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Nanocomposite Ti-Al-C films were deposited by filtered cathodic vacuum arc (FCVA) at different CH
4
flows. The deposited films

were characterized in terms of elemental and phase compositions, chemical bonds, and texture as a function of CH
4
flow rate

by XRD, XPS, HRTEM, Raman spectroscopy, and IR spectroscopy. The results show that the TiC grain size decreases from 4.2
to 2.9 nm as the CH

4
flow rate increases from 30 to 80 sccm. The analysis of XPS, HRTEM, and Raman spectroscopy shows that

the microstructure of deposited films turns from a TiC dominant TiC-C film to a carbon network dominant TiAl-doped a-C
film structure as the CH

4
flow increases from 30 sccm to 80 sccm. IR spectroscopy shows that most of the hydrogen atoms in the

deposited films are bonded to the sp3-hybridized C atoms. All the composition and microstructure change can be explained by
considering the plasma conditions and the effect of CH

4
flow.

1. Introduction

Advanced methods in surface technologies, providing new
thin film materials with multifunctional properties, are
demanded with progress in future engineering applications
in tribology, machining, and manufacturing processes. For
example, applications in tribology or machining of steels and
alloys require coatings combining low friction coefficient,
high hardness, and chemical and high temperature stability.
These requirements of multifunctionality of the surface of
components and/or tools could be met by applying improved
coating concepts like metastable, multilayer, gradient, and
nanocomposite PVD coatings [1]. In particular, nanostruc-
tured coatings, which consist of hard and solid lubricant
phases, have attracted increasing interest because of the possi-
bilities of synthesizing materials with unique mechanical and
physical properties [2].

Graphite is one of typical solid lubricants of great techno-
logical interests. Carbon thin film deposition technology has
reached an advanced status on its way from first laboratory

results to commercially available products from soft graphite-
like to hard amorphous and super hard diamond-like films.
Diamond-like carbon coatings offer outstanding physico-
chemical properties such as relatively high hardness, chemi-
cal inertness, highwear resistance, and low friction coefficient
[3]. However, there are still several problems, such as low
toughness and high internal stress, which limits a-C:H films
being used in a wide range of industrial applications [3–6].
Many studies have demonstrated that mono- and/or codop-
ing some metal and nonmetal elements into a-C:H films can
effectively reduce internal stress and improvemechanical and
tribological properties [1, 6–8].

Filtered cathodic vacuum arc (FCVA) deposition is a
promising technique for the production of high quality
hard thin films, the main feature of which is to employ a
curvedmagnetic field to guide the plasma generated from the
cathodic vacuum arc to deposit on an out-of-sight substrate.
Through this special magnetic filter, most of the unwanted
macroparticles and neutral atoms will be removed. Only ions
within a defined energy range can reach the substrate, thus
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Table 1: Summary of the films deposition conditions.

Item Parameter
CH4 gas flow rate (sccm) 30, 40, 50, 60, 70, 80
Ar gas flow rate (sccm) 120
Deposition pressure (Pa) 0.54∼0.70
Thickness (𝜇m) 1.5
Arc current (A) 80

producing films with good controllability and reproducibility
[9–11].

In this paper, Ti-Al-C ternary nanocomposite films were
deposited by FCVA, TiAl target being used as cathode at
the methane and argon atmosphere. The investigations were
mainly focused on the change of microstructure in the
deposited films as a function of CH

4
flow rate.

2. Experiment

The Ti-Al-C films were deposited by the FCVA technique.
It employs a 90∘ curved filter to remove the macroparti-
cles. Titanium aluminum cylindrical composite target (TiAl
(70/30 at.)) was used to generate plasma with 65mm in
diameter. A rotated substrate holder was placed normal to
the arc plasma beam at a distance of 10 cm from the exit of
the FCVA source. The deposition conditions are detailed in
Table 1. The vacuum chamber with 900mm in diameter was
evacuated to the base pressure less than 3.2 × 10−3Pa, which
was then backfilled with methane and argon at a pressure of
∼0.6 Pa for depositing the films. A Si 𝑛(100) wafer was used
for the substrate. Prior to deposition, the silicon substrates
were sputtered by an Ar ion beam for 10min at a pulsed
substrate negative bias voltage of −700V, to remove some
adhering impurities and the native oxide layer on substrates.
Subsequently, the films were deposited at a pulsed substrate
negative bias voltage of −100 V and varied the CH

4
flow.

The microstructure and grain size are determined by X-
ray diffraction (XRD) with a Philips X’pert diffractometer
operated with Cu Ka radiation in a glancing incident config-
uration (𝜃 = 1∘). After ruling out influence of instrumental
broadening the average grain size (𝐷) of film is calculated
from the full width at halfmaximum (FWHM) of the TiC(111)
peak using Scherrer’s formula [12]:

𝐷 =

𝑘𝜆

𝐵 cos 𝜃
, (1)

where constant 𝑘 = 0.89, 𝐵 is the FWHM (degree), 𝜆 is the
wavelength (nm), and 𝜃 is the diffraction angle (degree).

High-resolution transmission electron microscopy
(HRTEM) investigations and selected area diffraction (SAD)
were performed on a JEM 2010 transmission electron
microscope operated at 200 kV. About 20 nm thick films
were produced on single crystals of NaCl for HRTEM
investigations. Plan-view samples were made by floating off
the films in distilled water and placing them on Cu grids.

The chemical composition of the films was determined
by X-ray photoelectron spectroscopy analysis using a PHI-
5702 X-ray photoelectron spectroscope (XPS) operating with

monochromatized Al Ka radiation. After the removal of
adventitious contamination corresponding to about 2 nm of
carbon by ion sputter cleaning (4KeVAr+), the elemental
composition was measured from the peak areas of Ti2p,
C1s, and Al1s. Using the built-in sensitivity factors, the
concentrations were determined from the respective areas.
Analysis of the peak shapes using curve fitting on the Ti2𝑝

3/2

and C1s peaks with carefully chosen profiles allowed the
separation of TiC and a-C:H phases at different methane flow
for details.

Raman spectra were performed on a Horiba Jobin Yvon
HR800 spectrometer at room temperature using the 532 nm
line of an Ar laser as the excitation source. Moreover, the
Raman spectra were recorded in the range of 200–2000 cm−1
and special care was taken to avoid sample damage dur-
ing measurements. Fourier transformation infrared (FTIR)
spectra of deposited films were recorded on an IFS 66v/s
spectrometer so as to detect the changes of the hydrogen
bonding in the films.

3. Results and Discussion

3.1. Composition. Table 2 plots the variation of the Ti, Al,
and C atomic ratios versus the applied methane flow during
the deposition. It can be found that the content of Al
changes slightly while the Ti concentration shows a decrease
from 25.32 at.% to 11.92 at.% with increasing CH

4
flow rate

from 30 sccm to 80 sccm. This is attributed to the poisoning
effect; namely, with increasing CH

4
flow, the Ti cathode was

poisoned and a compound layer of TiC was formed on the
target surface. Meanwhile, Al belongs to weaker-carbide-
forming metal, which is relatively difficult to form Al-C on
the target surface. TiC has a significantly highermelting point
(3150∘C) comparing with the TiAl cathode (melting point of
Ti 1660∘C), which affects the plasma emission from the arc
spots, resulting in reduction in the concentration of Ti and
the slight change of Al concentration in deposited films. By
contrast, the carbon concentration increasedwith an increase
in the flow rate, a clear evidence of the poisoning effect.Mean-
while, an increasingCH

4
flow enhances deposition of carbon;

therefore, the C concentration increases from 58.75 at.%
to 68.80 at.% with increasing CH

4
flow from 40 sccm to

50 sccm. After that, with CH
4
flow further increasing the C

concentration changed slightly, which is due to the balance of
plasma [2].

3.2. Structure of Deposited Films. XRD experiment is per-
formed to identify the microstructure of deposited films and
the results are presented in Figure 1(a). The peak around 55∘
is from the Si (100) substrate underneath the film. Peaks at
35.4, 41.0, and 59.6∘ are attributed to (111), (200), and (220)
diffraction planes of TiC [1, 13–16]. All these patterns exhibit
relatively broad peaks.

The grain size of the nanocrystalline component is essen-
tial for the understanding of the nanostructure and hence of
the properties of nanocomposite hard films. It was routinely
evaluated from the XRD peak broadening taking the full
width at half maximum (FWHM) of the TiC (111) peak in the
Scherrer formula. The data were corrected for instrumental
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Figure 1: (a) The XRD spectra of the films prepared at different CH
4
flow; (b) the grain size of deposited films as a function of the CH

4
flow.

Table 2: Chemical composition: Ti/Al, Al/(Ti + Al), and C/(Ti + Al) atomic concentration ratios of deposited Ti-Al-C films.

Elemental composition (at.%) Ti/Al Al/(Ti + Al) C/(Ti + Al)
Ti Al C

30 sccm 25.32 15.89 58.79 1.59 0.39 1.43
40 sccm 21.95 19.29 58.75 1.14 0.47 1.42
50 sccm 14.16 17.04 68.80 0.83 0.41 2.21
60 sccm 14.86 15.83 69.31 0.94 0.52 2.26
70 sccm 13.01 15.93 71.07 0.82 0.55 2.46
80 sccm 11.92 17.81 70.26 0.67 0.58 2.36

broadening. The evolution of the grain size with CH
4
flow,

obtained from this method, is displayed in Figure 1(b). It can
be found that the grain size decreases from 4.2 to 2.9 nm as
the CH

4
flow rate increases from 30 to 80 sccm.

A comparison of these values with data obtained from
HRTEM shows that the values obtained from XRD agree
reasonably well. This is illustrated in Figure 2 showing the
HRTEM and SAED micrographs of the films. Indexing the
lattice fringes and also the circular selected area diffraction
patterns confirms the formation of TiC nanocrystalline
phases.

The interplanar spacing of TiC (311) plane is about
0.13 nm, shown in Figure 2(a). The diffraction rings shown
in Figure 2(b) are attributed to (111), (200), and (220) planes
of TiC. In Figure 2, it shows fine-grained TiC crystals of
about 5 nm in the case of films deposited at 30 sccm of CH

4

flow rate and a reduced quantity and grain size smaller than
5 nm in the case of films deposited at 50 sccm of CH

4
flow

rate. It also clearly shows, on the one hand, many small TiC
crystallites represented by the lattice fringes of TiC and, on
the other hand, some areas not contributing to the imaging
in the electron microscope. These areas could be interpreted
to be an amorphous carbon phase, as is expected from the
chemical composition of the coatings. It can be inferred that
nanocomposite coatings have a two-phase microstructure,
built of a nanocrystalline TiC phase and an amorphous

carbon phase. However, the microstructure of the films
changes from TiC-based structure to C-based structure in
which the nanocrystalline TiC particles are homogeneously
embedded in the a-C:Hmatrix, as the CH

4
flow rate increases

from 30 sccm to 50 sccm.

3.3. Raman Spectroscopy and XPS Analysis. The application
of Raman spectroscopy enables the interpretation of the
bonding in the deposited films. Figure 3 shows the Raman
spectra of all the films deposited at different CH

4
flows.

It reveals two important facts. (1) In all measured films
vibrational modes in the range of 450–750 cm−1 indicative
of titanium carbide were detected [17]. (2) C–C bonds
observable as a typical camel-like shape with humps at 1360
and 1590 cm−1 so-called D and G peak were detected [5–
7]. The structural changes can also be seen as the CH

4
flow

increases from 30 sccm to 80 sccm.
Further complementary information on the constitution

and microstructure of these deposited films is available from
XPS. The chemical states of C, Ti, Al, and O in the deposited
films are analyzed by XPS as shown in Figure 4. It can be
initially referred that the C1s spectra show discrimination
of these two components at the binding energies of 281.6
and 284.5 eV, respectively, both of which are responding
to TiC and a-C:H phases. However, the C1s spectra are
different. At low CH

4
flow, the TiC phase is dominant,
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Figure 2: HR-TEM and SAED images of films deposited at different CH
4
flow (a) and (b): 30 sccm and (c) and (d): 50 sccm.
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Figure 3: Raman spectra of the films prepared at different CH
4
flow.

while the a-C:H phase changes to be dominant at higher
CH
4
flow, which demonstrates the structural change with

increasing the CH
4
flow. The same concentration profile is

obtained using the Ti2𝑝
3/2

peak and performing curve-fitting
procedures to separate the contributions from metallic and
carbidic titanium. However, the difference in position of the
carbide andmetallic titanium is only 1.1 eV and the respective
binding energies are 454.9 eV and 453.8 eV and hence the
determination is less accurate than from C1s. The C1s peak
can be fitted into five components around 281.6 eV, 282.6 eV,
284.1 ± 0.1 eV, 285.0 ± 0.1 eV, and 286.7 ± 0.1 eV, in which the
peaks at 284.1 ± 0.1 eV and 285.0 ± 0.1 eV correspond to sp2
and sp3 C–C bonds [1, 5–7], and the peak with much smaller

intensity near 286.7±0.1 eV is assigned to the C1s in the C–O
bond.The peak at around 281.6 indicates the presence of TiC,
and the peak at 282.6 eV assigned to TiC∗ compared to TiC
suggests additional carbon atoms in the vicinity of TiC [1, 18].
This is the case for C knocked into TiC during sputtering
and at the interface of TiC and carbon phase. Combining
the results of Raman, XRD, and XPS spectrum, it proves the
microstructural change of the deposited films as the CH

4

flow increases from 30 sccm to 80 sccm.The structure of films
deposited at 30 and 40 sccm CH

4
flows is TiC dominant TiC-

C film, which changes to a carbon network dominant TiAl-
doped a-C film as the CH

4
flows up to 80 sccm.

3.4. IR Analysis. In order to get more structural details, IR
spectroscopy is used in this sense to characterize the C–
H bonding in deposited hydrogenated carbonaceous films.
Figure 5 shows the IR absorption spectra of the films
deposited at different CH

4
flows. It can be found that the

C–H absorption peaks are centered at 2920 cm−1, which
is associated with the asymmetric stretching mode of the
hydrogen bonds in the form of sp3-CH and sp3-CH

2
, while

the two smaller shoulder peaks at 2955 cm−1 and 2855 cm−1
correspond to sp3-CH

3
asymmetric stretchingmode and sp3-

CH
3
symmetric model, respectively [19, 20]. This suggests

that most of the hydrogen atoms in the deposited films are
bonded to the sp3-hybridized C atoms.

4. Conclusion

Nanocomposite Ti-Al-C filmswere deposited by FCVAat dif-
ferentCH

4
flows. Two groups of deposited films can be distin-

guished depending on the composition and microstructure.
At low CH

4
flow of 30 sccm, the microstructure of the films

is TiC dominant TiC-C film structure. While the CH
4
flow
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Figure 4: XPS C1s spectra of the films prepared at different CH
4
flow.
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Figure 5: IR spectra of the films deposited at different methane
flows.

increases to 80 sccm, the microstructure of deposited films
changes to carbon network dominant TiAl-doped a-C film
structure. The XPS and Raman results show the structural
change at the CH

4
flow increasing up to 50 sccm and higher

flows. All the composition and microstructure change can
be explained by considering the plasma conditions and the
effect of CH

4
flow. During the films deposition, as the CH

4

flow increased, there is poisoning effect. When the poisoning
effect and the plasma emission from the arc spots approach
equilibrium, the arc plasma beam will be stable and the
composition of the films will change slightly.
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