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Abstract 

Refractory transition-metal (TM) diborides exhibit inherent hardness. However, this is not 

always sufficient to prevent failure in applications involving high mechanical and thermal stress, 

since hardness is typically accompanied by brittleness leading to crack formation and propagation. 

Toughness, the combination of hardness and ductility, is required to avoid brittle fracture. Here, 

we demonstrate a strategy for simultaneously enhancing both hardness and ductility of ZrB2-rich 

thin films grown in pure Ar on Al2O3(0001) and Si(001) substrates at 475 °C. ZrB2.4 layers are 

deposited by dc magnetron sputtering (DCMS) from a ZrB2 target; while Zr1-xTaxBy alloy films 

are grown, thus varying the B/metal ratio as a function of x, by adding pulsed high-power impulse 

magnetron sputtering (HiPIMS) from a Ta target to deposit Zr1-xTaxBy alloy films using hybrid 

Ta-HiPIMS/ZrB2-DCMS sputtering with a substrate bias synchronized to the metal-rich portion 

of each HiPIMS pulse. The average power PTa (and pulse frequency) applied to the HiPIMS Ta 

target is varied from 0 to 1800 W (0 to 300 Hz) in increments of 600 W (100 Hz). The resulting 

boron-to-metal ratio, y = B/(Zr+Ta), in as-deposited Zr1-xTaxBy films decreases from 2.4 to 1.5 as 

PTa is increased from 0 to 1800 W, while x increases from 0 to 0.3. 
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A combination of x-ray diffraction (XRD), glancing-angle XRD, transmission electron 

microscopy (TEM), analytical Z-contrast scanning TEM (STEM), electron energy-loss 

spectroscopy, energy-dispersive x-ray spectroscopy, x-ray photoelectron spectroscopy, and atom-

probe tomography reveal that all films have the hexagonal AlB2 crystal structure with a columnar 

nanostructure, in which the column boundaries of layers with 0 ≤ x < 0.2 are B-rich, whereas those 

with x ≥ 0.2 are Ta-rich. The nanostructural transition, combined with changes in average column 

widths, results in an ~20% increase in hardness, from 35 to 42 GPa, with a simultaneous increase 

of ~30% in nanoindentation toughness, from 4.0 to 5.2 MPa√m. 

 

Keywords: Thin films, Borides, Hybrid HiPIMS/DCMS, Hardness, Toughness 

 

I. INTRODUCTION 

Refractory transition-metal (TM) nitride thin films are employed in a wide variety of 

applications due to their unique combination of properties including high hardness;1-6 scratch and 

abrasion resistance;7 low coefficient of friction;8 high-temperature oxidation resistance;9-11 

corrosion resistance;12 and tunable optical, electrical, and thermal properties.13-17 Recently, TM 

diborides have been receiving increasing attention as the next generation of refractory, hard 

ceramic protective thin films for replacing TM nitrides in many applications.18-21 TM diborides are 

already being employed as coatings on cutting tools22-25 and engine components,26-28 as well as for 

use as diffusion barriers in microelectronics.29-31 While TM diborides are inherently hard, that 

alone is not sufficient to prevent failure in applications involving high stresses, since hardness is 

typically accompanied by brittleness leading to crack formation and propagation.32 In order to 

avoid brittle cracking, thin films must be both hard and relatively ductile. The combination of these 
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two properties is referred to as toughness, a measure of the resistance of a material to crack 

formation. 

A common issue in sputter-deposited group-IV TM diborides is that the films often contain 

excess B.33,34 However, it is important to be able to control the B/TM ratio, and hence film 

properties, during deposition. The underlying mechanism leading to the incorporation of excess B 

in sputter-deposited TM diboride films is the difference in TM and B preferential-ejection angles 

resulting from mass-mismatch differences between the sputtering gas and the two target 

constituents.35 Increasing the sputtering pressure, and/or the target-to-substrate distance, reduces 

the TM deficiency due to the higher gas-phase scattering probability of light B atoms during 

transport to the substrate.35 An increase in the substrate bias can also lead to a limited decrease in 

the B/TM ratio as a result of preferential B resputtering.36 

A successful approach for obtaining stoichiometric TiB2 films was recently demonstrated 

by Petrov et al.,37 who used highly-magnetically-unbalanced magnetron sputtering of a TiB2 target 

in Ar to selectively ionize sputter-ejected Ti atoms, which are steered via a tunable external 

magnetic field to the growing film. The B/Ti ratio was thus controlled by varying the field strength 

of external Helmholtz coils. Another approach,38 also demonstrated for TiB2, but this time using 

high-power impulse magnetron sputtering (HiPIMS), is to increase the peak current density JT,peak 

per pulse by decreasing the HiPIMS pulse length. This results in strongly increased gas rarefaction 

leading to higher metal-ion densities in the discharge. Film growth then becomes increasingly 

controlled by ions, rather than neutrals, incident at the substrate. Since sputter-ejected Ti atoms 

have a higher probability of being ionized than B atoms, due to their lower first-ionization 

potential39 and larger ionization cross-section,40 the Ti concentration in films deposited on floating 

substrates increases, allowing film concentrations to be tuned. 



4 
 

Here, ZrB2 is employed as a model TM diboride to demonstrate a novel strategy for 

simultaneously increasing both hardness and toughness, while also tuning the B/TM ratio. ZrB2 

has a hexagonal AlB2 crystal structure in which the B atoms form graphite-like honeycomb sheets 

between hexagonal-close-packed Zr layers.41 The lattice parameters are 3.17 Å in the in-plane a-

direction and 3.53 Å in the out-of-plane c-direction.41 ZrB2, like other TM diborides, but contrary 

to TM nitrides which have very wide single-phase regions,42,43 is a line-compound for which 

deviations from stoichiometry lead to the formation of second phases.44 ZrB2 has a high melting 

point, 3245 °C,45 and a relatively high hardness (reported values range from 19.3 to 45.0 GPa 

depending primarily upon microstructure, composition, and film stress)44,46-51 due to strong 

covalent bonding between Zr and B, as well as within the honeycomb B sheets.46 

We use dc magnetron sputtering (DCMS) from a ZrB2 target in pure Ar to grow ZrBy films 

on Al2O3(0001) and Si(001) substrates at 475 °C and vary the TM/B ratio by adding Ta via pulsed 

HiPIMS deposition from a Ta target. Pseudobinary Zr1-xTaxBy alloy layers are deposited by a 

hybrid HiPIMS/DCMS technique, a method developed by Greczynski et al.,52-54 with a substrate 

bias synchronized to the metal-rich portion of each HiPIMS pulse.53-55 The B/TM ratio y decreases, 

while the Ta/TM ratio x increases, continuously from ZrB2.4 to Zr0.9Ta0.1B2.1 to Zr0.8Ta0.2B1.8 to 

Zr0.7Ta0.3B1.5 with increasing HiPIMS power. All films have the hexagonal AlB2 crystal structure 

with a dense columnar nanostructure. Film hardnesses increase from ~35.0 GPa for ZrB2.4, with 

B-rich column boundaries, to ~42.0 GPa for Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5, with Ta-rich column 

boundaries, accompanied by a corresponding increase in the nanoindentation toughness from 4.0 

to 5.2 MPa√m. 

 

II. EXPERIMENTAL 
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 All films are grown in a CC800/9 CemeCon AG sputtering system56 equipped with cast 

rectangular 8.8×50 cm2 stoichiometric ZrB2 (99.5% purity, excluding Hf) and elemental Ta (99.9% 

purity) targets. Al2O3(0001), 1.0×1.0 cm2, and Si(001), 1.5×1.5 cm2, substrates are cleaned 

sequentially in acetone and isopropyl alcohol, and then mounted symmetrically with respect to the 

targets, which are tilted toward the substrates, resulting in a 21° angle between the substrate normal 

and the normal to each target. The Al2O3(0001) substrates are used for nanoindentation and 

residual stress measurements, while the Si(001) substrates are used for nanostructural studies. The 

target-to-substrate distance is 18 cm, and the system base pressure is 3.8×10-6 Torr (0.5 mPa). 

The growth chamber is degassed before deposition by applying 8.8 kW to each of two 

resistive heaters for 2 h, resulting in a temperature of 475 °C at the substrate position. The total Ar 

(99.999% pure) pressure during deposition is 3 mTorr (0.4 Pa), and film growth is carried out at 

Ts = 475 °C, as measured with a calibrated thermocouple57 bonded to a dummy substrate coated 

with ZrBy. Prior to deposition, the targets are sequentially DCMS etched in Ar at 2 kW for 60 s 

with shutters protecting the substrate table and the opposite target to remove surface oxides and 

carbon contaminants. A thin continuous Ta buffer layer, with a thickness of 30±10 Å, is initially 

deposited on all substrates in order to minimize their influence on film morphological evolution. 

ZrBy films are grown by DCMS at a target power of 5 kW and a negative dc substrate bias 

of 100 V. For Zr1-xTaxBy film growth, a hybrid target-power scheme (Ta-HiPIMS/ZrB2-DCMS) is 

employed in which the ZrB2 target is continuously sputtered by DCMS at 5 kW, while the Ta 

magnetron is operated in HiPIMS mode, with 50 µs pulses, to supply pulsed Tan+ fluxes. A 

negative substrate potential, Vs = 100 V, is applied only in synchronous with the 100-µs metal-

ion-rich portion of each HIPIMS pulse, as determined by time-resolved mass spectroscopy 

analyses at the substrate position.54 The Ta-rich pulse begins at time t = 30 µs following pulse 
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initiation (t = 0). At all other times, the substrates are at a negative floating potential, Vs = Vf = 10 

V. The Ta metal fraction Ta/(Zr + Ta) on the cation sublattice is varied from 0.1 to 0.3 by changing 

the average power PTa applied to the HiPIMS Ta target from 0 to 600 to 1200 to 1800 W, while 

the pulsing frequency f is increased from 0 to 100 to 200 to 300 Hz. Thus, the energy per pulse is 

maintained constant at 6 J, resulting in a constant Ta-target peak current density per HiPIMS pulse 

JT,peak of 0.71±0.03 A/cm2. Film deposition rates are 9 Å/s for ZrB2.4 and ~10 Å/s for Zr1-xTaxBy. 

A Hiden Analytical EQP1000 instrument is utilized to perform in-situ time-resolved 

analyses of ion fluxes incident at the substrate plane under the same conditions as during film 

deposition. The orifice of the spectrometer is placed at the substrate position, facing the target 

center. Data are recorded during 100 consecutive HiPIMS pulses such that the total acquisition 

time per data point is 1 ms. Additional details regarding the measurements are given in Ref. 58. A 

Tektronix 500 MHz digital oscilloscope is used to measure target current and voltage waveforms. 

Substrate wafer curvature measurements are employed, based on the modified Stoney 

equation,59,60 

𝜎𝜎𝑓𝑓 = (𝑀𝑀𝑠𝑠ℎ𝑠𝑠2) (6𝑅𝑅𝑠𝑠ℎ𝑓𝑓)�  ,                           (1) 

to determine the in-plane residual stress of layers grown on Al2O3(0001). 𝜎𝜎𝑓𝑓 in Eq.(1) is the average 

biaxial stress; ℎ𝑓𝑓 and ℎ𝑠𝑠 are film and substrate thicknesses, respectively; 𝑅𝑅𝑠𝑠 is the substrate radius 

of curvature; and 𝑀𝑀𝑠𝑠 is the substrate biaxial modulus (602 GPa).61 Substrate curvatures are 

determined before and after film deposition from rocking-curve measurements carried out in a 

PANalytical Empyrean high-resolution x-ray diffractometer operated at 45 kV and 40 mA. 

Reported 𝜎𝜎𝑓𝑓 values are corrected for thermal stresses σth due to cooling the samples from Ts to 

room temperature, ΔT = 450 K. 62 The thermal expansion coefficient αs of Al2O3 is 8.1×10-6 K-1.63 

For Zr1-xTaxBy alloys, αf is estimated based upon a linear extrapolation between the thermal 
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expansion coefficient for ZrB2 (5.3×10-6 K-1)64 and that of TaB2 (8.2×10-6 K-1),65 and we use elastic 

moduli determined by nanoindentation (see Fig. 9). σth decreases from -707 MPa for ZrB2.4, to -

647 MPa for Zr0.9Ta0.1B2.1, to -589 MPa for Zr0.8Ta0.2B1.8, and -502 for Zr0.7Ta0.3B1.5. 

A Zeiss LEO 1550 scanning electron microscope (SEM) is used to obtain film thicknesses 

and morphologies from fracture cross sections. Deposition times are adjusted based upon 

calibration curves such that all films are 1.6-µm thick. θ-2θ x-ray diffraction (XRD) scans are 

carried out using a Philips X´Pert x-ray diffractometer with a Cu Kα source (λ = 1.5406 Å) to 

determine crystal structure and orientation. Film compositions are obtained from time-of-flight 

elastic recoil detection analyses (ToF-ERDA) carried out in a tandem accelerator with a 36 MeV 

127I8+ probe beam incident at 67.5° with respect to the sample surface normal; recoils are detected 

at 45°. 

Chemical bonding in the Zr1-xTaxBy films is evaluated by x-ray photoelectron spectroscopy 

(XPS) using a Kratos Axis Ultra DLD instrument employing monochromatic Al Kα radiation (hν 

= 1486.6 eV). Surface contamination resulting from sample air exposure is first removed by 

sputter-etching the films for 120 s with a 4 keV Ar+ ion beam incident at 70° with respect to the 

sample normal; the Ar+ ion energy is then reduced to 0.5 keV for 600 s to minimize surface 

damage.66 Sample areas analyzed by XPS are 0.3×0.7 mm2 and located in the center of 3×3 mm2 

ion-etched regions. The binding energy scale is calibrated using an ISO-certified procedure67 to 

avoid uncertainties associated with employing the C 1s peak from adventitious carbon.68 

Cross-sectional and plan-view transmission electron microscopy (TEM) analyses are 

carried out in an FEI Titan3 60-300 instrument operated at 300 kV; Z-contrast images are acquired 

in scanning TEM (STEM) mode. Energy-dispersive x-ray (EDX) and electron energy-loss 

spectroscopy (EELS) elemental maps are also obtained with the FEI instrument. Cross-sectional 
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TEM (XTEM) specimens are prepared by mechanical polishing, followed by Ar+ ion milling at 5 

keV, with a 3° incidence angle, on both sides of each sample during rotation, in a Gatan precision 

ion miller. For the final stages of sample thinning, the ion energy is reduced to 2.5 keV. Plan-view 

specimens are prepared following the same approach except that the samples are ion milled only 

from the substrate side. 

Atom probe tomography (APT) specimens are prepared using the lift-off protocol69 in a 

Zeiss 1540EsB CrossBeam focused ion beam (FIB) system operated with Ga+ ions at 30 keV, 

which is reduced to 5 keV during the final ion-etching step until the protective Pt cap layer is 

removed.70 The APT specimens are analyzed using an Imago Local Electrode Atom Probe (LEAP) 

3000X HR system in ultra-high vacuum conditions with either laser or voltage pulsing. The typical 

results shown here are imaged in the voltage-pulsing mode with a frequency of 200 kHz, a 

maximum pulse voltage that is 15% of the dc voltage, and a sample temperature of -193 °C. The 

total applied voltage (dc plus pulsed) is continuously adjusted to maintain an ~0.1% field-

evaporation probability from each pulse. The APT reconstructions are obtained following the 

procedure of Geiser et al.71 and the parameters are validated using SEM measurements of the initial 

and final shank angles and radii of curvature, as well as lattice traces in the 0001 direction. 

Nanoindentation analyses of Zr1-xTaxBy layers grown on Al2O3(0001) substrates are 

performed in an Ultra-Micro Indentation System (UMIS) with a sharp Berkovich diamond tip 

calibrated using a fused-silica standard and a single-crystal stoichiometric TiN(001) reference 

sample.72 For hardness H measurements, the load P is increased from 3 to 27 mN at increments of 

0.5 mN, and the results analyzed using the Oliver and Pharr method.73 Indents to depths ≥ 10% of 

the film thickness are excluded in the analysis. Reported H values are the average of the remaining 

results, typically 10 indents per sample. Indentation elastic moduli E are determined by applying 
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a fixed load, corresponding to the plateau in the H vs. P plot for each sample. The Poisson ratio ν 

is required in order to obtain E. For ZrB2, ν = 0.1374. Poisson ratio values for Zr1-xTaxBy alloys are 

unknown and estimated based upon a linear extrapolation between the Poisson ratio of ZrB2 and 

that of TaB2 (0.21).75,76 Uncertainties introduced in reported E values due to this approximation 

are less than 1%. 

Film nanoindentation toughnesses Kc are estimated, following the approach of Lawn et 

al.,77 by measuring average lengths of radial cracks around sample indents produced with a 

diamond cube-corner tip over a load range from 10 to 50 mN. Three indents are made at each load. 

Cube-corner tips are sharper and provide much higher local stresses than Berkovich tips. 

 

III. RESULTS AND DISCUSSION 

 A. Results 

Time-dependent intensities of energy-integrated Ta+, Ta2+, and Ar+ ion fluxes incident at 

the substrate plane during and after 50-µs HiPIMS pulses with a Ta target power PTa = 1800 W 

and peak current density JT,peak = 0.71±0.03 A/cm2, are plotted in Fig. 1 with a 10-μs resolution. 

During the time in which the synchronized substrate bias is applied, 30 to 130 µs following 

HiPIMS pulse initiation, the integrated Ta+ intensity constitutes 91% of the total ion flux, while 

Ta2+ and Ar+ contribute 5 and 4%, respectively. The dominance of the Ta+ signal is due primarily 

to strong gas rarefaction,78,79 together with quenching of the electron-energy distribution80 due to 

the fact that the first ionization potential of Ta (7.55 eV) is lower than both the first ionization 

potential of Ar (15.76 eV) and the second Ta ionization potential (16.17 eV).39 The Ar second 

ionization potential is 25.6 eV;39 thus, the Ar2+ intensity is negligible. The Ta2+/(Ta++Ta2+) ratio 

during the 100-µs synchronized substrate bias is 0.052. 
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Fig. 1. Time evolution of energy-integrated Ta+, Ta2+, and Ar+ ion fluxes incident at the 

substrate plane during and after a 50-µs Ta-HiPIMS pulse in which the Ta target is sputtered at 

1800 W in pure Ar at 3 mTorr. The continuous grey line, with no data symbols, is the target current 

density JT as a function of time t; the peak current density JT,peak is 0.71±0.03 A/cm2. A negative 

substrate bias Vs = 100 V is applied in synchronous with the Ta-ion-rich portions of each HiPIMS 

pulse. Data points at time t correspond to the number of ions collected during the interval from (t-

5) to (t+5) μs.  

 

Zr1-xTaxBy film compositions, determined by ToF-ERDA, for layers grown at PTa values 

from 0 to 1800 W are listed in Table 1. ZrBy films deposited using DCMS (PTa = 0) are 

overstoichiometric with y = 2.4. Alloy films grown by hybrid Ta-HiPIMS/ZrB2-DCMS have x 

values which increase from 0.1 with PTa = 600 W, to 0.2 for PTa = 1200 W, to 0.3 at PTa = 1800 W. 

Concurrently, y decreases from 2.1 to 1.8 to 1.5 as a function of PTa. Carbon, nitrogen, and oxygen 

concentrations are below detection limits, ~0.1 at%, and Ar concentrations are ≤ 0.5 at% for all 

films. 
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Table 1. ToF-ERDA elemental compositions, with experimental uncertainties < 0.01, of Zr1-

xTaxBy films grown on Si(001) substrates at 475 °C in pure Ar (3 mTorr) by hybrid Ta-

HiPIMS/ZrB2-DCMS, with 50-µs HiPIMS pulses, as a function of increasing Ta target power PTa 

and pulse frequency f. A negative substrate bias Vs = 100 V is applied in synchronous with the Ta-

ion-rich portion of each pulse. 

PTa [W] f [Hz] x y 
0 0 0 2.4 

600 100 0.1 2.1 
1200 200 0.2 1.8 
1800 300 0.3 1.5 

 

XRD θ-2θ scans from as-deposited Zr1-xTaxBy films grown on Si(001) substrates are shown 

in Fig. 2. Vertical solid and dashed lines correspond to reference powder-diffraction peak positions 

for ZrB2
41 and TaB2,81 respectively. The peak at 32.8° arises from the forbidden 002 Si(001) 

substrate reflection due to multiple scattering.82 All other peaks originate from hexagonal-structure 

Zr1-xTaxBy. The 0001 and 0002 reflections shift toward higher 2θ values with increasing x, 

corresponding to a decrease in the out-of-plane c lattice parameter from 3.54 Å for ZrB2.4 and 

Zr0.7Ta0.3B2.1 to 3.49 Å for Zr0.8Ta0.2B1.8 and 3.48 Å for Zr0.7Ta0.3B1.5, as a result of the replacement 

of Zr by Ta atoms with a smaller covalent radius,83 the corresponding lower B concentrations,84 

and film compressive stress (see below). All 000l peaks broaden with increasing Ta concentrations 

on the cation sublattice. The full-width at half-maximum (FWHM) intensity of the 0001 reflection 

is 0.4° with x = 0, 0.63° at x = 0.2, 1.16° at x = 0.3, and 1.28° with x = 0.3. Zr0.8Ta0.2B1.8 and 

Zr0.7Ta0.3B1.5 000l peaks are asymmetric toward higher 2θ values, an indication that TaxBy is not 

distributed uniformly. Intensities of 101�0, 101�1, 112�0, 101�2, and 112�1 reflections decrease with 

increasing x and are not detectable in alloy films with x ≥ 0.2. Film preferred orientation changes 

from weak 101�1 for ZrB2.4 to 0001 for Zr0.7Ta0.3B1.5, as determined from relative texture 
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coefficients 𝑅𝑅𝑅𝑅𝑅𝑅ℎ𝑘𝑘𝑘𝑘𝑘𝑘 = 𝐼𝐼ℎ𝑘𝑘𝑘𝑘𝑘𝑘 ∑ 𝐼𝐼ℎ𝑘𝑘𝑘𝑘𝑘𝑘⁄ ,41,81,85 for which 𝐼𝐼ℎ𝑘𝑘𝑘𝑘𝑘𝑘 is the intensity of hkil reflections 

normalized to their powder-pattern values. 𝑅𝑅𝑅𝑅𝑅𝑅101�1 ranges from 0.32 for ZrB2.4, to 0.27 for 

Zr0.9Ta0.1B2.1, 0.04 for Zr0.8Ta0.2B1.8, and 0 for Zr0.7Ta0.3B1.5, while 𝑅𝑅𝑅𝑅𝑅𝑅0001 increases from 0.15 to 

0.19, 0.52, and 0.55. 

 

Fig. 2. XRD θ-2θ scans from Zr1-xTaxBy films grown on Si(001) at 475 °C in pure Ar (3 

mTorr) by hybrid Ta-HiPIMS/ZrB2-DCMS, with 50-µs HiPIMS pulses, as a function of increasing 

Ta target power PTa. A negative substrate bias Vs = 100 V is applied in synchronous with the Ta-

ion-rich portion of each pulse. 
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Fig. 3 consists of cross-sectional SEM (XSEM) images of the Zr1-xTaxBy films 

corresponding to Fig. 2, together with inset bright-field XTEM images and selected-area electron 

diffraction (SAED) patterns; the latter are obtained from areas in upper film regions. The XSEM 

images show that the films have dense, columnar structures with smooth surfaces. XTEM 

micrographs reveal columnar growth with no discernable porosity. The reflections in the ZrB2.4 

SAED pattern consist of broad arcs, while the patterns from alloy films grown with Ta-ion 

bombardment exhibit pronounced 0001 fiber textures with increasingly strong preferred 

orientation, consistent with the XRD results. 
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Fig. 3. Typical XSEM images, with inset bright-field XTEM images and SAED patterns, 

from (a) ZrB2.4, (b) Zr0.9Ta0.1B2.1, (c) Zr0.8Ta0.2B1.8, and (d) Zr0.7Ta0.3B1.5 films grown on Si(001) 

at 475 °C in pure Ar (3 mTorr) by hybrid Ta-HiPIMS/ZrB2-DCMS, with 50-µs HiPIMS pulses, as 

a function of increasing Ta target power PTa. A negative substrate bias Vs = 100 V is applied in 

synchronous with the Ta-ion-rich portion of each pulse. 

 

Bright-field Zr1-xTaxBy plan-view TEM images are shown in Fig. 4. Average column 

widths increase from 90±20 Å for ZrB2.4 to 320±130 Å for Zr0.9Ta0.1B2.1 films, and then decrease 

to 110±30 Å for Zr0.8Ta0.2B1.8, and 80±30 Å for Zr0.7Ta0.3B1.5. The corresponding SAED patterns 

in the insets are consistent with the results in Figs. 2 and 3 showing that the out-of-plane preferred 

orientation increases to a strong 0001 (characterized by a dominant 101�0 reflection in plan-view) 

for films with increasing Ta concentrations on the cation sublattice. In addition, plan-view STEM 

images, shown as insets in Fig. 4, reveal a change in contrast at the column boundaries as a function 

of x; ZrB2.4 and Zr0.9Ta0.1B2.1 column boundaries appear dark, indicating a lower average mass 

than that of the adjacent columns, while the Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5 column boundaries 

exhibit a bright, higher mass, contrast. 
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Fig. 4. Plan-view TEM images, with corresponding SAED patterns and plan-view STEM 

images as insets, of (a) ZrB2.4, (b) Zr0.9Ta0.1B2.1, (c) Zr0.8Ta0.2B1.8, and (d) Zr0.7Ta0.3B1.5 films grown 

on Si(001) at 475 °C in pure Ar (3 mTorr) by hybrid Ta-HiPIMS/ZrB2-DCMS, with 50-µs HiPIMS 

pulses, as a function of increasing Ta target power PTa. A negative substrate bias Vs = 100 V is 

applied in synchronous with the Ta-ion-rich portion of each pulse. 

 

Fig. 5 is comprised of typical STEM Z-contrast plan-view images, with corresponding 

EDX and EELS elemental maps, of ZrB2.4 and Zr0.8Ta0.2B1.8 films. The dark regions in the Z-

contrast image of ZrB2.4, Fig. 5(a), correspond to low-Z (i.e., B-rich) column-boundary areas as 

reported previously by Mayrhofer et al. for overstoichiometric TiB2.4 layers grown by unbalanced 

magnetron sputtering.86 The Zr EDX map in Fig. 5(b) reveals, in agreement with the results in Fig. 

5(a), that the dark areas in the ZrB2.4 Z-contrast image are Zr deficient, while the corresponding 
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EELS spectra in Fig. 5(c) confirm that the column boundaries are B rich. In contradistinction to 

ZrB2.4, the Z-contrast image of Zr0.8Ta0.2B1.8 in Fig. 5(d) reveals boundaries with lighter contrast, 

indicating enrichment with heavier elements. Complementary EDX Zr and Ta elemental maps, 

Fig. 5(e), show that the amount of Ta at column boundaries is significantly higher than in the 

columns. The EELS spectra in Fig. 5(f) affirm that Zr0.8Ta0.2B1.8 column boundaries are B deficient 

with respect to the columns. Thus, increasing the Ta cation concentration in Zr1-xTaxBy films 

changes the column boundaries from being B-rich to Ta-rich. Results for Zr0.9Ta0.1B2.1 and 

Zr0.7Ta0.3B1.5 films reveal structures similar to those of ZrB2.4 and Zr0.8Ta0.2B1.8 with B-rich and 

Ta-rich boundaries, respectively. 

 

Fig. 5. Plan-view (a) STEM Z-contrast image and (b) Zr EDX map with (c) corresponding 

EELS spectra from columns and column boundaries for ZrB2.4 grown by DCMS. (d) Plan-view 

STEM Z-contrast image, and (e) EDX TM elemental maps with (f) corresponding EELS spectra 

from columns and column boundaries for Zr0.8Ta0.2B1.8 films grown by hybrid Ta-HiPIMS/ZrB2-

DCMS, with 50-µs HiPIMS pulses, at PTa = 1200 W. A negative substrate bias Vs = 100 V is 
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applied in synchronous with the Ta-ion-rich portion of each pulse. The films are grown on Si(001) 

at 475 °C in pure Ar (3 mTorr). 

 

APT is also used to probe compositional differences between columns and their adjacent 

boundaries. Zr0.8Ta0.2B1.8 films are selected for analysis since, based on the STEM Z-contrast 

micrographs in Fig. 4, they have slightly wider columns than Zr0.7Ta0.3B1.5 layers. A two-

dimensional map of the Ta/(Zr+Ta) fraction in a 30-Å-thick Zr0.8Ta0.2B1.8 slab containing a portion 

of a typical column, with adjacent boundaries, along the film growth direction is shown in Fig. 

6(a). The boundary regions are Ta rich and thus appear darker in the two-dimensional map. The 

column is ~120-Å wide, in good agreement with Z-contrast images in Figs. 4 and 5. Fig. 6(b) is a 

typical Ta/(Zr+Ta) profile across the region in Fig. 6(a) highlighted by the 30×30 cm2 black square. 

APT artifacts, including trajectory aberrations,87 induce a very small spatial mismatch between the 

Ta and Zr signals that broadens the boundary regions and may also cause the Ta/(Zr+Ta) fraction 

to be slightly underestimated in the column boundaries. Overall, the APT data is in agreement with 

STEM analysis and shows that the column boundaries of Zr0.8Ta0.2B1.8 layers are metal-rich, with 

a higher Ta concentration, compared to the columnar grains. 
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Fig. 6. (a) Two-dimensional APT map of the Ta/(Zr+Ta) fraction in a 30-Å-thick slab of a 

Zr0.8Ta0.2B1.8 film grown on Si(001) at 475 °C in pure Ar (3 mTorr) by hybrid Ta-HiPIMS/ZrB2-

DCMS, with 50-µs HiPIMS pulses, at PTa = 1200 W. A negative substrate bias Vs = 100 V is 

applied in synchronous with the Ta-ion-rich portion of each pulse. The map contains a portion of 

a typical column with adjacent boundaries. The Ta fraction corresponds to the false-color scale on 

the right side of the panel. (b) A one-dimensional Ta/(Zr+Ta) profile, with an experimental 

uncertainty of  ˂ 0.02, across the region highlighted by the 300×300 Å2 black square in panel (a). 

The film growth direction is along the cone-shaped sample. 
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Ta 4f and Zr 4p XPS core-level spectra obtained from Zr1-xTaxBy films are shown in Fig. 

7. Deconvoluted spin-split 4p3/2-4p1/2 doublet peaks from ZrB2.4, Fig. 7(a), are located at 28.0 and 

29.6 eV. In order to deconvolve the Ta 4f alloy core-level spectra, the Zr0.9Ta0.1B2.1 spectrum is fit 

first and the results tested by using the same line shapes, 4f7/2-4f5/2 binding-energy (BE) separation, 

and 4f7/2/4f5/2 area ratio -- while varying peak positions, peak areas, and FWHM values -- to fit the 

doublet peaks from alloys with x ≥ 0.2. In all cases, the background is subtracted using the Shirley 

approach,88 and line shapes are fit with Voigt functions.89 The Zr0.9Ta0.1B2.1 spectrum, Fig. 7(b), is 

well fit with a single pair of 4f7/2 and 4f5/2 peaks at 23.2 eV and 25.1 eV, respectively. However, 

the Ta 4f spectra from Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5 cannot be fit with a single 4f doublet. Fitting 

requires an additional set of Ta 4f peaks at lower BEs, Figs. 7(c) and 7(d). Thus, Ta in alloys with 

x ≥ 0.2 exists in two different chemical states (Tah and Tal). 

The higher-BE 4f peaks for Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5 are at the same positions as for 

Zr0.9Ta0.1B2.1. The lower-BE peaks, at 22.6 eV and 24.5 eV, are assigned, based upon the STEM 

Z-contrast and EELS results in Fig. 4 and 5, together with the APT compositional profile in Fig. 

6, to Ta which has segregated to column boundaries. The area ratio of the lower-to-higher BE  

peaks increases from 0 for Zr0.9Ta0.1B2.1, to 0.2 for Zr0.8Ta0.2B1.8, to 0.3 for Zr0.7Ta0.3B1.5 films, 

consistent with an increase in Ta segregation, with higher Ta/(Zr+Ta) fractions, to column 

boundaries, as established by the combination of STEM, EDX, and APT analyses. 
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Fig. 7. Ta 4f and Zr 4p XPS core-level spectra acquired from (a) ZrB2.4, (b) Zr0.9Ta0.1B2.1, 

(c) Zr0.8Ta0.2B1.8, and (d) Zr0.7Ta0.3B1.5 films grown on Si(001) at 475 °C in pure Ar (3 mTorr) by 
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hybrid Ta-HiPIMS/ZrB2-DCMS, with 50-µs HiPIMS pulses, as a function of increasing Ta target 

power PTa. A negative substrate bias Vs = 100 V is applied in synchronous with the Ta-ion-rich 

portion of each pulse. 

 

Fig. 8 shows B 1s and Zr 3d XPS core-level spectra acquired from Zr1-xTaxBy films with x 

ranging from 0 to 0.3. Peak intensities in each spectrum are normalized to the Zr 3d5/2 peak 

maximum for the corresponding alloy. There is a slight shift in the position of the B 1s peak toward 

higher binding energy, from 188.1 eV for ZrB2.4 to 188.2 eV for Zr0.9Ta0.1B2.1 to 188.4 eV for both 

Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5. We attribute this to the higher electronegativity of Ta compared to 

Zr, which results in a decrease in the B electron charge density with increasing Ta concentration 

on the cation sublattice. The Zr 3d3/2 and 3d5/2 peak positions at 181.5 and 179.1 eV are in good 

agreement with expected values for stoichiometric ZrB2. However, they do not exhibit a detectable 

splitting as observed for the Ta 4f spectra from Zr1-xTaxBy alloys with x ≥ 0.2 (Fig. 7) since the Zr 

3d peak positions for Zr metal and ZrB2 are very close (e.g., 178.9 vs. 179.0 eV for Zr 3d5/2).90,91 

 

Fig. 8. B 1s and Zr 3d XPS core-level spectra acquired from ZrB2.4, Zr0.9Ta0.1B2.1, 

Zr0.8Ta0.2B1.8, and Zr0.7Ta0.3B1.5 films grown on Si(001) at 475 °C in pure Ar (3 mTorr) by hybrid 
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Ta-HiPIMS/ZrB2-DCMS, with 50-µs HiPIMS pulses, as a function of increasing Ta target power 

PTa. A negative substrate bias Vs = 100 V is applied in synchronous with the Ta-ion-rich portion 

of each pulse. 

 

Residual stresses for all films on Al2O3(0001) are compressive with σf = 0.5±0.1 GPa for 

ZrB2.4, 0.3±0.1 GPa for Zr0.9Ta0.1B2.1, 1.5±0.3 GPa for Zr0.8Ta0.2B1.8, and 1.8±0.3 GPa for 

Zr0.7Ta0.3B1.5. Fig. 9(a) shows film nanoindentation hardnesses H and elastic moduli E as a function 

of x. The hardness of ZrB2.4 is 35.0±0.6 GPa, which increases to 37.0±1 GPa for Zr0.9Ta0.1B2.1 and 

~42.0 GPa for both Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5. The elastic modulus gradually increases from 

488±10 GPa for ZrB2.4 to 504±8 GPa for Zr0.8Ta0.2B1.8, then decreases slightly to 490±10 GPa for 

Zr0.7Ta0.3B1.5. Both the H/E ratio, a qualitative indicator of film toughness,92 and H3/E2, an 

indicator of wear resistance,93 increase with increasing x from 0.18 and 0.071 for ZrB2.4 to 0.20 

and 0.075 for Zr0.9Ta0.1B2.1, 0.28 and 0.083 for Zr0.8Ta0.2B1.8, and 0.29 and 0.084 for Zr0.7Ta0.3B1.5, 

as shown in Fig. 9(b). 
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Fig. 9. (a) nanoindentation hardness H and elastic modulus E, and (b) H/E and H3/E2 ratios 

for ZrB2.4, Zr0.9Ta0.1B2.1, Zr0.8Ta0.2B1.8, and Zr0.7Ta0.3B1.5 films grown on Al2O3(0001) at 475 °C in 

pure Ar (3 mTorr) by hybrid Ta-HiPIMS/ZrB2-DCMS, with 50-µs HiPIMS pulses, as a function 



24 
 

of increasing Ta target power PTa. A negative substrate bias Vs = 100 V is applied in synchronous 

with the Ta-ion-rich portion of each pulse. 

 

In order to assess the relative ductility of Zr1-xTaxBy films, we determine film toughness Kc 

via the relationship;77 

𝐾𝐾𝑐𝑐 = 𝛼𝛼(𝐸𝐸 𝐻𝐻⁄ )0.5(𝑃𝑃 𝑅𝑅𝑚𝑚1.5⁄ ) ,               (2)                       

in which α is the indenter geometry coefficient,  0.0319;94 Cm is the average length of radial cracks 

around a cube-corner indent; and P is the applied load. Equation 2 was derived for bulk 

ceramics;77,95 thus, in our case, film thickness and substrate effects must be accounted for. An 

approach which accounts for thickness effects is to measure Kc at different loads and plot the 

results as a function of the maximum indentation penetration depth hmax, as shown in Fig. 10(a), 

and then extrapolate the results to hmax = 0.96 Note, however, that the choice of load range 

influences extracted Kc values since the substrate can affect results obtained at high loads. Thus, 

we have chosen load ranges such that hmax is always less than 30% of the film thickness. 

Fig. 10(a) shows measured Kc values for Zr1-xTaxBy alloys as a function of hmax. The 

minimum nanoindentation force required to create radial cracks with a sharp cube-corner indenter 

is 10 mN for ZrB2.4 and Zr0.9Ta0.1B2.1 films, and 15 mN for Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5. Kc is 

highest, over the entire load range, for Zr0.7Ta0.3B1.5. The Kc vs. x results in Fig. 10(b), obtained 

by extrapolating the results in Fig. 10(a) to hmax = 0, show that Kc initially decreases from 4.0 

MPa√m for ZrB2.4 to 3.5 MPa√m for Zr0.9Ta0.1B2.1, then increases to 4.6 MPa√m for Zr0.8Ta0.2B1.8 

and 5.2 MPa√m for Zr0.7Ta0.3B1.5. In order to check that film compressive stress is not having a 

significant effect on Kc results, we have recently measured film toughness using the scratch-test 

method97,98 -- as part of a new investigation to determine Zr1-xTaxBy adhesion, wear, and friction -
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- and obtained the same trend. Fig. 10(c) is a plot of the relationship between the hardness and 

toughness of Zr1-xTaxBy alloys. In contrast to most hard coatings (e.g., TM nitrides for which TiN 

and VN serve as model materials systems),99,100 which exhibit an increase in brittleness with 

increasing hardness,92,101-104 both hardness and toughness are enhanced for Zr1-xTaxBy alloys with 

metal-rich column boundaries. 
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Fig. 10. (a) Zr1-xTaxBy toughness Kc as a function of maximum penetration depth hmax 

during cube-corner indentation, (b) Kc, after accounting for film thickness and substrate effects, 

vs. x, and (c) nanoindentation hardness H vs. Kc for Zr1-xTaxBy films grown on Al2O3(0001) at 475 

°C in pure Ar (3 mTorr) by hybrid Ta-HiPIMS/ZrB2-DCMS, with 50-µs HiPIMS pulses, as a 

function of increasing Ta target power PTa. A negative substrate bias Vs = 100 V is applied in 

synchronous with the Ta-ion-rich portion of each pulse. 

 

B. Discussion 

ZrB2-rich Zr1-xTaxBy (0 ≤ x ≤ 0.3) films are grown in pure Ar (3 mTorr) by hybrid Ta-

HiPIMS/ZrB2-DCMS co-sputtering in which the ZrB2 target is sputtered in dc mode, while heavy 

Ta ions are provided by HiPIMS sputtering of a Ta target as a function of PTa, with a negative 

substrate bias Vs = 100 V synchronized to Ta-ion rich portion of each HiPIMS pulse in order to 

vary the B/TM ratio and provide a dense nanostructure. The Zr1-xTaxBy Ta/(Zr+Ta) ratio increases 

linearly from x = 0.1 to 0.2 to 0.3 with increasing PTa from 600 to 1200 to 1800 W, while the 

energy per pulse is maintained constant, in order to provide the same peak current density, JT,peak 

= 0.7 A/cm2, for all film-growth experiments. The expected values of the B/(Zr+Ta) ratio y due to 

increasing the Ta flux, starting with the reference DCMS sample composition ZrB2.4, are 2.16, 

1.96, and 1.80 for the three HiPIMS powers used; however, the measured y values are 2.1, 1.8, 

and 1.5, respectively. We attribute the differences to preferential sputtering of light B atoms.105 

Ta ions incident at the growing films during HiPIMS pulses are much heavier than the 

majority film constituents (mTa = 180.9 amu, mZr = 91.2 amu, and mB = 10.8 amu). The maximum 

energy transfer in binary head-on collisions with target atoms is given by106 

𝛾𝛾 = 4𝑚𝑚𝑇𝑇𝑇𝑇𝑚𝑚𝑇𝑇 (𝑚𝑚𝑇𝑇𝑇𝑇 + 𝑚𝑚𝑇𝑇)2⁄  ,                         (3) 
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in which mT is the mass of the target atom involved in the collision. γ values for Ta collisions with 

Zr and B atoms are 0.89 and 0.21, respectively. Due to the better mass match, energy is transferred 

much more efficiently to Zr than to B. In addition, the heavy Ta-ion projectiles exhibit relatively 

little sideways scattering, while producing a significant number of lattice recoils, because of the 

large mass mismatch with the average lattice atomic mass. 

We carry out TRIM107 simulations of ion-irradiation-induced collisions during film 

growth. Time- and energy-resolved mass spectroscopy measurements show that Ta+ constitutes > 

90% of the ion flux. The projected range plus straggle for 100 eV Ta+ ions incident at Zr0.8Ta0.2B1.8 

is 22 Å; corresponding values for lattice recoils are 17 Å for Zr and Ta, and 11 Å for B. Thus, B 

recoils remain much closer to the surface due to poor energy transfer from the heavy Ta atoms, 

while Zr and Ta recoils absorb most of the deposited energy and penetrate deeper into the growing 

film. The heavy-metal ion irradiation leads to densification, as shown previously for TM nitrides 

deposited by the hybrid HiPIMS/DCMS technique,54 with intense ion mixing of the metal atoms, 

due to overlapping cascades, several monolayers deep. The light B atoms tend to accumulate at, 

and near, the film growth surface and are subjected to preferential resputtering.  

The change in the nanostructure and compositional distribution of Zr1-xTaxBy alloys with 

increasing x -- as observed by XTEM, STEM Z-contrast, and APT -- can be understood by 

considering the corresponding decrease in y. ZrB2.4 films grown by DCMS have a nanostructure 

similar to the one reported for TiB2.4 deposited by magnetically-unbalanced magnetron 

sputtering.86 It is composed of crystalline columns, with average diameter 〈𝑑𝑑〉 = 90±20 Å, 

separated by a B tissue phase as shown by the dark contrast in the Z-contrast image in Fig. 4(a) 

and the EELS data in Fig. 5(c). With PTa = 600 W, the overstoichiometry is reduced from y = 2.4 

to 2.1, and the decrease in excess B, coupled with Ta+-ion-irradiation enhanced adatom mobility, 
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leads to an increase in 〈𝑑𝑑〉 to 320±130 Å. However, the column boundaries remain B-rich. Since 

both ZrB2 and TaB2 are line-compounds,44,108 we expect that the columnar grains are near-

stoichiometric in all films. 

As the Ta-HiPIMS power is increased further to 1200 and 1800 W, y decreases to 1.8 and 

1.5 as x increases to 0.2 and 0.3, which dramatically changes the nanostructure. 〈𝑑𝑑〉 decreases to 

110 and 80 Å with the column boundary tissue phase changing from B-rich to metal-rich, as 

evidenced by the dark contrast in BF XTEM, and bright contrast in STEM Z-contrast images (Fig. 

4). APT results, Fig. 6(b), reveal that Ta is incorporated preferentially at column boundaries, and 

the EELS scans in Fig. 5 show that the boundaries contain less B than the columns. 

Based upon XRD and SAED results, ZrB2.4 and Zr0.9Ta0.1B2.1 films have a mixed 

0001/101�0 texture. This is a result of relatively-weak momentum transfer during growth of these 

layers leading to random orientation during nucleation and the lack of texture selection during 

column growth109 since the ions are primarily Ar+ with a much lower mass than Ta and Zr. Films 

with metal-rich grain boundaries, Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5, have an increasingly stronger 

0001 texture, corresponding to the low surface-energy orientation for hexagonal crystals,47 due to 

the more intense Ta+ ion flux. The 0001 and 0002 x-ray peak positions for these alloys shift toward 

TaB2 reference values showing that, in agreement with APT results, Ta is incorporated both in the 

columns and in the boundaries. 

The intrinsic ZrB2.4 compressive stress, ~0.5 GPa, is relatively low for sputter-deposited 

films due to the low trapped Ar concentration, < 0.5 at%. The compressive stress in Zr0.9Ta0.1B2.1 

layers is even lower, ~ 0.3 GPa, as Ta ion bombardment enhances adatom mobility to provide 

increased grain size with less trapped Ar due to strong Ar rarefaction during HiPIMS pulses with 

synchronized substrate bias, while the substrate is at floating potential, Vs = Vf = 10 V, at all other 
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times. As the Ta ion flux is increased, generating metal-rich column boundaries and decreased 

average column size, the stress increases to σf = ~1.5 and ~1.8 GPa for Zr0.8Ta0.2B1.8 and 

Zr0.7Ta0.3B1.5, due primarily to residual Ta-ion-induced lattice defects. 

Sputter-deposited ZrB2.4 films have a high hardness, H = 35 GPa, compared to H = 21-23 

GPa for stoichiometric bulk ZrB2,110,111 due to the formation of a thin B-rich tissue phase, with 

strong covalent bonding, at the column boundaries which inhibits column-boundary sliding.86 H 

increases slightly to ~37 GPa for Zr0.9Ta0.1B2.1, which we attribute primarily to solid-solution 

hardening.112 Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5 have even higher hardness values, ~42 GPa, due to 

increased solid-solution hardening. The decrease in column width, from ~300 Å for Zr0.9Ta0.1B2.1 

to ~110 Å and ~80 Å for Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5, also adds to the film hardness via the 

Hall-Petch effect.113,114 

In addition to the increase in hardness, Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5 alloys also exhibit 

an increase in toughness, as shown in Fig. 10(c). Kc initially decreases from 4.0 MPa√m for ZrB2.4, 

to 3.5 MPa√m for Zr0.9Ta0.1B2.1, and then increases to 4.6 and 5.2 MPa√m for Zr0.8Ta0.2B1.8 and 

Zr0.7Ta0.3B1.5. The nanostructures of these alloys consist of a hard columnar phase with metal-rich 

boundaries which inhibit crack propagation, while allowing grain-boundary sliding, under heavy 

loads. Thus, Zr0.8Ta0.2B1.8 and Zr0.7Ta0.3B1.5 alloys exhibit a dual hard/tough nature; the tough 

metal-rich phase at boundaries accommodates ductility, while the stiff nanosized columns provide 

high hardness. 

 

IV. CONCLUSIONS 

We demonstrate control of the composition and nanostructure -- and, hence, the physical 

properties -- of ZrB2-rich Zr1-xTaxBy (0 ≤ x ≤ 0.3) alloy films grown by hybrid Ta-HIPIMS/ZrB2-
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DCMS co-sputtering, in pure Ar, using pulsed heavy-metal Ta-ion bombardment. For alloy 

growth, the ZrB2 target is continuously sputtered in dc magnetron mode, with the substrate at a 

negative floating potential Vs = 10 V, while pulsed Ta-ion irradiation is provided by applying a 

negative 100 V substrate bias synchronized with the Ta-ion-rich portion of each HIPIMS pulse. 

The HiPIMS target power and pulse frequency are increased from 600 to 1800 W, and 100 to 300 

Hz, to maintain the energy per pulse constant in order to provide a peak current density per pulse 

of 0.7 A/cm2. This results in the B-to-metal ratio decreasing from 2.4 for reference ZrB2.4 layers, 

deposited by DCMS with Vs = 100 V, to 2.1, 1.8, and 1.5, as x in Zr1-xTaxBy alloy layers increases 

from 0 to 0.1, 0.2, and 0.3, due both to the addition of Ta (primarily) and preferential B 

resputtering.  

TRIM Monte Carlo simulations show that Ta-ion irradiation during Zr1-xTaxBy film growth 

results in B recoils coming to rest, because of the large B/Ta mass mismatch, in the near-surface 

region (< 11 Å), while Zr and Ta recoils absorb more deposited energy and undergo intense ion-

induced mixing, resulting from overlapping collision cascades, in a region extending to 17 Å. 

Primary Ta ions are implanted even deeper, to 22 Å. As a result, all alloy films are fully dense 

with relatively low compressive stresses ranging from 0.5 to 1.8 GPa. Films with 0 ≤ x ≤ 0.1 consist 

of columnar stoichiometric-diboride grains encapsulated with a B-rich tissue phase, while alloy 

films with x ≥ 0.2 have a nanocolumnar structure with metal-rich boundaries. The latter alloys 

exhibit the highest hardness, ~42 GPa (compared to 36 GPa for reference ZrB2.4 films) due to solid-

solution hardening combined with a much smaller grain size (the Hall-Petch effect). Film 

toughness increases from Kc = 4.0 MPa√m for ZrB2.4 to 5.2 MPa√m for Zr0.7Ta0.3B1.5 as the metal-

rich boundaries inhibit crack propagation, while allowing grain-boundary sliding under heavy 

loads. 
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