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High-entropy alloys (HEAs) and high-entropy metallic glasses (HEMGs) represent two intensively researched
classes of materials with high technological interest for applications as functional coatings with high strength,
hardness, toughness, and corrosion resistance. The distinctive structural difference between single-phase

?;talfl_ilc glass crystalline solid solutions for HEAs and liquid-like disorder for HEMGs generates a seemingly insuperable
Disl:)lrci: contrast. In this work, we demonstrate that we can deliberately choose between crystalline or glassy properties

by introducing structural disorder in HfMoNbTiZr thin films of identical composition. Using pulsed laser
deposition (PLD) at different growth conditions, we reproducibly tune the structure of HfMoNbTiZr coatings
from crystalline to fully amorphous. We show that the level of disorder has a profound impact on the
mechanical properties of the coatings using the hardness derived from nanoindentation measurements as an
example. While the hardness of polycrystalline HfMoNbTiZr layers already exceeds the single-phase bulk value,
the amorphous HfMoNbTiZr is even clearly harder, demonstrating a distinctive improvement with introducing
disorder. Our findings bridge the two seemingly different concepts of HEAs and HEMGs and demonstrate that
structural disorder is not a given material property. Instead, disorder can serve as a useful design parameter
for customizing the properties of functional coatings.

composition can further enhance the already promising properties of
HEAs.
High-entropy alloy thin films are a new class of coatings, aimed

1. Introduction

The properties of materials are inextricably linked to their level
of disorder. Structural disorder in glassy materials [1-7] and defect-
induced conductivity [8-10] are classic examples of the dominant role
of disorder. More recently, novel and unusual properties in alloys with
multiple principal elements [11-14] have attracted the attention of the
materials science community [15-18]. In these so-called high-entropy
alloys (HEAs), configurational disorder on a single-phase crystalline
lattice yields properties beyond the superposition of the constituent

at exceeding the performance of conventional alloys in challenging
environments, where for instance a combination of high stability and
hardness at elevated temperatures is required [22]. Indeed, reports
on high-entropy alloy thin films confirm their outstanding perfor-
mance as coatings with high thermal and chemical stability at elevated
temperatures, excellent strength and hardness, superior resistance to

elements [12,13]. Research on high-entropy materials has become a hot
topic, also extending to the realm of thin films to meet the persistent
demand for coatings with ever-improving properties such as strength,
hardness, toughness, and wear resistance [19-21]. While the HEAs
for coatings are often selected based on the remarkable features of
bulk HEAs, the step to thin films provides access to additional degrees
of freedom to optimize material properties. Here, we demonstrate
that deliberately introducing structural disorder without modifying the

irradiation, wear, fatigue, corrosion, and oxidation [19-21,23]. In par-
ticular, HEA thin films based on refractory metals like Nb, Mo, Ta,
and W have attracted considerable interest thanks to their excellent
mechanical properties such as high strength and toughness, and ther-
mal stability owing to their high melting point [22,24-27]. Among the
vast class of refractory HEAs, HfMoNbTiZr has been selected for the
present study of high-entropy alloy thin films, based on the remarkable
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properties reported for HfNbTiZr-based bulk alloys, including solid-
solution strengthening, strain hardening, homogeneous deformation,
and structural stability, as well as properties of general interest such
as high hydrogen storage capacity and superconductivity [28-31].

Finding the ideal functional coating is well known to require more
optimization than just the selection of elements, exemplified by the
effects of various heat treatments on material properties [32]. The role
of disorder and imperfections is also essential for the application of
materials. Vacancies, grain boundaries, or surface roughness, for exam-
ple, are known to strongly affect the physical, chemical, and electrical
properties of polycrystalline alloys [33,34]. Even stronger effects can
be achieved by selecting materials that prefer to form metallic glasses,
which have been shown to exhibit different mechanical properties,
such as hardness, ductility, and deformation behavior, also as thin
films [35]. In the case of high-entropy materials, the beneficial effects
of disorder have led to the emergence of the class of high-entropy
metallic glasses (HEMGs), which have shown excellent mechanical
and electrical properties, structural stability, and resistance to anneal-
ing and irradiation [36-38]. Reports of remarkably high hardness in
HEMGs [36,39-42] are attributed to their fully disordered structure,
characterized by the absence of grain boundaries, point defects and
long-range order. While HEMGs and HEAs are typically characterized
by different compositions, favoring either amorphicity or crystallinity,
thin films offer additional structural versatility via the tuning of growth
parameters. Also for binary alloys, it is possible to modify the growth
conditions such that layers close to or far from equilibrium can be
achieved [43]. A recent example using PLD of CuZr demonstrates
the significant effect of structural disorder on electronic, optical, and
surface chemical properties of alloy layers [44]. Deliberately intro-
ducing structural disorder via off-equilibrium layer growth eradicates
the co-dependence of structure and stoichiometry, opening up new
pathways to customize existing materials for new applications. Building
a bridge between HEAs and their glassy counterparts will add versatility
to this highly promising class of materials, for example allowing for
the application of a single HEA as hard coating and as mechanically
compliant film.

Here, we demonstrate that the hardness of the high-entropy alloy
HfMoNbTiZr can be improved by deliberately introducing structural
disorder to this material, which typically forms a single-phase crys-
talline structure [29,31]. By appropriately tuning the substrate temper-
ature during PLD, different levels of structural disorder are obtained,
ranging from fully amorphous to polycrystalline, without variation
of the average chemical composition. The resulting amorphous Hf-
MoNbTiZr thin films clearly outperform their crystalline counterpart in
hardness. Our results thus establish structural disorder as an effective
parameter to tune the properties of high-entropy alloy thin films,
merging the concepts of HEAs and HEMGs for versatile functional
coatings.

2. Methods
2.1. Sample preparation

HfMoNDTiZr thin films were deposited onto 5 x 5 mm? Al,05(0001)
substrates (Siegert Wafer GmbH) via pulsed laser deposition (PLD)
using a KrF excimer laser (A = 248 nm, 20 ns pulse duration) with
a typical energy density of 10.5-11.0 J/cm? and laser repetition rate
of 10 Hz. Sapphire substrates were chosen for their thermal stability,
minimal intermixing with the substrate, high hardness, and availability
of high-quality stoichiometric samples. The substrates were cleaned
prior to deposition with sequential ultrasonic baths of acetone and
isopropanol. A custom-made equiatomic HfMoNbTiZr target was used
for the deposition process. The target was synthetized by arc-melting
using powders or pieces of high-purity Hf (99.90%), Mo (99.95%),
Nb (99.99%), Ti (99.99%), and Zr (99.95%). During the fabrication
process, the target was re-melted more than 10 times after turning
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and rotating to ensure homogeneity. The base pressure of the PLD
system was better than 5.0 x 10710 mbar at room temperature and
below 10~7 mbar at the maximum growth temperature of 900 °C. All
the depositions were performed in 4.0 x 10~2 mbar Ar (purity 6.0)
background pressure. During all depositions, the chamber pressure is
dominated by the high pressure of Ar. Contaminants in the Ar gas and
the gas lines (evacuated using a turbomolecular pump) are expected to
lead to a level of contamination ~10~7 mbar. An infrared laser heater
(4 = 980 nm) was used to heat the substrate while the temperature
was monitored with a pyrometer. The thickness of the films ranged
between 20 nm and 100 nm. These thicknesses were determined from
the amount of material deposited per laser shot, estimated from a room-
temperature growth calibration using atomic force microscopy (Bruker
Dimension Icon microscope operated in tapping mode in air). For this
measurement, a sharp step of the full film thickness was prepared
by locally applying a droplet of soluble photoresist material before
PLD growth, and dissolving it in acetone after deposition. The room-
temperature growth rate calculated from this step height is used as
estimate for all layer thicknesses. The uncertainty based on differences
in density of layers grown at different temperatures is expected to be
small and all metals in HfMoNbTiZr have negligible vapor pressures at
the maximum temperature of 900 °C. The elemental composition of the
custom-made HEA target and deposited HEA thin films was measured
by means of energy-dispersive x-ray spectroscopy (EDX) using a FEI
Verios 460 SEM-EDX system equipped with a Schottky field electron
gun and an Oxford Xmax 80 detector. SEM images of the surface
morphology were acquired using the same setup, with an electron
energy of 10 keV and beam current of 100 pA.

2.2. X-ray diffraction

The structural properties of HEA thin films grown at different
conditions were investigated ex situ by means of grazing incidence x-ray
diffraction (GI-XRD), minimizing the signal from the substrate. For each
set of growth parameters we report, the structural data was reproduced
on at least three different samples. The GI-XRD investigation was per-
formed using a Bruker D8 QUEST diffractometer system equipped with
an Incoatec IuS 3.0 CuKa x-ray source (4 = 1.5406 Z\) and a PHOTON
IT Charge-integrating Pixel Array Detector (CPAD). The diffractograms
were obtained by integrating over lines of constant 26 angle on the
2D detector using the Bruker APEX4 software. The GI-XRD angle was
optimized for each sample to minimize the peak of the substrate,
because the diffractometer is not optimized for positioning samples
in grazing-incidence geometry with calibrated angles. The integration
areas are highlighted in the 2D diffraction patterns by light blue lines.
Additional bright, sharp diffraction peaks attributed to crystalline melt-
ejected droplets during deposition [44] have been removed in Fig. 1 for
clarity (see Figure S1 of the Supporting Information for the raw data
and additional information).

2.3. Transmission electron microscopy (TEM)

A JEOL 2010 operating at 200 kV (and equipped with a LaBg
electron source) was used to record selected area electron diffraction
(SAED) patterns and bright-field TEM images with relatively small
objective aperture to generate strong scattering contrast to differentiate
between amorphous and (nano)crystalline structures. TEM samples
were produced by depositing the HEA films directly onto 20 nm thick
silicon-nitride membranes and then directly capping these films with
a 10 nm amorphous Si layer. For comparison, TEM samples without
capping layer were produced and analyzed. The thickness of all TEM
samples was approximately 20 nm.
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2.4. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed in an ultra-high vacuum (UHV)
setup (base pressure below 1.0 x 10~° mbar) equipped with a Scienta
Omicron R4000 HiPP-3 analyzer (swift acceleration mode, 1 mm en-
trance slit) and a monochromatic Al-Ka x-ray source (1486.6 eV). The
HEA thin films were investigated immediately after deposition to infer
the chemical composition and overall purity of the surface: the samples
were transferred from the PLD growth chamber to the XPS analysis
chamber via an UHV transfer system to prevent contamination due to
air exposure.

2.5. Hardness measurements

The hardness of the HfMoNbTiZr thin films and the bulk PLD
target was determined via nanoindentation measurements performed
using a Femtotools FT-104 system equipped with a Berkovich diamond
tip (radius ~200 nm) and FT S-20000 bi-axial MEMS force sensors.
The indentations were performed in ‘continuous stiffness measurement’
(CSM) mode [45] (200 Hz frequency, 2 nm amplitude, loading rate
10 nm/s), providing continuous results as a function of penetration
depth. Before each set of measurements, the nanoindentation tip was
calibrated on a fused silica lens (Thorlabs) reference sample to exclude
the effect of tip shape changes between measurements. To minimize
the contribution of the Al,0;(0001) substrate, films of a thickness of
at least 100 nm were used and the indenter maximum penetration
depth was set to 180 nm. The hardness values were then extracted by
averaging more than 30 measurements performed on different locations
distanced several microns from each other. The analysis of the individ-
ual indentation curves reveals a random variation between indentations
on the same sample, in line with a stable shape of the indenter tip. For
the bulk HEA target, the maximum penetration depth was set to 1.2 pm
to minimize the contribution of the much higher surface roughness.
Effects of pile-up and sink-in during the measurements were taken into
account by calibration of the tip area function. If the ratio of the total
plastic deformation to the maximal penetration depth is close to or
smaller than 0.7, pile-up is expected to be of minimal influence in the
measurements [45]. For our experiments this ratio is close to 0.65, both
for the crystalline and amorphous samples.

3. Results

To paint a comprehensive picture of HfMoNbTiZr thin films, we
connect the growth parameters to measurements of the structure, com-
position, topography, and hardness of the layers. The structural investi-
gation was performed by means of GI-XRD with a 2D detector. Fig. 1.a
provides an overview of the temperature-dependent diffractograms
obtained from samples grown at substrate temperatures ranging from
room temperature (RT) up to 900 °C. The diffraction pattern of the
HEA film grown at RT corresponds to the one expected from amorphous
structures [44,46,47], exhibiting two broad and weak peaks (commonly
referred to as amorphous halos) centered at approximately 37° and
63°, with a full width at half maximum (FWHM) of 5.5° and 10.5°,
respectively. These peaks are also characteristic of the diffractogram of
the sample grown at 700 °C, although a clear narrowing is discernible
(FWHM reduces to approximately 3.6° and 7.5°). The broad, low-
intensity peak at 54° is ascribed to an attenuated signal stemming
from the Al,O; substrate, visible as weak spots at the edges of the
integration area (light blue lines) in the 2D diffraction pattern. Upon
increasing the temperature to 800 °C, sharp additional peaks around
38°, 52° and 57° are observed, indicating the formation of crystalline
ordered phases [44,47], while the amorphous halos further narrow
and shift towards higher diffraction angles. On the other hand, the
diffraction pattern of the HEA film deposited at 900 °C displays very
different features, dominated by well-defined sharp reflections at po-
sitions of 28°, 29°, 38°, 41°, 51°, 58°, and 68°. The bright spots
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at well-defined angles on the 2D-detector image demonstrate a high
orientational preference (Fig. 1.e). Additionally, the amorphous halos
are no longer observed. As a comparison, GI-XRD measurements were
also performed on the HEA bulk target used for the PLD depositions
(blue curve in Fig. 1.a), which displays sharp reflections produced
by the Debye-Scherrer rings at positions 38°, 54°, 68° and 80°, in
good agreement with the expected single-phase body-centered cubic
(BCC) crystal structure with a = 3.361°Xreported for HfMoNbTiZr in
literature [29].

To assess whether the crystalline nature of the Al,05(0001) sub-
strate is critical for the onset of crystallinity of the layer, a HEA thin
film was deposited onto an amorphous substrate, Si(100) coated with a
100 nm thick amorphous Si;N, film, at 900 °C. The deposition onto an
amorphous layer is expected to remove any substrate-induced orienta-
tional preference. Indeed, no clear orientational preference is observed
for the HEA film deposited onto amorphous Si;N, (Fig. 1.a and .f).
The 2D diffraction pattern is dominated by continuous diffraction
rings characteristic for randomly oriented polycrystalline layers. The
two broad, localized spots detected at approximately 45°and 85°are
ascribed to the underlying Si(100) substrate. The integrated diffrac-
togram of the HEA film deposited onto Si;N, is similar to the one
on Al,0;(0001): sharp peaks associated with crystalline phases are de-
tected, while the amorphous halos are not observed. However, several
additional peaks at lower diffraction angles and a splitting of the main
peak at 38° are observed.

High-resolution structural characterization in real and reciprocal
space has been performed by means of transmission electron mi-
croscopy and diffraction of selected HEA thin films. Fig. 2 shows
representative TEM images of HEA thin films deposited at RT (a) and
at 700 °C (d), together with the corresponding SAED pattern (b, e).
No crystallites or ordered regions are discernible in the real-space
images for both growth temperatures (RT and 700 °C). The residual
contrast in the images of Fig. 2.a and .d is attributed to local variations
in density or thickness of the layers in combination with the fact
that the images were taken at relatively large defocus. The diffraction
pattern of the HEA film grown at RT reported in Fig. 2.b exhibits only
two broad and featureless rings of homogeneous intensity (Fig. 2.c),
which is characteristic for an amorphous layer. Also for the HEA film
grown at 700 °C, broad and liquid-like diffraction features dominate
the pattern, as shown in Fig. 2.e. However, an additional weak but
narrower and discontinuous ring is visible close to the second broad
one (Fig. 2.f), indicating the presence of a minority phase of extremely
small crystallites. Based on the absence of more distinct features in the
diffraction pattern and of a clear signature of particles in TEM images,
these particles are estimated to be approximately 1-2 nm in diameter,
embedded in the amorphous matrix.

The microstructure of HfMoNbTiZr layers at 700 °C and above is
illustrated by the TEM and SEM images in Fig. 3. While the substrate
temperature during growth was 700 °C for the sample in Fig. 3.a, the
local temperature was temporarily increased by the arrival of a large
droplet of hot melt, ejected from the PLD target. This typical synthesis
artifact of PLD generates a temperature gradient in the (amorphous)
film, mimicking the effect of a short annealing step. This local heating
is not fully equivalent to a higher growth temperature, but provides
qualitative insight into the material’s preferred microstructural evolu-
tion at elevated temperature in a single image. Fig. 3.a—b shows TEM
results focused on a region close to an extraordinarily large melt droplet
(dark circular feature in Fig. 3.a with a diameter of approximately
10 pm), which was ejected during PLD growth and landed at the
surface with high temperature. Two distinct regions characterized by
different morphologies are clearly discernible in the TEM image of
Fig. 3.a, with the area in the proximity of the droplet exhibiting larger
contrast variations and clear signs of granularity. A zoomed-in TEM
image reported in Fig. 3.b corresponding to the black dashed square
in panel (a) reveals a gradual transition towards increasing crystalline
order as one approaches the immediate vicinity of the droplet. With
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Fig. 1. (a) GI-XRD results of HfMoNbTiZr thin films deposited onto Al,0;(0001) at different substrate temperatures. The diffractograms have been normalized by height. HEA
thin films deposited at RT (black curve) and at 700 °C (red curve) display an amorphous structure. After increasing the temperature to 800 °C (dark red curve), sharp crystalline
diffraction peaks appear, and dominate the diffractograms of the samples grown at 900 °C onto Al,0;(0001) (purple curve), and at 900 °C onto Si;N, (violet curve). As a
comparison, the GI-XRD pattern of the HEA target used for the deposition is also reported (blue curve), displaying a single-phase BCC crystal structure [29]. Sharp diffraction peaks
attributed to melt-ejected droplets during deposition have been removed (see Figure S1 of the Supporting Information). (b—g) Corresponding 2D detector images: the integration
of the area marked with a light-blue solid line allowed to extract the diffractograms reported in (a). The 2D diffraction patterns of (b—c) are dominated by broad continuous
rings, indicating an amorphous structure. In contrast, sharp diffraction spots at well-defined angles are visible in (d-e), indicating preferential orientation of crystallites. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

decreasing distance to the droplet, the size and density of crystallites
(dark and bright spots) increase up to patches of comparable brightness
of approximately 100 nm in size. Smaller but clear crystallites are
observed even several micrometers away from the droplet, therefore
suggesting a high level of crystallinity over extended areas close to the
droplet. The SAED pattern of Fig. 3.c (corresponding to the area in
Fig. 3.b) shows several continuous and well-defined diffraction rings in
the vicinity of the reciprocal distance expected for the original BCC-
type crystal structure of the HEA (marked with dashed red circles),
as expected for a polycrystalline film. An additional distribution of
bright diffraction spots is visible around the rings, corresponding to
XRD diffraction angles varying from approximately 32° to 42°. A direct
comparison between GI-XRD of the HEA grown at 900 °C onto SizN,
and a TEM SAED line profile of Fig. 3.c is reported in Fig. 3.d. The SAED
line profile shows similarities with the GI-XRD diffractogram, with the
appearance of additional diffraction peaks with respect to the original
BCC-type crystal structure. The surface morphology and microstructure
of 100 nm thick HfMoNbTiZr layers grown on Al,05(0001) at RT and
900 °C is shown in Fig. 3.e and .f, respectively. The sample grown at RT
shows connected patches with soft edges and diffuse corners, attributed
to the oxide overlayer forming upon air exposure. Deposition at 900 °C,
on the other hand, results in grains separated by gaps, indicative of
columnar growth.

For the comparison of amorphous and polycrystalline layers of the
same alloy, it is important to ensure that differences between the layers

are not dominated by variations in stoichiometry transfer during thin-
film growth. The elemental compositions of the HEA films and the bulk
PLD target, as measured by EDX are reported in Table 1. The target used
for PLD exhibits a close-to-equimolar chemical composition, showing a
minor depletion (~2.5 at.%) in Nb content and slight enrichment in Ti
content, while the values of Hf, Mo and Zr content are compatible with
the nominal ones within the EDX experimental error of +1 at.%. On the
other hand, the HEA thin films exhibit an elemental composition with
clear differences as compared to the bulk target, with approximately
4 at.% enrichment in Mo and Zr, and 5 at.% depletion in Hf and Ti.
The difference in elemental composition between target and thin films
is ascribed to resputtering effects and scattering of the ablated material
with the Ar background, which are common phenomena occurring in
PLD of metallic thin films [44,48,49]. The HEA thin films deposited
onto sapphire substrates at RT and high temperature (800 °C) exhibit
the same elemental composition within the experimental error of EDX.
Typical scanning electron microscopy (SEM) images of the HfMoNbTiZr
HEA thin films are reported in Figure S2 of the Supporting Information
and show a smooth and homogeneous surface morphology. As a result
of melt-ejection of droplets during laser ablation, a low density of
particles with diameters ranging from tens of nanometers up to a few
micrometers are deposited onto the surface.

The surface composition and impurity content were investigated
using x-ray photoelectron spectroscopy. Figure S3 of the Supporting
Information shows an XPS survey spectrum of an as-grown HEA thin
film (thickness approximately 100 nm) measured after deposition at
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Fig. 2. TEM analysis of HfMoNbTiZr thin films (approximately 20 nm thick) deposited onto Si;N, TEM windows and capped with an amorphous Si layer (approximately 10 nm
thick). Top: TEM image of an as-grown HEA thin film deposited at room temperature (a), and corresponding SAED (b). (¢) Zoomed-in panel in correspondence of the white dashed
square in (b): only two broad continuous rings are visible (black arrows). Bottom: TEM image of a HEA thin film deposited at 700 °C (d), and corresponding SAED pattern (e).
() Zoomed-in panel in correspondence of the white dashed square in (e): an additional weak and discontinuous ring is visible (white arrows).

Table 1

Elemental composition (in at.% as measured by EDX) of HfMoNbTiZr thin films
deposited at RT and 800 °C, compared with the HEA PLD target. The thickness of
both films was approximately 100 nm. The EDX experimental error is estimated at +1
at.%.

Hf Mo Nb Ti Zr
Nominal 20.0 20.0 20.0 20.0 20.0
HEA-target 20.5 19.3 17.5 22.4 20.3
HEA-RT 15.4 23.7 19.2 17.6 24.1
HEA-800 °C 14.1 24.8 19.1 18.0 24.0

RT, and transferred to the analysis tool in UHV without air exposure.
For comparison, also a survey spectrum after growth at 900 °C and
UHV transfer and air exposure of a sample grown at RT are shown.
After RT growth in vacuum, the XPS survey exhibits only the core level
peaks assigned to Hf, Mo, Nb, Ti and Zr, with minor traces of oxygen.
The detection of small traces of oxygen is ascribed to the interaction
of highly reactive elements such as Zr and Hf with residual water in
the deposition and measurement UHV chambers. Upon air exposure,
the deposition of carbon and the oxidation of all metals in the surface
region are observed. The sample grown at 900 °C shows a substantially
higher oxygen content in the surface region (~43 at.%) after cooldown
and transfer in ultra-high vacuum. This is attributed to enrichment of
Hf and Zr at the surface to form HfO, and ZrO,. EDX measurements
of HfMoNbTiZr/Si;N, samples grown at RT and at 900 °C, however,
show very little difference in oxygen content (28% for RT versus 26%
for 900 °C, acquired at low beam voltage, increasing the sensitivity
for light elements), demonstrating that the increased oxidation for the
high-temperature samples is purely a surface effect.

To quantify the interplay between thin film structure and me-
chanical performance, we investigated the hardness of the HEA thin
films using nanoindentation in continuous stiffness measurement mode.

Fig. 4.a shows the measured depth-dependent hardness data of fully
amorphous (blue curve, grown at room temperature) and crystalline
(red curve, grown at 900 °C) HfMoNbTiZr HEA films on Al,0;(0001),
averaged over 30 independent indentation measurements. Owing to
the small film thickness, the hardness value on the y axis should
be interpreted as the convolution of the HfMoNbTiZr films and the
Al,05(0001) substrates. An initial rise in the measured hardness is
observed in the first 30 nm of indentation depth, which is typically
caused by an inaccuracy of the nanoscale geometry description of the
diamond indenter (Berkovich tip, 3-sided pyramid) and sample (smooth
flat). This leads to a varying definition of the contact area function with
penetration depth, which forms the basis of the Oliver-Pharr model
used in this measurement [45]. At indentation depths beyond 30 nm
a clear difference in the hardness signal is measured for amorphous
HfMoNbTiZr/Al,05(0001) and crystalline HfMoNbTiZr/Al,0;(0001).
This difference decreases as the indentation depth increases and the
mechanical properties of the underlying Al,05(0001) start dominating
the measurement. We therefore interpret the plateau region between
approximately 30 nm and 50 nm (inset of Fig. 4.a) as indicative of
a minimal contrast in hardness. The absolute hardness values, how-
ever, should be regarded as upper limits of the film hardness as the
measurement in this regime is influenced by the harder substrate. As
a comparison, nanoindentation was also performed on the bulk HEA
PLD target and the Al,0;(0001) substrate, respectively; the results
are displayed in Figure S4. The HEA target (Figure S4.a) displays a
substantially lower hardness compared to the thin films, exhibiting a
value of H = 4.7 + 0.6 GPa. The measurement of the target displays a
high standard deviation of the hardness and reduced modulus signals
at low indentation depth (below 500 nm). This can be attributed to
the high roughness of the surface, adding uncertainty to the measured
value. The Al,0;(0001) substrate measurement (Figure S4.c) shows a
hardness value of 28 + 1 GPa. We observe in Fig. 4.a that the hardness
curves reasonably tend to this value as the penetration depth increases.
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Fig. 3. Evolution of microstructure in a temperature gradient: (a) TEM analysis of an approximately 20 nm thick HfMoNbTiZr thin film deposited at 700 °C onto Si;N, TEM
windows, focused on a region close to an extraordinarily large melt droplet. (b) Zoomed-in TEM image of an area close to the droplet corresponding to the dashed black square
in (a). The hot melt droplet leads to an increase in sample temperature upon impact, resulting in a temperature gradient from close to 700 °C to substantially higher (left to right
in the image). The dark and bright spots are ascribed to crystallites with a diameter of up to 100 nm, which increase in size at increasing temperature. (c) SAED pattern of the
region in (b) showing several continuous rings and bright diffraction spots. The expected diffraction rings for the pure BCC phase of the HEA are marked with red dashed circles.
(d) Comparison between the integrated SAED line profile in panel (c) (light-blue curve) and a GI-XRD diffractogram of a HEA thin film deposited at 900 °C onto a Si3N, substrate
(black curve). (e-f) SEM images of air-exposed 100 nm thick HEA samples grown on Al,05(0001) at RT (e), and at 900 °C (f). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) Hardness as a function of contact depth obtained from nanoindentation measurements of amorphous (blue curve, grown at room temperature) and crystalline (red curve,
grown at 900 °C) HfMoNbTiZr thin films deposited onto Al,0;(0001). The thickness of both films was approximately 100 nm. The hardness values of the HEA/Al,05(0001) system
were extracted from the plateau region detected between approximately 30 nm and 50 nm of indentation depth (black dashed square), reported in the inset. (b) Corresponding

reduced modulus as a function of contact depth obtained from the same nanoindentation measurements.

reader is referred to the web version of this article.)

The variation in the reduced modulus of the thin films (Fig. 4.b) and
the PLD target (Figure S4.b) also reflects their different mechanical
properties.

4. Discussion

The combined results of GI-XRD, TEM and EDX measurements
clearly demonstrate that structural disorder in HfMoNbTiZr thin films

(For interpretation of the references to color in this figure legend, the

of constant composition (within 1 at.%) is a tunable parameter that
can be controlled independently of the composition via the growth
conditions in pulsed laser deposition. In agreement with previous stud-
ies on metallic glasses grown with PLD [44], the temperature of the
substrate is a key parameter. At low substrate temperatures, the HEA
films are amorphous. The fully disordered phase is predominant up to
substrate temperatures of at least 700 °C. Nanometer-sized crystallites
embedded in the amorphous matrix give a subtle signal in the TEM
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SAED pattern at 700 °C, but they do not present a signature in GI-
XRD measurements, thus indicating low density, or extremely small
particle sizes (in the range of 1-2 nm). The decrease in width of the
amorphous halos and their shift towards higher diffraction angles with
increasing temperature suggest the formation of a lower-energy amor-
phous structure and tunable packing density of the HEA films [50]. By
increasing the substrate temperature to 800 °C, the crystallites grow
in size and number, and are detected also with GI-XRD. However, the
presence of high background signal in the region of the amorphous
halos in the 800 °C diffractogram still indicates a significant level of
disorder. After a further increase in growth temperature to 900 °C, the
system overcomes the strongly disordered state and forms crystalline
grains with high orientational preference. The high thermal energy
required to induce crystallization is in agreement with temperature
scales characteristic of refractory metals such as niobium, tantalum,
and tungsten [51]. Here, this is borne out by a remarkably high
temperature (between 800 °C and 900 °C) required to obtain sharp
diffraction features, which are a clear indication of structural order
over tens of nanometers. In comparison, the crystallization temperature
of the majority of metalloid-free metallic glasses is in the range of ~
400-700 °C [51-53]. High crystallization temperatures are particularly
desirable in industries such as energy production and space exploration,
where coatings need to sustain highly corrosive and high temperature
environments [51].

The crystalline HEA thin film exhibits a more complicated diffrac-
tion pattern than the bulk polycrystalline PLD target. The diffrac-
tograms of the films deposited onto sapphire at T = 800 °C and
900 °C show a combination of Debye-Scherrer rings, likely originating
from the starting BCC-type polycrystalline phase, and several sharp
diffraction spots stemming from a newly formed crystalline phase with
well-defined orientation aligning with the Al,05(0001) substrate. The
additional reflections at approximately 26 = 29°, 41°, 51°, and 58° in
Fig. 1.a are attributed to a primitive cubic structure (CsCl-type) with
a lattice constant of approximately a = 3.12 A. The decrease in the
magnitude of the lattice constant in comparison to the original BCC
structure of the PLD target is reflected in the shift of the reflections
to larger 20 values. The symmetry reduction to a primitive cubic
cell manifests itself for example in the emergence of the (100) and
(111) reflections at approximately 29° and 51°, respectively. This
interpretation is supported by the recent report of a primitive cubic
structure of the CsCl-type in HEAs containing refractory metals [54].
The stabilization of the CsCl-type crystal structure is ascribed to the
difference in magnitude of the atomic radius between the larger Hf and
Zr, on one side, and smaller Mo, Nb and Ti, on the other, which leads
to a partial ordering of these two subgroups of atoms in two different
crystallographic positions [54]. Therefore, in contrast to the arc-melted
bulk target, which is close to the thermodynamically preferred struc-
ture, the out-of-equilibrium nature of PLD, with large variations in
the local composition of crystalline nuclei, results in a polycrystalline
structure of HfIMoNbTiZr with two phases at the conditions tested here.
This means that, technically, the crystalline layers of HfMoNbTiZr in
this study are not single-phase solid solutions and therefore cannot be
considered a ‘true’ HEA, in contrast to the PLD target.

The deposition of HfMoNbTiZr at 900 °C onto an amorphous Si;N,
layer further clarifies the mechanism of crystalline growth at high
temperature. The amorphous structure of Si;N, prevents the formation
of a strong orientational preference in the film owing to its own lack of
long-range order. The 2D-detector image corresponding to HfMoNbTiZr
on Si;N, (Fig. 1.f) shows the presence of continuous rings, whereas
the one corresponding to HfMoNbTiZr on sapphire is characterized
by bright spots at well-defined diffraction angles in three dimensions
(Fig. 1.e). In contrast to the single-phase bulk target, the diffraction
pattern of the film deposited on Si;N, (Fig. 1.a) features multiple peak
splittings. The majority of the new diffraction rings are close to the
original reflection positions of the native BCC-type structure of the
target, indicating the formation of various BCC intermetallic phases
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with similar lattice constants, estimated in the range between 3.2A
and 3.8 A. This is ascribed to a temperature-induced phase segregation
of alloys with different compositions in the film. The peak at 29°
is still present, providing further evidence for the existence of the
cubic CsCl-type lattice discussed above. Interestingly, the orientational
and structural preference provided by the Al,05(0001) substrate also
strongly reduces the observed variation in lattice constants and is thus
expected to improve the homogeneity of the layer.

Moreover, the continuous temperature variation observed in TEM
measurements of a region close to a micrometer-sized droplet provides
insight into the temperature-dependent variations in structure. The
droplet is expected to substantially increase the local temperature of
the film upon landing on the surface as a hot melt and slowly cooling
down. As a consequence, a gradient in thermal energy is formed in the
surroundings of the droplet, with decreasing temperature as one moves
away from its boundary. In this region, the temperature is expected
to be locally high enough (namely > 900 °C) to induce the formation
of large crystalline grains. The grain size decreases at larger distance
from the droplet. The corresponding SAED line profile of Fig. 3.d
shows the presence of several additional diffraction peaks, confirming
temperature-induced formation of additional phases, most likely via
phase separation. These results further clarify the growth mechanism
of crystalline HfMoNbTiZr and confirm the formation of a layer with
different coexisting phases at high temperature.

Nanoindentation measurements establish the important role that the
thin-film structure plays in the mechanical properties of the coatings.
As compared to conventional alloys and pure metals, many HEAs have
been reported to be harder thanks to solid-solution strengthening and
lattice distortion effects [19,55-57]. This is in line with our observation
that the single-phase BCC crystal structure of the HfMoNbTiZr PLD
target is harder than the corresponding individual pure metals Mo, Nb,
Ti, Hf, Zr [58,59], in good agreement with previous reports on similar
bulk high-entropy alloys [58,60-63]. Within the realm of HEAs, the re-
lation of hardness and stoichiometry has been investigated across large
compositional ranges [64-66], observing largely gradual variations
with several percent of compositional change required to achieve a
10% change in the hardness. The small compositional variation (<+1%)
between the amorphous and crystalline HfMoNbTiZr is thus unlikely
to be responsible for the clear change in hardness. The formation of
a particular low-hardness phase at this specific composition can also
be ruled out by the unremarkable variation between the individual
nanoindentation points, which are expected to cover a small com-
positional range based on the broadening of XRD peaks at 900 °C,
compared to the sharp diffraction peaks obtained for the PLD target.
While the oxygen contents from EDX measurements are similar, an
effect of oxygen impurities on the measured hardness values cannot be
excluded.

The key difference of the two indented layers is their level of
structural disorder. In the comparison of polycrystalline and amorphous
HfMoNDbTiZr, it must be stated that the values at the hardness plateau
(11 GPa and 14 GPa) represent a convolution of the hardness of the
alloy and the hard Al,0;(0001) substrate. The difference between the
hardness values of the polycrystalline and amorphous layers, however,
can be directly related to the properties of the coatings, which were
both grown on Al,05(0001) substrates and measured in an identical
geometry. At the indentation depth of 30-50 nm, the enhancement of
the hardness of the amorphous coating is clearest. At larger indentation
depths, the measured hardness value rises continuously as more area is
indenting the substrate. At the same time, the two indentation curves
converge towards increasingly similar values. This slow collapse of
the gap between the curves shows that the substrates have retained
similar mechanical properties during the deposition of HfMoNbTiZr
at different conditions. At the same time, the observed maximum in
hardness difference at low indentation depths provides clear evidence
that the amorphous HfMoNbTiZr film exhibits higher hardness than the
crystalline HfMoNbTiZr film.
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The difference between thin layers and the bulk target is likely also
affected by the influence of the substrate on the measured values of
the coatings. However, the interpretation that the HfMoNbTiZr layers
are indeed harder than the bulk material is supported by reports of
a reduced substrate influence for the case of coatings on substantially
harder substrates. (“Substantially harder” refers to a factor of approxi-
mately 3 in hardness to keep the substrate contribution below 15% at
an indentation depth of 30% of the layer thickness, respectively.) [67,
68]. A quantitative comparison of the hardness values is hampered
by the differences in surface roughness and indentation depth for
the respective samples. For potential follow-up work focusing on the
differences in the properties of bulk and thin-film HEAs, the use of the
same indentation depths and polished bulk samples is recommended.
The difference in hardness is likely also influenced by the difference
in the microstructure between the bulk target grown using arc-melting
and the pulsed-laser deposited layer with significantly smaller grains.
An increase in hardness for thin-film samples can be expected to orig-
inate from grain-size thin-film effects, as described by the Hall-Petch
relationship, which states that the hardness of nanomaterials increases
with decreasing grain size. Down to a critical grain size of 10-30 nm,
grain boundaries act as diffusion barriers hindering the propagation of
dislocations [69]. In line with this interpretation, multi-phase HEA thin
films commonly display increased hardness with respect to their single-
phase counterparts [20,70,71]. Therefore, the coexistence of different
crystalline phases is expected to play an important role in effectively
impeding the motion of dislocations.

The increased hardness of amorphous HfMoNbTiZr is in agreement
with the concept that metallic glasses are harder than crystalline al-
loys thanks to the lack of structural long-range order, which hinders
the atoms’ mobility and further enhances resistance to plastic defor-
mations [2,36,72,73]. The microstructural differences observed using
XRD, SEM, and TEM of the HEA layers grown at RT and high tem-
perature agree with this picture. The absence of grains and extended
defects in the amorphous layers formed at low temperature limits the
propagation of strain. The formation of shear bands is likely to play an
important role in the deformation, similar to the mechanisms reported
for bulk metallic glasses [74,75]. Increasing temperature, on the other
hand, enhances the level of order in the material, causing grains to
nucleate and grow (see Fig. 3) and defects to be annihilated, which
has previously been shown to lower the hardness of HEAs [76]. In
the resulting polycrystalline films, plastic deformation can occur more
easily, for example via dislocation glide and grain boundary sliding.
Dislocations at the interface to the substrate, on the other hand, can
form during indentation of both types of layers. However, simulations
on amorphous alloy layers observe this effect only once the indenter is
in close proximity to the interface [77].

Our results demonstrate that the targeted introduction of structural
disorder to a (otherwise single-phase) HEA is a viable option for op-
timizing selected material properties. Increasing the level of disorder
to first form a polycrystalline layer with different phases and then a
fully amorphous film, raises the hardness of HfMoNbTiZr. The level of
structural disorder represents an additional degree of freedom in the
development of coatings, which has been effective to tune the optical,
chemical and electronic properties of simple alloys without modify-
ing their composition [44]. Here, this novel approach is extended to
mechanical properties and high-entropy materials. Intentionally disor-
dering a high-entropy alloy allows us to bridge the gap between the
two seemingly different concepts of HEAs and HEMGs and customize
the hardness of the material. This is for instance relevant to tune HEAs
to fulfill either the requirements of mechanically stable, strong, and
durable protective coatings against wear, stress, and fatigue or those
of mechanical compliance of flexible electronics and wearable devices.
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5. Conclusions

In summary, we demonstrate the growth of HfMoNbTiZr high-
entropy alloy thin films with tunable level of structural disorder, rang-
ing from fully amorphous to crystalline while maintaining an identical
composition. This is achieved by appropriately varying the substrate
temperature during pulsed laser deposition of the alloy. The amorphous
phase exhibits remarkable thermal stability, being predominant up to
a growth temperature of 700 °C. For complete crystallization, a higher
temperature (900 °C) is required. Nanoindentation measurements high-
light the intriguing mechanical properties of HfMoNbTiZr thin films,
which display an increased hardness compared to the single-phase
bulk PLD target. The hardness values measured for fully disordered,
amorphous HfMoNbTiZr films on Al,0;(0001) further exceed those
of the polycrystalline layers on the same substrate by approximately
30%. These results establish the importance of disorder as an effective
parameter to tune the properties of materials without varying their
composition, serving as a bridge between the different concepts of
HEA and HEMG. Control over a gradual transition between order and
disorder provides new versatility to materials design and has the poten-
tial to widen the scope of alloy coatings and enhance their individual
performance.
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