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A B S T R A C T   

There is a need for developing synthesis techniques that allow the growth of high-quality functional films at low 
substrate temperatures to minimize energy consumption and enable coating temperature-sensitive substrates. A 
typical shortcoming of conventional low-temperature growth strategies is insufficient atomic mobility, which 
leads to porous microstructures with impurity incorporation due to atmosphere exposure, and, in turn, poor 
mechanical properties. Here, we report the synthesis of dense Ti0.67Hf0.33B1.7 thin films with a hardness of ~41.0 
GPa grown without external heating (substrate temperature below ~100 ◦C) by hybrid high-power impulse and 
dc magnetron co-sputtering (HfB2-HiPIMS/TiB2-DCMS) in pure Ar on Al2O3(0001) substrates. A substrate bias 
potential of − 300 V is synchronized to the target-ion-rich portion of each HiPIMS pulse. The limited atomic 
mobility inherent to such desired low-temperature deposition is compensated for by heavy-mass ion (Hf+) 
irradiation promoting the growth of dense Ti0.67Hf0.33B1.7.   

1. Introduction 

The technological desire for low-temperature techniques to grow 
dense and hard refractory thin films motivates scientific investigation 
[1–4]. Low-temperature growth offers a valuable reduction in energy 
consumption and allows coating temperature-sensitive substrates such 
as polymers and low-melting-point alloys based on, for example, Mg and 
Al. However, films grown without external heating typically exhibit 
open, under dense microstructures due to limited atomic mobility, 
which can adversely affect physical and mechanical properties [3,5]. For 
instance, the hardness of as-deposited TiN thin films grown by con
ventional dc magnetron sputtering (DCMS) without external heating 
(substrate temperature Ts < 120 ◦C) is ~8 GPa, which is considerably 
lower than that of similar layers deposited at 500 ◦C, with a bulk-like 
value of ~20 GPa [6]. 

One approach to increase the atomic mobility during the low- 
temperature growth is to irradiate the growing film surface with ener
getic ions [2,3]. In DCMS, gas ions are used to bombard the growing film 
surface by applying a negative continuous bias to the substrate. This 

results in an increased film density [1–3,7], but it also leads to the 
incorporation of gas atoms into the interstitial positions or gas bubble 
formation [8] and consequently, deterioration of film properties [9,10]. 

Our working hypothesis is that these drawbacks can be avoided 
during boride synthesis by replacing the gas-ion irradiation with film- 
forming metal ions. The latter cannot be achieved with DCMS as the 
ionization levels of sputter-ejected atoms are low [11]. However, in 
high-power impulse magnetron sputtering (HiPIMS), highly-ionized 
fluxes of sputtered target species are readily available [12]. This, 
together with the controllable time separation between metal- and 
gas-ion fluxes incident at the substrate that occurs due to severe gas 
rarefaction in front of the target [13,14], enables selective tuning of both 
energy and momentum of incident metal-ion fluxes [15]. If the mass of 
incident metal ions is sufficiently high, applying a negative 
substrate-bias pulse that is synchronized to the target-ion-rich portion of 
each HiPIMS pulse provides a recoil density and energy required to 
generate the mobility to eliminate under-dense regions forming during 
the low-temperature growth [5]. The validity of the 
heavy-mass-ion-synchronized HiPIMS/DCMS film growth technique 
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was demonstrated in a reactive-gas sputtering mode by growing dense 
Ti0.92Ta0.08N (Ts < 120 ◦C) [6] and Ti0.40Al0.27W0.33N (Ts < 150 ◦C) [16] 
as well as Ti0.41Al0.51Ta0.08N (Ts < 150 ◦C) [17]. 

Here, we demonstrate a related approach, however, in a non-reactive 
deposition mode and for compound TM diboride targets to grow 
Ti0.67Hf0.33B1.7 thin films in a hybrid HfB2-HiPIMS/TiB2-DCMS co- 
sputtering scheme without external heating. TiB2 is employed as a 
common TM diboride material system, while HfB2 target operated in 
HiPIMS mode serves as a source of heavy mass ions. We choose this 
ternary diboride because it forms solid solutions (as also shown herein) 
and, thus, is a suitable system to study the effects of heavy-mass ion 
irradiation on film densification. The substrate temperature does not 
exceed 100 ◦C during the growth. The incident ion energy is controlled 
by applying a substrate bias of − 300 V synchronized to the Hf+-ion-rich 
portion of each HiPIMS pulse, while the deleterious role of gas ion 
irradiation is minimized by keeping the substrate at floating potential 
during the DCMS phase. Such energetic heavy-mass ion irradiation is 
used to demonstrate the low-temperature synthesis of dense 
Ti0.67Hf0.33B1.7 films exhibiting a smooth surface and nanoindentation 
hardness exceeding 40 GPa. 

2. Experimental 

Ti0.67Hf0.33B1.7 thin films are grown in a CC800/9 CemeCon AG 
sputtering system equipped with rectangular stoichiometric TiB2 and 
HfB2 targets (8.8 × 50 cm2). Al2O3(0001) substrates (1.5 × 1.5 cm2) 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 target-to-substrate distance is 20 cm, and the 
system base pressure is 3.0 × 10− 6 Torr (0.4 mPa). The chamber is 
degassed before deposition in a two-step procedure. First, two resistive 
heaters are powered to 2000 W for 1 h, resulting in a chamber tem
perature of ~110 ◦C at the substrate position, i.e., high enough to pro
mote water desorption necessary to reach the base pressure. Thereafter, 
the power applied to both heaters is switched off for 1 h such that the 
temperature drops to ~60 ◦C. The films are then deposited without 
external heating, resulting in Ts = ~100 ◦C toward the end of the 1600-s 
long deposition (due to plasma heating). The temperature is measured 
with a calibrated thermocouple bonded to a dummy substrate holder 
and placed next to the actual substrate. The Ar pressure during deposi
tion is 3 mTorr (0.4 Pa). The targets are sequentially DCMS pre- 
sputtered in Ar at 2000 W for 60 s with closed cathode shutters prior 
to depositing the films. 

Ti0.67Hf0.33B1.7 films are grown using a hybrid target-power scheme 
(HfB2-HiPIMS/TiB2-DCMS), in which the TiB2 target is continuously 
sputtered by DCMS at 2500 W, while the HfB2 magnetron is operated in 
HiPIMS mode by applying an average target power of 2200 W, with 100- 
μs pulses and a pulsing frequency of 200 Hz. The peak HfB2-target 
current density JT,peak is ~1.1 A/cm2. After the initial stages of film 
growth necessary to form a continuous layer that provides electrical 
conductivity, a substrate bias of − 300 V is synchronized with the 200-μs 
target-ion-rich portion of each HiPIMS pulse (4% duty cycle), as 
confirmed by time-resolved mass spectroscopy analysis (see Fig. 1). The 
substrate bias pulse begins at time t = 30 μs following the HiPIMS pulse 
initiation (t = 0 μs). The substrates are maintained at the floating po
tential of − 10 V for the rest of the period. 

In-situ time-resolved analyses of ion fluxes incident at the substrate 
plane during HiPIMS sputtering of HfB2 target in Ar are performed with 
a Hiden Analytical EQP1000 instrument. The orifice of the spectrometer 
is placed at the substrate position facing the HfB2 target. Data are 
recorded during 100 consecutive HiPIMS pulses such that the total 
acquisition time per data point is 1 ms. Additional details are given in 
reference [18]. The measured isotopes include 178Hf+, 10B+, and 36Ar+, 
selected to avoid detector saturation. The data presented in Fig. 1 are 
scaled using isotope abundances to represent the actual ion 

concentrations in the plasma. A Tektronix 500 MHz digital oscilloscope 
is used to measure the current and voltage waveforms both at the 
cathode as well as at the substrate. 

The film composition is obtained from time-of-flight elastic recoil 
detection analysis carried out in a tandem accelerator with a 36 MeV 
127I8+ probe beam incident at 67.5◦ with respect to the surface normal of 
sample. Recoils are detected at 45◦. A Zeiss LEO 1550 scanning electron 
microscope (SEM) is used to obtain the film’s thickness and cross- 
sectional morphology. A θ-2θ X-ray diffraction (XRD) scan is carried 
out using a PANalytical Empyrean diffractometer to determine crystal 
structure and orientation. Plan-view transmission electron microscopy 
(TEM) analyses are carried out in a monochromated and double- 
corrected FEI Titan3 60–300 electron microscope operated at 300 kV. 
The TEM specimens are prepared by the focused ion beam method using 
a Carl Zeiss Cross-Beam 1540 EsB system. 

Nanoindentation hardness and elastic modulus of the film are 
determined in an Ultra-Micro Indentation System equipped with a sharp 
Berkovich diamond tip calibrated using a fused-silica standard. For the 
hardness H and elastic modulus E measurements, the film is indented 
using a fixed load of 12 mN, while indention depths are maintained 
below 10% of the film thickness. The results are analyzed using the 
Oliver and Pharr method [19]. The E value is calculated from the 
reduced elastic modulus using the diamond indenter’s elastic modulus 
(1141 GPa) and Poisson’s ratio ν = 0.07. The ν value of Ti1-xHfxBy is 
unknown, but estimated here based upon a linear interpolation between 
ν for TiB2 (~0.11 [20]) and ν for HfB2 (~0.16 [21]), which is ~0.13. The 
reported hardness and elastic modulus values are averages obtained 
from 40 indentations. 

3. Results and discussion 

Time-dependent intensities of energy-integrated Hf+, B+, and Ar+

ion fluxes incident at the substrate plane during and after 100-μs HfB2- 
HiPIMS pulses, with an average HfB2-target power of 2200 W and peak 
current density JT,peak of ~1.1 A/cm2, are plotted in Fig. 1. During the 
time when the synchronized − 300-V substrate bias is applied, 30–230 μs 
following the HiPIMS pulse initiation, the B+ ions are the first significant 
ion fraction reaching the substrate (from 30 to 80 μs), and then, the 
plasma is dominated by the Hf+ ion flux (from 80 to 230 μs after the 

Fig. 1. Time evolution of energy-integrated Hf+, B+, and Ar+ ion fluxes inci
dent at the substrate plane during and after a 100-μs HfB2-HiPIMS pulse, in 
which the HfB2 target is sputtered at an average power of 2200 W. The 
continuous grey line, with no data symbols, is the HfB2-target current density JT 
as a function of time t. The peak HfB2-target current density JT,peak is ~1.1 A/ 
cm2. A substrate bias Vs of − 300 V is synchronized with the target-ion-rich 
portion of each pulse (from 30 to 230 μs after the HiPIMS pulse initiation). 
Data points correspond to the number of ions collected during the interval from 
(t-5) to (t+5) μs. 
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HiPIMS pulse initiation). The time delay observed between the B+ and 
Hf+ ion fluxes irradiating the substrate position is mainly attributed to 
the longer time-of-flight of the Hf+ ions, as Hf is significantly heavier 
than B (mHf = 178.5 amu and mB = 10.8 amu) [22]. The pre-dominance 
of the Hf+ ions is due to strong gas rarefaction and quenching of 
electron-energy distribution [23] since the first-ionization potential of 
Hf (6.8 eV [24]) is lower than the first-ionization potentials of B (8.3 eV 
[24]) and Ar (15.8 eV [24]) as well as the second-ionization potentials of 
Hf (14.9 eV [24]), B (25.2 eV [24]), and Ar (27.6 eV [24]). The Hf2+/Hf+

ratio during the 200-μs synchronized substrate bias is 0.078. 
The hybrid HfB2-HiPIMS/TiB2-DCMS film growth results in the 

Ti0.67Hf0.33B1.7 films. The total concentration of carbon, nitrogen, and 
oxygen is ~0.9 at%. The Ar concentration is ~1.0 at%. The high Ar 
concentration in the Ti0.67Hf0.33B1.7 thin film is due to the overlap be
tween the Ar+ and Hf+ ion fluxes in the time interval 90–230 μs, i.e., 
during the time when the substrate is biased at − 300 V (cf. Fig. 1). 

Fig. 2 presents cross-sectional and plan-view SEM images of 
Ti0.67Hf0.33B1.7 thin film. The film has an average thickness of ~1100 
nm. The cross-sectional SEM image, Fig. 2(a), exhibits that 
Ti0.67Hf0.33B1.7 has a dense structure, while the plan-view SEM image in 
Fig. 2(b) indicates that the Ti0.67Hf0.33B1.7 film has a smooth surface. 
The formation of the dense structure with such a smooth surface, which 
results in less impurity incorporation from atmosphere exposure, is 
attributed to the high atomic mobility induced during the low- 
temperature growth by bombarding the growing film with energetic 
heavy Hf+ ions generated by HiPIMS sputtering of the HfB2 target. 
Neutralized Ar ions backscattered from the HfB2 target surface may also 
contribute to the film’s densification; however, such contribution is 
much smaller compared to DCMS because Ar sputtering occurs for a 
short initial fraction of the HiPIMS pulse, before the transition to metal- 
dominated plasma. Intensive Ar rarefaction that takes place during the 
later phase is expected to further reduce the flux of backscattered 

neutrals [22]. Hence, the dominant densification effect is due mainly to 
the high-mass-ion irradiation. The negligible role of backscattered Ar 
neutrals in densification of DCMS-deposited layers is further supported 
by experiments involving Ta target (similar mass to Hf) to grow 
Ti0.92Ta0.08N and Ti0.41Al0.51Ta0.08N films without external heating [6, 
17]. Switching from Ta-HiPIMS to Ta-DCMS in the same target config
uration resulted in a complete loss of densification effects. 

The XRD θ-2θ scan from the Ti0.67Hf0.33B1.7 thin film is shown in 
Fig. 3. Vertical solid and dashed lines correspond to reference powder- 
diffraction peak positions for TiB2 [25] and HfB2 [26], respectively. 
The peak at 41.7◦, indicated with a diamond symbol, arises from the 
Al2O3(0001) substrate. The other broad peaks appearing at 26.4◦ and 
54.5◦ originate from the hexagonal AlB2-type structure and correspond 
to (0001) and (0002) planes, respectively. The XRD result reveals that 
Ti0.67Hf0.33B1.7 forms a solid solution with a highly preferred crystallo
graphic orientation along the [0001] direction. 

Plan-view bright-field and dark-field TEM images, together with 
corresponding selected-area electron diffraction (SAED) pattern, of the 
Ti0.67Hf0.33B1.7 thin film are shown in Fig. 4. The bright-field and dark- 
field TEM images, Fig. 4(a) and (b), reveal that the Ti0.67Hf0.33B1.7 layer 
has a fully-dense nanostructure with no discernible porosity. Individual 
crystalline columns exhibit non-uniform, speckled contrast that is an 
indication of strained, distorted lattice as a result of residual ion- 
irradiation induced damage. The SAED pattern in the inset of Fig. 4(a) 
indicates that the Ti0.67Hf0.33B1.7 columns are highly oriented along the 
growth direction [0001], characterized by a dominant 1010 signal in 
plan-view and missing 000l reflections, which is consistent with the XRD 
result in Fig. 3. While the densification effects demonstrated herein 
concerned films grown on sapphire substrates, we foresee the trans
ferability to other substrates like for cutting tools as the governing 
process factor is the interaction of heavy-mass Hf+ irradiation with the 
TiB2 film. 

To elucidate the mechanism of heavy-mass-ion-bombardment- 
induced densification, we carried out TRIM [27] simulations of 
300-eV Hf ions impinging on Ti0.67Hf0.33B1.7. The effect of lower-mass 
ion irradiation present during the 200-μs bias pulses (B+ and Ar+, see 
Fig. 1) is also simulated, but due to their lower ion fluxes involved, it is 
small and therefore not discussed further. Fig. 5 shows the depth dis
tributions of subplanted Hf projectiles, along with those for Ti, Hf, and B 
recoils. The heavy Hf ions produce a significant number of low-energy 
lattice recoils; ~5.1 recoils are generated per incident ion, from which 
~1.9 are B recoils, ~2.1 are Ti recoils, and ~1.1 are Hf recoils. Due to 
the large mass mismatch, the B recoils have lower energy and remain 
closer to the surface with the projected range plus straggle of ~1.5 nm, 
while the corresponding values for the Ti and Hf recoils are ~2.0 and 

Fig. 2. Cross-sectional and plan-view SEM images of Ti0.67Hf0.33B1.7 thin film 
grown without external heating at the substrate temperature lower than 100 ◦C. 

Fig. 3. The XRD θ-2θ scan of Ti0.67Hf0.33B1.7 thin film grown without external 
heating at the substrate temperature lower than 100 ◦C. 
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~2.2 nm, respectively. Thus, the region of intense recoil mixing induced 
by the Hf ions can be divided into two sub-regions: (i) a sublayer with a 
thickness of below ~1.5 nm (region A in Fig. 5), in which all target 
atoms are displaced, and (ii) a sublayer with a thickness between ~1.5 
nm and ~2.2 nm (region B in Fig. 5), in which the cation recoils (Ti and 
Hf) are dominant. In addition to different regions of the recoil genera
tion, the energy transferred to the recoils is also strongly dependent on 
their masses. The maximum energy transfer in binary head-on collisions 
of Hf with target atoms (γ) can be calculated by 

γ = 4mHf mT
/ (

mHf + mT
)2
, (1)  

where mHf and mT are the masses of incident Hf ions and target atoms 
involved in the collision, respectively [28]. The γ value increases from 
0.22 for B (mB = 10.8 amu) to 0.67 for Ti (mTi = 47.9 amu) and 1 for Hf 

(mHf = 178.5 amu). Hence, the ion energy is predominantly transferred 
to the cation (Ti and Hf) sublattice. The B recoils receive 25% of the 
deposited energy, while the Ti and Hf recoils absorb 45% and 30% of the 
energy, respectively. The high-mass Hf projectiles, which scatter rela
tively little sideways, penetrate beyond the region of intense recoil 
mixing (regions A and B) and contribute to an additional densification of 
the films (region C in Fig. 5). As a result, the heavy Hf+ ion irradiation 
leads to the film densification with intense ion mixing of the metal 
atoms. 

The nanoindentation hardness H of the Ti0.67Hf0.33B1.7 film is ~41.0 
GPa and is ascribed to the dense nanostructure, solid-solution formation, 
and defect hardening. The latter results from the intense ion-irradiation- 
induced lattice damage with local distortions in atomic positions. The 
nanoindentation elastic modulus E is ~441.0 GPa, which is lower than 
the elastic modulus of bulk TiB2 (~565 GPa [20]) and Ti0.67Hf0.33B2 
(~540 GPa, estimated from Vegard’s law), due to a large number of 
ion-irradiation-induced defects as well as the lower-density column 
boundaries compared to the single-crystal sample. 

4. Conclusions 

We report the growth of dense Ti0.67Hf0.33B1.7 thin films without 
external heating by hybrid HfB2-HiPIMS/TiB2-DCMS co-sputtering in 
pure Ar on Al2O3(0001) substrates. Applying a substrate bias potential of 
− 300 V during the target-ion-rich portion of each HiPIMS pulse results 
in a significant energy and momentum transfer to the growing film 
causing effective low-energy recoils generation. Hence, the decreased 
atomic mobility due to the low-temperature growth is compensated by 
heavy-mass ion irradiation that leads to the growth of a dense and 
smooth Ti0.67Hf0.33B1.7 thin films with a hardness of ~41.0 GPa. These 
results prove that the novel thin film growth method previously 
demonstrated for reactively-sputtered transition metal (TM) nitrides, 
works also for TM diborides sputtered from compound targets. Hence, 
the prospects for significant energy saving by means of eliminating 
process heating requirements are not limited to one particular class of 
materials. Additional benefit is that the process envelope can be 
extended to cover film growth on temperature-sensitive substrates. 
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Fig. 4. Plan-view (a) bright-field, with corresponding SAED pattern in inset, 
and (b) dark-field TEM images of Ti0.67Hf0.33B1.7 thin film grown without 
external heating at the substrate temperature lower than 100 ◦C. 

Fig. 5. Depth profiles of Hf projectiles together with Ti, Hf, and B recoils during 
hybrid HiPIMS/DCMS co-sputtering of Ti0.67Hf0.33B1.7 obtained using 
TRIM2013 calculations. 
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