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Abstract

Titanium carbide (TiC) films were deposited employing high power impulse magnetron
sputtering (HIPIMS) and direct current magnetron sputtering (DCMS) in an Ar-C,H,
atmosphere of various compositions. Analysis of the structural, bonding and compositional
characteristics revealed that the deposited films are either TiC and hydrogenated amorphous
carbon (a-C:H) nanocomposites, nanocrystalline TiC, or Ti/TiC, depending on the C/Ti ratio.
It was found that Ti-C films grown by HiPIMS show a C/Ti ratio of close to 1 for a wide
C,H, flow range (4-15 sccm), with free C ranging from 0 to 20%. Thus, films ranging from
near stoichiometric single phase TiC to TiC/a-C:H nanocomposites can be synthesized. This

was not the case for DCMS, where films grown using similar deposition rates as for HiPIMS


mailto:matsa757@ifm.liu.se
http://ees.elsevier.com/surfcoat/viewRCResults.aspx?pdf=1&docID=16005&rev=1&fileID=570695&msid={06A4C835-83B9-414A-8C5C-C67E3E37206C}

formed larger fractions of amorphous C matrix, thus being nanocomposites in the same C,H,
(above 4 sccm) flow range. For a C/Ti ratio of 1 the resistivity is low (4-8x10? uQcm) for the
HiPIMS films, and high (>100x10% pQcm) for the DCMS films. The hardness also shows a

big difference with 20-27 and 6-10 GPa for HiPIMS and DCMS grown films, respectively.
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1. Introduction

TiC is a binary compound (NaCl crystal structure) that exhibits desirable physical properties,
such as high hardness, high melting point, chemical inertness, and high electrical conductivity
[1]. In thin film form TiC is deposited employing chemical vapor deposition [2], as well as a
variety of plasma assisted physical vapor deposition (PVD) techniques. The latter include
cathodic arc evaporation [3,4,5] and magnetron sputtering, either in non-reactive mode, using
a single compound Ti-C target material [6], two elemental targets [7,8,9,10,11], or reactively
from a metallic Ti target using a hydrocarbon gas (CH4, C,H,) as source of C [6,7,12].
Another feature of the Ti-C binary system is the incorporation of free C at the TiC grain
boundaries forming a tissue phase [13]. While thermodynamics predict this to occur above the
C solubility limit (~49 at. % C) [1,14], in physical vapor deposited thin films free C may
appear already for as low C contents as ~20 at. % [15]. This C content is below the vacancy
limit for phase pure TiC (~35 at. % C), below which Ti/TiC is anticipated. Formation of free
C is accompanied by the formation of a nanocomposite microstructure in which nanosized
metal carbide grains are embedded in an amorphous C [13] or hydrogenated amorphous C
[16,17] (when hydrocarbons are used as reactive gases) matrix, denoted as TiC/a-C and
TiC/a-C:H, respectively. The nanocomposite thin films can exhibit high electrical
conductivity, high hardness, ductility as well as low friction and wear rate which enable their
utilization as e.g. self lubricating, low friction coatings [18,19] and electrical contacts [20].
The mechanical strength, the electrical and tribological properties of the nanocomposite films
are determined by the C/Ti ratio, the relative fraction of the a-C(:H) matrix, and the size of the

TiC grains [7,18,19,21,22,23].

It is known that the microstructural characteristics of films grown by PVD techniques are
controlled by a variety of process parameters, e.g. the growth temperature, the composition of

the gas atmosphere, and the energy transferred from the energetic plasma particles to the film



forming species [24]. High power impulse magnetron sputtering (HiPIMS) is a technique
which provides large fluxes of energetic ions to the growing film. This is achieved by
applying short (typically several 10’s of us) high power density unipolar pulses with a duty
cycle of a few % to the sputtering target [25,26,27]. This mode of operation leads to the
generation of dense plasmas with electron densities up to ~10*° m™ [28], several orders of
magnitude higher than those in conventional magnetron sputtering techniques, e.g. direct
current magnetron sputtering (DCMS) [29,30]. This, in turn, causes ionization of a large
fraction of the gas and sputtered atoms [29,31,32] allowing for an intense energetic
bombardment of the growing film. This has been shown to lead to the growth of smooth and
dense elemental [33] and reactively deposited compound films [34,35,36], and enable control
over their phase composition [37,38,39], microstructure [37,40,41], as well as mechanical
[40] and optical [38,39] properties. Furthermore, when employing HiPIMS in a reactive mode
for oxide deposition an increased process stability in the transition regime between the
metallic and the compound mode has been reported [42,43,44], allowing for a better control
of the incorporation of the reactive gas species and thus of the atomic composition of the
growing film. Moreover, the increased plasma density in a HiPIMS discharge can influence
the plasma chemistry [45]. This may be relevant, since the plasma itself is a carbon source in

reactive C,H, processes [46,47].

It is therefore evident that in comparison to conventional magnetron sputtering processes, the
HIiPIMS process exhibits enhanced capabilities for controlling plasma conditions and the
microstructure, composition, and the properties of reactively sputtered compound films. This
potential for metal carbide nanocomposite films in general, and TiC/a-C(:H) in particular,

remains to be demonstrated.

The present study explores the feasibility of reactive HiPIMS for the growth of TiC/a-C:H

thin films, a previously well studied material system of technological relevance to
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applications, and its implications for the film properties. Ti-C thin films are deposited
employing HiPIMS, as well as DCMS for reference, in a reactive Ar-C,H, atmosphere of
various compositions. The chemical bonding, atomic composition, and the microstructure of
the films at the various deposition conditions are investigated and correlated with their

mechanical and electrical properties.
2. Experimental procedures

Depositions were carried out in a commercial Inline Coater 400 (Impact Coatings) type high
vacuum system with a base pressure below 6.7x10* Pa (5x10° mTorr). The working
principle of the deposition system includes sequential, individual processes in isolated, 0.28 m
high and 0.4 m in diameter, cylindrical chambers, and is described in detail elsewhere [48].
The experiments were performed employing a rectangular (21 cm x 10 cm) Ti target (purity >
99.3%). The target was mounted on a magnetron cathode which exhibited a magnetic field
strength of 350 Gauss at the race track. Films were deposited on Si (100) and ~ 100 nm SiO,/
Si substrates, which prior to deposition were supersonically cleaned in isopropanol at 70 °C
for at least 15 minutes. No substrate rotation or intentional substrate heating was used during
the depositions, while a bias potential of -150 V was applied on the substrate. Each deposition
was preceded by three minutes Ar plasma etching at pressure of 1 Pa (7.5 mTorr) by applying
unipolar voltage pulses with an amplitude of 450 V, a pulse width of 1.6 us, and at a
frequency of 250 kHz to remove surface contaminants from the substrates. Films were grown
for 15 minutes at a constant Ar (purity 99.9999%) flow of 30 sccm, resulting in a partial
pressure of 1 Pa (7.5 mTorr) while the C,H, (minimum purity 99.6%) flow was varied from 0
to 20 sccm, resulting in slight increases in the total pressure up to 1.1 Pa. The target-to-
substrate distance was 12 cm. Power was supplied to the sputtering target by a Sinex 3
(Chemfilt lonsputtering) generator, capable of operating either in voltage regulated HiPIMS

mode, or power regulated DCMS mode. Depositions were performed both in DCMS and

5



HiPIMS modes. The DCMS processes were operated at constant power of 0.6 kW. For the
HiPIMS depositions, an average target power of 2 kW was maintained by adjusting the target
voltage. The pulse repetition frequency was 400 Hz and the pulse width was approximately 75
ps. The larger average target power used in HiPIMS experiments (as compared to the DCMS
ones) was selected in order to obtain equal deposition rates from a metallic target for both
techniques. Thus, for similar arrival rates of film forming species, the ion-to-neutral ratio and
ion energy, which are different for DCMS and HiPIMS, were the main parameters varied.
This experimental strategy was adopted to facilitate a straightforward comparison of the
deposition processes and shed light on the fundamental film growth mechanisms. Moreover, a
few control experiment films were grown employing DCMS at an average power equal to that
used for the HiPIMS depositions. This was done to allow direct comparison of the two
deposition methods, as well as to decouple possible effects of the choice of deposition method
(i.e. DCMS and HiPIMS) and the average target power applied to the cathode. The deposition
sequence of the samples was randomized. Prior to each deposition the target was sputter

cleaned in constant current mode for at least 10 minutes.

The crystal structure of the deposited films was investigated by means of X-ray diffractometry
(XRD), performed in a diffractometer equipped with a Cu Ko source operating in both 6-260
and grazing incidence geometries. Film thicknesses, as well as surface and cross-sectional
morphology were obtained from scanning electron microscopy (SEM, LEO 1550 Gemini)
operating at 10 keV. The film thickness was measured on fractured specimen cross sections,
and averaged for at least five measurements collected from sites spanning the full substrate
width. Compositional and chemical analysis was performed by X-ray photoelectron
spectroscopy (XPS) using a Physical Electronics Quantum 2000 spectrometer equipped with a
monochromatic Al Ka X-ray source. The XPS sensitivity factors were calibrated against a

reference sample with a known composition as previously determined by time-of-flight elastic



recoil detection analysis (ToF-ERDA) [49]. Owing to the fact that the samples were analyzed
during different sessions, and that the XPS equipment may be subject to charge referencing,
the binding energies recorded may appear shifted when comparing different analysis sessions.
To circumvent this issue, already analyzed samples were re-measured in each session, and
comparison allowed accurate deduction of any shifts in binding energy between sessions. The
XPS data presented in figures have been shifted according to this procedure. Composition was
determined from sputter depth profiles attained using 4 keV Ar” ions rastered over a 2 x 2 mm
area. High resolution spectra were recorded at an approximate depth of 15 nm after sputtering
using 200 eV Ar” rastered over a 1 x 1 mm area. In the latter case, low ion energy was used in
order to minimize the contribution of sputter damage, in the high resolution spectra; previous
studies has shown that no preferential sputtering (i.e. no stoichiometry changes) occurs in this
system using 4 keV Ar® [50]. The peaks in the recorded spectra were fitted for Shirley
background and 20% Lorentzian peak functions. The fitting enabled to calculate the area
below each peak. The instrumental error in the XPS measurements and peak fits were both
estimated to be 5% or less. To evaluate the amount of H incorporation in the films, selected

samples were analyzed using ToF-ERDA using 40 MeV *2"1**

ions. The ion incidence angle
relative to the surface normal was 67.5° and the detector was positioned at a recoil scattering
angle of 45°. For evaluation of the ToF-ERDA data the CONTES code was employed [51],
and a reference sample with known H content was used for calibration of the data. Electrical
properties were evaluated by four point probe measurements on samples grown on the
insulating SiO,/Si substrates, using a Model 280C (Four Dimension) apparatus. The measured
sheet resistivity values were multiplied by the respective film thicknesses as assessed by cross
sectional SEM measurements to obtain the resistivity. Films grown on the SiO, substrates

showed no differences to the films grown on Si, as confirmed by XRD and cross section

SEM. Nano indentation (Umis 2000) was employed to measure the hardness values. A



Berkovich tip was indented a minimum of 10 times at a load of 5 mN, corresponding to
indentation depths of ~10-15% of the film thickness, yielding a relative hardness deviation of
no more than ~6 %. The load was chosen after investigating several indentation loads, thus
finding a value causing plastic deformation, while showing marginal influence of surface
roughness, and minimizing any influence of the substrate. The hardness was evaluated

according to the Oliver-Pharr method [52].

3. Results and discussion

Figure 1 (a) presents the effect of the C,H, flow on the C/Ti ratio of the DCMS and HiPIMS
films deposited at matched deposition rates, i.e. using average powers of 0.6 kW and 2 kW,
respectively. The C/Ti increase is similar up to a C,H, flow of 6 sccm for both DCMS and
HiPIMS. At flows larger than 6 sccm the DCMS process results in a steep increase in C
content in the films, while the C/Ti ratio in HiPIMS grown films saturates towards unity, and
remains stable until the C,H, flow surpasses 15 sccm. It is well established [53] that in
reactive sputtering processes the film composition largely depend on the coverage of the
target surface by the corresponding compound. Upon increasing the reactive gas flow the
target surface transforms from being metallic to compound, resulting in an increase of the
reactive gas species incorporation in the film and a decrease of the deposition rate. In the
transition zone between the metallic and the compound sputtering modes small alterations of
the reactive gas flow typically result in abrupt changes in the target coverage and thereby in
the deposition rate as well as in the film composition, as seen for DCMS in Figure 1 (a) and
(b). Moreover, in many cases the transition zone is unstable, i.e. within the transition zone
rapid drift in the process parameters (deposition rate, target voltage and reactive gas partial
pressure) is observed [53] accompanied by a hysteresis. However, the data presented in Figure
1 show instabilities in film composition and deposition rates only for the DCMS grown films.

The composition of the HIPIMS grown films instead stabilize at stoichiometric composition
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and much higher reactive gas flows is needed to alter the composition further. These findings
can in part be understood in view of the results obtained by Wallin and Helmersson [42],
Sarakinos et al. [43], and Aiempanakit et al. [44] who have reported that HiPIMS allows for
less abrupt process behavior in the transition zone as compared to DCMS. This has been
attributed to the intense target etching [42] and the rarefaction of the reactive gas [54] during
the pulse on-time, in combination with low plasma activity in-between the pulses [42,55]
which prevent build-up of compound material on the target surface. Further possible
explanation for the C/Ti ratio not exceeding stoichiometry is removal of excess free C by
chemical sputtering at the growing surface [56]. This phenomenon is readily observed for
example during chemical vapor deposition growth of diamond like carbon [57]. For efficient
chemical etching to occur, the presence of H in combination with ion bombardment is
required [58,59]. As mentioned above, it is established that the HiPIMS process offer a high
degree of ion bombardment to the growing film [25]. Moreover, the number of plasma
chemical reactions of C,H, depends on the plasma density; higher plasma density yields more
reactions [45], often with H as by-product [60,61], and increased amounts of H available for
chemical sputtering. Thus, chemical sputtering should be more pronounced during the

HiPIMS than the DCMS process.

Furthermore, for the present material system (TiC), it has been shown that upon ion
irradiation C is preferentially sputtered (here physical sputtering, as oppose to chemical
sputtering discussed above) from the TiC due to differences in sputtering yield between C and
Ti when in compound form [46,62,63]. While this effect should be seen for both deposition
methods studied here, the average ion current towards the substrate is reported to be typically
twice as high in HiPIMS as in DCMS processes for the same average power, and two orders

of magnitude higher during the pulse on-time [25]. Consequently, the films grown under



HiPIMS conditions are likely to be subjected to an increased preferential sputtering of C

which could limit the C content.

High resolution XPS spectra for the C1s region for the films grown by DCMS at 0.6 kW
target average power, and HiPIMS are plotted in Fig. 2 (a) and (b), respectively. The C/Ti
ratio corresponding to the data presented in Figure 1 (a) is provided for each curve. In the
spectra three peaks at binding energies ~282 eV, ~283 eV and ~284.5 eV are observed. The
peak at ~282 eV corresponds to the C-Ti bonds and is more pronounced throughout the film
series grown by HIiPIMS until the stoichiometry limit is surpassed. On the other hand, the
spectra recorded for DCMS grown films exhibit a comparably more prominent peak at ~284.5
eV corresponding to C-C bonds. The intermediate peak located at ~283 eV is denoted as C-
Ti* and is a component in the XPS spectra known to be present in the nanocomposite TiC/a-C
structure [64]. The high resolution XPS spectra of the Ti2p region (not shown) for films
grown with the same deposition rate, and with a C/Ti ratio of ~0.35 for both deposition
methods, reveal that the films contain Ti-Ti bonds as well as Ti-C. These coatings are thus
nanocomposite Ti/TiC. However, for films exhibiting C/Ti > 0.4 no Ti-Ti bonds were

observed, for either deposition method.

Figure 3 shows (a) the relative C-C bond peak area (Ac.c) with respect to the total area of all
peaks (Ait) attained from curve fits of the high resolution spectra (presented in Figure 2), and
(b) the oxygen content as a function of C/Ti ratio. The Ac.c/A: ratio serves as a measure of
the amount of free C in the coatings, and ratios above ~0.15 can be considered as a proof of
an additional phase, i.e. free C. The amount of free carbon for the DCMS films at different
C/Ti ratios in the present study is in reasonable agreement with what has been previously
reported in the literature [15,20,65,66], and a second phase is identified for C/Ti ratios above
0.37. This observation shows that the coatings synthesized using DCMS must have a

substoichiometric TiCy phase; e.g. the coating with a C/Ti ratio of 1.27 is found to have a
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stoichiometry of TiCqgs (after subtracting the present free carbon). In contrast, films grown
using HiPIMS exhibit no free carbon up to C/Ti ratios above 1.1, where a carbide
stoichiometry of TiCgg4 could be calculated for the film exhibiting a C/Ti ratio of 1.11 (after
subtracting the present free carbon). From the samples without any Ti phase (i.e. C/Ti-ratios
above 0.4) it can thus be concluded that the stoichiometry of the carbide phase is different in
coatings from the two processes, with higher carbon content in the TiC phase (i.e. closer to
thermodynamic equilibrium) in the HiPIMS case. This can be understood by the notion that
the relative amount of free C and carbide phase in C-based nanocomposites is affected by the
energy provided to the film forming species for chemical reactions, i.e. carbide formation, to
occur [67]. It is well established that HiPIMS plasmas are characterized by a more intense
energetic ion bombardment of the growing film [25], as compared to DCMS, which can
explain the comparably lower content of free C in the HiPIMS grown films. Our findings
regarding the free C in the HiPIMS films are consistent with those of Zehnder and Patscheider
[19], who reported similar trends with respect to free C formation in TiC films by close field
unbalanced magnetron sputtering configuration, a setup known to deliver significantly higher
ion currents to the substrate than conventional magnetron sputtering setups [68]. Analysis of
XPS C1s spectra recorded from films grown by DCMS at an average power of 2 kW with
C/Ti ratios of ~0.4 delivered Ac.c/Aw: (free C) values of ~0.2. This implies that the trends
observed in Figure 3 (a) are a consequence of the choice of deposition method rather than the
average power applied to the sputtering target, or the deposition rate. For higher C/Ti ratios,
the amount of free carbon increases also for HiPIMS grown films, to levels similar to those of
the corresponding DCMS films (see also Figure 2). In Figure 3 (b) it can be seen that the O
content in the HiPIMS films is in the order of 2 at. % while no clear dependence on the C/Ti
ratio is observed. In contrast, in the DCMS films grown at an average power of 0.6 kW, the O

content is notably higher and increases with C content up to about C/Ti = 1, after which it
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decreases steeply. For the DCMS films grown at 2 kW, the oxygen levels were significantly
lower (~6 at. %), and the O incorporation is thus an effect of the choice of average power for
the DCMS process. Furthermore, the Ti2p peaks (not shown) corresponding to the DCMS
films deposited at 0.6 kW average target power exhibit Ti-O contributions. No Ti-O bonds
were found for the HiIPIMS films grown at the same deposition rate, which suggests that the O
incorporation did not occur during growth, but likely during post-deposition exposure to the

atmosphere.

The H content was determined for films with a C/Ti ratio of ~1. The results revealed that H is
evenly distributed throughout the film thickness for both DCMS and HiPIMS. It was also
found that the film grown by DCMS exhibits twice the amount (~14%) of H compared to the
HiPIMS films. This can be understood, considering Figure 3, from which it can be seen that
the films grown by DCMS contain approximately twice the amount of a-C matrix to host the

H.

Figure 4 shows XRD patterns recorded from films deposited at various conditions. A general
observation is that all peaks are broad and of low intensity. The shifted peak positions are
often observed for Ti-C, and is typically explained in terms of strained crystallites or
stoichiometric variations of the TiC grains [64, 69, 70, 71, 72]. The film grown by DCMS at
an average power of 0.6 kW, Figure 4 (a), without presence of C,H, (pure Ti) exhibits a (002)
texture typical for low temperature Ti deposition [73]. Addition of C,H, leads to the
appearance of peaks suggesting a NaCl crystal structure, with increasingly broader and less
intense peaks as the reactive gas flow increases. This is consistent with the notion that C acts
as a grain refiner hindering grain growth [19]. For the DCMS film exhibiting a C/Ti ratio of
0.36, a peak at 36.7° is visible. Assuming that this is a (111) peak from a cubic structure and
calculating the cell parameter for this peak, gives values around 4.24 A, values too small to

unambiguously be assigned to TiC [14]. It has been suggested that this peak is the result of
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coexisting Ti and TiC structures [74]. In the case of HIPIMS, as seen Figure 4 (b), the
diffraction pattern corresponding to pure Ti film shows a peak, possibly corresponding to the
Ti (100) reflection. The peak is broad and of low intensity, likely due to re-nucleation as a
result of the intense ion bombardment, as has been suggested by Ehiasarian et al. [35] and
Alami et al. [41]. Upon increasing the C,H; flow and thus C incorporation to a C/Ti ratio of
0.37, a broad peak at ~36.5° is seen. The notable width suggests small grains, and possibly
overlapping reflections from nanosized TiC, as well as Ti grains. Further increase of C
content results in the appearance of TiC peaks. These peaks become sharper and more intense
as the C/Ti ratio increases from 0.85 to 1.14. This implies that in contrast to the DCMS
process, for the HiIPIMS process the increase of C content in the films does not hinder, but
rather promote the grain growth. The results obtained from the 6-20 measurements with
respect to peak positions and widths were confirmed by XRD measurements performed in
grazing incidence geometry (not shown). The findings in Figure 4 along with the presence of
free C (Figure 2), and the H presence assessed by ToF-ERDA signify that the deposited films
can be classified in three groups depending on the reactive gas flow for the different
processes: Ti/TiCyx (< 4 sccm for both methods), nanocrystalline TiCy (for ranges where no
Ti-Ti or no C-C bonding could positively be identified, i.e. from 4 to 10 sccm for HiPIMS,
and for 4 sccm for DCMS), and nanocomposite nc-TiC,/a-C:H (above 10 sccm and 4 sccm

for HIPIMS and DCMS, respectively).

The cross section SEM micrographs presented in Figure 5 demonstrate the influence of the
growth conditions at similar deposition rates provided by the two methods employed (i.e.
DCMS at 0.6 kW average power, and HiPIMS) on the microstructure of TiC/a-C:H films of
approximately the same C/Ti ratios. The DCMS film with C/Ti = 0.35 (Figure 5 (a) exhibits a
rough surface and a porous, columnar microstructure, while its HiIiPIMS counterpart (Figure 5

(b) shows a smoother surface and a more dense structure throughout the film thickness. Such
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morphology differences are often reported when comparing DCMS and HiPIMS; see per
example reference 33. The porosity in the DCMS films may facilitate post deposition
diffusion of contaminants into the films [75], which in turn can explain the higher O contents
of films grown by DCMS (average power 0.6 kW) as shown in Figure 3 (b). The DCMS films
grown using an average power of 2 kW, see figure 5 (c), contain less oxygen, and show a less
porous, although similarly columnar microstructure and rough surface. As the C content is
increased, see Figure 5 (d) and (e), the films grown by DCMS, Figure 5 (e) exhibit less
structural features, although still a pronounced columnar microstructure. This observation is
in line with earlier studies [76], reporting a transition from columnar to featureless
microstructure in TiC/a-C:H nanocomposites with increased C content. Such a microstructure
would allow less post deposition diffusion of O into the structure, and could explain the
decrease in the O content observed for the DCMS grown films of higher C/Ti ratio (see

Figure 3 (b).

Previous studies have shown that the carbide grain sizes, the amount of matrix phase, and the
microstructure have implications for the hardness of carbon-based nanocomposite materials
[15,17,19,23]. Pei et al. [77] showed that with increased substrate bias the films transform
from columnar to glassy with a subsequent increase in hardness. Similar behavior with respect
to the microstructure is seen in the present study (cf. Figure 5) although the same bias voltage
is applied for both deposition methods, since the ion bombardment in the HiPIMS case favors
dense film growth. To shed a light on the influence of the above mentioned parameters on the
film hardness in the present study, nanoindentation measurements were performed on films
grown by DCMS (0.6 kW average power) and HiPIMS exhibiting similar C/Ti ratios, and for
films with similar amounts of free C. For films with C/Ti ratios of ~0.36 (morphology shown
in Figures 5 (a) and (b), hardness values of 10 + 0.4 and 21 + 1.0 GPa were obtained for

DCMS and HiPIMS, respectively. The films with C/Ti ratios slightly above 1, see Figures 5
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(e) and (d), showed values of 6 + 0.3 and 27 + 1.6 GPa. Comparing films with equal amounts
of free C, as shown in Figures 5 (a) and (d), hardness values of 10 + 0.4 and 27 + 1.6 GPa,
respectively, are obtained. No explanations on the observed differences in hardness can thus
be found in stoichiometry or amounts of free C. Thus, the influence of morphology on
hardness in the present study is consistent with previous reports [77], and furthermore
indicates that in the present case, the C/Ti ratio and amounts of free C are subordinate to

morphology with regards to influencing hardness.

The effect of the C/Ti ratio and free C on the resistivity of DCMS and HiPIMS grown films is
presented in Figure 6 (a) and (b), respectively. The pure Ti films exhibit similar resistivity for
both deposition methods. Upon C incorporation and increase of the C/Ti ratio to ~2.5, the
resistivity of the HiPIMS grown films increases from ~200 to ~800 pQcm, while the
resistivity values of the DCMS films grown using an average power of 0.6 kW increase more
than two orders of magnitude for the same C/Ti ratio range. By increasing the DCMS average
power to 2 kW, resistivity values similar to those acquired for HiPIMS is attained for the
same C/Ti ratio (Figure 6 (a). The difference in resistivity between the 0.6 and 2 kW average
target power DCMS film can possibly be understood when considering the difference in O
contamination (cf. Figure 3) between the two groups. Furthermore, it has been reported that
the conductivity in TiC/a-C:H nanocomposites is suppressed when the amount of the a-C:H
matrix separating the TiC grains is increased [15,78]. Moreover, as shown for the WC/a-C
system by Sanjinés et al [79], decreased grain sizes will result in increased resistivity due to
grain boundary scattering. Here, this relation cannot be confirmed, considering the opposite
trends in grain sizes for the two deposition methods as functions of C content as indicated in
Figure 4. However, the fact that the amount of matrix, the decrease in grain sizes, as well as
oxygen content is more pronounced for the films grown by DCMS at 0.6 kW is consistent

with the trends observed in Figure 6 (a). When plotting the film resistivity as a function of
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free C (Figure 6 (b), DCMS films deposited at 2 kW show resistivity values matching those of
films grown by HiPIMS. This underlines the significance of a-C matrix amount (i.e. grain
separation, or quenched crystal growth resulting in decreased grain sizes) for the film
resistivity for the films in the present study. The DCMS films deposited with an average
power of 2 KW are thus in better agreement with earlier reports of resistivity for the TiC/a-C
system [10,20,65] than the DCMS films grown using an average power of 0.6 kW. The
resistivity values of the 0.6 kW DCMS series are thus an effect of the lower power applied to
the target, and the high resistivity values can be avoided by increasing the deposition rate, i.e.

decreasing the levels of contamination.

4. Conclusions and Summary

Ti-C films were reactively deposited employing high power impulse magnetron sputtering
(HiPIMS) and direct current magnetron sputtering (DCMS). Analysis of the structural,
bonding and compositional characteristics revealed that the deposited films are
nanocomposite Ti/TIiC, TiC, or TiC/a-C:H depending on the C,H, flow and deposition
method, where HiPIMS for C,H, flows from 4 to 10 sccm resulted in TiCy films and TiC/a-C

for higher flows. For DCMS, C,H, flows above 4 sccm produced TiC/a-C:H coatings.

When employing HiPIMS, the process shows a wide and stable transition zone between
metallic and compound target modes, ranging from ~6 sccm to at least 15 sccm. Within this
flow interval, the stoichiometry of the resulting films was found to stabilize at a C/Ti ratio of
~1. The formation of free carbon for the HiPIMS grown films prior to the C/Ti ratio of 1 was
found to be low, resulting in near stoichiometric TiCy films, whereas the DCMS films were
more disposed to form free C, with resulting TiCy/a-C films with lower stoichiometry in the
carbide phase. The carbide formation closer to stoichiometry for the HIPIMS films was

attributed to the high plasma density inherent in the HiPIMS process. Comparison of films
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grown using HiPIMS and DCMS at equal deposition rates showed that the HiPIMS grown
films exhibit higher hardness as well as lower resistivity values. Overall, the DCMS process
and film properties of thereof were found to agree with previous reports of the TiC/a-C(:H)
material system, and deviations from the literature were found to be a consequence of the
comparably lower average power and deposition rate applied to the cathode during the DCMS
experiments (as confirmed by depositions using higher average power), thus leading to a

porous microstructure.
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Figure captions

Figure 1. (a) C/Ti ratio of films grown using DCMS (H) and HiPIMS (@) conditions, as determined by
XPS. And (b), the deposition rate for the respective process. Lines are guide for the eye.

Figure 2. High resolution XPS spectra of the C1s region for films of various compositions deposited by (a)
DCMS and (b) HiPIMS. Intensities have been normalized to the most intense peak in each spectrum.
Some of the shown spectra have been shifted to compensate for charge referencing problems, see section 2
for details.

Figure 3. (a) The relative peak area of C-C bonds (as obtained from curve fitting of XPS data), and (b)
oxygen content versus C/Ti ratio for DCMS 0.6 kW (squares), DCMS 2 kW (circles), and HiPIMS
(diamonds). The lines are guides for the eye.

Figure 4. 0-20 XRD diffractograms for (a) DCMS, and (b) HiPIMS grown films with varying C content.
Reference positions for Ti (¥) and TiC (®) phases are shown. The substrate reflections are marked with

“g”
s”.

Figure 5. SEM cross section micrographs of DCMS (a), (c), and (e) and HiPIMS (b) and (d) films, with a
similar C/Ti ratio of ~0.36 (a), (b), and (c) and slightly above 1 (d) and (). The scale bar is valid for all
four micrographs.

Figure 6. Electrical resistivity as measured as measured by four-point probe plotted as a function of (a)
C/Ti ratio, and (b) free C. Lines are guide for the eye.
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