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. 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). lons 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/cm?). 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 us)
at a low duty cycle (~1%) and a very high power density (>1 kW/cm?) 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



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 10% — 10° 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
Zr45Cuss 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.
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Fig. 1. DSC curve of the Zr4sCuss thin-film metallic glass showing the glass transition and crystallization
in detail. The determination of the glass transition temperature T, crystallization temperature T. and
supercooled liquid region AT is highlighted.



By a detailed examination of the DSC curve we can identify the glass transition temperature Ty,
the crystallization temperature T and the supercooled liquid region AT (AT = T¢ — 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 Pd4oCusoNiioP2o 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 A) and Cu (1.28 A) 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 ZrzsHf25Cuso metallic alloy in a form of 50-60 um 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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Il. 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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I1l. 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

| carried out all the depositions of the Zr—Cu thin-film alloys together with the measurements
of the discharge and deposition characteristics. | performed the measurements of thickness, me-
chanical, electrical and hydrophobic properties of the films. In addition, | 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

| carried out all the depositions of the Zr-Hf-Cu thin-film alloys together with the measure-
ments of the discharge and deposition characteristics. | 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. | wrote the first version of the paper
and | 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

| 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. | performed the measurements of
thickness, elemental composition, mechanical, electrical and hydrophobic properties, and sur-
face roughness of the films. In addition, | actively participated in the interpretation of the results
of the structure, thermal behavior and oxidation resistance. | wrote the first version of the paper
and | actively participated in completing the final version of the paper.

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

| carried out all the depositions of the Zr—Cu-N thin films together with the measurements of
the discharge and deposition characteristics. | performed the measurements of thickness, me-
chanical properties and resistance to cracking of the films. In addition, | actively participated in
the interpretation of the results of the structure and antibacterial activity. | 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. Zitek, S. Zuzjakova, R. Cerstvy
Journal of Alloys and Compounds 696 (2017) 1298-1306
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ABSTRACT

Binary Zr—Cu thin-film alloys were prepared by non-reactive conventional dc and impulse magnetron
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. The elemental composition in the films was controlled
in a very wide composition range (~10—90 at.%). The evolution of the structure, thermal behavior, me-
chanical, electrical and surface properties of Zr—Cu films with increasing Cu content was systematically
investigated. We found 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 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.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Metallic alloys are commonly fabricated as crystalline materials
by a relatively slow-cooling casting of a melt. Such alloys are
characterized by a highly regular, well-defined arrangement of
atoms on a three dimensional lattice possessing the translation
periodicity. Increasing the cooling rate high enough (10> —10° K/s)
while mixing appropriate metallic elements may result in a for-
mation of non-crystalline metallic alloys in a non-equilibrium
metastable state. The structure of these alloys is then not charac-
terized by either a long-range periodical arrangement or
completely random arrangement of atoms. Recently, molecular
dynamics simulations have revealed a short- and medium-range
atomic ordering in these solids [1—4]. Base structural units are
not unit cells as in the case of crystalline solids but various kinds of
polyhedral clusters of atoms. Most of atoms are incorporated in
icosahedral clusters (1 central atom surrounded by 12 atoms)
having the highest packing density among others. Some clusters
may also place in groups to form supercluster structures [5,6]. The
presence of these specific structural units based on clusters gives
rise to exceptional physical and functional properties of non-

* Corresponding author.
E-mail address: zemanp@kfy.zcu.cz (P. Zeman).

http://dx.doi.org/10.1016/j.jallcom.2016.12.098
0925-8388/© 2016 Elsevier B.V. All rights reserved.

crystalline metallic alloys compared to their crystalline
counterparts.

Annealing of these non-crystalline alloys leads to their viscous
flow in the supercooled liquid region between the glass transition
temperature and the crystallization temperature. Hence, these al-
loys are called metallic glasses and can be easily deformed in this
region. In addition, it has been discovered that metallic glasses
exhibit a high yield strength, high elastic strain and hardness, high
magnetic permeability, temperature-independent electrical re-
sistivity, low wear and corrosion resistance, excellent surface fin-
ishing, and biocompatibility [7—10]. However, they possess a
limited tensile ductility at room temperature. The plastic flow in
bulk metallic glasses during tension is highly localized into shear
deformation bands, which leads to their instantaneous catastrophic
failure by a shear rupture [11]. This drawback has been reported to
be partially overcome by a reduction of the thickness of metallic
glasses below a critical value, which results in an enhanced plas-
ticity and fatigue resistance of thin-film metallic glasses [12—14].

The present study is, therefore, focused on preparation of thin-
film metallic glasses within the binary Zr—Cu system by non-
reactive magnetron co-sputtering. It is the first part of an overall
program that is conducted to develop advanced surface coatings
with enhanced physical and functional properties based on metallic
glasses. Magnetron sputtering is a physical vapor deposition tech-
nique with very high cooling rates (higher than 10° K/s) utilizing
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non-equilibrium discharge plasma for thin-film preparation
without the presence of dangerous gas precursors. It is a very
suitable technique to prepare Zr—Cu thin-film alloys in a wide
composition range. The originality of the paper lies in systematic
and detailed investigation of the evolution of the structure, thermal
behavior, mechanical, electrical and surface properties of Zr—Cu
films with increasing Cu content in a very wide range (~10—90 at.%).
Moreover, the properties of the films prepared at low density
discharge conditions (conventional magnetron sputtering) are
compared with those of the films prepared at high density
discharge conditions (high power impulse magnetron sputtering),
which generate highly ionized fluxes of Cu atoms with enhanced
energies of ions bombarding the growing films [15].

2. Experimental details

Binary Zr—Cu thin-film alloys were deposited by magnetron co-
sputtering using an AJA International ATC 2200-V sputter system
which was pumped by a turbomolecular pump (1200 1/s) backed up
with a multi-stage roots pump (27 m>/hr). The base pressure before
each deposition was lower than 5 x 10~ Pa. Depositions were
carried out in argon at a pressure of 0.533 Pa (4 mTorr) using two
independent unbalanced magnetrons equipped with circular,
indirectly cooled targets (50.8 mm in diameter, 6.35 mm in thick-
ness). The magnetron with the Zr target (99.5% purity, Matsurf
Technologies Inc.) was supplied by an Advanced Energy Pinnacle
Plus+ 5/5 kW power source working in a DC mode while the
magnetron with the Cu target (99.99% purity, Matsurf Technologies
Inc.) was supplied by a Hiittinger Elektronik TruPlasma Highpulse
4002 high power pulsed DC power source working in two pulsed
modes. The average target power density in a pulse was fixed at
40 Wjcm? in case of a film series prepared at low density discharge
conditions and at 1000 W/cm? in case of a film series prepared at
high density discharge conditions, see Fig. 1. The negative voltage
pulse length was set to a constant value of 200 us for both film
series. All films were deposited onto polished and ultrasonically
pre-cleaned single-crystalline Si(100), soda-lime glass and molyb-
denum substrates held at a floating potential without any external
heating. The substrates were rotated above the targets at a speed of
40 rpm and located at a target-to-substrate distance of 150 mm.

The elemental composition of the Zr—Cu film was controlled by
adjusting the deposition rate from the Zr and the Cu target inde-
pendently, particularly by the dc target power and the average
target power in period (controlled by the repetition frequency),
respectively. Since the sputtering yield of Cu is much higher than
that of Zr, operating the Cu target in the pulsed modes allows us to
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Fig. 1. Current-voltage discharge characteristics for the Cu target. The regions of low

density (LD) and high density (HD) discharge conditions are highlighted. In the HD
discharge, energetic Cu ions dominate over Ar ions.
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precisely control a low Cu content in the films. The deposition rate
of Zr and Cu was adjusted before each deposition using a quartz
crystal deposition rate monitor (SQM-160, Inficon).

The elemental composition of the films on the Si substrate was
analyzed in a scanning electron microscope (SU-70, Hitachi) oper-
ated at a primary electron energy of 15 keV using energy dispersive
spectroscopy (UltraDry, Thermo Scientific). Zr and Cu standards
were used for the quantitative analysis. The error of the elemental
analysis was established to be 1 at%.

Thermal behavior of the Zr—Cu films was investigated by dif-
ferential scanning calorimetry (DSC). Approximately 2 pm thick
films deposited onto the molybdenum thin foils (0.1 mm in thick-
ness) were relatively easily delaminated from this kind of the
substrate by its bending. Obtained freestanding film fragments
(~3 x 3 mm? each) of a total mass of 5 mg were then inserted into a
100 pl alumina crucible covered with a lid. An identical uncharged
crucible was used as a reference. The measurements were carried
out at the same heating and cooling rate of 30 °C/min in flowing
argon (1 1/h) in the temperature range from room temperature to
600 °C using a DSC system (Labsys DSC 1600, Setaram). The calo-
rimeter was calibrated by melting of Pb, Zn and Al standards with
purity of 99.998 + 0.001%.

X-ray diffraction (XRD) measurements of the structure of the as-
deposited films on the Si substrates and of the freestanding film
fragments after their annealing were carried out using a diffrac-
tometer (X'Pert PRO, PANalytical) with Cu K, radiation
(Acu = 0.154187 nm) working in a slightly asymmetrical Bragg-
Brentano geometry with an w-offset of 1.5° and in the standard
Bragg-Brentano geometry, respectively. The w-offset was used to
eliminate a strong reflection of the single-crystalline Si(100) sub-
strate at 69.17° of 20 angle. The data were collected using an ul-
trafast detector X'Celerator in the 20 range of 20°—80°.

The film thickness and the curvature of the Si substrate coated
with the film, from which a residual macrostress was determined
using the modified Stoney's formula, were measured by a surface
profilometer (Dektak 8 Stylus Profiler, Veeco). The hardness,
effective Young's modulus and elastic recovery of the films on the Si
substrate were evaluated from the load vs. displacement curves
[16], which were measured at room temperature and in ambient
environment by a nanoindenter (TI 950 Triboindenter, Hysitron)
equipped with the Berkovich-type diamond tip. For each film, a
number of indents were made at different loads ranging from 1 to
10 mN and the obtained data were averaged. The ratio of the
penetration depth and the film thickness was below 10% in all
cases.

The water contact angle of the films on the Si substrate was
measured by a drop shape analyzer (DSA30, KRUSS) using the
sessile drop method with a water droplet volume of 2 ul. The
electrical resistivity of the films on the glass substrate was
measured at room temperature by a standard four point probe with
a spacing of 1.047 mm between the tips (Cylindrical probe, Jandel).
The nonconductive glass substrate was used to avoid the effect of
an electrically conductive substrate on the data measured. The
arithmetic average surface roughness of the films on the Si sub-
strate was evaluated from a selected square area of 2 x 2 pm?
measured in non-contact mode of an atomic force microscope
(SmartSPM, AIST-NT) equipped with a silicon tip (nominal radius of
10 nm).

3. Results and discussion

In the following part, we systematically present and discuss the
elemental composition of the Zr—Cu films (Fig. 2) and its effect on
their structure (Figs. 3 and 4), thermal behavior (Figs. 5—9), me-
chanical (Figs. 10 and 11) and surface properties (Figs. 12 and 13),
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Fig. 3. XRD patterns taken from Zr—Cu films deposited at the LD conditions onto
Si(100) substrates. The main diffraction peaks of a-Zr, $-Zr, w-Zr, Cu and Si substrate
are marked.

and electrical resistivity (Fig. 14). The results of the films prepared
at the low density discharge (LD) conditions are compared with
those of the films prepared at the high density discharge (HD)
conditions.

3.1. Elemental composition

The elemental composition of the films was systematically
varied by adjusting the deposition rate from the Zr and Cu targets as
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Fig. 4. Calculated nearest-neighbor distance of atoms in X-ray amorphous Zr-Cu films
deposited at the LD (full symbols; 18—88 at.% Cu) and HD (open symbols; 30—83 at.%
Cu) conditions.
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Fig. 5. Selected DSC curves of Zr—Cu films deposited at the LD conditions. Red curves
correspond to the films with one, well-defined exothermic peak. Heating rate was
30 °C/min. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

described in Experimental. The total deposition rate of the films
increased with increasing Cu content and its values ranged typically
between approximately 10 and 30 nm/min. Fig. 2 shows the
elemental composition of the films deposited at the LD conditions
as a function of the ratio of the deposition rates af/as®. One may
notice that we were able to control the elemental composition
thoroughly in a very wide composition range from 12 to 88 at.% Cu.
The pure Zr and Cu films serving as reference samples were
deposited as well. From Fig. 2 it is clearly seen that by adjusting the
ratio af/a5" to 2 the Zr—Cu films with the identical content of Zr
and Cu are prepared. This results from the fact that the molar
volume of the Zr atoms (14.02 cm?/mol) is approximately 2 times
higher than the molar volume of the Cu atoms (7.09 cm*/mol). That
is, a pure as-deposited Cu film contains twice more atoms than a
pure as-deposited Zr film of the same thickness. Taking this fact
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into account we were able to precisely preset (with an
error + 2 at.%) the elemental composition of the films before each
deposition at the LD and HD conditions. The elemental composi-
tions of the films deposited at the HD conditions varied between 9
and 83 at.% Cu (not shown).

3.2. Structure

The effect of the elemental composition, represented by the Cu
content, on the structure, investigated by XRD, is presented for the
films deposited at the LD conditions in Fig. 3. As can be seen, only
the films prepared with 0, 12 and 100 at.% Cu exhibit sharp
diffraction peaks, which indicates their crystalline structure. An
interesting result is the phase composition of the films with 0 and
12 at.% Cu. The XRD pattern of the pure Zr film (0 at.% Cu) is char-
acterized by an occurrence of the diffraction peaks corresponding
to hexagonal a-Zr (PDF Card No. 00-05-0665) and w-Zr (PDF Card
No. 04-006-2822) phases. While a-Zr is thermodynamically stable
at low temperatures, w-Zr is known to be a pressure-induced phase
[17]. Its occurrence in the film can be therefore attributed to local
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Fig. 9. Schematic diagram of the evolution of the phase composition of Zr—Cu films
(annealed to 600 °C in argon) with increasing Cu content. The blue colour corresponds
to a-Zr, green colour to CuZr,, brown colour to CuqZry, red colour to CusiZri4 and
orange colour to Cu. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

misfit strains generated in the film during its growth. On the other
hand, the Zr—Cu film with 12 at.% Cu exhibits a structure of cubic 3-
Zr (PDF Card No. 00-34-0657), which is a thermodynamically stable
phase at high temperatures (>863 °C). Apreutesei et al. [18]
observed the same phase for a Zr—Cu film with 13.4 at.% Cu. We
suggest that its stabilization in the film deposited without external
heating is a result of a combination of high cooling rates of
magnetron sputtering technique (up to 10® K/min) and an incor-
poration of Cu into the lattice of B-Zr. The same stabilization
mechanism has been reported in the literature for Ti-based films
sputter-deposited at low temperatures [19].

The Zr—Cu films prepared with the Cu content between 18 and
88 at.% are characterized with one, very broad peak in the XRD
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patterns. Its full width at a half maximum is between 4 and 5° and
the position of its maximum shifts to higher 26 angles with
increasing Cu content. Such a broad peak with a low intensity arises
as a result of X-ray scattering on an atomic or molecular network,
which does not exhibit the order over a long distance, e.g., in gases,
liquids or amorphous solids [20]. The presence of this peak in the
XRD patterns of our films implies that the Zr—Cu films with the Cu
content between 18 and 88 at.% are amorphous solids. So far, such
very wide composition range has not been reported for amorphous
Zr—Cu films prepared by sputtering. Apreutesei et al. [21] observed
fully amorphous Zr—Cu films in the range of 33.3—89.1 at.% Cu
while Coddet et al. [22] in the range of 25.6—70.4 at.% Cu. Other
researchers were able to deposit only crystalline Zr—Cu films
composed of separated Zr and Cu phases in these composition
ranges [23,24].

Taking the position of the maximum 60,1« of the broad peak, we
may roughly estimate a typical distance between nearest-neighbor
atoms d in the amorphous network of the Zr—Cu films according to
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Fig. 12. Water contact angle and surface roughness of the Zr—Cu films deposited at the
LD (full symbols) and HD (open symbols) conditions. The grey area represents Zr—Cu
thin-film metallic glasses.

the following formula [25]:

123
" 2sin Opax

The corresponding values of this distance calculated for the
amorphous Zr—Cu films deposited at the LD conditions are plotted
in Fig. 4. All values are compared with those corresponding to the
amorphous Zr—Cu films deposited at the HD conditions. The films
deposited at the HD conditions exhibit a narrower region of
amorphization, namely 30—83 at.% Cu, compared to the films
deposited at the LD conditions. Deposited particles, especially Cu
ions, generated in the HD plasma bring more energy to the growing
film, which most likely negatively affects the ability to form
amorphous Zr—Cu films. From Fig. 4 it is seen that the nearest-
neighbor distance of atoms almost linearly decreases with
increasing Cu content. As the Cu content increases, the Cu atoms of
a smaller radius (1.28 A) gradually substitute the Zr atoms of a
larger radius (1.60 A) in the film. Extrapolating the values for the
pure Zr and Cu films, we obtain the values almost perfectly fitting
the distance of the nearest Zr atoms (3.20 A) and of the nearest Cu
atoms (2.56 A) in their crystalline lattice. Note that the nearest-
neighbor distance corresponds to the position of the first peak in
a radial or pair distribution function, which provides the relative
probability of finding an atom at a particular distance from a given
atom [26,27].

3.3. Thermal behavior

To investigate thermal processes in the Zr—Cu films at elevated
temperatures, the films prepared at the LD and HD conditions were
annealed in argon up to 600 °C using differential scanning calo-
rimeter. DSC curves of freestanding fragments of selected films
deposited at the LD conditions are summarized in Fig. 5. Three
characteristic intervals of the Cu content can be recognized. Up to
27 at.% Cu, two exothermic peaks approaching each other are
detected on the DSC curves. For the Cu content higher than 67 at. %,
two low-intensity exothermic peaks overlapping each other and
shifting their positions to lower temperatures with increasing Cu
content are observed. Between 31 and 67 at.% Cu, only one
exothermic peak is detected. This peak shifts its position to higher
temperatures with increasing Cu content. A very similar set of DSC
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Fig. 13. The surface morphology (AFM images) and the microstructure in cross-section (SEM images) of (a) the pure Zr film, the Zr—Cu films with (b) 49 at.% and (c) 69 at.% Cu and

(d) the pure Cu film deposited at the HD conditions.
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glasses.

curves is also observed for the films deposited at the HD conditions
(not shown). In this case, only one exothermic peak was observed
for the films with the Cu content between 30 and 69 at.%. When a
more detailed analysis in the vicinity of this peak is done (see
Fig. 6.), one can recognize a decrease of the heat flow before the
onset of this exothermic peak. This phenomenon is typical for
glasses and is known as the glass transition. The glass transition is a
second order transition, which involves a change in the heat ca-
pacity but it does not involve a latent heat. Beyond the glass tran-
sition temperature, Tg, the glass behaves as the supercooled liquid
and exhibits thermoplastic behavior. A further increase of the
temperature leads to an onset of crystallization (exothermic pro-
cess) defined by the crystallization temperature, Tc.

Fig. 7 summarizes the values of Ty and T, determined from the
intersections of tangents defined in Fig. 6, for the amorphous films
deposited at the LD and HD conditions. It is clearly seen that not all
amorphous films exhibit the glass transition before crystallization.
We were able to unambiguously recognize the glass transition
between 31 and 62 at.% Cu for the films deposited at the LD con-
ditions and between 30 and 65 at.% Cu for the films deposited at the
HD conditions. These amorphous Zr—Cu films can be therefore
considered as metallic glasses. The values of T, increase with
increasing Cu content. As can be seen in Table 1, there are no
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Table 1
Glass transition temperature T, crystallization temperature T. and supercooled
liquid region AT = T, — Ty of the Zr—Cu films deposited at the LD and HD conditions.

LD conditions

Cu (at.%) 31 36 40 46 51 55 - 62
Ty (°C) 357 373 385 400 417 426 - 463
T. (°C) 399 416 429 447 464 475 - 507
AT (°C) 42 43 44 47 47 49 - 44
HD conditions

Cu (at.%) 30 - 42 47 49 53 60 65
Ty (°C) 348 - 382 406 411 424 447 466
T (°C) 376 - 415 445 453 468 482 500
AT (°C) 28 - 33 39 42 44 35 34

significant differences between these values for both series of the
films when taking into account difficulties in the determination of
the onset of the glass transition due to low changes in the heat flow,
especially for the films with the low (=30 at.%) and high (=65 at.%)
Cu contents. The evolution of T; follows the same trend but above
70 at. % Cu a rapid decrease of T is observed. We suggest that this
decrease is evidence that the corresponding amorphous Zr—Cu
films do not possess a purely glassy-like structure and may contain
some nucleation sites facilitating their crystallization at lower
temperatures. Comparing the values of T, for both series of the films
(see Table 1), it is obvious that the values are slightly higher for the
films deposited at the LD conditions. As a consequence, these films
are characterized by a larger supercooled liquid region AT (see
Table 1). The maximum values of AT are measured for the films with
the Cu content close to 55 at.% (49 °C and 44 °C for the LD and HD
conditions, respectively). It can be therefore concluded that the
Zr45Cuss thin-film metallic alloys deposited at the LD conditions
exhibits the highest thermal stability of the supercooled liquid
region.

If we compare the above-presented DSC data with those re-
ported in the literature for Zr—Cu melt-spun ribbons [28—33] or
magnetron sputtered films [21,34,35], we find a very good agree-
ment in the monotonic or even linear evolution of Tg and T within
the Cu content where the films possess the glassy-like behavior.
Since the values of Ty and Tc are, however, dependent on the heating
rate used, it is problematic to make a comparison of their absolute
values with those reported in the literature. Moreover, the accuracy
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of the determination of Ty is strongly affected by the sharpness of
the glass transition on the DSC curve.

After cooling down to room temperature from the maximum
temperature of the DSC measurement (600 °C), the film fragments
were ground to powders and XRD analysis was employed to
identify their phase composition after crystallization. The corre-
sponding XRD patterns for specific ranges of the Cu content are
shown in Fig. 8. As clearly seen, all films are well crystallized as
expected. Within the Cu range investigated, 3 intermetallics (CuZr;
— PDF Card No. 00-018-0466, CuygZr7; — JCPDS Card No. 00-047-
1028, Cus1Zri4 — JCPDS Card No. 00-042-1185) and two metals (a-Zr
— PDF Card No. 00-05-0665, Cu — PDF Card No. 00-004-0836) are
detected. Their occurrence and relative contents are schematically
summarized in Fig. 9 for better illustration. Note that Fig. 9 provides
only qualitative information, which phase is predominant (deter-
mined from the intensities of the corresponding XRD peaks) for the
specific range of the Cu concentration. As a result, we obtained 9
representative phase compositions, which are in accordance with
the binary equilibrium phase diagram of Zr—Cu [36]. The most of
the Zr-Cu films after heating to 600 °C contain two crystalline
phases. We suggest that while the crystallization of two phases in
the films with the Cu content between 31 and 67 at% proceeds in a
narrow temperature interval (one apparent exothermic peak, see
Fig. 5), the crystallization of two phases in the films with the low
and high Cu contents proceeds in a much wider temperature in-
terval (two exothermic peaks, see Fig. 5).

3.4. Mechanical properties and residual stress

The effect of the elemental composition and the discharge
conditions (LD vs. HD) on the hardness and residual stress of the
approximately 2 pm thick Zr—Cu films is shown in Fig. 10.
Depending on the Cu content, the hardness of the amorphous
Zr—Cu films deposited at the LD and HD conditions monotonically
increases from 4.0 to 6.9 GPa and from 4.8 to 7.5 GPa, respectively
(see the upper panel of Fig. 10). The maximum values are achieved
for the films with the Cu content between 65 and 77 at.%. In case of
the films deposited at the HD conditions, the maximum hardness is
approximately 1.3 and 3 times higher than that for the pure Zr and
Cu film, respectively. It can be also noticed that all values of the
hardness of the films deposited at the HD conditions are slightly
higher than those for the films deposited at the LD conditions.
These enhanced values can be explained by the state of the residual
stress generated in the films during their growth (see the bottom
panel of Fig. 10). In contrast to the films deposited at the LD con-
ditions, all amorphous films deposited at the HD conditions exhibit
compressive residual stress with the values varying between —0.05
and —0.25 GPa. In general, a moderate compressive stress is posi-
tive since it enhances the hardness (the resistance against the
penetration of an indenter) and helps to prevent the crack propa-
gation in a material. The compressive stress in the films deposited
at the HD conditions is a result of highly ionized fluxes of Cu atoms
with enhanced energies of ions bombarding the growing films.
Hence, the deposition of the films at the HD conditions is beneficial
from the point of view of hardness and residual stress.

Fig. 11 presents the values of elastic recovery and effective
Young's modulus for both series of the Zr—Cu films deposited. It is
seen that the evolution of both quantities with increasing Cu con-
tent is compatible with that of the hardness. The elastic recovery of
the amorphous Zr—Cu films deposited at the LD conditions in-
creases from 28% (at 18 at.% Cu) to 37% (at 62 at.% Cu) and then
suddenly decreases (see the upper panel). The lowest elastic re-
covery is measured for the pure Cu film, which confirms its high
ductility. The Zr—Cu films are characterized by a higher elastic re-
covery than the Cu film but still they are deformed predominantly

plastically when indented. We observed a formation of pile-ups
around the indentation imprints. In case of the evolution of effec-
tive Young's modulus (see the bottom panel), it is observed a
similar trend, i.e., its gradual increase reaching a maximum of about
125 GPa at 77 at.% Cu. This value is lower than the value for the pure
Cu film (=150 GPa) indicating a lower stiffness of the Zr—Cu thin-
film metallic alloys when elastically deformed. The values of elastic
recovery of the Zr—Cu films deposited at the HD conditions are
slightly higher but the values of the effective Young's modulus of
both film series are very comparable. The above-presented evolu-
tion of the hardness and effective Young's modulus with increasing
Cu content agree very well with those have been published so far
[18,22,33,37,38]. In case of magnetron sputtered Zr—Cu metallic
alloys, our films prepared at the HD conditions exhibit, however,
the highest absolute values of hardness [18,22].

Comparing the data plotted in Figs. 10 and 11 with those in Fig. 7,
one can find a clear correlation of the crystallization temperature
and mechanical properties. In general, the crystallization temper-
ature and mechanical properties are closely related to the material
structure. Molecular dynamics simulations demonstrated
[27,38,39] that the number of the Cu-centered icosahedral clusters
in Zr—Cu metallic alloys increases with increasing Cu concentra-
tion. Since the atomic packing in these short-range ordered clusters
is incompatible with any crystal lattice, the onset of crystallization
shifts to higher temperatures and thermal stability of Zr—Cu
metallic alloys improves as the Cu content increases. In parallel, a
higher concentration of these clusters results in a higher atomic
packing density and a lower free volume. As a consequence, me-
chanical properties such as hardness, Young's modulus, shear
modulus and yield strength are enhanced [37,38].

3.5. Surface properties and microstructure

The surface properties (wettability and roughness) of the Zr—Cu
films deposited at the LD and HD conditions are presented in Fig. 12.
The surface wettability is quantified by the water contact angle
measured 3 days after the deposition of each film (see the upper
panel of Fig. 12). As can be seen, all Zr—Cu films are characterized by
a high water contact angle varying between 98° and 108°. Hence,
the Zr—Cu films can be considered as hydrophobic materials. The
lowest water contact angle of 87° is measured for the pure Zr film.
There is no significant difference between the films deposited at the
LD and HD conditions.

The bottom panel of Fig. 12 shows that the amorphous Zr—Cu
films exhibit a very low value of the surface roughness (below
1.5 nm), which is significantly lower than the surface roughness of
the crystalline films. This is also demonstrated by Fig. 13, which
presents images of the surface morphology along with the micro-
structure in cross-section of the pure Zr film, the Zr—Cu films with
49 and 69 at% Cu and the pure Cu film deposited at the HD con-
ditions. Note that the surface morphology of the Zr—Cu film with
49 at% represents a typical surface morphology of the films with the
Cu content between 17 and 53 at%, while the surface morphology of
the Zr—Cu film with 70 at% represents a typical surface morphology
of the films with the Cu content between 56 and 80 at%. The surface
of the Zr—Cu thin-film metallic alloys is very smooth because no
columnar microstructure develops during the film growth. From
the bottom panel of Fig. 12 is also seen that the films deposited at
the HD conditions exhibit a smoother surface if the Cu content is
higher than 50 at.%. This shows that enhanced energies of Cu ions
generated at the HD conditions have an impact on the surface
roughness only if a sufficient amount of Cu ions take part in a
bombardment of the surface and the film growth. As expected, the
effect is most pronounced for the pure Cu films, see a big difference
in the surface roughness for 100 at.% Cu.
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3.6. Electrical resistivity

Fig. 14 presents the room-temperature electrical resistivity of
the Zr—Cu films deposited at the LD and HD conditions. It is seen
that there is no dependence of the electrical resistivity on the Cu
content over a wide composition range. All films are highly elec-
trically conductive with an average value of 1.4 x 10~® Qm. This
value is approximately 1.4 and 8 times higher than that for the pure
Zr and Cu film, respectively. One can expect that the electrical re-
sistivity of the amorphous Zr—Cu films will be higher than that of
their crystalline counterparts with the same elemental composition
due to their disordered structure on long distance resulting in a
higher electron scattering and shorter mean free electron path [40].
From Fig. 14 it is also obvious that there is no signifficant effect of
the deposition conditions (LD vs. HD) on the electrical resistivity.

4. Conclusions

Conventional dc and impulse magnetron co-sputtering of Zr and
Cu in pure argon was proved to be a suitable deposition technique
for a reproducible preparation of Zr—Cu thin-film metallic glasses
with a variety of promising properties.

Zr—Cu thin films with an amorphous structure were prepared in
a very wide range of the Cu content (18—88 at.%) when the depo-
sition 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 inde-
pendently of the low or high density discharge conditions used. The
glass transition temperature increased 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 evolution of the crystallization temperature and mechanical
properties with increasing Cu content was observed. The deposi-
tion at the high density discharge conditions resulted in a prepa-
ration 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.
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ABSTRACT

Amorphous ternary Zr-Hf-Cu thin-film alloys with glass-like behavior were deposited by non-reactive
conventional dc and high-power impulse magnetron co-sputtering using three unbalanced magne-
trons equipped with Zr, Hf and Cu targets. The Zr and Hf targets were operated in a dc regime while the
Cu target in a high power impulse regime. Two series of films with a gradually increasing Hf/(Hf+Zr)
ratio at 46 at.% Cu and 59 at.% Cu were deposited. The effect of the elemental composition on the
structure, thermal behavior, mechanical and surface properties, electrical resistivity and oxidation
resistance was systematically investigated. We found 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. 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 x 10~% Qm).

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Metallic glasses (amorphous metallic alloys) have received
remarkable attention in the past years because of their unique
properties including high yield strength, high elastic strain and
hardness, high magnetic permeability, temperature-independent
electrical resistivity, low wear and high corrosion resistance,
excellent surface finishing, and biocompatibility [1—4]. These
properties result from their disordered atomic structure without
grain boundaries. Recently, molecular dynamics simulations have
revealed that the arrangement of atoms in metallic glasses is not
completely random but a short- or medium-range ordering based
on different types of polyhedral clusters exists on the atomic scale
[5—8]. In fact, most of the atoms are arranged in icosahedral clus-
ters having the highest coordination number and thus the highest
atomic packing density among others.

Binary Zr—Cu thin-film metallic alloys have been extensively
studied during past years [9—11]. The results demonstrated a good
glass forming ability in a wide range of the elemental composition.

* Corresponding author.
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In addition, the Zr—Cu thin-film metallic glasses exhibit a high
hardness (up to 7.2 GPa), a high crystallization temperature (up to
500 °C) and a wide super-cooled liquid region (up to 71 °C). Further
improvement of the mechanical and thermal properties and glass
forming ability may be achieved by addition of a third element into
the binary Zr—Cu metallic glasses. Several ternary Zr—Cu based
metallic glasses have been synthesized [12—16]. For instance, an
optimized addition of Al into Zr—Cu metallic glasses improves the
hardness and the thermal stability [15] while an incorporation of
Mo reduces the average friction coefficient without changing me-
chanical properties [14]. The addition of Hf has been studied pri-
marily theoretically focusing on the glass forming ability in the Zr-
Hf-Cu ternary system [17,18]. The calculations showed that the Zr-
Hf-Cu ternary system may allow us to form metallic glasses in a
wide composition range. In addition, Luo et al. found that metallic
glasses with the composition around CussZrigHf35 are more stable
than other alloys in the system [ 18]. Experimentally, only Basu et al.
prepared ternary CusoZrasHf,s5 glassy ribbons by the single roller
melt-spinning technique [12]. There is no other experimental study
dealing with systematic investigation of an addition of Hf into
Zr—Cu metallic glasses is missing.

The present study is therefore focused on preparation of ternary
Zr-Hf-Cu thin-film metallic glasses with various compositions and
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investigation of their properties and thermal behavior in detail. The
preparation process builds on our previous work dealing with the
binary Zr—Cu thin-film alloys [11]. A gradual incorporation of Hf
(with more covalent character of bonds and much higher atomic
mass than Zr) into binary Zr-Cu films is supposed to enhance and
tune mechanical properties, thermal stability and oxidation resis-
tance of the glassy state, and thus extend application potential of
thin-film metallic glasses to high temperatures.

The Zr-Hf-Cu films are deposited by magnetron co-sputtering,
which is a suitable deposition technique for preparation of
metallic glasses mainly due to high cooling rates of the vapor on the
substrate. The configuration with three independent magnetrons
with Zr, Hf and Cu sputtering targets allows us to precisely control
the elemental composition in a wide range. In this paper, we pre-
sent correlations among the elemental composition and the
structure, thermal behavior, mechanical and surface properties,
and electrical resistivity of Zr-Hf-Cu thin-film metallic alloys in
detail.

2. Experimental details

Ternary Zr-Hf-Cu thin-film alloys were deposited by magnetron
co-sputtering using an AJA International ATC 2200-V sputter sys-
tem which was pumped by a turbomolecular pump (1200 1/s)
backed up with a multi-stage roots pump (27 m?>/hr). The base
pressure before each deposition was lower than 5 x 10~ Pa. De-
positions were carried out in argon at a pressure of 0.533 Pa (4
mTorr) using three independent unbalanced magnetrons equipped
with circular, indirectly cooled targets (50.8 mm in diameter,
6.35 mm in thickness). The magnetrons with the Zr target (99.5%
purity, Matsurf Technologies Inc.) and the Hf target (99.9% purity,
Plasmaterials Inc.) were powered by a dual power supply (Pinnacle
Plus+ 5/5 kW, Advanced Energy) working independently in two dc
modes while the magnetron with the Cu target (99.99% purity,
Matsurf Technologies Inc.) was powered by a pulsed dc power
supply (TruPlasma Highpulse 4002, Hiittinger Elektronik) working
in a high power impulse mode. The average target power density in
a pulse was fixed at 1000 W/cm?. The negative voltage pulse length
was set to a constant value of 200 ps. All films were deposited onto
polished and ultrasonically pre-cleaned single-crystalline Si(100),
soda-lime glass and molybdenum substrates held at a floating
potential without any external heating. The substrates were rotated
above the targets at a speed of 40 rpm and located at a target-to-
substrate distance of 150 mm.

The elemental composition of the Zr-Hf-Cu films was controlled
by adjusting the deposition rates from the Zr, Hf and Cu targets
independently, particularly by the dc target powers (Zr and Hf) and
the average target power in a period (Cu). The deposition rates were
measured before each deposition using a quartz crystal deposition
rate monitor (SQM-160, Inficon).

The elemental composition of the as-deposited films on the Si
substrate was analyzed in a scanning electron microscope (SU-70,
Hitachi) operated at a primary electron energy of 20 keV using
energy dispersive spectroscopy (UltraDry, Thermo Scientific). Zr, Hf
and Cu standards were used for the quantitative analysis. The error
of the elemental analysis was established to be 1 at.%.

The thermal behavior of the films was investigated by differ-
ential scanning calorimetry (DSC). Approximately 2 pm thick films
deposited onto the molybdenum thin foils (0.1 mm in thickness)
were relatively easily delaminated from this kind of the substrate
by its bending. Obtained freestanding film fragments (~3 x 3 mm?
each) of a total mass of 5 mg were then inserted into a 100 ul
alumina crucible covered with a lid. An identical uncharged cruci-
ble was used as a reference. The measurements were carried out at
the same heating and cooling rate of 30 °C/min in flowing argon
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(1 I/h) in the temperature range from room temperature to 600 °C
using a DSC system (Labsys DSC 1600, Setaram). The calorimeter
was calibrated by melting of Pb, Zn and Al standards with purity of
99.998 + 0.001%.

X-ray diffraction (XRD) measurements of the structure of the as-
deposited films on the Si substrates and of the powdered film
fragments after their annealing were carried out using a diffrac-
tometer (X'Pert PRO, PANalytical) with Cu K, radiation
(Acu = 0.154187 nm) working in a slightly asymmetrical Bragg-
Brentano geometry with an w-offset of 1.5° and in the standard
Bragg-Brentano geometry, respectively. The w-offset was used to
eliminate a strong reflection of the single-crystalline Si(100) sub-
strate at 26 angle of 69.17°. The data were collected using an ul-
trafast detector X'Celerator in the 20 range of 20°—60°.

The film thickness and the curvature of the Si substrate coated
with the film, from which a residual macrostress was determined
using the modified Stoney’'s formula, were measured by a surface
profilometer (Dektak 8 Stylus Profiler, Veeco). The hardness,
effective Young's modulus and elastic recovery of the films on the Si
substrate were evaluated from the load vs. displacement curves
[19], which were measured at room temperature and in ambient
environment by a nanoindenter (TI 950 Triboindenter, Hysitron)
equipped with a Berkovich-type diamond tip. For each film, a
number of indents were made at different loads ranging from 1 to
10 mN and the obtained data were averaged. The ratio of the
penetration depth and the film thickness was below 10% in all
cases.

The water contact angle of the films on the Si substrate was
measured by a drop shape analyzer (DSA30, KRUSS) using the
sessile drop method with a water droplet volume of 2 pl. The
electrical resistivity of the films on the glass substrate was
measured at room temperature by a standard four point probe with
a spacing of 1.047 mm between the tips (Cylindrical probe, Jandel).
The nonconductive glass substrate was used to avoid the effect of
an electrically conductive substrate on the data measured. The
arithmetic average surface roughness of the films on the Si sub-
strate was evaluated from a selected square area of 2 x 2 pm?
measured in non-contact mode of an atomic force microscope
(SmartSPM, AIST-NT) equipped with a silicon tip (nominal radius of
10 nm).

The oxidation resistance of the films was investigated by ther-
mogravimetry (TG) using a symmetrical high resolution system
(Setaram TAG 2400). The TG analysis was carried out in synthetic
atmospheric air (flow rate of 1 1/h) with dynamic heating in the
temperature range from room temperature up to 1000 °C. The
heating and cooling rates were set to 10 and 30 °C/min, respec-
tively. The Si substrates were coated only on one side. After sub-
tracting the thermogravimetric signal corresponding to oxidation
of the uncoated sides, the resulting thermogravimetric curve is
related to the oxidation resistance of the Zr-Hf-Cu film only.

3. Results and discussion

In this section, the effect of a gradual substitution of Hf for Zr on
the properties of the Zr-Hf-Cu thin-film alloys is presented. We
compare and discuss the results from two film series with an
approximately constant value of the Cu content. The first series
with approximately 46 at.% Cu is denoted as Cu-poor from now on
while the second series with approximately 59 at.% Cu as Cu-rich.
First of all, we show the elemental composition of both film se-
ries (Fig. 1). Then, we study the effect of the Hf/(Hf+Zr) ratio on the
film structure (Fig. 2), thermal behavior (Figs. 3—6), mechanical
(Figs. 7 and 8) and surface properties (Fig. 9), electrical resistivity
(Fig. 10) and oxidation resistance (Fig. 11).



850 M. Zitek et al. / Journal of Alloys and Compounds 739 (2018) 848—855

Cu

40

59\at.% Cu
ogHo o)

\ /
\ Y. \ !

B/E pWpg
A6 at.% Cu,
T W

¥
go /N /N /LN
\/ \/ VAR
\ i o /\ /
\\\\ /,/ \\ /, \\\ / \\ /,
\ / \ / \ A /
\\ /, \\\\ // \\\ // \\\ //
F 4 7 7 4
Zr 20 40 60 80 Hf
—_—
at.%

Fig. 1. Elemental composition of Zr-Hf-Cu films of Cu-poor (46 at.% Cu) and Cu-rich
(59 at.% Cu) series.
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Fig. 2. XRD patterns taken from as-deposited Zr-Hf-Cu films of a Cu-poor (46 at.% Cu)
series.

3.1. Elemental composition

The elemental composition of the Zr-Hf-Cu films, shown in the
ternary plot in Fig. 1, was varied by adjusting the deposition rate
from the Zr, Hf and Cu targets as described in Experimental details.
The total deposition rate varied from 15 to 19 nm/min for the Cu-
poor series and from 17 to 22 nm/min for the Cu-rich series. In
both series, we started the depositions with the binary Zr—Cu films,
proceeding through the ternary Zr-Hf-Cu films while increasing the
Hf/(Hf+Zr) ratio and ending up with the binary Hf—Cu films. To
achieve, for instance, an elemental composition of Zr,sHf>5Cusq (in
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Fig. 3. DSC curves of Zr-Hf-Cu films of a Cu-poor (46 at.% Cu) series. Heating rate was
30 °C/min. The inset shows the glass transition temperature T, the crystallization
temperature T. and the super-cooled liquid region AT = T, — T; for the Zr-Hf-Cu film
with Hf/(Hf+Zr) = 0.63.
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Fig. 4. Crystallization temperature T (square symbols), glass transition temperature Ty
(circle symbols) and supercooled liquid region AT = T. — T, (orange area) of Zr-Hf-Cu
films of Cu-poor (46 at.% Cu) and Cu-rich (59 at.% Cu) series. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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onal Cu(Zr,Hf), phase and to the (040) peak of the orthorhombic Cuo(Zr,Hf); phase
(labeled in Fig. 5).

at.%), the deposition rates from all three targets should be set to
approximately the same value. This results from the fact that the
molar volumes of Zr (14.01 cm?/mol) and Hf atoms (13.41 cm?/mol)
are approximately twice as high as the molar volume of the Cu
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Fig. 7. Hardness and residual stress of Zr-Hf-Cu films of Cu-poor (46 at.% Cu) and Cu-
rich (59 at.% Cu) series.
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Fig. 8. Indentation curve and AFM image of the indent of the Zr-Hf-Cu film with Hf/
(Hf+Zr) = 0.63 obtained a load of 200 mN.

atoms (7.09 cm/mol). Although this prediction works well when
the binary Zr—Cu films are deposited [11], the deposition of the
films with a Hf incorporation results in a slightly higher Hf content
than expected. This observation can be attributed to the almost
twice higher atomic mass of the Hf atoms (178.49) than that of the
Zr atoms (91.22) and almost three times higher than that of the Cu
atoms (63.55), which may consequently result in more intense flux
of fast Ar neutrals backscattered from the Hf target towards the
substrate. These fast Ar atoms impact with a quite high energy on
the growing film and preferentially resputter Zr and Cu atoms of a
lower mass than Hf (supported by our preliminary calculations
using the SDTrimSP program [20]).

Fig. 1 clearly shows that the configuration of three independent
sputtering targets allowed us to precisely control the elemental
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Fig. 10. Electrical resistivity of Zr-Hf-Cu films of Cu-poor (46 at.% Cu) and Cu-rich
(59 at.% Cu) series.

composition over a very wide range. As far as we know, there is no
comparable experimental study dealing with systematic investi-
gation of the effect of the elemental composition on material
properties and behavior in the Zr-Hf-Cu system. The only experi-
mental study has been carried out by Basu et al. on a melt-spun
ribbon of the CusgZrysHfy5 composition [12]. They focused only
on the glass forming ability and crystallization process.

3.2. Structure

To investigate the effect of the elemental composition on the
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Fig. 11. Oxidation resistance of Zr-Hf-Cu films of Cu-poor (46 at.% Cu) and Cu-rich
(59 at.% Cu) series. Open circles represent the crystallization temperatures obtained
by DSC at a heating rate of 30 °C/min and recalculated for a heating rate of 10 °C/min.

structure of the Zr-Hf-Cu films, the XRD measurements were per-
formed. Fig. 2 shows the XRD patterns of the Cu-poor film series as
a function of a varying Hf/(Hf+Zr) ratio. It can be seen that the XRD
patterns for all elemental compositions are characterized by one,
broad peak of a low intensity without any other visible diffraction
peaks from crystalline phases. The broad peak remains at nearly the
same 26 position of about 38° independently of the Hf/(Hf4-Zr) ratio
due to the same atomic radius of Hf and Zr (1.55 A [21]). A very
similar set of the XRD patterns was also collected for the Cu-rich
film series (not shown). The presence of such a low-intensity
broad peak indicates that the as-deposited Zr-Hf-Cu films are X-
ray amorphous for all elemental compositions investigated. This
experimental observation is consistent with the theoretical pre-
dictions [17,18].

Inspecting the XRD patterns of the Cu-poor film series in Fig. 2 in
more detail, one can see that the intensity of the broad peak
gradually increases as Hf substitutes Zr. The same trend is also
observed for the Cu-rich film series. The increase in the intensity is
caused by a different X-ray atomic scattering factor of the Zr and Hf
atoms. Since X-rays are scattered by the electron cloud of the
atoms, the scattering amplitude increases with the atomic number
due to a higher number of scattering events. Hence, the binary
Hf—Cu films exhibit the highest intensity of the broad peak among
other elemental compositions.

3.3. Thermal behavior

The thermal behavior of the Zr-Hf-Cu films annealed in argon up
to 600 °C was studied by DSC for both film series. DSC curves from
freestanding fragments of the Cu-poor film series are summarized
in Fig. 3. It can be seen that all curves exhibit one well-defined
exothermic peak, which is related to a crystallization of the films
(shown later in Fig. 5) and defining the crystallization temperature,
Tc [11]. As can be seen, the peak shifts its position to higher
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temperatures with increasing Hf/(Hf+-Zr) ratio. The same trend in
the evolution of the thermal behavior is also observed for the Cu-
rich film series. The only difference between the DSC curves of
both film series is that for the Cu-rich series the exothermic peak is
positioned at a higher temperature for the same Hf/(Hf+Zr) ratio.
The shift of the exothermic peak with increasing Hf/(Hf+Zr) ratio
indicates an increasing thermal stability of the Zr-Hf-Cu films as
compared to the binary Zr—Cu films.

A detailed examination of each DSC curve in the vicinity of the
exothermic peak revealed a decrease of the heat flow before the
onset of the peak. This feature, known as the glass transition, is a
typical behavior of glasses and defines the glass transition tem-
perature, Tg [11]. The temperature range between T and T corre-
sponds to the super-cooled liquid region, AT = T, — Tg, in which
metallic glasses exhibit viscous flow and behave thermoplastically
[22].

Fig. 4 shows the evolution of T and Ty with increasing Hf/
(Hf+Zr) ratio for both film series. It can be seen that the values of T.
as well as Ty increase monotonically with increasing Hf/(Hf+Zr)
ratio in both series. The values may be very well fitted using linear
regressions (the square of the correlation coefficient better than
97% in all four cases). Since the slopes of the linear fits of T and Ty in
each series are very similar, the width of AT across the whole range
of the elemental composition remains constant. Its value is of
approximately 43 °C for the Cu-poor series and 40 °C for the Cu-rich
series. These values are comparable with those measured for the
CuspZrysHf,5 melt-spun ribbons [12] and also for the binary Zr—Cu
thin-film metallic glasses from our previous study [11]. The sub-
stitution of Hf for Zr, however, shifts the supercooled liquid region
to higher temperatures. In parallel, the higher Cu content has the
same effect. Thereby, the thermal stability of the glassy state and
thus the position of the supercooled liquid region can be finely
tuned in a very wide temperature range (AT from 405 °C to 533 °C)
by the controlling the elemental composition, i.e. the Hf/(Hf+Zr)
ratio and the Cu content.

To identify products of the crystallization of the Zr-Hf-Cu films
after the DSC analysis, XRD patterns were taken from the film
fragments turned into the powders. As expected from DSC, the
films from both series are well crystallized after their annealing to
600 °Cin argon. Fig. 5 shows the XRD patterns corresponding to the
Cu-poor film series. We found that all annealed films consist of two
types of intermetallic phases, which crystallize in a very narrow
temperature interval as follows from the presence of only one
apparent exothermic peak on the DSC curves, see Fig. 3. No crys-
talline oxide phases were detected by XRD for all films. In case of
the binary Zr—Cu films [Hf/(Hf+Zr) = 0], the XRD peaks can be
assigned to the tetragonal CuZr, phase (PDF Card No. 00-018-0466)
and the orthorhombic Cuy¢Zr; phase (PDF Card No. 01-078-3211)
while in case of the binary Hf—Cu films [Hf/(Hf+Zr) = 1] to the
tetragonal CuHf, phase (PDF Card No. 04-004-2396) and the

Table 1

orthorhombic CuigHf; phase (PDF Card No. 01-082-6313). The
ternary Zr-Hf-Cu films exhibit XRD peaks in between the positions
of both types of these phases. Fig. 6 shows the evolution of the
interplanar distances corresponding the (110) peak of the tetrag-
onal phase and the (040) peak of the orthorhombic phase (labeled
in Fig. 5). An almost linear decrease of the interplanar distances
with increasing Hf/(Hf+Zr) ratio can be explained by the Vegard's
law [23]. That is, the crystallized Zr-Hf-Cu films consist of solid
solution phases of Cu(Hf,Zr), and Cuyo(Hf,Zr)7, in which Hf gradu-
ally substitutes Zr with increasing Hf/(Hf+Zr) ratio.

In case of the Cu-rich film series, the crystallization also results
in the formation of the tetragonal Cu(HfZr), and orthorhombic
Cuqo(Hf,Zr); solid solutions but in this case Cujo(HfZr); is the
predominant phase.

3.4. Mechanical properties

The effect of the elemental composition on the hardness of the
Zr-Hf-Cu thin-film metallic glasses is shown in the upper panel of
Fig. 7. It is seen that the hardness monotonically increases with
increasing Hf/(Hf+Zr) ratio from 6.2 GPa to 7.3 GPa for the Cu-poor
film series and from 7.0 GPa to 8.0 GPa for the Cu-rich film series.
Both dependences can be well fitted by straight lines. The lower
panel of Fig. 7 shows the residual stress as a function of the Hf/
(Hf+Zr) ratio. All as-deposited films are in a compressive residual
stress which is beneficial in terms of enhancing the hardness and
suppressing the crack propagation in the material. As shown in our
previous study [11], the compressive stress, which is generated in
the films instead of the tensile one, is attributed to the bombard-
ment of the growing film by a highly ionized flux of Cu ions with
enhanced energies generated in a high power plasma discharge.
The absolute values of the stress do, however, not much differ for
the two Cu contents investigated (46 at.% and 59 at.%). They slightly
increase from 0.13 to 0.23 GPa with increasing Hf/(Hf+Zr) ratio due
to increasing flux of heavy Hf atoms impacting on the growing film.
The evolution of the effective Young's modulus (see Table 1) follows
the trend of the hardness. The values vary from 109 GPa to 127 GPa
for the Cu-poor film series and from 121 GPa to 131 GPa for the Cu-
rich film series. In case of the evolution of the elastic recovery (see
Table 1), we observed no strong dependence on the Hf/(Hf+Zr)
ratio. The values scatter within a narrow band around 36.8% and
38.0% for the Cu-poor and Cu-rich film series, respectively. It is
evident that the Zr-Hf-Cu films deform predominantly plastically
during the indentation tests. Inspecting the indents by using atomic
force microscopy, we observed the formation of shear bands on
pile-ups. The shear bands were also detected on the loading curves
as sharp steps (pop-ins). All these deformation phenomena were
more pronounced at higher indentation loads as seen in Fig. 8 for
200 mN. We were, however, not able to recognize a significant
difference in the deformation behavior under the indentation with

Hardness H, effective Young's modulus E* = E/(1 — v?) and elastic recovery W, of the Zr-Hf-Cu films from Cu-poor (46 at.% Cu) and Cu-rich (59 at.% Cu) series (E is Young's

modulus and v is Poisson's ratio).

Cu-poor series

Hf/(Hf+Zr) 0 0.28 0.43 0.63 0.73 0.83 1

H (GPa) 6.2 6.5 6.7 6.9 6.8 6.9 7.3
E’ (GPa) 109 115 118 121 120 123 127
We (%) 36.1 36.7 36.7 372 36.9 36.5 373
Cu-rich series

Hf/(Hf+Zr) 0 0.29 0.37 0.50 0.58 0.73 1

H (GPa) 7.0 73 7.4 7.5 7.7 7.8 8.0
E" (GPa) 121 124 126 126 127 128 131
We (%) 37.7 37.7 379 38.2 38.1 383 384
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increasing Hf/(Hf+Zr) ratio. At present, more detailed micro-
mechanical analysis of the deformation behavior under bending is
in progress and will be published in a separate paper.

Comparing the data displayed in Figs. 4 and 7 and Table 1, we
can see a clear correlation of the evolution of the crystallization
temperature, the glass transition temperature and the mechanical
properties. A very similar behavior has been also reported on
multielement (Hf,Zr)—Ti—Cu—Ni—Al metallic glasses produced as
ribbons by melt spinning [24]. In that case, an increasing Hf content
resulted in an increase of all characteristic temperatures (glass
transition, crystallization and melting) and mechanical properties
such as Young's modulus, the yield and fracture stress. Since Hf
substitutes Zr in the structure of these metallic glasses without a
significant change of atomic ordering, it can be supposed that the
increase of all aforementioned quantities is primarily associated
with an increase of the average bond energy. This is supported by
the fact that Hf exhibits a larger overlap of the d-orbitals than Zr,
which results in more covalent character of the metallic-covalent
bonds and consequently in a higher bond energy. Moreover,
diffusion-controlled processes can be limited by a lower mobility of
Hf (approximately twice higher atomic mass of Hf than Zr). In case
of our Zr-Hf-Cu thin-film metallic glasses, the increase of me-
chanical properties can be also enhanced by an increase of the
compressive residual stress. On the other hand, the increase of the
characteristic temperatures and mechanical properties with
increasing Cu content from 46 at.% to 59 at.% can be understood as a
consequence of the formation of a higher number of icosahedral
clusters and thus a higher average coordination number and a
higher atomic packing density [11].

3.5. Surface properties

Surface properties of the Zr-Hf-Cu thin-film metallic glasses
including the wettability and the surface roughness are presented
in Fig. 9 as a function of the Hf/(Hf+Zr) ratio. The wettability was
evaluated by means of the water contact angle. One can see from
the upper panel of Fig. 9 that the films from both series exhibit a
hydrophobic surface. The values of the water contact angle range
from 99° to 109°. One may notice that the water contact angle is
higher by about 5° compared to the binary Zr—Cu films when
incorporating the lowest fraction of Hf into the films [Hff
(Hf+Zr) = 0.3]. On the other hand, there is no significant effect of
the Cu content on the wettability for the compositions investigated.

The bottom panel of Fig. 9 shows the arithmetic average surface
roughness of both film series. All films exhibit very low surface
roughness. As you can notice, the surface roughness decrease with
increasing Hf/(Hf+Zr) ratio down to an extremely low value of
0.2 nm, which indicates very smooth surface of the Zr-Hf-Cu thin-
film metallic glasses. The decrease is more pronounced for the Cu-
poor film series, which exhibits a slightly higher surface roughness
due to a lower flux of sputtered Cu ions with enhanced energies
bombarding the growing film. Increasing the deposition rate from
the Hf target contributes to more intense flux of sputtered Hf atoms
with a high atomic mass, which impact on the growing film,
incorporate into it, densify it and consequently reduce the surface
roughness. The role of fast Ar neutrals backscattering from the Hf
target and impacting on the growing film can be also crucial in
terms of reducing the surface roughness.

3.6. Electrical resistivity

Fig. 10 shows the electrical resistivity of both series of the Zr-Hf-
Cu thin-film metallic glasses measured at room temperature. All
films exhibit a very low electrical resistivity with the values ranging
between 1.6 and 1.9 x 10-® Qm. The electrical resistivity slightly

increases with increasing Hf/(Hf+-Zr) ratio but is slightly lower for
the Cu-rich series. The increase in the electrical resistivity with
increasing Hf incorporation can be attributed to more covalent
character of bonds of Hf than Zr resulting in less free electrons.
Similarly, the higher Cu concentration may provide more free
electrons responsible for a higher electrical conductivity of the films.

3.7. Oxidation resistance

Thermogravimetric oxidation curves of the Zr-Hf-Cu films from
both series measured from room temperature up to 1000 °C in
flowing air are presented in Fig. 11. It is seen that the oxidation
resistance is strongly dependent on the Cu content and the Hf/
(Hf+Zr) ratio. The binary Zr—Cu film with 46 at% Cu starts to
oxidize at about 400 °C while the film with 59 at.% Cu at about
100 °C lower temperature. That is, the higher Cu content has a
negative effect on the oxidation resistance. This is because oxidized
Cu forms less efficient diffusion barrier against oxidation than
oxidized Zr. We have shown recently that a pure Cu film oxidizes
rapidly at about 300°C while a pure Zr film at about 400°C [25]. Let
us also note that the Zr—Cu film with 42 at.% Cu exhibits a superior
oxidation resistance compared to pure Zr or Cu films (not shown
here and still under investigation).

A gradual substitution of Hf for Zr causes a shift of the onset of
the oxidation to higher temperatures in both film series. Open cir-
cles, plotted on the curves in Fig. 11, represent the crystallization
temperatures for each composition obtained by DSC at a heating
rate of 30 °C/min and recalculated for the heating rate of 10 °C/min
using Lasocka's equation [26], see Fig. 4. It is clearly seen that all
films from the Cu-poor series and the films from the Cu rich series
prepared with Hf/(Hf+Zr) > 0.5 exhibit a low mass gain before
starting to crystallize. This suggests that the incorporation of Hf into
the films has a positive effect on the oxidation behavior and enables
to maintain the high oxidation resistance of the Zr-Hf-Cu thin-film
metallic glasses even in the super-cooled liquid region. More
detailed investigation of the oxidation behavior of these materials is
still in progress and will be published in a separate paper.

4. Conclusions

Conventional dc and high-power impulse magnetron co-
sputtering of Zr, Hf and Cu in pure argon was proved to be a suit-
able deposition technique for a reproducible preparation of Zr-Hf-
Cu thin-film metallic glasses with a tunable composition and
properties.

Ternary Zr-Hf-Cu alloy films 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
the evolution of the glass transition temperature, crystallization
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 hydro-
phobic surface (water contact angle up to 109°). Tuning their
elemental composition allows us to control the supercooled liquid
region in a very wide range from 405 °C to 533 °C, which may be
crucial for miscellaneous applications.
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—Hf—AIl/Si—Cu films were deposited with an X-ray amorphous structure. The glass transition was,
however, recognized only up to 12 at.% Al or 6at.% Si. The addition of Al or Si enhances mechanical
properties of the films and the thermal stability of their amorphous state. This may be explained by an
increase of a covalent component of the mixed metallic-covalent bonds with increasing the Al and Si
content. Moreover, the Zr—Hf—Al—Cu metallic glasses exhibit a wider super-cooled liquid region, while
the Zr—Hf—Si—Cu metallic glasses are more oxidation resistant.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Metallic glasses as a promising new type of materials have been
widely studied during past years. It is well known that they exhibit
many exceptional properties including for instance high yield
strength, high elastic strain and hardness, temperature-
independent electrical resistivity, excellent surface finishing, and
biocompatibility [1—5]. Their unique properties originate from the
disordered atomic structure without grain boundaries that con-
trasts with the well-defined atomic lattice arrangement in crys-
talline alloys [6—8].

Zr- and Cu-based metallic glasses have been extensively studied
both as bulk metallic glasses (BMGs) [9—16] and as thin film
metallic glasses (TFMGs) [17—24]. In recent years, several in-
vestigations have confirmed that selecting a proper alloying
element in an appropriate amount has beneficial effects on the
properties of the Zr- and Cu-based metallic glasses. For instance,
Choi-Yim et al. [10] reported that the addition of Si up to 2 at.% into
Cuy7TizgZr;1Nig improves the thermal stability and expands the
supercooled liquid region. A similar effect was observed also for
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Zr47CugqAlyg metallic glasses alloyed with Si [15]. However, it has
also been reported that addition of more than approximately 2 at.%
Si into the melt often leads to a rapid crystallization during the
fabrication process of BMGs [11]. On the other hand, Zr—Ti—B—Si
and Zr—Ti—Si—W thin-film alloys were prepared by magnetron
sputtering with an amorphous structure up to 20 at.% Si [21,22].
Unfortunately, it has not been reported if these amorphous alloys
exhibit the glass transition. Contrary to Si-containing BMGs,
alloying with Al preserves amorphous structure to at least 10 at.% of
Al [9,12—14]. An optimized addition of Al into BMGs improves
thermal stability [12,14], enhances hardness [14], extends the
supercooled liquid region [9,12,14] and increases the critical
diameter of BMGs [16]. One may see that alloying with either Al or
Si may lead in certain material systems to enhanced properties. We
have recently shown that the ternary Zr—Hf—Cu thin-film metallic
glasses exhibit enhanced hardness, thermal stability and oxidation
resistance, and very smooth and hydrophobic surface [24]. How-
ever, the effect of an addition of either Al or Si into the Zr—Hf—Cu
system has not been studied yet.

The present study is, therefore, focused on the Zr—Hf—Al/Si—Cu
thin-film alloys prepared by magnetron co-sputtering, which was
proved to be a suitable technique for deposition of the Zr—Cu based
metallic glasses [17—20,23,24]. We utilize four independent mag-
netrons (each of them equipped with a different material) to
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precisely control the elemental composition of the Zr—Hf—Al/Si—Cu
thin-film alloys. The main aim of this study lies in a systematic
investigation of the effect of an addition of Al or Si into the
Zr—Hf-Cu thin-film alloys on their properties and behavior. In
particular, we focus on the correlation between elemental
composition and structure, thermal behavior, mechanical and sur-
face properties, electrical resistivity and oxidation resistance of the
Zr—Hf—Al/Si—Cu thin-film alloys. Since Zr—Hf—Al/Si—Cu thin-film
alloys have not been synthesized yet, we systematically investi-
gate different properties and behavior in detail.

2. Experimental details

Quaternary Zr—Hf—Al/Si—Cu thin-film alloys were deposited by
magnetron co-sputtering using an AJA International ATC 2200-V
sputter system which was pumped by a turbomolecular pump
(12001/s) backed up with a multi-stage roots pump (27 m>/hr). The
base pressure before each deposition was lower than 5 x 107> Pa.
Depositions were carried out in argon at a pressure of 0.533 Pa (4
mTorr) using four independent unbalanced magnetrons equipped
with circular, indirectly cooled targets (50.8 mm in diameter,
6.35 mm in thickness). The magnetrons with the Zr target (99.5%
purity, Matsurf Technologies Inc.) and the Hf target (99.9% purity,
Plasmaterials Inc.) were powered by a dual power supply (Pinnacle
Plus+ 5/5 kW, Advanced Energy) working independently in two dc
regimes. The magnetron with the Al target (99.99% purity, Matsurf
Technologies Inc.) or the Si target (99.99% purity, Matsurf Tech-
nologies Inc.) was powered by a dc power supply (DCXS-750-4, AJA
International Inc.) and the magnetron with the Cu target (99.99%
purity, Matsurf Technologies Inc.) was powered by a pulsed dc
power supply (TruPlasma Highpulse 4002, Hiittinger Elektronik)
working in a high-power impulse regime. The average target power
density in a pulse was fixed at 1000 W/cm?. The negative voltage
pulse length was set to a constant value of 200 us and the repetition
frequency was set to either 36 Hz or 46 Hz. All films were deposited
onto polished and ultrasonically pre-cleaned single-crystalline
Si(100), soda-lime glass and molybdenum substrates held at a
floating potential without any external heating. The substrates
were rotated above the targets at a speed of 40 rpm and located at a
target-to-substrate distance of 150 mm.

The elemental composition of the Zr—Hf—Al/Si—Cu films was
controlled by adjusting the deposition rates from the Zr, Hf, (ALSi)
and Cu targets independently, particularly by the dc target powers
(Zr, Hf, and (Al,Si)) and the average target power in a period (Cu).
The deposition rates were measured before each deposition using a
quartz crystal deposition rate monitor (SQM-160, Inficon).

The elemental composition of the as-deposited films on the Si
substrate was analyzed by a scanning electron microscope (SU-70,
Hitachi) operated at a primary electron energy of 20 keV using an
energy dispersive spectroscopy (UltraDry, Thermo Scientific) to
quantify the Zr, Hf, Al and Cu content and wavelength dispersive
spectroscopy (MagnaRay WDS, Thermo Scientific) to quantify the Si
content. Bulk standards of all elements were used for the quanti-
tative analysis. The error of the elemental analysis was established
to be 1at.%.

The thermal behavior of the films was investigated by differ-
ential scanning calorimetry (DSC). Approximately 2-pum thick films
deposited onto the molybdenum thin foils (0.1 mm in thickness)
were relatively easily delaminated from this kind of the substrate
by its bending. Obtained freestanding film fragments (~3 x 3 mm?
each) of a total mass of 5mg were then inserted into a 100 pl
alumina crucible covered with a lid. An identical uncharged cruci-
ble was used as a reference. The measurements were carried out at
the same heating and cooling rate of 30 °C/min in flowing argon
(11/h) in the temperature range from room temperature to 600 °C

using a DSC system (Labsys DSC 1600, Setaram). The calorimeter
was calibrated by melting of Pb, Zn and Al standards with purity of
99.998 + 0.001%.

X-ray diffraction (XRD) measurements of the structure of the as-
deposited films on the Si substrates and of the powdered film
fragments after their annealing were carried out using a diffrac-
tometer (X'Pert PRO, PANalytical) with Cu K, radiation
(Acy = 0.154187 nm) working in a slightly asymmetrical Bragg-
Brentano geometry with an w-offset of 1.5° and in the standard
Bragg-Brentano geometry, respectively. The w-offset was used to
eliminate a strong reflection of the single-crystalline Si(100) sub-
strate at 26 angle of 69.17°. The data were collected using an ul-
trafast detector X'Celerator in the 20 range of 20°—60°.

The film thickness and the curvature of the Si substrate coated
with the film, from which a residual macrostress was determined
using the modified Stoney's formula, were measured by a surface
profilometer (Dektak 8 Stylus Profiler, Veeco). The hardness,
effective Young's modulus and elastic recovery of the films on the Si
substrate were evaluated from the load vs. displacement curves
[25], which were measured at room temperature and in ambient
environment by a nanoindenter (TI 950 Triboindenter, Hysitron)
equipped with a Berkovich-type diamond tip. For each film, a
number of indents were made at different loads ranging from 1 to
10mN and the obtained data were averaged. The ratio of the
penetration depth and the film thickness was below 10% in all
cases.

The electrical resistivity of the films on the glass substrate was
measured at room temperature by a standard four-point probe with
a spacing of 1.047 mm between the tips (Cylindrical probe, Jandel).
The nonconductive glass substrate was used to avoid the effect of
an electrically conductive substrate on the data measured. The
measurement was also not affected by a very thin surface oxide
layer (few nm in thickness) formed on the films as a result of a
reaction with an ambient atmosphere because the penetration
depth of the probe tips was much higher (approximately 150 nm).
The water contact angle of the films on the Si substrate was
measured at room temperature by a drop shape analyzer (DSA30,
KRUSS) using the sessile drop method with a droplet of distilled
water with volume of 2 pl. Three measurements on each film at
various positions were carried out and the obtained values were
averaged. A typical error of the measurement was +1°. The arith-
metic average surface roughness of the films on the Si substrate was
evaluated from a selected square area of 2 x 2 um? measured in a
non-contact mode of an atomic force microscope (SmartSPM, AIST-
NT) equipped with a silicon tip (nominal radius of 10 nm).

The oxidation resistance of the films was investigated by ther-
mogravimetry (TG) using a symmetrical high resolution system
(Setaram TAG 2400). The TG analysis was carried out in synthetic
atmospheric air (flow rate of 11/h) with dynamic heating in the
temperature range from room temperature up to 1000°C and
isothermal heating at 550 °C for 3 h. The heating rates were set to
10°C/min and 50°C/min for dynamic heating and isothermal
heating, respectively. The cooling rates were set in both cases to
30°C/min. The Si substrates were coated only on one side. After
subtracting the thermogravimetric signal corresponding to oxida-
tion of the uncoated sides, the resulting thermogravimetric curve is
related to the oxidation resistance of the Zr—Hf—Al/Si—Cu film only.

The thickness of the surface oxide layer was determined by a ].A.
Woollam Co. variable angle spectroscopic ellipsometer. The mea-
surements were performed in the wavelength range from 300 to
2000 nm using angles of incidence of 65°, 70° and 75° in reflection.

3. Results and discussion

In this section, the effect of an addition of Al (up to 17 at.%) or Si
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(up to 12 at.%) into the Zr—Hf—Cu thin-film alloys on their prop-
erties and behavior is investigated. Two film series, labeled as Al-
series and Si-series from now on, are systematically studied. The
effect of the elemental composition (Fig. 1) on the structure (Figs. 2
and 3), thermal behavior (Figs. 4—7), mechanical (Figs. 8 and 9) and
surface properties (Fig. 10), electrical resistivity (Fig. 11) and
oxidation behavior (Figs. 12 and 13) is presented and discussed in
detail.

3.1. Elemental composition

The elemental composition of the Zr—Hf—Al/Si—Cu thin-film
alloys was varied by adjusting the deposition rate from the Zr, Hf,
Al or Si and Cu targets as described in Experimental details. The
total deposition rate varied from 27 nm/min to 36 nm/min and the
thickness of all films was around 2 um. In both series, we started the
experiments with the deposition of the ternary Zr—Hf—Cu thin film
with approximately 46 at.% Cu, 27 at.% Zr and 27 at.% Hf. A subse-
quent addition of Al or Si was done at the expense of Zr and Hf
while maintaining the ratio [Zr]:[Hf] = 1 and the content of Cu at
approximately 46 at.%. An evolution of the elemental composition
of the films of the Si-series as a function of the applied power at the
Si target is shown in Fig. 1. A similar evolution was observed also for
the Al-series except that the comparable Al content was achieved
for a lower applied power at the Al target. This is due to different
sputtering yields of Al and Si for a comparable energy of impacting
Ar ions [26]. One may notice that by setting appropriate target
powers, we were able to precisely control the elemental composi-
tion in the whole studied range. The Al and Si content in the films
was varied from O to 17 at.% and from O to 12 at.%, respectively.

3.2. Structure

In order to investigate the effect of the elemental composition
on the structure of the as-deposited films, the XRD measurements
were carried out. XRD patterns of the films of the Al-series are
presented in Fig. 2. As can be seen, all films containing up to 17 at.%
Al exhibit a low-intensity broad diffraction peak (hump) indicating
that these films are X-ray amorphous. The full width at half
maximum of this peak is around 5° 20. As for the Si-series, a similar
set of XRD patterns were collected (not shown). It implies that
these films are also X-ray amorphous in the whole range investi-
gated, i.e. from O to 12 at.% Si. Such a high content of Si for the
amorphous alloys based on Zr—Cu has not been reported for BMGs
so far, as described in Introduction. Our results point out the key
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Fig. 1. Elemental composition of the films of the Si-series as a function of the applied
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importance of using magnetron sputtering with very high cooling
rates of the vapor on the substrate for the deposition of amorphous
thin-film metallic alloys in a wide composition range.

A closer look at the XRD patterns reveals that the maximum of
the broad peak shifts to higher 26 angles with increasing Al and Si
content for both film series, see Fig. 3. As mentioned before, either
element (Al and Si) is added at the expense of Zr and Hf and both
have a lower atomic radius than Zr and Hf. Thus, the average
interatomic distance in the material decreases with their addition,
which consequently leads to the shift of the hump to higher 26
angles. As shown in Fig. 3, the shift may be very well fitted by a
linear regression. Despite the fact that the radius of Al is larger than
that of Si the slope of the straight line fitting the values of the Al-
series is steeper indicating more rapid decrease of the inter-
atomic distance with increasing Al content.

3.3. Thermal behavior

The effect of the elemental composition on the thermal behavior
of the Zr—Hf—Al/Si—Cu films was studied using differential
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scanning calorimetry. Freestanding fragments of each film from
both series were annealed up to 600 °C in Ar. Fig. 4a gathers DSC
curves of the films of the Al-series. As can be seen, one well-defined
exothermic peak is detected up to 12 at.% Al. This peak, related to
the crystallization of the film, is shifted to higher temperatures
with increasing Al content. The onset of the peak defines the
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Fig. 6. Selected XRD patterns taken from powdered fragments of the films from the Al-
series after their annealing up to 600 °C and cooling down back to room temperature.
The main diffraction peaks of the Cu(Zr,Hf)2, Cu10(Zr,Hf)7 and Cu2ZrAl or Cu2(Zr,Hf)Al
phases are marked by the symbols.

crystallization temperature, T.. The DSC curve of the film with
17 at.% Al is also characterized with one exothermic peak, which is,
however, detected at a lower temperature compared to the film
with 12 at.% Al and has a significantly lower intensity. A similar set
of the DSC curves was also observed for the Si-series except that the
film with 3 at.% Si is characterized by a low-intensity exothermic
peak followed by a second high intensity exothermic peak, see
Fig. 4b. It can be also seen in Fig. 4a and b that the exothermic peak
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of the films of the Si-series was located at a higher temperature for
the comparable amount of Si and Al. The shift of the exothermic
peak to higher temperatures with increasing either Al or Si up to
12 at.% indicates an enhanced thermal stability of the amorphous
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state of the quaternary Zr—Hf—Al/Si—Cu films compared to the
ternary Zr—Hf—Cu films. This behavior may be attributed to more
difficult diffusion of the atoms in the film upon heating due to the



414 M. Zitek et al. / Journal of Alloys and Compounds 772 (2019) 409—417

g 2.3 T T T T T T T

L?O - ]
% 21+ » -
? i S"Se';es/tl ' A
2 1.9 o— Al-series |
o D/D_D__,_,.D—-———D

g =0 -
= 174 —
0 i i
3]

% 15 ] l ] | ] l ]

0 5 10 15 20

Al or Si content (at.%)

Fig. 11. Electrical resistivity of the films of Al- and Si-series as a function of the Al or Si
content.

=
O
o))
£
()
(o))
c
@
=
o
»
7]
o]
=
A 0.15
l/'9 ‘,1Zat4% Si L Ng
i 3 -0.10 35
3 S
/ - -
/
‘ L 0.05 &
c
| @®©
S
—————————————————— -0.00 ¢
L &
F Si-series s
T T T i r -0.05

L | LI ] ) )
300 400 500 600 700 800 900 1000
Al or Si content (at.%)

Fig. 12. Dynamical thermogravimetric oxidation curves of the films of the Al- and Si-
series acquired at a heating rate of 10 °C/min in a flowing synthetic air.

presence of Al or Si with a stronger covalent bonding (more details
given later).

Before the onset of the crystallization peak, we observed a
decrease of a heat flow for some Zr—Hf—Al/Si—Cu films. This kind of
decrease is a typical behavior of glasses and is known as a glass
transition. The glass transition determines the position of the glass
transition temperature, T, (for more details see our previous paper
[23]). The supercooled liquid region, AT, in which the glass exhibits
a viscous flow and thermoplastic behavior, is located between Tg
and T..

Fig. 5 presents the evolution of Ty and T. for both series as a
function of the Al or Si content. One may notice that we were able to
recognize the glass transition only between 0 and 12 at.% Al for the
films of the Al-series and between 0 and 6 at.% Si for the films of the
Si-series. As can be seen in Fig. 5, the values of T. increase

0.15 T
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0.00
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Fig. 13. Isothermal thermogravimetric oxidation curves of the Zr—Cu, Zr—Hf—Cu,
Zr—Hf-Al—Cu and Zr—Hf-Si—Cu films with a constant Cu value of 46 at.%, constant
ratio [Hf]:[Zr] = 1 and 3 at.% of Al or Si measured at 550 °C in a synthetic air for 3 h.

monotonically up to 12 at.% of Al or Si with increasing the Al or Si
content in the films. Further increase of the Al content causes a
decrease of T.. The values of T follow the trend of T.. The super-
cooled liquid region is marked in Fig. 5 by the orange area between
T and T.. An addition of Al into the ternary Zr—Hf—Cu films extends
the supercooled liquid region. The maximum AT =63 °C was ach-
ieved for the film with 8 at.% Al. On the other hand, addition of
3 at.% Si reduces the width of the supercooled region while addition
of 6 at.% Si gives again the value of the ternary Zr—Hf—Cu film. The
values of Tg, Tc and AT for the films from Al- and Si-series are
summarized in Table 1. As for the addition of Al its effect in the
Zr—Hf-Al—Cu films is comparable with reported results for the
ternary Zr—Al—Cu metallic glasses [9,13,14]. For instance, Cheung
and Shek [14] observed glass transition in the range from 0 to
10at% Al with a maximum value of AT=73°C for 8at.% Al
Regarding the alloying with Si, its effect is also similar with results
published in the literature for the Zr-based BMG [11] except that we
were able to prepare metallic glasses in a wider composition range
up to 6 at.% Si but we did not observe extending of the supercooled
liquid region in the investigated region.

In order to identify products of the crystallization of the films of
the Al- and Si-series, XRD analysis was carried out after the DSC
measurements. Prior the analysis, the film fragments were ground
to powder. As expected from the DSC curves, all films crystallized
upon the annealing to 600 °C. The XRD patterns of the represen-
tative films of the Al-series are shown in Fig. 6. The ternary
Zr—Hf—Cu film consists of the tetragonal Cu(Zr,Hf); and ortho-
rhombic Cuyg(Zr,Hf)7 solid solution phases. This is in accordance
with our previous paper [24] where we showed that Hf gradually
substitutes Zr with increasing Hf/(Hf+Zr) ratio. The positions of the
XRD peaks are just in the middle of the positions corresponding to
the tetragonal CuZr, (PDF Card No. 00-018-0466) and CuHf, (PDF
Card No. 04-004-2396) phases and the orthorhombic CujoZr; (PDF
Card No. 01-078-3211) and CujoHf; (PDF Card No. 01-082-6313)
phases, which reflects well the equal content of Zr and Hf in the
films. An addition of Al into the Zr—Hf—Cu films results in a quite
complex structure which in turn complicates the identification of
the crystallization products. In spite of this fact, some conclusions
can be drawn from the XRD analysis of the patterns. An increasing
Al content to 8 at.% results in the appearance of another peak at a 20
position of about 41.25°. The position of this peak is very close to
the positions of the ternary cubic CuyZrAl (PDF Card No. 03-065-
6362) and CuyHfAl (PDF Card No. 04-008-2257) phases. It cannot
be, however, ruled out that it also may correspond to the cubic
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Table 1
Glass transition temperature Ty, crystallization temperature T. and supercooled
liquid region AT =T, — T; of the films from the Al- and Si-series.

Al-series
Al (at.%) 0 3 6 8 12 17
T, (°C) 432 436 449 459 487 -
T. (°C) 478 485 509 522 545 529
AT (°C) 46 49 60 63 58 -
Si-series
Si (at.%) 0 3 6 9 12 -
Ty (°C) 432 469 487 - - -
T. (°C) 478 511 533 551 574 -
AT (°C) 46 42 46 - - -

Cuy(Zr,Hf)Al solid solution phase. With further increase of the Al
content, the intensity of the peak increases and also new peaks
related to this cubic phase appear. Other peaks in the XRD patterns
(>8at. % Al) can be ascribed to the tetragonal Cu(ZrHf), and
orthorhombic Cuqg(Zr,Hf); phases but with a variable content of Zr
and Hf. Some peaks are closer to the CuZr, while other to the CuHf,
diffraction standards. The same is valid for the orthorhombic phase.

The XRD patterns of the representative films of the Si-series are
shown in Fig. 7. The results demonstrate much higher reactivity of
Si with Zr and Hf than with Cu. A small addition of Si (3 at.%) leads
to the crystallization of a silicide phase. Since the positions of the
XRD peaks of this phase are in between the positions of the cubic
Zr,Si (PDF Card No. 04-001-0938) and Hf,Si (PDF Card No. 04-001-
0944) diffraction standards, it implies that this phase can be
considered to be the cubic (Zr,Hf),Si solid solution. Its amount
grows with increasing Si content as deduced from increasing in-
tensity of the corresponding XRD peaks. Simultaneously, the crys-
tallization of the tetragonal Cu(Zr,Hf), phase is limited due to the
consumption of Zr and Hf and this phase gradually vanishes. In
contrast, the orthorhombic Cuyo(Zr,Hf); phase is present for all Si
contents investigated. Moreover, the XRD peaks of this phase
remain at the same positions independently of the Si content. This
is different from the effect of the Al addition.

3.4. Mechanical properties

The effect of the elemental composition on the hardness and the
residual stress of the Zr—Hf—Al/Si—Cu films is shown in Fig. 8. It can
be seen in the upper panel of Fig. 8 that the hardness of the films of
the Al- and Si-series increases monotonically from 6.5 to 8.0 GPa
and from 6.5 to 9.0 GPa, respectively. In both series the de-
pendencies can be well fitted by straight lines. It is also clearly seen
that the straight line of the Si-series is considerably steeper indi-
cating a more pronounced effect of the Si addition on the hardness
enhancement. A maximum value of the hardness of the Zr—Hf—Al/
Si—Cu films, which exhibit the metallic glass behavior, is 7.5 GPa
and was measured for two films containing either 12 at.% Al or
6 at.% Si. The residual stress for the films of the Al- and Si-series is
shown in the bottom panel of Fig. 8. Both film series exhibit a
compressive residual stress with the absolute values varying
around 0.2 GPa. We have not observed a significant difference in
the values of the residual stress with the addition of Al or Si. The
compressive residual stress of these films can be attributed to the
bombardment of the growing film by energetic Cu ions generated
in the discharge in the vicinity of the Cu target sputtered in a high-
power impulse regime (for more details see our previous publica-
tion [23]). A low or moderate compressive residual stress is
generally beneficial in terms of increasing hardness and suppress-
ing crack propagation.

43

Fig. 9 shows the evolution of the effective Young's modulus and
the elastic recovery as a function of the Al or Si content in the films.
It is clearly seen that the evolution of both quantities follows the
trend of the hardness. The effective Young's modulus increases
from 116 to 134 GPa and from 116 to 138 GPa for the Al- and Si-
series, respectively. In case of the elastic recovery, the values in-
crease from 36 to 39% and from 36 to 41% for the Al- and Si-series,
respectively. The values of the effective Young's modulus as well as
the values of the elastic recovery may be also fitted with straight
lines with a higher slope for the Si-series. Despite the increase of
the elastic recovery from 36% for the ternary Zr—Hf—Cu film, the
Zr—Hf—Al/Si—Cu films still deform predominantly plastically via
the formation of shear bands.

A clear correlation can be seen when comparing the evolution of
Ty and T (see Fig. 5) and the evolution of mechanical properties (see
Figs. 8 and 9) of the Zr—Hf—Al/Si—Cu metallic glasses. All afore-
mentioned quantities increase with increasing Al or Si content in
the films. This behavior may be understood in terms of an average
bond energy in the films. Note that the main-group elements, Si
and Al, possess p-electrons in their isolated-atom electronic con-
figurations unlike Zr and Hf which are replaced. Thus, a case can be
made that the incorporation of Al or Si into the films increases the
projection of the resulting hybridized orbitals on odd p-orbitals
(contrary to even s- and d-orbitals). The non-zero weight of elec-
trons on odd p-orbitals leads to wavefunctions centered between
atoms rather than on an atom, i.e. to a more directional (covalent)
bonding [27].

3.5. Surface properties

The surface properties, namely the wettability and surface
roughness, of the films of the Al- and Si-series are displayed in
Fig. 10 as a function of the Al or Si content. The wettability of the
films was characterized by the water contact angle which is shown
in the upper panel of Fig. 10. As can be seen, the values of the water
contact angle of the films of the Al-series scatter around 100°. On
the other hand, the films from the Si-series with Si content up to
6 at.% exhibit a slightly lower water contact angle of about 97°.
Further increase of the Si content leads to a more pronounced
decrease of the water contact angle to the values slightly below 90°.
Thus, only the films with up to 17 at.% Al or 6at.% Si can be
considered as hydrophobic.

The arithmetic average surface roughness of the films of the Al-
and Si-series is shown in the bottom panel of Fig. 10. As can be seen,
the low addition of Al up to 6 at.% leads to a decrease of the surface
roughness from approximately 0.5 nm for the ternary Zr—Hf—Cu
film to less than 0.3 nm. An increase of the Al content to 8 at.%
causes a rise of the surface roughness to 1.2 nm. Further increase of
the Al content leads to a moderate decrease of the surface rough-
ness which, however, does not reach the value of the ternary
Zr—Hf—Cu film. In case of the Si-series, the addition of 3 at.% Si
induces an increase of the surface roughness to approximately
1nm followed by a gradual decrease to the values lower than
0.4 nm. Despite the fact that a few films containing either Al or Si
exceed the value of the surface roughness of the ternary Zr—Hf—Cu
film, the Zr—Hf—Al/Si—Cu films are still very smooth, especially
when compared with crystalline alloys [23].

3.6. Electrical resistivity

Fig. 11 summarizes the values of the electrical resistivity of the
films of the Al- and Si-series at room temperature. As can be seen
the electrical resistivity increases monotonically for both series
with increasing Al or Si content. The increase is more pronounced
for the films of the Si-series which correlates well with the
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evolution of the mechanical properties and characteristic temper-
atures. Therefore, the increase can be attributed to a more covalent
character of the mixed metallic-covalent bonds compared to the
ternary Zr—Hf—Cu film leading to less free electrons. Despite the
fact that the electrical resistivity increases with increasing Al or Si
content all deposited films exhibit very low electrical resistivity
lower than 2.0 x 1078 Qm.

3.7. Oxidation resistance

Dynamical thermogravimetric oxidation curves of the films of
the Al- and Si-series measured from room temperature up to
1000 °C in synthetic flowing air at a heating rate of 10 °C/min are
shown in Fig. 12. It can be seen that the onset of the oxidation
depends on the content of the additional element. All films of the
Si-series, see the bottom panel of Fig. 12, start to oxidize at about
500°C but as the temperature increases the oxidation rate de-
creases with increasing Si content. This may be explained by the
formation of a Si-containing surface oxide layer that serves as a
more efficient barrier against interdiffusion of oxygen and elements
of the film.

In case of the Al-series the evolution of the oxidation resistance
is more complex. We recognize two main intervals of the Al content
which differ in the oxidation behavior, see the upper panel of
Fig. 12. Up to 6 at.% Al, the addition of Al has positive effect on the
oxidation resistance and the onset of the oxidation shifts to higher
temperatures. For instance, the film containing 6 at.% Al starts to
oxidize at about 550 °C. However, when the Al content is above
6at% Al, the onset of the oxidation of the films is registered at
noticeably lower temperatures, e.g. at 350 °C for 8 at.% Al. The films
start to rapidly oxidize gaining a mass change up to 0.05 mg/cm?
after which the oxidation slows down. At about 550 °C, it acceler-
ates again and the mass gain follows the trend of the films with
0 and 3 at.% Al If one compares the onset of the crystallization
(Fig. 5 and Table 1) with that of the oxidation (Fig. 12), one may
notice that the Zr—Hf—Al—Cu films with the Al content between
0 and 6at.% and the Zr—Hf-Si—Cu films with the Si content be-
tween 0 and 12 at.% exhibit very low mass gain before starting to
crystallize.

Since the difference in the oxidation resistance of the Zr—Hf—Cu
and Zr—Hf-Al/Si—Cu films with 3 at.% Al or Si was not so pro-
nounced upon the dynamical heating, we carried out in addition
isothermal oxidation measurements at 550 °C in a flowing syn-
thetic air for 3 h. Fig. 13 presents the comparison of thermogravi-
metric curves of binary Zrs4Cuge, ternary Zry;Hfy7Cuge, and
quaternary ZrpsHfygAlsCuse and ZrpsHf6SizCuge films. All films
possess the same Cu content of 46 at.% and ternary/quaternary
films a fixed ratio of [Hf]:[Zr] = 1. The films were heated up to
550°C as fast as possible (50 °C/min) to eliminate their oxidation
before starting the isothermal measurements. The corresponding
mass gain was therefore close to zero for all films. Because the
thermogravimetric signal during the first 5min was strongly
affected by oscillations of the temperature signal due to the tran-
sition from the dynamical ramp heating to the isothermal steady-
state heating, the thermogravimetric data were just extrapolated
(see dashed lines) during the settling time.

As can be seen in Fig. 13, the quaternary Zr—Hf—Al/Si—Cu films
containing Al or Si exhibit a lower oxidation rate and a lower mass
gain after 3 h of the measurement compared to the binary Zr—Cu
and ternary Zr—Hf—Cu films. The best oxidation resistance is ach-
ieved for the Zr)5Hf,Si3Cuge film. Its mass gain after 3 h is close to
0.055 mgfcm?, which is approximately two times less than for the
Zr54Cuyge film. This is in agreement with the measurement of the
thickness of the surface oxide layer. For the ZrysHf,6SizCuyg film,
the thickness of the oxide layer was 390 nm while for the Zrs4Cusg

film was 840 nm. All oxidation curves can be well fitted with
square-root functions. Oxidation in such a way indicates that a
dense barrier oxide layer is formed on the surface of the films
causing the reduction of the oxidation rate with time. The oxidation
is then controlled by a diffusion of the species through the oxide
layer [28]. From Fig. 13 it is seen that the Si-containing surface oxide
layer is even more efficient than the Al-containing one. Let us also
note that even if the binary Zrs4Cugg thin-film metallic glass ex-
hibits the highest mass gain among the films investigated, it is more
oxidation resistant than its crystalline counterpart of the identical
composition. This will be, however, reported in detail in our sepa-
rate paper along with crystallization and oxidation kinetics of the
aforementioned films.

4. Conclusions

The effect of an addition of Al (up to 17 at.%) and Si (up to 12 at.%)
into the Zr—Hf—Cu thin-film alloys on their properties and behavior
was studied in detail. Conventional dc and high-power impulse
magnetron co-sputtering of Zr, Hf, Al or Si and Cu in pure Ar was
proved to be a suitable deposition technique for a reproducible
deposition of quaternary Zr—Hf—Al/Si—Cu films.

The deposited thin-film metallic alloys were found to be
amorphous in the whole studied range. The glass transition was,
however, recognizable only up to 12 at.% Al and 6 at.% Si by differ-
ential 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 6at.% 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 elec-
trically conductive Zr—Hf—Al/Si—Cu thin-film metallic glasses
exhibit enhanced hardness, thermal stability and oxidation resis-
tance. A wider super-cooled liquid region was obtained for the
Zr—Hf—Al—Cu metallic glasses, while a better oxidation resistance
for the Zr—Hf—Si—Cu metallic glasses.
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This study investigates how the Cu concentration in Zr-Cu-N films affects the films’ antibacterial
capacity and mechanical properties. Zr-Cu-N films were prepared by reactive magnetron sputtering
from composed Zr/Cu targets using a dual magnetron in an Ar + N, mixture. The antibacterial
capacity of Zr-Cu-N films was tested on Escherichia coli (E. coli) bacteria. The mechanical
properties of Zr-Cu-N films were determined from the load vs. displacement curves measured
using a Fisherscope H 100 microhardness tester. The antibacterial capacity was modulated by the
amount of Cu added to the Zr-Cu-N film. The mechanical properties were varied based on the
energy E; delivered to the growing film by bombarding ions. It was found that it is possible to form
Zr-Cu-N films with Cu concentrations >10 at. % that simultaneously exhibit (1) 100% Kkilling
efficiency Ey for E. coli bacteria on their surfaces, and (2) (1) high hardness H of about 25 GPa, (2)
high ratio H/E"> 0.1, (3) high elastic recovery W, > 60% and (4) compressive macrostress (a < 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 (1) bending the Mo and Ti strip
coated by sputtered Zr-Cu-N films (bending test) and (2) 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).
Physical, mechanical, and antibacterial properties of Zr-Cu-N films are described in detail. In
summary, it can be concluded that Zr-Cu-N is a promising new material for creating flexible
antibacterial coatings on contact surfaces. © 2015 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4937727]

. INTRODUCTION higher concentrations also decrease hardness H, elastic re-
covery W,, and the ratio H/E" [here, the effective Young’s
modulus E* = E/(1 — 1/2), E is the Young’s modulus, and v is
the Poisson’s ratio]. High concentrations of Ag or Cu in the
films almost always result in dramatic decreases in hardness
H. These antibacterial films offer little mechanical protection
from external loads, especially against scratching and crack-
ing upon bending. When such coatings are deposited onto
flexible substrates, they easily crack and/or delaminate from
protective surfaces. Therefore, it is vitally important to de-
velop flexible films that will simultaneously efficiently kill
bacteria on their surface and exhibit enhanced resistance to
mechanical damage. These films show great potential for
many applications and can be immediately deposited by
industrial means onto contact surfaces of both rigid and flex-
ible substrates. Examples of applications are for airplanes,
buses, trains and trams, cash and ticket machines, furniture
in restaurants, theaters, schools, and other objects.

We recently developed antibacterial/flexible/protective
Al-Cu-N films that very effectively kill Escherichia coli bac-
“Electronic mail: musil@kfy.zcu.cz teria and simultaneously exhibit enhanced resistance against

In recent years, much attention has been focused on devel-
oping films that efficiently kill bacteria on their surfaces.
Films containing silver (Ag)'™"* and copper (Cu)'** have
been developed for this purpose. It was found that both kinds
of films efficiently kill bacteria if the concentrations of Ag or
Cu are above a threshold value, typically ~10 at. % or
greater. Films containing Cu are preferable because unlike
Ag, Cu is an essential trace element and can be released from
the human body.15 Thus, research efforts have shifted to
developing antibacterial Cu-containing films in recent years.

However, thus far, little attention has been devoted to me-
chanical properties of antibacterial films and particularly to
correlations between the efficiency of killing bacteria and
the mechanical properties of antibacterial films. A higher
concentration of Ag or Cu in the film is beneficial for
enhancing the efficiency of killing bacteria and shortening
the time necessary to kill bacteria. The tradeoff is that these

021508-1 J. Vac. Sci. Technol. A 34(2), Mar/Apr 2016 0734-2101/2016/34(2)/021508/7/$30.00 © 2015 American Vacuum Society 021508-1
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FiG. 1. Schematic illustration of discharge voltage Uy at both magnetrons of
the dual magnetron operated in pulsed bipolar mode.

mechanical damage, especially to cracking upon bending
when films are deposited on flexible substrates.** The physi-
cal, antibacterial, and mechanical properties of the Zr-Cu-N
films are described in detail. However, different applications
require different material systems, and so antibacterial coat-
ings must be developed for other material systems. In this
study, we demonstrate that the formation of antibacterial
coatings is possible.

Il. EXPERIMENT

The Zr-Cu-N films were reactively sputtered by a dual
magnetron in Ar+ N sputtering gas mixture. The dual mag-
netron consists of two magnetically closed magnetrons tilted
with respect to the vertical axis at an angle of 20°. Both
magnetrons were equipped with the same Zr/Cu targets
(@ =50mm) composed of Zr (99.9 at. %) circular plates fixed
to the cathode body with a Cu (99.9 at. %) fixing ring with
inner diameter @; . The concentration of Cu in the Zr-Cu-N
films was controlled by (1) @; ¢, ranging from 32 to 34 mm
and (2) partial pressure of nitrogen py,. The dual magnetron
was supplied by a floating DC pulsed power supply RMP-10
(Huttinger Electronics, Inc.) operated in a bipolar mode at a
repetition frequency f, = 1/T,=40kHz (T, =25 us); here, T,
is the period of pulses (see Fig. 1).

The films were sputtered onto the Si(100) (20 x 20
% 0.625mm?) and Si(111) (35 x5 x 0.38mm>) substrates
and molybdenum and titanium (50 x 10 x 0.15 mm?>) strips

204

0
-20-
-40-
-60
-80-
-1004

u, v

021508-2

held either at the floating potential Ug=Ujp or at negative
pulsed DC of —100 V. The substrate pulsed DC bias was sup-
plied by a pulsed IAP 1010 power supply (EN Technologies)
at a repetition frequency f = 1/Ty =20kHz (T, =50 us) with
a negative pulse-on time of 25 us, and pulse-oft time of 25 us
(Ug=0 for 2.5 us, Ug= 15V for 20 us, U;=2.5V for 2.5 us);
here, T is the period of negative pulses at the substrate (see
Fig. 2). Figure 2 shows the time evolution of U and I at the
substrate located in the dual magnetron discharge sustained at
lea=1A, Ug=320V, and pr=pa,+ py, = | Pa; here, I, is
the magnetron discharge current averaged over the pulse-on
time. The Zr-Cu-N films were sputtered at a substrate temper-
ature T, =450°C, substrate bias U;=—100V, substrate-to-
target distance dg= 80 mm, the partial pressure of nitrogen
pn, ranging from 0.03 to 0.24 Pa, and the total sputtering gas
pressure pr=pa, + Py, = 1 Pa. The substrate ion current den-
sity igp = Iy/S averaged over the time of the negative bias pulse
was determined from the substrate current I, waveforms
monitored by a Tektronix TSP 2024 oscilloscope and the
Tektronix TCPA 300 current probe; here, S is the surface area
of the substrate holder.

The thickness h and the macrostress ¢ of sputtered Zr-Cu-
N films were measured using a stylus profilometer Dektak 8.
The macrostress o was evaluated from the bending of a thin
Si plate (35 x5 x0.38mm?®) covered by the film using
Stoney’s formula. The coating structure was characterized
by x-ray diffraction analysis using an XRD diffractometer
PANalytical X’pert PRO in the Bragg—Brentano configura-
tion using CuKo radiation. The elemental composition of
Zr-Cu-N films was measured by a PANalytical x-ray fluores-
cence (XRF) spectrometer MagiX PRO calibrated using pure
Cu and ZrN films.

The antibacterial efficiency of the Zr-Cu-N films against
E. coli bacteria was assessed by the plate-counting method.
The efficiency Ej of killing bacteria settled on the film sur-
face was calculated using the following formula:

Ex(%) = {(A —B)/A} x 100%. (1)

Here, A is the number of colonies of bacteria, called the
bacteria colony forming units, grown from the suspension
that was in contact with the surface of the reference Si sub-
strate (without Zr-Cu-N film) and B is the number of

2004
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-100

-200
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FiG. 2. Waveforms of the pulsed DC substrate bias (a) voltage U and (b) current I in bipolar operation of dual magnetron at Iy, =1A, U3=320V, and

pr=partpn, =1Pa.

J. Vac. Sci. Technol. A, Vol. 34, No. 2, Mar/Apr 2016

RIGHTS LI MN Ky

48



021508-3 Musil et al.: Flexible antibacterial Zr-Cu-N thin films

bacterial colonies grown from the suspension that was in
contact with the Zr-Cu-N film covering the surface of a Si
substrate. The antibacterial efficiency Ey was evaluated in
the daylight for contact time t. =5 h.

The mechanical properties of films were determined from
the load versus displacement curves obtained using the
Fischerscope H100 microhardness tester with a Vickers dia-
mond indenter at a load L =20mN. The measurements of
mechanical properties of the film, i.e., the hardness H, effec-
tive Young’s modulus E”, and elastic recovery W., at the di-
amond indenter load L =20 mN were not influenced by the
substrate; the ratio of the indentation depth d and the film
thickness hy were smaller than 10%, which is the basic con-
dition necessary for correct measurements.

The resistance of the film to cracking was determined
using two methods: (1) the indentation test and (2) the bend-
ing test. In the indentation test, the resistance of film to crack-
ing was evaluated from the Vickers diamond indenter imprint
on the film surface at a high load of L =1 N. For the bending
test, the film was sputtered on a thin Mo and Ti strip
(50 x 10 x 0.15mm?), respectively, and the coated strip was
bent around fixed cylinders of different radii r¢. until cracks in
the film were observed. The resistance of film is defined as a
critical film strain ... The critical strain &, is the minimum
strain &, at which cracks start to form. By decreasing the ra-
dius 1y, the strain ¢ induced in the film was increased. Under
the assumption that the thickness hyyo; oOf the strip is much
greater than the thickness hy of the sputtered film, the critical
strain &, can be calculated from the following formula:**3

(@)

The surface morphology of the bent films was investi-
gated using an optical microscope (OM) and a Hitachi SU-
70 scanning electron microscope (SEM).

Eer = hMo/Ti/zrfc-

lll. RESULTS AND DISCUSSION

The antibacterial properties of the Zr-Cu-N film were
controlled by the concentration of Cu in the film. The me-
chanical behavior of the Zr-Cu-N film and its resistance to
cracking were determined by its hardness H, effective
Young’s modulus E", ratio H/E", elastic recovery W, mac-
rostress o, and microstructure of the film.>*® The amount
of Cu in the Zr-Cu-N film strongly influences its mechanical
properties. Therefore, the first goal was to determine the Cu
concentration necessary to efficiently kill E. coli bacteria on
the surface of the Zr-Cu-N film.

A. Structure of flexible Zr-Cu-N films

The structures of flexible Zr-Cu-N films with different Cu
concentrations are shown in Fig. 3. The reference data for
standard Cu, ZrN and ZrO, were taken from Ref. 40. From
Fig. 3, it can be seen that the Zr-Cu-N films with low Cu
concentrations have polycrystalline structures. The crystal-
linity of films decreases with the increasing Cu concentra-
tion. The Zr-Cu-N films with high Cu concentrations
(>10at. %) are nanocrystalline and even almost x-ray amor-
phous at very high (>19 at. %) Cu concentrations. The x-ray

JVST A - Vacuum, Surfaces, and Films

RIGHTS LI MN Ky

49

021508-3

Film Cu
No. (at.%)
10 4.4
11 6.4
._../—‘J
5
: 12 9.2
< ___JL} A
."5"
5 13 1941
14 14.8
A}UL V, Y 4 &
15 18.9
— W
g g S standard Cu
5B SHEE g standard ZrN
§ § E § ‘é’ standard t-ZrO2
20 30 40 50 60 70 80 90
26 (°)

Fic. 3. (Color online) XRD patterns of Zr-Cu-N films sputtered at
Ug=—100V as a function of Cu content.

amorphous structure of the Zr-Cu-N films with >19 at. % Cu
contains several broad, low-intensity peaks. These broad
peaks correspond to small cubic ZrN grains and very likely
also to small tetragonal ZrO, grains created from the oxygen
contained in the residual atmosphere.’® This indicates that
these films are nanocomposites composed of small grains
embedded in the a-(Zr-Cu-N) matrix. The exact identifica-
tion of small grains requires more detailed analysis, which
was beyond the scope of this study.

All Zr-Cu-N films with Cu concentrations ranging from 0
to ~20 at. % were flexible, but only the nanocrystalline Zr-
Cu-N films with >9.2 at. % Cu exhibited a strong antibacterial
capacity, which will be discussed in more detail in Sec. IIIC.
This is an important finding because the Zr-Cu-N films
with >9.2 at. % Cu simultaneously exhibit strong antibacterial
capacity, high ratio H/E*> 0.1, and high elastic recovery
W, > 60%. The physical, mechanical, and antibacterial prop-
erties are given in Tables I and II and illustrated in Fig. 5. The
structure of the sputtered films strongly depended on the
energy delivered to the growing film by bombarding ions.
Therefore, we cannot exclude the possibility that the effi-
ciency of killing E. coli bacteria on the surface of the Zr-Cu-
N films will also depend on their structure (see Ref. 29 for
details). A change in structures of the Zr-Cu-N films means a
change in its phase composition. The resulting chemical reac-
tions at the film target strongly influence the efficiency of kill-
ing bacteria seeding on its surface.

B. Antibacterial properties of Zr-Cu-N films

The antibacterial capacity of the film surface is character-
ized by the efficiency Ey of killing bacteria settled on the
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TaBLE I. Main physical parameters of Zr-Cu-N films sputtered at
Ty=450°C, Ug=—100V, pr=pa,+py, = [ Pa on Si(100) substrate as a
function of Cu content and used for the investigation of their mechanical
properties given in Fig. 5; here, ap, in the deposition rate of film.

Film  py, Cu h ap isp Ew; 4

No. (Pa) (at.%) (nm) (nm/min) (mA/em?) (MJjem®) (GPa)
1 006 03 1430 159 1.50 95 —42
2 009 13 1790 17.9 1.20 6.8 —5.1
3 003 40 1280 16.0 1.38 8.6 —47
4 006 59 2060 13.8 1.53 11.1 —3.4
5 0.09 2360 13.9 1.40 10.1 —27
6" 0.06 3470 278 1.04 3.8 —21
78 0.13 3040 217 1.27 5.9 —17
84 0.13 2650 22.1 1.02 4.6 18
9 0.13 2440 13.1 1.40 10.7 -1.6

“Sputtering with new targets.

film surface. The efficiency Ey is calculated from Eq. (1)
given in Sec. II above. Figure 4 shows the antibacterial effi-
ciency Ey of Zr-Cu-N films with different Cu concentrations
measured in the daylight as a function of Cu concentration,
for contact time t.=35h of the bacteria with the film. From
this figure, it is clear that the Ey value of the Zr-Cu-N film
strongly depends on the concentration of Cu. The Zr-Cu-N
films with <10 at. % Cu exhibit almost no antibacterial activ-
ity (Ex ~ 0). In contrast, the Zr-Cu-N films with >10 at. %
Cu very efficiently kill E. coli bacteria, and Ex = 100% was
measured after 5h contact with the film. This indicates that
antibacterial Zr-Cu-N films must contain >10 at.% Cu.
However, the Cu concentration in the Zr-Cu-N film also
strongly influences its mechanical properties and mechanical
behavior under external loading.

C. Mechanical properties of Zr-Cu-N films

The mechanical properties of Zr-Cu-N films are strongly
influenced by (1) the elemental composition of the film and
(2) the energy E; delivered to the film during its growth by

021508-4
100 1 re——— o
801 -
- 4 / d
X 604 -
LI.Jx 4 4
40-_ ~Strong g
antibacterial
20'. activity
0 v t v T v —
0 5 10 15 20
Cu (at.%)

FiG. 4. (Color online) Antibacterial efficiency Ey of E. coli bacteria killing
on the surface of Zr-Cu-N film as a function of Cu content for contact time
t. = 5h at daylight.

bombarding ions E;; and fast neutrals Eg,. The energy Ey,; is
controlled by the negative substrate bias U and magnetron
discharge current Ij,. An increase in I4,, at an approximately
the same voltage Uy, results in an increase in electron den-
sity N, of the magnetron discharge plasma, and, conse-
quently, more ions can be extracted to bombard the growing
coating. Therefore, the energy E,,; increases with the increas-
ing Ig,. The effect of the amount of Cu incorporated in the
Zr-Cu-N film on its mechanical properties is illustrated in
Fig. 5. These films were sputtered at a substrate temperature
of T¢=450°C and substrate bias of U;=—100V. Due to
high-energy ion bombardment, sputtered films exhibit com-
pressive macrostress (¢ < 0). The hardness H and the effec-
tive Young’s modulus E", and the elastic recovery W, and
the ratio H/E™ of these Zr-Cu-N films are displayed as a
function of Cu concentration in Figs. 5(a) and 5(b), respec-
tively. The basic physical parameters of these films are given
in Table I. The energy Ey; was calculated from a simple for-
mula Ey; = Uiig/ap (see Refs. 3638 for details). The amount
of Cu incorporated in the film was controlled by the partial
pressure of nitrogen py, and by the inner diameter @; Cu of
the copper fixing ring.

TasLe II. Physical and mechanical properties of Zr-Cu-N films sputtered at T = 450 °C, U;=100V, pr =pa, + py, = 1 Pa and used in (1) the antibacterial
tests and (2) the bending and indentation tests. E; is the efficiency of killing of E. coli bacteria, and the formation of cracks characterizes the resistance of the

film to cracking. L is the load used in indentation test.

Film P, Cu h ap H E* H/E® W, 12 Ex

No. (Pa) (at. %) (nm) (nm/min) (GPa) (GPa) (%) (GPa) (%) Cracks in bending Indentation
10 0.06° 4.4 1870 312 24.7 231 0.107 68 -1.2 ~0 Yes® Yes®

11 0.24° 6.4 2050 17.1 15.3 187 0.082 56 —0.8 - Yes® Yes®

12 0.09 9.2 2090 17.4 254 227 0.112 70 23 ~0 No® No*

13 0.09 2360 13.9 235 214 0.110 72 -2.7 100 No* No°®

14 0.06 3470 27.8° 229 218 0.105 70 —2.1 - No® No*

15 0.13 2440 13.1 17.3 170 0.101 63 -16 100 No® No®

Ate=1.5%.

“Films sputtered at floating potential.
“At high indenter load L=1N.

9Not tested for bacteria killing.
“Sputtering with new targets.
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FiG. 5. (Color online) (a) Hardness H, effective Young’s modulus E", and (b) elastic recovery W, and H/E" ratio of Zr-Cu-N films sputtered onto Si(100) sub-

strates at I, = 1 A, Ty=450°C, Ug=—100 V, and pr = pa, + py, = | Pa.

The main conclusions from the experimental data presented
in Fig. 5 and Table I can be briefly summarized as follows:

(1) The hardness H and effective Young’s modulus E" of the Zr-
Cu-N films decrease with increasing Cu concentration from
~30 to ~17 GPa and from ~260 to ~170 GPa, respectively.

(2) On other hand, the Zr-Cu-N films exhibit: (1) high val-
ues of elastic recovery (W.> 60%) and H/E" ratio
(>0.1); and (2) compressive macrostress (g < 0) over
the whole range of Cu concentrations (0 to ~20 at. %)
used in this experiment. Recently, it was shown that an
H/E” ratio of >0.1 and elastic recovery of W, > 60% are
two basic conditions necessary to achieve films with
enhanced resistance to cracking.*>=” This indicates that
all Zr-Cu-N films with Cu concentrations ranging from 0
to ~20 at.% should exhibit enhanced resistance to
cracking upon bending and under high external loads.
The enhanced resistance of these Zr-Cu-N films to crack-
ing was demonstrated by bending and indentation tests
described in Sec. III D.

(3) Only Zr-Cu-N films with >10 at. % Cu simultaneously
exhibited high killing efficiency (100%) of E. coli bacteria
and enhanced resistance to cracking. Due to high hardnesses
H ranging from ~24 to ~17 GPa, these films also exhibited
good mechanical protection of the substrate against scratch-
ing. Thus, Zr-Cu-N films with >10 at. % Cu serve three
functions, as antibacterial/flexible/protective films.

D. Enhanced resistance of Zr-Cu-N films to cracking

The resistance of sputtered Zr-Cu-N films against cracking
was investigated using the bending and indentation tests. For
the bending test, Zr-Cu-N films were sputtered onto Mo and Ti
strips, and the coated strip was bent around a fixed cylinder
with radius ry.. The physical and mechanical properties of the
Zr-Cu-N films used in these tests are summarized in Table II.
Films Nos. 10 and 11 were sputtered onto substrates held on
floating potential U; = Ug. Films Nos. 12—15 were sputtered at
the bias U; = —100 V. All Zr-Cu-N films, which were sputtered

FiG. 6. (Color online) OM images of surface morphology of Zr-Cu-N films with (a) low ratio H/E" =0.082 (the film No. 11) and (b) high ratio H/E"=0.112
(the film No. 12) sputtered on Mo strip after bending around fixed cylinder of radius rg. = 10 mm.
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FiG. 7. SEM images of surface morphology of Zr-Cu-N films with (a) low ratio H/E" = 0.082 (the film No. 11) and (b) high ratio H/E"=0.112 (the film No.
12) sputtered on Si(100) substrate after indentation by diamond indenter at high load L=1 N.

at bias voltage U= —100V, exhibited enhanced resistance to
cracking (see Figs. 6 and 7), due to an H/E" ratio of >0.1 and a
high elastic recovery W, of >60% [see Fig. 5(b)]. On the other
hand, the Zr-Cu-N films sputtered onto the substrate at the
floating potential (U; = Up) easily cracked due to a low H/E"
ratio of <0.1 and a low W, value of <60%, as explained in
detail in Refs. 35-37. These low values resulted in lower
energy Ey,; delivered to growing films compared with that
delivered to films exhibiting the high values. These results indi-
cate that conditions of Zr-Cu-N film sputtering must be care-
fully selected. Here, it is important to note that in addition to
the substrate bias U and substrate ion current density i, the
deposition rate of the film also plays a key role in the energy
E,;, because Ey; =~ (U iy)/ap (see Refs. 37 and 38 for more
details).

Figures 6 and 7 show OM images and SEM images,
respectively, of the surface morphology of the Zr-Cu-N films
Nos. 11 and 12. The Zr-Cu-N film with H/E" ratio = 0.082
and W, =56% (film No. 11) cracked in both tests, i.e., both
in bending and in indentation at high load L =1N. In the
bending test, the film was bent along the outer radius and
cracks formed perpendicular to the bending direction. On the
other hand, in the Zr-Cu-N film with H/E” ratio=0.110 and
W.=72%, no cracks formed under the same loading. The
Zr-Cu-N film containing 9.2 at. % Cu exhibited enhanced re-
sistance to cracking but no antibacterial activity (Eyx =~ 0).

IV. CONCLUSIONS

The main results from the investigation on properties of
flexible, antibacterial Zr-Cu-N films sputtered by dual mag-
netron can be summarized as follows:

(1) The Zr-Cu-N films with Cu concentrations ranging from
~1 to ~19 at.% sputtered at a substrate bias
Us=—100V exhibited enhanced resistance to cracking
due to a high H/E" ratio of >0.1, high elastic recovery
W, >60%, and compressive macrostress (¢ < 0) (see
Fig. 5).

J. Vac. Sci. Technol. A, Vol. 34, No. 2, Mar/Apr 2016

RIGHTS LI N K

52

(2) Only Zr-Cu-N films with >10 at. % Cu concentrations
exhibited antibacterial activity and efficiently killed E.
coli bacteria. One hundred percentage of E. coli bacteria
were killed after 5h of contact with the Zr-Cu-N film
surface.

(3) The Zr-Cu-N films with >10 at.% Cu concentrations,
hardness H ranging from ~17 to ~25GPa, H/E"
ratios >0.1, elastic recovery W, > 60%, and compres-
sive macrostress (¢ < 0) simultaneously exhibited 100%
efficiency in killing of E. coli bacteria and enhanced re-
sistance to cracking.
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V. 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)

2)

3)

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.

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.

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
(o <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 (o < 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 | of the thesis is devoted to a general introduction. Chapter Il defines the aims of the
thesis. Chapter 111 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 x 10 Qm).

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-AIl/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.
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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
(o <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 disertacni prace se zabyva pripravou a charakterizaci tenkovrstvych kovovych skel na bazi
Zr-Cu se zlepSenymi mechanickymi a tepelnymi vlastnostmi a nanokompozitnich vrstev
Zr—-Cu—N se zlepSenymi mechanickymi vlastnostmi a silnym antibakterialnim a¢inkem.

Kapitola I této prace je vénovana obecnému uvodu. V kapitole II jsou definované cile prace.
Kapitola III je hlavni ¢asti této prace a jsou zde prezentované vysledky dosazené béhem Ph.D.
studia. Tato kapitola se sestavé z ¢lankt (Cast A—D) publikovanych v mezinarodnich impakto-
vanych ¢asopisech.

Binarni tenkovrstvé slitiny Zr—Cu byly pfipraveny nereaktivnim konven¢nim dc a pulznim
magnetronovym napraSovanim ze dvou nevyvazenych magnetroni osazenych Zr a Cu terci.
Magnetron s ter¢em Zr byl provozovan v dc reZimu, zatimco magnetron s ter¢em Cu v pulznim
rezimu bud’ za nizké, nebo vysoké hustoty vyboje. Bylo ukazano, ze tenkovrstva kovova skla
Zr—Cu byla ptipravena s obsahem Cu mezi pfiblizn€ 30 a 65 at.% Cu nezévisle na pouziti nizké
nebo vysoké hustoty vyboje. Byla pozorovana jasna korelace mezi vyvojem krystaliza¢ni tep-
loty a mechanickych vlastnosti s rostoucim obsahem Cu. Depozice za vysoké hustoty vyboje
vedla k pripravé tenkovrstvych kovovych slitin Zr—Cu s tlakovym pnutim (<0 GPa), zvysSenou
tvrdosti (>7 GPa), velmi hladkym (povrchova drsnost <1 nm) a hydrofobnim (kontaktni uhel
vody >100°) povrchem.

Ternarni tenkovrstvé slitiny Zr—Hf—Cu se skelnym chovanim byly deponovany nereaktivnim
konven¢nim dc a vysoko-vykonovym magnetronovym naprasovanim ze tfi nevyvazenych mag-
netrond osazenych Zr, Hf a Cu terci. Byly pfipraveny dvé série vrstev s postupné rostoucim
pomérem Hf/(HftZr) pti 46 at.% Cu a 59 at.% Cu. Byla nalezena jasna korelace mezi vyvojem
teploty skelného ptechodu, krystaliza¢ni teploty, tvrdosti a Youngova modulu s rostoucim po-
mérem Hf/(Hf+Zr). Linedrni nartst téchto veliCin 1ze pficist naristu primérné vazebné energie
ve vrstvach s postupnym nahrazovanim Zr za Hf. Tenkovrstva kovova skla Zr—Hf—Cu vykazuji
zvySenou tvrdost (az 7,8 GPa), zvySenou tepelnou stabilitu a oxida¢ni odolnost, velmi hladky
(povrchova drsnot az 0,2 nm) a hydrofobni povrch (kontaktni tthel vody az 109°), a velmi niz-
kou elektrickou rezistivitu (niz$i nez 1,9 x 10-6 Qm).

Kvaternarni tenkovrstvé kovové slitiny Zr—Hf-Al/Si—Cu byly pfipraveny nereaktivnim magne-
tronovym napraSovanim ze ¢tyt nevyvazenych magnetronti osazenych Zr, Hf, Al nebo Si, a Cu
ter¢i. Byly pfipraveny dvé série vrstev bud’ s pfidanym Al (az 17 at.%) nebo Si (az 12 at.%).
Vsechny vrstvy Zr—Hf-Al/Si—Cu byly pfipraveny s rentgenové amorfni strukturou. Skelny pie-
chod byl ale rozpoznan pouze do 12 at.% Al nebo 6 at.% Si. Pfidani Al nebo Si zlepSuje me-
chanické vlastnosti vrstev a tepelnou stabilitu jejich amorfni struktury. To Ize vysvétlit zvySu-
jicim se podilem kovalentni sloZky smisené kovalentné-kovové vazby s rostoucim obsahem Al
a Si. Kovova skla Zr—Hf-Al-Cu navic vykazuji $ir$i oblast pfechlazené kapaliny, zatimco ko-
vova skla Zr—Hf-Si—Cu jsou odolngjsi vuci oxidaci.

Byl vySetfovan vliv koncentrace Cu ve vrstvach Zr—Cu—N na antibakterialni chovani a mecha-
nické vlastnosti. Vrstvy Zr—Cu—N byly pfipraveny reaktivnim magnetronovym naprasovanim
ze slozenych terct Zr/Cu za vyuziti dudlniho magnetronu ve smési Ar + N». Bylo zjisténo, Ze
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je mozné pripravit vrstvy Zr—Cu—N s obsahem Cu >10 at. %, které¢ boudou soucasné vykazovat
100% efektivitu zabijeni bakterii E. Coli na jejich povrchu a vysokou tvrdost kolem 25 GPa,
vysoky pomér H/E” > 0,1, vysokou elastickou vratnost We > 60% a tlakové pnuti (¢ <0). Vrstvy
Zr—Cu—N s témito parametry jsou flexibilni/antibakterialni vrstvy, které vykazuji zvySenou
odolnost proti vzniku trhlin. Tato zvySené odolnost byla testovana pii ohybu Mo a Ti pasku
pokrytého vrstvou Zr—-Cu—N a zatézovanim povrchu napraseného Zr—Cu—N na substratu Si di-
amantovym indentorem pii vysokych zatézich az do 1 N.

V kapitole IV jsou zavéry této Ph.D. prace. V kapitole V jsou uvedeny dalsi publikace kandi-
data.
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