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Abstract  

Composition-driven transition to the crystalline state is characteristic of amorphous metal 

alloys and is widely observed in thin film. However, the transition zone (compositional range 

between single-phase amorphous and crystalline films) remains unexplored. Here, we 

demonstrate that this transition offers an excellent scenario for the fabrication of hybrid 

crystalline-amorphous architectures. The peculiar morphology of these nano(micro)-

structured films provides a simple bottom-up route, applicable to a broad range of alloys, for 

obtaining adjustable multifunctional surfaces. In particular, we prove the feasibility of this 

approach as a one-step process for a precise control of specular and diffuse reflectance over 

the visible spectrum. Further, the growth kinetics of the formed two-phase nanostructures is 

demonstrated equivalent to a 2-dimensional amorphous-to-crystalline phase transformation. 

Using Zr-W alloys as a model system, fundamental parameters of the growth process and the 

corresponding metastable thickness-composition phase diagram are extracted. It evidences 
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that the two-phase nanostructures, despite occurring in a wide range of compositions, can be 

easily hidden experimentally by growth kinetics and nucleation delay. These results open a 

new avenue on the surface morphology and related functional properties control in thin films. 

Keywords: Thin films, Amorphous metal alloys, Nanocrystalline alloys, Phase separation, 

Growth kinetics, Surface functionalization. 
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1. Introduction 

Along the ages, biological species have developed specific geometrical features at their skin, 

shell, hairs, or more generally at their interfaces with the environment. Those are associated to 

specific capabilities, such as self-cleaning [1], improved adhesion [2], anti-reflection [3], 

iridescence [4], drag reduction [5], to cite a few. Nature inspires us to develop materials and 

objects with new functionalities, acting on their surface topography at different scales being 

one of the main levers at hand. Top-down approaches have naturally emerged as they enable 

to mimic the surface topography of biological species, and benefit from their long-term 

evolution, in order to modulate functional properties to a large extent [6–12]. Yet, it is often at 

the expense of costly and/or complex structuration processes. This is calling for new methods 

in which the topography develops during material synthesis, i.e. in a bottom-up way, and still 

offers a sensitive control over the functional properties. 

Among the many approaches to modify surface properties, thin film deposition has 

established itself as an important way of materials functionalization with low raw materials 

consumption, which is highly sought in the current world. Most reported studies rely on the 

inherent properties of the deposited materials or modification of their microstructure to adjust 

surface properties [13–15]. In this context, physical vapor deposition methods are particularly 

attractive as they are suited to grow thin layers of almost any material on any other one, e.g. 

metal on polymer, ceramics on metal or wood, and to bring the surface properties of the 

deposit to a specific object under very few restrictions. Structure zone models have 

established important guidelines to understand how the morphology of a single-phased film 

can be manipulated through experimental and physical parameters and have paved the way of 

thin film science over the last 50 years [16–18]. Additionally, since the condensation process 

from the vapor phase to form a solid film occurs in a very short time, it is associated to very 

high quenching rates (~106-109 K s-1). Hence, the film structure, microstructure and bonding 
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state can be manipulated to a very large extent between far-out and close-to-stable 

thermodynamic equilibrium conditions, depending on deposition conditions. Thin film 

amorphous metal alloys are an extreme example of such possibilities, in which nucleation is 

inhibited [19–25]. In less drastic conditions, when crystal growth is limited but nucleation 

occurs, nanocrystalline films can be obtained. A wide range of unusual properties arise from 

such configurations, like ultra-high plasticity [26], antibacterial activity [27,28], and high 

corrosion and wear resistance [29–31]. Yet, in most cases, single-phased coatings are 

considered and the mechanisms at the origin of multi-phased coatings and their potentialities 

remain essentially unexplored. In particular, the composition-driven transition between 

amorphous metal alloys and nanocrystalline films [32], at the core of the present study, has 

been overlooked so far as a possible way of surface functionalization and little is known about 

the nature of such transition, despite it occurs in many systems [31,33–37]. 

Here, we show that composition-driven transition from amorphous to crystalline state in thin 

films proceeds by competitive growth between the two states and is associated to gradual, yet 

intense, change in the surface topography. Within this transition, crystalline regions 

terminated by domes, nucleate inside, overgrow and protrude from, amorphous flat thin film 

matrix. Surface morphology-related functional properties are hence controlled, such as 

wettability or components of the optical reflectance. To serve as a platform for future 

developments and explorations, we also establish a kinetic model and phase diagram of the 

process. These are based on the modular kinetics model (MKM) [38–41] and the equivalence 

between the observed topographic evolution at the film surface and a 2-dimensional (2D) 

phase transformation. 

2. Experimental details 

Thin films synthesis: Nanostructured Zr-W and Zr-Mo thin films were deposited on (100) 

silicon single crystal substrates (1.5 x 1.5 cm2) using DC magnetron co-sputtering of Zr and W 
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or Mo metallic targets in the presence of argon. To ensure homogeneity of the films, all the 

depositions were made with the targets in confocal configuration and the substrate holder in 

rotating mode (Figure 1a). The sputtering chamber was pumped down via a mechanical and a 

turbo-molecular pumps allowing a base vacuum of 10-6 Pa. The targets to substrate distance 

was fixed at 9 cm and working argon pressures of 2 and 3 Pa were used for the Zr-Mo and Zr-

W films, respectively. The chemical composition of the films was controlled by applying a 

discharge current of 0.3 A to the Zr target and 0.4, 0.5 and 0.55 A to the W target or 0.28 A to 

the Mo target (targets dimension: 50.8 mm in diameter, 3 mm-thick and purity higher than 

99.9%, both were powered by an Maxim 1000 DC generator). Under these conditions, Zr-W 

films with W content of 67, 72 and 74 at% and Zr-Mo films with 60 at% of Mo content were 

obtained. The films were deposited without external heating. The self-established temperature 

at the substrate was measured using a thermocouple and did not exceed 55 °C during growth. 

Thin films characterization: X-ray diffraction measurements were conducted in the Bragg-

Brentano configuration with KαCu radiation (λ=1.5406 Å) using an AXS Bruker D8 Advance 

diffractometer. To analyze the surface morphology of the samples, scanning electron 

micrographs were taken in a Philips XL-30 S-FEG scanning electron microscope. TEM 

investigations were performed using a cold FEG JEOL ARM200 microscope. For this analysis, 

cross-section 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. 

Reflectance measurements: The reflectance was measured in the 350-900 nm range using a 

Varian Cary 5000 UV-vis-NIR spectrophotometer with an integrating sphere coupled. 

Contact angle measurements: Contact angle measurements of water droplets of 1.14 µL were 

carried out under ambient conditions (25 °C) using a GBX DIGIDROP Contact Angle Meter. 

Measurements were performed five seconds after droplet deposition. For each sample, several 
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different droplets were deposited on the film surface and the average contact angle was 

determined. 

3. Results and discussion 

3.1. Control of the surface-related properties through nanocrystalline-amorphous 

competitive growth 

Given the properties of metals, metallic coatings are attractive to provide to objects a wide 

variety of functions such as metallic shine, scratch resistance, resistance to permeation and 

electrical conductivity. Zr-based metallic alloy films are prone to amorphization for some 

compositions and hold exceptional properties like very high hardness, ultralow friction, and 

high corrosion resistance in acidic media [31,42]. Here, we resort on the Zr-W and Zr-Mo as 

model systems that exhibit composition-driven structural change from amorphous to 

crystalline, to extend the control over functional properties and study related film growth 

kinetics. Owing to the ability of the condensation process to produce far-out-of-equilibrium 

states, co-sputtering zirconium with molybdenum or tungsten (Figure 1a), a composition-

driven transition from X-ray amorphous to crystalline Mo(Zr) and W(Zr) supersaturated solid 

solutions are obtained (Figure 1b). This markedly contrasts with the Zr-Mo and Zr-W 

equilibrium phase diagrams in which only stable primary crystalline solid solutions and the 

C15 ZrMo2 and ZrW2 Laves phases exist and show very low solubilities [43,44]. Similar 

observations were made in many chemical systems [45,46]. Interestingly, within the transition 

zone, X-ray diffraction evidences the above-mentioned amorphous and crystalline phases can 

exist together (Figure 1b; Figure S1 and Figure S2, Supporting Information). 
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Figure 1. Composition-driven amorphous-to-crystalline transition in thin films allows 

controlling the surface-related properties. (a) Schematic of the sputtering chamber used for 

depositing binary metallic alloys. By changing the electrical parameters of the cathodes, the 

chemical composition of the alloys can be controlled. (b) X-ray diffractograms of films with 

48 at% Mo or 58 at% W (left) and 67 at% Mo or 80 at% W (right) showing that a 

composition-driven transition from an amorphous to a crystalline structure occurs in the Zr-

Mo and Zr-W systems. In the transition zone (center), the wettability of 60 at% Mo films can 

be thickness-switched from hydrophobic to hydrophilic. X-ray diffractogram of 67 at% W 

film is composed by the overlapped signals from amorphous and crystalline phases. (c) 

Evolution of specular (left) and diffuse (right) reflectance spectra at normal incidence with the 

increases of thickness of 67 at% W films. (d) Evolution with thickness of the total reflectance 

and its specular and diffuse components at a wavelength of 550 nm of 67 at% W films. (e) 

Evolution with thickness of the proportions of specular and diffuse reflectance components 

with respect to the total reflectance at the same wavelength and film composition. 
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Varying the film thickness in this zone, surface-related functional properties can be tuned to a 

large extent. It is first highlighted (Figure 1b) in change of the surface wettability for Zr-Mo 

films that turn from hydrophobic to hydrophilic at large deposition thickness. This indicates 

the film microstructure likely evolve during growth, as will be confirmed later. A common 

interpretation of such behavior is the percolation of hydrophobic regions of the surface [47]. 

We do not elaborate further on this effect (see Supplementary Note, Supporting Information 

for details on the relation between surface morphology and contact angle). Yet, we expect it to 

be useful to structure the wettability of a surface, without the need of post synthesis texturing 

or chemical functionalization, by simply masking some regions between two sequences of 

deposition process. In Zr-W films whose composition lies within the transition zone, it is 

found that the specular and diffuse components of the reflectance exhibit opposite trends with 

the film thickness (Figure 1c-e; Figure S3, Supporting Information): diffuse (specular) 

reflectance strongly increases (decreases) while the total reflectance decreases by only 

approx. 14% with thickness. This simple strategy to manipulate reflectance components based 

on the film thickness as a control parameter contrasts with the previously reported possibility 

of manipulation through the size of metal nanoparticles in polymer/metal hybrid systems [48]. 

The spectral response (Figure 1c) evidences that reflectance components can be controlled 

over the entire visible region. Moreover, it is noticeable that conditions can be found for 

which nearly constant reflectivity is obtained. A practical consequence is the possibility to 

reflect an optical object or signal homogeneously over all visible wavelengths, i.e. without 

color changes. The proportions of specular and diffuse components can be selected almost 

freely (Figure 1d,e). Overall, this is a new possibility to modify in a simple way the 

appearance of an object from bright to matt metallic, to manipulate and shape visible light. 

Opportunities of applications cover, among others, the fields of decoration, photography, 

reflective cavities in LEDs and solar energy harvesting. By changing the composition within 
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the transition zone, the phenomenon is still observed but at different change rates and 

amplitudes (more details in Figure S3, Supporting Information).  In metals, diffuse reflectance 

is the result of the surface morphology. The possibility to manipulate the diffuse reflectance at 

different wavelengths is a clue for the intervention of a hierarchical structure in the process, 

which deserves further attention. In order to derive a comprehensive understanding on how 

the control over surface-related functional properties emerge through modifications of the 

surface morphology and with the aim to build a platform for future applications, the dynamics 

and microstructure of the amorphous-to-crystalline transition needs to be revealed. 

Investigation of the film microstructure discloses that the underlying process in action in the 

transition zone is the competitive growth between the crystalline and amorphous phases, the 

crystalline phase progressively overgrowing the amorphous one (Figure 2). Figure 2a shows 

the evolution of top-view scanning electron microscopy (SEM) images as a function of film 

thickness for three different compositions (67, 72 and 74 at% W) within the transition zone in 

the Zr-W system. SEM observations evidence that the crystalline nuclei, whose density is 

controlled through the chemical composition, expend laterally as film grows. Cross-section 

transmission electron microscopy (TEM) analyses (Figure 2b-e) bring additional information: 

crystalline regions are of conical shape inside the amorphous matrix and are terminated by a 

dome whose base is aligned with the film surface. Moreover, they are constituted by bundles 

of nanoscale dendritic grains. The rise of diffuse reflectance and concomitant decay of 

specular reflectance is attributable to the progressive overgrowth of the amorphous phase by 

the crystalline phase regions acting as scattering sites. A similar process appears to be in 

action in other systems than binary metallic alloys, e.g. Al-N and Ti-O [49,50], but details 

about the dynamics and modelling are missing. Quantitative analysis and understanding of 

this process dynamics are needed in order to foster the dissemination of this new possibility of 
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control over the microstructure and properties. Therefore, the following section is dedicated to 

modelling the kinetics of this competitive growth process. 

 

Figure 2. Nanocrystalline-amorphous competitive growth in sputter-deposited thin films. (a) 

Top-view SEM images showing the evolution of the surface morphology with composition 

and thickness of sputter-deposited Zr-W thin films synthesized in the transition zone. Scale 

bar: 1 µm. (b) Cross-sectional TEM image of sample highlighted in (a) evidencing the 

nanocrystalline-amorphous phase separation. Scale bar: 1 µm. (c) Zoom of image shown in 

(b). Scale bar: 100 nm. HRTEM images of regions highlighted with orange and green squares 

can be found in Figure S4, Supporting Information. (d) Fast Fourier transform (FFT) from the 

region highlighted with an orange square in (c). (e) FFT from the region highlighted with a 

green square in (c). 
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3.2. Kinetic model and thickness-composition phase diagram of the process 

From the analysis of the top-view SEM images (Figure 2a), two magnitudes defining the 

kinetics of nanocrystalline-amorphous competitive growth can be tracked as a function of 

composition and thickness, i.e. the density of nanocrystalline nuclei N and the coverage of the 

film surface by the nanocrystalline phase S (see Supplementary Method, Supporting 

Information). Analytical expressions of both magnitudes can be deduced using the MKM 

approach for phase transformations [38–41]. This efficiently describes the process despite 

competitive growth is not a phase transformation: the nanocrystalline phase grows in 

competition with, but is not transforming from, the amorphous one. That is, the regions that 

condensate in an amorphous phase at a given film thickness keep their amorphous structure as 

the film continues growing. However, the surface morphology evolution with film thickness 

(Figure 3) is equivalent to an “apparent” 2D phase transformation, i.e. looking at the surface, 

the amorphous phase “seems” to be transforming into the nanocrystalline one. This 

equivalence allows using the formalism of 2D phase transformations to describe the kinetics 

of the 3D competitive growth between the amorphous and the nanocrystalline phases. 
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Figure 3. Equivalence between 3D nanocrystalline-amorphous competitive growth and 2D 

amorphous to crystalline phase transformation. Left panel:  schematic of film presenting 

nanocrystalline-amorphous competitive growth. Right panel: top-view of the film at different 

thicknesses. 

Supported by this equivalence, N and S can be written as a function of the film thickness h as 

(for deduction of Equation 1 and 2 see Appendix A, Equation A.5 and A.11 respectively) 

𝑁(ℎ) = 𝑁0(1 − 𝑒−𝛾(ℎ−ℎ𝑐))Θ[ℎ − ℎ𝑐]        (1) 

and 

𝑆(ℎ) = 1 − (1 + (𝜉 − 1)𝜒𝑒(ℎ)
)

−1 𝜉−1⁄

        (2) 

where 𝑁0 is the total number of nanocrystalline nuclei per unit area when all of them are 

already nucleated, ℎ𝑐 is the critical thickness from which nucleation starts, 𝛾 is a parameter 

related with the nucleation rate (see Appendix A for more details). Θ is the unitary-step 

Heaviside function, reflecting the fact that there is a thickness, ℎ𝑐, from which nucleation 

starts. In Equation 2, 𝜒𝑒 is the so-called extended transformed fraction, representing the 
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projected area, perpendicular to the growth direction of the film, of nanocrystalline regions if 

they could each nucleate and grow in the absence of other interfering growing nuclei. It can 

be expressed as a function of the same three free parameters than Equation 1, 𝜒𝑒 =

𝑓(𝑁0, ℎ𝑐 , 𝛾) (Equation A.10, Appendix A). 𝜉 is the so-called impingement parameter. When 

𝜉 → 1, Equation 2 transforms into 𝑆 = 1 − 𝑒−𝜒𝑒 . It corresponds to the classical Kolmogorov-

Johnson-Mehl-Avrami (KJMA) approach, in which a random nucleation of the 

nanocrystalline phase is assumed [51–55]. For 𝜉 > 1, impingement of the nanocrystalline 

phase is stronger, indicating that nucleation occurs at specific sites, such as grain boundaries. 

Figure 4a,b show the evolution with thickness of the density of nuclei and surface coverage 

by the nanocrystalline phase, together with the corresponding best fittings to the data. 

Obtained values for 𝑁0, ℎ𝑐 and 𝜉 are reported in Figure 4c,d. The increase in density of 

nanocrystalline nuclei and decrease of critical thickness for nucleation indicates more 

favorable conditions for nucleation when the W content increases. In the meantime, 𝜉 evolves 

between values close to 2 and 1, corresponding to a transition from nucleation at specific sites 

when approaching to the composition of single-phase amorphous films towards random 

nucleation when approaching to the composition of single-phase nanocrystalline films. 

Microstructural analyzes indicate that nucleation is localized at the grain boundaries within 

the films for high 𝜉 values (see Figure S5, Supporting Information). These findings shed the 

first light, in a quantitative way, on the nucleation process in the transition zone, indicating 

the main role played by grain boundaries. 
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Figure 4. Thickness-composition metastable Zr-W phase diagram. (a) Evolution of the 

density of nanocrystalline nuclei and (b) surface coverage by the nanocrystalline phase with 

the increase of the film thickness for the three compositions studied. The dots represent the 

experimental data. In (a) the lines follow Equation 1. In (b) the lines follow Equation 2. (c) 

Values of 𝑁0 (red squares) and ℎ𝑐 (blue squares) obtained from the fitting of Equation 1 to the 

data corresponding to the density of nanocrystalline nuclei. (d) Values of 𝜉 obtained from the 

fitting of Equation 2 to the data corresponding to the surface coverage by the nanocrystalline 

phase. RN and GBN indicate random nucleation and grain boundaries nucleation, 

respectively. (e) Depending on composition, the structure of the films can be single-phased 

amorphous (green zone), single-phased nanocrystalline (orange zone) or bi-phased in the 

transition zone (gray zone). In this domain are shown the values of the critical thickness ℎ𝑐 

(black points) and the thickness at which the surface coverage, 𝑆, is lower than 1% (green 

points) and higher than 99% (orange points). The last two thicknesses were calculated from 

extrapolation of Equation 2. 
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The proportion between the nanocrystalline and the amorphous phases in the transition zone 

can be controlled by varying either the composition or film thickness. The thickness-

composition phase diagram of sputter-deposited Zr-W system can be determined around the 

transition zone by using the evolution of the density of nucleation sites 𝑁0 with composition 

and considering the boundary conditions that it satisfies (see Appendix B). An important point 

in this diagram (Figure 4e) is the wide range of compositions of about 11 at% in which the 

transition zone occurs. However, even when working in the transition zone, the film appears 

to be completely amorphous for thicknesses in the region marked with green dotted lines and 

is completely amorphous below ℎ𝑐 (Figure 4e). Similarly, looking from the surface, the film 

seems to be completely nanocrystalline for thicknesses in the region marked with orange 

dotted lines. This thickness-composition phase diagram sends an important message: due to 

composition-dependent kinetics and critical nucleation thickness, the peculiar bi-phased 

topography can easily be missed experimentally, explaining why details of such transition 

have not been considered and possibility of functional properties manipulation has been 

missed. 

4. Conclusions 

In conclusion, we developed a novel and simple bottom-up route, extendable to a wide range 

of alloys, for the design of multifunctional surfaces. By working in the amorphous-to-

crystalline structural transition in thin films, competitive growth between crystalline and 

amorphous phases may occurs. The resulting surface morphology can be controlled by 

thickness and composition, consequently, surface-related properties such as optical 

reflectance and wettability are manipulated to a large extent. Further, we developed a model 

capable of describing the kinetics of the nanocrystalline-amorphous competitive growth. As 

original aspects, the model adapts the MKM approach used for 2D phase transformation to 

successfully describe the kinetics of competitive growth in thin films. Finally, a phase 
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diagram is proposed showing that, despite the existence of a wide range of compositions for 

the nanocrystalline-amorphous competitive growth, the dependency of nucleation and growth 

to the film thickness can easily hide the phenomenon in experiments. These results provide a 

platform to track down and control the process in other alloys and for the design of 

functionally graded surfaces. 

5. Appendices 

Appendix A: Kinetics of nanocrystalline-amorphous competitive growth 

We start assuming an Avrami nucleation mechanism, meaning in our case that the nucleation 

of the nanocrystalline phase occurs at certain sites in the sample, which are gradually 

exhausted upon film growth [53–55]. Let 𝑁 be the number of particles of the nanocrystalline 

phase (growth nuclei) per unit area and 𝑁𝑔𝑒𝑟𝑚 the number of germ nuclei per unit area from 

which the growth nuclei are formed, such that the total number of growth and germ nuclei per 

unit area 𝑁0 is constant. Thus, the change in the density of growth nuclei can be written as 

𝑑𝑁 𝑑𝑡⁄ = − 𝑑𝑁𝑔𝑒𝑟𝑚 𝑑𝑡⁄ = 𝜆 𝑁𝑔𝑒𝑟𝑚 [38–41], where 𝜆 is the rate at which an individual germ 

nucleus becomes in a growth nucleus. After integration, considering the boundary condition 

that the density of germ nuclei equals 𝑁0 at 𝑡 = 0, the density of growth nuclei is given by 

𝑁(𝑡) = 𝑁0 (1 − 𝑒− ∫ 𝜆 𝑑𝑡
𝑡

0 ).          (A.1) 

The nature of the apparent 2D phase transformation presented here makes possible the use of 

film thickness ℎ as a replacement of time 𝑡 as the variable that controls the grade of 

transformation. Considering that the deposition rate of the film 𝑉0 is constant, the sample 

thickness is ℎ = 𝑉0 𝑡 and, in this way, all the expressions obtained can be expressed as a 

function of film thickness. Thus, the density of growth nuclei can be re-written as: 

𝑁(ℎ) = 𝑁0 (1 − 𝑒
−

1

𝑉0
∫ 𝜆 𝑑ℎ

ℎ
0 )          (A.2) 
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and its derivative (the nucleation rate) as: 

𝑑𝑁

𝑑ℎ
=

𝜆

𝑉0
𝑁0𝑒

−
1

𝑉0
∫ 𝜆 𝑑ℎ

ℎ
0           (A.3) 

An important point in our approach is how to express the rate λ. It is usually supposed that 𝜆 

obeys Arrhenius-type temperature dependence: 𝜆 = 𝜆0𝑒−
𝑄𝑛
𝑅𝑇 , where 𝜆0 is a temperature-

independent rate and 𝑄𝑁 is the activation energy (energy barrier) for nucleation [38–41,53]. In 

our case, the experimental evidence is pointing to the conclusion that there is a thickness from 

which nucleation starts, i.e., there is an incubation thickness. This indicates that the activation 

energy for the nucleation of the crystalline phase 𝑄𝑁 ≫ 𝑅𝑇 at the beginning of the film 

growth. Consequently, the films starts to grow amorphous. With the increase of the film 

thickness, the crystalline phase starts to nucleate, which implies that the energy barrier 𝑄𝑁 

becomes of the order of 𝑅𝑇. The reasons behind this modification could be thermal, chemical 

(a local change in composition due to the preferred segregation of one of the species to the 

grain boundaries, which favors the nucleation [32]), mechanical (local changes of the strain 

energy due to the heterogeneous distributions of the film stress [56,57] which can decrease the 

energy barrier), among others. Considering this, we propose to write 𝜆 as follows: 

𝜆 = 𝜆0𝑒−
𝑄𝑛
𝑅𝑇Θ[ℎ − ℎ𝑐],          (A.4) 

where Θ is the unitary-step Heaviside function and ℎ𝑐 is the critical thickness from which 

nucleation starts. Equation A.4 is a simplification of the real scenario presented above where a 

gradual evolution of 
𝑄𝑁

𝑅𝑇
 occurs instead of the sudden change of Θ. Nevertheless, the use of Θ 

simplifies all the derived equations, yet retaining the physics of the phenomenon. Thereby, 

Equation A.2 and A.3 follow the dependencies: 

𝑁(ℎ) = 𝑁0(1 − 𝑒−𝛾(ℎ−ℎ𝑐))Θ[ℎ − ℎ𝑐]        (A.5) 
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and 

𝑑𝑁

𝑑ℎ
= 𝛾𝑁0𝑒−𝛾(ℎ−ℎ𝑐)Θ[ℎ − ℎ𝑐]         (A.6) 

where 𝛾 =
𝜆0

𝑉0
𝑒−

𝑄𝑛
𝑅𝑇 . In this way, through Equation A.5, the evolution of the density of growth 

nuclei with thickness can be calculated. 

 

Figure A.1. Schematic of film presenting nanocrystalline-amorphous competitive growth. 

Some key parameters are shown: h (thickness of the film), H (thickness at which a determined 

nanocrystalline region nucleates), 𝜃 (angle between the generatrix and the axis of the cone of 

nanocrystalline region), VG (growth velocity of the nanocrystalline phase in the in-plane 

direction), V0 (deposition rate of the film), Y(𝐻,ℎ) (projected area at a film thickness h of a 

nucleus nucleated at a film thickness H). 

The so-called “extended transformed fraction” is defined as 𝜒𝑒 =
𝑆𝑒

𝑆
, where 𝑆𝑒  represents the 

projected area, perpendicular to the growth direction, of nanocrystalline regions if they could 

each nucleate and grow in the absence of other interfering growing nuclei. 𝑆 is the total 

surface area. The evolution of 𝜒𝑒 with time, derived in the framework of the MKM approach 

[38–41], can be re-written as a function of ℎ: 

𝜒𝑒(ℎ) = ∫ (
𝑑𝑁

𝑑ℎ
)

(𝐻)

ℎ

0
Y(𝐻,ℎ)𝑑𝐻         (A.7) 
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where 
𝑑𝑁

𝑑ℎ
 is given by Equation A.6 and Y(𝐻,ℎ) represents the projected area at a film thickness 

ℎ of a nucleus nucleated at a film thickness 𝐻 (see Figure A.1). Thus, Y(𝐻,ℎ) can be written as: 

Y(𝐻,ℎ) = 𝜋 (
𝑉𝐺

𝑉0
)

2
(ℎ − 𝐻)2          (A.8) 

where 𝑉𝐺  is the growth velocity of the nanocrystalline phase in the in-plane direction (see 

Figure A.1). Using Equation A.6 and A.8 the extended transformed fraction is obtained: 

𝜒𝑒(ℎ) = 𝜋𝑁0 (
𝑉𝐺

𝑉0
)

2

𝛾𝑒𝛾ℎ𝑐𝐼Θ[ℎ − ℎ𝑐]        (A.9) 

where 𝐼 = ∫ (ℎ − 𝐻)2𝑒−𝛾𝐻𝑑𝐻
ℎ

ℎ𝑐
. After integration of 𝐼, the final expression for the extended 

transformed fraction is given by 

𝜒𝑒(ℎ) = 𝜋 (
𝑉𝐺

𝑉0
)

2 𝑁0

𝛾2 ΥΘ[ℎ − ℎ𝑐]                    (A.10) 

where Υ = −2𝑒−𝛾(ℎ−ℎ𝑐) + (𝛾(ℎ − ℎ𝑐) − 1)2 + 1.  

Equation A.10 has as free parameters the three of Equation A.5: 𝑁0, 𝛾 and ℎ𝑐, and the ratio 
𝑉𝐺

𝑉0
 

between the in-plane growth velocity and the deposition rate. From the schematic shown in 

Figure A.1 follows that 
𝑉𝐺

𝑉0
= tan (𝜃), where 𝜃 is the angle between the generatrix and the axis 

of the cone of nanocrystalline zone. The analysis of several cross-section images reveals that 

𝜃 can be considered constant for all the samples studied and can be approximated to 𝜃 = 22°. 

Thus 
𝑉𝐺

𝑉0
= 0.404 can be fixed and Equation A.5 and A.10 have both the same free 

parameters. 

The relation between the extended transformed fraction and the surface coverage by the 

nanocrystalline phase (real transformed fraction) 𝑆 depends on the spatial distribution of the 

nanocrystalline nuclei in the amorphous phase. If a random nucleation (RN) of the 
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nanocrystalline phase is supposed, 𝑆 = 1 − 𝑒−𝜒𝑒  which corresponds to the case of the 

classical KJMA approach [53–55,51,52]. However, if nuclei are not randomly distributed, for 

example, when grain boundaries nucleation (GBN) occurs, this relation is not fulfilled. A 

phenomenological approach accounting for impingement in this case is often used and 𝑆 can 

be written as a function of 𝜒𝑒 as follows: 

𝑆(ℎ) = 1 − (1 + (𝜉 − 1)𝜒𝑒(ℎ)
)

−1 𝜉−1⁄

                (A.11) 

where 𝜉 is the so-called “impingement parameter” [41]. Thus, for 𝜉 > 1 impingement is 

stronger than in the case of RN and when 𝜉 → 1, RN model is recovered. 

In summary, Equation A.5 can be fitted to the data of density of nanocrystalline nuclei, using 

𝑁0, 𝛾 and ℎ𝑐 as free parameters. The parameters obtained from the fitting can be evaluated in 

Equation A.10. In this way, the evolution of the extended transformed fraction 𝜒𝑒 with the 

sample thickness can be calculated. Then, Equation A.11 can be fitted to the surface coverage 

using 𝜉 as free parameter. 

Appendix B: Determining the range of composition of the transition zone 

As we pointed-out, biphased films are obtained in the transition zone and the proportion 

between the nanocrystalline and the amorphous phase can be controlled either by varying the 

composition or the thickness of the films. In the Zr-W system, this occurs when the W content 

is varied in the range 𝑊𝑎 < 𝑊 < 𝑊𝑐 . Films are single-phased amorphous for 𝑊 ≤ 𝑊𝑎 and 

single-phased nanocrystalline for 𝑊 ≥ 𝑊𝑐. 𝑊𝑎  and 𝑊𝑐  can be determined by using the 

evolution of the density of nucleation sites 𝑁0 with composition (Figure 4c) and considering 

that 𝑁0 satisfies the boundary conditions: 𝑁0 = 0 when 𝑊 = 𝑊𝑎 and 𝑁0 → ∞ when 𝑊 = 𝑊𝑐. 

Note that, at the same time ℎ𝑐 = 0 when 𝑊 = 𝑊𝑐 as follows from the definition of 𝑊𝑐 . 
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Thereby, the following empirical dependency between 𝑁0 and 𝑊, which satisfies the 

boundary conditions, can be assumed:  

𝑁0 = 𝐴 (
𝑊−𝑊𝑎

𝑊𝑐−𝑊
)           (B.1) 

where 𝐴 is a constant. From Equation B.1, 𝑊𝑎 = 65.9 at% and 𝑊𝑐 = 77.4 at% are calculated. 

Note that the transition zone occurs in a range of compositions of about ∆𝑊 = 𝑊𝑐 − 𝑊𝑎 ≈

11 at%. 
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