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Epitaxial TiCxOy thin films were grown on MgO (0 0 1) substrates by using pulsed laser deposition method.
High-resolution X-ray diffraction and transmission electron microscopy were used to examine crys-
tallinity and microstructure of epitaxial TiCxOy, film on MgO. The chemical composition of the film is
determined to be x ~0.47 and y ~ 0.69 by X-ray photoelectron spectroscopy. Atomic force microscopy

revealed that the surface of TiC,O,, film is very smooth with roughness of 0.18 nm. The resistivity of the
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TiCcOy film measured by four-point-probe method was about 137 . €2 cm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Titanium carbide (TiC) has become a very attractive material due
to its unique mechanical and physical properties such as high hard-
ness and high strength, good stability at high temperatures, excel-
lent electrical and thermal conductivity, low coefficient of friction,
and high corrosion and oxidation resistance [1]. These properties
make TiC strong candidates in many applications including cutting
tools, wear coatings, passive layers, catalysis, and high temperature
electronic devices [1-4]. In terms of chemical bonding, TiC is found
to exist not only in the stoichiometric form, but also in the substo-
ichiometric and overstoichiometric form [5-9], in which TiC can
have up to a maximum of 50% or even more vacancies in the car-
bon sublattice and still retain its NaCl crystal structure [10]. Based
on these properties, TiC promises to be a great candidate for mul-
tifunctional applications by adding the third element to the Ti-C
matrix. It has been shown that the addition of nitrogen to TiC films
can reduce the inner stress, electrical resistivity, and friction coeffi-
cients [11,12]. The addition of oxygen to the Ti—C films, especially in
the substoichiometric ones, was also found to be of great interest
due to its high reactivity with most of the metals and the possi-
bility of tailoring the optical and mechanical properties between
those of metallic-like carbides and those of the corresponding ionic
oxides by varying the oxygen/carbon ratio [13,14]. Therefore, tita-
nium oxycarbide (TiC,Oy ) has been considered as a thin film coating
material for decorative and electronic applications [13-15].
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Most of titanium oxycarbide films have been grown by chemical
vapor deposition (CVD) and magnetron sputtering on various sub-
strates such as Si, glasses, high speed-steels, and stainless steels
[13,14,16-19]. However, in order to obtain high-quality TiCxO,
films, those methods require a relatively high substrate temper-
ature which may lead to serious problems for many applications.
Pulsed laser deposition (PLD) which has been widely used over the
past decade is an attractive alternative for the deposition of high-
quality thin films because of its unique advantages as described
in the following [20,21]. With the energetic laser-target interac-
tion, PLD is particularly capable of deposition of hard materials such
as TiC, TiN, and TiC,O, that are difficult to synthesize in bulk and
by other deposition methods. However, there have been no previ-
ous reports of epitaxial growth of TiC,Oy, films, in comparison with
those of TiC and TiN growth which has been extensively studied.

In this paper, we report the successful growth of epitaxial tita-
nium oxycarbide films on MgO (00 1) substrates using pulsed laser
deposition. The reason that MgO is chosen as substrate is based on
consideration of the same crystal structure (rock-salt) and small
lattice mismatch between them. The crystallinity, microstructure,
chemical composition, morphology of titanium oxycarbide were
investigated using X-ray diffraction (XRD), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and
atomic force microscopy (AFM), respectively. The resistivity of the
films was determined by four-point-probe method.

2. Experimental

The deposition was carried out in a vacuum chamber with
base pressure of 106 Torr. The KrF (A =248 nm) laser beam was
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incident at an angle of 45° with respect to a 2-in. diameter oxygen-
containing TiC target with composition of TiC;0g 5 determined by
XPS. A 2-in. MgO (001) substrate was ultrasonically cleaned in
acetone and ethanol, dried with nitrogen gas, and immediately
loaded into the vacuum chamber. The substrate was faced the
target at a distance of 140 mm. The target was rotated to avoid
pitting during deposition. Prior to TiC,O, growth, MgO (00 1) sub-
strate was heat-treated at 700°C for 30 min to obtain a clean and
smooth surface. The growth process was then carried out under the
condition of a laser pulse repetition rate of 5 Hz, substrate temper-
ature at 700°C, and laser power density of 2-3]/cm?. TiCxO, films
were grown in Ar gas ambient of 10~4 Torr. After 2 h of deposi-
tion time, the growth process was completed. The deposited films
were characterized by XRD using a Bede D1 high-resolution X-ray
diffractometer equipped a two-bounce Si 220 channel-cut colli-
mator crystal, a dual channel Si 220 analyser crystal (DCA), and
Cu Ko radiation (A =1.5406 A). X-ray photoelectron spectroscopy
(ULVAC-PHI, PHI quantera SXM) was used to determine chemi-
cal composition of TiCyOy using an Al Ko radiation source. For
XPS quantitative analysis, relative sensitivity factors from manu-
facture’s program and database were used. Cross-sectional TEM
specimens were prepared by tripod polishing method, followed by
Ar-ion milling at angle of 4-6° and acceleration voltage of 4-4.5 kV.
TEM observations were then carried out in a JEOL 2010F micro-
scope. The surface morphology of the deposited filmsonMgO (00 1)
was examined with AFM (D3100). A four-point-probe was used to
measure the resistivity of the deposited films.

3. Results and discussion

X-ray diffraction pattern of a titanium oxycarbide film is shown
in Fig. 1a. It is seen only (002) and (004) reflections of TiC4Oy
and MgO, suggesting a textured or epitaxial relationship between
the deposited film and MgO substrate. The d-spacing of (002) is
determined to be 2.146 A. As shown in Fig. 1b of the X-ray rocking
curve measurement of (002) TiCxOy, the full width at half maxi-
mum (FWHM) is 133 arcsec, indicating that TiCxOy, grown on MgO
has a very good quality. The X-ray ¢-scan was also performed,
using {022} reflections of substrate and film, to verify the epi-
taxy between the deposited film and MgO substrate. As shown
in Fig. 2, four {02 2} diffraction peaks separated by 90° appear at
the same ¢ angles for both the film and the substrate. This result
illustrates that the deposited film has epitaxially grown on MgO
with the cube-on-cube relationship of TiCx0,(001)//MgO(001)
and TiCxOy[100]//MgO[100]. Fig. 3 shows the X-ray reflectivity
curve of the TiCxO, film deposited on MgO, from which the film
thickness can be determined to be 45 nm. As a result, the growth
rate is estimated to be approximately 22.5 nm/h.

The state of strain of the deposited TiCxOy film was investigated
by using XRD reciprocal space map (RSM) of asymmetric (11 3)
MgO and (1 1 3) TiCOy reflections. The vertical (Qy) and horizontal
(Qx) axes shown in Fig. 4 lie along MgO [00 1] and MgO [1 1 0] direc-
tions, respectively. Both MgO and TiC,Oy reflections are almost
vertically aligned, showing that TiCxOy has strong coherency with
MgO. The corresponding out-of-plane, ¢, and in-plane, a, lattice
parameters can be determined by c¢=3/Qy, and a = v2/Qx [22,23].
Using MgO (11 3) peak as reference with known lattice parame-
ter (a=4.211A), the lattice parameters of TiCxOy can be c=4.289A
and a=4.228A. The difference between in-plane and out-of-plane
lattice parameters (c/a=1.0144) suggests that the TiCOy film is
compressively strained with a tetragonal distortion resulting from
the small lattice mismatch of TiCxOy with MgO. Based on the above
data and using the Poisson coefficient of TiC (v=0.17), the cubic
lattice parameter of TiC,Oy can be determined approximately to be
about 4.237A.
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Fig. 1. XRD (a) 26-6 scan and (b) w-scan for TiC,Oy, film deposited on MgO (001).

Chemical composition of the TiCxOy film was determined by XPS
measurements. Fig. 5 shows high-resolution C-1s, Ti-2p, and O-1s
XPS spectra for TiCxOy as a function of the Ar sputtering time. As
shown in Fig. 5a, the C-1s spectrum from the deposited TiCxOy sur-
face after air exposure shows that there are three components. The
peak at 284.9eV is assigned to hydrocarbon contamination [24].
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Fig. 2. XRD ¢-scan of {022} planes for TiC,O, film on MgO (001) sub-
strate, showing that epitaxial relationship between the film and the substrate is
TiCx0,(001)//MgO(001) and TiC,O,, [100]//MgO[100].



2992 H. Do et al. / Applied Surface Science 257 (2011) 2990-2994

Intensity (a.u.)

" [] 2 1 2 [] 2 [
2000 4000 6000 8000
20 (arcsec)

Fig. 3. X-ray reflectivity curve for the deposited TiCxOy film.

The peak with lower energy at 281.8 eV corresponds to Ti-C bond
[25,26]. The weak peak observed at 288.8 eV is typical for C-O bond.
After 1 min of surface cleaning by Ar sputtering, only one C-1s peak
corresponding to Ti-C bond is observed. Similar situation is also
found for Ti-2p signal (Fig. 5b). The spectrum of Ti-2p before surface
cleaning exhibits two groups of Ti-2p3; and Ti-2p,. In addition
of Ti-C bonds at 454.9 and 460.8 eV, the Ti-2p3;, component at
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Fig. 4. Reciprocal space map of the asymmetric (11 3) for TiC,O, film on MgO.

458.4 eV corresponds to Ti-O bond in TiO,, and it disappeared after
only 1min of Ar sputtering. Instead, only Ti-2p3, component at
454.9 eV can be observed [25,26]. This component also contains Ti-
2p3 in TiO that has been reported to have a peak value at 455.1 eV
[27]. The O-1s XPS spectrum (Fig. 5c) of the air-exposed TiCxO,
film exhibits a broad peak that can be decomposed into two com-
ponents at 530eV and 531.5eV. The peak at 530eV corresponds
to O-1s in TiO, [28]. The higher binding energy peak at 531.5eV
can be assigned to O-1s in TiO [24,29]. After 1 min of Ar sputtering,
only a single peak at 531.5eV is observed. The XPS depth profile
in Fig. 5d shows that the film has a uniform chemical composition.
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Fig. 5. XPS spectra for (a) C-1s, (b) Ti-2p, (c) O-1s, as a function of Ar sputtering time, and (d) XPS depth profile for TiC,O, film deposited on MgO.
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Fig. 6. AFM image of TiCo 470069 film surface.

Fig. 7. Cross-sectional HRTEM image along [1 0 0] zone axis showing a sharp inter-
face between TiCp470069 and MgO. No misfit dislocations are observed at the
interface over the range of 15 nm.

The average chemical composition can be determined from the val-
ues from 1 to 8 min of sputtering time and shown in the insert
of Fig. 5d. As a result, the stoichiometry of titanium oxycarbide
is about TiCg 4700 69. According to the data available in literature
about the relationship between lattice parameter and stoichiomet-
ric coefficients x and y of TiCxOy, the lattice parameter is in the
range of 4.246-4.280 A [30,31] in good agreement with the value
determined from our XRD data as described above. The higher oxy-
gen content in the deposited film compared with that of target can
be considered as a consequence of residue of oxygen in the reac-
tion chamber that might contribute 9-22 at.% to the composition
of TiC films grown even under high vacuum (1.5 x 10~7 Torr) [26].
This residual oxygen could strongly react with Ti ions emitted from
laser ablation plume [32] due to high affinity between them. Also it
is often found oxygen incorporation in deposited TiN films by PLD
due to the interaction of Ti ions with oxygen [33,34].

The surface morphology of the TiCg 470069 film on MgO (001)
was examined by AFM. As can be seen in Fig. 6, the film surface is
very uniform and smooth with root-mean-square (RMS) roughness
about 0.18 nm.

Cross-sectional high-resolution TEM analysis was performed to
confirm the epitaxial growth of TiCg 470069 on MgO. Fig. 7 shows
a sharp interface without any interlayer between TiCg 470069 and
MgO. As can be seen clearly in Fig. 7, no misfit dislocations gener-
ated at the interface can be identified across the observation range
of 15 nm, supporting that the in-plane lattice mismatch between
TiCp.470069 and MgO is very small in consistence with the XRD
results.

Theresistivity of the TiCg 4700 g9 film as measured by four-point-
probe method is about 137 . €2 cm that lies in the resistivity range
between bulk TiC (55 . €2 cm) [35] and bulk TiO (190 . €2 cm) [36].

This value is smaller than that of epitaxial TiCy g films that has been
reported to be 200 i €2cm [37]. The high oxygen content in the
TiCxOy film is considered to be responsible for the high resistivity
of TiCxOy compared with that of pure TiC. It is analogous with the
case of epitaxial TiNy films. The resistivity of oxygen-containing
epitaxial TiNy films increases with oxygen concentration and can be
in the range from 21.0 to 32.3 . €2 cm that is larger than that of the
oxygen-free epitaxial TiNy (~15 . 2 cm) [34]. The TiCg 4700 69 film
deposited in our case is specially much more electrically conducting
compared with polycrystalline TiC,O, and TiNxO, films that have
shown the resistivity in the order of magnitude of m€2cm [13,38].

4. Conclusions

It has been demonstrated that high-quality epitaxial TiCxOy
films can be deposited on MgO (001) substrates by pulsed
laser deposition at 700°C. XRD and TEM show that the epitax-
ial relationship between the film and the substrate is TiCxOy
(001)//Mg0O(001) and TiCxOy [100]//MgO[100]. The film com-
position as determined by XPS is TiCg470069. The deposited
TiCo.470069 film has a smooth surface with roughness of 0.18 nm,
and is electrically conducting with resistivity of 137 . 2 cm. The
tetragonal distortion of the deposited film determined from RSM
measurement illustrates that the 45 nm thick film is under com-
pressive strain.
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