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Abstract

Nanostructured metallic glass thin films (NMGTF) have attracted increasing attention because
they are amorphous materials of tunable microstructure, which allows tailoring their
properties. Herein, we provide new insights into the formation of Zr-Cu NMGTF deposited by
magnetron sputtering. By varying over a wide range the working-gas pressure during the
sputtering process (from 0.3 to 2 Pa) and the alloy composition (from ~16 to 94 at.% Cu), we
show that the film microstructure can be tuned from homogeneous and compact to
nanostructured, formed by nanocolumns. In particular, we demonstrate that the formation of
nanocolumnar glassy films is promoted at high working pressures and low Cu contents. In
addition, transmission electron microscopy and X-ray diffraction analyses reveal that the
microstructural transition from homogeneous to nanocolumnar films leads to an increase in
the full-width at half-maximum of the first diffraction peak, suggesting a change in the local
order of the glassy alloys. Furthermore, we prove that the microstructural change allows the
electrical resistivity and the optical reflectance of the films to be tailored to a large extent. We

show that the amorphous films exhibit a linear relationship between their reflectance and the



square root of the resistivity, according to the free electron model. However, this linear
relationship breaks down for high resistivity values, for which the reflectance no longer
depends on the resistivity. We highlight that, by changing the working pressure, the electrical
resistivity and optical reflectance can be tuned following the same scaling law, whatever the
composition of the alloy. Our results shed light on the microstructure-properties relationship
of NMGTF and could serve as a platform for future applications in the field of

optoelectronics.

Keywords: Zr-Cu alloys, Nanostructured metallic glass thin films, Electrical properties,

Optical properties, Microstructural control.



1. Introduction

It is a truth universally acknowledged that microstructure defines properties of materials. This
paradigm has been largely used in crystalline materials, for which microstructural control
through defect incorporation (such as dislocations or grain boundaries) has served as a
roadmap to tailor their properties [1-5]. An extreme case is nanocrystalline materials, in
which the proportion of atoms located at the grain boundaries or affected by it is comparable
to the atoms forming the core of crystallites, a condition obtained by reducing the size of the
crystallites of a polycrystalline material to a few nanometers [6]. Nanocrystalline materials
have been proven to have enhanced and/or novel properties compared to their single-crystal or
polycrystalline counterparts, triggered by the different atomic arrangement caused by the
incorporation of grain boundaries [7-10]. Inspired by the idea of nanocrystalline materials,
Gleiter and coworkers have developed the concept of nanoglasses (NG): a new class of
metallic glasses consisting in nanometer-sized glassy regions connected by glass/glass
interfaces of higher free volume, i.e. lower density [11-19]. The NG concept challenges that
of traditional metallic glasses, which are known to present structural heterogeneity at the
atomic scale (at the short and medium-range order) but nevertheless exhibit a uniform and
homogeneous microstructure. Controlling the microstructure and consequently the properties
by tailoring the glass/glass interfaces adds a new feature to traditional metallic glasses, which

has opened a new avenue in the field of amorphous alloys [20-25].

NG have been produced traditionally by inert gas condensation (IGC), which involves two
main steps: first, condensation on a cold finger of nano-sized glassy clusters generated by
evaporation (or sputtering) in an inert gas atmosphere and, second, consolidation (after
scraping off from the cold finger) of the glassy nano-clusters in a high-pressure device [12].

Besides the IGC method for obtaining NG, other synthesis routes have been used that allow
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nanostructuring metallic glasses through the incorporation of glass/glass interfaces, but which
may present some differences with respect to traditional NG. For example, cluster-assembled
metallic glasses (CAMG) [26—-29] synthesized by energetic impact of clusters on a substrate,
instead of mechanical consolidation as in IGC, are composed of glassy nano-clusters of
smaller size compared to those of NG. Magnetron sputtering has been also used to synthesize
nanostructured metallic glass thin films (NMGTF) [30-41]. In contrast to traditional NG,
which present a microstructure comprised of spheroidal nanoclusters, sputter-deposited

NMGTF exhibit a nanocolumnar microstructure [35—41].

The role of glass/glass interfaces in the properties of sputter-deposited NMGTF has been
highlighted by several authors. For example, Wang et al. showed that Au-based NMGTF
exhibit enhanced thermal stability compared to its melt-spun ribbon counterpart [33]. Ketov et
al. demonstrated that Zr-Pd NMGTF present good catalytic activity and biocompatibility [34].
Rauf et al. reported good mechanical performance and excellent soft magnetic properties in
Fe-Zr NMGTF [39]. In addition to the intrinsic control of properties due to the presence of
glass/glass interfaces, it has been recently demonstrated that such interfaces can influence the
surface topography evolution of ZrgsCuss films under ultrafast laser irradiation [42,43]. In
particular, Prudent et al. have proved that regularly distributed nanowells spontaneously form
on the surface of the film, which could have promising applications for the storage and

detection of chemical or biological elements [43].

A distinctive feature of sputter-deposited NMGTF is that, with precise control of the
deposition parameters during the sputtering process, the film microstructure can be tuned to
become homogeneous and featureless [36-38,40,41]. This has been proven, for example, in
glassy Ni-Nb [41] and Au-based [38] thin films through substrate temperature or working-gas
pressure control. However, in all these studies the microstructural transition from

homogeneous to nanostructured amorphous films was investigated in alloys with specific
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compositions. The role of alloy composition on the microstructural evolution and associated
properties has not been explored so far. We accomplished this in our work. By using binary
Zr-Cu alloys, a well-known glass former system [44] for which NG formation by IGC has
already been reported [45-47], we investigated over a wide range of alloy compositions (from
~16 to 94 at.% Cu) the impact of the microstructural transition on the evolution of the
structure, electrical and optical properties of the films. Our results revealed a change in the
local order of the glassy alloys and highlighted the possibility provided by the microstructural
transition from homogeneous to nanostructured to tailor the electrical resistivity and optical

reflectance of nanostructured metallic glass thin films.



2. Experimental details

2.1. Thin film synthesis

Binary Zr-Cu alloys were obtained by DC magnetron co-sputtering of Zr and Cu metallic
targets in an argon atmosphere. The films were deposited on (100)-oriented silicon single
crystal substrates of 1.5x1.5 cm?. Although the two cathodes were in confocal configuration,
the depositions were done with the substrate holder in rotating mode to guarantee
homogeneity of the films. The sputtering chamber was pumped down via a mechanical and a
turbo-molecular pumps allowing a base vacuum of 10 Pa. A target-to-substrate distance of 9
cm was fixed for all the experiments. To achieve microstructural control of the films, the
working argon pressure was varied between 0.3 and 2 Pa. The alloy composition was
controlled by varying the discharge current applied to the Cu target between 0.02 and 0.7 A,
while that of the Zr target was kept constant at 0.3 A (target dimensions: 50.8 mm in
diameter, 3 mm-thick and purity higher than 99.9%, both were powered by a Maxim 1000 DC
generator). The deposition time was calibrated to obtain films of ~1 um thickness. The films
were deposited without external heating and without substrate bias during deposition. The
self-established temperature at the substrate was measured using a thermocouple and did not
exceed 45 °C during growth. Details on the film synthesis parameters, as well as film

thicknesses and compositions are listed in Table SI, Supplementary Information.

2.2. Thin film characterization

X-ray diffraction measurements were conducted in the Bragg-Brentano configuration with
K,Cu radiation (1=1.5406 A) using an AXS Bruker D8 Advance diffractometer. To analyze
the collected data, the diffraction angle 20 was converted to momentum vector, (¢, via q =
4nxsinB/4, where 4 is the X-ray wavelength. The position of the first diffraction peak and its
corresponding full-width at half-maximum were determined by fitting a Gaussian-Lorentzian

sum function, after background subtraction [48]. Top and cross-section views of the films



were obtained by scanning electron microscopy (SEM) using a ZEISS Gemini SEM 500
equipped with field emission gun at an accelerating voltage of 2.0 kV. The chemical
composition of the films was determined using an energy dispersive X-ray spectroscopy
(EDS) coupled to the scanning electron microscope. The EDS measurement was carried out at
an accelerating voltage of 20 kV. The thickness of the films was measured using a Bruker
DektakXT tactile profilometer and confirmed with cross-section SEM observations.
Thickness and composition were measured in at least three different positions along the films.
Transmission electron microscopy (TEM) analysis was performed using a JEOL-ARM 200
Cold FEG TEM/STEM operating at 200 kV and equipped with two spherical aberration (Cs)
probe correctors (point resolution 0.12 nm in TEM mode and 0.078 nm in STEM mode). For
this analysis, cross-section TEM samples of films were prepared using a focused ion beam

(FIB)-scanning electron microscope dual beam system (FEI Helios NanoLab 600i).

The density of selected samples was determined by X-ray reflectivity (XRR). XRR
measurements were performed in a PANanalytical X Pert Pro MRD diffractometer using
K,Cu radiation (1=1.5406 A). This diffractometer is equipped with a 4-circles goniometer
which allows a precise orientation of the samples and the measurements were performed in
symmetrical (6-20) configuration for angles close to the critical angle of total reflection. The
fits to the experimental XRR curves (Fig. S1, Supplementary Information) were made with
the PanAnalytical software X’Pert Reflectivity (using the film thickness, density and
roughness as fitting parameters). Residual stress measurements were performed in films
deposited on Si substrates (100-oriented) of 200 pum thickness and 0.5x2.5 cm?. Thus, residual
stress was calculated using Stoney’s equation [49], o = M/6xh/h x(1/R-1/Ro), where h is the
film thickness, hs is the substrate thickness, Ms = 180.3 GPa is the biaxial modulus of the

substrate, Rq is the curvature radius of the substrate before film deposition, and R is the



curvature radius after film deposition. Film thicknesses and curvature radii were measured

using a DektakXT BRUKER profilometer.

The total reflectance (specular reflectance + diffuse reflectance) of the films was measured in
the 350-2500 nm wavelength range using a Varian Cary 7000 UV-vis-NIR spectrophotometer
with an integrating sphere coupled. The electrical resistivity, p, was calculated from the sheet
resistance, R, using equation: p = Rsxt , where t is the film thickness [50]. Rs was determined
using the four-point probe method in a linear contact configuration as: Rs = CxV/I , where | is
the current applied through the outer contacts, V the resulting voltage measured at the inner
contacts, and C is a correction factor due to the contact geometry and the geometry of the
sample. In our case (substrate dimension: 1.5x1.5 cm? and points spacing of 1 mm) C =

4.3882 [50].



3. Results and discussion

3.1. Formation of nanostructured Zr-Cu metallic glass thin films

The microstructure of sputter-deposited films is determined by the deposition parameters of
the sputtering process. In particular, the working-gas pressure plays a major role in the
microstructural control of the films obtained. An increase in the working pressure results in a
decrease in the mean free path of the sputtered atoms. Therefore, the number of collisions
they experience with the working-gas atmosphere (argon in our case) increases, thereby
decreasing their Kinetic energy upon reaching the substrate (Fig. 1a). Consequently, the
surface diffusivity of adatoms on the substrate decreases, which has an impact on the
microstructure of the growing film. Fig. 1b shows cross-sectional transmission electron
microscopy (TEM) images and corresponding selected-area electron diffraction (SAED)
patterns of Zr-Cu films with the same composition (50 at.% Cu) but deposited at different
working pressures (0.3, 1.0, and 2.0 Pa). The micrographs show that the microstructure of the
films changed from compact and homogeneous to a more voided one, formed by
nanocolumns, when the working pressure was increased (Fig. 1b, left panel). Regardless of
the microstructural change, all the films were amorphous, as evidenced by the diffuse ring of

the SAED patterns (Fig. 1b, right panel).

To explore a possible variation in the local structural order of the amorphous films, we
extracted the intensity profiles of the regions highlighted in the SAED patterns (Fig. 1c).
From the profiles, we determined the full-width at half-maximum, 4q, of the first diffraction
peak. 4q has been suggested to be a measure of the dispersion of the structural units forming
the amorphous structure, being an indicator of the glass forming ability (GFA) [48].
According to Fig. 1d, 4¢ increased with increasing working pressure. This result indicated
that, in addition to the microstructural variation, the local order changes as well, evidenced by

a greater dispersity of the structural units comprising the amorphous phase. The tendency for



Ag to increase with increasing pressure was also corroborated using X-ray diffraction

analysis, and a more thorough discussion regarding this will be done later in this paper.

o

d Density (g/cm®)
6.0 6.5 7.0 7.5

wwoet®

2.0 Pa
Intensity (arb. units)

4q —O— 20Pa WM

o
-
N
EN
(9]
»

1.0Pa

Intensity (arb. units)

Working-gas pressure

o
N
w
B
wn
»

Intensity (arb. units)
eenes 000
N
Q
@ >
. =

.

.
)

@ o3P+

2 0o 1 ) 5 6 070 075 0.80 0.85
amorphous q (A“) Aq (A 1)

Figure 1. Microstructural control in Zr-Cu thin film metallic glasses. (a) By increasing the
working-gas pressure of the magnetron sputtering process, the mean free path of the sputtered
atoms decreases. As a result, their kinetic energy when arriving at the substrate also decreases,
which allows the microstructure of the films to be tuned. (b) Cross-sectional TEM images
(left) and corresponding SAED patterns (right) of ZrsoCusg films deposited at 0.3, 1.0, and 2.0
Pa. The TEM images reveal that the microstructure of the films changes from homogeneous
to nanostructured, formed by nanocolumns, with increasing working pressure. Scale bar: 200
nm. The diffuse ring in the SAED patterns evidences the amorphous nature of the films. (c)
Intensity profiles extracted from the regions highlighted in the SAED patterns. Higher
intensity in the profiles means darker contrast in the SAED patterns. The green curves
represent the fittings to the diffraction peaks from which the full-width at half-maximum, 4q,
can be extracted. (d) Evolution with working-gas pressure of the density of the films and 4g4.

The microstructural change that occurs with increasing working pressure was also evidenced
by a decrease in film density (Fig. 1d). The density of the film deposited at 0.3 Pa was
7.37+0.16 g/cm® which is in the order of the values reported for ribbons (7.33 g/cm®) [51] and
thin films (7.23 g/cm®) [44] of Zr-Cu alloys with the same composition. However, the film

deposited at 2.0 Pa presented a density of 6.30+0.40 g/cm®. This decrease can be attributed to
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the appearance, with increasing working pressure, of the interfaces (of lower density) between

the nanocolumns formed.

The transition from homogeneous to nanocolumnar amorphous films, presented so far in
alloys with 50 at.% Cu, also occurs in films with different compositions. Fig. 2 shows top and
cross-section view SEM images of Zr-Cu thin films with 35, 50, 65, and 80 at.% Cu deposited
at different working pressures. Overall, the change in microstructure with working pressure
was observed in all the compositions studied. In addition, some films showed a compact
microstructure from the cross-section images, but a granular morphology from the surface
view (see, for example, 35 at.% Cu film obtained at 0.5 Pa, 65 at.% Cu film obtained at 1.0
Pa, or 80 at.% Cu film obtained at 2.0 Pa). We can notice that these films were obtained at
working pressures between those that allow obtaining compact films with smooth surfaces

and those that allow obtaining nanocolumnar films.

Microstructural control of sputter-deposited polycrystalline films with the working-gas
pressure (or any other parameter that causes a change of kinetic energy and/or momentum to
the atoms arriving at the film surface) has been extensively studied and constitutes the basis of
the well-known structure zone diagrams (SZDs) [52-56]. However, reports dealing with the
microstructural tuning of sputter-deposited metallic glass thin films are much scarcer [25].
Glassy films deposited by sputtering exhibit three growth modes depending on the surface
diffusivity of adatoms on the substrate [36-38,40,41,57]. Homogeneous and compact films,
with a smooth surface, have been obtained at high adatom surface diffusivity. Films
presenting a nanocolumnar microstructure, with the top of the columns in the form of a dome,
have been obtained at low adatom surface diffusivity. Finally, a third growth mode at
intermediate values of adatom surface diffusivity has been reported, leading to the formation
of films which are homogeneous and compact in cross-section, but present a nanogranular and

non-smooth surface. As seen in Fig. 2, the three growth modes were also found here in the
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case of the Zr-Cu system. They can be observed, for example, with the increase of working
pressure and the consequent decrease of surface diffusivity of the adatoms for the 65 at.% Cu

films.

Topview ¢ Cross-section Top view | Cross-section Top wew | Cross-section Top view" *] Cross-section

2.0 Pa

1.0 Pa

Working-gas pressure

0.5 Pa

0.3 Pa

35 at.% Cu 50 at.% Cu 65 at.% Cu 80 at.% Cu

Film composition
Figure 2. Pressure-composition mapping of morphology variation in Zr-Cu thin film metallic

glasses. The top and cross-section view SEM images show that the microstructure of the films
evolves from homogeneous to nanocolumnar by either increasing the working pressure or
decreasing the Cu content. Scale bar of top and cross-section views: 200 and 400 nm,

respectively.

The microstructural difference between the growth modes has been explained as being due to
a competition between the shadowing effect and the surface diffusivity of the adatoms [38].
The shadowing effect, which consists in the higher probability of atoms arriving at the
substrate from multiple directions to land preferentially on top of a hill than in a valley,
induces the formation of columns terminated by a dome at the top. Nevertheless, if the surface
diffusivity of adatoms is high enough, they can diffuse from the top of columns to the
boundary between them, and also smoothen the surface, resulting in the formation of compact

and homogeneous films with featureless top views. For intermediate values of surface
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diffusivity, the adatoms exhibit sufficient mobility to diffuse in between the columns, which
prevent the formation of voided boundaries, but not enough mobility to smoothen the dome-
shaped column tops, creating a granular appearance of the film surface. We note that the size
of surface “grains” for films obtained at intermediate values of adatom surface diffusivity is
larger than the column width of columnar films (see, for example, 65 at.% Cu films deposited
at 1.0 and 2.0 Pa ). This is in line with the fact that columnar films are obtained at lower

values of surface diffusivity, inhibiting the initial lateral growth of the columns.

The transition from a homogeneous to a nanocolumnar microstructure has been reported in
glassy Ni-Nb films by either increasing the working pressure [36] or decreasing the substrate
temperature [41], which, in both cases, limits the surface diffusivity of the adatoms. Similarly,
in Ni-Ti [40], TiZrCuPd [37], Au-based and Zr-based [38] metallic glass thin films the
homogeneous to nanocolumnar transition has been detected with increasing working-gas
pressure. We point out that in the Zr-Cu system, the three growth modes have been reported
by different authors: homogeneous [58], columnar [59,60,43,61] and nanogranular from top
view [62-65], but there is no study on the possibility of microstructural manipulation in this

system, which is at the core of the present work.

The wide range of alloy compositions and working pressures explored in this study sheds
light on an interesting point: the impact of the chemical composition on the transition from
homogeneous to nanocolumnar growth modes. As evidenced by Fig. 2, with increasing Cu
content, the transition from homogeneous to nanostructured films occurred at higher working
pressure. For example, 35 at.% Cu films deposited at 1.0 Pa present a nanocolumnar
microstructure, typical of a low surface diffusivity of adatoms, whereas 80 at.% Cu films
obtained at the same pressure (1.0 Pa) exhibit a smooth surface with a homogeneous
microstructure, which corresponds to high values of adatoms surface diffusivity. At this

composition, it was necessary to increase the working pressure to 2.0 Pa to detect a change in
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the surface morphology of the films. This shift with composition of the transition between
growth modes can be understood by considering the difference in the surface diffusivity of the
chemical species forming the alloy. If one of the species composing the alloy have a higher
surface diffusivity compared to the others, films richer in the more mobile specie will exhibit
a higher overall surface diffusivity compared to films with lower contents of the more mobile
specie. Thus, a higher surface diffusivity of Cu adatoms compared to the Zr ones would
explain that in Cu-rich films the transition from a homogeneous to a nanocolumnar
microstructure shift towards higher working pressures. There are several factors that support a
higher surface diffusivity of Cu adatoms. First, the smaller size of Cu (atomic radius = 0.126
nm) compared with Zr (atomic radius = 0.158 nm) [66], which acts in favor of the diffusivity
of adatoms on the film surface. Second, the melting temperature of Cu (T, = 1358 K) is much
lower than that of Zr (T, = 2128 K) [67]. Thus, the homologous temperature of Cu (T, = Ts/Tn,
= 0.22), defined as the ratio between the substrate temperature (Ts = 300 K) and the melting
temperature, is higher than the one of Zr (T,, = 0.14). The homologous temperature is a crucial
parameter used to classify the microstructure in the SZDs, constituting a measure of the
adatoms surface mobility in vapor-deposited films [52-56,68]. Finally, molecular dynamics
simulations have shown that in Zrs,Cusg alloy the diffusion coefficient of Cu is higher than

that of Zr [69,70].
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3.2. Impact of microstructure on the local order of Zr-Cu thin film metallic glasses

As previously noted by TEM analysis (Fig. 1d), 4q increased with the microstructural
transition from homogeneous to nanocolumnar, indicating a change in the local order of the
films. X-ray diffraction analysis provided details on this regard (Fig. 3 and Fig. S2,
Supplementary Information). At first sight, the X-ray diffractograms of films deposited at 0.3
and 2.0 Pa appear similar. The first diffraction peak is shifted towards higher values with
increasing Cu content. Moreover, the peak width, determined as the full-width at half-
maximum (4gq), gradually decreases upon changes in composition from ~50 at.% Cu towards
the Zr-rich and Cu-rich sides (Fig. 3a). This behavior is in line with previous reports on this
system [51,58,61,62,71]. However, a quantitative analysis of the X-ray diffractograms
disclosed that the evolution of 4¢ with alloy composition depends, in fact, on the working-gas
pressure at which the films were deposited (Fig. 3b). Similar to what was observed by TEM

analysis, Aq presented a general tendency to increase with increasing working pressure.

To determine whether a film presents an amorphous (indicated by circles) or crystalline
(indicated by triangles) structure, we used the following criteria: first, the sample does not
exhibit a sharp peak in the X-ray diffractograms and, second, the Aq is larger than 0.25 A™
[72]. This threshold results in correlation lengths, estimated as L = 2n/4q [48], of less than 25
A for all amorphous films (see Fig. S3, Supplementary Information). We point out that,
although the evolution of 4g with Cu content was affected by the working pressure, the
amorphous-forming composition range (AFCR) of the films did not show a strong variation.
The transition from films with an amorphous phase to films with a crystalline phase occurred
at approx. 87 at.% Cu on the Cu-rich side, and was not impacted by the working pressure. On
the Zr-rich side, the phase transition shifted slightly from approx. 21 to 18 at.% Cu with
increasing working pressure from 0.3 to 2.0 Pa (Fig. 2b and Fig. S4, Supplementary

Information). Such a wide AFCR (from approx. 20 to 87 at.% Cu) is in line with that reported
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by Zeman et al. [58] and Brognara et al. [61] on sputter-deposited Zr-Cu films. Using
molecular dynamics simulations, Houska et al. [73] found a similar AFCR. In addition, the
authors showed that the AFCR is not strongly affected by the energy of atoms arriving to the
substrate [73]. Interestingly, this AFCR is extremely close to that predicted by the simplistic
Egami and Waseda model (AFCR from 21 to 87 at.% Cu) [74], which is based solely on the
atomic size differences of the chemical elements forming the alloy. We also note that some
authors have reported the formation of a crystalline phase up to ~30 at.% Cu, as in the case of
Apreutesei et al. [62] and You et al. [72].

To further investigate the effect of microstructure on 4q, we analyzed SEM images with the
aim of associating 4¢ with the growth mode of the films: homogeneous with smooth surface,
compact but nanogranular from the top, and nanocolumnar (Fig. 3c). We found that, for a
given alloy composition, Aq increases if the working pressure is such that the surface
diffusivity of the adatoms is sufficiently limited to transition to a nanocolumnar
microstructure. Note that the dependence between 4g and Cu content is not affected as long as
the films are deposited under conditions of high or intermediate values of adatom surface
diffusivity, for which the microstructure is homogeneous, with either a smooth or
nanogranular surface. This result highlights the impact that the creation of interfaces, due to
the transition to the nanocolumnar regime, has on the increase of 4q.

To explain this behavior, we can rely on the interpretation of 4q given by Li et al. [48]. In
their work, the authors demonstrated a correlation between large 4g values and high GFA.
They associated this correlation to the fact that larger 4q values are due to a higher number of
different polyhedral types (or structural units) forming the amorphous structure (this is
because the atomic distances within each structural unit differ from each other). Meanwhile, a
higher number of involved polyhedral types results in more efficient space filling and dense

atomic packing of the amorphous phase which, in turn, favors the GFA. Therefore, the Ag-
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GFA correlation arises from the fact that 4q constitutes a measurement of the dispersity of the
structural units comprising the amorphous structure [48]. In line with this correlation, in Zr-
Cu alloys, 4¢ reaches a maximum at ~50 at.% Cu (Fig. 3b) which is known to be one of the
compositions with the best GFA in this system [44,75]. Hence, the increase in Aq reported
herein indicates that the transition to the nanocolumnar growth mode induces an increase in
the number of structural units forming the amorphous phase. This can be understood
considering that the atoms at the interfaces between the formed nanocolumns do not have the
same dynamics as the atoms in the interior (bulk) of the nanocolumns, mainly because the
mobility of surface atoms is higher than that of atoms in the bulk [70]. Such a broad
difference in the mobility of atoms in the nanocolumnar regime compared to the
homogeneous regime, where most of the atoms are in the bulk of the film, can promote the

formation of more polyhedral types, favoring the increase of 4q.

In contrast to 4q, the change in growth mode with increasing working pressure does not affect
the peak position, g (Fig. 3d). In general, q is inversely proportional to the average interatomic
nearest-neighbor distance, d (q ~ 1/d) [76-79]. Therefore, our results indicate that although
transition to the nanocolumnar regime increases the number of different polyhedral types, it
does not impact the average nearest-neighbor distance. We can also observe that the variation
of g with Cu content follows the behavior reported in ribbons [51] and that obtained by
molecular dynamic simulation [80], pointing to the conclusion that the change in q value with
composition is intrinsic to the alloy system and that it does not depend on the synthesis
method. We note that the dependence of g on alloy composition is not linear, but deviates
slightly from the linear interpolation between the (111) planes of the fcc phase of Zr and Cu

(Fig. 3d).
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Figure 3. Structural characterization of nanostructured Zr-Cu films by X-ray diffraction
analysis. (a) X-ray diffractograms of Zr-Cu alloys deposited at 0.3 Pa (bottom) and 2.0 Pa
(top) showing the change in the peak position and the full-width at half-maximum, 4q, with
the film composition. (b) Plot of 44 as a function of Cu content of films deposited at 0.3, 0.5,
1.0 and 2.0 Pa. A threshold of 4g = 0.25 A™ was used to separate amorphous from crystalline
films. (c) Evolution of 4q versus Cu content at different working pressures showing the
growth mode in which the films were deposited: homogeneous with smooth surface, compact
but nanogranular on top, and nanocolumnar. (d) Variation of the peak position, q, with Cu
content at different working pressures. Values reported in ribbons (extracted from [51]) and
that obtained by molecular dynamic simulation (extracted from [80]) are also shown with
light-gray diamonds and dark-gray squares, respectively. The red line follows a linear
interpolation between the (111) planes of the fcc phase of Zr and Cu. (e) Average nearest-
neighbor distance estimated using Ehrenfest equation for the amorphous samples. In the case
of crystalline samples in the Cu-rich side, the nearest-neighbor distance was determined by
assuming that the first X-ray diffraction peak corresponds to the reflection of the (111) planes
of the fcc phase of Cu. The red line follows the mixing law between pure fcc Zr and Cu
(indicated with red circles). The inset shows the deviation of d from the mixing law. In (b),
(c), (d) and (e) amorphous samples are indicated by circles and crystalline samples by
triangles. The light gray area in (d) and (e) serves as a guide for the eyes to indicate the range

of compositions for the formation of amorphous films.
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To gain insight into the meaning of this deviation from linear behavior, we roughly estimated
the average nearest-neighbor distance of atoms in the amorphous phase by using Ehrenfest
equation, damorph = 1.23%2m/q [58,78]. We also determined the nearest-neighbor distance for
the crystalline samples in the Cu-riche side by assuming that the first X-ray diffraction peak
corresponds to the reflection of the (111) planes of the fcc phase of Cu, deryst = V6/2x271/q. In
Fig. 3e, we compare the calculated d values with the expected nearest-neighbor distance
evaluated from the mixing law applied to pure fcc Zr and Cu (red line). We can notice that the
variation of the calculated values of d with Cu content is not linear and deviates from the
values expected using the mixing law (inset in Fig. 3e). This differs from the often reported
linearity [58,62], which may be due to the relatively sparse data points in previous studies.
With increasing Cu content, the average nearest-neighbor distance decreases, in line with the
smaller atomic radius of Cu compared to Zr. In addition, at ~50 at.% Cu, d turns from being
higher to being lower than expected by the mixing law. Similar behavior has also been
reported by Coddet et al. [71]. The faster decrease in the average nearest-neighbor distance of
the amorphous films compared to the distance expected from the mixture law (inset in Fig.
3e) indicates an increase in atomic packing density with increasing Cu content up to ~70 at.%,
in line with previously published results on Zr-Cu alloys [73,81]. We point-out that residual
stresses in the films can be disregarded as the cause of the deviation from the linear behavior
of the peak position (or average nearest-neighbor distance) herein reported. This is supported
by the fact that residual stress measurements performed to the films showed a compressive-to-
tensile transition with increasing working pressure (Fig. S5, Supplementary Information).
However, at a fixed composition, the value of g (Fig. 3d) is not affected by this change in

residual stress, evidencing the negligible impact of residual stresses on the peak position.
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3.3. Tailored electrical and optical properties of nanostructured Zr-Cu metallic glass

thin films

The microstructural change herein demonstrated in glassy Zr-Cu alloys, triggered by
increasing working-gas pressure, had a significant impact on the electrical and optical
properties of the films. Fig. 4a shows the effect of working pressure on the electrical
resistivity of the films. Similar to the behavior of Agq, for a given alloy composition, the
electrical resistivity increases with working pressure once the working pressure is such that
the microstructure of the films transitions to the nanocolumnar regime (Fig. S6a,
Supplementary Information). We can also see that, as long as the microstructure remains
homogeneous (with a smooth or nanogranular surface), the resistivity follows the same
behavior as reported for ribbon samples [82]. The increase in resistivity can be associated
with the formation of boundaries between nanocolumns, which are voided or lower density
regions and, consequently, exhibit lower electrical conductivity. The optical reflectance of the
films is also affected by the working pressure (Fig. 4b and Fig. S7, Supplementary
Information). In Fig. 4b is shown the variation of the total reflectance measured at a
wavelength of 2500 nm (near-infrared region). In agreement with the results obtained for 4q
and resistivity, the reflectance of the films can be tailored once their microstructure transitions

to the nanocolumnar regime (Fig. S6b, Supplementary Information).

The electrical resistivity and optical reflectance showed opposite trends with increasing
working pressure, i.e., resistivity increased while reflectance decreased (Fig. 4a-b). This is
also illustrated in Fig. 4c, which highlights the impact of alloy composition on the change of
resistivity and reflectance with working pressure. As the Cu content is increased, the variation
of resistivity and reflectance became less pronounced. In ZrsqCusy films, an increase in
working pressure from 0.3 to 2.0 Pa resulted in a change in resistivity from 180 to 899 uQ cm

(a 400% increase) and a change in reflectance from 0.77 to 0.58 (a 25% decrease). However,
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in Zr,oCug films the same increase in working pressure does not induce a noticeable change
in resistivity or reflectance. These results are in line with the shift to higher working pressure,
with increasing Cu content, of the homogeneous to nanocolumnar microstructural transition.
We also note the existence of a threshold in the working pressure (~ 0.5 Pa in our case) below

which the resistivity and reflectance no longer change, whatever the alloy composition.
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Figure 4. Tailored electrical and optical properties of nanostructured Zr-Cu films. Electrical
resistivity (a) and optical reflectance (b) versus alloy composition of films deposited at 0.3,
0.5, 1.0 and 2.0 Pa. Amorphous samples are indicated by circles and crystalline samples by
triangles. The light gray area serves as a guide for the eyes to indicate the range of
compositions for the formation of amorphous films. In (a), the resistivity of ribbon samples
(extracted from [82]) is shown with gray diamonds. (c) Variation of resistivity and reflectance
with working-gas pressure of films with 35, 50, 65 and 80 at.% Cu. (d) Plot of the reflectance
versus the square root of resistivity for the alloys marked as amorphous. The insets show this
dependence for films with 35, 50, 65 and 80 at.% Cu.
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The opposite trend of electrical resistivity, p, and optical reflectance, R, can be explained
using the free electron model for metals [83,84]. Assuming n << k (n and k are the real and
imaginary parts of the refractive index, respectively), the reflectance can be related to the

resistivity as [83,84]:

R~1- Apl/Z, (1)

where A is a proportional constant. The assumed condition n << k is valid for most metals in
the near-infrared wavelength region. For example, for Cu, n = 0.5 and k = 17.9 at a
wavelength of 2500 nm [85]. The inverse relationship between reflectance and resistivity
expressed through Eg. 1 has being previously reported in other glassy systems such as Ag-
Mg-Al [83,86], Al-Ni-Y-X (X = Cu, Ta, Zr) [87], and Al-Ti [84] alloys. Fig. 4d shows the
dependence of reflectance versus the square root of resistivity for amorphous Zr-Cu films. We
identified two zones: a first one, for p'2 < 20 (uQ cm)*? (or p < 400 uQ cm), in which the
free electron model relation for n << k is fulfilled, and a second one, for p*? > 20 (uQ cm)"?

(or p > 400 uQ cm), in which the reflectance no longer depends on the resistivity. As a matter

of fact, in zone 1, the best fit to the experimental data follows the relation:
R =1.095—0.024 p*?, (2)

in good agreement with Eq. 1, whereas in zone 2 the reflectance R ~ 0.57, with a negligible
slope of the R versus ,ol’2 relation. The deviation from Eq. 1 at high resistivity values (p > 400
puQ cm) is presumably due to the violation of the condition n << k in amorphous films
exhibiting such high values of resistivity. This can be attributed to the fact that high resistivity
values are achieved in films presenting a high number of less dense and conductive interfacial
regions between the nanocolumns, which implies a loss of the metallic character of the whole

film, necessary to fulfill Eq. 1.
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We dedicate a last point to comment on the tunability of electrical resistivity and optical
reflectance in glassy Zr-Cu alloys. We note that, whatever the alloy composition, low
resistivity films (zone 1) follow the same scaling law (expressed through Eq. 2), whereas the
terminal reflectance is the same (R = 0.57) for high resistivity films (zone 2). This is
illustrated in the insets of Fig. 4d showing the variation of R versus p*? for the 35, 50, 65 and
80 at.% Cu films. Therefore, our results indicate that even in alloys of different compositions,
resistivity and reflectance can be tailored following the same law. The difference between
alloys with different compositions is that the higher the Cu content, the higher the working

pressure needed to tailor the reflectance and resistivity of the films.

4. Conclusions

In summary, we identified the conditions for the formation of nanostructured Zr-Cu metallic
glass thin films and the consequent impact on the electrical resistivity and optical reflectance
of the alloys. For this purpose, we investigated over a wide range of alloy composition (from
~16 to 94 at.% Cu) and working-gas pressure (from 0.3 to 2 Pa) the evolution of the structure,
microstructure, resistivity and reflectance of sputter-deposited Zr-Cu films. We demonstrated
that, by increasing the working pressure, the microstructure of the amorphous films transitions
from homogeneous and compact to nanocolumnar. However, this change in microstructure
shifts towards higher working pressure with increasing Cu content, which was explained
considering the difference in the surface diffusivity of Cu adatoms compared to Zr ones. We
also showed that the microstructural transition to the nanocolumnar regime causes an increase
in the full-width at half-maximum, 4¢, of the first diffraction peak in the diffraction pattern,
suggesting a change in the local order of the films induced by an increase in the number of
different structural units forming the amorphous phase. In contrast to 4¢, the microstructural
change did not affect the position of the peak, g, indicating that it did not impact the average

interatomic nearest-neighbor distance. Regarding the electrical and optical properties of
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glassy Zr-Cu films, two zones were identified, one in which the optical reflectance scales
linearly with the square root of the electrical resistivity, and another in which reflectance no
longer depends on resistivity. We highlighted that, by increasing the working pressure, the
resistivity and reflectance can be tailored starting from their values in the homogeneous
regime and following the same scaling law, whatever the alloy composition. Our results
provide a step forward in understanding the microstructural control of metallic glass thin films
and shed light on the modulation of electrical and optical properties in glassy alloys, which

could have implications for optoelectronic applications.
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