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Abstract: Ternary carbide in metal matrix composites constitute a big challenge in the industry, and
in this regard their surface treatment is one of the most important issues. Ternary carbide (Cu,Ti,C,
where x, y and z are integers) thin films are synthesized by magnetron sputtering and characterized
with respect to the film depth. X-ray photoelectron spectroscopy (XPS) of Cu-2p and Ti-2p peaks
shows the associated shake-up satellite peaks at a smaller film depth; the peak intensity is reduced at
a higher depth. The relative intensity of Cu and Ti increases at a larger film depth. The optical band
gap varies from 1.83 to 2.20 eV at different film depths.

Keywords: Cu-TiC coating; C incorporation; magnetron sputtering; X-ray photoelectron spectroscopy
(XPS); optical band gap

1. Introduction

Metal composite matrices are widely used in metal industries due to their special properties with
regard to strength, thermal stability, wear, and corrosion resistance [1]. Copper, for example, is a
material with a low hardness, tensile strength, and poor wear resistance. In general, there are two
ways to improve the mechanical properties and wear resistance of copper, either by an age hardening
process or by the incorporation of a hard second phase. Titanium carbide in combination with copper
offers several promising electrical and mechanical properties that are superior to pure copper [2—4].
Many investigations have been carried out to prepare such second hard phase-reinforced copper matrix
composites [5,6].

The reinforcement of TiC in Cu matrix composites can be prepared by several methods, such as
powder metallurgy [6-9], friction stir casting processes [10,11], spray deposition, and high temperature
synthesis [3]. Powder metallurgy is one of the most promising techniques. Several researchers have
synthesized Cu,-Ti,C.-based composite by powder metallurgy treatment [6-9,12] and friction stir
processing [10,11]. Many of them report the mechanical and tribological properties of Cu,~Ti,C; film,
pointing out that the increasing TiC reinforcement improves the hardness and reduces the wear rates
because of the good bonding between the TiC particles and the base metal [3,4,13]. There are large
discrepancies in the literature about the exact physical properties, which hampers the implementation
of proper technological devices.
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In this regard, for a better understanding, we need to know the surface composition of the
synthesized material, as limited literature is available on the chemical property of bulk Cu,~Ti,C;
composites. At present, detailed studies of surface to bulk (depth profile) have been performed to get
an overall chemical composition of the Cu,~Ti,C; layer. It is important to know the actual surface
stoichiometry (chemical formula) or at least the composition of the deposited material to synthesize
the material according to the desired conditions. Sputtering yields of Cu, Ti, and C are different,
and their contribution to the deposited layer will be different. Due to the different sputtering yields
one must investigate the percentage composition present in the bulk. Moreover, through the surface
chemical property, we can understand the oxygen affinity of the material surface, as Cu, Ti, and C are
all electro-positive elements.

The main objective of the present work is an investigation of the feasibility to synthesize Cu,~Ti,C;
composite films using physical vapour deposition. In this respect, magnetron sputtering is a versatile
and cost-effective method for the deposition of thin solid films. However, to the best of our knowledge,
magnetron sputtering has not yet been employed for the deposition of Cu,~Ti,C; thin films. The present
work utilizes co-sputtering of Cu, Ti, and C targets with the help of a suitable magnetron discharge
for the deposition of Cu,~TiyC; films on Si(100) substrates. The motive of this research is to study in
detail the surface to bulk chemical composition (depth profile) of deposited Cu,~Ti,C;. The present
study also aims to investigate the variation of the optical band gap at different depth profiles. The data
may be used for a better understanding of optical and electrical film properties. The study may thus
provide useful and necessary information for investigations dealing with such films and a tool for a
better understanding of, e.g., mechanical, electrical, and other material properties.

2. Materials and Methods

2.1. Cuy~Ti,C, Film Synthesis (Combination of DC-MS and HiPIMS)

The Cu,~Ti,C; films are deposited in a DC/HiPIMS magnetron sputtering system by co-sputtering
of Cu (purity 99.99%), Ti (purity 99.99%), and graphite targets (purity 99.997%) at a partial pressure of
5 Pa with argon (purity 99.999%) as the buffer gas. The three magnetrons are vertically attached to the
top flange of a high vacuum chamber (base pressure under 1 x 10~° Pa). The horizontal distance of
each magnetron to the flange centre is 5 cm, and the vertical distance to the substrate is 8.5 cm. Each of
the magnetron sputtering guns (SW50, Gencoa Ltd., Liverpool, UK) is equipped with a target (Cu, Tj,
and C) with a diameter of 50 mm, with a thickness of 6 mm. Ti and C are sputtered in the dual High
Power Impulse Magnetron Sputtering (HiPIMS) mode [14], while the Cu target is sputtered in the
direct current magnetron sputtering (DC-MS) mode. The dc magnetron is powered by a high voltage
supply (Pinnacle 3000, Advanced Energy, Fort Collins, CO, USA). The discharge is operated with
a constant current of 0.1 A and a discharge power of 25 W. The dual HiPIMS discharge is operated
in the pulsed regime with a repetition frequency of 100 Hz and a pulse width of 100 us. In this
way, the peak discharge current in the HiPIMS configuration reached up to 35 A, while the mean
current (power) was set to 0.3 A (270 W) and 0.45 A (340 W) for C and Ti, respectively. We expect
that a significant fraction of sputtered atoms is ionized due to the high peak discharge current and
high plasma density [14,15]. Typical plasma densities of several 10'/m? and ionisation fractions of
metal ions in the range of 50%-90% have been reported during HiPIMS with a metal target [16,17].
Due to the larger binding energy, the ionisation fraction of carbon is significantly smaller but still
in the range of 1%—-5% and thus much larger compared to conventional magnetron sputtering [18].
The HiPIMS discharge is ignited using a home-built electronic power switch combined with a dc
supply (Pinnacle 3000, Advanced Energy, Fort Collins, CO, USA); the system is described elsewhere,
e.g., [15,19]. The Cu,-Ti,C; film is deposited at room temperature on a p-type Si (100) substrate, and
the deposition time is 1 h. The horizontal distance of each magnetron to the flange centre is 5 cm,
and the vertical distance to the substrate is 8.5 cm. The deposited film thickness is about 8§ um, which
corresponds to a deposition rate of about 130 nm/min.
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2.2. Ar Etching and Thickness Measurement

The deposited films are transported to another chamber (ex-situ), and the films are etched by
argon ion bombardment with an inbuilt etching gun (model PU-IQE 12/38 SPECS). The transfer from
the deposition to the XPS chamber took several days during which the samples were stored in ambient
air. The working gas pressure during etching is about 2 x 107 Pa. Etching is carried out with a
beam energy of 2 keV, emission current of 5 mA, and ion current of 10 uA. The eroded material is
measured by a quartz crystal microbalance (QCM). The etching area is 1 cm X 1 cm, and the etching
rate is 100 nm/min. The samples are etched for 7, 15, 25 and 35 min for a depth of 0.7, 1.5, 2.5 and
3.5 pm, respectively.

2.3. Film Characterization

The deposited films are characterized by XPS. The XPS measurements of the Cu,~Ti,C; film
are performed on a multi-technique 100 mm hemispherical electron analyser (VSW), using Al K«
radiation (photon energy 1486.6 eV) as the excitation source. The XPS spectra were collected in
a constant analyser energy mode, at a chamber pressure of 1077 Pa and pass energy of 23.5 eV at
0.125 eV/step [20,21]. The binding energies of Cu-2p;, C-1s, N-1s, and O-1s are 933, 284.5, 398.1 and
531.1 eV, respectively [20]. The C-1s binding of 284.5 eV was taken as the reference. The chemical shifts
of the above elements are calculated by using the C-1s reference value. A combination of Gaussian and
Lorentzian distribution functions, together with a linear background, was employed in the fitting of
the XPS peaks. The chemical composition (in at %) was derived from the measured photoelectron
spectra after a background subtraction by taking the individual sensitivity factors of each component
into account.

Transmission electron microscopy (TEM) was carried out using a TEM (FEI Tecnai G2 F30-5T,
ThermoFisher, Hillsboro, OR, USA) operated at 300 keV, equipped with a high-angle annular dark
field (HAADF) detector (Model 3000, Fischione, Export, USA). The samples were cut into two pieces,
bonded face to face using epoxy glue, put inside a brass tube with a diameter of 3 mm, and the empty
spaces inside the tube were filled with dummy Si wafer and glue. The tube was cut into small discs of
thickness 0.5 mm using a diamond wire cutter, thinned and polished by mechanical thinning, followed
by double dimpling and a final milling by Ar* ion using a precession ion polishing system (PIPS,
GATAN Inc., Pleasanton, CA, USA) at an energy of 3 keV. For the TEM observation, the samples were
aligned along the (100) zone axis.

Optical absorption studies are carried out to estimate the band gap of the Cu,~TiyC; film using
a UV-VIS double-beam spectrophotometer (Lambda 950, Perkin Elmer, Seattle, WA, USA) in the
wavelength range between 300 and 900 nm. In this arrangement, the sample is placed in front of the
sample beam, and an identical Si wafer is placed in front of the reference beam.

3. Results and Discussion

3.1. XPS of Cux~Ti,C, Film

Figure 1a shows XPS survey scans (50 to 1080 eV) of a Cu,—TiyC; film at different film depths
below the surface. High resolution scans of the C-1s, Ti-2p, O-1s and Cu-2p core level XPS spectra
are also shown in Figure 1. Prominent Auger lines of Cu are observed at 568 eV (L3;M5Mys), 648 eV
(LsM33My5), and 719 eV (LsMp3Mj3). The LsMysMys (568 eV) peak appears due to additional satellites
below the transition energy (kinetic energy of a 2p3;» electron). The satellite peaks are due to the
interaction of triply ionized Mys valence electron states following a Coster-Kronig process [21].
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Figure 1. (a) Full scale (50 to 1050 eV) XPS spectrum of the as-deposited and etched Cu,~TiyC; thin
film. The red areas are magnified and shown separately in (b) C-1s, (c) Ti-2p, (d) O-1s and (e) Cu-2p.
The XPS spectra were obtained with Al Ko x-rays, 23.5 eV pass energy, and 0.125 eV/step.

A clear image of the chemical bonds of these elements is possible by a deconvolution of peaks
into individual lines. Figure 2 shows the XPS spectra of Cu-2p and the deconvolution into different
sub-peaks. A linear background was subtracted, except for Figure 2a, where a quadratic background
was employed. The deconvoluted XPS spectra of Cu-2p shows two sub-peaks for each of the Cu-2p3,
(at ~933.5 eV) and Cu-2py; (at ~955.5 eV) levels. Pure metallic copper (Cu(0)) appears at 932.7 eV for
Cu-2p3; and at 952 eV for Cu-2pyp, [22-24]. The left sub-peak (red line) of Cu-2ps, and Cu-2pyj, is
attributed to the metallic peak. The metal sub-peak gradually increases toward a larger depth of the
film. The other sub-peak (blue line), which is assigned to metal oxide, decreases with a larger depth.

Each of the Cu-2p doublet peaks is followed by a satellite peak that gradually becomes weaker
as one proceeds to a larger depth. The Cu satellite lines are attributed to copper oxide Cu(II)O [25].
The appearance of the Cu-2p satellite lines indicates the reactions of Cu with moisture (-OH radicals)
during exposure to ambient air affecting only the top layers.

The XPS spectra of the Ti-2p are shown in Figure 3. It shows two main peaks at ~454.8 and ~461.2 eV
for Ti-2ps3; and Ti-2py,, respectively. Each peak is fitted with three components; the corresponding
sub-peak energies for Ti-2p3/, are ~453.5, 455.0, and 457.0 eV. The components could resemble TiC, Ti,
and TiO with a Ti-2p3/, binding energy of ~453.5, 454.9, and 457 eV, respectively [26]. The origin of
the last component is not fully clear yet. Its energetic position is intermediate between TiO (Ti>*) and
TiO, (Ti**, with a Ti-2p3, binding energy of ~459 eV), and it coincides with the energetic position of
Ti3* [27]. The surface spectrum (Figure 3a) displays a rather weak Ti-2p signal. In this particular case,
the deconvolution into sub-peaks is of little significance due to the large scatter of the data points.



Coatings 2019, 9, 551

Counts

Counts

34000

32000

30000
28000
26000
24000
22000

20000

95000

80000

65000

50000

35000

20000

50f12

Counts

40000

30000

20000

Satellite

934.56 e\7

954.36 eV /

80000
(a) At surface s (b) 0.7 um
Cu-2p 70000 Cu-2p
933.60 eV
60000
@ 953.18eV
\ Satellite S 50000 Satellite
953.70 eV 8 sateliite §i} 2738 €V /
955.63 eV A 933.78 ey
Satellite 30000
20000 ¢
930 940 950 960 970 930 940 950 960 970
Binding energy (eV) Binding energy (eV)
95000
(c) 1.5 um . (d) 2.5 um
Cu-2 Cu-2
R BB 933.54 eV E
953.49 eV
Saney , ©» 65000 Satellite
Satellite c ’
. > Satellite 954.48 eV
Satellite 954.09 eV 8
: 50000
934.19 eV 934.53 eV, |
35000
‘ ‘ ‘ ‘ ‘ 20000 b . . . .
930 940 950 960 970 930 940 950 960 970
Binding energy (eV) Binding energy (eV)
80000
(e) 3.5 um
70000 933.55 eV Cu-2p
60000 953.35 eV
Satellite
50000

940

950

960

Binding energy (eV)

970

Figure 2. The XPS spectra of the Cu-2p core peak of the Cu,~Ti,C; film at different depths: (a) at the
surface, (b) 0.7 um (c) 1.5 um, (d) 2.5 um, and (e) 3.5 um. The blue solid lines resemble Gaussian fits
with a linear background (dashed line), except for the surface spectrum where a quadratic background
was used. The red and black lines represent metal and metal oxide sub-peaks, respectively. The

intensity scales for the Cu-2p spectra are not the same.
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Figure 3. The Ti-2p XPS spectra of the Cu,-TiyC; film at different depths: (a) at the surface, (b) 0.7 um,
(c) 1.5 um, (d) 2.5 um and (e) 3.5 um. The blue solid lines resemble Gaussian fits. The red, black, and
green lines represent the TiC, Ti, and TiO sub-peaks, respectively. The intensity scales for the Ti-2p
spectra are not the same.

Figure 4 shows the C-1s core level XPS spectra. The deconvoluted sub-peaks are assigned to M-C
(metal carbide), C-C, C-0O, and C=0 bonds [12,15,16]. A shift of —0.3 eV in C-C (or M-C) and 0.6 eV for
C-O s observed at the top surface of the film. At a 2.5 um depth, the chemical shift of the C—-C bond is
minimized (~0 eV) and amounts to about 1.1 eV for the C-O bond. One reason for is that the undesired
oxygen amounts to only about 5% (whereas carbon amounts to 23%) at this depth, which is dominantly
in a volatile state and not connected to a metal. The core level component of carbon with a binding
energy of 284.5 eV is identified as originating from adventitious carbon. Similarly, the C-1s peak
binding energy range at about 289 eV is identified as originating from CO type bonds, which depend
on the type of bonding, such as ketones/aldehydes (-CO/-CHO) and carbonates (-COs3) [20-22].

Figure 5 shows the de-convoluted O-1s spectra. It shows three sub-peaks at ~530, ~531.5, and
~533.5 eV, which are attributed to metal oxide, C-O, and C=0 bonds, respectively [20,22].
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The sub-peak at a lower binding energy indicates that oxygen is connected to a metal (metal
oxide). Most oxygen at the surface is bound as C-O to, presumably, adventitious carbon. A common
feature is observed in the O-1s spectra at a larger depth, where the oxygen component decreases and
most of the remaining oxygen is bound as metal oxide.

Figure 6a shows the relative composition (in at %) of Cu, Ti, C, and O, which amounts to 43%, 1%,
39%, and 17%, respectively, at the top surface of the film. Ata depth of 1.5 um, the relative composition
of copper increases up to 71%, whereas the incorporated C and Ti are at 19% and 5.5%, respectively.
The incorporated Cu, Ti, and C amount to 60%, 9% and 24%, respectively, at a depth of 3.5 um. Carbon
found on the surface is due to adsorption, and there is adventitious carbon with the C—-C component of
the C-1s peak at 284.6 eV. The incorporation of carbon is almost invariant at a depth of 1.5 pm to 3.5
um, while Ti-2p increases gradually from 1% (surface) to 9% (3.5 pm).
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Figure 4. The C-1s XPS spectra of the Cu,~Ti,C; film at different depths: (a) at the surface, (b) 0.7 um
(c) 1.5 um, (d) 2.5 pm, and (e) 3.5 um. The black solid lines resemble Gaussian fits. The orange, olive,
and blue areas represent metal carbide, C-O, and C=0O sub-peaks, respectively, and the green line
shows C—C bonds. The intensity scales for the C-1s spectra are not the same.
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We also investigated the spin-orbit-splitting between the 2p;, and 2p3); levels of Cu-2p andTi-2p.
The reported values for the spin-orbit splitting range between 5.7-6.1 eV and 19.8-20.1 eV for Ti-2p
and Cu-2p, respectively [26]. The present values of the Ti-2p and Cu-2p photoelectron spectra, which
were derived from our best fits, are in the same range.
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Figure 5. The O-1s core level XPS spectra of the Cuy-Ti,C; film at different depths: (a) at the surface,
(b) 0.7 um (c) 1.5 um, (d) 2.5 um and (e) 3.5 um. The black solid lines resemble Gaussian fits. The orange

and blue areas represent metal oxide and C=0O sub-peaks, and the green line shows C-O bonds.
The intensity scales for the O-1s spectra are not the same.
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(b) the spin-orbit splitting energy of Cu (2p3/,—2p1/2) and Ti (2p3/,—2p1/2), as a function of the film depth.
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In general, the spin-orbit-splitting is considered constant and given by atomic structure theory.
However, due to the chemical shift, which can differ for the 2p;;, and 2p3/; levels, small variations
are not entirely unexpected. Our results seem to indicate that the spin-orbit-splitting is somewhat
larger at the surface compared to inside the bulk, which could be explained by the different chemical
composition. At present, the statistical accuracy does not allow for a clear conclusion, and further
studies will be required to investigate this point.

3.2. TEM

The crystalline structure of the deposited Cu,~Ti,C; film and of the Si substrate was investigated
with the help of TEM (Figure 7). TEM images of the sample clearly show that the Si substrate is
crystalline as we can observe its lattice structure (Figure 7c). First Fourier transform (FFT) analysis of
the TEM images also implies these facts. The FFT image from region 1 which is on the Si substrate
shows clear diffraction spots which confirms its crystalline nature whereas the FFT image produced
from region 2 does not show any diffraction spots. On the other hand, we could not observe any
lattice structure nor diffraction fringes of the Cu,-Ti,C; film (region 2). This seems to indicate that the
deposited Cu,-Ti,C; film is amorphous in nature.

(111) —>+ + «—(200)

(111) —> + ,#

(200) —>+

51/nm

Figure 7. (a) TEM image showing the investigated Cu,-Ti,C; film (1) and Si substrate (2) regions,
(b) and (c) filtered high resolution TEM images, (d) and (e) diffraction pattern from regions 1 and
2, respectively.

3.3. UV-VIS Spectra of Cuy-Ti,C; Film

The optical absorption is measured at five different depths (including the top surface) of the film.
Figure 8 shows the optical band gap curve of the Cu,~Ti,C; films that is obtained from the absorption
curves in the wavelength range from 300 to 900 nm. The absorption curve shows a linear trend with
a long tail toward the minimum which can be characterised by two tangents. The point where the
tangent of the absorption curve crosses the x-axis is used to determine the optical band gap. It suggests
that the film has two band gaps, and the reason for this variation is due to the non-uniform composition
at different depths of the film.
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Figure 8. The absorption spectra of the Cuy-Ti,C; film deposited on the Si substrate films in the
wavelength range from 300 to 900 nm: (a) at the surface, (b) 0.7 um (c) 1.5 pm, (d) 2.5 um and (e) 3.5
pm.

The optical band gap (considering the 1st tangential line) at the top surface is about 2.18 eV,
whereas it is 2.09, 1.96, 1.83 and 2.00 eV for depths of 0.7, 1.5, 2.5 and 3.5 pum, respectively (Figure 8). At
a higher film depth, the band gap energy decreases due to the reduction of oxygen and the increasing
dominance of copper.

With increasing film depth the band gap energy decreases. We believe that it is caused by the
reduction of oxygen and the increasing dominance of copper. The observed optical band gap is slightly
larger compared to the 1.76 eV of copper oxide (CuO) which is a p-type semi-conductor [28]. The band
gap of titanium oxide is significantly larger and not relevant here [29,30]. The optical band gap thus
follows the trend of the deposited film composition at the surface as well as in the bulk of the film. In
different depths it is observed that the unwanted oxygen is chemically bonded which plays a major
role in increasing the dielectric constant of the material. At the surface oxygen amounts to 17%; it
reduces to 4% and 5% at 1.5 and 2.5 pm depth, respectively. The decreasing oxygen content is in line
with the decreasing Cu satellite line intensity which is attributed to copper oxide. TiC and CuC have
different optical band gaps and definitely there are Ti-C and Cu-C phases involved in the formation of
Cu,Ti,C; composite. But until now, there is no hypothetical prediction of Cu, Ti,C; material and itis a
hard challenge to synthesize this material on a stoichiometric level. Moreover, the oxygen peaks result
from the undesired absorption of moisture on the top of the film and the formation of an oxide layer of
oxygen containing species.

The contamination is only on the surface and not in the bulk material. As a further assumption, a
small fraction of carbon contamination could arise from adventitious carbon at the surface area. Again,
the bulk is unaffected by adventitious carbon. However, at a certain depth of film, the conception of
adventitious carbon does not fit. On this basis, we tried to correlate that the relative intensity of C% +
0% might be roughly proportional to the spin-orbit splitting energy of Cu-2p.

There are three basic ways to enhance the incorporation of Ti and C during the growth and
structural property of thin Cu,~Ti,C; films, i.e., the availability of carbon and titanium ions, a higher
substrate temperature and a larger ion energy. In HiPIMS, the plasma density is larger by two to three
orders of magnitude compared to DC magnetron discharges, with a large fraction of titanium and
carbon (Ti and graphite targets) ionized species. Consequently, the flux of ions toward the substrate is
large, which should enhance the growth of a smooth and dense film with a higher adhesion. The pulse
operation during discharge improvises new parameters to control the deposition process, which can
optimize the elemental composition in the deposited film [14]. One of the disadvantages of HiPIMS is
that it offers a lower deposition rate and requires a more costly power supply.
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4. Conclusions

Deposition of Cu,-TiyC; films by co-sputtering in a magnetron plasma was demonstrated.
Deposited films are analyzed as a function of film depth. The pronounced Cu peaks indicate the
dominance of Cu in the bulk of the film compared to Ti and C. Cu and C with about 40% (at %) each
dominate at the film surface where the O composition with 17% is also quite large. Ti composition
with only 1% is small at the surface. The copper and titanium composition increase with increasing
film depth reaching values of 60% and 9%, respectively, at a film depth of 3.5 um. To the contrary,
oxygen and carbon composition decrease with increasing film depth to 24% and 7% at 3.5 pm. At this
depth the stoichiometric formula of the film is, hence, close to CuyTiC3. TEM analysis shows that
the deposited film is amorphous. The measured optical band gap amounts to 1.83 eV and 2.18 eV at
2.5 um depth and at the surface of the film, respectively. It could make the film a useful material for
solar energy applications. Our results show that co-sputtering in a magnetron discharge is a versatile
technique for deposition of thin Cu,~Ti,C; films. As a ternary system, the deposited film may have
interesting optical, electrical, and, due to the strong presence of Cu, anti-bacterial properties. Future
projects have yet to investigate the dependence of film composition and properties on the plasma
conditions, in particular, discharge power of each of the employed magnetrons.
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