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I. Introduction 

Over the last decades, significant attention has been paid to the investigation of new advanced 

materials. This trend is closely related to the market requirements for materials with enhanced 

properties and/or lifetime. The surface of the material is crucial for many applications. There-

fore, using a new material with enhanced properties in a form of a thin film is suitable for 

surface modification. The thin film may improve a large variety of properties of the underlying 

material, for instance, mechanical, chemical, optical, electrical and antibacterial properties. 

In order to prepare new materials, including the materials presented in this Ph.D. thesis, ad-

vanced methods and approaches are required. It has been shown that glow discharge processes, 

including magnetron sputtering, are a proper technique for such a purpose. In this Ph.D. thesis 

we used several regimes of magnetron sputtering. For the synthesis of the thin-film metallic 

glasses based on Zr–Cu, we used a combination of a non-reactive conventional direct-current 

(dc) magnetron sputtering and high-power impulse magnetron sputtering (HiPIMS). In case of 

the nanocomposite Zr–Cu–N films we used a reactive pulsed magnetron sputtering. 

In general, magnetron sputtering utilizes a magnetic field to sustain the low-pressure plasma 

discharge close to the cathode (target). The discharge is ignited and powered by applying elec-

trical voltage between the cathode and the anode (usually the walls of the deposition chamber) 

in an inert process gas (usually Ar). Ions generated in the plasma are accelerated towards the 

target and by bombarding the target they sputter the atoms of the target material which subse-

quently create a thin film on the substrate. Besides the atoms, the bombardment of the target by 

the ions also emits electrons which are trapped in the vicinity of the target by the magnetic field 

and efficiently ionize the process gas [1–3]. 

Conventional dc magnetron sputtering is characterized by relatively low target power densities 

(in order of a few W/cm2). The applied target power is limited in order to avoid target overheat-

ing. The degree of ionization of the sputtered atoms is relatively low. Therefore, the flux of 

particles onto the substrate consists mostly of neutral atoms. In the case of dc pulsed magnetron 

sputtering, the target voltage is applied in pulses and the average target power density over a 

period is comparable with the continuous dc magnetron sputtering. Generally, pulsed magne-

tron sputtering leads to a higher ionization and thus to a higher energy of sputtered atoms de-

livered to the substrate. HiPIMS, a relatively new technique, is a unique type of a dc pulsed 

magnetron sputtering. It is defined by short pulses (usually in order of tens or hundreds of μs) 

at a low duty cycle (~1%) and a very high power density (>1 kW/cm2) in a pulse. Such a high 

power density leads to a much larger degree of ionization of sputtered atoms. That is of great 

importance for certain applications such as filling of trenches and allows us also to control the 

deposition process and thus to tune the properties of the thin films [4]. 

The following subsections deal with materials studied in this Ph.D. thesis and clarify the moti-

vation to investigate them. The major part of this Ph.D. thesis (Parts A–C) is devoted to the 

development of Zr–Cu based thin-film metallic glasses with enhanced mechanical and thermal 

properties. The second part of this Ph.D. thesis (Part D) is devoted to nanocomposite Zr–Cu–N 



9 
 

films with enhanced mechanical properties and strong antibacterial activity. The results ob-

tained for these two material systems will be used in further research. Recently, it was shown 

that a combination of a metallic glass and a crystalline metal may lead to a suppression of a 

propagation of the shear bands [5–7]. As far as we know, only a limited attentions was paid to 

the combination of a metallic glass with a nanocomposite material [8]. Therefore, the next step 

in that study will be an examination of a possibility to prepare a multi-layer system of a thin-

film metallic glass and a nitride film with emphasis on the enhancement of its mechanical prop-

erties. 

1. Metallic glasses 

Metallic glasses, first synthesized by Klement et al. in 1960 [9], are amorphous metallic alloys. 

They consist of elements that interact mainly via metallic bonds [10] and possess disordered 

atomic structure without grain boundaries. The atoms exhibit neither long-range periodical ar-

rangement nor a completely random arrangement of atoms. In part, they are distributed in short-

range atomic ordering units called icosahedral clusters [11–14]. In order to prepare the metallic 

glass, very high cooling rates from melt or gas (in order of 103 – 106 K/s) are required to avoid 

nucleation and a subsequent crystal growth. Their unique structure leads to superior physical 

and mechanical properties including, for instance, high yield strength, elastic strain and hard-

ness, good wear and corrosion resistance, excellent surface finishing and temperature-inde-

pendent electrical resistivity compared to their crystalline counterparts [15–17].  

Fig. 1 shows a typical thermal behavior of the metallic glass, measured using differential scan-

ning calorimetry (DSC), which qualitatively differs from the behavior of a conventional amor-

phous material. Specifically, the DSC curve presented in Fig. 1 was obtained from a binary 

Zr45Cu55 thin-film metallic glass. One may notice that the DSC curve of the metallic glass may 

be characterized by a decrease of the heat flow before the onset of the exothermic crystallization 

peak. Such a decrease is a typical behavior of the glass and its onset is called a glass transition. 

 

Fig. 1. DSC curve of the Zr45Cu55 thin-film metallic glass showing the glass transition and crystallization 

in detail. The determination of the glass transition temperature Tg, crystallization temperature Tc and 

supercooled liquid region ΔT is highlighted. 
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By a detailed examination of the DSC curve we can identify the glass transition temperature Tg, 

the crystallization temperature Tc and the supercooled liquid region ∆T (∆T = Tc – Tg). These 

temperatures and the width of the supercooled liquid region are characteristic values of the 

metallic glass and greatly depend on the elemental composition and the heating rate during the 

measurement. The metallic glass heated up into the supercooled liquid region exhibits thermo-

plastic behavior. Such a behavior is interesting, for instance, for sealing of scratches or for 

forming the material into different shapes or structures from the original material [17,18]. 

The plastic deformation of the metallic glasses is also quite different when compared with the 

conventional crystalline metals. In the case of metallic glasses, the major mechanism to accom-

modate plastic deformation is shear-banding. The shear band is a form of a plastic instability 

that localizes large shear strains in a relatively thin band when a material is being deformed. 

The origin of the strain localization is connected with the shear-softening. When a local region 

is plastically deformed, it becomes softer than the surrounding undeformed regions and thus is 

more susceptible to a subsequent flow. That behavior leads to a concentration of the plastic 

flow into a thin band. Such a behavior is shown in Fig. 2 where shear bands are formed after 

indentation. Nevertheless, the metallic glasses exhibit larger ductility than ceramics [19–21]. 

 

Fig. 2. AFM image of the indentation imprint of the Pd40Cu30Ni10P20 bulk metallic glass at the indenta-

tion load of 8 N (adapted from [21]). 

In this Ph.D. thesis, we started the investigation of thin-film metallic glasses with the binary 

Zr–Cu system. This system exhibit one of the highest glass forming ability due to the difference 

in atomic sizes of Zr (1.60 Å) and Cu (1.28 Å) and to a large negative heat of mixing (–23 

kJ/mol) of Zr and Cu [22]. Zr–Cu metallic glasses were prepared by various methods in both 

bulk and thin-film form. 

The Zr–Cu thin-film metallic glasses found in the literature were prepared mostly by a conven-

tional dc magnetron sputtering [22–25]. Advanced sputtering methods such as HiPIMS had not 

been used for the synthesis of this kind of a material so far. Therefore, we also focused on the 

preparation of Zr–Cu thin-film metallic glasses by this method. Moreover, we systematically 

investigated their properties including thermal, mechanical, surface and electrical properties. 

The next step of the study was to investigate the possibility to enhance the properties of the 

binary Zr–Cu thin films by adding Hf. We varied the Hf/(Hf+Zr) ratio from 0 to 1 at two dif-

ferent constant Cu contents. So far, the ternary Zr–Hf–Cu system has been almost exclusively 

studied theoretically [26,27] indicating great glass forming ability in a wide composition range. 
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Regarding the experimental work only Zr25Hf25Cu50 metallic alloy in a form of 50–60 μm thick 

ribbons was synthesized by Basu et al. [28]. It was shown that the ribbons were X-ray amor-

phous and exhibited glass transition. The partial replacement of Zr by Hf led to an increase of 

the crystallization temperature by about 50 °C. Unfortunately, no other elemental compositions 

or properties have been investigated yet. Therefore, we carried out a systematic study dealing 

with a gradual substitution of Zr for Hf in the Zr–Hf–Cu system with the aim to find the effect 

of Hf on the properties of the Zr–Hf–Cu thin-film metallic alloys including thermal behavior, 

mechanical properties and oxidation resistance. 

It has been shown that alloying with an appropriate element in a proper amount is very effective 

in increasing glass forming ability, enhancing mechanical and magnetic properties, and improv-

ing thermal stability of some bulk metallic glasses [29]. Hence, the next step of our study was 

to examine the possibility to improve or tune the properties of the Zr–Hf–Cu thin-film metallic 

alloys by addition of Al or Si. Heretofore, quaternary Zr–Hf–Al/Si–Cu metallic alloys had not 

been studied in the literature. On the other hand, it was reported that alloying with Al or Si 

increased the crystallization temperature and the width of the supercooled liquid region of other 

Zr- and Cu-based metallic glasses [30–32]. In the case of Al, an increase of hardness and 

Young’s modulus was also observed [32]. Therefore, we investigated the ability of the Zr–Hf–

Al/Si–Cu systems to form metallic glasses and the effect of the addition of Al or Si on the 

properties of the films. Particular attention was devoted to improvement of thermal stability, 

mechanical properties and oxidation resistance. 

2. Nanocomposite coatings 

Nanocomposite coatings consist of at least two separate phases with a nanocrystalline and/or 

amorphous structure. The size of the grains of the nanocrystalline phase is of the order of tens 

of nanometers or less. The growth of these grains is hindered by the segregation of the second 

phase on the grain boundaries of the first phase. Thus, the number of atoms in the boundary 

region is comparable to the amount of atoms in the grains. Such a unique structure, where the 

very small nanocrystalline grains are surrounded by the largely amorphous boundaries, exhibit 

different properties when compared to the conventional material with grains larger than 100 

nm, e.g. very high hardness. We distinguish nanocomposites composed of two hard phases (nc-

MeN/hard phase – nc- denotes nanocrystalline and Me denotes metal forming nitride phase) 

and nanocomposites composed of one hard and one soft phase (nc-MeN/soft phase) [33–35]. 

Zr–Cu–N thin films belong to the nc-MeN/soft phase group. In that case, the nanocrystalline 

phase is formed by ZrN and the soft phase is formed by Cu which segregates on the grain 

boundaries of the ZrN. Zr–Cu–N thin films were already synthesized by magnetron sputtering 

[36–38] and it was shown that it is possible to prepare superhard (defines as having hardness 

higher than 40 GPa) films with hardness of up to 55 GPa. It was also shown for different mate-

rial systems that Cu-containing nanocomposite films with a sufficient amount of Cu exhibit an 

antibacterial activity. For instance, Cr–Cu–N films containing 24 at.% Cu exhibit strong anti-
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bacterial effect [39]. Therefore, we focused on finding appropriate deposition conditions to pre-

pare antibacterial but still hard Zr–Cu–N thin films. Moreover, we investigated the resistance 

to cracking of these coatings after bending and high indentation loads. 
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II. Aims 

The Ph.D. thesis is focused on the preparation and characterization of thin-film metallic alloys 

and nitride films based on the Zr–Cu system. The metallic alloys were non-reactively deposited 

by a combination of high-power impulse magnetron sputtering and conventional dc magnetron 

sputtering while the nitride films were deposited using reactive pulsed dual magnetron sputter-

ing. 

The main aims of the Ph.D. thesis were defined as follows: 

1. To deposit binary Zr–Cu thin-film alloys in a very wide composition range and to system-

atically investigate the evolution of the structure and thermal, mechanical, electrical and 

surface properties. To find the conditions which favor the formation of Zr–Cu metallic 

glasses and to evaluate the benefits of sputtering of Cu in a high-power impulse regime.  

2. To deposit ternary Zr–Hf–Cu thin-film alloys with increasing Hf/(Hf+Zr) ratio at different 

Cu contents and to investigate the effect of a gradual substitution of Hf for Zr on the film 

properties, the thermal stability of their glassy state and the oxidation resistance.   

3. To deposit quaternary Zr–Hf–Al/Si–Cu thin-film alloys with a low content of Al or Si and 

to investigate the possibility to further enhance the film properties and extend their thermal 

stability and oxidation resistance to higher temperatures. 

4. To deposit nanocomposite Zr–Cu–N films at different Cu contents and to find conditions 

which lead to the formation of the films with enhanced mechanical properties, especially 

the resistance to cracking, and the antibacterial activity. 
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III. Results 

The thesis is submitted in a form of four scientific papers (Parts A–D) published in impacted 

international journals. These papers contain the most important results obtained during my 

Ph.D. study at the Department of Physics and NTIS, European Centre of Excellence, University 

of West Bohemia since September 2014. The following paragraphs summarize my contribution 

to each paper. 

Part A: Amorphous Zr–Cu thin-film alloys with metallic glass behavior 

I carried out all the depositions of the Zr–Cu thin-film alloys together with the measurements 

of the discharge and deposition characteristics. I performed the measurements of thickness, me-

chanical, electrical and hydrophobic properties of the films. In addition, I actively participated 

in the interpretation of the results of the structure, microstructure, thermal behavior, elemental 

composition and surface roughness. I actively participated in writing of the paper. 

Part B: Tuning properties and behavior of magnetron sputtered Zr–Hf–Cu metallic 

glasses 

I carried out all the depositions of the Zr–Hf–Cu thin-film alloys together with the measure-

ments of the discharge and deposition characteristics. I performed the measurements of thick-

ness, elemental composition, mechanical, electrical and hydrophobic properties, and surface 

roughness of the films. In addition, I actively participated in the interpretation of the results of 

the structure, thermal behavior and oxidation resistance. I wrote the first version of the paper 

and I actively participated in completing the final version of the paper. 

Part C: Impact of Al or Si addition on properties and oxidation resistance of magnetron 

sputtered Zr–Hf–Al/Si–Cu metallic glasses 

I carried out all the depositions of the Zr–Hf–Al/Si–Cu thin-film alloys together with the meas-

urements of the discharge and deposition characteristics. I performed the measurements of 

thickness, elemental composition, mechanical, electrical and hydrophobic properties, and sur-

face roughness of the films. In addition, I actively participated in the interpretation of the results 

of the structure, thermal behavior and oxidation resistance. I wrote the first version of the paper 

and I actively participated in completing the final version of the paper. 

Part D: Flexible antibacterial Zr–Cu–N thin films resistant to cracking 

I carried out all the depositions of the Zr–Cu–N thin films together with the measurements of 

the discharge and deposition characteristics. I performed the measurements of thickness, me-

chanical properties and resistance to cracking of the films. In addition, I actively participated in 

the interpretation of the results of the structure and antibacterial activity. I actively participated 

in writing of the paper.  
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Part A 

Amorphous Zr–Cu thin-film alloys with metallic glass 

behavior 

P. Zeman, M. Zítek, Š. Zuzjaková, R. Čerstvý 

Journal of Alloys and Compounds 696 (2017) 1298–1306 
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Part B 

Tuning properties and behavior of magnetron sputtered 

Zr–Hf–Cu metallic glasses 

M. Zítek, P. Zeman, Š. Zuzjaková, M. Kotrlová, R. Čerstvý 

Journal of Alloys and Compounds 739 (2018) 848–855 
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Part C 

Impact of Al or Si addition on properties and oxidation 

resistance of magnetron sputtered Zr–Hf–Al/Si–Cu metallic 

glasses 

M. Zítek, P. Zeman, M. Kotrlová, R. Čerstvý 

Journal of Alloys and Compounds 772 (2019) 409–417 
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Part D 

Flexible antibacterial Zr–Cu–N thin films resistant to cracking 

J. Musil, M. Zítek, K. Fajfrlík, R. Čerstvý 

Journal of Vacuum Science & Technology A 34, 021508 (2016) 
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IV. Conclusions of the thesis 

The Ph.D. thesis reports on the preparation of Zr–Cu, Zr–Hf–Cu and Zr–Hf–Al/Si–Cu thin-film 

alloys and nanocomposite Zr–Cu–N films by magnetron sputter deposition and their character-

ization by different analytical techniques. 

The main results of the systematic investigations are summarized as follows: 

1) Binary Zr–Cu thin-film metallic alloys with an amorphous structure were prepared in a 

very wide range of the Cu content (18–88 at.%) when the deposition was employed at the 

low density discharge conditions. The glass transition was unambiguously recognized for 

the films with the Cu content between approximately 30 and 65 at.% Cu independently of 

the low or high density discharge conditions used. The glass transition temperature in-

creased gradually with increasing Cu content and the maximum of the supercooled liquid 

region was achieved for approximately 55 at.% Cu. A clear correlation between the evolu-

tion of the crystallization temperature and mechanical properties with increasing Cu con-

tent was observed. The deposition at the high density discharge conditions resulted in a 

preparation of the Zr–Cu thin-film metallic alloys with a compressive stress (<0 GPa), an 

enhanced hardness (>7 GPa), very smooth (surface roughness < 1 nm) and hydrophobic 

(water contact angle >100°) surface. 

2) Ternary Zr–Hf–Cu thin-film metallic alloys with an amorphous structure and glass-like 

behavior were prepared with a gradually increasing Hf/(Hf+Zr) ratio at 46 at.% Cu and 59 

at.% Cu. A clear correlation among temperature, hardness and effective Young's modulus 

with increasing Hf/(Hf+Zr) ratio was observed. A linear increase of all these quantities can 

be attributed to an increase of average bond energy as Hf with more covalent character of 

bonds gradually substitutes Zr in the amorphous structure. Electrically conductive Zr–Hf–

Cu thin-film metallic glasses exhibit enhanced hardness (up to 7.8 GPa), enhanced thermal 

stability and oxidation resistance, and very smooth (surface roughness down to 0.2 nm) 

and hydrophobic surface (water contact angle up to 109°). Tuning their elemental compo-

sition allows us to control the supercooled liquid region in a very wide range from 405 °C 

to 533 °C. 

3) Quaternary Zr–Hf–Al/Si–Cu thin-film metallic alloys were found to be amorphous up to 

17 at.% Al and 12 at.% Si. The glass transition was, however, recognizable only up to 12 

at.% Al and 6 at.% Si by differential scanning calorimetry. The increase of the Al and Si 

content led to an increase of the crystallization (up to 12 at.% Al and Si) and glass transition 

(up to 12 at.% Al and 6 at.% Si) temperature, and mechanical properties (up to 17 at.% Al 

and 12 at.% Si). This increase may be explained based on the increasing effect of a covalent 

component of the mixed metallic-covalent bonds between Al or Si and other elements of 

the films. Smooth, hydrophobic and electrically conductive Zr–Hf–Al/Si–Cu thin-film me-

tallic glasses exhibit enhanced hardness, thermal stability and oxidation resistance. A wider 

supercooled liquid region was obtained for the Zr–Hf–Al–Cu metallic glasses, while a bet-

ter oxidation resistance for the Zr–Hf–Si–Cu metallic glasses. 
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4) Nanocomposite Zr–Cu–N films with Cu concentrations ranging from ~1 to ~19 at.% sput-

tered at a substrate bias Us = –100 V exhibited enhanced resistance to cracking due to a 

high H/E* ratio of ≥0.1, high elastic recovery We ≥60%, and compressive macrostress 

(σ < 0). Only Zr–Cu–N films with ≥10 at.% Cu concentrations exhibited antibacterial ac-

tivity and efficiently killed E. coli bacteria. One hundred percent of E. coli bacteria were 

killed after 5 h of contact with the Zr–Cu–N film surface. The Zr–Cu–N films with 

≥10 at.% Cu concentrations, hardness H ranging from ~17 to ~25 GPa, H/E* ratio ≥0.1, 

elastic recovery We ≥60%, and compressive macrostress (σ < 0) simultaneously exhibited 

100% efficiency in killing of E. coli bacteria and enhanced resistance to cracking. 

The results obtained in this Ph.D. thesis will be further used for the development of advanced 

multilayer coatings with enhanced mechanical and thermal properties. This is, however, beyond 

the scope of this thesis. 
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Abstract 

This Ph.D. thesis deals with the preparation and characterization of the Zr–Cu based thin-film 

metallic glasses with enhanced mechanical and thermal properties and the nanocomposite 

Zr–Cu–N films with enhanced mechanical properties and strong antibacterial activity. 

Chapter I of the thesis is devoted to a general introduction. Chapter II defines the aims of the 

thesis. Chapter III is the major part of the thesis where the results obtained during the Ph.D 

study are presented. This chapter consists of the papers (Parts A–D) published in impacted in-

ternational journals. 

Binary Zr–Cu thin-film alloys were prepared by non-reactive conventional dc and impulse mag-

netron co-sputtering using two unbalanced magnetrons equipped with Zr and Cu targets. The 

magnetron with the Zr target was operated in a dc regime while the magnetron with the Cu 

target in a pulse regime either at low or high density discharge conditions. It was shown that 

Zr–Cu thin-film metallic glasses were prepared with the Cu content between approximately 30 

and 65 at.% Cu independently of the low or high density discharge conditions used. A clear 

correlation between the evolution of the crystallization temperature and mechanical properties 

with increasing Cu content was observed. The deposition at the high density discharge condi-

tions resulted in a preparation of the Zr–Cu thin-film metallic alloys with a compressive stress 

(<0 GPa), an enhanced hardness (>7 GPa), very smooth (surface roughness < 1 nm) and hydro-

phobic (water contact angle >100°) surface. 

Ternary Zr–Hf–Cu thin-film alloys with glass-like behavior deposited by non-reactive conven-

tional dc and high-power impulse magnetron co-sputtering using three unbalanced magnetrons 

equipped with Zr, Hf and Cu targets were discussed. Two series of films with a gradually in-

creasing Hf/(Hf+Zr) ratio at 46 at.% Cu and 59 at.% Cu were deposited. A clear correlation 

among the evolution of the glass transition temperature, crystallization temperature, hardness 

and effective Young's modulus with increasing Hf/(Hf+Zr) ratio was found. A linear increase 

of these quantities is attributed to an increase of the average bond energy in the films as Hf 

gradually substitutes Zr. The Zr–Hf–Cu thin-film metallic glasses exhibit enhanced hardness 

(up to 7.8 GPa), enhanced thermal stability and oxidation resistance, very smooth (surface 

roughness down to 0.2 nm) and hydrophobic surface (water contact angle up to 109°), and very 

low electrical resistivity (lower than 1.9 × 10-6 Ωm). 

Quaternary Zr–Hf–Al/Si–Cu thin-film metallic alloys were prepared by non-reactive magne-

tron co-sputtering using four unbalanced magnetrons equipped with Zr, Hf, Al or Si, and Cu 

targets. Two series of films with either Al (up to 17 at.%) or Si (up to 12 at.%) addition were 

deposited. All Zr–Hf–Al/Si–Cu films were deposited with an X-ray amorphous structure. The 

glass transition was, however, recognized only up to 12 at.% Al or 6 at.% Si. The addition of 

Al or Si enhances mechanical properties of the films and the thermal stability of their amor-

phous state. This may be explained by an increase of a covalent component of the mixed me-

tallic-covalent bonds with increasing the Al and Si content. Moreover, the Zr–Hf–Al–Cu me-

tallic glasses exhibit a wider supercooled liquid region, while the Zr–Hf–Si–Cu metallic glasses 

are more oxidation resistant. 



60 
 

The effect of the Cu concentration in the Zr–Cu–N films on the antibacterial capacity and me-

chanical properties was investigated. Zr–Cu–N films were prepared by reactive magnetron sput-

tering from composed Zr/Cu targets using a dual magnetron in an Ar + N2 mixture. It was found 

that it is possible to form Zr–Cu–N films with Cu concentrations ≥10 at. % that simultaneously 

exhibit 100% killing efficiency for E. coli bacteria on their surfaces, and high hardness of about 

25 GPa, high ratio H/E* ≥ 0.1, high elastic recovery We ≥ 60% and  compressive macrostress 

(σ < 0). The Zr–Cu–N films with these parameters are flexible/antibacterial films that exhibit 

enhanced resistance to cracking. This enhanced resistance was tested by bending the Mo and 

Ti strip coated by sputtered Zr–Cu–N films (bending test) and loading the surface of the Zr–

Cu–N sputtered on a Si substrate by a diamond indenter at high loads up to 1 N (indentation 

test). 

In chapter IV, the conclusions of the Ph.D. thesis are given. In chapter V, further publications 

of the candidate are listed. 
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Resumé 

Tato disertační práce se zabývá přípravou a charakterizací tenkovrstvých kovových skel na bázi 

Zr–Cu se zlepšenými mechanickými a tepelnými vlastnostmi a nanokompozitních vrstev 

Zr–Cu–N se zlepšenými mechanickými vlastnostmi a silným antibakteriálním účinkem. 

Kapitola I této práce je věnována obecnému úvodu. V kapitole II jsou definované cíle práce. 

Kapitola III je hlavní částí této práce a jsou zde prezentované výsledky dosažené během Ph.D. 

studia. Tato kapitola se sestává z článků (Část A–D) publikovaných v mezinárodních impakto-

vaných časopisech. 

Binární tenkovrstvé slitiny Zr–Cu byly připraveny nereaktivním konvenčním dc a pulzním 

magnetronovým naprašováním ze dvou nevyvážených magnetronů osazených Zr a Cu terči. 

Magnetron s terčem Zr byl provozován v dc režimu, zatímco magnetron s terčem Cu v pulzním 

režimu buď za nízké, nebo vysoké hustoty výboje. Bylo ukázáno, že tenkovrstvá kovová skla 

Zr–Cu byla připravena s obsahem Cu mezi přibližně 30 a 65 at.% Cu nezávisle na použití nízké 

nebo vysoké hustoty výboje. Byla pozorována jasná korelace mezi vývojem krystalizační tep-

loty a mechanických vlastností s rostoucím obsahem Cu. Depozice za vysoké hustoty výboje 

vedla k přípravě tenkovrstvých kovových slitin Zr–Cu s tlakovým pnutím (<0 GPa), zvýšenou 

tvrdostí (>7 GPa), velmi hladkým (povrchová drsnost <1 nm) a hydrofobním (kontaktní úhel 

vody >100°) povrchem. 

Ternární tenkovrstvé slitiny Zr–Hf–Cu se skelným chováním byly deponovány nereaktivním 

konvenčním dc a vysoko-výkonovým magnetronovým naprašováním ze tří nevyvážených mag-

netronů osazených Zr, Hf a Cu terči. Byly připraveny dvě série vrstev s postupně rostoucím 

poměrem Hf/(Hf+Zr) při 46 at.% Cu a 59 at.% Cu. Byla nalezena jasná korelace mezi vývojem 

teploty skelného přechodu, krystalizační teploty, tvrdosti a Youngova modulu s rostoucím po-

měrem Hf/(Hf+Zr). Lineární nárůst těchto veličin lze přičíst nárůstu průměrné vazebné energie 

ve vrstvách s postupným nahrazováním Zr za Hf. Tenkovrstvá kovová skla Zr–Hf–Cu vykazují 

zvýšenou tvrdost (až 7,8 GPa), zvýšenou tepelnou stabilitu a oxidační odolnost, velmi hladký 

(povrchová drsnot až 0,2 nm) a hydrofobní povrch (kontaktní úhel vody až 109°), a velmi níz-

kou elektrickou rezistivitu (nižší než 1,9 x 10-6 Ωm). 

Kvaternární tenkovrstvé kovové slitiny Zr–Hf–Al/Si–Cu byly připraveny nereaktivním magne-

tronovým naprašováním ze čtyř nevyvážených magnetronů osazených Zr, Hf, Al nebo Si, a Cu 

terči. Byly připraveny dvě série vrstev buď s přidaným Al (až 17 at.%) nebo Si (až 12 at.%). 

Všechny vrstvy Zr–Hf–Al/Si–Cu byly připraveny s rentgenově amorfní strukturou. Skelný pře-

chod byl ale rozpoznán pouze do 12 at.% Al nebo 6 at.% Si. Přidání Al nebo Si zlepšuje me-

chanické vlastnosti vrstev a tepelnou stabilitu jejich amorfní struktury. To lze vysvětlit zvyšu-

jícím se podílem kovalentní složky smíšené kovalentně-kovové vazby s rostoucím obsahem Al 

a Si. Kovová skla Zr–Hf–Al–Cu navíc vykazují širší oblast přechlazené kapaliny, zatímco ko-

vová skla Zr–Hf–Si–Cu jsou odolnější vůči oxidaci. 

Byl vyšetřován vliv koncentrace Cu ve vrstvách Zr–Cu–N na antibakteriální chování a mecha-

nické vlastnosti. Vrstvy Zr–Cu–N byly připraveny reaktivním magnetronovým naprašováním 

ze složených terčů Zr/Cu za využití duálního magnetronu ve směsi Ar + N2. Bylo zjištěno, že 
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je možné připravit vrstvy Zr–Cu–N s obsahem Cu ≥10 at. %, které boudou současně vykazovat 

100% efektivitu zabíjení bakterií E. Coli na jejich povrchu a vysokou tvrdost kolem 25 GPa, 

vysoký poměr H/E* ≥ 0,1, vysokou elastickou vratnost We ≥ 60% a tlakové pnutí (σ < 0). Vrstvy 

Zr–Cu–N s těmito parametry jsou flexibilní/antibakteriální vrstvy, které vykazují zvýšenou 

odolnost proti vzniku trhlin. Tato zvýšené odolnost byla testována při ohybu Mo a Ti pásku 

pokrytého vrstvou Zr–Cu–N a zatěžováním povrchu naprášeného Zr–Cu–N na substrátu Si di-

amantovým indentorem při vysokých zátěžích až do 1 N. 

V kapitole IV jsou závěry této Ph.D. práce. V kapitole V jsou uvedeny další publikace kandi-

dáta. 


