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Abstract 

High entropy alloys represent a new type of materials with a unique combination of physical 

properties originating from the occurrence of single-phase solid solutions of numerous 

elements. The preparation of nanostructured or amorphous structure in a form of thin films 

promises increased effective surface and high intergranular diffusion of elements as well as 

a high affinity to oxidation. In this work, we studied HfNbTaTiZr thin films were deposited at 

room temperature by DC magnetron sputtering from a single bcc phase target. Films exhibit 

cellular structure (~100 nm) with fine substructure (~10 nm) made of round-shape amorphous 

clusters. Films composition is close to equimolar with slight Ti enrichment and without any 

mutual segregation of elements. Oxidation at the ambient atmosphere leads to the formation 

of Ti, Zr, Nb, Hf, and Ta oxide clusters in the film up to the depth of 200 – 350 nm out of the 

total film thickness of 1650 nm. Oxygen absorption takes place preferentially in the large 

vacancy clusters located in between the amorphous cluster aggregates. The dominant type of 

defect is small open volumes with a size comparable with vacancy. The distribution of these 

defects is uniform with depth and is not influenced by the presence of oxygen in the film. 

 

1. Introduction 

High entropy alloys (HEA) called also complex concentrated alloys or multi-principal element 

alloys [1] are a group of materials with a combination of interesting properties. While most 

conventional alloys are based on one principal matrix element with alloying elements of lower 
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concentration, these alloys are a mixture of at least four elements in a similar atomic ratio. 

High configurational entropy of this system causes the formation of a single solid solution 

phase at high temperatures [2] and a high number of elements promises a combination of 

interesting phases when annealed [3]. Therefore, new combinations of physical properties are 

expected, namely mechanical, oxidation [4] and wear resistance [5]. 

HfNbTaTiZr alloy belongs to a group of refractory materials with a high melting point and 

thermal stability [4] with enhanced ductility and strength [6]. The casting of this alloy results 

in dendritic structure and subsequent homogenization annealing produces large grains and 

the alloy is susceptible to embrittlement from absorbed atmosphere impurities [7]. Moreover, 

local variations of the lattice parameter lead to the distribution of sizes of interstitials [1] 

forming an open structure favorable for hydrogen absorption. Interaction o refractory high 

entropy alloys with hydrogen have been widely studied [8, 9].  

For hydrogen absorption in metals, a large surface area together with small grains 

microstructure is advantageous for diffusion along grain boundaries into the [10-12]. 

A nanocrystalline microstructure can be achieved by annealing of the amorphous phase. 

Amorphous alloys, often called metallic glasses are prepared either by high quenching rate of 

liquid phase or by various deposition techniques [13]. It was found that the composition of 

driven effects in sputtered thin films is decisive about the amorphization of the alloys, and the 

more complex is the composition of the alloy, the higher is the occurrence of amorphous 

content [14, 15]. A mechanism of phase selection in high entropy alloys between solid solution 

and amorphous phase was proposed based on atomic size dispersion and mixing enthalpy 

[16]. Therefore, it is interesting to prepare an amorphous phase from an alloy typical for single 

solution formation. Moreover, the hardness of such an amorphous thin film is much higher 

than bulk material [17]. Oxidation of amorphous or nanocrystalline film may block effective 

hydrogen absorption in the film though.  

Two HfNbTaTiZr thin films with different thicknesses were prepared by DC magnetron 

sputtering. The deposition at room temperature is favorable for the formation of 

a nanocrystalline to an amorphous structure [18]. The effect of various deposition conditions 

(deposition rate, substrate temperature) and film composition to the structure of thin films 

prepared by magnetron sputtering was studied e.g. in [14, 19]. Oxidation of HEA films can be 

well studied by X-ray photoelectron spectroscopy combined with depth profiling [20]. Positron 

annihilation lifetime spectroscopy is a versatile tool providing information about open 

volumes, important for oxidation and hydrogen absorption properties, in both crystalline and 

amorphous structures. 

 

2. Experimental 

HEA films were prepared by DC magnetron sputtering in an ultra-high vacuum (UHV) 

deposition chamber. A DC power supply was operated at the power of 10 W, the voltage and 



current lied in the range of 260 V – 200 V and 38 – 49 mA respectively resulting in a relatively 

slow deposition rate of approximately 6 nm/min.  The base pressure in the UHV chamber of 

10-7 – 10-8 Pa was ensured by a turbomolecular and an ion pump. The magnetron discharge 

was maintained in the Ar atmosphere at a constant pressure of 2 Pa, which was regulated by 

a needle valve, the Ar flow was fixed at 14 sccm. A single-phase round shape HfNbTaTiZr target 

with 1-inch diameter prepared by spark plasma sintering (SPS) from a gas atomized powder 

of HfNbTaTiZr alloy [21] was used as a sputtering target. The SPS processing of the target was 

performed at 1300°C for 2 min using a pressure of 100 MPa. The target exhibited a single bcc 

phase with the equiatomic composition, as confirmed by X-ray diffraction (XRD) and X-ray 

fluorescence (XRF), respectively.  

HEA films were deposited on amorphous fused silica (FS) substrates with dimensions 

10 × 10 mm2, which were kept at room temperature (RT). The target to substrate distance was 

fixed at 100 mm. Samples with 2 different thicknesses, determined by transmission electron 

microscopy (TEM), were studied: (i) HEAM1 – 380 nm “thin” film and (ii) HEAM2 – 1650 nm 

“thick” film.  

X-ray diffraction (XRD) analysis was carried out using Cu-Kα radiation on a Bruker Discover 

diffractometer equipped with a 1D LynxEye. XRD measurements were performed in the Bragg-

Brentano symmetrical geometry. The TOPAS V5 code [22] was employed for the Rietveld 

refinement analysis of XRD spectra.  

Lamellas for TEM investigation were prepared by focused ion beam (FIB) in a scanning electron 

microscope (SEM) ZEISS Auriga Compact. A protective platinum layer was deposited for the 

protection of the investigated layer before the preparation of the lamellas. TEM observations 

were performed on JEOL 2200FS operating at 200 kV. FEI Quanta 200F SEM equipped with 

energy dispersive X-Ray spectroscope (EDS) was employed for the mapping of chemical 

elements.  

Atomic force microscopy (AFM) was employed to characterize the films’ surface morphology. 

AFM measurements were carried out at room temperature on an ambient AFM (Bruker, 

Dimension Icon) in Peak Force Tapping mode with ScanAsyst Air tips (Bruker, k = 0.4 N/m, 

nominal tip radius 2 nm). Measured topographies have 512 × 512 points resolution.  

The films’ composition was investigated using XRF spectrometer Eagle III µProbe with a beam 

of 300 µm diameter. 

X-ray Photoelectron Spectroscopy (XPS) analysis was performed in the Omicron NanoESCA 

instrument using a monochromatized Al-Kα radiation source (E = 1486.7 eV). Under these 

conditions, the information depth is a few nanometers. Elemental composition was calculated 

from peak areas employing photo-emission cross-section [23, 24]. For analysis of subsurface 

regions, depth profiling of the samples was enabled by an Ar+ ion sputter gun in the 

preparation chamber of the NanoESCA instrument with the sputtering conditions E = 3 keV, 

pressure 2 × 10-4 Pa, and normal incidence angle. 



Positron annihilation lifetime spectroscopy (PALS) was carried out on a pulsed slow positron 

beam MePS [25] operating at the ELBE (Electron LINAC with high Brilliance and low Emittance) 

facility [26] in the Helmholtz-Zentrum Dresden-Rossendorf. The energy of incident positrons 

in the beam was varied in the range from 1 to 16 keV, which corresponds to the mean positron 

implantation depth into HfNbTaTiZr ranging from 4 to 340 nm as calculated using the 

Makhovian implantation profile [27] and the theoretical bulk density of 10 g/cm3 for the 

HfNbTaTiZr alloy [2]. Positron lifetime spectra were collected using a digital spectrometer [25] 

with a time resolution of 250 ps (FWHM of the resolution function). The decomposition of 

positron lifetime spectra into individual exponential components was performed using the 

PLRF code [28]. 

 

3. Results and discussion 

3.1.  Amorphous structure 

The microstructure of films can be inspected in detail by TEM observations of cross-sections 

of the film lamellas cut by FIB. Figure 1a shows a TEM image of a cross-section of the HEAM1 

film. The high-resolution image of the film layer in Figure 1b shows that no crystalline structure 

is present in the film. Indeed, the electron diffraction pattern from the region of the whole 

cross-section of the 380 nm thick film HEAM1 in Figure 1c proves that there is neither 

a crystalline phase nor a preferred orientation of nanocrystalline grains. The electron 

diffraction pattern exhibits a broad intensive ring surrounded by a diffusive halo. This is a 

typical pattern for amorphous structure. The amorphous structure of the HEA films deposited 

on FS at RT was confirmed also by XRD measurements.  

 

   

Figure 1: TEM measurements of the amorphous 380 nm thick HEAM1 film: (a) cross-section of 

the FIB cut lamella, (b) high-resolution TEM image of the HEA film layer, (c) electron diffraction 

pattern taken from the HEA film region. 

 



Figure 2 compares XRD data measured in the symmetrical Bragg-Brentano geometry for 

HEAM1 and HEAM2 films and the electron diffraction pattern determined by TEM, i.e. radial 

profile of intensities from Figure 1c. The XRD pattern measured in the polycrystalline 

HfNbTaTiZr target is plotted in the figure as well for comparison. Single bcc structure with the 

lattice parameter a = 3.40835(2) Å agrees well with one of the authors‘ previous study [21]. 

The XRD patterns for both HEA films, HEAM1 and HEAM2, are similar to each other and are 

similar also to the electron diffraction pattern of HEAM1 measured by TEM, but clearly miss 

numerous reflections of the bcc phase present in the polycrystalline HfNbTaTiZr target. This 

effect cannot be due to the preferentially orientated growth of the HEA films, since the 

electron diffraction pattern in figure 1c shows no sign of texture in the circular pattern. Both 

X-ray and electron diffraction profiles are similar to a typical diffractogram of bulk metallic 

glasses, e.g. Zr-Cu-Al [29]. The first sharp diffraction peak, typical for metallic glasses, can be 

solely analyzed using peak broadening from the width of the Lorentzian curve and the 

coherence length can be calculated as 1.7(3) nm. Such value corresponds to the medium-

range order in metallic glasses [30]. The amorphous diffusive halo at higher values of the 

scattering vector is split into few broad peaks visible in figures 1c and 2. Note that despite 

both X-ray and electron diffraction patterns look much alike, they are sensitive to different 

types of crystallographic planes, namely planes parallel with the substrate and planes 

perpendicular to the substrate for the XRD and TEM measurement, respectively. The similarity 

of the diffraction patterns measured by XRD and TEM, therefore, testifies that there is no 

preferential orientation of neither clusters nor cluster agglomerates, as observed by AFM, to 

the substrate in the HEA films.   

 

 

Figure 2: Comparison of the electron diffraction radial profile of the HEAM1 film and XRD 

profiles of HEAM1 and HEAM2 films measured in the symmetrical Bragg-Brentano (BB) 

geometry. XRD profile of the HfNbTaTiZr target prepared by SPS is included for comparison.  



Figures 3a and 3b show AFM scans (area 5 × 5 m2) characterizing the morphology of the 

HEAM1 (thickness 380 nm) and HEAM2 (thickness 1650 nm) films. Details in higher 

magnification (area 1 × 1 m2) are shown in the insets. The RMS roughness Rq is listed in the 

top right corner of each scan. Note that Rq determined from larger scans is more accurate, 

since it is less affected by local deviations. Both films exhibit a very smooth surface which is 

a consequence of the slow deposition rate favoring smooth (atomic) layer-by-layer film 

growth. The roughness of the thicker film HEAM2 is 2-3 times higher compared to the thinner 

film HEAM1 while the thickness of the HEAM2 is more than 4 times higher than that of the 

HEAM1 film.  

 

      

Figure 3: AFM measurement of (a) HEAM1 and (b) HEAM2 film, 5 × 5 m2 scans with 1 × 1 m2 

detail. The surface roughness Rq is shown in each figure. 

 

One can see in Figure 3 that the morphology of both films is very similar. The structure of 

HEAM2 film is more developed, as reflected by increased roughness, and consists of large 

aggregates, approx. 100 to 200 nm in size, separated by deep pits (dark regions in AFM scans). 

The aggregates consist of fine substructure with round-shape amorphous clusters, approx. 

10 nm in size, see the inset in Figure 3b.  

To investigate the fine substructure in detail, smaller scans containing 100 to 200 clusters were 

measured. Boundaries of clusters were manually identified and a surface area was evaluated 

for each region with a closed border.  Using a round cluster approximation, cluster diameters 

were calculated. Histograms of cluster diameters for both films are shown in Figure 4 and can 

be reasonably approximated by the log-normal distribution. The mean cluster sizes for the 

HEAM1 and HEAM2 films were estimated to 15 nm and 13 nm respectively. Standard 

deviations given by FWHMs of log-normal distributions are 3 nm for both films. Therefore we 

can say that the aggregate structure develops with the film thickness, as reflected by 

increasing roughness, while the aggregate substructure virtually remains the same 

independently on the film thickness.  



 

      

Figure 4: Histograms of cluster diameters for HEAM1 and HEAM2 films approximated by the 

log-normal distribution.  

 

3.2. Oxidation of amorphous films 

EDS analysis showed high oxygen content significantly exceeding the possible contribution of 

the FS (SiO2) substrate. Considering the fact that the films were deposited under UHV 

conditions, the only possible source of such a high concentration of oxygen is the exposure to 

the ambient atmosphere during the transport and the storage of the films. Unlike bulk 

HfNbTaTiZr alloys prepared by conventional arc melting, which exhibit typical dendritic 

structure, EDS mapping of HEA films showed no segregation of Hf, Nb, Ta, Ti, Zr elements. 

Figure 5 shows EDS maps of the HEAM2 film, each point corresponds to an area with 60 nm 

diameter. Therefore, we can say the films are homogeneous on the scale larger than 100 nm, 

which is comparable with the size of the aggregate structure observed by AFM.  

 

 



Figure 5: SEM picture (back-scattered electrons) and corresponding EDS maps of the O, Nb, 

Ta, Ti, Zr, and Hf elements for the HEAM2 film surface. K-lines were analyzed for O and Ti, L-

lines were analyzed for Nb, Zr, Ta, and Hf. 

 

The composition of HEA films was characterized by the XRF method. Note that XRF can be 

used for reliable determination of the concentration of chemical elements with Z > 10, i.e. it 

is not sensitive to oxygen content. The results of the XRF chemical analysis of HEAM1 and 

HEAM2 films are listed in Table 1. The results of the XRF chemical analysis of the HfNbTaTiZr 

target before and after sputtering are included in the table as well. The XRF spectra were 

treated within a model without calibrated standards, i.e. phenomena like X-ray absorption, 

self-excitation, and finite film thickness, were approximated by empirical formulas. Variation 

of atomic concentrations obtained by such a model is typically 2 – 5 at. %, depending on the 

parameters of the XRF model. Note that using a calibrated samples as standards can improve 

the precision of the XRF analysis 10 – 100 times and will be necessary for the authors’ following 

studies concerning the composition of HEA films.  

One can see in Table 1 that the composition of HEAM1 and HEAM2 films is, within the 

precision of the XRF analysis, close to the equimolar composition of the HfNbTaTiZr alloy. 

However, the HEAM1 film is enriched with Ti, while the HEAM2 film is depleted with Ti. The 

reason for this discrepancy is as follows. The first HEAM1 film was deposited from the original 

equimolar HfNbTaTiZr target. Ti enrichment of the film is caused by preferential sputtering of 

the Ti as the element with the lowest atomic mass. Simultaneously the target was depleted in 

Ti, as confirmed by the XRF analysis of the sputtered target. Therefore, the sputtering of the 

Ti depleted target leads to the lack of Ti in the following samples, particularly the HEAM2 film.  

 

Element Ti Zr Nb Hf Ta 

XRF analysis 

K-line energy (keV) 4.510 15.776 16.617 55.801 57.450 

L-line energy (keV) 0.452 2.042 2.166 7.898 8.145 

composition* (at. %) 

HEAM1 as-deposited 23 19 19 18 21 

HEAM2 as-deposited 18 21 21 19 21 

HfNbTaTiZr target before dep. 20 20 20 20 20 

HfNbTaTiZr target after dep. 12 22 23 20 23 

sputtering  

atomic number 22 40 41 72 73 

atomic mass 47.880 91.220 92.906 178.49 180.948 

sputtering yield (at. per ion)** 0.577 0.632 0.634 0.748 0.664 



* Only Ti, Zr, Nb, Hf, Ta elements were taken into account. 

** Sputtering yields for normal incidence of Ar+ ions with 500 eV energy [31-33]. 

 

Table 1: Chemical composition in at. % as determined by XRF for amorphous HEAM1 and 

HEAM2 films and HfNbTaTiZr target before and after deposition. K-lines were analyzed for Ti, 

Zr, and Nb, L-lines were analyzed for Hf and Ta. Atomic numbers, atomic masses, and 

sputtering yields [31-33] in the number of atoms per Ar+ ion are included. 

 

Sputtering yields in Ar for the normal incidence for Ti, Zr, Nb, Hf, Ta are among the lowest 

across the periodic table [31-33]. Further, within these five elements, the actual values of the 

yield are very comparable, see Table 1, which favors the near-equimolar composition of the 

deposited film. Note that values in Table 1 correspond to the sputtering of pure materials and 

does not take into account mutual bonds in the HfNbTaTiZr alloy. The preferential sputtering 

of Ti, therefore, seemingly contradicts its lowest sputtering yield compared to the other 

elements and is presumably the result of the lowest atomic mass of Ti.  

XPS spectra for the HEAM2 film, which are shown in Figure 6, were fitted in the KolXPD 

software using Shirley background and Voigt peaks for O 1s or Voigt doublets with appropriate 

spin-orbit splitting for metal oxides. Metallic states of the same core levels with highly 

asymmetric profiles were fitted with Doniach-Šunjić doublets convoluted with Gaussian 

function instead. Metal oxide signal contributions are identified as peaks shifted to higher 

binding energies in comparison with the metallic peaks; the larger is the chemical shift, the 

higher is the oxidation number. Peak parameters and their chemical shifts are consistent with 

the literature [24, 34-40].  

 

core level Ti 2p3/2 Nb 3d5/2 Zr 3d5/2 Ta 4f7/2 Hf 4f7/2 O 1s 

reference values – binding energy (eV) 

metal 453.94  202.31 178.75 21.80 14.28 -- 

metal – LW 0.25 0.07 0.09 0.03 0.04 -- 

highest oxide  
TiO2 
458.5 - 459.3 

Nb2O5 
207.3 - 208.2 

ZrO2 
182.0 - 183.4 

Ta2O5 
26.3 - 27.2 

HfO2 
16.6 – 17.9 

-- 

HEAM2 as deposited – binding energy (eV) 

metal  202.9 179.2 22.5 14.5 531.4 

metal oxide 
458.5 208.4 183.4 27.1 18.0 532.4 

459.8 207.0     

HEAM2 after 7h depth profiling – binding energy (eV) 

metal 454.1 202.6 178.9 22.1 14.2 531.4 

metal oxide 
454.9 203.1 179.7 22.7 14.8 533.1 

 203.4 183.7 27.4 18.0 535.1 



Table 2: Binding energies in eV of metals’ [34, 35] and metal oxides’ [37, 38] major core levels 

frequently used for XPS analysis. The standard deviation of values in [34] is 0.06 eV, LW is the 

Lorentz natural line width [35]. Bold values correspond to the position of the dominant peak 

in the measured XPS spectrum.  

 

As revealed by XPS, the surface region of the HEAM2 film is oxidized. All deposited elements 

are present in a form of oxides, the oxygen content was determined to 66 at. %. No oxide 

particles were observed by SEM, TEM nor XRD though. Thus, we assume the present oxides 

are ordered on a short-range scale of few nm only. The real surface of the metallic film 

typically contains adsorbents from the ambient atmosphere and an oxide-based passivation 

layer [41, 42]. The presence of ambient adsorbates is reflected in the carbon content of 12 

at. % in the as-deposited film, while a high oxygen content corresponds also to the passivation 

layer. 

To investigate the oxidation with a depth resolution, a standard depth profiling using Ar+ 

sputtering in the XPS apparatus was performed. After 1 h of depth profiling, a 30 – 50 nm thick 

layer was removed from a region probed by XPS and the oxygen concentration slightly 

decreased to 48 at. %. The oxide states of elements diminished in favor of metallic states. 

Virtually all Nb and Ta atoms were already in the metallic state. On the contrary, Ti and 

particularly Zr and Hf atoms remained both in the oxide and the metallic states. This is due to 

the high affinity of these elements to oxygen given by their electronegativity, bond energy, 

crystal cohesive energy, etc., as described in [43-45]. 

After 7 h of depth profiling, a 200 – 350 nm thick layer was removed and oxygen content 

dropped to 18 at. %. Ti, Zr, and Hf atoms were present predominantly in metallic states. 

Nevertheless, the oxide and sub-oxide states of these elements were still present. Hf and Zr 

exhibit a high amount of sub-oxide states attributed to the first stage of Zr and Hf oxidation 

into ZrOx- and HfOx-like states due to the high affinity of these elements to dissolved oxygen 

[37-40].  

Therefore with increasing depth oxygen content is gradually decreasing. Absorbed oxygen 

atoms are preferentially bonded to Ti, Zr, and Hf more likely than to Nb and Ta. However, in 

higher depths, the film has a metallic character. The relatively high oxygen content in higher 

depths shows oxygen was able to diffuse through the passivation layer. This was enabled by 

an open structure of the amorphous film acting as a getter. Oxygen diffusion into 

polycrystalline HEA films studied by XPS depth profiling was reported in [20]. 

Atomic concentrations of the deposited elements as determined by XPS fall into the range of 

(20 ± 10) at. %. The more precise composition is provided by the XRF analysis as a method less 

sensitive to the surface, which may, in general, exhibit deviations from the bulk composition. 

Moreover, depth profiling by Ar+ sputtering is accompanied with many effects, which alter the 



composition of the studied material as well. Consequently, uncertainties in the obtained 

compositions must be taken into consideration [46].  

 

 

Figure 6: High-resolution XPS spectra of elements present in HEAM2 film measured in the as-

deposited state and after 7 h of depth profiling. Measured data (open points) correspond well 



to the fit (red line). Positions of doublets for metal and oxide states are marked with horizontal 

lines.  

 

The defect structure of a 1650 nm thick HEAM2 film was investigated by positron annihilation 

lifetime spectroscopy. The positron implantation profile is described by the asymmetric 

Makhovian distribution. Both mean implantation depth 𝑧̅ and FWHM 𝑤 increase with positron 

energy with a power factor of 5/8. For simplicity, we propose using the interval (1 2⁄ 𝑧̅, 3 2⁄ 𝑧̅) 

to characterize the region, which contains 65 % of all implanted positrons. For the maximal 

positron energy of 16 keV, less than 10-7 % of all positrons penetrated the FS substrate. 

Therefore, all positrons annihilated in the volume of the film. Moreover, comparable depths 

of the HEAM2 sample were probed by the PALS and the XPS methods.  

 

  

Figure 7: Positron annihilation lifetime measurements for the 1650 nm thick HEAM2 film 

plotted as a function of the energy of incident positrons, the mean positron penetration depth 

is depicted at the top axis. (a) Development of the mean positron lifetime, (b) positron lifetime 

components and (c) their corresponding intensities. 

 

In general, the mean positron lifetime 𝜏̅ is a robust parameter, which is not influenced by 

mutual correlation among fitting parameters. Hence, the development of 𝜏̅ provides an insight 

into the defect depth profile in the sample. Figure 7a shows 𝜏̅ plotted as a function of the 

energy of incident positrons 𝐸, previously published in the authors’ work [47]. For all energies 

the values of 𝜏̅ exceed 300 ps, which is a much higher value than the bulk lifetime of 146 ps 

for HfNbTaTiZr alloy [48-50]. This is caused by vacancy-like open-volume defects, which are 

present in large concentrations and are able to trap thermalized positrons.  

At very low energies (up to 1 keV) almost all positrons annihilated in the surface state. With 

increasing energy, positrons penetrate deeper into the HfNbTaTiZr layer, and a fraction of 

positrons diffusing back to the surface gradually decrease, which results in a decrease of 𝜏̅. At 

higher energies (above 3 keV) 𝜏̅ monotonically increase with energy. This increase of the mean 



positron lifetime can be caused either by increasing concentration of vacancy-like defects or 

by an increase of their mean size.  

To obtain a better insight to PALS data, for each positron energy the positron lifetime 

spectrum was decomposed into two exponential components: (i) short-lifetime component 

𝜏1 ≈ 220 ps with intensity 𝐼1 ≈ 80 %; (ii) long-lifetime component 𝜏2 ≳ 500 ps with intensity 

𝐼2 ≈ 20 %. The development of lifetimes and intensities of both components with energy 𝐸 

is shown in Figures 7b and 7c. Since lifetimes of both components are substantially higher than 

the bulk lifetime for the HfNbTaTiZr alloy, the concentration of defects in the HEAM2 film is 

so high that all positrons are annihilated in the trapped state (saturated positron trapping). 

According to ab-initio calculations, the lifetime of a positron trapped in a monovacancy in the 

bcc-HfNbTaTiZr lattice is 212 ps. Therefore, the shorter component 𝜏1 corresponds to 

positrons trapped in small open-volume defects with a size comparable with monovacancy. 

The values of lifetime  𝜏1 and intensity 𝐼1 virtually does not change with depth. In context with 

the AFM observations, we assume positrons are predominantly trapped in open spaces 

between amorphous clusters with the mean size of 13 nm.  

The longer component 𝜏2 comes from positrons trapped in large vacancy clusters and voids 

between the ~100 nm large aggregates, which were observed by AFM. Note that the 

maximum theoretical lifetime of positrons annihilating in large vacancy clusters is 500 ps. 

Thus, the long-lifetime component 𝜏2 includes also pick-off annihilations of ortho-positronium 

(o-Ps) with a typical lifetime of ~1 ns, in particular for the energies of 12 keV and higher.  

The constant intensity of the long-lifetime component means the concentration of 

inter-aggregate voids is approximately constant with depth, which is in a good agreement with 

AFM observations. However, increasing lifetime 𝜏2 implies an increasing volume of 

inter-aggregate voids. This effect is likely connected with oxygen absorption in these voids. 

The XPS analysis revealed there is a high concentration of oxygen in the HEA films which 

strongly decreases with the depth. Hence, it is likely that voids in the sub-surface region are 

filled by oxygen atoms which effectively reduce its free volume and, thereby, also the lifetime 

of positron trapped inside the void. Alternatively, the presence of oxygen and oxides in the 

voids’ walls can effectively prevent the formation of the positronium leading to a shortening 

of the lifetime. 

One can see in Figure 8 the lifetime 𝜏2 is virtually constant up to the depth of 150 nm. It means 

in this sub-surface region the inter-aggregate voids are likely saturated with oxygen. With 

increasing depth 𝜏2 begins to grow due to reduced oxygen concentration inside voids. This is 

in very good agreement with XPS observations. Note that constant lifetime 𝜏1 and intensity 𝐼1 

indicate no significant oxygen absorption inside the amorphous structure. Thus, oxygen 

contamination occurs on the interfaces among aggregates only.  

 

4. Conclusions 



The amorphous structure and oxidation of HfNbTaTiZr thin films were investigated. Two 

HfNbTaTiZr films with thicknesses of 380 nm and 1650 nm were deposited at room 

temperature on fused silica substrates by DC magnetron sputtering from a single bcc phase 

target prepared by spark plasma sintering. The amorphous structure with no long-range 

ordering of atoms was confirmed by TEM and XRD observations. Both films exhibit similar 

morphology with ~100 nm aggregates made of ~10 nm round-shaped clusters. Close-to-

equimolar composition with slight Ti enrichment and no mutual segregation of elements was 

observed by XRF and EDS. Oxidation of the films was studied by XPS combined with depth 

profiling. Oxygen absorbed from the ambient atmosphere reacted with Ti, Zr, Nb, Hf, and Ta 

atoms and formed oxide and sub-oxide nanoclusters. The oxygen-contaminated layer with 

a thickness of approximately 200 – 350 nm, out of the total film thickness of 1650 nm, contains 

predominantly Ti, Zr, and Hf oxides. Two types of open volumes, uniformly distributed with 

depth, were observed by positron annihilation lifetime spectroscopy. Smaller defects with 

a size comparable with monovacancy in bcc HfNbTaTiZr structure are the dominant type of 

defect and are not influenced by oxygen content in the film. Larger open volumes located in 

between the aggregates of amorphous clusters are a dominant region, where oxidation of the 

film takes place.  
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Amorphous HfNbTaTiZr high entropy alloy thin films were deposited by DC magnetron 

sputtering. 

A fine structure of round-shaped amorphous clusters ~10 nm was observed. 

Oxidation at ambient atmosphere leads to a preferential formation of Ti-, Hf- and Zr- oxide 

nanoclusters. 

Oxidation takes place predominantly in large open volumes in between cluster aggregates. 
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Abstract 

High entropy alloys represent a new type of materials with a unique combination of physical 

properties originating from the occurrence of single-phase solid solutions of numerous 

elements. The preparation of nanostructured or amorphous structure in a form of thin films 

promises increased effective surface and high intergranular diffusion of elements as well as 

a high affinity to oxidation. In this work, we studied HfNbTaTiZr thin films, deposited at room 

temperature by DC magnetron sputtering from a single bcc phase target. Films exhibit cellular 

structure (~100 nm) with fine substructure (~10 nm) made of round-shape amorphous 

clusters. The composition is close to equimolar with slight Ti enrichment and without any 

mutual segregation of elements. Oxidation at the ambient atmosphere leads to the formation 

of Ti, Zr, Nb, Hf, and Ta oxide clusters in the film up to the depth of 200 – 350 nm out of the 

total film thickness of 1650 nm. Oxygen absorption takes place preferentially in the large 

vacancy clusters located in between the amorphous cluster aggregates. The dominant type of 

defect are small open volumes with a size comparable with vacancy. The distribution of these 

defects is uniform with depth and is not influenced by the presence of oxygen in the film. 

 

1. Introduction 

High entropy alloys (HEA) called also complex concentrated alloys or multi-principal element 

alloys [1] are a group of materials with a combination of interesting properties [2-4]. While 

most conventional alloys are based on one principal matrix element with alloying elements of 
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lower concentration, these alloys are a mixture of at least four elements in a similar atomic 

ratio. The high configurational entropy of this system causes the formation of a single solid 

solution phase at high temperatures [5]. A high number of elements promises a combination 

of interesting phases [6, 7] and intriguing deformation behavior [8] when annealed. Therefore, 

new combinations of physical properties are expected, namely mechanical [2, 3], oxidation 

[9], irradiation [10], and wear resistance [11]. 

HfNbTaTiZr alloy belongs to a group of refractory materials with a high melting point and 

thermal stability [9] with enhanced ductility and strength [12]. The casting of this alloy results 

in dendritic structure and subsequent homogenization annealing produces large grains and 

the alloy is susceptible to embrittlement from absorbed atmosphere impurities [13]. 

Moreover, local variations of the lattice parameter lead to the distribution of sizes of 

interstitials [1] forming an open structure favorable for hydrogen absorption. Interaction of 

refractory high entropy alloys with hydrogen has been widely studied [14, 15].  

For hydrogen absorption in metals, a large surface area together with small grains 

microstructure is advantageous for diffusion along grain boundaries into the material [16-18]. 

A nanocrystalline microstructure can be achieved by annealing of the amorphous phase. 

Amorphous HEA, often called metallic glasses (MG) have strong topological and chemical 

disorder and may have special properties different from bulk MG or HEA [4]. They can be 

prepared either by a high quenching rate of liquid phase [19] or by various deposition 

techniques [20]. It was found that the composition driven effects in sputtered thin films are 

decisive about the amorphization of the alloys, and the more complex is the composition of 

the alloy, the higher is the occurrence of amorphous content [21, 22]. A mechanism of phase 

selection in high entropy alloys between solid solution and amorphous phase was proposed 

based on atomic size dispersion and mixing enthalpy [19]. Therefore, it is interesting to 

prepare an amorphous phase from an alloy typical for single solution formation. Moreover, 

the hardness of such an amorphous thin film is much higher than bulk material [23]. Oxidation 

of amorphous or nanocrystalline film may block effective hydrogen absorption in the film 

though.  

Two HfNbTaTiZr thin films with different thicknesses were prepared by DC magnetron 

sputtering. The deposition at room temperature is favorable for the formation of 

a nanocrystalline to an amorphous structure [24]. The effect of various deposition conditions 

(deposition rate, substrate temperature) and film composition to the structure of thin films 

prepared by magnetron sputtering was studied e.g. in [21, 25]. Oxidation of HEA films can be 

well studied by X-ray photoelectron spectroscopy combined with depth profiling [26]. Positron 

annihilation lifetime spectroscopy is a versatile tool providing information about open 

volumes, important for oxidation and hydrogen absorption properties, in both crystalline and 

amorphous structures. 

 

2. Experimental 
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HEA films were prepared by DC magnetron sputtering in an ultra-high vacuum (UHV) 

deposition chamber. A DC power supply was operated at the power of 10 W, the voltage and 

current lied in the range of 260 V – 200 V and 38 – 49 mA respectively resulting in a relatively 

slow deposition rate of approximately 6 nm/min.  The base pressure in the UHV chamber of 

10-7 – 10-8 Pa was ensured by a turbomolecular and an ion pump. The magnetron discharge 

was maintained in the Ar atmosphere at a constant pressure of 2 Pa, which was regulated by 

a needle valve, the Ar flow was fixed at 14 sccm. A single-phase round shape HfNbTaTiZr target 

with 1-inch diameter prepared by spark plasma sintering (SPS) from a gas atomized powder 

of HfNbTaTiZr alloy [27] was used as a sputtering target. The SPS processing of the target was 

performed at 1300°C for 2 min using a pressure of 100 MPa. The target exhibited a single bcc 

phase with the equiatomic composition, as confirmed by X-ray diffraction (XRD) and X-ray 

fluorescence (XRF), respectively.  

HEA films were deposited on amorphous fused silica (FS) substrates with dimensions 

10 × 10 mm2, which were kept at room temperature (RT). The target to substrate distance was 

fixed at 100 mm. Samples with 2 different thicknesses, determined by transmission electron 

microscopy (TEM), were studied: (i) HEAM1 – 380 nm “thin” film and (ii) HEAM2 – 1650 nm 

“thick” film.  

X-ray diffraction (XRD) analysis was carried out using Cu-Kα radiation on a Bruker Discover 

diffractometer equipped with a 1D LynxEye. XRD measurements were performed in the Bragg-

Brentano symmetrical geometry at 2θ angles from 10° to 140°. The TOPAS V5 code [28] was 

employed for the Rietveld refinement analysis of XRD spectra.  

Lamellas for TEM investigation were prepared by a focused ion beam (FIB) in a scanning 

electron microscope (SEM) ZEISS Auriga Compact using Ga+ ions. A platinum layer was 

deposited for the protection of the investigated layer before the preparation of the lamellas. 

The final Ga+ ion-polishing of the lamellas was performed by FIB with acceleration voltage 

decreased down to 2 kV. TEM observations were performed on JEOL 2200FS operating at 200 

kV. FEI Quanta 200F SEM equipped with an Energy-dispersive X-ray spectroscope (EDS) was 

employed for the mapping of chemical elements.  

Atomic force microscopy (AFM) was employed to characterize the films’ surface morphology. 

AFM measurements were carried out at room temperature on an ambient AFM (Bruker, 

Dimension Icon) in Peak Force Tapping mode with ScanAsyst Air tips (Bruker, k = 0.4 N/m, 

nominal tip radius 2 nm). Measured topographies have 512 × 512 points resolution.  

The films’ composition was investigated using XRF spectrometer Eagle III µProbe with a beam 

of 300 µm diameter. 

X-ray Photoelectron Spectroscopy (XPS) analysis was performed in the Omicron NanoESCA 

instrument using a monochromatized Al-Kα radiation source (E = 1486.7 eV). Under these 

conditions, the information depth is a few nanometers. Elemental composition was calculated 

from peak areas employing photo-emission cross-section [29, 30]. For analysis of subsurface 
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regions, depth profiling of the samples was enabled by an Ar+ ion sputter gun in the 

preparation chamber of the NanoESCA instrument with the sputtering conditions E = 3 keV, 

pressure 2 × 10-4 Pa and normal incidence angle. 

Positron annihilation lifetime spectroscopy (PALS) was carried out on a pulsed slow positron 

beam MePS [31] operating at the ELBE (Electron LINAC with high Brilliance and low Emittance) 

facility [32] in the Helmholtz-Zentrum Dresden-Rossendorf. The energy of incident positrons 

in the beam was varied in the range from 1 to 16 keV, which corresponds to the mean positron 

implantation depth into HfNbTaTiZr ranging from 4 to 340 nm as calculated using the 

Makhovian implantation profile [33] and the theoretical bulk density of 10 g/cm3 for the 

HfNbTaTiZr alloy [5]. Positron lifetime spectra were collected using a digital spectrometer [31] 

with a time resolution of 250 ps (FWHM of the resolution function). The decomposition of 

positron lifetime spectra into individual exponential components was performed using the 

PLRF code [34]. 

 

3. Results and discussion 

3.1.  Amorphous structure 

The microstructure of films can be inspected in detail by TEM observations of cross-sections 

of the film lamellas cut by FIB. Figure 1a shows a TEM image of a cross-section of the HEAM1 

film. The high-resolution image of the film layer in Figure 1b shows that no crystalline structure 

is present in the film. Indeed, the electron diffraction pattern from the region of the whole 

cross-section of the 380 nm thick film HEAM1 in Figure 1c proves that there is neither 

a crystalline phase nor a preferred orientation of nanocrystalline grains. The electron 

diffraction pattern exhibits a broad intensive ring surrounded by a diffusive halo. This is a 

typical pattern for amorphous structure. The amorphous structure of the HEA films deposited 

on FS at RT was confirmed also by XRD measurements.  

 

   

Figure 1: TEM measurements of the amorphous 380 nm thick HEAM1 film: (a) cross-section of 

the FIB cut lamella, (b) high-resolution TEM image of the HEA film layer, (c) electron diffraction 

pattern taken from the HEA film region. 
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Figure 2 compares XRD data measured in the symmetrical Bragg-Brentano geometry for 

HEAM1 and HEAM2 films and the electron diffraction pattern determined by TEM, i.e. radial 

profile of intensities from Figure 1c. The XRD pattern measured in the polycrystalline 

HfNbTaTiZr target is plotted in the figure as well for comparison. Single bcc structure with the 

lattice parameter a = 3.40835(2) Å agrees well with one of the authors‘ previous study [27]. 

The XRD patterns for both HEA films, HEAM1 and HEAM2, are similar to each other and are 

similar also to the electron diffraction pattern of HEAM1 measured by TEM, but clearly miss 

numerous reflections of the bcc phase present in the polycrystalline HfNbTaTiZr target. This 

effect cannot be due to the preferentially orientated growth of the HEA films, since the 

electron diffraction pattern in figure 1c shows no sign of texture in the circular pattern. Both 

X-ray and electron diffraction profiles are similar to a typical diffractogram of bulk metallic 

glasses, e.g. Zr-Cu-Al [35]. The first sharp diffraction peak, typical for metallic glasses, can be 

solely analyzed using peak broadening from the width of the Lorentzian curve and the 

coherence length can be calculated as 1.7(3) nm. Such value corresponds to the medium-

range order in metallic glasses [36]. The amorphous diffusive halo at higher values of the 

scattering vector is split into few broad peaks visible in figures 1c and 2. Note that despite 

both X-ray and electron diffraction patterns look much alike, they are sensitive to different 

types of crystallographic planes, namely planes parallel with the substrate and planes 

perpendicular to the substrate for the XRD and TEM measurement, respectively. The similarity 

of the diffraction patterns measured by XRD and TEM, therefore, testifies that there is no 

preferential orientation of neither clusters nor cluster agglomerates, as observed by AFM, to 

the substrate in the HEA films.   

 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Figure 2: Comparison of the electron diffraction radial profile of the HEAM1 film and XRD 

profiles of HEAM1 and HEAM2 films measured in the symmetrical Bragg-Brentano (BB) 

geometry. XRD profile of the HfNbTaTiZr target prepared by SPS is included for comparison.  

 

Figures 3a and 3b show AFM scans (area 5 × 5 m2) characterizing the morphology of the 

HEAM1 (thickness 380 nm) and HEAM2 (thickness 1650 nm) films. Details in higher 

magnification (area 1 × 1 m2) are shown in the insets. The RMS roughness Rq is listed in the 

top right corner of each scan. Note that Rq determined from larger scans is more accurate, 

since it is less affected by local deviations. Both films exhibit a very smooth surface which is 

a consequence of the slow deposition rate favoring smooth (atomic) layer-by-layer film 

growth. The roughness of the thicker film HEAM2 is 2-3 times higher compared to the thinner 

film HEAM1 while the thickness of the HEAM2 is more than 4 times higher than that of the 

HEAM1 film.  

 

      

Figure 3: AFM measurement of (a) HEAM1 and (b) HEAM2 film, 5 × 5 m2 scans with 1 × 1 m2 

detail. The surface roughness Rq is shown in each figure. 

 

One can see in Figure 3 that the morphology of both films is very similar. The structure of 

HEAM2 film is more developed, as reflected by increased roughness, and consists of large 

aggregates, approx. 100 to 200 nm in size, separated by deep pits (dark regions in AFM scans). 

The aggregates consist of fine substructure with round-shape amorphous clusters, approx. 

10 nm in size, see the inset in Figure 3b.  

To investigate the fine substructure in detail, smaller scans containing 100 to 200 clusters were 

measured. Boundaries of clusters were manually identified and a surface area was evaluated 

for each region with a closed border.  Using a round cluster approximation, cluster diameters 

were calculated. Histograms of cluster diameters for both films are shown in Figure 4 and can 

be reasonably approximated by the log-normal distribution. The mean cluster sizes for the 

HEAM1 and HEAM2 films were estimated to 14 nm and 12 nm respectively. Standard 
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deviations given by FWHMs of log-normal distributions are 7 nm for both films. Therefore we 

can say that the aggregate structure develops with the film thickness, as reflected by 

increasing roughness, while the aggregate substructure virtually remains the same 

independently on the film thickness.  

 

      

Figure 4: Histograms of cluster diameters for HEAM1 and HEAM2 films approximated by the 

log-normal distribution.  

 

3.2. Oxidation of amorphous films 

EDS analysis showed high oxygen content significantly exceeding the possible contribution of 

the FS (SiO2) substrate. Considering the fact that the films were deposited under UHV 

conditions, the only possible source of such a high concentration of oxygen is the exposure to 

the ambient atmosphere during the transport and the storage of the films. Unlike bulk 

HfNbTaTiZr alloys prepared by conventional arc melting, which exhibit typical dendritic 

structure, EDS mapping of HEA films showed no segregation of Hf, Nb, Ta, Ti, Zr elements. 

Figure 5 shows EDS maps of the HEAM2 film, each point corresponds to an area with 60 nm 

diameter. Therefore, we can say the films are homogeneous on the scale larger than 100 nm, 

which is comparable with the size of the aggregate structure observed by AFM.  
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Figure 5: SEM picture (back-scattered electrons) and corresponding EDS maps of the O, Nb, 

Ta, Ti, Zr, and Hf elements for the HEAM2 film surface. K-lines were analyzed for O and Ti, L-

lines were analyzed for Nb, Zr, Ta, and Hf. 

 

The composition of HEA films was characterized by the XRF method. Note that XRF can be 

used for reliable determination of the concentration of chemical elements with Z > 10, i.e. it 

is not sensitive to oxygen content. The results of the XRF chemical analysis of HEAM1 and 

HEAM2 films are listed in Table 1. The results of the XRF chemical analysis of the HfNbTaTiZr 

target before and after sputtering are included in the table as well. The XRF spectra were 

treated within a model without calibrated standards, i.e. phenomena like X-ray absorption, 

self-excitation, and finite film thickness, were approximated by empirical formulas. Variation 

of atomic concentrations obtained by such a model is typically 2 – 5 at. %, depending on the 

parameters of the XRF model. Note that using a calibrated samples as standards can improve 

the precision of the XRF analysis 10 – 100 times and will be necessary for the authors’ following 

studies concerning the composition of HEA films.  

One can see in Table 1 that the composition of HEAM1 and HEAM2 films is, within the 

precision of the XRF analysis, close to the equimolar composition of the HfNbTaTiZr alloy. 

However, the HEAM1 film is enriched with Ti, while the HEAM2 film is depleted with Ti. The 

reason for this discrepancy is as follows. The first HEAM1 film was deposited from the original 

equimolar HfNbTaTiZr target. Ti enrichment of the film is caused by preferential sputtering of 

the Ti as the element with the lowest atomic mass. Simultaneously the target was depleted in 

Ti, as confirmed by the XRF analysis of the sputtered target. Therefore, the sputtering of the 

Ti depleted target leads to the lack of Ti in the following samples, particularly the HEAM2 film.  

 

Element Ti Zr Nb Hf Ta 

XRF analysis 
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K-line energy (keV) 4.510 15.776 16.617 55.801 57.450 

L-line energy (keV) 0.452 2.042 2.166 7.898 8.145 

composition* (at. %) 

HEAM1 as-deposited 23 19 19 18 21 

HEAM2 as-deposited 18 21 21 19 21 

HfNbTaTiZr target before dep. 20 20 20 20 20 

HfNbTaTiZr target after dep. 12 22 23 20 23 

sputtering  

atomic number 22 40 41 72 73 

atomic mass 47.880 91.220 92.906 178.49 180.948 

sputtering yield (at. per ion)** 0.577 0.632 0.634 0.748 0.664 

* Only Ti, Zr, Nb, Hf, Ta elements were taken into account. 

** Sputtering yields for normal incidence of Ar+ ions with 500 eV energy [37-39]. 

 

Table 1: Chemical composition in at. % as determined by XRF for amorphous HEAM1 and 

HEAM2 films and HfNbTaTiZr target before and after deposition. K-lines were analyzed for Ti, 

Zr, and Nb, L-lines were analyzed for Hf and Ta. Atomic numbers, atomic masses, and 

sputtering yields [37-39] in the number of atoms per Ar+ ion are included. 

 

Sputtering yields in Ar for the normal incidence for Ti, Zr, Nb, Hf, Ta are among the lowest 

across the periodic table [37-39]. Further, within these five elements, the actual values of the 

yield are very comparable, see Table 1, which favors the near-equimolar composition of the 

deposited film. Note that values in Table 1 correspond to the sputtering of pure materials and 

does not take into account mutual bonds in the HfNbTaTiZr alloy. The preferential sputtering 

of Ti, therefore, seemingly contradicts its lowest sputtering yield compared to the other 

elements and is presumably the result of the lowest atomic mass of Ti.  

XPS spectra for the HEAM2 film, which are shown in Figure 6, were fitted in the KolXPD 

software using Shirley background and Voigt peaks for O 1s or Voigt doublets with appropriate 

spin-orbit splitting for metal oxides. Metallic states of the same core levels with highly 

asymmetric profiles were fitted with Doniach-Šunjić doublets convoluted with Gaussian 

function instead. Metal oxide signal contributions are identified as peaks shifted to higher 

binding energies in comparison with the metallic peaks; the larger is the chemical shift, the 

higher is the oxidation number. Peak parameters and their chemical shifts are consistent with 

the literature [30, 40-46].  

 

core level Ti 2p3/2 Nb 3d5/2 Zr 3d5/2 Ta 4f7/2 Hf 4f7/2 O 1s 

reference values – binding energy (eV) 
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metal 453.94  202.31 178.75 21.80 14.28 -- 

metal – LW 0.25 0.07 0.09 0.03 0.04 -- 

highest oxide  
TiO2 
458.5 - 459.3 

Nb2O5 
207.3 - 208.2 

ZrO2 
182.0 - 183.4 

Ta2O5 
26.3 - 27.2 

HfO2 
16.6 – 17.9 

-- 

HEAM2 as deposited – binding energy (eV) 

metal  202.9 179.2 22.5 14.5 531.4 

metal oxide 
458.5 208.4 183.4 27.1 18.0 532.4 

459.8 207.0     

HEAM2 after 7h depth profiling – binding energy (eV) 

metal 454.1 202.6 178.9 22.1 14.2 531.4 

metal oxide 
454.9 203.1 179.7 22.7 14.8 533.1 

 203.4 183.7 27.4 18.0 535.1 

 

Table 2: Binding energies in eV of metals’ [40, 41] and metal oxides’ [43, 44] major core levels 

frequently used for XPS analysis. The standard deviation of values in [40] is 0.06 eV, LW is the 

Lorentz natural line width [41]. Bold values correspond to the position of the dominant peak 

in the measured XPS spectrum.  

 

As revealed by XPS, the surface region of the HEAM2 film is oxidized. All deposited elements 

are present in a form of oxides, the oxygen content was determined to 66 at. %. No oxide 

particles were observed by SEM, TEM nor XRD though. Thus, we assume the present oxides 

are ordered on a short-range scale of few nm only. The real surface of the metallic film 

typically contains adsorbents from the ambient atmosphere and an oxide-based passivation 

layer [47, 48]. The presence of ambient adsorbates is reflected in the carbon content of 

12 at. % in the as-deposited film, while a high oxygen content corresponds also to the 

passivation layer. 

To investigate the oxidation with a depth resolution, a standard depth profiling using Ar+ 

sputtering in the XPS apparatus was performed. After 1 h of depth profiling, a 30 – 50 nm thick 

layer was removed from a region probed by XPS and the oxygen concentration slightly 

decreased to 48 at. %. The oxide states of elements diminished in favor of metallic states. 

Virtually all Nb and Ta atoms were already in the metallic state. On the contrary, Ti and 

particularly Zr and Hf atoms remained both in the oxide and the metallic states. This is due to 

the high affinity of these elements to oxygen given by their electronegativity, bond energy, 

crystal cohesive energy, etc., as described in [49-51]. 

After 7 h of depth profiling, a 200 – 350 nm thick layer was removed and oxygen content 

dropped to 18 at. %. Ti, Zr, and Hf atoms were present predominantly in metallic states. 

Nevertheless, the oxide and sub-oxide states of these elements were still present. Hf and Zr 

exhibit a high amount of sub-oxide states attributed to the first stage of Zr and Hf oxidation 
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into ZrOx- and HfOx-like states due to the high affinity of these elements to dissolved oxygen 

[43-46].  

Therefore with increasing depth oxygen content is gradually decreasing. Absorbed oxygen 

atoms are preferentially bonded to Ti, Zr, and Hf more likely than to Nb and Ta. However, in 

higher depths, the film has a metallic character. The relatively high oxygen content in higher 

depths shows oxygen was able to diffuse through the passivation layer. This was enabled by 

an open structure of the amorphous film acting as a getter. Oxygen diffusion into 

polycrystalline HEA films studied by XPS depth profiling was reported in [26]. 

Atomic concentrations of the deposited elements as determined by XPS fall into the range of 

(20 ± 10) at. %. The more precise composition is provided by the XRF analysis as a method less 

sensitive to the surface, which may, in general, exhibit deviations from the bulk composition. 

Moreover, depth profiling by Ar+ sputtering is accompanied by many effects, which alter the 

composition of the studied material as well. Consequently, uncertainties in the obtained 

compositions must be taken into consideration [52].  
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Figure 6: High-resolution XPS spectra of elements present in HEAM2 film measured in the as-

deposited state and after 7 h of depth profiling. Measured data (open points) correspond well 

to the fit (red line). Positions of doublets for metal and oxide states are marked with horizontal 

lines.  
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The defect structure of a 1650 nm thick HEAM2 film was investigated by PALS. The positron 

implantation profile is described by the asymmetric Makhovian distribution. Both mean 

implantation depth 𝑧̅ and FWHM 𝑤 increase with positron energy with a power factor of 5/8. 

For simplicity, we propose using the interval (1 2⁄ 𝑧̅, 3 2⁄ 𝑧̅) to characterize the region, which 

contains 65 % of all implanted positrons. For the maximal positron energy of 16 keV, less than 

10-7 % of all positrons penetrated the FS substrate. Therefore, all positrons annihilated in the 

volume of the film. Moreover, comparable depths of the HEAM2 sample were probed by the 

PALS and the XPS methods.  

 

  

Figure 7: Positron lifetime measurements for the 1650 nm thick HEAM2 film plotted as 

a function of the energy of incident positrons, the mean positron penetration depth is 

depicted at the top axis. (a) Development of the mean positron lifetime, (b) positron lifetime 

components, and (c) their corresponding intensities. 

 

In general, the mean positron lifetime 𝜏̅ is a robust parameter, which is not influenced by 

mutual correlation among fitting parameters. Hence, the development of 𝜏̅ provides an insight 

into the defect depth profile in the sample. Figure 7a shows 𝜏̅ plotted as a function of the 

energy of incident positrons 𝐸, previously published in the authors’ work [53]. For all energies 

the values of 𝜏̅ exceed 300 ps, which is a much higher value than the bulk lifetime of 146 ps 

for HfNbTaTiZr alloy [54-56]. This is caused by vacancy-like open-volume defects, which are 

present in large concentrations and are able to trap thermalized positrons.  

At very low energies (up to 1 keV) almost all positrons annihilated in the surface state. With 

increasing energy, positrons penetrate deeper into the HfNbTaTiZr layer, and a fraction of 

positrons diffusing back to the surface gradually decrease, which results in a decrease of 𝜏̅. At 

higher energies (above 3 keV) 𝜏̅ monotonically increase with energy. In general, the increase 

of the mean positron lifetime can be caused either by increasing concentration of vacancy-like 

defects or by an increase of their mean size.  
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To obtain a better insight into PALS data, for each positron energy the positron lifetime 

spectrum was decomposed into two exponential components: (i) short-lifetime component 

𝜏1 ≈ 220 ps with intensity 𝐼1 ≈ 80 %; (ii) long-lifetime component 𝜏2 ≳ 500 ps with intensity 

𝐼2 ≈ 20 %. The development of lifetimes and intensities of both components with energy 𝐸 

is shown in Figures 7b and 7c. Since lifetimes of both components are substantially higher than 

the bulk lifetime for the HfNbTaTiZr alloy, the concentration of defects in the HEAM2 film is 

so high that all positrons are annihilated in the trapped state, so-called saturated positron 

trapping. 

According to ab-initio calculations, the lifetime of a positron trapped in a monovacancy in the 

bcc-HfNbTaTiZr lattice is 212 ps. Therefore, the shorter component 𝜏1 corresponds to 

positrons trapped in small open-volume defects with a size comparable with a monovacancy. 

The values of lifetime  𝜏1 and intensity 𝐼1 virtually does not change with depth. In context with 

the AFM observations, we assume positrons are predominantly trapped in open spaces 

between amorphous clusters with a mean size of ~10 nm.  

The longer component 𝜏2 comes from positrons trapped in large vacancy clusters and voids 

between the ~100 nm large aggregates, which were observed by AFM. Note that the 

maximum theoretical lifetime of positrons annihilating in large vacancy clusters is 500 ps. 

Thus, the long-lifetime component 𝜏2 includes also pick-off annihilations of ortho-positronium 

(o-Ps) with a typical lifetime of ~1 ns, in particular for the energies of 12 keV and higher.  

The constant intensity of the long-lifetime component means the concentration of 

inter-aggregate voids is approximately constant with depth, which is in good agreement with 

AFM observations. However, increasing lifetime 𝜏2 implies an increasing volume of 

inter-aggregate voids. This effect is likely connected with oxygen absorption in these voids. 

The XPS analysis revealed there is a high concentration of oxygen in the HEA films which 

strongly decreases with the depth. Hence, it is likely that voids in the sub-surface region are 

filled by oxygen atoms which effectively reduce its free volume and, thereby, also the lifetime 

of positron trapped inside the void. Alternatively, the presence of oxygen and oxides in the 

voids’ walls can effectively prevent the formation of the positronium leading to a shortening 

of the lifetime component 𝜏2. 

One can see in Figure 7 the lifetime 𝜏2 is virtually constant up to the depth of 150 nm. It means 

in this sub-surface region the inter-aggregate voids are likely saturated with oxygen. With 

increasing depth, 𝜏2 begins to grow due to reduced oxygen concentration inside voids. This is 

in very good agreement with XPS observations. Note that constant lifetime 𝜏1 and intensity 𝐼1 

indicate no significant oxygen absorption inside the amorphous structure. Thus, oxygen 

contamination occurs on the interfaces among aggregates only.  

 

4. Conclusions 
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Two HfNbTaTiZr films with thicknesses of 380 nm and 1650 nm were deposited at room 

temperature on fused silica substrates by DC magnetron sputtering. A single bcc phase target,  

prepared by spark plasma sintering, was used. Both films exhibit an amorphous structure with 

no long-range ordering of atoms, as confirmed by TEM and XRD. A substructure of ~10 nm 

round clusters aggregating into ~100 nm formations was observed by AFM. The films' 

composition, according to XRF and EDS, is close to equimolar with slight Ti enrichment and no 

mutual segregation of elements.  

Oxidation of the films was studied by XPS combined with depth profiling. Oxygen absorbed 

from the ambient atmosphere reacted with Ti, Zr, Nb, Hf, and Ta atoms and formed oxide and 

sub-oxide nanoclusters. The oxygen-contaminated layer with a thickness of approximately 

200 – 350 nm, out of the total film thickness of 1650 nm, contains predominantly Ti, Zr, and 

Hf oxides. Two types of open volumes, uniformly distributed with depth, were observed by 

PALS. Larger open volumes, located in between the aggregates of amorphous round clusters, 

are a dominant region, where oxidation takes place. Smaller defects with a size comparable 

with a monovacancy in bcc HfNbTaTiZr structure are the dominant type of defects and are not 

influenced by oxygen content in the film. The presence of a high concentration of vacancy-like 

defects in the films may be feasible for hydrogen absorption.  

The present study brings a new light on defects present in thin films of amorphous HfNbTaTiZr 

high entropy alloys. The element selective oxidation of topmost surface layers at room 

temperature was investigated by a combination of XPS (chemistry), PALS (defects), and AFM 

(topology). Obtained results showed that oxidation is an important issue in HfNbTaTiZr thin 

films and it is difficult to avoid penetration of oxygen into the film. In addition, it has been 

demonstrated that amorphous HfNbTaTiZr films contain nanoscopic open volumes. Such 

microstructure is favorable for hydrogen absorption. The potential of amorphous 

multicomponent concentrated alloys for hydrogen storage applications needs to be 

investigated in the future. 
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