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A B S T R A C T   

We report high-quality, hard (31–41 GPa), crack-resistant (hardness-to-effective Young’s modulus ratio of 
0.13–0.16) and electrically conductive (2.8–4.2 × 105 S m− 1) HfB2-based ceramic materials with high thermal 
stability. The materials were prepared in the form of well adhesive films using a simple deposition process: 
pulsed magnetron sputtering (B4C target overlapped by metal stripes) onto floating substrates. We go through a 
wide range of compositions resulting from incorporating five other metals (Ti, Y, Zr, Ho or Ta) which partially 
replace Hf, and focus on the effect of the number and characteristics of elements in the metal sublattice. 
Regardless of the number of incorporated elements, no segregation to more than one AlB2-type crystalline phase 
was observed. Growing number of metal elements leads to decreasing crystal size as indicated by the width of 
diffraction peaks, strongly decreasing compressive stress to less than 2 GPa and slightly decreasing hardness and 
electrical conductivity. The experimental data are explained by Monte-Carlo calculations of the energy delivered 
into the growing films. The thermal stability of septenary diboride-based films Hf8Zr4Ti4Ta4Y5B60C9 and 
Hf10Zr4Ti4Ta4Ho5B58C9 was superior to that of quaternary films Hf22Y5B58C9 and Hf22Ho5B58C9 when annealed 
to 1300 ◦C. Both the single solid solution crystalline phase (X-ray diffraction) and the dense and pinhole-free 
structure (scanning electron microscopy) were observed for the septenary films not only before but also after 
annealing. The results are important for the design and industry-friendly preparation of thin-film materials 
combining multiple functional properties for various technological applications.   

1. Introduction 

Diboride-based materials crystallizing in the AlB2-type structure 
possess exceptional properties including ultra-high melting point 
(typically more than 3000 ◦C), high hardness (over 20 GPa) and high 
electrical conductivity (metal-like behavior) [1,2]. In parallel, these 
materials constitute an important class of ultra-high temperature ce
ramics (UHTCs) due to their thermal stability and potential use at 
elevated temperatures [3,4]. Many studies have been conducted to 
explore/improve the properties of these materials in the bulk form (see 
e.g. Refs. [5–7] for recent reviews) as well as in the form of films. The 
latter includes binary diboride coatings TiB2 [8,9], ZrB2 [3], TaB2 [10], 
HfB2 [11], diboride-based coatings Ti–B–C [12], Hf-B-Si-C [13,14], 
M-B-C-N (M = Ti, Zr, Hf) [15] or ternary diboride coatings ZrxTa1-xBy 
[16,17], Zr1-xCrxBy [18], Ti1-xTaxB2±Δ [19]. 

Recently, multicomponent diborides with at least 5 metal elements 
in a high-entropy metal sublattice have been introduced and found to 
have promising properties [20]. Unlike binary diborides, there are only 

a few works dealing with high-entropy diboride films. Thermally stable 
solid solution (Hf,Ta,V,W,Zr)B2 has been successfully deposited via 
magnetron sputtering with hardness over 40 GPa and thermal stability 
up to 1200 ◦C. However, an orthorhombic (V,W)B phase formed at 
higher temperatures [21]. In another work the comparison of (Zr,Ti,Hf, 
V,Ta)B2 with (ZrTi)B2 and ZrB2 revealed its higher hardness in the 
as-deposited state but also higher affinity to oxygen when the temper
ature exceeds 1100 ◦C [22]. The entropic effect in high-entropy alloys is 
believed to increase the thermal stability of the compounds under 
certain conditions; moreover, high-entropy alloys can possibly benefit 
from sluggish diffusion, lattice distortion and cocktail effects [23]. 

However, there are open questions resulting from the following. 
First, one of the difficulties in the field of deposition of heavy metal 
diborides such as HfB2 or TaB2 is very high compressive stress (up to 
10.5 GPa) [24–26] and the resulting delamination of films [27]. A case 
can be made that this high compressive stress has largely limited the 
number of studies on HfB2 and TaB2 thin films, despite the fact that their 
high-temperature bulk properties outperform those of other diborides 
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[5]. Second, the available literature on thermally stable diboride-based 
films is focused only on the optimization of mechanical properties, 
rather than on the optimization of several functional properties such as 
hardness and electrical conductivity in parallel. 

The subject of this work is a successive replacement of Hf in HfB2- 
based films by numerous qualitatively different elements ranging from a 
relatively similar metal (Ta) through lighter metals from the same group 
(Zr and Ti) to much larger metals leading to lattice distortion effects (Y 
and Ho). We explore the effect of the number of different elements in the 
metal sublattice (i.e. the role of entropy stabilization) in itself, and the 
role of specific characteristics (e.g. mass or atomic radius) of individual 
elements. The main aim is to identify composition(s) which exhibit a 
combination of high hardness, high electrical conductivity, high thermal 
stability and high adhesion to substrates resulting from a low 
compressive stress. The application potential is maximized by focusing 
only on combinations of properties which are achievable by a simple 
deposition technique (substrates at a floating potential). 

2. Methodology 

2.1. Materials preparation 

The films were synthesized using a Balzers BAS 450PM sputtering 
system with a planar rectangular unbalanced magnetron (see Ref. [28]) 
and a stationary substrate holder. The films were deposited onto p-type 
Si (100) and 6H–SiC (0001) substrates using pulsed magnetron sput
tering from a single composite target (127 × 254 mm2) in pure Ar. The 
target was formed by a B4C plate (6 mm thick) overlapped by 6 indi
vidual stripes (3 mm thick) made of Hf, Zr, Ti, Ta, Y and Ho with the 
same 2.5% fractions in the target erosion area. Let us emphasize the 
advantage of B4C over pure B in terms of higher conductivity and 
consequently suppressed arcing. We present results achieved for the 
films prepared with the following 11 combinations of metal stripes at a 
fixed 6 × 2.5 = 15% metal fraction in the target erosion area (the 
number of Hf stripes is given by the number before Hf): 5HfZr, 5HfTi, 
5HfY, 5HfHo, 4HfZrTi, 4HfZrY, 4HfZrHo, 3HfZrTiY, 3HfZrTiHo, 
2HfZrTiTaY and 2HfZrTiTaHo. Note that the films prepared with the 
6Hf, 5HfTa, 4HfZrTa and 3HfZrTiTa target could not be investigated 
owing to their poor adhesion (delamination) to substrates under the 
used deposition conditions. The magnetron was driven by a pulsed dc 
power supply (Rübig MP 120) operating at a repetition frequency of 10 
kHz with a deposition-averaged target power of 500 W, and a fixed 50 μs 
negative-voltage pulse length (duty cycle of 50%) with short-lived 
(approximately 1 μs) high positive voltage overshoots (300–310 V) 
after the negative voltage pulses [15]. The base pressure was 1 × 10− 3 

Pa. The Ar pressure was 0.5 Pa at a gas flow of approximately 25 sccm. 
The target-to-substrate distance was 100 mm. The substrates were at a 
floating potential, being highly positive (280–290 V) during the short 
positive voltage overshoots at the target and negative (close to − 10 V) 
during the negative voltage pulses at the target. The substrate temper
ature was adjusted to 450 ◦C using an infrared heater. Let us recall that 
the possibility to prepare the films on floating substrates (i.e. without 
any substrate bias) is of key importance for industrial applications. 

2.2. Materials characterization 

Profilometry (Dektak 8 Stylus Profiler, Veeco) was used to measure 
the film thickness (1.5–1.9 μm) and the curvature of a Si stripe (4 × 35 
mm2) from which the macrostress, σ, was calculated using the original 
Stoney’s equation [29]. Film hardness, H, and effective Young’s 
modulus, E* = E/(1-υ2), where E and ν are the Young’s modulus and the 
Poisson’s ratio, respectively, were measured via an ultra-microindenter 
(Fischerscope H–100B) according to the ISO 14577–1:2002 E standard 
with a maximum load of 20 mN. Electrical resistivity, ρ, of the films 
deposited on Si substrates was measured at room temperature by a 
standard four-point technique. 

The elemental composition of the selected films was measured by 
wave dispersive spectroscopy (WDS, Thermo Scientific, Magnaray) 
carried out in a scanning electron microscope (Hitachi, SU-70). The 
spectra were obtained using a primary energy of 12.5 keV. Modified 
Proza matrix correction was done using a complex set of references. All 
the metals (Hf, Zr, Y, Ho, Ti, Ta) were evaluated using appropriate pure 
metal standards, for boron a BN standard was used (all Astimex Stan
dards Ltd.). Since it is difficult to evaluate the carbon content using 
WDS, the ratio of atomic concentration of boron and carbon was fixed to 
a value of 6.5 based on previous measurements (not shown) using glow 
discharge-optical emission spectroscopy. However, even a big change of 
this ratio does not significantly vary the ratio of metals. The H, O and Ar 
contents were fixed at 1, 2 and 3 at.% exploiting our experience with 
similarly prepared specimens (Hf27B57C7) which were evaluated by the 
Rutherford backscattering spectroscopy (providing O and Ar contents) 
and the elastic recoil detection (measuring H content) [13]. Zirconium 
contamination of Hf portion of composed target is neglected in evalua
tion since it is lower than 0.5 at.%, Zr content is evaluated obviously 
only when used as part of composed target. The maximum measurement 
error for the most abundant element (B) was estimated to be 3 at.%. 

The as-deposited films were vacuum annealed in a stainless steel 
furnace (As-One 100 RTP, Annealsys) up to 1100 ◦C and 1300 ◦C. The 
pressure in the furnace prior to annealing was around 1 × 10− 3 Pa. The 
heating and cooling rates were set at 1 ◦C/s. 

Measurements of X-ray diffraction (XRD) were performed at room 
temperature in a PANalytical X’Pert PRO MPD diffractometer working 
in the modified Bragg–Brentano geometry (with an ω-offset of 1.5◦) 
using a CuKα (λ = 0.154187 nm) radiation, 0.25◦ divergence slit, 0.5◦

anti-scatter slit, 0.04 rad Soller slits, Ni filter for the CuKβ elimination 
and an ultrafast semiconductor detector X’Celerator. Samples were 
scanned over the 2θ-range from 10◦ to 68◦ with a scanning speed of 
0.071◦/s. The data were processed by a PANalytical software package 
HighScore Plus. 

The microstructure of the as-deposited and annealed films was 
studied on SiC substrates by a Hitachi SU-70 scanning electron micro
scope (SEM). The energy of the incident electrons was 5 keV. 

2.3. Monte-Carlo simulations 

Monte-Carlo simulations were used to quantify the energy delivered 
into the growing films by Ar atoms backscattered (reflected) from the 
target. First, the backscattering yield of Ar atoms, Yb, and the initial 
angular and energy distributions of Ar atoms at the target surface were 
calculated using the SRIM code [30] for all single metal (Ti, Y, Zr, Ho, Hf 
and Ta) targets bombarded by Ar+ ions. Note that the backscattering of 
Ar atoms from the 85% fraction of B4C in the target erosion area is 
negligible. The kinetic energy of Ar + ions was assumed to be ε = e|Ud|, 
where Ud = − 710 V is the target voltage during a negative voltage pulse. 
In the second step, the transport of the backscattered argon atoms from 
the metal part (one metal) of the target (approximately 2000 mm2) onto 
the substrate area (20 × 20 mm2) was characterized using the SIMTRA 
code [31]. We calculated the transport factor, Tb, determining the 
fraction of the backscattered Ar atoms striking the substrate area, and 
the mean energy of the backscattered Ar atoms at the substrate surface, 
Ebs. 

The energy delivered into the films per deposited atom by back
scattered Ar atoms, Ebsa, was determined as a ratio of the total energy of 
backscattered Ar atoms at the substrate during a deposition using indi
vidual composite targets to the corresponding total number of deposited 
atoms. The total energy of backscattered Ar atoms at the substrate 
during a deposition using individual composite targets was evaluated 
using the aforementioned values of Yb, Tb and Ebs calculated for one 
metal in the target erosion area (see Table 1), and the ion flux Γim of Ar+

ions onto the metal part of the target during a negative voltage pulse 
(duty cycle of 50%). The Γim, being independent of the target compo
sition, was expressed by the equation 
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Γim =
Idm

e(1 + γ)
,

where Idm is the average discharge current at the metal part of the target 
during a negative voltage pulse, e is the elementary charge and γ is the 
ion-induced secondary electron emission yield (assumed to be 0.1 for all 
target compositions). We put Idm = 0.15Id, where Id = 1.4 A is the 
measured average discharge current (independent of the target com
positions) during a negative voltage pulse. 

The total number of atoms deposited using individual composite 
targets was calculated from the deposition rate and the volume per 
atom. The deposition rate is equal to the thickness of 1.5–1.9 μm divided 
by the deposition time of 100 min. The volume per atom was calculated 
as a weighted average of those of the corresponding binary diborides 
(obtained using known lattice constants) and that of the amorphous 
phase [13] expected to contain the extra B and all C (obtained using 
their covalent radii and an estimated packing factor of 0.47 [32]). 

3. Results and discussion 

3.1. Mechanical and electrical properties of as-deposited films 

The hardness, H/E* ratio (measure of resistance to cracking), 
compressive stress and electrical resistivity of the as-deposited diborides 
are shown in Fig. 1 as a function of the number of film-metal elements. It 
can be seen that all films have high hardness (over 30 GPa), high H/E* 
ratio (over 0.13) and low electrical resistivity (less than 3.5 μΩ m). The 
highest hardness (41 GPa), H/E* ratio (0.16) and σ (3.6 GPa) were all 
found for the film 5HfTi. Despite the different characteristics of indi
vidual metal elements, the figure shows that there is a general trend: 
increasing the number of metal elements leads to decreasing hardness, 
H/E*, compressive stress and electrical conductivity (inverse of pre
sented electrical resistivity). For example, the transition from 2–3 metal 
elements to 4 metal elements (3HfZrTiY and 3HfZrTiHo) decreases σ 
from 2.9–3.6 to 2.6–3.1 GPa, and further transition to 5 metal elements 
(replacement of a part of Hf by Ta) further decreases σ to 1.8–2.0 GPa. 
Indeed, a case can be made that the enhanced number of metal elements 
resulting from Ta incorporation is more important for σ than any specific 
characteristics of Ta: the atomic mass and size of Ta and Hf are very 
similar, and the Ta-containing films 5HfTa, 4HfZrTa and 3HfZrTiTa 
together with 6Hf are actually the only ones which delaminated. 

The correlation of σ and the energy delivered into the films by 
backscattered Ar atoms is shown in Fig. 2. Note that investigating this 
correlation is supported by the fact that the energy delivered into the 
films by Ar+ ions is very small (mainly due to a low ionization rate of Ar 
in the space between the target and the substrate) in the used low-power 
discharges (target power density averaged over the pulse and the 
erosion area of only 7.5 Wcm− 2). Moreover, this energy of Ar+ ions is 

almost independent of the target material as indicated by only slight 
changes in the measured discharge characteristics (Ud = − 710 V, Id =

1.4 A, the positive voltage overshoot at the target and the floating po
tential at the substrate, see Sec. 2.1). Fig. 2 shows that Ebsa as calculated 
by the Monte-Carlo simulations is in the range 7.9–12.8 eV/atom and 

Table 1 
The relative mass, mm [41], and the atomic radius, rm [42], of the individual 
target metals, and the backscattering yield of Ar atoms at the target surface, Yb, 
calculated for the Ar + ions bombarding single metal targets with the kinetic 
energy of 710 eV. The transport factor Tb determines the fraction of the Ar 
atoms, backscattered from the metal part of the target, which strike the substrate 
area, and Ebs is the mean energy of the backscattered Ar atoms at the substrate 
surface.  

Target 
element 

Relative 
mass, 
mm 

Atomic 
radius, 
rm (pm) 

Backscattering 
yield, Yb 

Transport 
factor, Tb 

Energy of 
backscattered 
atoms, Ebs 

(eV) 

Ti 47.87 140 0.03 0.0075 12.2 
Y 88.91 180 0.12 0.0077 53.3 
Zr 91.22 155 0.13 0.0078 54.9 
Ho 164.93 175 0.25 0.0079 127.0 
Hf 178.49 155 0.26 0.0082 136.5 
Ta 180.95 145 0.26 0.0085 137.1  

Fig. 1. (a) Hardness, (b) H/E* ratio, (c) compressive stress and (d) electrical 
resistivity of the as-deposited films prepared with various target compositions 
on Si substrates. The labels represent the six metal stripes (2–5 stripes of Hf and 
1 stripe per each other metal in the label) covering 6 × 2.5 = 15% of the target 
erosion area. The films containing 2, 3, 4 and 5 metals are marked by balls, 
triangles, squares and pentagons, respectively. The films selected for vacuum 
annealing are marked by full symbols (see Table 2). 
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that it mostly correlates with the mass of target atoms. It can be seen that 
higher Ebsa in most cases leads to higher σ. The films with 5 metals el
ements 2HfTaTiZrY and especially 2HfTaTiZrHo constitute an excep
tion, as they exhibit σ significantly below the almost linear σ(Ebsa) 
dependence formed by the rest of the films. While the low σ of 2HfTa
TiZrHo may be also due to the high number of metal elements (Fig. 1), 
the ability of Ho to decrease the compressive stress is clearly demon
strated by the film 5HfHo. First, unlike e.g. 5HfTa, the film 5HfHo did 
not delaminate. Second, despite the highest Ebsa of 12.8 eV/atom, it has 
σ similar to 5HfZr and even lower than 5HfTi and 5HfY. This ability of 
Ho to decrease σ may be at least partially due to its large radius, which 
can make the potentially distorted crystals containing a random mixture 
of various metal atoms either smaller or less random. 

The two main functional properties of interest, namely the 
(frequently studied) hardness and the (rarely studied for thin film 
diborides) electrical conductivity, presented separately in Fig. 1, are 
shown as a function of each other in Fig. 3. It is very important for the 
application potential of these materials that there is no tradeoff: higher 
hardness is accompanied by higher conductivity. Furthermore, while 
there is a tradeoff between high hardness and electrical conductivity 
(2–3 metal elements) on one side and low compressive stress (5 metal 
elements) on the other side, it is necessary to emphasize that all pre
sented stress values are relatively low for diboride-based films (let us 
recall e.g. σ up to 10.5 GPa in Ref. [24]). The figure also quantifies the 
full width at half maximum (FWHM) of the main XRD peak (surface 
plane (0001)), indicating (despite the contribution of microstrain) 
decreasing crystal size when the number of metal elements increases 
from 2–3 to 5. It is generally accepted that in multicomponent alloys, the 
electrical conductivity decreases not only due to a different electronic 
structure (more localized states) but also due to distortions in crystal 
lattice [33–35]. Quantitatively, increasing number of metal elements 
from 2–3 through 4 to 5 leads to increasing average atomic-size differ
ence (formula in Ref. [20]) from 0.0–6.0% through 6.2–7.4% to 
7.2–8.5%. Furthermore, the electrical conductivity typically decreases 
due to crystallite size refinement [36]. Hence, the lower conductivity of 
compositions with 5 metal elements is consistent with the wider XRD 
peaks and with the possible higher number of defects in the atomic and 
electronic structure. In parallel, although lower crystallite size should 
result in higher hardness according to Hall-Petch strengthening 

mechanism, many studies have shown that reverse Hall-Petch effect can 
occur when the crystallite size becomes smaller than a critical value 
[37]. Furthermore, a decrease in the number of covalent bonds at finer 
crystallite size was reported to be the main reason for lower hardness of 
SiC [38]. Hence, the lower hardness of compositions with 5 metal ele
ments is consistent not only with the lower compressive stress but also, 
again, with the lower crystal size. 

In order to compare the thermal stabilities of so-called high-entropy 
diborides (5 metal elements) with that of low-entropy diborides (2 metal 
elements), four compositions including 2HfZrTiTaY, 2HfZrTiTaHo, 
5HfY and 5HfHo (full symbols in Figs. 1–3) were selected for further and 
deeper analyses (see Table 2). The Y- and Ho-containing compositions 
were selected because these two elements are different from Hf both in 
terms of size (contrary to similarly large Ta and Zr) and in terms of 
periodic group number (contrary to Ti and Zr). This size mismatch does, 
for example, prevent a formation of stable disordered Hf0.5Y0.5B2 solid 
solution according to Ref. [1]. At the same time, Y and Ho have similar 
atomic radii but significantly different atomic masses (Table 1), allow
ing one to check whether the thermal stability is independent of the 
latter. 

3.2. Thermal stability of film structures and properties 

The elemental composition of the four selected samples 2HfZrTiTaY, 
2HfZrTiTaHo, 5HfY and 5HfHo was quantified (Table 1), and their 
thermal stability was analyzed by vacuum annealing to 1100 ◦C and 
1300 ◦C. The changes of their hardness, H/E*, electrical resistivity and 
FWHM of the main XRD peak are shown in Fig. 4. Despite the relaxation 

Fig. 2. Relationship between the mean energy of backscattered Ar atoms per 
deposited atom, Ebsa, and the compressive stress, σ, of the as-deposited films 
prepared with various target compositions on Si substrates. The labels represent 
the six metal stripes (2–5 stripes of Hf and 1 stripe per each other metal in the 
label) covering 6 × 2.5 = 15% of the target erosion area. The films containing 2, 
3, 4 and 5 metals are marked by balls, triangles, squares and pentagons, 
respectively. The films selected for vacuum annealing are marked by full 
symbols (see Table 2). 

Fig. 3. Relationship between the hardness and the electrical conductivity of the 
as-deposited films prepared with various target compositions on Si substrates 
(see Fig. 1). The corresponding ranges of the compressive stress, σ, are given as 
well. The films containing 2, 3, 4 and 5 metals are marked by balls, triangles, 
squares and pentagons, respectively. The four films selected for vacuum 
annealing and X-ray diffraction are marked by full symbols (see Table 2) and 
the full width at half maximum (FWHM) of the main XRD peak (0001) is given 
for them. 

Table 2 
Elemental composition of the selected films and their adhesion to Si and SiC 
substrates after annealing in vacuum up to 1100 ◦C and 1300 ◦C, respectively.  

Target metals Film composition (at.%) Film adhesion after annealing 

Si (1100 ◦C) SiC (1300 ◦C) 

5HfY Hf22Y5B58C9 Good Cracked film 
5HfHo Hf22Ho5B58C9 Good Cracked film 
2HfZrTiTaY Hf8Zr4Ti4Ta4Y5B60C9 Good Good 
2HfZrTiTaHo Hf10Zr4Ti4Ta4Ho5B58C9 Good Good  
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of σ (see below), all four films exhibit good thermal stability of hardness 
when annealed to 1100 ◦C. The hardness of 5HfY and 5HfHo decreased 
by only ≈4 GPa, the decrease of hardness of 2HfZrTiTaHo is negligible, 
and the hardness of 2HfZrTiTaY even increased from 32 to 35 GPa. A 
case can be made that the effect of stress relaxation is (more than) 
compensated by annihilation of defects (reported e.g. for ZrB2-rich 
materials at 800 ◦C in Ref. [17]). However, after annealing to 1300 ◦C, 

the samples 5HfY and 5HfHo were delaminated and the hardness of 
2HfZrTiTaY and 2HfZrTiTaHo decreased from 31 to 26 GPa and from 33 
to 30 GPa, respectively. 

Regarding the H/E* ratio, it must be noted that it is systematically 
lower for the films on SiC owing to a higher E*. It can be seen that the 
films with 5 metal elements perform better not only in terms of H but 
also in terms of H/E*. After annealing to 1100 ◦C, this ratio slightly 
decreases for 5HfY and 5HfHo whereas it increases from 0.135–0.139 to 
0.144–0.154 for 2HfZrTiTaY and 2HfZrTiTaHo. However, annealing of 
2HfZrTiTaY and 2HfZrTiTaHo to 1300 ◦C leads not only to lower H but 
also to lower H/E*. 

The electrical resistivities of the films deposited on SiC and Si are 
rather similar. The changes of electrical resistivity after annealing to 
1100 ◦C do not follow a unique trend (the largest difference observed is 
lower resistivity of 2HfZrTiTaY), while the resistivity of 2HfZrTiTaY and 
2HfZrTiTaHo increases after annealing to 1300 ◦C. However, the in
crease of the electrical resistivity is small (factor of ≈1.25; let alone that 
it may be partially explained by a slight surface oxidation) and the films 
preserve their metal-like character. 

The width of the main (0001) XRD peak quantified in Fig. 4d is 
complemented by whole XRD patterns on Si and SiC before and after 
annealing shown in Fig. 5. The standard XRD patterns of comprising 
diborides (PDF card numbers [39] HfB2, 00-038-13; ZrB2, 00-034-04; 
TiB2, 00-035-0741; TaB2, 00-038-1462; YB2, 04-004-1054; HoB2, 
00-026-0739) and HfO2 (00-053-0560) are shown as well. All 
as-deposited films exhibit only one AlB2-type crystalline phase with 
strongly preferred (0001) orientation. After annealing to 1100 ◦C, this 
textured structure does not change (except a very small HfO2 peak in the 
case of 5HfHo) but all diboride peaks are shifted towards right hand side 
(implying relaxation of the compressive stress and the macrostrain) and 
FWHM of the main (0001) peak systematically increases for all samples. 
The structures of the films 2HfZrTiTaY and 2HfZrTiTaHo remain stable 
even after annealing to 1300 ◦C: the peaks once again shift to the right 
but they remain (or, after a closer look, become even slightly more) 
symmetrical, indicating that no decomposition of the diborides takes 
place. Furthermore, the peaks obtained after annealing to 1300 ◦C are 
wider compared to as-deposited samples, but actually narrower 
compared to those obtained after annealing to 1100 ◦C. Note that a 
similar peak broadening resulting from annealing to the same temper
ature of 1300 ◦C was reported for (HfTaVWZr)-diborides in Ref. [21]. 

While the peak broadening cannot be explained by a crystal 
decomposition, it may be explained by recrystallization (better known 
for metals), i.e. nucleation and subsequent growth of new strain-free 
crystals of the same phase from the parent crystals. Although the 
melting temperature of diborides is quite high (over 3000 ◦C) and the 
annealing temperature of 1300 ◦C is therefore below the homologous 
temperature, recrystallization of diborides prepared by magnetron 
sputtering can occur at temperatures as low as 800 ◦C due to dislocations 
and other defects [17]. When a recrystallization is either stopped at the 
beginning or carried out at a low temperature, it can lead to finer grain 
size [40]. This is the way how the annealing to 1100 ◦C can lead to 
increased FWHM (some of the new crystals are small because they 
represent the initial stage of recrystallization, i.e. the distribution of 
sizes of all crystals is wider) than the annealing to 1300 ◦C. 

The high-temperature phase stability of the films 2HfZrTiTaY and 
2HfZrTiTaHo (compared to 5HfY and 5HfHo) can be attributed to the 
entropic effect resulting from the presence of 5 metal elements in the 
metal sublattice. The entropy calculated for these materials using their 
exact compositions Hf8Zr4Ti4Ta4Y5B60C9 and Hf10Zr4Ti4Ta4Ho5B58C9 is 
− 1.57R and − 1.54R, respectively, per metal atom in their crystalline 
part. This categorizes these materials as high-entropy metal sublattice 
diborides (HESB) [21]. Similar entropic stabilization of ternary solid 
solutions of YB2 with HfB2, TaB2 or TiB2 is discussed in Ref. [1]. 
Furthermore, the SEM fracture cross-sections of these two films show 
very dense, pinhole free, and nearly featureless growth morphology both 
before and after annealing to 1300 ◦C (Fig. 6). 

Fig. 4. (a) Hardness, (b) H/E* ratio, (c) electrical resistivity and (d) full width 
at half maximum of the (0001) XRD patterns of the selected films (see Table 2; 
M = ZrTiTa) on Si substrates before (full circles) and after (A, empty circles) 
annealing in vacuum up to 1100 ◦C, and on SiC substrates before (full squares) 
and after (A; empty squares; shown only for two multicomponent films with 
good adhesion) annealing in vacuum up to 1300 ◦C. 
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Fig. 5. X-ray diffraction patterns taken from the selected films (see Table 2) on (a) Si substrates before and after (A) annealing in vacuum up to 1100 ◦C, and (b) SiC 
substrates before and after (A, shown only for two multicomponent films with good adhesion) annealing in vacuum up to 1300 ◦C. Theoretical positions of the main 
diffraction peaks of HfB2, ZrB2, TiB2, TaB2, YB2, HoB2 and HfO2 are marked. 

Fig. 6. SEM fracture cross-sections of the (a) Hf8Zr4Ti4Ta4Y5B60C9 film and (b) Hf10Zr4Ti4Ta4Ho5B58C9 film on SiC substrates before and after annealing in vacuum 
up to 1300 ◦C. 
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4. Conclusions 

HfB2-based thin-film materials were prepared by an industry- 
friendly deposition technique: pulsed magnetron sputtering of easy-to- 
sputter B4C-based targets with substrates at a floating potential. Struc
ture, hardness (31–41 GPa), hardness-to-effective Young’s modulus 
ratio (0.13–0.16), electrical conductivity (2.8–4.2 × 105 S m− 1) and 
thermal stability of the films was studied in a wide compositional range 
resulting from a partial replacement of Hf with other elements (Ti, Y, Zr, 
Ho or Ta). Growing number of metal elements from 2 to 5 leads to 
decreasing crystal size, strongly decreasing compressive stress and 
slightly decreasing hardness and electrical conductivity. The compres
sive stress is largely correlated with the energy delivered into the films, 
varied mainly because of varied mass of target metal atoms. Hard and 
conductive high-entropy septenary compositions Hf8Zr4Ti4Ta4Y5B60C9 
and Hf10Zr4Ti4Ta4Ho5B58C9 which exhibit particularly low compressive 
stress of ≤2 GPa and nearly perfect thermal stability of their phase 
structure (single AlB2-type crystalline phase) and microstructure up to at 
least 1300 ◦C have been identified. The results are important for the 
design of thin-film materials combining multiple functional properties 
for various technological applications, and the design of pathways for 
their scalable preparation. 
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[10] V. Šroba, T. Fiantok, M. Truchlý, T. Roch, M. Zahoran, B. Grančič, P. Švec, Š. Nagy, 
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