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ARTICLE INFO ABSTRACT
Keywords: We report on a study of titanium carbonitride coatings, with potential applications as protective coatings on
Fuel cells bipolar plates in fuel cells. Two series of Ti—-C-N coatings with a carbon concentration varying between 8 and
Bipolar plates 34 at.% were deposited by magnetron sputtering, using a graphite target or methane gas as carbon source.
Carbonitride . Characterisation with X-ray diffraction, ion beam analysis, Raman spectroscopy and electron microscopy shows
Magnetron sputtering . . . . . .
Nanocomposite that 'the coatings consist of a crystalline tltamum. carbonitride Phase and gn amorpl?ous 'carbon tissue phase:
Ti—C-N nc-Ti(C,N)/a-C(:N). It was found that the mechanical and electrical properties are primarily dependent on the
carbon content and not the choice of carbon source. An increase in C content leads to a decreasing crystallite
size and an increasing amount of amorphous carbon. Thus, the phase content and microstructure and thereby
the properties are controlled by the carbon content, making the nc-Ti(C,N)/a-C(:N) coatings highly tuneable.
Depending on C content hardness of 11-38 GPa and resistivity of 150-623 uQcm was observed. Additionally,
the coatings were found to exhibit a contact resistance against silver that was 10 times lower than that of a
stainless steel reference. This makes titanium carbonitride nanocomposite coatings promising candidates for
the use on bipolar plates in fuel cells.
1. Introduction This means that corrosion resistance is of secondary importance when
it comes to PEMFC performance. Instead, high electrical conductivity
The transition to sustainable energy solutions is presently one of the across the interface i.e. lowest possible contact resistance becomes the
greatest challenges that human society faces. Hence, the development most important performance parameter.
of materials, and in particular coating materials, is a crucial part of Previous studies have demonstrated low contact resistance and
the solution. One field where coatings will be essential is the field of tuneability of thin films of nanocomposites of transition metal carbides
electrochemical cells and in particular proton electrolyte membrane and amorphous carbon (a-C). The amount of a-C phase strongly affects

fuel cells (PEMFC), where hydrogen is used to generate electricity
forming only water and heat as by-products. In PEMFCs, bipolar plates
(BPP) are an integral part directing flows of gas to the reactive sites,
acting as current collectors, heat conductors and ensuring the structural
integrity of the fuel cell. Compared to graphite, stainless steel BPPs offer
the advantage of inherent malleability, which enables the production of
thinner plates cutting weight, volume and thereby reducing costs [1-3].
However, stainless steel BPPs lack corrosion resistance in the operating
environment of a fuel cell. A simple and cost-efficient method to modify
surface properties is by coating the BPPs, thereby increasing e.g. cor-
rosion resistance. Recent studies have demonstrated that the potential
at the surface of stainless steel BPPs is not as high as previously antic-
ipated and that they remain stable for different operation loads [4,5].

both the mechanical and electrical properties of the coatings, e.g. re-
sulting in load-adaptive properties and low contact resistance [6-11].
Interestingly, for transition metal carbide nanocomposites a minimum
in electrical resistivity and contact resistance was found for small
percentages of a-C [8-10]. Using magnetron sputtering as a deposition
method the amount of a-C can be readily controlled [8-12]. As titanium
carbides and nitrides both have a rock salt structure and are fully
miscible, film properties can be tuned further upon the addition of
nitrogen [13,14]. Ti(C,N)-coatings have also demonstrated excellent
corrosion resistance which was found to be a superposition of the
corrosion behaviour of TiC and TiN [15,16]. Consequently, nanocom-
posites of titanium carbonitride and amorphous carbon are potential
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candidates for coatings of bipolar plates in PEMFCs [16].

Industrially, coatings of transition metal carbonitrides are routinely
deposited by physical vapour deposition (PVD). One such method is
magnetron sputtering, where titanium nitride is deposited from a tita-
nium target in a mixed argon/nitrogen atmosphere. For the deposition
of titanium carbonitride coatings, carbon can be added in two possible
ways: either by sputtering from a graphite target or by an additional
reactive gas, namely a hydrocarbon, see e.g. Refs. [16,17]. In large
scale industrial sputtering setups the use of graphite targets is typically
avoided due to both a limiting low sputter yield and the brittleness
of the targets. The use of a hydrocarbon gas on the other hand might
introduce hydrogen to the coatings, thereby potentially changing the
composition and structure of the material, especially in the a-C phase.
Here, the incorporation of hydrogen leads to significant changes in the
bonding of a-C.

This study aims to investigate potential differences between coat-
ings deposited using graphite or a hydrocarbon gas as a carbon source.
Here, methane was chosen as it has the highest possible hydrogen to
carbon ratio enhancing potential effects from hydrogen incorporation.
Additionally, the focus of the study is to identify a coating material and
deposition process, which is promising for application as a multifunc-
tional protective coating for steel BPPs in PEMFCs. Moreover, this study
aims to demonstrate how mechanical and electrical properties can be
tuned by depositing films with varying carbon content, and determining
both structure as well as mechanical and electrical properties.

2. Methods
2.1. Synthesis

Thin films of Ti-C-N were grown by reactive pulsed DC magnetron
sputtering in a Qprep500i sputter system from Mantis deposition Ltd.
The system base pressure was < 5 - 10~/ Pa. Two opposing circular
3-inch targets were arranged in a confocal sputter-down configuration.
The target to substrate distance was 130 mm. To cater different char-
acterisation methods all depositions were carried out on silicon (100),
fused silica, sapphire (0001) and SS316L substrates. The substrates were
cleaned in an ultrasonic bath, first in acetone then in ethanol for 5 min,
and finally blown dry with nitrogen gas. Before deposition the sub-
strates were etched in Ar atmosphere to remove surface contamination
using an RF-bias of —120 V for 3 min at a working pressure of 0.67 Pa.
All depositions were performed at a working pressure of 0.67 Pa
and at a substrate temperature of 350°C, determined by a calibrated
thermocouple. During deposition, a RF substrate bias of —150 V was
applied and the substrate holder was rotating at 10 rpm. A Ti target
(Testbourne Ltd, 99.995%) was used for all depositions at a constant
target power of 250 W, pulsing at 200 kHz. The carbon content was
varied by either changing the graphite target (Kurt J. Lesker, 99.999%)
power from 20 to 170 W, or changing the gas flow of methane between
1 and 6 sccm. Methane was selected as a reactive hydrocarbon gas since
it has the highest possible hydrogen to carbon ratio and would therefore
enhance potential effects of incorporating hydrogen in the films. For
all depositions, the total gas flow was kept constant at 60 sccm. The
nitrogen gas flow was kept at 6 sccm and the flow of Ar was adjusted
to compensate the methane gas flow. Deposition times were varied from
45 to 50 min to obtain 0.4 pm thick films.

2.2. Characterisation

For compositional analysis, X-ray photoelectron spectroscopy (XPS)
was carried out with a PHI Quantera II XPS scanning microprobe using
monochromatic Al Ka radiation. To obtain bulk composition, depth
profiles were acquired with 1 keV Ar* ions. Then, sample composition
(excluding hydrogen) was assessed by using calibrated relative sensi-
tivity factors (RSF). Measurements were conducted on films deposited
on silicon or fused silica.
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For the calibration of the RSFs, and the evaluation of hydrogen
content, selected samples were analysed by time-of flight energy elastic
recoil detection analysis (ToF-E ERDA) using the Pelletron Accelerator
at the Tandem Laboratory at Uppsala University [18]. A beam of
36 MeV 271 was used as primary ions with the detector placed at a
scattering angle of 45°. For more details on the experimental system,
we refer to Ref. [19]. Collected experimental spectra were analysed
using the Potku software [20]. Additionally, the hydrogen concen-
tration of two selected samples was determined by nuclear reaction
analysis (NRA) to exclude any effects from beam induced hydrogen
loss during ERDA. To quantify hydrogen the 6.385 MeV resonance of
the > N( H, ay)'2 C nuclear reaction was used. The energy of the 1N
primary ions was varied from 6.525 to 6.90 MeV and back to locate the
resonance at different sample depths thereby acquiring a depth profile.
A detailed description of the NRA analysis using the same experimental
system can be found in Ref. [21]. All ion beam analysis was performed
on samples deposited on fused silica substrates.

To study crystalline phases X-ray diffraction (XRD) was used, per-
forming both 6/26 and grazing incidence (GI) scans. GI-measurements
were conducted on a Malvern Panalytical Empyrean diffractometer
using Cu Ke radiation at an incident angle of 1° with a Gobel-mirror
as primary optics and a parallel plate collimator with 0.27° divergence
for the secondary optics. The lattice constant was determined by av-
eraging over the 111, 200 and 220 peaks from GI-scans. Other peaks
were excluded due to difficulty in separation due to line broadening.
Additionally, 6/260-scans were performed for texture analysis. For XRD-
analysis, films deposited on fused silica were used. For one selected
sample, measurements were carried out on all available substrates to
ensure that the results from silica are representative for all substrates.

Scanning electron microscopy (SEM) images were acquired of frac-
tured cross sections from films deposited on Si substrates. A Zeiss
Leo 1550 was used with the in-lens secondary electron detector at an
acceleration voltage of 3 kV. The samples were tilted 15° to also obtain
information of the surface topography.

Raman spectroscopy was performed to investigate presence and
bonding of any a-C phase. A Renishaw inVia confocal Raman micro-
scope with an excitation wavelength of 532 nm was used on films
deposited on silicon. Raman spectra which showed broad D- and G-
bands where fitted with two Gaussian peaks to obtain peak positions,
widths of the peaks and the I,/I; ratio [22].

To investigate microstructure of selected samples in detail trans-
mission electron microscopy (TEM) analysis was performed with a FEI
Titan Themis 200 operated at 200 kV. Scanning transmission electron
microscopy (STEM) was used for imaging. Additionally, energy disper-
sive X-ray spectroscopy (EDS) and electron energy loss spectroscopy
(EELS) were conducted to analyse bonding and composition of the
samples. Planar view TEM samples from the graphite series were
prepared by mechanical polishing and low-angle Ar" milling using a
Precision ion polishing system (PIPS) from Gatan. The selected sample
from the methane series was prepared using a focused ion beam (FIB)
CrossBeam550 from Zeiss.

The mechanical properties were characterised with nanoindentation
using a CSM Ultra Nano Hardness Tester with Berkovich diamond
tip. 20 indentations were made with a maximum depth of 40 nm
not to exceed 10% of the film thickness. The method proposed by
Oliver & Pharr was used to calculate the hardness and elastic modu-
lus [23]. Nanoindentation measurements were taken on films deposited
on sapphire.

Resistivity was calculated from measuring the sheet resistance by
four-point probe with an Advanced Instrument Technology
CMT-SR2000N and then considering the thickness of the films, deter-
mined from SEM cross-sections. These measurements were carried out
on samples deposited on fused silica.

The contact resistance of the films was measured against a silver-
coated copper electrode using a custom-made four-point probe setup,
which measures the drop in voltage while the current flows from the
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Table 1

Composition (excluding hydrogen) as calculated from XPS depth profiles, using cal-
ibrated RSF. Indicated uncertainties are the maximum deviations of the calculated
compositions from the composition obtained by ERDA.

Sample Graphite target power/ Atomic concentration (excl. H) in at.%
methane gas flow Ti(+4) N3 C(x2) [ONE=ND]
gra8 20W 43 45 8 4
gral3 50 W 42 42 13 3
gralé 80 W 41 41 16 2
gra20 120 W 40 40 20 <1
gra2l 150 W 40 39 21 <1
gra23 170 W 39 38 23 <1
mel2 1 sccm 43 41 12 4
mel5 2 sccm 42 40 15 3
mel8 3 scem 41 39 18 2
me2l 4 sccm 41 38 21 <1
me34 6 sccm 35 30 34 <1
Table 2
Hydrogen content of selected samples determined by ToF-E ERDA and NRA respectively.
Sample at.% H
ERDA (x+ 0.1) NRA (x 0.2)
gra8 0.7 n/a
gral3 0.6 n/a
gra2l < 0.05 < 0.05
mel2 1.1 n/a
me21l 1.4 2.5
me34 3.3 n/a

probe tip to the film surface. The samples were contacted with copper
wires, and the contact force (normal load) was varied from 1 to 10 N
by applying weights on a lever. The Ag-plated probe was 10 mm
in diameter with a hemispherical tip. Two measurements were taken
according to the van der Pauw method [24] on two points per coating.
For this, coatings on stainless steel 316L substrates were used.

3. Results
3.1. Characterisation of Ti—-C—N films

Samples of titanium carbonitride with varying carbon content were
deposited from two different carbon sources (graphite and methane)
resulting in two samples series with increasing carbon content. These
are henceforth denoted the graphite (gra) and methane (me) series,
respectively. Individual samples are identified with series and a number
indicating the total carbon content of the coating. Table 1 shows the
average atomic bulk composition as determined through XPS depth
profiling. The carbon content of the graphite series ranges from 8 to
23 at.% and for the methane series from 12 to 34 at.%. Nitrogen and
titanium content decrease accordingly from 45 to 30 at.% N and from
43 to 35 at.% Ti. Additionally, it can be observed that the oxygen
content decreases with an increasing carbon content from 4 to < 1 at.%.

Selected samples were analysed using ToF-E ERDA. This analysis
was conducted to obtain the hydrogen content and to confirm that
no other impurities were present in the coatings. Additionally, NRA
was performed on two samples with a medium carbon content for
hydrogen quantification: Results of the ion beam analysis are shown
in Table 2. Generally, hydrogen concentrations are very low, with the
graphite series showing a hydrogen content below 0.7 at.%. Sample
gra21 showed no hydrogen signal above noise level. The methane series
exhibits higher hydrogen concentrations, increasing with the overall
carbon content from 1.05 to 3.30 at.%. Using NRA, the H concentration
of sample me21 was found to be 2.5 at.%.

Fig. 1 shows GI-XRD scans of the samples from (a) graphite and
(b) methane series. The dotted lines indicate the position of the 111
peak for pure TiN and TiC, with a lattice constant of 4.24 A [25] and
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433 A [26], respectively. The observed reflections are indexed to a
rock salt structure with a lattice constant of a = 4.26-4.31 A. As can
be seen from the 111 peak, there is a shift towards smaller angles
with increasing carbon content. As the peaks move from a position
close to TiN towards the TiC reference, it can be concluded that the
samples contain a titanium carbonitride phase. As seen in Fig. 1, peaks
become less intense with increasing carbon content meaning that the
samples contain a decreasing amount of crystalline phase. Moreover,
the observed peak broadening with increasing carbon concentration
indicates a decrease in crystallite size.

The 6/26 scans (not shown) reveal a 111 texture for all deposited
films, where films with a low carbon content show a higher degree of
preferential orientation. Scans of films deposited on different substrates
reveal a somewhat stronger 111 texture for the sapphire substrate, but
otherwise no difference.

Fig. 2 shows how the lattice constant depends on the carbon content
of the samples; falling between the lattice constants of TiN and TiC, as
indicated by the dashed lines. It can be observed that the increase is
approximately linear, which points to a substitution of N by larger C
atoms thereby expanding the lattice. Moreover, the sample with the
highest carbon content does not follow the same trend, indicating a
possible saturation of C substitution.

Fig. 3 shows cross-sectional SEM images of selected samples. At
low carbon concentrations the films consist of columns with a faceted
surface; as the C content increases films become more finely grained
with a smooth surface. The morphology evolution is similar for both
the graphite and methane series: Increased carbon content leads to film
densification, smaller crystallites and smoother top surface.

To study possible amorphous carbon phases, samples were analysed
with Raman spectroscopy. Fig. 4 shows Raman spectra obtained at an
excitation wavelength of 532 nm. As can be seen all samples with
[C] > 13 at.% exhibit broad signals at 1370 and 1570 cm~!, which is
consistent with the broad D- and G-bands of sputtered a-C, i.e. mainly
sp2-bonding [27,28]. Reliable peak fitting was performed for samples
with a carbon content above 13 at.%. With increasing carbon content
the D-peak position moved from 1370 up to 1385 cm~!. The G-peak
position was located between 1575 and 1580 cm™!, independently
of the carbon content. The Iy/I;-ratio increased from 0.94 to 1.22
with increasing carbon content. No differences in intensity ratio were
observed between samples with the same carbon content, deposited
using different carbon sources.

In summary, the results above show that the two processes, using
graphite or methane as carbon sources, produce very similar samples
series with comparable composition, phases and morphology. General
trends for an increasing total carbon content in both cases are the
decreasing amount of crystalline titanium carbonitride phase and a
decrease in crystallite size as revealed by XRD. Furthermore, SEM
shows a densification of the morphology with increasing carbon con-
centrations for both series. Additionally, Raman analysis confirmed that
the coatings contain an increasing amount of amorphous carbon, which
means that the coatings are nanocomposites of Ti(C,N)/a-C.

For further characterisation, three samples were selected for TEM
analysis. Fig. 5 shows the plan-view of the samples from the graphite
series with 13 resp. 20 at.% carbon and a sample from the methane
series with 21 at.% C. Images attained at a lower magnification using a
high-angle annular dark field (HAADF) detector (Fig. 5(a)-(c)) show
faceted columns for all samples as well as how the column width
decreases with carbon content. Both observations are in agreement with
results from SEM and XRD. In the HAADF images dark or black areas
correspond to pores or a light element phase (here a-C). This confirms
the densification of the film morphology observed in the SEM images.
Higher magnification images acquired in bright field (BF) mode in
Fig. 5(d)-(f) confirm a decrease in grain size with increasing carbon
concentration. Moreover, the images clearly show the presence of two
phases in both samples: heavier crystalline grains surrounded by an
inter-granular lighter phase, apparently amorphous. The sample with
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Fig. 3. Cross-sectional SEM images of samples from graphite series (a), (c), (e) and

methane series (b), (d), (f) with carbon content of 8-34 at.%.

the lower carbon content contains only small amounts of the amor-
phous phase, which is found along some (but not all) grain boundaries.

Raman shift (cm™1)

Fig. 4. Raman spectra of samples from both sample series (methane in red, graphite
in grey) obtained with an excitation wavelength of 532 nm.

In the samples with the higher carbon content and smaller grains, the
amorphous phase decorates all grain boundaries like a tissue phase and
it is found in larger amounts.

To investigate the chemical composition of the phases, EDS maps
(shown in Fig. 6) were acquired. For the sample with 13 at.% C
(Fig. 6(a)), the Ti and N content are closely correlated and the elements
are predominantly found in the crystalline grains. Carbon can be found
inside the grains in low concentrations as well as in higher concentra-
tions along some grain boundaries. Oxygen is found only in the grain
boundaries. Line scans over grain boundaries (not shown) reveal that
the N concentration drops as the oxygen concentration increases which
points to that oxidation takes place mostly in the grain boundaries.
For the higher carbon content samples (see Fig. 6(b) and (c)), the
Ti content again correlates to the grain structure. The grain structure
appears less distinct for the sample deposited with methane. This is an
artefact due to an increased TEM-lamella thickness of this particular
sample resulting in higher count rates of titanium compared to the
lighter elements. The nitrogen signal for both high C-content samples,
however, is flat and contrary to the sample with lower C content it
does not correlate to the Ti concentration. Again, carbon is found in
low concentrations in the grains and predominantly located in the
grain boundaries. Consequently, the amorphous tissue phase must also
contain some nitrogen. Oxygen is also located in the grain boundaries
but in lower concentration as compared to sample with lower carbon
concentration, note the different concentration colour scale in Fig. 6.

A comparison of EELS nitrogen edge spectra from within the grain
and in the grain boundaries (not shown) confirms the difference in
nitrogen signal shown by the EDS maps. The amorphous phase does
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methane, 21 at.% C

Fig. 5. STEM images of samples gral3 (a, d), gra20 (b, e) and me21 (c, f) acquired in HAADF mode and in BF mode.

Ti

Fig. 6. HAADF images and EDS maps of samples (a) gral3, (b) gra20 and (c) me2l. Note the different concentration colour scales for each samples. The reduced visibility of
grain boundaries in the Ti-map of sample me21 (c) is due to larger TEM-lamella thickness resulting in an increased Ti-signal compared to the lighter elements.

not contain nitrogen for the sample with lower carbon concentration.
Contrarily, for the samples with higher C content a weak N signal can
always be observed in the amorphous phase.

TEM analysis of selected samples corroborates that the samples con-
sist of nanocrystalline titanium carbonitride nc-Ti(C,N) and an amor-
phous carbon phase, generally denoted as a-C(:N). The a-C(:N) phase
was found to be a tissue phase along the grain boundaries, fully
decorating for larger C content and partially decorating for lower C
concentration. Furthermore, the analysis indicates that the amorphous
carbon phase contains some nitrogen for samples with higher C content,
but not for the sample with lower carbon concentration. The compari-
son between samples with [C] > 20 at.% from both series confirms that
the microstructure is mainly dependent on the carbon content and that
the choice of carbon source has no or a very small influence.

3.2. Properties

Mechanical properties of the films were evaluated by nanoindenta-
tion. The results are presented in Fig. 7 as a function of carbon content.
The hardness varies between 11 and 38 GPa with peak hardness at
around 20 at.% carbon for both series. Young’s modulus varies from
312 to 536 GPa, with a maximum at around 20 at.% C for both sample
series.

Using a four-point probe, the electrical resistivity of the samples was
determined. The results are presented in Fig. 8 as a function of carbon
concentration. The resistivity of most samples is in the same order of
magnitude, 150-280 pQ cm. Only the sample with the highest carbon
content shows a significant resistivity of 623 pQ cm.

Contact resistance measured at a contact force of 5 N is shown in
Fig. 9 as a function of carbon concentration. For the graphite series,
the contact resistance ranges from 7 to 15 mQ and the methane series
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Fig. 9. Contact resistance measured at a contact force of 5 N as a function of carbon
concentration. The dashed line indicates the DOE target of 10 mQ for bipolar plates
in PEMFC.

varies from 6 to 10 mQ. It can be observed that the contact resistance
increases with carbon concentration. The dashed line at 10 mQ indi-
cates a target value set by the US-department of Energy (DOE) for the
interfacial contact resistance on bipolar plates for fuel cells at a load of
140 N/mm? [29]. Although not measured accordingly, an indication
of performance in contact resistance is given by comparison with the
DOE-target. Compared to the stainless steel reference (not shown) with
a measured contact resistance of 98 mQ at 5 N, all samples show a
significantly improved contact resistance.

4. Discussion

Two series of Ti-C-N coatings with varying carbon content were
produced by magnetron sputtering using graphite and methane as
carbon sources, respectively. Generally, the two series are found to be
comparable in terms of composition, phases and microstructure.
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4.1. Microstructural evolution and composition

Considering results from XRD, Raman and TEM analysis it is clear
that the coatings are nanocomposites of nanocrystalline titanium car-
bonitride and an amorphous carbon phase, i.e. nc-Ti(C,N)/a-C(:N). The
microstructure and morphology is found to depend mainly on the
carbon content not the choice of carbon source. A similar morphology
evolution with a decrease in crystallite size and smoothening of the
surface is observed with increasing C concentration for both series.
This morphology evolution and decreased crystallite size is well in line
with observations in related carbide systems [11] as well as a more
general model presented by Barna and Adamik [30] for the addition
of elements forming an amorphous tissue or matrix phase. Although
only observed in the selected TEM samples, it is safe to assume that
a-C(:N) is present in all coatings with [C] > 20 at.%. At lower carbon
concentrations, a-C(:N) decorates some of the grain boundaries. As
carbon content and the amount of a-C(:N) phase increase the coverage
increases forming first a tissue phase and eventually a matrix phase
in which the carbonitride grains are embedded. However, a threshold
value for the formation of a tissue phase could not be clearly identified.

Ion beam analysis shows a very low concentration of H for the
samples deposited from a graphite target, which is believed to stem
only from residual hydrogen in the deposition chamber. As expected,
the samples using methane as carbon source exhibit somewhat higher
hydrogen concentrations, increasing with the overall carbon content.
However, hydrogen concentrations are generally very low (below
4 at.% H) also for samples deposited using methane as a carbon
source. A contributing factor for this is probably the elevated substrate
temperature of 350°C, which promotes hydrogen desorption during
the deposition. NRA of a selected sample shows a slightly higher H-
content (2.5 at.%) compared to the concentration determined by ToF-E
ERDA (1.4 at.%). This indicates ion beam induced hydrogen loss during
ERDA. The depth profile acquired during NRA confirms that there is no
beam induced hydrogen loss during this measurement

For the samples with a carbon content up to 18 at.% C there is
an appreciable oxygen content (up to 4 at.%.) observed in the XPS
depth profiles. This is deemed to be the result of ex-situ oxidation
occurring when the samples are exposed to atmosphere after deposition
and caused by the underdense microstructure observed in electron
microscopy for these samples. This is supported by the high resolution
EDS maps presented in 6. Here it is observed that oxidation occurs
in many grain boundaries of the underdense sample with low carbon
content, but not in the bulk of the carbonitride phase. For the denser
samples with higher carbon content the oxygen signal is generally
much lower, and only a few spots along grain boundaries show signs
of oxidation. The a-C(:N) tissue phase clearly protects the nc-Ti(C,N)
grains from oxidation.

For a more detailed understanding of the material and structure—
property correlations, one would like to determine a number of key
parameters, including composition of respective phase and their rela-
tive amounts. However, as will be discussed below, this is in the present
case difficult.

4.2. Titanium carbonitride phase

From XRD and TEM it is clear that the majority phase of the
coatings is a nanocrystalline titanium carbonitride, nc-Ti(C,N), where
the crystallite size decreases with increased carbon content. Both the
expansion of lattice parameter observed from XRD and elemental maps
by high resolution EDS show that carbon is incorporated into the nitride
phase as total carbon content is increased. It is however difficult to
determine the composition of the nc-Ti(C,N) phase. A common method
is to use Vegard’s law [31] to determine the stoichiometry, based on
the observed lattice parameter. The here observed lattice parameter is,
however, larger than expected considering the total composition of the
samples. Possible reasons include residual stresses or influence of the
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surrounding a-C(:N) tissue phase on the bonding of nc-Ti(C,N). Such an
influence has been shown by Lewin et al. for the related nc-TiC,./a-C
system [32]. A similar effect could also be present in the carbonitride
system, although one must consider their different electronic structures.
To determine the Ti(C,N) composition directly from the TEM EDS maps
is not reliable due to the nanocrystalline nature of the phase which
causes overlap issues with the tissue phase. Along with that, difficulties
in determining the composition and amount of the a-C(:N) phase (see
below) make a calculation based on the total composition unfeasible.

4.3. Amorphous tissue phase

Raman spectroscopy and TEM-EDS show that coatings contain an
a-C(:N) phase and that the amount increases with total carbon content.
Additionally, EELS analysis reveals that N present in the a-C(:N) phase
has different bonding characteristics than the nitrogen in the crystalline
phase. Analysis of the Raman spectra shows that the observed peak
positions and intensity ratios are well in line with literature on sput-
tered a-C [27,28,33-35]. The differences in peak position and Ij/Ig
between the series are negligible, despite the use of different carbon
sources. Compared to the three-stage model of G-peak position and
Ip/Ig ratio as a function of the amorphisation of graphite presented
by Ferrari and Robertson [22], the present coatings are similar to stage
two: partial amorphisation of carbon. Thus, it can be concluded that
the a-C(:N) phase is dominated by sp2-bonding, which agrees well with
the observed low hydrogen content. Generally, Casiraghi, Ferrari and
Robertson [34] found that concentrations below 20 at.% are too low
to cause measurable structural and topological disordering. The films
can hence be treated as H-free. Compared to literature on sputtered
a-C, the D- and G-peaks are found to be broader. This broadening is in
agreement with observations of nitrogen doped a-C films [36,37] and
can thus be attributed to the presence of nitrogen in the a-C(:N) tissue
phase.

4.4. Relative amount of phases

A quantification of the relative amount of a-C phase would be an
excellent parameter to relate structure and properties. Raman spec-
troscopy is useful to identify a-C phases, but does not provide an easy
quantification of a-C relative to other phases. XPS is routinely used
to quantify the relative amounts of a-C and carbide phase for transi-
tion metal carbide/a-C nanocomposites [8,10,11,38]. However, initial
analysis (not presented) of the Ti—-C-N samples has shown considerable
artefacts from Ar™ etching in the C 1s spectra. These are more severe
than those observed in the Ti-C system [39,40] and this correlates
well with general sensitivity of transition metal nitrides [41]. Thus, the
matter of a-C quantification in the Ti—-C-N system is not included here,
and it will be the subject of further studies.

4.5. Coating properties

The obtained hardness values show a maximum of 38 and 34 GPa
for graphite and methane respectively at around 20 at.% carbon. The
peak hardness coincides with a maximum in Young’s modulus at the
same carbon concentration. The mechanical properties of the films are
well in line with literature for related TiN, TiC, TiC/a-C and Ti(C,N)
films [11,12,35,42]. The comparably lower hardness values for films
with low carbon content are attributed to the somewhat underdense
microstructure of these films. Similar peak hardness as a function of
carbon content has been observed for nanocomposites of TiC and a-
C(:H) [9,38,43]. The same is observed for the given Ti(C,N)/a-C(:N):
First, the formation of a-C(:N) leads to nano-hardening, as dislocations
are trapped in grain boundaries. Secondly, a-C(:N) is considerably
softer than Ti(C,N). An increased amount of a-C(:N) will accordingly
lead to a softer coating. The somewhat stronger 111 texture observed
for coatings on sapphire may affect the hardness. Thus, it is possible
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that the coatings on other substrates such as steel have a slightly
different hardness. Considering the microstructure observed by SEM
and TEM (Figs. 3 and 5), this most likely only affects samples with a
low carbon concentration.

The measured resistivity values are in same order of magnitude as
reports of polycrystalline TiN and TiC(/a-C) films in literature [9,43,
44]. The observed trends in resistivity can also be explained by the
formation of a-C(:N). Once the more resistive tissue phase is formed and
encapsulates the conducting Ti(C,N) grains, resistivity is expected to
increase with an increasing amount of a-C(:N). As shown in Fig. 8, the
trends are not linear. For the series deposited with methane for exam-
ple, there is a minimum resistivity detected at around 20 at.% carbon.
This is attributed to the slightly underdense columnar microstructure
of the coatings. Here, the a-C(:N) fills the voids between grains, re-
ducing post deposition oxidation and thereby effectively improving
conductivity in the direction of measurement.

The contact resistance of the coatings was found to be significantly
improved by one order of magnitude compared to a stainless steel
reference. Only small variations were found as a function of carbon
content within the studied range of 8-34 at.% C. Again, the choice
of carbon source does not result in a significant difference between
the contact resistance of the two sample series. Contact resistance is
dependent on both the mechanical and electrical properties of the coat-
ings: A softer coating would lead to an increased contact area thereby
reducing contact resistance. The resistivity of the coatings represents
the bottom limit of the contact resistance in an ideal electrical contact.
Additionally, the tissue phase will effectively increase the contact area
on the surface of the coatings resulting in a reduced contact resistance.
Therefore, the contact resistance of Ti(C,N)/a-C(:N) would be expected
to be at its minimum for around 15 to 20 at.% carbon, where the
resistivity is at its minimum, hardness has not yet reached its peak and
a tissue phase of a-C(:N) has formed.

Considering these results as well as literature reports on corrosion
resistance of Ti-C-N films [15,16], coatings of Ti(C,N)/a-C(:N) are
promising candidates for the coating of bipolar plates for PEMFCs.
This is particularly true as this material system shows considerable
tuneability where mechanical and electrical properties can be designed
by control of the carbon content.

A valuable finding considering possible industrial applications
where deposition rate is an important parameter, is that coatings
deposited from graphite and methane show similar compositions, mi-
crostructure and morphology evolution, as well as mechanical and
electrical properties at similar carbon concentrations. This means that
the choice of carbon source is not crucial for the film properties. It
can therefore be concluded that the industrially more attractive process
using a hydrocarbon gas as source of carbon can achieve equivalent
results as compared to the use of a graphite target. Industrially, other
interesting options include the use of acetylene gas or composite
targets, the investigation of which is beyond the scope of the present
study.

5. Concluding remarks

The two studied deposition processes produced very similar sam-
ple series, with comparable performance. The deposited Ti-C-N coat-
ings with carbon contents between 8 and 34 at.% were found to be
nanocomposites of a nanocrystalline NaCl-type titanium carbonitride
and an amorphous carbon phase with mainly sp2-bonding. Hydrogen
incorporation is generally small, < 1 at.% for the samples deposited
with a graphite target, and < 4 at.% for the samples deposited from
methane gas, and no direct influence on material properties was ob-
served. The determining factor for the properties was instead found to
be the total carbon content, which controls both the relative amount of
the two phases and the crystallite size of the carbonitride. Depending
on carbon content the hardness was found to vary between 11 and
38 GPa, with a peak hardness around 20 at.% C which coincides with
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a full coverage of tissue phase and thus agrees well with previously
observed nanocomposite hardening. The resistivity of the coatings
increases due to underdense coatings at low carbon content and due
to the low conductivity of the a-C phase at high carbon content. The
combination of mechanical and electrical properties leads to electrical
contact resistances that at best are 10 times lower than that of a
stainless steel reference. An optimum is expected around 15 to 20 at.%
carbon. Here, the resistivity is at its minimum, and hardness has not
yet reached its peak, but some of a-C tissue phase has formed making
for a larger contact area. Considering the observed electrical contact
performance, the tuneability of the nanocomposite morphology, as
well as the well-known corrosion resistance of titanium carbonitride,
sputter deposited Ti—-C-N coatings are promising candidates for use as
multifunctional protective coatings on bipolar plates in fuel cells and
similar applications.
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