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Titanium carbide films are deposited onto MgO(001) by reactive magnetron sputtering 
in Ar/CH4 mixtures at 1100 °C with a varying CH4 fraction fCH4 = 0.4-8%, yielding C-to-Ti 
ratios x = 0.08-1.8. The microstructure is dominated by an epitaxial rock-salt structure TiCx(001) 
matrix which contains secondary hcp Ti and graphitic/a-C:H for x ≤ 0.24 and x ≥ 1.5, 
respectively. First-principles calculations indicate negligible interstitial C in the cubic phase, a 
large equilibrium phase-field x = 0.5-1 for the cubic structure which is extended to x < 0.5 by 
entropic stabilization, and a predicted C-solubility in hcp Ti of x = 0.06 at 1100 °C. The 
measured relaxed lattice constant increases from ao = 0.4304 nm for TiC0.5 to 0.4325 nm for 
TiC1.0, in excellent agreement with predictions. However, dao/dx for x < 0.5 and x > 1.0 is much 
smaller than predicted for C vacancies and interstitials in rock-salt TiCx, respectively, 
confirming secondary phase formation and indicating a minimum x = 0.46 in the cubic phase. 
The hardness and elastic modulus of phase-pure TiCx(001) increases from H = 23.9 GPa and 
E = 304 GPa for TiC0.5 to H =31.2 GPa and E = 462 GPa for TiC1.0, which is attributed to an 
increasing bonding ionicity. H and E decrease with x < 0.5 and x > 1.0 due to secondary phase 
softening which is well described by an effective medium with homogenous stress. The 
electrical resistivities for TiC0.5 and TiC1.0 are 168 and 83 µΩ⋅cm at 298 K and 158 and 72 
µΩ⋅cm at 77 K, indicating electron scattering at random anion vacancies for x = 0.5 but also 
dominant defect scattering for stoichiometric TiC1.0. Keywords: titanium carbide, phase 
stability, hardness, electrical resistivity, epitaxy.   *corresponding author: galld@rpi.edu 
 
I. Introduction 

Transition metal carbides are of broad interest due to their thermal stability, chemical 
inertness, metallic conductivity, high hardness and wear resistance [1-8]. Titanium carbide is 
the most studied early transition metal carbide. It possesses a good electrical and thermal 
conductivity, a high hardness and low friction coefficient [9-11], and is attractive for a wide 
range of applications including as protective hard coating [9, 12], as low-resistivity ohmic 
contact to SiC [13], as seed layer for growth of Ti-based MAX phase materials and graphene 
layers [14-16], and as transparent conductive 2D MXene Ti3C2 in electronic, photonic and 
sensing applications [17]. The TiC mechanical properties including its wear resistance and 
resistance against plastic deformation have been intentionally tailored by controlling its 
nanostructure and its incorporation into nanocomposite, multilayer, or superlattice coatings [10, 
18-26]. However, reported values for the hardness H and elastic modulus E of TiCx vary widely 
and no consensus of the intrinsic TiC properties has emerged yet. More specifically, ion-
implanted nanocrystalline TiCx films show an increasing H = 24-35 GPa and E = 265-386 GPa 
with increasing x = 0.49-0.78 [10]; titanium carbide layers grown by plasma-enhanced 
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chemical vapor deposition have an average H = 22 GPa and E = 268 GPa [21]; sputter-
deposited 111-textured cubic TiCx layers exhibit a maximum H = 26 GPa when x reaches 0.5 
[27], but a wide range of H = 5.5-35 GPa and E = 61-340 GPa have been reported for sputter-
deposited TiC/a-C(:H) nanocomposites where the C-to-Ti ratio x controls the Ti and/or free 
carbon volumetric fraction, the grain size, and the bonding in the amorphous carbon phase [22, 
25, 26, 28, 29].   That is, the TiCx mechanical properties vary strongly as a function of 
synthesis method which, in turn, affect its composition and microstructure, resulting in a large 
uncertainty in the intrinsic properties. We envision that epitaxial TiCx layers can eliminate some 
of this uncertainty as their mechanical properties are measured in the absence of microstructural 
features including grain boundaries, secondary C-phases, and texture, yielding valuable data 
on the intrinsic properties of TiC. This approach of using epitaxial layers to measure intrinsic 
physical properties has been successfully employed to study intrinsic electrical, optical, and 
mechanical properties of many early transition metal nitrides [30-45]. In contrast, studies on 
the physical properties of epitaxial carbides are rare. 

Titanium carbide crystallizes in a rock salt structure and exhibits a very wide reported 
homogeneity range from TiC0.48 to TiC1.00 [46] which is attributed to C vacancies. The two 
polymorphs of metallic Ti, hcp α-Ti and bcc β-Ti (> 920 °C), have a reported carbon solubility 
of 1.6% and 0.6%, respectively, above which phase separation to metallic Ti and TiC is 
expected [47]. Epitaxial growth of NaCl-structure TiC has been reported using chemical vapor 
deposition [48], physical vapor deposition [14, 15, 49-56], and chemical solution deposition 
[57]. This includes TiC(001) growth on MgO(001) from evaporated Ti and C60 at 400-500 °C 
[51], reactive sputter-deposition of TiC(001) on Si(001) in an Ar/acetylene mixture at 600 °C 
[49], TiC(111) seed layer deposition on MgO(111) and Al2O3(0001) for subsequent MAX phase 
growth using Ti sputtering and C60 co-evaporation [14, 15], reactive sputter deposition of 
TiC(001) in Ar/CH4 mixtures at 100-800 °C [53, 54] or with high-power impulse magnetron 
sputtering at 200-800 °C [52]. These studies provide no details into the mechanical properties 
of epitaxial TiCx, with the exception of Ref. [57] which indicates a hardness H = 21 GPa for 
TiC1.1, however, measured with a 30-50 nm indentation depth for a 100 nm layer thickness. 
This motivates our study on the mechanical properties of phase pure epitaxial TiCx, providing 
hardness and elastic modulus values in the absence of grain boundaries and secondary phases, 
but also on epitaxial TiCx(001) with hcp Ti or a-C:H inclusions, to quantify the effect of 
secondary phases. In addition, we note that the electrical resistivity of epitaxial TiCx has already 
been reported several times, but that the values vary widely from 110 to 620 µΩ⋅cm [15, 49, 
51-55, 57], suggesting that crystalline defects strongly affect electron transport in TiCx. This 
motivates the study of electron transport in TiCx as a function of x using epitaxial layers with a 
particularly high crystalline quality, as facilitated in our investigation by a high deposition 
temperature of 1100 °C. The latter also serves to explore metastable phase formation and 
solubility limits at high temperature. 

In this paper, we report the measured hardness, elastic modulus, electrical resistivity 
and lattice constants of epitaxial TiCx layers as a function of the C-to-Ti ratio x, and explore 
phase stability and solubility limits using first-principles calculations. TiCx layers with varying 
compositions of x = 0.08-1.8 are grown by reactive DC magnetron sputtering on single crystal 
MgO(001) substrates in Ar/CH4 gas mixtures. Structural analyses confirm that TiCx grows 
epitaxially on the MgO substrates with a cube-on-cube relationship with (001)TiC || (001)MgO 
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and [100]TiC || [100]MgO for x = 0.8-1.5. Single-phase layers form for x = 0.5-1.0 but x ≤ 0.24 
and x ≥ 1.5 leads to secondary phase hcp Ti and graphitic/a-C:H inclusions, respectively. The 
experimental phases and lattice constants are in good agreement with first-principles 
calculations, including finite temperature entropic corrections. The hardness and elastic 
modulus are largest for single-phase layers with x = 0.5-1.0, and decrease for x < 0.5 and x > 
1.0 due to secondary phase inclusions. The resistivity vs composition exhibits a minimum for 
stoichiometric TiC1.0, indicating an excellent crystalline quality and a minimum in defect 
scattering associated with random distribution of C-vacancies on anion sites. 

 
II. Procedure 

Titanium carbide layers were deposited in a three chamber ultra-high vacuum DC 
magnetron sputtering system with a base pressure of 10-9 Torr [58, 59]. Single-side polished 10 
× 10 × 0.5 mm3 single crystal MgO(001) substrates were cleaned in sequential ultrasonic baths 
of trichloroethylene, acetone, isopropyl alcohol, and de-ionized water for 15 min each, blown 
dry with nitrogen, mounted onto a Mo holder using colloidal silver paint, and inserted into the 
deposition system via a load lock chamber. The substrates were degassed in vacuum at 1100 °C 
for 1 h, using a radiative pyrolytic graphite heater. Depositions were performed at the same 
temperature, which was measured by a thermocouple below the substrate holder. 99.999% pure 
Ar, which was further purified with a MicroTorr purifier, and 99.999% pure CH4 were 
introduced into the deposition chamber through needle valves to reach a constant total pressure 
of 5 mTorr with a CH4 fraction fCH4 which was varied from 0.4% to 8% to obtain samples with 
different C content. A 5-cm-diameter 0.6-cm-thick 99.99% pure Ti target was positioned 9 cm 
from the stage at a 45° tilt and was sputter cleaned for 10 min prior to each deposition with a 
shutter shielding the substrate. The stage was continuously rotated at 60 rpm to improve 
thickness uniformity and a constant power of 100 W was applied to the Ti target for a total 
deposition time of 2 h. The deposition rate decreases monotonically with increasing fCH4 from 
11 to 7 nm/min for fCH4 = 0.4%-4% and increases slightly to 9 nm/min for higher fCH4 = 6-8%, 
as determined from film thickness measurements by cross-sectional scanning electron 
microscopy (SEM) indicating thicknesses of 900-1350 nm. The deposition rate was confirmed 
with a 5 min deposition at fCH4 = 4% that yields a thickness of 36.3 nm as measured by x-ray 
reflectivity (XRR), corresponding to a rate of 7.26 nm/min which is in good agreement with 
7.5 nm/min from the SEM measurement of the thick layer. 

X-ray diffraction (XRD) scans were done in a Panalytical X'Pert PRO MPD system 
with a Cu Kα (λ = 1.5418 Å) source with a 45 kV accelerating volage and a 40 mA current. A 
Bragg-Brentano divergent beam geometry was used to collect θ-2θ patterns over a large 2θ = 
5-85° range, to detect small inclusions of possible secondary phases or misoriented grains. ω 
rocking curves were acquired with a parallel beam geometry at a constant 2θ angle 
corresponding to the TiC 002 reflection, using a hybrid mirror with a two-bounce two-crystal 
Ge(220) monochromator, yielding a parallel incident beam with a wavelength λKα1 = 1.5406 Å 
and a divergence of 0.0068°, and a PIXcel solid-state line detector operated in receiving mode 
with a 0.165 mm active length in combination with a 0.04 rad Soller slit, effectively acting as 
a point detector. Direct beam alignment, sample height adjustment, as well as correction of the 
substrate ω and χ tilt angles were performed prior to all scans. φ-scans were acquired at constant 
2θ angles and χ tilts to detect TiC 113 and MgO 113 reflections, using a point source in 
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combination with an x-ray lens yielding a quasi-parallel beam with an equatorial and axial 
divergence of 0.3°. Reciprocal space mapping (RSM) around 113 reflections were done using 
the hybrid mirror and taking advantage of all 256 channels of the solid-state line detector, using 
a small diffracted beam exit angle ~10° with respect to the sample surface to cause beam 
narrowing which increases the 2θ resolution. 

X-ray photoelectron spectroscopy (XPS) was performed using Al Kα radiation (1486.6 
eV) in a PHI 5000 VersaprobeTM system with a hemispherical capacitor analyzer and a 
multichannel detector. Titanium carbide samples were sputter cleaned using 2 keV Ar+ ions for 
16 min prior to each acquisition. High-resolution spectra were collected for Ti 2p and C 1s 
peaks using a 23.5 eV pass energy, a 0.2 eV energy step and a 20 eV energy range. The C-to-
Ti ratio was determined from the relative intensities of the area under the Ti 2p and C 1s peaks 
employing atomic sensitivity factors [60]. We note that the sputter cleaning may cause 
preferential sputtering and therefore a C-to-Ti surface composition that deviates from bulk. 
However, as presented in Section III, the composition measured by XPS is in good agreement 
with Energy-dispersive X-ray spectroscopy (EDS) analyses, suggesting that selective 
sputtering has a negligible effect on the composition measurements. The EDS measurements 
were done in a FEI Helios Nanolab SEM operated with a 5.0 kV accelerating voltage and a 5.0 
mm working distance. An Oxford Instruments X-MaxN 80 silicon drift detector that is 
particularly well suited for light element detection was used to obtain the spectra that were 
analyzed with the Oxford Instruments AZtec EDS software. We expect the measured accuracy 
of the C-to-Ti ratio to be ± 6% for the TiCx specimens, based on test measurements on a SiC 
standard using the same detector. No impurities other than surface contamination were detected 
by either XPS or EDS, suggesting a <1 at.% impurity concentration in all layers, excluding the 
possible incorporation of hydrogen in the amorphous phase for large x, as discussed in Section 
III. Room-temperature Raman spectra were collected using a WITec Alpha 300 confocal 
Raman microscope with a 500 µW continuous-wave laser with a 532 nm wavelength, a ×100 
objective lens, a 7 µm2 spot size, and a T1 grating with an 1800 g/mm grove density and a 500 
nm blaze wavelength. 

Nanoindentation measurements were done using a Hysitron TI900 Triboindenter 
system with a diamond Berkovich tip with a three-sided pyramidal shape and a 100 nm radius. 
The tip area function of the Berkovich tip was carefully calibrated using a fused silica standard 
[61]. In situ scanning probe microscopy (SPM) imaging was performed before and after 
indentations using the same tip in contact mode with a setpoint of 2 µN to determine the surface 
morphology and circumvent indentation at pre-existing surface cracks caused by sample 
cleavage. A set of twelve indents with increasing maximum displacements from 10-120 nm (in 
10 nm steps) were performed on a 3 × 4 position grid. Three such indentation sets were done 
at different sample locations for a total of 36 indentation experiments for each TiCx sample. 
The contact depth hc was <10% of the film thickness for all indentations, rendering substrate 
effects negligible. The hardness and elastic moduli were determined using the Oliver and Pharr 
method [61]. All data points were included in the data analyses with the exception of a few 
(<15%) outliers with contact depths hc < 10 nm (and maximum displacement ≤ 20 nm) that 
show particularly low hardness due to a not fully developed plastic zone [62]. In addition, six 
indents with maximum displacements hm = 40-140 nm (in 20 nm steps) were performed 
primarily to collect SPM micrographs of the indentations. The hardness H was determined from 

https://doi.org/10.1016/j.actamat.2022.117643


Preprint. Published as: Peijiao Fang, C. P. Mulligan, Ru Jia, Jian Shi, S. V. Khare, Daniel Gall, “Epitaxial TiCx(001) layers: 
Phase formation and physical properties vs C-to-Ti ratio,” Acta Mater. 226, 117643 (2022).  

https://doi.org/10.1016/j.actamat.2022.117643 
 

5 
 

its definition H = Pmax / A, and the reduced modulus Er from the upper portion of the unloading 

curve using S = dP / dh = 2 Er √A /√π [61] where Pmax, A, S, P, and h represent the maximum 

load, the projected contact area, stiffness, experimental load and displacement respectively. 
The elastic modulus E of the TiCx films are determined from the measured reduced modulus 
Er using the expression 1 / Er = (1 - ν2) / E + (1 - νi

2) / Ei, where Ei = 1141 GPa andνi = 0.07 
are the Young’s modulus and Poisson’s ratio of the diamond tip [63], and ν = 0.21 is the 
Poisson’s ratio of the TiCx films from Ref. [64]. We note that using a different value for ν, e.g. 
ν = 0.17 from Ref. [65], introduces a negligible correction of 7 GPa to the determined E. 

The sheet resistance was measured with a linear four-point-probe with spring loaded 
tips and a 1.0 mm inter-probe spacing. Measurements at 77 K were taken with the same linear 
four-point probe with both sample and probe tips completely immersed in liquid nitrogen. The 
measured sheet resistance was independent of the applied current of 1-5 mA for all samples 
and temperatures, confirming ohmic contact and negligible sample heating caused by the 
measurement current. The resistivity was determined from the measured sheet resistance using 
a geometric correction factor [66] and the thickness measured by SEM.  

First-principles calculations were performed using the Vienna ab initio simulation 
package (VASP), employing periodic boundary conditions, a plane wave basis set, the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) exchange correlation 
functional [67], and the projector-augmented wave method [68]. A 550 eV cut-off energy for 
the plane-wave basis set and a 4×4×4 Γ-centered k-point grid for cubic and hexagonal 
supercells with 32 and 36 cations yield energy convergence of < 1 meV/atom. Ti 3s, 3p, 3d, 
and 4s electrons are explicitly calculated using the Ti_sv pseudo potential provided with the 
VASP package. The formation energy Ef and lattice constants of cubic and hexagonal TiCx with 
0 ≤ x ≤ 1 were determined by removing C atoms from rock-salt structure TiC and adding 
interstitial C to hexagonal close-packed Ti, respectively, while x > 1 was simulated by adding 
C interstitials and C clusters to rock-salt TiC. More specifically, (i) cubic supercells with 32 Ti 
atoms on fcc sites and NC = 0, 8, 16, 24, or 32 C atoms on anion sites were computed by 
simultaneously relaxing atomic positions and the lattice constant a, while retaining the 
supercell shape to represent the overall cubic structure for direct comparison with experiment. 
Three independent simulations were done for a given NC (= 8, 16 or 24) with different random 
anion site occupations. This approach was chosen instead of the Special Quasirandom 
Structures approach [69], because the variation in Ef and a from the three simulations provides 
an indication of the uncertainty in the determined energy and lattice constant associated with 
the random distribution of C atoms on anion sites. In addition, ordered arrays with NC = 0, 16, 
and 32 yielding fcc Ti, cubic Ti2C, and rock-salt TiC were computed. (ii) Similarly, hexagonal 
supercells with 36 Ti atoms on hcp sites and 0, 9, 18, 27, or 36 C atoms on octahedral interstitial 
sites were computed by iteratively relaxing atomic positions and lattice constants a and c. That 
is, the a-to-c ratio was allowed to relax but the supercell was forced to remain hexagonal. Three 
random C occupancies were simulated for a given NC. Multiple ordered arrangements with NC 
= 16 were explored, with the lowest energy configuration having an ordered 75% and 25% 
occupation on alternate close-packed anion-site planes. In addition, isolated C interstitials and 
interstitial pairs in hcp Ti were simulated using NTi = 36 and NC = 1 and 2, and varying the C-
C distance for the latter case. (iii) Overstoichiometric TiCx (x > 1) was explored using as starting 
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point a 64-atom rock-salt structure TiC supercell with NTi = NC = 32. A total of 78 atomic 
arrangements were independently relaxed in search for the lowest energy configurations, 
starting with single C interstitials in tetrahedral interstitial or split-interstitial sites (NTi = 32, 
NC = 33), followed by configurations with few involved atoms such as anti-site substitutions 
(NTi = 31, NC = 33) or carbon-pairs or triplets on a Ti site (NTi = 31, NC = 34/35), and small C-
clusters or graphitic rings involving 4-10 C atoms (e.g. NTi = 28, NC = 40). In addition, the 
energy of extended 2D defects such as a graphene plane in contact with a TiC(001) surface was 
also calculated using various appropriate supercells.  

The calculated zero temperature energy of the most relevant configurations is presented 
in this paper in units of eV/atom using hcp Ti and rock-salt TiC as reference states. This allows 
to clearly plot the energy vs composition for 0 ≤ x ≤ 1 for different phases which would be hard 
to present because they would converge to nearly a single line if using the more conventional 
approach with elemental phases (hcp Ti and graphite) as standard states. More specifically, the 
calculated formation energy of rock-salt TiC is -0.824 eV per atom if hcp Ti and graphite are 
used as standard states. Conversely, here we set the energy for hcp Ti and for TiC to zero, while 
the energy for graphite is +0.824 eV/atom. For this purpose, the formation energy per atom for 
a configuration with e.g. NTi = 32 and NC = 8 is obtained by subtracting NTi - NC = 24 times the 
calculated energy/atom of hcp Ti and NC = 8 times the calculated energy per formula unit of 
TiC from the calculated total energy of the configuration. We note that this method also 
provides more accurate formation energies because it does not require a calculation of the 
energy of graphite, which has an expected 20-60 eV/atom error from using conventional PBE 
GGA without correcting for Van der Waals interactions [70].  

In addition, in order to provide a first estimate of the temperature effect on the relative 
Gibbs free energy, we calculate the configurational entropy associated with the random 
arrangement of C atoms on anion sites using S = -kB[xlnx + (1-x)ln(1-x)] where kB is 
Boltzmann’s constant, x is the fraction of occupied anion sites which is equal to the C-to-Ti 
ratio x, and S is the entropy per anion site. Using the experimental growth temperature Ts = 
1100 °C = 1373 K, we calculate a Gibbs free energy correction -TS = -53 meV per atom for the 
example configuration above with NTi = 32 and NC = 8. We reiterate that this entropy correction 
is a first-level approximation to the effect of temperature, while other contributions including 
vibrational entropy and thermal expansion are neglected because of the considerable 
computational cost associated with true finite-temperature methods. 
 
III. Results and Discussion 

Fig. 1(a) is a plot of the measured C-to-Ti ratio x in the deposited TiCx layers as a 
function of fCH4 = 0.4 - 8%. It includes the results from both XPS and EDS analyses, plotted as 
magenta circles and blue squares, respectively. The two independent measurement methods are 
in good agreement. We attribute the small difference between the values from the two methods 
to preferential sputtering during surface cleaning for XPS measurements [71] and/or the 
experimental uncertainties for light element determination using EDS as stated in Section II. 
Thus, for the remainder of the paper, we use the average values from these two methods. The 
plotted C-to-Ti ratio increases nearly linearly from x = 0.08 to 0.24, 0.5, 1.0, 1.5 to 1.8 with 
increasing fCH4 = 0.4, 1, 2, 4, 6 and 8%. We attribute the increasing C-content to chemisorbed 
CHx fragments, graphitic C, and/or carbide on the Ti target surface which forms through 
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impinging CH4+ ions. The carbon is then sputtered from this target surface as C-atoms, C-
clusters, or carbide molecules together with Ti atoms to form the TiCx layer. The CH4+ ion flux 
towards the target, and therefore also the C-flux towards the substrate, are expected to be 
proportional to fCH4, resulting in the observed linear increase in Fig. 1(a). The increasing C on 
the target surface also results in a reduction in the deposition rate from 11 to 7 nm/min with 
increasing fCH4 = 0.4-4%. This is attributed to a reduction in the secondary electron yield and a 
lower sputtering rate for the C-contaminated Ti target surface. We note that the layer growth 
rate increases again from 7 to 9 nm/min with increasing fCH4 = 4-8%, which may be due to an 
increasing CH4 sticking probability for layers containing carbon clusters on the growing film 
surface, resulting in the inclusion of lower-density amorphous carbon for fCH4 = 6 and 8 % 
which yields TiC1.5 and TiC1.8, respectively. Fig. 1(b) is a representative XPS spectrum from a 
carbon-rich sample, showing the C 1s peak for a TiC1.8 film after Ar+ sputter-cleaning. The 
purple solid line represents the measured intensity while the orange, red, and cyan lines are 
obtained from curve fitting, indicating C-Ti, C-Ti*, and C-C peaks, respectively. The C-Ti peak 
is from carbon in bulk TiC. The C-Ti* peak is attributed to C near the TiC surface where the 
smaller number of Ti neighbors reduces the charge transfer and therefore increases the binding 
energy [72]. The C-C peak from carbon in graphitic and/or amorphous C is considerably 
broader than the C-Ti and the C-Ti* peaks, which is attributed to splitting into sp2 (284.4 eV) 
and sp3 (285.2 eV) hybridized peaks [73] as marked with dashed vertical lines and indicated 
by the two cyan fitting curves. The area ratio of sp3 vs sp2 C-C peaks provides an estimate of 
24% for the fraction of sp3 bonding within the secondary carbon phase in the TiC1.8 film, in 
good agreement with 28% from the Raman analysis presented below. In addition, the C-C peak 
corresponds to 50% of the total C 1s intensity, indicating an atomic fraction of carbon in in the 
amorphous C phase fa-C = 50%, in reasonable agreement with 44 ± 3 % expected for x = 1.8. 
We estimate a volume fraction Va-C = 0.24 ± 0.05 of the secondary a-C:H phase in the TiC1.8 
layer from fa-C = 44% by assuming an amorphous carbon density ρ* = 1.92 – 3.29 g/cm3 [74] 
corresponding to an atomic density of 9.63 to 16.5 × 1022 cm-3, while the C atomic density in 
rock-salt TiC is 4.944 × 1022 cm-3. Corresponding XPS measurements were done for all layers 
in this study. The C 1s peaks from the TiC1.5 layer indicates a secondary carbon phase with 31% 
sp3 bonding and a fa-C = 40%, in reasonable agreement with fa-C = 33 ± 4 % from the overall 
composition which also yields Va-C = 0.16 ± 0.04 for TiC1.5. In contrast, no XPS peak associated 
with C-C bonds could be detected for samples with x ≤ 1.0 (with the exception of a small peak 
due to redeposited surface carbon after Ar+ sputter-cleaning of the TiC1.0 sample), indicating 
that all carbon for layers with a C-to-Ti ratio below 1.0 is contained within the cubic carbide 
phase, as expected. 

Fig. 1(c) are Raman spectra for TiC1.0, TiC1.5 and TiC1.8 films in the range of 900-1900 
cm-1. The carbon-rich TiC1.5 and TiC1.8 films exhibit clear D and G band features at 1350 and 
1590 cm-1 which are attributed to the A1g D breathing mode and the E2g G mode from 
amorphous carbon [75]. Double-Gaussian curve fitting yields an intensity ratio I(D)/I(G) = 1.7 
and 2.5 for TiC1.5 and TiC1.8, respectively, indicating an sp3 fraction of 32% and 28% based on 
the reported I(D)/I(G) vs sp3 relationship [75]. These fractions of sp3 hybridized bonding are 
in good agreement with the 31% and 24% determined by XPS. In contrast, the stoichiometric 
TiC1.0 film shows no obvious peak in the detected Raman shift range, confirming that the 
amorphous carbon content in the stoichiometric x = 1.0 layer is negligible. We note that the a-
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C phase for x ≥ 1.5 layers may contain hydrogen which is not easily quantified and stems from 
the CH4 processing gas. We also note that this source of possible hydrogen impurities can be 
removed by replacing the reactive deposition process with co-sputtering from Ti and graphite 
targets in pure Ar. However, our test experiments with this latter approach resulted in undesired 
formation of C clusters in lieu of carbide such that this approach was not further explored in 
this study. 

Figure 2 shows typical x-ray diffraction results from TiCx layers deposited on MgO(001) 
with fCH4 = 0.4 to 8%, yielding C-to-Ti ratios x = 0.08-1.8. The θ-2θ patterns in Fig. 2(a) are 
obtained using a divergent beam Bragg-Brentano geometry. They are plotted over a limited 2θ 
= 39-44.5° range to highlight the primary substrate and layer peaks, and are offset vertically 
for clarity purposes. In addition, the plotted intensity near the strong substrate reflections is 
reduced by an order of magnitude (×0.1) for 2θ = 42.7-43.3° to display both the substrate and 
layer peaks within the same plot. The TiC0.08 layer deposited with fCH4 = 0.4% (red curve) 
shows a doublet peak at 2θ = 42.909° and 43.020° due to the MgO 002 reflection of the CuKα1 
and CuKα2 lines with wavelengths λ = 1.5406 and 1.5444 Å, respectively, and a corresponding 
doublet around 42° from the TiC 002 reflection, with the CuKα1 peak at 2θ = 41.957°. In 
addition, there is a 15-times weaker peak at 2θ = 39.811° which is made visible in Fig. 2(a) by 
multiplying the plotted intensity around 2θ = 40° fifty times. This peak is attributed to the 101�1 
reflection of hexagonal Ti which has an expected 2θ = 40.227° (JCPDS 001-1197). Our 
measured angle is 1% smaller, indicating an expanded lattice constant along the growth 
direction which is attributed to interstitial C in hexagonal Ti as discussed below. No other peaks 
from hcp Ti could be detected over the entire measured 2θ = 5-85° range, suggesting a preferred 
orientation which is confirmed by the local epitaxy detected by the RSM presented below. The 
pattern for the TiC0.24 layer deposited with fCH4 = 1% (orange line in Fig. 2) exhibits a substrate 
feature as for x = 0.08, a TiC 002 peak at 2θ = 41.930° and a weak Ti 101�1 reflection at 2θ = 
39.81°. The intensity of the Ti 101�1 peak is smaller than for TiC0.08, suggesting a decreasing 
volume fraction of the hcp Ti impurity phase. The TiC peak is shifted towards the left, 
indicating an increasing out-of-plane lattice constant a⊥ with increasing carbon incorporation. 
Increasing the carbon content further to x = 0.5, 1.0, 1.5 and 1.8 leads to XRD patterns which 
continue to be dominated by TiC 002 and MgO 002 peaks. No intensity from an hcp Ti impurity 
phase can be detected over the entire measured 2θ = 5-85° for x ≥ 0.5. However, the TiC1.0 
sample shows a minor intensity of 111-oriended (misoriented) TiC grains. The measured TiC 
002 peak intensity increases from x =0.08 to 1.0, but then decreases again for x = 1.5 and 1.8, 
suggesting a maximum in the crystalline quality for the stoichiometric TiC1.0 layer. The peak 
position continuously moves towards smaller 2θ values, indicating a continued trend towards 
larger lattice constants with increasing C content, as discussed below. The inset in Fig. 2(a) 
shows an ω-rocking curve of the TiC 002 reflection from the TiC1.0 layer, obtained using a 
parallel beam monochromatic x-ray source. The peak has a full-width at half-maximum Γω = 
0.33°, indicating a good out-of-plane crystalline alignment. Measurements done on all samples 
(not shown) indicate relatively narrow rocking curves with Γω < 1° for x = 0.08 – 1.5, 
suggesting that these layers are epitaxial TiCx(001). In contrast, Γω = 3.7° for TiC1.8, indicating 
a considerable decrease in crystalline quality at large C-content, consistent with the weak TiC 
002 peak in Fig. 2(a) for x = 1.8. The epitaxial growth is confirmed by XRD φ-scans. Fig. 2(b) 
displays typical φ-scans from the TiC1.0 layer, obtained using an X-ray point source with a 
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substrate tilt χ = 54.7° and 2θ = 35.9 and 36.947° to detect the TiC 113 (green) and MgO 113 
(black) reflections, respectively. The measured intensity is plotted in a logarithmic scale vs the 
azimuthal angle φ = 0 to 360° and is offset by a factor of 104 for the layer pattern for clarity 
purposes. Both substrate and layer exhibit a four-fold symmetry with aligned peaks at 45, 135, 
225, and 315°, indicating a cube-on-cube epitaxial relationship with (001)TiC || (001)MgO and 
[100]TiC || [100]MgO. Similar φ-scans were performed for all samples and indicate epitaxial TiCx 
growth except for the TiC1.8 film. This is consistent with the measured Γω and suggests a 
breakdown of epitaxy for large x ≥ 1.8 which we attribute to nucleation of carbide grains with 
random in-plane orientation on top of segregated carbon clusters for fCH4 = 8%. 

Fig. 3 shows two representative XRD RSMs from TiCx/MgO(001) layers with x = 0.08 
and 1.0, showing the MgO 113, TiCx 113 and Ti 112�2 reflections. The measured intensity is 
indicated by blue-to-green-to-yellow iso-intensity contours in a logarithm scale, and plotted in 
reciprocal space where the vertical and horizontal vectors k⊥ = 2sinθ cos(ω-θ )/λ and k|| = 2sinθ 
sin(ω-θ)/λ point along the out-of-plane MgO[001] and the in-plane MgO[110] directions, 
respectively. The plot also contains a scale bar for the reciprocal length and arrows to indicate 
the experimental ω-2θ and ω scanning directions, which are rotated by 25.24° with respect to 
k⊥ and k||. The strongest peaks (yellow) in both maps are from the substrate 113 reflection. The 
weak streaks from top-left to bottom-right across the MgO 113 peaks are due to electronic noise 
from a fully open line detector. The asymmetric elongation along the ω direction in the left 
map is attributed to the mosaic spread in the substrate. The TiC0.08 layer shows a strong Ti 112�2 
reflection, indicating that the hexagonal Ti phase exhibits local epitaxy on MgO(001) despite 
a large Ti  101�1 rocking curve width (Γω > 4°). The peak position yields lattice constants a = 
0.2983 nm and c = 0.4685 nm. These values are larger than the reported a = 0.2951 nm and c 
= 0.4670 nm for hcp Ti, indicating a 2.5% larger unit cell volume which indicates carbon 
incorporation into the Ti lattice corresponding to a hexagonal TiCx with x = 0.065, based on 
our first-principles calculations presented below. This peak has an elliptical shape with 
elongations along the ω direction due to mosaicity and along the ω-2θ direction due to 
crystalline defects and/or strain fluctuations. The weaker peak in the left panel is from the TiC 
113 reflection and is shifted along the negative ω-2θ direction with respect to the substrate 
peak, indicating a fully relaxed layer. Its position at k⊥ = 6.974 nm-1 and k|| = 3.289 nm-1 
provides values for the lattice constants perpendicular and parallel to the substrate surface a⊥ 

= 3 / k⊥ and a|| = √2 / k||, respectively, as discussed below. The peak width ∆k|| in the in-plane 

direction is 0.039 nm-1, yielding an in-plane coherence length ξ|| = 1 / ∆k|| = 26 nm which is two 
times larger than the 13 nm coherence length determined from the 0.94° ω rocking curve width 
of the symmetric TiC 002 peak. This deviation is likely due to different x-ray beam positions 
for the two measurements such that the broadening caused by the substrate mosaicity and 
possible associated secondary domain peaks varies. The map for the TiC1.0 layer shows only 
the TiC 113 peak. Its position at k⊥ = 6.923 nm-1 and k|| = 3.276 nm-1 indicates a slight (nearly 
negligible) compressive strain of ε|| = -0.2%. The peak width yields an in-plane coherence 
length ξ|| = 1 / 0.032 nm-1 = 31 nm, in good agreement with the 38 nm determined from the 
rocking curve shown in Fig. 2. Similar reciprocal space maps are obtained for all samples with 
x = 0.08-1.8, confirming the epitaxial growth of TiCx for x = 0.08-1.5. However, no 113 layer 
peak could be detected for TiC1.8, consistent with the θ-2θ and φ-scan data which indicate a 
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001-preferred orientation with random in-plane orientation for x = 1.8. 
Figure 4 is a plot of lattice constant a as a function of the total C-to-Ti ratio x in the 

TiCx films. The out-of-plane lattice constant a⊥ and in-plane lattice constant a|| determined from 
the RSMs are marked as solid blue and green triangle symbols, respectively. The plot also 
includes the out-of-plane lattice constant a⊥*  determined from symmetric θ-2θ scans obtained 
using a monochromatic parallel beam diffraction geometry shown as open blue triangles, and 
the relaxed lattice constant ao as red solid squares. The latter is determined using ao = (a⊥ - νa⊥ 
+ 2νa||)/(1 + ν) where a⊥ and a|| are the values measured from the RSMs and ν is the Poisson’s 
ratio which is assumed to be independent of x and equal to 0.21, the value reported for 
stoichiometric TiC [64]. We note that the plot does not show RSM data from the TiC1.8 film, 
because no peak could be detected in the φ-scan and RSM map due to the low crystalline quality 
and likely a random in-plane orientation for this layer. The measured a⊥ increases 
monotonically from 0.4302 to 0.4339 nm as x increases from 0.08 to 1.5, consistent with the 
continuous shift to lower 2θ angles of the TiC 002 reflections in Fig. 2(a). These a⊥ values are 
in excellent agreement with a⊥*  measured from the symmetric scans, with deviations of only 
0.007-0.2% between the two datasets. The measured a|| drops initially from 0.4300 nm for 
TiC0.08 to 0.4257 nm for TiC0.24, followed by a monotonous increase to 0.4324 nm for TiC1.5. 
Similarly, the relaxed lattice constant initially decreases from 0.4301 nm for TiC0.08 to 0.4294 
nm for TiC0.24, followed by an increase to ao = 0.4305, 0.4325, 0.4334, and 0.4339 nm for 
TiC0.5, TiC1.0, TiC1.5 and TiC1.8, respectively. These values will be discussed in detail below, 
after presenting the first-principles calculation results. The last value (x = 1.8) is indicated in 
Fig. 4 by an open red square because it could not be directly obtained from the reciprocal space 
map (due to insufficient intensity) but instead, is determined from the measured a⊥*  = 0.4345 
nm and assuming the same slight compressive strain as for the x = 1.5 sample. 

The overlapping datapoints for x = 0.08 in Fig. 4 indicate that the carbide within the 
layer with x = 0.08 is fully relaxed. In contrast, the measured strain is largest (ε⊥ = 0.5%) for x 
= 0.24 and then continuously decreases to ε⊥ = 0.3%, 0.1%, and 0.1 % for x = 0.5, 1.0, and 1.5, 
respectively. This expansion along the growth direction is due to an in-plane compressive stress 
which is primarily attributed to a mismatch in the thermal expansion coefficients between the 
substrate and the layers. The reported linear thermal expansion coefficient is 1.4 × 10-5 K-1 for 
MgO [76] and 8.4 × 10-6 K-1 for nearly stoichiometric TiC0.95 [77]. This results in an expected 
-0.6% compressive thermal strain during cooling after deposition from 1100 °C to room 
temperature. The measured compressive strain ε|| = -0.2% for the stoichiometric TiC1.0 film is 
three times smaller, suggesting considerable relaxation during cooling. In contrast, the TiC0.24 

layer has a large compressive strain of ε|| = -0.9%, suggesting negligible relaxation which may 
be due to dislocation pinning by the large density of C-vacancies in the carbide as well as small 
secondary hcp phase inclusions in this layer. Conversely, the TiC0.08 layer is fully relaxed, 
indicating that the larger fraction of metallic (more ductile) hcp grains within this layer 
facilitates relaxation during cooling. We note that these strain arguments are semi-quantitative, 
as the thermal expansion coefficient is composition dependent and is likely increasing with 
decreasing x, based on the reported ~11 × 10-6 K-1 for metallic Ti between 25 and 700 °C [78].  
We also note that the lattice misfit between TiCx films and MgO substrates increases from 1.9% 
for TiC0.24 to 2.9% for TiC1.5 layers. This misfit is sufficiently large that we expect the layers 
to be nearly fully relaxed during growth. 
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Figure 5 is a plot of the calculated formation energy Ef per atom vs composition of cubic 
(red squares) and hexagonal (navy hexagons) TiCx, where the reference (zero energy) states are 
hcp Ti and rock-salt structure TiC as described in Section II. The bottom axis indicates the 
compositional parameter y, as defined by Ti1-yCy. This new notation is introduced here such 
that connecting the lowest energy configurations directly provides the convex hull, as indicated 
by the black dashed line. In contrast, the compositional parameter x which is used throughout 
this paper and is defined by TiCx is shown as top x-axis. The zero-temperature convex hull 
connects hcp Ti at x = 0 with an ordered cubic Ti2C with Ef = -0.108 eV at x = 0.5, rock-salt 
structure TiCx with C atoms on random anion sites for 0.5 < x < 1 including the calculated Ef = 
-0.079 eV at x = 0.75, stoichiometric rock-salt TiC with Ef = 0 (by definition, see section II) at 
x = 1.0, and graphite with Ef = 0.823 eV at x = ∞ (y = 1) outside the plotted range. Thus, the 
zero-temperature convex hull predicts phase separation into hexagonal and cubic phases for x 
= 0-0.5, cubic TiCx for 0.5 ≤ x ≤ 1.0, and phase-separated cubic TiC and graphitic C for x > 1. 
This is in perfect agreement with the experimentally detected phases shown in Figs. 2(a) and 
1(b,c), namely both hexagonal and cubic phases for x = 0.08 and 0.24, phase-pure cubic TiCx 
for x = 0.5 and 1.0, and an increasing C-C bond density and decreasing crystalline quality of 
the cubic phase with increasing x = 1.5 and 1.8, indicating graphitic and/or amorphous carbon 
at high x. The plotted Ef = -0.079 eV for the disordered TiC0.75 is the average energy from three 
independent calculations. Their standard deviation is only 0.005 eV, which approximately 
matches the plotted symbol size, such that no error bars are shown in Fig. 5. The open square 
and open hexagonal symbols connected by dashed lines represent the calculated zero-
temperature formation energies for the cubic and hexagonal phases, while the symbols with 
center-crosses that are connected with solid lines are the energies which are corrected by a -TS 
term for the configurational entropy, as described in Section II. This entropy term considerably 
reduces the energy towards or below the zero-T convex hull and is therefore expected to affect 
the phase formation and composition. For example, the energy for cubic TiC0.75 with random 
C vacancies on anion sites at 0 K is 0.025 eV/atom lower than the average energy of ordered 
Ti2C and TiC phases, and is further reduced by 0.038 eV/atom with the -TS correction, 
indicating a strong preference for a disordered TiCx cubic phase in comparison to a mixture of 
ordered Ti2C and TiC. Even at x = 0.5, the -TS-corrected energy for the disordered TiC0.25 is 
only 0.016 eV/atom above the ordered Ti2C phase. Thus, considering also kinetic barriers for 
ordering, we expect phase-pure disordered cubic TiCx for the entire 0.5 < x ≤ 1.0 range. 
Similarly, the -TS correction reduces the energy for TiC0.25 with random anion site occupation 
in cubic and hexagonal structures from 0.080 and 0.081 eV above the convex hull at zero 
temperature to only 0.027 and 0.028 eV above the convex hull at Ts =1100 °C. Such small 
energies above the convex hull suggest a considerable probability for formation of non-
equilibrium phases, in particular a cubic phase with x < 0.5, as indicated by the measured cubic 
lattice constant and discussed below. At low C content, the corrected energies for hexagonal 
TiC0.028 and TiC0.056 are slightly below the zero-temperature convex hull. As a result, the solid 
navy line in Fig. 5 for the temperature-corrected hexagonal TiCx crosses the dashed black line 
from the T = 0 convex hull at a finite x = 0.063, indicating a predicted C-solubility in hcp Ti at 
Ts = 1100 °C. This solubility limit is in excellent agreement with the estimated C content in the 
hexagonal TiCx phase in layers deposited with a low fCH4. More specifically, the measured unit 
cell volume of the hexagonal phase within the TiC0.08 layer is 2.5% larger than for pure hcp Ti, 
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while the corresponding first-principles calculated volume increases for hexagonal TiC0.028 and 
TiC0.056 are 1.1% and 2.1%, yielding an extrapolated x = 0.065 for the experimental 2.5% 
volume increase. The calculated x = 0.063 solubility limit is four times larger than the 
previously reported C solubility x = 0.016 in hexagonal α-Ti which [47], however, is limited 
to temperatures below the 920 °C phase transition temperature from hexagonal α-Ti to bcc β-
Ti. Correspondingly, we attribute the high x = 0.065 to an elevated C solubility in meta-stable 
hexagonal Ti at 1100 °C and kinetic suppression for C out-diffusion during cooling. We note 
here that our predicted solubility has a relatively large uncertainty since even a small 
temperature change from e.g. 1100 °C to 920 °C leads to a substantial solubility reduction from 
0.063 to 0.042.  

The orange lines in Fig. 5 for x > 1.0 indicate the calculated energy vs composition for 
rock-salt TiC containing single graphene sheets (solid line), C-pairs on cation sites (dashed 
line), and C interstitials on tetragonal sites (dotted line). These lines are well above the convex 
hull which is plotted as black dashed line and is defined by stoichiometric TiC and graphite. 
This indicates that these configurations are thermodynamically unstable against phase 
separation into TiC and graphite. In fact, all 78 explored carbon-cluster configurations have 
energies which are well above the convex hull. More specifically, the calculated formation 
energy for a C interstitial in TiC is 3.891 eV with TiC and graphite as reference states. One of 
the most stable configurations is a C-pair that replaces a Ti on a cation site. It has a formation 
energy of 5.490 eV and effectively accounts for three excess C atoms, yielding 1.830 eV per C 
atom. Larger C clusters do not substantially reduce this energy, with for example 1.693 and 
1.639 eV per excess C for configurations with 4 C atoms on 2 neighboring cation sites or 9 
added C atoms on 4 Ti sites. The plotted energy for a graphene monolayer has a lower energy 
than C clusters but has a large expected kinetic barrier for formation and, also represents the 
nucleation site for phase separated graphite which may form on top of C that segregates to the 
surface of TiC during layer growth to form a graphene surface layer. That is, all C interstitials 
and clusters within TiC are energetically unfavorable and only form due to kinetic barriers for 
the phase separation into graphite or amorphous C. However, if C is within the TiC matrix, it 
affects the measured TiCx lattice constant, as discussed in the following. 

Fig. 6 is a plot of relaxed lattice constants ao as a function of the C-to-Ti ratio x in cubic 
TiCx from both experiments and first-principles calculations. The red squares are the measured 
ao values reproduced from Fig. 4, the open black squares denote measured values from the 
literature [10, 51, 54, 79], and the blue symbols and navy lines represent the lattice constants 
from our first-principles simulations for x ≤ 1.0 and x > 1.0, respectively. More specifically, the 
circular data points indicate the calculated lattice constants for ordered rock-salt-type structures 
with x = 0, 0.5, and 1, namely face-centered cubic (fcc) Ti with ao = 0.4107 nm, cubic ordered 
Ti2C with ao = 0.4318 nm, and stoichiometric rock-salt-structure TiC with ao = 0.4334 nm. The 
blue open squares with center crosses indicate the predicted lattice constants for TiC0.25, TiC0.5, 
and TiC0.75 with random C occupation on anion sites, indicating an almost linear increase with 
ao = 0.4226, 0.4299 to 0.4333 nm, respectively. The navy lines for x > 1 are the predicted ao 
for various carbon interstitial and carbon cluster configurations, where the labels on top of the 
lines Xc/VTi indicate the number of C interstitials Xc and Ti vacancies VTi that define the defect 
structure within stoichiometric rocksalt-structure TiC. For example, the solid line labeled “1/0” 
indicates the lattice constant of TiCx where the deviation above the stoichiometric x = 1 is 
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accounted for by individual C interstitials (i.e. Xc = 1) while all cation sites are occupied by Ti, 
thus VTi = 0. This line has a steep positive slope dao/dx = 0.039 nm, indicating that C interstitials 
in TiC cause a considerable lattice expansion. The dashed lines labeled “2/1”, “3/1” and “4/1” 
are for small carbon clusters where two, three, or four carbon atoms (Xc = 2, 3 or 4) replace one 
Ti on a cation site (VTi = 1). The missing Ti atom causes a reduction in the lattice constant, 
leading to a negative dao/dx = -0.008 nm for Xc = 2, while three or four C atoms on a single 
cation site more than compensate the volume reduction from the missing Ti, yielding positive 
dao/dx = 0.009 and 0.028 nm, respectively. The plotted short-dash and dotted lines are for VTi 
= 2 and 3, respectively, with a correspondingly larger number of excess carbon atoms Xc = 4-
11. We note that isolated Ti vacancies are not considered here because their calculated 
formation energy of 6.845 eV is nearly twice that of isolated C interstitials. This is quite 
different from isostructural transition metal nitrides where cation vacancies are the lowest-
energy overstoichiometric (x > 1) defects [80-83]. 

We now discuss the results presented in Fig. 6. That is, we quantitatively compare 
measured and predicted lattice constants to gain insight into phase formation in TiCx. For this 
purpose, we note that the measured lattice constants (red solid squares) are for the epitaxial 
rocksalt TiCx phase, but that only the TiC0.5 and TiC1.0 layers are phase-pure rocksalt structure 
carbides, while the TiC0.08 and TiC0.24 layers additionally contain an hcp Ti phase and that the 
over-stoichiometric carbon-rich (x ≥ 1.5) layers also contain segregated carbon with sp2 and 
sp3 hybridized bonding as shown in Fig. 1. Thus, we expect that the carbon content in the 
carbide phase does not match the carbon content of the overall films for x ≤ 0.24 and x ≥ 1.5. 
Consequently, we start our discussion with the TiC0.5 and TiC1.0 layers, which have relaxed 
lattice constants of ao = 0.4305 and 0.4325 nm, respectively. These values agree with reported 
experimental lattice constants (black open squares) of 0.4329 nm for TiC0.94 [79], 0.4303-
0.4316 nm for TiC0.49-0.78 [10], 0.4312-0.4324 nm for TiC0.6-0.8 [51], and 0.431 nm for TiC1.0 
[54]. They also agree quite well with our first-principles prediction of 0.4318 and 0.4299 nm 
for ordered Ti2C and disordered TiC0.5 and 0.4334 nm for stoichiometric TiC. The measured 
increase in the lattice constant between x = 0.5 and 1.0 is dao/dx = 0.004 nm, which is in good 
agreement with the predicted slope of dao/dx = 0.003 or 0.007 nm, depending on if using the 
ordered or disordered structure for x = 0.5. Previous theoretical studies have predicted similar 
slopes of dao/dx = 0.004 nm [84] and 0.012 nm [85] using the local density approximation, as 
well as 0.009 nm [86] using the GGA.  

Our measured ao for the TiC1.5 and TiC1.8 layers are 0.19% and 0.31% larger than for 
TiC1.0, indicating that the lattice constant continues to increase with increasing C content for 
overstoichiometric TiCx. However, the measured slope dao/dx = 0.002 nm is quite small in 
comparison to the first principles predictions of most configurations plotted as navy lines in 
Fig. 6. This suggests that a large fraction of excess C does not incorporate into TiC as interstitial 
C or C-clusters but forms segregated graphitic or amorphous C. This is in agreement with our 
XPS and Raman analyses and is attributed to the large formation energies for single C 
interstitials (3.891 eV), Ti vacancies (6.845 eV), and C-clusters with energies per excess C 
atom >1.5 eV for all investigated configurations, as discussed above and consistent with a 
recent study on the vacancy diffusion in TiC [87]. More specifically, using for example the 
predicted dao/dx = 0.039 nm for C interstitials, the measured increase in ao between the TiC1.0 
and TiC1.5 layers can be explained by a C interstitial concentration of only 2.3% per formula 
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unit, corresponding to an x = 1.023. That is, the measured lattice constant of the TiC1.5 layer 
suggests a rocksalt-structure TiCx phase with x = 1.023, while the remaining 32% C which 
corresponds to nearly all the excess carbon, forms a segregated phase that does not affect the 
measured ao. In the same manner, one could argue that the “8/4” C-defect structure with a 
predicted dao/dx that nearly matches the experimental slope could equally well explain the 
measured ao, or alternatively a mixture of carbon pairs and triplets on cation sites, labeled as 
“2/1” and “3/1” in Fig. 6 could explain the measured ao. However, the large formation energy 
of these defect structures in combination with the coincidental compensation of positive and 
negative dao/dx makes this explanation unlikely. Thus, the measured ao for overstoichiometric 
samples indicates, in combination with the predicted lattice constants, that the majority of the 
excess C forms segregated phases that do not affect the TiC lattice. 

The positive measured dao/dx also extends to the compositions with low carbon content, 
more specifically to the TiC0.24 layer which also contains an hcp Ti phase, as detected by XRD. 
The measured dao/dx = 0.004 nm between x = 0.24 and 0.5 is identical (within experimental 
uncertainty) to the slope between x = 0.5 and 1.0, suggesting a continuous trend between x = 
0.24 and 1.0 which could be attributed to an increasing C-vacancy concentration with 
decreasing x. However, the slope between x = 0.25 and 0.5 from first-principles calculations is 
seven times steeper than the measured value, in agreement with previously reported 
computational studies [84-86] and as evident from the plotted lattice constant for TiC0.25 which 
is well below the measured value for the TiC0.24 sample. Correspondingly, we estimate the 
composition of the TiCx phase within the TiC0.24 layer using the first-principles calculated ao 
and find x = 0.46, which is exactly twice the carbon concentration of the overall layer. This 
estimate suggests that approximately half of this layer consists of the hcp Ti phase which, as 
discussed when presenting results in Fig. 5, contains only a small concentration of interstitial 
carbon. Interestingly, decreasing the experimental C concentration further causes an increase 
in ao, as the measured lattice constant for the TiC0.08 layer nearly matches that for TiC0.5. This 
non-monotonic ao vs x behavior may be attributed to epitaxial constraints that facilitate growth 
of the cubic TiCx phase despite a low carbon content, leading also to a large strain in the TiC0.24 
sample, as presented in Fig. 4. In contrast, the TiC0.08 layer is fully relaxed, which we attribute 
to the dominance of the hexagonal phase in this layer. In fact, assuming a cubic TiC0.5 

composition for this layer suggests that ≥ 84% of the TiC0.08 layer exhibits the hexagonal phase, 
which makes it somewhat surprising that the cubic phase is this layer remains epitaxial as 
shown in Fig. 3. 

Figure 7 summarizes the results from nanoindentation measurements on TiCx layers 
with x = 0.08-1.8. The plot in Fig. 7(a) shows six typical loading and unloading curves from a 
TiC0.5 film with maximum displacements hm = 40, 60, 80, 100, 120, and 140 nm. The inset is 
a 10 × 10 µm2 scanning probe micrograph from the surface area where these six indents were 
performed. It shows a relatively smooth film surface with a root mean square roughness of 7 
nm and large terraces that are 1-5 µm wide and are separated by discrete steps. The indents 
appear as triangular depressions which increase in width with increasing hm, reaching a 
measured triangle side of 1.0 µm for hm = 140 nm, in good agreement with the expected 1.0 
µm width for a Berkovich tip with a 65° half-angle. The loading curves in Fig. 7(a) indicate 
minor pop-in events which occur near 40 nm for all indents except the hm = 40 nm curve. They 
are attributed to the activation of the primary slip system in the titanium carbide crystal [88]. 
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The hardness H is obtained from the measured maximum load and the projected contact area 
which is determined from hm as described in Section II. The plotted six curves yield H = 24.9, 
22.2, 23.7, 20.9, 22.1 and 22.1 GPa for hm = 40-140 nm, suggesting that the hardness is 
independent of indentation depth within experimental uncertainty. This is shown in more detail 
in Fig. 7(b) which is a plot of the measured hardness as a function of contact depth hc for three 
typical samples, namely the TiC0.08, TiC1.0 and TiC1.5 layers. The data for this plot is obtained 
by performing 36 indents for each sample, with the maximum displacement ranging from hm 
=10-120 nm, yielding hc values ranging from 11-93 nm while outlier datapoints with hc < 10 
nm are excluded as described in Section II. The measured H = 8.7 ± 1.1, 31.2 ± 1.5, and 16.7 
± 1.3 GPa for TiC0.08, TiC1.0 and TiC1.5, respectively. These values are independent of hc, 
validating the measured H and E values, as presented in Figs. 7(c, d). 

Figs. 7(c) and 7(d) are plots of the hardness H and elastic modulus E vs the C-to-Ti 
ratio x in TiCx/MgO(001) layers. H increases slightly from 8.7 ± 1.1 GPa to 10.5 ± 2.3 GPa for 
x = 0.08 and 0.24, increases sharply to 23.9 ± 1.4 and 31.2 ± 1.5 GPa for the TiC0.5 and TiC1.0 
layers, and decreases again to 16.7 ± 1.3 and 13.5 ± 1.0 GPa for the TiC1.5 and TiC1.8 layers. 
The elastic modulus exhibits a similar composition dependence, increasing from 143 ± 16 GPa 
to 195 ± 26 GPa for x = 0.08 and 0.24, rising to 304 ± 9 and 462 ± 22 GPa for the phase-pure 
epitaxial carbide layers with x = 0.5 and 1.0, and dropping to 274 ± 11 and 201 ± 8 GPa for 
TiC1.5 and TiC1.8. That is, the layers which are phase pure rocksalt-structure TiCx exhibit the 
highest hardness and modulus, while the smaller values at low and high carbon content are 
attributed to the inclusion of metallic hcp Ti grains for x ≤ 0.24 and amorphous/graphitic C for 
x ≥ 1.5. Both inclusions are expected to facilitate ductile deformation and to reduce the average 
interatomic bond stiffness. More specifically, the TiC0.08 and TiC0.24 layers consist of a mixture 
of cubic rocksalt TiCx and hcp-Ti phases, with an estimated >84% and ~50% volume fraction 
of the hexagonal phase based on the above lattice constant analyses. Extrapolating the 
measured elastic constants from the TiC0.08 and TiC0.24 layers to x = 0 yields E = 117 ± 21 GPa, 
which is close to the reported E = 103 GPa for pure metallic Ti [89]. This suggests that our 
measured elastic modulus is well described by an effective medium average of the two phases. 
In contrast, the hardness of the TiC0.08 layer which consists primarily of the hcp Ti phase is 
three times higher than the reported H = 2.4-3.6 GPa for pure Ti [90], indicating a dramatic 
hardness improvement which is attributed to suppression of dislocation glide by interstitial C 
in the hcp phase and possibly also strain fields associated with coherent inclusions of rocksalt 
TiC grains [91]. Increasing the overall carbon content from x = 0.08 to 0.24 causes only a 
modest increase from H = 8.7 to 10.5 GPa, despite that the volume fraction of the C-containing 
hcp-Ti phase is reduced from > 84% to ~50%. This suggests that the more ductile hcp phase 
dominates the plastic deformation process and that the 50% volume fraction of the hard cubic 
carbide phase only slightly reduces the ductility facilitated by the hcp phase for TiC0.24. We 
note when comparing the x = 0.08 and 0.24 samples that the former is fully relaxed while the 
latter has a strain of ε⊥ = 0.5%, such that the modest hardness increase between x = 0.08 and 
0.24 could also be attributed to compressive stress [92, 93]. However, this hardness increase is 
of similar magnitude as the experimental uncertainty, suggesting that the strain effect is below 
our detection limit and can likely be neglected, especially for layers with x ≥ 0.5 which have a 
considerably smaller strain, as discussed above. 

The TiC0.5 and TiC1.0 layers are phase pure carbides, resulting in much higher 
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hardnesses of 23.9 and 31.2 GPa than for the layers containing the secondary hcp phase. 
Conversely, Fig. 7(d) indicates that the elastic modulus increases (only) approximately linearly 
with x over the entire 0 < x < 1 range, suggesting that a continuous transition from softer 
metallic Ti-Ti to stiffer ceramic (covalent/ionic) Ti-C bonds increases E without being affected 
by the relative phases within the layers. The measured values from the epitaxial TiC0.5(001) 
and TiC1.0(001) layers are in good agreement with previous reports, including H = 30.1 ± 1.6 
GPa and E = 388 ± 16 GPa for epitaxial TiC0.8(001) [94], E = 437 GPa from Ref. [95] and 
references therein, an increasing H = 13, 24, and 35 GPa for nanocrystalline TiC0.26, TiC0.49, 
and TiC0.78 layers [10] which agrees well despite the different microstructure, and results from 
first-principles predictions with H = 24-32.5 GPa and E = 431-455 GPa for stoichiometric 
TiC1.0 [64, 95]. The measured increase in H and E can also be interpreted with the valence 
electron concentration VEC, which is used to describe the composition dependence of 
mechanical properties in rocksalt-structure nitrides [11, 64]. More specifically, TiC1.0 has a 
VEC = 8.0 and therefore nominally depleted d-orbitals that yield an expected high hardness 
and relatively brittle mechanical properties. In contrast, interpreting C vacancies as four-fold 
electron donors suggests that TiC0.5 exhibits a considerable occupation of Ti d-orbitals and a 
VEC = 10.0, resulting in expected ductile properties with an approximately 20% lower E and 
a considerably reduced H in comparison to TiC1.0. Our measured E and H qualitatively match 
these VEC arguments. However, we note that considerable p-d-hybridization in TiC may limit 
the validity of such arguments. 

The decrease in H and E for increasing x > 1 is attributed to amorphous or graphitic C 
inclusions, similar to what has previously been reported for TiC/a-C(:H) [20, 26, 29]. More 
specifically, the TiC1.5 and TiC1.8 layers can be approximated as mixtures of a stoichiometric 
TiC1.0 matrix and a-C inclusions where the volume fraction Va-C = 40 ± 12 and 51 ± 11%, 
respectively, as determined from the XPS analyses. We estimate the elastic modulus of these 
mixtures using a constant stress approximation and E = 462 GPa from the phase-pure TiC1.0 
layer and E = 140 GPa for the a-C phase from Ref. [96]. This yields E = 240 ± 40 and 210 ± 
30 GPa for x = 1.5 and 1.8, respectively, in good agreement with our measured 274 and 201 
GPa for the TiC1.5 and TiC1.8 layers, suggesting that the elastic modulus is well described by a 
weighted average of the two phases. 

Figure 8 is a plot of the resistivity ρ vs carbon content x in TiCx layers measured at room 
temperature (red) and at 77 K (blue). The room temperature resistivity increases nearly linearly 
from 101 to 133 to 168 µΩ⋅cm for TiC0.08, TiC0.24, TiC0.5 respectively, drops to a minimum of 
83 µΩ⋅cm for x = 1.0, and increases steeply to 388 and 598 µΩ⋅cm for TiC1.5 and TiC1.8. The 
relatively low resistivity for x = 0.08 is attributed to this layer primarily consisting of the hcp-
Ti phase. However, its resistivity is more than twice the reported 42 µΩ⋅cm for pure hcp Ti at 
298 K [97], indicating considerable electron scattering at crystalline defects (particularly 
carbon interstitials, consistent with the convex hull discussion presented in Fig. 5) which 
dominate over scattering at phonons. The measured resistivity decreases to ρ77K = 75 µΩ⋅cm 
when reducing the temperature to 77 K, confirming metallic conduction. This decrease is 
comparable in magnitude to the reported Δρ = 36 µΩ⋅cm decrease from 42 to 6.00 µΩ⋅cm of 
pure hcp Ti [97], suggesting that the TiC0.08 sample primarily consists of hcp Ti, in perfect 
agreement with the lattice constant analysis. Increasing the carbon content to x = 0.24 and 0.5 
results in a resistivity increase which is attributed to an increasing volume fraction of a more 
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resistive TiC0.5 phase (~50% and 100%, respectively) in these layers. We note that Δρ decreases 
to 19 and 10 µΩ⋅cm, which may be attributed to weak carrier localization in the rocksalt-phase 
carbide, similar to what has previously been reported for rocksalt-structure transition metal 
nitrides with (1) eight valence electrons per formula unit including ScN [98], Sc1-xAlxN [36], 
and Ti1-xMgxN [99], and (2) weak localization due to random arrangement of nitrogen vacancies 
in TaNx [43, 100], NbNx [34], and HfNx [39]. We note, however, that all our TiCx layers have 
positive temperature coefficients of resistivity and are therefore “more metallic” than the above 
listed nitrides. The stoichiometric phase-pure TiC1.0 layer has a similarly small positive Δρ = 
11 µΩ⋅cm. However, its measured ρ298K = 83 µΩ⋅cm is two times smaller than for the TiC0.5 
layer, suggesting that the latter contains a considerable density of electron scattering centers, 
indicating random anion site occupation. In contrast, randomness is minimized for the TiC1.0 

layer, resulting in a relatively low resistivity that is two-to-four times smaller than previously 
reported room-temperature values of 130 µΩ⋅cm for TiC0.95 [101], 110 µΩ⋅cm [49], 372 µΩ⋅cm 
[57], 260 µΩ⋅cm [15], 200 µΩ⋅cm for TiC0.8 [51], 160 µΩ⋅cm for TiC0.9-1.0 [54], 154-289 
µΩ⋅cm [52] and 130-153 µΩ⋅cm for near-stoichiometric TiC [55]. This suggests that the 
TiC1.0(001) layer in our study has a lower defect concentration than those from previous reports. 
We attribute the low defect concentration to both epitaxial growth which minimizes grain 
boundary scattering and the relatively high growth temperature of 1100 °C which limits point 
defects caused by kinetic barriers for C diffusion. However, we note that ρ77K even for this layer 
is only 13% below that of ρ298K, indicating that the majority of electron scattering is caused by 
residual point defects or, alternatively, random anion vacancies cause weak carrier localization. 
We also note that our measured ρ298K = 83 µΩ⋅cm is larger than an extrapolated prediction of 
56 µΩ⋅cm based on a measured ρ vs x [101]. The measured high resistivity for x = 1.5 and 1.8 
is attributed to an increasing volume fraction of resistive amorphous or graphitic C with 
increasing x. The resistivity difference between 298 and 77 K remains small, with a measured 
Δρ = 22 and -4 µΩ⋅cm, respectively, suggesting metallic conduction with possible weak carrier 
localization for the TiC1.5 and TiC1.8 layers. We note that the large resistance without more 
substantial carrier localization is not easily explained by phase separated metallic TiC plus 
insulating a-C. More specifically, if there is a well-developed current path through the entire 
sample within the TiC phase, the resistance should be clearly metallic and smaller, as 
previously reported for annealed phase-separated Ti0.46Al0.54N [102]. Contrary, if the current 
needs to travel through insulating a-C, then the resistance should exhibit more pronounced 
carrier localization. These arguments suggest that the TiC and a-C phases are intermixed on a 
small length-scale such that the percolation path within the TiC phase is considerably (five-
fold) elongated and/or a-C clusters are such finely dispersed within the TiC matrix that electron 
transport within the TiC exhibits considerable additional electron scattering at carbon-cluster 
defect structures.  
 
IV. Conclusions 

A combination of epitaxial layer growth, microstructural characterization, first-
principles simulations, and mechanical property and transport measurements are used to 
explore the phase formation and intrinsic properties of titanium carbide TiCx as a function of 
the C-to-Ti ratio x. 1 µm-thick TiCx layers with C-to-Ti ratios x = 0.08-1.8 are sputter-deposited 
onto MgO(001) substrates in Ar/CH4 gas mixtures at 1100 °C by varying the methane gas 
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fraction fCH4 from 0.4% to 8%. Rocksalt-structure titanium carbide exhibits a cube-on-cube 
epitaxial relationship (001)TiC || (001)MgO and [100]TiC || [100]MgO for all layers with x = 0.08-
1.5. However, while x = 0.5-1.0 results in phase-pure carbides, layers with x ≤ 0.24 contain 
hexagonal Ti and layers with x ≥ 1.5 incorporate a-C with both sp2 and sp3 hybridized bonding. 
The measured relaxed lattice constant ao increases with x from 0.4304 nm for TiC0.5 to 0.4325 
nm for TiC1.0, and continues to increase for x > 1. However, the latter increase is much smaller 
than predicted for C interstitials in TiC using density functional calculations, indicating that the 
majority of excess C incorporates into segregated a-C which does not affect the lattice constant 
of the carbide phase. This is consistent with large formation energies of C interstitials and C-
clusters, rendering these configurations unlikely in cubic TiC. The calculated zero-temperature 
convex hull suggests phase separation into hcp Ti and ordered cubic Ti2C for 0 < x < 0.5. 
However, the configurational entropy increases the stability of random structures, resulting in 
an estimated x = 0.063 carbon solubility in hexagonal Ti at 1100 °C and possible cubic TiCx 
with x < 0.5. These predictions are confirmed by experiments which indicate phase separation 
into cubic and hexagonal structures for TiC0.08 and TiC0.24, a hexagonal TiCx phase with x = 
0.065 and a cubic phase with x = 0.46. The measured hardness H = 23.9 and 31.2 GPa for 
phase-pure epitaxial TiC0.5(001) and TiC1.0(001) layers, respectively, and drops rapidly with 
the presence of secondary hcp Ti or a-C phases for x < 0.5 and x > 1.0. The elastic modulus is 
highest (462 GPa) for stoichiometric TiC1.0(001). It decreases approximately linearly with 
decreasing x < 1.0, which is attributed to a gradual transition from Ti-C to Ti-Ti bonds. Similarly, 
E also decreases with increasing x > 1, which is well described by a weighted average of the 
moduli of the two constituent phases TiC and a-C. The room-temperature resistivity of TiCx 
films reaches a minimum ρ = 83 µΩ⋅cm at x = 1.0. It decreases by only 6-25% when cooling 
to 77 K for all layers, indicating the dominance of electron defect scattering over the entire 
investigated composition range x = 0.08-1.8.  
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Figures: 

 
Fig. 1. (a) The C-to-Ti ratio x in TiCx layers deposited using an Ar-CH4 mixture with a varying 
methane fraction fCH4 = 0.4 - 8%. Results from XPS and EDS measurements are denoted as 
magenta circles and blue squares, respectively. (b) XPS C 1s peak from a TiC1.8 film. (c) Raman 
spectra from TiC1.0, TiC1.5 and TiC1.8 films. 
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Fig. 2. X-ray diffraction (a) θ-2θ patterns from TiCx/MgO(001) layers with x = 0.08-1.8 and 
(b) φ-scans for TiC 113 and MgO 113 reflections from a TiC1.0 layer. The inset in (a) shows a 
representative ω rocking curve from the TiC 002 reflection of the TiC1.0 layer.   
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Fig. 3. XRD reciprocal space maps showing MgO 113, TiCx 113, and Ti 112�2 reflections from 
two TiCx(001)/MgO(001) layers with x = 0.08 and 1.0. 
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Fig. 4. Out-of-plane and in-plane lattice constants a⊥ and a|| determined from reciprocal space 
maps, out-of-plane lattice constants a⊥*  determined from symmetric θ-2θ scans, and relaxed 
lattice constants ao vs the C-to-Ti ratio x in TiCx layers. 
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Fig. 5. The calculated formation energy per atom Ef for Ti1-yCy in the rocksalt (red) and 
hexagonal close-packed (navy) structures at 0 K and 1100 °C. The reference states are hcp Ti 
and stoichiometric rocksalt-structure TiC. The zero-temperature convex hull is indicated by a 
black dashed line while the orange solid, dashed and dotted lines denote energies for TiC 
containing graphene sheets, C-pairs on cation sites, and interstitial C, respectively. The top x-
axis indicates the alternative compositional parameter x for TiCx as used throughout the paper. 
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Fig. 6. Calculated lattice constants ao vs x for cubic TiCx with random (square cross symbol) 
and ordered (circle cross symbol) occupation on anion sites, predicted ao vs x ≥ 1 (navy lines) 
for over-stoichiometric TiCx containing defect structures with Xc carbon interstitials and VTi Ti 
vacancies labeled Xc/VTi, experimentally measured relaxed ao from this work (red squares), and 
experimental literature values (open black squares) from Refs. [10, 51, 54, 78]. 
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Fig. 7. (a) Nanoindentation load-displacement curves and in situ SPM topography map for 
maximum displacements hm = 40 - 140 nm from an epitaxial TiC0.5(001) film, (b) measured 
hardness H vs contact depth hc for representative TiC0.08 (red), TiC1.0 (green) and TiC1.5 (blue) 
films, (c) hardness H and (d) elastic modulus E as a function of the C-to-Ti ratio x in 
TiCx/MgO(001) films. 
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Fig. 8. Resistivity ρ vs x in TiCx layers measured at 298 (red) and 77 K (blue). 
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