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THE CLAIM OF THE THESIS 

This thesis demonstrates that the optical, mechanical, and tribological properties 

of chromium oxide thin films, synthesized by atomic layer deposition (ALD) 

using the novel chromium precursor of Cr(thd)3, can be systematically engineered 

by controlling the composition of ternary (Cr,Me)2O3 films,  where Me = Ti, Al, 

Hf. The work establishes ALD processes through precursor selection and para-

meter optimization, and shows that compositional control enables targeted tuning 

of film structure and functional properties. It further claims that the choice of 

substrate can affect film structure, mechanical and optical performance, and in 

the case of ternary (Cr,Al)2O3, and (Cr,Ti)2O3 films, the thermal phase composi-

tional stability is remarkably increased compared with that of binary Cr2O3. 

Overall, this work establishes a pathway to engineer ALD-grown ultra-thin films 

with tailored properties that are not achievable in binary-component Cr2O3 films, 

thereby expanding their industrial applicability. 
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1. INTRODUCTION 

Chromium (III) oxide (Cr2O3, with mineral name eskolaite) is a multifunctional 

ceramic material that has attracted attention for a wide range of protective and 

electronic applications because of its unique combination of outstanding 

mechanical, chemical, and multifunctional electronic properties. Bulk Cr2O3 is 

among the hardest oxides (reported hardness up to ~ 44.7 GPa) and exhibits high 

wear resistance, low friction, and excellent corrosion resistance, making it an 

excellent candidate for protective and tribological coatings [1,2,3]. At the same 

time, Cr2O3 is a p-type semiconductor [4,5] with useful magnetoelectric responses 

[6], and its optical and magnetic [7,8] characteristics make it promising for 

application in magneto-optical components, spintronics, non-volatile magneto-

electric memory devices, MEMS, and integrated device architectures [6,9–12].  

Considering these applications, the effort on tailoring properties of Cr2O3 thin 

films has continued to meet the technological demands. For instance, the optical 

bandgap and magnetic response must be adjustable for magneto‑optical and 

spintronic technologies [6–9], strong adhesion together with compatible thermal 

expansion [13] is essential when Cr2O3 serves as an interlayer, or diffusion barrier 

[13,14], or hard coating serving as a surface protection layer [2,3,12,15]. This has 

motivated continued research on precise deposition and chemical modification of 

Cr2O3-based films. 

One powerful route to property engineering is the creation of ternary (and co-

doped) chromium-oxide films. Introducing selected cationic or anionic dopants 

or forming Cr-Me-O ternaries permits deliberate tuning of carrier concentration 

[16], bandgap [17–19], mechanical [20], corrosion resistance [21], and barrier 

performance [22].  

Atomic layer deposition (ALD) is particularly well suited to address these 

challenges because it enables atomic-scale thickness control, conformal coverage 

over complex geometries, and precise doping/stoichiometry control, all essential 

for device integration [23–26]. ALD chemistry for Cr2O3 has been shifted from 

early processes based on chromyl chloride (CrO2Cl2) [27], being a Cr(VI) pre-

cursor with high environmental and health concerns, toward Cr(III) β‑diketonate 

precursors [28] in combination with strong oxidants (e.g., O3). This transition 

reduces reliance on Cr(VI) halide precursors but still does not eliminate whole 

process hazards, because reactive oxidants and volatile reaction products 

(including ligand‑derived organics and potentially corrosive species in halide-

based chemistries) still require appropriate handling [29].  

This thesis investigates how ALD enables us to synthesize multicomponent 

films with controlled elemental composition and how the elemental composition 

variation could influence the mechanical properties, optical performance, and 

thermal stability of the oxide thin films. 
 

 

 

11



 

2. BACKGROUND 

2.1. Thin films prospective applications and deposition 

The term of thin film refers to a thin layer of material that extends infinitely along 

any two directions, but is restricted along the third direction, and its thickness 

varies from a fraction of a nanometer to a few micrometers [30]. These films are 

routinely employed to alter surface characteristics of bulk materials or to create 

functional components or devices [30–32]. Bulk materials (i.e., films with a 

thickness of several microns or more) have fixed physical and chemical proper-

ties; however, when thickness reduces beyond a certain limit, the characteristics 

of the films begin to change drastically, enabling the achievement of unique 

properties. The thickness and structure of the films influence their various 

properties and performance [31–33]. The idea of thin films development back to 

the development of low-cost photovoltaics, and since the 1960s, thin-film techno-

logies began to be implemented on an industrial scale for semiconductor and 

reflective applications [34]. Nowadays, thin film materials have been studying 

and considering for optical [35,36]; magnetic [37,38]; electrical [39,40]; thermal 

barrier layers [41–43]; chemical resistance [44]; sensor [45–47]; and protective 

[48,49] applications. A thin film forms when a material is grown on a solid 

substrate by controlled condensation of atomic, molecular, or ionic species by 

physical deposition or chemical deposition techniques (Figure 1). Physical 

deposition methods cover the techniques of thermal growth of solid films 

involving vaporization or sputtering of materials from a source while the 

chemical deposition methods result in the formation of thin films on a solid 

substrate by reaction of chemical constituents. The various methods of thin film 

fabrication have been mentioned in the form of a flowchart in Figure 1. Based on 

the needs, characteristics, and application of the films, the deposition technique 

can be selected [50].  

Figure 1. Category of various methods of thin film fabrication.  

 
 
                                    
 
 
 
 
 
 
 
 

Physical vapor deposition 
(PVD) [51] 
Pulsed laser deposition  
(PLD) [52] 
Molecular beam epitaxy  
(MBE) [53,54] 
Electron beam evaporation 
(EBE) [55] 
Thermal evaporation  
(TE) [56] 

High power impulse magnetron 
sputtering (HiPIMS)[57] 
Unbalanced DC magnetron 
sputtering [58] 
Direct current (DC) magnetron 
sputtering [59] 
Radio frequency (RF) magnetron 
sputtering [60] 
Reactive gas (RG) magnetron 
sputtering [61] 

Chemical vapor deposition  
(CVD) [62] 
Plasma enhanced CVD [63] 
Metal-organic CVD [64] 
Laser induced CVD [65] 
Atomic layer deposition  
(ALD) [27,66,67] 
 

Electroplating [68] 
Spray pyrolysis [16] 
Sol gel [69] 
Spin coating [70] 
Hydrothermal [71] 
Co-precipitation [72] 
 

Thin Film Deposition 

Physical Deposition Methods Chemical Deposition Methods 

Physical vapor deposition (PVD) Sputtering Chemical vapor deposition (CVD) Wet deposition 
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2.2. Chromium oxide films, their prospective properties 

and applications 

The transition metal oxides (TMOs) are compounds consisting of oxygen atoms 

bound to transition metals (Cr2O3, CuO2, TiO2, ZrO2, etc). Their distinctive 

magnetic, optical, and electrochemical behaviors make them suitable for a variety 

of applications, including catalysis and energy storage [73].  

Among these oxides, chromium oxides with the general chemical formula of 

CrxOy, belonging to the family of transition metal oxides, have attracted much 

interest in the past decade due to their unique properties and wide range of 

applications. Chromium (Cr) is known to exist in different valence states (+1, +2, 

+3, +4, and +6) and form various oxides like CrO, CrO2, CrO3, Cr2O, Cr2O3, Cr3O, 

Cr3O4, Cr3O8, Cr5O12, and Cr8O21 [74,75]. There are a large number of oxide phases 

of chromium such as Cr2O, CrO, CrO2, Cr2O3, Cr3O4, Cr8O11. Thermodynami-

cally, the most stable in this list is rhombohedral α-Cr2O3 with the mineral name 

eskolaite (hexagonal cell parameters: a = 4.9570 Å, c = 13.5923 Å, Figure 2) [76].  

Eskolaite is a technologically important material owing to the convergence of 

a variety of mechanical, physical, and chemical properties that offer interesting 

opportunities for both fundamental research and technological applications.  

 

 

Figure 2. Unit cell model of rhombohedral α-Cr2O3 (made by the VESTA program [77]).  

 

Eskolaite is one of the hardest transition metal oxides, showing hardness values 

from 25 to 44.7 GPa [1–3]. It has low friction coefficient and high wear resistance 

[1,15], high melting point (~2435 C [74]), corrosion resistance [78], exciting 

magneto-electric [6], ferromagnetic, antiferromagnetic, flexomagnetic [8], and 

catalytic properties [79]. α-Cr2O3 offers interesting magnetoelectric properties in 

its various forms. Intrinsically, Cr2O3 exhibits antiferromagnetic characteristics, 

where Cr3+ ion moments are aligned antiferromagnetically with their spins 

parallel to the rhombohedral c axis below the Neél temperature of ca. 307 K 

[80,81]. However, this antiferromagnetic character in α-Cr2O3 can also be tuned 
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to weak ferromagnetism [82] and even superparamagnetic, where a better degree 

of control in size and magnetic anisotropy distribution can be effectively achieved 

[83,84]. Besides tunable magnetic behaviour, Cr2O3 also showed efficient electric 

transport properties. Despite its intrinsic insulating nature, Cr2O3 is considered as 

a good p-type conducting oxide with a bandgap of ~3 eV, showing that its con-

ductivity values can be tuned to 1∙10–2 to 2.5∙10–3 S cm–1 based on growth con-

ditions [5]. These properties have made this transition metal oxide a good candi-

date for protective coatings in tribological applications [12,85], gas sensors [11], 

solar energy absorbers [86], corrosion-resistant applications in magnetoelectric 

random access memories and THz spintronic devices [9,10]. Chromium oxide 

coatings have been developed for the protection of the tape-bearing surface of the 

digital compact cassette (DCC) [15]. Considering the wide range of applicability, 

different techniques have been used for the development of Cr2O3 thin films 

(Figure 1).  

 

2.2.1. Mechanical properties of chromium oxide films 

The previous reports demonstrate that the Cr2O3 thin films possess a high 

hardness and moduli [20,85,87–90], as can be observed in Table 1, however, 

variations in microstructure, film density/porosity, and composition, chromium 

oxide coatings can lead to different values. For instance, Mohammadtaheri et al. 

reported a hardness of ~29.7 GPa for Cr2O3 coatings deposited by reactive mag-

netron sputtering, attributed to dense microstructure and stoichiometric single-

phase of Cr2O3 coatings [1]. In contrast, obtained hardness values of ~36 GPa for 

chromium oxide film; however, for the films that unreacted Cr existed, relying 

on the XRD results, decrease in hardness values were observed. Because the 

hardness of Cr metal is obviously lower than that of the α-Cr2O3 phase, the 

unreacted Cr leads to the lower hardness of the films [2].  

Similarly, Huang et al. demonstrated high hardness of 44.7 GPa, due to 

improved crystallinity and formation of α‑Cr2O3 [3]. The importance of the Cr2O3 

stoichiometry was even more pronounced in the case of oxygen-deficient (Cr‑rich) 

films exhibited reduced hardness of ~16–18 GPa due to higher defect density and 

porosity [15,87]. Seems that the most common range of hardness of relatively 

thick (from several hundred nanometers to micrometer) film containing eskolaite 

phase remains approximately at 30 GPa. Besides the films with thickness values 

in the range of several micrometers, the atomic layer deposited chromium oxide 

coatings with thickness values of 147 nm showed hardness of ~22.5 GPa and 

modulus of ~200 GPa [66], and the 80 nm films in another report showed the 

hardness value of 19 GPa [89]. Overall, the highest mechanical performance of 

chromium oxide is associated with dense, highly crystalline, near‑stoichiometric 

α‑Cr2O3, while lower values arise from poor crystallinity, sub‑stoichiometric com-

position, or insufficient energy during deposition, as discussed above. Tribo-

logical test results exhibited that Cr2O3 coated substrates possessed better wear 

resistance under sliding wear test conditions, which can be related to the high 

hardness of the surface, and low coefficient of friction [15,87]. 
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Table. 1 Different hardness and moduli values of chromium oxide films reported pre-

viously. The full names of the methods are shown as presented in the original publication. 

The growth method of films Thickness H (GPa) E (GPa) Ref. 

reactive magnetron sputtering 1.5 μm 29.7 304.9 [1] 

arc ion plating – 36 300 [2] 

vacuum cathodic arc 1.4 μm 44.7 285 [3] 

rf-sputtering 200 μm 29.5 209 [15] 

ALD 147 nm 22.5 200 [66] 

RF reactive magnetron sputtering 1.8 μm 21 234 [85] 

reactively sputtering 100 nm 25 – [87] 

post-annealing of Cr 80 nm 19 175 [89] 

 

2.2.2. Optical properties of chromium oxide films 

Chromium (III) oxide (Cr2O3, eskolaite) thin films show a broad but consistent 

set of optical fingerprints in the UV–visible range, yet the reported numerical 

values of absorption band position vary substantially because the optical response 

depends strongly on growth route, crystallinity, defect chemistry, and post- 

deposition treatment. The following five bands are the most pronouncing and 

know: at 600 nm (~2.1 eV), 460 nm (~2.7 eV), 355 nm (~3.5 eV), and around 

250 nm (~5.0 eV) [91], while Karlsson similarly reported absorption around 

~2.1 eV and ~2.7 eV with an additional weaker feature near ~3.4 eV [92]. In 

stoichiometric Cr2O3, the prominent visible absorption bands around ~2.2 eV and 

~3.0 eV are commonly attributed to Cr+3 ligand-field (d–d) transitions [93]. 

Reported optical band gaps (Eg) for Cr2O3 films cluster in the 3eV range, but the 

literature contains both direct and indirect interpretations of the absorption edge 

depending on the film composition and the structural state. For materials treated 

as direct-gap semiconductors, hydrothermally synthesized Cr2O3 showed a direct 

band gap of ~3.2 eV obtained using a Tauc analysis [94]. In another study 

focusing on annealing effects, the direct gap was reported as ~3.18–3.26 eV 

before annealing and increased to ~3.32–3.38 eV after annealing at 500 °C, 

consistent with structural ordering, grain size increase, and defect reduction 

during heat treatment [95]. In contrast, several works interpret the absorption 

edge as indirect, especially for amorphous or partially crystallized films. For 

example, chromium oxide film deposited using the CVD technique displayed an 

indirect gap of ~2.95 eV for amorphous films annealed at 400 °C and ~3.2 eV for 

crystalline films annealed at 500 °C [96]. Similarly, evaporated Cr films oxidized 

to an amorphous oxide by annealing in air at 570 K were reported with an indirect 

gap of ~3.3 eV. The refractive index in the UV–Vis region was reported to fall in 

the range ~1.3–2.1, with visible-region values of ~1.6–1.9 before annealing and 

~2.2–2.4 after annealing, again suggesting that heat treatment increases optical 

density/ordering or reduces porosity and hydroxyl content [56]. For CVD films 

grown from chromium acetylacetonate, an indirect transition with 3.0–3.1 eV was 

reported, together with an additional absorption band near ~2.75 eV that is not 
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itself a band gap but a distinct optical feature [5]. For radio-frequency sputtered 

chromia prepared at different oxygen partial pressures, spectroscopic ellipso-

metry yielded a notably higher refractive index at 633 nm of ~2.20–2.76, together 

with a direct optical gap of ~3.7 eV [97]. Taken together, these reports indicate 

that “the Cr2O3 band gap” is best treated as a processing-dependent optical edge 

that can appear direct-like or indirect-like depending on film disorder, defect states, 

and the analysis modelling.  
 

 

2.3. Methods to improve properties of chromium oxide films 

2.3.1. Role of deposition parameters 

Finding the appropriate deposition parameters is one of the keys to developing 

films with desired properties. Different deposition process parameters, for 

instance deposition temperature (TG), process pressure, and oxygen flow rate, 

strongly influence the structure, adhesion, and other properties of the chromium 

oxide films [88,97,98]. For instance, Hones et al. showed that Polycrystalline 

films with a single α-Cr2O3 phase were obtained in the range between 15 and 25% 

oxygen in the sputtering gas at a TG value exceeding ~227 °C, exhibiting hardness 

values exceeding 30 GPa, with high adhesion. In addition to mechanical perfor-

mance, the optical response of sputtered chromium oxide (e.g., refractive index 

and absorption edge behavior) has also shown variability with deposition condi-

tions, reflecting changes in stoichiometry, crystallinity, and defect content [97]. 

Similar conclusions were emphasized by Mohammadtaheri et al., showing that a 

dense stoichiometric Cr2O3 structure is responsible for the hard chromium oxide 

coating, and depositing hard Cr2O3 coatings is a highly critical task, requiring 

optimization of deposition parameters [99]. For atomic layer deposition (ALD), 

process optimization extends beyond TG to include the choice of metal precursor 

and co-reactant as well as the pulse and purge durations, because these parameters 

govern surface saturation, impurity incorporation, growth rate, and ultimately 

film structure and adhesion [27,67]. For instance, Tarre et al. demonstrated that 

stoichiometric Cr2O3 films with a low impurity level can be grown from CrO2Cl2 

and CH3OH in the self-limited ALD mode at TG up to 420 °C. At higher TG, 

decomposition of CrO2Cl2 caused marked deviations from the self-limited growth, 

and at lower TG (<330 °C), the precursors were insufficiently reactive for achieving 

an acceptable growth rate. Together, these examples illustrate that the final pro-

perties of chromium oxide films are tightly coupled to the process window, and 

the desired performance requires controlling of deposition parameters rather than 

relying on nominal chemistry alone. 

 

2.3.2. Post-deposition thermal treatment 

Post‑deposition thermal treatment (annealing) is widely reported as an effective 

strategy for tailoring the structure-property relationships of chromium oxide thin 

films. In general, the literature indicates that amorphous Cr-O films tend to exhibit 
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lower hardness and elastic modulus, whereas films that become crystalline after 

appropriate heat treatment often show improved mechanical performance. For 

instance, it was found that the amorphous chromium oxide film deposited at 150 °C 

in pure argon has a hardness of 21 GPa, increased to 25 GPa upon crystallization 

by annealing at 300 °C [87]. Because annealing simultaneously modifies multiple 

microstructural factors such as crystallinity, defect density, residual stress state, 

and grain size, both annealing temperature and duration must be carefully con-

trolled. In particular, although crystallization can strengthen the film, annealing 

may also reduce hardness if it promotes stress relaxation and significant grain 

growth, since elevated temperatures increase diffusion and grain‑boundary 

mobility. These competing effects have been discussed in several studies 

[87,88,99]. For instance, the hardness of Cr2O3 films decreased from 25 GPa to 

16 GPa by increasing annealing temperature from 300 to 700 °C. Annealing also 

strongly affects the optical and functional (e.g., sensing) properties of chromium 

oxide films. For optical behavior, it has been reported that the as‑deposited films 

can exhibit very low transmittance, which may improve after annealing due to 

changes in phase composition, defect states, and film densification [100]. An 

increase in the annealing temperature of Cr2O3 from 350 to 450 °C has initiated 

the increase of grains from a diameter of 30 to 130 nm, accompanied with the 

electrical resistance of the film. Importantly, annealing can also be used to tune 

surface reactivity and thus gas‑sensing selectivity, because adsorption sites, grain 

boundaries, and defect chemistry change with thermal history. For example, the 

highest response to NH₃ was reported for Cr2O3 films annealed at 450 °C, whereas 

films annealed at 400 °C showed stronger response to toluene vapors, and films 

annealed at 350 °C exhibited better sensitivity to NO₂ and acetone vapors [101]. 

These results highlight annealing as a powerful but not universally beneficial 

post-treatment: it can enhance crystallinity and optical transparency, yet may also 

reduce hardness through stress relaxation and coarsening, making optimization 

of annealing conditions essential for any targeted Cr2O3 thin film application. 

 

2.3.3. Doping and formation of ternary compound films 

Converting the binary Cr-O type of Cr2O3 to ternary Cr-Me-O type of compound 

could offer new opportunities for tailoring the properties of this material. For 

example, formation of ternary films of Cr-Zr-O type has resulted in increasing its 

hardness up to 40 GPa (ranking to a superhard type of film) by preserving this 

value at high temperatures up to 500 °C [20]. In addition to mechanical durability 

improvement, doping with different elements was a successful method to provide 

different n-type or p-type conductivity, an increase in transmittance in visible 

light, and changing of optical band gap behavior [16,102–105]. For instance, 

decrease in direct optical band gap energy from 2.92 eV to 2.6 eV was observed 

with an increase in Cu content. UV–Vis absorption and Tauc’s plot showed a red 

shift in the optical bandgap of pristine Cr2O3 from 2.85 eV to 2.75 eV when it is 

doped with Ni [103]. A ternary Cr-Al-O film deposited by the cathodic arc method 

displayed high absorptance of 0.924, thermal stability, and solar selectivity 
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performance, making the film a promising candidate for high‑temperature photo-

thermal conversion [105]. The list of ternary chromium oxide films using dif-

ferent elements, by different deposition techniques, has been collected in Table 2, 

including a list of properties that these films displayed.  

 
Table 2. List of published ternary component oxide films containing Cr. 

Ternary 

composition 

Deposition 

technique 

Structure and properties Ref. 

Cr-Zr-O  RF sputtering H ≥ 40 GPa, stable up to 500 °C.  [20] 

Cr-Al-O  cathodic arc ion 

plating 

high absorptance 

solar selectivity of 0.919/0.225. 

[105] 

Cu doped 

Cr2O3 

sol-gel  reduction of direct Eg from 2.94 to 2.51 eV.  [18] 

 Ti-Cr-O   sputtering H = 30.9 ± 4.9 GPa, corrosion-resistant. [21] 

CuxCrO2 spray pyrolysis p-type transparent conducting. [106] 

TiO2:Cr chemical bath 

deposition  

direct transition Eg decrease from 3.26 to 

3.14 eV. electrical conductivity. 

[107] 

Cr2O3–TiO2 flame spraying H= 9.1 GPa, wear resistant improvement. [108] 

Cr2O3-

25%TiO2 

plasma spray H = ~9.2 GPa. [109] 

Ti-doped Cr2O3 PLD weak ferromagnetism at RT. [110] 

Ni-Doped 

Cr2O3 

sol-gel 90% of transmittance in visible light,  

direct transition Eg = 2.71 to 2.85 eV . 

[111] 

Cr-doped SnO2 spray pyrolysis n-type conductivity direct transition Eg 3.49–

3.68eV. 

[102] 

Cr-doped TiO2 

 

D.C. sputtering  indirect transition Eg decrease to 2.91 eV 

(3.27 eV for TiO2). 

[104] 

(Al1–xCrx)2O3 cathodic arc 

evaporation 

H = ~11 to 23 GPa, E = 190 to 375 GPa. [112] 

(Cr,Al)2O3 DC sputtering H = 24–27 GPa , E = 190–230 GPa. [113] 

Cr2O3–Al2O3 

composite 

atmospheric 

plasma spraying 

improving wear-resistance compared with 

Cr2O3. 

[114] 

Al2O3:Cr2O3  RF sputtering sensitivity to ammonia gas at room 

temperature. 

[115] 

Ni2+-doped 

Cr2O3  

co-precipitation direct transition Eg from 2.85 (Cr2O3) to 2.75 

eV. 

[103] 

 

Cr-O-N cathodic arc 

evaporation 

H = 19 to 30 GPa and wear resistant. [116] 

Cr-V-O RF sputtering H = 38 GPa for corundum structured film. [117] 

Al-Cr-O cathodic arc 

evaporation 

hydrogen permeation barrier properties. [118] 

(AlxCr1–x)2+yO3–y cathodic arc 

evaporation 

H = 26–30 GPa. [119],

[120] 

Mg-doped α-

Cr2O3 

polymer precursor 

method 

chromo-resistive controlled by Cr⁶⁺/Cr³⁺ 

ratio. 

[121] 
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2.4. ALD of chromium oxide films, used precursors, 

and properties 

ALD technique has been considered for deposition of chromium oxide films for 

mostly as hard [66], high-temperature stable [II]1, corrosion-protective [122] and 

semiconductor films [123] in various microelectronics, micro electromechanical 

(MEMS) or nanoelectromechanical (NEMS) systems and advanced tooling appli-

cations [27,67,122]. A list of used Cr precursors in combination with an oxygen 

source, TG, structural and properties of the films has been listed in Table 3.  

 
Table 3. List of the previously published chromium oxide ALD precursors. 

Cr precursor Oxidant TG Film characteristics Ref. 

Cr(acac)3  O3 300 °C  affective barrier protection against 

alkaline and chloride 

[122] 

Cr(acac)3  O3 300 °C Excessive O3 exposure reveals a linear 

etching mechanism. 

[67] 

CrO2Cl2  CH3OH 330–420 °C CrO2Cl2 decomposition at TG>420°C. [27] 

CrO2Cl2  CH3OH 420 °C H=22.5 GPa, E = 200 GPa [66] 

CrO2Cl2 CH3OH 375 °C chemical stable. [124,125] 

CrO2Cl2 H2O ~100–180 °C chromium oxide bottom layer enhanced 

metal–substrate adhesion. 

[126] 

Cr(acac)3  O3 240–270 °C p-type semiconducting CuCrO2 films 

Eg=3.09 eV.  

[123] 

Cr(thd)3 O3 225, 275 °C α-Cr2O3 seed layer for α-Al2O3 growth. [28] 

 

Various inorganic and organometallic metal precursors together with ozone, 

water and hydrogen peroxide have previously been used to synthesize Cr2O3 by 

ALD. Some of these precursors like CrO2Cl2, being one of the often-used pre-

cursors for chromia, is toxic, since hexavalent chromium similar with other toxic 

heavy metals has the ability of contamination and issue in marine environment, 

considering the toxic effects on animal health and other organisms in the aquatic 

environment [127–129]. Considering this, it is preferred to replace precursors 

with 3+ oxidation state of Cr to have more environmentally friendly deposition 

process. Additionally, previous studies have reporting problems relating to chlorine 

contamination when CrO2Cl2 with CH3OH or H2O have been used to growth 

Cr2O3 by ALD [27,130]. Thus, chromium acetylacetonate (Cr(acac)3) and tris 

(2,2,6,6 tetramethyl heptane 3,5 dione) chromium (III) (Cr(thd)3) can be con-

sidered as alternatives to overcome these problems. The growth of chromium 

oxide films with eskolaite structure using (Cr(acac)3) and O3 has been reported 

previously at TG of 300 °C, resulting in films with Cr+3 oxidation state according 

 

1  In the following the references denoted with Rome numbers refer to the original publi-

cations of this thesis listed in chapter “ORIGINAL PUBLICATIONS and AUTHOR 

CONCRIBUTION” 
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to the XPS analysis with no measurable carbon impurity [67], while the ALD of 

the 9–20 nm thick Cr2O3 film as seed layer for deposition of α-Al2O3, was reported 

at substrate temperature of 225 °C from Cr(thd)3 and O3.  

 

 

2.5. Reported ALD ternary Cr-Me-O films by today 

The number of studies on ternary chromium oxide containing films grown by 

ALD is limited. Table 4 summarizes previously used precursors in the ALD of 

these ternary film compositions and the structural and characteristic changes in 

the films. However, as discussed in Section 2.3.3, doping and formation of the 

different heterostructures can be the way for tailoring the mechanical, optical and 

electrical properties of chromia, thereby expanding its application possibilities. 

Therefore, given the precise control over thickness and composition that ALD 

offers for ternary thin films, more studies are needed. For instance, CrCuO2 films 

grown by ALD using (Cu(thd)2) and Cr(acac)3) as the metal precursors, with 

ozone as oxygen source, showed p-type semiconducting behavior with direct 

bandgap value of 3.09 eV and visible light transmittance above 75% [123]. This 

performance is slightly higher than transmittance range of 32–75% for CuCrO2 

films fabricated by sol–gel technique [131,132].  

 
Table 4. Summary of published studies on ternary oxide films containing Cr.  

Film  Precursors used TG (°C) Structure  Ref. 

CuCrO2 [(Cr(acac)3-O3]+ 

[(Cu(thd)2-O3] 

240–270 • amorphous  [123] 

TiO2–Cr2O3 

nanolaminate 

[TiCl4-CH3OH]+ 

[CrO2Cl2-CH3OH] 

375  • rutile phase on sapphire 

• anatase on Si 

[124] 

Cr–Ti–O [TiCl4-CH3OH]+ 

[CrO2Cl2-CH3OH] 

420  • α-Cr2O3  [125] 

(Cr,Al)2O3 [Cr(thd)3-O3] +[TMA-O3] 275  • X-ray amorphous [I], [V] 

(Cr,Ti)2O3 [CrO2Cl2-CH3OH] 

+[TiCl4-H2O] 

275  • α-Cr2O3  [IV] 

 

2.6. ALD of TiO2, Al2O3, HfO2, their prospective properties 

and applications 

Films of titanium dioxide (TiO2), aluminum oxide (Al2O3), and hafnium oxide 

(HfO2) are among the most extensively studied oxides for deposition by atomic 

layer deposition (ALD). Their properties have been described previously in a 

review made by Ponraj et al. [133]. Therefore, in this work, only the list of the 

most important properties of those oxides is included. 

Aluminum oxide (Al2O3) is a widely used ceramic material known for its 

excellent wear resistance, high mechanical hardness, broad optical transparency, 
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and strong diffusion-barrier performance. The most often observed polymorphs 

of crystalline Al2O3 are α-Al2O3 (corundum, a = 4.757 Å, c = 12.987 Å, PDF Card 

No. 71-3646), γ-Al2O3 (a = 7.9 Å, PDF Card No.10-0425), and ŋ-Al2O3 

(a = 7.914 Å, PDF Card No. 79-1557). The 3D models of unit cells of these 

crystal structures are shown in Figure 3. With its wide band gap and reliability as 

an insulating oxide, Al2O3 has been used as a high-permittivity (high-k) com-

ponent in metal-oxide–semiconductor (MOS) gate stacks [134]. These charac-

teristics make Al2O3 suitable for protective and barrier layers, microelectronic 

device architectures, energy-storage systems, and optical components [134–136]. 

 

Figure 3. Unit cell models of the (a) rhombohedral α-Al2O3 (PDF Card No. 71-3646), (b) 

cubic γ-Al2O3 (PDF Card No.10-0425), and (c) cubic η-Al2O3 (PDF Card No. 79-1557) 

phases.  

 

Titanium dioxide (TiO2) is similarly recognized as a high-k dielectric and stands 

out as one of the most promising photocatalytic materials. Its chemical stability 

and effective barrier properties, combined with strong photocatalytic activity, 

make TiO2 highly attractive for environmental remediation, pollutant degra-

dation, and solar-energy applications. Two mostly observed crystalline phases for 

titanium dioxide are anatase (a = 3.77 Å, c = 9.42 Å, PDF Card No. 01-075-2552) 

and rutile (a = 4.593 Å, c = 2.959 Å, PDF Card No. 21-1276), as illustrated by 

the models of unit cells in Figure 4. TiO2 plays an important role in photovoltaic 

technologies and water-splitting devices, and it is widely investigated for self-

cleaning surfaces, biomedical sensing, and optical coatings [137–139].  
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Figure 4. Unit cell models of tetragonal crystal structures of a) anatase (PDF Card No. 01-

075-2552), b) rutile phases of TiO2 (PDF Card No. 21-1276).  

  

Hafnium oxide (HfO2) is distinguished by its high dielectric constant (k ≈ 25), 

wide band gap (Eg ≈ 5.7 eV), excellent thermal and mechanical stability, low 

leakage current, high breakdown field (3.9–6.7 MV/cm), and broad optical 

transparency spanning from the ultraviolet (UV) to the infrared (IR) region. These 

properties have driven significant interest in HfO2 for use as a high-k dielectric in 

advanced electronic devices and as a low-loss optical material in UV optics. HfO2 

is widely applied in electronics and optoelectronics, for example MEMS, where 

it serves as a high-permittivity insulating layer that reduces electro-resonator gaps 

and enhances capacitive electromechanical coupling [140–143]. The most com-

monly observed crystalline phases of hafnium dioxide are monoclinic (a = 5.25 Å, 

b = 5.18 Å, c = 5.12 Å; PDF Card No. 6-0318) tetragonal (a = 3.5775 Å, 

c = 5.1996 Å; PDF Card No. 01-078-5756), and cubic (a = c = 5.0950 Å; PDF 

Card No. 53-0560) structures, as illustrated by the 3D unit cell models shown in 

Figure 5. 

 

Figure 5. Unit cell models of a) monoclinic (PDF Card No. 6-0318), b) tetragonal (PDF 

Card No. 01-078-5756), and c) cubic (PDF Card No. 53-0560) phases of HfO2.  
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3. RESEARCH GAP IN ALD OF TERNARY CR-ME-O FILMS 

As mentioned in chapter 2, chromium (III) oxide (α-Cr2O3, eskolaite) is an 

industrially crucial material, especially in the field of microelectronics, but it is 

limited in real-world use. Fabrication of ternary Cr-Me-O thin film materials 

would be one possibility to solve existing issues. However, the field lacks a 

systematic studies investigating ALD from binary Cr2O3 to ternary Cr-Me-O thin 

film materials with improved and tailorable chemical composition, structural, 

mechanical and optical properties. The number of published studies on ultra-thin 

ternary chromium-containing oxides grown by ALD remains small, especially 

when taking into account the need to move away from chromium (VI) based 

chemistries toward chromium (III) precursors. 

This thesis addresses these gaps by establishing a materials engineering 

framework for ternary chromium oxides through doping and mixing strategies to 

tailor film properties, using designed supercycles for composition control and 

examining composition–structure–property relationships in the films. By 

engineering (Cr, Me)2O3 type compositions, ultra-thin chromia films can be used 

at higher temperatures together with higher wear resistance and a tunable optical 

band gap, not achievable in binary Cr2O3 thin films.  
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4. RESEARCH OBJECTIVES 

The first goal of this research was to understand how the mechanical, tribological, 

optical properties, and thermal stability of the Cr2O3 thin films, synthesized by a 

novel precursor combination, (tris (2,2,6,6 tetramethyl heptane 3,5 dione) 

chromium (III) (Cr(thd)3)) and ozone O3, depend on process parameters of ALD. 

Secondly, to investigate whether it is possible to tune the mechanical and 

optical properties and increase the thermal stability of the chromium oxide by 

doping and mixing it with TiO2, Al2O3, and HfO2.  

Finally, the effect of the substrates, including single crystals of Si (100),  

α-Al2O3 (001), α-Al2O3 (012), and amorphous SiO2, on the film structure and pro-

perties was investigated.  

The research aimed to create a comprehensive study about the engineering and 

architecture of binary and ternary chromium-containing oxide films to introduce 

more mechanically and thermally durable coatings with adjustable optical perfor-

mance, considering the benefits of sustainability and economic efficiency by 

extending the service life of applications.  
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5. METHODS 

5.1. Atomic Layer Deposition 

Atomic layer deposition (ALD) has emerged as a crucial thin film deposition 

technique for applications in nanoelectronics, catalysis, and other fields, owing 

to its high conformality on 3D nanostructured substrates and its precise, atomic 

level control over the film thickness [23]. The method is based on self-limiting 

gas solid reaction between two or more gaseous precursors and a solid substrate 

[25]. Deposition of the thin film takes place layer by layer it means vapors of 

precursor chemical are introduced sequentially with the purge steps between to 

remove excess reactants and by-products. The experimental parameters such as 

TG, reactant pressures, their exposure duration, and the lengths of the purging time 

are adjusted to ensure self-limiting surface reactions, leaving only chemisorbed 

species on the surface. Under these conditions, the film growth is self-limiting, 

ensuring that uniform films with excellent conformality can be deposited even 

onto complex-shaped large area substrates, and film thicknesses can be accurately 

controlled simply by controlling the number of reaction cycles [133].  

In applications like catalysis, energy storage, and photovoltaics, there is 

increasing interest in more complex materials such as doped, ternary, and 

quaternary materials. Because ALD controls growth at the atomic level, it enables 

the fabrication of homogeneous multicomponent and multilayer thin films by 

depositing atomic layers of different materials in a controlled sequence [23].  

The most common approach for the synthesis of a doped or ternary material 

by ALD is to alternate between several cycles of two binary ALD processes in a 

so-called supercycle. By performing k cycles of binary process ACx and l cycles 

of binary process BCy, a ternary ABwCz film can be deposited, where C is a non-

metal atom (e.g., O, N). This approach allows for the tuning of the composition 

by choosing a certain cycle ratio of k/(k + l).  

A key challenge of the supercycle approach in ALD is that the individual 

binary processes typically must share overlapping temperature windows. Other-

wise, decomposition or insufficient reactivity leads to non-ideal growth. Advances 

in reactor designs with rapid thermal control may enable different temperatures 

for individual cycles. However, homogeneous mixing of the deposited materials 

is not guaranteed [23]. The dopant atoms may be spaced too far apart in the 

direction normal to the film surface, or one cycle of the dopant ALD process may 

result in too high a density of dopant atoms in a given lateral plane. To overcome 

these issues, the selection of a small enough bilayer period is essential to ensure 

optimal dopant distribution throughout the film [23]. 

Alternative approaches to the synthesis of ternary films are to co-inject the 

precursors by pulsing the two precursor vapor streams into the reaction chamber 

together. Even two precursors can be dissolved in a specific ratio in a solvent and 

then injected. This results in an adsorbed monolayer containing two different 

precursor molecules, which is converted into a mixed multicomponent film by 

exposure to the co-reactant. The primary limitation of this approach is growth 
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governed by competitive precursor adsorption, where the ability of ALD in con-

formality coating and compositional uniformity is potentially lost if the partial 

pressures of the precursor gases are not perfectly homogeneous in complex archi-

tectures like trenches [23]. 

 

5.2. X-ray fluorescence 

 X-ray fluorescence spectrometry (XRF) is a rapid, non-destructive technique for 

qualitative and quantitative elemental analysis from B to U, with sensitivity in 

the range of 10–8 g. The truly multi-elemental character, acceptable speed and eco-

nomy, ease of automation, portability, and the possibility to directly analyse solid 

samples without prior acid digestion. For ultra-thin films (thickness ≤50 nm), 

XRF is particularly valuable because techniques such as EDS and SIMS often 

contain a substantial signal contribution from the substrate, which is difficult to 

exclude reliably. In XRF, the sample is irradiated with an intense incident X-ray 

beam. Some of the energy is scattered, but some is absorbed within the sample, 

leading to inner ionization, ejecting electrons from the lower energy levels 

(usually K and L), making the electronic structure of the atom unstable. The 

resulting vacancy is filled by an electron falling from a higher energy level, 

releasing the energy difference of the two orbitals involved as a photon. Because 

these photon energies are characteristic of each element, the emitted spectrum 

identifies the elements present. The term -fluorescence- is applied to phenomena 

in which the absorption of radiation at a specific energy results in the re-emission 

of radiation of a different energy. The intensity of the energy measured by 

detectors is proportional to the abundance of the element in the sample [144].  

 

 

5.3. X-ray diffraction and X-ray reflectometry 

Knowing of structural properties of a material is essential because the atomic 

structure is in tight correlating with the physical and chemical properties of the 

material. X‑ray diffractometry (XRD) is a standard method to determine structure-

related parameters (phase composition, crystal structure, lattice parameters, size, 

shape and preferential orientation of crystallites, internal stresses, and film thick-

ness). In crystalline materials, coherent (elastic/Rayleigh) scattering from periodi-

cally spaced atomic planes interferes constructively at specific diffraction angles 

(2θ), producing the diffraction pattern used for structure determination. The 

condition for constructive interference is given by Bragg’s law, 2dsin(θ)=λ, 

which relates the interplanar spacing (d) to the wavelength (λ) and the Bragg 

diffraction angle (θ) [145]. In laboratory instruments, Cu Kα1 (λKα1 = 0.154059 

nm, X-rays are monochromatized) or Cu Kα radiation (λKα = 0.15418 nm, a 

combination of Cu Kα1 and Cu Kα2 radiations, X-rays are not monochromatized) 

is commonly used [146]. Because X‑ray interaction with atoms is relatively weak, 

the penetration depth of X-rays in the material, which depends on X‑ray energy, 
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the sample’s absorption, and the incidence angle (α) of X-rays with respect to the 

sample surface, can reach several tens of micrometers. Therefore, when studying 

structure parameters of thin films and surfaces, a grazing‑incidence X-ray dif-

fraction (GIXRD) technique is often used that suppresses bulk contribution and 

enhances the weak surface diffraction signal [146,147].  

X-ray reflectivity (XRR) is a non-destructive technique used to characterize 

thin films. The strength of the XRR technique resides in the use of an X-ray beam 

with a very low angle of incidence ω (from near zero to ~2–3), making the method 

very sensitive to surface features due to the low penetration of the X-ray beam. 

Since it is independent of crystallinity, XRR can be applied to both crystalline 

and amorphous materials. The technique provides accurate information on film 

thickness, density, surface roughness, and interface roughness, making it a 

powerful tool for thin-film characterization [147]. 

 

5.3.1. Grazing incidence X-ray diffraction 

The GIXRD technique is suitable for studying phase composition, crystal struc-

ture, lattice parameters, crystallite size, and preferred crystallite growth orien-

tation of the thin films. In GIXRD, the angle α ranges from 0.1 to 1° The low 

incidence angle produces signals with higher intensity from the top layers of the 

sample as the beam length of the rays increases within these layers, which, in 

turn, increases the volume of the irradiated material. From GIXRD patterns 

recorded at different values of α, it is possible to obtain structural information at 

different depths of the sample [147–149].  

Anisotropic distribution of grain orientations in a material is referred as 

preferred orientation or texture. The texture status can be quantitatively 

characterized by the texture coefficient calculated using the intensities of XRD 

reflections as: 

 

 𝑇𝐶(ℎ𝑘𝑙) =

I(hkl)

I₀(hkl)

1

N
⅀(

I(hkl)

I₀(hkl)
)

 (1) 

 

where I (hkl) is the observed relative intensity, integrated over the whole area of 

a hkl reflection and I0
 (hkl) is the relative intensity of the same reflection either 

calculated for an ideal powder sample with structure parameters from the data-

base ICSD or taken from the corresponding data-card from PDF-2 database, N is 

the number of observed reflections and the sum is calculated over all observed 

reflections [150].  

Once positions, heights and areas of reflections are determined, an  

estimation of the crystallite size can be calculated using Scherrer’s formula,  

<D>v = λ / (βcos θ), where λ is the wavelength of the X-rays, β is the physical 

integral width of a diffraction reflection corrected by broadening of the 

instrumental peak (based on standard reference material LaB6, SRM-660) and  

θ is the Bragg angle of the reflection [151]. To obtain the intrinsic peak 
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broadening, β was corrected for instrumental broadening using the relation  

β2 = βexp
2 – βinst

2 [152]. 

 

5.3.2. High-resolution X-ray diffraction (HRXRD) and analysis 

of sample mosaicity 

The aim of high-resolution X-ray diffraction is to resolve as well as possible the 

diffraction peaks that are closely spaced diffraction pattern. This is achieved by 

reducing the angular divergence of the primary beam, the acceptance of the 

detector and monochromatizating of X-rays. Typically, a monochromator is 

employed to condition the incident beam, producing a highly collimated and 

nearly parallel, free from Cu Kβ and almost free from characteristic Cu Kα2 

component X-ray beam. For example, a two-bounce Ge (220) monochromator of 

SmartLab can reduce the instrumental resolution of the diffraction pattern to 

approximately 0.009°, while four-bounce Ge (440) monochromator of SmartLab 

increases the resolution down to 0.0015°1. 

The ω-scan (rocking scan) in a 2θ/ω geometry is commonly used to assess 

material quality, including defect density, film orientation, and epitaxial quality. 

This measurement is performed by fixing the detector at or near a Bragg reflection 

and rotating the sample around the ω-axis, or by synchronous and equidirectional 

rotation of the detector and X-ray tube arms around a stationary sample. Because 

the scan probes the crystallographic direction normal to the atomic planes, it is 

sensitive to variations in the orientation of these planes and to deviations from 

ideal crystal alignment. In highly oriented single-crystal materials, the intensity 

decreases rapidly as ω is varied away from the Bragg condition, resulting in a 

sharp peak. In contrast, powder samples or materials with random grain orien-

tation exhibit diffraction intensity over a wider ω scan range, since a large number 

of crystallites will satisfy the Bragg condition at almost any sample orientation. 

The full width at half maximum of the rocking curve (FWHMω) serves as an 

indicator of crystal alignment and epitaxial quality. The smaller FWHMω values 

correspond to stronger film orientation and high epitaxial quality, whereas larger 

values indicate a broader distribution of crystallographic orientations [147]. 

The in-plane measurement in X-ray diffraction is used to determine the crys-

tallographic orientation of a thin film parallel to the sample surface, i.e. how the 

crystal lattice is aligned laterally with respect to the substrate, rather than along 

the surface normal. While conventional 2θ/ω scans mainly provide information 

about the out-of-plane (growth direction) texture, in-plane orientation requires 

probing lattice planes that are tilted with respect to the surface normal, which is 

commonly achieved using an azimuthal phi (ϕ) scan. In this method, the diffracto-

meter is first positioned at fixed 2θ and ω angles corresponding to a specific off-

axis reflection, and then the sample is rotated around its surface normal over 360° 

while recording the diffracted intensity. The resulting ϕ scan reveals the rotational 

 

1  X-ray diffraction analysis of thin films. Training Textbook. Rigaku 2009, 176 page. 
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symmetry of crystallographic planes within the film plane: discrete peaks indicate 

a well-defined epitaxial in-plane alignment, while a continuous or broad intensity 

distribution suggests random in-plane orientation or fiber texture. By comparing 

the angular positions of the film and substrate peaks in the ϕ scan, the relative  

in-plane epitaxial relationship between film and substrate can be directly 

determined [147]. 

 

5.3.3. X-ray reflectivity (XRR) 

The XRR technique resides in the use of an X-ray beam with a very low angle of 

incidence α. The XRR measurement is performed by using θ/2θ scan at angles 

from near zero to 4 to 10° in 2θ (Figure 6), depending on the structure complexity. 

The parameters calculated by fitting the observed XRR pattern are the following: 

root-mean roughness (σ), thickness (t) and density 1(ρ) of the sample surface 

and/or every layer in the laminate-type thin films material. The typical t range 

that XRR can determine is from ~2 nm to ~300 nm (depending on the surface 

roughness and density gradients in the material) and σ can be determined in the 

range from 0.5 to 6 nm. The density of the sample surface, consisting just from a 

single element, can be calculated from αc, as ρ =K(αc)
2, where K=πA/(reλ

2NAZ),  

re is the classical electron radius, A is the atomic (molar) mass, Z is the atomic 

number, and NA is Avogadro’s number [147,148,153]. 

 

 

Figure 6. X-ray reflectivity pattern exhibiting relations between the features of the pattern 

and the parameters obtained by modelling of XRR patterns. 

 

 

5.4. X-ray absorption spectroscopy (XAS) and X-ray 

photoelectron spectroscopy (XPS) 

XAS is a technique that probes the local electronic and structural environment of 

a selected element by measuring its X-ray absorption as a function of photon energy 

near an absorption edge. When an X-ray excites a core electron, the resulting 

absorption features are divided into X-ray absorption near-edge structure 
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(XANES) and extended X-ray absorption fine structure (EXAFS). XANES is 

sensitive to the oxidation state, coordination geometry, and electronic structure 

of the absorbing atom, while EXAFS reports numbers, types, and distances to 

ligands and neighboring atoms from the absorbing element. The significant 

advantage of XAS over X-ray crystallography is that the local structural infor-

mation around the element of interest can be obtained even from disordered 

samples, such as amorphous thin films. An XAS spectrum is obtained by mea-

suring the modulation of the sample absorption coefficient as a function of the 

incident X-ray beam energy [154].  

XPS is a surface-sensitive characterization method based on the detection of 

electrons emitted from a material after irradiation with X-rays. By analyzing the 

kinetic energy of these photoemitted electrons, it is possible to determine both 

the elemental composition and the chemical environment of atoms present at or 

near the surface. The technique is particularly powerful due to its high surface 

specificity and its capability to distinguish different chemical states of the same 

element. XPS can detect all elements except hydrogen and helium, and it has been 

widely applied across a broad range of materials, including polymers, textiles, 

geological samples, and semiconductor systems, to investigate surface com-

position and chemistry [155]. 

 

 

5.5. Nanoindentation and wear measurements 

Mechanical properties of solid surfaces and thin films are important in a wide 

range of applications, including those requiring tribological performance. Among 

the mechanical properties, elastic–plastic deformation behavior, hardness, elastic 

modulus, scratch resistance, film-substrate adhesion, residual stresses, time-

dependent creep and relaxation properties, fracture toughness, and fatigue are the 

most interesting ones. Nanomechanical properties of thin films are commonly 

measured using depth-sensing nanoindentation techniques. During the inden-

tation process, the nanoindentation apparatus continuously monitors the applied 

load and the position of the indenter relative to the specimen surface, that is, the 

indentation depth or displacement. Indentation experiments can be carried out at 

penetration depths of only about 5 nm [156]. Oliver and Pharr in 1992 developed 

an analysis method for instrumented indentation tests that allows hardness and 

reduced elastic modulus to be determined from the unloading response, for the 

characterization of small-scale materials [157,158]. A schematic representation 

of a typical data set obtained with a Berkovich indenter by this method can be 

observed in Figure 7. The indentation load, (P), is applied to the sample, resulting 

in a displacement (h), relative to the initial undeformed surface. For modeling 

purposes, the deformation occurring during loading is assumed to consist of both 

elastic and plastic components, leading to the formation of a permanent hardness 

impression. During unloading, it is assumed that only the elastic displacements 

are recovered. This method cannot be applied to materials in which plasticity 
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reverses during unloading, while computational calculations confirmed that reverse 

plastic deformation is usually negligible. 

Several parameters allow us to determine the elastic modulus E and hardness 

H of the films. Pmax is the maximum load applied by the indentation tip, hf is the 

final depth of the indent, hmax is the maximum displacement achieved by the tip, 

and S is the contact stiffness; S=dp/dhh=hmax. represents the elastic recovery of the 

material during load removal and is commonly described using a power-law 

function; 𝑃(ℎ) = 𝛼 (ℎ − ℎ𝑓)𝑚 , where α and m are power-law fitting constants 

[157,158]. 

 

 

Figure 7. Load – displacement curve of a quasistatic nanoindentation measurement [157]. 

 

In this case, the hardness of the material is equal to the mean contact pressure, 

i.e. the ratio of the applied maximum load and projected area of the indent; 

 
 

𝐻 =  
𝑃𝑚𝑎𝑥 

(2) 
 𝐴(ℎ) 

 

The exact procedure is based on analysis of the unloading curve shown 

schematically in Figure 8. During the test, load and displacement are measured 

directly, and the hardness and elastic modulus are then calculated from the un-

loading response using the estimated contact area, A, and the indentation geo-

metry. The contact area depends on the geometry of the indenter tip, which may 

be spherical, conical, or pyramidal. In this work, the Berkovich tip is considered, 

which is three-sided pyramid with a face angle of 65.27°. 
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Figure 8. Schematic of the loading-unloading process under applied load, including para-

meters characterizing the contact geometry. 

 

The contact area function, A(h), defines the relationship between the projection 

of the contact area and the displacement of the tip in the sample. For the ideal 

geometry of this type of tip, the contact area function is 

 
 𝐴(h) = 24.5ℎc

2, (3) 

 

where hc is the contact depth calculated from the maximum indentation depth 

hmax, maximum load Pmax, and contact stiffness S, the value of displacement that 

includes both elastic and plastic deformation. hs in Figure 4 shows us the level of 

sink-in. The amount of sink-in depends on the applied load, stiffness of the 

material, and probe geometry. Assuming that pile-up is negligible, the elastic 

models show that the amount of sink-in, hs, is given by: 
 

 ℎ𝑠 =∊𝑃𝑚𝑎𝑥/S, (4) 

 

where ∊ is a constant that depends on the geometry of the indenter, and for 

Berkovich tip it is equal to 0.75. Thus, in this regard, hc can be calculated as 
 

 ℎ𝑐 = ℎ𝑚𝑎𝑥 −
0.75 𝑃𝑚𝑎𝑥

S
  (5) 

 

The elastic modulus is determined based on its connection to the contact area and 

the unloading stiffness that has been measured; 
 

 𝑆 =
2β𝐸𝑒𝑓𝑓√A

√π
 (6) 

 

Where Eeff is the effective elastic modulus calculated by 
 

 
1

𝐸𝑒𝑓𝑓
=

1−𝜈2

𝐸
+

1−𝜈𝑖
2

𝐸𝑖
 (7) 

 

The effective elastic modulus considers that both the sample (with Young’s 

modulus E and Poisson’s ratio 𝜈), and the indenter (with elastic constants Ei and 𝜈i) 

undergo elastic deformation. Furthermore, the stiffness S is calculated using a 

general relationship that does not depend on the specific shape or geometry of the 

indentation [157–159]. 
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In the Oliver–Pharr analysis, the contact area is determined from the contact 

depth hc, but this method does not consider the pile-up of material around the 

indentation mark, which is observed in many elastic–plastic materials. When pile-

up happens, the actual contact area becomes larger than the value predicted by 

the method. As a result, both the hardness and the elastic modulus are calculated 

as higher than their true values, sometimes by as much as 50%. This problem 

occurs because the contact depth is determined using an elastic contact analysis, 

which cannot properly account for pile-up [157–159]. 

 

5.5.1. Substrate effect on the thin film mechanical properties 

Indentation testing of thin films on substrates is challenging because the substrate 

affects the measured response. The indentation behavior of a film-substrate 

system is governed by a complex interaction between the elastic and plastic pro-

perties of both the film and the substrate, which makes isolating the film’s intrinsic 

mechanical properties difficult. According to the previous reports, the effect of 

the substrate hardness on the film hardness was negligible in the case of soft films 

on hard substrates because the plastic deformation was contained within the film, 

and the substrate yielded plastically only when the indenter penetrated the 

substrate [159,160]. But this is possible only when the true contact area can be 

calculated by accounting for the material that piled up around the indent. If the 

contact area is calculated with the Oliver–Pharr method, which ignores pile-up, 

the hardness appears to rise with indentation depth, which is considered a 

substrate effect. However, changes in hardness with indentation depth are not 

caused by pile-up alone, but may also result from surface roughness, substrate 

effects, and film damage such as cracking or delamination. When a hard film is 

deposited on a soft substrate, the substrate significantly affects the measured 

hardness of the film since the soft substrate begins to deform plastically even 

when the indentation depth is still smaller than the film thickness. Compared to 

hardness, measuring the elastic modulus of thin films by nanoindentation is much 

more affected by the substrate. This is because the elastic deformation caused by 

the indenter is not limited to the film; it extends deep into the substrate, especially 

when the film is very thin. As a result, even at small indentation depths (less than 

about 10% of the film thickness), the stiffness of the substrate influences the 

measured contact stiffness [160]. As a rule of thumb, indentation depths below 

approximately 10% of the film thickness are often used to minimize substrate 

influence. However, the accuracy of the measured hardness also depends on 

surface deformation effects such as pile-up or sink-in, which can affect the 

estimated contact area. 
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5.5.2. Nanowear measurements of thin films 

The nano-wear test is a nanotribological characterization method for evaluating 

the wear durability of thin films on the nanometer scale and nano/micro-Newton 

scale. Wear tests can be applied using the same tribo-indenter and Berkovich tip. 

A scanning wear test is performed by scanning an area a prescribed number of 

passes at an elevated setpoint and then measuring the height difference from the 

surrounding area to calculate the amount of material worn away (Figure 9). To 

measure wear performance, the wear scan area, indentation load, and number of 

wear scan cycles are adjusted in the program. Using the post-wear scanning probe 

microscope images and the TriboView program (Hysitron, Inc. 6.0.0.0), it is 

possible to calculate the height in the worn area and wear volume for the sample 

(equations 8 and 9). The apparent rough spikes in Figure 9 b are the result of  

Z-axis scaling in Gwyddion (version 2.71), and the actual surface is much 

smoother in reality.  

Figure 9. a) 2D post wear image to calculate wear volume. b) 3D post wear image of the 

thin film, where the inside and outside of the wear region can be clearly observed. 

 

The wear height (Wh) and wear volume (Wv) is calculated based on the post-wear 

topographic scanning probe microscope (SPM) images using the following 

formula 
 

 Wh = |Ho| – |Hi|, (8) 

 

 Wv = S × Wh , (9) 

 

where Ho is the average height of the area outside the wear region (as shown in 

Figure 9), and Hi is the average height of the area inside the wear region (Figure 9) 

and S is the area of the wear scan size. Before these calculations, background 

subtraction in TriboView is applied to remove any overall tilt or large-scale 

curvature from the post-wear image. This operation flattens the scan by fitting 

and subtracting a plane or low-order surface so that  Ho and Hi are measured with 

respect to the same baseline.  
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5.6. Optical properties by spectroscopic ellipsometry 

Optical property refers to a material’s response to exposure to electromagnetic 

radiation, in particular, to visible light. Visible light lies within a very narrow 

region of the spectrum, with wavelengths ranging between about 0.4 μm and 0.7 

μm. The optical phenomena that occur within solid materials involve interactions 

between the electromagnetic radiation and atoms, ions, and/or electrons. Para-

meters such as the refractive index, extinction coefficient, and optical band gap 

are crucial for evaluating the suitability of thin films for optical coatings [35], 

solar absorbers [161], and optoelectronic [9] applications, as they determine the 

transmission, reflection, and absorption behavior of the material [162,163]. 

When light proceeds from one medium into another, some of the light 

radiation may be transmitted through the medium, some will be absorbed, and 

some will be reflected at the interface between the two media. Light that is trans-

mitted into the material experiences a decrease in velocity, resulting in a bend at 

the interface. This bending of light is called refraction. The index of refraction n 

of a material is defined as the ratio of the velocity in a vacuum c to the velocity 

in the medium 𝜈, (𝑛 =
c

ν
). The magnitude of n depends on the wavelength of the 

light [163].  

Spectroscopic ellipsometry (SE) is a non-destructive optical technique that 

characterizes polarized light reflection from a sample’s surface. SE is used to 

characterize thin films and bulk materials. Film can be a single or multi-layer film 

with a preferred thickness between 1 nm and 1000 nm (or 1μm). The method is 

based on unpolarized light that is sent through a polarizer allowing only light with 

a certain electric field orientation to pass through. Linearly polarized light travels 

to the sample and reflects from the surface as elliptically polarized. Ellipsometry 

measures two values, amplitude ratio (tan (ψ)) and the phase difference (Δ), 

which describe the change in the polarization after light has interacted with the 

sample. The method can be used to analyze material properties, such as thickness 

and refractive index. It can be used for flat, transparent, and semitransparent 

films. Ellipsometry is an indirect method, and the measured γ and ∆ cannot be 

converted directly into the optical constants of the sample. A model analysis and 

data fitting must be performed. By fitting and modelling, n, and extinction 

coefficient (k) in each wave length is achieved as optical constants of the sample. 

Later, using these constants we can calculate other optical values. For instance, 

absorption coefficient (α) is calculated as 
 

 𝛼= 4𝜋𝑘/λ , (10) 

 

where k is the wavelength (λ) dependent extinction coefficient. 

The procedure of estimating the optical band gap is via fitting the experimen-

tally determined absorption coefficient to the Tauc equation, which is a power-

law expression in the form of 
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 (αh𝜈)1/n=A(h𝜈 −Eg), (11) 

 

where α is absorption coefficient being a function of wavelength α(λ), h is Planck 

constant, Eg is the optical band gap of a semiconductor, 𝜈 is frequency, A is a 

proportionality constant, and n is the Tauc exponent. Tauc exponent is typically 

chosen as one of four values depending on the type of dominating transition in a 

studied semiconductor and according to the commonly used rules: 

 

n = 1/2 for direct (allowed) transitions, 

n = 3/2 for direct (forbidden) transitions, 

n = 2 for indirect (allowed) transition, 

n = 3 for indirect (forbidden) transitions [162]. 

 

The dominant optical transition was identified by comparing Tauc plots constructed 

using different exponent values and evaluating the linearity of the absorption-

edge region. The transition model yielding the most pronounced linear dependence 

and the most reliable extrapolation to the photon-energy axis was considered to 

best represent the optical absorption process in the investigated films. In the 

present work, Tauc plots calculated using (n = 1/2) and (n = 2) were analyzed. 
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6. EXPERIMENTAL DETAILS 

6.1. Atomic layer deposition of thin films 

The films investigated in this study were deposited on Si (100), SiO2, sapphire 

substrates by the atomic layer deposition (ALD) method. The exact deposition 

conditions and time schedules for binary1 Cr2O3 and ternary2 CTO3, CAO4 films 

detailed in the original publications I, III, IV, and V. 

Ternary chromium hafnium oxide films (CHO)5 films were deposited using 

an in-house built flow-type thermal ALD reactor [164] at TG=275 C.  

The metal precursors for deposition of Cr2O3 were Cr(thd)3 (99.99%, Strem 

Chemicals, Inc), and HfCl4 (99.9%, Strem Chemicals, Inc) for deposition of 

HfO2. Ozone (O3) was used as an oxygen source.  

 The deposition of CHO films included, depending on the desired composi-

tion, from 1 to 500 ALD cycles of Cr(thd)3-O3 followed by one ALD cycle of 

HfCl4-O3. That kind of supercycle was repeated from 8 to 800 times to achieve 

films with approximately similar thickness values (Table 5). The ALD cycle 

parameters used in Cr(thd)3-O3 and HfCl4-O3 deposition processes, including 

metal precursor exposure, N2 purge, O3 exposure, N2 purge, were 5, 2, 2, 5 s, and 

2, 2, 5, 5 s, respectively. During the deposition, the total gas pressure in the 

reaction chamber was maintained at about 210–220 Pa, and the nitrogen carrier 

gas flow rate at 230 sccm. It is worth mentioning that all deposited films in the 

current research were visually uniform in colour on the substrates.  

 
Table 5. ALD supercycles used for deposition of CHO films using k × (Cr(thd)3-O3) + 

(HfCl4-O3). 

Supercycle formula Number of ALD supercycles Thickness (nm) 

500(Cr-O) + (Hf-O) 8 36 

225(Cr-O) + (Hf-O) 16 36 

75(Cr-O) + (Hf-O) 45 34 

35(Cr-O) + (Hf-O) 100 33 

15(Cr-O) + (Hf-O) 180 32 

5(Cr-O) + (Hf-O) 500 40 

(Cr-O) + (Hf-O) 800 78 

HfCl4 + O3 500 80 

 

 

1  binary denotes the film containing two different elements. 
2  ternary denotes the film containing three elements. 
3  chromium titanium oxide. 
4  chromium aluminum oxide. 
5  chromium hafnium oxide. 
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6.2. Characterization methods  

Films were characterized in terms of elemental and phase composition, crystalli-

nity, crystallite size, mosaicity, thickness, mass density, surface roughness, ionic 

state of metal elements, hardness, elastic modulus, wear resistance, refractive 

index, extinction coefficient and optical band gap energy.  

Elemental compositions used for calculating of atomic growth per cycle 

(AGPC) were measured on (XRF) spectrometer ZSX400 (Rigaku). For a few Cr-

Al-O/Si, and Cr-Al-O/sapphire films the mapping of elements in thin lamella 

cross-section (prepared on FEI Helios NanoLab 600 Dual Beam system) of films 

was measured using scanning transmission electron microscopy (STEM) on FEI 

Titan Themis 200 operated at 200 kV and equipped with SuperX energy-dis-

persive X-ray (EDX) spectrometer (FEI, Bruker).  

Phase composition of the films was characterized by XRD using either parallel 

beam medium resolution (MR) grazing incidence (GI, incident angle ω = 0.5°) 

geometry, or symmetrical θ/2θ and in-plane setup in high resolution (HR) setup 

where Ge (220) two-bounce monochromator was implemented for X-ray mono-

chromatizing. Most of the measurements were performed at room temperature. 

For in-situ high temperature XRD and XRR analysis a sample chamber DHS 

1100 (Anton Paar) was used for heating the films from 300 °C to 900 °C in steps 

of 100 °C with total of 30 min measurement at every step and a ramp of 10 °/min 

in between the steps. Phase composition of a few films was determined using 

transmission electron diffraction (ED) on microscope (ARM-200F, JEOL).  

Thickness, density and surface roughness of the films were characterized by 

XRR in medium or high-resolution geometry. XRR and XRD measurements were 

performed on an X-ray diffractometer SmartLab (Rigaku) using scintillation 

detector and Cu Kα radiation (λ=0.154059 nm (HR) or λ=0.15418 nm (MR), tube 

power 8.1 kW). Programs GlobalFit (Rigaku), PDXL (Rigaku), an upgraded 

version of AXES [165] and ICDD database PDF-2 (versions 2017–2023) were 

used for XRD and XRR data analysis.  

Oxidation state of Cr in the Cr-Al-O/sapphire films was analyzed using XAS 

by measuring photocurrent (0.1 eV spectral resolution) in total electron yield 

mode on Solid State Endstation (SSES) of the FinEstBeAMS beamline at the 

MAX IV synchrotron light source in Lund, Sweden. A clean mesh of Au located 

behind the last optical element was used for normalizing the observed signal to a 

reference signal. Additionally, XPS were collected at normal emission using a 

Gammadata/Scienta SES100 hemispherical analyser and a Thermo VG Scientific 

XR3E2 non-monochromatic dual-anode X-ray source (Al-Kα/Mg-Kα), at an over-

all spectral resolution of approximately 0.8 eV. The analyser energy scale calib-

ration was checked against the 4f7/2 line from a cleaned gold foil at 84.0 eV 

binding energy. Relevant to estimating elemental composition from XPS survey 

scans, the constant (i.e., independent of photoelectron kinetic energy) analyser 

transmission function was checked against accessible core level lines of clean Au, 

Ag and Cu samples, and additionally asserted by constant magnification in spatial 

imaging (in the non-energy-dispersive direction) of a structured test sample 
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through the electron optics over the entire used kinetic energy range. Spectral 

components fitting and elemental composition analysis from survey spectra were 

done using CasaXPS software, taking into account the photoionization cross-

sections at the excitation energy used, and the measurement geometry. To estimate 

the (kinetic energy dependent) depth range of origin of detected photoelectrons, 

their inelastic mean free path (IMFP) was estimated using the TPP2M formula 

[166] and also weighed into the XPS sensitivity factor of each core level. Since 

the sapphire substrate is an insulating material, sample charging had to be 

corrected. This was done by adjusting the adventitious carbon (typically present 

in ex situ measured samples) C 1s peak to 285 eV binding energy (assuming sp3-

hybridised carbon species to be dominant). However, recent systematic studies 

on this widely used C 1s XPS referencing method have shown that adventitious 

carbon tends to reference itself to the vacuum level rather than to the Fermi level 

of either the sample or the spectrometer. Hence, its position in the Fermi-level 

referenced binding energy scale would become subject to change corresponding 

to eventual variation of the work function differences between the spectrometer 

and any of the samples in the series [167]. Therefore, the calibration was additio-

nally verified by comparison with several films deposited simultaneously on 

silicon substrates during the same ALD process, which did not exhibit charging 

effects. Furthermore, the consistency of the O 1s and Al 2s peak positions, as well 

as their relative energy separations, was checked against the reported NIST  

X-ray Photoelectron Spectroscopy Database (accessed Apr. 22, 2026). After con-

firming consistency throughout this careful calibration procedure, we gained 

confidence in reporting the observed binary/ternary oxide binding energy shifts 

of ~1 eV for the Al 2s peak and ~1.5 eV for the O 1s peak. Given the uncertainty 

of this procedure, which we estimate to be on the order of ~0.25 eV, as well as 

possible spectral multiplet variations caused by crystal-field changes induced by 

composition-dependent lattice strain [168,169], we could not rule out a reverse 

energy shift of the Cr 2p peaks in the binary/ternary oxide comparison, relative 

to the Al 2s shift, as suggested in some literature. However, the evidence is 

insufficient to claim this with certainty. 

Hardness, elastic modulus, and wear resistance of the deposited films were 

investigated using nanoindentation on Hysitron Triboindenter TI 980 (Bruker) 

using a Berkovich-type diamond tip. Fused quartz (Bruker) served as a calibration 

standard that showed hardness and elastic modulus of ~9.2 ± 0.9 GPa and 

~70 ± 6 GPa, respectively (Figure 10). Before starting the measurement of 

samples calibration and renewing the probe area function was performed by 

applying averaging over 20 measurement points of the standard sample. Measure-

ments were performed under the load of 500 µN repeated at about 30 different 

points on each sample. Measurements located at maximum of five defective 

points showing hardness and modulus values falling considerably outside of the 

values at the remaining measurement points were removed before averaging and 

calculating standard deviations. The effect of substrate on the hardness and elastic 

modulus values of the films was minimized by observing the data points near the 
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indenter tip displacement of 5 to 15 nm for the films in the thickness range of 

30 to100 nm.  

 

 

Figure 10. Results of nanoindentations (mean values) on the Bruker standard fused quartz 

sample to test the reliability of the probe area function and find the lowest valid displace-

ment range. 

 

The wear height (Wh) and wear volume (Wv) over area of 3×3 µm2 (Cr-Al-O 

films) or 5×5 µm2 (Cr-Hf-O films) were calculated (as discussed in 4.5.2) from 

the post-wear topographic scanning probe microscope (SPM) images using the 

computer program TriboView (Bruker). Track areas of 2×2 and 1×1 µm2 were 

used to study the wear-resistant properties of the films. Wear tests were 

performed under loads in the range of 60 to 180 µN using 2, 6, and 10 passes. 

Refractive index (n), and extinction coefficient (k), of the films in the wave-

length range of 225–954 nm (photon energy 1.3–5.5 eV) were determined using 

SE GES5E and SEA software (Semilab Sopra). Two Tauc-Lorentz oscillators in 

one-layer model were used for both binary and ternary films (Cr-Ti-O, Cr-Al-O, 

Cr-Hf-O deposited by Cr(thd)3 in combination with O3 as a Cr-O source. In the 

case of Cr-Ti-O films where CrO2Cl2 was the Cr precursor, a mix of Tauc-

Lorentz + Lorentz oscillators was implemented together with a model consisting 

of two layers: the main investigated layer and a low-density top layer taking into 

account a possible surface roughness effect. Eg was determined from Tauc plots 

using either direct allowed or indirect allowed transition models. 
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7. RESULTS AND DISCUSSION 

This chapter gives the overview of the studies made in the investigation of the 

Cr2O3 film properties [III], deposition of CTO films using different precursor 

combinations and substrates [III,IV], and growth of the CAO [I,V] and CHO 

films. Moreover, it will give an overview of how the properties of the Cr2O3 films 

mixed with Ti, Al, and Hf depend on their elemental composition.  

 

 

7.1. Atomic layer deposition of Cr2O3 using Cr(thd)3 

and ozone 

To investigate how the growth and properties of Cr2O3 thin films synthesized 

using Cr(thd)3 and O3 depend on TG, films were deposited 2000 ALD cycles in 

the TG range of 200 to 300° [III]. As shown in Figure 11 a, Cr atomic growth per 

cycle increased from 0.09 to 0.35 atom/nm2 (corresponding to 0.032–0.105 

Å/cycle or 0.0032–0.0105 nm/cycle) as TG increased from 200 °C to 275 °C. For 

comparison, when TG was increasing from 150 °C to 300 °C, the growth rate of 

Cr2O3 films deposited from Cr(acac)3 and O3 increased from ~0.035 to 

~0.3 Å/cycle [67] and 0.9 to 1.0 Å/cycle at TG of 375 °C for Cr2O3 films deposited 

by CrO2Cl2 and CH3OH [27]. The relatively low growth rate observed with 

Cr(thd)3 and O3 can be advantageous for fabricating ternary or doped films, as it 

enables more uniform dopant distribution and better control over dopant concen-

tration.  

XRR results demonstrated that the film density values for the films deposited 

by 2000 cycles, showed only minor variation across the investigated TG range, 

increasing slightly from 4.8 to 5 g/cm3 (Figure 11 a). The small increase in density 

correlates with the structural changes investigated using the GIXRD analysis 

(Figure 11 b). With increasing TG from 250 to 300C, an overall increase in total 

diffraction intensity as well as changes in the relative intensities of the diffraction 

peaks were observed. At TG ≤ 225 °C, the films were X-ray amorphous. In con-

trast, the films deposited at TG from 250 °C to 275 °C showed a crystalline struc-

ture with diffraction reflections corresponding to the eskolaite phase. Further-

more, notable changes in the relative intensity values of the observed diffraction 

reflections were detected when the TG increased from 275 to 300 °C. These changes 

were characterized by texture coefficients (TC) calculated for the dominating 

012, 104, 110 and 116 reflections as a function of the TG (Table. 6). The highest 

TC was observed for the 104 reflections for the film deposited at TG = 275 °C, 

however, for the film deposited at TG = 300 °C, the highest TC was observed for 

the 012 reflection.  
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Table 6. Texture coefficient (TC) values calculated for different reflections for Cr2O3 

films at TG of 275 and 300 °C. 

hkl TC at 275 °C TC at 300 °C 

012 0.9 ± 0.09 1.4 ± 0.14 

104 1.6 ± 0.16 0.7 ± 0.07 

110 0.3 ± 0.03 0.8 ± 0.08 

116 1.0 ± 0.10 0.9 ± 0.10 

 

The film deposited at 300 °C showed more polycrystalline character compared to 

the textured films deposited at temperatures from 250 to 275 °C. Surface rough-

ness values of the films changed from 0.4 to 3.4 nm by increasing TG from 200 to 

300 °C, being in relation with the changes in phase composition of films from  

X-ray amorphous to polycrystalline and textured structure.  

 

 Figure 11. a) Cr2O3 mass growth and density. b) GIXRD patterns of Cr2O3 films de-

posited at different TG. The labels at the reflections are Miller indices of atomic planes of 

eskolaite phase. 
 

However, for depositions made at 275 °C and 300 °C using ALD cycle para-

meters of 5/2/5/5 s, the samples positioned near the precursor inlet were found, 

based on XRF results, to be thinner than those located farther away. To better 

understand this phenomenon, additional depositions were made using different 

O3 pulse durations (Figure 12 a). 

An increase in Cr atomic growth per cycle was observed as the O3 exposure 

time increased from 1 to 3 s. However, when O3 exposure time exceeded 3 s the 

atomic growth rate of films decreased (Figure 12 a). This suggests that an exces-

sive amount of ozone in the reaction zone at these TG may lead to the formation 

of volatile or gaseous phase byproducts, such as metal oxide with a higher 

oxidation state (e.g. CrO3) [170], thereby reducing the film growth. A similar 

behavior has previously been reported for the deposition process using Cr(acac)3 

and O3, showing that the growth rate per cycle of Cr2O3 films depended on the O3 

exposure duration, and excessive O3 pulse time led to the continuous and 

spontaneous etching of the growing film [67]. 
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GIXRD analysis revealed that the crystallinity of the films improved as the O3 

exposure time increased from 1 s to 2 s. However, when the ozone exposure 

exceeded 2 s, a gradual decrease in the intensity of diffraction peaks was obser-

ved, indicating a decrease in film crystallinity (Figure 12 b, at 3 s and 5 s). 

Figure 12. a) The variation of Cr mass growth of Cr2O3 deposited at TG = 275 °C using 

different O3 exposure times as a function of substrate distance from the precursor gas flow 

chamber. b) GIXRD patterns showing the indexed reflections of the eskolaite phase at 

different O3 exposure times (x) and purging time of 5 s.  

 

The thickness of the Cr2O3 films changed linearly from 5 to 21 nm by increasing 

the number of ALD cycles from 500 to 2500 for films deposited at TG = 275 °C 

with constant precursor pulses of 5/2/2/5 (Figure 13 a). Microstructure analysis 

of the films showed structural changes from X-ray amorphous for the film 

with thickness of 5 nm to polycrystalline by increasing thickness up to ~21 nm 

(Figure 13 b). Since GIXRD is not sensitive enough for measuring the crystalli-

nity of films with thickness at and below 5 nm, it was not possible to determine the 

presence or absence of crystalline seeds in the thinnest (5 nm) film of this study.  

Figure 13. a) The variation of Cr2O3 film thickness with the number of ALD cycles 

deposited at TG = 275 °C and precursor pulses and purging duration of 5/2/2/5 (s). 

b) GIXRD patterns of Cr2O3 films deposited in variation with the number of ALD cycles. 

The labels at the reflections are Miller indices of atomic planes of the eskolaite phase. 
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7.2. Atomic layer growth of ternary compound films 

The film growth rate was characterized as a surface density of Cr and Me (Me = 

second metal precursor, including Ti, Al or Hf) atoms deposited per one ALD 

cycle. The results showed that the growth rate of Ti and Al was higher when 

deposition was performed on surfaces previously exposed to Cr(thd)3 and O3 

compared to the values seen in the case of the deposition of binary TiO2 and Al2O3 

under the same conditions. For instance, the growth rate of Ti atoms was the 

highest when an ALD supercycle consisting of fifteen Cr(thd)3 and O3 cycles 

followed by one TiCl4 and O3 was applied. Under these conditions, the Ti growth 

rate reached approximately 3.5 atoms/nm2, which is about 1.8 times higher than 

obtained when TiO2 was deposited on a silicon substrate (Figure 14 a). Similarly, 

the growth rate of Ti atoms was the highest when using the ALD supercycle 

consisting of ten cycles of CrCl2O2-CH3OH and one cycle of Ti-O, resulting in a 

growth rate of about 2.9 atoms/nm2 for Ti, about 2.4 times higher than when TiO2 

was deposited on a silicon substrate. Al growth rate reached approximately 

2.7 times higher on Cr-O surface compared with its growth rate when Al2O3 was 

deposited on Si substrate. However, in the case of Hf atoms, the situation was 

different. The growth rate of Hf atoms was remarkably higher in the case of 

deposition of binary HfO2 on Si compared when less than 15 cycles of Cr-O had 

been used in super-cycle of Cr-Hf-O deposition (Figure 14 a).  

This points to a more efficient nucleation of TiO2 and Al2O3 on Cr2O3 com-

pared to that on the already deposited layer of TiO2 and Al2O3, but less efficient 

nucleation of HfO2 on Cr2O3 compared to that of the binary deposited HfO2 film. 

Since the efficiency of forming the nucleation centers is proportional to the area 

of the substrate, a possible explanation for this higher growth rate could be related 

to the differences in roughness values of binary component Cr2O3 deposited by 

(CrCl2O2-CH3OH), and TiO2 films, e.g., 6 nm compared to 4.5 nm, respectively, 

2.5 nm to 0.58 nm for binary Cr2O3 deposited by Cr(thd)3-O3 and Al2O3 films, 

respectively, and 3.7 nm for binary HfO2 film. For the ternary films, by increasing 

the concentration of Me element in the films (decrease in Cr-O cycles in the ALD 

super-cycle), the growth rate of Cr decreased. For CTO films, the Cr growth rate 

was higher when CrCl2O2-CH3OH was used as the Cr-O source than when 

Cr(thd)3-O3 was employed. In addition, the decrease in Cr growth rate for both 

CTO film types was much smaller than that observed for the CAO and CHO films 

(Figure 14 b).  
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Figure 14. Atomic density of a) Ti, Hf, and Cr atoms and b) Cr atoms as a function of the 

x = Me/(Me+Cr) on Si substrate (Me= Ti, Al or Hf). 

 

 

Figure 15. Models of TiCl4 molecule in a) 3D ball and sticks mode; b) top view in ball 

and sticks mode; c) top view in space filled mode surrounded by a cycle with a diameter 

of 0.614 nm. Distribution of cycles with a diameter of 0.614 nm on a square area of 

approximately 20 × 20 nm2 in two different arrangements: d) hexagonal closed packed 

and e) random. The closed-packed structure fits 1216 cycles (filling rate 89%, corre-

sponding atomic density of Ti = 3.0 nm–2) and the random distribution fits approximately 

724 ±15 cycles (filling rate 54 %, density of Ti atoms = 1.8 nm–2) [IV]. 

 

The possible reason for the growth rate differences could be the dissimilar struc-

ture and differences in the density of atoms on the atomic planes of eskolaite and 

anatase. Taking into account the approximately 0.614 nm diameter of the TiCl4 

molecule and assuming that during the adsorption of TiCl4, only one of the Cl 

atoms will be released and no exchange reactions take place among the rest of 

three Cl atoms, the theoretical limit of the growth rate when expecting hexagonal 

closed-packed or random arrangement of the adsorbed molecules on the substrate 

would be approximately 3.0 Ti atoms/nm2 per cycle or 1.8 Ti atoms/nm2 per cycle 

(Figure 15), respectively. When comparing the ratio of observed growth rate, it 

is expected that the atomic growth rate of 1.8 Ti atoms/nm2 calculated for the 

random distribution model is more realistic limit for estimating the theoretical 
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growth rates (more details in [IV]). Density and distribution of –OH sites, that is, 

directly proportional to the density of oxygen atoms on the surface, could be one 

of the main factors that determine the nucleation efficiency [171]. Crystal 

structure 3D visualization and calculation of atomic number density of oxygen 

atoms on the preferred (001) growth plane of eskolaite and anatase (001) plane 

showed two times higher density of O for eskolaite (14 atoms/nm2 compared with 

7 atoms/nm2 for anatase), indicating eskolaite offers a more efficient substrate for 

the adsorption of TiCl4 molecules.  

The decrease in growth rate of Hf after Cr-O cycles can be explained by the 

presence of large Cr(thd)3 ligands (steric hindrance), suppressing the successful 

reaction of HfCl4 with the surface and decreasing their adsorption due to the lower 

density of chemisorption sites on the surface. In ALD, growth proceeds only 

when precursor molecules adsorb onto available surface sites, remain sufficiently 

stable on the surface, and react completely with the subsequent co-reactant pulse. 

Consequently, the quality and reproducibility of an ALD process depend strongly 

on the adsorption and desorption behavior of the precursor molecules, as well as 

on the chemical state of the substrate surface and the reactor conditions [25,172]. 

The observed divergence in suppressed Hf incorporation on a Cr-O surface 

relative to binary HfO2, but enhanced Ti incorporation on a Cr-O surface relative 

to the anatase phase of TiO2 can be rationalized by surface-chemistry-controlled 

chemisorption and substrate-dependent nucleation effects inherent to ALD. 

Specifically, the amount of metal precursor adsorption during the pulse is gover-

ned by the density and nature of reactive surface functionalities generated by the 

immediately preceding Cr(thd)3-O3 step (e.g., hydroxylated vs. bridged oxygen 

terminations, defect sites, and local acidity/basicity). For HfCl4, it is observed that 

the Cr-O termination produced at the ternary growth temperature is compara-

tively less favorable for HfCl4 chemisorption than an HfO2-terminated surface. In 

contrast, TiCl4 can exhibit substrate-enhanced nucleation when presented with a 

surface offering a higher density of reactive oxygen-based sites than that of a 

crystalline anatase TiO2 surface under identical conditions; both theoretical and 

experimental studies emphasize that TiCl4 adsorption and ligand dissociation are 

highly dependent on the availability and reactivity of surface functional groups.  

Steric effects are also highly important. Even when many reactive sites are 

present, precursor ligands may occupy significant surface area and prevent neigh-

boring sites from being accessed. This steric hindrance can limit the achievable 

surface coverage and therefore reduce the growth per cycle relative to the ideal 

thickness of a complete structural layer. Thus, adsorption in ALD is governed not 

only by the number of reactive sites but also by the molecular size, geometry, and 

packing behavior of the precursor. In practice, bulky ligands may improve 

volatility but simultaneously reduce surface accessibility, creating a trade-off 

between gas-phase transport and surface reactivity [24,25]. 
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7.3. Structural characteristics of the Cr-containing 

ternary oxide films 

The influence of dopant type and its concentration on the phase composition, 

crystallinity, and preferred orientation of chromium oxide-based thin films was 

investigated for three types of Cr-containing ternary component oxides.  

The structure of the chromium titanium oxide (CTO) deposited by super-cycle 

10 × (CrO2Cl2 – CH3OH) + l × (TiCl4 – H2O), where l = 1, 2, 3, resulting in 

ternary films with the value of x from 0.14 to 0.24, respectively, was crystalline 

containing eskolaite on both Si and SiO2 substrates (Figure 16 a, b). This phase 

was identified by diffraction reflections observed at diffraction angles of 33.59°, 

39.8°, 55.01°, 63.61°, 73°, indexed as 104, 006, 116, 214 and 10.10 (ICDD PDF-2 

card number 00-038-1479). Cell parameters of the eskolaite phase did not depend 

on the ALD super-cycle and substrate type and matched within the standard 

deviation with the cell parameters of a single crystal of eskolaite. This result was 

expected if we take into account the relatively low concentration of Ti in all of 

the films (maximum 9 atomic%) and the small differences in atomic radii of Cr3+ 

(0.62 Å) and Ti4+ (0.68 Å) [76,173]. The growth of the eskolaite phase showed a 

preferred orientation for all of the CTO films, grown both on Si and SiO2 sub-

strates. Texture coefficient (TC) was the highest for the 006 reflection and showed 

an increase from 1.7 to 2.6 for films on Si substrates and remained constant at 

about 2.0 for films on SiO2 substrates when the concentration of Ti increased. 

Although only the symmetrical θ/2θ XRD analysis enables the determination of 

the preferred growth plane unequivocally, it was still possible to conclude (with 

a precision of +/–20° that takes into account the asymmetricity of the GIXRD 

geometry) that for all of the CTO films the growth of eskolaite phase proceeded 

preferentially in the crystallographic [001] direction. For the CTO films deposited 

by ALD super-cycle k × (Cr(thd)3-O3) + (TiCl4-O3), the phase composition of the 

films changed from crystalline to X-ray amorphous by increasing the value of 

atomic ratio x = Ti/(Ti+Cr) from 0 to 0.45 (Figure 16 c), indicating that increasing 

the Ti concentration in the films led to a decrease in the crystalline fraction of 

the films. It is important to note that these CTO films were thinner (in the 

thickness range of 20 to 22 nm) compared with the films that were deposited by 

k × (CrO2Cl2-CH3OH) + l × (TiCl4-H2O). 
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Figure 16. GIXRD patterns of CTO films deposited by 10 × (CrO2Cl2 – CH3OH) + l × 

(TiCl4 – H2O) ALD super-cycle (l = 0, 1, 2, 3) on a) Si and b) SiO2, and c) CTO films 

deposited by k × (Cr(thd)3–O3) + (TiCl4–O3) ALD super-cycle (k = 15, 30) , d) CAO, and 

e) CHO films on Si substrates. 
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CAO films deposited by k × (Cr(thd)3-O3) + (TMA-O3) were either amorphous 

or barely detectable nanocrystalline (Figure 16 d). The amorphous structure of 

binary Al2O3 films, being in agreement with the previously published reports 

[174], was confirmed by the absence of any reflections on the GIXRD pattern. 

CAO films with different values of 0.29 ≤ x ≤ 0.94 showed no diffraction peaks 

using GIXRD in standard configuration (e.g. step size 0.04° and a scan speed of 

4.0 deg/min) (Figure 16 d).  

To verify the amorphous structure of these films HRTEM and EDX analyses 

were performed next. EDX mapping confirmed the uniform distribution of Al 

and Cr across the film with x = 0.40, with no compositional gradients or distinct 

Al- or Cr-rich regions observed (Figure 17 a). High-resolution STEM analysis 

(Figure 15 b) together with fast Fourier transform (FFT) (Figure 17 b inset) 

revealed the presence of nanocrystallites with cubic symmetry and mean diameter 

of approximately 3–5.5 nm. Since the standard type of GIXRD did not show any 

remarkable diffraction from crystalline material in the CAO films, an approxi-

mately fourteen times slower GIXRD scan was performed for Al2O3 and CAO 

films. This slow-scanned GIXRD pattern of the CAO film showed three broad 

and weak peaks at 36.4°, 45.4° and 64.2° (Figure 17 c). The pattern from binary 

Al2O3 did not exhibit any, even barely visible, reflections, confirming again the 

X-ray amorphous structure of this film [I]. The crystallite size calculated from 

the integral width of the weak reflections from CAO film using the Scherrer 

equation was between 3 and 5 nm, matching well with values calculated from TEM 

images. Indexing of these reflections showed that these reflections can be identi-

fied as 311, 400, and 440 belonging to a phase that is isostructural with cubic  

ƞ- or γ-Al2O3, assuming that their unit cell parameter is increased approximately 

from 0.799 nm to 0.817 nm. Simulation of GIXRD patterns (Figure 5 in [I]) for 

the candidate phases showed that the nanocrystalline phases that have ƞ- and  

γ-Al2O3 structure and show preferred growth in the crystallographic (100) plane 

with mosaicity of approximately 30° are relatively similar and exhibit only three 

stronger reflections whose positions match well with the positions of the observed 

reflections of CAO films. Although these three low intensity and broad ref-

lections did not allow to give any decisive conclusions about the structure of the 

observed crystallites, the increase of cell parameter of the CAO films can be 

explained by remarkable difference in radiuses of Cr3+ (0.63 Å) and Al3+ (0.54 Å) 

ions where the replacement of smaller Al3+ by larger Cr3+ has to be compensated 

by an increase in the unit cell parameter.  
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Figure 17. a) EDX mapping of the Al, Cr, and Si elements in the cross-section and b) high 

magnification image of ternary film with x = 0.40, with an inset showing the FFT pattern 

from the crystalline area in the film surrounded by a circle. c) GIXRD pattern of the same 

film together with its fitting curve (in vertical offset), amplifying visualization of three 

weak and broad reflections. 

 

The structure of the ternary (Cr1–xHfx)2O3 films showed a significant dependence 

on the Hf concentration in the films (Figure 16 e). When Hf atomic ratio (x) was 

up to 0.12, the films displayed crystalline phase and became X-ray amorphous 

when x ≥ 0.36. The crystalline phase(s) in the film appeared again when x 

increased to 0.94. Reflections at diffraction angles of 24.53°, 33.62°, 36.29°, 

41.51°, 50.29°, 54.90°, 65.18° were identified originating from the following 

atomic planes of α-Cr2O3: 012, 104, 110, 113, 024, 116 (ICDD PDF-2 card # 38-

1479), appeared when 0.05 ≤ x ≤0.12. However, in the binary HfO2 film a mixture 

of monoclinic HfO2 (ICDD PDF-2 card # 00-006-0318) and tetragonal HfO2 

(ICDD PDF-2 card # 01-078-5756) appeared. A very weak reflection was 

observed for the Hf reach film with x = 0.94, which can be assigned to tetragonal 

indexed as 101 (or cubic indexed as 111). Its shift to a higher angle of approxi-

mately 0.4° compared the position of HfO2 reflection of the corresponding phase, 

can be explained by the doping effect of Cr atoms. In the binary HfO2 film, 

monoclinic HfO2 phase (ICDD PDF-2 card number 00-006-0318) appeared 

together with traces of tetragonal HfO2 (ICDD PDF-2 card number 01-078-5756).  

The influence of dopant incorporation was also clearly reflected in the density 

and surface morphology of the films. The density of both binary Cr2O3 films 

deposited by CrO2Cl2-CH3OH (97 nm) and Cr(thd)3-O3 (~55 nm) on a silicon 

substrate was 5.23 g/cm3 which matches well with the density of eskolaite phase 

(5.23 g/cm3, ICDD PDF-2 card number 00-038-1479). For the films deposited by 

super-cycle 10× (CrO2Cl2-CH3OH) + l × (TiCl4-H2O), by increasing the concen-

tration of Ti, the density of films decreased (Figure 18 a). Similar behavior was 

observed for the films deposited by super-cycle k×(Cr(thd)3-O3) + (TiCl4-O3). 
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For all ternary systems, the film density remained between the densities of the 

two corresponding binary oxides, and with increasing x = Me (Me + Cr), Me = Ti, 

Al, Hf, it progressively approached the density of the binary MexOy film, and was 

not considerably influenced by the structure of the films (Figure 18 a). For 

instance, the decrease in density of the CTO films deposited with different ALD 

processes, by increasing the concentration of Ti can be explained by the 

difference in densities of Cr2O3 and TiO2 anatase (3.96 g/cm3, ICDD PDF-2 card 

number 01-075-2552). The density of the binary HfO2 film of 10 g/cm3 did not 

differ remarkably from the theoretical density of monoclinic HfO2 phase (10.24 

g/cm3, ICDD PDF-2 card number 00-006-0318). The density of ternary CHO 

films increased with increasing the concentration of Hf in the films, remaining 

between the density values of binary Cr2O3 and binary HfO2 (Figure 18 a). This 

increase can be explained again, as in the case of CTO films, by the higher density 

of HfO2 compared with Cr2O3 films. The density of the Al2O3 film was 3.15 

g/cm3, which is considerably lower compared with that of α-, γ- and ƞ- Al2O3 

phases (ICDD PDF-2 card numbers 01-074-7229, 01-074-4629, 00-010-0425, 

01-079-1557), but remained close to the range of densities observed previously 

for amorphous alumina films deposited by ALD at TG of 450 °C [175]. 

Variation in roughness values (Figure 18 b) was in correlation with structural 

changes of the films (Figure 16). Decrease in roughness of CTO films deposited 

with different ALD processes, by increasing the atomic ratio of Ti (x) can be 

directly related to the decrease in relative crystallinity (decrease in peak inten-

sities, Figure 16 a, c, e) of the films, indicating refinement in crystallite size of 

the films. It is worth noting that the lower roughness value of binary Cr2O3 films 

deposited by Cr(thd)3-O3 compared with the film deposited by CrCl2O2-CH3OH, 

is due to their lower thickness, which causes lower crystallinity and a smoother 

surface (more details in publication [III]). In CHO films the roughness decreased 

monotonically from 1.7 to 0.3 nm as x increased from 0.05 to 0.94, whereas the 

higher surface roughness of 2.5 nm for binary chromium oxide and 3.5 nm for 

binary HfO2 can be attributed to their markedly higher crystallinity (Figure 16 e).  

 

Figure 18. a) density and b) roughness values variation of binary and different chromium 

oxide-based ternary films on Si substrates, in variation with changes of x. 
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It is worth noting that the XRR oscillation patterns did not showed formation no 

evidence of superlattice formation in any of the ternary films, even when a large 

number of Cr(thd)3-O3 subcycles was used, which is also confirmed by cross-

sectional EDX mapping in Figure 17 a, displaying the uniform distribution of metal 

elements in the film. 

 

 

7.4. Hardness and elastic modulus of ternary films 

The nano-indentation results showed that the mechanical properties (hardness, 

elastic modulus) of binary component chromium oxide thin film were remarkably 

different compared to these properties of ternary component CTO, CAO or CHO-

type thin films.  

In case of CTO films deposited using (CrCl2O2-CH3OH) and (TiCl4-H2O) with 

thickness from 76 to 95 nm, the maximum observed hardness was approximately 

20.5 GPa (at 15 nm indent displacement, ID) (Figure 19 a). This value was 5−7 GPa 

higher compared to the hardness of binary component Cr2O3 and TiO2 films 

deposited at the same temperature, at the same indent displacement (~15 and 

~12 GPa, respectively). The films on SiO2 substrate showed similar hardness 

values to those on Si substrate [IV]. Similarly, the CTO films deposited by 

Cr(thd)3-O3 in combination with TiCl4-O3, with thickness in the range of 20 to 

22 nm, showed hardness values approximately 3–4 GPa higher compared to the 

binary chromium oxide deposited by Cr(thd)3-O (Figure 19 b). 

Hardness of the pristine Cr2O3 film with ~55 nm deposited by Cr(thd)3-O3 

process showed value of ~14 GPa. Maximum hardness of CAO films deposited 

using k × (Cr(thd)3-O3) + (TMA-O3) with thickness from 35 to 50 nm was in the 

range of 17.5−18.4 GPa (ID = 10 nm) when the relative concentration of 

aluminum atoms (x) was in the range of 0.29 and 0.40 (Figure 19 c). It is 

important to note that the observed increase in hardness at high indentation 

displacements of CAO films with x = 1.0 and 0.98 is the effect of the Si substrate 

that has a slightly higher hardness of ~12 GPa [I]. Slightly higher maximum hard-

ness of 19 GPa (ID = 10 nm) was observed for the CHO films (thickness in this 

series from 30 to 35 nm) deposited by k × (Cr(thd)3-O3) + (TMA-O3) when atomic 

ratio, x, of Hf atoms was only 0.05 (Figure 19 d). The hardness of the other films 

of this composition in the range of x from 0.12 to 0.67 did not differ remarkably 

from the hardness of the binary chromium oxide film when considering the 

standard deviation of hardness. 
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Figure 19. Mean values of hardness in variation of indent displacement for a) CTO 

deposited by 10 × (CrCl2O2-CH3OH) + (TiCl4-H2O), b) CTO films deposited by k × 

(Cr(thd)3-O3) + (TiCl4-O3) where k = 15, and 30, c) CAO and d) CHO films on 

Si substrate containing different relative concentrations (x). 
 

Crystallite size, crystallinity and phase composition in terms of amorphous and 

crystalline phase fraction in materials are important properties that are related to 

mechanical properties [176]. Quantitative estimation of amorphous phase con-

centration in semicrystalline ultra-thin films is difficult and often not even pos-

sible because of the very small volume of diffracting material, various aberrations 

of the grazing incidence setup, and complicated texture effects. Therefore, for 

understanding and explaining the changes in the mechanical properties of the 

films, the crystallinity of the films in this work was characterized using unequivo-

cally estimated parameters like X-ray apparent crystallite size (<D>v) and total 

index of contrast (TIC) that is proportional with total diffraction intensity, being, 

in turn, proportional to the total volume of crystalline phase. 

<D>v in crystallographic [104] direction of eskolaite in CTO films obtained 

using 10 × (CrCl2O2-CH3OH) + l × (TiCl4-H2O), showed a considerable decrease 

from 28 to 7 nm by increasing the Ti/(Ti+Cr) ratio from 0 to 0.24 (Figure 20). 

This decrease was accompanied by an increase of the hardness of the films 

(Figure 19 a, and Figure 20). The change in <D>v was in correlation with change 

in the relative intensities of diffraction reflections: a decrease in the intensity of 

104 reflection and smaller changes for the others (Figure 16 a). These variations 
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of diffraction intensities were quantitatively also confirmed by decreasing of total 

index of contrast, TIC, about 2 times compared with binary chromium oxide 

[Figure 5 in [IV]]. The changes in the preferred growth direction from initial 

polycrystalline towards textured growth in the direction of [001], as the plane of 

the lowest free energy and simultaneously expectedly also the plane of the highest 

hardness, could also be the reason why the hardness of the films increased by 

increasing Ti concentration. Decrease of <D>v below 30 nm and appearance of 

preferred orientation support the generally accepted opinion that in materials with 

small crystallite size (<D>v < 30 nm), the grain boundary-related and diffusion-

dominated mechanisms are mainly responsible for offering remarkably harder 

materials compared with those where the crystallites are larger, and the dis-

location-controlled mechanisms are prevailing [177]. The films on SiO2 substrate 

showed similar hardness values to those on Si substrate [IV]. 

 

 
Figure 20. Crystallite size of CTO films deposited by 10 × (CrCl2O2-CH3OH) + l × (TiCl4-

H2O) process (l = 1, 2, 3) in the direction of normal for crystallographic planes (104), 

(006) and (116) as a function of x on Si substrate [IV]. 
 

As discussed previously, the hardness of the binary Cr2O3 film with ~55 nm 

deposited by Cr(thd)3-O3 process was ~14 GPa, while the amorphous aluminum 

oxide film displayed hardness of ~10.7 GPa. In case of the mechanical behaviour 

of the CAO films, the presence of nanocrystallites, sized 3–5.5 nm with cubic 

symmetry in the amorphous matrix (Figure 17) can be the reason for higher 

mechanical properties compared with binary chromium oxide and aluminum 

oxide films. Thus, the increase in hardness values of CAO films can be explained 

by the formation of amorphous/crystalline nanocomposite structure. The forma-

tion of nanocrystallite/amorphous composite structure may be the result of higher 

hardness of CTO thin films deposited from Cr(thd)3 and ozone in combination 

with TiCl4 and ozone [III]. The presence of amorphous phase among nanocrys-

tallites causes a reduction of dislocation activity in the nanocrystallites. Additio-

nally, the interface between the amorphous and crystalline phases decreases the 

grain boundary sliding activity. Also, crack propagation blocking in the amorph-

ous phase by the presence of nanocrystallites leads to the hardness increase in the 

films [178,179]. The increase in hardness of the CAO films can also be attributed 

to the formation of nanocrystallites with cubic structures. This is supported by 

0.0 0.1 0.2 0.3
0

10

20

30

40

50

C
ry

st
al

lit
e 

Si
ze

 (n
m

)

x 

(104)

(006)

(116)

54



 

previous reports showing that cubic aluminum oxide films possess hardness 

comparable to that of the hard corundum structure [119]. Although for the CHO 

films, the increase in hardness values is not remarkable compared with CTO and 

CAO films, the ternary films with x-ray amorphous structure did not experienced 

decrease in hardness values. We assume that a similar mechanism of the forma-

tion of nanocrystallite/amorphous composite structure could also cause this 

behaviour (Figure 19 d).  

The Young’s elastic modulus (E) of the films followed the same trend as the 

hardness showed. Figure 21 compares the highest observed E values for ternary 

films with values of E for binary chromium oxide film at an indent displacement 

of 10% of the film thickness. The CTO films produced by ALD super-cycle of 

10 × (CrCl2O2-CH3OH) + (TiCl4-H2O) showed increase in E from 152 GPa to 

205 GPa (at 10 nm indent displacement) by increasing x from zero to 0.24. The 

elastic modulus of the CAO and CHO ternary films deposited by super-cycles of 

k × (Cr(thd)3-O3) + (TMA-O3) and k × (Cr(thd)3-O3) + (HfCl4-O3) showed the 

maximum modulus of 168 ± 6 GPa, which was higher compared to 151 ± 8 GPa 

for binary Cr2O3 deposited by Cr(thd)3-O3 process.  
 

 

Figure 21. Elastic modulus of binary chromium oxide and ternary films with the highest 

hardness values at indent displacement of 10% of the film thickness values. 
 

 

7.5. Wear resistant performance of the ternary films 

Resistance of films to elastic deformation (characterized by H/E ratio), but also 

to plastic deformation and wear (determined from 𝐻3/𝐸2 ratio) was analyzed in 

detail by applying wear-resistant measurements in case of CAO and CHO ternary 

component films. The calculations showed that the ternary films with x in the 

range displayed all ternary films displayed a higher H3/E2 ratio compared with 

binary oxide films, indicating the higher resistance of ternary films to plastic 

deformation (Figure 22). To investigate, we applied wear-resistant measurements 

to binary and some selected ternary films. The variations of wear rate for Cr2O3 

and Al2O3 films and CAO films with x = 0.40 under wear loads of 60, 90, 120, 

150 µN were performed (Figure 23 a). Here, the scan size was 3×3 μm2, and the 

wear track area was 2×2 μm2. The wear rate of the ternary film was considerably 

lower in comparison with both binary oxide films. The lowest wear rate was 
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observed for the ternary film with the highest values H3/E2 value. The post-wear 

scanning probe microscope images from the worn surface of the binary and 

ternary films under 90 μN confirmed the amount of material removal and surface 

deformation for the binary films. Absence of wear debris from the surface indi-

cated that plastic deformation by abrasive wear was dominant [180], (Figure 12 

in [I]). However, the worn surface for the ternary film with x = 0.40 exhibited 

barely visible deformation, indicating higher wear resistance of the film (Figure 11 

and 12 in [I]). The wear rate of the thin ternary chromium aluminum oxide films 

in this research decreased by about 80%, while in previous research reports, the 

wear rate reduction in Cr2O3-Al2O3 composite film by 43.8 % compared with the 

Cr2O3 coating was reported by the addition of 20 wt% of Al2O3 [114].  

The dependence of wear rate on the number of wear cycles for the load of 

90 µN and track dimension of 2 × 2 μm2 displayed that by increasing the number 

of wear cycles, the value of the wear rate of both binary oxide and ternary film 

decreased (Figure. 23. b). Decrease in wear rate by increasing wear cycles in 

ceramic films may be due to the formation of a tribo-film, consisting of reaction 

products and fine debris, creating a smooth and relatively soft surface, enhancing 

lubrication, and reducing wear [181].  
 

 
Figure 22. H/E and H3/E2 ratios for CAO and CHO films. 
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Figure 23. a) the variation of wear rate of the binary and ternary CAO film with x = 0.40 
inside the track with area of 2 × 2 µm2 as a function of indentation load, b) variation of 
wear rate of the films as a function of the number of wear cycles under a wear load of 90.  



 
 

The wear profiles of the Cr2O3, HfO2, and ternary Cr-Hf-O films with a scan size 

of 5×5 µm2, wear area of 2×2 µm2 have been displayed in Figure 24 a. The wear 

depth of the Cr2O3 films decreased when Hf was introduced into the film. It can 

be observed that binary films and the ternary film with x = 0.05 showed uniform 

worn areas in comparison with the worn area of the ternary films with x = 0.67. 

We assume that in these films, wear does not occur by complete removal of 

material from the area under tip sliding, but rather by material transformation 

from one side to the other side of the worn area, making the height in the worn 

area uneven (Figure 24 a and b).  

 

Figure 24. a) wear profile of the binary and ternary chromium hafnium oxide films under 

a wear load of 150 μN. b) post-wear scanning probe microscope images of two CHO films 

at the wear track region exhibiting uniform (x = 0.05) and nonuniform (x = 0.36) worn 

areas. 

 

The decrease in the wear rate of this film compared with the Cr2O3 film, demon-

strates that in the ternary films, the higher hardness causes resistance to defor-

mation under the working environment.  

 

 

7.6. Optical properties of the ternary oxide films 

The refractive indices (n) calculated for binary Cr2O3 and TiO2 deposited by 

CrCl2O2-CH3OH, and TiCl4-H2O ALD processes, respectively, on Si were ~2.53 

and ~2.47 at 633 nm, respectively. No remarkable dependence of n on the concen-

tration of Ti was observed for the ternary CTO films deposited using combi-

nations of CrCl2O2-CH3OH and TiCl4-H2O (Figure 25). Also, no remarkable 

changes in extinction coefficient k were observed by increasing m from 0 to 3 

and it was equal to 0.05 at a wavelength of 633 nm, and no big change was obser-

ved in the absorbance of these films with different x values. The value of n for 

the binary Cr2O3 film with 21 and 50 nm thickness deposited by Cr(thd)3 + O3 

was 2.35 and 2.28, respectively, at a wavelength of 633 nm. The CTO films with 

a thickness of 20–22 nm grown from (Cr(thd)3-O3) + (TiCl4-O3) showed constant 
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refractive index value of ~2.42. A decrease of n from 2.2 ± 0.09 to 1.9 ± 0.09 at 

the same wavelength by increasing x from 0.29 to 0.55 was observed in the 

ternary CAO films (Figure 25). n at a wavelength of 633 nm changed from in the 

range of 2.36 to 2.19 in CHO films by variation of x in the range of 0.05 to 0.67 

(Figure 25). For the CHO films with x values of 0.05 and 0.12, demonstrating 

eskolaite phase (Figure 16), the value of n shifts close to the binary Cr2O3 film. 

However, in the CHO film with x = 0.94, the value of n was 1.94, which is slightly 

lower than the refractive index of the pristine HfO2 film (2.09). This can also be 

attributed to the structural changes of the films. While binary HfO2 is crystalline, 

containing monoclinic phase as a major phase and also tetragonal or cubic phase, 

the ternary Hf reach film with x = 0.94 contained mostly an X-ray amorphous 

structure with a very weak peak belonging to the tetragonal (or cubic) phase.  
 

 
Figure 25. Variation of refractive index values at wavelength of 633 nm, as a function of 

x for ternary films. 

 

Band gap energy (Eg) for binary Cr2O3 film deposited by Cr(thd)3 + O3 with a 

thickness of 55 nm on Si substrate was ~2.75 (0.1) eV, calculated for indirect 

transition. The 95 nm thick binary chromium oxide film deposited by CrO2Cl2 + 

CH3OH showed an indirect transition Eg of 3.0 eV [IV]. 

In the case of CTO films where CrO2Cl2 + CH3OH was used as Cr-O sources, 

the indirect Eg exhibited a decrease with the increase of Ti concentration in the 

film towards the minimum value of Eg ~2.20 eV at x = 0.24 [IV]. The main change 

in Eg was observed between the binary Cr2O3 and CTO film with x = 0.14. The 

additional increase in x did not cause remarkable changes in the Eg (Figure 26 a). 

The similar behavior in indirect bandgap values of the CTO films deposited by 

combination of Cr(thd)3-O3) and (TiCl4-O3) was observed, where the values of Eg 

of ~2.0 and ~2.2 eV for the CTO films with x = 0.25 and x = 0.45 were observed, 

respectively [III]. The decrease in band gap values by increasing the concentration 

of the doping element can be related to changes in the average bond energy, which 

is a function of the composition of films. The reduction of Eg by doping of Cr2O3 

has been observed previously and explained by the formation of an impurity-like 

band in the Cr2O3 host [103]. For the CAO films, the indirect allowed transition 

model also showed a decrease from ~2.75 ± 0.1 eV for the Cr2O3 film to  
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~2.65 ± 0.1 eV by increasing x to 0.4. By increasing the value of x to 0.55, Eg 

shifted to 3.3 eV (Figure 26 b). It was not possible to calculate the Eg value for 

the Al2O3 film and those of ternary CAO films containing high concentrations of 

Al atoms because Eg values of these films seemed to approach the bandgap 

energy of alumina (~6.4 eV [182]) that was almost at or just above the maximum 

spectral limit (ca 5.5 eV) of the used ellipsometer.  

Indirect transition band gap energy calculations for CHO films showed that 

by adding Hf to the Cr2O3 film in a relative concentration (x) range of 0.05 to 0.36 

did not change the Eg of chromium oxide films considerably, and the value of 

indirect Eg stayed in the range of ~2.75 to ~2.80 eV (Figure 26 c). The obtained 

data from this work showed that the optical properties of chromium oxide films 

can be tailored for different applications, from photovoltaic to semiconducting 

applications, by forming ternary films. 

   

Figure 26. Tauc plots calculated a) CTO films deposited by k × (CrO2Cl2-CH3OH) + 

(TiCl4-H2O) [IV], and b) CAO , c) CHO films with different values of x, using the indirect 

transition model. 
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7.7. CAO films on sapphire substrate. 

In order to achieve well-crystalline films with precise crystallographic orientation, 

the ternary chromium aluminum oxide films were deposited on α-Al2O3 (001) (c-

plane sapphire), which often serves as a substrate for epitaxial growth of thin 

films. Since chromium oxide can crystallize on sapphire substrate both in the 

form of trigonal α-Cr2O3 or tetragonal CrO2 structure [183]. the XAS analysis 

was used to determine the oxidation state of chromium for the films on c-plane 

sapphire. The Cr 2p spectra data confirmed a stable Cr3+ oxidation state with 

octahedral coordination for all the ternary films (Figure 27), matched well with 

previously reported absorption spectra of chromium oxide films containing 

chromium in a stable 3+ oxidation state [184,185].  

 

Figure 27. Cr 2p and O 1s edge X-ray absorption spectra of binary chromium oxide, 

aluminum oxide, and ternary CAO films [V]. 

 

According to XRD analysis, the binary aluminum oxide film was amorphous. 

The phase composition of the ternary (Cr1–xAlx)2O3 films was amorphous or crys-

talline depending on the concentration of Al in the films, which was controlled 

by the number of Cr-O subcycles in the ALD supercycle k × (Cr(thd)3-O3) + 

(TMA-O3). By increasing the number of k to 23 and above, a crystalline structure 

appeared. For the film deposited with k ≥ 38, splitting in the peaks was observed, 

which can be due to the formation of crystalline domains with slightly different 

cell parameters due to variations in Al concentration (Figure 28 a).  

Epitaxial orientation relation was determined by φ-scan and in-plane measure-

ments for the films deposited by k = 45. The φ-scan analysis for the family of 

{1 0 10} lattice planes revealed three well-defined peaks for both films on c-plane 

sapphire substrates overlapping at one and the same φ positions, confirming the 

epitaxial in-plane orientation of the films (Figure 28 b). The in-plane θ/2θ scan 

of the 110 reflection for the same film confirmed the crystalline epitaxial growth 

of the films, with a hexagonal structure. The epitaxial relations were determined 
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as (0001) [11–20] film || (0001) [11–20] c-plane Al2O3 (Figure 5 in [V]). Results 

of rocking curve (ω-scan) out-of-plane measurements for 006 reflections for the 

films on c-plane sapphires enabled the estimation of the structural quality of the 

films. While the width of the rocking curve (FWHMω) for binary Cr2O3 film was 

0.32°, The minimum value of FWHMω = 0.1° was measured for the films de-

posited with 38 ≤ k ≤ 75 in the ALD, demonstrating better crystal quality in the 

ternary films compared with binary chromium oxide. 

Figure 28. a) XRD patterns of (Cr1–xAlx)2O3 films on sapphire. The reflections are labelled 

by Miller indices. The patterns are identified by the k:1 numbers showing the number of 

Cr-O subcycles in the ALD supercycle. The dashed lines show the atomic planes of 

eskolaite from the database (PDF-2 card 38–1479). b) φ scans in asymmetric geometry 

of the films deposited by 45:1 subcycle ratio. 

 

The indentation analysis demonstrated dependence of both hardness and elastic 

modulus values, displaying dependency of the mechanical properties of ternary 

(Cr1–xAlx)2O3 films on the composition and microstructure of the films (Figure 29). 

The highest hardness, about 28 GPa at ID of ~7 nm, was observed for the ternary 

film deposited by k = 38, which can be related to changes in crystallinity, charac-

terized often by <D>v as discussed previously in this work. Binary Cr2O3 on  

c-plane sapphire contained crystallites sized at 23.2 nm. For the CAO ternary 

films, crystallites with sizes ranging from 16.5 nm to 24.5 nm were observed. In 

the film deposited by k = 38, the crystallites with slightly different lattice para-

meters also exhibited different values of <D>v = 22 nm and <D>v =16.5 nm. 
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Figure 29. Mean values of hardness of the ternary CAO films on c-plane sapphire at 

different indentation depths. The ternary films are identified by the k:1 numbers showing 

the number of Cr-O subcycles in the ALD supercycle k × (Cr(thd)3-O3) + (TMA-O3). 

 

The presence of an amorphous phase in the film and formation of a crystalline/ 

amorphous composite structure was investigated using annealing experiments, 

since one of the assumptions mentioned previously in relation to the amorphous 

phase could be one of the reasons for high hardness. To test this hypothesis, the 

films with high hardness were annealed at 800 °C, and any structural changes 

were analyzed by HRXRD. The film deposited by k = 38 did not show any struc-

tural changes after annealing (Figure 30), indicating the absence of a considerable 

amorphous phase.  

 

 

Figure 30. Observed, fitted and difference (offset applied) patterns for selected reflections 

of a) as-deposited and b) after annealing, for the film deposited by ALD subcycle ratio of 

k:l = 38:1.  
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7.8. Thermal stability of ternary (Cr1–xMex)2O3 films  

Too investigate the structural evaluation of the ternary films and binary 

chromium oxide film at high temperatures, the selected CAO and CTO films, all 

deposited using Cr(thd)3 and O3 as Cr-O source, The remarkable change in 

FWHM value was recorded when the heating temperature exceeded 500 °C 

(Figure 31 a) and decrease in FWHM of about 30% was observed at 600 °C. the 

structural and materials characteristic change by annealing at 500 °C was reported 

previously, where after annealing, the edge of absorption moved towards the red 

range of the wavelength after being annealed at 500 °C [186]. Also, the trans-

formation from amorphous to crystalline chromium oxide film with a hexagonal 

corundum-type structure has been reported [187]. A decrease in FWHM values is 

as a result of an increase in crystallite size. The increase in crystallite size of the 

eskolaite phase during annealing can be explained as a result of an increase in 

diffusivity and mobility of grain boundaries [188]. Ternary CTO containing 

x = 0.25 and x = 0.45 and chromium aluminum oxide (CAO) films with a close 

atomic ratio of Al compared to CTO films showed no structural changes by 

increasing annealing temperature up to 900 °C (Figure 31. b). The high-tempe-

rature structural stability of the ternary films is likely due to their specific 

elemental composition, which raises the temperatures at which crystallization and 

recrystallization begin compared with binary chromium oxide films. 

Figure 31. GIXRD patterns of a) binary Cr2O3 and b) ternary chromium titanium oxide 

(CTO) and chromium aluminum oxide (CAO) films with similar atomic ratios at different 

annealing temperatures. Reflection is denoted by Miller indices corresponding to the 

eskolaite phase.  

 

The layer structure of the films is important for explaining the behaviour of films 

in various applications. The initial assumed transition layer thickness for as-

deposited films was considered to be 1 nm in modelling. For the binary Cr2O3 

film, formation of a transition layer with a thickness of 11 nm and a density of 

2.8 g/cm3 was observed at 900 °C [II]. This density was remarkably lower than 

the density of eskolaite and slightly higher than the density of amorphous SiO2 

(2.2 g/cm3 [189]), indicating that the major amount of this layer was most probably 

amorphous with a composition of (Si1–xCrx)O2. In the case of CTO films, the 
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thickness increase of the transition layer was 4 times after annealing at 900 °C, 

whereas this increase appeared just between 800 and 900 °C. The thickness of 

transition layer for CAO films did not change remarkably during the annealing, 

demonstrating that CAO films have the best among the studied types of films 

oxygen diffusion barrier properties at high temperatures up to 900 °C. This result 

is supported by previously published results showing better substrate protection 

by Al2O3 coating against oxidation at high temperatures compared with chromium 

oxide [190]. A slight increase in density of CTO films was observed at an annealing 

temperature of 700 °C for x = 0.25, changing from 4.7 to 4.9 by increasing the 

annealing temperature up to 900 °C. No remarkable changes were observed for 

the density of the CAO film up to 900 °C, confirming the high thermal stability 

of these films.  

CTO film with x = 0.25 exhibited only a slight density increase at 700 °C, 

rising from 4.7 to 4.9 by 900 °C. In contrast, the CAO film showed no significant 

density change up to 900 °C, indicating its superior thermal stability (Figure 32 a). 

At the same time, the main film layer became thinner with increasing annealing 

temperature, mainly at around 700 °C; the thickness reduction reached approxi-

mately 17% for Cr2O3, 14% for CTO, and 9% for CAO at 900 °C (Figure 32 b). 

This thinning is attributed to structural rearrangement, reduced defect density, 

and especially material loss through evaporation, including the possible formation 

and volatilization of chromium-containing species. The slight densification of 

CTO at high temperature is likely related to its greater thickness reduction, which 

may have led to a more compact film structure [II]. 

 

Figure 32. Variations of a) density and b) film thickness values at different annealing 

temperatures for binary and ternary CTO and CAO films.  
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8. CONCLUSIONS 

Chromium oxide (Cr2O3) is a multifunctional ceramic material known for its high 

hardness, wear resistance, corrosion resistance, as well as its useful optical and 

electronic properties. This thesis demonstrates that the structural, mechanical, 

tribological, and optical properties of chromium oxide thin films synthesized by 

atomic layer deposition (ALD) can be effectively engineered through the 

formation of ternary compounds with Me = Ti, Al, and Hf elements and by 

variation of the atomic ratio x = Me/(Me + Cr).  

Binary component Cr2O3 films were synthesized using a novel Cr(thd)3-O3 

ALD process on silicon substrates. The growth rate of the films increased from 

0.032 to approximately 0.105 Å/cycle when the deposition temperature (TG) 

increased from 200 °C to 275 °C. Formation of the eskolaite (α‑Cr2O3) was 

observed for the films deposited at TG = 250–300 °C. Films deposited at ≤225 °C 

were X‑ray amorphous. The density of the films characterized by XRR, changed 

from 4.9 to 5.23 g/cm3, and the surface roughness from 0.4 nm to 3.4 nm with 

increasing TG from 200 to 300 °C.  

The formation of ternary Cr-Me-O films introduced substantial structural 

modifications. In Cr-Ti-O (CTO) films deposited using the super-cycle formula 

[k × (CrO2Cl2 – CH3OH) + l × (TiCl4 – H2O)], the eskolaite phase was preserved 

over a wide composition range, indicating that Ti incorporation (up to ~9 at%) 

does not disrupt the host lattice but instead introduces lattice defects and modifies 

crystallinity. A key observation was the significant changes in the nanostructure 

for the films on Si substrate, where <D>v decreased from approximately 28 nm 

in binary Cr2O3 to about 7 nm with increasing Ti content up to x = 0.24. Similar 

behavior in decrease in crystallinity of the CTO films deposited by ALD super-

cycle of [k × (Cr(thd)3-O3) + (TiCl4-O3)] was observed where by increasing the 

atomic ratio of Ti (Ti/(Ti+Cr) from zero to 0.45, the films phase composition 

changed from polycrystalline to x-ray amorphous. Cr-Al-O (CAO) films de-

posited by [k × (Cr(thd)3-O3) + (TMA-O3)] on Si substrates exhibited predomi-

nantly X‑ray amorphous structures using regular GIXRD analysis. However, 

14 times slower GIXRD scan revealed the presence of weak and very broad 

diffraction peaks belong to the face-centered cubic lattice. High‑resolution TEM 

analysis confirmed the presence of nanoscale crystallites (3–5.5 nm) in CAO 

films with x = 0.40 embedded in an amorphous matrix, forming a nanocomposite 

structure. A clear dependence of crystallinity and phase composition on the Hf 

content was found in Cr-Hf-O (CHO) films deposited by [k × (Cr(thd)3-O3) + 

(HfCl4-O3)] on Si substrates, which showed a strong effect of hafnium on lattice 

stability: at low Hf content (x ≤ 0.12), the films were crystalline (eskolaite), with 

further increase they became X-ray amorphous, and at high concentration  

(x > 0.9) crystalline phases (tetrahedral or cubic HfO2) reappeared. 

Although the epitaxial growth of binary α‑Cr2O3 films on c-plane sapphire 

substrate was known previously, the appearance of ternary CAO films within a 

defined compositional window on c-plane sapphire in epitaxial relationship 
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(0001) [11–20]film || (0001) [11–20]α–Al2O3, containing crystalline domains with 

slightly different cell parameters, was one interesting novel result.  

The film density in ternary systems depended on the composition, lying within 

the range of values for binary oxides, but this dependence was not strictly linear 

and deviated from a simple mixing rule. This behavior suggested that the actual 

microstructure, porosity, and degree of crystallinity of the films affect the density 

in addition to the chemical composition. 

Significant improvements were observed in the mechanical properties. While 

binary Cr2O3 film with thickness of 95 nm deposited by CrCl2O2-CH3OH 

exhibited a hardness and elastic modulus of ~15 and ~152 GPa, respectively, the 

CTO film with x = 0.24 and 84 nm of thickness, showed the hardness and elastic 

modulus of 20.5 GPa, and 205 GPa, respectively, at comparable indentation depth. 

The CTO thin films obtained by using ALD super-cycle [k× (Cr(thd)3 – O3) + 

(TiCl4-O3)] with thickness in the range of 20–22 nm showed hardness values of 

15.2 and 16.7 GPa, while the binary 21 nm thick Cr2O3 film showed hardness of 

~12.5 GPa. CAO films reached hardness of ~17.5–18.4 GPa at x = 0.29–0.40. In 

CHO films, the maximum hardness of ~19 GPa was achieved at low Hf concen-

tration (Hf/(Hf+Cr) = 0.05), while at higher compositions the values approached 

those of binary Cr2O3. These results clearly demonstrate that the formation of 

ternary compounds improves hardness by approximately 20–40% relative to 

binary component chromium oxide films. The origin of this mechanical enhance-

ment lies in microstructural engineering. In CTO films with ALD process of [k × 

(CrO2Cl2 – CH3OH) + l × (TiCl4 – H2O)], the decrease of <D>v from 28 nm to 

7 nm indicates a strong grain-refinement effect, leading to increased hardness 

through mechanisms similar to Hall–Petch strengthening. Additionally, the 

coexistence of a nanocrystalline/amorphous composite structure that provides 

resistance to dislocation motion and crack propagation could be the reason of 

mechanical property improvement.  

The observed increased of H3/E2 ratios for ternary CAO and CHO films and 

nanowear tests performed at loads between 60 and 180 µN revealed that ternary 

films exhibit improved resistance to plastic deformation, and are significantly 

more wear resistant compared to binary component Cr2O3 film. In particular, 

CAO films showed up to ~80% reduction in wear rate at x = 0.40. This improve-

ment can be attributed to the combined effects of higher hardness, making plastic 

deformation in the surface difficult. Thus, formation of ternary compound film 

can be an effective strategy for significantly improving the tribological lifetime 

of mechanical components coated with these films. 

In addition to mechanical and tribological improvements, the optical pro-

perties of the films were strongly affected by the ratio of Cr and Me in these thin 

films. Binary Cr2O3 films exhibited refractive indices in the range of 2.26 to 2.53 

at 633 nm, depending on the precursors used for deposition, deposition para-

meters and the phase composition of the films. By tuning composition to a ternary 

compound, the refractive index of ternary films could be systematically influenced. 

CTO films [k × (CrO2Cl2 – CH3OH) + l × (TiCl4 – H2O)] showed relatively stable 

66



 

refractive index values. A decrease of n from 2.2 to 1.9 at wavelength of 633 nm 

by increasing x from 0.29 to 0.55 was observed in the CAO films.  

There were also changes in the optical bandgap width (Eg) depending on  

the composition of the films. Binary Cr2O3 films deposited by Cr(thd)3 in combi-

nation with ozone, on silicon substrate showed an indirect band gap of approxi-

mately ~2.75 ± 0.1 eV. In CTO films deposited using supercycle [10 × (CrO2Cl2+ 

CH3OH) + l × (TiCl4-H2O)], the indirect transition Eg was approximately 2.2 eV. 

A similar trend was observed for CTO films deposited using ALD super-cycle  

[k × (Cr(thd)3-O3) + (TiCl4– O3)], where the indirect Eg values were approxi-

mately 2.0 and 2.2 eV. In CAO films, the indirect Eg was ~2.65 eV when x = 0.29 

and 0.40, and increased to ~3.3 eV at x = 0.55. In contrast, CHO films exhibited 

indirect band gap close to the Eg of binary Cr2O3 films (~2.75–2.80 eV) when x 

varied in the range of 0.05–0.36. These results show that the optical properties of 

Cr-Me-O ternary films can be tailored to certain limits for applications in both 

the visible and wider spectral ranges. 

 One of the most important and novel results is the increase in the phase com-

position and atomic structure stability of ternary Cr-Me-O films at higher tempe-

ratures. While binary Cr2O3 films showed phase composition changes already at 

500 °C, these changes did not appear in CTO and CAO films when heated to 

900 °C. In addition, CAO films proved to be significantly more effective in in-

hibiting oxygen diffusion than CTO or Cr2O3 films. Such an increase in thermal 

stability and inhibition of oxidation are among the most important properties of 

the material from the point of view of microcircuits, protective coatings and other 

technological applications that must operate in a wide temperature range. In 

summary, the novel results of this work show that the properties of thin films 

created on the basis of Cr2O3 can be purposefully directed using ALD through 

ternary alloying and composition control and the type of base material. The 

addition of Ti, Al, and Hf allowed the creation of a material with higher mechanical 

strength, lower wear, a wider optical application range and significantly higher 

thermal stability. Therefore, Cr-Me-O thin films are promising materials for 

protective coatings, optoelectronics, and high-temperature functional coatings. 
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SUMMARY IN ESTONIAN 

Aatomkihtsadestatud kroomi sisaldavate kolmikelemendiliste õhukeste 

kilede mikrostruktuuri optimeerimine. 

 

Käesolev töö näitas, et kroomoksiidi (Cr2O3) õhukeste kilede struktuurilised, 

mehaanilised, triboloogilised ja optilised omadused muutuvad märgatavalt, kui 

aatomkihtsadestuse (ALD) abil kasvatada ternaarsed Cr-Me-O ühendid (Me = Ti, 

Al, Hf), muutes seejuures sobivalt kolmanda elemendi osakaalu (x = Me/(Me+Cr)). 

Töö tulemused kinnitavad, et koroomoksiidil põhinevate materjalide baasil saab 

luua funktsionaalseid kattematerjale, mille omadusi saab koostise ja mikro-

struktuuri kaudu eesmärgipäraselt disainida. 

Uudse Cr(thd)3–O3 ALD protsessiga räni monokristallile kasvatatud 5–64 nm 

paksuste Cr2O3 kilede kasvukiirus suurenes 0.03 Å/tsükkel kuni 0.105 Å/tsüklini, 

kui kasvu temperatuuri tõsteti 200 °C-lt 275 °C-ni. Eskolaiidi (α-Cr2O3) kristalli-

line faas moodustus temperatuuridel 250–275 °C, samal ajal kui madalamatel 

temperatuuridel kasvatatud kiled ei olnud kristallilised. Kasvutemperatuuri tõu-

suga kaasnes kilede tiheduse suurenemine 4.90 g/cm3-lt kuni 5.23 g/cm3-ni ja 

pinnakareduse kasv 3 nm võrra (0.4 nm kuni 3.4 nm), mis olid hästi korrelat-

sioonis kilede kristallilisuse muutusega ning viitasid olulistele muutustele kile 

pinna morfoloogias. 

Ternaarsete Cr-Me-O kilede puhul ilmnesid märkimisväärsed nanostruk-

tuursed muutused sõltuvalt kolmanda elemendi lisamise määrast. Räni alustele 

kasvatatud Cr-Ti-O (CTO) kiledes säilis eskolaiidi trigonaalne faas laias koostis-

vahemikus, mis näitas, et Ti osakaal kuni ≈9 at% ei põhjusta faasiüleminekut, 

vaid tekitab pigem võrevigu ja muudab kristallilisust. Ti sisalduse suurenedes 

alates binaarsest Cr2O3 kuni ternaarseni Cr1.76Ti0.24O3 vähenes kristalliitide mõõde 

neli korda (28→7nm), mis viitas märgatavale nanostruktuursuse suurenemisele. 

Cr-Al-O (CAO) kilede puhul, mille koostised olid x = 0.29 and 0.40 ning mis 

olid kasvatatud Si alusele, tuvastati kuubilise sümmeetriaga nanokristallide 

olemasolu. Selleks kasutati tavalisest 14 korda aeglasemat GIXRD mõõterežiimi, 

et parandada signaal-müra suhet ja võimaldada nõrkade difraktsioonimaksi-

mumide eristamist.  

Kõrge ruumilise lahutusega TEM analüüs kinnitas väikeste, 3–5.5 nm läbi-

mõõduga, nanokristallide olemasolu põhiliselt amorfses kiles, moodustades nano-

komposiitse struktuuri. Lisaks ilmnes selge orientatsiooniefekt safiiralusel kasva-

tatud kiledel. Kui binaarse Cr2O3 kile epiteksiaalne kasv safiiri (001) tasandile oli 

juba varem teada, siis ternaarsetel CAO kiledel avastati kaksikdomeenne epitak-

siaalne kasv teatud koostistel. Saadus tulemus näitas, et koostise kontroll võimal-

dab mitte üksnes materjali omadusi muuta, vaid ka suunata kile struktuuri moo-

dustumise viisi amorfsest polükristalliseks või epitaksiaalseks. 

Cr-Hf-O (CHO) kiledel leiti selge kristallilisuse ja faasilise koostise sõltuvus 

Hf sisaldusest, mis näitas hafniumi tugevat mõju võre stabiilsusele: väikesel Hf 

sisaldusel (x ≤ 0.12) olid kiled kristallilised (eskolaiit), Hf osakaalu suurenemisel 
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muutusid amorfseks ning suurtel kontsentratsioonidel (x > 0.9) ilmusid uuesti 

kristallilised faasid (tetragonaalne või kuubiline, monokliinne HfO2). 

Kilede tihedus sõltus ternaarsetes süsteemides koostisest, jäädes binaarsete 

oksiidide tiheduste piirides. Sõltuvus ei olnud siiski rangelt lineaarne vaid kaldus 

kõrvale lihtsast segamisreeglist. Selline käitumine viitas sellele, et lisaks keemi-

lisele koostisele mõjutavad tihedust ka kile tegelik mikrostruktuur, poorsus ja 

kristallilisuse aste. 

Kõige olulisemad tulemused saadi kilede mehaanilistes omaduste analüüsil. 

Kui binaarse Cr2O3 kile, mille paksus oli 95 nm, kõvadus ja elastsusmoodul ula-

tusid vastavalt väärtuseni 14.8 GPa ja ≈150 GPa, siis samadel mõõtmistingimustel 

saavutas CTO kile koostisel x = 0.24 ja paksusel 84 nm kõvaduse 20.5 GPa ning 

elastsusmooduli 205 GPa. CAO kilede puhul suurenes kõvadus väärtuseni 17.5–

18.4 GPa koostisvahemikus x = 0.29 – 0.40, ning CHO kilede maksimaalne kõva-

dus 18.6 GPa saadi väikesel Hf sisaldusel x = 0.05. Kokkuvõttes näitavad tule-

mused, et ternaarsetes Cr-Me-O kiledes on võimalik saada kõvaduse suurenemist 

ligikaudu 20–40% võrra võrreldes binaarsete Cr2O3 kiledega. See on seletatav 

eelkõige muutustega mikrostruktuuris: kristallilisuse vähenemine, nanokristallilise 

ja amorfse faasi kooseksisteerimine ning nendest tingituna plastilise deformat-

siooni ja dislokatsioonide liikuvuse pidurdumine. 

Lisaks kinnitasid ka triboloogilised mõõtmised (materjali kulumine hõõru-

misel) mehaaniliste omaduste paranemist. Nanokulumise testides koormustel 60–

180 µN osutusid ternaarseid elemente sisaldavad kiled oluliselt kulumiskindla-

maks, kui see oli puhta Cr2O3 kile korral. Eriti silmapaistev oli CAO kilede käitu-

mine, kus kulumiskiirus vähenes kuni ≈80% koostisel x = 0.40. See näitab, et 

ternaarsed CAO oksiidkiled võimaldavad oluliselt pikendada üliõhukeste katete 

triboloogilist eluiga. 

Kilede optiliste omaduste ja koostise vahel leiti mitmeid seoseid. Binaarsete 

Cr2O3 kilede murdumisnäitaja (n) oli 633 nm lainepikkusel vahemikus ~2.26 to 

2.53, sõltuvalt paksusest, ALD lähteaine liikidest, faasikoostisest ja tihedusest. 

Ternaarsetes süsteemides oli n muudetav koostise kaudu: CTO kilede puhul oli 

muutus väike, CAO kilede korral vähenes n väärtus ligikaudu väärtuselt 2.2 kuni 

väärtuseni 1.9 koostise suurenedes vahemikus x = 0.29 kuni x = 0.55. CHO kilede 

puhul muutus n vahemikus 2.26–2.16, kui x muutus vahemikus 0.05–0.67. 

Samuti esinesid muutused optilise keelutsoon laiuses (Eg) sõltuvalt kilede koosti-

sest. Binaarsete Cr2O3 kilede kaudne keelutsoon oli ligikaudu vahemikus ~2.75–

3.0 eV, CTO kilede puhul vähenes Eg väärtuseni ~2.0–2.2 eV. CAO kiledes 

muutus Eg vahemikus ~2.65–3.3 eV. Hf lisamine ei muutnud kroomoksiidkilede 

Eg väärtust oluliselt ning Eg väärtus püsis vahemikus ~2.75–2.80 eV, kui x oli 

vahemikus 0,05–0,36. Need tulemused näitavad, et Cr-Me-O kolmikkomponent 

kilede optilisi omadusi saab teatud piires sihipäraselt muuta rakendusteks nii 

nähtavas kui ka laiemas spektraalvahemikus. 

Üheks olulisemaks ja uudseks tulemuseks on ternaarsete Cr-Me-O kilede 

faasilise koostise ja aatomstruktuuri stabiilsuse suurenemine kõrgematel tem-

peratuuridel. Kui binaarne Cr2O3 näitas faasilise koostise muutusi juba tempera-

tuuril 500 °C, siis CTO ja CAO kiledesi ei olnud neid muutusi võimalik tuvastada 
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isegi kuumutamisel temperatuurini 900 °C. Lisaks osutusid CAO kiled hapniku 

difusiooni oluliselt efektiivsemalt pärssivaks, kui seda olid CTO või Cr2O3 kiled. 

Selline termilise stabiilsuse kasv ja oksüdatsiooni pärssimine on materjali ühed 

olulisemad omadused kõrgetemperatuursete mikrolülituste, kaitsekatete ja teiste 

tehnoloogiliste rakenduste seisukohast, mis peavad töötama laias temperatuuride 

vahemikus. 

Kokkuvõttes näitavad selle töö uudsed tulemused, et Cr2O3 baasil loodavate 

õhukeste kilede omadusi saab ALD abil eesmärgipäraselt suunata ternaarse 

legeerimise ja koostise kontrolli ning alusmaterjali valiku kaudu. Ti, Al ja Hf 

lisamine võimaldas luua materjali, millel on suurem mehaaniline vastupidavus, 

väiksem kulumine, laiem optiline rakendusvaldkond ning oluliselt suurem 

termiline stabiilsus. Seetõttu on Cr-Me-O õhukesed kiled paljulubavad materjalid 

kaitsekatete, optoelektroonika ja kõrgetemperatuuriliste funktsionaalsete pinna-

katete jaoks.   
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