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ABSTRACT

Titanium tungsten carbide (TiWC) coatings are deposited by a combined high-power impulse and dc magnetron co-sputtering (HiPIMS/DCMS) technique. No
external heating is applied during deposition phase, instead, the thermally driven adatom mobility is substituted by heavy ion irradiation. DCMS sources equipped
with titanium carbide targets provide constant neutral fluxes to establish the predominant coating structures, whereas tungsten carbide target in HiPIMS mode serves
as the source of heavy metal-ions. Substrate bias of —60 V is synchronized to W' ion-rich time domains of HiPIMS pulses to minimize the contribution from working
gas ions. The influence of W' ion flux intensity, controlled by varying peak target current density (J), on film properties is investigated. X-ray photoelectron
spectroscopy reveals the presence of over stoichiometric carbon forming an amorphous phase, the amount of which can be fine-tuned by varying J7. Changes in film
composition as a function of Jr are explained based on the in-situ ion mass spectroscopy analyses. Dense TiWC coatings by hybrid process exhibit hardness higher
than 30 GPa, which are comparable to TiWC films deposited by DCMS with dc substrate bias and external heating. The relative energy consumption in the hybrid
process is reduced by 77 % as compared to high-temperature DCMS processing.

1. Introduction

Protective layers applied on metal machining tool surfaces are
proven to be an effective approach to improve their performance and
lifetime. Typically, the operating conditions of the tool surface is harsh,
with high temperatures and pressures. Transition metal nitrides and
carbides are common materials for such applications, due to their high
strength and durability [1]. Titanium carbide (TiC) is frequently used to
coat metal machining tools because of its good intrinsic properties [2].
The properties of deposited TiC depend on the carbon content. Excess
carbon may form an amorphous phase (a-C), which encapsulates the
crystalline TiC nanograins to form a nc-TiC/a-C(:H) nanocomposite. For
a specific amount of this a-C tissue phase, super hardness (H > 40 GPa)
has been observed [3,4]. Growth of TiC coatings is typically achieved by
chemical vapor depositions (CVD) [5,6] and physical vapor depositions
(PVD) [7-9] techniques.

Various approaches have been applied to further improve the per-
formance of the TiC-based material system. One promising route is to
introduce an additional element to form ternary carbides. Edstrom et al.
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[10] have theoretically shown for TiMeC (Me = tungsten (W) or mo-
lybdenum (Mo)), that their relative hardness enhancement compared to
TiC is related to the introduction W-C and Mo-C bonds, with more co-
valent character, to the strongly ionic-bonded TiC. Hardness enhance-
ments from alloying TiC with other metal elements have also been
observed experimentally. For example, Ji et al. [11] attributed the
hardness enhancement of CVD prepared Ti-W-C to the formation of
additional WC phases. Koutzaki et al. [12] observed comparable hard-
ness of sputtered Ti-W-C and TiC coatings, while specific nanocomposite
Ti-W-C microstructures displayed higher hardness due to Hall-Petch
strengthening.

Another approach to improve the mechanical properties of coatings
is to apply energetic particle bombardment during depositions by
applying a negative bias voltage to the substrate to attract and accelerate
positive ions toward the growing film surface, e.g., metal ions in
cathodic arc deposition [13] or Ar-ions in magnetron sputtering [9]. The
increased adatom mobility caused by the ion irradiation in combination
with any external substrate heating facilitate growth of dense and hard
coatings. Potential drawback with this approach is the generation of
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high compressive stresses that promotes cohesive failure of the coating
and adhesive failure at the substrate-coating interface [14], and
entrapment of impurities such as species from the working gas used in
magnetron sputtering [15]. In addition, the energy consumption is high,
as in addition to the substrates, also the entire vacuum chamber is
heated up. Another drawback is the limited selection of suitable sub-
strate materials that can tolerate high temperatures.

Recently, a novel hybrid high-power impulse and dc magnetron co-
sputtering (HiPIMS/DCMS) technique with metal-ion-synchronized
substrate bias was introduced to overcome these drawbacks [16].
Here, HiPIMS serves as a source of metal-ions during short regular pulses
[17], which arrive at the substrate out-of-phase with respect to the
arrival of gas ions [18]. Synchronizing substrate bias pulses with the
HiPIMS pulses and correctly setting the time delay and the duration of
the bias pulses gives control over the energy and momentum transfer of
metal-ions to the growing coating [19]. Tuning the time delay such that
working gas ions arrive at the coating growth front when the substrate is
electrically floating results in low energy and momentum transfer,
which is insufficient to cause ion implantation and lattice distortion.
Hence, working gas incorporation and high compressive stresses can be
avoided. The continuous flux of neutrals from the DCMS source allows
for high deposition rate from the HiPIMS/DCMS co-sputtering setup,
while the metal ions supplied by the HiPIMS source are accelerated by
the synchronized substrate bias and effectively densify the growing film,
provided that the incident ion mass is sufficiently high [20,21]. The ion
irradiation is even effective enough to render sufficient adatom mobility
to deposit dense and hard coatings without external heating. For
example, Li et al. [22] recently demonstrated the relationship between
coating densification and the mass of the metal ion by using a Me-
HiPIMS/TiAl-DCMS setup (Me = Cr, Mo, or W). Their results show
that W-ion irradiation most effectively densified the coatings compared
with the lighter metal ions. Coatings grown with W-ion radiation and
without external heating had a hardness of 32 GPa, which is similar to
Tip.sAlgsN coatings grown at 500C, while the energy consumption was
reduced by 83 %. Similar approach has also been applied for growth of
other transition metal nitrides [23-25], while it is yet to be evaluated for
transition metal carbides.

Another aspect is that to deposit carbides typically reactive physical
vapor deposition (PVD) processes employing, e.g., acetylene (CoHy), are
used. This implies health hazards and has a negative impact on the
environment [26]. Both issues can be resolved by using compound
carbide targets provided that the process flexibility allows for control of
the carbon content in the films, which determines mechanical
properties.

In this study, we use high-mass W irradiation to evaluate densifi-
cation effects during growth of TiWC coatings by WC-HiPIMS/TiC-
DCMS with synchronized substrate bias. The growth is performed
from compound targets, thus avoiding acetylene, and with no substrate
heating (to reduce energy consumption). By controlling the peak target
current density at the HiPIMS source to alter the intensity of W' ion
fluxes, we demonstrate the enhancement of the mechanical properties
and the possibility to fine tune a-C content in the films.

2. Experimental details
2.1. Film deposition

The depositions were performed in the CemeCon AG CC800/9
deposition system, in which three sources were operated simultaneously
and the Si (100) substrates were positioned 18.5 cm away from the
HiPIMS target surface. A thermocouple mounted close to substrate po-
sition was used to record the deposition temperature. The substrates,
1.0 x 2.0cm? were cleaned in a mixture of acetone and isopropanol
using an ultrasonic bath and blow-dried with Ny gas prior to being
inserted into the deposition chamber. The source arrangement with
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respect to the substrate position is illustrated in Fig. 1.

The source operated in HiPIMS mode is positioned in between the
two cathodes operated in DCMS mode. Tiy5Co 5 targets were mounted
on the DCMS sources, while a W 5Co 5 target was mounted on the
HiPIMS source. All targets have the same dimension, 8.8 x 50cm?.

The deposition parameters are summarized in Table. 1. To establish
the influence of W ion irradiation, reference TiWC films were deposited
by operating the W 5Co 5 target in DCMS mode. The reference films are
used for comparison with films grown with the DCMS/HiPIMS hybrid
configuration. To maintain similar tungsten to titanium elemental ratio
of the reference coatings as the W-ion radiated films, the WC target was
operated with different power settings ranging from 220 to 260 W. The
power of each DCMS source equipped with TiC targets was kept constant
at 4500 W.

For films grown with W-ion radiation using the HiPIMS/DCMS
hybrid configuration, the HiPIMS power and frequency were kept con-
stant at 500 W with 100 Hz, respectively. Different pulse lengths were
used (20, 30, 40, 50, 100, and 200 ps) since it is the primary parameter
controlling the peak target current densities (Jr) at constant average
power and frequency [27]. The HiPIMS waveforms are shown in Fig. 2.
The resulting Jy varies from 0.27 to 1.36 A/cm?. The entire surface area
of the target was used to estimate the current densities and the obtained
values should be interpreted as lower limits. The current density is a
rough measure of the W ionization since the ionization mechanism in
HiPIMS is mainly electron impact ionization, thus the ionization effi-
ciency of the sputter-ejected atoms increases with increasing the plasma
density that increases with J7 [28]. The DCMS power was adjusted be-
tween 2150 and 4500 W to keep the elemental ratio similar between all
samples.

The pulsed substrate bias of —60 V was synchronized to the HiPIMS
pulses. The substrate bias pulse was delayed by 30 ps with respect to the
ignition of the HiPIMS pulse and its 200 ps duration captured the metal
ion rich portion of the HiPIMS pulse. The pulse offset and duration
values were selected based on the time resolved analyses of W' ion
fluxes impinging at the substrate reported elsewhere using the same
deposition chamber [24] but a W target operated in HiPIMS mode in 0.4
Pa Ar/N, atmosphere with a peak current density of 0.5 A/cm?.

Proper outgassing of the deposition system was ensured by a one-
hour-long heating cycle, during which a maximum temperature of 250

C was reached. After that, the system was allowed to cool down for an

hour, which resulted in a background pressure of less than 0.75 mPa.
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Fig. 1. Schematic illustrations of CemeCon CC800 system with the target-to-
substrate configuration.
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Table 1
Deposition parameters used for the growth of TiWC and TiC samples.
Single HiPIMS Heating Bias
DC
Power Pulse Peak Power Power, Bias/
W) length current /Frequency Temperature Pulse
(us) A) length
2150 20 600 500 W/100 No (<180 C) —-60 V/
2700 30 400 Hz 200 ps
3180 40 290 (30 ps
3200 50 220 offset)
3900 100 140
4500 200 120
4500 DC - 300 W No (<180 0C) Self-
biasing
4500 300 W —60 V/
DC
4500 220 W Yes Self-
(<4707C) biasing
4500 260 W —60 V/
DC
4000 - No (<180 C) Self-
biasing
T | T T T T T
—
4 600
1000 | 20 ps: Jp~1.36 A/em?
30 ps: Jp~0.91 A/em?
40ll i Ty~ 0.66 Alen? 14
— 500f b , <
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Fig. 2. Target bias (V) and current (A) waveforms recorded during the WC-
HiPIMS/TiC-DCMS deposition with the pules length variations from 20 to
200 ps. Peak target current densities, J, were calculated by taking the entire
target surface.

After cooling, the substrate temperature, measured by a calibrated
thermocouple, were lower than 140 C prior to the depositions. During
the deposition, no external heating was applied to the substrate. Due to
the plasma heating, the deposition temperatures increased but did not
exceed 180 C. For DCMS configuration with heating, the system went
through a two-hour heating phase with heaters powered to 8.8 kW to
reach the deposition temperature of 480 C. During the deposition, both
heaters were powered to 8 kW. The total pressure was 0.39 Pa with Ar
gas during all depositions. Deposition times varied in between 30 and
55 min to achieve film thicknesses of 1.8 £+ 0.1 pm (1.5 pm for DCMS
configuration films).

2.2. Characterization techniques

Film thickness and morphology were observed by a LEO 1550
scanning electron microscope (SEM) using an acceleration voltage of 5
kV and a working distance of 5 mm. The plan-view transmission electron
microscopy (TEM) images were acquired by Fei Tecnai G? TF 20 UT
operated with an acceleration voltage of 200 kV. The electron trans-
parent plan view samples were prepared by focus ion beam (FIB) milling
of wedge shaped specimens using a dual beam system (Zeiss 1540
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crossbeam, Zeiss). Quantitative elemental compositions were deter-
mined by time-of-flight elastic recoil detection analysis (ToF-ERDA)
using a 36 MeV 2I8* probe beam at 67.5 incidence angle with recoils
detected at 45.

X-ray diffractometry (XRD) was performed with a Philips X Pert
MRD system in Bragg-Brentano configuration and using a point-focus
Cu-Ka radiation (4 = 0.154 nm) source. To resolve the wurtzite peaks
overlapping with the forbidden 200Si-substrate peak [29] and overcome
crystallographic texture effects, a series of 6-20 diffractograms were
recorded at different tilts (¥) of the sample, i.e., the angle between the
substrate surface normal and the diffraction vector was varied between
0 and 71.6. The residual stress in the multiphase films was determined
by the curvature method by recording the curvature of the single crystal
substrate through a series of rocking curve measurements [30]. The
rocking curve measurements of Si (400) reflection were carried out at 9
equally spaced points along a straight line on each sample using a
PANalytical Empyrean diffractometer equipped with an X-ray lens and a
3-bounce Ge (200) monochromators as primary and secondary optics,
respectively. The stress in the film was then calculated by the Stoney
equation [31] and using the modulus of Si (001), E;/(1 —vs) = 181 GPa,
at room temperature [32].

X-ray photoelectron spectroscopy (XPS) core-level spectra were ac-
quired with a Kratos Axis Ultra DLD instrument with a base pressure
lower than 1.5 x 10~7 Pa. Monochromatic Al-Ka radiation (hy = 1486.6
eV) was used while the electron emission was recorded along the surface
normal. To remove surface contaminants, Ar" ion etching was used.
First, 4 keV Ar' ions incident at a 70 angle from the surface normal were
employed for 2 min. After that the surface was further etched with 0.5
keV Ar™ ions for additional 10 min to minimize beam damage effects on
core-level spectra [24,33]. All spectra were charge-referenced to the
Fermi edge cut-off (see Fig. S1), which is a more reliable approach than
the C 1s method [34]. Due to wide spread of reported binding energy
(BE) values for the W 4f; ; peak of WC (4pg ~ 0.8 eV [35]), we acquired
reference spectra from the WC-Co substrate, in which the WC-phase has
a hexagonal crystal structure (h-WC, c.f., Fig. S2). The 6 wt% Co added
as a binder does not affect and the W 4f and C 1s peaks that appear at
282.9 and 31.7 eV, respectively (c.f., Fig. S4-5). The spectra were
analyzed by CasaXPS software using Shirley background and Gaussian
and Lorentzian line shapes.

The ion mass spectrometry analyses were performed using an EQP 9
mass-energy analyzer (MEA) from Hiden Analytical. The data was
measured at the substrate plane and under the same conditions as during
film growth. The time-averaged mass/charge (m/q) scans were recorded
from 2 to 200 amu with the step of 0.2 amu and for the ion energy of 10
eV. The time-resolved ion fluxes were recorded with the 10 us resolution
covering the time period from O to 230 ps after the ignition of the
HiPIMS pulse. The data for calculating ion flux ratios were recorded
during 100 consecutive HiPIMS pules, which gives a total acquisition
time of 1 ms per data point. The results were corrected for the mass-
dependent ion time-of-flight (TOF) from the orifice to the detector, ac-
cording to procedures described in Ref. [36]. The ion energy, E;, was
scanned from E; = 1 to 50 eV for most ions with a step size of 1 eV, except
0 to 30 eV for Ar'. Correspondingly, the data were treated with cor-
rections to compensate abundance of isotopes, ion charges, and mass.
For isotope correction, the measured intensity was divided by the nat-
ural abundance of the selected isotope [37]. The abundance numbers are
8.25 %, 33.6 %, 1.07 %, and 30.64 % for the selected isotopes 46Ti*,
36Ar*, 13C*, and both 8*W* and 18*W?2" [38]. For charge correction, the
data of doubly charged W?* were corrected by multiplying the ion en-
ergy and dividing the intensity by a factor of two [39]. For mass
correction, intensities were corrected for the 1/mass instrument trans-
mission function according to vendor recommendations.

An UMIS nanoindenter equipped with Berkovich diamond tip was
used to measure the hardness, H. Depth sensing indentations were
performed with a maximum load of 15 mN, which yielded indentation
depths<10 % of the film thicknesses. The hardness was extracted from
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the unloading curves using the Oliver and Pharr method [40]. A mini-
mum of 25 indents were used to determine the reported average hard-
ness values.

3. Results and discussion
3.1. Elemental composition

The elemental composition measured by ERDA is presented in Fig. 3.
All TiWC samples are over stoichiometric in carbon, 51.6 + 0.8 < [C] <
55.8 + 0.8 at%. The TiWC samples grown by DCMS have higher carbon
contents than the ones grown by the hybrid technique. The carbon
content increases with decreasing Jy (x-axis, where DC has the lowest
Jr). Samples without W, i.e., TiC, have the highest carbon content, [C] =
56.8 + 0.6 at%. The metal fractions are similar for all TIWC samples,
0.11 < [W1/([W] + [Ti]) < 0.14, but most of the samples are 0.12 ~
0.13. Oxygen content is below 1 at% for the samples grown with sub-
strate bias. In contrast, higher [O] are detected in samples grown at the
floating potential. DCMS mode TiWC samples have [0O] ~ 2 £ 0.2 at%
and TiC samples have [O] = 4.4 + 0.1 at%. Other detected elements,
[Ar] and [N], are both below 1 at% for all samples.

3.2. Crystal phase analysis

X-ray 0-20 diffractograms of TiWC films are presented in Fig. 4. To
detect the presence of textured phases that are oriented such that low
indices planes are not parallel to the sample surface and to suppress the
signal of the substrate, the 0-20 diffractograms were recorded at
different sample tilt angles, y. The peak around 20 = 32.98 at yy = O'is
the forbidden Si 200 reflection from the single-crystal Si substrate [29].
For all TiWC samples, there is no indication of the hexagonal WC
structure. The peaks around 260 = 35.4 and 41.1° correspond to the 111
and 200 reflections from B1 structured TiWC solid solution. In com-
parison to the c-TiC reference (PDF: 00-032-1383 [41]), both peaks shift
toward lower 20 angles, which is the result of residual stress and
incorporation of W into c-TiC. All samples are crystalline with preferred
111 orientation. The 111 and 200 peak intensity ratio, I111/(I111 + I200),
at y = 0° continuously decreases from 0.96 to 0.73 with increasing Jr.
The transition towards a stronger 200 component of the texture is an
effect of enhanced adatom mobilities at, or near the surface region when
the ion irradiation increases. Such evolutions were previously reported
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Fig. 3. Elemental composition measured by ERDA. To show the trend better, a
break from 15 to 25 at% is given.
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for B1 structured TiAIN [42] and TiN [43]. Similar to TiN, the (002)
surfaces have lower energy than (111) surfaces in stoichiometric TiC
[44]. With increasing number of W' ions, the energy gained from the
potential drop of —60 V and the energy transfer, by collisions, between
W ions and Ti atoms at the surface provides enough adatom mobilities
to form more thermodynamically favorable (00 2)-oriented grains. In
contrast, growth under more energy limited conditions such as DCMS
where the ion irradiation is dominated by low mass Ar" ions, provide
less adatom mobility that results in the growth of the close packed (111)
surface. In addition, for B1 structure, the [100] directions are the most
open ones resulting in less resputtering because a larger fraction of the
incoming ions are being channeled into the film and lose their energy
over larger distances. Due to this selection mechanism, (002) planes
have higher probability to survive ion irradiation [45].

3.3. Chemical bonding characteristics

Fig. 5 shows XPS spectra of C 1s, Ti 2p, and Ti 3p/W 4f regions for the
WC-HiPIMS/TiC-DCMS TiWC film grown with J; = 1.36 A/cm? and the
TiC DCMS self-biased sample. All the other specimens display similar
spectra in terms of peak profiles and positions and a complete data set
can be found in the supplementary material, Figs. S3-S5. For both TiC
(Fig. 5 (a)) and TiWC (Fig. 5 (b)), Ti 2p spectra consist of the spin—orbit-
split doublet with 2p3/5 and 2p; /2 components at 454.9 and 460.9 eV,
respectively. Similar BE of Ti 2p (2p3/2 ~ 454.7 eV and 2p;,2 ~ 460.8
eV) have previously been reported for TiC [33].

Fig. 5 (d) shows the W 4f spectrum of the TiWC film. It exhibits three
peaks at 32.1, 34.3, and 37.8 eV assigned to W 4f; 5, W 4f5 5, and W 5p3,
2, respectively. The primary W 4f; 5 peak position at 32.1 eV is shifted
toward higher BE by Agg ~ 0.4 eV with respect to the W 4f;,, peak
recorded from our WC-Co reference (31.7 eV). The 4f;/o-to-4f5,5 peak
area ratio does not agree with the theoretical value of 4:3 based on the
degeneracy of the spin states [46]. This is caused by an overlap with the
Ti 3p signal that appears in the same BE range, around 33.8 eV, as
clearly shown for the TiC sample in Fig. 5 (c¢), which means that it
predominantly overlaps with the W 4fs » component in the W 4f spectra
from TiWC (see Fig. 5 (d)).

The C 1s spectrum of the TiC sample is shown in Fig. 5 (e). Three
distinct components are resolved by performing peak fitting. The spec-
trum consists of a C-Ti peak at 281.8 eV, a C—C peak at 284.5 eV, and an
additional peak denoted as C-Ti* at 282.8 eV. The C—C component is
associated with the presence of a-C phases [47]. Its BE, 284.5 eV, is in
the frequently reported range, 284.1 to 284.9 eV, of C—C components
[48]. The C-Ti peak originates from C incorporated in the TiC grains
[33]. Lewin et al. [47] suggested the C-Ti* peak to originate from the a:
C/n-TiC interface. Our TiC contains 56.8 at% (c.f., Fig. 3), hence, the
observation of the C-Ti* peak is expected due to the presence of over-
stoichiometric carbon. However, the other structures caused by Ar"
sputter damage may also contribute to the C-Ti* peak [49]. The sym-
metric line shape was used to represent the C—C peak, whereas the
asymmetric line shape was employed for C-Ti due to its metallic nature.
The exact parameters of asymmetric line shapes were determined by
fitting stoichiometric TiC (i.e., without a-C phase) reference sample
previously analyzed in the same instrument and under the same mea-
surement conditions [33]. The same asymmetric line shape was
employed to represent the C-Ti* component in all C 1s spectra.

Input from the fitted C 1s spectrum of the reference TiC was used to
peak fit the more complex C 1s spectrum acquired from the sputter-
etched TiWC film grown with Jr = 1.36 A/cm?. The C-Ti* component
is also included in the fitting analysis. The fitted C 1s spectrum is pre-
sented in Fig. 5 (f), which comprises C-Ti (282.0 eV), C-W (282.5 eV), C-
Ti* (283.0 eV), and C—C (284.4 eV) components. The chemical shift,
Apg ~ 1 eV, between C-Ti and C-Ti* was constrained based on the fitting
of the C 1s spectrum of TiC (c.f. Fig. 5 (e)). The C-W component is fitted
with the same asymmetric line shape as used for the C-Ti peak. The peak
ratio between C-W and C-Ti components was constrained to the value
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Fig. 4. X-ray 0-20 diffractograms from 30° to 50° with tilt angles from 0° to 71.6° of TIWC samples grown by hybrid co-sputtering without external heating to DCMS
growth without and with external heating. S indicates the substrate signal from Si at y = 0°.

determined by the sample stoichiometry as evaluated from the XPS
survey spectrum (to account for possible preferential sputtering during
Ar' etching). The C-W peak at 282.5 eV is shifted toward lower BE by ~
1 eV in comparison to the values reported for W,C (283.45 eV [33]) and
by ~ 0.4 eV compared to our WC-Co reference (282.9 eV). This is
because the reference WC has a hexagonal crystal structure, while films
in this study has the B1 cubic structure, i.e., from W atoms in the c-TiWC
solid solution (c.f., Fig. 4). Consequently, different valence charge dis-
tribution is expected. Peak shifts suggest that valence charge density is
higher on C atoms in solid solution c-TiWC than in the hexagonal WC
structure. The opposite is true for W atoms.

3.4. The origin of carbon over-stoichiometry

The carbon content determined by ERDA (Fig. 3) and the C 1s signal
fraction corresponding to the C—C peak are plotted for all films in Fig. 6.
Differences between bulk-probing ERDA data and the surface-sensitive
XPS technique are expected. In particular, the destructive Ar" etching
process applied before XPS measurements to remove the contaminants
alters the surface composition [49,50]. Nevertheless, both ERDA and
XPS results are in agreement: while the carbon content estimated from
ERDA continuously decreases with increasing Jr (x-axis, where DCMS
has the lowest J7), the fraction of C—C bonds (corresponding to amor-
phous C) also goes down. The highest value is obtained for the TiC
sample.

A higher carbon-to-metal ratio in the films than in the targets have
also been observed during DCMS from Ti3SiCy [51,52] and TioAlC [53]
compound targets. Films enriched in the lighter component have also
been reported for other compound targets than carbides. For example,
using titanium-boron (Ti-B) compound target, Neidhardt et al. [54]

suggested that the Ti deficiency in the films is due to two factors: dif-
ferences in the Ti and B emission characteristics from the TiB, target and
scattering processes in the plasma. Considering the atomic masses of the
target constituents (mg = 10.8; my; = 47.9 amu [38]) in relation to that
of impinging gas ions (ms, = 39.9 amu [38]), lighter B experiences fewer
collisions than Ti before leaving the target surface. Thus, B flux is
preferentially emitted along the target normal, while Ti emission is close
to the cosine distribution. Additionally, due to the differences in cova-
lent radii (rg = 87; rr; = 176 pm [55]) sputter-ejected Ti and B atoms
scatter differently during gas phase transportation with smaller and
lighter B atoms having longer mean free paths. As a result of the above
effects, TiBy films deposited under low gas pressure and with the sub-
strates placed along the target normal and closer to target are Ti
deficient.

The above arguments can also be used to explain the apparent C over
stoichiometry in TiWC films sputtered from compound targets as also in
this case there is a large difference between target constituents in both
covalent radii (r. = 67; rr; = 176; ry = 193 pm [55]) as well as in atomic
mass (m, = 12.0; my; = 47.9; my = 183.8 amu [38]). Analogically, C is
expected to be preferentially emitted along the surface normal and have
longer mean free path than that of Ti and W.

To explain changes in the C content with varying the peak target
current density (cf. Fig. 6), we performed ion mass and energy spec-
troscopy analyses. Fig. 7 shows the time-averaged mass/charge scans
recorded during WC-HiPIMS/Ti-DCMS at (a) Jy = 0.32 and (b) 1.36 A/
cm?. Independent of the peak current density, in addition to the ex-
pected C*, Ar', and W+ ions from the WC-HiPIMS source, Ti* and Ti®*
ions are also observed. Considering that the ionization degree of the
sputtered flux in DCMS discharges is low, the observed Ti* and Ti%* ion
fluxes must originate from the interaction between HiPIMS and DCMS
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in Fig. S5.).

plasmas. Due to the relatively low ionization potential of Ti (IP}; = 6.8
eV [38]), Ti neutrals can be ionized through electron impact ionization
and charge transfer collisions while passing through denser plasma re-
gion of the HiPIMS plum [56,57]. The most notable change with
increasing Jy is that the relative intensity between the W2 and W*

fluxes increases. This is summarized in Fig. 7 (c) where the time- and
energy-integrated ion flux ratios are plotted.

The profound change in the W**/W™ ratio, from 1.28 with Jr = 0.32
A/cm? to 6.07 with Jr = 1.36 A/cm?, implies the increasing role of the
doubly-ionized W ions. This means that the mean energy of the heaviest
energetic species bombarding the growing film surface increases with Jr,
as the energy gained in the substrate sheath is twice higher for W2* than
it is for W*. As a consequence, more profound preferential resputtering
of lighter C atoms is expected with increasing J7. Such resputtering has
been reported for growth of other material systems including WCy [58],
TiW [59], and TiC/a-C:H films [60]. Results shown in Fig. 7 (c) reveal
that also the population of C* ions increase with Jr. However, C* ions
constitute only a small fraction of the total C flux to the substrate due to
higher ionization potential (IP; = 11.26 eV vs IP}, = 7.86 [38]) and
smaller electron impact cross-section [61,62]. Thus, we do not expect
that the increase in C' has a larger effect on film stoichiometry.
Nevertheless, the results presented above demonstrate that the hybrid
growth scenario provides an easy way to fine-tune the relative content of
the a-C phase in TiWC films.

3.5. Film morphology

Scanning electron microscopy images of fractured cross sections and
surface morphology of the studied films are presented in Fig. 8. The film
thickness varies between 1.49 and 1.94 um, with most films being
around 1.7 um. All the fractured cross sections display a columnar
microstructure, which is in contrast to the featureless nanocomposite
structures reported for nc-TiC/a-C(:H) [63]. Surface topography analysis
shows narrow spacings between the grains, in the TiC and DCMS self-
bias TiWC films, and most pronounced for films grown without heat-
ing and ion irradiation, which could be caused by the formation of a void
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DCMS TiC

Fig. 8. Cross-sectional (upper row) and surface morphological (lower row) SEM images of TiWC samples grown by hybrid co-sputtering configuration with different
Jr on HiPIMS source from 1.36 to 0.27 A/cm?, and samples grown by DCMS mode with and without external heating during the deposition process.

or the presence of a-C tissue layer. These features are less apparent in
TiWC films deposited with —60 V, however, are more apparent for the
films with the highest J (i.e., higher W™ ion fluxes) of 1.36 and 0.91 A/
cm?. To minimize the effect from topography and to better resolve the
differences in the inter-grain structure, plan-view TEM images of
selected samples are presented in Fig. 9. In Fig. 9 (a), the hybrid TiWC
films grown with Jr = 1.36 A/cm? are denser than the DCMS self-bias
samples (cf. Fig. 9 (b)), i.e., fewer intercolumnar pores or a-C tissue
phases are observed. DCMS TiC grown with self-biasing and without
external heating is less dense than TiWC films. This is seen as well-
defined and wider bright lines separating the columns in Fig. 9 (c),
which, based on the high oxygen content (cf. ERDA results in Fig. 3), are
primarily ascribed to porosity. However, the presence of a-C phase in
this area cannot be completely excluded. Oxygen incorporated in the
films during growth is on the order of 0.5 at.%, anything above that level
is due to the O adsorption during air exposure and, hence, can be used as
the measure of film porosity [64]. The oxygen content is high, 1.9 < [O]
< 4.4 at%, in the self-bias TiWC films and low, 0.5 < [0] < 0.9 at%, in
the —60 V bias ones, revealing a pronounced densification in the latter
case.

3.6. Mechanical properties

Fig. 10 shows the hardness and residual stress of all TIWC films. The
TiC self-biased film is softest (H = 18.1 & 1.0 GPa). Once W is intro-
duced, the hardness of the two DCMS TiWC self-biased films increase to
H=22.3 + 1.0 and 26.24 + 1.9 GPa with and without external heating,
respectively. The hardening mechanisms of these TiWC films can be
inferred to be solid solution hardening due to the incorporation of W in
c-TiC (c.f. Fig. 4). Alternatively, as suggested in Refs. [10,65], the more
covalent bonding character in TiWC solid solutions may also account for
hardening. The influence of W ion irradiation is determined by
comparing the TiWC film grown by DCMS with floating substrates to the
layer obtained by hybrid co-sputtering with J; = 0.27 A/cm?. Although
the current density is low, the hardness is H = 29.2 + 1.4 GPa, which is
harder than the self-bias films. The hardness increases further to
approximately 32 GPa when the W ion irradiation increases (J > 0.32
A/cm?). Such hardening can be a consequence of higher film density due
to the fact that the ionization degree of sputtered W atoms increases with
increasing peak target current density (c.f. Fig. 7). The effectiveness of
W ion irradiation (J > 0.32 A/cm?) for densification is manifested by
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Fig. 10. Residual stress (Left, square symbol) and hardness (Right, circle
symbol) of the TiWC films grown in different deposition conditions (hybrid co-
sputtering and DCMS).

the comparable hardness of TiWC films deposited by hybrid method and
the layers deposited by DCMS with Ar* ion irradiation and dc substrate
bias. The additional hardening caused by W* ion irradiation is likely an
effect of a more effective introduction of interstitials and vacancies in
the collision cascade.

Such defects result to residual stress in the films and all hybrid co-
sputtered films have residual stresses in the range of —0.97 < ¢ <
-1.57 + 0.04 GPa. Films grown with high current densities (J7T > 0.5 A/
cm?) have higher compressive stresses, 6 ~ —1.4 GPa, compared to the
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ones grown at lower current densities (0.27 < Jr < 0.36 A/crnz), c~
—1.0 GPa. The films grown without external biasing display a low re-
sidual stress (o < -0.3 GPa).

3.7. Energy consumption

The potential to deposit dense and hard films at low processing
temperatures by replacing the thermally driven adatom mobility with
that provided by heavy ion irradiation has been discussed previously
[22,25,64]. To demonstrate the differences of the energy consumption
between the hybrid setup without external heating and DCMS self-bias
with heating, we list out the energy differences to yield identical
thicknesses of the TiWC sample by different deposition configuration in
Table 2. The relative energy consumption per hour is reduced by 77 %
with the hybrid co-sputtering setup, yet the WC-HiPIMS/TiC-DCMS film
is harder than the self-biased film grown with external heating. Another
benefit with low temperature growth is the wider selection of substrate
that can be coated, for example temperature-sensitive materials such as
polymers and metal alloys with specific microstructures.

4. Conclusions

Ti; xWxC (0.11 < x < 0.14) films are deposited by non-reactive
hybrid high-power impulse and dc magnetron co-sputtering (HiPIMS/
DCMS) without external heating during deposition. Compound carbide
targets, Wy 5Co.5 and Tip5Co 5, are operated under HiPIMS and DCMS
conditions, respectively. The goal is to examine the effect of heavy
metal-ion irradiation from the Wy 5Cp 5 target on film nanostructure,
composition, and density to minimize the contribution from working gas
ions, a substrate bias with constant amplitude, —60 V, is synchronized to
the metal-ion rich time domain within each HiPIMS pulse. The intensity
of Wion flux is controlled by altering the peak target current density (J7)
from 0.27 to 1.36 A/cm? through adjustment of the HiPIMS pulse length
while keeping other parameters constant.

ERDA reveals that all layers are over stoichiometric in carbon. X-ray
diffractometry 6-20 scan results show that all films form single meta-
stable B1 structured TiWC. The transition from 111 to 200 preferred
orientation is observed upon increasing the intensity of the W+ irradi-
ation, which is explained by more effective resputtering of 111-oriented
grains. In agreement with the C concentrations obtained from ERDA, X-
ray photoelectron spectroscopy (XPS) results show that the fraction of
amorphous C (i.e., the C—C contribution) decreases with increasing J7.
Using ion mass and energy spectroscopy analyses we observed the 5-fold
increase in the W2*/W™ ratio with increasing Jr from 0.32 to 1.36 A/
cm?, which allows to explain changes in the C/metal ratio by prefer-
ential resputtering of lighter C atoms. The relative content of the a-C
phase in TiWC films can be, thus, easily tuned by varying Jrin the hybrid
growth scenario. The effectiveness of the near surface intermixing due to
the W' ion irradiation is highlighted by comparing TiWC films depos-
ited by the hybrid method with no substrate heating to layers grown by
conventional DCMC technique with heating. The former film is dense
and possesses high hardness (H > 31 GPa) while the energy consump-
tion is reduced by at least 77 %.
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Table 2
Energy consumption differences between hybrid co-sputtering (using Jr = 0.5 A/cm? as the example) and DCMS setup.
Deposition configuration Baking Deposition Energy consumption per hour (a b)
Heater Heater Total energies from target (TiC*2 + WC) Substrate bias
Hybrid 2 kW*2 0 3.2 kW*2 + 0.014 kw 4.4 kWh
(1 h) + 0 kW (1 h, cooling) 0.5 kW (0.7 h) (0.7 h)
DCMS 8.8 kW*2 8 kW*2 4.5 kW*2 + 0 19.1 kWh
(2h) (0.5h) 0.22 kW (0.5 h)

(a) The energy consumption per hour was calculated by summing the power*hours from each listed components and divided by the total deposition times of 2.7 h for
hybrid and 2.5 h for DCMS. (b) Other energy consumption from the system, e.g., vacuum system, were similar and not considered for comparison.
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