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a b s t r a c t

Binary ZreCu 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 (~10e90 at.%). The evolution of the structure, thermal behavior, me-
chanical, electrical and surface properties of ZreCu films with increasing Cu content was systematically
investigated. We found that ZreCu 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 ZreCu 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 (103 e106 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 [1e4]. 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-
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 [7e10]. 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 [12e14].

The present study is, therefore, focused on preparation of thin-
film metallic glasses within the binary ZreCu 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 onmetallic
glasses. Magnetron sputtering is a physical vapor deposition tech-
nique with very high cooling rates (higher than 106 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 ZreCu 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 ZreCu
filmswith increasing Cu content in a verywide range (~10e90 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 ZreCu thin-film alloys were deposited by magnetron co-
sputtering using an AJA International ATC 2200-V sputter system
whichwas pumped by a turbomolecular pump (1200 l/s) backed up
with a multi-stage roots pump (27m3/hr). The base pressure before
each deposition was lower than 5 � 10�5 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
Plusþ 5/5 kW power source working in a DC mode while the
magnetronwith the Cu target (99.99% purity, Matsurf Technologies
Inc.) was supplied by a Hüttinger 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 W/cm2 in case of a film series prepared at low density discharge
conditions and at 1000 W/cm2 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 ms 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 ZreCu 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
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.
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 ZreCu films was investigated by dif-
ferential scanning calorimetry (DSC). Approximately 2 mm 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� 3 mm2 each) of a total mass of 5 mg were then inserted into a
100 ml 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 l/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 Ka radiation
(lCu ¼ 0.154187 nm) working in a slightly asymmetrical Bragg-
Brentano geometry with an u-offset of 1.5� and in the standard
Bragg-Brentano geometry, respectively. The u-offset was used to
eliminate a strong reflection of the single-crystalline Si(100) sub-
strate at 69.17� of 2q angle. The data were collected using an ul-
trafast detector X'Celerator in the 2q range of 20�e80�.

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, KRÜSS) using the
sessile drop method with a water droplet volume of 2 ml. The
electrical resistivity of the films on the glass substrate was
measured at room temperature by a standard four point probewith
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 � 2 mm2

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 ZreCu films (Fig. 2) and its effect on
their structure (Figs. 3 and 4), thermal behavior (Figs. 5e9), me-
chanical (Figs. 10 and 11) and surface properties (Figs. 12 and 13),



Fig. 2. Elemental composition of ZreCu films deposited at the LD conditions as a
function of the ratio of the deposition rates aD

Zr/aDCu.

Fig. 3. XRD patterns taken from ZreCu films deposited at the LD conditions onto
Si(100) substrates. The main diffraction peaks of a-Zr, b-Zr, u-Zr, Cu and Si substrate
are marked.

Fig. 4. Calculated nearest-neighbor distance of atoms in X-ray amorphous Zr-Cu films
deposited at the LD (full symbols; 18e88 at.% Cu) and HD (open symbols; 30e83 at.%
Cu) conditions.

Fig. 5. Selected DSC curves of ZreCu 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.)
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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
described in Experimental. The total deposition rate of the films
increasedwith 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 aD

Zr/aDCu. 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 aD

Zr/aDCu to 2 the ZreCu 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 cm3/mol) is approximately 2 times
higher than the molar volume of the Cu atoms (7.09 cm3/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



Fig. 6. DSC curve of the Zr45Cu55 thin-film metallic glass showing the glass transition
and crystallization in detail. The determination of the glass transition temperature Tg,
crystallization temperature Tc and supercooled liquid region DT is highlighted.

Fig. 7. Glass transition temperature Tg (full symbols), crystallization temperature Tc
(open symbols) and supercooled liquid region DT ¼ Tc � Tg (orange area) of the ZreCu
films deposited at the LD and HD conditions. The grey area represents ZreCu thin-film
metallic glasses. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. XRD patterns taken from powdered freestanding fragments of ZreCu films
(deposited at the LD conditions) after their annealing to 600 �C in argon. XRD patterns
were recorded at room temperature. The main diffraction peaks of a-Zr, Cu, CuZr2,
Cu10Zr7 a Cu51Zr14 are marked.

Fig. 9. Schematic diagram of the evolution of the phase composition of ZreCu films
(annealed to 600 �C in argon) with increasing Cu content. The blue colour corresponds
to a-Zr, green colour to CuZr2, brown colour to Cu10Zr7, red colour to Cu51Zr14 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.)
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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 u-Zr (PDF Card
No. 04-006-2822) phases. While a-Zr is thermodynamically stable
at low temperatures,u-Zr is known to be a pressure-induced phase
[17]. Its occurrence in the film can be therefore attributed to local
misfit strains generated in the film during its growth. On the other
hand, the ZreCu filmwith 12 at.% Cu exhibits a structure of cubic b-
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 ZreCu 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 106 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 ZreCu films prepared with the Cu content between 18 and
88 at.% are characterized with one, very broad peak in the XRD



Fig. 10. Hardness and residual stress of the ZreCu films deposited at the LD (full
symbols) and HD (open symbols) conditions. The grey area represents ZreCu thin-film
metallic glasses.

Fig. 11. Elastic recovery and effective Young's modulus of the ZreCu films deposited at
the LD (full symbols) and HD (open symbols) conditions. The grey area represents
ZreCu thin-film metallic glasses.

Fig. 12. Water contact angle and surface roughness of the ZreCu films deposited at the
LD (full symbols) and HD (open symbols) conditions. The grey area represents ZreCu
thin-film metallic glasses.
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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 2q 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 ZreCu 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
ZreCu films prepared by sputtering. Apreutesei et al. [21] observed
fully amorphous ZreCu films in the range of 33.3e89.1 at.% Cu
while Coddet et al. [22] in the range of 25.6e70.4 at.% Cu. Other
researchers were able to deposit only crystalline ZreCu films
composed of separated Zr and Cu phases in these composition
ranges [23,24].

Taking the position of the maximum qmax of the broad peak, we
may roughly estimate a typical distance between nearest-neighbor
atoms d in the amorphous network of the ZreCu films according to
the following formula [25]:

d ¼ 1:23 lCu
2 sin qmax

The corresponding values of this distance calculated for the
amorphous ZreCu films deposited at the LD conditions are plotted
in Fig. 4. All values are compared with those corresponding to the
amorphous ZreCu films deposited at the HD conditions. The films
deposited at the HD conditions exhibit a narrower region of
amorphization, namely 30e83 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 ZreCu 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 Å) gradually substitute the Zr atoms of a
larger radius (1.60 Å) 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 Å) and of the nearest Cu
atoms (2.56 Å) 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 ZreCu 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



Fig. 13. The surface morphology (AFM images) and the microstructure in cross-section (SEM images) of (a) the pure Zr film, the ZreCu films with (b) 49 at.% and (c) 69 at.% Cu and
(d) the pure Cu film deposited at the HD conditions.

Fig. 14. Electrical resistivity of the ZreCu films deposited at the LD (full symbols) and
HD (open symbols) conditions. The grey area represents ZreCu thin-film metallic
glasses.

Table 1
Glass transition temperature Tg, crystallization temperature Tc and supercooled
liquid region DT ¼ Tc � Tg of the ZreCu films deposited at the LD and HD conditions.

LD conditions

Cu (at.%) 31 36 40 46 51 55 e 62

Tg (�C) 357 373 385 400 417 426 e 463
Tc (�C) 399 416 429 447 464 475 e 507
DT (�C) 42 43 44 47 47 49 e 44

HD conditions

Cu (at.%) 30 e 42 47 49 53 60 65

Tg (�C) 348 e 382 406 411 424 447 466
Tc (�C) 376 e 415 445 453 468 482 500
DT (�C) 28 e 33 39 42 44 35 34
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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 Tg and Tc, 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 ZreCu films can be therefore
considered as metallic glasses. The values of Tg increase with
increasing Cu content. As can be seen in Table 1, there are no
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 (z30 at.%) and high (z65 at.%)
Cu contents. The evolution of Tc follows the same trend but above
70 at. % Cu a rapid decrease of Tc is observed. We suggest that this
decrease is evidence that the corresponding amorphous ZreCu
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 Tc 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 DT (see
Table 1). Themaximumvalues ofDT aremeasured for the filmswith
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
Zr45Cu55 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 ZreCu melt-spun ribbons [28e33] or
magnetron sputtered films [21,34,35], we find a very good agree-
ment in the monotonic or even linear evolution of Tg and Tc within
the Cu content where the films possess the glassy-like behavior.
Since the values of Tg 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 Tg 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 (CuZr2
e PDF Card No. 00-018-0466, Cu10Zr7 e JCPDS Card No. 00-047-
1028, Cu51Zr14e JCPDS CardNo. 00-042-1185) and twometals (a-Zr
e PDF Card No. 00-05-0665, Cu e 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 ZreCu [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 mm thick ZreCu films is shown in Fig. 10.
Depending on the Cu content, the hardness of the amorphous
ZreCu 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 ZreCu 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 ZreCu 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 ZreCu 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 amaximum of about
125 GPa at 77 at.% Cu. This value is lower than the value for the pure
Cu film (z150 GPa) indicating a lower stiffness of the ZreCu thin-
film metallic alloys when elastically deformed. The values of elastic
recovery of the ZreCu 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 ZreCu 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 11with 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 ZreCu 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 ZreCu
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 ZreCu
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 ZreCu films are characterized by
a high water contact angle varying between 98� and 108�. Hence,
the ZreCu 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 ZreCu
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 ZreCu 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 ZreCu film with
49 at% represents a typical surfacemorphology of the filmswith the
Cu content between 17 and 53 at%, while the surface morphology of
the ZreCu filmwith 70 at% represents a typical surface morphology
of the films with the Cu content between 56 and 80 at%. The surface
of the ZreCu 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 ZreCu 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 � 10�6 Um. 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 ZreCu 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 ZreCu thin-film metallic glasses
with a variety of promising properties.

ZreCu thin films with an amorphous structure were prepared in
a very wide range of the Cu content (18e88 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 ZreCu 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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