers (type 647C, MKS Instruments Deutschland GmbH, Germany) and 

mass flow controllers (MKS Instruments Deutschland GmbH, Germany), and a Baratron 

pressure gauge (MKS Instruments Deutschland GmbH, Germany). A pumping unit com-

bining a mechanical prevacuum pump (rotary vane pump D40B Trivac, Oerlikon Leybold 

GmbH, Germany) and a turbomolecular pump (Leybold Vacuum GmbH, Germany) is 



 

39 

used to make sure that a base pressure of the PVD system of can be reached to around 

2.0 × 10-6 mbar. 

 

Fig. 14 The setup of the Leybold Z 550 PVD coater used in this thesis. The system is 

equipped with (a) a RF power supply connected with the sputtering target, (b) a multi-gas 

controller, (c) a DC power supply, (d) a RF power supply used for the plasma plasma-

etching of the substrate, (e) the control panel of the system, (f) a RF matching unit, (g) 

supply of process gases and pressure gauge, (h) the vacuum chamber, (i) a mechanical 

prevacuum pump, (j) an oil condenser of the prevacuum pump, (k) the gas mass flow 

controllers, (l) a target holder with water cooling an d connection to the RF power supply, 

and (m) the substrate table with an integrated heater, water cooling and with RF-bias / 

RF-plasma-etching line below the vacuum chamber. 

Fig. 15 shows schematically the experimental setup for the RF magnetron sputtering pro-

cesses used in this thesis. The distance between target and substrate table is 40 mm, which 

is in the order of the mean free path of the target atoms (Al, Cr or V) when the films are 

deposited at a higher temperature of 320 ℃ or 400 ℃ and is slightly higher than the films 

are deposited without heating. So the mainly sputtered neutral target atoms can fly with 

few collisions directly to the substrate surface without collisions when deposited at 320 ℃ 

or 400 ℃. The collision probability will increase in case of deposition without additional 

heating, which broadens the angular distribution of atoms arriving at the sub-

strate [10,210]. The mean free path of a target atom in this thesis is shown in Table 6, 

which is calculated according to the following formula [205]: 

   (4) 
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where λ is mean free path, d is the diameter of gas molecules (d (Al) = 0.118 nm, 

d (Cr) = 0.166 nm, d (V) = 0.171 nm, according to [211]), NA is molecular mass 

(NA (Al) = 26.98 g/mol, NA (Cr) = 52.00 g/mol, NA (V) = 50.94 g/mol, according to [212]), 

p is the gas pressure (here p = 0.6 Pa), T is the temperature (in K), and k is the Boltzmann 

constant (k = 1.38064852(79)×10−23 J/K). 

 

Fig. 15 Schematic experimental setup for the non-reactive RF magnetron sputtering pro-

cesses used in this thesis: (a) with a circular ceramic target, and, (b) with a segmented 

ceramic target (one half plate is the material A, and the other half plate is the material B). 

㊉ indicates Ar+, ㊀ indicates electron, Ⓝ indicates neutral atom. 

 

Fig. 16 The relationship between the substrate temperature and the DC voltage applied 

on the substrate heater when 100 W of RF power is applied to the sputtering target in Ar. 

The red line is a fitting line. 
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Table 6 The mean free path of target atoms in an Ar plasma in this thesis. 

Substrate Temperature Al Cr V 

Without heating (135 ℃) 34.2 mm 35.9 mm 29.4 mm 

320 ℃ 49.2 mm 51.6 mm 42.1 mm 

400 ℃ 54.9 mm 58.6 mm 47.8 mm 

 

The different sputtering targets which are used for deposition of different thin films are 

introduced in detail in the following section. In general, there are two kinds of targets 

which are shown schematically in Fig. 15 (a) and (b), respectively. One type is a full 

circular target for deposition of binary thin films which has only one uniform composition 

as shown in Fig. 15 (a). The substrates were placed below the “race track” erosion circle 

of the target where the plasma has highest density and the films exhibit the same growth 

rate. The other type is a segmented target consisting of two half plates (one half is material 

A and the other half is material B) for deposition of ternary thin films as shown in 

Fig. 15 (b). Five substrates were placed in a row below the target to obtain thin films with 

a gradient of the elemental composition that varies from one extreme composition to the 

other from Pos. 1 to Pos. 5. The sample positions 1 and 5 are exactly below the “race 

track” erosion zone of the target. The substrate positions are shown schematically in 

Fig. 17 in the following section. Substrates were cleaned in an ultrasonic acetone bath for 

15 min before placing them into the vacuum chamber, and after evacuation some of them 

were plasma-etched by an RF substrate bias voltage of -200 V in Ar at 0.6 Pa to remove 

contaminants and adsorbates on the substrate surfaces. For conditioning the substrate sur-

face, a relaxation time of 10 min at the heating temperature before coating was used. The 

sputtering targets are operated at an RF power of 100 W in Ar 99.9999 % at a pressure of 

0.6 Pa. A low power density of 2.26 W/cm2 was used to deposit films with low deposition 

rate, but the deposition rate is also dependent on the target material (i.e. sputtering yield) 

and the position of the samples related to the target (which is shown in more detail in 

Table 7 in the following section). A heater was integrated in the substrate holder, and the 

substrates can be heated up to 400 ℃ during the deposition. The minimum substrate tem-

perature is 135 ℃ without additional heating due to the 100 W of RF power applied to 
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the sputtering target. The relationship between the substrate temperature and the DC volt-

age applied by the heater via the DC power supply is shown in Fig. 16. 

3.1.2 Experimental materials 

3.1.2.1 Materials for substrates 

c-plane oriented (0001) α-Al2O3 single crystal substrates were used for the study of the 

growth of iso-structural rhombohedral metal-oxides thin films. These substrates were 

used for microstructure characterization and were supplied by Alineason Materials Tech-

nology GmbH, Germany, with a geometry of 10 mm × 10 mm × 1 mm, high purity of 

more than  99.99 %, polished on one side to an average roughness Ra < 1 nm. The thin 

films were deposited on the polished surface. Two side polished α-Al2O3 substrates with 

c-plane orientation were used for optical measurements; these were supplied by the Roditi 

International Corporation Ltd., England, with a geometry of ø 100 mm × 0.5 mm, high 

purity of more than  99.996 %, and an the average roughness Ra < 0.2 nm for both sides. 

Substrate pieces with a geometry of 10 mm × 10 mm × 0.5 mm were cutted from these 

sapphire wafers by hand with a diamond pen. 

Si (100) single crystal substrate wafers with a geometry of ø 100 mm × 0.35 mm, two 

sides polished and p-type doped with boron were supplied by CrysTec GmbH Kristall-

technologie, Germany. These Si wafers were cutted into Si substrates with a geometry of 

12 mm × 12 mm × 0.35 mm (and were used for the measurements of the thickness and 

elemental composition of the deposited thin films), and into smaller composition and Si 

stripes with a geometry of 12 mm × 2 mm × 0.35 mm (which were also used for the 

thickness measurements, by profilometry, as described in section 3.2.8).  

3.1.2.2 Materials for sputtering targets 

In order to obtain thin films with different composition, various targets were used as 

shown in Table 7. All targets were supplied by FHR Anlagenbau GmbH, Germany, with 

a diameter of ø 75 mm, thickness of 6 mm and purity of 99.9 %. The Cr2O3 and V2O3 thin 

films were deposited by using pure Cr2O3 and V2O3 ceramic targets with uniform chem-

ical composition. Thin film deposition in the ternary systems (Cr-Al-O, V-Al-O, and 

V-Cr-O) with the intention to vary systematically the composition in the metal sublattice 

population of corundum-type Me2O3 thin films (i.e. Me refers here in a simplified way to 
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all metals mentioned above) was done by using a segmented ceramic target consisting of 

two half plates of different materials and bonded on a copper holder. Due to it is difficult 

to deposit the Cr-Al-O and V-Al-O thin films with higher Al concentration at low tem-

perature in this thesis, the Al2O3 content should be small. In this thesis, only 20 % in the 

atomic weight of Al2O3 is contained in the half plate of the segmented targets. For Cr-Al-

O films, one half plate is made of a compound, i.e. a mixture of Cr2O3 (80 at. %) and 

Al2O3 (20 at. %), and the other half plate is made of pure Cr2O3. For V-Al-O films, one 

half plate is made of a compound, i.e. a mixture of V2O3 (80 at. %) and Al2O3 (20 at. %), 

and the other half plate is made of pure V2O3. In order to get V-Cr-O films with large 

range of V/Cr concentration, one half plate is pure Cr2O3 and the other half plate is pure 

V2O3. The sputtering targets used in this thesis and the corresponding substrate positions 

during thin film deposition are shown in Fig. 17. The “race track” erosion zone on the 

target surface is more or less visible, where the circular magnet on the target backside is 

forcing the electrons into an toroidal plasma ring [213]. 

Table 7 Materials for sputtering targets used for thin film deposition. (A and B denote the 

target materials of the half plates in Fig. 15.) 

Thin Film 
Sputtering target 

Constitution Geometry Purity 

Cr2O3 Cr2O3 (100 at. %) 

ø 75 mm × 

6 mm 
99.9 % 

V2O3 V2O3 (100 at. %) 

α-(Cr1-xAlx)2O3 

Segmented target 

A: Al2O3 (20 at. %) - Cr2O3 (80 at. %) mixture 

B: Cr2O3 (100 at. %) 

α-(V1-xAlx)2O3 

Segmented target 

A: Al2O3 (20 at. %) - V2O3 (80 at. %) mixture 

B: V2O3 (100 at. %) 

α-(V1-xCrx)2O3 

Segmented target 

A: Cr2O3 (100 at. %) 

B: V2O3 (100 at. %) 
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Fig. 17 Sputtering targets and the substrate positions during thin film deposition in rela-

tion to the targets in this thesis: (a) a pure Cr2O3 target was used for depositing the pure 

Cr2O3 film; (b) a pure V2O3 target was used for depositing the pure V2O3 thin film; (c) 

for the deposition of Cr-Al-O thin films, a segmented target was used; it consists of two 

half pates; one half plate is a compound of a mixture of Cr2O3 (80 at. %) and Al2O3 

(20 at. %), and the other half plate is pure Cr2O3; (d) for the deposition of V-Al-O thin 

films, a similar segmented target was used; one half plate is a compound of a mixture of 

V2O3 (80 at. %) and Al2O3 (20 at. %), and the other half plate is pure V2O3; (e) for the 

deposition of V-Cr-O thin films, a different segmented target was used, consisting of one 

half plate of pure Cr2O3, and another half plate of pure V2O3. In case of the deposition of 

pure Cr2O3 and V2O3 thin films, substrates were located below the “race track” erosion 

zone of the targets; in case of deposition of the ternary thin films, the substrate positions 

were projected in the target plane and marked as Pos. 1 - Pos. 5 in the above images. 

3.2 Thin film characterization 
A variety of analytical methods were used to investigate the chemical composition, mi-

crostructure, phase composition, morphology, crystallinity and crystalline perfection, 

strain, defects, and selected optical properties. The chemical composition of the thin films 
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was determined by electron probe micro-analysis (EPMA) and Auger electron spectros-

copy (AES). To determine the crystalline structure and phase composition of the thin 

films, detailed XRD analyses i.e. XRD in Bragg-Brentano geometry, rocking curve meas-

urements, pole figures analysis, and reciprocal space mapping (RSM) were carried out. 

TEM was used to study the microstructure and describes the orientation and epitaxial 

relationship between the thin films and the substrates. Raman spectroscopy, IRRAS and 

UV-VIS-NIR spectroscopy were measured for spectroscopic and optical properties. Fur-

ther, the film thickness and deposition rate was determined by a surface profiler. The 

individual methods and the experimental setups used are described in detail in the follow-

ing sections. 

3.2.1 Electron probe micro-analysis 
Electron probe micro-analysis (EPMA) is a method for non-destructive chemical analysis 

of the samples. With this method, all chemical elements except H, He and Li can be de-

tected.  

In EPMA (see Fig. 18, a schematic presentation of the principle functionality of EPMA), 

an electron beam emitted from a hot filament (e.g. made of W or LaB6) is accelerated by 

an electric field and focused on the sample in a small area with volume (depth) about 

1 μm - 2 μm. Therefore, EPMA needs the film thickness in the range of micrometers in 

order to avoid get the chemical information from the substrate. Several signals including 

X-rays, Auger electrons, backscattered and secondary electrons are generated by the in-

teraction of the primary incident electron beam on the sample as shown in Fig. 19. EPMA 

is a technique which is based on the detection of the emitted characteristic X-rays to de-

termine the chemical composition of the sample, because each atom emits specific and 

identifiable wavelengths of X-rays. The characteristic X-rays emerging from the sample 

are analyzed in a Wavelength-Dispersive Spectrometer (WDS). When X-rays encounter 

the single-crystal monochromator, only those X-rays that satisfy Bragg's Law are re-

flected and a single wavelength is passed on to the detector by which X-rays are counted. 

Detectors used in WDSs are the most commonly gas proportional counter types, in which 

incoming X-rays enter the detector through a collimator and thin window, are absorbed 

by atoms of the counter gas, and then a photoelectron is ejected by each atom absorbing 
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an X-ray. The photoelectrons are accelerated to a central wire such that additional ioni-

zation produces an electrical pulse which has an amplitude proportional to the energy of 

the original X-ray photon. The chemical composition is exactly known by comparison of 

the wavelengths of spectral lines with the theoretical line positions. To determine the 

chemical composition quantitatively, standards of known composition are required. The 

concentration of each atomic element in the sample can be calculated by comparing the 

intensities of the characteristic X-rays with the corresponding intensities of the stand-

ards [214].  

 

Fig. 18 Schematic drawing of the basic components of the electron probe micro-analyzer. 

The dashed square shows that the electron beam focuses on the sample surface and char-

acteristic X-rays are generated from beneath the surface and collected by the spectrometer. 

The shaded area represents the excited volume, from which the chemical information can 

be obtained [214–216]. 

EPMA was carried out by a CAMECA Camebax Microbeam SX Five. A tungsten fila-

ment was operated at an accelerating voltage of 10 kV. During measurements, a pumping 

system ensures a vacuum of about 1.3×10-3 Pa in the gun chamber. Various standards 

were used to calibrate the system for quantitative compositional analyses: pure Cr for Cr, 

pure Al for Al, VC for V, YIG (Y3Fe5O12) for O, TiN for N, TiC for C, and ArSi (sputtered 

Si with 9.9 wt % ± 0.3 wt % Ar) for Ar. Ten times measurements for each sample were 

taken to obtain an average value for the elemental composition. Directing an electron 
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beam at the non-conductive samples can lead to electrical charging of the samples surface. 

In case of thin films being less or even non-conductive, a thin layer of amorphous carbon 

with the thickness of 5 nm - 30 nm was deposited on the sample surface by means of 

evaporation to avoid the charging effects. 

 

Fig. 19 Signals generated when high-energy incident electrons interact with a thin sam-

ple [217]. The typical analysis depth of AES and EPMA is 0.4 nm - 5 nm and 

1 μm – 2 μm respectively. 

3.2.2 Auger electron spectroscopy 
Auger electron spectroscopy (AES) can provide quantitative chemical information and 

get concentration of an element in depth from the film surface to the substrate combining 

with sputter plasma-etching process. Similar to the EPMA, all elements except of H and 

He can be detected and quantified. In contrast to EPMA, AES has an analysis depth of 

less than 5 nm (normally about 3 monolayers, 1 nm - 2 nm) as shown in Fig. 19. There-

fore, AES is suited for the compositional analysis of ultra-thin films. When a depth re-

solved information of the elemental composition from the film surface to the substrate 

wants to be obtained, Ar ion plasma-etching process should be used to remove the previ-

ous layer which has been measured by AES and then AES measurement is done on the 

new layer, and this well-defined procedure is repeated.  
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Similar to EPMA, AES is accomplished by exciting the sample’s surface with a focused 

electron beam which generates Auger electrons, emerging from the sample surface as 

shown in Fig. 19. The difference of the principle between the Auger electron emission in 

AES and the characteristic X-rays emission in EPMA is shown in Fig. 20. The inner shell 

of an atom is ionized when high energy electrons bombard the atom creating a vacancy 

in the inner orbit. An electron from an outer shell moves to fill this vacancy. The released 

energy caused by the moved electron changes from a higher to a lower orbit can be emit-

ted as characteristic X-ray. Alternatively, a third electron from another orbit might be 

ejected, which is called Auger electron. The kinetic energy of the emitted Auger electrons 

from the sample surface excited by electron beam is measured by an electron energy an-

alyzer, where the atom is identified by its energy. In general, since the initial ionization 

is non-selective and the initial vacancy may therefore be in various shells, there will be 

many possible Auger transitions for a given element some weak and some strong in in-

tensity. Therefore, each element in a sample being studied will give rise to a characteristic 

spectrum of peaks at various kinetic energies. 

 

Fig. 20 Schematic representation of (a) the characteristic X-rays emission in EPMA and 

(b) Auger electron emission in AES [218]. K, L1, L2, L3, M1, M2…indicate the various 

electron energy levels. 

AES depth profiling was carried out to evaluate the composition of the films over their 

cross-sections, using a PHI 680 Xi Auger Nanoprobe with an electron beam of only 24 nm 
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in diameter at an accelerating voltage of 10 keV and a beam current of 20 nA. During the 

measurements, the chamber was pumped to ultra high vacuum of 1×10-7 Pa. Samples 

were tilted with 60° from the surface normal to the electron gun. An Ar ion beam was 

used for plasma-etching the sample surface to obtain a depth information of the elemental 

composition with an accelerating voltage of 2 keV and a current of 500 nA in an etched 

area of 1×1 mm2 with an plasma-etching rate of 8.84 nm/min. Samples were tilted with 

45° from the surface normal to the ion gun during the plasma-etching process. If the sam-

ples are non-conductive, silver was painted on the sample surface around the measured 

spot to retrieve the electric charge. 

3.2.3 X-ray diffraction 
The mechanical, electrical, magnetic or optical properties are strongly influenced by the 

microstructural characteristics of the films such as crystalline or amorphous state, crys-

tallographic orientation, crystallite size, strain and stress [219]. Therefore, it is very im-

portant to characterize the structure or crystallinity of the films. X-rays are electromag-

netic radiations with wavelength of the order of 0.01 nm - 1 nm. Since the wavelengths 

of the X-rays are similar to the size of atoms in the materials, they can easily penetrate 

matter and determine crystal structures. X-ray diffraction (XRD) is a powerful non-de-

structive technique for characterizing crystalline materials.  

3.2.3.1 XRD in Bragg-Brentano geometry 
XRD in Bragg-Brentano geometry is used to distinguish between amorphous networks 

and crystalline films, and is used to identify phases with defined crystal structure, lattice 

parameter c, grain size and strain. In a diffraction mode, a primary X-ray beam is inclined 

into a material and the diffracted beam is outgoing from the film surface whose directions 

and intensities will be recorded by a detector. XRD is normally performed in Bragg re-

flection: the theoretical background was put forward by W. H. Bragg and W. L. 

Bragg [220] who managed to express the conditions for diffraction of X-rays in crystal-

line materials in a mathematical form. This is called Bragg’s law and gives the condition 

for constructive interference for X-rays incident on a set of lattice planes. Fig. 21 shows 

schematically three sets of parallel crystallographic lattice planes with interplanar spac-

ing d with incident and diffracted (reflected) X-ray beams under the angles 2θ. As shown 

in this figure, the path difference between two X-rays reflected at the first and the second 
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lattice plane is 2dsin θ. If the path difference of waves reflected by adjacent lattice planes 

is equal to the integral multiple of the X-ray wavelength λ, there is constructive interfer-

ence and the reflected beam is very intense. Therefore:  

   (5) 

This equation is called Bragg’s law. Cu Kα radiation is used as the X-ray source, so here 

λ = 0.154184 nm [221]. 

For the XRD in Bragg-Brentano geometry i.e. symmetric θ/2θ scans as shown in Fig. 22, 

the incident beam and reflected beam have the same angles with respect to the film surface 

i.e. ω = θ. The scattering vector is normal to the sample surface, therefore, only the lattice 

planes parallel to the sample surface can be probed. To determine the crystalline phases 

of the sample, the intensity and the location of the peaks are recorded with the line detec-

tor by probing the sample for an adequate range of 2θ angles, then compared to the theo-

retical data listed in the XRD diffraction databases, i.e. PDF cards from ICDD-database. 

For the hexagonal crystal structure, the crystallographic planes with hkil (i=-(h+k)) Mil-

ler-Bravais indices where l is odd and h+2k=3n (n is an integer) will not give any diffrac-

tion i.e. these peaks are not present in the θ/2θ diffractogram, and are called forbidden 

peaks (rule of extinction) [222].  

The grain size of the crystals can be estimated from the θ/2θ reflexes by the Scherrer 

formula with Gaussian profile modification.  

   (6) 

where K = 0.89 is the Scherrer constant, λ = 0.154184 nm is the wavelength of the X-ray 

radiation, θ is the Bragg diffraction angle, and β is the full width at half maximum 

(FWHM) of the peak in radians. Here considering the instrumental broadening of the 

peaks, β was corrected by Gaussian profile: β =.B2-b2, where B is the measured FWHM, 

and b is the broadening of the used instrument (b = 0.07°, which is measured by a standard 

in the used instrument in this thesis) [223]. 

2 1,2,3dsin n nq l= = …

( ) / cosD Kl b q=
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Fig. 21 Schematic drawing of X-rays incident into and reflected from parallel lattice 

planes and the illustration of the Bragg’s law. d is the interplanar spacing and θ is the 

scattering angle of the X-rays. 

 

Fig. 22 Schematic representation of XRD in Bragg-Brentano geometry. The incident an-

gle ω is defined as the angle between the X-ray source and the sample, and the diffracted 

angle 2θ is the angle between the incident beam and the detector. 

XRD in Bragg-Brentano geometry was performed with a Seifert C-3000 diffractometer 

with a line detector (Type Meteor 1D from company Dectris Ltd) using Cu Kα1/2 (the 

wavelength of Cu Kα1 is 0.154054 nm and Cu Kα2 is 0.154432 nm [221]) radiation source 

with a Ni filter at a generator voltage of 40 kV and a current of 30 mA. The scattering 

angle 2θ was varied from 20° to 100° with a step size of 0.01° and accumulation time 

(collection time) of 360 seconds/step for 45 parallel measurements. 
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3.2.3.2 Rocking curves (ω scans) 
To determine the mosaic spread created by slight misorientations of different crystals as 

they grow on the substrates in this thesis, rocking curve analyses were carried out. In a 

rocking curve measurement, the detector is set at a specific Bragg angle (a reflecting po-

sition) and the sample is tilted (only in ω). A plot of X-ray intensity versus ω is obtained 

in a rocking curve analysis (ω is the angle between the X-ray source and the sample as 

shown in Fig. 22). 

 

Fig. 23 A schematic drawing of rocking curves of the films grown on the substrates 

(a) with nearly perfect epitaxial growth and (b) with strong tilt. 

If the films possess perfect crystals (perfect epitaxial growth on the substrates), the rock-

ing curves show a very sharp peak and the width of the peak of the rocking curve is 

determined by the beam geometry and the spectral width of the source as shown in 

Fig. 23 (a). Defects in the crystals like mosaicism, dislocations, and curvature create dis-

ruptions in the perfect parallelism of atomic planes, which cause the broadening of the 

rocking curve signal as shown in Fig. 23 (b). 

In this thesis, the rocking curve analyses were performed with a high resolution X-ray 

diffractometer (Model XRD 3003 PTSHR Seifert) with a slit focus X-ray tube at 40 kV 

and 40 mA, attached with a Ge (220) monochromator. The samples were tilted with a step 
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size of 0.02° and measurements were taken with an accumulation time (collection time) 

of 10 seconds/step. 

3.2.3.3 Texture measurements / pole figure analyses 
Texture is the distribution of crystallographic orientations of the sample. If the crystallo-

graphic orientations in the samples are random, a random texture will be obtained. If the 

crystallographic orientations have some preferred directions, the sample possesses a weak, 

strong, or moderate texture which is dependent on the percentage of crystals that have the 

preferred orientation. A texture can be described by a characteristic pole figure, which is 

a map of a selected crystal plane normal plotted with respect to the sample frame. In other 

words: a pole figure shows the intensity distribution of the scattering vector in reciprocal 

space. Texture measurement (or pole figure analysis) is an efficient way to reveal the 

orientation distribution of polycrystalline materials. 

The pole figure technique uses a scattering vector to map such “points” in reciprocal lat-

tice space. The difference between an incident and diffracted X-ray wave vector is defined 

as scattering vector. Fig. 24 (a) shows texture analysis configuration schematically. φ is 

the azimuth angle in-plane, and the sample undergoes a 360° azimuth rotation along the 

normal of the sample surface during the measurement. ψ is the tilting angle between the 

scattering vector and the normal to the sample surface. In pole figure analysis, first of all, 

the lengths of scattering vectors were selected i.e. fix ω/2θ (ω = θ) according to the crystal 

planes which are investigated. Then a continuous repetition of 360° azimuth rotation for 

ψ tilts from 0° to 60° (in this thesis) is carried out. Therefore, stereographic projections 

(pole figures) of the distribution of the selected orientations are presented.  

The pole figure technique can help to determine the crystal structure of the material. An 

example is shown in Fig. 24 (b) which belongs to the (0001) oriented Cr2O3 film deposited 

on c-plane α-Al2O3 substrate deposited at 320 ℃. The pole figure is measured at 

ω = 36.472° and 2θ = 72.944°, which corresponds to the (101!10) plane of the theoretical 

Cr2O3 according to the PDF card No. 38-1479 from ICDD. The texture shows a 6-fold 

symmetry at ψ = 17.6°, which is the angle between crystal planes {0006} and {101!10}. 
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Fig. 24 (a) schematic representation of texture measurements configuration in pole figures 

analyses. (b) Pole figure measured at ω = 36.472° and 2θ = 72.944° from a (101!10) ori-

ented Cr2O3 film deposited on c-plane α-Al2O3 substrate deposited at 320 ℃. φ and ψ are 

azimuth and tilt angles, respectively. 

The texture of all films was investigated via pole figure measurements by a high resolu-

tion X-ray diffractometer (Model XRD 3003 PTSHR Seifert). A point focus tube with 

collimator of Φ 2 mm was used. A 0.3 mm slit was placed in front of the detector when 

measuring the coated α-Al2O3 substrate, while a Cu slice with the thickness of 0.1 mm as 

absorber replaced the slit when measuring the α-Al2O3 single crystal to avoid destroying 

the detector from the high intensity of the X-rays. The parameters used for the X-ray 

diffractometer for pole figure analyses are shown in Table 8. 

Table 8 Parameters of the X-ray diffractometer used for the texture / pole figure meas-

urements. 

U I λCukα1 
Angular 

range 

Step Width 

Coated 

sample 

single crystal / 

substrate 
Time 

40 kV 40 mA 0.15406 nm 
ψ: 0 - 80° 

φ: 0 - 360° 

ψ: 2° 

φ: 5° 

ψ: 1° 

φ: 2.5° 
5s 

 

(a) (b) 
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3.2.3.4 Reciprocal space mapping 
Reciprocal space mapping (RSM) shows a two-dimensional region of the reciprocal space, 

which is used to investigate the lattice parameters, strain relaxation and epitaxy quality 

of the films grown on the substrates. More information regarding interplanar spacings and 

defect-related broadening of the reciprocal space lattice points also can be analyzed by 

RSM. 

RSM can be carried out by performing a series of ω-2θ scans at successive ω values in 

the following way: first a ω-scan is performed for a given length of the scattering angle; 

then the 2θ scan is employed with a slightly different tilt δq in ω direction (i.e. 

2θ = 2ω +δq); after that a ω-scan is performed again and so on. RSM will present the 

results in the map form (I(ω, 2θ)) and the intensity is normally a projection of the 3D 

intensity of the diffraction spots onto a 2D plane.  

All maps in RSM are reported in reciprocal lattice units, with the horizontal axis q// rep-

resenting the in-plane scattering vector component along one of the <112!0> directions 

and the vertical axis q⟘ representing the out-of-plane scattering vector component per-

pendicular to the epilayer surface i.e. <0001> directions. The relationship between the 

reciprocal lattice units (q// and q⟘) and the incident and diffracted angles (ω and 2θ) in the 

real space is as follows: 

   (7) 

   (8) 

where ω is the angle between the incident beam and the sample surface and 2θ is the angle 

between the scattered beam and the incident beam in the real space as shown in Fig. 25; 

λ is the wavelength of Cu Kα1 (0.15406 nm). 

A section through the reciprocal space for an [0001]-oriented Al2O3 substrate is shown in 

Fig. 26, in which the Ewald sphere construction is used to illustrate which diffraction can 

be obtained. Not all diffraction spots can be accessed. The larger circle in Fig. 26 shows 

the outer limit and the inner gray shaded areas show where the sample would block either 

( ){ }/ / 1/ cos 2 cosq l q w w= - -

( ){ }1/ sin 2 sinq l q w w^ = - +
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the incoming or the outgoing beam [224]. Therefore, the characterization of the symmet-

ric (0006) and asymmetric (101!10) RSM measurements of the films deposited on c-plane 

α-Al2O3 substrates are carried out. The diffraction geometry is shown in Fig. 25, where 

ω = θ when symmetric (0006) RSM is measured and ω = θ ± χ (χ is the angle between 

{0006} and {101!10} planes) when asymmetric (101!10) RSM is measured. The symmet-

ric and asymmetric reciprocal lattice points can be used to determine the in-plane and out-

of-plane lattice parameters and the strain of the films deposited on the substrate. The re-

lationship between the length of reciprocal spacing and the associated interplanar spacing 

is q = 1 / d. In detail, a pair of lattice constants (a, c) of a hexagonal lattice can be calcu-

lated by determining the components (q//, q⟘) of the peak center. 

 

Fig. 25 schematic representation of RSM configuration (a) symmetrical diffraction ge-

ometry, (b) and (c) asymmetrical diffraction geometry. ω is the angle between the incident 

beam and the sample surface; 2θ is the angle between the scattered beam and the incident 

beam; and χ is the angle between the scattering plane tilted to the in-plane of the sample 

surface.  

(a) 

(b) 

(c) 
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Fig. 26 A section through the reciprocal space for an [0001]-oriented Al2O3 substrate. 

Regions of reciprocal space in gray could not be detected by RSM. 

The value of lattice constant c can be calculated from both the symmetric (000l) RSM 

and the asymmetric (h0il) RSM by: 

   (9)  

The lattice constant a is given from asymmetric (h0il) RSMs by: 

   (10)  

In this thesis, all films are locally epitaxially grown on the α-Al2O3 substrates in the hex-

agonal structure similar to the substrate, and the broader and weaker lines from the films 

are found nearby the strong lines from the substrates in the reciprocal space. The in-plane 

lattice parameter of the films is larger than that of the substrates, so the films tend to be 

constrained by the substrate. However, the films can also be partially relaxed or com-

pletely relaxed depending on the layer thickness and the film content. The degree of in-

plane relaxation r of a film with respect to the substrate is given by [224]: 

   (11) 

Where afilm denotes the actually measured lattice constant of a thin film; afilm
relax is the totally 

relaxed lattice constant, i.e. the theoretical value from the corresponding PDF card from 

ICDD; asubstrate is the lattice constant of the substrate.  
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If an asymmetric RSM resembles Fig. 27 (a) in which the film-substrate reflection center 

line is perpendicular to the q// axis in reciprocal space, the film in-plane lattice constant a 

is coherent with the substrate and the degree of in-plane relaxation r = 0, indicating that 

the film is fully epitaxial (strained) grown on the substrate. If the RSM resembles 

Fig. 27 (b) in which the film-substrate reflection center line goes to the origin of the re-

ciprocal space coordinate system, the film is fully relaxed and grown with the theoretical 

lattice constant a value and r = 1. If the RSM state is between the Fig. 27 (a) and (b), the 

film is partially relaxed.  

 

Fig. 27 Two examples of RSMs measured in asymmetric geometry of (a) fully strained 

film and (b) fully relaxed film grown on the substrate. The schematic representations be-

low the RSM results indicate the relationship of the in-plane lattice constant a between 

the film and the substrate.  

To define the strain in a film, the in-plane misfit and strain are estimated. The misfit i.e. 

the relative difference of the lattice constants between the substrate and the film is given 

by: 

   (12) 

The in-plane strain of the film is defined as 

   (13) 
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where afilm denotes the actually measured lattice constant a of a thin film；asubstrate de-

notes the lattice constant a of the substrate, here the measured value is equal to the theo-

retical value from the corresponding PDF card from ICDD; afilm
relax is the lattice constant a 

for the film in the fully relaxed state, i.e. the theoretical value from the corresponding 

PDF card from ICDD. 

All RSM analyses were performed with a high resolution X-ray diffractometer (Model 

XRD 3003 PTSHR Seifert) with a line focus X-ray tube at 40 kV and 40 mA. The incident 

X-ray beam was monochromatized by a Ge (220) monochromator to get pure Kα1, and a 

scintillation detector for high resolution scanning in 2θ. 

3.2.4 Raman Spectroscopy 
Raman spectroscopy is a light scattering technique, in which laser light interacts with the 

phonons of a sample to produce scattered radiation of different wavelengths. It is used to 

identify organic substances or inorganic solids by characteristic vibration modes and get 

the chemical composition of the materials indirectly [225].  

In Raman spectroscopy measurements, light from a monochromatic light source (usually 

a single mode laser) is incident on the sample surface and the scattered light is detected. 

For the total energy of the system to remain constant after the molecule moves to a new 

rovibronic state, the scattered photon shifts to a different energy, and therefore a different 

frequency. This energy difference is equal to that between the initial and final rovibronic 

states of the molecule. An energy-level diagram is shown in Fig. 28, which illustrates 

light scattering from a molecule. If the energy of the incident photon is equal to that of 

the scattered one, the process is called Rayleigh scattering, in which the scattered phonon 

has the same frequency as the incoming radiation. If the energy of the incident photon is 

different to that of the scattered one, the process is called Raman scattering, which is 

inelastic scattering because of the energy and momentum transfer between the photons 

and the molecules during the interaction. If the molecule gains vibrational energy, i.e. the 

final vibrational state has a higher energy than the initial state, then the scattered photon 

will be shifted to a lower frequency, the process is called Stokes Raman scattering. If the 

molecule loses vibrational energy, i.e. the final vibrational state is less energetic than the 

initial state, then the scattered photon will be shifted to a higher frequency, the process is 
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called anti-Stokes Raman scattering. In one word, the Raman scattering is a process of 

energy and momentum exchange among the incident photon, the scattered photon, and 

the scattering substance which is associated. The energy difference between the incident 

and scattered light is called Raman shift, which is determined by the rotational and vibra-

tional states of the sample. The Raman shift is typically expressed in wavenumbers (cm-1) 

and the relationship between the Raman shift and the wavelength of the incident and scat-

tered light is described by the following formula: 

   (14) 

Where ∆ν is the Raman shift in unit of cm-1; λi is the excitation wavelength, i.e. the inci-

dent laser wavelength in unit of nm;	λs is the scattered Raman wavelength in unit of nm. 

The Raman spectra are usually plotted in intensity versus Raman shift in wavenumber.  

 

Fig. 28 Energy-level diagram for light scattering (Stokes Raman scattering, Rayleigh 

scattering, and anti-Stokes Raman scattering) and the infrared absorption according 

to [226] and [227]. The incident laser radiation energy is hν0, and the vibrational energy 

is hνvibration. 
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All Raman spectra were performed with a Micro-Raman-Spectroscope, Renishaw System 

1000 at room temperature. The excitation source was a 514.5 nm argon ion laser, and the 

50× objective was utilized to observe the samples through a Leica microscope. The di-

ameter of the analyzed area on the sample was about 1 µm - 2 µm. In order to avoid the 

thermal damage of the sample surface, the laser power at the sample spot was attenuated 

to 2 mW - 4 mW from the incident power of 20 mW. The Raman spectra were measured 

in the range from 160 cm-1 to 1200 cm-1 with exposure time of 120 s. 

In crystalline solids, the Raman effect deals with phonons. Only small wavevector (close 

to the Brillouin zone center) phonons can be seen in the single phonon Raman spectra of 

crystals. In amorphous materials, all the phonons contribute to the Raman spectrum, lead-

ing to very broad bands of poor intensity that reflect the vibrational density of states. In 

nano crystalline materials, the Raman spectra display the crystalline Raman features 

broadened and shifted by the phonon confinement. Therefore, the size of the nanocrystals 

could be estimated by an adequate model. It is possible to analyze the disorder and the 

strains present in the crystalline lattice from the Raman band shift and the presence of the 

forbidden bands.  

Raman spectroscopy is based on group theory. The group theory classifies vibrational 

modes in corundum structured crystals from the Bhagavantam and Venkataryudu 

method [228] into the following irreducible representation:  

   (15)  

The vibrational modes are shown in Fig. 29, Among these vibrational modes, A2u and Eu 

are acoustical modes, in which two adjacent different atoms move together; and others 

are optical modes, in which two adjacent different atoms move against each other. There-

fore, the representation corresponding to the optical modes is [229,230]: 

   (16) 

Among these optical modes, the 2A1g and 5Eg modes are Raman active; the 2A2u and 4Eu 

are infrared (IR) active; and the 2A1u and 3A2g are spectroscopically inactive (silent 

1 2 1 2 2 3 5 2 3 5vib g g g u u uA A E A A EG = + + + + +

1 2 1 2 2 3 5 2 2 4opt g g g u u uA A E A A EG = + + + + +
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modes). But not all modes expected from factor analysis can be observed owing to the 

limit in the available spectral range of our apparatus [9]. 

 

Fig. 29 Vibrational modes in corundum structured crystals. Me is metal and O is oxygen. 

(a), (b), (c), (d), (e) and (f) indicate the vibrational modes of A1g , Eg, A1u, Eu, A2g, A2u, 

respectively. 

3.2.5 Infrared reflection-absorption spectroscopy 
Like Raman spectroscopy, IR spectroscopy is also used to obtain information about the 

chemical composition of the materials indirectly and properties of molecules from their 

vibrational modes of the chemical bonds in the materials [231].  

Absorption of IR radiation is typical of molecular species that have a small energy differ-

ence between the rotational and vibrational states. 

Different from Raman scattering, IR absorption is a one-photon event [227]. IR absorp-

tion arises from a direct resonance between the frequency of the IR radiation and the 

vibrational frequency of a particular normal mode of vibration, i.e. IR absorptions occur 

at the frequency of the absorbed radiation matches the vibrational frequency. The photon 

encounters the molecule in the materials and disappears, then the molecule is excited from 

the ground energy state to vibrational energy state by the energy of the photon at the 
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frequency of vibrational resonance as shown in Fig. 28. From Fig. 28, it is clear that IR 

absorption achieves this energy change in one step, but Raman requires two steps. 

IRRAS was used because the material systems we studied are absorbing in reflection 

mode in the infrared region. IRRAS mainly measures a complete spectrum in the mid-

infrared region of 4000 cm−1 - 400 cm−1 wavenumber (2.5 μm - 25 μm wavelength) to 

study the fundamental vibrations and associated rotational-vibrational structure. In IR-

RAS experiments, the samples are investigated in reflection geometry under grazing in-

cidence as shown in Fig. 30, which means the radiation from the spectrometer source 

must be directed at the film at a selected (optimum) angle of incidence, and the reflected 

radiation must be analyzed at the same angle [232]. In general, both incident and reflected 

infrared light can be decomposed into two vectors: one is the p-polarized component with 

the electric vector parallel to the plane of incidence; the other is the s-polarized compo-

nent with the electric vector perpendicular to the p-polarized component. Only the p-po-

larized component can excite the vibrational modes of the probed molecule in the sam-

ples [233]. 

 

Fig. 30 IRRAS optical configuration: θ0 is the incident angle (θ0 = 80° in this thesis); R0 

and Rr are incident and reflected infrared in p-polarization, respectively; n0 is the refrac-

tive index of the incident medium (air); n1/  and n2/  are the complex refractive index of the 

film and the substrate, respectively; d is the film thickness. 

In solids, IR bands are sharper for a crystalline material than for those of amorphous 

materials. The IR spectra of crystalline and amorphous solids of the same chemical com-

position can be significantly different primarily because of the presence or absence of 

spatial order and long range translational symmetry. 

All IRRAS spectra were measured with a Fourier transform infrared (FTIR) spectrometer 

(Bruker VERTEX 80, Brucker Optics, Ettlingen, Germany) in the range of 
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400 cm -1 - 4000 cm -1. A pure α-Al2O3 single crystal substrate was used as reference for 

the characterization of coated samples. An incident angle of 80° with respect to the sam-

ple surface normal and a resolution of 2 cm-1 were applied during the measurements. Liq-

uid N2 was used to cool the mercury cadmium tellurite (MCT) detector in order to reduce 

the noise-to-signal ratio (i.e. have high sensitivity). Dry air was purged continuously 

through the spectrometer and the sample compartment to eliminate or decrease the dis-

turbance from atmospheric absorptions (i.e. water vapor and CO2). At least 500 scans for 

each sample were integrated and the measurements were stopped when absorption bands 

of the ambient humidity appeared. 

3.2.6 Ultraviolet-visible-near infrared spectroscopy 
Ultraviolet-visible-near infrared (UV-VIS-NIR) spectroscopy is a useful technique of 

“electronic spectroscopy”, in which the outer electrons of atoms or molecules absorb en-

ergy and undergo transitions to high energy levels [234,235]. With this technique one can 

measure a complete absorption spectrum in the UV-VIS-NIR region of 190 nm - 900 nm, 

in which 200 nm - 400 nm is the UV range, 400 nm - 700 nm is the visible light range, 

and 700 nm - 900 nm is the near infrared range. For UV, VIS and NIR, the electrons are 

promoted from their ground state to an excited state after absorbing the energy which 

corresponds to the electronic states of atoms or molecules.  

When light comes into a solid, the light maybe absorbed, reflected, transmitted or scat-

tered, which is shown as Fig. 31. According to the Beer-Lambert Law: 

   (17) 

Where A is the absorbance of the sample; T is the transmittance which represents the 

percentage of the incident light transmitted by the sample (T=I/I0, I0 is the incident light 

intensity, I is the intensity of transmitted light). 

If no absorption has occurred, T = 1 and A= 0. Most spectrometers display absorbance on 

the vertical axis, and the commonly observed range is from 0 (100 % transmittance) to 2 

(1 % transmittance). 

lg(1/ )A T=
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The UV-VIS-NIR spectrophotometer use light to qualitatively and quantitatively analyze 

samples based on how much light travels through the sample and how much is reflected 

off of it. The spectra in the visible region can be used to determine the color of the sample; 

the spectra in ultraviolet and near infrared region are often needed for evaluating the per-

formance of solar radiation control films. 

 

Fig. 31 Interactions of light with a solid. 

The optical absorption can be analyzed to get information on the energy band gap of the 

materials [236]. The direct optical band gap energy, Eg, 	can be determined using optical 

spectra by Tauc’s equation as follows [104,105,237]: 

   (18) 

Where 𝛼 is the optical absorption coefficient, and it can be calculated according to the 

following relation: α= ln(10)A/d (where A is the absorbance of the film; d is the film 

thickness); ℎ𝜈 is the photon energy, and hν = hc/λ= 1240.7/λ; n is a constant for a given 

transition which is equal to 1
2
 for direct band gap. Eg is in eV and λ in nm; B is a constant. 

To verify the direct band gap Eg, the plot of (αhν)2 as a function of the photon energy can 

be drawn, and the Eg value is given by the extrapolation of the linear portion of the plot 

to the energy axis at α=0. 
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The UV-VIS-NIR spectra were recorded in the wavelength range of 350 nm < λ < 800 nm 

using a CARY 5000 Scan UV-VIS-NIR Spector-Photometer with a Cary Universal Meas-

urement Accessory (UMA) unit from Agilent. The UV-VIS-NIR spectra of the samples 

were measured in a transmission mode. 

3.2.7 Transmission electron microscopy 
Transmission electron microscopy (TEM) is a premier analytical technique to character-

ize the microstructure of the materials, especially the crystal structure, crystallite size, 

lattice plane distance, orientation, grain boundaries or the epitaxial relationship between 

the films and the substrates for the film study. In TEM, a highly energetic electron beam 

passes through a very thin sample with thickness of 40 nm - 100 nm in high vacuum, and 

the electrons which are transmitted through the sample are collected onto a phosphores-

cent screen or through a camera. The sample preparation is extremely important because 

the TEM samples should be thinned for example by ion milling or focused ion beam (FIB) 

to thickness lower than 50 nm.  

Several TEM techniques are used to investigate the films microstructure in this thesis. 

Cross-sections of the films and their interfaces with the substrates were analyzed in dif-

ferent imaging modes, selected area electron diffraction (SAED) and high resolution 

TEM imaging (HRTEM). Fig. 32 schematically illustrates the transmitted and diffracted 

path in the imaging and diffraction modes in TEM [238]. The objective lens forms a dif-

fraction pattern in the back focal plane with electrons scattered by the sample and com-

bines them to generate an image in the first intermediate image plane. Thus, the image 

and diffraction patterns are simultaneously present in the TEM. In the imaging mode, an 

objective aperture is inserted and a selected area aperture is removed in the back focal 

plane to select one or more of the diffracted beams. Diffraction contrast is the variation 

in intensity of electron diffraction across the specimen, which can be controlled by the 

objective aperture, and contribute to the final image in bright-field (BF) mode or dark-

field (DF) mode. If the objective aperture passes only one diffracted beam, a dark-field 

(DF) image can be obtained. If both the direct and diffracted beams are passed, a bright-

field (BF) image can be obtained. SAED is a method in which the reciprocal lattice is 

imaged with high resolution.  
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In SAED patterns, the recorded electron diffraction patterns can help to determine if the 

materials are amorphous, polycrystalline, or single crystals. In SAED, the intermediate 

lens is now focused on the back focal plane of the objective lens as shown in Fig. 32. The 

transmitted and diffracted beams are now imaged. The objective aperture is removed and 

a selected area aperture in the back focal plane of the objective lens (diffraction plane) is 

used to define the diffraction pattern to a selected area of the specimen. In the SAED 

patterns, the diffraction spots in reciprocal space can be identified based on the Miller or 

Miller-Bravais indices of the lattice planes correspondingly and interplanary spacings in 

crystals can be determined by the separation of the diffraction spots on the viewing screen. 

HRTEM is an imaging mode of TEM which provides qualitative information about the 

atomic structure of the specimen. HRTEM images are formed by phase contrast, which 

results from the interaction between the high energy electrons and the sample when the 

electron wave passes through a TEM sample. The electrons can continue their path or 

diffract as a result of scattering from the crystallographically ordered atoms in the samples, 

thus the electron waves divide into the transmitted waves and the diffracted waves. The 

phase shift of the electron waves which produces intensity variations is used to map the 

samples’ atomic structure. When two or more electron beams scattered from the sample 

interfere and are transferred at high magnification to the detector plane, an interference 

pattern which is regarded as HRTEM image is formed.  

Fast Fourier transformation (FFT) and inverse fast Fourier transformation (IFFT) were 

carried out using a Digital Micrograph software package by GATAN in this work. The 

FFT of a HRTEM image is an image processing to switch the real space image to the 

diffraction pattern, and IFFT transforms the diffraction pattern back to a real space image 

as a HRTEM image. We analyzed the defects of the films by images processing as the 

following steps: 1. FFT of the HRTEM image is used; 2. “Mask” is used to allow only 

some spots or other parts of the information present in reciprocal space to contribute to 

the image formed by IFFT. In TEM, similar effects are achieved by the use of apertures. 

3. IFFT is used to get a filtered image.  
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All the cross-sections of the films and their interfaces with the substrates were analyzed 

in BF imaging mode, SAED and HRTEM with a FEI Tecnai F20 electron microscope 

operated at an acceleration voltage of 200 kV. 

 

Fig. 32 Schematic representation of imaging and diffraction modes in the TEM [238]. In 

the imaging mode, an objective aperture is inserted in the back focal plane to select one 

or more beams that contribute to the final image (BF mode, DF mode, or HRTEM). In 

the SAED mode, a selected area aperture in the plane of the first intermediate image is 

inserted to define the diffraction region to be obtained. 

3.2.8 Film thickness and deposition rate 
The film thickness were determined by a KLA Tencor P-10 surface profiler. Then depo-

sition rate can be calculated from the film thickness and the deposition time. A diamond 

stylus with a radius of 5 μm was moved with a normal force of 9.8×10-3 mN on the sample 
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surface during the measurement. The surface profiler has high sensitivity with a resolu-

tion of 0.008 nm. Each profile was measured at a scan speed of 200 μm/s, scan length of 

4 mm and a frequency of 200 Hz. 

The film thickness were measured on a coated Si substrate with a size of 

12 mm × 12 mm × 0.35 mm which are partly covered with a Si stripe with a size of 

12 mm × 2 mm × 0.35 mm prior to deposition as shown in Fig. 33 (a). The Si stripe is 

removed after deposition when the film thickness is measured by the surface profiler. If 

there is no plasma-etching process before deposition, the film thickness is the value meas-

ured by the profiler. If the substrate is plasma-cleaned by a plasma-etching process before 

deposition, as shown in Fig. 33 (b) (c) and (d), the thickness of the substrate except the 

part covered by the Si stripe is reduced by the ion bombardment during the plasma-etch-

ing which is called plasma-etching depth (te). The measured value by the profiler (tm) is 

the height difference between the Si substrate surface without being etched and the film 

surface as shown in Fig. 33 (d). Therefore, the real film thickness (d) is the sum of the 

plasma-etching depth (te) and the measured value by the profiler (tm), i.e. d=tm+te. Then, 

the deposition rate can be calculated by the film thickness divided by the deposition time. 

 

Fig. 33 Schematic representation of film thickness determination by surface profiler. 

(a) the top view and (b) cross-section of Si substrate covered by a Si stripe; (c) after the 

plasma-etching process, te denotes the plasma-etching depth of the Si substrate; (d) after 

etching, deposition and removing the covered Si stripe, tm denotes the measured thickness 

by the surface profiler, d is the film thickness. d = tm + te.
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4 Results 
This chapter describes the characterization of the binary Cr2O3 (section 4.1) and V2O3 

(section 4.2) films, as well as films in the ternary systems Cr-Al-O (section 4.3), V-Al-O 

(section 4.4), and V-Cr-O (section 4.5) with locally epitaxial grown on c-plane α-Al2O3 

substrates. The chemical composition, microstructure, and optical properties of the films 

are characterized. 

4.1 Cr2O3 films deposited on c-plane α-Al2O3 substrates 
In this section, the Cr2O3 thin films synthesized on c-plane α-Al2O3 substrates at 400 ℃ 

are analyzed. The samples were placed in relation to the sputtering target as shown in 

Fig. 17 (a). Films with a thickness of 2.1 μm were prepared for the EPMA analysis, and 

films with a thickness variation (30 nm, 75 nm, 105 nm, 188 nm and 407 nm) were pre-

pared for the structural, spectroscopic and optical analyses, and the microstructure and 

properties of the films dependent on the film thickness was discussed (sec-

tion 4.1.1 - 4.1.3). All the films were deposited on the substrates following a plasma-etch-

ing of 50 nm for removing the contaminations before deposition. In section 4.1.4, films 

with a thickness of 320 nm deposited on substrates with and without plasma-etching be-

fore deposition are compared to investigate the influence of this plasma-etching process 

on the microstructure of the films. 

4.1.1 Compositional and structural analysis  
The chemical composition of the films synthesized by sputtering of the Cr2O3 target with 

thickness of 2.1 μm at 400 ℃ was determined by EPMA. The results are displayed in 

Table 9. The chemical composition of the films deposited at different temperatures (with-

out heating and at T = 400 ℃) were also measured and the deviation of the atomic per-

centage of the elements in the films is less than 1 %. The atomic percentages of Cr and O 

in the films are 38.8 % and 60.1 %, respectively, which suggests the Cr/O stoichiometry 

of these films is very close to the ideal value of 2/3. The argon concentration in the films 

from the sputtering gas during deposition is not detectable. Other contaminations such as 

carbon and nitrogen are also very low, in the sum around 1 at. %. The carbon content is 
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relatively larger than the nitrogen and argon content, and we correlate this with the fact 

that all electrically insulating oxide films were overcoated with a very thin amorphous 

carbon layer for EPMA measurements to avoid electrical charging. With respect to these 

very low concentrations of impurities (i.e. C, N, and Ar), it can be concluded that stoichi-

ometric films of Cr2O3 within the measuring accuracy were grown on the c-Al2O3 sub-

strates. 

Table 9 The chemical composition of the Cr2O3 films deposited on the c-Al2O3 substrates 

(standards used for calibrating see section 3.2.1). 

Cr (at. %) O (at. %) C (at. %) N (at. %) Ar (at. %) 

38.8 ± 0.18 60.1 ± 0.19 0.8 ± 0.13 0.3 ± 0.03 0.0 

 

Fig. 34 (a) shows the XRD patterns obtained in Bragg-Brentano mode of the Cr2O3 films 

grown on α-Al2O3 (0001) substrates at the substrate temperature of 400 ℃ with different 

thickness of 30 nm, 75 nm, 105 nm, 188 nm and 407 nm. The reflections at 2θ values of 

41.69° and 90.71° are assigned to the (0006) and (00012) reflections from α-Al2O3 sub-

strates, respectively, which are in complete agreement with the theoretical data listed in 

PDF card No. 42-1468 from the ICDD-database. For all films, only the (0006) and (00012) 

reflections can be observed. The figure shows the (0006) and (00012) reflections of the 

films at 2θ values at lower diffraction angles (i.e. larger lattice constant c) in comparison 

to the corresponding reflections of the α-Al2O3 substrate. The films grown on (0001)-

orientated α-Al2O3 in Fig. 34 show a c-axis orientation, because no other reflections of 

Cr2O3 are present, suggesting a growth preference aligned with the underlying substrate 

lattice. The theoretical reflections corresponding to (0006) and (00012) of rhombohedral 

Cr2O3 are at 39.79° and 85.66°, respectively, and the theoretical X-ray powder diffraction 

intensity of the Cr2O3 (0006) reflection relative to the (00012) reflection is 3.5 (PDF card 

No. 38-1479 from the ICDD-database), which corresponds well with our results. We ob-

served a shift of the reflections of the Cr2O3 films with thickness variation. Fig. 34 (b) 

shows the (0006) reflections of the films with different thickness in more detail for a 

narrow range of the diffraction angle. With increasing film thickness, the (0006) reflec-

tion become much more pronounced (i.e. show much larger intensity) and shift to the 
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diffraction angles towards to the position of the theoretical Cr2O3 value at 39.79°. This 

suggests that the thicker films exhibit smaller (0006) lattice plane distances d0006 accord-

ing to Bragg’s law as shown in Eq. (5). Fig. 35 shows the (0006) lattice plane distance in 

dependence of the film thickness. It indicates that the film has larger d0006 (i.e. larger lat-

tice constant c) with decreasing the film thickness, approaching but not reaching the the-

oretical value of Cr2O3. If we assume that the crystal volume is a constant, then the thinner 

films should have smaller lattice constant a and should be more strained in theory, which 

is in agreement with the RSM results discussed in the following. The FWHM values of 

the (0006) reflections of the films are between 0.4° and 0.8°, showing a relatively broad 

XRD reflex compared to the single crystal α-Al2O3 substrate (i.e. the FWHM of the (0006) 

α-Al2O3 peak is only 0.06°). This indicates that the crystals of the Cr2O3 films should be 

more imperfect compared to the single crystal of the substrates. Fig. 36 shows the de-

pendence of the FWHM of (0006) reflections of the films on the film thickness, indicating 

that thicker films have smaller FWHM values (i.e. larger grain size). Fig. 37 shows the 

mosaic spreading in the rocking curve measurements of the (0006) reflections of the films 

with different thickness, allowing to evaluate the epitaxial growth quality of the films 

with respect to the substrates. The FWHM values of these reflections were 1.07° - 1.32°, 

indicating that there are many individual crystals with a 1.07° - 1.32° tilt of (0006) planes 

in the film, while the FWHM of the single crystal α-Al2O3 substrate is only 0.2°. Com-

pared to the perfect single crystal, the mosaic spreading of the films is larger, indicating 

the imperfect epitaxial crystal growth of the films. With increasing the film thickness, the 

FWHM value of the ω scans is slightly decreasing, i.e. the mosaic spreading of the (0006) 

planes is smaller, which indicates the crystal quality becomes better during the film 

growth (i.e. with increasing film thickness). At the beginning of the film growth, there is 

a strong impact of the lattice mismatch between substrate and films (4.2 % in a-axis) on 

the film crystal quality, which will cause the strain in the films. With increasing deposi-

tion time, the films grow more relaxed and the mismatch does not have that strong impact 

anymore. Therefore, we observe the films with larger film thickness exhibit better crystal 

quality.  
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Fig. 34 (a) θ - 2θ XRD patterns of the Cr2O3 films with different thickness (30 nm, 75 nm, 

105 nm, 188 nm, and 407 nm) deposited on the α-Al2O3 substrates at the substrate tem-

perature of 400 ℃. The film thickness is marked on the corresponding line. The (0006) 

and (00012) reflections of the films are observed at lower diffraction angles of the corre-

sponding reflections from substrates. The dashed vertical lines show the theoretical posi-

tions of the (0006) and (00012) reflections of Cr2O3 according to PDF card No. 38-1479 

from the ICDD-database. (b) shows the (0006) reflections of the films in more detail for 

a narrow range of the diffraction angle. 

 

Fig. 35 Dependence of the lattice plane distance d0006 on the film thickness for Cr2O3 

films deposited at 400 °C. The dashed line indicates the theoretical value of d0006 of Cr2O3 

according to PDF card No. 38-1479 from the ICDD-database. 
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Fig. 36 Dependence of the FWHM values of (0006) reflections on film thickness for the 

films deposited at 400 °C. 

 

Fig. 37 XRD rocking curves (ω-scans) of the (0006) reflection of the Cr2O3 films with 

the thickness of 105 nm, 188 nm, and 407 nm. The FWHM is 1.32°, 1.24°, and 1.07°, 

respectively. 

Further, the crystallite size of the films is evaluated according to Eq.(6) from the θ - 2θ 

XRD data of (0006) reflexes. The Cr2O3 grain sizes are between 13.5 nm (for films with 
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30 nm thickness) and 24.0 nm (for films with 407 nm thickness), respectively. This indi-

cates that the grain size is larger for thicker film, which can be explained by the VW 

growth mode of the films (i.e. island growth).  

This is verified by TEM results presented in the following. In the early stages of the film 

growth, the Cr2O3 films grow in strained state on the α-Al2O3 substrate and exhibit smaller 

values of lattice parameter a. Structural defects such as stacking faults and misfit dislo-

cations should appear in such films according to literatures [239,240]. With increasing 

thickness, the films usually become less defective. Meanwhile, the distance between the 

islands is large at the beginning of the film growth and then becomes smaller and smaller 

as increasing the thickness because the grain size increases with increasing film thickness 

and it will grow up to the coalescence when a critical thickness is reached [239]. This is 

supported by our results. When the films thickness is between 30 nm and 75 nm (i.e. the 

thickness increases by 150 %), the grain size increases from 13.5 nm to 17.3 nm (which 

is an increase of 28.1 %). If the film thickness increases from 188 nm to 407 nm (which 

means an increase of 116 %), the grain size only increases by 7.6 % (from 14.0 nm to 

22.3 nm). When the film thickness is around or above 188 nm, the coalescence of grains 

seems to be widely done, and the grain size does not increase as strong as in the thinner 

films. 

Fig. 38 shows the symmetric (0006) and asymmetric (101!10) RSM of the Cr2O3 thin films 

with the thickness of 188 nm and 407 nm grown on the α-Al2O3 substrates. From the 

(0006) and (101!10) reciprocal lattice points, the lattice constants of the Cr2O3 films were 

calculated. The lattice parameters of the film with thickness of 188 nm are a = 0.493 nm 

and c = 1.367 nm, while the thicker film with 407 nm has a slightly larger a value of 

0.496 nm and a smaller c value of 1.366 nm, which is in agreement with the θ - 2θ XRD 

results. The degree of relaxation (according to Eq.(11)) of the film with 188 nm thickness 

is 0.85, indicating the film is in strained state, while that of the film with 407 nm thickness 

is near 1, indicating this film is in nearly fully relaxed state. The misfit of the in-plane 

interface between the film and the substrate are 3.6 % (in case of the 188 nm thick film) 

and 4.2 % (in case of the 407 nm thick film), respectively. The in-plane strain (estimated 

from the lattice parameter a) of the film with the thickness of 188 nm is 0.5 % while only 
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0.03 % for the film with the thickness of 407 nm. The film changes from strained state to 

relaxed state gradiently during the film growth. 

  

Fig. 38 Reciprocal space mapping (RSM) results of the samples with the film thickness 

of 188 nm and 407 nm. (a) and (b) are the symmetric (0006) reflection and the asymmet-

ric (101!10) reflection of the α-Al2O3 substrate upon which the Cr2O3 thin film thickness 

is 188 nm respectively. (c) and (d) are the symmetric (0006) reflection and the asymmet-

ric (101!10) reflection of the α-Al2O3 substrate upon which the Cr2O3 thin film thickness 

is 407 nm respectively. 

The texture of the films with different thickness and the substrate was examined by X-ray 

pole figures taken from both symmetric (0006) reflections and asymmetric (101!10) re-

flections. The texture of the films is independent of the film thickness. Therefore, here 

only the texture of the film with the thickness of 188 nm is presented. Fig. 39 (a) shows 

the X-ray pole figure taken from the (0006) reflection, which suggests that the film grew 

in a fiber texture in direction of the c-axis. The X-ray pole figure taken from the (101!10) 

peak of this Cr2O3 film is shown in Fig. 39 (b). There are two 6-fold symmetry reflections 
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in the circle of ψ=18° and ψ=32°, respectively. The outer 6-fold symmetry of the (101!10) 

Cr2O3 reflections can be attributed to double diffraction patterns produced by the primary 

beam [241]. The φ-san in Fig. 40 presents six peaks separated equally at an interval of 60° 

which indicates a six-fold symmetry, while a 3-fold symmetry for the c-cut α-Al2O3 can 

be observed when a φ-scan at ψ=18° is taken. The 6-fold symmetry observed in the pole 

figure of Cr2O3 (101!10) on α-Al2O3 substrates illustrates that the Cr2O3 has a strong tex-

ture on α-Al2O3 with rhombohedral structure. The presence of a 6-fold symmetry of the 

Cr2O3 (101!10) reflection, instead of a 3-fold symmetry as observed for the α-Al2O3 sub-

strate, indicates that there are two different in-plane (101!10) orientations rotated by 60° 

domain variants because of stacking faults (suggested to be caused by dislocations).  

  

Fig. 39 X-ray pole figures taken from (a) the (0006) peak and (b) the (101!10) peak of the 

Cr2O3 film with the thickness of 188 nm deposited on α-Al2O3 (0001) substrates at 400 ℃. 

The stacking faults are illustrated in Fig. 41. Fig. 41 (b) shows the (101!10) Bragg-Bren-

tano peaks of the Cr2O3 film (yellow and green dots) grown on α-Al2O3 (red dots) with 

two domains of different orientation. The first domain (Cr3+ in yellow color in Fig. 41 (b)) 

grows epitaxially with α-Al2O3 [101!0] // Cr2O3 [101!0], while the second domain (Cr3+ in 

green color in Fig. 41 (b)) is rotated by 60° with α-Al2O3 [101!0] // Cr2O3 [112!0]. The 

rotation by 60° is caused by cation (Al3+ / Cr3+) stacking faults in the interface between 

α-Al2O3 and Cr2O3 or in the Cr2O3 layer. The Al3+/Cr3+ cation positions can be described 

by an …ABCABC… sequence as described in section 2.1.2. If there were no stacking 

(a) (b) 
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faults, the occupation should be … ABCABC/ ABCABC …in the interface and in the film 

layer. In fact, the Cr3+ cation sequence becomes /ACBACB…, /BCABCA… or /BAC-

BAC……in the film when stacking faults occur in the interface. A second possibility is 

the development of the stacking faults in the α-Cr2O3 film rather than in the interface. In 

this case, the Cr3+ cation occupies as ABC…ABCBCABCA…, but the exact position can-

not be deduced. The 6-fold symmetry could also be found in very thin films, so we suggest 

the stacking fault is in or near to the interface to the substrate. 

 

Fig. 40 φ-scan of the (101!10) reflex of the Cr2O3 film (black line) and α-Al2O3 substrate 

(red line). 

  

Fig. 41 Schematic drawing illustrating the pole figure of the (101!10) reflection of the 

Cr2O3 film with the thickness of 188 nm on the α-Al2O3 substrate: (a) the top view of the 

structure in real space from the direction <0001> (b) pole figure from the (101!10) peak 

of the α-Al2O3 substrate and the Cr2O3 film with two different domains of orientation.  

Al3+;  Cr3+ of the first domain;  Cr3+ of the second domain rotated by 60°. 

(a) (b) 
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Fig. 42 TEM results of the Cr2O3 film with the thickness of 188 nm grown on α-Al2O3 

substrate at 400 ℃: (a) BF image showing a cross sectional view, (b) the SAED pattern 

revealing a partially epitaxial orientation relationship between the film and the substrate, 

(c) a HRTEM image of the film and (d) a high resolution TEM image of the interface 

between the film and the substrate. 

More detailed information on the microstructure of the films and the relationship between 

the films and the substrate was obtained by TEM on the sample with the film thickness 

of 188 nm. Fig. 42 (a) shows a TEM BF image of the film cross section. In this image, 

we observed the lateral grain size of around 15 nm. The individual columnar grains with 
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a slight tilt of around 7° of the crystals but not of the orientation with respect to the sub-

strate can be observed. The tilting could be caused by the asymmetric position of the 

substrates under the target during deposition. The substrates were placed below the ero-

sion zone (section 3.1.2.1) of the target, not in the center during the deposition. The sur-

face of the film shows long period corrugation because of the tops of the individual grains 

which are determined in high resolution TEM images, shown in Fig. 42 (c). The crystals 

seem to develop a faceted growth, which approves that the film was grown in the VW 

growth mode. The selected area electron diffraction (SAED) patterns dominated by both 

the film and the substrate are shown in Fig. 42 (b). This reveals the expected epitaxial 

relationship, which can be written as (11 2! 0) Al2O3 // (11 2! 0) Cr2O3 and (0001) 

Al2O3 // (0001) Cr2O3. The reflections of the (0003) lattice plane are forbidden but shown 

in SAED, which is due to the double diffraction [52]. This is in agreement with the result 

of the outer 6-fold symmetry shown in pole figure analysis. The good orientation rela-

tionship between the film and the substrate is also due to the fact that the film and the 

substrate possess the same crystallographic structure. The red squares in Fig. 42 (c) show 

grain boundaries indicating that the lattice planes continue between the neighboring crys-

tals. The high resolution TEM image in Fig. 42 (d), showing the interface between the 

Cr2O3 film and the α-Al2O3 substrate, indicates the occurrence of misfit dislocations along 

the interface induced by lattice mismatch. The average spacing between dislocations is 

about 5.5 nm ± 0.77 nm, and the misfit dislocation occur in every 24 lattice planes, which 

is in agreement to the result of the relaxed state in the film from RSM. 

4.1.2 Raman spectroscopy analysis 
Raman spectroscopy was used further to approve the chemical composition and crystal 

quality of the films indirectly. These analyses support the claim that single phase Cr2O3 

films were grown on α-Al2O3 substrates. The Raman spectra of the Cr2O3 films with 

thickness of 30 nm, 75 nm, 105 nm, 188 nm and 407 nm are shown in Fig. 43. A Cr2O3 

bulk single crystal supplied by EVOCHEM Advanced Materials GmbH was also meas-

ured as reference, and the corresponding Raman spectrum can also be seen in Fig. 43 

(curve in magenta color). This Cr2O3 bulk single crystal Raman spectrum shows one sharp 

peak with highest intensity corresponding to A1g mode and three relatively broader peaks 

corresponding to Eg mode. The Raman spectra of the Cr2O3 films show two different 
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features: on one hand, various signals (marked with “s”) can be attributed to characteristic 

signals of the underlying α-Al2O3 substrate (these are observed here due to the thin Cr2O3 

film thickness). On the other hand, some signals around 295 cm-1 and 550 cm-1 can be 

clearly attributed to vibrational states of the Cr2O3 crystal. The signal in the range of 

530 cm-1 - 570 cm-1 is obviously not symmetric, and this peak can be considered to be a 

superposition of both Eg and A1g modes of Cr2O3. The strongest and sharpest feature of 

the vibrational phonon A1g mode which corresponds to the metal-oxygen vibration occurs 

at 546.3 cm-1 - 549.1 cm-1 for the films and 552 cm-1 for the Cr2O3 single crystal, which 

fits very well with the values of 547  cm-1 - 556 cm-1 reported for such vibration in pure 

Cr2O3 [230,242–244]. Another wide band with low intensity around 295 cm-1 appear for 

the films with larger thickness, which can also be attributed to vibrational states of Cr2O3.  

 

Fig. 43 Raman spectra of the Cr2O3 films with different thickness (30 nm, 75 nm, 105 nm, 

188 nm, and 407 nm) deposited on α-Al2O3 substrates and of a Cr2O3 single crystal (sup-

plied by EVOCHEM Advanced Materials GmbH) from bottom to top. The film thickness 

is marked on the corresponding line. “s” indicates reflexes corresponding to the α-Al2O3 

substrates. The gray areas refer to the areas of the Raman shift of the Raman active modes 

of pure Cr2O3 according to ref. [230,242–244].  

Some general observations are made on the Raman spectra of the Cr2O3 films: The inten-

sities of the signals attributed to the Cr2O3 vibrational states increase with film thickness, 

and the intensities of the signals attributed to the α-Al2O3 substrates decrease with in-

creasing film thickness. The Raman spectra of the Cr2O3 films show a significant shift of 
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phonon frequency with the film thickness. This behavior is suggested to be caused by the 

lattice constants variation with the film thickness which has been derived from XRD 

measurements. The bands around 550 cm-1 are separated into two modes by fitting (the 

fitting is not shown) and the A1g mode is discussed. The Raman A1g mode shifts to the 

smaller wavenumber value side with decreasing the film thickness (i.e. increasing the 

(000l) lattice plane distance) and this trend is drawn in Fig. 44. With decreasing film 

thickness, the films have larger lattice parameter c values and are more strained (as has 

been discussed on basis of the RSM results). At the meantime, the A1g mode Raman shifts 

to the smaller Raman wavenumber side with the film changing from relaxed to strained 

state. The A1g mode corresponds to the vibration of “total symmetric stretching” or 

“breathing” as shown in the insert of Fig. 44 [227]. The strain will cause a change of the 

vibrational states because the distances between atoms will be influenced. It is also no-

ticed that the Raman spectra of the Cr2O3 films show additional asymmetric, weak and 

broad features in the range of 650 cm-1 - 750 cm-1 in Fig. 43. These features arise defi-

nitely from the Cr2O3 films but not from the Cr2O3 single crystal, and they may due to 

surface induced defects [242]. A potential interpretation is that the appearance of these 

additional features is caused by film stress occurring during the partly epitaxial growth of 

Cr2O3 films on α-Al2O3 substrates because of the larger lattice constants of Cr2O3 com-

pared to α-Al2O3 [245]. 

 

Fig. 44 Correlation of the Raman shift of the A1g mode on the film thickness with a cor-

responding lattice plane distance d0006 obtained from θ - 2θ XRD measurements. The in-

set is the A1g vibrational mode [227]. 
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4.1.3 Optical properties characterization  
UV-VIS-NIR spectra were obtained due to optical absorption to get optical properties of 

the film. Fig. 45 shows the optical absorption spectra of the Cr2O3 films with the different 

thicknesses deposited on α-Al2O3 substrates. The absorbance of the films displays a steep 

decrease in UV range (from 300 nm to 400 nm) and a steady decrease in the visible range 

(from 400 nm to 800 nm). These spectra show a general trend of absorption, i.e. the ab-

sorbance of the films decreases with decreasing the frequency of the incident radiation, 

which is independent of the film thickness. The absorbance increases with increasing the 

film thickness at the same wavelength. The Cr2O3 films absorb light totally in the UV 

range below 360 nm, 325 nm and 300 nm for the films with thickness of 407 nm, 188 nm 

and 105 nm respectively, which reveals the total absorbance wavelength decreases with 

decreasing the film thickness. The minimum transmittance in the visible range for the 

films with the film thickness of 105 nm, 188 nm and 407 nm is 52.6 %, 43.5 % and 35.7 % 

respectively, which is calculated according to Eq.(17). The films are transparent or sem-

itransparent and the transparency is worse with increasing the film thickness. The film 

with a thickness thinner than 105 nm displays an absorbance band around 470 nm, so the 

film shows the yellow color. While the films with the thicker thickness of 188 nm and 

407 nm display absorbance bands both around 470 nm and 600 nm, so these films show 

the blue or green color.  

 

Fig. 45 UV-VIS-NIR spectra of Cr2O3 films with different thickness. 

The optical band gap is calculated by Tauc’s relation shown as Eq.(18). Eg and B values 

in Tauc’s equation (Eq.(18)) are shown in Table 10. In order to determine the value of the 
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optical band gap, the plot of (αhν)2 as a function of the photon energy (hν) is shown in 

Fig. 46, where α indicates the optical absorption co-efficient, and hν is the photon energy. 

The values of the optical band gap (Eg) are given by the extrapolation of the linear portion 

of the plot to the energy axis at α = 0. The Eg values for the Cr2O3 films deposited on 

α-Al2O3 substrate with the different thickness of 105 nm, 188 nm, and 407 nm are 

3.01 eV, 3.01 eV, and 3.07 eV, respectively, which agrees with values reported by other 

authors [27,105,128,237,246]. The thicker films possess the larger Eg value.  

 

Fig. 46 Plots of (αhν)2 vs. hν for the Cr2O3 films with different thickness. 

Table 10 Optical properties of the Cr2O3 films (Eg: the band gap; B: a constant in Eq.(18)). 

Film thickness (nm) Eg (eV) B (1024 cm-1eV-1) 

105 3.01 2.0 

188 3.01 1.9 

407 3.07 7.2 

4.1.4 Influence of the plasma-etching process on the crystal growth 
Two types of Cr2O3 films with the same thickness of 320 nm were deposited on the 

c-plane α-Al2O3 substrates and are compared in this part of the study: one is deposited on 

the substrate after plasma plasma-etching with a depth of 50 nm to clean the substrate 

surface before coating to remove the contaminations on the substrate; the other is depos-

ited on the substrate without the plasma-etching process. Fig. 47 shows results of the 

XRD analysis in Bragg-Brentano geometry. The red curve shows the reflections of the 
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Cr2O3 film deposited on the α-Al2O3 substrate which was plasma-etched before deposi-

tion, and the black curve shows the reflections of the Cr2O3 film deposited on the α-Al2O3 

substrate without plasma-etching process. Both of these two films are single-phase nano-

crystalline. Only (0006) and (00012) reflections of the films and the α-Al2O3 substrates 

were observed in the XRD in Bragg-Brentano geometry; these are marked in Fig. 47. For 

both films, the (0006) reflections are observed at the similar position of 2θ ≈ 39.83°, 

which indicates the plasma-etching of the substrate before deposition has no or only little 

influence the lattice constant c (or d0006) as derived from XRD. The FWHM value of the 

(0006) reflections of the film deposited on the substrate without plasma-etching process 

is 0.19°, which is smaller than that of with plasma-etching (0.20°). This indicates that the 

grain size of Cr2O3 on the substrate without plasma-etching could be minimal larger.  

 

Fig. 47 θ - 2θ XRD patterns of the Cr2O3 films with thickness of 320 nm deposited on the 

c-plane α-Al2O3 substrates. The black curve corresponds to the film grown without 

plasma-etching process before deposition. The red curve corresponds to the film grown 

after plasma-etching before deposition. The dashed lines indicate the theoretical (0006) 

and (00012) reflection positions of Cr2O3 according to the PDF card No. 38-1479 from 

the ICDD-database. The inset shows the magnification of the (0006) reflections of the 

film and the substrate. 

The mosaic spreading of the (0006) reflections of these two films are shown in Fig. 48. 
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The FWHM values of these reflections of the films deposited without and with plasma-

etching process before deposition are 0.93° and 1.08°, respectively, indicating the tilt of 

the (0006) planes with respect to the (0006) planes of the substrate in the individual crys-

tals of the film deposited on the substrates without plasma-etching process before depo-

sition is smaller, i.e. the film presents better epitaxial quality.  

 

Fig. 48 XRD rocking curves (ω-scans) of the (0006) reflections of the Cr2O3 films with 

thickness of 320 nm deposited on the c-plane α-Al2O3 substrates. The black curve corre-

sponds to the film grown without plasma-etching process before deposition. The red 

curve corresponds to the film grown after plasma-etching before deposition. 

The Raman spectra of these two Cr2O3 films are shown in Fig. 49. Both of these two 

Raman spectra show two different features: features marked with “s” can be attributed to 

characteristic signals of the substrates and other features can be clearly attributed to vi-

brational states of the Cr2O3 crystal. We mainly discuss the strongest feature of A1g band. 

The width of the A1g band of the film deposited without plasma-etching process 

(FWHM = 13.25 cm-1) is a tiny bit smaller than that of the film deposited with plasma-

etching process (FWHM = 13.52 cm-1), indicating again that the crystal quality of the 

film deposited without plasma-etching process is better. The A1g mode position of the film 

deposited without plasma-etching process is at 548.5 cm-1, while that of the film depos-

ited with plasma-etching process is at 547.7 cm-1. As presented in section 4.1.1, the Ra-

man A1g band position of the Cr2O3 single crystal is at 552 cm-1. According to the discus-

sion in section 4.1.1 that the strain in the films can influence the atom vibration frequency, 
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the film deposited with plasma-etching process is more strained, which might be as a 

result of disturbed atom arrangement after plasma-etching.  

 

Fig. 49 RAMAN spectra of the Cr2O3 films with thickness of 320 nm deposited on the c-

plane α-Al2O3 substrates. The black curve corresponds to the film grown without plasma-

etching process before deposition. The red curve corresponds to the film grown after 

plasma plasma-etching before deposition. “s” indicates reflexes corresponding to the 

α-Al2O3 substrate. The gray areas refer to the Raman active modes of pure Cr2O3 cited 

from ref. [230,242–244]. The inset shows the magnification of the Raman signal in the 

wavenumber area characteristic of the A1g mode of bulk Cr2O3. 

Fig. 50 shows the IRRAS spectra of these two Cr2O3 films. Absorbance bands near 

726 cm-1 which are assigned to the A2u mode of Cr2O3 are observed for both films [207]. 

Compared to the film grown without plasma-etching before deposition, the A2u mode 

band position shifts towards larger wavenumbers (smaller wavelengths) from 725.5 cm-1 

to 726.6 cm-1 and the FWHM value of the band becomes larger from 34.6 cm-1 to 

37.5 cm-1 if there is plasma-etching process before deposition. The film deposited without 

plasma-etching process possesses smaller band width, indicating the crystal quality is 

better. This observation is in good agreement to the XRD and Raman spectroscopy results 

discussed above. 
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Fig. 50 The IRRAS spectra of the Cr2O3 films with thickness of 320 nm deposited on the 

c-plane α-Al2O3 substrates. The black curve corresponds to the film grown without 

plasma-etching process before deposition. The red curve corresponds to the film grown 

after plasma-etching. The dashed line is the position of A2u mode of single crystalline 

Cr2O3 according to ref. [207]. 

The texture evolution of these two films were compared by X-ray pole figures taken from 

both symmetric (0006) reflection and asymmetric (101!10) reflection. The texture of the 

films grown with plasma-etching process before deposition was shown in Fig. 39. Fig. 51 

shows the texture of the film deposited without plasma-etching process.  

  

Fig. 51 X-ray pole figures taken from (a) the (0006) reflection and (b) the (101!10) reflec-

tion of the Cr2O3 films with the thickness of 320 nm deposited on the c-plane α-Al2O3 

substrates without plasma-etching process before coating.  
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Both X-ray pole figures taken from the (0006) reflection of the films show a film micro-

structure grown with a fiber texture along the c-axis, and this observation is independent 

of the substrate pre-treatment (i.e. if there is an plasma-etching process applied or not). 

The X-ray pole figures taken from the (101!10) reflection of the film grown without 

plasma-etching process shows a 3-fold symmetry of the reflections in the circle of ψ = 18° 

instead of a 6-fold symmetry which is the same as c-plane α-Al2O3 substrate. This indi-

cates there is no or only very few stacking faults in the interface between the substrates 

and the films. Here the “interface” indicates the early growth zone of the films, following 

nucleation and coalescence occur. If the substrates are plasma-etched before deposition, 

the perfect single crystal substrates can be destroyed (i.e. the early growth zone is dis-

turbed), which causes the epitaxial growth more difficult. The plasma-etching on the sub-

strate could lead to stacking faults. 

In order to investigate the influence of the plasma-etching process before deposition on 

the film growth, the interface between the film and the substrate was characterized by 

TEM. Fig. 52 (a) and (b) reveal the SAED patterns of the Cr2O3 films grown on the c-

plane α-Al2O3 substrates with and without plasma-etching process before deposition. 

There are two diffraction spots dominated by both the film and the substrate and indicat-

ing the same lattice planes: the inner larger diffraction spots are originating from the 

Cr2O3 films, and the outer smaller diffraction spots are originating from the α-Al2O3 sub-

strate. The lattice planes (0001) and (112!0) have been figured out on the SEAD images 

in Fig. 52 (a) and (b). Therefore, the relationship between the Cr2O3 films and the α-Al2O3 

substrates in both cases can be described as (0001) Al2O3 // (0001) Cr2O3 and 

(112!0) Al2O3 // (112!0) Cr2O3. In order to obtain a better contrast in high-resolution mi-

crographs, FFT and IFFT of atomic planes was used on HRTEM as shown in 

Fig. 52 (c) - (f). Fig. 52 (c) shows a HRTEM image of the film grown on the substrate 

without plasma-etching process. It reveals a clear interface between the film and the sub-

strate with a regular atomic arrangement where the (0006) lattice planes of the substrate 

are parallel between the film and the substrate. Compared to the substrate without plasma-

etching process, the substrate after plasma-etching process was damaged and its perfect 

atomic arrangement disturbed as is clearly shown in Fig. 52 (d). The depth of the disor-

dered area in the substrate near the interface is about 5 nm (i.e. six hexagonal unit cells 
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shown in Fig. 3). To a certain extent, the ordered arrangement of atoms in the substrate 

can be destroyed by the plasma-etching, and then the quality of the film crystals grown 

on the irregular atomic substrate is worse, which is in agreement with the XRD, Raman 

spectroscopy and IRRAS results. The images in the red squares in Fig. 52 (c) and (d) are 

magnified as shown in Fig. 52 (e) and (f). The interplanar distances were measured and 

have been marked in Fig. 52 (e) and (f). For the film grown on the substrate without 

plasma-etching process, (112!0) planes were identified, which continue from the substrate 

to the film. The calculated interplanar distance of the (112!0) planes in the film is 0.21 nm; 

this value is more close to the theoretical value of α-Al2O3 (d112!0=0.2085 nm according 

to PDF card No. 42-1468 from the ICDD-database) than to that of Cr2O3 

(𝑑112!0=0.21752 nm according to PDF card No. 38-1479 from the ICDD-database). The 

angle between the (112!0) and (0006) plane is around 56° as measured from the HRTEM 

image in Fig. 52 (e), which is similar to the theoretical angle of 61° according to Eq.(2) 

or Eq.(3). For the film grown on the substrate with plasma-etching process, (112!0) planes 

which are perpendicular to the (0006) planes (or interface) were clearly observed, which 

also continue from the substrate to the film. The calculated interplanar distance of the 

(112!0) planes in the film is 0.24 nm; this value is also more close to the theoretical value 

of α-Al2O3 (𝑑112!0=0.2379 nm according to PDF card No. 42-1468 from the ICDD-data-

base) rather to that of Cr2O3 (𝑑112!0=0.247969 nm according to PDF card No. 38-1479 

from the ICDD-database). In summary, the plasma-etching process on the substrate be-

fore deposition does not influence the phase formation of the films and has a limited effect 

on the lattice parameters. However, it will destroy the original ordered atomic substrate 

surface and causes the worse epitaxial crystal quality of the films grown with plasma-

etching.  
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Fig. 52 TEM analysis of the Cr2O3 films (320 nm) deposited on the c-plane α-Al2O3 sub-

strates: (a), (c) and (e): the film grown on the α-Al2O3 substrate without plasma-etching 

process before deposition. (b), (d) and (f): the film grown on the α-Al2O3 substrate after 

plasma-etching. (a) and (b): SAED patterns showing the epitaxial relationship between 

the film and the substrate. (c) and (d): HRTEM images after FFT and IFFT process. (e) 

and (f): the partial enlargement for the red square in (c) and (d) respectively. 
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4.2 V2O3 films deposited on c-plane α-Al2O3 substrates 
In this chapter, V2O3 thin films synthesized on c-plane α-Al2O3 substrates are investigated. 

The samples were placed in the vacuum chamber and in relation to the sputtering target 

as shown in Fig. 17 (b). Films with a thickness of 2.4 μm were deposited on the substrates 

after plasma-etching for removing the contaminations on the substrates at 400 ℃ and 

were used for the EPMA analysis in section 4.2.1. Films with a thickness of 300 nm, 

deposited on the substrates after plasma-etching at different deposition temperatures, 

were used for the structural analysis (except of TEM analysis; the film thickness for TEM 

characterization is 50 nm), spectroscopic and optical analysis (section 4.2.1 - 4.2.3). In 

section 4.2.4, films with thickness of 60 nm grown on the substrates with and without 

plasma-etching before deposition were compared to investigate the influence of the 

plasma-etching process on the locally epitaxial film growth. 

4.2.1 Compositional and structural analysis 
The chemical composition of the 2.4 μm thick films synthesized on the c-Al2O3 substrates 

at the deposition temperature of 400 ℃ was determined by EPMA, and the results are 

shown in Table 11. The atomic percentages of V and O in the films are 40.1 % and 58.6 %, 

respectively, which indicates the metal/oxygen stoichiometry of the films is close to the 

ideal value of 2/3. There is no V2O5 in the films, which can be approved by XRD in the 

following. There are only minor impurities with very low concentrations, such as C, N, 

and Ar appearing in these films, similar to the Cr2O3 films described in section 4.1. There-

fore, without respect to the contaminations, it is suggested that stoichiometric V2O3 films 

were grown on the c-Al2O3 substrates. 

Table 11 The chemical composition of the V2O3 films deposited on the c-Al2O3 substrates 

(standards used for calibrating see section 3.2.1) at 400 °C. 

V (at. %) O (at. %) C (at. %) N (at. %) Ar (at. %) 

40.1 ± 0.29 58.5 ± 0.31 0.6 ± 0.08 0.8 ± 0.04 0.0 

 

Films with thickness of 300 nm were deposited on the α-Al2O3 substrates after plasma-

etching at different substrate temperatures (without heating, 150 ℃, 200 ℃, 320 ℃, 
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400 ℃) and were used for the structural analysis. Fig. 53 (a) shows results of XRD in 

Bragg-Brentano geometry of the films deposited on the α-Al2O3 substrates at different 

substrate temperatures. The films grown on the substrates without heating are amorphous 

and crystalline films are grown at the substrate temperature above 150 ℃. For the films 

grown at the substrate temperature above 150 ℃, only (0006) and (00012) reflections of 

the films are observed at the lower diffraction angle side of the corresponding reflections 

of the substrates. No other reflections except of (0006) and (00012) are present, indicating 

the films possess a single V2O3 phase with corundum-type structure and verifying that no 

other phase in the films is obtained (at these growth conditions). Compared to the growth 

of the Cr2O3 films, V2O3 films grow in crystalline structure at significantly lower temper-

atures. Crystalline V2O3 films can be obtained at the substrate temperature of 150 ℃, but 

Cr2O3 films cannot be obtained at such low temperature. Because the (00012) reflections 

are much weaker and broader, Fig. 53 (b) shows only (0006) reflections of the films in 

more detail for a narrow range of the diffraction angle. The (0006) reflections of the films 

deposited at higher substrate temperature are shifted towards larger 2θ or the (0006) re-

flections of the substrates, due to the better epitaxial quality for the films deposited at 

higher substrate temperature. The relative (0006) intensity ratios (i.e. the ratio between 

the intensities of the (0006) reflections of the film and the corresponding (0006) reflection 

of the substrate) increase and the width of the (0006) reflections of the films decrease 

with increasing the substrate temperature as shown in Fig. 54 and Fig. 55, respectively. 

The increase in intensity and the narrowing of the (0006) reflections observed for films 

grown with higher substrate temperature suggests the films grown at higher substrate 

temperature have larger grain size and better crystalline quality. A gradually shift of the 

(0006) reflections of the films to larger diffraction angles with increasing substrate tem-

perature indicates that the films deposited at higher temperature possess smaller lattice 

plane distance d0006 (or lattice constant c). Fig. 56 shows the value of the lattice plane 

distance d0006 of the V2O3 films dependent on the substrate temperature. There is a devi-

ation between the values obtained for the films and the theoretical value of bulk V2O3 

because of the crystal defects in the films. 
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Fig. 53 (a) θ - 2θ XRD results of the V2O3 films deposited on the α-Al2O3 substrates at 

different substrate temperatures. The substrate temperatures are marked on the corre-

sponding lines. The (0006) and (00012) reflections of the films are at lower diffraction 

angles of the corresponding reflections from substrates. The dashed vertical line is the 

theoretical positions of the (0006) and (00012) reflections of V2O3 according to PDF card 

No. 34-187 from the ICDD-database. (b) shows the (0006) reflections of the films in more 

detail for a narrow range of the diffraction angle. 
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Fig. 54 Dependence of the relative (0006) intensity ratio of the intensity of the (0006) 

reflections of the V2O3 films and the substrate on the substrate temperature. 

 

Fig. 55 Dependence of the FWHM of the (0006) reflections of the V2O3 films on the 

substrate temperature.  
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Fig. 56 Dependence of the lattice distance d0006 values of the V2O3 films on the substrate 

temperature. The dashed line shows the theoretical d0006 value of V2O3 according to PDF 

card No. 34-187 from the ICDD-database.  

Fig. 57 shows the mosaic spreading of the (0006) reflections of the V2O3 films deposited 

at 150 ℃, 200 ℃, 320 ℃, 400 ℃ to evaluate the epitaxial quality of the films with re-

spect to the substrates. With increasing substrate temperature, the mosaic spreading of the 

films gets narrower and shows higher intensity, indicating higher quality of the epitaxial 

growth of the films. Further, the dependence of the FWHM values of the rocking curves 

on the substrate temperature is shown in Fig. 58. The FWHM values of these mosaic 

spreading reflections decrease from 9.49° to 0.75° with increasing the substrate tempera-

ture from 150 ℃ to 400 ℃. The V2O3 films deposited at 150 ℃ and 200 ℃ possess poor 

epitaxial quality, in which many individual crystals have a strong tilt of the (0006) planes 

with respect to the (0006) planes of the substrate. While individual crystals with a slight 

tilt (< 1°) in the V2O3 films deposited at a substrate temperature higher than 320 ℃ show 

better epitaxial quality. 
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Fig. 57 XRD rocking curves (ω-scans) of the (0006) reflections of the V2O3 films depos-

ited at 150 ℃, 200 ℃, 320 ℃, 400 ℃. The insert shows the enlargement of the mosaic 

spreading of the film deposited at 150 ℃.  

 

Fig. 58 The FWHM values of the mosaic spreading of (0006) reflections in Fig. 57 (9.49°, 

3.44°, 0.99°, and 0.75° for films grown at 150 ℃, 200 ℃, 320 ℃, and 400 ℃, respec-

tively). 

 XRD pole figures were recorded for the V2O3 films deposited on the α-Al2O3 substrates 

at different temperatures. Fig. 59 gives an example of the pole figures taken from the 
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(0006) reflection and the (101!10) reflection of the V2O3 film grown at 150 ℃ and 400 ℃. 

Both films grow with a strong texture. A strong fiber texture appears in the films accord-

ing to the (0006) reflections. 6-fold symmetry from the (101!10) reflection at ψ = 18° in-

dicates the existence of stacking faults in the films. These are independent of the substrate 

temperature.  

 

 

Fig. 59 X-ray pole figures taken from the reflections of the V2O3 film grown at (a) (b) 

150 ℃ and (c) (d) 400 ℃ on the α-Al2O3 (0001) substrate which was plasma-etched be-

fore deposition. (a) and (c) are taken from the (0006) reflections, and (b) and (d) are taken 

from the (101!10) reflections. 
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Fig. 60 RSM results of V2O3 films grown at 320 ℃ and 400 ℃. (a) is the symmetric 

(0006) reflection of the α-Al2O3 substrate upon which the V2O3 film is grown at 320 ℃; 

(b) is the asymmetric (101!10) reflection of the α-Al2O3 substrate upon which the V2O3 

film is grown at 320 ℃; (c) is the symmetric (0006) reflection of the α-Al2O3 substrate 

upon which the V2O3 film is grown at 400 ℃; (d) is the asymmetric (101!10) reflection of 

the α-Al2O3 substrate upon which the V2O3 film is grown at 400 ℃. 

In order to investigate the epitaxial quality of the films with respect to the substrates, 

RSM measurements were carried out. There is no information about the films from RSM 

when the films are grown at low temperature (⩽ 200 ℃) due to the very low intensity of 

the films. Therefore, only results of RSM of the V2O3 thin films deposited at 320 ℃ and 

400 ℃ are shown in Fig. 60. The lines of the (0006) reflections of the films and the sub-

strates are nearly perpendicular to the abscissa at q// = 0 in Fig. 60 (a) and (c), which in-

dicates the crystals in these films have almost no tilt. The width of both the (0006) and 

(101!10) reflections of the films grown at 320 ℃ are larger than those of the films grown 

at 400 ℃, suggesting the crystalline (epitaxial) quality of the films is higher with higher 
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substrate temperature. The values of the q// of the center of the (101!10) reflections of the 

films grown at 320 ℃ and 400 ℃ are 2.315 1/nm and 2.306 1/nm, respectively. The 

(101!10) reflection of the film deposited at 400 ℃ shifts to the substrate compared to the 

film grown at 320 ℃, which indicates again better epitaxial quality of the film deposited 

at higher temperature. 

 

Fig. 61 TEM results of a V2O3 film with thickness of 50 nm grown on α-Al2O3 substrate 

after plasma-etching before deposition at 400 ℃. (a) BF image showing a cross sectional 

view, (b) the SAED pattern revealing a partially epitaxial orientation relationship between 

the film and the substrate, (c) a high resolution TEM (HRTEM) image of the film and, (d) 

a high resolution TEM image of the interface between the film and the substrate. 
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Further more, the microstructure of the films grown at 400 °C and their oriental relation-

ship to the substrate was characterized by TEM analyses as shown in Fig. 61. The 50 nm 

thick V2O3 film exhibits a relatively flat surface as is shown in the cross-sectional BF 

image (Fig. 61 (a)). Fig. 61 (b) shows SAED patterns that are dominated by both the film 

and the substrate, which indicates the epitaxial relationship between the film and the sub-

strate as (112!0) Al2O3 // (112!0) V2O3 and (0001) Al2O3 // (0001) V2O3. Reflections of the 

(0003) lattice planes are also observed; this is due to the double diffraction effect as dis-

cussed already in the case of the Cr2O3 films in the previous section [52]. Fig. 61 (c) and 

(d) show the high resolution TEM images of the film and the interface between the film 

and the substrate. There are no obvious crystal boundaries, which reveals a layer by layer 

growth mode of the film. The misfit dislocations along the interface are shown in 

Fig. 61 (d), and the average spacing between dislocations is about 5.8 nm ± 0.71 nm, 

which indicates that the dislocation occur in every 24 lattice planes. A disordered area on 

the substrate with the depth of about 2 nm is created by the plasma-etching process before 

the coating. 

4.2.2 Raman spectroscopy analysis  
In order to get more insight into the microstructure and characterize the chemical bonds 

in the films, Raman spectroscopy measurements were done. Fig. 62 shows the Raman 

spectra of the films (with 300 nm thickness) grown on α-Al2O3 substrates at different 

temperatures. The referenced Raman active modes of the pure V2O3 cited from 

ref. [247-250] are also shown in Fig. 62. There are no features attributable to the sub-

strates in these Raman spectra. All signals observed can be attributed to the V2O3 films. 

Two vibrational bands with high intensity are discussed: one is the band near 210 cm-1 

which can be considered as superposition of Eg and A1g modes of V2O3 crystals, and the 

other is located close to the second A1g mode near 500 cm-1. These bands have higher 

intensity and smaller width for films grown at higher substrate temperature, supporting 

the conclusion that the films deposited at higher temperature have better crystalline qual-

ity. This is in agreement with the XRD results. The main band positions are defined by 

fitting the Raman spectra and the results are shown in Table 12. Fig. 63 shows the de-

pendence of the Eg mode position on the substrate temperature as well as the films lattice 
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parameter. The Eg modes shift to the larger wavenumbers with increasing substrate tem-

perature (i.e. decreasing (000l) lattice plane distance). The Eg mode corresponds to the 

vibration of V and O atoms as shown in the insert of Fig. 63 [227]. The atom vibration 

frequency changes with the lattice parameters (the distance between the atoms). 

 

Fig. 62 Raman spectra of the V2O3 films grown on α-Al2O3 substrates at different tem-

peratures. The gray areas refer to the Raman active modes of pure V2O3 according to 

ref. [247–249,251].  

Table 12 The wavenumber positions of the Raman active modes of the V2O3 films depos-

ited at different temperatures and the reference value of bulk V2O3 cited from 

ref. [247,249]. 

 Substrate temperature Eg mode position 
(cm-1) 

PRESENT WORK 

150 ℃ 193 

200 ℃ 195 

320 ℃ 214 

400 ℃ 219 

REFERENCE [247,249] 203 - 210 
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Fig. 63 Correlation of the Raman shift of the Eg mode of the V2O3 films grown at different 

substrate temperatures with the corresponding lattice plane distance d0006 obtained from 

θ - 2θ XRD measurements. The curve is fitted by an exponential function. The inset sche-

matically represents the Eg vibrational mode of V2O3 [227]. 

4.2.3 Optical properties characterization 
The outcome of the UV-VIS-NIR spectroscopy measurements of the V2O3 films is simple: 

The optical absorbance is almost independent of the growth temperature of the films. 

Fig. 64 shows the UV-VIS-NIR spectroscopy data of a V2O3 film with thickness of 

300 nm, deposited at 150 ℃ and 400 ℃, in the range from 200 nm to 1200 nm. The offset 

at 720 nm is caused by the filter change of the spectrograph. High absorbance in the vis-

ible light region can be explained by the dark color of the films (their appearance was 

nearly black). Absorption bands are present at 373 nm, 444 nm, 605 nm and 661 nm. 

These absorption bands are superimposed by a continuous absorption which increases 

from the UV region to the VIS region. The absorbance decreases in the range of 

200 nm - 340 nm and 560 nm - 1200 nm and increases in the range of 340 nm - 560 nm 

with increasing the crystal quality of the films. Since V2O3 exhibits an metal to insulator 

transition (MIT) at 160 K [142] and all the optical measurements are carried out at room 

temperature, the V2O3 films show metallic properties. Fig. 65 shows plots of (αhν)2 vs. 

hν for the V2O3 films. From these the band gaps of V2O3 films grown at 400 ℃ and 150 ℃ 
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are derived: these are 1.92 eV and 1.84 eV, respectively. This is in very good agreement 

with data from ref. [184,250].  

 

Fig. 64 UV-VIS-NIR spectroscopy data from 200 nm to 1200 nm of a V2O3 film depos-

ited at 150 ℃ (black curve) and 400 ℃ (red curve). 

  

Fig. 65 Plots of (αhν)2 vs. hν for the V2O3 films grown at 150 ℃ (black curve) and 400 ℃ 

(red curve). 

4.2.4 Influence of the plasma-etching process on the crystal growth 
The V2O3 films with a thickness of 60 nm were deposited on the c-plane α-Al2O3 sub-

strates at 400 ℃ with and without plasma-etching process before deposition. Fig. 66 

shows the θ - 2θ XRD results, in which the red curve shows the reflections from the V2O3 



 

 

106 

film grown on the α-Al2O3 substrate which was plasma-etched for the depth of 50 nm 

before deposition, and the black curve shows the reflections from the V2O3 film grown 

on the α-Al2O3 substrate without plasma-etching process. Only (0006) and (00012) re-

flections of the films and the substrates were observed in the XRD Bragg-Brentano ge-

ometry. Compared to the theoretical positions of V2O3, all of these reflections of the films 

shift towards to the larger diffraction angle side, because both of these two films are epi-

taxially grown on the Al2O3 substrates. The 2θ value of the film with plasma-etching is 

very close to that of the film without plasma-etching, indicating that the lattice constant 

c (or d0006) has not been effected by the plasma-etching process on the substrate. The 

FWHM of the (0006) reflections of the film grown on the substrate without plasma-etch-

ing process is 0.19°, which is smaller than that of the film grown after plasma-etching 

(0.22°). This is similar to the results of the Cr2O3 films presented in section 4.1.4. The 

film grown without plasma-etching before deposition possesses a larger grain size and 

better crystal quality in comparison with that grown after plasma-etching.  

 

Fig. 66 θ - 2θ XRD patterns of the V2O3 films with 60 nm thickness grown on the c-plane 

α-Al2O3 substrates at 400 ℃. The black curve corresponds to the film grown without 

plasma-etching process before deposition. The red curve corresponds to the film grown 

after plasma-etching for 50 nm before deposition. The dashed lines indicate the theoreti-

cal positions of the (0006) and (00012) reflections of V2O3 according to the PDF card No. 

34-187 from the ICDD-database.  
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Fig. 67 shows the mosaic spreading of the (0006) reflections of these two films. The 

FWHM of these reflections of the films grown on the substrates without and after plasma-

etching process before deposition are 0.36° and 1.01°, respectively, indicating the film 

grown without plasma-etching process before deposition presents better epitaxial quality. 

The plasma-etching process may partially destroy the perfect surface of the single crystal 

substrate, which will influence the nucleation and coalescence and further will influence 

the film growth. 

 

Fig. 67 XRD rocking curves (ω-scans) of the (0006) reflections of the V2O3 films with a 

thickness of 60 nm grown on the c-plane α-Al2O3 substrates at 400 ℃. The black curve 

corresponds to the film grown without plasma-etching process before deposition. The red 

curve corresponds to the film grown after plasma-etching for 50 nm before deposition. 

The texture of films grown on the substrates without plasma-etching process before dep-

osition has been examined by X-ray pole figures taken from both symmetric (0006) re-

flections and asymmetric (101!10) reflections. These pole figure analyses are shown in 

Fig. 68. In comparison to the texture of a film grown on the substrate after plasma-etching 

process (as shown in Fig. 59), both films show a fiber texture grown along the c-axis, 

which indicates the fiber texture is independent of the substrate surface. The X-ray pole 

figures taken from the (101!10) peak of the film grown without plasma-etching process 

shows 3-fold symmetry reflections in the circle of ψ=18° as c-plane α-Al2O3 substrates 

in Fig. 68. There are two different in-plane (101!10) orientations rotated by 60° domain 
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variants in the film grown on the substrate after plasma-etching which is caused by stack-

ing faults (which was shown in Fig. 59). The plasma-etching of the substrates could lead 

to the disturbed substrate surface, which could lead to stacking faults in further. 

 

Fig. 68 X-ray pole figures taken from (a) the (0006) reflections and (b) the (101!10) re-

flections of a V2O3 film with a thickness of 60 nm grown on an α-Al2O3 (0001) substrate 

without plasma-etching before deposition at 400 ℃. 

Fig. 69 shows the results of reciprocal space mapping of the symmetric (0006) reflections 

(see Fig. 63 (a), and (c)) and of the asymmetric (101!10) reflections (see Fig. 63 (b), and 

(d)) of the V2O3 thin films with a thickness of 60 nm grown on the α-Al2O3 substrates at 

400 ℃. Fig. 69 (a) and (b) show the reflections of a film on a substrate without plasma-

etching process before deposition, and Fig. 69 (c) and (d) show the reflections of a film 

on a substrate with plasma-etching process before deposition. The intensity of the RSM 

signals of the film grown without plasma-etching process is much higher than that of the 

film grown after plasma-etching. Besides, the horizontal width of both the (0006) and 

(101!10) reflections of the film grown without plasma-etching process is 0.019 1/nm and 

0.057 1/nm, respectively. On the other side, the reflections of the film grown after plasma-

etching process are too broad to define the center of the reflections of the film. Comparing 

the (0006) reflections of the films grown without and after plasma-etching, the crystals 

of the film grown after the plasma-etching process have larger tilt with respect to the 
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substrate. The lattice parameters of the film grown after the plasma-etching process are 

a = 0.5007 nm and c = 1.3947 nm, while the lattice parameters of the film grown without 

plasma-etching process are a = 0.4962 nm and c = 1.3968 nm. The misfit of the in-plane 

interface between the film and the substrate with and without plasma-etching process be-

fore deposition are 5.2 % and 4.3 %, respectively. These results indicate that the epitaxial 

quality of the film grown on the substrate without plasma-etching is better than that of a 

film grown after plasma-etching. 

 

Fig. 69 RSM results of the V2O3 films (60 nm thickness) grown on the α-Al2O3 substrates 

at 400 ℃. (a) is the symmetric (0006) reflection of the substrates without plasma-etching 

before deposition; (b) is the asymmetric (101!10) reflection of the substrates without 

plasma-etching before deposition; (c) is the symmetric (0006) reflection of the substrates 

after plasma-etching of 50 nm depth before deposition; (d) is the asymmetric (101!10) 

reflection of the substrates after plasma-etching of 50 nm depth before deposition. 
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The Raman spectra of these two types of V2O3 films (with 60 nm thickness) are shown in 

Fig. 70. Compared to the Raman spectra of the V2O3 films (with 300 nm thickness) dis-

cussed in section 4.2.2, additional features from the substrates appear because of the very 

thin films. But again, Raman signals attributable to the V2O3 films can be clearly observed. 

There are two vibrational bands with high intensity from these two films: one is the band 

near 210 cm-1 which can be considered as superposition of Eg and A1g modes of V2O3 

crystals, and the other is located close to the second A1g mode near 500 cm-1. These Raman 

active bands originating from these two films are lised in Table 13. Compared to the film 

grown without etching, both the first Eg and A1g bands of the film grown after plasma-

etching shift slightly to the smaller frequency side, which can be related with the variation 

of the lattice parameters of both films. The FWHM of these two bands of the film grown 

without plasma-etching process before deposition is smaller than that of the film grown 

after plasma-etching process, indicating that the crystal quality of the film grown without 

plasma-etching process is better. These conclusions are in good agreement with other 

results for the V2O3 films and is similar to the results of Cr2O3 films in section 4.1.4. 

 

Fig. 70 Raman spectra of the V2O3 films (60 nm thick) grown on α-Al2O3 substrates with-

out (black curve) and after (red curve) plasma-etching. The areas marked in gray refer to 

the Raman active modes of pure V2O3 according to refs. [247–249,251]. “s” indicates the 

Raman signals attributed to the substrates. 
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Table 13 The Raman shift and FWHM of the bands attributed to the V2O3 films grown 

on α-Al2O3 substrates without and after plasma-etching (The data are after fitting by 

Gaussian; Eg
1 indicates the first Eg mode and A1g

1  indicates the first A1g mode in the range 

of 200 cm-1 - 250 cm-1 in Fig. 70). 

 Eg
1 A1g

1  

 Raman shift (cm-1) FWHM (°) Raman shift (cm-1) FWHM (°) 

Without etching 208.7 58.9 236.1 18.8 

After etching 198.2 61.2 229.3 31.2 

 

The microstructure and the epitaxial relationship between these two types of films and 

the substrates were characterized by TEM analyses. Fig. 71 (a) and (b) show the SAED 

patterns of the V2O3 films grown on the c-plane α-Al2O3 substrates without and after 

plasma-etching process before deposition. These reveal the relationship between the films 

and the substrates, which in both cases can be described as (0001) Al2O3 // (0001) V2O3 

and (112!0) Al2O3 // (112!0) V2O3. Fig. 71 (c) shows a HRTEM image of the fracture cross 

section of a V2O3 film grown on the substrate without plasma-etching process before dep-

osition. The (0006) and (112!0) lattice plane distances of this film near the film-substrate 

interface are d0006 = 0.232 nm and d112!0= 0.240 nm, which is in agreement with the values 

given in the PDF card No. 34-187 from the ICDD-database (0.234 nm and 0.248 nm, re-

spectively). Fig. 71 (d) shows a HRTEM image of the fracture cross section of a V2O3 

film grown on the substrate after plasma-etching before deposition. A disordered area 

with a depth of about 2 nm in the substrate surface near the interface to the film can be 

observed. This distorted area is the result of the ion bombardment of the substrate during 

the plasma-etching. The lattice plane distances of the film near the interface to the sub-

strate are d0006 = 0.228 nm and	d112!0== 0.242 nm. The lattice parameter d0006 (or c) of the 

film grown directly on the substrate (without etching) before deposition is clearly larger 

than that of the film grown indirectly on the substrate (after plasma-etching), which is in 

agreement with the results derived from XRD analyses. The degree of in-plane relaxa-

tion r of the film grown without and after plasma-etching with respect to the substrate is 

20.8 % and 40.6 %, respectively, which is calculated by Eq. (11). The epitaxial quality of 
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the film grown after plasma-etching process is worse, which is again in agreement with 

the results of XRD. This is related with the plasma-etching process on the substrate which 

destroys the perfect crystalline ordering which will have negative impact on the epitaxial 

growth of the films. 

  

Fig. 71 TEM analysis of the V2O3 films with thickness of 60 nm grown on the c-plane 

α-Al2O3 substrates. (a) and (c): the film grown on the α-Al2O3 substrate without plasma-

etching process before deposition. (b) and (d): the film grown on the α-Al2O3 substrate 

which was plasma-etched for 50 nm before deposition. (a) and (b): the SAED patterns 

showing the epitaxial relationship between the films and the substrates. (c) and (d): 

HRTEM images of cross sections of these samples. 
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4.3 α-(Cr1-xAlx)2O3 solid solution thin films grown on c-
plane α-Al2O3 substrates 

In this chapter, the microstructure and optical properties of the Cr-Al-O films (Cr-rich) 

with various Al concentration deposited on the substrates with plasma-etching process 

are described and discussed. The Cr-Al-O ternary system has been introduced in sec-

tion 2.5. It is difficult to grow Al2O3 or Al-rich Cr-Al-O films at low temperature. This is 

way Cr-rich Cr-Al-O system are discussed in this chapter. These films were grown on 

c-plane (0001) α-Al2O3 substrates by using a segmented ceramic target (one half plate is 

a mixture of Cr2O3 (80 at. %) and Al2O3 (20 at. %), and the other half plate is made of 

pure Cr2O3, see in section 3.1.2.2) at different temperatures (without heating, 320 ℃ and 

400 ℃). During film deposition the substrates were placed as shown in Fig. 17 (c). Films 

with a thickness of 1.5 μm were deposited on the substrates without heating and at 400 ℃. 

They were used for the EPMA analysis in section 4.3.1. Among these films prepared for 

EPMA, films deposited at 400 ℃ in the Pos. 2 are also characterized by AES. The 

α-(Cr1-xAlx)2O3 films with a thickness of 300 nm deposited at different temperatures on 

the substrates for various XRD analysis methods (section 4.3.2), Raman spectroscopy 

analyses (section 4.3.3), IRRAS (section 4.3.3) and UV-VIS-NIR analyses (section 4.3.4). 

Among these films, the ones deposited at 400 ℃ were analyzed by TEM (section 4.3.2).  

4.3.1 Chemical composition 
The chemical composition of the Cr-Al-O films deposited without heating and at 400 ℃ 

were measured by EPMA and the deviation of the atomic percentage of the elements in 

the films is less than 1 %. Therefore, only the results for the Cr-Al-O films deposited at 

400 ℃ are displayed in Table 14. The oxygen concentration is constant for all films and 

it is very close to the theoretically expected value of 60 at. %, and the metal concentration 

in all films is very close to 40 at. %. So all the films exhibit the stoichiometry of 2:3 for 

the ratio of metal to oxygen, which is the characteristic of Me2O3. Very poor contamina-

tions of N and C are observed and these are negligible for the further discussion. A gra-

dient composition of the Al and Cr concentration in the films from Pos. 1 (Al-rich side of 

the target) to Pos. 5 (Cr-rich side of the target) in Fig. 15 (b) was observed and the com-

position dependent on the position where the substrates are placed during the deposition 

is shown in Fig. 72. 
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Fig. 72 The chemical composition of the Al-Cr-O films deposited on the substrates in 

different positions related to the target. 

Table 14 The chemical composition of the Al-Cr-O films deposited on the substrates at 

400 ℃ in different positions related to the target: x and δ describe the Al concentration 

and the deviation from a perfect theoretical stoichiometry in (Cr1-xAlx)2+δO3 respectively 

(standards used for calibrating see section 3.2.1). 

Pos. Al (at. %) Cr (at. %) O (at. %) C (at. %) N (at. %) Ar (at. %) x δ 

1 6.2 ± 0.08 32.8 ± 0.28 59.9 ± 0.35 0.7 ± 0.12 0.4 ± 0.01 0.0 0.16 -0.05 

2 5.7 ± 0.04 33.2 ± 0.34 60.3 ± 0.28 0.6 ± 0.22 0.2 ± 0.03 0.0 0.15 -0.08 

3 5.2 ± 0.07 34.1 ± 0.38 59.9 ± 0.48 0.5 ± 0.13 0.3 ± 0.01 0.0 0.13 -0.02 

4 4.0 ± 0.04 34.5 ± 0.12 59.9 ± 0.32 1.1 ± 0.18 0.5 ± 0.02 0.0 0.10 -0.08 

5 2.9 ± 0.06 35.5 ± 0.58 59.9 ± 0.42 1.3 ± 0.39 0.4 ± 0.02 0.0 0.08 -0.08 

 

We define the relative concentration of Al as x:  

   (19) 

And the deviation from the ideal metal to oxygen stoichiometry δ is given by: 

( )
( ) ( )

Al
Al Cr

x
w

w w
=

+
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where 𝜔(Al) and 𝜔(Cr) are the absolute concentrations atomic percentage of Al and Cr 

in the films measured by EPMA, respectively.  

The Al-Cr-O film deposited in Pos. 1 exhibits the highest Al concentration of 6.2 at. % 

(x = 0.16), while the film deposited in Pos. 5 exhibits the lowest Al concentration of 2.9 

at. % (x = 0.08). The contaminations of these ternary films are in the same order of mag-

nitude as those reported for the Cr2O3 films as described in section 4.1.1. The values of δ 

vary from -0.08 to -0.02, which suggests the metal/oxygen stoichiometry of these films 

is very close to the ideal value of 2/3. Therefore, the Al-Cr-O films in this study can be 

generally described by the structure formula (Cr1-xAlx)2O3, where the coefficient x is de-

fined according to Eq. (19).  

 

Fig. 73 AES depth profile of the Cr-Al-O film deposited on the α-Al2O3 substrate in Pos. 2 

according to Fig. 15 (b). 

The films exhibit a nearly ideal stoichiometric composition of a corundum phase, which 

is also confirmed by AES measurements. Fig. 73 shows representatively the AES depth 

profile of the Al-Cr-O film deposited on the α-Al2O3 substrate in Pos. 2. The AES depth 

profile of Al, Cr and O elements implies that the content of each element keeps constant 

over the cross-section of the film. The atomic concentrations of Al, Cr, and O in the film 

( ) ( )
( )

Al
3 2

Cr
O

w w
d

w
+
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are 5.5 % ± 0.97 %, 32.9 ％ ± 0.95 %, and 61.3 % ± 0.90 %, respectively, which are sim-

ilar to the values measured by EPMA. The (Al+Cr)/O stoichiometry is also near 2/3.  

4.3.2 Structural analysis 
XRD analysis in Bragg-Brentano mode was used to determine the phase composition and 

the crystallographic lattice constant c of the Cr-Al-O films deposited with different Al 

concentration at different temperatures. Fig. 74 shows θ - 2θ XRD patterns of the films 

with different composition deposited on the α-Al2O3 substrates at different temperatures. 

The films deposited without heating show no reflections, independent of the film compo-

sition, indicating that these films are amorphous. The films are however crystalline at a 

deposition temperature of 320 ℃ and 400 ℃. The (0006) and (00012) reflections of the 

films are observed at the lower diffraction angle side of the corresponding reflections of 

the substrates. Very strong (0006) and (00012) reflections from the substrates and reflec-

tions with less intensity from the films for both temperatures are observed. No reflections 

other than (0006) and (00012) are present, suggesting that the films possess a single phase 

structure of corundum-type and a single out-of-plane orientation. Therefore, the films de-

posited at 320 ℃ and 400 ℃ are expressed by α-(Cr1-xAlx)2O3. Intensities of the (00012) 

reflections are much weaker and broader compared to the (0006) reflections, so the (0006) 

reflections in more detail for a narrow range of the diffraction angle are discussed and 

shown in Fig. 74 (b). The diffraction patterns with the most intense and sharp peaks at the 

position of 2θ = 41.69° correspond to the (0006) plane of the α-Al2O3 substrates, which 

fits well with the theoretical position (2θ = 41.685°) of the (0006) reflection of α-Al2O3 

according to the PDF card No. 42-1468 from the ICCD database. The (0006) reflections 

attributed to the films are observed next to the α-Al2O3 reflections of the substrates. The 

width of the (0006) reflections of the films is broader and the intensity is lower in com-

parison to the (0006) reflections of the substrate, because the substrates are single crystals 

while the films are nanocrystalline. We observed different intensity of the reflections, but 

the intensity is determined not only by the crystal quality but also by the perfection of the 

mounting of the sample during the XRD measurement. So we will discuss the relative 

intensity values (the ratio between the intensity of (0006) of the film and the correspond-

ing (0006) of the substrate) instead of the absolute intensity values shown in Table 15.  
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Table 15 The intensity ratio of the (0006) reflection of the α-(Cr1-xAlx)2O3 film and the 

corresponding reflection of the substrate (Ifilm(0006) / Isubstrate(0006)). 

Deposition 
temperature 

Ifilm(0006)/Isubstrate(0006) 

x = 0.08 x = 0.13 x = 0.16 

400 ℃ 0.075 0.160 0.040 

320 ℃ 0.018 0.086 0.015 

The films deposited at 400 ℃ have higher intensity compared to the films deposited at 

the lower temperature of 320 ℃, which is independent of the film composition. This is 

due to the crystal quality of the films deposited at higher temperature is better. Further-

more, the relative intensity of the films with x = 0.13 are the highest no matter if the film 

was deposited at 320 ℃ or 400 ℃, which is induced by the different crystal tilting during 

the growth caused by the different deposition position of the samples below the target 

(the films with x = 0.13 were positioned below the center of the two half targets, and the 

crystals almost have no tilt as observed in the TEM, which will be discussed later).  

Following the model of a single phase solid solution of the Cr-Al-O films one can also 

derive the lattice constant c from the θ - 2θ XRD patterns. The theoretical position of the 

(0006) reflection of Cr2O3 at 2θ = 39.749° according to the PDF card No. 38-1479 from 

the ICDD-database is marked as vertical dashed line in Fig. 74. All the (0006) reflections 

of the films are observed at the larger Bragg angle side related to the theoretical Cr2O3 

position, which suggests a smaller value of the lattice plane distance d0006 of the films, i.e. 

a decreasing lattice constant c of the films in comparison to pure Cr2O3. The (0006) re-

flections of the films deposited at 400 ℃ shift stronger to the larger Bragg angles side 

than those of the films deposited at 320 ℃, independent of the film composition. This 

indicates that the lattice plane distance d0006 (i.e. the lattice constant c) is smaller when 

the films are deposited at higher temperature of 400 ℃, independent of the Al concentra-

tion. There is a hint that the ordering in the structure increases with increasing deposition 

temperature.  
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Fig. 74 θ - 2θ XRD patterns of the α-(Cr1-xAlx)2O3 films with different Al concentration 

of x = 0.08 (curves on top of the diagrams), 0.13 (curves in the mid of the diagrams), and 

0.16 (curves at the bottom of the diagrams) deposited on the α-Al2O3 substrates without 

heating (black curves), at 320 ℃ (red curves), and 400 ℃ (blue curves). The dashed lines 

indicate the theoretical position of the (0006) reflection of Cr2O3 according to the PDF 

card No. 38-1479 from the ICDD-database. (a) θ - 2θ XRD patterns in large range of the 

diffraction angle. (b) the (0006) reflections of the films and the substrates in more detail 

for a narrow range of the diffraction angle. The (0006) reflections of the films are shifted 

significantly to lower diffraction angles compared to reflections of the substrates (indi-

cated by the (0006) reflections of Al2O3) and are shifted to higher diffraction angles in 

comparison to those of the pure Cr2O3. 
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Fig. 75 shows the FWHM of the (0006) reflections of the films deposited at 320 ℃ and 

400 ℃ dependent on the Al concentration. The films with the same composition depos-

ited at higher temperature of 400 ℃ show lower FWHM values than those deposited at 

320 ℃. This indicates that the films deposited at higher temperature possess larger grain 

size and / or lower microstrain independent of the film composition. The values of the 

FWHM of the (0006) reflections of the films deposited at 400 ℃ and 320 ℃ are in the 

range between 0.1° and 0.6° as shown in Fig. 75, indicating a good quality of the crystal-

line growth of the films. The film with the Al content x = 0.13 exhibits the smallest 

FWHM (i.e. the largest crystal grain size), which results from the symmetric position 

placed under the segmented target. 

 

Fig. 75 Dependence of the FWHM of the (0006) reflections of the Cr-Al-O films on the 

Al concentration. The red and blue points correspond to the films deposited at 320 ℃ and 

400 ℃, respectively. 

In the following the structure of the α-(Cr1-xAlx)2O3 films with different composition 

(x = 0.08, 0.10, 0.13, 0.15, and 0.16) deposited at 400 ℃ is discussed in more detail. 

Fig. 76 shows the XRD θ - 2θ patterns for the α-(Cr1-xAlx)2O3 thin films with x = 0.08, 

0.10, 0.13, 0.15, and 0.16 deposited on the α-Al2O3 substrates at 400 ℃. A gradual shift 

of the (0006) reflections of the films to the larger Bragg angles side with increasing the 
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Al concentration, which indicates that the films with less Al possess larger lattice plane 

distance d0006 (i.e. lattice constant c).  

 

Fig. 76 θ - 2θ XRD patterns of α-(Cr1-xAlx)2O3 films with different composition (x = 0.08, 

0.10, 0.13, 0.15, and 0.16) deposited on the α-Al2O3 substrates at 400 °C. The dashed line 

indicates the theoretical position of the (0006) reflection of Cr2O3 according to the PDF 

card No. 38-1479 from the ICDD-database.  

An even more detailed observation is made: Fig. 77 shows the values of the lattice plane 

distance d0006 of the α-(Cr1-xAlx)2O3 thin films as a function of the Al concentration x. 

Obviously, there is a nearly linear relationship of the value of the lattice plane distance 

d0006 and the Al concentration of the films: the higher the Al concentration in the films, 

the smaller the lattice plane distance d0006, i.e. the smaller the lattice constant c. This result 

is in excellent agreement with the investigations in ref. [252–254], suggesting that the 

lattice parameters obey the Vegard’s law. 

The theoretical lattice parameters a and c of the α-(Cr1-xAlx)2O3 films are estimated ac-

cording to the Vegard’s law as follows: 

   (21) 
2 3 2 3Al O Cr O( 1 )relaxeda x a x a= × + - ×
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   (22) 

where 𝑎Al2O3 =0.47588 nm, 𝑐Al2O3 =1.2992 nm according to the PDF card No. 42-1468 

from the ICDD-database, 𝑎Cr2O3=0.495876 nm, 𝑐Cr2O3=1.35942 nm according to the PDF 

card No. 38-1479 from the ICDD-database, x is “x” in α-(Cr1-xAlx)2O3, arelaxed and crelaxed 

are the lattice parameters a and c in the films in the relaxed state. 

 

Fig. 77 Dependence of the lattice plane distance d0006 on the Al concentration of the films 

(the abscissa is the coefficient x in α-(Cr1-xAlx)2O3). The dashed horizontal line represents 

the theoretical d0006 value of Cr2O3 according to the PDF card No. 38-1479 from the 

ICDD-database (d0006(Cr2O3) = 0.2266 nm). 

The estimated theoretical lattice parameters a and c decrease in proportion to the increase 

of the Al concentration as shown in Fig. 78 (black lines). The ionic radius of Al3+ 

(0.0535 nm) is smaller than that of Cr3+ (0.0615 nm), which contributes to the decrease 

of the lattice parameters of the α-(Cr1-xAlx)2O3 solid solution structure with substitution 

of Al for Cr [170]. In order to obtain the in-plane and out-of-plane lattice parameters, 

symmetric (0006) and asymmetric (101!10) RSM analyses were performed. The measured 

lattice parameters of the α-(Cr1-xAlx)2O3 thin films from reciprocal lattice points are 

shown as the red circles in Fig. 78.  

2 3 2 3Al O Cr O( 1 )relaxedc x c x c= × + - ×
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Fig. 78 (a) The lattice constants a and (b) c of the films versus the Al concentration (the 

abscissa is the coefficient x in α-(Cr1-xAlx)2O3). ● (red solid circles) show the measured 

lattice constants calculated from asymmetric RSM. ■ (black solid squares) show the the-

oretical lattice constants calculated using data from PDF cards No. 38-1479 and 

No. 42-1468 (the ICDD-database) according to Vegard’s law. 

The films show a nearly linear variation of the lattice constants with x when the Al con-

centration x ⩽ 0.13. However, the lattice parameters of α-(Cr1-xAlx)2O3 films do not ex-

actly follow the Vegard’s law. Both curves of the lattice parameters over Al concentration 

show a deviation from the linear Vegard relation, probably due to the strains in the films, 

and change their features at x = 0.13, where an inflection in both curves can be seen in 

the red lines in Fig. 78. Especially, the lattice parameter a increases when x > 0.13 with 

further increasing the Al concentration. More defects should occur in these films with 

more substitution of Al for Cr, which should induce an elongation of the lattice parameter 
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a. This suggestion is in agreement with the results reported for the Cr2-xTixO3 films, sug-

gesting that Cr vacancies and O interstitials dominate with more Ti-doped Cr2O3 [255]. 

The misfit of the in-plane interface between the film and the substrate in the films depos-

ited from Pos. 1 to Pos. 5 are 4.5 %, 4.3 %, 4.0 %, 3.2 % and 1.3 %, respectively, which 

indicates the epitaxial quality is better with less Al content in the films. 

Fig. 79 shows the mosaic spreading of the (0006) reflections of the films with different 

Al concentration deposited at 400 ℃ to evaluate the epitaxial quality of the films with 

respect to the substrates. The FWHM values of these reflections are between 1.07° and 

1.43°, indicating that there are many individual crystals with a slight tilt (1.07° - 1.43°) 

of the (0006) planes with respect to the (0006) planes of the substrates. Compared to the 

FWHM of the single crystal α-Al2O3 substrate (only 0.2°), the mosaic spreading of the 

films is larger. This is due to the films are nanocrystalline and fine-scaled while the sub-

strates are perfect single crystal. Further, the FWHM of the rocking curves is dependent 

not only on the Al concentration but also on the sample position below the target (i.e. the 

films forming from the species coming with different angle to the substrate surface). The 

FWHM of the Al-rich side film is larger than that of a film on the Cr-rich side, indicating 

a better epitaxial quality with lower Al content. The FWHM of the film in Pos. 3 (the 

center of the target) is the smallest among all these films. It reveals that the films create 

the smallest misorientation as they grow on the (0001) α-Al2O3 substrates when the sub-

strate below the center of the segmented target where has most probably normal incidence 

of sputtered species on the substrate surface. This can be explained by TEM results show-

ing that the crystals grow perpendicular to the substrate when the substrate is located 

below the center of the target (Pos. 3) while the crystals exhibit a tilt when the substrates 

are in other positions. 

The texture of the films with different composition deposited at different temperatures 

was examined by X-ray pole figures taken from both symmetric (0006) reflections and 

asymmetric (101!10) reflections which are shown in Table 16. Naturally, films in amor-

phous state deposited without substrate heating show no texture. The texture of the films 

grown in crystalline structure is independent of the Al concentration and the substrate 

temperature (320 ℃ or 400 ℃). A strong fiber texture in the c-axis is observed from 
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(0006) reflections, and a 6-fold symmetry is derived from the (101!10) reflections obser-

vations, which illustrates clearly that stacking faults in the films are caused by the ion 

bombardment during the plasma-etching process before deposition. These results are sim-

ilar to those reported for Cr2O3 films described in the previous section and in the earlier 

work [245]. From the width of the reflection spots in the pole figures it can be concluded, 

that the crystal tilting in the films deposited at 320 ℃ is larger than in those deposited at 

400 ℃. This indicates that the higher the substrate temperature, the better the crystalline 

quality of the films. 

 

Fig. 79 XRD rocking curves (ω-scans) of the (0006) reflections of the α-(Cr1-xAlx)2O3 

films with x = 0.08, 0.10, 0.13, 0.15 and 0.16 deposited on the α-Al2O3 substrates at 

400°C. The FWHM values of these mosaic spreading reflections are 1.23°, 1.08°, 1.07°, 

1.10° and 1.43°, respectively. 

Detailed observations of the microstructure of the films and the relationship between the 

films and the substrates were done by TEM analyses as shown in Fig. 80. Two different 

films with different Al concentration are considered here: the first one is a film with high-

est Al concentration (x = 0.16), and it is described in Fig. 80 (a) (c) and (e); the other one 

is a film with Al concentration of x = 0.13 which has been grown on substrates placed 
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below the center of the target during the deposition process, and this film is described in 

Fig. 80 (b) (d) and (f). Fig. 80 (a) and (b) show cross-section BF TEM images of the 

α-(Cr1-xAlx)2O3 films deposited on the α-Al2O3 substrates, indicating individual columnar 

grains in the films grown in c-axis direction of the substrates. The surfaces of the films 

show a long period corrugation because of the tops of the individual crystals. The grain 

size of the film with Al concentration x = 0.16 is about 10.5 nm, while that of the film 

with Al concentration x = 0.13 is about 17.2 nm. This is in good agreement with the 

results from XRD described above, where the FWHM of the (0006) reflection of the film 

with x = 0.13 is smaller than that of the film with x = 0.16 (i.e. its grain size is larger). 

There is a slight tilt of about 3° of the crystals (and not of the orientation) with respect to 

the c-axis of the substrate for the film with x = 0.16 (i.e. deposited at Pos. 1), while there 

is almost no tilt for the film with x = 0.13 (i.e. deposited at Pos. 3). This crystal tilting is 

attributed to the position of the samples in relation to the target during deposition (major 

influence) rather than to the different materials constituting the segmented target (please 

note that there is a relatively small composition difference of the two parts of the target, 

i.e. only 20 at. % Al2O3). The SAED patterns dominated by both the films and the sub-

strates are shown in Fig. 80 (c) and (d). The lattice planes have been identified in the 

SAED patterns, revealing the epitaxial relationships between the films and the substrates 

are (0001)film // (0001)substrate and (101!0)film // (101!0)substrate. The reflections of the (0002) 

and (0004) lattice planes which should be forbidden are observed and thus come from 

multiple excitation diffraction. The diffracted beam acts in the second crystal as a primary 

beam resulting in the same symmetry and diffraction direction as the primary 

beam [52,245]. The HRTEM images of the films are shown in Fig. 80 (e) and (f), which 

approve the crystal grain size again. The grain boundary between two individual crystals 

can be clearly observed. Small areas of the HRTEM images are enlarged to show more 

details of grain boundaries which are shown in black squares in Fig. 80 (e) and (f), and 

found that the lattice planes continue between the neighboring crystals. It seems that the 

oxygen layers between neighboring crystals are continuous, but the cation change the 

stacking layer type. The insets shown in Fig. 80 (e) and (f) are the FFT images of the 

HRTEM images which provide identical results on the lattice plane distances as obtained 

from the SAED patterns shown in Fig. 80 (c) and (d). 
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Table 16 Texture evolution of the α-(Cr1-xAlx)2O3 films with different Al concentration 
(x=0.16, 0.13 and 0.08) grown on the α-Al2O3 substrates after plasma-etching at different 
substrate temperatures. 

Al concen-
tration (x) 

Reflec-
tion 

 Substrate temperature 
Without heating 320 ℃ 400 ℃ 

x=0.16 

(0006) 

   

(101!10) 

  

 

x=0.13 

(0006) 

   

(101!10) 

   

x=0.08 

(0006) 

   

(101!10) 
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Fig. 80 TEM images of the α-(Cr1-xAlx)2O3 films with (a) (c) (e): x = 0.16 and (b) (d) (f): 

x = 0.13 deposited at 400 ℃ on the α-Al2O3 substrates. (a) and (b): BF image showing a 

cross sectional view of the films grown on the α-Al2O3 substrates. (c) and (d): SAED 

patterns revealing a partially epitaxial orientation relationship between the films and the 

substrates. (e) and (f): HRTEM images of the films, with the insets showing the FFT 

images of the HRTEM images, indicating the same lattice planes as shown in (c) and (d). 

The dashed lines indicate the boundaries of the individual grains. The arrows in (e) and 

(f) show the film growth direction of <0001>. 



 

 

128 

4.3.3 Raman spectroscopy analysis 
Raman spectroscopy analysis was performed to confirm the phase composition and crys-

tal quality of the films indirectly in the following. Fig. 81 shows the Raman spectra of the 

films with different composition deposited at different substrate temperatures.  

 

Fig. 81 Raman spectra of the α-(Cr1-xAlx)2O3 films with different Al concentration of 

x = 0.08 (curves in the upper part), 0.13 (curves in the middle part), and 0.16 (curves in 

the bottom part) deposited on the α-Al2O3 substrates at different temperatures. “s” indi-

cates the reflexes corresponding to the substrates. The gray areas refer to the Raman ac-

tive modes of pure Cr2O3 cited from ref. [230,242–244]. 

Two different features are shown in these Raman spectra: the peaks marked with “s” are 

attributed to the α-Al2O3 substrates (these are visible with regard to the film thickness); 

the others are assigned to the films. Different Raman modes of pure Cr2O3 according to 

literature data ([230,242–244]) are marked as gray areas in Fig. 81. The black curves in 

Fig. 81 show the Raman spectra of the films deposited without substrate heating. These 

show no Raman active features of the films, only the characteristic substrate lines are 

observed, confirming again that the films deposited without substrate heating should be 

amorphous and not have long-range ordering. The films deposited at 320 ℃ and 400 ℃ 

show the strongest feature of the A1g vibrational mode occurring in the range of 

552.4 cm-1 - 560.0 cm-1, which fits very well with the pure Cr2O3 line shown as gray area 
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in Fig. 81. This indicates clearly the crystalline quality of the films. The films deposited 

at 400 ℃ show higher intensity and smaller width of the A1g mode than those deposited 

at 320 ℃, which indicates a better crystal quality with increasing substrate temperature. 

These observations confirm the results and conclusions made on basis of XRD analyses. 

The peak position of A1g mode shifts not only with the film composition but also with the 

substrate temperature (or crystal quality). Fig. 82 shows the Raman shift of the A1g mode 

of the films deposited at 320 ℃ and 400 ℃ dependent on the Al concentration x. The A1g 

band of all α-(Cr1-xAlx)2O3 films with crystalline structure are observed at larger frequency 

positions compared to the Cr2O3 single crystal (552 cm-1) which was supplied by 

EVOCHEM Advanced Materials GmbH and used as a reference. The A1g band shifts to 

the larger frequency side with increasing the Al concentration which is independent of 

the substrate temperature because the lattice distance d0006 decreases with increasing the 

Al concentration as discussed in RSM, which is in agreement with the Raman results of 

Cr2O3 films (see in section 4.1.2). This result is similar to the results of a Raman spec-

troscopy study of Fe2-xCrxO3 bulk materials in the Fe-Cr-O system [243]. The phonon 

frequency varies due to the contraction of the unit cell by incorporation of Al [243]. 

 
Fig. 82 Dependence of the Raman shift of the A1g mode on the Al concentration 

x (0.08 ⩽ x ⩽ 0.16) of the α-(Cr1-xAlx)2O3 films deposited at 320 ℃ and 400 ℃. The A1g 

mode of the Cr2O3 single crystal is located at 552.0 cm-1. 
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Considering simultaneously the results of Raman spectroscopy and XRD analyses, it can 

be said that the variation of the peak position of the A1g mode in different films with 

different Al concentration is obviously dependent on the lattice parameter c (shown in 

Fig. 83). The substitution of Al for Cr in the films initially causes a reduction in the lattice 

parameter c which was also concluded from the θ - 2θ XRD analyses. The variation of 

the A1g mode position for α-(Cr1-xAlx)2O3 towards higher frequency in comparison to the 

analyses of pure Cr2O3 is caused by the contraction of the unit cell. This lattice parameter 

c reduction with increasing Al concentration causes the increasing of the Raman fre-

quency of the A1g mode.  

 

Fig. 83 Correlation of the Raman shift of the A1g mode of α-(Cr1-xAlx)2O3 films with var-

ious Al concentration (x = 0.16, 0.15, 0.13, 0.10, 0.08) and deposited at 400 ℃ with the 

corresponding lattice constant c of the films ( c has been calculated from results of θ - 2θ 

XRD measurements). The black curve is fitted by an exponential function. 

4.3.4 Infrared absorption spectroscopy analysis 
Fig. 84 shows the IRRAS spectra of Cr2O3 and α-(Cr1-xAlx)2O3 films (0.08 ⩽ x ⩽ 0.16) 

deposited at 400 ℃, and Table 17 lists the band assignments of each film in this study 

compared to the data of bulk Cr2O3 from the literatures. The absorbance band is observed 

in a wavenumber range between 726 cm-1 and 749 cm-1 and it varies with the Al concen-

tration, which is assigned to a longitudinal optical phonon mode of the films [207,256]. 
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The absorbance bands of the films exhibit slightly asymmetric features which can be ex-

plained by an overlap of the A2u and Eu modes. According to the infrared reflectivity 

measurements of bulk Cr2O3 by Lucovsky and Zeidler et al. [207,257], the longitudinal 

optical phonon with an amplitude parallel to the c-axis lies at 726 cm-1 (A2u mode) and 

the phonon with an amplitude perpendicular to the c-axis lies at 734 cm-1 (Eu mode), 

which has been marked as dashed red lines in Fig. 84. The absorbance bands of the films 

are fitted into two bands by Gaussian functions, in which one is A2u mode and the other 

is Eu mode shown as the blue curves in Fig. 84. When the Al concentration decreases to 

0, i.e. pure Cr2O3 film, the band shows narrower and more symmetric shape, due to the 

fact that the A2u feature becomes weaker with decreasing the Al content.  

 

Fig. 84 The IRRAS spectra of the Cr2O3 and α-(Cr1-xAlx)2O3 films with different compo-

sition (x = 0.08, 0.10, 0.13, 0.15, and 0.16) deposited on α-Al2O3 substrates at 400 ℃. 

The spectra of α-(Cr1-xAlx)2O3 films can be fitted to two peaks (A2u mode and Eu mode) 

by Gaussian functions. The red dashed lines represent the longitudinal optical phonon 

frequency of the A2u and Eu mode of single crystal Cr2O3 according to ref. [207]. 
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Table 17 Infrared band assignments of the Cr2O3 and α-(Cr1-xAlx)2O3 (x = 0.08, 0.10, 0.13, 

0.15, and 0.16) films deposited on α-Al2O3 substrates at 400 ℃ in this study, and the 

reference of the bulk Cr2O3 cited from ref. [207]. 

 Film 
Band 

Position 
/ cm-1 

Assign-
ment 

Band 
Position 
/ cm-1 

Assignment 

PRESENT 
WORK 

Cr2O3 727 A2u mode   

α-(Cr0.92Al0.08)2O3 706 A2u mode 737 Eu mode 

α-(Cr0.90Al0.10)2O3 720 A2u mode 746 Eu mode 

α-(Cr0.87Al0.13)2O3 718 A2u mode 747 Eu mode 

α-(Cr0.85Al0.15)2O3 721 A2u mode 748 Eu mode 

α-(Cr0.84Al0.16)2O3 727 A2u mode 749 Eu mode 

REFERENCE [207] 726 A2u mode 734 Eu mode 

Fig. 85 shows that the Eu mode band position shifts towards lower wavenumbers (longer 

wavelengths) from 748.9 cm-1 to 726.9 cm-1 with decreasing the Al concentration from 

x = 0.16 to 0 (i.e. increasing the lattice constant c), which is in agreement with the results 

in ref. [258] where a decreasing IR-frequency was found with increasing Cr-O distance. 

 
Fig. 85 Dependence of the band position of the Eu mode of the α-(Cr1-xAlx)2O3 

(0.08 ⩽ x ⩽ 0.16) films deposited at 400 ℃ and the pure Cr2O3 (x = 0) cited from 

ref. [207] on Al concentration.  
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Further, the IRRAS spectra of the α-(Cr1-xAlx)2O3 films deposited at different substrate 

temperatures are shown in Fig. 86.  

  

 

Fig. 86 The IRRAS spectra of the α-(Cr1-xAlx)2O3 films with different concentration 

(x = 0.08, blue curves; x = 0.13, red curves; x = 0.16, black curves) deposited at different 

substrate temperatures. The absolute length of the vertical axis in (a) (b) and (c) are the 

same. The blue curves are fitted by Gaussian function. 

The absorbance band position, the width and the intensity of the bands vary dependent on 

the substrate temperature. The high intensity of the bands of the films deposited at 320 ℃ 

and 400 ℃ indicates the good crystalline nature of these materials [259]. The intensity of 

the absorbance bands increases and the band width becomes narrower with increasing 

substrate temperature (Fig. 86 (a) and (b)), indicating the crystal quality is better when 

the films deposited at higher temperature of 400 ℃ than 320 ℃. The films deposited 

without substrate heating are amorphous according to θ - 2θ XRD and Raman spectros-
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copy analyses, which results in the very low infrared absorbance of these films in com-

parison to the crystalline ones. The absorbance bands of these amorphous films are fitted 

into different vibrational modes as shown in Fig. 86 (c). The IRRAS spectra of these films 

show extremely irregular shapes, and an additional weak band in the range of 

760 cm-1 - 780 cm-1 which might be related with the amorphous structure with no long 

range order or imperfect polarization [257]. In case of the crystalline films deposited at 

320 ℃ and 400 ℃, the absorbance bands can be characterized by fitted features that can 

be attributed to A2u and Eu like vibrational modes. The distance between two mode posi-

tions decreases from 38 cm-1 to 30 cm-1 with increasing the deposition temperature from 

320 ℃ to 400 ℃ (increasing the crystal quality) and increases from 38.3 cm-1 to 34.2 cm-1 

with decreasing the Al concentration from x = 0.16 to x = 0.08. These two features seem 

to merge when the Al concentration decreases to 0 (i.e. pure Cr2O3 films), which supports 

the observation of a more symmetric absorbance band in case of pure Cr2O3 films as 

shown in Fig. 84. Fig. 87 shows the Eu mode position dependent on the film composition 

for the crystalline films, indicating that the Eu mode band tends to shift towards larger 

wavenumber with increasing the Al concentration (decreasing the lattice constant c) in-

dependent of the deposition temperature. Additionally, the frequency of the Eu mode of 

the films deposited at 400 ℃ is higher than the films with the same composition deposited 

at 320 ℃, which confirms the conclusion that the smaller the lattice constant c the larger 

the frequency of the Eu mode. 

 
Fig. 87 Dependence of the Eu mode position of the α-(Cr1-xAlx)2O3 (0.08 ⩽ x ⩽ 0.16) films 

deposited at 320 ℃ and 400 ℃ on the Al concentration.  
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4.3.5 Optical properties characterization 

 

Fig. 88 Plots of (αhν)2 vs. hν for the α-(Cr1−xAlx)2O3 (x = 0.16, 0.13, 0.08) deposited at (a) 

without substrate heating (135 ℃) (b) 320 ℃ and (c) 400 ℃. (d) Dependence of the ex-

perimental band gap of α-(Cr1−xAlx)2O3 films on the Al concentration x and substrate tem-

perature.  

Plots of (αhν)2 as a function of photon energy for the α-(Cr1−xAlx)2O3 with different Al 

concentration and deposited at different temperatures are shown in Fig. 88. The extrapo-

lation of the photon energy by a straight line (dashed red lines in Fig. 88 (a) - (c)) to the 

horizontal ordinate gives the band gap Eg value. Eg and B values in Tauc’s equation 

(Eq. (18)) are shown in Table 18. The trend of the Eg value show in Fig. 88 (d). The direct 

band gap of α-Al2O3 and Cr2O3 was found to be 8.8 eV and 3.07 eV, respectively [62,200]. 

For the alloys, the Eg values of the Cr-Al-O films in amorphous state are from 2.87 eV to 

3.02 eV, and the Eg values of the Cr-Al-O films in crystalline state are from 3.22 eV to 

3.27 eV, which are close to the reported results of the value for pure Cr2O3 by other au-

thors [105,237,246]. The intensity of the absorbance band in the visible light range is 
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higher with increasing crystalline quality. The band gap of the crystalline films is larger 

than that of the amorphous films. The films exhibit a minimum Eg value when x = 0.13 

due to the best crystal quality nearly without tilting and with largest grain size. 

Table 18 Optical parameters of the α-(Cr1−xAlx)2O3 films (x is the Al concentration; Eg is 

the band gap; B is a constant in Eq. (18)). 

Deposition temperature x Eg (eV) B (1023 cm-1eV-1) 

Without heating 

0.16 3.02 5.8 

0.13 2.87 5.9 

0.08 2.94 5.5 

320 ℃ 

0.16 3.24 4.0 

0.13 3.22 4.9 

0.08 3.22 4.2 

400 ℃ 

0.16 3.27 5.8 

0.13 3.22 6.9 

0.08 3.23 6.1 

4.4 α-(V1-xAlx)2O3 solid solution thin films grown on c-plane 
α-Al2O3 substrates 

In this chapter, The growth of V-Al-O thin films synthesized on c-plane α-Al2O3 sub-

strates by using another segmented target is described. Researchers are interested in the 

optical and magnetic properties of solid solution in Al2O3 - V2O3 system [180], but the 

films with Al-rich systems are difficult to be obtained at low temperature. In this case, 

one half plate is made of an Al2O3 (20 at. %)-V2O3 (80 at. %) mixture; the other half plate 

is made of pure V2O3. In section 4.1.4 and 4.2.4, it is proved that the etching process on 

the substrates before deposition badly effects on the film epitaxial growth. Therefore, the 

substrates are without plasma-etching before deposition in this chapter. All V-Al-O films 

were deposited at 400 ℃ and were thoroughly analyzed. The samples were placed under 

the sputter target as shown in Fig. 17 (d). Films with a thickness of 1.2 μm were prepared 

for EPMA analysis, and films with thickness of 120 nm were used for all other measure-

ments. 
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4.4.1 Chemical composition  
The chemical composition of the films was determined by EPMA, and the results are 

displayed in Table 19. The composition of the films is dependent on the position where 

the substrates were placed during the deposition. A gradient variation of the Al, V and O 

concentration of the films from Pos. 1 to Pos. 5 is observed as presented in Fig. 89. Sim-

ilar to the films discussed in the previous chapters, impurities i.e. C, N, and Ar were de-

tected and can be ignored as their total concentration is clearly below 2 at. % (and mostly 

even much lower). 

The relative concentration of Al is defined as x:  

   (23) 

And the deviation from the ideal metal to oxygen stoichiometry δ is given by: 

   (24) 

where 𝜔(Al) and 𝜔(V) are the atomic concentrations of Al and Cr in the films, respec-

tively.  

Table 19 The chemical composition of the V-Al-O films deposited on the substrates in 

different positions related to the target: x and δ describe the relative Al concentration and 

the deviation from a perfect theoretical stoichiometry in Eq. (23) and (24) respectively 

(standards used for calibrating see section 3.2.1). 

Pos. Al (at. %) V (at. %) O (at. %) C (at. %) N (at. %) Ar (at. %) x δ 

1 5.7 ± 0.07 30.1 ± 0.16 63.1 ± 0.32 0.7 ± 0.24 0.4 ± 0.02 0.0 0.16 -0.30 

2 4.4 ± 0.01 28.3 ± 0.14 66.0 ± 0.17 0.5 ± 0.08 0.4 ± 0.02 0.0 0.14 -0.51 

3 3.6 ± 0.04 28.2 ± 0.19 67.1 ± 0.25 0.5 ± 0.06 0.4 ± 0.02 0.0 0.11 -0.58 

4 2.9 ± 0.04 29.6 ± 0.17 66.3 ± 0.16 0.6 ± 0.07 0.4 ± 0.02 0.0 0.09 -0.53 

5 2.5 ± 0.06 32.8 ± 0.27 62.9 ± 0.39 1.5 ± 0.23 0.4 ± 0. 02 0.0 0.07 -0.32 
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( ) ( )

Al
Al V
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Fig. 89 The atomic concentration of the elements in the V-Al-O films (left-sided Y-axis) 

and the atomic concentration ratio of metal to oxygen concentration (right-sided Y-axis, 

data shown in hollow circles) dependent on different sample positions in relation to the 

target. 

These values are shown in Table 19. In case of the V-Al-O films, the deviation of the 

concentration from the ideal metal to oxygen stoichiometry 𝛿 is relatively large and can-

not be ignored. All calculated metal to oxygen concentration ratios of the films are smaller 

than 2/3, and has the lowest value in Pos. 3. In Fig. 89, the Al concentration decreases 

with a slight gradient from Pos. 1 to Pos. 5. The sum of the metal concentrations remains 

more or less constant, independent of the position but is significantly below the theoreti-

cally expected value of 40 at. %. The atomic concentration of O in all the films is larger 

than the ideal value of 60 at. %, which could indicate a small amount of other phases 

except Me2O3 were synthesized. The film deposited in Pos. 3 possesses highest O and 

lowest V concentration. It has been reported that the elemental content is dependent on 

the energy of ions bombarding the target, the target - substrate configurations (e.g. the 

separation, the size of the target and the substrates and the position of the samples related 

to the target), the sputtering yield, and the magnetic field configuration [15]. So the ex-

planation of the concentration of V in each position is complicated and need to be further 

discussed. 
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4.4.2 Structural analysis 

 

Fig. 90 θ - 2θ XRD patterns of α-(V1-xAlx)2O3 thin films deposited on the α-Al2O3 sub-

strates at different positions as shown in Fig. 17 (d). The reflections of the films are ob-

served at lower 2θ positions in relation to the substrates. The dashed line indicates the 

theoretical position of the (0006) reflection of V2O3 according to the PDF card No. 34-187 

from the ICDD-database. (a) θ - 2θ XRD patterns in large range of the diffraction angle. 

(b) the (0006) reflections of the films and the substrates in more detail for a narrow range 

of the diffraction angle.  
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θ - 2θ XRD analysis was used to determine the crystallinity, phase composition and crys-

tallographic lattice constant c of the films with different composition. Fig. 90 shows θ - 2θ 

XRD patterns of the films with different composition deposited on the α-Al2O3 substrates 

at 400 ℃. Only (0006) and (00012) reflections of the films and the substrates are observed 

in XRD in Bragg-Brentano geometry, indicating a single-phase solid solution in corun-

dum-type structure (with strong deviation from the perfect stoichiometry). The diffraction 

patterns with the most intense peaks at the position of 2θ = 41.69° correspond to the (0006) 

lattice plane of the α-Al2O3 substrate. The (0006) reflections of the films are shown next 

to the α-Al2O3 reflections, and their positions are dependent on the film composition. The 

theoretical (0006) reflection of the V2O3 is at 2θ = 38.514° according to the PDF card 

No. 34-187 from the ICDD-database and is shown as the vertical dashed line in Fig. 90. 

The (0006) reflections of the films shift dependent not only on the Al concentration of x 

but also the deposition sample positions. 

Fig. 91 and Fig. 92 show the lattice plane distance d0006 value of the thin films is depend-

ent on the sample positions and the atomic concentration of the Al in the films, respec-

tively. On one hand, the value of d0006 (or lattice constant c) should decrease with increas-

ing Al content of the films when the V atoms are substituted by the Al atoms in the solid 

solution, mainly as a consequence of the ionic radius of V3+ (0.064 nm) which is larger 

than Al3+ (0.057 nm) [182]. On the other hand, the value of d0006 (or lattice constant c) is 

influenced by the sample positions during the deposition (i.e. the films forming from the 

species coming with different angle to the substrate surface). The film deposited in the 

sample Pos. 3 possesses the smallest (0006) lattice plane distance d0006 (or lattice constant 

c), due to the film possesses the best epitaxial quality among these five samples. The 

lattice parameters can usually be related to the crystalline quality, strain, and composition 

of the films. Except for the film deposited in the Pos. 5, the d0006 values of all the films 

are smaller than the theoretical d0006 value of the V2O3. Such anomalies in the film depos-

ited in the sample Pos. 5 could be caused by the disturbance (or cation disorder) in the 

crystals.  
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Fig. 91 Dependence of the (0006) lattice plane distance (d0006) on the sample position 

during deposition. The theoretical d0006 values of the V2O3 and Al2O3 are marked in this 

graph. The dashed line is a fitting curve.  

 

Fig. 92 Dependence of the (0006) lattice plane distance (d0006) on the concentration of Al. 

The dashed line is a fitting curve. 
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Fig. 93 The XRD rocking curves (ω-scans) of the (0006) reflections of the V-Al-O films 

deposited at different positions, from Pos. 1 to Pos. 5 (in black, red, green, blue, and ma-

genta color, respectively). 

 
Fig. 94 Dependence of the FWHM values of the mosaic spreadings of the (0006) reflec-

tions on the Al concentration (From Pos. 1 to Pos. 5: 0.36°, 0.34°, 0.27°, 0.31° and 0.31°, 

respectively). 
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Fig. 93 shows the mosaic spreading of the (0006) reflections of the films with different 

composition to determine the epitaxial quality of the films with respect to the substrates. 

The FWHM values of these reflections are between 0.27° and 0.36°. This indicates that 

the films exhibit nice epitaxial growth on the α-Al2O3 substrates. Fig. 94 shows the 

FWHM values of the mosaic spreading reflections in Fig. 93 dependent on the sample 

positions and the Al concentration of x, respectively. The FWHM values are 0.36°, 0.34°, 

0.27°, 0.31° and 0.31° for the films deposited in the Pos. 1 to Pos. 5, respectively. The 

epitaxial quality of the film which is in the Pos. 3 is the best. It is in agreement with the 

Al-Cr-O solid solution films. The tilt of the crystals which were grown under the center 

of the segmented target (i.e. Pos. 3) is smaller than that of the films deposited in other 

positions. 

The symmetric (0006) and asymmetric (101!10) RSM were performed to obtain the in-

plane and out-of-plane lattice parameters and to determine the epitaxial quality of the 

films, which are shown in Fig. 95. In the symmetric (0006) reflections, q// of the center of 

these films is close to 0, indicating a strong c-axis texture. q// of the center of the film 

deposited in Pos. 3 (shown in Fig. 95 (c)) is exactly equal to 0, while the films deposited 

in other positions are not (shown in Fig. 95 (a) and (e)), indicating a very small tilt of the 

(0006) planes when the films are deposited not below the center of the segmented target. 

In the asymmetric (101!10) reflections, the lines connecting the reflections from the sub-

strates to the origins (which is the line of the unstrained (fully relaxed) lattice parameter) 

does not run through the reflections from the films, suggesting that partially epitaxial 

films are grown on the substrate. Then, the lattice parameters a and c of the films were 

calculated from the RSM results, and the theoretical values are calculated according to 

the Vegard’s law as following:  

   (25) 

   (26) 

where aAl2O3
 = 0.47588 nm, cAl2O3

 = 1.2992 nm according to the PDF card No. 42-1468 

from the ICDD-database, aV2O3
 = 0.49540 nm, cV2O3

 = 1.40083 nm according to the PDF 

card No. 34-187 from the ICDD-database. x is “x” in α-(V1-xAlx)2O3, arelaxed and crelaxed 

are the lattice parameters a and c in the films in the relaxed state of the films. 

( )
2 3 2 3Al O V O 1relaxeda x a x a= × + - ×

( )
2 3 2 3Al O V O 1relaxedc x c x c= × + - ×
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Fig. 95 RSM results of the α-(V1-xAlx)δ+2O3 films deposited on α-Al2O3 substrates in dif-

ferent positions related to the target: (a) and (b) in Pos. 1; (c) and (d) in Pos. 3; (e) and (f) 

in Pos. 5. (a), (c) and (e) are the symmetric (0006) reflections and (b), (d) and (f) are the 

asymmetric (101!10) reflections. 

Both the lattice parameters a and c values derived from the RSM data and the theoretically 

calculated ones are shown in Fig. 96. The deviation of the lattice parameters a and c 
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between the real and the theoretical values is smallest for the film deposited in Pos. 3 

(which is the position under the center of the segmented target). All the real lattice pa-

rameters a are smaller than the theoretical values, suggesting a good locally epitaxial 

quality and some stress in the films. The strain of the in-plane interface between the films 

and the substrates is 0.8% - 2.4%, which indicates good epitaxial quality. 
  

 

Fig. 96 The lattice constants a (below) and c (above) versus the sample positions during 

deposition. ● (red solid circles) show the real lattice constants calculated from RSM; ■ 

(black solid squares) show the theoretical lattice constants calculated using data from PDF 

card No. 34-187 and No. 42-1468 (the ICDD-database) according to Vegard’s law. 

Texture evolution of the films is independent of the film composition. Here, X-ray pole 

figures taken from the (0006) and (101!10) reflections of the film deposited in Pos.3 are 
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shown in Fig. 97. A strong fiber texture grows in the c-axis which is observed from the 

(0006) reflection, and 3-fold symmetry (101!10) reflections of the films illustrate no or 

few stacking faults in the films, which is similar to the results shown for pure V2O3 films 

grown on the substrates without plasma-etching before deposition (described in sec-

tion 4.2). This should be related to the fact that the V-Al-O films were also deposited on 

the substrate without plasma-etching. 

 

Fig. 97 X-ray pole figures taken from (a) the (0006) reflections and (b) the (101!10) re-

flections of the α-(V1-xAlx)2O3 film deposited on the substrate without plasma-etching 

process. 

More information on the microstructure of the film deposited in Pos. 3 is obtained from 

TEM analyses as shown in Fig. 98. Fig. 98 (a) shows a cross-section BF TEM image of 

the α-(V1-xAlx)2O3 film with a very flat surface, deposited on the α-Al2O3 substrate, indi-

cating the film was grown in a layer by layer mode. The SAED patterns dominated by 

both the film and the substrate are shown in Fig. 98 (b), indicating the epitaxial relation-

ships between the film and the substrate are (0001)film // (0001)substrate and 

(101!0)film // (101!0)substrate. The (0006) reflections were observed which should be forbid-

den, due to the second diffraction as discussed in the previous chapters. The lattice plane 

distances of the film near the interface and the surface were obtained from HRTEM im-

ages shown in Fig. 98 (c) and (d), respectively. The lattice plane distances of the film near 
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the interface were d0006 = 0.222 nm and 𝑑112!0 = 0.233 nm, which are smaller in both di-

rection than that of the film near the surface (i.e. far away from the interface, 

d0006 = 0.233 nm and 𝑑112!0 = 0.244 nm). This indicates that the layers grow in strained 

state at the beginning with an epitaxial relationship to the substrate, and then (after a 

certain thickness) the layers gradually tend to grow in a relaxed state. 

 

Fig. 98 TEM images of the α-(V1-xAlx)2O3 film deposited in Pos. 3. (a) BF image showing 

a cross sectional view of the film grown on the α-Al2O3 substrate. (b) SAED patterns 

revealing a partially epitaxial orientation relationship between the film and the substrate. 

(c) IFFT image of the HRTEM image shown in the inset which shows the interface be-

tween the substrate and the film. (d) IFFT image of the HRTEM image shown in the inset 

which shows the film. 
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4.4.3 Raman spectroscopy analysis 
The Raman spectra of the α-(V1-xAlx)2O3 thin films with different composition are shown 

in Fig. 99. Two different features are shown in these Raman spectra: the peaks marked 

with “s” are attributed to the α-Al2O3 substrates; the others are assigned to the films. The 

referenced Raman active modes of the pure V2O3 cited from ref. [247–249,251] are 

shown in the gray areas in Fig. 99. The spectra of the samples in the Pos. 1, 2, 4 and 5 

show two strong bands in the range from 150 cm-1 to 300 cm-1. The spectrum of the sam-

ple in Pos. 3 is different from others. The first Eg and A1g modes merge into one band at 

around 229 cm-1 in case of the film deposited in Pos. 3. The Raman spectra are fitted by 

Gaussian curves in Origin. Then, the dependence of the two A1g modes on the sample 

position during deposition are shown in Fig. 100. The Raman shifts of the A1g modes 

around 245 cm-1 and 535 cm-1 dependent on the sample positions show the same trend. 

The A1g modes of the film with less V concentration shift towards the lower frequency, 

because of the variation of the atom distances changes the phonon frequency.  

 

Fig. 99 Raman spectra of the α-(V1-xAlx)2O3 thin films deposited on the α-Al2O3 substrates 

in different positions related to the target. “s” indicates the reflexes corresponding to the 

substrates. The gray areas refer to the Raman active modes of pure V2O3 measured at 

room temperature according to ref. [247–249,251]. 
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Fig. 100 Dependence of Raman shift of the two A1g modes on the sample position. The 

black curve indicates the Raman shift of the first A1g mode dependent on the sample po-

sition. The red curve indicates the Raman shift of the second A1g mode dependent on the 

sample position. 

4.4.4 Infrared absorption spectroscopy analysis 

 

Fig. 101 The IRRAS spectra of the α-(V1-xAlx)2O3 thin films with different composition 

deposited on α-Al2O3 substrates. The red dashed lines give the IR bands cited from 

ref. [139]. The curves with different colors indicate the films deposited in different posi-

tions (black, red, green, blue, and magenta represent the samples deposited in Pos. 1 to 

Pos. 5 respectively). 
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Further, the IRRAS spectra of the α-(V1-xAlx)2O3 thin films deposited in different sample 

positions are shown in Fig. 101. Except for the film with the lowest V content which was 

deposited in Pos. 3, the absorbance band position, the width and the intensity of the bands 

are nearly independent of the film composition. In general, the absorbance of the film 

with the lowest V increases in the range of 600 cm-1 to 950 cm-1.  

4.4.5 Optical properties characterization 
Plots of (αhν)2 as a function of the photon energy are shown in Fig. 102 for the 

α-(V1-xAlx)2O3 thin films with different composition. The extrapolation of the photon en-

ergy by straight dashed lines to the horizontal ordinate gives the Eg values. Eg and B val-

ues in Tauc’s equation (Eq.(18)) are shown in Table 20. The direct band gap of α-Al2O3 

is 8.8 eV in ref. [62], that of V2O3 is about 1.9 eV from our experiments and 1 eV cited 

from [184]. In case of the V-Al-O films of this study, the Eg values are from 3.82 eV to 

4.83 eV. The Eg value of Al2O3 is larger than that of V2O3, so the Eg value increases with 

substitution of Al for V. On the other hand, the Eg value is also influenced by the crystal 

quality. The better crystal quality, the lower Eg value. The dependence of the band gap 

on the sample deposited position is shown in Fig. 103. The films deposited at the sample 

Pos. 3 reach the minimum Eg value because the crystal quality is the best among five 

samples. 

Table 20 Optical parameters of the α-(V1-xAlx)2O3 thin films (Eg is the band gap; B is a 

constant in Eq.(18)). 

Pos. Eg (eV) B (1024 cm-1eV-1) 

1 4.83 11.3 

2 4.58 53.9 

3 3.82 2.1 

4 4.11 24.5 

5 4.53 54.2 
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Fig. 102 Plots of (αhν)2 vs. hν for the α-(V1-xAlx)2O3 thin films with different composition, 

deposited on α-Al2O3 substrates. The curves with different colors indicate the films de-

posited in different positions (black, red, green, blue, and magenta for the Pos. 1 to Pos. 5 

respectively). 

 

Fig. 103 Dependence of the band gap of the films on the sample positions. 
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4.5 α-(V1-xCrx)2O3 solid solution thin films grown on c-plane 
α-Al2O3 substrates 

In this chapter, The V-Cr-O thin films synthesized on c-plane α-Al2O3 substrates by a 

segmented target (one half is the Cr2O3 (100 at. %); the other half is V2O3 (100 at. %)) at 

400 ℃ were analyzed. The samples were placed as shown in Fig. 17 (e). In section 4.1.4 

and 4.2.4, it is proved that the etching process on the substrates before deposition nega-

tively effects on the film epitaxial growth. Therefore, plasma-etching is not applied to the 

substrates before deposition in this chapter. Films with a thickness of 1.4 μm were pre-

pared for the EPMA analysis, and films with thickness of 308 nm for the structural and 

optical measurements. 

4.5.1 Chemical composition 
The chemical composition of the films is displayed in Table 21. The composition is de-

pendent on the position of the substrates during the deposition. A gradient variation of 

the Cr and V concentration from Pos. 1 (Cr-rich side) to Pos. 5 (V-rich side) can be ob-

served. 

The relative concentration of Cr is defined as x:  

   (27) 

And the deviation from the ideal metal to oxygen stoichiometry δ is given by: 

   (28) 

where 𝜔(Cr) and 𝜔(V) are the atomic percentage of Al and Cr in the films, respectively.  

However, all films are V-rich, due to the higher deposition rate of V2O3 compared to 

Cr2O3. The deviation from the ideal metal to oxygen stoichiometry 𝛿 is very small (near 

zero) and can be ignored in the following discussions. The metal/oxygen stoichiometry 

of these films is very close to the ideal value of 2/3. The concentration of contaminations 

(C, N and Ar) is between 1.1 at. % and 1.2 at. %, which can be ignored. 
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Table 21 The chemical composition of the V-Cr-O films deposited on the substrates in 

different positions related to the target: x and δ describe the relative Cr concentration and 

the deviation from a perfect theoretical stoichiometry in Eq. (27) and (28) respectively 

(standards used for calibrating see section 3.2.1). 

Pos. Cr (at. %) V (at. %) O (at. %) C (at. %) N (at. %) Ar (at. %) x δ 

1 4.5 ± 0.29 35.1 ± 0.11 59.2 ± 0.35 0.8 ± 0.04 0.4 ± 0.01 0.0 0.12 0.01 

2 3.7 ± 0.19 35.3 ± 0.26 59.9 ± 0.42 0.7 ± 0.01 0.4 ± 0.03 0.0 0.10 -0.05 

3 3.5 ± 0.10 35.7 ± 0.22 59.7 ± 0.27 0.7 ± 0.03 0.4 ± 0.02 0.0 0.09 -0.04 
4 3.4 ± 0.06 36.0 ± 0.13 59.5 ± 0.17 0.7 ± 0.04 0.4 ± 0.02 0.0 0.08 -0.01 

5 2.9 ± 0.15 35.8 ± 0.28 60.2 ± 0.47 0.7 ± 0.05 0.4 ± 0.02 0.0 0.07 -0.07 

4.5.2 Structural analysis  
Fig. 104 shows the XRD θ - 2θ patterns of the V-Cr-O thin films with different composi-

tion deposited on the α-Al2O3 substrates in different sample positions. These XRD anal-

ysis indicated a single crystalline corundum-type phase for all deposited films. Only 

(0006) and (00012) reflections of the films and the α-Al2O3 substrates were observed in 

the XRD Bragg-Brentano geometry as shown in Fig. 104 (a). Since the intensities of the 

(00012) reflections are very weak and the reflections are broad compared to the (0006) 

reflections, only the (0006) reflections are shown in Fig. 104 (b). The (0006) reflections 

attributed to the films are observed next to the α-Al2O3 reflections. The FWHM values of 

the (0006) reflections of the films are between 0.07° to 0.13°, which indicates good crystal 

quality of the films. The theoretical (0006) reflection of the Cr2O3 and V2O3 at 

2θ = 39.749° and 38.514° according to the PDF card No. 38-1479 and No. 34-187 from 

the ICDD-database, respectively, are marked as vertical dashed lines in Fig. 104. The 

(0006) reflections of the films shift from the side of theoretical Cr2O3 to V2O3 from the 

film deposited in Pos. 1 to Pos. 5, suggesting the increasing of the lattice plane distance 

d0006 value with decreasing Cr concentration (or increasing V concentration) as shown in 

Fig. 105. The lattice plane distance d0006 (or lattice constant c) of all the films are larger 

than that the pure Cr2O3 and for most of the films they are smaller than for pure V2O3, 

resulting from the ionic radius of V3+ which is larger than the one of Cr3+ [182]. However, 

the lattice plane distance d0006 of the film deposited in the sample Pos. 5 are larger than 

the pure V2O3 which could be caused by the defects in the crystals. 
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Fig. 104 θ - 2θ XRD patterns of the α-(V1-xCrx)2O3 films with different composition 

(x = 0.115, 0.094, 0.088, 0.087 and 0.078) deposited on the α-Al2O3 substrates in the 

sample Pos. 1 to 5, respectively. The (0006) reflections of the films are observed at lower 

diffraction angle compared to the substrates. The dashed lines indicate the theoretical 

(0006) reflection positions of Cr2O3 and V2O3 according to the PDF card No. 38-1479 

and No. 34-187 from the ICDD-database. (a) θ - 2θ XRD patterns in large range of the 

diffraction angle. (b) the (0006) reflections of the films and the substrates in more detail 

for a narrow range of the diffraction angle. 
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Fig. 105 Dependence of the lattice plane distance d0006 on the Cr concentration of the 

films (the abscissa is the coefficient x in α-(V1-xCrx)2O3). The dashed horizontal line rep-

resents the theoretical d0006 value of V2O3, Cr2O3 and Al2O3 according to the PDF card 

No. 34-187, No. 38-1479, and No. 42-1468 from the ICDD-database, respectively. 

(d0006(V2O3) = 0.2336 nm, d0006(Cr2O3) = 0.2266 nm, and d0006(Al2O3) = 0.2165 nm) . 

 

Fig. 106 XRD rocking curves (ω-scans) of the (0006) reflections of the α-(V1-xCrx)2O3 

films with x = 0.12, 0.09, and 0.07 deposited in Pos. 1 (black), Pos. 3 (green) and Pos. 5 

(magenta). The FWHM values of these mosaic spreading reflections are 0.358°, 0.366° 

and 0.365°, respectively. 

Fig. 106 shows the mosaic spreading of the (0006) reflections of the films of different 
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composition. The FWHM values of these reflections are between 0.36° and 0.37°, indi-

cating the good epitaxial quality of the films with respect to the substrates. It is difficult 

to compare the epitaxial quality of the films from the mosaic spreading because of the 

similar FWHM. Thus, RSM analysis was carried out.  

 

Fig. 107 RSM results of the V-Cr-O films deposited on α-Al2O3 substrates in different 

positions related to the target: (a) and (b) are in Pos. 1; (c) and (d) are in Pos. 3; (e) and 

(f) are in Pos. 5. (a), (c) and (e) are the symmetric (0006) reflections, and (b), (d) and (f) 

are the asymmetric (101!10) reflections. 
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Fig. 107 shows the symmetric (0006) and asymmetric (101!10) RSM of the α-(V1-xCrx)2O3 

films of different composition grown on the α-Al2O3 substrates. From the (0006) recip-

rocal lattice points of all the films it can be seen that q// is nearly zero, suggesting a strong 

c-axis texture. Only q// of the film deposited in the sample Pos. 3 is exactly equal to 0 as 

shown in Fig. 107 (c), which indicates there is almost no tilt of the (0006) lattice planes 

against the substrates when the films are deposited under the center of the segmented 

target. From the (101!10) reciprocal lattice points it can be seen that the lines connecting 

the reflections of the substrates and the origins do not through the reflections of the films, 

indicating partially epitaxial films are grown on the substrate. The q// values of the center 

of the (101!10) reflections of the films deposited in the sample Pos. 1, Pos. 3 and Pos. 5 

are 2.316 1/nm, 2.327 1/nm, and 2.346 1/nm, respectively, which shows a trend of the 

films shifting to the substrates where q// = 2.428 1/nm. The lattice parameter a of the films 

is more close to the a value of the substrate with increasing V concentration (or decreasing 

Cr concentration), indicating the epitaxial quality of the films with respect to the substrate 

is better. On one hand, the lattice mismatch between V2O3 and Al2O3 is larger than the 

mismatch between Cr2O3 and Al2O3 which has adverse effect on the epitaxial growth of 

V-Cr-O films of higher V concentration on the Al2O3 substrate. On the other hand, the 

growth of V-rich films in crystalline state is much easier to reach at low temperatures. 

However, the larger the V concentration in the films, the better the epitaxial quality of the 

films. The theoretical and experimental lattice parameters a and c are calculated from the 

reciprocal lattice points and are shown in Fig. 108. The theoretical lattice parameters a 

and c are inversely linear with respect to the relative Cr concentration x, due to the ionic 

radius of Cr3+ (0.0615 nm) which is smaller than that of V3+ (0.064 nm) [182]. The ex-

perimental lattice parameters a decreases and c increases with decreasing Cr concentra-

tion (or increasing V concentration) of the films. The variation tendency of the experi-

mental lattice parameter c is same as that of the theoretical values, while the tendency of 

the a value is inverse. This suggests a straining in the interface between the films and the 

substrates, maybe caused by the locally epitaxial growth. The deviation between the ex-

perimental values and the theoretical values is the smallest when the film is deposited in 

the sample Pos. 3. The misfit of the in-plane interface between the film and the substrate 

are 4.8 %, 4.3 %, and 3.4 %, respectively, which indicates the films with higher V content 
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possess higher epitaxial quality.  

 

 

Fig. 108 The lattice constants (a) c and (b) a versus Cr concentration x. ● (red solid circles) 

show the real lattice constants calculated from RSM data; ■ (black solid squares) show 

the theoretical lattice constants calculated using data from PDF card No. 34-187 and 

No. 38-1479 (the ICDD-database) according to Vegard’s law. 

Texture evolution of the α-(V1-xCrx)2O3 films is independent of the film composition. 

X-ray pole figures taken from the (0006) and (101!10) reflections of the V-Cr-O film 

which is deposited in the sample Pos. 3 are shown in Fig. 109 representative of all films. 

A strong fiber texture grows in the c-axis which is observed from the (0006) reflections. 

3-fold symmetry from (101!10) reflections of the films as α-Al2O3 substrate are observed 

in Fig. 109 (b), which illustrates there are almost no stacking faults in the films. Only 
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3-fold symmetry from (101!10) reflections is observed which may be explained by the 

thought that there is no plasma-etching process on the pure substrate before deposition 

and the substrate surface is perfect. 

 

Fig. 109 X-ray pole figures taken from (a) the (0006) reflection and (b) the (101!10) re-

flection of the α-(V1-xCrx)2O3 film deposited on the substrate without plasma plasma-etch-

ing process. 

Detailed information on the microstructure of the film deposited in Pos. 3 is obtained 

from TEM analysis as shown in Fig. 110. (a) shows the cross-section BF TEM image of 

the α-(V1-xCrx)2O3 film with a very flat surface, deposited on the α-Al2O3 substrate, from 

which dislocation lines are visible. Fig. 110 (b) shows the SAED patterns dominated by 

both the film and the substrate, indicating the epitaxial relationships between the film and 

the substrate are (0001)film // (0001)substrate and (112!0)film // (112!0)substrate. The inner spots 

are from the film and the outer ones are from the substrate. The spots of the film in the 

SAED are circular shaped which is similar to the perfect single crystal substrate, indicat-

ing the perfect crystal quality of the film. Fig. 110 (c) shows the HRTEM image of the 

interface between the substrate and the film, which shows a fully epitaxial growth over 

the complete film in the thickness and laterally. The lattice planes are running through 

the interface between the substrate and the film. Only little disturbance caused by dislo-

cations are present in or near the interface between the substrate and the film. The 
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HRTEM image of the film is shown in Fig. 110 (d). No faceted grains are present. The 

lattice plane distances of the film are d0006 = 0.227 nm and 𝑑112!0= 0.232 nm. The (112!0) 

lattice plane distance of the substrate is 0.238 nm. The strain between the film and the 

substrate is only 2.5 %, indicating the film were grown near fully epitaxial on the sub-

strate. 

 
Fig. 110 TEM images of the α-(V1-xCrx)2O3 film deposited in Pos. 3. (a) BF image show-

ing a cross sectional view of the film grown on the α-Al2O3 substrate. (b) SAED patterns 

revealing an epitaxial orientation relationship between the film and the substrate. (c) IFFT 

image of the HRTEM image shown in the inset, pointing to the interface between the 

substrate and the film. (d) IFFT image of the HRTEM image shown in the inset, describ-

ing the film. 
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4.5.3 Raman spectroscopy analysis 
The Raman spectra of the V-Cr-O thin films of different composition deposited in differ-

ent sample positions are shown in Fig. 111. Only the features which are assigned to the 

films are shown in these Raman spectra. The referenced Raman active modes of the pure 

V2O3 cited from ref. [247–249,251] are marked by the gray areas and those of the pure 

Cr2O3 cited from ref. [230,242–244] are marked by the cyan areas in Fig. 111. The A1g 

modes with the highest intensity shift from 255 cm-1 for the Cr-rich side film deposited 

in Pos. 1 to 209 cm-1 for the V-rich side film deposited in Pos. 5. The second A1g modes 

shift from 519 cm-1 for the Cr-rich side film deposited in Pos. 1 to 511 cm-1 for the V-rich 

side film deposited in Pos. 5. The Raman spectra show a significant shift of phonon fre-

quency with the (000l) lattice plane distance. The Raman A1g mode shifts to the smaller 

wavenumber value side with increasing the (000l) lattice plane distance (or lattice param-

eter c). The Cr-rich films deposited in the sample Pos. 1 and Pos. 2 show a band at 

307 cm-1 which is close to the Eg mode of the Cr2O3, and the V-rich films show a band at 

298 cm-1 which is close to the Eg mode of the V2O3 deposited at the sample Pos. 5. The 

lattice parameter c increases with increasing V (or decreasing Cr) concentration which 

could cause a decreasing of the Raman frequency of the A1g mode.  

 

Fig. 111. Raman spectra of the V-Cr-O films of different composition deposited on 

α-Al2O3 substrates. The films vary from the Cr-rich side to Cr-poor side from Pos. 1 to 

Pos. 5. The cyan areas refer to the Raman active modes of pure Cr2O3 cited from 

ref. [230,242–244]. The gray areas refer to the Raman active modes of pure V2O3 cited 

from ref. [247–249,251]. 
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4.5.4 Infrared absorption spectroscopy analysis 
Further, the IRRAS spectra of the V-Cr-O thin films of different composition deposited 

in different sample positions are shown in Fig. 112. In general, the absorbance of the films 

with the higher Cr concentration of x = 0.12 and 0.10 increases in the range from 600 cm-1 

to 935 cm-1, and the absorbance of the films with the lower Cr concentration of 

x = 0.07 - 0.09 is steady. There is an absorbance band near 935 cm-1 for the films with 

the highest Cr concentration deposited in Pos. 1. 

 

Fig. 112 The IRRAS spectra of the V-Cr-O thin films with different composition depos-

ited on α-Al2O3 substrates. The curves with different colors indicate the films deposited 

in different positions (black, red, green, blue, and magenta represent the samples depos-

ited in Pos. 1, Pos. 2, Pos. 3, Pos. 4 and Pos. 5 respectively). 

4.5.5 Optical properties characterization 
The colors of the binary V2O3 and Cr2O3 thin films were black and light green, respec-

tively, while that of the solid solution Cr-V-O films became more and more greenish with 

increasing Cr concentration. Plots of (αhν)2 as a function of the photon energy are shown 

in Fig. 113 for the V-Cr-O thin films of different composition. The extrapolation of the 

photon energy by straight dashed lines to the horizontal ordinate gives the Eg values. Eg 

and B values determined by Tauc’s equation (Eq.(18)) are shown in Table 22. The direct 

band gap of V2O3 and Cr2O3 is 1 eV and 3.07 eV, respectively [184,200]. For V-Cr-O 

solid solution, the Eg values are between 1.21 eV and 2.06 eV. The dependence of the 

band gap on the film composition (Cr concentration) is shown in Fig. 114. The band gap 
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of the films increases with increasing Cr concentration, which is in agreement with the 

fact that the band gap of Cr2O3 is larger than V2O3. 

 

Fig. 113 Plots of (αhv)2 vs. hv for the V-Cr-O thin films of different composition depos-

ited on α-Al2O3 substrates. The sample positions are marked in the graph correspondingly. 

 

Fig. 114 Dependence of the band gap of the films on the relative Cr concentration x. 
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Table 22 Optical parameters of the V-Cr-O thin films (Eg is the band gap; B is a constant 

in Eq. (18)). 

Pos. x Eg (eV) B (1023 cm-1eV-1) 

1 0.12 2.06 1.2 

2 0.10 1.76 1.8 

3 0.09 1.47 2.0 

4 0.08 1.28 1.9 

5 0.07 1.21 2.0 



 

165 

5 Summary discussion 
Corundum-type structured (0001)-oriented stoichiometric binary (Cr2O3 and V2O3) and 

ternary (Al-Cr-O, V-Al-O, and V-Cr-O) thin films were locally epitaxially grown on 

(0001) α-Al2O3 substrates with a relationship of (0001)film // (0001)substrate and 

(101!10)film // (101!10)substrate at relatively low temperature (⩽ 400 ℃) by non-reactive RF 

magnetron sputtering from ceramic targets.  

There are many publications about the Cr2O3 films growth as introduced in section 2.3. 

Polycrystalline Cr2O3 thin films were grown on other substrates such as Si, Pt, or steel at 

low temperature below 500 ℃ but with post-treatment or only very thin films were ob-

tained [99,129,132–134]. In this work, epitaxial Cr2O3 (0001) films with strong texture 

were successfully and for the first time grown using α-Al2O3 (0001) substrates at 320 ℃. 

Epitaxial V2O3 films were grown on α-Al2O3 substrates at the temperature above 500 ℃ 

by electron-beam evaporation, PLD or reactive sputtering with metal tar-

get [31,143,154,156]. In this work, crystalline V2O3 films were synthesized on α-Al2O3 

substrates even at 150 ℃ by non-reactive RF magnetron sputtering from V2O3 targets and 

the epitaxial quality increases with increasing the substrate temperature. Corundum-type 

(AlxCr1−x)2O3 solid solution thin films were deposited on other non-isostructural sub-

strates (e.g. cemented carbide, Si, WC and so on) at the temperature above 

500 ℃ [162,168–171]. While locally epitaxial (Al,Cr)2O3 films were also for the first 

time grown on the iso-structural α-Al2O3 substrates at 320 ℃. No much works on the 

(V,Cr)2O3 and (V,Al)2O3 thin films have been published. Corundum-type V-Cr-O thin 

films were deposited on the cemented carbide substrates by reactive RF magnetron sput-

tering of a segmented Cr-V target in an Ar/O2 atmosphere at the temperature of 350 ℃, 

which was a previous work in our group [188]. In this work, corundum-type V-Cr-O thin 

films were developed to epitaxial (V1-xCrx)2O3 thin films grown on iso-structural α-Al2O3 

substrates using a segmented ceramic target. For V-Al-O system, only V-Al-O bulks were 

published. In this work, epitaxial corundum structured (V1-xAlx)2O3 films were obtained 

at 400 ℃. Epitaxial corundum structured films were grown at lower temperature by using 
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the iso-structured substrates (α-Al2O3) and stoichiometric composition was obtained by 

using the ceramic targets. 

All these corundum-type films in crystalline structure show strong fiber texture in the 

c-axis. The crystal quality and lattice parameters are dependent on the substrate tempera-

ture and the film thickness. There is an effective way to increase the epitaxial quality of 

the crystalline films: by increasing the substrate temperature so that the adatoms have 

sufficient surface diffusion to remove the effects of atomic shadowing. The diffusion co-

efficients of the atoms are given by Arrhenius equation:  

   (29) 

where D is diffusion coefficient; D0 is temperature-independent preexponential (m2/s); Q 

is the activation energy for diffusion (J/mol); R is Boltzmann's constant (8.31 J/mol·K); 

T is the absolute temperature (K) [260]. The diffusion coefficients of the atoms increase 

with increasing the substrate temperature. For example, the diffusion coefficients of O in 

Al2O3 are 2×10-84 m2/s and 5×10-51 m2/s at the substrate without heating and 400 ℃, re-

spectively, which is calculated from Eq. (29) [260]. The diffusion coefficients of Al in 

Al2O3 are 10-66 m2/s and 1.6×10-41 m2/s at the substrate without heating and 400 ℃, re-

spectively. Oxygen diffusion coefficients are greater than metal in these Me2O3 [261]. 

Increasing the substrate temperature will allow the arriving atoms to travel further and 

faster to search the lowest energy nucleation site. Thus, increasing the substrate temper-

ature will lead to fewer nucleation sites and to larger crystals in the final thin film, so that 

the crystal grain size is larger with increasing the substrate temperature during deposition. 

The diffusion coefficients of the metals are D(V) > D(Cr) > D(Al) at the same tempera-

ture (D(V) = 10-10 m2/s, D(Cr) = 10-15 m2/s, D(Al) = 10-22 m2/s, at 1000 ℃) [262,263]. 

This is one of reasons that the film surface of V2O3 is more flat. The lattice plane distance 

d0006 (or lattice constant c) decreases with increasing the substrate temperature during 

deposition. 

Films have higher crystal quality including the larger grain size with higher deposition 

temperature and larger film thickness. The lattice plane distance d0006 (or lattice constant c) 

decreases with increasing the substrate temperature during deposition and increasing the 

( )0 /D D exp Q RT= -
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film thickness. Thinner films grow in strained state with respect to the expected equilib-

rium state as expressed in the PDF cards, while the thicker films grow in nearly fully 

relaxed state.  

First, stoichiometric binary films Me2O3 (i.e. Cr2O3 and V2O3) were synthesized and ep-

itaxially grown on (0001) α-Al2O3 substrates by non-reactive RF magnetron sputtering 

using Me2O3 targets. Crystalline α-Al2O3 is difficult to be obtained at such low tempera-

ture by magnetron sputtering which is introduced in section 2.2.2. V2O3 is obviously crys-

tallizing at lower temperature than Cr2O3. Crystalline V2O3 films were obtained at the 

substrate temperature of 150 ℃, but Cr2O3 films could not be obtained at such low tem-

perature in this study. Two films with similar film thickness deposited at 400 ℃ are com-

pared here. The FWHM values of the (0006) reflections in XRD Bragg-Brentano mode 

of the Cr2O3 films are around 0.5° (shown in Fig. 34), which is larger than that of the 

V2O3 films are around 0.1° (shown in Fig. 53). This relatively sharper XRD reflex of the 

V2O3 films compared to the Cr2O3 films indicates V2O3 films possess larger crystal grain 

size than Cr2O3 films. The FWHM values of the (0006) reflections from the ω scans of 

the Cr2O3 films is 1.32°, which is larger than that of the V2O3 films (0.75°). The mosaic 

spreading of the V2O3 films is larger than that of Cr2O3 films, indicating the tilt of (0006) 

planes of the V2O3 films is smaller. This is possibly due to the different film growth mode 

which will be discussed in the following. The misfit of the in-plane interface between the 

Cr2O3 film in the fully relaxed state and the Al2O3 substrate is 4.2 %, and the misfit of the 

in-plane interface between the V2O3 film in the fully relaxed state and the Al2O3 substrate 

is 4.1 %. As we known, it is easier to get the epitaxial films with less in-plane misfit with 

respect to the substrate. As the mismatch gets larger, the film material may strain to ac-

commodate the lattice structure of the substrate, which is the case during the early stages 

of film formation. The in-plane strain of V2O3 films is calculated by Eq. (13) and the 

value is around 1.1 %, which is larger than that of Cr2O3 films (< 0.5 %) as shown in 

Fig. 116. Larger in-plane strain means the film with an in-plane parameter is closer to that 

of the substrate. This supports the conclusion that the epitaxial crystal quality of V2O3 

films is better. The microstructure of V2O3 films and Cr2O3 films (as characterized by 

TEM analyses) are compared to identify differences in the growth of both types of films. 

Cr2O3 films show many individual faceted grains grown in the c-axis direction, while 
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V2O3 films show no grain boundaries and a flat surface which indicates a layer by layer 

growth which has been introduced in section 2.1.1.2. Obviously, the epitaxial growth 

mode of the Cr2O3 films is similar to the VW growth mode (i.e. 3D morphology, island 

growth) or to the SK growth mode. For SK growth mode, the initial layer is strained to 

match the substrate, and then the strain is relaxed after a few layers. The film strain for 

Cr2O3 films becomes from strained to relaxed with increasing the film thickness which 

has been discussed in section 4.1. The growth mode of the V2O3 films is very similar to 

the FM mode in which the films grow layer by layer [264]. The films with slow diffusion 

tend to grow in VW mode. The film growth modes can be influenced by the substrate 

(growth) temperature, deposition rate, and surface energy difference between the sub-

strate and the film wets the surface to lower surface energy [265]. The surface energy of 

the (0001) α-Al2O3, Cr2O3 and V2O3 are 1.9 J/m2, 3.0 J/m2 and 16 J/m2, respectively 

[266,267]. The surface energy is V2O3 > Cr2O3 > Al2O3. Normally epitaxial layers are 

grown on substrates that have higher surface energy [268]. Substrates with lower surface 

energy are more difficult for adatoms to be attached to due to the lower number of dan-

gling bonds [268]. In this study, films with higher surface energy were grown on the 

substrates with lower surface energy. Both the lattice strain and surface energy of the 

system play an important role in determining which film growth mode is. Deposition rate 

of the Cr2O3 and V2O3 films deposited at the same conditions (400 ℃, 0.6 Pa in Ar, 100W 

RF power) are 9.7 nm/min and 11.3 nm/min, respectively (i.e. the deposition rate of V2O3 

films is higher than that of Cr2O3 films). The deposition rate is higher with higher surface 

energy [37]. The films with higher surface energy are much easier to be grown in crystal-

line and possess better epitaxial quality. Thermodynamic approach leads to the definition 

of the growth modes. These modes refer to the morphology taken on by a system grown 

close to thermodynamic equilibrium. Films are grown far away from equilibrium during 

PVD process and their morphology is determined by kinetics. 

With regard of the TEM results, the Cr2O3 films consist of columns with continuous grain 

boundaries between them according to the structure zone 2 as shown in Fig. 12. Random 

clustering of atoms at initial stages of the growth can lead to a wide range of island sizes 

followed by side-wall growth of these clusters at low surface diffusion rates. The V2O3 

film surface is relatively flat and no faceted grains are present, and thus, this structure is 
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more similar to that of the zone 3 (or the transition structure from zone 2 to zone 3) in 

Fig. 12. This interpretation based on the structure zone model gives an explanation of the 

observation that the films possess larger grain size and better crystal quality with increas-

ing substrate temperature. According to the structure-zone-model which is shown in 

Fig. 12, the film morphology is influenced by substrate temperature (T), film melting 

point (Tm) and Ar pressure during deposition (p = 0.6 Pa in this study). When the substrate 

temperature is low (i.e. T/Tm is low), little surface diffusion happens and small diameter 

columns with poor crystallinity or amorphous structure could be obtained. With increas-

ing the substrate temperature (i.e. increasing T/Tm), the surface and volume diffusion in-

creases and the films undergo from zone 1, zone T, zone 2 to zone 3, during which process 

surface diffusion becomes more important, fewer defects and smoother surface can be 

observed, grain size is larger. The melting points of Cr2O3 and V2O3 are 2675 K and 

2759 K, respectively. T/Tm is 0.25 and 0.24 for the Cr2O3 and V2O3 films, respectively, 

when the substrate temperature is 400 ℃ in this study. According to the structure-zone-

model in Fig. 12, both Cr2O3 and V2O3 films are in zone T. However, it is not in agreement 

with the TEM results. This is due to the film morphology is influenced not only by the 

deposition condition, but also the deposition rate, diffusion and so on. In this study, the 

iso-structure substrates are used which makes the film crystal quality better and easier. 

Therefore, there is some deviation between the experiments and the theoretical 

knowledge. 

On one hand, plasma-etching could clean the substrate surface (i.e. remove the contami-

nants). On the other hand, cleaning the substrate surface by ion bombardment has side 

effects on the substrate or the film growth. The influence of the plasma-etching before 

deposition in Cr2O3 and V2O3 films was observed. The films deposited on the substrate 

with plasma-etching show 6-fold symmetry. There are two different in-plane (101!10) ori-

entations rotated by 60° domain variants which is caused by stacking faults. However, 

the films deposited on the substrate without plasma-etching show only 3-fold symmetry 

which indicates no stacking faults in the interface between the substrates and the films or 

in the films during growth. Ion bombardment sets atoms in the surface region in motion 

and thus leads to a wide range of changes in the arrangement of atoms at the surface and 

can eventually induce strong variations in surface topography and defects like vacancies 
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and interstitials [84]. In general, the nucleation will be in a random pattern. This can be 

modified by the substrate. If the substrate is structured this can be transferred to the grow-

ing film. This is the reason why (0001) α-Al2O3 single crystals were chosen as substrates. 

Hence, defects in the surface can generate defects in the subsequent film. The films de-

posited on the substrate without plasma-etching process possess higher lattice constant c 

and smaller lattice constant a, which indicated better epitaxial quality of films. Further-

more, plasma-etching process can increase the in-plane misfit between the substrate and 

the film. The plasma-etching will destroy the original ordered atomic substrate surface. 

The depth of the disordered area in the substrate near the interface is around 2-5 nm which 

can be observed from TEM analyses. This distorted area is the result of the ion bombard-

ment of the substrate during the plasma-etching which usually causes a rough surface due 

to the difference in sputter rates for different grain orientations (or different bombard 

directions). Further, the damage to the substrate induced by the ion bombardment will 

contribute to enhance the misfit and strain between the substrate and the film, so worse 

epitaxial quality occurs.  

Then ternary oxides in various systems with the same corundum-type structures were 

extended from the binary systems. In the ternary systems, the influence of a substitution 

of the metal cation in single-phase solid solution crystallized thin films on the microstruc-

ture and the properties of the films were investigated. The conclusion in the previous text 

for the binary systems is also valid for the ternary systems. Except of the (V,Al)2O3 solid 

solution, the metal/oxygen stoichiometry of other ternary films is very close to the ideal 

value of 2/3 using the stoichiometric segmented ceramic targets. In case of the V-Al-O 

films, the deviation of the concentration from the ideal metal to oxygen stoichiometry δ 

is relatively large. The Ellingham-Richardson diagram [269] which is for metals reacting 

to form oxides could explain this. The lower the position of a metal's line in the Ellingham 

diagram, the greater is the stability of its oxide. The line for Al (oxidation of aluminum) 

is found to be below that for V (formation of V2O3). During the magnetron sputter depo-

sition, metal and oxygen atoms with the concentration ratio of 2:3 are emitted from the 

targets. As discussed in previous text, the deposition coefficient of O is larger than that 

of the metals. V2O5 could be formed if the oxygen offer is high enough. Therefore, extra 

oxygen was observed in the films by EPMA. 
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The growth of the Cr-rich Al-Cr-O films is similar to the growth of Cr2O3 films, and the 

growth of the V-rich V-Al-O and V-rich V-Cr-O films is similar to the growth of V2O3 

films. The FWHM values of the (0006) reflections in XRD Bragg-Brentano mode of 

Cr-rich (Cr1-xAlx)2O3 films are 0.15° - 0.35° (shown in Fig. 76), which is smaller than that 

of the Cr2O3 films. This indicates that the grain size of Cr-rich (Cr1-xAlx)2O3 is larger than 

that of Cr2O3 films which could be attributed to the fact that the misfit between the 

(Cr1-xAlx)2O3 films and the Al2O3 substrates is smaller by substitution of Al in Cr2O3. The 

FWHM values of the (0006) reflections from the ω scans of the Cr-rich (Cr1-xAlx)2O3 

films is 1.01° - 1.43°, which is similar to that of the Cr2O3 films (1.32°). The FWHM 

values of the (0006) reflections in XRD Bragg-Brentano mode of V-rich (V1-xAlx)2O3 and 

(V1-xCrx)2O3 films are 0.13° - 0.27° and 0.07° - 0.13°, respectively. The FWHM values of 

the (0006) reflections from the ω scans of V-rich (V1-xAlx)2O3 films and (V1-xCrx)2O3 films 

are 0.27° - 0.36° and 0.35° - 0.37°, respectively, which is much smaller than that of V2O3 

films. This indicates V-rich ternary thin films possess better epitaxial quality than V2O3. 

Substitution of Al or Cr in V2O3 increases the film epitaxial quality due to the decreased 

lattice mismatch. The misfit of the in-plane interface between the films and the substrates 

in the Cr2O3, V2O3, Al-Cr-O, V-Al-O, and V-Cr-O films is 3.6 % - 4.2 %, 4.3 % - 5.2 %, 

1.3 % - 4.5 %, 1.2 % -3.3 %, and 3.4 % - 4.8 %, respectively. The in-plane misfit is larger 

with increasing the V content because the epitaxial quality is better. Therefore, the in-

plane misfit in the V2O3 films is larger than Cr2O3 films in the binary systems and the in-

plane misfit is larger with less Al content in Al-Cr-O system and larger V content in 

V-Al-O and V-Cr-O systems. On one hand, increasing the Al content in the ternary sys-

tems makes the epitaxial film grown at the low temperature more difficult; on the other 

hand, increasing the Al content decreases the misfit between the films and the substrates 

which is advantageous to the film growth. In ternary systems, the crystalline structure 

possesses poorer quality with higher Al content and higher quality with higher V content. 

The higher the Al content, the higher the tendency to build extremely nanocrystalline or 

even amorphous structures. 

Lattice parameters change along with the film composition as shown in Fig. 115. For Cr-

Al-O films, lattice parameter c decreases and the epitaxial quality increases with lower 

Al content; For V-Al-O and V-Cr-O films, lattice parameter c increases and the epitaxial 
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quality increases with higher V content. In this thesis, theoretical lattice parameters of the 

ternary solid solutions were calculated according to Vegard’s law however the measured 

lattice parameters deviated from Vegard’s law. Vegard's law states that, in a solid solution 

system, the lattice parameters of the unit cell should change linearly with composi-

tion [270]. In substitutional solid solutions, the lattice parameter usually increases or de-

creases when cations of larger or smaller radii are substituted into the matrix. Rossi et 

al. [254] investigated the linearity of the lattice parameters in bulk solid solutions of 

Al2O3-Cr2O3. The lattice parameters should vary linearly with composition, but the meas-

ured values do not. Because the cations in the corundum structure lie in pairs along the 

c-axis and the nearest neighbor distances are unequal. For all the ternary films, the devi-

ation of the measured lattice parameter from Vegard’s law is the smallest in the films with 

the best epitaxial quality (including the largest grain size and almost no tilt of the lattice 

planes) which were deposited in Pos. 3. The crystal quality of the Cr-Al-O films is the 

worst among these ternary systems, so the deviations from the theoretical values are the 

largest. The deviations are due to the imperfect crystal with defects and large strain in the 

film.  

In this study, some design rules could be derived to grow hard coatings in a corundum 

structure according to Fig. 118. Fig. 118 shows the film growth and properties of the 

Al2O3-Cr2O3-V2O3 system deposited at 400 ℃. The films show amorphous at the Al2O3 

side, and change to the polycrystalline films when the films’ composition trends to Cr2O3 

or V2O3 sides. The structure-zone-model is from zone 1 to zone 3 with the films from 

Al2O3 to Cr2O3. The film growth modes change from island growth mode to layer by layer 

growth mode and the in-plane lattice misfit increases with the composition changing from 

Cr2O3 and Al2O3 sides to V2O3 side. The crystal quality is better and the grain size is 

larger with varying the film composition from Cr2O3 and Al2O3 sides to V2O3 side, and 

the grain size is smaller and the crystal quality is worse with substitution of Al for Cr in 

(Al,Cr)2O3. With increasing the V content in (V,Cr)2O3 and (V,Al)2O3, the epitaxial qual-

ity of the films is better. Further, the band gap of the Cr2O3, V2O3, Cr-rich Al-Cr-O, V-

rich V-Al-O, and V-rich V-Cr-O films is 3.01 eV - 3.14 eV, 1.84 eV - 1.92 eV, 

3.22 eV - 3.27 eV, 3.82 eV - 4.83 eV, and 1.21 eV - 2.06 eV, respectively, which indi-

cates the relationship of the band gap of these films is Al2O3 > V-rich V-Al-O > Cr-rich 
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Cr-Al-O > Cr2O3 > V-rich V-Cr-O / V2O3, as shown in Fig. 117. It is in agreement with 

the band gap of these materials in the literatures [79,105,184,237,246,271]. But there is 

no information about the band gap of V-Al-O and V-Cr-O systems. There is a trend that 

the films with better epitaxial crystal quality possess lower band gap value. The amor-

phous area is larger and epitaxial area is smaller with decreasing the substrate temperature. 

The systematics can be applied to even higher systems like Al-Cr-V-O. New multi-prin-

cipal elemental oxides in corundum structure are developed to apply into different areas. 

For example, if a coating with maximum Al content is desired and the substrate temper-

ature should be as low as possible for tool applications, a certain content of V could be 

substituted for Al.  

 

Fig. 115 The lattice conctant a of the different corundum-type systems including Al2O3, 

Cr2O3, V2O3, V-rich (V,Al)2O3, Cr-rich (Cr,Al)2O3, and V-rich (V,Cr)2O3. 



 

 

174 

 

Fig. 116 The in-plane strain of the different corundum-type systems including Al2O3, 

Cr2O3, V2O3, V-rich (V,Al)2O3, Cr-rich (Cr,Al)2O3, and V-rich (V,Cr)2O3. 

 

Fig. 117 The band gap of the different corundum-type systems including Al2O3, Cr2O3, 

V2O3, V-rich (V,Al)2O3, Cr-rich (Cr,Al)2O3, and V-rich (V,Cr)2O3. ■ indicates the exper-

imental data, and ▲ indicates the cited data from ref. [79,105,184,237,246,271].  
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Fig. 118 Film growth, structure and crystallized substrate temperature of Al2O3-Cr2O3-

V2O3 system. SZM indicates the structure-zone-model which is described in Fig. 12 (Z1, 

Z2 and Z3 are zone 1, zone 2 and zone 3, respectively). The red regions are the composi-

tion of the ternary films studied in this work. Tmin indicate the minimum temperature to 

crystallize, respectively.  
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6 Summary 
The goal of this work is to synthetize the iso-structured films on the α-Al2O3 substrates 

with locally epitaxial growth at the low temperature less than 400 ℃ by RF magnetron 

sputtering from ceramic oxide targets. The growth of the film on the iso-structured sub-

strate was studied. This work is to help to decide deposition parameters according to the 

films quality that we want to get and predict the microstructure or the properties of the 

films. In this work, the factors influencing the microstructure, epitaxial quality etc. of the 

films are successfully investigated. 

1. Deposition temperature 

It is clear that all the films have higher crystal quality with higher deposition temperature. 

Only amorphous films are synthetized on the substrates without heating during the depo-

sition for the Cr2O3 films. Even there are crystalline in the V2O3 films on the substrates 

at 150 ℃, the crystal quality is very poor. The grain size is larger and the lattice constant 

c is smaller with higher deposition temperature.  

2. Film thickness 

The grain size is larger and the lattice parameter c decreases with increasing the film 

thickness until a critical thickness in order of μm is reached. The films change from 

strained to relaxed gradiently with increasing the film thickness. 

3. Surface condition of the substrates 

The influence of the plasma-etching process on the crystal growth of the Cr2O3 and V2O3 

films are studied. The films deposited on the substrates without plasma-etching before 

coating possess larger grain size and better crystal quality. The plasma-etching process 

on the substrate will destroy the original ordered atomic substrate surface, which causes 

stacking faults in the interface between the substrates and the films and worse epitaxial 

crystal quality of the film. 
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4. Composition 

Different films such as Cr2O3, V2O3, Cr-Al-O, V-Al-O, and V-Cr-O are investigated in 

this work. The films with different composition were grown in different modes. The 

Cr2O3 and α-(Cr1-xAlx)2O3 films show many individual grains and their surface shows long 

period corrugation, which were grown in the Volmer-Weber (VW) or Stranski-Krastanov 

(SK) mode. The V2O3 and V-rich ternary systems such as α-(V1-xAlx)2O3, α-(V1-xCrx)2O3 

show very flat surface and no faceted grains, which were grown in layer by layer mode. 

In binary systems, because of the higher surface energy of V2O3, V2O3 is much easier to 

be grown in crystalline and epitaxially on the substrate than Cr2O3. In ternary system, the 

growth is easier and the epitaxial quality is better at the same condition with decreasing 

the Al content and increasing the V content. Further, the films with less Al in Al-Cr-O 

system or more V in V-Al-O and V-Cr-O systems possess larger lattice constant c. 

What’s more, lattice vibration, electronic and optical properties are basic properties of a 

crystal, which are influenced by the microstructure, lattice parameters etc.. Raman spectra 

show a significant shift of phonon frequency with the lattice constant which is varied by 

the film thickness, the deposition temperature and the composition. The Raman A1g mode 

shifts to the smaller wavenumber value side with increasing the (000l) lattice plane dis-

tance and the Eg modes shift to the larger wavenumber side with decreasing the (000l) 

lattice plane distance. The band gap of these films is Al2O3 > V-rich V-Al-O > Cr-rich 

Cr-Al-O > Cr2O3 > V-rich V-Cr-O / V2O3. It is the first time to investigate the band gap 

of V-Al-O and V-Cr-O systems. There is a trend that the films with better epitaxial crystal 

quality possess lower band gap value. 

Material properties depend on the microstructure. Understanding the microstructure de-

pendent on the deposition condition and the composition of the film is very important, 

which gives a guidance to control the film crystal quality and the properties which is 

benefited for applications. This work develops the iso-structure system for epitaxial film 

growth from binary to ternary, and the systematics can be applied to even higher systems 

like Al-Cr-V-O. 
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