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Dual-phase amorphous/nanocrystalline alloys have been proven to present enhanced properties compared to
their amorphous or nanocrystalline single-phase counterparts. These dual-phase materials are typically
composed of nanocrystalline cores embedded in an amorphous matrix. In contrast, a new kind of dual-phase
metallic films has recently been reported in which cone-shaped crystalline regions evolve as a result of
competitive growth between the amorphous and crystalline phases with increasing film thickness. Here, we
demonstrate that, unlike typical dual-phase alloys, Zr-V thin films exhibiting crystalline/amorphous competitive
growth develop a preferred crystallographic orientation upon growth. Relying on pole figure observations, we
uncover the development of a preferred orientation of the (110) crystallographic planes in the growth direction
of the film with increasing film thickness. High-resolution transmission electron microscopy analysis reveals that
the crystalline regions are formed by nano-branches which grow (110)-oriented. Based on this result, together
with scanning and transmission electron microscopy observations, we associate the development of the
thickness-dependent preferred orientation to the impingement between cone-shaped crystalline regions. This
process triggers a selective growth mechanism that favors the selection of nano-branches growing near the di-
rection of film growth. Our results and analyses provide a step forward in understanding the growth kinetics of
dual-phase alloys presenting complex microstructures.

Wang et al. showed unexpected thermal stability in a dual-phase
Alp74Mog 26 alloy film formed by AlsMo nano-grains uniformly
dispersed in the Al-Mo amorphous matrix and prepared by

1. Introduction

Combining both amorphous and nanocrystalline metallic phases in

the same alloy has proven to be an effective strategy to obtain dual-
phase materials with improved properties compared to their amor-
phous or nanocrystalline single-phase counterparts [1]. For example,
Wu et al. demonstrated that near-ideal strength at room temperature can
be achieved in a dual-phase magnesium-alloy thin film consisting of
uniformly  distributed = MgCu, nanocrystals embedded in
magnesium-enriched amorphous shells [2]. Wu et al. also demonstrated
ultrahigh strength and large plasticity in a dual-phase alloy composed of
crystalline Al nanograins surrounded by nano-sized metallic glass shells
[3]. Furthermore, Ming et al. showed enhanced strength and ductility in
a TiZr-based alloy formed by crystalline TiZr-rich and amorphous
CuZr-rich phases [4]. In addition to improved mechanical properties, Li
et al. reported superior comprehensive soft magnetic properties in a
dual-phase amorphous/nanocrystalline FeCo-based alloy [5]. Moreover,

annealing-induced crystallization [6]. From a microstructural point of
view, in most cases, dual-phase alloys are composed of nanocrystallites
uniformly dispersed in the amorphous matrix. Another type of
dual-phase amorphous/nanocrystalline alloys can also be obtained
through grain boundary amorphization in nanocrystalline metals. This
formation of a so-called amorphous intergranular film at the grain
boundaries, which is produced mainly by annealing-induced solute
segregation, has been shown to improve the thermal stability and me-
chanical properties of the alloy [7,8]. Overall, amorphous/nanocrys-
talline metal alloys are intrinsically polycrystalline with
randomly-oriented crystallites, and a preferred crystallographic orien-
tation in these dual-phase materials has not been reported so far.

A new kind of dual-phase metallic films consisting of nanocrystalline
regions of conical shape heterogeneously distributed in an amorphous
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Fig. 1. Thickness-dependent microstructural evolution of Zr-V thin films exhibiting crystalline/amorphous competitive growth. (a) X-ray diffractograms of 2.00,
2.47, and 3.05 pm thick Zr-V films with 83 at% V. As the film thickness increases, the diffracted intensity associated with the bee phase of V increases, evidencing the
overgrowth of the amorphous phase by the crystalline one. (b) Top and cross-sectional view SEM images of the films showing their microstructural evolution with
increasing thickness. Scale bar: 1 um. (c) Evolution of coverage of the film surface by the crystalline regions with increasing thickness.

matrix has been recently obtained by magnetron sputtering. This dual-
phase microstructure has been reported in some binary Zr-X alloys (X
= Mo [9], W [10-12], Cr [13] and V [13]), and also in Ti-Al [14] thin
films. In these alloys, a competitive growth between the crystalline and
amorphous phases occurs with increasing film thickness, which induces
a progressive overgrowth of the amorphous phase by the crystalline one.
Thus, the ratio between the amorphous and crystalline phases can be
tuned by using the film thickness as a control parameter. The particular
microstructure of metallic films presenting nanocrystalline/amorphous
competitive growth provides an avenue to manipulate their
surface-related properties, as demonstrated for the optical reflectivity of
Zr-Mo and Zr-W alloys [9,10]. We point-out here that, as has been
proven in the case of Zr-W [10] and Zr-Cr [13] thin films, nano-
crystalline/amorphous competitive growth occurs in a narrow range of
alloy chemical compositions, which may be hindering the detection of
this phenomenon in other metallic systems. Interestingly, prior to the
discovery of nanocrystalline/amorphous competitive growth in metallic
films, similar dual-phase microstructures have been reported punctually
in some nitrides and oxides such as Al-N [15], Ti-O [16] and BaTiO3
[17]. Another non-metallic system that exhibits this particular
dual-phase microstructure is hydrogenated silicon (Si:H) synthesized by
plasma-enhanced CVD, which has widely been studied because of its
implication in solar cell technologies [18-20].

The marked microstructural difference between typical dual-phase
amorphous/nanocrystalline alloys and dual-phase metallic films exhib-
iting nanocrystalline/amorphous competitive growth may trigger
distinctive structural features in the latter. In particular, the overgrowth
of the amorphous phase by the crystalline one could induce a significant
structural change in these metallic films, such as the development of a
preferred crystallographic orientation, so far elusive in typical dual-
phase amorphous/nanocrystalline alloys. In the present work, we aim
to unravel this question. To do so, we rely on Zr-V alloys as a model
system in which nanocrystalline/amorphous competitive growth has
already been observed [13]. This system has also been explored as a
non-evaporable getters for achieving ultra-high vacuum conditions

[21-27].

2. Experimental details
2.1. Thin film synthesis

Dual-phase amorphous/nanocrystalline Zr-V thin films were ob-
tained by DC magnetron co-sputtering of Zr and V metallic targets in an
argon atmosphere. The alloys were deposited on Si(100) single crystal
substrates of 1.5x1.5 cm? and without external heating. To guarantee
homogeneity of the films the depositions were done with the substrate
holder in rotation mode. A target-to-substrate distance of 9 cm was fixed
for all the experiments [10,11]. Prior to deposition, the sputtering
chamber was pumped down to a base vacuum of 107 Pa using me-
chanical and turbo-molecular pumps. The working-gas pressure was set
at 2 Pa. Discharge currents of 0.15 and 0.62 A were applied to the Zr and
V targets, respectively (target dimensions: 50.8 mm in diameter,
3 mm-thick and purity higher than 99.9 %, both were powered by a
Maxim 1000 DC generator). Under these conditions, Zr-V films with
83 at% V were obtained, close to the previously reported composition
(86 at% V) to obtain amorphous/nanocrystalline competitive growth in
this system [13]. The films thickness was controlled by adjusting the
deposition time.

2.2. Thin film characterization

X-ray diffraction measurements were conducted in monochromatic
parallel beam configuration with K,;Cu radiation (1=1.5406 10\) using a
Rigaku SmartLab diffractometer. Top and cross-section views of the
films were obtained by scanning electron microscopy (SEM) using a
ZEISS Gemini SEM 500 equipped with a field emission gun at an
accelerating voltage of 2.0 kV. The film thickness was measured using
the cross-sectional SEM images. Transmission electron microscopy
(TEM) analyses were performed using a JEOL-ARM 200 Cold FEG TEM/
STEM operating at 200 kV and equipped with two spherical aberration
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Fig. 2. Structural and chemical composition analysis of Zr-V film exhibiting crystalline/amorphous competitive growth. (a) Brigth-field TEM image of a 2.00 um
thick Zr-V film with 83 at% V. Scale bar: 500 nm. The darker-contrast zones in the columnar region reveal the presence of nanocrystals in this region. (b) SAED
pattern performed on the zone marked with a yellow circle in (a) showing the polycrystalline nature of the cone-shaped regions. (c) SAED pattern performed on the
zone marked with a green circle in (a) revealing the dual-phase amorphous/crystalline nature of the columnar region. (d) Intensity profiles extracted from the
directions highlighted in the SAED pattern shown in (c). (¢) EDS mappings showing the superposition of the V, Zr, and O signals (top-left image), and the distribution
of each element. Scale bar: 1 um. (f) Intensity profiles extracted from the highlighted area on the overlaid EDS mapping.

(Cs) probe correctors (point resolution 0.12 nm in TEM mode and
0.078 nm in STEM mode). For these analyses, a cross-section TEM
sample of a 2.00 um thick Zr-V film was prepared using a focused ion
beam (FIB)-scanning electron microscope dual beam system (FEI Helios
NanoLab 600i).

3. Results and discussion
3.1. Nanocrystalline/amorphous competitive growth in Zr-V thin films

X-ray diffraction and SEM analyses performed on Zr-V films with
83 at% V reveal the occurrence of crystalline/amorphous competitive
growth in this system (Fig. 1). The dual-phase structure of the alloy is
evidenced in the X-ray diffractogram of the 2.00 um thick film (Fig. 1a).
At this thickness, the diffractogram shows a mixture of the amorphous

and crystalline signals. The broad hump is characteristic of the amor-
phous phase while the crystalline phase is characterized by a well-
defined diffraction peak which can be associated with the (110)
planes of the bee phase of V (PDF 00-022-1058). We note that the (110)
peak is shifted with respect to pure V. Its position corresponds to an
interplanar distance (d,o " = 0.221 nm) greater than that of pure V

(d2%¢V = 0.214 nm), which is due to the incorporation of Zr atoms with
a larger radius than V (Zr metallic radius = 0.158 nm and V metallic
radius = 0.134 nm [28]). We point-out that the stable equilibrium phase
diagram of the Zr-V system predicts (at room temperature and 83 at% V)
the formation of bee-V of limited solubility and an intermetallic C15
Laves phase (ZrVy) [29]. Hence, our results highlight the possibility of
obtaining metastable phases (amorphous and supersaturated solid so-
lution of Zr into bee-V) due to high quenching rates associated with the
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Fig. 3. Thickness-dependent development of a preferred crystallographic orientation in Zr-V thin films exhibiting crystalline/amorphous competitive growth. (a)
(110) pole figures of 2.00, 2.47, and 3.05 pm thick Zr-V films with 83 at% V. (b) Average intensity profiles determined as the average diffracted intensity after a
complete rotation (360°) of the film at a given x value. (c) Evolution with film thickness of the average intensity at y = 0° and y = 65°.

vapor condensation inherent to the magnetron sputtering process. Top
and cross-sectional SEM views show the peculiar microstructure of the
film, formed by two regions with different and well-defined morphol-
ogies (Fig. 1b). The crystalline regions exhibit a rounded shape from the
top view and a conical shape terminated in a dome from the
cross-sectional view. The amorphous region surrounds the crystalline
ones and presents a columnar microstructure from the cross-sectional
view, which is typical for zone I-type growth according to structure
zone models [30,31].

X-ray diffractograms show that the diffracted intensity associated
with the crystalline phase increases with increasing film thickness
(Fig. 1a). This is in line with the SEM observations showing that, due to
the conical shape of the crystalline regions, they progressively overgrow
the amorphous matrix (Fig. 1b). As a result of this competitive growth
between the two regions, the ratio between the crystalline and amor-
phous phases increases with film thickness, leading to an increased
coverage of the film surface by the crystalline regions (Fig. 1c). Conse-
quently, the surface of the 3.05 um thick film is almost completely
covered by the crystalline phase (see Liebgott et al. [13] for details on
SEM image processing for the extraction of surface coverage by crys-
talline regions).

Cross-sectional transmission electron microscopy (TEM) analysis
performed on the 2 pm thick Zr-V film provide details on the structure,
microstructure and chemical composition of these dual-phase alloys
(Fig. 2). The selected-area electron diffraction (SAED) pattern of the
cone-shaped region shows well-defined rings that can be associated with
bce-V, confirming its crystalline structure (Fig. 2b). On the other hand,
the SAED pattern of the columnar region shows the overlapping of a
diffuse ring and some dark spots (Fig. 2¢). The diffuse ring confirms the
amorphous nature of this region. However, the dark spots indicate the

presence of nanocrystals embedded in the amorphous matrix, revealing
that the columnar region is not fully-amorphous. The intensity profiles
(Fig. 2d) extracted from the directions highlighted in the SAED pattern
(light and dark green lines) evidence the dual-phase character of the
columnar region. In addition, the interplanar distance corresponding to
the position of the dark spots can be associated with the (110) planes of
bece V, showing that the structure of the nanocrystals is the same as that
of the conical regions. The presence of these nanocrystals is also
observed in the bright-field TEM image of Fig. 2a. Indeed, the darker-
contrast zones embedded in the amorphous nanocolumns reveal either
the presence of diffracting domains or heavier Zr-rich precipitates.
However, the energy-dispersive X-ray spectroscopy (EDS) mappings
(Fig. 2e) demonstrate chemical homogeneity in the columnar region,
disregarding the presence of precipitates and confirming the diffracting
nature of the darker-contrast zones in the bright-field TEM image.

The EDS mappings also indicate a decrease in the intensity of the V
and Zr signals in the fully-crystalline conical regions compared to their
intensities in the columnar region, pointing to a lower atomic content of
both elements in the former. On the other hand, the oxygen signal ap-
pears to be nearly homogeneous throughout the film (conical and
columnar regions). These observations are confirmed by the intensity
profiles (Fig. 2f) extracted from the highlighted area on the overlaid EDS
mapping. Nevertheless, the intensity profiles also reveal that the ratio
between the V and Zr signals does not change when passing from the
columnar to the conical region. These results demonstrate, firstly, that
the ratio between V and Zr content is the same in both conical and
columnar regions, as also reported in the case of the Zr-Cr system
exhibiting nanocrystalline/amorphous competitive growth [13]. Sec-
ondly, the porosity of the conical regions is larger than that of the
columnar ones, as evidenced by the decrease in the intensity of the V and
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Fig. 4. High-resolution TEM analysis of Zr-V film exhibiting crystalline/amorphous competitive growth. (a) Cross-sectional TEM image of a 2.00 ym thick Zr-V film
with 83 at% V. Scale bar: 1 pm. (b-c) Zooms of a cone-shaped crystalline region highlighting its particular microstructure. Scale bars: 200 nm (b) and 50 nm (c). (d-e)
High-resolution TEM images from the core of a nano-branch, marked with a yellow square in (c). The white arrow, parallel to the one shown in (c), indicates the
growth direction of the selected nano-branch. Scale bars: 5 nm (d) and 1 nm (e). (f) FFT of the image shown in (d). The FFT indicates that the nano-branch is growing
with the (110) crystallographic planes normal to its growth direction, indicated by the black arrow.

Zr signals in this region. This is supported by the presence of clearly
visible voids between the nano-branches forming the conical regions
(Fig. 2e). Finally, the opened morphology of the conical regions is
favorable to the penetration of oxygen and trigger surface oxidation as
suggests the composite V + Zr + O color map of Fig. 2e. We note that the
oxygen detected in the films is the result of their natural oxidation due to
exposure to the atmosphere, and that no oxidation process was carried
out on the films. Hence, the obtained microstructure could be of interest
for non-evaporable getter applications.

We note that in the case of other dual-phase metallic films exhibiting
nanocrystalline/amorphous competitive growth, the columnar region
has been reported as fully-amorphous and the presence of nanocrystals
has not been detected so far. In the following, we will use the term
amorphous when referring to the region of columnar microstructure, but
it is important to have in mind that this zone is not fully-amorphous in
the case of the Zr-V system. Actually, the microstructure of this region
resembles that of typical dual-phase alloys, composed of nanocrystallites
dispersed in the amorphous matrix.

3.2. Preferred crystallographic orientation in dual-phase Zr-V thin films

The crystalline/amorphous competitive growth herein presented,
results in the development with film thickness of a preferred crystallo-
graphic orientation. This is illustrated by the pole figures performed on
the (110) reflection (Fig. 3). We note that the color scale of the pole
figures indicates the intensity detected at a certain sample orientation
and is proportional to the volume fraction of crystallites with their (110)
crystallographic planes in reflection geometry. The pole figure of the

2.00 um thick film (Fig. 3a) shows a nearly constant intensity regardless
of the sample orientation, indicating that the alloy is polycrystalline
with the (110) crystallographic planes uniformly distributed, i.e.
without a preferred orientation. This is also illustrated in Fig. 3b, which
shows the variation with y of the average diffracted intensity after a
complete rotation (360°) around the direction normal to the film sur-
face. y corresponds to the angle between the growth direction of the film
(normal to the substrate surface) and the bisector between the incident
and diffracted beams.

As the film thickness increases to 2.47 um, the diffracted intensity
increases compared to that of the 2.00 um thick film (Fig. 3a-b),
evidencing a higher volume fraction of crystallites (110)-oriented. This
is in accordance with the increase of cone-shaped crystalline regions and
corresponding increase in surface coverage of the films by these regions
observed in the SEM images (Fig. 1b-c). We point-out here that both the
intensity in the pole figure (Fig. 3a) and the average intensity (Fig. 3b)
show a slight increase around y = 0°, revealing the onset of a preferred
orientation of the (110) planes in the growth direction of the film.
Finally, the 3.05 um thick film shows a noticeable increase in diffracted
intensity when approaching to y = 0°. This indicates a continuous in-
crease in the volume fraction of (110)-oriented crystallites when
approaching the growth direction of the film, highlighting the devel-
opment of a preferred crystallographic orientation in this direction. This
development of a preferred crystallographic orientation with increasing
film thickness is clearly illustrated in Fig. 3c, which shows the evolution
of the average diffracted intensity at y = 0° and ¥ = 65°. At y = 65° the
average intensity increases linearly with film thickness. In contrast, at
= 0°, the average intensity evolves superlinearly with film thickness,
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Fig. 5. Selective growth mechanism of nano-branches in Zr-V films exhibiting crystalline/amorphous competitive. (a) Cross-sectional SEM image of a 3.05 pm thick
Zr-V film which highlights the blocked nano-branches at the boundary between two crystalline regions. Scale bar: 500 nm. (b) Schematic showing the different
mechanisms leading to the development of a preferred orientation of the nano-branches in the direction of film growth as a result of the impingement between two

crystalline regions.

signing the development of the preferred crystallographic orientation.

To unravel the origin of the preferred crystallographic orientation,
high-resolution TEM analysis was performed on the 2.00 um thick film
(Fig. 4). Similar to SEM observations (Fig. 1b), cross-sectional TEM
images show that the cone-shaped regions exhibit a feather-like
morphology composed of nano-branches (Fig. 2a and Fig. 4a-c). In
addition, the formation of rings in the SAED pattern shown in Fig. 2b
points-out the polycrystalline and non-preferentially oriented nature of
the cone-shaped regions. This is in line with the nearly constant values
detected in both the pole figure and average intensity of the 2.00 pm
thick film (Fig. 3a-b). However, a different situation occurs when
analyzing individual nano-branches forming the crystalline cone-shaped
regions. The high-resolution TEM image acquired at the center of a
nano-branch (Fig. 4d-e) and its corresponding Fast Fourier transform
(FFT) pattern (Fig. 4f) indicate that the core of the nano-branch is
monocrystalline, with the (110) crystallographic planes oriented
perpendicular to the growth direction of the nano-branch.

These results shed light on the origin of the development of a
preferred crystallographic orientation with increasing film thickness,
revealed by pole figure analysis. Indeed, as the film thickness increases,
the crystalline regions come into contact with each other. This process
inhibits the in-plane growth of crystalline nano-branches close to the
generatrix of the cone-shaped regions, which is reflected in the fact that
the boundary between two crystalline regions is normal to the substrate
(Fig. 5a). Hence, while the nano-branches closer to the cone generatrix
are progressively blocked with increasing film thickness, the nano-
branches growing close to the cone axis (i.e., in the growth direction
of the film) continue their growth (Fig. 5). Moreover, looking at the TEM
images in Figs. 2a and 4a and SEM image in Fig. 5a, it is clear that
primary nano-branches produce secondary nano-branches, among
which those oriented close to the direction of film growth are not con-
strained, continue to grow and contribute to the development of the
preferred orientation (Fig. 5b). In addition, there is also evidence that
the axis of the nano-branches can be forced to bent to some extent due to
the lateral confinement (Fig. 5b). All these effects, which are a conse-
quence of the impingement between crystalline regions, triggers the
development of the preferred orientation of the (110) crystallographic
planes in the growth direction of the film.

4. Conclusions

In summary, we demonstrated the occurrence of the crystalline/
amorphous competitive growth phenomenon in sputter-deposited Zr-V
films with 83 at% V. We showed that, in these dual-phase alloys, the
ratio between the crystalline and amorphous phases increases with film
thickness due to the progressive overgrowth of the amorphous phase by
the crystalline one. Pole figure analysis revealed that, as the film
thickness increases, a preferred orientation of the (110) crystallographic
planes in the growth direction of the film develops. We explained this
process by relying on high-resolution TEM analysis showing that the
core of the nano-branches forming the crystalline regions grow (110)-
oriented. Consequently, we attributed the development of the (110)-
preferred orientation to the favored selection of nano-branches growing
near the film growth direction, triggered by the impingement between
the crystalline regions. Our results shed new light on the structural and
microstructural evolution in Zr-V thin films exhibiting crystalline/
amorphous competitive growth, and could serve as a platform for un-
derstanding the growth mechanisms in other systems in which this
phenomenon occurs.
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