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Transition-metal carbides have hardness similar to that of
diamond but are far cheaper than diamond. Besides the mechanical
hardness, carbides also show other unique properties, such as high-
temperature stability, corrosion and oxidation resistance, and low
electrical resistivity.1 These properties make them very attractive
for applications in wear coatings, passivation layers, and high-
temperature electronic devices.2 To realize the strong hardness, high
stability, and low electrical resistivity, high-quality epitaxial carbide
films are generally required.3 To date, very limited physical and
chemical vapor deposition methods have been used to grow carbide
(e.g., TiC, VC, TaC, etc.) films on different substrates.4 Chemical
solution deposition for the growth of films, on the other hand,
provides advantages such as low cost, easy setup, and coating of
large areas. Here we report the growth of epitaxial carbide films
such as TiC, VC, and TaC on Al2O3 substrates by a chemical
solution deposition (i.e., polymer-assisted deposition) method
initially developed for the growth of metal oxide films.5 These
epitaxial carbide films exhibit structural and physical properties
similar to the films grown by physical and chemical vapor
deposition techniques. In this communication, we mainly discuss
the epitaxial TiC films synthesized by such a solution deposition
method.

The X-ray diffraction (XRD) patterns of a TiC film on c-plane
Al2O3 are shown in Figure 1, including (a) the θ-2θ scan, (b) the
(111) rocking curve, and (c) φ scans of (200) TiC and (104) Al2O3.
As can be seen from the θ-2θ scan, a well-defined (111) TiC
reflection is observed. The appearance of only the (111) diffraction
peak indicates that the TiC film is preferentially oriented with
respect to the substrate surface. A value of 0.4° for the full width
at half-maximum (fwhm) of the (111) rocking curve (Figure 1b)
shows the good crystallinity of the film. As shown in Figure 1c,
the six peaks of the (111)-oriented TiC film on c-plane Al2O3

indicate the in-plane alignment between the film and the substrate
as well. An average fwhm value of 1.2° for the TiC film, in
comparison with the value of 0.7° for the single-crystal Al2O3

substrate, indicates the film to have good epitaxial quality. The in-
plane alignment between the film and the substrate can be
understood by considering the crystal structures of both TiC and
Al2O3. Cubic TiC has a space group of Fm3jm. Six peaks in the φ

scan are expected for epitaxial (111) TiC films. Meanwhile,
rhombohedral Al2O3 has a space group of R3jm. Three peaks in the
φ scan are expected for the c-plane Al2O3 substrate. A 30° rotation
with respect to the Al2O3 is anticipated by considering the lattice
match between the film and the substrate, since such an alignment
gives a small lattice mismatch of less than 2.7%. On the basis of
Figure 1a,c, the heteroepitaxial relationships between the TiC film

and the Al2O3 substrate can be described as (111)TiC|(006)Al2O3
and

[100]TiC|[120]Al2O3
. In addition, the lattice parameter of the epitaxial

TiC film is 4.371 Å. In comparison with the lattice parameter of
bulk cubic TiC (a ) 4.327 Å), the epitaxial film is under
compressive strain. This is reasonable in view of the d[111] of TiC
(2.46 Å) and d[120] of Al2O3 (2.35 Å). We note that other epitaxial
carbide films such as VC and TaC were also grown on Al2O3

substrates using a similar process, and their XRD results are shown
in Figure S1 in the Supporting Information.

Figure 1d shows an atomic force microscopy (AFM) image of the
TiC film. The film is uniform and has no detectable microcracks. The
grain size and root-mean-square surface roughness of the film are 50
and 3.5 nm, respectively. Scanning electron microscopy (SEM) images
across a large area give similar results, as shown in Figure S2. The
chemical composition of the film was estimated by nuclear resonance
backscattering spectroscopy (NRBS) using a 4.28 MeV 4He+ beam
with a detector angle of 167°. With such a resonance technique, the
scattering cross section for carbon can be nearly 30 times higher than
the Rutherford value at a typical 2 MeV beam energy. This makes it
possible to detect carbon signals that otherwise would be buried in
the O and Al signals from the Al2O3 substrate. By using a known
carbon standard, one can accurately determine the metal-to-carbon ratio
in the carbide film. As shown in the NRBS spectrum (Figure 1e), no
impurities were observed in the TiC film. An average Ti/C atomic
ratio of 1:1.1 is close to the 1:1 stoichiometic ratio in TiC. A slightly
higher carbon concentration can be attributed to the extra gaseous
carbon source used in our experiment and possible residual polymer
used in the precursor materials.
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Figure 1. XRD patterns, surface morphology, and element analysis of
a TiC film on a c-plane Al2O3 substrate: (a) θ-2θ scan; (b) rocking
curve from the (111) reflection; (c) φ scans from the (200) and (104)
reflections of the film and substrate, respectively; (d) AFM image; (e)
NRBS spectrum.
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The extremely smooth surface morphology and highly epitaxial
nature of the TiC film are further confirmed by the bright-field cross-
section transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images shown in Figure 2. The thickness of the TiC
film is in the range 40-50 nm. The HRTEM images, taken from the
[11j0] zone axis of TiC, show the film to be epitaxial with [111] normal
to the substrate surface. Importantly, the interface between the film
and the substrate is smooth and shows no indication of intermixing.
The corresponding fast Fourier transform (FFT) pattern taken from
the interface (Figure 2a inset) confirms the epitaxial growth of the
TiC film on the c-plane Al2O3 substrate, as evidenced by the distinct
diffraction spots in the film and the substrate. The epitaxial relationship
between the film and the substrate determined from the FFT patterns
is consistent with that determined from the XRD patterns. More careful
observation of the HRTEM image reveals that there is a bright line at
the interface of the TiC film and the c-plane Al2O3. It should be noted
that this was not observed when the TiC film was deposited on r-plane
Al2O3. However, there are obvious twin microstructures for the TiC
film on r-plane Al2O3 (Figure S3). It is known that misfit dislocations
and twins can release the lattice strain in the heteroepitaxial growth of
films.6,7 Our experimental results suggest that different relaxations take
place for the TiC films grown on the c- and r-plane Al2O3 substrates.

The mechanical hardness of TiC films prepared by our method
is similar to those of films deposited by other techniques. As shown
in the top panel of Figure 3a, the hardness is in the range
19.53-22.93 GPa throughout the penetration depth. Our TiC film
possesses an average hardness of ∼21.27 GPa, which is as good
as the value of ∼20 GPa for TiC films formed by physical vapor
deposition.4b,8 In addition, the Young’s modulus of the TiC films
(bottom panel of Figure 3a) has values in the range 440-396 GPa,
which is higher than that of reported TiC films,4b although it is
lower than that of bulk TiC, which has a value of 450 GPa. It has
been reported that a stoichiometric deviation (Ti/C) can decrease
the hardness.9

Our epitaxial TiC film exhibits a semiconductive resistivity versus
temperature characteristic with a resistivity of ∼372 µΩ cm at room
temperature. As shown in Figure 3b, the resistivity of TiC increased
almost exponentially with decreasing temperature at temperatures
lower than 25 K. It should be noted that the resistivity of our
epitaxial TiC film is still ∼5 times larger than that of bulk TiC (70
µΩ cm). In addition, the semiconductive resistivity versus tem-
perature behavior of the epitaxial TiC film does not agree with first-
principles calculations.10 In general, the electrical conduction for
a given material depends on the defects and impurities.11 The
crystallinity and grain boundary can also significantly alter the
resistivity versus temperature behavior of conductive films.12 In
particular, it has been shown that carbon impurities and grain-
boundary scattering can increase the resistivity13 or lead to
semiconductive behavior14 of conductive films. Our NRBS results

do show extra carbon in our TiC films due to either the use of
ethylene gas or polymer in the precursor to prepare the TiC films.
Similar semiconductive resistivity versus temperature behavior was
also reported for TiC films deposited by vapor deposition.15

In summary, epitaxial carbide films have been successfully grown
on Al2O3 substrates by a chemical solution deposition technique
for the first time. The desired crystal and microstructures of the
films have been confirmed by XRD and HRTEM. The epitaxial
relationships between the TiC film and c-plane Al2O3 substrate are
(111)TiC|(006)Al2O3

and [100]TiC|[120]Al2O3
. The TiC films possess

hardness and Young’s modulus as large as 21.27 and 413 GPa,
respectively. The epitaxial TiC film shows a semiconductive
resistivity versus temperature characteristic with a resistivity of
∼372 µΩ cm at room temperature.
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Figure 3. Characteristics of a TiC film on a c-plane Al2O3 substrate: (a)
hardness (top panel) and Young’s modulus (bottom panel) as a function of
penetration depth; (b) resistivity vs temperature characteristic.

Figure 2. (a) TEM and (b) HRTEM images of a TiC film on a c-plane
Al2O3 substrate. The inset in (a) shows the corresponding FFT pattern.
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