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Ti1.xAlxBy films (0.40 < x < 0.76, and 1.81 < y < 2.03) combining good mechanical properties and high-
temperature oxidation resistance are demonstrated. Layers are grown using a hybrid high-power impulse and
dc magnetron co-sputtering employing two target configurations (AlB,-HiPIMS/TiB,-DCMS and TiBy-HiPIMS/
AlB2-DCMS) and no external substrate heating. Near-stoichiometric B content are achieved by co-sputtering two
diboride targets. Time-resolved ion mass spectrometry analyses reveal that the ionization of the DCMS flux (Al) is
much higher during TiB,-HiPIMS/AIB2-DCMS. The effect is caused by the difference in the first ionization po-
tentials and the ionization probabilities of sputtered metals and results in lower B/metal ratios in films grown in
this configuration. The B/metal ratio in the single-phase Ti;.xAlBy decreases with increasing Al content, which is
explained by the change between angular distribution of Ti and Al atoms. Alloying with Al improves the high-
temperature oxidation resistance: the thickness of the oxide-scale forming after 1 h anneal at 800 °C decreases
more than 15 times upon increasing x from 0.36 to 0.74. Ti; xAlxBy films with 0.58 < x < 0.67 offer the best
compromise between high-temperature oxidation resistance and mechanical properties with an average oxide
scale thickness 90-180 nm and the hardness of 34-38 GPa.

1. Introduction

diborides are still lagging, primarily due to difficulties with stoichiom-
etry control, limited fracture toughness [8,9], and poor oxidation

Transition-metal diborides (TMB5) typically crystallize in a hexago-
nal AlB,-type structure (P6/mmm, SG-191) [1], in which the B atoms
form sheets between hexagonal-close-packed TM layers. TMB; exhibit a
unique combination of functional properties such as high melting points
[2], high hardness [3], good wear resistance, and high chemical and
thermal stability [4]. These features, which mainly originate from the
dual ceramic/metallic chemical-bonding nature of TMB, - strong cova-
lent bonding between TM and B atoms and within the B sheets as well as
metallic bonding within TM layers, make TMB, desirable candidates for
cutting tool applications [5,6]. However, compared to widely used TM-
based nitrides [7], the industrial applications of sputter-deposited TM
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resistance [10].

Synthesis of TiBy thin films is commonly carried out using stoichio-
metric TiBy targets in a direct-current magnetron sputtering (DCMS)
system. Mayrhofer et al. [11] showed that such films are over-
stoichometric with B/metal ratio, y, 2.1 <y < 3.2, composed of 001-ori-
ented nanocolumns encapsulated in the amorphous B-rich tissue phase
[12]. Segregation of surplus B to grain boundaries observed within
TiBy-21 layers provides outstanding hardness (H), often above 40 GPa
[13].

Another approach that allows to control of the TiBy stoichiometry is
based on high-power impulse magnetron sputtering (HiPIMS) [14].
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During HiPIMS the power to the magnetron is applied in short (20-100
ps) pulses with high amplitude while maintaining the average power on
the similar level as during conventional DCMS [15-19]. This creates
high density plasma in front of the magnetron thus increasing proba-
bility for electron impact ionization of the sputter-ejected target atoms
[20]. In consequence, a significant portion of the sputtered flux becomes
ionized [21] allowing for precise control of energy and momentum of
film constituents through the application of a substrate bias. With this
method, the B/Ti ratio can be varied from 2.08 to 1.83 by varying the
HiPIMS pulse length at a substrate temperature, T, of 450 °C (while
maintaining all other parameters constant), which results in a large
variation of the peak target current density and, hence, the extent of gas
rarefaction effects [22]. The latter increase with decreasing the pulse
length (increasing the peak target current) such that the film growth
becomes controlled by an ionized fraction of the sputtered material flux
(rather than neutrals as in DCMS) steered then to the substrate to pre-
serve plasma neutrality. Under such conditions, the Ti metal fraction in
the film increases as Ti is overrepresented in the ionized flux due to a
lower ionization potential than that of B [23]. Understoichiometric
TiB1 43 film obtained with this method under the heated substrate con-
ditions at 670 °C consists of columnar grains lacking B segregation at
column boundaries, with the B-deficiency present as Ti-rich planar de-
fects [24], and reveals a nanoindentation superhardness, H = 43.9 & 0.9
GPa [25].

Several deposition approaches launched at the elevated tempera-
tures, including unique co-sputtering target configurations [26,27],
have been widely used to control the composition and microstructure of
alloyed TMB;, films. Monclus et al. [28] co-sputtered nanocrystalline Ti;.
xAlBy films with B/Al ratio = 14.9 from TiAl and TiB; targets at a T;
reaching max. ~ 170 °C and showed that even small incorporation of Al
into the nanocrystalline TiB; layers increased the H to elastic modulus,
E, ratio (H/E), for metal-rich Ti;.xAlxBy with y < 1.60 [29]. Thornberg
et al. [30] sputtered a segmented TiB,-AlB, target in Ar and Kr gas
mixtures at T varying from 230 to 440 °C, and found a decrease in H and
E with increasing the Al/(Ti + Al) content, X, from 0.1 to 0.7, for the B-
deficient Ti;xAlyB1 3. The TipoAlg 1By thin films also showed better
nanoindentation toughness when the B content decreased from y = 1.9
to 1.3. Co-sputtering TiB; and Al targets kept at a T = 180 °C allowed
Stiiber et al. [31] to synthesize a single-phase Ti;.xAliBy solid solutions
withy ~ 2 and 0.1 < x < 0.16 on the cemented carbide substrates, with
H values above 30.8 GPa. A formation of the Al-enriched B-tissue phase
at a T = 240 °C was, in turn, presented in a series of Ti; yAlyBy layers
with a further increased Al fraction, 0.20 < x < 0.45, by Nedfors et al.
[32]. The formation of tissue phase with quenched grain growth in the
in-plane direction results then in the highest H of 39 GPa, demonstrated
for the case of Tig.79Alg.21B2.70 solid solution. Ti; xAlyBy films with even
higher Al content, x =0.3-0.66 and y = 2.07-3.22 were grown at a Ty =
400 °C from TiB; and AlB; targets in the study of Mockute et al. [33]. In
the latter study, an increase in x resulted in a significant drop in H, from
28 GPa with Tig 7oAl .30B3.22 to only 14 GPa with Tig 34Alp 66B2.07 due to
a surface-initiated isostructural phase decomposition into Ti- and Al-rich
diboride domains.

The applications of sputter-deposited TiB, films are, however,
limited due to a poor high-temperature oxidation resistance leading
easily to failure already at 400 °C [34]. The oxidation kinetics of DCMS-
deposited TiBy4 showed a linear type behavior, resulting from the
B20s3(g) oxide phase formation, causing diboride films to be oxidized
with the formation of an ~ 1900-nm oxide scale [35]. To improve the
poor oxidation resistance TMBy alloying with Al [36] or Si [37] was
offered to form a protective alumina- or silica-containing scales which
passivated the surface. As a result, a parabolic oxidation type with a
significantly decreased O diffusion rate at 700 °C up to 8 h was presented
for co-sputtered Al-HiPIMS/TiBo-DCMS Tig ¢gAlg.32B1 35 film alloy at a
Ts ~ 475 °C [35]. However, the inclusion of Al in the as-deposited state
resulted in H decrease, from 43 GPa in the TiBy 4 to 37 GPa for the
Tig.68Alg.32B1.35. Similarly, Si additions at a T of 550 °C result in the
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formation of a dense SiO; scale at the expense of mechanical properties
for TM(CI‘, Ti, W, Hﬂ-sio'ls—Bl'gggygzjz [38].

Thus, alloying TiBy thin films with Al is a promising route toward
improved oxidation resistance. The accompanying deterioration of
mechanical properties stems from poor control over the B stoichiometry
(severe B deficiency) and film nanostructure, primarily when the TiBy
and metal (Al or TiAl) targets are used for sputter-codeposition.

To resolve the issue of severe B-deficiency, while employing Al
alloying for better high temperature oxidation resistance, we apply the
hybrid HiPIMS/DCMS co-sputtering from diboride targets employing
metal-ion-synchronized biasing with the HiPIMS pulse, which provides
much-improved control (compared to DCMS) over the energy and the
momentum of ionized species incident at the growing film surface. This
technique relies on the inherent time separation of gas and metal ion
fluxes at the substrate plane, which is an early recognized characteristic
feature of HiPIMS [39]. Ion energy and momentum are controlled by the
amplitude of the bias pulse, which is applied during the time the metal-
to-gas ion ratio is at maximum value. At all other times substrates are
electrically floating to minimize entrapment of gas ions and, hence,
reduce the residual compressive stress levels [40,41]. Here, two sets of
experiments are carried out. In the first case, the AlB, target is powered
with HiPIMS, while the TiB, target works in DCMS mode. The positions
of targets are then switched for the second set of experiments. Ti; xAl;By
alloys with 0.40 < x < 0.76 and 1.81 <y < 2.03 are, thus, grown with
the assistance of Ti* and Al" metal ion irradiation. In order to minimize
the energy consumption, all films are grown with no external substrate
heating.

2. Experimental details
2.1. Film deposition

An industrial-scale CemeCon AG (CC800/9) magnetron sputtering
system is used for the deposition of Ti; xAlyBy film alloys. The rectan-
gular TiBy and AlB, targets with dimensions 8.8 x 50 em? (99.7 % pu-
rity, provided by PLANSEE Composite Materials GmbH, Germany) are
used. A deposition pressure is maintained at 0.4 Pa with a constant Ar
gas flow of 400 sccm. Si(001) substrates, 2.0 x 1.0 cm?, are cleaned in
an ultrasonic bath using first acetone and then isopropanol alcohol and
subsequently blow-dried with Ny gas before being inserted into the
deposition chamber. As-prepared substrates are coated with a 40-nm-
thick Cr buffer layer to increase the adhesion between substrate and
Ti;.xAlxBy layers, as commonly practiced [36]. A schematic illustration
of the deposition setup is included in the supplementary file (cf. Fig. S1).
Two resistance heaters, each powered to 2 kW, are used during the 1 h
heating phase, resulting in the substrate temperature Ts of 120 °C, i.e.,
sufficiently high to desorb water vapor from chamber walls efficiently.
After that, the heaters are turned off, and the system can cool down to
65 °C for another hour, resulting in a base pressure of 0.3 mPa. No
external heating is applied to the substrate during film growth. T rea-
ches the maximum of 180 °C (TiB,-HiPIMS/AlB,-DCMS) and 160 °C
(AlB2-HiPIMS/TiB,-DCMS) due to plasma heating.

All Ti; xAlBy thin films are grown using hybrid HiPIMS/DCMS co-
sputtering with one magnetron operated in HiPIMS mode and the
other as a conventional DC source. Film elemental compositions are then
controlled by varying the average power applied to the dc magnetron,
Ppcms, while the HiPIMS average power, Pyippys, is constant. Two series
of films are deposited. In the first set, the TiB, target is powered by
HiPIMS, and the AlB; target works in DCMS mode (TiB,-HiPIMS/AlBo-
DCMS). Pyipivs = 2.4 kW, the duty cycle is 2.5 % with a HiPIMS pulse
on-time, Tyippvs = 50 ps, and the frequency, f = 500 Hz (cf. Fig. S2(a)-
(b)). Ppcums (AlB, target) varies from 1.0 to 5.0 kW (in steps of 1 kW),
resulting in films with 0.36 < x < 0.74 and 1.81 <y < 1.93. The targets’
positions are then switched for the second set of experiments (AlBy-
HiPIMS/TiB,-DCMS). In this configuration, Pyipivs = 2 kW (1.5 % duty
cycle, and tyippvs = 30 ps) (cf. Fig. S2(c)-(d)), while Ppcys (TiBg target)
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ranges from 1.0 to 5.0 kW yielding films with 0.4 <x <0.76 and 1.92 <
y < 2.03. The deposition rate during AlB,-HiPIMS/TiB,-DCMS growth
decreases from 37 nm/min. with x = 0.4 to 19 nm/min. with x = 0.74.
In the reversed target configuration the corresponding numbers vary
between 18 nm/min. for x = 0.36 and 48 nm/min. for x = 0.76. The
deposition time is varied from 40 to 95 min. in order to obtain films with
comparable thickness in the range 1.7—1.9 um.

A pulsed negative substrate bias Vs with the amplitude of 80 V is
applied in synchronous with HiPIMS pulses. The V; offset with respect to
the HiPIMS cathode pulse is 30 ps, while the bias duration is 100-ps. To
reduce the Ar™" ions incorporation in the films, the substrate remains at a
floating potential, Vs ~ 16 V, between the consecutive HiPIMS pulses.

Reference AlBy (AlB,-DCMS) and TiBy (TiB2-DCMS) layers are
deposited at the V¢ ~ 16 V, with the Ppcys = 5 kW, corresponding to the
current density of 0.03 A/cm?. The AlB,-HiPIMS and TiB,-HiPIMS de-
positions are conducted with a pulsed substrate bias, Vs = 80 V, and all
other parameters are the same as during hybrid HiPIMS/DCMS co-
sputtering. AlB,-DCMS/TiBy-DCMS (Ppcvs = 5.0/1.0 kW and 1.0/5.0
kW) depositions with Vg = 80 V DC bias are also carried out.

2.2. Characterization techniques

Ion mass spectrometry analyses are performed using an EQP 9 mass-
energy analyzer (MEA) from Hiden Analytical to determine the
composition and energy of ion fluxes incident at the growing film as a
function of Ppcys and target configuration. In these experiments, the
spectrometer’s grounded orifice (50 pm in diameter) is aligned parallel
to the HiPIMS target surface. The 18 cm target-to-orifice length corre-
sponds to the target/substrate distance during hybrid HiPIMS/DCMS co-
sputtering to ensure that ion fluxes’ intensities and time evolution
represent that encountered during film growth. No additional heating is
applied so that the temperature during analyses is similar to that during
film growth. Time-resolved ion energy distribution functions (IEDFs) of
the target (Ti", A", B") and gas (Ar") ions are recorded with the 10 ps
resolution starting from O and up to 200 ps after the ignition of the
HiPIMS pulse. Each data point is registered during 500 consecutive
HiPIMS pules, giving a total acquisition time of 5 ms. All data were
compensated for the charge/mass-dependent time-of-flight (TOF)
through the instrument, as described in [42]. The ion energy, E;, was
scanned from E; = 1 to 60 eV with the 1 eV step for all target ions and
from 0 to 30 eV for Art. The data were also corrected for isotope
abundance.

Quantitative elemental compositions of Ti;xAlBy alloy films are
determined by time-of-flight elastic recoil detection analyses (ToF-
ERDA) at the Tandem Accelerator Laboratory of Uppsala University.
Recoils are created using a 36-MeV 2’18 beam incident at 67.5° with
respect to the sample surface normal and detected at an angle of 45°
with respect to the primary beam. Details of the measurement are given
in [43].

The phase composition, crystal structure, lattice parameters, and
orientation of film alloys are revealed using X-ray diffraction (XRD) 6-26
scans carried out in a Philips X’Pert X-ray diffractometer (using a point-
focus Cu K, source with A = 0.15406 nm). The substrate radius of cur-
vature (R;), required for measuring the residual stress, o, of Ti.xAl,By, is
determined from a rocking-curve measurement of Si (004) reflections at
room temperature, based on the Stoney equation and using a PAN-
alytical Empyrean high-resolution X-ray diffractometer operated at 45
kV and 40 mA. The presented ¢ values are averaged results from mea-
surements taken along several directions so that any error from uneven
substrate bending is reduced.

X-ray photoelectron spectroscopy (XPS) core-level spectra are ac-
quired with an Axis Ultra DLD instrument (Kratos Analytical, UK) with a
base pressure lower than 1.5 x 107 Pa. The excitation source is a
monochromatic Al-Ka radiation (hv = 1486.6 €V). To minimize the ef-
fect of sputtering damage on core level spectra, mild etching with 0.5
keV Ar" ions incident at an angle of 70° from the surface normal is
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applied [44,45]. Sample areas analyzed by XPS are 0.3 x 0.7 mm? and
located in the centre of 3 x 3 mm? ion-etched regions. The Ti 2p, Al 2p,
and B 1 s spectra are charge-referenced to the Fermi edge cut-off at 0 eV
[46].

The morphology and thicknesses of the thin films are assessed from
fracture cross-section images captured by Zeiss Sigma 300 scanning
electron microscopy (SEM) with an acceleration voltage of 3 kV and a
working distance of 4.5 mm. Detailed microstructure studies of the Ti;.
xAlxBy films are made by cross-sectional transmission electron micro-
scopy (XTEM) and selective area electron diffraction (SAED) using an
FEI Tecnai G2 microscope operated at 200 kV. TEM specimens are
prepared by the traditional “sandwich” approach, which includes sam-
ple cutting, gluing, and polishing followed by Ar' ion milling at 4 keV
and 6° angle from both sides in a Gatan precision ion polishing system.
Ultimately, low-energy milling is applied at 1 keV for 30 min to reduce
surface damage.

The NanoTester Vantage Alpha by Micro Materials, Ltd. (Wrexham,
Wales) equipped with a diamond Berkovich probe is used to measure
nanoindentation hardness H and reduced Young’s modulus vs. film
composition for Ti;.xAlxBy. Depth sensing indentations are acquired with
a constant load of 30 mN during a dwell period of 5 s, yielding inden-
tation depths < 10 % of the total film thicknesses. A Poisson ratio in
between 0.11 (TiBy) and 0.27 (AlBy) weighted by the x composition
together with a Poisson ratio of 0.07 and Young’s modulus of 1141 GPa
for a diamond indenter are used for the calculation of the Young’s
modulus, E, from the reduced Young’s modulus [32]. The H and E values
are then calculated following the method of Oliver and Pharr, consid-
ering elastic unloading part of the generated load-displacement curve.
Square grids with 25 indents (separated by 50 um each) specified the
given standard deviation errors.

Air-annealing experiments are performed at the temperature T, =
800 °C for 1.0 h, using a furnace from MTI Corporation (GSL-1100 x -S).
The heating rate during oxidation process is set at 10 °C/min, and the
specimens are cooled to room temperature by turning off the furnace.

3. Results
3.1. Ion irradiation during hybrid HiPIMS/DCMS co-sputtering

Time-resolved Ti", Al*, B, and Ar" ion energy distribution func-
tions (IEDFs) recorded at the substrate plane with a 20 ps resolution
during hybrid AlBy-HiPIMS/TiB2-DCMS and TiB,-HiPIMS/AlB2-DCMS
co-sputtering are plotted in Figs. 1 and 2, respectively. Results are shown
for two extreme values of the DCMS power, Ppcys = 1.0 and 5.0 kW.

During AlB,-HiPIMS/TiB,-DCMS, both Al* and B IEDFs initially
(40 <t < 80 ps, in which t = 0 ps denotes the ignition of the HiPIMS
cathode pulse), show intense and broad energy distributions that are
often observed during HiPIMS and are explained by the formation of
potential humps in the ionization zones [47,48] (Fig. 1(a-b), 1(e-f)).
During this phase, the average Al" and B' ion energies reach a
maximum of ~ 15 eV, while the energy tails extend to 60 eV (for Al")
and beyond (for B™). For t > 100 ps, IEDFs collapse into a low-energy
peak indicative of thermalization. In the case of lower DCMS power,
the thermalized peak is centred at 2-3 eV, while for Ppcys = 5 kW, the
peak forms first at 5 eV (100 < t < 120 ps) and then moves to 9 eV to-
wards the end of the measured time window of 200 ps. Ti" IEDFs (Fig. 1
(c)-(d)) reveal the presence of Ti ions. However, the integrated Ti* ion
fluxes are approximately an order of magnitude lower than those of Al*
and B" ions, which is expected for a Ti target operating in DCMS mode
[49]. The Ti*/Al" flux ratio varies from 0.06 with Ppcus = 1.0 kW to
0.13 with Ppgus = 5.0 kW. The Ti" IEDFs are initially centred at 10-12
eV. In the case of Ppcyis = 1.0 kW, Tit IEDFs form a thermalized peak at
2 eV for t > 80 ps, while with Ppcys = 5.0 kW, the distributions collapse
into a peak at 5 eV (120 < t < 140 ps) that then shifts to 8 eV (180 <t <
200 ps). Qualitatively, very similar time evolution is observed for Ar"
IEDFs (Fig. 1(g)-(h)), however, the overall flux intensities are much



B. Wicher et al. Materials & Design 238 (2024) 112727

a) TiB,-HIPIMS/AIB,-DCMS (1000 W) - ) b) TiB,-HIPIMS/AIB,-DCMS (5000 W) = [us]
F T I H T T T T " =—0-20 FT T T T T T T T "—=—0-20
+ —e—20-40 [ + —e—20-40
. Al 40-60 . Al 40-60
10° ¢ —v—60-80 | 10° g —¥—60-80
E —6—80-100 3 —6—380-100
[ —<—100-120 [ —<—100-120
+ —»—120-140 + —»—120-140
107 b —&— 140-160 107 L —e— 140-160
E —*—160-180 E —*—160-180
F —e—180-200 F —e—180-200
10° 106

T
Lol
T T
L1l

105 e ¥ ’ - 4"’\ Rl
0 10 20 30 40 50 60 0 10 20 30 40 50 60
c) TiB,-HiPIMS/AIB,-DCMS (1000 W) sl d) TiB,-HIPIMS/AIB,-DCMS (S000 W) ]
T Y T Y T T T T '+O_20 T Y T T T T T T '+0_2O
o+ —e—20-40 o+ —e—20-40
Ti 40-60 Ti 40-60
10° E —v—60-80 | 10° ¥ —v—60-80
F ——80-100 F ——80-100
—<—100-120 —<—100-120
—»—120-140 —»—120-140
—e— 140-160 —e—140-160
107 b —*—160-180| 107 |- % —*—160-180
F —e— 180-200 2 —e—180-200
10° 4 10°¢ E
7 | i: :
° ] | S
£ 0 10 20 30 40 50 60
c
2 e) TiB,-HiPIMS/AIB,-DCMS (1000 W) |interval [us] f) TiB,-HiPIMS/AIB,-DCMS (5000 W)
= . . i i |—=—0-20 i ) Ilnterva\ [ps]
. E T T T T T 20-40 108 é T T T T —=—0-20
10° £ + 40-60 F + —e— 20-40
B B
—v—60-80 r 40-60
I —e—230-100 I — v 60-80
10’ £ —<—100-120| 107 | ‘ |——80-100
: —>—120-140 F ‘ —<—100-120
e 140-160 F ——120-140
e 160-180 H —e— 140-160
e 180-200 B lag’ —*— 160-180
10° E 2 - 10° | X |—e—180-200

L
T
L

10° | 10°

taaul
T

g) TiB,-HiPIMS/AIB,-DCMS (1000 W) h) TiB,-HiPIMS/AIB,-DCMS (5000 W)

Interval [us] Interval [us]
] ! ] —=—0-20 I ! I ! I —=—0-20
10° ¥ —e—2040 | 10° L + —e—20-40
Ar 40-60 E Ar 40-60
—¥—60-80 F —¥—60-80
——80-100 [ ——80-100
—<4—100-120 —<4—100-120
—»—120-140 —»—120-140
10° | —e—140-160| 108 | —e—140-160
F —*—160-180 F —*—160-180
r —e—180-200 r —e—180-200
10" & 4 10’ <
/. \. I .\ I

o
w
=
o

15 20 0 5 10 15
lon energy [eV]

N
o

Fig. 1. Time-resolved Al", Ti*, BT, Ar" IEDFs, recorded at the substrate position during hybrid TiB,-HiPIMS/AlIB,-DCMS sputtering with Ppcys of 1.0 kW (left side),
and 5.0 kW (right side). The IEDFs are shown for 20-ps intervals starting at t = 0 (pulse ignition) to 200 ps. The HiPIMS pulse length is 30 ps.



B. Wicher et al.

10’

10°

Intensity |cps)
o

10’

10°

10°

10*

g)

107 E

10° E

AlB,-HiPIMS/TiB,-DCMS (1000 W)

T T T T T i T 4 T

Al*

—=—020
—e—20-40
40-60
—v—60-80
—e—30-100
—<—100-120
—»—120-140
—e—140-160
—*—160-180
—e— 180200

Interval [ps]

b

108 E
107 E

10° E

AlIB,-HiPIMS/TiB,-DCMS (5000 W)

Materials & Design 238 (2024) 112727

Interval [ps]
—=—0-20

Al*

a
A

l‘u

40

—e—20-40
40-60
—v— 60-80
——80-100
—<—100-120
—»— 120-140
—e— 140-160
—*— 160-180
—e— 180-200

1l

40 50 60 10 30 50 60
“Hi iB.- d “Hi iB.-
AIB,-HiPIMS/TiB,-DCMS (1000 W) Interval [ys] ) AlB,-HiPIMS/TiB,-DCMS (5000 W) Interval ]
[ T 1 T T T T T & 020 LA R L A T —=—0-20
—e—20-40 -|—-+ —e—20-40
- 40-60 ! 40-60
—v—60-80 —v—60-80
- —e—80-100 | 107 | ——80-100
3 —<4—100-120 —<4—100-120
[ —»—120-140 —»—120-140
L —e— 140-160 —e—140-160
b —*—160-180 ——160-180
L —e—180-200 —e—180-200
3 10°¢ ;
I ] i ]
1 L 1 " L IK
25 30 0 5 10 15 20 25 30
AlIB,-HiPIMS/TiB,-DCMS (1000 W) Interval [us] ) AIB,-HiPIMS/TiB,-DCMS (5000 W) Interval [us]
T T T Y T Y T ) T i - 0-20 T T T Y L) T T T T - 0-20
[ B* —e—20-40 [ B* —e—20-40
40-60 . 40-60
3 —v—60-80 | 10" ¢ —¥—60-80
3 —e—80-100 3 —e—80-100
r —<—100-120 r —<4—100-120
L —»—120-140 A —»—120-140
| ——140-160| 6 | —e— 140-160
E —*—160-180 E —*+—160-180
F —e— 180-200 F i —e— 180-200
R o
iy A '

Ll

e

T

5 o
20

lon energy [eV]

104 ® 1
0 10 30 40 50 60 0 10 20 30 40 50 60
AIB,-HIPIMS/TiB,-DCMS (1000 W) 1 h) - AIB,-HIPIMS/TiB,-DCMS (S000 W) oo
m . T : T = 0-20 r T T T . —=—0-20
—e—20-40 H Ar —e—20-40
40-60 | 40-60
—¥—60-80 —¥—60-80
—e—80-100 8| —e—80-100
—<—100-120] 10°F —<—100-120
—»—120-140 [ —»—120-140
—e—140-160 r —e—140-160
—*—160-180 [ —*—160-180
—e—180-200 I —e—180-200
3 10°F E
| e |
AN 9 i
15 20 0 5 10 15 20

Fig. 2. Time-resolved Al", Ti*, BT, Ar" IEDFs, recorded at the substrate position during hybrid AlB,-HiPIMS,/TiB,-DCMS sputtering with Ppcys of 1.0 kW (left side),
and 5.0 kW (right side). The IEDFs are shown for 20-ps intervals starting at t = 0 (pulse ignition) to 200 ps. The HiPIMS pulse length is 50 ps.
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higher. For Ppcys = 1.0 kW, the average Ar™ ion energy is ~ 10 eV (0 <
t < 40 ps) and decreases with time to ~ 2 eV as thermalization sets in.
During hybrid co-sputtering at higher DCMS power, the thermalized
peak forms first at 3 eV (100 < t < 120 ps) and eventually moves up to 8
eV (180 < t < 200 ps).

In the reversed target configuration, TiBy-HiPIMS/AlB,-DCMS, Tit*
ions have a high energy tails extending to ~ 40 eV, which is lower than
the corresponding Al distribution in the AlBy-HiPIMS,/TiB,-DCMS case,
that reaches up to 60 eV. The B' ions ion energy distribution is similar in
both cases. In distinct contrast to the AlB,-HiPIMS/TiB5-DCMS co-
sputtering, the ionization of the DCMS flux during TiB,-HiPIMS/AlB,-
DCMS is high, as evident from intense Al IEDFs shown in Fig. 2(a)-(b).
The Al*/Ti" flux ratio shows a clear dependence on the DCMS power
and varies from 0.19 with Ppcys = 1.0 kW to 1.24 with Ppcys = 5.0 kW.
Thus, in the latter case, the Al" flux exceeds that of Ti" at the substrate,
even though the Ti ionization for the HiPIMS-powered target must be
significantly higher than the ionization in the Al flux ejected from the
DCMS source. The thermalized Al" ions have energies very similar to
those of Ti* and B*. Ar" IEDFs, shown in Fig. 1(g)-(h), reveal a much
higher intensity of gas ions than during AlB,-HiPIMS/TiB,-DCMS co-
sputtering (Fig. 2(g)-(h)). The ion energies are, however, lower: the
average Ar' ion energy is ~ 1 eV with Ppcys = 1.0 kW, while for higher
DCMS power, it varies from 1 eV (60 <t < 80 ps) to 4 eV (180 <t < 200
us).

3.2. Elemental composition

The results of ERDA elemental analysis performed on all Ti;.xAliBy
alloy films grown in both TiB,-HiPIMS/AlB2-DCMS and AlB,-HiPIMS/

TiB, - HiPIMS/AIB,-DCMS A M
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TiB,-DCMS configurations are plotted as a function of DCMS power in
Fig. 3(a) and 3(b), respectively. Compositions of TiBy and AlBy reference
layers grown by (a) TiB2-HiPIMS (Vg = 80 V), (b) TiB,-DCMS (Ppcms =
5.0 kW, Vs = Vy), (c) AlB,-HiPIMS (Vs = 80 V), and (d) AIB,-DCMS
(Ppcms = 5.0 kW, Vg = Vg) are also included. TiB,-HiPIMS/AlIB,-DCMS
film series is slightly under-stoichiometric with y decreasing from 1.93
with Ppcys = 1.0 kW to 1.81 with Ppcys = 5.0 kW. x increases from 0.36
with Ppcys = 1.0 kW to 0.76 with Ppcys = 5.0 kW. In the case of AlB,-
HiPIMS/TiB2-DCMS growth, Ti; xAlxBy films have compositions closer
to B stoichiometry with y increasing from 1.86 with Ppcys = 1.0 kW to
2.03 with Ppcys = 5.0 kW. The Al metal fraction x decreases from 0.74
to 0.40 upon increasing Ppcvs from 1.0 to 5.0 kW. Thus, the x range is
similar for both Ti;xAliBy film series. The reference TiBy layers are
overstoichometric with y = 2.46 and 2.58 for TiB,-HiPIMS (Vs = 80 V)
and TiB»-DCMS (Vs = Vy), respectively. Conversely, the AlBy films ob-
tained using AlBy-HiPIMS (Vs = 80 V) and AlB,-DCMS (Vg = Vy) are B-
deficient with y = 1.92 and 1.85, respectively.

In Fig. 3(c), the B/metal ratio y is plotted as a function of Al metal
fraction x for all Ti;.xAl,By layers. In addition, results are also shown for
several films grown with AlB;-DCMS/ TiB2-DCMS target configuration
and the 80-V DC bias: Ti0.85A10_15B2_67, Ti0_7A10.3B2.45’ Ti0'2A10_8B2_14,
and Tip.0gAlo.92B1.97-

Irrespective of the growth mode, higher Al content is always asso-
ciated with B deficiency. The dashed lines shown in Fig. 3(c) mark the
expected Ti;.xAlxBy film compositions for the hybrid growth if the film
stoichiometry would simply reflect the linear superposition of HiPIMS
and DCMS fluxes (with the pulsed substrate bias, applied only during the
HiPIMS phase). The endpoints (x = 0 and x = 1) correspond to the
compositions of the respective reference binary layers: that is, for the
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Fig. 3. y = B/metal and x = Al/(Al + Ti) fractions obtained from ToF-ERDA for Ti;.Al;By films grown by (a) TiB,-HIPIMS/AIB,-DCMS, and b) AlB,-HIPIMS/TiB2-
DCMS. Results are plotted as a function of DCMS power Ppcys. (¢) a plot of y vs x showing results for the reference samples (see text for details).
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TiB,-HiPIMS/AIB5-DCMS series, the reference films are TiB,-HiPIMS
grown with Vg = 80 V (TiBg 46¢) and AlB,-DCMS deposited at a floating
bias (AlB, gs), while for the AlB,-HiPIMS/TiB,-DCMS series, the refer-
ences are AlB,-HiPIMS deposited with Vg = 80 V (AlB; 92) and TiBy-
DCMS grown with floating bias (TiBy sg). For both hybrid target con-
figurations, the B/metal ratios are significantly lower than what the
linear superposition of HiPIMS plum and DCMS fluxes would suggest.
Moreover, for a given x, the B/metal ratio is lower if the TiB, target
operates in HiPIMS mode.

ERDA analyses also reveal that Ar concentration is below < 0.3 at.%
in all Ti; xAlyBy films, while the measured oxygen content increases from
0.5 to 1.6 at.% with an increased Al content. The layers are hereafter
referred to by their chemical composition obtained by ERDA.

3.3. XRD analysis

Fig. 4(a)-(b) shows XRD 0 — 26 scans acquired from Tiy.xAlyBy thin
films grown using TiB,-HiPIMS/AIB,-DCMS and AlB,-HiPIMS/TIB,-
DCMS configurations. Vertical dashed lines correspond to the reference
powder-diffraction peak positions from AlB, [50] and TiBy [51]. A sharp
S peak at 33.1° originates from the forbidden Si(002) reflection.
Detected peaks are 001, 101, and 002 reflections corresponding to the
hexagonal AlB,-type crystal structure, revealing that all Ti; yAlBy films
are single-phase alloys. For TiB>-HiPIMS/AIB»-DCMS Ti; xAliBy layers,
the 001 reflections shift toward lower 20 values with decreasing x, from
27.1° withx = 0.76 to 26.9° with x = 0.36. All these values are slightly
lower than the corresponding 001 AlB; reference peak positions, thus
revealing that films are in a compressive stress state. The preferred
orientation evolves from 001 with x = 0.36 to 101 with x = 0.76.
Detailed analysis of this trend is, however, complicated by the inherent
column tilt induced by the co-sputtering geometry (cf. Fig. S1). Layers
grown in the reversed target arrangement, AlB,-HiPIMS/TIB,-DCMS,
are also single-phase. Similarly, 001 peaks are shifted toward higher 26
values, which reveals a compressive stress state.

Hexagonal structure Ti;.xAliBy alloy lattice parameter c(x), calcu-
lated from the 001 and 002 reflections, is plotted in Fig. 4(c) for co-
sputtered films in both hybrid configurations, TiB,-HiPIMS/AlB,-
DCMS and AlB5-HiPIMS/TIB,-DCMS. The theoretical values calculated
by density functional theory methods for single-phase hexagonal Ti;.
xAlyBs films are included for comparison [32]. The arrangement of
targets has a distinct effect on the c(x) plot. For TiB2-HiPIMS/AIB,-
]o)CMS Ti;.xAlxBy films, c decreases from 3.315 A withx = 0.36 to 3.295
A with x = 0.74. The AlB,-HiPIMS/TIB,-DCMS films show an opposite
trend with c(x) increasing from 3.283 with x = 0.4 to 3.318 Awithx =
0.74.

3.4. Chemical bonding analysis

Ti 2p, B 1 5, and Al 2p XPS spectra recorded from the Ti;.xAlxBy films
grown with TiB,-HiPIMS/AlB,-DCMS and AlB,-HiPIMS/TIB2-DCMS are
shown in Fig. 5. The Ti 2p core-level spectra consist of spin-split 2ps»-
2p1/2 doublets. The Ti 2p3/, peak is detected at 454.5 + 0.1 eV irre-
spective of x and the target configuration used, in agreement with pre-
vious reports [35].

The Bls spectra reveal a single peak at 187.8 + 0.1 eV from B in a
diboride lattice. The variation in the B/metal ratio from 1.81 to 2.03 (cf.
Fig. 3c) does not give rise to any additional contributions, in agreement
with earlier reports [32].

Al 2p core-level spectra from TiB2-HiPIMS/AIB>-DCMS Tij xAliBy
exhibit a single peak assigned to Al in the diboride lattice [35]. The
position of that peak is 74.2 + 0.1 eV independent of x. In the film with
the highest Al content x = 0.76, an additional peak appears at 73.1 eV,
which is commonly assigned to metallic Al bonds [32]. A comparison to
Al 2p spectra recorded from as-deposited samples with oxidized surfaces
(not shown) reveals a much lower intensity of that peak, indicating that
the majority of metallic Al forms during Ar" etching. Al 2p spectrum
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Fig. 4. XRD 0-26 scans for Ti;xAl,By films deposited with (a) TiB2-HIPIMS/
AlB,-DCMS, and (b) AlB,-HIPIMS/TiB,-DCMS configurations. Vertical dashed
lines indicate positions of reference TiB, and AlB, reflections, while the peak at
33.1° arises from forbidden Si(001) substrate reflection. (c) c-lattice parameter
plotted as a function of x. Calculated values [32] are shown for comparison.

from the latter sample also contains a small shoulder close to 75.4 eV,
suggesting a residual Al oxide. The latter seems typical for TiBp-HiPIMS/
AlB,-DCMS films with higher x, in agreement with the ToF-ERDA
compositional analysis, which shows higher O content in all the Al-
rich thin films. The Al 2p peak is also detected at the same binding
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Fig. 5. Ti 2p, B 1 s, and Al 2p XPS core-level spectra acquired from the sputter-etched Ti;.,Al;B, film alloys corresponding to the hybrid (a-c) TiB,-HIPIMS/AlB,-

DCMS and (d-f) AlB,-HIPIMS/TiB,-DCMS configuration.

energy in the AlB,-HiPIMS/TiB,-DCMS Ti;.xAlxBy.

3.5. Film morphology

The cross-sectional SEM images acquired from the TiB,-HiPIMS/
AlB,-DCMS and AlB,-HiPIMS/TIB;-DCMS samples are shown in Fig. 6.
Films from both series appear fully dense with smooth top surfaces. The
cathode ion irradiation during hybrid co-sputtering is apparently suffi-
cient to reduce surface roughening, faceting, associated atomic shad-
owing, and formation of voids, which are typical for such low deposition
temperatures. The Ti-rich TiB,-HiPIMS/AIB,-DCMS films with x < 0.58
exhibit dense and crystalline structures composed of fine nanograins
elongated in the growth direction, whose size increases along film
thickness. For the three other Al-rich films, competitive growth in which
featureless (glassy) domains, free of porosity, form an inner layer up to a
thickness of 450 + 150 nm.

Ti.xAlxBy film alloys with extreme x and y values from both series

@Tio.64Al0.36B1.93

QTioa2AloseB1gr

I ——— ]

=500 nm @ TiB2>-HIPIMS/AIB>-DCMS

QTio33Al0.67B1.s3

are chosen for XTEM studies. Fig. 7 presents XTEM images from a)
Tio.64A10.36B1.93 and b) Ti0_24Alo_76B1_81, TiBg-HiPIMS/AlBg-DCMS ﬁlm,
while results for films grown in AlB,-HiPIMS/TiB,-DCMS mode are
depicted in panels c) Ti0,26A10,74B1.85 and d) Ti()‘6A1044B2‘03. All four
micrographs (taken from the area near the top surface of the thin films)
reveal a dense columnar nanostructure. A distinct speckle contrast in all
grains indicates, in turn, residual ion irradiation damage with local
strain.

The TiBz-HiPIMS/Ale-DCMS Ti0,64A10‘35B1‘93 and Ti0,24A10,76B1‘81
layers exhibit distinct columnar structures with a ~ 20 + 10 nm width,
40 + 10 nm tall. The lower-Al Tig g4Alg.36B1.93 film has a fibrous struc-
ture with arc-shaped components from preferred 001 crystallographic
orientation, (see SAED inset a). Full rings in the electron diffraction
pattern overlapped with visible dark diffraction spots (inset b), suggests
rather more randomly-oriented nanocrystallites forming in
Tio,24Alo.76B1481. The SAED patterns from all TiBz-HiPIMS/Ale-DCMS
film alloys correspond to a single-solid solution hexagonal phase,

DTio.26Al0.74B 1.2 QTio.24Al0.76B1.81

ot e ks

@ AlB2-HiPIMS/TiB2-DCMS

Fig. 6. Cross-sectional SEM (XSEM) images from Ti;.,AlBy layers deposited by TiB,-HIPIMS/AlB,-DCMS (on top) and AlB,-HIPIMS/TiB,-DCMS (at the bottom). The

Al fraction increases from left to right.
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Fig. 7. (a) XTEM images along with the corresponding SAED patterns acquired from the middle portions of Ti; ,Al,By films: (a) Tio.c4Alo.3¢B1.93 (TiBo-HIPIMS/AlB>-
DCMS), (b) Tig.24Al.76B1.81 (TiB2-HIPIMS/AlB»-DCMS), (¢) Tig.26Alo.74B1.86 (AlBo-HIPIMS,/TiB»-DCMS), and (d) Tig ¢Alo.4B2.03 (AIB-HIPIMS,/TiB,-DCMS).

irrespective of x.

XTEM images of the Ale-HiPIMS/TiBz-DCMS Ti0.26A10.74B1.86 and
Tip.6Alp.4B2o3 films reveal a highly dense microstructures with fine
columns, 10 + 5 nm in-wide, and 25 + 10 nm tall. A nanocrystalline
structure with shared 001/101 (inset c)) and pure 101 texture (inset d))
in the growth direction can be fairly distinguished. The absence of
diffraction from other phases shows that the AlB,-HiPIMS/TiB2-DCMS
layers, apart from the single-phase hexagonal Ti;.xAlsBy lattice, have a
similar phase composition to that the TiB,-HiPIMS/AlB,-DCMS films.

Detailed microstructure analysis of the Al-rich AIB,-HiPIMS/TiB,-
DCMS Ti0.26A10~74B1~86 and TiBz—HiPIMS/Ale—DCMS Tio.24A10.76B1.81
samples shown in Fig. S3 confirm competitive film growth, in which the
strongly disordered and amorphous-rich zones, start to be dominating

from the early stage of deposition. In the steady-state (corresponding to
thickness larger than 450 + 150 nm) the growth of Al-rich films is fol-
lowed by fibrous (TiBy-HiPIMS/AIB,-DCMS Tig 24Alp.76B1.81) or equi-
axed crystaline (AlBy-HiPIMS/TiBy-DCMS Tig 26Alg.74B1.86) Structure.
The transition from amorphous to nanocrystalline growth mode is
induced by plasma heating.

3.6. Residual stress

The residual stresses, o, for TiB,-HiPIMS/AIB>,-DCMS and AlB,-
HiPIMS/TiB,-DCMS film series are plotted as a function of x and y in
Fig. 8(a) and 8(b), respectively. A clear trend is observed for the TiB,-
HiPIMS/AIB,-DCMS films: ¢ decreases with increasing Al content from
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— 3.2 £+ 0.4 GPa with x = 0.36 to — 0.03 £ 0.02 GPa with x = 0.76. x
and y are correlated in this film series (cf. Fig. 3(c)), and the o(x)
translates into an increase in compressive stress with increasing B (see
Fig. 8(b)) as well as decreasing Al content (cf. Fig. S4). In contrast, no
straightforward dependence of the residual stress on x or y is observed
for AlB,-HiPIMS/TiB,-DCMS film alloys. In this case, ¢ values vary in the
range from — 1.4 + 0.2 to — 2.8 &+ 0.3 GPa.

Fig. 8(c) presents that for all Ti; xAl;By films, there is a correlation
between the residual lattice stress and the deviation of the c lattice
parameter from the theoretically predicted value.

3.7. Nanoindentation hardness and elastic moduli

The nanoindentation hardness H of TiB,-HiPIMS/AIB>-DCMS and
AlB,-HiPIMS/TiBy-DCMS films is plotted as a function of x and y in Fig. 9
(a) and 9(d), respectively. For TiBy-HiPIMS/AlB,-DCMS layers, H rea-
ches a maximum value of 43.1 + 2.6 GPa with x = 0.36 (and y = 1.93)
and gradually decreases with increasing Al content to 37.6 + 2.7, 34.3
+ 2.3, and 30.7 + 2.1 GPa with x = 0,57, 0.67, and 0.74, respectively.
The lowest value of 20.0 + 1.2 GPa is obtained for the film with x = 0.76
and y = 1.81. A decrease in hardness with increasing x also occurs for
AlB,-HiPIMS/TiBy-DCMS layers. In the latter case, H = 46.0 & 2.5 GPa
with x = 0.4 (y = 2.03) and decreases to 44.4 + 3.5, 44.1 + 2.5, and
37.6 + 2.1 GPa with x = 0.42, 0.49, and 0.62, respectively. Even the
film with the highest Al content (x = 0.74) has a high H value of 32.8 +
1.7 GPa.

The same sets of data replotted as a function of the B/metal ratio (cf.
Fig. 9(d)) reveal that H increases with increasing B content, irrespective
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of the target configuration performed. The increase is particularly
apparent for 1.80 < y < 1.93 and saturates for y > 1.93. All Ti;_zAl,By
layers that fall into the latter category are superhard (H > 40 GPa).

Nanoindentation elastic moduli E of TiB,-HiPIMS/AlB,-DCMS and
AlB,-HiPIMS/TiBy-DCMS layers are plotted as a function of x and y in
Fig. 9(b) and 9(e), respectively. For TiB,-HiPIMS/AIB,-DCMS layers, E
reaches a maximum value of 433.0 + 16.5 GPa withx = 0.36 (and y =
1.93) and gradually decreases with increasing Al content to 387.2 +
12.6, 366.8 + 10, and 338.8 + 11.3 GPa with x = 0,57, 0.67, and 0.74,
respectively. The lowest value of 298.2 + 8.5 GPa is obtained for the
film with x = 0.76 and y = 1.81. Moreover, a decrease in elastic moduli
with increasing x is also observed for AlB,-HiPIMS/TiB,-DCMS films. In
this case, E = 481.5 + 9.7 GPa with x = 0.4 (y = 2.03) and decreases to
448.4 +10.3, 442.4 £+ 12.7, and 379.6 + 6.0 GPa with x = 0.42, 0.49,
and 0.62, respectively. Similar to TiB,-HiPIMS/AlB,-DCMS layers with
the highest Al content, AlB,-HiPIMS/TiB,-DCMS with x = 0.74 shows a
slightly lower E value of 335.6 + 8.6 GPa. The same sets of data
replotted as a function of B/metal ratio (cf. Fig. 9(e)) reveal a linear
increase in E with increasing y. The above results indicate that the elastic
moduli for co-sputtered Ti;.xAlyBy films are a linear superposition of
corresponding values for TiB, (580 GPa) and AlB; (250 GPa) [32].

The resistance to plastic deformation can be characterized by the H3/
E? ratio [52]. Hence, H3/E? for both film series is plotted as a function of
x and y in Fig. 9(c) and 9(f), respectively. H3/E? values decrease with
increasing Al content from 0.43 to 0.09 for the TiB,-HiPIMS/AlB,-DCMS
series and from 0.44 to 0.31 for films grown with AlB,-HIPIMS/TiBo-
DCMS. When plotted as a function of the B/metal ratio, H/E values are
found to increase with y and saturate for y > 1.93.
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Fig. 9. Nanoindentation hardness, elastic moduli, and H3/E? ratios for both series of Tiy.xAlBy thin films deposited by the hybrid HiPIMS/DCMS methods. Results
are shown as a function of (a-c) x = Al/(Ti + Al), and (d-f) y = B/(Ti + Al). Emeory plotted as a function of x. Calculated values [32] are shown for comparison.

3.8. Annealing in air

Fig. 10(a) and 10(b) show the XSEM-derived oxide scale thickness,
dox, formed on top of TiB,-HiPIMS/AIB,-DCMS and AlB,-HiPIMS/TiBo-
DCMS film alloys following 1 h long air annealing at 800 °C plotted as a
function of x and y, respectively. The nanoindentation data, acquired
before heat treatment, are also attached to determine which layers offer
the best hardness and oxidation resistance combination.

Irrespective of growth mode, d,x decreases with increasing Al con-
tent, from ~ 705 £ 140 nm with x = 0.36 to ~ 560 & 110 nm withx =
0.49. This is followed by a steep increase in oxidation resistance for
layers with x > 0.58, which have oxide scale thickness lower than 180
nm. In the limit of Al content (x = 0.74-0.76), dox is as low as 45 &+ 10
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nm. Significantly, the gain in the oxidation resistance that takes place
between x = 0.5 and x = 0.58 (dx reduced by a factor of x 3.1) more
than outweighs the ~ 16 % loss in H. Hence, Ti; xAl;By films with 0.58
< x < 0.67 represent the best system performance, with an average
oxide scale thickness of 90-180 nm and hardness 34-38 GPa. If oxida-
tion resistance is the primary concern, films with x = 0.74 provides even
better performance with dox = 45 + 10 nm and H value exceeding 30
GPa.

4. Discussion

Detailed knowledge concerning the time evolution of ion fluxes
incident at the growing film surface during hybrid HiPIMS/DCMS
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Fig. 10. The oxide scale thickness d,y for the air-annealed Ti;.,AlBy films (T, = 800 °C for t, = 1.0 h) plotted together with the nanoindentation hardness H of as-
deposited films. Results are shown as a function of (a) x = Al/(Ti + Al), and (b) y = B/(Ti + Al).

growth is essential for understanding what film elemental composition
forms.

As revealed by time-resolved IEDFs shown in Figs. 1 and 2, during
TiB,-HiPIMS/AIB,-DCMS co-sputtering, the average energies of metal
ions from the HiPIMS target are lower. This is accompanied by higher
Ar' fluxes. An explanation is offered by the different degree of Ar
rarefaction between the two cases. The strongest gas rarefaction and,
hence, lowest Ar"/Me™" ion ratio was reported if the HiPIMS pulse was
terminated when the target current density Jr(t) reached the maximum
amplitude [53]. If the target current was instead allowed to decay after
reaching its maximum value, the Ar refill subsequently increased the
relative Ar" fluxes. The latter scenario is valid in TiB,-HiPIMS/AlB,-
DCMS experiments, in which case the target pulse is terminated at t =
50 ps, while the maximum Jr(t) is reached at t = 30 ps (cf. Fig. S2a). In
contrast, for AlB,-HiPIMIS/TiB,-DCMS hybrid deposition, HiPIMS pul-
ses are terminated at t = 30 pus, which coincides with the Jp(t) maximum
(cf. Fig. S2c). Moreover, operation in the AlBy-HiPIMS returns a nearly
60 % higher power-normalized deposition rate than the reverse TiB,-
HiPIMS mode. Consequently, the Ar™ fluxes are less intense in the
former case, and ions originating from this HiPIMS target possess higher
average energy.

Ton mass spectrometry analyses are conducted in the hybrid config-
uration, which allows to examine the effect of cross-interactions, with
ionization in particular, between HiPIMS and DCMS plasmas. Interest-
ingly, the ionization degree of the DCMS flux by HiPIMS plasma plume
near the substrate plane strongly depends on which target, AlB, or TiB,,
is operated in HiPIMS mode. Results presented in Figs. 1 and 2 reveal
that the ionization of Al neutral fluxes from DCMS cathode during TiBo-
HiPIMS/AIB,-DCMS is much more efficient than the ionization of Ti
neutrals in AlIB,-HiPIMS/TiB,-DCMS setup. Noteworthy, during the
TiB,-HiPIMS,/AlB,-DCMS operation with Ppcys = 5.0 kW, the Al flux is
higher than the Ti" flux, even though the Ti ionization at the target side
must be much higher than that of Al. The difference in the first ioniza-
tion potentials of sputtered metals explain this effect. During the metal
phase of HiPIMS the electron temperature of the HiPIMS plume is
truncated at the ionization potential of the dominant metal [54]. As the
first ionization potential of Ti atoms (IP%i = 6.83 eV) is higher than the
first ionization potential of Al (IP4; = 5.99 eV), there are plenty of en-
ergetic electrons capable ion ionizing Al during TiB,-HiPIMIS/AIB,-
DCMS (through the electron-impact ionization [55]), while there are no
(or few) electrons capable of ionizing Ti if the reverse target configu-
ration is used. The process is further facilitated by the condition that Al
has a higher cross-section for electron collisions (64 = 1.5 X 1015

12

compared to that of B and Ti atoms (6p = 2.8 x 108, and 67; = 5.6 x 10
16y [56]. An additional mechanism that may be active to further enhance
Al" content during TiB,-HiPIMS/AlB,-DCMS is charge exchange colli-
sions between Ti™ and Al, that are energetically favored due to the
difference in ionization potentials. Penning ionization due to metastable
Ar* (3p°4s) species with excitation energy varying from 11.55 eV to
11.83 eV [57] from the HiPIMS source can also be contributing after the
HiPIMS pulse has been turned off [58].

It is clear from ERDA results (cf. Fig. 3(c)) that the B/metal ratio
decreases with increasing Al for all Ti; xAl,By films, irrespective of what
method and target configuration is used. This result suggests that a
common factor, primarily the angular distribution of the sputtered
species, plays a key role, independent of the ionization degree of sputter-
ejected flux (which obviously differs substantially between different
configurations engaged. Neidhardt et al. [59] presented computation-
ally and experimentally that B is preferentially ejected along the surface
normal while Ti is effectively emitted at higher angles. In line with that,
Martynenko et al. [60] showed that the maximum Ti emission from the
elemental target is at ~ 30° from the surface normal, whereas Al is
emitted perpendicular to the target surface. Based on these results, one
can thus expect that in the case of hybrid Ti;.xAlBy growth, the off-axis
metal flux decreases with increasing x, resulting in a decreasing B/metal
ratio as it was already observed (cf. Fig. 3(c)).

For the hybrid HiPIMS/DCMS target configurations this asymmetry
in the angular cosine distribution of Ti and Al will continue to play a
role. Here, however, we have higher ionization probabilities for the
metal atoms compared to boron, which lead to further increase of the
metal component in the film alloys (lower y-values) as compared to the
linear superposition of results obtained for reference diborides grown by
pure HiPIMS and pure DCMS would suggest (see Fig. 3(c)). The lower y
values measured if the TiB, target operates in HiPIMS mode can be
explained by the enhanced ionization of the DCMS sputtered Al flux as
demonstrated in Figs. 1 and 2, and as discussed above.

Results presented in Fig. 10 reveal a clear improvement in the high
temperature oxidation resistance with increasing Al content. Irre-
spective of the growth mode used, the oxide scale thickness decreases
more than 15 times upon increasing x from 0.36 to 0.74. The effect is
preliminary attributed to the passivating properties of Al-containing
oxides, in analogy to the TiAIN system [61]. Ti;.xAlyBy layers with
0.58 < x < 0.67 offer, in turn, the best compromise between high-
temperature oxidation resistance and mechanical properties with an
average oxide scale thickness of 90-180 nm and a hardness of 34-38
GPa. If the oxidation resistance is of primary concern, diboride film with
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x = 0.74 is the better choice with dox = 45 + 10 nm and H exceeding 30
GPa.

5. Conclusions

Hybrid HiPIMS/DCMS co-sputtering with AlB, and TiB, targets was
used to grow Tij xAl;By thin film alloys with 0.40 <x < 0.76 and 1.81 <
y < 2.03. Two target configurations were explored: AlB,-HiPIMS/TiBy-
DCMS and TiB,-HiPIMS/AIB5-DCMS. The substrate temperature during
growth was lower than 180 °C with no external heating applied. Time-
resolved ion mass spectrometry analyses, conducted at the substrate
plane, revealed that the ionization of DCMS flux is highest during TiBy-
HiPIMS/AlB,-DCMS, which can be explained by the difference in the
first ionization potentials of sputtered metal atoms and the different
probability for electron-impact ionization.

The B/metal ratio in the single-phase Ti; xAlsBy thin film alloys was
observed to decrease with increasing x, irrespective of the target
configuration used, because of difference between angular distributions
of Ti and Al atoms emitted from TiBy and AlB; targets. Films grown with
TiB,-HiPIMS/AIB,-DCMS contained less atomic B for a given x. This
effect is caused by higher metal-ion content in the plasma (due to the
efficient cross-ionization) steered to the negatively-biased substrate to
preserve plasma neutrality.

A significant improvement in high-temperature oxidation resistance
of Tij.xAlyBy films takes place with increasing Al content. The thickness
of the oxide scale forming after 1 h anneal at 800 °C in air decreased
more than 15 times upon increasing x from 0.36 to 0.74. TijxAl;By
layers with 0.58 < x < 0.67 offer an optimization between high-
temperature oxidation resistance and mechanical strength with an
average oxide scale thickness of 90-180 nm and hardness 34-38 GPa. If
the oxidation resistance is of primary concern, AlB,-HiPIMS/TiB,-DCMS
Ti1xAlxBy film with x = 0.74 is the best solution with dox = 45 & 10 nm
and H exceeding 30 GPa.
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