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Abstract

Dual-phase Zr-based thin films synthesized by magnetron co-sputtering and showing
competitive growth between amorphous and crystalline phases have been reported recently.
In such films, the amorphous phase grows as columns, while the crystalline phase grows as
separated cone-shaped crystalline regions made of smaller crystallites. In this paper, we
investigate this phenomenon and propose a model for the development of the crystalline
regions during thin film growth. We evidence using X-ray diffraction (XRD), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), that this competitive self-
separation also exists in co-sputtered Zr-Cr thin films with Cr contents of ~84-86 at.%,
corresponding to the transition between the amorphous and crystalline compositions, and in
the Zr-V system. Then, to assess the sturdiness of this phenomenon, its existence and
geometrical characteristics are evaluated when varying the film composition and the

deposition rate. The variation of geometrical features, such as the crystalline cone angle, the
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size and density of crystallites, is discussed. Is it shown that a variation in the deposition rate
changes the nucleation and growth kinetics of the crystallites. The surface coverage by the
crystalline phase at a given thickness is also calculated for each deposition rate. Moreover,
comparison is made between Zr-Cr, Zr-V, Zr-Mo and Zr-W dual-phase thin films to compare

their nucleation and growth kinetics.

Keywords: thin films, competitive growth, nucleation, growth.

1. Introduction

During the last decades, interest for new functional surfaces has continuously been growing
[1-3]. This is because the functionalities of surface-modified materials are manifold:
antibacterial surfaces [4-6], solar cells [7], wear or corrosion protection [8—10], to name a
few. Many advances in the field of thin films have been made thanks to elaboration
techniques such as magnetron sputtering, allowing to inexpensively synthesize thin films at
low temperatures. Among these thin films, Zr-based thin film metallic glasses (TFMGs) have
been intensively investigated due to their good mechanical properties such as hardness
beyond 10 GPa, improvement of fatigue resistance of 316L stainless steel, and their

corrosion resistance, for instance [11-13].

The ease to synthesize such TFMGs is characterized by the glass-forming ability (GFA). The
higher the GFA, the easier to sputter-deposit a TFMG. For the GFA to be the highest, the
sputtered film must contain different elements, with a difference greater than 10 % in
atomic radii, have a negative mixing enthalpy, and a high quenching rate [14]. Moreover, in
the case of Zr-X systems (X = Cr, V, Mo, W), intermetallic phases can be found in the
equilibrium phase diagram, which increase the GFA, despite the atomic radii of the different

elements is rather close and the mixing enthalpy is only slightly negative (-4 to -12 kJ/mol)



[15]. This means that although it is possible to find amorphous films in a wide range of
compositions, it is still possible to sputter-deposit crystalline films outside of this range. Thus,
sputtering films at the transition between the amorphous and crystalline compositions could
lead to new microstructures, such as the dual-phase crystalline and amorphous thin films
that have been reported in the literature. This dual-phase morphology has already been
observed in Zr-W [16-18] and Zr-Mo [19]. Moreover, similar morphologies have been
reported in the literature for different systems (Ti-Al [20], Ti-O [21], Al-N [22]), where it has
only been mentioned without much attention given to its development. These dual-phase
thin films are the result of a competitive growth between the amorphous and crystalline
phases during film growth, leading to unique surface morphologies [16, 19]. A possible origin
for crystallization in a given range of composition is that GFA is favored, meaning that the
liquid is relatively stable compared to the crystalline phase. In other words, when the
composition gets closer to the crystalline composition nucleation becomes easier. Moreover,
Borroto et al. have evidenced that, in the Zr-W system, films undergo evolution from
amorphous, to nucleation at the column boundaries, to random nucleation as the tungsten

content increases and nucleation rate increases [16].

Even if this dual-phase morphology has been observed in different binary systems, the
underlying mechanisms governing the development of competitive growth of the two
phases are currently not well understood. Also, the sturdiness of the phenomenon regarding
the deposition conditions is still unknown, and it is unknown if this phenomenon is present
regardless of the deposition conditions, such as deposition rate, or not. This is mainly due to
the facts that this phenomenon has only been first observed recently, and the composition

range in which it occurs is narrow, making it difficult to observe experimentally.



In this study, we show that this phenomenon can be extended to Zr-Cr co-sputtered thin
films. The competitive growth is tested by changing the deposition rate between 3.8 and 74
nm/min to test if it can exist over a wide range of deposition rates, if the composition range
in which it occurs changes, and to compare the geometrical features of the obtained
crystalline regions. Finally, nucleation and growth evolutions are explored in order to explain
our results and generalize our understanding of the competitive growth process in Zr-based
sputtered thin films. It is shown that the angle of crystalline cones decreases when
increasing the deposition rate, and that it is due to a difference in nucleation and growth
kinetics of the crystallites inside the cones. Then, these results are compared with dual-
phase Zr-V, Zr-Mo and Zr-W thin films in regard to the geometrical features of the crystalline

phase.

2. Materials and methods

2.1 Thin films synthesis

Nanostructured Zr-Cr thin films were deposited onto (100) monocrystalline Si substrates (15
x 15 mm?) using DC magnetron co-sputtering of Zr and Cr metallic targets (targets
dimensions: 2 inches diameter, 3 mm thickness and purity higher than 99.9 %) in an argon
atmosphere. The two targets were in confocal configuration and the substrate-holder
rotation was set at 15 rpm to ensure homogeneity of the deposited films. The sputtering
chamber was pumped down via a mechanical and a turbo-molecular pumps allowing a base
pressure of 10°® mbar. The working argon pressure was 2 Pa, and the targets to substrate
distance was set at 9 cm for the two targets. The deposition rate was controlled by the
discharge current applied to the Zr target (0.04 A, 0.075 A, 0.15 A or 0.3 A). To each

discharge current value corresponds one deposition rate reference (respectively 5, 11, 30



and 63 nm/min). For each deposition rate reference, the discharge current applied to the Cr
target varied from 0.09 A to 0.72 A. This allowed controlling the chemical composition of the
sputtered thin film, as the ratio of atoms sputtered from each target was changed with
minor modification of the deposition rate around the reference rate (for more information,

see Fig. S1 in Supplementary Information).

This allowed changing the composition between 82 and 88 at.%Cr for deposition rates
between 3.8 and 74 nm/min. The deposition time for these films varied from 20 to 240 min,
the first being for the highest deposition rate and the latter for the lowest deposition rate.
This allowed to synthesize thin films with a thickness of 1-1.2 um. For Zr-V thin films, the
chamber parameters were the same as for Zr-Cr thin films. The discharge currents applied to
Zr and V targets (the V target has the same dimensions as Zr and Cr targets, with a purity
higher than 99.9%) were 0.1 A and 0.42 A, respectively. The deposition time was 105 min.

This resulted in 2 um thick thin films containing 86 at.%V.

For comparison purposes, a Zr-Mo and a Zr-W thin film have also been deposited. For Zr-Mo,
a 3.7 um thick thin film has been deposited in 150 min (24 nm/min deposition rate) with 0.3
A and 0.28 A applied to the Zr and Mo targets, respectively. The chamber parameters and
target geometry are the same. For Zr-W, a 3.1 um thick thin film has been deposited in 60
min (52 nm/min deposition rate) at a 3 Pa working pressure with 0.3 A and 0.5 A applied to
the Zr and W targets, respectively. The W target geometry was the same as for the other

targets used in this study.

During the experiments, the substrate temperature has been monitored using a

thermocouple and did not exceed 45 °C for all depositions.

2.2 Thin films characterization



Film thickness was measured with a Bruker Dektak XT contact profilometer. X-ray diffraction
(XRD) measurements were conducted in the Bragg-Brentano configuration with KaCu
radiation (A = 1.5406 A) using an AXS Bruker D8 Advance diffractometer. Scanning electron
micrographs were taken with a Zeiss GeminiSEM 500 scanning electron microscope (SEM) to
analyze the surface morphology and the cross-section of the films. Film composition was
obtained using X-ray energy dispersive spectroscopy (EDS) integrated in the SEM.
Transmission electron microscopy (TEM) analysis was conducted using a cold FEG JEOL
ARM200 microscope. Cross-sectional TEM samples of films were prepared using a focused
ion beam (FIB) scanning electron microscope dual beam system (FEI Helios 600). Throughout
the FIB process, the time during the ionic cuts was the shortest possible to avoid any heating

effect.

2.3 Image processing

Surface coverage by the crystalline phase was obtained using a homemade image treatment
MatLab program on at least 3 different cross-section SEM micrographs and analyzing it at a
film thickness of 750 nm (for more information, see Fig. S3 and Fig. S4 in Supplementary
material). We defined the linear coverage by the crystalline phase as the ratio between the
length corresponding to the crystalline phase and the total length of a line drawn at a given
thickness of the film, and we extrapolated it to be equal to the surface coverage by the
crystalline phase. Cone angles and size of crystallites were determined from cross-section
SEM micrographs using ImagelJ software using at least 10 cones for each calculation. For the
crystalline geometry results, the deposition rates will be presented as reference deposition
rates, with each reference corresponding to a given applied current on the Zr target, which

means that 4 points representing each applied discharge current on the Zr target will be



studied. The number of crystallites per cone was obtained by calculating the ratio of the

average crystalline cone volume divided by the average crystallite volume. The average cone

m+h3+tan? (g)

volume was calculated using the formula V., = , Where h is the height of the

cone (set at 500 nm, to avoid miscalculation due to coalescence of the crystalline cones),
and a the crystalline cone angle. The average crystallite volume was obtained by considering
the crystallite as a cylinder; its volume was calculated using the formula Vi yystqiiite = 7 *
R? x h, where R is the radius of the crystallite, and h its length. The obtained ratio is the
number of crystallites per crystalline cone, and was used to extrapolate the nucleation rate

of crystallites inside the cones.
3. Results and discussion

When synthesizing Zr-Cr thin films by magnetron sputtering, a composition-driven transition
from amorphous to crystalline Cr(Zr) solid solutions has been reported at ~89 at.%Cr [23].
This work aims to study what happens at the transition range, and aims to search for a
competitive growth between an amorphous and crystalline phases, as has been seen for
other Zr-based binary systems in magnetron sputtering [16-19]. For this purpose, different
thin films at compositions around the transition between these two phases were deposited
at a 11 nm/min deposition rate. X-ray diffractograms of three of these thin films are shown
in Fig. 1 (a), with compositions ranging from 83 to 88 at.%Cr, close to the 89 at.%Cr reported
in [23]. The film with 83 at.%Cr is totally X-Ray amorphous, and the film with 88 at.%Cr is
totally crystalline. However, for a composition between these two (at 85 at.%Cr), we can see
a mixture of the two XRD signals, showing that the two phases coexist in the same film. The
shift in diffraction angle for the (110) bcc Cr plane is due to a change in the lattice parameter.

Indeed, increasing the Zr content in the Cr(Zr) solid solution increases the lattice parameter



as Zr has an atomic radius larger than that of Cr, thus making the peak to shift towards lower

diffraction angles.

The same thin films have been characterized with SEM, and their surface micrographs are
shown in Fig. 1 (b-d). As can be seen, the amorphous and crystalline films present different
surface morphologies. At the composition of the transition, however, two different regions
can be observed, an amorphous and a crystalline, separated by an interface. According to
previous works [16—19], the crystalline region is in the form of disks on the surface,
surrounded by an amorphous matrix. From this micrograph, it is also noticeable that, at
some point, the crystalline regions coalesce. A cross-section SEM micrograph, Fig. 1 (e),
shows that the amorphous phase grows in a columnar microstructure, while the crystalline
phase grows as cones, with a dome on the surface. These cones do not nucleate from the
beginning of deposition, but after a certain thickness, and the origin of each cone is not at
the same thickness. This explains why the area of each cone emerging at the surface is
different. Indeed, the surface of the crystalline region on the surface depends on the
thickness where the cone nucleates, because the larger the cone, the larger its surface area.
The obtained microstructure for Zr-Cr thin films is the same as what has been observed in
the other Zr-based systems. Moreover, the cone angle is nearly the same whatever its

nucleation thickness.
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Fig. 1: (a) X-ray diffractograms of Zr-Cr thin films with 83 at.%Cr (blue), 85 at.%Cr (black), and
88 at.%Cr (red). (b-d) Surface SEM micrographs showing crystalline (b), dual-phase (c) and
amorphous (d) surface morphologies, corresponding to the X-ray diffractograms on the left.
(e) Cross-section SEM micrographs showing the dual-phased sample, with amorphous

columns and crystalline cones with a dome shape on the surface.

Interestingly, the surface morphology can be tailored by changing the film thickness. Indeed,
as thickness increases, the surface coverage by the crystalline phase increases, until it
eventually covers the whole surface. Moreover, changing the composition inside the
transition zone can also be used to control the surface morphology [15], as the nucleation
density of the crystalline cones increases with an increasing Cr content. Therefore,
combining thickness and composition can help tailoring the surface of the deposited Zr-Cr

thin films. Nonetheless, the range of this competitive growth is less than 5 at.%Cr, thus very



careful investigations are required to observe what happens during growth and create

models.

To further understand how the competitive growth develops and can be manipulated, the
deposition rate of the Zr-Cr thin films has been varied in the range 5-63 nm/min reference
deposition rates. Fig. 2 shows the surface coverage by the crystalline phase as a function of
the film composition and for various deposition rates. The value is measured at a 750 nm
thickness for all the films. Films with a 0% surface coverage are totally amorphous, while
films with a 100% surface coverage are totally crystalline at the surface, meaning they either
are crystalline from the start of deposition or that crystalline cones overgrew the amorphous
phase and covered the whole surface. The existence of the competitive growth is
approximately in the range of 84 to 86 at.%Cr for all the deposited films. Yet, due to the
narrow composition range to observe this competitive growth, it is difficult to conclude

whether or not the deposition rate affects the transition composition range.

)
=)
o

1
|
iy |
|

’

n / ®E  5nm/min
¢ 11 nm/min
}'/ 30 nm/min
¥ 63 nm/min
i } —— Trendline

/

Crystalline phase surface coverage (%

82 84 86 88



Fig. 2: Values of the surface coverage by the crystalline phase at 750 nm thickness,
extrapolated from cross-section SEM micrographs, for each deposition rate range. Some

error bars are too small to be seen.

However, it is important to note that in this wide range of reference deposition rates, from 5
to 63 nm/min, the competitive growth has always been observed, which indicates that it is a
process resilient to changes in deposition conditions and is encouraging to find it in other
systems. Yet, it is important to notice that the overall geometry of the structures is affected
by the deposition rate, as shown in Fig. 3 (a-b). As can be seen, the crystalline cone angle for
low deposition rates, in Fig. 3 (a), is larger than for high deposition rates, in Fig. 3 (b). Hence,
a reduction of the crystalline cone angle is observed when increasing the deposition rate.
Furthermore, a difference is observed depending on the alloy deposited, as can be seen

when comparing Zr-Cr thin films with Zr-V thin films in Fig. 3 (c). Note that Fig. 3(c) proves

that the competitive growth also exists in the Zr-V system.




Fig. 3: SEM micrographs showing Zr-Cr thin films (~85 at.%Cr) deposited at 5nm/min (a), 63

nm/min (b), and a Zr-V thin film (86 at.%V) deposited at 18nm/min (c) for comparison.

To ensure that the columns and cones are two different phases, HRTEM and electron
diffraction have been conducted on the sample presented in Fig. 1 (c). A HRTEM micrograph
of a cone and its interface with the amorphous matrix is shown in Fig. 4 (a), and the selected
area diffraction (SAED) patterns of the two phases are shown in Fig. 4 (b, c). These diffraction
patterns confirm the crystallinity of the cones in the thin film, while the columns only
present short range ordering, associated with an amorphous phase, see Fig. S2 (c) of the
supplementary material. The amorphous halo of Fig. 4 (c) presents a radius that is in
agreement with that of (110) bcc Cr shown in Fig. 4 (b). Therefore, we can argue that the
local bcc Cr order present in the amorphous columns is the precursor of the nucleation of

crystalline regions.
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Fig. 4: HRTEM micrograph (a) showing the interface between a cone (in the middle) and a
column (surrounding the cone), and (b) and (c) the selected area diffraction (SAED) patterns

of the zones highlighted in (a).

As these films showing competitive growth contain two distinct phases, their respective
chemical composition has to be assessed in order to evaluate if the nucleation and growth of
the crystalline phase could be triggered by a composition gradient. For this, EDS has been
conducted on this sample inside the transmission electron microscope. The bright field TEM
image in Fig. 5 (a) shows the zone where the EDS measurements have been conducted. The
measurement points are shown on the blue horizontal line, and correspond to the points
where the chemical composition is reported on the graph in Fig. 5 (b). As can be seen, the
chemical composition change between the columns and the cone is not significant, taking

into account the uncertainty associated with the EDS technique.
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Fig. 5: Bright field TEM image showing the thin film with a crystalline cone surrounded by

amorphous columns (a) and the Pt film on top of it. The points on the cyan line where the



EDS measurements have been conducted, and the composition of the film in Cr and Zr is
given for each measurement point in (b). The vertical dotted lines are the intersection points

between the amorphous/crystalline interface and the EDS measurement line.

For the Zr-Cr thin films, Fig. 6 (a) gives the crystalline cone angle as a function of deposition
rate. When the deposition rate increases, the crystalline cone angle decreases. However, this
decrease is quite small, given the fact that the deposition rate has been increased
approximately 12-fold. The Zr-V thin films were deposited at a single deposition rate of 18
nm/min, resulting in the cones having an average angle of 48.4°, which is much larger than
for Zr-Cr thin films. Zr-Mo thin film deposited at a 24 nm/min deposition rate resulted in a
39.9° cone angle, while the Zr-W thin film deposited at a 52 nm/min resulted in a 45.4° cone

angle.
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Fig. 6: Graphs showing the change in crystalline cone angle (a), in crystallite size (b) and in
number of crystallites per cone (c) for Zr-Cr, Zr-V, Zr-Mo and Zr-W thin films depending on

the deposition rate of the thin films. Some error bars are too small to be seen.

To try to explain the difference found depending on the deposition rate, we propose a
model of nucleation and growth of crystallites inside the crystalline cones, where there is
only a small number of crystallites that nucleate at the apex of the cone, and the other
crystallites nucleate at the interface between the growing crystallites and the amorphous
columns upon the development of the crystalline cones. The proposed model is shown in Fig.

7.
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Fig. 7: Proposed nucleation and growth model for the crystalline cones in Zr-based thin films.

For the nucleation of a crystalline cone to occur, an energy barrier has to be overcome. The
energy needed can mainly be obtained chemically, thermally or mechanically. As suggested
by the EDS results on the TEM sample, the composition regarding Zr and Cr elements is the
same throughout the whole sample, so it is unlikely that a local chemical gradient is at the
origin of the nucleation. Moreover, during the whole deposition, the substrate temperature
did not exceed 45 °C, which makes the hypothesis of thermal energy being the precursor of
the nucleation less plausible. The mechanical energy originates from local changes of the
strain energy due to an uneven distribution of the stress through the film. It has been shown
that these dual-phase thin films exhibit a change of internal mechanical stress at the first
stages of the crystallite nucleation. Thus, it is likely that the origin for the nucleation of the

first crystallite lies in the mechanical energy aquired thanks to mechanical stress [18].

It can be seen on the SEM micrographs (Fig. 3) that some crystallites grow from the

beginning of the cone, and some other nucleate at the interface between a crystallite and



the amorphous matrix, or between crystallites. It is easier to observe on the Zr-V thin film, as
the crystalline phase is less dense and the size of the crystallites is larger than for Zr-Cr. On
Fig. 3 (c), on the cone on the right of the micrograph, vertical crystallites can be seen at the
axis of the cone. In contrast, crystallites that nucleated at the interface between the first
crystallites and the amorphous matrix on the right, and on the left some crystallites show a

larger angle, indicating that they nucleated higher in the cone between different crystallites.

Using this model, the change in crystalline cone angle with deposition rate might find its
origin either in a difference in nucleation rate of the crystallites inside the cones, a difference

in their growth kinetics, or both.

The first explanation for the decrease of the crystalline cones angle with increasing
deposition rate is the surface diffusion of adatoms. Indeed, an increased deposition rate
means less time for the adatoms to diffuse, and thus less in-plane growth of the crystalline
cones, reducing the cone angle. Nevertheless, given the high increase in deposition rate, the
in-plane growth rate would need to be 8 times higher if the diffusion was the only parameter

affecting the cone angle, following the equation given by Borroto et al. [16]:

VG—t a
y, ~an )

With V,; the in-plane growth rate, 1/, the deposition rate, and a the crystalline cone angle, as

shown on Fig. 3.

Hence, changing the deposition rate affects the in-plane growth of the crystallites. This is
confirmed in Fig. 6 (b), where a ~15 % decrease in crystallite size is observed when increasing

the deposition rate from 5 to 63nm/min, due to the fact that the adatoms have less time to



diffuse on the surface of the film when the deposition rate is higher, and that means less in-

plane growth for the crystallites.

However, this ~15 % decrease in crystallite size alone does not explain the ~¥30 % decrease in
cone angle. According to our model, it means that there could be another phenomenon
happening, such as a difference in nucleation rate of the crystallites inside the cones. Thus, if
this model of nucleation and growth of the crystalline phase is correct, a decrease of the

nucleation rate should be observed when increasing the deposition rate.

To quantify the difference in nucleation inside the cones, the number of crystallites in a cone
must be known. Yet, two problems arise when counting the number of crystallites per cone.
The first is due to the density of the crystallites in the cones, making it difficult to count them.
Some interfaces can be easily seen, and have been used to calculate the average crystallite
size for each deposition rate range, but it is not the case for the vast majority of the
crystallites, where it becomes difficult to see the separation. The second problem is that
when observing a cross-section SEM micrograph, the cones are not always cut in their center,
and it is of great difficulty to know exactly where a cone has been cut, which means counting

the crystallites from SEM micrographs is misleading.

To overcome these issues, the average number of crystallites per cone will be calculated by
dividing the average cone volume by the average crystallite volume. To calculate the first
one, the volume is calculated by using the cone angle and setting the height to 500 nm,
which means for cones that have not already coalesced. For the latter, the crystallite is
assumed to be a cylinder, of radius half of the crystallite size shown in Fig. 6 (b), and of
length half of the 500 nm height used for the cone, as all crystallites don’t nucleate at the

origin of the cone. Then, the average cone volume is divided by the average crystallite



volume, giving the plot in Fig. 6 (c). As can be seen, for a deposition rate between 5 and 30
nm/min, the nucleation density in a cone does not significantly change. However, when
depositing films at 63nm/min, a 40 % reduction of number of crystallites is observed, which
means that the nucleation rate is lower for this deposition rate, contributing to reducing the

crystalline cone angle.

It should be noted that this calculation gives the same results no matter the length of the
crystallites as compared to the cone height. As can be seen in Fig. 6, when increasing the
deposition rate from 5 nm/min up to 30 nm/min, the decrease in crystalline cone angle is
mostly due to the reduction of the crystallite size, and the nucleation density does not
significantly change. Hence, at these deposition rates, the change in crystalline cone angle is
mostly governed by the diffusion of the adatoms on the surface of the film during growth,
whereas increasing the deposition rate from 30 to 63 nm/min did not significantly change
the crystallite size. Instead, the number of crystallites per cone decreased by nearly 40 % as
compared to other deposition rates, which means that the decrease in crystallite cone angle
for very high deposition rates is mostly due to a lower nucleation density of the crystallites in

the cones.

As a comparison, for the Zr-V thin films, as can be seen in Fig. 6 (a), the crystalline cone angle
is much higher than that of Zr-Cr thin films, being 48° and from 21° to 32°, respectively.
Moreover, it can be seen in Fig. 6 (b) that the crystallite size is 87 nm, approximately 2 times
higher than that of Zr-Cr films, and the number of crystallites per cone is nearly the same as
for Zr-Cr thin films as Fig. 6 (c) shows. Thus, the higher cone angle in Zr-V dual phased thin

films as compared to Zr-Cr thin films might find its origin in the higher surface diffusion of V



adatoms as compared to Cr adatoms, leading to higher in-plane growth of the crystallites in

Zr-V crystalline cones and thus a higher cone angle.

An explanation for the higher surface diffusion of V adatoms as compared to Cr adatoms in
the studied Zr-V and Zr-Cr alloys lies in their different melting temperatures and
solidification intervals. According to the literature, the stable equilibrium peritectic
temperature of our Zr-V thin films is 1573 K [24] and solidification interval is close to 400 K at
the composition range of interest, while for the Zr-Cr thin films the peritectic temperature is
1832 K and the solidification interval is close to 100 K [25]. During sputtering, the surface
diffusion directly depends on the ratio between the deposition temperature and the melting
temperature of the deposited material [26]. At a similar deposition temperature, a lower
melting temperature means a higher adatom surface diffusion. Thus, the adatom diffusion
for the Zr-V system might be higher than for Zr-Cr, allowing a higher in-plane growth of the
crystallites for the Zr-V crystalline cones, explaining the higher cone angle as compared to Zr-
Cr for the same deposition rate. Similarly, higher solidification interval means more time for
the adatoms to diffuse during the solidification process occurring at the film surface. The Zr-
W peritectic temperature is 2483 K, according to its phase diagram [27], and the crystallites
are smaller than in Zr-Cr and Zr-V. However, the Zr-Mo peritectic temperature is 2194 K [28],
but its crystallites are even smaller than for Zr-W. Again, the potential reason for the lower
diffusion length of in Zr-Mo is the smaller solidification interval (approximately 300 K
compared to 700 K for Zr-W), leading to a faster solidification, which allows less time for

diffusion.

4. Conclusion



To summarize, the competitive growth phenomenon that occurs between amorphous and
crystalline phases that has been observed in the literature for sputtered Zr-Mo, Zr-W and Zr-
V films has been also found in the Zr-Cr system. This study shows that it exists in a wide
range of deposition rate, indicating its resilience against changes of deposition conditions
and giving promises for its experimental observation in other systems. However, changing
the deposition rate also changes the geometrical features of the crystalline phase such as
the cone angle, which can be used as a new parameter to control the growth of the film,
together with the film composition and film thickness. The size and density of crystallites
inside a cone also depend on the deposition rate and the material deposited. Furthermore,
we proposed a model of nucleation and growth for the crystallites inside the crystalline
cones to explain the development of this competitive growth, which is a step towards the
understanding of the mechanisms underlying this process. This allows a fine tuning of the
surface morphology, and hence of the functional properties. We showed that depending on
the deposition rate, the change in the crystalline cone angle can be due to either the

nucleation kinetics of the crystallites, or their lateral growth.

Acknowledgements

The “Université Franco-Allemande” (UFA) and the “Ministere de I’Enseignement Supérieur et
de la Recherche” are deeply acknowledged for the PhD scholarship of Quentin Liebgott

within the PhD-track in Materials Science and Engineering at UFA.

References

[1]  X.Yang, F. Wang, W. Wang, S. Liu, Y. Chen, H. Tang, Comparison of two-step surface
treatment on surface roughness and corrosion resistance of TC4 alloy parts prepared

by SLM and SEBM, J. Alloys Compd. 921 (2022) 165929.



[2]

3]

[4]

[5]

[6]

[7]

https://doi.org/10.1016/j.jallcom.2022.165929.

Y. Ma, L. Li, J. Qian, W. Qu, R. Luo, F. Wu, R. Chen, Materials and structure engineering
by magnetron sputtering for advanced lithium batteries, Energy Storage Mater. 39

(2021) 203-224. https://doi.org/10.1016/j.ensm.2021.04.012.

A. Garcia-Giron, J.M. Romano, Y. Liang, B. Dashtbozorg, H. Dong, P. Penchev, S.S.
Dimov, Combined surface hardening and laser patterning approach for functionalising
stainless steel surfaces, Appl. Surf. Sci. 439 (2018) 516-524.

https://doi.org/10.1016/j.apsusc.2018.01.012.

D.W. Miiller, S. LoRlein, E. Terriac, K. Brix, K. Siems, R. Moeller, R. Kautenburger, F.
Micklich, Increasing Antibacterial Efficiency of Cu Surfaces by targeted Surface
Functionalization via Ultrashort Pulsed Direct Laser Interference Patterning, Adv.

Mater. Interfaces. 8 (2021). https://doi.org/10.1002/admi.202001656.

H. Ji, M.C. Zhao, B. Xie, Y.C. Zhao, D. Yin, C. Gao, C. Shuai, A. Atrens, Corrosion and
antibacterial performance of novel selective-laser-melted (SLMed) Ti-xCu biomedical
alloys, J. Alloys Compd. 864 (2021) 158415.

https://doi.org/10.1016/j.jallcom.2020.158415.

C.B.Yi, Y.X. Yuan, L. Zhang, Y.H. Jiang, Z.Y. He, Antibacterial Ti-35Nb-7Zr-xCu alloy with
excellent mechanical properties generated with a spark plasma sintering method for
biological applications, J. Alloys Compd. 879 (2021) 160473.

https://doi.org/10.1016/j.jallcom.2021.160473.

G. Wu, R. Liang, M. Ge, G. Sun, Y. Zhang, G. Xing, Surface Passivation Using 2D

Perovskites toward Efficient and Stable Perovskite Solar Cells, Adv. Mater. 34 (2022).



[8]

[9]

[10]

[11]

[12]

[13]

https://doi.org/10.1002/adma.202105635.

M. Tabish, M.U. Malik, M.A. Khan, G. Yasin, H.M. Asif, M.J. Anjum, W.Q. Khan, S.
Ibraheem, T.A. Nguyen, Y. Slimani, M.T. Nazir, Construction of NiCo/graphene
nanocomposite coating with bulges-like morphology for enhanced mechanical
properties and corrosion resistance performance, J. Alloys Compd. 867 (2021) 159138.

https://doi.org/10.1016/j.jallcom.2021.159138.

G. Purcek, H. Yanar, M. Demirtas, D. V. Shangina, N.R. Bochvar, S. V. Dobatkin,
Microstructural, mechanical and tribological properties of ultrafine-grained Cu—Cr—Zr
alloy processed by high pressure torsion, J. Alloys Compd. 816 (2020) 152675.

https://doi.org/10.1016/j.jallcom.2019.152675.

J. Zhu, X. Cheng, L. Zhang, X. Hui, Y. Wu, H. Zheng, Z. Ren, Y. Zhao, W. Wang, S. Zhu, X.
Wang, Microstructures, wear resistance and corrosion resistance of CoCrFeNi high
entropy alloys coating on AZ91 Mg alloy prepared by cold spray, J. Alloys Compd. 925

(2022) 166698. https://doi.org/10.1016/j.jallcom.2022.166698.

Y.L. Deng, J.W. Lee, B.S. Lou, J.G. Duh, J.P. Chu, J.S.C. Jang, The fabrication and
property evaluation of Zr-Ti-B-Si thin film metallic glass materials, Surf. Coatings

Technol. 259 (2014) 115-122. https://doi.org/10.1016/j.surfcoat.2014.03.026.

H. Jia, F. Liu, Z. An, W. Li, G. Wang, J.P. Chu, J.S.C. Jang, Y. Gao, P.K. Liaw, Thin-film
metallic glasses for substrate fatigue-property improvements, Thin Solid Films. 561

(2014) 2-27. https://doi.org/10.1016/j.tsf.2013.12.024.

F.X. Liu, F.Q. Yang, Y.F. Gao, W.H. Jiang, Y.F. Guan, P.D. Rack, O. Sergic, P.K. Liaw,

Micro-scratch study of a magnetron-sputtered Zr-based metallic-glass film, Surf.



[14]

[15]

[16]

[17]

[18]

[19]

Coatings Technol. 203 (2009) 3480-3484.

https://doi.org/10.1016/j.surfcoat.2009.05.017.

A. Inoue, T. Zhang, T. Masumoto, Glass-forming ability of alloys, J. Non. Cryst. Solids.

156-158 (1993) 473-480. https://doi.org/10.1016/0022-3093(93)90003-G.

A.l.I. Akira Takeuchi, Classification of Bulk Metallic Glasses by Atomic Size Difference,
Heat of Mixing and Period of Constituent Elements and Its Application to

Characterization of the Main Alloying Element, Mater. Trans. 46 (2005) 2817-2829.

A. Borroto, A.C. Garcia-Wong, S. Bruyeére, S. Migot, D. Pilloud, J.F. Pierson, F. Miicklich,
D. Horwat, Composition-driven transition from amorphous to crystalline films enables
bottom-up design of functional surfaces, Appl. Surf. Sci. 538 (2021) 148133.

https://doi.org/10.1016/j.apsusc.2020.148133.

P. Zeman, S. Haviar, M. Cervend, Self-formation of dual glassy-crystalline structure in
magnetron sputtered W—Zr films, Vacuum. 187 (2021).

https://doi.org/10.1016/j.vacuum.2021.110099.

A. Borroto, S. Bruyeére, S. Migot, J.F. Pierson, F. Miicklich, D. Horwat, Growth kinetics
and origin of residual stress of two-phase crystalline-amorphous nanostructured films,

J. Appl. Phys. 129 (2021). https://doi.org/10.1063/5.0044029.

A. Borroto, S. Bruyére, S. Migot, J.F. Pierson, T. Gries, F. Miicklich, D. Horwat,
Controlling surface morphology by nanocrystalline/amorphous competitive self-phase
separation in thin films: Thickness-modulated reflectance and interference
phenomena, Acta Mater. 181 (2019) 78-86.

https://doi.org/10.1016/j.actamat.2019.09.036.



[20]

[21]

[22]

[23]

[24]

[25]

[26]

V. Kolkovsky, J.U. Schmidt, S. Doring, Electrical and structural properties of direct
current magnetron sputtered amorphous TiAl thin films, Thin Solid Films. 669 (2019)

169-173. https://doi.org/10.1016/j.tsf.2018.10.033.

R. Gago, M. Vinnichenko, A. Redondo-Cubero, Z. Czigany, L. Vazquez, Surface
morphology of heterogeneous nanocrystalline rutile/amorphous anatase TiO2 films
grown by reactive pulsed magnetron sputtering, Plasma Process. Polym. 7 (2010) 813—

823. https://doi.org/10.1002/ppap.200900182.

V. Brien, P. Miska, B. Bolle, P. Pigeat, Columnar growth of ALN by r.f. magnetron
sputtering: Role of the {1 0 I 3} planes, J. Cryst. Growth. 307 (2007) 245-252.

https://doi.org/10.1016/j.jcrysgro.2007.06.013.

J.H. Kim, E. Akiyama, H. Habazaki, A. Kawashima, K. Asami, K. Hashimoto, The
corrosion behavior of sputter-deposited amorphous Chromium-Zirconium alloys in

6M HCl solution, Corros. Sci. 34 (1993) 1817-1827.

J. Strof, J. Pavld, U.D. Wdowik, J. Burik, M. Sob, J. Viestal, Laves phases in the V-Zr
system below room temperature: Stability analysis using ab initio results and phase
diagram, Calphad Comput. Coupling Phase Diagrams Thermochem. 44 (2014) 62—69.

https://doi.org/10.1016/j.calphad.2013.08.003.

H.J. Lu, W.B. Wang, N. Zou, J.Y. Shen, X.G. Lu, Y.L. He, Thermodynamic modeling of Cr-
Nb and Zr-Cr with extension to the ternary Zr-Nb-Cr system, Calphad Comput.
Coupling Phase Diagrams Thermochem. 50 (2015) 134-143.

https://doi.org/10.1016/j.calphad.2015.06.002.

J.A. Thornton, Influence of Apparatus Geometry and Deposition Conditions on the



Structure and Topography of Thick Sputtered Coatings., J Vac Sci Technol. 11 (1974)

666—670. https://doi.org/10.1116/1.1312732.

[27] H.Ren, X. Liu, J. Ning, Microstructure and mechanical properties of W-Zr reactive
materials, Mater. Sci. Eng. A. 660 (2016) 205-212.

https://doi.org/10.1016/j.msea.2016.02.009.

[28] R.J. Pérez, B. Sundman, Thermodynamic assessment of the Mo-Zr binary phase
diagram, Calphad Comput. Coupling Phase Diagrams Thermochem. 27 (2003) 253-262.

https://doi.org/10.1016/j.calphad.2003.09.003.



