
Surface & Coatings Technology 459 (2023) 129389

Available online 6 March 2023
0257-8972/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Evolution of microstructure and properties of TiNbCrAlHfN films grown by 
unipolar and bipolar high-power impulse magnetron co-sputtering: The 
role of growth temperature and ion bombardment 

Hao Du a,c,d,*, Rui Shu b, Robert Boyd a, Arnaud le Febvrier b, Ulf Helmersson a, Per Eklund b, 
Daniel Lundin a,* 

a Plasma and Coatings Physics Division, Department of Physics, Chemistry, and Biology (IFM), Linköping University, Linköping SE-581 83, Sweden 
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A B S T R A C T   

Growth temperature (Ts) and ion irradiation energy (Ei) are important factors that influence film growth as well 
as their properties. In this study, we investigate the evolution of crystal structure and residual stress of TiNb-
CrAlHfN films under various Ts and Ei conditions, where the latter is mainly controlled by tuning the flux of 
sputtered Hf ions using bipolar high-power impulse magnetron (BP-HiPIMS). The results show that TiNbCrAlHfN 
films exhibit the typical FCC NaCl-type structure. By increasing Ts from room temperature to 600 ◦C, the film 
texture changes from high-surface-energy (111) to low-surface-energy (100) accompanied by a higher crystal-
linity in the out-of-plane direction and a more disordered growth tilt angle to the surface plane. In addition, 
compressive stress decreases with increasing Ts, which is ascribed to changes in the film growth both in the early 
and post-coalescence stages and more tensile thermal stress at elevated Ts. In contrast, a clear texture transition 
window is seen under various Ei of Hf+ ions, i.e., high-surface-energy planes change to low-surface-energy planes 
as Ei exceeds ~110 eV, while low-surface-energy planes gradually transform back to high-surface-energy planes 
when Ei increases from 210 to 260 eV, indicating renucleation events for Ei > 210 eV. Compressive stress in-
creases with increasing Ei but is still lower than that of a reference series with DC substrate bias UDC = − 100 V. 
The study shows that it is possible to tailor properties of FCC-structured high-entropy nitrides by varying Ts and 
Ei in a similar fashion to conventional transition metal nitrides using the approach of unipolar and bipolar 
HiPIMS co-sputtering.   

1. Introduction 

Refractory transition-metal nitride (TMN) thin films, e.g., TiN- and 
CrN-based films, are employed as protective coatings in a wide variety of 
applications [1,2]. Requirements for protective coatings used in harsh 
tribological environments include high thermal stability and good me-
chanical properties. High-entropy nitrides (HENs) have attracted 
considerable interest since they fulfill these requirements [3,4]. HENs 
have five or more principal cations of equal (or nearly equal) molar 
fractions with a single-phase and an ideal mixing entropy term (S) that is 
greater than ~1.6R, where R is the gas constant, according to Gibb’s free 

energy equation G = H − TS [5,6]. The TiAlCr-based HENs show 
elevated hardness [7–9], thermal stability [7,10–13], corrosion resis-
tance [14,15], and tribological performance [9,11,14,16,17] as 
compared to traditional TMNs, and are promising candidates for a new 
generation of protective coatings. 

During film growth, a ratio between the substrate growth tempera-
ture Ts and the melting temperature Tm of Ts/Tm ≳ 0.3 is typically 
required to provide enough adatom mobility in order to obtain dense 
films with a low total volume of grain boundaries, or low density of 
defects in the grain boundaries [18,19]. An alternative approach to 
achieve adatom mobility is to increase the kinetic energy of the ion flux 
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onto the growing film plane and thereby obtain atomic scale heating 
[19–21]. 

TiNbCrAlHfN belongs to the TiAlCr-based HENs, where the mass of 
the sputtered metal species varies from 27.0 amu for Al to 178.5 amu for 
Hf. The melting temperature of the different binary TMNs in TiNb- 
CrAlHfN ranges from 1773 K (CrN) to 3310 K (HfN). Such large varia-
tions in mass and melting temperature increase the complexity during 
film growth for any given Ts and/or ion irradiation energy (Ei). In 
particular, the mass of the bombarding ions significantly influences film 
growth and properties, e.g., the energetic bombardment from low-mass 
ions extends the formation of the solid-solution beyond the typical 
composition window [22,23], dense films can be obtained by ion 
bombardment from high-mass ions without external heating [21], and 
compressive stress can decrease through selective metal ion acceleration 
[24,25]. It is of great interest to investigate the evolution of micro-
structure and properties under varied Ts and Ei from a carefully 
controlled set of ions. 

In this work, the crystal structure, morphology, and residual stress of 
TiNbCrAlHfN films under varied Ts and Ei were investigated. The effect 
of Ts was investigated in unipolar high-power impulse magnetron 
sputtering (hereon denoted Uni-HiPIMS) by increasing Ts from RT to 
600 ◦C. For the study of Ei, generation as well as acceleration of the 
imping ion flux was achieved by using a Uni-HiPIMS and bipolar HiPIMS 
(BP-HiPIMS) co-sputtering configuration at room temperature. BP- 
HiPIMS can be used to provide ion acceleration of the species in front 
of the growing film plane, and the acceleration energy can be tailored by 
changing the magnitude of the applied positive reversed voltage on the 
target without using synchronized substrate bias [26,27]. Therefore, in 
this configuration predominantly Hf+ ions were accelerated by gener-
ating BP-HiPIMS discharges at a single-element Hf target and Uni- 
HiPIMS discharges at a TiAlCrNb multicomponent target. As a refer-
ence to the Ei study, Uni-HiPIMS discharges for both targets accompa-
nied by a DC substrate bias of UDC = − 100 V were carried out. 

2. Experimental details 

2.1. Thin film synthesis 

The TiAlCrNbHf nitride films were grown in an ultra-high vacuum 
sputtering system VC1 (vacuum chamber 1) with a base pressure of ~8 
× 10− 6 Pa. Two 3-in. circular magnetrons with a coupled magnetic field 
were used and were placed at an angle of 50◦ and a distance of 11 cm to 
the substrate surface plane. A Ti25Al25Cr25Nb25 multicomponent (MC) 
target (99.95 % purity, provided by Plansee AG1) and a Hf single- 
element target (99.99 % purity) were used for deposition. The MC and 
Hf targets were powered by a Uni-HiPIMS unit (HiPSTER 6, Ionautics) 
and a BP-HiPIMS unit (HiPSTER 1 BiPolar, Ionautics), respectively. The 
BP-HiPIMS unit could also be operated in unipolar HiPIMS mode. 

One-side polished silicon (100) substrates with a size of 10 × 10 ×
0.5 mm were used in the experiments. All the substrates were cleaned 
with acetone and isopropanol in an ultrasonic bath for 10 min sequen-
tially and then blown dry with nitrogen. For depositions Ts > RT, the 
substrates were preheated for an hour to obtain a stable temperature. No 
plasma etching was applied on the substrate prior to the deposition. 
During deposition, the N2/Ar gas flow rates (N2: 12 sccm, Ar: 22 sccm) 
were maintained, and corresponded to a total working gas pressure of 
0.4 Pa (3 mTorr). 

The films were grown using two different HiPIMS configurations (C1 
and C2) during which the MC target was always powered by Uni- 
HiPIMS:  

– (i) C1: A series of films grown at different substrate temperatures (Ts) 
and where the Hf target was powered by Uni-HiPIMS. Ts was set to 
RT, 200, 400, and 600 ◦C. The onset of the main HiPIMS pulses for 
the MC and Hf targets were synchronized.  

– (ii) C2: A Uni- and BP-HiPIMS co-sputtering series, where BP-HiPIMS 
was applied on the Hf target to control the acceleration energy of 
ionic species generated during the discharge of the Hf target. The 
length of the positive reversed pulse applied on the Hf target 

(
τHf
+

)

was 100 μs and the positive reversed voltage (Urev) was varied in the 
range 50, 100, 120, 200, and 250 V. The main HiPIMS pulse delay 
between the MC and Hf targets was set to 20 μs (see the voltage 
waveforms for both MC and Hf targets in Fig. 1) to ensure that we 
mainly accelerated Hf+ ions. All the films in this series were grown at 
near RT (non-intentional heating). As a benchmark to C2 series, a 
film was grown under identical conditions except for the Uni- and 
Uni-HiPIMS configuration and a DC substrate bias UDC = − 100 V was 
applied, to accelerate the ion fluxes generated from both targets. 

For both series, the average power of the MC and Hf targets were 
kept at 200 and 50 W, respectively, and the pulsing frequencies were 
synchronized and set to 1000 Hz. The pulse length of the negative main 
HiPIMS pulse for the MC target 

(
τMC
−

)
and Hf target 

(
τHf
−

)
was kept at 20 

μs. The discharges were synchronized using a synchronization unit 
(HiPSTER Sync Unit, Ionautics). All the substrates were kept at ground 
potential except for the UDC = − 100 V sample. Films were deposited 
during 120 min. In C1, the Uni-HiPIMS/Uni-HiPIMS co-sputtering setup 
resulted in a peak discharge current of ~87A (peak current density of 1.9 
A/cm2) on the MC target and 22 A (peak current density of 0.5 A/cm2) 
on the Hf target for the films grown at different Ts. In C2, a peak current 
of 104 A (peak current density of 2.3 A/cm2) on the MC target and 16 A 
(peak current density of 0.35 A/cm2) on the Hf target were obtained for 
the Uni-HiPIMS/BP-HiPIMS co-sputtering configuration, also including 
the UDC = − 100 V sample (see Fig. S2). 

2.2. X-ray diffraction 

The crystal structure was evaluated by X-ray diffraction (XRD) θ-2θ 
measurements with a Panalytical X’Pert PRO diffractometer (Malvern 

Fig. 1. Target voltage Ud on the Ti25Al25Cr25Nb25 multicomponent (MC) and 
the Hf targets during deposition of the second film series (C2) focusing on ion 
acceleration. The Uni-HiPIMS discharge on the MC target (marked as Uni- 
HiPIMS MC) started at t = 0 μs, whereas the main BP-HiPIMS pulse on the Hf 
target started at the end of the main HiPIMS pulse on the MC target (t = 20 μs). 
The voltage of the positive reversed pulse Urev for the Hf target was set to 50, 
100, 120, 200, and 250 V, respectively. 

1 The MC target was manufactured in vacuum at 1250 ◦C by spark plasma 
sintering using TiAl intermetallic powder, Nb powder, and Cr powder. 
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Panalytical) in a Bragg-Brentano geometry. The XRD diffractometer was 
operated using Cu Kα radiation (λ = 1.540597 Å) in line focus, and a Ni 
filter was applied. The step size was 0.008◦ and dwell time per step was 
19.7 s for all the scans. 

Pole figure measurements were carried out on a Philips X’Pert MRD 
system with a Cu Kα radiation source in point focus. The scans were 
performed at ψ angles ranging from 0 to 85◦ and φ angles between 0 and 
360◦ with a step size of 5◦. 

The residual stress (σ) was evaluated from substrate curvature 
measurements using an XRD diffractometer (Panalytical Empyrean 
diffractometer, Malvern Panalytical) in point focus, and equipped with 
an X-ray lens and a 3-bounce Ge (220) monochromator as incident and 

diffracted optics, respectively. A series of omega scans around the 004 
peak of the Si substrate at different coordinates (each 1 mm along the x- 
axis) was carried out and the in-plane residual stress of the films was 
estimated using Stoney’s formula: 

σf =
Ms × ts

2

6Rs × tf  

where Ms is the biaxial modulus of Si (100), 180 GPa, Rs is the substrate 
curvature, tf and ts are the thickness of film and substrate, respectively. 
To determine Rs, the shift of the Si 004 peak at a set of symmetrical 
positions with the distance of 1 mm from the center of samples in the x- 
direction was measured by omega scans. 

Fig. 2. (a) θ-2θ x-ray diffractograms and (b) average lattice constants a of TiNbCrAlHfN films grown at a temperature Ts of RT, 200, 400, and 600 ◦C. a is averaged 
from the lattice constants of all planes determined by the θ-2θ x-ray diffraction. (c) FCC structured 111 and 200 pole figures of the films grown at Ts of RT and 600 ◦C. 

Fig. 3. Surface and cross-sectional SEM micrographs of TiNbCrAlHfN films grown at a temperature Ts of (a) RT, (b) 200, (c) 400, and (d) 600 ◦C.  
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2.3. Film morphology 

Surface and cross-sectional morphologies were measured by a 
scanning electron microscope (SEM, LEO Gemini 1550, Zeiss) using an 
acceleration voltage of 5.0 kV. Three samples (Ts = 400 ◦C from C1, and 
UDC = − 100 V and Urev = 250 V from C2) were chosen for more detailed 
microstructural investigation by (scanning) transmission electron mi-
croscopy (TEM). The cross-section specimen for TEM examination was 
prepared by mechanical grinding followed by Ar+-ion milling using a 
Gatan 691 Precision Ion Polishing System. Initially, the incident angle 
and energy of the Ar+ were set at 5.5◦ and 4.0 keV, respectively. During 
the final step, the incident energy of Ar+ was decreased to 2.5 keV. STEM 
and TEM characterization was conducted in a FEI Tecnai G2 TF20 UT 
instrument with a field emission gun operated at 200 kV. 

3. Results 

3.1. Growth temperature at ground potential 

Fig. 2(a) shows the X-ray diffractograms of the TiNbCrAlHfN films 

grown on Si(100) at RT, 200, 400, and 600 ◦C. All the films exhibit re-
flections attributed to an FCC NaCl-type phase structure. The film grown 
at RT shows a (111) preferred orientation, whereas the films grown at 
elevated temperatures show a (100) preferred orientation with a peak 
located at ~41◦. The average lattice constant a significantly decreases as 
Ts increases from RT to 400 ◦C while similar lattice constants are 
observed for Ts = 400 ◦C and Ts = 600 ◦C. As compared with the esti-
mated theoretical lattice constant of 4.257 Å for FCC-structured 
(Ti0.2Nb0.2Cr0.2Al0.2Hf0.2)N, all the as-deposited films exhibit a higher 
a. Note that the theoretical lattice constant for (Ti0.2Nb0.2Cr0.2Al0.2Hf0.2) 
N is calculated by averaging the unstrained lattice constants of the 
constituent binary nitrides. To further investigate the texture evolution 
with increasing temperature, pole figures for 111 and 200 were acquired 
for selected films, as shown in Fig. 2(c). The films grown at RT and 
600 ◦C exhibit (111) and (100) fiber-textures in an out-of-plane orien-
tation, respectively. In addition, the ring on the pole figure 111 of the 
film grown at Ts = 600 ◦C shows a diffuse characteristic as compared 
with that of 200 for Ts = RT, indicating a more disordered growth tilt 
angle of the preferred plane to the out-of-plane direction for the film 
grown at elevated Ts. 

Fig. 4. Cross-sectional TEM micrograph of the TiNbCrAlHfN films grown at 400 ◦C. (a) and (b) low-magnification TEM images. Inset of (a) is the SAED pattern taken 
from the middle area of the film. (c) elemental mappings corresponding to Ti, Nb, Cr, Al, Hf, and N for a region containing two column grains. The contrast dif-
ferences seen in the HAADF are due either to minute compositional modulation between the grains (too small for EDS to detect) or crystallographic orienta-
tion variations. 
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Fig. 3 shows the top-view and cross-sectional SEM images for the 
TiNbCrAlHfN films grown at various temperatures. All the films exhibit 
columnar grain structures, and the evolution of film morphology with 
increasing Ts indicates an increase of lateral grain size followed by 
changes in film surface structure. This is in line with the growth of 
typical binary TMN films at different Ts/Tm which has been described 
elsewhere [18]. To get a better understanding of the crystal structure 
and morphology of the TiNbCrAlHfN films grown at elevated tempera-
tures, cross-sectional TEM images together with their corresponding 
SAED patterns and elemental mappings of the film grown at Ts = 400 ◦C 
were obtained and shown in Fig. 4. A pronounced columnar growth is 
seen from the TEM micrographs shown in Fig. 4(a) and (b), in agreement 

with Fig. 3(c). The ring SAED pattern could be indexed to a FCC NaCl- 
type structure (see Fig. 4(a)). In addition, localized 200 reflections are 
seen from the SAED pattern showing the expected film orientation. No 
segregation of film constituting elements is seen between grain and 
grain boundary as shown in Fig. 4(c). 

The residual stress (σ) of the films grown at increasing growth tem-
perature Ts is shown in Fig. 5. The compressive stress decreases from 
2.66 to 1.54 GPa with Ts increasing from RT to 600 ◦C. Note that the 
values of σ shown in Fig. 5 include the intrinsic stress in the film as well 
as the thermal stress generated due to the differences in thermal 
expansion between the grown film and the Si substrate. This is further 
discussed in Section 4.1. 

Fig. 5. Residual stress σ of TiNbCrAlHfN films grown at a temperature Ts of RT, 200, 400, and 600 ◦C.  

Fig. 6. (a) θ-2θ x-ray diffractograms and (b) average lattice constants a of TiNbCrAlHfN films grown at RT with the positive reversed voltage Urev increased from 50 
to 250 V as well as the benchmark sample with a DC substrate bias voltage UDC of − 100 V. a is averaged from the lattice constants of all planes determined by the θ-2θ 
x-ray diffraction. (c) FCC structured 111 and 200 pole figures for the films grown by Uni-HiPIMS and BP-HiPIMS co-sputtering with Urev of 100 V and 250 V. 
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3.2. Energetic ion bombardment at room temperature 

As seen from the out-of-plane x-ray diffractograms in Fig. 6(a), all 
films are comprised of the NaCl-type TMN phase with the presence of 
several reflections, i.e., 111, 200, 220, and 311, which differs depending 
on the deposition conditions. For the film grown under low ion bom-
barding energy (Urev = 50 V), the relative intensity of the peak 220 
reveals a preferred growth orientation along the [110] direction. In 
contrast, film growth preferentially occurs along the [100] for the films 
grown with Urev of 100 and 120 V and changes to along the [111] and/or 
[311] direction when the amplitude of Urev increases above 200 V. The 
absolute intensity of the 111 peak is significantly increased (see the 
diffractogram of the film grown with Urev = 250 V), indicating renu-
cleation and the improvement of crystallinity during film growth under 
elevated ion bombardment energy. For the UDC = − 100 V film, only the 
200 peak is observed at a shifted to lower 2θ angle position (2θ =
~40.8◦) compared to that of the film grown at Urev = 100 V (2θ =
~41.0◦). The observed changes in crystal growth can be explained by 
the acceleration of a higher amount of ionic species for UDC as compared 
with the ions in vicinity of the substrate during Urev [28,29]. As seen in 
Fig. 6(b), a increases as Urev increases from 50 V to 200 V, which is 
followed by a significant decrease for the film grown at Urev = 250 V. 
The films subjected to energetic ion bombardment show higher a as 
compared with the Ts series (Fig. 2(b)) as well as the estimated theo-
retical lattice constant (see Section 3.1). X-ray pole figures taken from 
the 111 and 200 reflections for the TiNbCrAlHfN films grown at Urev =

100 and 250 V are shown in Fig. 6(c). The pole figures clearly show the 
transformation window of the texture with increasing bombarding en-
ergy, i.e., the dominant texture changes from (111) and (311) to (200) 
with the increase of ion bombarding energy (also compare the Ts = RT 
case in Fig. 2(a) and the Urev = 100 V case in Fig. 6(a)). Note that the 
texture transforms from (200) back to (111) and (311) under excessive 
bombarding energy (Fig. 6 (a)). The films show rotational symmetric 
pole figures, correlated with the fiber texture in the growth direction, 
and the more diffuse characteristics are seen for the film grown at Urev =

100 V. 
Top- and cross-sectional views of the TiNbCrAlHfN films grown with 

Urev from 50 to 250 V and UDC = − 100 V are shown in Fig. 7. The cross- 
sectional SEM micrographs for the films grown at Urev = 50–120 V and 

UDC = − 100 V show columnar structure. As Urev increases up to 200 and 
250 V, the columnar grains are replaced by equiaxed grains, indicating 
renucleation events under high energetic ion irradiation, and is in good 
agreement with the XRD results shown in Fig. 6. The changes in surface 
morphology of the films (see Fig. 7) also follows the changes of preferred 
orientation shown in the X-ray diffractograms, while no typical 
morphology for films grown under low mobility, e.g., no top surface 
fractal geometry, is observed for the film, due to the wide ion energy 
distribution of HiPIMS sputtered species [30,31]. In addition to the 
changes in the film morphology, the increase of Urev from 50 to 250 V 
results in a decrease of film growth rate (Rg), as seen in the cross- 
sectional morphology in Fig. 7 and the estimated Rg in Fig. S1 (b). The 
UDC = − 100 V case shows lower Rg compared to the Urev = 100 V case. 

For an in-depth investigation of the crystal structure and morphol-
ogies of films grown at Urev = 100 V and 250 V, cross-sectional TEM 
characterization was carried out and shown in Fig. 8. For the film grown 
under Urev = 100 V, the dense columnar structure is seen in the bright- 
field TEM micrographs (Fig. 8 (a) and (b)). As Urev increases from 100 to 
250 V, the intragranular defect concentration increases as indicated by 
dark features within the grains, followed by a higher density of grain 
boundaries and a decrease of Rg (Fig. 8 (a) and (d)), which is consistent 
with the typical growth change of TiN under elevated ion bombarding 
energy [32]. All the selected area electron diffraction (SAED) patterns 
consist of 111, 200, 220, and 311 reflections, and the rings are 
composited by discrete spots indicating high texturing features of the 
grown films. Comparing the HRTEM images and corresponding fast 
fourier transform (FFT) patterns (Fig. 8c and f), the crystallinity of the 
Urev = 250 V sample is higher than the Urev = 100 V sample, which is 
consistent with the intensity of their corresponding XRD patterns in 
Fig. 6. 

The residual stresses (σ) of TiNbCrAlHfN films grown under varied 
Urev as well as UDC = − 100 V are shown in Fig. 9. Compressive stress is 
observed for all the films, and the amplitude of compressive stress in-
creases with the increase of applied Urev. It is also clearly shown that the 
compressive stress increases rapidly following the increase of Urev. In 
addition, the UDC = − 100 V film exhibits a higher compressive stress 
compared to the Urev = 100 V, 120, and 200 V films. 

Fig. 7. Surface and cross-sectional SEM micrographs of TiNbCrAlHfN films grown at RT with (a)-(e) a positive reversed voltage Urev from 50 to 250 V and (f) with a 
DC substrate bias voltage UDC of − 100 V. 
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4. Discussion 

4.1. Evolution of crystallographic texture, morphology, and residual stress 

All the results show both similarities and differences in the effects of 
growth temperature and ion irradiation energy on the evolution of 
morphology and residual stress of TiNbCrAlHfN films. In the case where 
nitride films are of FCC NaCl-type structure, the growth at low Ts results 
in a porous columnar structure with a fine fiber texture due to insuffi-
cient adatom surface mobility [33]. The preferred growth of (111) 
grains at low Ts can be ascribed to the limited surface diffusivity and 
adatom potential energy, where a longer resident time of cations in-
creases the probability of their incorporation on the (111) plane. In 
contrast, as Ts increases the surface diffusivity increases and thus in-
duces the evolution of preferred growth orientation toward low-surface- 
energy planes, e.g., the (100) plane, with higher film crystallinity and 
pronounced columnar structure [18,34]. The growth of TiNbCrAlHfN 
films is in line with the conventional NaCl-structured nitride films grown 
at high Ts where the crystallinity of the film increases with increasing Ts 
accompanied with a growth direction change from [111] to [100] (see 
Fig. 2). As film composition does not significantly change when 
increasing Ts and the changes of σ does not follow the film composition 
deviation, we attribute the observed decrease of compressive stress with 
increasing Ts to larger nucleation sites and higher coalescence rates of 
islands in the early growth stage of the film, and higher grain boundary 

mobility in the post-coalescence stage [35]. The changes in the film 
growth at increasing Ts result in larger grain size and lower grain 
boundary density, and thus decrease the preferential incorporation re-
gions for compressive-stress-generating atoms [36,37]. In addition, the 
residual stress shown in Fig. 5 is a combination of intrinsic stress 
(induced by film growth) and thermal stress induced during the tem-
perature decrease after deposition. As such, a higher Ts can generate 
higher tensile thermal stress during sample cool-down, thus yielding a 
lower overall mechanical stress in the film at room temperature, and 
may therefore partially contribute to the observed decrease of 
compressive stress [38,39]. 

An increase in ion energy facilitates adatom diffusivity and grain 
boundary mobility at low temperatures during film growth, and this will 
lead to the growth of low-surface-energy planes and film densification 
[18,32,35]. However, the densification of TiNbCrAlHfN films resulting 
from an increasingly energetic ion bombardment is followed by an in-
crease of compressive stress (Fig. 9), a decrease of growth rate (Rg) 
(Fig. S1), and film renucleation (Figs. 6 and 8) generated in the post- 
coalescence stage, which is in agreement with studies of binary 
transition-metal nitrides [28,32,40–42]. The increase of film compres-
sive stress when subjected to higher energetic ion irradiation is ascribed 
to the increase in the defect density in the subsurface of growing films. 
The defects, generated by rare gas ions, are usually trapped in the grain 
boundary and as a result, increase the compressive stress [35,36]. Also 
in the present case, we attribute the higher compressive stress under 

Fig. 8. Cross-sectional TEM micrographs of the TiNbCrAlHfN films grown at RT with a positive reversed voltage Urev = 100 V and 250 V. The vertical direction is the 
film growth direction. (a) and (b) low-magnification TEM images for Urev = 100 V sample. Inset of (a) is the SAED pattern taken from the top area of the film. (c) 
HRTEM image of the Urev = 100 V sample with its corresponding FFT pattern. (d) and (e) low-magnification TEM images for Urev = 250 V sample. Inset of (d) is the 
SAED pattern taken from the top area of the film. (f) HRTEM image of the Urev = 250 V sample with its corresponding FFT pattern. 
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higher Urev to a higher defect density of rare gas atoms at the grain 
boundaries based on: i) The compositional deviation of film-forming 
elements, i.e., Ti, Nb, Cr, Al, Hf, and N, does not follow the changes of 
compressive stress (see the chemical composition in Table. S1), and no 
segregation from film-forming elements is seen between grain and grain 
boundary (see elemental mappings in Fig. 4). ii) A higher compressive 
stress is obtained for the UDC = − 100 V case compared to the Urev = 100 
V case, since all the rare gas ions, e.g., Ar+ and Ar2+, are accelerated at a 
constant DC as compared to a more preferential metal ion acceleration 
when using BP-HiPIMS [29]. As for the decrease of Rg, it mainly results 
from re-sputtering due to an increasing sputter yield when increasing 
the average energy of bombarding ions onto the film surface [43]. 

4.2. Ion species and bombarding energy 

It is also important to address ion species accelerated at different 
voltages and configurations, i.e., Urev and UDC. In the case that TiNb- 
CrAlHfN films are grown by Uni-HiPIMS (MC target) and BP-HiPIMS 
(Hf target), the largest fraction of accelerated ions are Hf+. The reason 
is that ion acceleration is achieved by the positive pulse during BP- 
HiPIMS (no substrate bias in this case), which is here delayed by 
approximately 20 μs with respect to the end of the Uni-HiPIMS discharge 
pulse (see Fig. 1). In this way, the main portion of ion flux generated by 
sputtering the MC target using Uni-HiPIMS will reach the substrate 
plane before being accelerated by Urev (see Fig. S3 (a)). This is in line 
with our previous research [27,44] and investigations elsewhere 
[45,46], where it has been observed that the main ion flux reaches the 
substrate plane with a time delay of 5–11 μs (depending on target-to- 
substrate distance) after the end of the HiPIMS discharge pulse. As a 
result, when the 100 μs-long 

(
τHf
+

)
is applied, ionized sputtered species 

from the Hf target are accelerated [30]. Please note that the contribution 
of doubly charged ions, e.g., Ar2+, Hf2+, to the total ion flux is assumed 
to be low (below 5 %) at the chosen peak current density of 0.35 A/cm2. 

This is supported by HiPIMS modeling of Ti discharges exhibiting ion 
density fractions nTi+/nTi2+ of approximately 20 for a peak current 
density of 0.5 A/cm2 [47] and taking into account the higher second 
ionization energy of 14.92 eV for Hf compared to 13.58 eV for Ti. 

To further probe the reasons for the observed changes in film texture 
as well as the onset of renucleation, we estimate the amplitude of the 
bombarding ion energy (Ei) due to Hf+ ions. The primary kinetic energy 
(E0) is obtained from the ion energy distribution function (IEDF), as 
evaluated by mass spectrometry with a grounded orifice (Fig. S3 (b)). 
The IEDF for Hf+ exhibits a peak ion energy below 5 eV followed by a 
high-energy tail that extends up to 70 eV with the main part of the IEDF 
is found at E0 ≲ 10 eV. The energy of the bombarding ions is given by Ei 
= E0 + Eacc, where Eacc is the acceleration energy. For the case where 
Urev and UDC are applied, Eacc can be estimated as Eacc = q(Urev − Us) and 
Eacc = q(Up − UDC), respectively, where q is the ion charge, Us is the 
substrate potential, and Up is the plasma potential. As a result, Ei of Hf+

for Urev of 0, 50, 100, 120, 200 and 250 V are 10, 60, 110, 130, 210, and 
260 eV, respectively, and the change in film texture at Hf+ irradiation 
energy Ei ≳ 210 eV is identified (Fig. 6). As a reference series, for UDC =

− 100 V, all the ions generated in the vicinity of the MC and Hf targets 
obtain Eacc = 100 eV for single-charged ions and 200 eV for double- 
charged ions, and the effect of ion bombardment from additional ionic 
species is clearly seen in the film growth as compared to the Urev = 100 V 
case, i.e., higher crystallinity (Fig. 6), but accompanied by higher 
compressive stress (Fig. 9). 

Finally, it should be noted that there are changes in film composition 
between the Uni-HiPIMS/Uni-HiPIMS series and the Uni-HiPIMS/BP- 
HiPIMS series, where the latter configuration generally results in a 
higher concentration of Hf at the expense of Ti, Nb, Cr, and Al from the 
MC target (see Table S1). We believe that the reason is mainly due to 
changes in peak currents for these two discharge modes, where the Uni- 
HiPIMS/BP-HiPIMS series sees an increase of the peak current on the MC 
target from 86 A to 104 A and a peak current decrease on the Hf target 
from 22 A to 16 A, while maintaining the same discharge power (see 

Fig. 9. Residual stress σ of TiNbCrAlHfN films grown with a positive reversed voltage Urev of 50, 100, 120, 200, and 250 V, respectively, as well as the case with a DC 
substrate bias voltage UDC of − 100 V. 
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Fig. S2). It is well known that the ionization probability scales with peak 
current [48] and an increase in ionization probability leads to a transfer 
of sputtered species from the neutral population to the ion population. 
Only a small fraction of these ions reaches the substrate mainly due to 
ion back-attraction to the target [49]. This means that although an in-
crease in peak current increases the ion fraction of sputtered species, the 
total deposition rate of neutrals and ions decreases [50], which is 
sometimes referred to as the HiPIMS compromise [51]. In the present 
case, this also means that the films grown using the Uni-HiPIMS/BP- 
HiPIMS configuration will experience a slightly lower deposition rate 
of the elements from the MC target (higher ionization fraction) and a 
slightly higher deposition rate of Hf (lower ionization fraction) as 
compared to the Uni-HiPIMS/Uni-HiPIMS configuration. One should 
therefore be careful when directly comparing the film series from these 
two discharge configurations. Comparisons of films within each series is 
straightforward. 

5. Conclusion 

The effect of growth temperature and ion energy on the crystal 
structure and residual stress of TiNbCrAlHfN films was investigated. The 
texture changes from the high-surface-energy (111) to the low-surface- 
energy (100) accompanied by an increase of crystallinity and a 
decrease of compressive stress as Ts increases. In contrast, a clear 
renucleation window is observed as the film is subjected to Hf+ irradi-
ation at Ei ≳ 210 eV, and growth transformation occurs from the (100) 
plane back to high-surface-energy (111) and (311) planes. The increase 
of ion irradiation energy also results in a decrease of growth rate and an 
increase of compressive stress. However, the chosen Uni- and BP-HiPIMS 
configuration still shows a reduction of compressive stress as σ = − 4.2 
± 0.35 GPa is achieved for Urev = 100 V compared with σ = − 5.2 ± 0.55 
GPa for UDC = − 100 V. 
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