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Abstract 

Thin-film metallic glasses (TFMGs) are promising materials for flexible electronics due 

to their large deformability and metallic-like electrical conductivity. Here, we synthesize 

homogeneous and nanocolumnar ZrCu TFMGs with tailored column size ranging from 

16 up to 60 nm, investigating the relationship among atomic structure, electrical and 

mechanical properties focusing on their potential applications in flexible electronics. 

Tracer diffusion experiments indicate an absence of macroscopic cracks and enhanced 

diffusion coefficient for nanocolumnar TFMGs, up to one order of magnitude higher than 

in homogeneous counterpart, due to the presence of intercolumnar interfaces. We show 
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that electrical resistivity increases with decreasing column size (from 570.0 ± 11.6 down 

to 285.9 ± 12.6 µΩ × cm) due to the enhanced electron scattering events at intercolumnar 

interfaces. Tensile tests on polymeric substrates reveal that the crack onset strain 

increases from 0.8 ± 0.05 up to 1.6 ± 0.05 % for large diameter nanocolumns due to the 

lower density of intercolumnar interfaces and presence of strong Cu-Cu bonds. Overall, 

we show how nanoengineering design concepts can be applied to TFMGs to tune their 

mechanical and electrical performance by controlling the nanocolumnar growth, paving 

the way for their potential applications in flexible electronics.  

Keywords: 

Thin film; Metallic glass; Nanocolumnar structure; Mechanical properties; 

Electrical properties; Flexible electronics 

1. Introduction 

In the last decades, flexible electronics has shown an impressive growth with a potential 

beyond what is possible with conventional semiconductor based electronics [1–3]. The 

materials requirements for flexible electronics include the large stretchability without 

incurring damage as well as high electrical conductivity (retained after deformation) as 

well as thermal stability and wear/fatigue resistance [1,3]. 

Thin film metallic glasses (TFMGs) are emerging as a promising material for use in 

flexible electronics, offering promising combination of mechanical and electrical 

properties. Unlike crystalline metals, TFMGs lack a long-range ordered structure, which 

imparts them with superior strength and significantly higher elastic limits compared to 

crystalline metals and alloys [4,5]. For instance, freestanding ZrNi TFMGs show 

homogeneous deformation with a combination of outstanding yield strength up to 

~3.5 GPa and fracture strain greater than 14% (5% elasticity and >9% plasticity) [6]. 
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Moreover, metallic glasses (MGs) possess metallic-like electrical resistivity 

>100 µΩ × cm slightly dependent on the composition [7,8] which is usually ~two orders 

of magnitude larger than that of crystalline counterparts [8]. However, this drawback is 

compensated by MG’s very low (and sometimes negative) temperature coefficient of 

resistivity (TCR) meaning that, contrary to crystalline materials, their electrical resistivity 

decreases when increasing temperature, while ensuring a very stable electrical behavior 

[9]. 

The promising combination of mechanical/electrical properties makes TFMGs 

suitable candidates for flexible electronics. Xian et al. [10] fabricated a strain sensor 

depositing ZrCuNiAl on a flexible substrate, reporting large piezoresistance with a gauge 

factor of ~2.86, an elastic limit (>1%) higher than that of crystalline alloys and excellent 

conductivity (>5 × 103 S × cm-1), extremely low TCR value (9.04 × 10-6 K-1) and 

antibacterial properties, suitable for medical applications. Similarly, Glushko et al. [11] 

performed tensile test of PdSi TFMG on polymeric substrate, reporting pronounced size 

effect resulting in extended crack-free deformation up to 6% strain for ultra-thin (7 nm) 

thickness, with an exceptional cyclic reliability sustaining cyclic strains of 3% up to at 

least 30,000 cycles without any fatigue damage or electrical conductivity degradation. 

Jung et al. [12] produced amorphous FeZr-integrated sensor on a flexible platform 

demonstrating high range of pressure sensitivity (100 – 5000 Pa), temperature sensitivity 

(~150 °C), photo responsivity (400 – 550 nm) levels, capable of functioning as a high-

performance heater (~ 80 °С). Finally, nanostructured ZrCu TFMGs (constituted by 

nanoclusters) have been produced by pulsed laser deposition (PLD), reporting 

outstanding and tunable mechanical/electrical properties [13], including a yield strength 

(up to ~2 GPa) and large total elongation to failure (>9%) [13] and sheet resistance of 

3.0 Ω/sq with application for flexible thermotherapy patches [14]. 
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However, few studies dealing with the synthesis of advanced TFMG architectures, 

involving a fine control of the sub-microscale morphology aimed to tune and boost both 

mechanical and electrical properties as well as the adhesion on a polymeric substrate with 

a specific focus to achieve property combinations relevant for flexible electronic 

applications. Here, we synthesized nanocolumnar ZrCu TFMGs with tailored column 

sizes (from 16 up to 60 nm) and investigate the correlation between their structure and 

mechanical/electrical behavior, especially involving tensile tests on polymeric substrate 

with specific implementation for flexible electronics applications. 

2. Materials and methods 

2.1. Thin films synthesis 

Compact and nanocolumnar ZrCu thin-films metallic glasses (TFMGs) were deposited 

using radio frequency (RF) and direct current (DC) magnetron sputtering chambers. 

Thin film samples deposited by RF sputtering were prepared from an alloy target of 

nominal composition of Zr40Cu60 (at. %). The distance between the target and the 

substrate was fixed to 100 mm with a target tilt angle of 20°. The background pressure 

before deposition was below 5.0 × 10-6 Pa. Sputtering was performed with the 

temperature of substrate of 293 K and power of 100 W with substrate rotation velocity of 

10 rpm. Films of two types: homogeneous and columnar with columns of 16 nm were 

prepared. Homogeneous films were deposited at working pressure of 2.8 × 10-1 Pa and 

constant Ar flow rate of 40 sccm. Columnar films with 16 nm columns were deposited at 

working pressure of 8 × 10-1 Pa and constant Ar flow rate of 100 sccm.  

Thin film samples deposited by DC sputtering were prepared using two pure targets 

of Cu and Zr in mirror-field configuration varying applied power. The sputtering system 

was used with a fixed distance between the substrate and target of 100 mm and target tilt 
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angle of 38°. The background pressure before deposition below 5.0 × 10-6 Pa was reached 

in the chamber. Thin films were deposited continuously on both Si (100) wafers with a 

native oxide layer and Kapton®. Sputtering was performed with the temperature of 

substrate of 293 K without the rotation of the substrate with a constant Ar flow rate of 

100 sccm. Power applied to targets were varied to obtain films with various sizes of 

columns. Films with 40 nm columns were obtained using: 45 W for Cu target, 100 W for 

Zr target and working pressure of 8 × 10-1 Pa. Films with 60 nm columns were obtained 

using: 80 W for Cu target, 100 W for Zr target and working pressure of 8 × 10-1 Pa. 

Films were deposited on Kapton® and Si (100) + 300 nm thick SiO2 substrates. 

Samples deposited on Kapton® strips were used for tensile tests, while structural and 

electrical measurements were performed on films deposited on Si (100) + 300 nm thick 

SiO2 substrates. Sputtering times were chosen to obtain films with a thickness of 400 nm. 

Thickness of samples was measured by Veeco Dektak 6M Stylus Profiler and by scanning 

electron microscopy (SEM LEO 1530, Carl Zeiss AG). Table 1 summarizes the most 

important synthesis parameters as well as the chemical composition of prepared TFMGs. 

2.2. Structural characterisation  

Scanning electron microscope (SEM) LEO 1530, Carl Zeiss AG equipped with an energy 

dispersive X-ray (EDX) detector (Oxford Instruments) was used to inspect morphology 

and determine atomic composition of thin films (using AZTEC software, Oxford, 

Instruments). EDX measurements were performed on several areas using accelerating 

voltage of 20 kV and working distance of 8.5 mm. X-ray diffraction (XRD) 

measurements were carried with D8 Discover powder diffractometer in grazing incidence 

mode using Cu-Kα radiation (λ=0.154 nm). Measurements were performed in 25-65° 2θ 

range with grazing angle of 0.5° using continuous scan mode with step size of 0.03° and 

time per step of 4s. 
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Table 1. Synthesis parameters of homogeneous and nanocolumnar ZrCu TFMGs and 

their chemical compositions measured by SEM/EDX. 

Sample 

Sputtering 

conditions 

Working 

pressure, Pa 

Working 

power, W 

Deposition 

rate, nm/min 

Chemical composition, at. % 

Cu Zr 

Homogeneous 

RF, binary 

target 

2.8 × 10-1 

100 for 

ZrCu 

8.3 58.55 ± 0.38 41.45 ± 0.38 

16 nm 

columns 

RF, binary 

target 

8 × 10-1 

100 for 

ZrCu 

6.3 56.38 ± 0.48 43.62 ± 0.48 

40 nm 

columns 

DC, two 

targets 

8 × 10-1 

45 for Cu, 

100 for Zr 

13.3 54.69 ± 0.31 45.31 ± 0.31 

60 nm 

columns 

DC, two 

targets 

8 × 10-1 

80 for Cu, 

100 for Zr 

20.3 68.69 ± 0.28 31.31 ± 0.28 

2.3. Tracer diffusion measurements using Time-of-Flight Secondary Ion Mass 

Spectrometry (ToF-SIMS) 

ToF-SIMS measurements were performed on homogeneous and columnar samples with 

columns of 16 nm using a Fe-tracer layer applying a TOF5 Secondary Ion Mass 

Spectrometer manufactured by Iontof, Münster, Germany. A thin Fe layer was deposited 

near the mid-plane of 400 nm thick samples by cosputtering from a magnetron gun 

equipped with a pure Fe target. Sputtering of ZrCu films was not interrupted during the 

process of film preparation, while the shutter for the gun containing Fe target was shortly 

opened to sputter a 1 nm thick Fe layer. Such procedure allows distribution of tracer atoms 

in a ~3 nm thick layer of ZrCu, preventing formation of discrete interfaces and possible 

contaminations [15].  
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The diffusion annealing was performed using a vacuum furnace at 573 K for a duration 

of 3.45 × 105 seconds. The temperature was controlled using a Chromel-alumel 

thermocouple with an accuracy of ± 2 K. The base pressure prior to annealing was below 

1 × 10-6 Pa, and during the annealing, the pressure remained around 5 × 10-6 Pa. SED 

EDX performed on annealed samples showed that the Zr to Cu atomic ratio remained 

unchanged within experimental error, and no O2 peak was detected. XRD patterns of the 

annealed samples showed no crystalline peaks, supporting that the films remained fully 

amorphous. 

Concentration-depths profiles of Fe were determined using dual beam depth profiling. A 

25 keV Bi+ primary ion beam was scanned over a field of view of 100 × 100 µm2 for 

spectrometry (“high current bunched mode”), while the sample was continuously eroded 

by a sputter beam of 1 keV O2
+ scanned over a concentric area of 250 × 250 µm2. The 

high mass resolution, 8000 m/m, allowed for a separation of adjacent signals like 56Fe+ 

(55.9344 m/z) and 28Si2
+(55.9533 m/z). Secondary ions (64 × 64 pixel) were collected 

and from the obtained raw data sets a region of 50 × 50 µm2 was selected showing well 

defined interfaces. Depth calibration was obtained from the total film thicknesses, see 

Sample Preparation. Heat treated samples showed a broadening of the iron profiles (sum 

of 54Fe and 56Fe) due to diffusion, depending on time and temperature of the heat 

treatments of the samples, but depth integrated (total) iron signals stayed constant within 

each sample set, indicating that the SIMS matrix effect is not significantly affecting the 

Fe quantification in this case. 

2.4. Tensile tests on flexible substrates 

Tensile tests were performed on films deposited on flexible Kapton® substrates, using a 

300 N Deben tensile machine combined with a Keyence confocal microscope for in-situ 

observation. The films were deposited on one side of Kapton rectangular coupons with a 
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length of 40 mm, width of 1.5 mm and thickness of 0.18 mm. The specimens were gripped 

at both ends and pulled uniaxially along their length. The tensile speed (vt) was 8.3 × 10-

3 mm/s and sample gauge length was 25.4 mm, corresponding to a strain rate of 

ca. 3.3 × 10-4 s-1.  

To monitor crack formation, the tests were periodically paused at predefined strain 

increments, allowing for the acquisition of images using 10×, 20×, and 50× objectives. 

This enabled visualization of a sufficient number of cracks in order to determine their 

linear density. To quantify crack density, the number of cracks was counted in the 

microscope field of view. And the linear density of cracks (in the direction orthogonal to 

the applied load) was calculated as the number of cracks over the area of the sample 

captured by the microscope objective. This procedure was repeated at each strain 

increment to capture the evolution of crack density. Strain was determined as:  

 𝜀 =
𝛥𝑙

𝑙
∗ 100% (1) 

where l is the actuator displacement (measured with an accuracy of 0.001 mm) and l is 

the sample gauge length.  

The crack onset strain (COS) value was defined as the strain at which the first through-

width cracks appeared in the field of view. COS was determined by examining the image 

sequence acquired during the test and identifying the earliest strain at which visible 

cracking occurred. Two samples for each state were measured to determine COS and the 

evolution of the linear density of cracks, and an average value of strain was calculated. 

2.5. Electrical resistivity measurements 

The electrical resistivity has been measured by Van der Pauw method using a Keithley 

4200A-SCS parameter analyzer. Square area of 4 × 4 mm2 was cut on each film with a 

TRUMPF TruMicro 5000 laser system. 
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3. Results 

3.1. Microstructure 

Figure 1 are representative SEM micrographs capturing the structural characteristics of 

homogeneous and nanocolumnar ZrCu TFMGs, highlighting the significant variations 

observed in column diameters, which range between 16 and 60 nm. Low deposition 

pressure (2.8 × 10-1 Pa) promotes the formation of a homogeneous film (Fig. 1a, e), 

distinguished by its smooth, continuous morphology without of any notable columnar 

features. In contrast, the progressive increment of the deposition pressure up to 8 × 10-1 Pa 

results in a dramatic shift in morphology, producing a distinct columnar structure 

(Fig. 1b, f) with an average column’s diameter of ~16 nm (Fig. 1i).  

Further refinements of synthesis parameters, including controlled variations in 

working pressure, working power, and substrate temperature, were explored to evaluate 

their influence on column morphology and average diameter. However, these variations 

had a minimal effect for thin films fabricated under the RF sputtering configuration, as 

shown in Table A1, Figure A1. In contrast, significant improvements in the ability to 

control column dimensions were achieved by employing a co-sputtering approach using 

pure Zr and Cu targets in the DC sputtering configuration. Under these conditions, 

nanocolumnar structure with an average column diameter of ~40 nm was produced (Fig. 

1c, g, j, Table 1) at a working pressure of 8 × 10 -1 Pa. Further optimization of the 

sputtering parameters, specifically increasing the power at the Cu target while 

maintaining the same working pressure, enabled the expansion of column diameters to 

~60 nm (Fig. 1d, h, k, Table 1). This modification not only facilitated a pronounced 

increase in column size but also induced a change in the chemical composition of the 

films, with the Cu content rising to ~69 at. %. 
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Figure 1. Scanning electron microscopy (SEM) top-view (a-d) and cross-section (e-h) 

micrographs displaying morphology of homogeneous (a, e), and 16 (b, f), 40 (c, g), and 

60 nm (d, h) columns size ZrCu TFMGs. Size distribution of columns for 16 (i), 40 (j) 

and 60 nm (k) nanocolumnar ZrCu TFMGs.  

 

The amorphous structure of homogeneous and nanocolumnar ZrCu TFMGs was 

confirmed by XRD measurements, Figure 2 showing the presence of a broad amorphous 

hump which indicates the lack of long-range atomic order. The amorphous hump shifts 

toward higher 2θ angles increasing Cu content, as it has been already reported [16,17]. 

This shift reflects a reduction in average interatomic distances, attributed to compositional 

changes leading to the formation of shorter Cu-Cu bonds. 
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Figure 2. XRD patterns of homogeneous and nanocolumnar ZrCu TFMGs showing a 

fully amorphous structure. 

 

The presence of microscopic and macroscopic cracks which can be present in 

nanocolumnar films can detrimentally affect both the mechanical and electrical properties 

of TFMGs employed in flexible electronics. Therefore, we carried out diffusion 

experiments using Fe as a tracer, aiming to evaluate how structural variations influence 

integrity as well as atomic transport within the films. Figure 3a shows representative 

concentration profiles of Fe in homogenous ZrCu TFMGs before and after annealing at 

573 K. The peak position of Fe-tracer was defined as zero of depth coordinate for further 

analysis. Figure 3b illustrates typical depth profiles in form of log C vs. ΔX2 for diffusion 

experiments on homogeneous and 16 nm columns size TFMGs. The estimated diffusion 

coefficients of Fe in homogeneous and nanocolumnar TFMGs at 573 K are equal to 

5.9 × 10-18 ± 0.8 and 3.1 × 10-17 ± 1.9 cm²/s, respectively, indicating faster diffusion in 

columnar films. 
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Figure 3. (a) Scheme of the sample for diffusion measurements and concentration depth 

profiles in form of C vs. Depth for the diffusion of Fe in homogeneous ZrCu TFMGs in 

as-prepared states and after annealing at 573 K for 3.45 × 105 s. (b) Concentration depth 

profiles in form of log C vs. ΔX2 for the diffusion of Fe in homogeneous (blue symbols) 

and 16 nm nanocolumnar ZrCu (teal symbols) TFMGs in as-prepared state and after 

diffusion annealing at 573 K for 3.45 × 105 s. Closed symbols represent the as-prepared 

states, while open symbols denote the annealed states. 

3.2. Mechanical behaviour 

Tensile tests of TFMG deposited on flexible substrate were performed to investigate the 

mechanical behavior of ZrCu homogeneous and nanocolumnar TFMGs. Figure 4a and b 

depicts the evolution of crack density and crack onset strain (COS) as a function of the 

applied strain. Homogeneous sample is denoted by the symbol “∞” to indicate its lack of 

nanocolumnar structure. We show significant differences in the mechanical response 

between homogeneous and nanocolumnar films. Specifically, the COS values increase 

when increasing the average column diameter from 0.8 ± 0.05% up to 1.6 ± 0.05% for 

nanocolumn size of 16 and 60 nm, respectively, even exceeding those of homogeneous 

film (1.35 ± 0.05%) as shown on Figure 4b. Representative top-view SEM images of 

crack morphologies for nanocolumnar TFMGs with columns diameters of 40 and 60 nm 
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are shown in Figure 4c and d, respectively. For the 40 nm nanocolumnar sample (Fig. 

4c), cracks predominantly follow the intercolumnar interfaces. In contrast, the 

nanocolumnar sample with larger column size equal to 60 nm (Fig. 4d) exhibits straighter 

cracks that pass through both the interfaces and the body of the columns. Further analyses 

of crack evolution during tensile testing, using optical microscopy, are presented in 

Figure A2.  

 

Figure 4. Crack density vs. strain (a) and crack onset strain (COS) (b) for ZrCu 

homogeneous and nanocolumnar TFMGs (compared with the literature data for 

homogeneous Zr24Cu76 [16]). Representative top-view SEM images of crack 

morphologies for 40 (c) and 60 nm (d) columnar samples after the tensile tests on a 

flexible Kapton® substrate. 

3.3. Electrical behaviour 

Figure 5a presents room-temperature electrical resistivity of ZrCu TFMGs with various 

size of nanocolumns, highlighting the impact of structural morphology on their electrical 

properties. The electrical resistivity of homogeneous ZrCu TFMG was measured to be 
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189.2 ± 15.3 µΩ × cm, which aligns well with previously reported values in the literature 

[18,19].  

For the nanocolumnar TFMGs, the resistivity exhibits a notable dependence on the 

size of the nanocolumns. Specifically, samples with the smallest nanocolumn size (16 

nm) have a significantly higher resistivity of 570.0 ± 11.6 µΩ × cm, compared to a 

homogeneous state. As the nanocolumn size increases, the resistivity gradually decreases, 

reaching 285.9 ± 12.6 µΩ × cm for 60 nm-diameter columns (~50% reduction compared 

to 16 nm columns), which is still higher than that of homogeneous TFMG.  

 

Figure 5. Dependence of electrical resistivity of ZrCu TFMGs as a function of (a) the 

size of columns and (b) chemical composition (compared with literature works). 

4. Discussion 

The synthesis of columnar structures has been reported for thin film metallic glasses 

across a range of compositions [20–23], including ZrCu-based systems [16,24,25]. 

However, the precise control of column size, as well as its impact on the mechanical and 

electrical properties of TFMGs, remains insufficiently explored.  

In this work, we fabricated different nanostructured ZrCu TFMGs with tunable 

columns size by systematically varying the deposition parameters. Columnar growth 

arises from the competition between atomic-scale transport processes and geometric 
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constraints during film growth. The two dominant mechanisms responsible for the 

development of columnar morphology are: (i) limited surface diffusion of adatoms or 

atomic clusters, and (ii) geometric shadowing induced by the directional nature of the 

incoming flux and the evolving surface topography [26,27]. 

When surface diffusion is limited due to low substrate temperature, high working 

pressure, or low adatom energy, arriving adatoms or clusters cannot redistribute 

uniformly across the surface [23,27]. In such cases, early nucleated islands preferentially 

capture more material, leading to their vertical growth and promoting shadowing 

phenomena for adjacent lower-lying areas. As a consequence, material accumulates on 

the tops of growing features while shadowed regions receive significantly less flux, 

reinforcing the vertical separation of columns. This self-amplifying process gives rise to 

inclined, well-separated nanocolumns, whose tilt angle and spacing depend on the 

deposition geometry and flux distribution. Concurrently, competitive growth among 

neighboring structures further enhances this selection, as taller columns increasingly 

dominate the incoming flux, suppressing the growth of adjacent nuclei with lower vertical 

growth rates.  

The characteristics of the resulting columnar structure are influenced by the combined 

effects of deposition parameters such as working pressure, applied target power, substrate 

temperature, substrate tilt angle, plasma configuration (e.g., substrate biasing or 

HiPIMS), including magnetron field geometry. For instance, high working pressures 

promote the formation of atomic clusters with reduced surface mobility, which supports 

nucleation and shadowing-driven columnar growth [27]. Adjusting the substrate tilt angle 

(typically between ~15 and 40°) enhances the directionality of shadowing and allows 

tuning of the column inclination and separation [28]. In contrast, approaches such as 

substrate biasing or HiPIMS can suppress columnar growth by increasing adatom 
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mobility through ion bombardment, leading to surface re-sputtering and densification 

even at oblique angles of deposition [20]. Furthermore, the use of a mirror-field 

magnetron configuration, where adjacent magnetrons have identical magnetic polarity 

may also influence the plasma density and ion-to-atom ratio near the substrate. As 

reported by Sproul et al. [29] mirror-field magnetron configuration tends to reduce 

plasma confinement and substrate ion bombardment, potentially favouring low-energy, 

shadowing-dominated growth regimes that contribute to the development of 

nanocolumnar morphology. Overall, while various deposition parameters, such as 

substrate tilt angle, plasma configuration, and magnetron geometry, are known to affect 

columnar growth, this study focuses on controlling the nanocolumnar architecture of 

TFMGs by varying the working pressure and employing either binary or pure elemental 

targets. This combined strategy enables simultaneous morphological and compositional 

tuning, enabling the design of nanostructured film with application-specific 

functionalities.   

In this study we show that the variation in column size of ZrCu TFMGs is attributed 

to the kinetic energy differences between Cu and Zr atoms or clusters during the 

sputtering process. These differences are primarily a result of their different atomic 

weights, with Cu and Zr having atomic weights of ~63.5 and 91.2 amu, respectively [30]. 

The higher atomic weights of Zr results in greater kinetic energy of Zr-enriched atomic 

clusters compared to Cu-enriched clusters, which possess lower energy and, 

consequently, reduced mobility on the substrate surface. This reduced mobility of Cu-

rich clusters leads to the formation of larger nanocolumns with higher Cu content. A 

similar mechanism has been reported by Yao et al. [23], where an increase in atomic 

mobility, achieved by substrate heating, resulted in smaller size of nanocolumns. Our 

findings highlight that the reduced mobility of Cu-rich atoms or clusters contributes to 
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the formation of larger nanocolumns, revealing a clear correlation between chemical 

composition and column sizes. The ability to manipulate nanocolumn dimensions by 

tuning deposition parameters and chemical composition offers an effective approach for 

fabricating nanostructured ZrCu TFMGs with tailored properties. The ability to adjust the 

nanocolumn size by altering the synthesis parameters as well as the chemical composition 

constitutes a flexible strategy for the fabrication of nanostructured ZrCu TFMGs, which 

has not been previously reported. 

XRD measurements confirmed that the structure is amorphous and homogeneous even 

for nanocolumnar ZrCu TFMGs with different size of nanocolumns. This observed shift 

of amorphous hump toward higher 2θ angles with increasing Cu content corresponds to 

a reduction in average interatomic distances, due to the formation of shorter Cu-Cu bonds. 

This, combined with the columnar size, plays a pivotal role in defining the structural and 

mechanical properties of ZrCu TFMGs. 

Diffusion experiments using Fe as a tracer reveal significantly different diffusion 

coefficients for homogeneous and nanocolumnar films. The estimated diffusion 

coefficients of Fe in homogeneous and nanocolumnar TFMGs at 573 K are 5.9 × 10-18 ± 

0.8 and 3.1 × 10-17 ± 1.9 cm²/s, respectively. These values align with the values of 

diffusion coefficients reported by Rigoni et al. [31] for the same alloy system, and 

confirm that the faster diffusion observed in columnar films is due to the presence of 

intercolumnar interfaces. The appearance of concentration depth profiles (intensity values 

saturate at some background level without reaching the substrate) indicates that the 

formation of cracks between the nanocolumns can be excluded [32], as their presence 

would lead to drastically enhanced diffusion coefficient, with the detection of the tracer 

through all the film thickness down to the interface with the substrate. Nevertheless, the 

enhanced diffusion along the interfaces can potentially be employed to decorate the 
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interfaces with alloying elements, enabling further control over the properties of columnar 

TFMGs for targeted applications.  

The observed variations in the mechanical and electrical properties of nanocolumnar 

TFMGs are attributed to the structural influence of column size and composition. As the 

nanocolumn size decreases, the volume fraction of intercolumnar interfaces increases, 

leading to a greater number of potential sites for crack initiation [33]. This explains the 

fact that the 16 nm nanocolumnar TFMG has the lowest value of COS (0.8 ± 0.05%) and 

the highest crack density saturation. The fact that the COS is higher for 60 nm 

nanocolumnar films vs. homogeneous counterparts is the result of the effect of chemical 

composition. Higher Cu content of ~69 at. % for 60 nm nanocolumnar TFMGs leads to 

the formation of higher fraction of stronger Cu-Cu bonds, which affects mechanical 

behavior [34]. Therefore, the COS values for 60 nm nanocolumnar TFMG is greater than 

the corresponding one for the homogeneous counterpart with a Cu content of ~58 at. %, 

but lower than the COS for homogeneous ZrCu TFMGs with a Cu content of ~76 at. % 

and same thickness as found in the literature Ref. [16]. This highlights the complex 

interplay between the morphology and chemical composition of TFMGs in determining 

their mechanical behavior. 

The electrical properties provide further insights into the effect of nanostructuring 

effect of ZrCu TFMGs. Figure 5b compares the resistivity of homogeneous ZrxCu100-x 

TFMGs from the literature with the results obtained in this study. Homogeneous films 

exhibit week dependence of electrical resistivity on the composition for the Cu 

concentration range from 25 to 70 at. % [18,19], suggesting that composition alone cannot 

account for the observed trends in nanocolumnar TFMGs. Instead, intercolumnar 

interfaces serve as sites for scattering of electrons, leading to an increase in electrical 

resistivity. The smaller column size and, consequently, a greater number of interfaces 
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result in the highest electrical resistivity for smaller 16 nm-diameter nanocolumnar 

TFMGs. A similar trend is observed for crystalline materials, for which significant 

scattering of electrons at grain boundaries leads to increase of resistivity compared to 

single crystalline counterparts, and electrical resistivity increases with decreasing the 

grain size [35]. 

The dual role of intercolumnar interfaces in TFMGs is evident – they increase 

electrical resistivity and reduce COS values, but they also provide opportunities for 

materials enhancement. For instance, the electrical resistivity of nanocolumnar TFMGs 

can be reduced by alloying with other elements due to enhanced atomic transport in 

intercolumnar interfaces or by increasing the size of columns through altering the 

chemical composition and/or optimizing synthesis parameters, such as working pressure, 

substrate temperature, subsequent heat treatment, etc. It can be assumed that for larger 

nanocolumns, the negative impact of the intercolumnar interfaces on the mechanical 

behavior can be further mitigated or even completely eliminated. This assumption is 

supported by results of molecular dynamic simulation of mechanical behaviour of 

nanoglasses with different “grain” size, showing that the presence of interfaces modify 

the mechanical properties of nanoglasses only in case the average grain size does not 

exceed some critical size [36]. Moreover, nanocolumnar TFMGs with sufficiently large 

columns can potentially achieve mechanical and electrical properties comparable to those 

of homogeneous films, while retaining the unique advantages of their nanocolumnar 

architecture including the enhanced diffusion rates, which facilitate functionalization of 

intercolumnar interfaces with alloying elements, higher thermal stability [37], and 

improved biocompatibility [38]. Such features make nanocolumnar TFMGs particularly 

suitable for advanced applications where conventional homogeneous films might fall 

short.  
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5. Conclusions 

In summary, homogenous and nanocolumnar ZrCu TFMGs with various chemical 

composition and nanocolumn size ranging from 16 up to 60 nm were fabricated by 

magnetron sputtering through a fine control of synthesis parameters (deposition pressure, 

applied power, use of elementary or alloyed targets). Fully amorphous nanocolumnar 

films are free from voids and intercolumnar cracks, as confirmed by diffusion 

measurements, which also report an increased diffusion coefficient. Moreover, we show 

that the column size, determining the volume fraction of intercolumnar interfaces, has a 

key influence on both mechanical and electrical properties. The ability to manipulate 

column size represents an effective strategy for fabricating nanostructured ZrCu TFMGs 

with tailored properties. Specifically, the smaller the column size, the lower crack onset 

strain (COS) due to the higher density of crack nucleation sites. However, nanocolumnar 

TFMGs with 60 nm nanocolumns demonstrate a ~20% increase in crack onset strain 

compared to a homogeneous counterpart due to the reduced number of interfaces and 

higher fraction of stronger Cu-Cu bonds. The electrical resistivity significantly increases 

as the column size decreases due to the higher probability of electron scattering, with 60 

nm nanocolumnar TFMGs reporting the smallest increase of electrical resistivity (~50%) 

compared to the homogeneous counterpart. The present study can open the way for future 

research on nanoengineering TFMGs with nanocolumnar structure and decorated 

interfaces to achieve improved combination of mechanical and electrical performance 

with practical implications for different research domains especially for flexible 

electronics. 
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Appendices 

A1. The influence of varying synthesis parameters using RF sputtering on the 

column size of ZrCu TFMGs 

Synthesis parameters (working pressure, sputtering power, substrate temperature) of RF 

sputtering were varied to obtain columnar ZrCu TFMGs with various size of columns. 

All the synthesis parameters and resulting size of columns are listed in Table A1.  

Table A1. Synthesis details of columnar CuZr TFMGs deposited by RF magnetron 

sputtering. 

Size of 

columns, nm 

Working 

pressure, Pa 

Sputtering 

power, W 

Substrate 

temperature, K 

17 ± 1.7 5 × 10-1 100 298 

15.7 ± 2.1 8 × 10-1 100 298 

14.2 ± 1.5 8 × 10-1 200 298 

16 ± 1.6 2.2 × 100 100 298 

13 ± 1.3 8 × 10-1 100 473 

 

 



22 

 

Figure A1. Column size distribution of ZrCu TFMGs deposited by RF magnetron 

sputtering (under the conditions mentioned in Table A1). 

A2. Images of crack evolution during tensile testing of ZrCu TFGMs deposited 

on a flexible Kapton® substrate 

 

Figure A2. Top-view optical microscopy images of crack evolution during tensile testing 

of ZrCu TFGMs deposited on a flexible Kapton® substrate: (a, b, c) homogeneous film; 

(d, e, f) columnar film with columns of 16 nm; (g, h, i) columnar film with columns of 40 

nm and (j, k, l) columnar film with columns of 60 nm. The vertical left side of the panel 

shows images of films before the deformation. Images in the central part show images of 

films reaching crack onset strain. The vertical right side of the panel shows images of 

films when film buckling appeared. 
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