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HIGHLIGHTS GRAPHICAL ABSTRACT

« Novel high throughput methodology
to understand atomistic structure of
thin film metallic glass combinatorial
libraries on polymer substrates.

« Co-sputtered CuZr films exhibit dual-
phase microstructure that could not
be produced by conventional
methods according to the CuZr phase
diagram.
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ARTICLE INFO ABSTRACT
Article history: We report for the first-time combinatorial synthesis of thin film metallic glass libraries via magnetron co-
Received 21 December 2021 sputtering at the limit of crystallinity. Special care was taken to prepare extremely pure CuZr films (1-
Revised 31 March 2022 2 um thickness) with large compositional gradients (Cu;gZrgig to CuyggZrys,) on X-ray transparent
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Available online 22 April 2022 polymer substrates in high-vacuum conditions. Combined mapping of atomic structure (synchrotron

radiation) and chemical composition (X-ray fluorescence spectroscopy) revealed that over the entire
composition range, covering multiple renowned glass formers, two phases are present in the film. Our
high-resolution Synchrotron approach identified the two phases as: untextured amorphous Cus;Zri4
(cluster size 1.3 nm) and textured, nanocrystalline o-Zr (grain size 1-5 nm). Real space HR-STEM analyses
of a representative composition substantiate our XRD results. Determined cluster and grain sizes are
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X-ray diffraction below the resolution limit of conventional laboratory-scale X-ray diffractometers. The presented phase
TEM mixture is not permitted in the Cu-Zr phase diagram and contrary to existing literature. The phase ratio
Structure analysis follows a linear trend with amorphous films on the Cu-rich side and increasing amounts of o-Zr with
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increasing Zr content. While cluster size and composition of the amorphous phase remain constant thor-
ough the compositional gradient, crystallite size and texture of the nanocrystalline o-Zr change as a func-

tion of Zr content.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction:

Metallic glasses (MGs) have attracted considerable research
interest over the last decades for their unique mechanical [1] and
functional properties [2,3]. Their outstanding property profile pre-
dominantly originates from the stable amorphous atomic structure
and absence of grain boundaries, facilitated by mixing of elements
with different atomic size. Potential candidates are found in the
vicinity of deep eutectics in binary or multinary phase diagrams,
often assisted by quantum mechanical guidance [4-6], however,
the fundamental understanding of glass formation is still incom-
plete. Thus far, more than 30 elements [2]| have been reported as
constitutional components in MG-forming alloys.

By virtue of physical vapor deposition (PVD), kinetic limitations
in traditional bulk metallic glass formations can be bypassed,
resulting, for instance, in so-called ultrastable thin film metallic
glasses (TFMG) with extraordinary thermodynamic and kinetic sta-
bility and exceptional mechanical properties [7,8]. Even though the
composition window for achieving fully amorphous thin films via
PVD is much wider than that for bulk processing routes, the thin
film form is less exploited. Recently, amorphous TFMGs have been
proposed for a number of different engineering fields [3] including
flexible and rigid micro-electronics [9,10], biomedical applications
[11] and energy storage [12-14]. Moreover, PVD has also been
reported as a convenient way to fabricate amorphous-
nanocrystalline (nc) composite thin films [15,16], where direct pre-
cipitation of a variety of nanoscale structures can further enhance
mechanical and functional properties of amorphous matrix [15,17-
19]. In such nanocomposites, the volume fractions of amorphous
and nanocrystalline (nc) phases vary as a function of chemical
composition, from a largely amorphous matrix with finely dis-
persed nanocrystals (NCs) (Al-16 at.% Mo [17]) to a nc matrix with
amorphous phase along grain boundaries (Cu-0.5-8 at.% Zr, [18]).
Molecular dynamics (MD) simulations on PVD development of
glassy thin films [20] revealed that besides composition, the depo-
sition setup also influences the phase composition: while simulta-
neous deposition of different elements results in a fully amorphous
films, sequential deposition results in a nc composite.

From a variety of PVD methods, magnetron sputtering is used
most commonly to fabricate amorphous and nc-composite thin
films [15,21], either from multi-element alloy targets or by co-
deposition from single elemental targets. The latter approach
allows deposition of multinary combinatorial libraries with large
composition gradients in a single deposition run [2,22]. To fully
exploit the benefits of such libraries, high throughput analyses
methods with sufficiently high spatial resolution are required to
study, for e.g., glass forming ability [23] and optimize desired
mechanical or functional property in a time and resource efficient
manner [2,22,24-30]. Particularly relevant for TFMG and
nanocomposites is high-resolution (HR) characterization of the
atomic arrangement. Suitable methods include transmission elec-
tron microscopy (TEM) or X-ray diffraction (XRD). HR-TEM imag-
ing can directly uncover nanocrystalline structures of a few nm
[18,31] and, combined with selected electron area diffraction
(SEAD), confirm the crystalline (discrete spots) or amorphous
(diffraction rings) nature of a specific area. However, the crystal
orientation relative to the electron beam, a limited field of view

per sample and laborious TEM sample preparation can influence
the detectability of nanocrystals. XRD is an indirect way of deter-
mining short or long-range order of materials based on their
diffraction signal. Often, the method does not require additional
sample preparation steps and large areas can be mapped in a time
efficient manner. However, the crystal size detection limit of labo-
ratory diffractometers, developed to characterize crystalline mate-
rials above 1 wt% from narrow high intensity peaks, is around 2-
2.5 nm [32].

Amorphous materials are lacking long-range crystallographic
order and produce broad humps with low intensities in XRD pat-
terns [33]. Their structures are usually expressed in terms of the
atomic pair-distribution function (PDF), G(r), describing the proba-
bility of finding two atoms separated by the distance, r [34]. PDF
can be determined through the Fourier-transformation of the
structure factor, S(Q), which can be directly measured by diffrac-
tion experiments [34]. The diffraction signal of amorphous-nc
composites is a combination of overlapping crystalline and amor-
phous patterns. Unambiguous structural characterization requires
a combination of laboratory XRD with at least HR-TEM or differen-
tial scanning calorimetry (DSC), for the above-mentioned experi-
mental limitations. Alternatively, the use of high intensity
synchrotron X-ray sources can sufficiently increase the resolution
while at the same time significantly decreasing the acquisition
time. This allows for time-resolved in situ observation of deforma-
tion [34] or annealing induced crystallization [35-38] processes in
MGs as well as mapping of the phase composition in multinary
combinatorial libraries.

The latter is reported in this work, investigating co-sputtered
CuZr thin films on XRD transparent polymer substrates over a wide
range of chemical compositions (CujgoZrgy g to Cuy48Zras,). CuZr
alloys have attracted particular research attention for their relative
ease of glass formation [5,21,39,40]. Experimentally, the best glass
forming compositions have been determined as CusyZrso and Cugy-
Zr3g [5] due to the formation of ideally packed icosahedral clusters
at the expense of atomic arrangements with excess or deficient
free volume [5]. In our study, fully amorphous thin films were only
observed for a minority of Cu-rich compositions, contradictory to
the beneficial PVD processing conditions and the high glass form-
ing ability of the CuZr system. Owing to the use of synchrotron
radiation, the phase composition and atomic structure of individ-
ual phases could be identified at the limit of crystallinity, constitut-
ing a technologically meaningful step towards time and resource
efficient combinatorial development of structural and functional
materials and thin films.

2. Experimental
2.1. Thin film deposition

A Mantis QPrep 500 UHV chamber was used to deposit CuZr
thin films onto polymer substrates by direct current (DC) mag-
netron co-sputtering from single element targets. Both targets
(Cu and Zr, 99.99% purity, Kurt J. Lesker Company Ltd.) were
7.5 cm in diameter and 2 mm in thickness. The 75 pm thick poly-
imide (PI) substrates were cleaned with isopropanol and clamped
between two Al rings (outer diameter 100 mm) to hold them in
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position and to keep them flat, leaving a circle of 90 mm diameter
in the center. The substrate mounted in the Al frame is shown in
Fig. 1a. Prior to thin film deposition, the substrates were ultrason-
ically cleaned with acetone and isopropanol (7 min each) and then
blown dry with nitrogen. During thin film deposition, the substrate
temperature was measured by a thermocouple placed on the back-
side of the polymer. A thick copper mesh wire was mounted on the
backside of the Al ring that connected to a water-cooled surface a
few centimeters away to cool the substrates during deposition. As
a result, the thermocouple did not detect any temperature change
during any of the depositions. The polymer sheets with the Al fix-
ture rings were placed on the sample holder and moved to a posi-
tion approximately 8 cm below the confocal substrate stage
position, towards the magnetrons, as schematically shown in
Fig. 1b. This offset enabled a larger compositional gradient on
one substrate. Correspondingly, no substrate rotation was applied
during deposition.

In total, two depositions were performed, which are referred to
as sample 394 and 399 throughout the manuscript. Sputtering was
performed at a process pressure of 5 x 10~! Pa with 15 sccm of Ar
flow, and a base pressure of 7 x 10~ Pa or lower. The specific pro-
cess parameters for each sample, resulting in a film thickness of
~1-2 pum and a total deposition time of approximately 6 h (depo-
sition rate 2.8-5.6 nm min~') are summarized in Table 1. Deposi-
tion 399 was repeated with a thickness of 50 nm on 3 mm Au grids
carrying a carbon support film for analysis by transmission elec-
tron microscopy.

2.2. Chemical characterization & thickness measurements

The chemical composition and thickness of each thin film was
mapped across the polymer substrates with X-ray fluorescence
spectroscopy (XRF, type Fischerscope XRF XDV, accuracy
~0.1 pm). For each sample, more than 400 spots were measured
with a beam diameter of 3 mm. XRF maps are shown in Fig. 3.
The maximum composition range for each sample was determined
as: Cu 39.6-74.7 at.%|Zr 25.2-60.4 at.% and Cu 18.2-52.3 at.%/Zr
47.7-81.8 at.% for samples 394 and 399, respectively.

2.3. Structural characterization with synchrotron radiation and
transmission electron microscopy

Structural characterization of the thin films has been performed
by X-ray diffraction measurements realized at the high-resolution
powder diffraction beamline ID-22 situated in the synchrotron
facility ESRF, Grenoble. Diffraction experiments were performed
in transmission geometry using a monochromatic beam with a
wavelength of 0.2478 A and a cross-section size of 0.5 x 0.5 mm?.
The Debye-Scherrer diffraction rings of the coated polymers sub-
strates, placed perpendicularly to the beam, were recorded by a
Perkin Elmer XRD 1611CP3 flat panel detector. Samples were
scanned step by step along specific directions with a step distance
of 2 mm in the horizontal and 4 mm in the vertical direction. The
setup is schematically shown in Fig. 2, including the position of the
line scan as dotted lines across the sample. Through careful align-
ment of the polymer substrates at the beamline, the positions of
the recorded diffraction patters (Fig. 2, left side) could be matched
point by point to the chemical composition obtained via XRF map-
ping. Instrumental parameters were calculated from the LaBg pow-
der patterns. Diffraction rings were azimuthally integrated by the
Fit2D software [41] and the pair distribution functions were calcu-
lated by means of the PDFgetX2 software [42].

The cluster size calculation was determined from the pair distri-
bution function (PFD) signal length, using the cumulative function
CF(x) proposed by Bednarcik and co-workers [43], in the following
form:
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X

CF(x) = erj_x [ e, 1)

where 7'ng is the maximum value in the reduced pair distribution
function, G(r), below the instrument resolution that was fixed to
200 A. The cumulative function is the decreasing function of the
root mean square value in the interval (x,200), where x is, for the
practical calculation, set to x = 0. The cluster size is, then, the r-
length determined from the point where CF(x) drops to the value
below signal noise corresponding to the high-r region.

Texture determinations were carried out using the E-WIMV
approach implemented in Rietveld refinement based on the MAUD
software [44].

For a selected representative chemical composition, structural
characterization was performed by imaging on a probe-corrected
Thermo Scientific Titan Themis 200 G3 transmission electron
microscope (TEM) operated at 200 keV. Energy dispersive X-ray
spectroscopy was acquired with the integrated SuperX detector
to confirm the chemical composition and analyzed using the Velox
Suite, Thermo Fischer, where the K-lines were employed for the
analysis of Cu and Zr concentrations.

3. Results and discussion
3.1. Film thickness and chemical composition

After deposition, the chemical composition and thickness of the
CuZr films were mapped across the polymer substrates. The results
of this XRF mapping are summarized in Fig. 3. Generally, film
thickness values are approximately ranging between 1.4 and
2.3 pum for the two different samples (Fig. 3a and b). The overall
thickness difference between 394 and 399 is a result of the differ-
ent sputter parameters used to enlarge the compositional gradient
between the two samples. As a result of co-deposition without
substrate rotation, a small thickness gradient was observed on
each sample, with slightly increased thicknesses on the Zr-rich
side. Additionally, for sample 394 (Fig. 3a), an area of slightly
increased film thickness is observed in the upper half of the sam-
ple, spanning across the entire compositional range. The thickness
variations need to be considered during subsequent analysis and
interpretation of the XRD data. From initial calculations based on
geometrical considerations (sample-detector distance, wave-
length), increasing the film thickness by 1 pum results in an increase
in Debye-Scherrer ring radius by less than 0.06 pm. This shift is not
measurable with the utilized setup as the pixel size of the used
detector is 100 x 100 um?. Therefore, the thickness variations do
not affect the comparative XRD analysis and derived conclusions.

The utilized deposition approach resulted in a large and homo-
geneous composition gradient across the polymer substrates
(Fig. 3c-f). As is evident by comparing samples 394 and 399, a
slight variation in sputter parameters enabled enlargement of the
accessible total compositional gradient. Combining both samples,
the total chemical composition ranges from Cu;g,Zrg;g (sample
399) to Cuy48Zr355 (sample 394). It is also evident from Fig. 3c—f
that the two samples have a certain overlap in the intermediate
composition range.

3.2. Film microstructure

In Fig. 4 all recorded, integrated, and normalized diffraction pat-
terns are shown and summarized for both samples 394 and 399,
respectively. In principle, two different phases have been identified
within the investigated composition range, as detailed in the fol-
lowing paragraph. Starting with sample 394 (Fig. 4a), the diffrac-
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Confocal Point

b) ‘
dffset ~8 cm

Fig. 1. Co-sputtering of CuZr thin film combinatorial libraries on polymer substrates. (a) Polymer substrate mounted in a frame of two Al rings to keep it flat and enable
cooling during deposition. (b) Schematic of the non-confocal sputter geometry, whereby the offset of approximately 8 cm enables a larger compositional gradient on each
substrate.

Table 1
Process parameters for thin film deposition.
Sample Power (W) Current (mA) Voltage (V) Offset from confocal position (cm)
Cu Zr Cu Zr Cu Zr
394 35 106 85 300 408 356 8
399 13 100 40 300 319 335 8
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Fig. 2. Schematic of the synchrotron setup (right) and representative diffraction patterns (left) collected point by point along a specific direction on the substrates,
corresponding to different chemical composition of the binary CuZr system. Two different phases were identified as a function of chemical composition: amorphous Cus;Zr 4
(orange peak) and crystalline Zr (blue peak). The red vertical lines indicate the positions of additional Zr Bragg reflections. Experimental schematic modified from Ref. [45].
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Fig. 3. XRF mapping of film thickness and chemical composition of the CuZr thin films. (a, b) Film thickness of samples 394 and 399, respectively, whereby overall differences
stem from a deliberate, slight variation of sputter parameters. (c, d) at.% Cu and (e, f) at.% Zr for samples 394 and 399, respectively. A large and homogeneous composition
gradient was achieved by non-confocal, co-sputtering without substrate rotation.
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tion pattern obtained from the sample position with the highest Cu
content (Cuy7Zrp3) is drawn in orange (phase 1). In contrast, the
diffraction pattern from the sample site with the highest Zr content
is shown in black. One can see from the inset in Fig. 4a that as the
Zr content increases from 23% to 58%, new peaks appear (phase 2)
and their intensity increases steadily, while the peak positions
remain constant up to the maximum Zr content, which was up
to 82% in the sample 399 (Fig. 4b). It should be noted that the wide
diffraction signal obtained in places with the highest Cu contents
(orange curve, phase 1) is found in all recorded diffraction patterns,
for both samples 394 and 399, and only the proportion of the
intensity of the two phases changes. The phase whose proportion
increases with increasing Zr content (phase 2) was identified as
the Zr phase (according to PDF2 database ICDD 5-50665 [46]).
The theoretical positions and relative intensities of Zr diffraction
peaks are included in Fig. 5 as vertical blue lines, indicating good
agreement with the experimentally obtained diffraction patterns
at higher Zr contents (Fig. 5d). However, the phase with a high
Cu content (orange curve, phase 1) could not be unambiguously
determined, because the diffraction signal is very wide, which
could, at first glance, indicate an amorphous structure. The peak
width of phase 1 (orange peak, Fig. 2) was determined as ~1.1°
(0.49 A-') and remains constant throughout the investigated com-
position gradient. In contrast, the peak with of phase 2 (Zr phase,
blue peak Fig. 2) varies across the gradient. On the Cu rich side,
the peak width of phase 2 (1.73° = 0.77 A1) is slightly larger than
phase 1, corresponding to a smaller crystallite size in Fig. 7, and
decreases with increasing at.% Zr (0.61° = 0.27 A~ on Zr rich side).

The highest match of the orange diffraction signal in Fig. 4a,
compared to the database was found with the intermetallic Cus;-
Zry4 phase (according to PDF2 database ICDD 42-1185 [47]). Of
all reported CuZr intermetallics [21], Cus1Zri4 has the most nega-
tive formation enthalpy (—25.2 kJ/mol), making it the most stable.
The theoretical positions and relative intensities of CusiZrq4
diffraction peaks are shown in Fig. 5 as vertical orange lines, indi-
cating good agreement with the experimentally obtained diffrac-
tion patterns at high Cu contents (Fig. 5a). One can see that the
diffraction patterns from areas with the same nominal chemical
composition (Fig. 5b and c) have slightly different peak shapes. It
will be shown in the further evaluation of the data that the greatest
impact on a signal broadening of the 399 sample stems from the
smaller crystallite size of the Zr phase (Fig. 7a). Rietveld refinement
was carried out to determine the crystallite size of the individual
phases by using the mentioned phases Zr and Cus;Zr4. Two repre-
sentative refinements are presented in Fig. 6, showing that in both
cases, there is good agreement between the measured data (bot-
tom) and the Rietveld fit (top). The results show that over the
whole range of investigated chemical compositions, the crystallite
size of the Cus;Zr4 phase was very similar. In both samples (394
and 399) the evaluated cluster size of Cus;Zr;4 ranges between
13 and 18 A (see Fig. 7, grey and dark red lines). On the other hand,
the Zr phase shows a clear increase in the crystallite size with
increasing Zr content (Fig. 7, black and bright red triangles). In
addition, the crystallite size (D) of the Zr phase was calculated
using the well-known Scherrer equation:

K
Y

2)

where / is the wavelength of used radiation, § and 0 are the integral
breadth and the position of the investigated Bragg peak (101) of the
Zr phase, respectively, and K is the shape constant which remained
equal to 1. The fitting procedure was carried out on an azimuthal
fully integrated diffraction pattern after subtraction of the Cus;Zr4
diffraction signal (the first diffraction pattern of sample 394). The
results are presented in Fig. 7 and correspond to crystallite size val-
ues obtained by Rietveld refinement.
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To compare the results obtained by Rietveld refinement and
Scherrer calculation, the signal length of the pair distribution func-
tion, corresponding to the cluster size of the measured material,
was analyzed. In such an analysis, it is not necessary to assume
or know the phase composition of the investigated material. Pair
distribution functions were calculated using the PDFgetX2 soft-
ware and then the signal length was determined using the cumu-
lative function CF(r), as described in the experimental section. In
the pair distribution function of the highest Cu content (Fig. 7b,
top), which has been attributed to the Cus;Zry4 phase, five coordi-
nation shells are visible with a signal length, 4, close to 13 A. The
cluster size is constant with increasing Zr content up to 40%, then,
the signal length, equal to the cluster size, starts to increase (see
Fig. 7, black and red circles). There is good agreement in the calcu-
lated cluster sizes for the overlapping composition ranges of sam-
ple 394 and 399 (~57-62% Zr). It is also worth noting that the
results of the cluster/crystallite sizes of the two independent eval-
uation approaches (Rietveld vs. PDF) are in good agreement for
both samples with a difference of approximately less than 0.3 nm.

The fractions of individual phases in the thin films (Cus;Zry4 vs.
Zr) as a function of the chemical composition is shown in Fig. 8. The
different analysis approaches summarized in Fig. 5 yield good
agreement in terms of phase ratios. Due to weak signal, it was
not possible to perform Rietveld refinement in places with a very
small proportion and diffractive volume of the Zr phase. Therefore,
the phase ratio was first determined from the peak areas belonging
to the individual phases, as shown in the insets of Fig. 8 (orange
peak: Cus;Zry4; blue peak: Zr). The integration boundaries of the
areas were set constant for all diffraction patterns. As the Zr con-
tent in the sample increases, the proportion of the Zr phase (blue
peak) increases. A similar dependence was also found by using
Rietveld refinement. Following these observations, a simple theo-
retical calculation of the Zr phase ratio dependence on the chemi-
cal composition is also included in Fig. 8. Based on the chemical
composition of the thin film on the Cu-rich side (Cu;;Zr,3), it was
assumed that all the Cu was consumed to form the Cus;Zr 4 phase.
It is thereby important to note that the chemical composition of
Cuy,Zr,3 corresponds almost exactly to the elemental ratio of Cus-
Zry4. If all Cu atoms form the Cus;Zr4 phase with Zr, then the rest
of the Zr atoms form the observed crystalline Zr phase. The theo-
retical phase ratio calculation following this theory was carried
out based on the molar weight of the elements and their atomic
ratios in each phase. Surprisingly, this first principle calculation
(Fig. 8, blue circles) is very close to the results obtained from the
measured data.

The diffraction results clearly show that only two phases are
present in the whole composition range of the combinatorical CuZr
thin films, namely the Cus;Zri4 phase and the pure Zr phase. In
both cases, peak positions remain constant throughout the investi-
gated composition range and only relative intensity changes
between CusiZri4 and Zr peaks are observed. Correspondingly,
the phase ratio depends on the compositional gradient, whereby
in the Cu rich region, almost exclusively, the Cus;Zr4 phase is pre-
sent and in the Zr rich region the Zr phase prevails with up to 80%.
In the case of the Zr phase, it can be stated that it has a very fine,
nanocrystalline microstructure, whereby the crystallite size
increases with increasing Zr content (from ~1 to 5 nm). Even in
regions where the crystallite size of this Zr phase is below 10 A
(<30% Zr, Fig. 7), a preferred crystallographic orientation is unam-
biguous in the diffraction pattern. This preferred orientation of Zr
was found to be very similar throughout the compositional range
and is documented by the inverse pole figures in Fig. 9. In the case
of the Cus;Zr14 phase, it is permissible to call it amorphous. Firstly,
amorphous materials have a defined short-distance ordering. Com-
paring our results to published data examining CuZr binary metal-
lic glasses [48-50], both the number of coordination envelopes
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(five, highlighted in orange in Fig. 7b, top image) and the signal
range (13 A) suggest that it could be an amorphous type of phase.
Furthermore, the Debye-Scherrer rings in the diffraction pattern
are smooth without any high-intensity spots. Considering the con-
stant cluster size (~13 A), independent of the varying Cus;Zr4 con-
tent over the compositional gradient, combined with the observed
crystallographic isotropy, this Cus;Zr4 phase can be classified as
amorphous. The cluster size of 1.3 nm is at the limit of what has
been observed for nanocrystalline materials. Amorphization of
intermetallics occurs below 1.7-12 nm grain size, depending on
the material and the grain boundary structure related to the prepa-
ration technique [51,52]. Considering the crystal structure of Cus;-
Zry4, the measured cluster size is roughly the same as the
dimensions of the unit cell (a=b=11.25 A, c=8.275 A [53]; atomic
radius Zr: 0.160 nm, Cu: 0.128 nm [21]).

High resolution scanning TEM imaging (HR-STEM) was per-
formed on selected chemical compositions to substantiate our
interpretation of the XRD results. Since sample requirements for
HR-STEM strongly differ from Synchrotron-XRD, depositions were
repeated under identical process conditions but limiting the total
film thickness to 50 nm (electron transparent). This way, HR-
STEM data can be recorded through the thickness on pristine films,
avoiding ion beam induced damage, contamination or changes to
the microstructure (e.g. crystallization) during conventional or
focused ion beam lift-out sample preparation. Fig. 10a shows a
top-view HR-STEM image of Cuy;Zrs3 deposited using the condi-
tions of sample 399; the composition was determined by STEM-
EDX analysis, Fig. 10b. We are resolving the C and O from the

EDX spectra but are excluding it from the composition measure-
ment as it constitutes the carbon support film and any minor nat-
ural oxide formation upon transfer between deposition chamber
and TEM. In HR-STEM, both crystalline and amorphous regions
are clearly visible, as confirmed by the local fast Fourier transform
(FFT) insets. The crystalline regions were identified where the film
thickness was lowest, and the high angle annular dark field
(HAADF) contrast is therefore darkest. Such locations helped min-
imize the volume of amorphous phase above or below the crystal-
lites, to enable adequate resolution of crystallinity. The lattice
plane spacing of the crystalline regions (~2.8 A, averaged across

10 consecutive planes) is consistent with the {1 iOO} planes of

hexagonal a-Zr. The size of the crystalline regions measured from
HR-STEM images is ~5 nm, and therefore slightly larger than that
determined from XRD for this composition (1.5-2.5 nm, Fig. 7a). In
fact, the crystals are non-spherical: their elongated ellipse shape
(3.5 x 6.6 nm in the centered example in Fig. 10a, outlined with
dashed white lines) could contribute to the observed grain size dif-
ference. Typically, the coherent domain size as determined by XRD
is smaller than the grain size determined from optical or electron
imaging [54]. Despite the spatially resolved EDX analysis
(Fig. 10b), we cannot draw any clear conclusion about a difference
in composition of the two phases as we always probe differing pro-
portions of both phases in the volume through the thickness of the
thin film TEM sample. Instead, the average composition is super-
imposed by horizontal dashed lines.
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In general, Cu-Zr alloys are known for their relative ease of
glass formation, with a wide glass-forming composition range
[5,39,40]. Experimental observations (high energy X-ray diffrac-
tion, neutron diffraction and extended X-ray absorption spec-
troscopy) [48,55,56] on rapidly quenched CuZr compositions and
simulation results (combined molecular dynamics simulations
and first-principles approach) [5] agree on the best glass forming
compositions for rapid solidification processes being located at
CusopZrsp and Cug4Zrsg, due to the formation of ideally packed icosa-
hedral clusters [5]. Both of those compositions are within the range
investigated in this study (Cug,Zrgq g to Cuy48Zr355; yellow stars
in Fig. 8)), however, no fully amorphous film has been observed
at either location. Rather, both compositions perfectly follow the
linear trend of phase ratio dependence between the amorphous
CusiZri4 and crystalline Zr phase, as visible in Fig. 8. Also, the
potential composition of the amorphous phase (Cus;Zry4) is far
from the ideal glass formers. Previously, CuZr thin films have been
reported to show a broad composition range of amorphous regions
without any preferential glass forming regions around Cusy and
Cugs. Most of these studies [21,57-59] have used x-ray diffraction
to come to this conclusion. In our study, we never observed fully
amorphous films. Almost single-phased amorphous films (Cus;-
Zry4) with extremely faint, unquantifiable traces of o-Zr are found
at high Cu concentrations (70-75% Cu). Around 35% Zr and above,
the a-Zr peaks become very distinctive. For magnetron sputtered
Cu-rich CuZr thin films, Zhang et al. [18] reported a matrix of
nanocrystalline (nc) Cu grains, whereby additions above 0.5 at.%
Zr yielded the formation of an amorphous phase at the grain
boundaries, as shown by laboratory XRD and TEM analysis. With
additions of 8 at.% Zr, a continuous amorphous layer with a thick-
ness of 3 + 1 nm surrounded the nc-Cu grains, whereby the chem-
ical composition of this amorphous phase is not further specified.
Unfortunately, the highest Zr content reported in Ref. [18] (Cug,-
Zrg) is outside the composition range of our study, where no indi-
cation of nc Cu was observed at the Cu rich end (Cuy48Zr55,). While
the initial deposition conditions in Ref. [18] are comparable to
ours, an additional annealing treatment (250 °C-2 h) could con-
tribute to the observed differences. Alternatively, increasing Zr
addition in Ref. [18] could further the growth of the amorphous
grain boundary layer, progressively eliminating the nc Cu grains.
In a separate study on a Cu-rich co-sputtered Cu-Zr thin film

library (2.1 pm thickness, Zr 2.5-6.5 at.%), Oellers et al. [28] report
fcc Cu Bragg peaks for all Zr contents, whereby a gradual shift of all
Cu reflections with increasing Zr content indicates the formation of
a solid solution. Complementary TEM diffraction shows reflexes of
a pure Cu phase, no reflexes of pure Zr and a negligible amount of
CusZr phase.

Besides Cu-rich cases, Apreutesei et al. [21] obtain glassy CuZr
films via PVD co-sputtering over a wide composition range. Within
33.3-89.1 at.% Cu (20-77 at.% investigated in our study), fully
amorphous films without any crystalline diffraction peaks are
observed, which even maintain their amorphous structure during
post annealing at temperatures higher than 277 °C. TEM analysis
of our films clearly show co-existent amorphous and nanocrys-
talline regions in Cuy;Zrss. Outside this fully amorphous regime
presented in [21], clearly crystalline and textured fcc (111) Zr
and Cu films are obtained, respectively. On the Zr-rich side (75-
71.5 at.% Zr), traces of fcc-Zr phase are found in the XRD signal,
embedded into the broad amorphous hump. Intermetallic phases,
including Cus;Zry4, evolve with temperature and Cu contents in a
multistage crystallization process, whereby the Cus,Zr 4 phase
only develops in films with more than 45 at.% Cu content.

Fundamentally, the microstructure of vapor deposited thin
films depends on the mobility of atoms arriving at the surface.
There is a general consensus that the substrate temperature (Tg,)
during deposition is a critical variable, with the optimal T, for
creating ultrastable glasses near the glass transition temperature,
T,. While a raised substrate temperature undoubtedly enhances
the surface mobility, ordinary and ultrastable TFMG (Zr45Cus6Alg)
have also been synthesized on cold substrates (RT) with an inverse
dependence of T, on the deposition rate (range 1-10 nm min~"
[7]), supporting the idea of an enhanced surface mobility mecha-
nism. The characteristic time of surface dynamics associated with
finding ultrastable configurations was identified as ~17 s [7]. The
deposition rate utilized in this work (2.8-5.6 nm min~') is well
within the range reported for glassy microstructures. Based on
the atomic radius of Zr (0.160 nm) and Cu (0.128 nm), the thick-
ness of the surface monolayer (ML) is estimated to be
~0.288 nm. At a deposition rate of 5.6 nm min~!, the minimum
surface residence time for atoms to freely explore stable configura-
tions before being buried can be estimated as ~3s. Further estima-
tion of surface mobility is exacerbated by the fact that in
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multicomponent systems, likely each element moves with a differ-
ent timescale [60], and strongly dependent on the type of surface.

A second important influencing factor for glass formation dur-
ing vapor deposition is the base pressure and related impurity con-
centrations. Compared to extremely pure bulk MGs, the impurity
levels (e.g. 0,) during PVD can reach levels of 100 ppm (107 Pa)
to 1% (107> Pa). While O, as an impurity is known to aid glass for-
mation and stability even at low concentration, accurate detection
in the ppm regime remains extremely challenging, for example
using glow discharge optical [61-63] emission spectrometry
(GDOES). The high vacuum (HV) conditions and cleanliness of
our chamber could contribute to the fact that we do not observe
glass formation at typical glass forming compositions.

Combined MD and experimental results on Cu-Zr thin films
[20] indicate that the deposition geometry also influences surface
diffusion of arriving species and resulting microstructure: Simulta-
neous deposition of Cu and Zr atoms using both pulsed laser depo-
sition and magnetron sputtering yields amorphous CuZr thin films
(CuspZryg, ZrgoCuyg), due to the formation of icosahedral (ICO)-like
clusters that impede nucleation. However, sequential deposition of
Cu and Zr atoms from a sectored target results in the formation of a
nanocrystalline composite (nanograins of Zr,Cu and «-Zr, embed-
ded in an amorphous matrix, no trace of Cu grains).

Regarding atom energies, impurity levels and sputter geometry,
our process is similar to the conditions found in literature. Besides
deposition parameters, also the substrate can influence the result-
ing thin film microstructure, due to different growth or cooling
conditions. Most studies on TFMG utilize rigid Si substrates (ther-
mal conductivity at RT 156 Wm™! K~! [64]), e.g. electrically float-
ing to minimize ion-solid interactions at the growing film surface
[20]. Our polymer substrates (thermal conductivity at RT ~ 0.2
wm~! K~ [65]), were cooled during deposition to facilitate glass
formation and kept on ground, depleting all incoming charge from
the thin film during deposition. Therefore, the Al fixation rings,
holding initially nonconductive PI substrates, were grounded
through the substrate holder stage. As soon as the first continuous
monolayer deposit formed on PI, contact was made with the Al
rings and the substrate surface became conductive. Differences
between generally used Si and our PI substrates can be one poten-
tial source of the observed differences in film growth. Contrary to
expectations, we did not observe fully amorphous films at any of
the typical glass forming compositions, all within our composi-
tional gradient (Fig. 8). Despite simultaneous co-deposition, we
clearly observe the formation of nanocrystalline, textured, hexago-
nal o-Zr above 35 at.% Zr. The fact that increasing amounts of o-Zr
are observed with increasing Zr content is somewhat comparable
to MD simulations of sequential deposition [20], indicating that
crystalline features are more pronounced in the Zr rich areas (Cuyo-
Zrgp). This is explained by interdiffusion of Cu into Zr layers being
insufficient to completely consume the Zr layer. A similar diffusion
mechanics could be responsible for the formation of nc o-Zr in our
case.

Another conceivable scenario could be the deposition of crys-
talline Zr particles/droplets from the Zr target during sputtering.
The particle concentration would then be mainly a function of
the distance to the target. The excellent correlation of the linear
phase ratio between sample 394 and 399 (Fig. 8) contradicts this
theory, since identical chemical composition (overlap of 394 and
399) correspond to different lateral locations and therefore differ-
ent distances to the Zr target on each polymer substrate (Fig. 3c
and d). The fact that the composition of the amorphous phase
remains constant throughout the entire composition range under
investigation (no peak shift in the XRD signal, orange curves Figs. 4
and 5) further contradicts the particle theory.
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A good match was observed between the experimentally mea-
sured diffraction pattern of the amorphous phase and intermetallic
Cus Zr14 (Fig. 5a). Formation of the Cus;Zry4 is not surprising con-
sidering that thermodynamically it has the most negative forma-
tion enthalpy (—25.2 kJ/mol) of all standardly reported CuZr
intermetallics [21], making it the most stable. In the CuZr system,
the formation enthalpy of intermetallic phases (AH™®) is gener-
ally more negative compared to the amorphous state (AH*™") over
a large composition range (30-65 at.% Zr [66]). Theoretically, the
resistance of glass formation against crystallization can be
expressed by the y* (AH*™°"/( AHM - AH>™°")) [67] or Y™ parame-
ter [66], yielding distinctive peaks at known glass forming compo-
sitions. In the Cu-Zr phase diagram, this intermetallic is located at
~21.5 at.% Zr [68]; at room temperature, at least one intermetallic
phase is separating Cus;Zr4 and o-Zr, namely CuZr, at ~67 at.% Zr.
At slightly elevated temperatures, Cuq¢Zr; occurs at ~41 at.% Zr.
Our synchrotron XRD data indicates no traces of any other inter-
metallic phase besides Cus;Zr;4. Clearly, the dual-phase thin films
produced by magnetron sputtering do not follow thermodynamic
equilibrium predictions and could not be produced by conven-
tional methods, hence constituting a unique and versatile way of
fabricating nanocomposite materials. Further research efforts
should concentrate on combinatorial characterization of functional
and mechanical properties to direct microstructure development
(e.g. adjustment of crystallite size and phase ratio) towards
application-specific global optima though adjustment of the sput-
ter parameters, electrical substrate biasing or annealing treatments
during or after deposition.

4. Summary and conclusions

Combinatorial libraries of binary CuZr thin films were sputtered
onto XRD transparent polymer substrates for high throughput
mapping of their phase composition over a wide range of chemical
composition with synchrotron X-ray diffraction. Thanks to this
new high-resolution characterization approach we were able to
detect, identify and quantify nm-size clusters in the microstructure
that are unheard-of in available literature on PVD Cu-Zr thin films.
Contrary to expectations, the following two phases are present
throughout the entire composition range under investigation (Zr;s3-
Cu;7-Zrg1-Cuyg): (i) an untextured, amorphous Cus;Zr;4 phase
(cluster size constant: 1.3 nm) and (ii) a nanocrystalline, textured
pure Zr phase (grain size 1-5 nm, increasing with Zr content).
The presence of amorphous and nanocrystalline phases has been
confirmed by HR-STEM imaging of a selected composition. Their
relative phase ratio varies linearly across the compositional gradi-
ent, whereby at high Cu concentrations, predominantly the Cus;-
Zr4 phase is present. With increasing amount of Zr, the amount
of pure Zr phase increases until it constitutes approximately 80%
at the highest Zr concentration. This trend can be explained by
the theory of all Cu atoms being used to form the Cus;Zr 4 phase,
and excess Zr atoms forming the nanocrystalline Zr phase. Consid-
ering the phase diagram of Cu-Zr, the phase composition presented
in this work could not be produced by any conventional fabrication
method. Thus far, comparable clusters have only been obtained via
thermal treatments introducing a multistage crystallization pro-
cess. Combinatorial sputter deposition combined with high-
resolution mapping of atomic order/disorder could provide an
alternative route for growing nanocomposite films with tailored
properties, allowing to identify microstructures as a function of
deposition parameters and optimize resulting properties in a time
and resource efficient manner. Furthermore, the presented combi-
nation of high-brilliance XRD and real space HR-STEM data can
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help clarify the blurred frontier between nanocrystalline-
amorphous, which currently strongly depends on the characteriza-
tion tool used.
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