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Molybdenum carbide thin films, 63-97 nm thick, are deposited by reactive DC magnetron
sputtering onto Al,03(0001) substrates at 1200 °C in 5 mTorr Ar - CH4 gas mixtures with a varying
CHy4 fraction fcua = 0-10%. X-ray diffraction 6-2@scans, o-rocking curves, ¢-scans, and reciprocal
space maps in combination with electron backscatter diffraction phase maps reveal that fchs = 7-
8% leads to epitaxial &MoC,(111) grains with [112]smoc || [1120]ai203 and biaxial textured /-
Mo,C(0001) with a preferential [1010]gmozc || [1010]ai203 in-plane orientation. The two phases
nucleate epitaxially on the substrate and/or on top of each other, followed by a competitive growth
mode which results in a dominant cubic -MoC,(111) or hexagonal f~-M02C(0001) phase at fcus =
7 or 8%, respectively, and a reduction in the layer density measured by x-ray reflectivity which
suggests the formation of amorphous C clusters above the layer nucleation stage. Deposition at
lower fcua < 6% leads to polycrystalline f-Mo>C and/or bec Mo phases, while higher fcusa > 10%
yields nanocrystalline &-MoC, embedded in an amorphous C matrix. The increase in fcus also
causes a 3-fold decrease in the Mo deposition rate measured by Rutherford backscattering
spectrometry and an 18% increase in the discharge voltage which is attributed to adsorbed CH4
and carbide formation on the target surface.
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L INTRODUCTION

Transition metal carbides exhibit a high hardness and electrical conductivity and are
therefore promising for a wide range of technological applications including wear-resistant and
decorative coatings [1-6], components for cutting and drilling tools [7, 8], electrical contacts [9,
10] and diffusion barriers [11] in microelectronics, and electrodes and catalysts for electrochemical
storage and conversion systems [12-14]. Most of the early transition metals (groups 4-6) form
interstitial carbides with cubic rocksalt, simple hexagonal or hexagonal close-packed structures,
among which titanium and tungsten carbides are most extensively studied [15]. In contrast,
molybdenum carbide is much less explored but has recently gained interest because M0>C exhibits
metallic conductivity and catalytic activity for the hydrogen evolution reaction and is therefore a
promising material for noble-metal-free electrochemical energy conversion devices [16-18]. The
hydrogen binding energy and the catalytic activity have been reported to be a strong function of
the relative position of the d-band center and the Fermi level [19, 20] which, in turn, is controlled
by the carbon-to-molybdenum ratio y and the exposed crystal surfaces [14]. The MoC activity is
also enhanced by nanostructuring [21-25], conductive supports [26, 27], doping [28, 29] and
surface/interface engineering [30-32]. Despite these reported efforts, relatively little is known
about the fundamental intrinsic properties of MoC, as a function of y, the phase, and the exposed
surface. We envision that reactive sputter deposition and particularly the epitaxial growth of
molybdenum carbide layers will facilitate studying its intrinsic properties by providing phase pure
samples with a single surface orientation and without the confounding effects from grain
boundaries. In addition, the epitaxial growth of molybdenum carbide is a model system to study
the microstructural development of refractory transition metal carbide phases during thin film
deposition. This approach of using epitaxy to both study the processes during thin film growth and
provide samples for reliable physical property measurements has already been successfully
employed for most of the early transition metal nitrides [33-46]. In contrast, only a few studies
report on the epitaxial growth of transition metal carbides [47-53].

The four most common carbide phases in the Mo-C system are hexagonal /Mo,C
(ABAB), NaCl-structure &~MoC, (ABCABC), hexagonal 7-MoC, (ABCACB) and WC-structure
7-MoC (AAAA) [54-56]. Here we use y to represent the C-to-Mo ratio in the carbide phase but
note that some previous studies use “1-x” instead of y to indicate that molybdenum carbide is
under-stoichiometric. These four phases all exhibit close-packed Mo planes which are stacked in
different sequences as indicated by the letters A, B, and C. The carbon atoms occupy octahedral
or trigonal-prismatic sites and form intercalated planes between the close-packed Mo planes and
contain carbon vacancies except for the stoichiometric -MoC phase. The homogeneity range for
the -MoC, and 7-MoC, phases are y = 0.66-0.75 and 0.57-0.68, respectively [2]. Note that y <1,
indicating that C-vacancies are required to stabilize these phases [56]. In addition, stoichiometric
o-MoC is not even metastable as it exhibits phonon instabilities [57]. The f#Mo2C contains 43-65%
carbon vacancies corresponding to y = 0.35-0.57, and can be further subdivided into £"-Mo>C, S~
Mo>C and S-Mo2C depending on the ordering of carbon vacancies [56]. Reports on the thin film
growth of molybdenum carbide on stainless steel, Si(001) and MgO(001) substrates indicate the
formation of polycrystalline or nanocrystalline microstructures containing &MoC,, f-MoC, a-C
or other ternary carbides deposited by atom beam sputtering [58], magnetron sputtering [51, 59-
63], atomic layer deposition [64], or pulsed-laser deposition [65]. In addition, a few studies report
the epitaxial growth of cubic &MoC, on MgO(001) and sapphire(0001) [51, 52, 65], and



molybdenum oxycarbide on MgO(110) [59], using evaporated Ceo [52] or CH4 gas [51, 59, 65] as
carbon source.

In this paper, we report on the growth competition between epitaxial cubic &MoC, and
hexagonal -Mo>C during reactive DC magnetron sputter deposition on single crystal A1O3(0001)
substrates from a Mo target in 5 mTorr Ar/CHs gas mixtures at 1200 °C. The deposited
microstructure is a strong function of the methane fraction fcus = 0-10% in the gas mixture,
transitioning with increasing fcus4 from metallic Mo to mixed phases containing bcc Mo, f-MooC,
and &-MoC,, and to nanocrystalline &-MoC, embedded in an amorphous carbon matrix. Structural
analyses by x-ray diffraction and electron backscatter diffraction indicate a growth competition
between epitaxial -MoC,(111) which exhibits two 60°-rotated in-plane orientations, and bi-axial
textured hexagonal Mo,C(0001).

II. EXPERIMENTAL PROCEDURE

Molybdenum carbide layers were deposited in a three-chamber ultra-high vacuum DC
magnetron sputtering system with a base pressure of 10 Torr [40, 66]. Single-side polished 10 x
10 x 0.5 mm? single-crystal A,O3(0001) substrates were successively cleaned in ultrasonic baths
of trichloroethylene, acetone, isopropyl alcohol, and deionized water for 20 min each. They were
mounted onto a Mo holder using silver paint and inserted into the deposition system through a
load-lock chamber. The substrates were degassed in vacuum for 1h at 1200 °C and kept at the
same temperature for thin film deposition. 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, while varying the CHy fraction fcha
from 0% to 10% to obtain a sample set with varying C content. We note that the high processing
gas purity as well as the base pressure of the deposition system results in an expected negligible
oxygen impurity concentration in the deposited layers. The target was a 5-cm-diameter 0.6-cm-
thick 99.95% Mo disk positioned 9 cm from the substrate at a 45° tilt. It was sputter etched for 10
min prior to each deposition with a shutter shielding the substrate. The sample stage was rotated
at 60 rpm to ensure uniform deposition. A constant DC power of 50 W was applied to the
molybdenum target, yielding a Mo deposition rate that decreases with increasing fcus from 62x10'
to 23x10'> Mo atoms-cm™-min”!, resulting in a film thickness range of 63-97 nm for a constant
deposition time of 10 min.

X-ray diffraction measurements were performed with a Panalytical X’pert PRO MPD
system with a Cu source using a 45 kV accelerating volage and a 40 mA current. Sample and beam
alignment included direct beam alignment, sample height adjustment, as well as correction of the
substrate w and y tilt angles. Symmetric £-28scans were obtained using a parallel beam geometry
with an X-ray mirror (divergence < 0.055°) in combination with a PIXcel solid-state line detector
operated in receiving mode with a 0.165 mm active length, which effectively acts as a point
detector. Both CuK a1 and CuK o radiation with wavelengths 4= 1.5406 and 1.5444 A pass through
the X-ray mirror, yielding an average weighted 1= 1.5419 A. wrocking curves were obtained with
the same parallel beam geometry at a constant 26 angle corresponding to the &MoC, 111 or £
Mo>C 0002 reflections. ¢-scans were acquired with constant y tilts and 2 @angles to detect -MoC,
113, fMo>C 1013 and Al,O3 1104 reflections, using a point source in combination with an x-ray
lens yielding a quasi-parallel beam with an equatorial and axial divergence of 0.3°. Asymmetric



reciprocal space maps were acquired around &MoC, 113, S-Mo,C 1013 and ALOs 1129
reflections using the X-ray mirror and taking advantage of all 256 channels of the solid state line
detector. This was done with a small diffracted beam exit angle ~10° with respect to the sample
surface to cause beam narrowing which increases the 28 resolution. In addition, symmetric 6-26
scans with a Bragg-Brentano divergent beam geometry were collected over a large 26 = 5-85°
range in order to detect small inclusions of possible secondary phases or misoriented grains. X-ray
reflectivity (XRR) scans were obtained with the same diffractometer and data fitting was
accomplished using the X’pert Reflectivity simulation program based on the Parratt formalism for
reflectivity [67].

Rutherford Backscattering Spectrometry (RBS) was conducted using a 2.00 MeV “He" ion
beam incident at an angle of 6° relative to the sample surface normal, and a total scattering angle
of 166° between the incident beam and the detector. The Mo atomic areal densities were
determined from RBS spectra using the SIMNRA simulation software [68]. Electron backscatter
diffraction (EBSD) micrographs were acquired in a Carl Zeiss 1540EsB Crossbeam scanning
electron microscope with a 15 kV accelerating voltage, a 60 um aperture for high current mode,
an 18 mm working distance and an OXFORD INSTRUMENTS NordlysNano EBSD detector.

II.  RESULTS AND DISCUSSION

Figure 1(a) shows typical x-ray reflectivity plots from MoC; layers deposited with fcus =
6, 7 and 8%. The measured intensity (solid lines) is plotted in a logarithmic scale over 28 = 0.5-
2.5° and the results from data fitting are shown as dotted lines which are shifted for clarity purposes
by a factor of 3. The pattern from the MoC; film with fchs = 6% shows a critical angle of 0.76°, an
overall decrease in the measured intensity with increasing 26, and interference fringes associated
with reflections from the MoC; surface and the MoC.-Al,03(0001) interface. The dotted line from
data fitting describes the measured intensity well and yields a layer density of 9.2 + 0.1 g/cm’, a
thickness of 70.3 £ 0.3 nm and a surface roughness of 1.3 + 0.3 nm. The measured density is in
excellent agreement with the reported 9.18 g/cm?® for Mo,C [69, 70], which is the primary phase
for this layer as discussed below. The plotted curve for fcus = 7% decreases above a critical angle
of 0.70°, which is 8% smaller than for fcus = 6% and suggests a reduced density. The measured
intensity shows no net decrease between 26= 0.8 and 1.1° and only a few interference fringes can
be detected, indicating a non-uniform density and considerable surface or interface roughness.
Consequently, the pattern cannot be explained by a single homogeneous film and data fitting is
done using a two-layer model where the film is composed of a thin and dense interface layer near
the substrate and a lower-density top layer. Data fitting yields a 7-nm-thick interface layer and a
73-nm-thick bulk layer, with densities of 8.4 and 7.3 g/cm?, and a roughness of 2.0 nm between
the two layers and a 4.8 nm roughness of the top surface. The density of the interface layer is close
to reported values for cubic &MoC, of 8.81, 8.13 and 8.56 g/cm® from both experimental and
computational studies [71-73]. The density in the bulk of the layer is 13% below that of the
interface-layer and suggests the presence of segregated clusters of low-density graphitic or
amorphous carbon, as discussed below. The pattern for fcus = 8% exhibits only two detectable
fringe minima and a critical angle of 0.65° which is even lower than for fchs = 7%. Data fitting
using a two-layer structure yields an 18-nm interface layer with a density of 8.5 g/cm® and a
roughness of 4.5 nm, and a 45-nm bulk layer with a density of 6.8 g/cm? and a roughness of 8 nm.

Figure 1(b) is a plot of the Mo target (cathode) voltage V; and of the Mo deposition rate R
vs the methane fraction during carbide layer deposition. V; increases nearly linearly from 327 V
for deposition of pure bcc Mo (fcus = 0%) to 386 V for Mo carbide deposition with fcas = 10%.
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The corresponding cathode current decreases from 0.12 to 0.10 A, because the power supply is
operated in a constant power mode. The increasing voltage with increasing fcus is attributed to a
decrease in the secondary electron yield as the target surface becomes increasingly covered with
CH, fragments, MoCy, and/or graphitic C. This effect is typically referred to as target poisoning
and i1s common for reactive sputter deposition of nitrides and carbides from metal targets [74, 75].
The Mo deposition rate is plotted in Fig. 1(b) in units of Mo atoms per area and time. The square
symbols are the results from XRR analyses, while the diamonds indicate the corresponding values
determined by RBS measurements for the layers with fchs = 6%, 7%, and 8%. R decreases from
(62.0 £ 0.5) x 10" atoms-cm™?-min™! for fcns = 0% to (45 + 4), (38.0 £0.2), (31 £ 3) and (23 £2)
x 10" atoms-cm?-min! for fcua = 4%, 6%, 7%, and 8%, respectively, as determined from the
thickness and density measured by XRR and assuming dense microstructures and Mo, f-Mo>C, &
MoC,, and a-C phases with their corresponding atomic densities. Independent determination of the
Mo areal density from RBS spectra for fcus = 6%, 7%, and 8% yields R = (37 + 0.5), (32.5 £ 0.5),
and (25.5+0.5) x 10" atoms-cm™-min’!, respectively, in excellent agreement with the XRR results.
The decrease in the Mo deposition rate is attributed to an increase in the cohesive energy per Mo
atom of the compound layer that forms on the target surface with increasing fcus [76]. That is,
target poisoning causes not only an increase in ¥; but also an even more pronounced reduction in
the Mo sputtering rate.

Figure 2 is a plot of the carbon-to-molybdenum ratio x in the MoC, layers vs the methane
fraction fcus = 0 to 8% during deposition. We note that the plotted x refers to the total C-to-Mo
ratio within the layers which includes a possible segregated carbon phase, while we use the
subscript y to denote the C-to-Mo ratio in specific MoC, phases. The measured composition is
determined by XRR and RBS using two methods for carbon poor and carbon rich samples as
indicated by purple squares and green triangles, respectively. Each data point is labeled with the
relevant phases determined from the XRD analyses presented below. The layers deposited with
fcua =0, 4 and 6% are “carbon poor”, with x =0, 0.38 £ 0.13, and 0.56 + 0.09, respectively. These
x values are determined from the layer thickness and mass density p (in g/cm®) measured by XRR
and the lattice constants from the XRD analyses discussed below, assuming no Mo vacancies in
FMo2C and &MoC,. The latter assumption is based on the reported instability of cation vacancies
in cubic molybdenum carbide [77] and the related TiC [78]. For example, the fcus = 6% layer has
a measured p=9.2 g/cm® and consists of phase-pure f#Mo,C with an atomic density of 5.4 x 10*
Mo atoms/cm® which corresponds to 8.6 g/cm’. The density difference of 0.6 g/cm® is from
interstitial carbon and corresponds to 3.0 x 10?> C atoms/cm?, yielding the plotted x = 0.56. The
layer with fcus = 4% has a measured p= 9.3 g/cm?® and consists of both becc Mo and #Mo,C phases.
The density of bec Mo is 10.2 g/cm?® and the density of stoichiometric S-MoxC is 9.1 g/cm?. Thus,
the measured average p = 9.3 g/cm’ suggests an 82:18 mixture of bcc Mo and #Mo2C, yielding
2.1 x 10%2 C atoms/cm® and x = 0.38. However, considering the possible C-to-Mo range of 0.35-
0.57 in -Mo2C [56] results in a corresponding p = 8.97-9.21 g/cm? of the carbide and x = 0.25-
0.51 of the two phase mixture. Thus, we conclude x = 0.38 + 0.13 for fchs = 4%.

The green triangle data points in Fig. 2 for the C-rich samples are obtained using data from
both RBS and XRR measurements. More specifically, the molybdenum areal density G, (in
atoms/cm?) is directly measured by RBS. In contrast, RBS is not well suited to directly measure
the carbon areal density & due to the small back-scattering cross-section for carbon atoms which
would yield a large experimental uncertainty in @c. Instead, we deduce G using G, and the total
density and layer thickness from XRR. For example, the fchs = 6% film has a measured Gvio = 3.7



x 10" cm™ which corresponds to a Mo density for this 70.3-nm-thick layer of 8.4 g/cm?.
Comparing this density to p = 9.2 g/cm® measured by XRR suggests that 0.8 g/cm® should be
attributed to C, yielding x = 0.76 £ 0.08, in reasonable agreement with 0.56 + 0.09 determined with
XRR alone. The same analyses for the fcus = 7 and 8% layers yields x = 1.1 + 0.4 and 1.0 £ 0.4,
respectively. We note that this analysis excludes the contribution from possible hydrogen, which
could incorporate from the CH4 gas into the amorphous carbon phase for layers with large x, but
has a negligible impact (< 1%) on the total mass and is therefore neglected.

Figure 3 shows sections of typical X-ray diffraction 8-28 and @ rocking curve scans from
MoC, layers deposited with fcus = 4-10%. The 6-26 pattern in Fig. 3(a) from a fcus = 10% layer
was obtained using a powder scan with a divergent beam to maximize intensities from randomly
oriented polycrystalline or nanocrystalline grains and is plotted in a linear scale over 26= 36 - 43°.
In contrast, the patterns in Fig. 3(b) for fcns = 4 - 8% were acquired with a parallel beam geometry
to enhance the diffracted intensities from highly oriented films and are plotted in a logarithmic
scale with patterns offset by 0, 3, 6 and 9 orders of magnitude for clarity purposes. The pattern
from the layer grown with fcus = 4% exhibits a double peak feature at 26 = 41.685° and 41.793°
from the substrate Al>O3 0006 diffraction of the CuK a1 and CuK e radiation. It also shows peaks
at 26=40.53, 37.93, and 39.40° attributed to the 110 reflection of bcc Mo and the 0002 and 1011
reflections of the hexagonal /Mo>C phase, respectively, as labeled with diamond and triangle
symbols in Fig. 3(b). These three peaks have ® rocking curve (not shown) full-widths at half-
maximum ['» = 0.26, 0.26 and 0.24°, respectively, indicating very strong out-of-plane alignment
which suggests local epitaxial growth of bcc Mo as well as AMo,C with both 0002 and 1011
orientation. The pattern from the fchs = 6% layer shows the same substrate double-peak as well as
0002 and 1011 peaks from AMo2C at 26=37.93 and 39.44°, but no detectable peak from bce Mo.
This indicates that fchs = 6% is sufficient for complete carburization. The rocking curve widths of
the f-Mo.C 0002 and 1011 peaks are 0.29° and 0.35°, respectively, indicating comparable
excellent crystalline alignment as for the fcus = 4% layer. The XRD peak positions for both 4%
and 6% layers are in good agreement with the reported Mo 110 reflection at 40.416° (JCPDS 001-
1205) and the S-Mo,C 0002 and 1011 reflections at 38.101° and 39.492° (JCPDS 001-1188).
Increasing fcua further to 7% leads to a molybdenum carbide layer that exhibits only a single peak
in the 6-28scan. It is attributed to the 111 reflection of cubic -MoC, and is at 260 =36.71°, which
is in reasonable agreement with the reported 28 values of 36.388° (JCPDS 073-9798), 37.08° [65]
and 37.768° (JCPDS 015-0457). We note that this peak could also be attributed to an 7-MoC,
0006 reflection with an expected 26= 36.774° (JCPDS 008-0384). However, based on the ¢-scan
and reciprocal space map analyses presented below, the peak for fchs = 7% is clearly due to o~
MoC,. This &MoC, 111 peak also has a broad tail on the right side that extends to approximately
260=38°, suggesting that this layer may contain some /~Mo,C which has an expected 26=38.101°
(JCPDS 001-1188) for the 0002 reflection. The rocking curve for this 111 peak is shown in Fig.
3(c). It has a relatively wide width I'o = 2.4° which is determined by Gaussian fitting and is
attributed to an increased mosaicity (mosaic spread) caused by relaxation of the &MoC, film and
the related dislocation formation, as discussed below in connection with the reciprocal space map
analysis. We note that this rocking curve also includes a small sharp peak at the center top of the
curve, which has a width of 0.1° and is attributed to the f/~-Mo>C minority phase. We note that the
width of the tail at 26= 38° also has a narrow 0.1° rocking curve (not shown), confirming the high
crystalline alignment of the minority ~-Mo,C. The pattern from the film deposited with fcus = 8%
shows a f#-Mo2C 0002 peak at 26 = 37.89° and a shoulder at 37.28° which is approximately one
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order of magnitude less intense and is associated with the cubic &MoC, 111 reflection, as
discussed below. The 0002 peak has a narrow rocking curve with I'o = 0.1° as shown in Fig. 3(d),
indicating excellent crystalline alignment of /~-Mo02C and suggesting epitaxial growth as confirmed
by reciprocal space mapping presented below. In addition, the rocking curve also includes a weaker
and broader peak with I'v = 0.5°, as determined from Gaussian fitting. It is attributed to a relaxed
cubic minority phase, consistent with the reciprocal space map analyses below. The pattern from
the fcns = 10% layer shown in Fig. 3(a) is obtained using a divergent x-ray source because no peak
could be detected with the parallel beam setup employed for fcus = 4-8%. It shows a weak 111 &
MoC, peak, indicating a polycrystalline microstructure with low crystalline quality which is
attributed to excess carbon that segregates to form amorphous or graphitic carbon and causes
continuous carbide renucleation during deposition and a resulting nanocrystalline structure.
Similar powder scans with a divergent beam were performed for all films to detect small
concentrations of impurity phases or misoriented grains. However, no additional XRD reflections
could be detected over the entire 26= 5 - 85° range, with the exception of higher-order reflections
of peaks already discussed and shown in Fig. 3(b).

Figures 4(a-c) are x-ray diffraction ¢-scans showing asymmetric Al,O3 1104, &MoC, 113,
and #-Mo>C 1013 reflections from a substrate and from layers deposited with fcus = 7 and 8%,
respectively. The pattern in Fig. 4(a) is obtained by fixing 26 = 35.137° and tilting the sample
about the surface normal by y = 38.3° to detect Al,O3 1104 reflections. It has three peaks at ¢ =
90.9°, 210.2° and 329.9° which confirm the 3-fold orientation symmetry of the substrate. This
measurement is done for all samples for which ¢-scans are acquired and is used to accurately
determine the in-plane orientation of the substrate. The pattern in Fig. 4(b) is obtained from the
layer with fcha = 7% and uses 260 = 73.438° and y = 29.5° to detect &MoC, 113 reflections. It
shows peaks at ¢ = 60.8°, 121.0°, 180.9°, 241.1°, 300.9°, and 360.8°, indicating a 6-fold rotational
symmetry which is confirmed by the EBSD 6-MoC, {111} pole figure shown in the inset of Fig.
4(d). We note that 113 reflections for cubic crystals have only a 3-fold symmetry about the [111]
direction, indicating that the fcns = 7% layer contains two &-MoC, domains which have a common
[111] axis perpendicular to the Al>O3(0001) substrate surface and are 60° rotated with respect to
each other. Comparing the peak positions for Al,O3 1104 and -MoC, 113 in Figs. 4(a) and (b)
indicates a 30° in-plane rotation, indicating an in-plane epitaxial relationship with [112]smoc ||
[1120]a1203 or [112]amoc || [2110]ar203. The pattern in Fig. 4(c) is from the layer deposited with
fena = 8%. It is obtained with 26 = 69.583° and y = 31.2° to detect asymmetric $Mo,C 1013
reflections. We note that these values are close to those for the &~MoC, 113 reflections such that
weak intensities from &-MoC, may also be detected. This ¢-scan exhibits a 6-fold symmetry with
a set of peaks at 60°, 120°, 180°, 240°, 300° and 360° and a set of triplets with their strongest
central peaks at 30°, 90°, 150°, 210°, 270° and 330°, two slightly weaker peaks at + 10° from the
central peaks, and plateaus at + 25° about the central peaks with an intensity of 30-50% of the peak
intensity. The first set of peaks is located at the same ¢ values as the &MoC, 113 reflections shown
in Fig. 4(b) and is attributed to a minority cubic MoC, phase which forms during the initial stages
of film growth in this fcus = 8% layer, which is confirmed from a thinner sample deposited at the
same condition as discussed below. The triplets as well as the plateaus are attributed to f-Mo,C
1013 reflections and suggest an in-plane epitaxial relationship with [1010]gmozc || [1010]ar203 for
the central peaks, a preferred 10° rotation from this epitaxial orientation about the S~-Mo>C 0001
axis, or an arbitrary rotation by any angle between -25° and +25° from this epitaxial relationship.



We attribute the diverse in-plane orientations to the 9.5% lattice misfit between the basal planes
of f-Mo,C and Al,Os.

Figure 4(d) is an EBSD phase map of the molybdenum carbide layer deposited at fchs =
7%. It shows the cubic MoC, phase in blue, the hexagonal /~Mo.C phase in red, and pixels for
which the Kikuchi patterns cannot be unambiguously assigned in black. The majority of the
micrograph is blue, consistent with the XRD results indicating that this layer contains primarily
cubic &-MoC,. Approximately 17% of the micrograph is red, suggesting that a corresponding
fraction of the layer has crystalized in the f~-Mo2C phase. These S-MoC grains have a width of
10-50 nm. We attribute the black areas to pixels with phase boundaries, possible misoriented grains,
and/or surface-segregated carbon which blurs the collected Kikuchi pattern. The inset is an EBSD
111 pole figure from the cubic &~MoC, phase, showing an intense central spot and 6-fold
symmetric peaks at y = 71°. This indicates two domains with a 111 out-of-plane orientation which
are 60° rotated with respect to each other, confirming the XRD results in Figs. 3(b), 3(c), and 4(b).
Similar two-domain structures are common for 111-oriented fcc metals deposited on Al>O3(0001)
[79, 80].

Figures 5(a) and (b) show asymmetric x-ray diffraction reciprocal space maps from layers
deposited at fcha = 7 and 8%, respectively. The blue-to-red or pink-to-red colors indicate the
measured intensity in a logarithmic scale from 35 to 10° counts, plotted in reciprocal space where
the in-plane and out-of-plane reciprocal lattice vectors 4 and k. are related to the experimental @
and @ according to kj = 2sin@ sin(@-6)/A and k1 = 2sinf cos(w-60 )/A, where A= 1.5419 A is the
weighted average from the CuKeai and CuKe lines. The arrows in Fig. 5(b) indicate the
experimental @ and -2 6 directions, which are rotated by 31° with respect to the axes of the plot,
corresponding to the angle between Al,O3 (0001) and (1129) planes. Fig. 5(a) contains the data
from two maps around the ALO; 1129 and the &MoC, 113 reflections, where the blue
parallelogram borders indicate the limits of the measured w and 26 ranges. Both maps are labeled
with ¢ = 0°, defining the azimuthal rotation which, consistent with Fig. 4(a), indicates that % is
along the direction of A1,O3[1120]. The substrate 1129 reflection shows a double-peak feature due
to the CuK i and CuK e x-ray lines, with the weighted average at kj = 4.203 nm™ and k1. = 6.928
nm'. The substrate peaks show elongations along 26, along ®-26, and along @ directions, which
are attributed to resolution streaks from electronic noise in the line detector, to wavelength
spreading of the x-ray source, and from mosaicity, respectively. The center of the MoC, 113
reflection in Fig. 5(a) is at kj = 3.84 nm™ and k. = 6.80 nm™ which yields in-plane and
perpendicular lattice constants g = 0.425 + 0.001 nm and a1 = 0.4246 + 0.0003 nm, in agreement
with a1 = 0.424 nm measured with the symmetric XRD 6-28scan shown in Fig. 3(b). These values
indicate a small in-plane tensile strain of 0.1% and a relaxed &-MoC, lattice constant of 0.425 nm
determined using the previously reported Poisson’s ratio of 0.29 [81]. The &-MoC, 113 peak has
an elliptical shape with an elongation along the @ direction which is attributed to mosaicity, while
the broadening along the »-26 direction may be attributed to the finite layer thickness, strain
fluctuations, and/or crystalline defects that limit the vertical coherence length. The peak width
along @ is I'o = 1.5°, corresponding to an in-plane x-ray coherence length of 8 nm, in good
agreement with 6 nm determined from I'» = 2.4° of the symmetric @ rocking curve shown in Fig.
3(c) from the same sample.

The map in Fig. 5(b) from the layer deposited with fcus = 8% shows the double peak feature
from the substrate Al,O3 1129 reflection as well as a peak due to the MoC, 113 reflection located
at ky=3.83 nm™ and k1. = 6.82 nm™'. However, this latter peak is over an order of magnitude weaker
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than the corresponding peak for fchs = 7% film, confirming the result from the symmetric £-26
pattern in Fig. 3(b) that indicates that cubic ~MoC, is a minority phase for fchs= 8%. The map in
Fig. 5(b) also shows a strong peak at kj = 3.840 nm™! and k. = 6.335 nm™! which is attributed to the
-Mo>C 1013 reflection. It is plotted with a different (pink) color scheme because it is obtained
using an azimuthal angle ¢ = 30° such that k is along the Al,O3 [1010] direction. This peak is the
same 3Mo>C 1013 reflection shown in Fig. 4(c) at ¢ = 30°. The measured k. yields an out-of-
plane lattice constant ¢ = 3 / kL = 0.4736 nm which is in good agreement (within 0.3%) with ¢ =
0.4749 nm obtained from the symmetric XRD 6-28scan in Fig. 3(b). The measured k| provides a
value for the in-plane lattice constant a = b =2 / (/3 x k) = 0.3007 nm which corresponds to the
Mo-Mo distance within the close-packed plane of S-Mo,C(0001). This can be directly compared
to the Mo-Mo distance in the close-packed 111-plane of &MoC,(111), which is a;/+v/2 =0.301 +
0.001 nm. These two values match (within 0.1%), suggesting that the two phases, f/~-Mo2C(0001)
and &MoC,(111), can grow epitaxially on top of each other without causing any considerable
strain. This contributes to the complex growth competition between these two phases for fcna = 7%
and 8%, as discussed below. We note that this pink peak cannot be attributed to the 113 reflections
from the MoC, minority phase because this would indicate a cubic lattice constant of 0.4559 nm,
in clear disagreement (11% larger) with the 0.4110 nm obtained from the -2 scan in Fig. 3(b).

Therefore, the reciprocal space maps in Fig. 5(b) confirm that the fcns = 8% film contains
both f/-Mo>C and &-MoC, phases. The two phases cause peaks with I'o=0.1° and 0.4° respectively,
consistent with the two rocking curve widths of 0.1° and 0.5° in Fig. 3(d). These results suggest
that both phases exhibit some degree of epitaxy and form during a competitive growth mode.
Similarly, the two co-existing phases are also observed for the fchs = 7% layer in the EBSD phase
map in Fig. 4(d). We note that the f-Mo>C minority phase in the fchs = 7% film cannot be detected
in the ¢-scan and reciprocal space map, likely because of an insufficient 1013 reflection intensity.
However, the asymmetric tail towards higher 28 values in Fig. 3(b) and the rocking curve in Fig.
3(c) with a shape suggesting two distinct widths provide evidence for the two-phases. That is, the
fcua = 7% layer exhibits a similar competitive growth mode as the fchs = 8% layer. To explore the
phase competition further, thinner samples with a five times smaller deposition time were
deposited for fcus = 7% and 8%. They both show a 6-26 diffraction peak at 36.8° with a wide
asymmetric shoulder extending up to 38° (not shown), indicating predominantly 6-MoC, with a
Mo,C minority phase in the initial stages of growth. These thin (approximately 10 nm thick)
layers exhibit ¢-scans similar to that shown in Fig. 4(b) and &MoC, 111 rocking curves that are a
sum of a narrow (0.1°) and a wide (2.3°) curve similar to that in Fig. 3(c) but with a 5-10 times
larger fraction of the narrow vs the broad peak.

These overall results suggest that deposition with fcus = 7-8% leads to (i) nucleation of &
MoC,(111) grains which are well aligned (I'n = 0.1°) with the Al2O3(0001) substrate, (i1) f-
Mo2C(0001) grains which develop in the early stages of film growth either by direct nucleation on
the substrate or epitaxial growth on the MoC,(111) nuclei, and (iii)) MoC,(111) grains with a
larger orientation variation (I'» = 2.5°) which form either by tilted nucleation on the substrate or
by defect-containing epitaxial growth on well-aligned &MoC,(111) nuclei. Subsequent layer
growth leads to the competition between the f~-Mo2C or &-MoC, grains, such that one of the two
phases emerge during a competitive growth mode and dominate the microstructure for thicker
layers. Both phases exhibit an epitaxial relationship with the A1203(0001) substrate and may even
continue to grow epitaxially on top of each other. The final microstructure contains &MoC,(111)



grains with a relatively broad I'»=2.4° but a well-defined in-plane alignment with two 60°-rotated
domains, and f/-Mo0>C(0001) grains with a strong alignment in the growth direction with I'»=0.1°
but a large + 25° variation in the in-plane orientation. We note that it is not clearly understood
which parameters control the growth competition between these two phases. fchs = 7% leads to
predominantly &MoC, while increasing the CHs flux to fcus = 8% results in a dominance of /-
Mo:C. This is surprising because previous studies report larger C-to-Mo ratios for cubic &MoC,
than hexagonal S-Mo,C [2, 56] and our own results indicate S-Mo,C for fcus < 6% and &-MoC,
for fcua > 10%. In addition, the layers which exhibit a mixture of the two phases in the nucleation
stage (fcus = 7 and 8%) also show a higher density near the bottom 7 and 18 nm, respectively,
followed by growth of a lower-density structure which we attribute to excess C in the form of
graphitic or amorphous C clusters. Thus, it is plausible that C surface segregation and CH4
adsorption after the nucleation stage facilitates the transition to a single preferred phase during a
OcMoC,(111) vs fMo02C(0001) competitive growth mode. In that case, the larger expected CHa
surface coverage for fcns = 8% favors growth of the hexagonal f~-Mo,C over the cubic &-MoC,.
We speculate that continued growth beyond the thickness of our experiments will ultimately lead
to a single dominant carbide phase or that C surface segregation will eventually cause a transition
to a nanocrystalline/amorphous composite microstructure. If the CH4 content in the processing gas
is insufficient (fcus < 6%) for &MoC, nucleation, the resulting layer exhibits a /~Mo2C (plus bee
Mo) phase. Conversely, fchs > 10% is too large for f-Mo2C nucleation, yielding layers with a &
MoC, (plus a-C) phase.

IV.  CONCLUSIONS

Molybdenum carbide thin films were deposited by reactive DC magnetron sputtering in an
Ar-CHy gas mixture at 1200 °C onto Al,O3(0001) single crystal substrates with varying methane
content fcus = 0-10%. The increase in fcua leads to a 3-fold reduction in the Mo sputtering rate and
an increase in the voltage required to sustain a plasma. It also leads to a transition from bcec Mo to
mixed-phase microstructures containing bcc Mo, fMo2C, 6-MoC, and eventually nanocrystalline
6-MoC, embedded in a-C. In particular fcus = 7-8% results a competitive growth mode between
epitaxial S-Mo,C(0001) and 6-MoC,(111) grains which nucleate on the substrate or grow
epitaxially on nuclei of the competing phase. In addition, the film density decreases after the
nucleation stage, suggesting that excess C forms amorphous clusters. The 111-oriented epitaxial
&MoC, has an in-plane epitaxial relationship with the substrate with [112]smoc || [1120]a1203,
while the 0001-oriented biaxial f~-Mo2C exhibits a relatively large + 25° variation in the in-plane
orientation.
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Fig. 1. (a) Measured X-ray reflectivity from three MoC, layers deposited with a methane gas
fraction fcua = 6%, 7% and 8%. The dotted lines are the result from curve fitting. (b) The discharge
voltage V; during deposition and the Mo deposition rate R vs fcha.
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Fig. 2. The total C-to-Mo ratio x in MoC, layers vs methane gas fraction fcs, as determined from
XRR analyses (purple squares) and a combination of RBS and XRR measurements (green
triangles).
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Fig. 3. X-ray diffraction -2 @patterns from MoC,/Al2O3(0001) layers obtained with (a) a divergent
beam geometry for fcus = 10% and (b) a parallel beam geometry for fcus = 4-8%. w-rocking curves
of the (¢) &MoC, 111 and (d) S-Mo>C 0002 reflections from layers deposited with fcus = 7% and
8%, respectively.
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Fig. 4. X-ray diffraction ¢-scans for (a) Al,Os 1104, (b) &MoC, 113, and (c) fMoC 1013
reflections from MoC,/Al203(0001) layers deposited with fcus = 7 or 8%, as labeled. (d) Electron

backscatter diffraction phase map from a fcus = 7% layer, including a MoC, {111} pole figure
in the inset.
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Fig. 5. XRD reciprocal space maps from MoC,/Al,03(0001) layers deposited at (a) fchs = 7% and
(b) fcua = 8%, taken at ¢ = 0° for &MoC, 113 and AL,O3 1129 reflections (blue-to-red contours)
and at ¢ = 30° for fMoxC 1013 (pink-to-red contours).
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