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In the field of hard protective coatings, nano-crystalline Ti-B-N films are of great importance due to the
adjustable microstructure and mechanical properties through their B content. Here, we systematically study this
influence of B on Ti-B-N during reactive as well as non-reactive DC magnetron sputtering. The different depo-
sition routes allow for an additional, very effective key parameter to modify bond characteristics and micro-
structure. Plasma analysis by mass spectroscopy reveals that for comparable amounts of Ti*, Ti*, Ar*, and Ar?*
ions, the count of N* ions is about 2 orders of magnitude lower during non-reactive sputtering. But for the latter,
the N*/N3 ratio is close to 1, whereas during reactive sputtering this ratio is only 0.1. This may explain why
during reactive deposition of Ti-B-N, the B—N bonds dominate (as suggested by X-ray photoelectron spectros-
copy), whereas the B—B and Ti—B bonds dominate for non-reactively prepared Ti-B-N. Chemically, reactively
versus non-reactively sputtered Ti-B-N coatings follow the TiN-BN versus TiN-TiBy tie line, respectively. Detailed
X-ray diffraction and transmission electron microscopy studies reveal, that up to 10 at.% B can be dissolved in the
fce-TiN lattice when prepared by non-reactive sputtering, whereas already for a B content of 4 at.% a BN-rich
boundary phase forms when reactively sputtered. Thus, we could not only observe a higher hardness (35 GPa
instead of 25 GPa) as well as a higher indentation modulus (480 GPa instead of 260 GPa), but also a higher
fracture energy (0.016 instead of 0.009 J/m during cube-corner indentations) for Ti-B-N coatings with 10 at.% B,
when prepared non-reactively.

1. Introduction [8,91). Boron is a special alloying element (due to its semi-metallic

character), as it may occupy the metal [10] as well as non-metal sub-

Physical vapor deposited (PVD) TiN is an extremely successful
coating, not just for decorative purposes (due to its shiny yellow color)
or diffusion barrier abilities (e.g., for microelectronics), but also to
protect cutting tools against heavy mechanical and corrosive loads, since
the 1960s [1]. To even further increase the efficiency of such products,
technological innovations for the preparation of higher quality coatings
have been made [1-3] but also their microstructure [4,5] and/or
chemistry have been modified. A massive increase in performance, even
a breakthrough, came with chemically modifying the metal sublattice
(developing Ti;.xAlkN [6,7]) or the non-metal sublattice (TiCxNj.x

lattice [10,11] and easily forms BN-rich boundary phases [12]. This
leads to many diverse studies, reporting about a significant hardness
increase of TiN with the addition of B (up to 40 GPa) [13-19], but also
about a hardness decrease [20,21].

When plotting the chemical composition of individual Ti-B-N coat-
ings in the corresponding equilateral concentration triangle, hard and
superhard (> 40 GPa [22]) coatings are centered along the TiN-TiBy or
TiN-TiB tie lines [10,13-17,23-26]. The softer ones are along the TiN-
BN or TiB2-BN tie lines, deeper within the TiN-BN-TiB, triangle, or
closer to the BN region [21,27,28]. As boron is slightly larger than
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Table 1
Summarized deposition parameter for reactively and non-reactively magnetron sputtered Ti-B-N coatings.
Target current (A) Negative bias potential (V) Tsub Gas flow (sccm) Pdep (P2)
2” 3// 2// 3// 3// (OC) Ar N2
Ti TiN TiB, TiB, TiBN
Reactive 0.6 - - 0.05-0.6 - 60 480 7 3 0.4
Non reactive - 0.75 0.0-0.6 - - 60 480 10 - 0.4
(binaries)
Non reactive - - - - 0.75 60 480 10 - 0.4
(ternaries)

nitrogen (0.85 and 0.65 A for the atomic radii of B and N, and 0.84 and
0.71 A for the covalent bonding radii of B and N, respectively [29,30]), it
leads to severe lattice distortions and larger lattice parameters when
substituting for N in the TiN lattice [10,26]. The additionally changed
bond characteristic leads to a dielastic contribution in the solid solution
strengthening mechanisms. If the supply of B is too high to be
completely dissolved in the crystal lattice, B-segregation will hinder
coalescence during nucleation of the films as well as inhibit coarsening
during growth of the film, leading to small-grained structures allowing
for grain-boundary strengthening (often described by the Hall-Petch
relation [31,32]). A similar effect is obtained when two competing
and essentially immiscible phases (such as TiN and TiB5) nucleate and
grow simultaneously [25]. A decrease in hardness (upon adding B to
TiN) is often related to the formation of weaker B—N bonds, typically
present in pronounced amorphous grain boundary phases of the coating
microstructures [21]. But these B—N dominated grain boundary phases
are able to reduce the coefficient of friction [20]. Such phase formation
is often observed as a result of reactive deposition processes, whereas
non-reactive deposition routes typically lead to superior hardnesses
[13,21]. Consequently, not just the B-content defines the phase forma-
tion and resulting properties but also the deposition routes. Besides the
beneficial properties of high hardness or low friction coefficient, a major
drawback of Ti—N as well as Ti-B-N coatings is their limited capability
for plastic deformation, they are rather brittle. This restricts their
application and often leads to premature failure in use. Recent studies
[33,34] in the field of non-reactively sputtered transition metal carbo-
nitrides highlighted an enhancement of fracture -characteristics
through a non-reactively deposition route.

Here, we analyze in detail the microstructure, phase formation, and
mechanical properties (including consumed fracture energy during cube
corner indentation) of reactively and non-reactively sputtered Ti-B-N
coatings. Plasma analysis by mass spectroscopy allows linking these
characteristics with the prevailing plasma composition. Non-reactive
depositions were realized through co-sputtering of ceramic TiN and
TiB, targets, as well as a (TiN) 5(TiB3)o.5 compound target (to realize
higher boron content compared to co-sputtering) in an Ar glow
discharge. Reactive depositions are realized through co-sputtering of a
Ti and a ceramic TiB; target in a mixed Ar + Ny glow discharge.

2. Experimental

All coatings were developed using an AJA International Orion 5
sputter deposition system equipped with two 2” and one 3" unbalanced
magnetron sources. These and the applied bias potential were powered
by two ENI RPG 50 (MKS Instruments) and two DCXS-4 (Sairem) DC
power supplies. Argon was introduced at the bottom of the chamber; the
nitrogen inlet is placed near the heated and rotating substrate holder (1
s™1). The substrates (sapphire (1102) and silicon (100)) were cleaned in
acetone and ethanol (5 min each) in an ultrasonic bath, subsequently
placed via a load lock in the chamber. Furthermore, the substrates were
thermally cleaned at the deposition temperature for 20 min (600 °C
heater temperature, equivalent to 480 °C substrate surface tempera-
ture), and subsequently, Ar plasma etched for 10 min (by applying a
negative bias potential of —750 V at an Argon pressure of 6 Pa). During

the last 3 min of this substrate etching step, all targets were cleaned from
possible surface contaminations by igniting their glow discharges as
well. Half a minute before opening the shutters in front of the targets and
thus starting the deposition, we reduced the total pressure to the actual
deposition pressure (0.4 Pa) and added nitrogen. The latter is only
needed for the reactive depositions and to obtain the desired poisoning
state (steady-state region) of the Ti target, when the deposition starts.
Reactively prepared coatings are co-sputtered from two 2" Ti Targets
and one 3" TiB, target. The non-reactively prepared coatings were
realized by co-sputtering of one 3” TiN target and one 2" TiB, target. An
additional non-reactively sputtered coating was developed with one 3"
TiN-TiBy compound target (50 mol% TiN and 50 mol% TiB,, i.e.
(TiN)o5(TiB2)o.5 or Tip.4Bo.4Np.2). The change in target dimensions, as
well as the usage of a compound target, was necessary to obtain coatings
with higher boron contents. All of the used targets had a purity of 99.5%
and were produced by Plansee Composite Materials GmbH. The target-
substrate distance was 110 mm, and the cathodes are con-focally ar-
ranged. The total gas flow was 10 sccm for all depositions, 3 sccm No + 7
sccm Ar for the reactive ones, whereas all non-reactive coatings were
deposited at 10 sccm Ar. The total pressure was controlled through a
pressure controller to 0.4 Pa. Furthermore, we applied a bias potential of
—60 V DC to the substrates to achieve a dense coating microstructure
[35]. All targets were operated in current-controlled mode. We applied
0.6 A to both 2” Ti targets and varied the current between 0.05 and 0.6 A
on the 3" TiB;, target to deposit a variation in boron content for the
reactively sputtered coatings. The 3” TiN of the non-reactively deposited
thin films was powered with a constant current of 0.75 A, the powering
of the 2" TiB, target was varied between 0 and 0.6 A, and the
(TiN)o.5(TiB2)o5 composite target was operated with 0.75 A. The
deposition parameters are summarized in Table 1.

Mass spectroscopy measurements during reactive or non-reactive
magnetron sputtering of Ti—N were conducted in a slightly smaller
vacuum chamber (506 mm in diameter and 522 mm in height) and
pumped by a diffusion pump. This system is equipped with a 4"
magnetron (VTech, Gencoa Ltd) allowing for in-situ control of the
magnetic field strengths over the Ti or the TiN targets (99.99% purity, 6
mm thick, Plansee Composite Materials GmbH). The magnetic field
strength was adjusted to meet the waveforms of the target voltage and
the target current density observed during the depositions of the films in
the AJA International Orion 5 system.

The base pressure before starting each experiment was below than
2:1073 Pa. Argon was introduced into the chamber at a flow rate of 17
sccm and the pressure was set to 0.4 Pa. The magnetron was driven by a
high-power pulsed direct current power supply (SIPP2000USB, Melec
GmbH). The discharge was operated in DC mode either at a constant
average discharge power of 600 W and varying Nitrogen content (for the
reactive deposition) or with varying discharge power in pure Argon. The
ions in the discharge plasma were analyzed by an energy-resolved mass
spectrometer (Hiden Analytical EQP300) whose sampling orifice was
directly facing the center of the target and the target—orifice distance
was 150 mm. The extractor voltage was set to —3 V with respect to
ground potential and the electrode controlling the ion energy was
scanned from —5 to +55 V, which ensured that the whole ion energy
distribution function was recorded. The dwell time for ion detection at
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Fig. 1. Total ion counts of Ar*, Ar**, Ti*, Ti®*, N3, and N* measured at sub-
strate position during magnetron sputtering. 2a shows the data for reactive
sputtering with respect to the Nitrogen partial pressure. 2b shows the respective
ion counts for non-reactive (pure Ar atmosphere) sputtering of a TiN target as a
function of the varied target power density. The total pressure was set to 0.4 Pa
in all experiments.

each energy was 100 ms. The mass spectrometer was tuned to 40Ar+ jons
and the obtained setting was kept constant for all measurements. Stan-
dard time-averaged acquisitions of ion energy spectra were measured for
40Art, Y0Ar2t) BTt 48Ti2% 19NF and *N* ions. For each species, the
total ion count was obtained by integrating the ion energy distribution
function over the whole energy range.

X-ray photoelectron spectroscopy (XPS) of all Ti-B-N coatings was
conducted with a custom-built SPECS XPS-spectrometer equipped with a
monochromatic Al-K, X-ray source (pFocus 350, spot size: 450 pm,
power: 70 W) and a hemispherical WAL-150 analyzer (Acceptance angle
60°). Prior to XPS measurements the sample was sputter cleaned for 30 s
on a2 x 2 mm? area using 3 kV Ar-ions (angle between Ar beam and
sample surface normal: 45°).

The overview and detailed spectra were recorded with pass-energies
of 100 eV and 30 eV, and energy resolutions of 1.0 eV and 0.1 eV,
respectively. These were analyzed using transmission corrections (as per
manufacturer's specifications), Shirley-backgrounds, and sensitivity
parameters after Scofield [36] within CASA XPS, and charge corrections
(by setting the binding energy value of adventitious carbon from minor
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surface contamination to 284.8 eV, according to ISO 15472:2010).
Deconvolution of XPS signals was carried out using symmetric Gaussian-
Lorentzian peaks (GL(30)) and Levenberg-Marquardt least-square peak
fitting.

X-ray diffraction patterns, recorded for all Ti-B-N coatings using a
Panalytical XPert II 0-0 diffractometer equipped with a Cu-K, source (A
= 0.15418 nm) in Bragg-Brentano geometry, were evaluated for peak
positions as well as the full width at half maximum (FWHM) by using the
commercial HighScore Plus software from Panalytical. In a first step we
determined the background, manually defined peak positions, and
subsequently fitted the Pearson VII function by a built-in algorithm
based on a least-squares method.

Detailed investigations of the nanostructure and phase constitution
are conducted via transmission electron microscopy (TEM, FEI TECNAI
F20) combined with selected area electron diffraction (SAED). The im-
ages were recorded in bright field (BF) as well as in dark field (DF) mode
(on the 111 and 200 rings of the fcc lattice) to enhance the visibility of
single grains. Furthermore, Fast Fourier Transformation (FFT) and in-
verse FFT images were calculated using Gatan Digital Micrograph 3.

Indentation hardness, H, and indentation modulus, E, of our coatings
were measured using a UMIS nanoindentation system equipped with a
diamond Berkovich tip. We applied guidelines given by Oliver and Pharr
[37] and Mencik et al. [38] to evaluate the obtained load-displacement
curves. The applied maximum load varied between 3 and 45 mN and we
performed a total number of 31 indentations per sample. The cube-
corner indentations were performed using the same nanoindenter
applying forces between 100 and 350 mN. We analyzed the resulting
cube corner indents in an FEI Quanta 250 FEGSEM and evaluated the
required energy for fracture by calculating the area of a pop-in event
during indentation using Wolfram Mathematica 12 [39].

Biaxial residual stresses of as deposited coatings, including thermal
stresses, are analyzed with the Stoney equation from the curvature of
coated Si substrates, as obtained by optical profilometry (Nanovea PS
50). The initial curvature of the substrates was assumed to be zero.

3. Results and discussion
3.1. Deposition: plasma- and elemental composition

To understand the differences between reactive and non-reactive
sputtered nitrides, we investigated the sputtering atmosphere by mass
spectroscopy (Fig. 1) in a separate chamber for pure TiN. Although with
this technique only the ion fluxes can be evaluated (there is no direct
information about neutrals), they provide important information on the
discharge conditions. Fig. 1a shows the total ion count for various ni-
trogen partial pressures during reactive sputtering, whereas the nitrogen
partial pressure used for the preparation of our films is indicated by the
grey bar. For the non-reactive case, we varied the target power density,
see Fig. 1b (the power density used for the preparation of our films is
labeled by the grey shaded area). Although the titanium ion counts (Ti"
and Ti?* see open and half-filled diamond symbols) are comparable for
the deposition conditions used, the titanium to nitrogen (N and N3 see
half-filled and open triangles) ion ratio is about 13.7 for the non-reactive
discharge, and only 0.14 for the reactive case. In addition, the fraction
N*/(N* 4 N3) is 51% during non-reactive discharges and only 15%
during reactive discharges. Thus, there is especially an oversupply of the
less-reactive N ions with respect to titanium ions during reactive
sputtering in addition to the obvious oversupply of neutral N5 as well.
Still no N gas is introduced during non-reactive sputtering, there is still
a significant amount of N3 in the discharge with about 49% of the ni-
trogen ions, see Fig. 1b. In comparison, during reactive sputtering the
N4 ions are about 85% of all nitrogen ions. This may in part explain the
significant difference in deposition rate, which is about 3-times lower for
the reactive case (6.9 nm-min_' in the reactive case with two 2’ Ti
targets compared to 23.4 nm-min ' in the non-reactive case with one 3"
TiN target), where the growing film is terminated with less-reactive N3
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or even Ny. The thicknesses of the reactive coatings with increasing B
content were the following: 0.718, 0.705, 0.809, 0.951, 1.23, 1.67, 2.05,
and 2.19 pm. For our non-reactive depositions, we observed 2.11, 2.12,
2.16, 2.13, and 1.82 pm with increasing B content. But this not just has
implications on the deposition rate, also the phase formation (being
always dependent on energy and kinetic) may be influenced. For TiN, as
long as there is sufficient N supply, the phase is still TiN with a likely
over stoichiometric composition of N/Ti >1. But for other materials such
as Ti-B-N, this can also modify the dominating bond character from
Ti—B or TiN towards B—N.

To estimate the flux of species arriving at the substrate (for the
reactive as well as non-reactive sputter deposition of TiN) we used the
following assumptions and formulae. For the sputtered Ti species, we
calculated the sputtering rate of Ti using the known target current and
the sputtering yield of Ti. Then we used the SIMTRA software [40] to
calculate the fraction of sputtered atoms arriving at the substrate. The
SIMTRA software calculates the transport of individual sputtered atoms
in a homogeneous background gas using a Monte Carlo method. The
simulation parameters and geometry corresponded to the experimental
system used. Based on this, an arrival flux of two times 4.4 x 10'°
em2.s7 1 Ti species during reactively sputtering the two 2" Ti targets was
estimated (10'® Ti species per second and cm?). For the reactive gas, we
measured the Ny partial pressure as follows: we started the deposition
process at the desired flow rate ratio and the total pressure of Ar and Ny,
then we switched off the N, flow (at fixed throttle valve position) and
determined the complement to the total pressure as the Ny partial
pressure. This yielded a value of 0.08 Pa. From this partial pressure and
assuming the thermal velocity of the gas, we calculated the flux of Ni-
trogen onto the substrate as:
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Fig. 3. XPS detail spectra of the Bls region of 3a: the reactively deposited coating, 3c: the non-reactively deposited coating, as well as the detail spectra of the N1s
region of the reactively and non-reactively deposited coating (3b and 3d respectively).
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Fig. 4. X-ray diffraction patterns (Bragg-Brentano) of our Ti-B-N coatings. 4a
shows the XRD patterns of the reactively deposited coatings, 4b the XRD pattern
of the non-reactively deposited coatings. The patterns are labeled with the
Boron content of the thin film.

where p is the partial pressure, m is the mass of the gas atom or molecule,
k the Boltzmann constant, and T the gas temperature. Using a temper-
ature range between 350 K and 650 K (substrate temperature) and a
partial pressure of 0.08 Pa, we obtained a flux between 1.51 x 10'7 and
2.05 x -107 cm2.s7! N3 species, hence in the order of 10'7. This would
leave us with at least one order of magnitude oversupply of N with
respect to Ti. This oversupply, however, is not present during non-
reactive sputtering as the working gas within the chamber is just Ar.
Thus, the resulting ratio of film-forming species (Ti and N) is following
the target composition, except for different sputter angle distributions
and gas scattering events. Calculating the arriving fluxes with SIMTRA
yields 4.4 x 10 Ti/ecm™2-s! for the non-reactive case, being essentially
the same as the nitrogen flux during non-reactive sputtering with 4.2 x
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10'®> N/em™2.s7! (assuming a sputter yield of 0.4 for Ti and N from TiN
[41]). Thus, especially the arrival flux of N species is significantly lower
during non-reactive sputtering and better matches that of Ti than during
reactive sputtering. This partly explains the significantly lower deposi-
tion rates during reactive sputtering, as the growing film surface is
decorated with adsorbed No.

XPS measurements reveal a fundamental difference in elemental
compositions depending on the type of process used depositing the
different Ti-B-N coatings. While non-reactive co-sputtering of TiN and
TiB, targets, as well as non-reactive sputtering of the (TiN).5(TiB2)o.5
target results in coatings with compositions near the TiN-TiBy tie line,
the reactive co-sputtering of Ti and TiB, targets, leads to composition
along the TiN-BN tie line — see Fig. 2. The non-reactively sputtered
coatings are slightly over stoichiometric, especially with respect to the B
content. The stoichiometry of TiB, coatings, when prepared from stoi-
chiometric TiBj targets, strongly depends on various deposition condi-
tions such as the Ar pressure (with increasing Ar pressure the B/Ti at.
%-ratio decreases, even below 2 [42]), the target-to-substrate distance
(with increasing distance the B/Ti at.%-ratio decreases below 2 [42]), as
well as the Ar'/Ti flux ratio (with increasing Ar'/Ti ratio the B/Ti at.
%-ratio increases, even above 3 [43,44]).

Therefore, we investigated in the detail the boron Bls and nitrogen
N1s regions of Ti-B-N films prepared by reactive and non-reactive
sputtering (Fig. 3).

By trend, the B 1s spectra for the reactively sputtered films are
dominated by boron species in the higher binding energy range (>
190.5 eV), whereas films prepared from the non-reactive process show
pronounced intensities in the lower binding energy range of the B 1s
region (< 188 eV) which is exemplarily shown for two films having a
comparable B content of 9.0 at.% for the reactively prepared one
(Fig. 3a) and 10.4 at.% for the non-reactively prepared one (Fig. 3c).
Additionally, those two coatings show similar XRD patterns and reveal
the largest differences in the mechanical properties (both shown later in
this work). Deconvolution of B 1s spectra suggests six different boron
species: substoichiometric TiBy overlapping with the signal of B—B at
186.2 eV, TiB, at 187.5 eV, Boron suboxides at 189.1 eV, B—N at 190.4
eV, BoO3 at 191.9 eV (see [45-49] and references therein) as well as an
additional signal around 193.5-194.0 eV, which might be assigned to
boric acid [50] but its exact nature remains elusive. There are significant
differences between the relative intensities of boron species for the
investigated samples. The difference in the B—N bond proportion may
also be observed in the N1s signals (Fig. 3b and d for reactive and non-
reactive sputtering, respectively), where we evidence an increased
amount in the reactive case. Deconvolution of the N1s signals shows
B—N bonds at 398.5 eV [46,47], TiN at 397.4 eV, and TiON at 396.7 eV
as well as another component at 399.7 eV that has also been observed for
TiN/TiON [51].

Based on this, a formation of B—N rich grain boundary phases is
assumed during reactive depositions.

3.2. Structure and morphology

However, XRD studies do not show any formation of a crystalline BN
phase in our reactively sputtered films (see Fig. 4a), but indicate that
with increasing B content the intensity of the TiN-based XRD peaks re-
duces significantly while increasing the width. This is a strong indication
for a massive reduction in coherently diffracting domain sizes with
increasing B content (especially, with B > 12.3 at.%), hence increasing
B—N bonds for the reactively prepared films. The coating with the
lowest B content (0.5 at.%) grows with a strongly preferred 002-orienta-
tion, which immediately shifts to a strongly preferred 111-orientation
for higher B contents up to B < 9.0 at.%. The coatings with 4.4 <B <
9.0 at.% have a lattice parameter of 4.25 + 0.001 A, while that for the
coating with only 0.5 at.% B is slightly larger with 4.26 + 0.001 A. From
12.4 at.% B onwards, the growth orientation is more random and there is
also a significant shift in position of the XRD peaks. But interestingly the
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Fig. 5. TEM micrographs of the reactively deposited hard coating with 9.0 at.%
B. 5a shows a bright field overview image of the coating, the substrate is on the
bottom section of the micrograph. The inset a-I shows a representative selected
area electron diffraction pattern of this coating, including an intensity inte-
gration, using CrystBox [56,57], of this pattern as an overlay. The triangle
positions in this overlay mark the positions of a c-TiN reference (00-038-1420).
5b shows a higher magnification of this coating and 4c a dark field image (111
and 200 reflections are included) of the same area. 5d shows a high-resolution
image of the coating. The inset d-i shows an FFT image of the whole area, the
quarter rings mark the (111), (200), and (220) reflection of the TiN reference
(00-038-1420), the inset d-ii shows an inverse FFT, where the marked areas in
d-i (dotted rings around (111) and (200) rings) were used to recalculate the
HR-image.
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Fig. 6. TEM micrographs of the non-reactively deposited coating with 10.4 at.
% B. 6a shows an overview image of our coating including a SAED pattern with
an overlay of the integrated intensity (CrystBox [56,571), the triangles mark the
TiN reference (00-038-1420). 6b shows a higher magnified image, 6¢ a dark
field (111 and 200) image of the same area. 6d shows an HR image of several
grains including inset d-i showing an FFT of the marked area (dashed square)
including necessary information on the crystallographic orientation of the grain
and the calculated reflections.
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(111) XRD peak shifts to the left and the (200) peak shifts to the right.
This indicated the formation of new phases, possibly TiBy, whose (100)
and (101) XRD peaks would be to the left respectively right side of the
TiN peaks. The sharp peak at around 62° visible in some patterns orig-
inates from the Si (100) substrate (Cu-Kg reflection of the 400-lattice
planes of Si), along with the 2Theta reflection at 33 and 56° (Cu-Kp
reflection of the 200- and 311-lattice planes of Si). At the highest B
content of 17.5 at.% (in the reactive case) all XRD peaks are already
extremely broad.

The XRD patterns of the non-relatively sputtered Ti-B-N coatings
using a TiN and a TiB, target, respectively, (see Fig. 4b) show increasing
broadening as well as shift (to smaller diffraction angles) of the TiN
related peaks with increasing B content. The shift in XRD peak positions
suggests a nearly linear lattice parameter increase from about 4.25 +
0.001 A to 4.29 + 0.001 A with increasing B content from 0 to 10.4 at.%
B - being the maximum for these co-sputtered films. The ab initio ob-
tained lattice parameter is 4.53 A for fcc-TiB and 4.31 A for fec-
TiNg.75Bg.25, where B would fully substitute 25 at.% N of an fcc-TiNj 4By
lattice (x = 0.25 equal to an overall B content of 12.5 at.%) [10].
Chemically, the non-reactively sputtered Ti-B-N coatings are along the
quasi-binary TiN-TiB; tie-line, and if B would also substitute for Ti (to
allow a chemistry along this tie-line) the ab initio obtained lattice
parameter is 4.27 10\ for fCC-Ti().375B().125N0.75B0425 (overall B content of
18.75 at.%). Thus, our experimentally obtained lattice parameters are
between these ab-initio calculated values, suggesting that B mainly
substitutes for N but also partly for Ti in an fcc-TiN based lattice. This
agrees with the XPS measurements suggesting Ti-B, B—N, and TiBy
bonds. The coating with the highest B content of 23.9 at.% was prepared
non- reactively from the (TiN)g 5(TiB2)o.5 compound target. There, the
XRD peaks are extremely broad with low intensity and positions be-
tween the TiN and TiBy standard values. Actually, this pattern is very
similar to those obtained from Ti-B-N coatings, which are prepared by
non-reactive sputtering of one segmented TiN-TiB, target (half TiN and
half TiBy) [52]. Detailed TEM studies showed that these coatings are
composed of TiN and TiB, nm-sized crystals embedded in amorphous
boundary layers [25].

TEM investigations of our coatings — exemplarily shown here for a
reactively sputtered film with 9 at.% boron (see Fig. 5) as well as for a
non-reactively grown film with 10.5 at.% boron (see Fig. 6) — clearly
show their compact, dense growth morphology. The overview (in bright
field mode) of the entire cross-section, Fig. 5a, shows such a fine-fibrous
growth morphology for the reactively prepared film. The inset (a-i) is a
quarter SAED pattern (obtained with a 750 nm diameter aperture
positioned in the middle of the coating's cross section) including the
integrated intensity of the full ring pattern with the relevant TiN refer-
ence positions (indicated with triangle symbols). These clearly show a
fully cubic structure without any sign of other crystalline phases. Fig. 5b
is a detailed bright field micrograph in the vicinity of the interface to the
Si-substrate, and Fig. 5c is the same area in dark field mode for which we
used the (111) and (200) reflections to contrast single grains. The latter
is used to quantitatively evaluate the column width, which is 6.6 + 1.2
nm. The HRTEM image (see Fig. 5d) of a surface-near-region of our
coating shows more crystallites with different orientations, but all with
an fcc-TiN based structure (see the FFT given in inset d-i). The dashed
quarter-circles in this inset mark the TiN reference rings for the 111,
200, and 220 orientation. The dashed small circles mark the selected
regions for the inverse FFT shown in inset d-ii, indicating a similar grain
size as obtained from the lower magnification DF images (see Fig. 5c).
The cross sectional HR-TEM studies of this reactively sputtered film with
9 at.% B do not show clear signs of amorphous grain and column
boundary phases. Considering that the reactively sputtered Ti-B-N films:
(i) are chemically almost perfectly positioned along the quasi-binary
TiN-BN tie-line, (ii) have dominating BN bonds next to Ti—B, (iii) and
have only one crystalline phase based on TiN with essentially no lattice
parameter variation at least up to 9 at.% B, these HR-TEM studies sug-
gest that B substitutes the metal species of an fce-TiN based crystal. Our
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Fig. 7. Hardness and residual stress of out Ti-B-N coatings. panel a shows the
hardness of our coatings with respect to the Boron content. The symbols and
lines thereby represent the measured hardness values, whereas the shadowed
region underneath represent the measured hardness corrected for the residual
stress. Panel b shows the residual stress values.

conclusion is also manifested by the detailed XPS studies of reactively
sputtered Ti-B-N coatings having different B content (with chemistries
also along the TiN-BN tie line). There, with increasing B content the
B—N bonds increase in intensity as well as the TiB, bonds, but the TiB,
bonds show highest intensity for medium B contents.

The non-reactively prepared Ti-B-N coating, with a similar B content
of 10.4 at.%, shows a very similar growth morphology with probably
slightly larger grains, see the TEM overview image in Fig. 6a. The inset
(a-i) is a SAED taken from the midfield of the coating's cross section.
Again, the integrated pattern shows no other crystalline phase than
cubic TiN (referenced with triangles). A higher magnification of the
substrate near region is shown in Fig. 6b. The corresponding dark field
image selecting the (111) and (200) reflections of ¢-TiN (Fig. 6¢) allowed
evaluating the average column width to be 16.3 + 1.8 nm. Thus,
significantly larger as the 6.6 + 1.2 nm obtained for the reactively
sputtered coating (with a similar B content of 9 at.%) and in agreement
with the overall impression, compare Figs. 5a and 6a. HRTEM in-
vestigations (Fig. 6¢) also show for this coating no indication for an
excessive amorphous-like boundary phase and the column width of
about 15.5 nm (from this surface near region) very well agrees with the
column widths obtained from the dark field image, see Fig. 6¢. The inset
d-I shows an FFT of the selected region (marked with yellow dashed
lines). This particular grain is imaged in [200] direction, hence the spots
in the FFT are assigned to the (200) and (220) families, respectively.
Considering that chemically the non-reactively sputtered Ti-B-N coat-
ings are along the quasi-binary TiN-TiBy tie line, and that the only
crystalline phase present (up to a B content of 10.4 at.%) is fcc-TiN-
based (with increasing lattice parameter for increasing B content), the
TEM studies suggest that B substitutes most probably for Ti and N in this
crystal structure. Only if B also substitutes for N, the lattice parameter of
the fcc-TiN based crystals increases with increasing B content. The
substation of N with B also allows for the dominating Ti—B bonds
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Fig. 8. Residual imprints of our cube corner indentation experiments. Panels a and ¢ show the residual imprint of a reactively deposited coating with 9.0 at.% B, and
panels b and d show similar behavior for a non-reactively deposited coating (6.0 at.%). The maximum indentation forces were 150 mN, 450 mN, 350 mN, and 450

mN for a, b, ¢, and d respectively.

obtained by XPS of the 10.4 at.% B containing coating. The occurrence
of only this phase also partly explains the larger column width compared
to the reactive case, where a competing second phase is present.

Although for the reactively as well as non-reactively sputtered Ti-B-N
coatings up to about 10 at.% B no major contribution of an amorphous
boundary phase was found during the TEM studies, and the only crys-
talline phase is an fcc-TiN based structure, this structure provides
different bond contributions from both series. For the reactively sput-
tered films, B mainly substitutes for Ti, leading to BN bonds (but in an
fce-based lattice). In contrast, for the non-reactively sputtered films, B
substitutes for Ti as well as for N, leading to additional Ti—B bonds (in
an fcc-based lattice). This different bond situation leads to different
mechanical properties (as proven by mechanical investigations, next
paragraph).

3.3. Mechanical properties

Fig. 7a shows the hardness as a function of the Boron content. The
data points and lines thereby show the measured data and the shad-
owing underneath the measured values show corrected values. The
correction was made by considering the residual biaxial stress values
obtained from the curvature of coated Si stripes (shown in Fig. 7b). This
is justified since compressive residual stresses directly impede the
penetration of the indenter, whereas tensile residual stresses support it.
For simplicity and based on numerous investigations we used a 1-to-1
correlation (i.e., —1 GPa stresses increase the measured hardness
value by 1 GPa, which is a rather conservative value - for comparison,
Karlsson et al. found a correlation between ~1.3 to 1.9 for Ti(C,N) [53]).
This correction hence allows analyzing the hardness without the influ-
ence of residual stresses. The latter shows a strong dependence on the B
content for the reactively prepared coatings, decreasing from —4.6 +
0.28 to —0.9 £ 0.08 GPa upon increasing the B content. Comparing the

stresses with the XRD patterns (see Fig. 4) indicate, that the highest
compressive stresses of —4.6 = 0.28 GPa are obtained for the coating
with a pronounced (200) oriented growth. From 4.4 to 9.0 at.% boron,
where the structure is dominated by TiN based crystals with a preferred
(111) growth orientation, the coatings show compressive residual
stresses of ~ —2.0 GPa. Higher B contents promoting the formation of
nanocrystals with random orientation, cause residual compressive
stresses between —2.0 + 0.04 to —0.9 + 0.08 GPa. The non-reactively
prepared coatings exhibit biaxial compressive residual stresses be-
tween —2.5 4+ 0.48 GPa (0 at.% B) and — 1.3 & 0.25 GPa (2 at.% B).
Although the structure changes from single-phase TiN-based to nano-
composite upon increasing the B content from 10.4 at.% to 23.9 at.%,
the difference in compressive residual stresses is only 0.1 GPa — see the
ternary line in Fig. 7a and b.

Both coating series start with a hardness of about 29 + 1.9 to 33 +
1.8 GPa, which increases to around 37 + 1.3 GPa for the non-reactively
prepared coatings with increasing B content to 10.4 at.% (remaining in
the single-phase TiN-based structure) nearly following a square root of B
content relationship (in agreement to Fleischer). Further increasing the
B content to 23.9 at.%, which causes the formation of nanocrystalline
TiN and TiB2 phases, does not influence the hardness anymore. The
hardness of the reactively prepared coatings peaks already with 33 +
1.8 GPa at the beginning, and then decreases to only 18 + 0.7 GPa upon
further increasing the B content to 14.7 at.%. The two coatings with
even higher B contents (up to 17.5 at.%) show also only H values below
19.5 GPa. Comparing the reactively with the non-reactively prepared
coating containing at about 10 at.% B, for which we have a detailed XPS
(Fig. 3) and TEM study (Figs. 5 and 6), highlights the importance of the
bond characteristics for the hardness. This non-reactively prepared
coating, for which the Ti—B bonds dominate, obtains a hardness of
about 37 + 1.3 GPa being nearly 12 GPa higher compared to the reac-
tively prepared one with dominating B—N bonds. Their structure is
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Fig. 9. Young's modulus of our thin films with respect to the Boron content
(9a). 9b shows the energy necessary to cause fracture through the whole film
thickness during cube-corner indentation experiments. 9c shows an exemplary
force-displacement curve of such an indentation, and 9d shows a detail of the
pop-in event and highlights the areas which represent Enin and Epax. The solid-
blue, solid-yellow, and dotted-grey lines are fitted data before, after, and during
the crack event respectively.

comparable with single-phase based TiN - the compressive residual
stresses are identical with about 2 GPa - and also the growth
morphology itself is not significantly different. The minor differences in
crystal structure and growth morphology would not result in a 12 GPa
hardness difference.

The obtained indentation modulus of our reactively prepared coat-
ings (see Fig. 9a) shows a strong dependence on the B content similar to
their hardness, decreasing from 420 + 20 to 193 + 7 GPa (measured on
sapphire) upon increasing the B content to 14.7 at.%. The non-reactively
prepared ones exhibit an increase in E from 464 + 17 to 486 + 24 GPa
upon increasing B to 6.7 at.%, but a further increase in B to 23.9 at.%
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leads to a reduction in E to 421 + 6 GPa. Especially this coating, non-
reactively prepared from the (TiN)o 5(TiB2) s compound target should
be capable of a high resistance against fracture. This estimation sub-
stantiates on the combination of a dense nanocrystalline growth
morphology with a high hardness and highest H3/E? ratio of 0.248 GPa
among the coatings studied here. The latter allows estimating the ability
for energy-dissipation at plastic deformation during loading [54].

Experimental verification of the fracture resistance is obtained by
150, 350, and 450 mN loaded cube corner indentations of the coatings
grown on sapphire. Exemplarily, four characteristic residual imprints
after these experiments are presented in Fig. 8, showing the two major
different types of crack-growths observed. Either the cracks form at the
corners and tear away from the center of the indent (Fig. 8a and b) or
circular cracks form and corresponding chipping occurs (see Fig. 8c and
d). Although there are methods to evaluate the fracture toughness for
both types of crack formation [55], a direct comparison would lead to
misinterpretations. Therefore, we minimized this possible error by
evaluating the fracture energy, Efoc, normalized to the film thickness, tf.
Fig. 9b shows this normalized fracture energy as a function of the B
content of the reactively and non-reactively sputtered Ti-B-N coatings.
The energy was obtained from the area under the load-deflection curve,
which was recorded during the indentation process. For each case, the
minimum and maximum energy were averaged for the calculation. The
minimum energy is obtained by using the fitted curve after the pop-in
event and the maximum energy is obtained by using the fit before the
pop-in event (see Fig. 9d).

The normalized fracture energy peaks with 0.014 + 0.001 J/m at a B
content of 4.5 at.% for the reactively sputtered coatings. A further in-
crease in B causes the Eg,./tf to decrease to values below 0.010 J/m and
even 0.005 J/m for the highest B content of 15.7 at.%. The non-
reactively prepared coatings always showed values above 0.010 J/m,
with a peak of 0.016 + 0.001 J/m for 10.4 at.% B. Again, if we compare
the coatings with about 10 at.% B, clearly the non-reactively prepared
Ti-B-N outperforms the reactively prepared one. The observed pro-
gressions with the B content suggest that this is certainly not the
dominating factor influencing the fracture energy. Hence, we propose
that, again, the binding of boron is the critical factor determining the
fracture properties of our thin films. This assumption is substantiated
with the measured higher Young's modulus: In the absence of plastic
deformation, a higher modulus goes along with higher toughness values.
Nevertheless, to gain intrinsic fracture toughness values Kjc, which are
quantitatively comparable with other studies, microcantilever bending
tests would be suggested.

4. Summary and conclusion

We have successfully deposited Ti-B-N coatings using two different
magnetron sputtering deposition routes: (i) Ti and TiB; targets in reac-
tive, nitrogen-containing atmosphere, as well as (ii) TiN and TiB; or a Ti-
B-N target in a non-reactive atmosphere (pure Ar). These deposition
routes lead to significant differences in their chemical composition. The
reactive films are located along the TiN-BN tie line in a ternary phase
diagram, while the non-reactive depositions are located along the TiN-
TiB, tie line. This is also reflected in the detailed XPS spectra, indicating
an increased amount of B—N bonds in reactively deposited coatings
compared to increased amounts of Ti-B bonds for non-reactively
deposited films. In addition, mass spectroscopy analysis shows, that
the fraction N*/(N* + N3) is 51% during non-reactive discharges and
only 15% during reactive discharges. Hence, there is especially an
oversupply of the less-reactive N3 ions with respect to Ti ions during
reactive sputtering next to excess No. As a further consequence, fewer N™
ions are highly effective during non-reactively sputter deposition lead-
ing to a higher deposition rate for the non-reactive case, whereas excess
N3 decorating the growing film in the reactive case, and hence slowing it
down. For both deposition routes, fcc dominated structures are
observed, whereas as only at high boron contents difference appear —



R. Hahn et al.

above 14.7 at.% B in the reactive case and at 23.9 at.% B in the non-
reactive case extreme peak broadening due to small crystallites
embedded in an amorphous grain boundary matrix.

However, no strong morphological variations are visible during TEM
analysis, but a clear difference in column width of 6.6 + 1.2 nm for the
reactive case compared to 16.3 + 1.8 nm for its non-reactively coun-
terpart at around 10 at.% B can be seen. This is a strong indication, that
for the reactively sputtered films, B mainly substitutes for Ti, leading to
B—N bonds (but in an fcc-based lattice), whereas for the non-reactively
sputtered films, B substitutes for Ti as well as for N, leading to additional
Ti—B bonds (in an fcc-based lattice).

This difference in bonding characteristics also strongly contributes to
the mechanical properties. We measure similar hardness, modulus of
elasticity, and fracture energy values for TiN, or small Boron contents,
but with increasing amounts of Boron the fracture behavior at the
highest hardness differs significantly. At around 10 at.% Boron, we
observe hardness and indentation modulus values of 35 + 1.7 and 472 +
19 GPa for the non-reactively deposited coating, compared to 25 + 1.1
and 264 + 11 GPa for the reactively one. Furthermore, improved frac-
ture properties at higher hardness, are indicated by increased fracture
energies during cube corner indentations — 0.016 + 0.0012 J/m
compared to 0.009 + 0.0010 J/m for the non-reactive versus the reac-
tive state at around 10 at.% B, respectively. This trend is even more
pronounced at very high Boron contents.

In summary, non-reactive deposition offers a straightforward way to
dissolve Boron in fcc structure TiN, resulting in increased mechanical
properties, especially hardness but also fracture tolerance at high Boron
contents.
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