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We report detailed diffraction peak analysis and parameters indicative of the transition between fully amorphous
microstructures and nanocrystal formation in sputter deposited thin film metallic glasses. Specifically, we
fabricated ternary CuZrAg alloy films (2 um thickness) with a large compositional gradient on flexible, X-ray
transparent polymer substrates in high vacuum conditions. The combinatorial libraries were subjected to point-
by-point structural (XRD synchrotron radiation) and chemical (X-ray fluorescence spectroscopy) analysis,
characterizing roughly 172 alloys. A strong correlation was found between peak symmetry and width, and early
stages of crystalline phase formation. These nanocrystals are difficult to detect from the evolution of the peak
position. In view of current literature, our data questions the recently claimed universality of the peak width as
indicator of high glass forming ability. The addition of Ag significantly improves the poor glass formation of
binary CuZr (36 alloys) under identical deposition conditions, as fully amorphous alloys are found for the ma-
jority of the investigated composition space. A thorough understanding of the microstructure of CuZrAg alloys on
flexible substrates is highly relevant in view of favourable antibacterial properties and potential application as
coatings for biomedical surfaces.

1. Introduction

Due to their unique mechanical [1] and functional [2,3] property
profile, metallic glasses (MGs) continue to attract scientific and indus-
trial research interest. A stable amorphous atomic structure is favoured
by mixing elements of different atomic size, whereby more than 30 el-
ements [2] have thus far been reported as constitutional components in
MG-forming alloys, typically in the vicinity of deep eutectics in binary or
multinary phase diagrams. The non-equilibrium nature of physical
vapour deposition (PVD) allows for bypassing of kinetic limitations in
traditional metallic glass formation. As a result, thin film metallic glasses
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(TFMGs) have a wider composition range compared to bulk processing
routes and ultra-stable microstructures, with extraordinary thermody-
namic and kinetic stability and exceptional mechanical properties [4,5].
Existing and envisioned engineering applications [3] of TFMG are
ranging from micro-electronics [6,7], to biomedical applications [8-10]
and energy storage [11-13]. Many of these fields are currently experi-
encing a transition towards mechanical flexibility, which will require
deposition on polymeric substrates in future.

Amongst available PVD methods, pulsed laser deposition [14,15]
and magnetron sputtering [16-18] are most commonly used to fabricate
TFMGs. Deposition can be performed from multi-element alloy targets

E-mail addresses: barbara.putz@unileoben.ac.at (B. Putz), omilkovic@saske.sk (O. Milkovi¢), gaurav.mohanty@tuni.fi (G. Mohanty).

1 Equal contributions.

https://doi.org/10.1016/j.matdes.2024.113144

Received 1 May 2024; Received in revised form 12 June 2024; Accepted 3 July 2024

$YDLODEOH RQOLQH -XO\
< 7KH $XWKRU V

3XEOLVKHG E\ (OVHYLHU /WG 7KLV LV DQ RSHQDWEH VAVUBIDWILFYGIHF K B BRIQ WK J& & 1%


mailto:barbara.putz@unileoben.ac.at
mailto:omilkovic@saske.sk
mailto:gaurav.mohanty@tuni.fi
www.sciencedirect.com/science/journal/02641275
https://www.elsevier.com/locate/matdes
https://doi.org/10.1016/j.matdes.2024.113144
https://doi.org/10.1016/j.matdes.2024.113144
https://doi.org/10.1016/j.matdes.2024.113144
http://creativecommons.org/licenses/by/4.0/

B. Putz et al.

[15,19] or by co-deposition from single element targets [20]. The latter,
used in this work, enables combinatorial materials science [21-24], a
time-and resource-efficient way of scanning and identifying preferable
elemental compositions from a single deposition run. Combinations of
up to 5 elements are reported in literature [25-28]; supported by up
front quantum mechanical calculations [29-31] for alloy selection and
machine learning algorithms [24,32] for data interpretation. For TFMG,
it is important to note here that results obtained on sputter-deposited
films can (i) significantly differ from bulk processing routes of iden-
tical compositions [33], and (ii)) depend on the specific deposition con-
ditions [20], including choice of substrate. For instance, the still heavily
researched CuZr system [18,30,34,35] is known for its relative ease of
glass formation in bulk with the best glass forming compositions
experimentally determined as CusoZrso and CuesZrse [30]. With PVD,
results are more scattered and controversial: both fully amorphous films
[18,36,37] at specific compositions and over large composition ranges
(33.3-89.1 at.% Cu) or small windows of fully amorphous films for a
minority of Cu-rich compositions (total range investigated: 18.2 — 74.8
at.% Cu [38]) are reported. Differences may also partly result from the
resolution limit of different analysis methods, as only Synchrotron X-ray
diffraction (XRD) and high-resolution transmission electron microscopy
(HR-TEM) are capable of identifying crystalline structures of a few
nanometres [39,40].

In this work, we report detailed structural characterization of ternary
CuZrAg thin film libraries on XRD transparent polymer substrates over a
wide range of chemical compositions, to see to what extent the addition
of Ag can increase the glass phase formation in flexible CuZr films. This
concept is well established in literature on quenching methods [16,41].
Based on empirical observations [42], certain atomic-size mismatch and
efficient atomic packing enhance glass forming ability (GFA) of multi-
component systems. Ag has an intermediate atomic radius of 1.444 A
between Cu (1.278 /o\) and Zr (1.600 }O\), resulting in atomic size ratios
of 1.25 for Zr/Cu, 1.11 for Zr/Ag, and 1.13 for Ag/Cu. This combination
can produce an efficiently packed local structure, which is often asso-
ciated with low internal energy. Also, the negative heat of mixing values
for individual elements are favourable ( 38, 22, and 2 kJ/mol, for
Zr-Ag, Zr-Cu, and Cu-Ag pairs, respectively [43]) for enhancing the
interactions among the components and promoting chemical short range
ordering in liquids, which can improve the local packing efficiency and
restrain long range diffusion of atoms. Resulting ternary Cu-Zr-Ag al-
loys combine good strength, ductility and thermal stability [16,17]. In
the thin film form, they also exhibit favourable antibacterial properties
for application as coatings for biomedical surfaces [9,10,25], whereby
amorphous microstructure is highlighted as a necessity [44].

Recent works on combinatorial CuZrAg thin film libraries on Si
wafers report fully XRD amorphous alloys over a large compositional
area [22], with the highest GFA located along the 10 at.% Ag line (Cu
and Zr ~ 30-60 at.%). The authors of article [22] further postulate the
existence of a universal indicator for metallic glass forming ability (GFA)
from diffraction peak analysis, which we are going to test on our new
data. Also, co-sputtering from elemental and/or alloy targets
(Zrs0Cusg0Ag10 [331; Zr3oCusgAgan [10]) yields amorphous films with
broad diffraction patterns wherein sparsely distributed nanocrystals are
associated with the formation of intermetallic Zr-Cu, Zr-Ag or Zr-Cu-Ag
[10]. Regarding chemical homogeneity both, an overall homogenous
distribution of all three elements [10,33], and a clear segregation of the
silver component at the nanometre scale into Ag veins, have been re-
ported. The latter was observed in amorphous CugyZrs3Ags TFMGs [19],
deposited from an alloy target (nominal composition CussZrssAgio);
differences in stoichiometry between target and film are attributed to
the different sputter rates of the non-homogeneous and crystalline target
components [19,36]. For high-power impulse magnetron sputtering
(HiPIMS) of CuZrAg film libraries [20], the pulse width conditions
strongly influence the thin film microstructure, whereby only shorter
pulse widths (25 ps and 50 ps) result in amorphous structures (total
range investigated: Cu: 43-73 at.%, Zr: 13-48 at.%, Ag: 11-37 at.%).

ODWHULDOV 'HVLJQ
Below 4 at.% Ag, the authors also mention the segregation of Ag atoms
and the formation of Cu-rich and Ag-rich regions in predominantly
amorphous films.

Here, we use synchrotron radiation to achieve high lateral resolution
and point-by-point analysis of the microstructure of combinatorial
CuZrAg thin films to elucidate the degree of crystallinity as a function of
chemical composition. This is a novel methodology, since previous
studies on TFMGs in general and CuZrAg in particular, were either
combinatorial studies with lab XRD measurements or single composition
(ribbons) with synchrotron XRD. Our distinction between amorphous
and crystalline regions is based on a detailed analysis of the diffraction
pattern, including peak position, width and asymmetry. Determining,
whether the amorphous phase has a fixed single composition (e.g.
Cus1Zry4 [38]) or can tolerate a certain compositional variation gives
insights into the ease of glass formation through Ag addition to CuZr.
Through the combination of this ternary and recently published binary
data [38], we attempt to describe the amorphous/crystalline boundary
in the CuZrAg thin film ternary phase diagram for polymeric substrates.
In accordance with literature on rapid solidification and TFGM on rigid
substrates, Ag does significantly improve glass formation in CuZr under
identical deposition conditions, which is a promising result in view of its
application as antibacterial coatings in flexible devices. Regarding
novelty in scientific understanding of amorphous alloy design and GFA
in general, our data strongly questions the universality of peak width as
a suitable indicator for high metallic GFA.

2. Experimental
2.1. Thin film deposition

A Mantis QPrep 500 UHV chamber was used to deposit ternary
CuZrAg thin films onto polymer substrates by direct current (DC)
magnetron co-sputtering from single element targets without substrate
rotation (Cu, Zr, Ag, 99.99 % purity, 7.5 cm in diameter, 2 mm thick-
ness, Kurt J. Lesker Company Ltd.). Following the procedure described
in Ref [38], 75 um polyimide (PI) substrates, ultrasonically cleaned with
acetone and isopropanol, were clamped between two Al rings, leaving a
circle of 90 mm diameter in the centre. The substrates were placed
approximately 8 cm below the confocal substrate stage position, towards
the magnetrons, to enlarge the compositional gradient. The view inside
the deposition chamber can be seen in Figure S1 (supporting informa-
tion, SI).

In total, two depositions were performed, which are referred to as
sample Ag 25 and Ag_7 throughout the manuscript. The numbers indi-
cate the mean Ag content on each sample, 25 at.% and 7 at.%, respec-
tively. Sputtering was performed at a process pressure of 5 10 ! Pa
with 15 scem of Ar flow, and a base pressure of 7 10 ° Pa or lower. The
specific process parameters for each sample, resulting in a film thickness
of ~ 2-3 pym and a total deposition time of approximately 6 h, are
summarized in Table 1. No temperature change was measured during
deposition, as detailed in our previous publication [38].

2.2. Thickness measurements and chemical characterization

The thickness and chemical composition of each thin film were
mapped across the polymer substrates with X-ray fluorescence spec-
troscopy (XRF, type Fischerscope XRF XDV, accuracy~0.1 pm),
including more than 400 measured spots per sample with a beam
diameter of 3 mm. XRF thickness and composition maps are shown in
Figure S2 and Fig. 2, respectively. The total film thickness ranges from
1.7 2.8 um. As detailed in Section 3.1, a1 um thickness variation does
not affect the comparative XRD analysis. The composition range of
CuZrAg on each sample was determined as: Cu 31.4-66.3 at.% /
Zr 26.9-61.8 at.% / Ag 4.8-13.14 at.% for sample Ag7 and Cu
25.4-55.3 at.% / Zr 25.0-55.3 at.% / Ag 15.6-33.8 at.% for sample
Ag.25.
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Table 1
Process parameters for combinatorial ternary thin film deposition.
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Sample Power (W) Current (mA) Voltage (V) Confocal Offset (cm)
Cu Zr Ag Cu Zr Ag Cu Zr Ag

Ag7 26 101 5 70 300 15 370 340 336 8

Ag 25 26 103 15 70 300 35 375 345 425 8

2.3. Structural characterization with Synchrotron radiation

X-ray diffraction measurements were performed in transmission ge-
ometry perpendicular to the thin film surface. Diffraction experiments
were realized using a monochromatic photon beam with the dimension
of 0.5 x 0.5 mm? and a wavelength of 0.2478 A at the synchrotron
beamline ID-22 (storage ring Hercules, ESRF, Grenoble, France). The
experimental setup is schematically shown in Fig. 1a. The diffraction
pattern was recorded by a flat panel detector Perkin Elmer XRD
1611CP3. A careful alignment procedure could match the positions of
the diffraction pattern point-by-point to the XRF maps, as shown in
Fig. 1b. Samples were scanned step-by-step along specific directions
with a step distance of 2 mm in the horizontal middle direction, 4 mm in
the horizontal bottom, top and vertical middle direction, and 8 mm in
the vertical left and right direction, measuring each spot twice. No sig-
nificant differences were observed between the two measurements,
excluding the possibility of beam-induced changes to the microstruc-
ture. Minor variations were used for error calculations. A detailed
description of the setup can be found in our previous publication [38].
Instrumental parameters were calculated from the LaBg powder pattern.
Diffraction rings were azimuthally integrated by the Fit2D software [45]
and the pair distribution functions were calculated by means of the
PDFgetX2 software [46]. Our experimental setup at the beamline was
not set-up (and optimized) for residual stress measurements, so we
cannot comment on the residual stress state of the films and its variation
as a function of composition/location, if any. Nevertheless, the pre-
sented analysis, particularly the cluster size (next paragraph), is broadly
insensitive to residual stresses in the film. For e.g., a residual stress of
1GPa changes the cluster size by less than 1 %. So, residual stress in the
films does not affect the results and interpretation presented in this
manuscript in any way.

The cluster size calculation was determined from the pair distribu-
tion function (PDF) signal length using the cumulative function CF(x)

a)

proposed by Bednarcik and co-workers [47] and previously successfully
used for binary combinatorial systems [38] in the following modified
form:

Pnax
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where g is the maximum value in the reduced pair distribution
function, G r , below instrument resolution that was fixed to 200 A. The
cumulative function is the decreasing function of the root mean square
value in the interval hx,200i, where x, for practical calculation is 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.

DiffPy software [48] was used to calculate the PDF model of a hex-
agonal Zr phase with 20 A crystallite size.

3. Results and discussion
3.1. XRF (chemical composition & film thickness)

The thickness and chemical composition of the ternary films were
mapped across the polymer substrates with XRF. The total film thickness
ranges from 1.7 2.8 um (Fig. S2, SI), due to the variation of sputter
parameters used to enlarge the compositional gradient between two
samples (Table 1) and co-deposition without substrate rotation. Based
on sample-detector distance and wavelength, a thickness increase of 1
um yields an increase in the radius of the Debye-Scherrer ring by less
than 0.06 pm, which is not measurable with the utilized detector (pixel
size of 100 x 100 pmz). Therefore, the thickness variations do not affect
the comparative XRD analysis and derived conclusions.

Fig. 2 summarizes the distribution of individual elements across the

b)

XRF film thickness

Fig. 1. Schematic of the synchrotron setup and measurement procedure. a) Recording of diffraction data in transmission geometry. (b) Correlative XRF thickness/
chemistry (black dots) and XRD structure mapping along specific directions (red lines). The grey scale in the background is schematically showing the film thickness
variation across the sample, determined by XRF. (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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Fig. 2. XRF mapping of chemical composition of the ternary CuZrAg thin films. a-b) at.% Cu, c-d) at.% Zr and e-f) at.% Ag for sample Ag 7 and Ag_25, respectively.
(a), (c), (e) represent sample Ag_7 and (b), (d), (f) represent sample Ag 25. A large and homogeneous compositional gradient was achieved by non-confocal co-
sputtering without substrate rotation. Orange (start), blue and black (finish) dots indicate the direction and exact position of the XRD line scans. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

polymer substrates, including the overlaid position of the XRD line scans
(blue dots). Start and finish points are indicated with orange and black
dots, respectively. It is obvious that the combinatorial deposition
approach resulted in large and homogeneous compositional gradients.
Elemental concentrations range between 25.4-66.3 at.% Cu, 25.0-61.8
at.% Zr and 4.8-33.8 at.% Ag. Between the two samples, mainly the Ag
concentration was varied (~5-10 at.% sample Ag 7 vs. ~ 17-32 at.%
sample Ag 25), as shown in Fig. 2 (e-f), while the gradients and con-
centrations of Cu and Zr remain similar (Fig. 2a-d). In Figure S2, XRF
maps are translated into a ternary phase diagram, illustrating that there
is no compositional overlap between the two samples Ag_7 and Ag_25.

3.2. Diffraction experiment

3.2.1. Identification of amorphous phases

Representative diffraction patterns acquired from the Ag 25 sample
along the horizontal middle line scan are shown in Fig. 3a. The colours
orange and black correspond to the first and the last measured point on
the sample, respectively, as marked in the XRF maps (Fig. 2). In fact, all
diffraction patterns from Ag 25 appear amorphous and not a single
reflection corresponding to a crystalline phase was detected in the entire
sample. Only a continuous shift of the amorphous peaks with chemical
composition is observed. In previous works on binary CuZr films pre-
pared and measured by a similar procedure [38], two phases were
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b)

d)

Fig. 3. Combinatorial XRD analysis. (a,c) Acquired diffraction patterns along the horizontal middle line scan for (a) sample Ag 25 and (c) sample Ag 7. (b,d)
Corresponding calculated PDFs of the first (orange) and last (black) diffraction pattern. While for (b) high Ag content, the calculated difference (blue curve),
representative of the hypothetical Zr phase, does not overlap with the calculated PDF model of hexagonal Zr (18 A crystallite size, red curve), at larger atomic
distances, r, the overlap becomes significantly better for (d) lower Ag content. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

identified: (1) the amorphous phase with a chemical composition close
to Cus;Zri4 and (2) the crystalline phase of Zr with a hexagonal close-
packed crystal structure; both diffraction maxima held their position
throughout the entire CuZr composition range. Shifting diffraction
maxima in the case of the ternary CuZrAg composition (Fig. 3a) in-
dicates facilitated glass formation with addition of Ag to the CuZr sys-
tem. The stoichiometry for forming the amorphous phase is no longer
strictly limited to Cus;Zri4, but variable over a larger range of chemical
compositions. Since the concentration of Zr gradually increases at the
expense of Cu in the horizontal line scan, while the concentration of Ag
is almost constant (Fig. 2b,d,f), the PDFs were also evaluated to identify
a hypothetical Zr phase or other intermetallic or oxide compounds.
Fig. 3b shows the corresponding first (CuseZraeAgis, orange curve,
middle) and last (CugeZrsaAgoo, black curve, top) calculated PDFs from
the horizontal middle line scan and their difference (blue curve, bottom,
Fig. 3b), which may be indicative of the Zr phase. The calculated PDF
model of the hexagonal Zr phase (20 A crystallite size, red curve, Fig. 3b)
is plotted on top of the difference curve. From this comparison it is
obvious that the peak positions of the difference curve do not fit well
with the model phase, mainly at the larger displayed distances, r, which
indicates that the formation of the Zr phase most likely does not occur.
Models of other possible phases, including oxides and intermetallics,
were also created, but no single one or any combination of them came

close to the hypothetical Zr phase (difference curve). It can be concluded
that only amorphous phases are forming in the entire composition range
of the Ag_25 sample.

Evaluation of all scans performed on sample Ag 7 shows only
amorphous phase in each diffraction pattern, except for the horizontal
middle line scan (constant Ag content, Fig. 2e), which will therefore be
discussed in more detail. Fig. 3c shows the diffraction patterns recorded
from the horizontal middle line scan of sample Ag 7. Similar to the
previously discussed sample, the amorphous peak changes its position
along the scan direction depending on the chemical composition.
Additionally, it should be noted that around 60 at.% of Zr, peak nar-
rowing occurs. Analogous to sample Ag_25, the PDF of the first and last
measured location, their difference and the calculated PDF of the model
Zr phase are shown in Fig. 3d. The overlap between the difference curve
(blue) and the Zr phase model (red) is significantly better at the larger
interatomic distance, r, as compared to the Ag_25 sample.

A simple peak analysis was performed by fitting the first maxima in
the diffraction pattern with the well-known Lorentzian function in the
following form:

2A ®Q
T4Q Q° 0Q

The skewness parameter (peak asymmetry), a, was included in the

LQ

2 2
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calculation of the peak width w(Q) as a function depending on the
reciprocal space, Q, where Qo is the peak position, wy is the symmetry
peak width and A is the amplitude:

2(1)0

®Q o a

3
A demonstrative example of peaks with different skewness values
(zero, negative and positive) is shown in Figure S3. The peak fitting
results of all diffraction patterns as a function of the content of indi-
vidual elements are shown in Fig. 4, combining sample Ag 25 (closed
symbols) and Ag 7 (open symbols). To facilitate readability, each
parameter is also presented in the form of a ternary phase diagram in
Fig. 4d. The first plotted parameter is the position of the first peak in
reciprocal space Q (Fig. 4a). The peak position of amorphous materials is
strongly dependent on the chemical composition and the amorphous
cluster type. It appears that in our case, the Zr content is controlling the
peak position (linear correlation), but the peak position is compensated
by different ratios of Cu and Ag. For example, vertical middle scans (red
data points, Fig. 4a) with the same peak position value of 2.72 A ! have
the compositions Cus9Zrs3Age and CusgZrysAgig on sample Ag 7 and
Ag 25, respectively. Similarly, Ref. [9] reports a shift of the broad XRD
hump to higher 26 angles with the decrease of the Zr/Cu atomic ratio
due to the lower atomic radius of Cu (1.278 10\) compared to Zr (1.600 108).
Their peak position remained constant with the Ag content (1.3-15.2 at.
%), as the radius of Ag (1.444 [o\) is close to the average of Cu and Zr.

The more important parameters for the purpose of crystalline phase
identification are the following: peak width (or integral breadth, Fig. 4b)
and peak asymmetry (Fig. 4c and Fig. S3). The peak width corresponds
to the average size of the observed crystalline phase or distribution of
interference of short-range ordered atoms in amorphous materials. For
our films, the peak is narrower with higher content of Ag (Fig. 4b). In
case of the lower Ag content (sample Ag_7), the distribution of atomic
interference is wider (Fig. 4b) but the cluster sizes from PDF analyses
(Fig. 5, discussed in detail later) are close. It should be noted that the
peak width evolution is irregular in the horizontal middle scan for the
last four measured points, with a drop to significantly lower values. A
very similar drop can be observed in the case of peak asymmetry
(Fig. 4c). For an illustrative example of negative and positive peak
asymmetry, readers are referred to supporting information Figure S3. Li
et al. [22] propose the assumption that fully glassy structures result in
symmetric diffraction peaks, because asymmetry results from the exis-
tence of closely spaced peaks of different intensities, which is associated
with having different phases in the film. In our study, both evaluated
parameters, width and asymmetry, predict the same tendency of crys-
talline phase formation. While the sudden narrowing of the peak at low
Ag content indicates the growth of the medium or long-range ordered
phase, the simultaneous excessive drop of the peak asymmetry to
negative values indicates the beginning of the splitting of the peak, i.e.
the formation of a new reflection. This is also explaining an increase in
the cluster size in this region with low Ag and high Zr content (red re-
gion, Fig. 5b) in the evaluated PDFs.

The cluster size is calculated from PDFs by the cumulative function
CF(x) following the procedure described in experimental methods and
Ref. [38]. Calculated cluster sizes for Ag_7 (open symbols) and Ag_25
(closed symbols) are plotted as a function of individual elements
(Fig. 5a) and summarized in a ternary diagram (Fig. 5b). For higher Ag
concentrations, the cluster size ranges from 15.5 up to 18.7 A over the
whole sample, while with lower Ag content a wider range of cluster sizes
from 14.1 — 20.7 A is observed. At lower Ag concentration (sample
Ag 7), Cu and Zr atoms have a greater influence on the formation of the
structure compared to sample Ag_25. It is evident that the cluster size
clearly jumps over 20 A (red horizontal line, Fig. 5a) at concentrations of
Zr higher than 57 at.% and 7 at.% of Ag. The crystalline phase formation
is indicated by such a discontinuous increase in cluster size.
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3.2.2. Crystallisation of Zr phase

To investigate the observed changes in peak parameters further, the
last five diffraction patterns from the horizontal middle scan of sample
Ag_25 are shown in Fig. 6a. Significant changes in the peak asymmetry
and broadening parameter were observed in the last four scans. Looking
at the first diffraction maximum (smaller inset, Fig. 6a), we observe a
gradual shift of the peak centre towards the vertical marker (Q 2.56
A 1), which indicates the position of the (1 01) plane of the hexagonal Zr
phase. A gradual rise of the peaks corresponding to the Zr phase can also
be seen in the area around 4 A ! (larger inset Fig. 6a). Unfortunately, it
was not possible to refine the whole diffraction pattern because the
signal from the reflections is too weak. However, it is possible to state
that XRD provides observation of the early stages of the Zr phase for-
mation from 57 at.% Zr content, while the Ag content is 7 at.%. Fig. 6b
shows an exemplary Debye-Scherrer ring measured for the last scan on
the horizontal middle line of sample Ag_7 (CussZreoAgy, purple line in
Fig. 6a). The partial ring is condensed and divided into 5 deg radial
segments, plotted on the y-axis as azimuthal angle. Those divisions
respect our measurement geometry, where the direct beam is shifted to
the corner of the detector (Fig. 1a). Therefore, part of the detector signal
was excluded from the analysis in Fig. 6b. The varying peak intensity in
the diffraction pattern from bottom to top clearly indicates a preferred
crystallographic orientation (black arrows in Fig. 6b), typical for crys-
talline materials. In contrast, smooth diffraction rings without any high-
intensity spots are typical for amorphous phases [38]. We observe
textured diffraction rings in all regions containing Zr nanocrystals.
Rietveld refinement of the Zr nanocrystals was not possible due to the
low intensity in the recorded diffraction patterns. Comparing to our
binary CuZr work [38], where we do present refinement of the identified
Zr phase, those nanocrystals were “huge” (about 5 nm) and the highest
volume ratio was about 82 %. In the case of the ternary CuZrAg system,
the volume ratio of crystalline Zr is probably less than 5 %. Furthermore,
for binary compositions, it was possible to separate the two diffracting
phases, subtract the amorphous and refine the nanocrystalline part of
the diffraction pattern. However, this is not possible with the ternaries,
since the amorphous phase changes its composition.

The question, why some of the compositions on the Ag 7 sample
cannot be produced as fully amorphous phase, even though amorphous
ribbons can be achieved easily with a few percent of Ag additions cannot
be answered unambiguously based on our analysis. Comparison be-
tween melt-based and evaporation based methods is difficult due to
different cooling rates and mechanisms involved. In PVD, effective
cooling rates of 10*-10* K/s are reported for glasses [49], far below the
rate necessary for melt-quenching from above the melting temperature
Tm ~ 10° K/s [50]. However, we are not the first ones to report nano-
crystalline microstructures for sputter-deposited thin films at low Ag and
high Zr content (see smaller red area, Fig. 7). Compared to Ref. [22], we
are able to delay crystallization of Zr to higher Zr contents, from 55 % to
57 % at equivalent Ag levels. This indicates the importance of deposition
conditions on the resulting microstructure.

3.2.3. The CuZrAg ternary thin film system

To contextualize our results, the findings of this study (172 alloys)
are combined with the previous binary CuZr data (36 alloys) [38] in
Fig. 7, to identify the composition dependence of glassy regions of
CuZrAg sputter-deposited thin films on polymer substrates. Literature
data of thin films on rigid Si substrates is also included for comparison.
The separation between fully amorphous (black or grey symbols, for our
data and literature, respectively) and crystalline areas (red symbols),
including the amount of nanocrystalline phase content as determined
from high-resolution XRD peak analysis (written precentage values in
red), is indicated. A detailed discussion on the differences between bi-
nary CuZr on polymer and literature data on bulk samples and Si sub-
strates can be found in our previous publication [38]. Essentially, we
were not able to reproduce the known glass formation of CuZr (best glass
formers located at CusgZrsg and CuggZrzg [30,51-53]) and instead
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Fig. 4. Detailed analysis of the diffraction peaks as a function of elemental composition. The peak position data (a) does not indicate any anomaly from the trend
curve. The integral breath (b) and peak asymmetry (c) show dropping values as a function of chemical composition, at the highest level of Zr and low Ag con-
centration. The legend in (a) “horizontal middle/top/bottom” etc. refers readers to the position of the data points with respect to the XRD line scans performed on the
s‘ample, as shown in Fig. 1b and Fig. 2. d) Ternary diagrams summarizing the evolution of peak position, breadth and asymmetry.

<

Fig. 5. Calculated cluster size of ternary CuZrAg thin films. The results are plotted a) as a function of elemental composition and b) combined in a ternary diagram.
The cluster size range is larger with lower Ag concentration. Cluster sizes larger than 20 A (red horizontal line in a)) indicate the presence of nanocrystalline phases.
The legend “horizontal middle/top/bottom” etc. refers readers to the position of the data points with respect to the XRD line scans performed on the sample, as shown
in Fig. 1b and Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a) b) Cuy4ZreoAgy

\

v

Fig. 6. Early stages of nanocrystalline Zr phase formation. a) In the last five diffraction spots from the middle horizotal line scan, a gradual shift of the first diffraction
maximum towards the Zr (101) peak (smaller inset) and a gradual rise of peaks at larger Q values (larger inset) also corresponding to the Zr phase is observed. b)
Condensed partial Debye-Scherrer ring of the last diffraction spot (purple line in (a), CussZrgoAg;). The 52 plotted segments, representing 210 degrees of the
azimuthal part of the diffraction pattern, clearly show variations in the peak intensity, which are indicative of a preferred crystallographic orientation in the regions
containing nanocrystals (black arrows). (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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Fig. 7. Composition dependent structure of CuZrAg ternary thin film metallic glasses. Fully amorphous compositions and compositions containing various amounts
of nanocrystals are indicated and compared to a broad range of literature [9,18,19,22,33,38,44,54]. For amorphous compositions, black (our results, on polymer
substrate) and grey (literature data, on Si) is chosen simply to enhance readability. The written precentage values refer to the degree of cristallinity in our samples.

obtained dual-phase nanocomposite films with varying amounts of
hexagonal Zr phase. Influencing factors include cleanliness of the
deposition chamber (O3 impurities are known to aid glass formation and
stability [33]), choice of substrate (polyimide vs. Si) and sputter
approach (co-[18,36,54], sequential- [55] or combinatorial-
deposition). In contrast, our results for ternary CuZrAg films sputter-
deposited under identical conditions are in good agreement with the
reported improvement in glass formation through the addition of Ag. We
can attest fully amorphous microstructures to 97 % of investigated alloy
compositions (167 out of 172). Considering the predicted liquidus pro-
jection of CuZrAg [56] or films are located in an area with many eu-
tectics and peritectics, known to enhance glass forming ability, as shown
in Figure S4a. For rapid quenching, an optimum Ag content has been
reported (e.g. CuysZrasAgio [16]), above which the formation of inter-
metallic compounds (max. 16 at.% Ag) is observed. This trend is not
reflected in our thin films at all, as all alloys in the sample with higher Ag
content (Ag_27: ~15-35 at.% Ag) are fully amorphous. On the contrary,
we only see first traces of Zr crystallization at low Ag content (7 at.%)
and with simultaneously high amounts of Zr (>57 at.%); the formation
of intermetallics would have certainly been picked up by our high-
resolution synchrotron analysis. Better glass formation and a larger
composition window compared to bulk processing routes are expected
for sputter-deposition, due to its non-equilibrium nature, bypassing ki-
netic limitations. Ternary equilibrium phase and amorphous formation
diagrams for CuZrAg can be found in Refs. [56,57]. Overlaying our
datasets onto the amorphous formation diagram [56] (Fig. S4b) reveals
that our fully amorphous films bridge several areas with different
microstructure evolution, also reaching into fields described as “fully
crystalline” and “partially amorphous”. Regarding partially amorphous
compositions, the diagram explicitly mentions Ag-rich particles as sec-
ond phase, which we do not observe, while crystalline areas in the Zr
rich corner crystallize in the HCP lattice, which we do observe in a much
lesser extent with our Zr nanocrystals. Considering the liquidus projec-
tion of CuZrAg [56], our thin films (max. Ag content 34 at.%) are located
in a region were solubility of Ag is reasonable from a thermodynamic
point of view (e.g. below the 2 liquidus phase field, in which there is a
higher tendency for segregation, Fig. S4a).

Also, in contrast to our observed Zr nanocrystals, literature reports
XRD amorphous thin films up to 65 at.% Zr throughout 1.3-15.2 at.% Ag
[9], whereby these differences may arise from the resolution limit of the
utilized laboratory XRD. Generally, higher amounts of Zr in the film
would benefit the corrosion properties [18], while a higher amount of
Cu can enhance the mechanical properties [9]. Very recent works on
combinatorial CuZrAg thin film libraries on Si wafers [22] attest the
highest GFA, derived from the width of the first diffraction peak, to

compositions along the 10 at.% Ag line. Similarly, our films exhibit
widest peaks at low Ag content (7 at.%, Fig. 4b, right). Within the
deposited library in Ref [22], the majority of compositions are fully
amorphous based on XRD analysis (data included in Fig. 7) and analo-
gous to our analysis, the transition from glassy to crystalline structures is
continuous as the first diffraction peak gradually becomes sharper or
asymmetric due to the formation of nanocrystals. As evident from Fig. 7,
the nanocrystalline region of Ref. [22] on the bottom right corner occurs
at similar Ag but lower Zr concentrations (~50 at.%). Unfortunately, the
nature and amount of the nanocrystalline phase in this region, over-
lapping our fully amorphous data, is not further detailed. Further evi-
dence of nanocrystals below our Zr threshold value can be found in the
study of Jain et al. [33], reporting broad diffraction patterns for
Zr50CuspAgio films but with sparsely distributed nanocrystals only
visible in HR-TEM. Wieczerzak et al. [24] do not clearly distinguish
between amorphous and crystalline compositions, which are therefore
not included in Fig. 7.

Regarding the local segregation phenomena of individual matrix
elements (Ag) into vein-like structures reported by TEM [19], it is not
possible to observe suchlike with our presented XRD synchrotron
method. If segregation of Ag causes the formation of nanocrystal, we
would certainly be able to detect those, which was not the case. The limit
to resolve grain size with our analysis has previously been shown to be
below 1 nm diameter for Zr nanocrystals [38].

3.2.4. Wider impact of Synchrotron analysis for TFMG development
Besides the importance of the investigated thin film system itself, it is
also worth to highlight the merit of our high-resolution XRD synchrotron
peak analysis approach for thin film metallic glass research. This indi-
rect way of determining short- or long-range order of materials based on
their diffraction signal does not require additional sample preparation
steps and as demonstrated here, large areas can be mapped in a time
efficient manner. For laboratory diffractometers, developed to charac-
terize crystalline materials above 1 vol% from narrow high intensity
peaks, the crystal size detection limit is around 2-2.5 nm [58]. Hence,
the possibility of undetected crystalline nano-domains embedded in the
Zr-Cu amorphous matrix [36] can often not be excluded with certainty,
exacerbating comparisons between different research groups. We are
able to identify smallest traces of crystalline Zr phase by thorough
analysis and cross-correlation of different peak parameters. Specifically,
this means that the important parameters for crystalline phase identi-
fication are peak width and symmetry, and that the significant changes
are not reflected in the peak position. A similar approach has recently
been proposed by Li et al. [22]. With their laboratory XRD equipment,
the acquisition time is 7 min per spot with a spot size of 8 6 mm?
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within which compositional variation of roughly 1-4 at.% for different
elements occur. With our synchrotron XRD spot size of 0.5 x 0.5 mm?
and a measurement time of 120 s, the irradiated volume has a chemical
gradient of about 0.5 at.%. For the XRF mesh, recorded in the lab prior to
the synchrotron campaign, the spatial resolution is about 3.3 x 3.3 mm?
and the highest concentration gradient is less than 4 at.%, resulting in a
chemical resolution close to 1 at.%. Since XRF and XRD spots were
measured separately, the combined composition resolution of our
approach is, therefore, 1 at.%. Alternatively, HR-TEM imaging can
directly uncover nanocrystalline structures of a few nm [39,40], and
combined with selected area electron diffraction (SAED) 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.

Besides being more efficient and precise, our data questions the
claims of Li et al. [22] on the discovery and existance of a universal
indicator for metallic glass forming ability (GFA). Their work states that
this universal indicator for GFA is the width of the first diffraction peak
(Aq) in the pattern of metallic glass. For this purpose, the term corre-
lation length (L) is used, which is proportional to the reciprocal value Aq
in the form:

2r
7Aq @
where 7 is the average atomic radius calculated from the chemical
composition of the metallic glass. The authors hypothesize that the
short-range disorder given by the width of the first diffraction peak is
correlated with the GFA, and the lowest value of L is with the best GFA.
As detailed in the following paragraph, we have reason to believe that
basing this analysis only on the calculated average atomic radius for
each analysed composition neglects important atom scattering in-
tensities and therefore, does not apply universally. Additionally, when
trying to re-calculate the reported average radii reported in Ref [22], we
cannot reproduce those values unless a deviation of 8 % is added.
Using the analysis presented in article [22] published in Nature
Materials, the results of our peak analysis are shown in Fig. 8, as a
function of calculated average atomic radius. Following their interpre-
tation, the correlation length calculated from our results (Fig. 8a) sug-
gests that the metallic glasses with 7 % Ag content (open symbols)
should have much better GFA parameters than almost all alloys with 25
% Ag content (filled symbols). Within the Ag_7 sample, nanocrystalline
compositions do exhibit a sharp increase in L values. However, it is also
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evident from the results that these compositions, in which the crystalline
phase is already present, should still have a better GFA (lower L value)
than the fully amorphous alloys with higher Ag content. Interestingly,
even the binary CuZr alloys published in [38] achieve better GFA values
compared to some ternary metallic glasses with Ag content.

For comparison, we also plot the cluster size calculated from PDF as a
function of average atomic radius. Concerning the indicativness for glass
formation, the observed trend is more clear than for correlation length.
Specifically, compositions containing nanocrystalls exhibit largest
values for radius and cluster size.

The problem with the evaluation in Ref. [22] consists of relativizing
the obtained signal to the average size of the atom and not respecting
individual atom scattering X-ray radiation intensity. The peak width as
coherent scattering domain size was already introduced by Scherrer in
1918 in his well-known work [59]. However, it is valid for massive
constructive interference given by the long ordering of the crystal lat-
tice. In amorphous materials, on one hand, constructive interference is
given by very close atomic neighbors and their distances. On the other
hand, it is impossible to neglect the strong contribution of the elastic
scattering intensity from individual atoms to reciprocal space. An
excellent example for comparison is the amorphous composition of bi-
nary CuZr and ternary CuZrAg. While the radii of the atoms in ascending
orderarerc, 1.278 A, rag  1.444 A, andrz 1.600 A, their electron
configurations are Cu: Ar 3d10 4s1; Ag: Kr 4d10 5s1 and Zr: Kr 4d2 5s2.
It follows that the intensity of elastic scattering from X-ray radiation
does not correlate with the size of these atoms. In the CuZr binary alloy,
the atomic pairs are roughly 2.6 A to 3.2 A apart and a broader peak is
observed. If Ag is added to the composition, the distances of atomic pairs
with Ag are approximately in the middle of this range (distances Ag-Ag,
Ag-Cu, Ag-Zr are 2.9, 2.8 and 3.1 A, respectively). However, it is
necessary to notice that Ag atoms scatter with the highest intensity, due
to the highest number of electrons. Therefore, a higher intensity of the
amorphous peak is observed from the interference of clusters containing
the Ag pairs. As a result of increased peak intensity, Aq will slightly
decrease with increasing Ag content, even though Ag is well known to
increase the GFA in the CuZrAg composition [16].

4. Conclusions

Ternary CuZrAg thin films were co-sputtered onto polymer sub-
strates for a combinatorial mapping of the phase composition over a
wide range of chemical composition using synchrotron X-ray diffraction.
Compared to binary CuZr, a poor glass former on polymer substrates,
addition of Ag significantly improves glass formation in the alloy system

Fig. 8. Diffraction peak analysis as a function of average atomic radius. a) Correlation length, L, derived from XRD pattern. Ref. [22] postulates L as a universal GFA
indicator, where compositions with lowest L values are best glass formers. In contrast, our compositions containing crystalline phase (highlighted with dashed circle)
still have a lower L value than the fully amorphous alloys with higher Ag content and even binary CuZr alloys [38] achieve lower L values compared to some ternary
metallic glasses with Ag content. b) Cluster size calculated from PDF, with compositions containing nanocrystalls showing highest values for radius and cluster size.
The legend “horizontal middle/top/bottom” etc. refers readers to the position of the data points with respect to the XRD line scans performed on the sample, as shown

in Fig. 1b and Fig. 2.
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under otherwise identical deposition conditions. In this regard, we could
prove that 167 out of 172 investigated alloys are fully amorphous. For
five compositions (>57 at.% Zr and 7 at.% Ag), early stages of crystal-
line Zr phase formation were found. This conclusion is based on thor-
ough cluster size determination, texture (peak intensity) observation
and peak analysis. Our analysis shows that the most important param-
eters for crystalline phase identification are peak width and symmetry.
Cross-correlation of those reveals significant changes, while this foot-
print of crystallisation is not reflected in the peak position. While
identification of local segregation phenomena is beyond the capabilities
of our method, we can ascertain that crystallization of Ag, reported for
bulk samples, does not occur for our magnetron sputter deposition.
Owing to the small XRD spot size (0.5 x 0.5 mmz), short measurement
time (120 s), and high-resolution capabilities for crystalline inclusions
(<1 nm diameter), our approach is ideally suited for analysis of
combinatorial libraries and other film systems with compositional gra-
dients. For our XRD data, the peak width does not correlate with the
TFMG composition showing the best glass formation, in contrast to
recent literature. A better correlation was observed with the cluster size
calculated from PDF. Furthering our understanding of the microstruc-
ture development of TFMG, and CuZrAg alloys in particular, together
with a large composition window of amorphous alloys on flexible sub-
strates is highly relevant in view of favourable antibacterial properties
and potential application as coatings for mechanically flexible
biomedical surfaces.
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