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NbCxN1−x layers were deposited on MgO(001) by reactive magnetron co-sputtering from Nb and graphite
targets in 5 mTorr pure N2 at Ts = 600–1000 °C. The anion-to-Nb ratio of 1.09 ± 0.05 is independent of Ts and
indicates a nearly stoichiometric rock–salt structure Nb(N,C) solid solution. In contrast, the C-to-N ratio increases
from 0.20–0.59 for Ts = 600–1000 °C, which is attributed to a low C sticking probability at high N surface
coverage at low Ts. Layers grown at Ts ≥ 700 °C are epitaxial single-crystals with a cube-on-cube relationship
to the substrate, (001)NbCN||(001)MgO and [100]NbCN||[100]MgO, as determined from X-ray diffraction θ–2θ and
ϕ-scans. Reciprocal space mapping on a NbC0.37N0.63 layer deposited at Ts = 1000 °C indicates an in-plane com-
pressive strain of −0.4% and a relaxed lattice constant of 4.409 ± 0.009 Å. The lattice constant of NbCxN1−x in-
creases with x, consistent with a linear increase predicted by first-principles density functional calculations.
The calculated bulk modulus, 307 GPa for NbN and 300 GPa for NbC, is nearly independent of x. Similarly, c11 in-
creases slightly from 641 to 666 GPa, but c12 decreases considerably from 140 to 117 GPa, and c44more than dou-
bles from78 to 171GPa as x increases from0 to 1, indicating a transition fromductile NbN to brittle NbC. This also
results in an increase in the predicted isotropic elastic modulus from 335 to 504 GPa, which is in good agreement
with the measured 350 ± 12 GPa for NbCxN1−x(001) with x = 0.19–0.31. The hardness H = 22± 2 GPa of ep-
itaxial NbCxN1−x layers is nearly independent of x = 0.19–0.37 and Ts = 700–1000 °C, but is reduced to H =
18.2± 0.8 GPa for the nanocrystalline layer deposited at Ts=600 °C. The electrical resistivity decreases strongly
with increasing Ts b 800 °C, due to increasing crystalline quality, and is 262±21 μΩ-cm at room temperature and
299 ± 22 μΩ-cm at 77 K for Ts ≥ 800 °C, indicating weak carrier localization due to the random distribution of C
atoms on anion sites.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Transition-metal nitrides and carbides are well known for their
remarkable physical properties including high hardness, excellent
thermal stability, chemical inertness, corrosion resistance and electrical
resistivities that vary frommetallic to semiconducting [1–6]. Among the
transitionmetal nitrides and carbides, both NbN andNbC have attracted
considerable attention and are evaluated for potential industrial
applications. They have gained interest due to their relatively high
superconducting transition temperatures of Tc = 17.3 K [7] and 12 K
[8], respectively, with potential applications in superconducting
electronics [9,10]. They are also promising as protective coating
materials due to their high chemical stability [11], high melting points
of 2204 [12] and 3600 °C [13], respectively, and high hardness with
reported values that range from 7–48.5 GPa for NbN [14–19] and from
11.3–36.8 GPa for NbC [20,21]. Both NbN and NbC exhibit metallic
conductivity with reported room temperature resistivities ρNbN =
88–750 μΩ-cm [19,22,23] and ρNbC = 250–1200 μΩ-cm [24].

Ternary transition-metal carbonitride coatings have gained in-
creased interest in recent years, because their mechanical and tribolog-
ical properties can outperform those of the binary nitride and carbide
coatings [25–32]. For example, the solid solution TiCxNy compound
deposited by cathodic arc ion plating exhibits a lower friction and
wear and a higher hardness than TiN, and is therefore promising for
tribological applications [25]. Similarly, CrCxNy coatings produced by
evaporation in a thermionic-arc ion-plating apparatus at 450 °C show
a higher corrosion resistance than CrN coatings [26], and MoCxNy films
deposited by reactive direct-current magnetron sputtering have a
higher hardness than bothMoC andMoNfilms [32].While both binaries
NbN and NbC are well-studied, relatively little is known regarding the
deposition andparticularly themechanical properties of ternaryNbCxNy

coatings. The few reports on niobium carbonitride focus on its super-
conductive properties, with measured transition temperatures ranging
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from 13.2–17.8 K for layers that exhibit primarily a B1 crystal structure
and are deposited by magnetron and ion-beam sputtering [33–36]. In a
first effort to determine mechanical and tribological properties of
NbCxNy, we have recently deposited polycrystalline NbCxNy films by
magnetron sputtering and reported a maximum hardness H =
42.1 GPa for a NbC1.44N0.44 film which contains both solid solution
Nb(C,N) grains and amorphous C(N), and found that inclusion of an
increasing sp2-graphite-like carbon phase reduces friction and wear
but ultimately causes a reduction in the mechanical strength [37]. The
measured mechanical properties are strongly affected by the micro-
structure, including grain size, residual stress, and especially inclusions
of secondary phases like amorphous C and hexagonal NbN [37].
Therefore, in order to determine the intrinsic mechanical properties of
B1-structure solid solution Nb(C, N), which is the primary phase that
constitutes NbCxNy, it is the key to synthesize phase-pure single-
crystal layers. In addition, a stoichiometric anion-to-cation ratio of
unity is required to minimize point defects including vacancies and
interstitials. That is, y = 1−x and the layer can be labeled as NbCxN1−x.
This approach of using stoichiometric epitaxial single-crystal layers to de-
termine themechanical properties has already been applied to a range of
transition metal nitrides including TiN(001) [38], ScN(001) [39],
TaN(001) [40–42], HfN(001) [43,44], NbN(001) [19], CrN(001) [45], and
CeN(001) [46].

In this paper, we present the results of an investigation on the
growth and physical properties of epitaxial NbCxN1−x layers deposited
by reactive magnetron co-sputtering in 5 mTorr pure N2 on MgO(001)
at different substrate temperatures Ts = 600–1000 °C. A combination
of energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD)
show that the NbCxN1−x layers grown at Ts=700–1000 °C are epitaxial
single crystals with a stoichiometric anion-to-cation ratio and x=0.19–
0.37 that increases with Ts and causes an increase in the out-plane lat-
tice constantwith increasing x. The hardness of the epitaxial layersmea-
sured by nanoindentation is nearly unaffected by Ts=700–1000 °C, but
is considerably lower for Ts=600 °C because of the nanocrystallinemi-
crostructure, which also causes a considerably higher electrical resistiv-
ity than for the epitaxial layers. The resistivity at 77 K is higher than at
room temperature for all layers, indicating that carrier localization ef-
fects dominate electron transport. First-principles calculations are
used to predict the lattice constant and elastic constants of NbCxN1−x

as a function of x. There is an overall good agreement between the pre-
dicted and measured values. In addition, the calculations indicate that
the higher elasticmodulus of NbCxN1−x in comparison toNbN is primar-
ily due to an increase in the shear modulus with increasing x, which is
associated with an increasing bond directionality that also causes a
ductile-to-brittle transition.

2. Experimental and computational procedure

The NbCxN1−x films were deposited in a load-locked multichamber
ultrahigh vacuum DC dual magnetron sputter deposition system with
a base pressure of 10−9 Torr (1.3 × 10−7 Pa) [47], onto one-side
polished 10 × 10 × 0.5 mm3 MgO(001) wafers that were ultrasonically
cleaned in subsequent baths of trichloroethylene, acetone and isopropyl
alcohol, rinsed in de-ionized water, blown dry with dry nitrogen,
mounted onto a substrate holder using silver paint, inserted into the de-
position system, and degassed for 1 h at 1000 °C using a radiative pyro-
lytic graphite heater [48]. The heater current was adjusted to reach the
desired substrate temperature Ts = 600, 700, 800, 900 and 1000 °C, as
measured with a pyrometer that was cross-calibrated by a thermo
couple underneath the substrate holder. 99.999% pure N2 was further
purified with a MicroTorr purifier and introduced into the chamber
with a needle valve to reach a constant pressure of 5 mTorr
(=0.67 ± 0.02 Pa), measured with a capacitance manometer. Pure N2

processing gaswas chosen over themore conventional Ar+N2mixture
because (i) the higher nitrogen partial pressure in pure N2 provides a
larger flux of nitrogen onto the growth surface and, (ii) pure N2 is
commonly used for the epitaxial growth of transition metal nitrides
including TiN(001) [49,50], CrN(001) [51–53], ScN(001) [54], and
Sc1−xAlxN(001) [55]. Water-cooled 5-cm-diameter Nb and C targets
with purities of 99.95% and 99.999%, respectively, were positioned
both at 9.3 cm from the substrate at an angle of 45° with respect to
the substrate surface normal. The substrate was continuously rotated
at 60 min−1 to increase thickness uniformity. Sputtering was carried
out at a constant power of 300 and 100 W to the Nb and C targets,
yielding deposition rates of 12 and 5 nm/min for binary nitrides, as
determined using thickness measurements from scanning electron
micrographs of cross-sectional specimens. The power to the C target
was chosen to obtain coatings containing approximately 10–20 at.% C,
as discussed in more detail in the Results section. The deposition time
is adjusted to achieve a thickness for all ternary coatings in this report
of 2.2 ± 0.1 μm.

The film composition was determined by energy dispersive
spectroscopy (EDS) using a FEI Helios Nanolab scanning electronmicro-
scope operatedwith a 0.69–1.4 nA 5.0 keV primary beamand aworking
distance of 5.0 mm. An Oxford Instruments X-MaxN 80 silicon drift
detector which is particularly well suited for light element analysis is
used to acquire EDS spectra. This system has been calibrated using the
single beam current Oxford Instruments QCAL approach which takes
into account width, position, and shape of each peak profile, and has
been tested with BN and CaSiO3 standards (Micro-Analysis Consultants
Ltd.), indicating a quantitative accuracy with b3% error even for light
elements including B, N, and O.

X-ray diffraction (XRD) was done using a Panalytical X'pert PRO
MPD system with a Cu source and a PIXcel line detector. A divergent
beam configuration was used for θ–2θ scans. In-plane layer orientation
was determined from ϕ-scans with ω and 2θ angles set to detect the
113 peaks, using a ω-offset of 25.24°, a parallel-beam configuration
with an X-raymirror, and a detector receiving angle of 0.27°. Reciprocal
space maps around asymmetric 113 reflections were obtained using a
hybrid mirror two-bounce monochromator that provides Cu Kα1 radia-
tion with a 0.0068° divergence, and a small ~10° angle between the
sample surface and the reflected beam to reduce the beam width
which facilitates fast and high-resolution parallel detection over 256
channels in 2θ with the line detector.

Nanoindentation measurements were done using a Hysitron
Triboindenter with a maximum load of 10 mN. The area function of
the triangular Berkovich diamond tip was calibrated using fused silica,
following the procedure described in Ref. [56]. For each sample, nine
indent sequences were applied. Outlier data points which are attributed
to surface contamination effects were excluded from the subsequent
analysis such that the hardness and elastic modulus for each sample
were determined by averaging over 7–9 indent sequences. The indenta-
tion depth ranged for all samples from 90–107 nm, which corresponds
to only 4–5% of the 2.2 ± 0.1 μm film thickness, such that substrate
effects can be neglected during the nanoindentation analyses. The resis-
tivity of the coatings was measured using a spring loaded linear four
point probe with the sample in air at room temperature (295 K) or
immersed in liquid N2 at 77 K, using a Keithley current source operating
at−4.0 to +4.0 mA.

First-principles density functional calculations were performed
using the Vienna ab initio simulation package (VASP), employing peri-
odic boundary conditions, a plane wave basis set, the Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA) exchange correla-
tion functional [57], and the projector-augmented wave method [58].
An energy convergence of b1 meV/atom was achieved with a 500 eV
energy cut-off for the plane wave expansion and a Γ-centered
20 × 20 × 20 k-point grid for 8-atom unit cells. Nb 4s, 4p, and 4d
electrons are explicitly calculated, that is, they are not included in the
core of the Nb pseudo potential. Enthalpies of formation of rock–salt
structure NbN and NbC from bcc Nb, graphite, and molecular N2 were
found to be −2.0 and −1.1 eV per formula unit, respectively, where
the negative sign indicates that the nitride and carbide are more stable
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than the phase-separated elements. Rock–salt structure solid-solution
NbCxN1−x was simulated with a conventional cubic cell where the
four cation sites are filledwith Nb atoms and each anion site is occupied
either by a N or C atom, depending on the composition. The lattice
constant and bulk modulus B for each composition were determined
by fitting the calculated ground state energy vs lattice parameter
using the Murnaghan equation of state. The elastic constants c11
and c44 were determined by applying a ±0–3% normal strain and a
0–7% shear strain, respectively, and fitting the energy vs strain
curves with second order polynomials, while c12 was obtained
using c12 = (3B− c11) / 2 [59]. Curve fitting using higher order poly-
nomials (up to order 6) to account for non-linear effects results in
negligible corrections of b3% in the calculated elastic constants. We
note that no atomic relaxations are required for these calculations since
the periodic boundary conditions and the relatively small 8-atom unit
cell result in all atoms occupying sites of point symmetry with zero
net-force for relaxed and both normal and shear strained cells. How-
ever, for the NbC0.5N0.5 unit cell, the two C atoms can occupy three
different site combinations which, upon strain, lead to different C–C
bond distances and angles and therefore values for the elastic constants
that vary by b1%, b1%, and 7% for c11, c12, and c44. The reported values
for NbC0.5N0.5 in this paper correspond to the average for the three
configurations.

3. Results and discussion

Fig. 1 is a plot of the measured layer composition as a function of
deposition temperature Ts = 600 to 1000 °C. The Nb content is nearly
unaffected by Ts and ranges from 47–49 at.%. That is, the layers exhibit
a nearly stoichiometric anion-to-cation ratio of 1.09 ± 0.05, suggesting
that they consist primarily of solid solution Nb(N,C) without consider-
able amorphous or graphitic C(N) inclusions that have previously
been observed in polycrystalline NbCxNy layers [37]. The slight
overstoichiometry can be attributed to interstitial N or C atoms and/or
Nb vacancies that form due to implantation of energetic backscattered
atoms and limited cation adatom mobility, respectively, similar to
what has been reported for many other transition metal nitrides [44,
60,61], but may also be attributed to possible carbon (or oxygen)
surface contamination prior to EDS analyses. Therefore, we consider
all layers in this study as stoichiometricwithin the experimental uncer-
tainty of compositional analysis, and refer to them as NbCxN1−x,
where x is the ratio of the C concentration over the total anion
(N + C) concentration.

The C and N concentrations are considerably affected by the deposi-
tion temperature. In particular, the C content increases from 9 to 10, 16,
Fig. 1. The composition of NbCxN1−x films as a function of deposition temperature Ts =
600–1000 °C.
18 and 19 at.% for Ts = 600, 700, 800, 900 and 1000 °C, respectively,
while the N content simultaneously decreases from 44 to 42, 36, 33
and 32 at.%, yielding a considerable increase in the C-to-N ratio from
0.20 to 0.59. This compositional change occurs despite that the Nb and
C fluxes, which are determined by the power to the sputtering sources,
are kept constant. These results suggest that only a fraction of C atoms
that impinge on the growth surface at Ts = 600 °C are incorporated in
the deposited NbCxN1−x film, while increasing Ts leads to a larger
incorporation probability. We attribute this effect to a relatively high
surface coverage (at low Ts) of adsorbed N2 molecules and atomic N,
where the latter forms through energetic N2 dissociation or direct N
deposition from the plasma. The high nitrogen surface coverage is
expected to cause a reduced C sticking coefficient (b1), since C does
not readily bond to N2 molecules, and/or desorption of C-containing
molecules including CN-radicals or Cyanogen. Increasing Ts leads to a
reduction in the nitrogen coverage due to a higher rate of N2 recombina-
tion and desorption, as has been reported for the growth of various tran-
sition metal nitrides which form understoichiometric (N-deficient)
layers if Ts ≥ 900 °C for NbN [19], Ts ≥ 730 °C for CrN [45], Ts ≥ 650 °C
for HfN [44], and Ts ≥ 400 °C for TaN [42]. In particular, NbNx(001)
deposited in pure N2 is reported to be stoichiometric with x = 0.95–
0.98 for Ts ≤ 800 °C but nitrogen deficient with x = 0.81–0.91 for
Ts ≥ 900 °C [19]. As theN-coverage decreaseswith increasing Ts, imping-
ing C has a higher probability to physisorb, chemisorb, and ultimately
incorporate in the growing NbCxN1−x film, leading to the increasing C-
concentration as shown in Fig. 1. The simultaneous decrease in N-
concentration is, in turn, attributed to a reduced number of anion sites
that are not already occupied by C atoms. The N2 flux impinging on
the surface is approximately three orders of magnitudes larger than
the Nb and C fluxes, such that there is always sufficient nitrogen to
saturate remaining anion sites with nitrogen, under conditions where
kinetic barriers for N2 dissociation and N-incorporation are easily
overcome.

Fig. 2(a) shows typical θ–2θ XRD scans from NbCxN1−x/MgO(001)
layers deposited at Ts = 600, 700, 800, 900 and 1000 °C. For clarity
purposes, the scans are offset vertically and the intensity for 2θ b 42.2°
multiplied by factors of 2 and 10, as labeled. For Ts=600 °C, the only re-
flection that is detected over the entiremeasured 2θ range from5–90° is
due to the substrate, yielding a double peak feature at 42.95° and 43.06°
fromMgO 002 associated with the Cu Kα1 and Kα2 lines. The small fea-
ture at 41.45°which is present for all samples is an experimental artifact
due to the line detectorwhich causes an increased background intensity
at ±1.5° off the strong substrate peak. The absence of a detectable peak
from the layer indicates insufficient long-range crystalline order for
detection by xrd. More specifically, we estimate that the average grain
size is smaller than 3 nm, since larger grains, even if randomly oriented,
would yield detectable XRD peak(s), based on the peak intensity detec-
tion limit for the given measurement setup of 100 cps. That is, Ts =
600 °C leads to a nanocrystalline microstructure which likely is the
result of a continuous grain renucleation during growth, caused by a
high stacking defect density, similar to what has been reported for
NbN growth at Ts ≤ 700 °C [19]. In contrast, the spectrum from the
NbCxN1−x layer grown at Ts = 700 °C shows a well-developed peak
at 41.21°. This peak is attributed to the 002 reflection of cubic
NbCxN1−x, since it is close to the reported 002 peak position for B1
structure NbN at 2θ = 41.25° (JCPDF 04-004-7058). The measured
peak position yields an out-of-plane lattice constant along the growth
direction of a⊥ = 4.382 Å. This is 0.11% larger than the reported
aNbN=4.377Å,which is attributed to a lattice expansion due to the par-
tial substitution of N by C on the anion sublattice, as discussed in more
detail below. Increasing the growth temperature further to 800, 900,
and 1000 °C results in a continuous shift in the xrd peak to lower 2θ
values of 41.01°, 40.95°, and 40.84°, respectively, as well as an increase
in the peak intensity by approximately an order of magnitude, from
1.4 × 104 to 6.7 × 104 and 1.2 × 105 cps, suggesting an increasing
crystalline quality with increasing Ts. We note here that the peak



Fig. 2. (a) X-ray diffraction θ–2θ scans for Ts = 600–1000 °C and (b) out-of-plane lattice
parameter a⊥ for epitaxial NbCxN1−x layers as a function of x. The plot also includes, as
open symbols, the in-plane a||, out-of-plane a⊥, and relaxed ao lattice parameters obtained
from the reciprocal space map in Fig. 3(b) for Ts = 1000 °C. The dashed lines indicate the
reported lattice constants for NbN (JCPDF 04-004-7058) and NbC (JCPDF 65–8781) and
their linear interpolation aint, while the data points at x= 0.25 and 0.5 are the calculated
values a* listed in Table 1.

Table 1
Results from first-principles calculations on NbCxN1−x with x = 0, 0.25, 0.5, 0.75, 1,
including the as-calculated aGGA and corrected a* = 0.98944 × aGGA lattice constants,
the bulkmodulus B, the elastic constants c11, c12, and c44, and the isotropic elastic modulus
E and isotropic Poisson's ratio ν.

Composition aGGA a* B c11 c12 c44 E ν

(Å) (Å) (GPa) (GPa) (GPa) (GPa) (GPa)

NbN 4.419 4.372 307 641 140 78 335 0.31
NbC0.25N0.75 4.435 4.388 305 654 130 115 410 0.27
NbC0.5N0.5 4.450 4.403 303 660 124 133 442 0.25
NbC0.75N0.25 4.467 4.420 301 664 120 158 484 0.23
NbC 4.482 4.435 300 666 117 171 504 0.22
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width remains, however, relatively broad even for Ts=1000 °C, indicat-
ing a considerable density of defects including threading dislocations
associated with the large layer-substrate misfit as well as strain field
variations. The full-width at half-height of 0.6° for Ts = 1000 °C is at the
high end of the range of peak widths, 0.14–0.7°, reported for ternary
transition metal nitrides including Ti1−xWxN(001) [62], Ti1−xScxN(001)
[3], and Sc1−xAlxN(001) [55]. In addition, the peaks in Fig. 2(a) are
asymmetric, suggesting a possible strain or composition variations
over the thickness (2.2 ± 0.1 μm) of the films. We also note that
the 45° deposition angle which causes some increased shadowing
may have a minor negative effect on the crystalline quality, as has
been reported for the epitaxial growth of, for example, CrN(001)
which forms some misoriented grains within an epitaxial matrix if
grown from a very large deposition angle of 80°, while raising Ts
from 600 to 700 °C or reducing the deposition angle results in com-
plete epitaxial CrN(001) layers [53,63,64].

Fig. 2(b) is a plot of the out-of-plane lattice constants a⊥, as
determined from the peak positions in Fig. 2(a) for NbCxN1−x layers
deposited at 700–1000 °C. The values are plotted against the compo-
sition x, as determined from the EDS analysis presented above. The a⊥
values increase from 4.382 ± 0.004 Å for x = 0.19 to a⊥ = 4.401 ±
0.004, 4.408 ± 0.005, and 4.419 ± 0.005 Å for x = 0.31, 0.35, and
0.37, respectively. We attribute the increase in a⊥ with increasing C
concentration to the larger bond-length of Nb–C vs Nb–N, which is
due to the larger 2p orbitals of C vs N. This is also evident from the
reported NbC lattice constant aNbC = 4.430 Å, which is 1.2% larger
than aNbN = 4.377 Å. The values of these binary lattice constants aNbN
and aNbC are also indicated in Fig. 2(b), as well as a linear interpolation
aint = aNbN + x (aNbC − aNbN) with a predicted slope da/dx = 0.053 Å.
The linear interpolation is justified, based on our first-principles predic-
tions of NbCxN1−x lattice constants aGGA, which indicate a nearly linear
increase with increasing x = 0, 0.25, 0.5, 0.75, and 1, as presented in
Table 1. These values are predicted using the generalized gradient
(GGA) approximation and are 0.96% and 1.17% larger than the experi-
mental lattice constants reported for NbN and NbC, respectively,
which is attributed to the well known overestimation of lattice con-
stants by the GGA [65]. Therefore, for easier direct comparison with ex-
perimental values, we account for the GGA overestimation by reducing
the calculated lattice constants aGGA of NbCxN1−x by a constant 1.07% to
obtain the corrected values a*, which are also presented in Table 1 and
show good agreementwith aint. This is evident from the calculated data
points for x=0.25 and 0.5, which indicate a slope da/dx=0.060 Å and
are in excellent agreement with aint with 0.05% and 0.01% deviation, re-
spectively, as shown in Fig. 2(b). In contrast, the experimentally mea-
sured out-of-plane lattice constant a⊥ increases much steeper with x.
This may be attributed to Ts-dependent residual strain in the deposited
layers, as suggested by the reciprocal latticemapmeasurement present-
ed and discussed below, yielding the a⊥, a||, and ao values for Ts =
1000 °C which are also plotted in Fig. 2(b).

Fig. 3 shows additional XRD results which are used to confirm
epitaxy and determine the strain state of the NbCxN1−x layers. The
plot in Fig. 3(a) is an XRD ϕ-scan from the layer deposited at Ts =
1000 °C and is typical for all NbCxN1−x layers deposited at Ts =
700–1000 °C. It is obtained using a parallel incident beam and setting
ω and 2θ to fixed angles of 70.47° and 60.47°, respectively, in order to
detect the asymmetric 113 reflection from the NbCxN1−x layer which
has its [001] direction aligned perpendicular to the substrate surface,
as determined from the θ–2θ scan presented in Fig. 2(a). Sample
rotation about the surface normal indicates a four-fold in-plane
rotational symmetry with peaks at ϕ = 0°, ±90°, and ±180°. The
peaks occur at the same ϕ-values as for scans (not shown) for which
ω and 2θ values are adjusted to detect the substrate MgO 113
reflections. This indicates that the NbCxN1−x layers are single
crystals with a cube-on-cube epitaxial relationship to the substrate:
(001)NbCN||(001)MgO and [100]NbCN||[100]MgO.

Fig. 3(b) is a reciprocal space map around an asymmetric 113
reflection obtained from the layer deposited at Ts = 1000 °C. Diffracted
intensity distributions are plotted as isointensity contours in reciprocal
space where the reciprocal lattice vectors parallel and perpendicular to
the surface are determined from the experimental ω and 2θ using k|| =
2sinθsin(ω− θ) / λ and k⊥=2sinθcos(ω− θ) / λ [66]. The plot shows a
maximum with 2.9 × 105 counts associated with the MgO 113
reflection, and a much weaker peak with 120 counts due to the
NbCxN1−x 113 reflection. TheMgO 113 peak is elongated along theω di-
rection, indicating some mosaicity with an estimated 0.04° small angle
grain boundary within the nominally single crystal MgO substrate.
However, the substrate mosaicity is negligible in comparison to the



Fig. 3. X-ray diffraction (a) ϕ-scan of 113 reflections and (b) reciprocal spacemap around
the 113 reflections, from a NbC0.37N0.63(001)/MgO(001) layer deposited at Ts = 1000 °C.

Fig. 4. (a) HardnessH and (b) elastic modulus E, of NbCxN1−x/MgO(001) layers deposited
at Ts = 600–1000 °C.
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width of the layer peak, which has a full-width at half-maximum along
ω of 2.5°.

The in-plane a|| and out-of-plane a⊥ lattice parameters of
the NbCxN1−x layer are determined from the 113 reflection using
a|| =

ffiffiffi

2
p

/k|| and a⊥ = 3/k⊥, and setting the MgO 113 peak within
the reciprocal space to a position that corresponds to the relaxed lattice
constant aMgO = 4.212 Å. This yields a|| = 4.389 ± 0.005 Å and a⊥ =
4.417 ± 0.006 Å for this NbC0.37N0.63 layer deposited at Ts = 1000 °C.
The latter value is in good agreement with a⊥ = 4.419 ± 0.005 Å from
the θ–2θ scan presented above. We determine the relaxed lattice con-
stant ao = 4.409 ± 0.009 Å using ao = (a⊥ − νa⊥ + 2νa||) / (1 + ν),
where ν= ν100 = c12 / (c11 + c12) = 0.17 is the single-crystal Poisson
ratio along [001] predicted for NbC0.25N0.75. This value is relatively low
in comparison to reported values of related transition metal nitrides
νScN = 0.20 [67], νTiN = 0.21 [68], νHf3N4 = 0.26 [69] and νCrN = 0.29
[70]. However, even a large uncertainty in ν of, for example, 50% has
a negligible (0.07%) impact on the measured ao. The layer is in
a state of compressive stress, with an in-plane biaxial strain ε|| =
(a|| − ao) / ao = −0.4%. We attribute the residual compressive strain
primarily to differential thermal contraction during cooling after
deposition at Ts = 1000 °C, while the relatively large layer-substrate
lattice mismatch of 4.4% is expected to be nearly completely relaxed
through misfit dislocations at the MgO-NbCxN1−x interface. The
reported thermal expansion coefficients for MgO, NbN, and NbC are
1.3 × 10−5 K−1, 10.1 × 10−6 K−1 and 6.6 × 10−6 K−1, respectively
[71,72]. This results in an in-plane compressive strain of up to −0.6%
during cooling to room temperature, which is sufficient to completely
account for the measured -0.4%. The layers deposited at Ts b 1000 °C
are exposed to a smaller thermal contraction and are therefore expected
to exhibit a smaller compressive strain, such that the measured a⊥
values are closer to the relaxed lattice constant. Therefore, the steep
slope of a⊥ vs Ts plotted in Fig. 2(b) may be due to the compounding
effects of an increasing ao associatedwith an increasing C concentration
and an increasing compressive strain due to increasing thermal contrac-
tion during cooling after deposition. However, reciprocal latticemaps of
these samples with Ts b 1000 °C did not yield sufficient intensity of
the 113 NbCxN1−x peak to accurately determine a|| to confirm this
interpretation.

Fig. 4 is a plot of the measured hardness H and elastic modulus E of
NbCxN1−x layers grown onMgO(001) as a function of Ts, as determined
from nanoindentation measurements. The hardness increases from
18.2±0.8 for Ts=600 °C to 23.4±0.6 GPa for Ts=700 °C, and remains
approximately constant with H = 21.8 ± 2.2, 21.0 ± 1.3 and 22.9 ±
1.1 GPa for Ts = 800, 900 and 1000 °C. That is, the nanocrystalline mi-
crostructure of the layer grown at Ts = 600 °C results in a considerably
lower hardness than that for the epitaxial single-crystals grown at
Ts ≥ 700 °C. In contrast, the increasing C concentration in the epitaxial
NbCxN1−x layers from x = 0.19–0.37 has negligible effect on H. The
H = 22.9 ± 1.1 GPa of the best quality epitaxial NbC0.37N0.63 layer
deposited at Ts = 1000 °C is higher than 17.8 ± 0.7 GPa reported for
nearly stoichiometric epitaxial NbN0.98(001) [19], and is also larger
than H = 20.0 ± 0.8 GPa for epitaxial TiN(001) [73] and 21.1 ±
1.1 GPa for ScN(001) [39], but smaller than 25.2 ± 0.7 GPa for epitaxial
HfN(001) [43], 28.5 ± 1.0 GPa for CrN(001) [45], 30.8 ± 0.9 GPa for
TaN(001) [74], and 27 GPa for bulk single crystal NbC [75]. We note
that the measured reduced hardness at small grain sizes is opposite to
the expected trend from the well-established Hall–Petch relationship
[76,77], which predicts an increase in hardness with decreasing grain
size. Leading to, for example, a higher hardness measured by nanoin-
dentation for aluminum and aluminum–zirconium alloys [78], or an
increasing hardness with increasing substrate temperature for PLD-
grown NbNx [79]. We attribute the opposite trend in our samples to
(i) a possible porosity associated with a low adatom mobility for Ts =
600 °C or (ii) the inverse Hall–Petch relationship [80–82], which causes
a decrease of the hardness for nanocrystalline microstructures with
grain sizes typically below 10 nm, consistent with the XRD results
suggesting an average grain size b 3 nm for Ts = 600 °C.



Fig. 5. Resistivity ρ measured at room temperature (295 K) and 77 K, of NbCxN1−x/
MgO(001) layers deposited at Ts = 600–1000 °C.
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Fig. 4(b) shows themeasured elasticmoduli obtained from the same
set of indentations used to determine H. It remains approximately
constant for 600 °C ≤ Ts ≤ 800 °C with E = 339 ± 11, 351 ± 8 and
349 ± 24 GPa for Ts = 600, 700 and 800 °C, respectively, but decreases
slightly to E = 324 ± 15 GPa for Ts = 900 °C and then steeply to E =
284 ± 7 GPa for Ts = 1000 °C. The reduction in E at Ts ≥ 900 °C is not
well understood, andmay be related to anion vacancies near the surface
that are not detected by the compositional analysis but are formed due
to N2 recombination and desorption at high Ts, as discussed above.
Based on this argument, we expect the average elastic modulus E =
350 ± 12 GPa from the epitaxial NbCxN1−x(001) layers with Ts =
700–800 °C to most correctly reflect the intrinsic value. This value is
larger than the reported E = 315 ± 13 GPa for epitaxial NbN0.98(001)
[19] and E = 162–295 GPa for nc-NbC/a-C films [24], but matches
E = 346 ± 6 GPa for polycrystalline NbC1.99N0.69 [37]. It is at the low
end of the range reported for other epitaxial transition metal nitrides
with E = 356 ± 18 GPa for ScN(001) [39], E = 405 ± 15 GPa for
CrN(001) [45], E = 445 ± 38 for TiN(001) [73], E = 450 ± 9 GPa [43]
for HfN(001) and 457 ± 16 GPa for TaN(001) [74].

The calculated elastic constants of NbCxN1−x are listed in Table 1. The
bulk modulus is nearly independent of composition, decreasing slightly
(by 2%) from 307 GPa for NbN to 300 GPa for NbC, suggesting a negligi-
ble change in “bond strength” as a function of x. Similarly, c11 is nearly
independent of x, increasing by just 4% from NbN to NbC. In contrast,
c12 decreases by 16% and, most dramatically, c44 increases by 119%.
This latter increase by more than a factor of two indicates a
considerable increase in the resistance against shear deformation,
suggesting an increase in the bond directionality with increasing x.
This is also evident from the isotropic Poisson's ratio ν, which is deter-
mined using ν = 0.5 − E/6B [83], where E is the isotropic modulus
discussed below. The Poisson's ratio decreases from 0.31 for NbN to
0.22 for NbC. These changes suggest that the bonds in NbCxN1−x

become more covalent and the compound becomes more brittle with
increasing x, as also evident from Pugh's ratio k = G/B, where G is the
isotropic shear modulus. Pugh's ratio increases from k = 0.41 for NbN
to k = 0.69 for NbC. Ductile materials typically exhibit k b 0.6 and
ν N 0.25 [84]. Both conditions for ductility are satisfied for NbN but not
for NbC, confirming the trend towards a brittle material with increasing
x.

The calculated isotropic elastic modulus E is obtained using Hill's
method [85] and is listed in Table 1. It increases by 50% from 335 GPa
for NbN to 504 GPa for NbC. The predicted modulus for NbC0.25N0.75 of
410 GPa is 17% above themeasured 350± 12 GPa for x=0.19–0.31, in-
dicating reasonable agreement between experiment and calculations.
Also, the calculations predict a 22% higher E for NbC0.25N0.75 than for
NbN, which is consistent, within experimental uncertainty, with the
11% increase obtained when comparing E = 351 ± 8 GPa measured
for NbC0.19N0.81(001) with E = 315 ± 13 GPa reported for
NbN0.98(001) [19]. Here we note that the experimentally measured
modulus does not exactly correspond to the isotropic modulus, since
indentation is done along the [001] direction of an epitaxial layer,
leading to a correction that depends on the anisotropy of the elastic
constants, the indenter tip shape as well as its orientation relative to
the in-plane crystalline orientation, as discussed in detail by Vlassak
and Nix [86]. We estimate this effect to cause a 4–6% correction in the
measured values.

Fig. 5 shows the resistivity ρ of NbCxN1−x layers as a function of
their growth temperature, measured both at room temperature
(295 K) and 77 K. The room temperature resistivity decreases
from ρ295K = 892 μΩ-cm for Ts = 600 °C to a minimum ρ295K =
241 μΩ-cm for Ts = 800 °C, and then remains relatively constant with
ρ295K = 283 and 272 μΩ-cm for Ts = 900 to 1000 °C, respectively. The
data for 77 K shows a similar trend, decreasing from ρ77K = 1185 to
277 μΩ-cm for Ts = 600–800 °C, with ρ77K = 320 and 312 μΩ-cm for
Ts = 900 and 1000 °C. We attribute the high resistivity at Ts = 600 °C
to the nanocrystalline microstructure, while the further decrease in ρ
from Ts=700–800 °C is either due to (i) an improvement in the crystal-
line quality of these epitaxial layers or (ii) the increase in the C-
concentration from x=0.19–0.31. In contrast, ρ remains approximately
constant for Ts = 800–1000 °C. This latter temperature range
corresponds to a relatively small change in composition from x =
0.31–0.37, such that composition effects on the electron transport
may be negligible. The resistivity at low temperature is higher
for all layers, indicating that carrier localization effects dominate
electron transport. A similar negative temperature coefficient of
resistivity (TCR) has been reported for other epitaxial transition metal
nitrides including TaNx(001) [40], Sc1−xTixN(001) [3], Ti1−xWxN(001)
[62], Sc1−xAlxN(001) [55], CrN(001) [51,87], HfNx(001) [44], and NbNx

[19], and is attributed to aweakAnderson localization of the conduction
electrons associated with N-vacancies, anti-site substitutions, and
random cation solid solutions. Consistent with this observation, we
attribute the higher ρ at 77 K for NbCxN1−x/MgO(001) layers to a
weak localization due to the randomN and C distribution on anion sites.

4. Conclusions

A combination of experimental layer growth and first-principles
density functional calculations are employed to study the rock-salt
structure solid solution NbCxN1−x. Co-sputtering from Nb and graphite
targets in a N2 atmosphere leads to layers with a nearly stoichiometric
anion-to-Nb ratio of 1.09 ± 0.05, suggesting a single phase NbCxN1−x

compound. Increasing the deposition temperature Ts from 600 to
1000 °C causes an increase in x from 0.17 to 0.37. This increase in the
C concentration occurs without a change in the C deposition flux, indi-
cating that the C sticking probability increases with increasing Ts,
which is attributed to a decreasing N surface coverage on the growing
layer surface. X-ray diffraction θ–2θ and ϕ scans show that layers
grown on MgO(001) at Ts ≥ 700 °C are epitaxial single-crystals with a
cube-on-cube relationship to the substrate, (001)NbCN||(001)MgO and
[100]NbCN||[100]MgO. Their out-of-plane lattice constant a⊥ increases
from 4.382 Å for x=0.19 to 4.419 Å for x=0.37. This increase is attrib-
uted to the larger bond-length of Nb–C vs Nb–N, consistent with first-
principles calculations that predict an approximately linear increase in
the lattice constant with increasing x. However, the measured increase
in a⊥ is larger than the prediction, indicating an increasing compressive
stress with increasing Ts. The residual strain is quantified using an XRD
reciprocal space map for the NbC0.37N0.63 layer deposited at Ts =
1000 °C, yielding an in-plane compressive strain of -0.4% and a relaxed
lattice constant of 4.409 ± 0.009 Å. The measured hardness of epitaxial
NbCxN1−x(001) layers is 22 ± 2 GPa, independent of Ts =700–1000 °C
and x = 0.19–0.37. However, the NbC0.17N0.83 layer deposited at Ts =
600 °C exhibits a nanocrystalline microstructure and a considerably
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lower hardness of 18.2 ± 0.8 GPa. The elastic modulus is 350 ± 12 GPa
for epitaxial layers with Ts = 700–800 °C but decreases to 284 ± 7 GPa
as Ts increases to 1000 °C. The elasticmodulus for NbCxN1−x(001) layers
with x=0.19–0.31 is higher than for previously reported NbN0.98, con-
sistent with the first-principles calculations that predict an increase in
the isotropic elastic modulus from 335 GPa for NbN to 504 GPa for
NbC. The increase in E is primarily due to an increase in c44, which is
due to an increase in the bond directionality with increasing x and is ex-
pected to cause a transition from ductile NbN to brittle NbC. The electri-
cal resistivity of NbCxN1−x decreases with increasing Ts b 800 °C, which
is attributed to an increasing crystalline quality. It is higher at 77 K than
at room temperature, indicating weak carrier localization due to the
random distribution of C atoms on anion sites.
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