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Stacking layers of atomically thin transition-metal carbides and
two-dimensional (2D) semiconducting transition-metal dichalcoge-
nides, could lead to nontrivial superconductivity and other unprece-
dented phenomena yet to be studied. In this work, superconducting
a-phase thin molybdenum carbide flakes were first synthesized, and
a subsequent sulfurization treatment induced the formation of vertical
heterolayer systems consisting of different phases of molybdenum
carbide—ranging from « to y’ and y phases—in conjunction with
molybdenum sulfide layers. These transition-metal carbide/disulfide
heterostructures exhibited critical superconducting temperatures as
high as 6 K, higher than that of the starting single-phased a-Mo,C
(4 K). We analyzed possible interface configurations to explain the
observed moiré patterns resulting from the vertical heterostacks.
Our density-functional theory (DFT) calculations indicate that epi-
taxial strain and moiré patterns lead to a higher interfacial density
of states, which favors superconductivity. Such engineered hetero-
structures might allow the coupling of superconductivity to the to-
pologically nontrivial surface states featured by transition-metal
carbide phases composing these heterostructures potentially lead-
ing to unconventional superconductivity. Moreover, we envis-
age that our approach could also be generalized to other metal
carbide and nitride systems that could exhibit high-temperature
superconductivity.
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High-quality layered crystals beyond graphene exhibit new
physics inherent to the emerging functionalities made pos-
sible by thinning them down to the atomic limit. Particularly,
two-dimensional (2D) materials are excellent candidates that
serve as platforms for energy storage catalysts, and electronics/
optoelectronics components (1, 2). More exotic physical phe-
nomena, such as superconductivity, have also been reported in
atomically thin systems (3-5). Interestingly, superconductivity is
found to exhibit unique properties in the 2D limit. For example,
monolayer FeSe grown on SrTiOj; displays superconductivity at
temperatures as high as Tc = 100 K (3), in contrast to its bulk
value T¢ = 8 K. Similarly, ionic liquid-induced superconductivity
on the surface of semiconducting transition-metal dichalcoge-
nides (4) (TMDs), such as MoS,, as well as the intrinsic super-
conductivity in exfoliated metallic TMDs (e.g., NbSe,) display a
remarkable resilience against external magnetic fields applied
along a planar direction (5-7). This has been assumed to be
evidence for the so-called Ising-paired state, whose spin-singlet
Cooper pairing would occur among carriers at the K and K’
valleys having opposite spins. Moreover, in 2D MoTe,, a type-1I
Weyl semimetal, 7 can be enhanced either through a sulfur
doping driven phase transition (from the monoclinic 1T’ to the
orthorhombic T4 phase) (8), which is claimed to enhance the
electron—phonon coupling (9), or through exfoliation down to
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the monolayer limit (10). Two-dimensional superconductivity is
now emerging as a scientific frontier addressing a number of unanswered
questions, such as the disparate evolution of the superconducting
transition temperature as a function of the number of layers and
different stackings within different compounds (6, 7).

Nearly 2D a-phase Mo,C crystals, have been recently synthe-
sized via chemical vapor deposition (CVD). As-grown high quality
2D a-Mo,C displays a thickness dependent superconducting
transition temperature (7¢) up to 4 K (11). Therefore, transition
metal carbides (TMCs) stand as an attractive platform for study-
ing the intrinsic properties of superconductivity in two dimensions
(11). It is interesting to notice that the different phases of mo-
lybdenum carbide, including «, p, and y phases, were recently
predicted to display topologically nontrivial electronic bulk bands
that would lead to unconventional topological surface states (12,
13). These bulk and related surface states could be harvested to
induce unconventional, and hopefully topological, superconduc-
tivity through the proximity effect (14) with a superconductor such
as a-phase Mo,C.

Significance

We demonstrate that engineering of two-dimensional molyb-
denum carbide/disulfide heterostructures can result in super-
conducting architectures with higher critical temperatures than
that of pristine a-Mo,C. We developed a gas-phase reaction
approach for the heterostack formation via phase transitions,
which involves short sulfurization times (1-5 min) of a-Mo,C
films. Heterostructures of a-Mo,C and y’-phase MoC,_, exhibit
superconductivity with a higher critical temperature (Tc ~ 6.8 K)
than the original Mo,C crystal (T¢ ~ 4.0 K). The distinct chemical
composition and modified structure of the metastable y'-MoC;_,
phase present in the layered structure might lead to a higher
interfacial density of states and increase in the frequency of the
relevant phonon modes, thus contributing to the superconduc-
tivity and hence to a higher T.
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Multiple phases have been observed in molybdenum carbide,
as identified through their crystallographic structures (orthorhombic
a-phase, hexagonal n-phase, and cubic 8-phase), their Mo:C com-
position ratios (a-Mo,C, y’-MoC,_y, y-MoC, and 1-MoC), and by
the observed order or disorder related to interstitial carbon atoms
within the molybdenum metal matrix (- and B-phase Mo,C) (15).
The different phases display distinct properties that could lead to the
manipulation of the superconductivity in carbide systems via phase
transitions and through the fabrication of vertical carbide/disulfide
heterostructures with several epitaxial relationships, including
strained phases and moiré engineering using different stacking
rotation angles. Multilayer W,Mo;_,C,S, has already been syn-
thesized through oxidation and sulfurization of mixtures of Mo
and WC at high temperatures (800-1,100 °C) by Terrones and
coworkers, in 2000 (16). Consequently, these multilayer systems
offer the possibility of tuning their superconductivity properties
via sulfur incorporation.

In this work, we report the synthesis of molybdenum carbide/
disulfide vertical heterostructures through a two-step approach,
involving the CVD growth of thin a-Mo,C crystals, followed by
low-pressure sulfurization at high temperature (see Materials and
Methods and SI Appendix, Figs. S1 and S2 for details) (11). The
obtained morphologies for the initial a-Mo,C flakes are shown in
a representative scanning electron microscopy (SEM) image
(Fig. 1 A, Inset) and in the optical image shown in SI Appendix,
Fig. 14. The synthesized a-Mo,C thin crystals exhibit different
faceted shapes (frequently hexagonal) with typical lateral sizes of
around 20 pm. X-ray diffraction (XRD) studies were conducted
to identify the phase and orientation of the synthesized material
(Fig. 1C), which was confirmed to be a-Mo,C, and corresponding
to an orthorhombic crystalline lattice with the Mo atoms posi-
tioned in a slightly distorted hexagonal close-packed arrangement
(Fig. 2E). The a-Mo,C thin crystals preferentially grew vertical to
the (200) direction (corresponding to the XRD peak at 38.1°). In
addition, the small diffraction shoulder peak next to the (200)
planes and the small reflection located at 47.8° in the pattern cor-
respond to the (001) and (201) orientations of a-Mo,C, respectively
(17). X-ray photoelectron spectroscopy (XPS) analyses were used to
further investigate the chemical composition, bonding environment,
and valence states of the synthesized materials. The Mo 3d line scan
of pristine a-Mo,C shown in Fig. 1G is dominated by molybdenum
carbide (MoGC;), oxide (MoOj at 232.5 and 235.6 eV; MoO, at 229.1
and 232.3 eV), and oxycarbide gMOOXCy) signals (18). Doublets of
MoO; (Mo®*) and MoO, (Mo**) can be observed due to surface
oxidation. The doublets appear at 228.0 and 231.1 eV, corresponding
to Mo** 3ds;, and Mo** 3ds), of a-Mo,C, respectively (19).

The crystalline structure of the as-grown Mo,C was also con-
firmed to correspond to a-phase by atomic resolution scanning
tunneling microscopy (STM, Fig. 14), transmission electron
microscopy (TEM; SI Appendix, Fig. S1), high-angle annular
dark-field scanning TEM (HAADF-STEM; Fig. 2E) and se-
lected area diffraction patterns (SAED; Fig. 2I and SI Appendix,
Fig. S1C). The ordered carbons that fill the distorted hexagonal
metal matrix voids (20), are responsible for the formation of
superlattices (21) (associated Bragg peaks are indicated by the
red arrows in Fig. 2I and SI Appendix, Fig. S1C). SI Appendix,
Fig. SIE shows a TEM planar view of the atomic registry of
Mo,C displaying hexagonal patterns with a Mo-Mo distance of
~0.23 nm, which agrees well with the representative STM image
shown in Fig. 14. TEM analyses in both planar and cross-sectional
directions of pristine a-Mo,C are also demonstrated in SI Ap-
pendix, Figs. S1, S3, and S4. Electron energy-loss spectroscopy and
additional SAED patterns can be found in S1 Appendix, Fig. S3, all
in good agreement with the determined a-Mo,C phase.

Interestingly, the synthesized molybdenum carbide/disulfide
heterostacks (Fig. 1B) constitute superlattices with well-defined
moiré patterns with a moiré lattice constant of around 2.8 nm, as
identified by atomic resolution STM. Fig. 1B exhibits a lattice
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overlap between MoS; and y-phase MoC at a 0° stacking angle
(SI Appendix, Fig. S5). XRD analyses (Fig. 1D) confirm the 2H-MoS,
formation [the 14.1° peak in Fig. 1D corresponds to the (002)
plane of MoS,], and provide evidence for a phase transition ex-
perienced by the molybdenum carbide. We note that the original
Mo,C in the a-phase (orthorhombic) is partially transformed to
the y-phase of MoC (hexagonal, with an AAAA stacking sequence
of metal planes with carbon in the octahedral sites), as indicated
by the high-intensity reflection located at 20 = 33.0°, which cor-
responds to the (001) plane of y-MoC. The a-Mo,C and y-MoC
are the only two thermodynamically stable phases of molybdenum
carbide at room temperature, according to the Mo-C phase-diagram
(22). However, the formation of a ternary molybdenum—carbon—
sulfur alloy may stabilize an intermediate metastable carbide phase,
y’-phase MoC;_y (15). Similar to the y-MoC phase, the substoichiometric
y-MoC,_ phase also crystallizes in a hexagonal structure but with
a slightly different stacking order in the Mo matrix and distinct
carbon occupancies (hexagonal, AABB stacking sequence) (23).
y-MoC and y’-MoC, _ are virtually indistinguishable by XRD. It is
noteworthy that such a phase transition does not occur through a
simple annealing of the a-Mo,C phase at high temperature (XRD
shown in SI Appendix, Fig. S6). However, MoC (or MoC,_,) could
be present in small quantities in pristine a-Mo,C due to the
presence of stacking faults originating from Mo deficiency, as
concluded from the small intensity (001) reflection that can be
observed in the Fig. 1C XRD pattern. It is believed that sulfur
incorporation can induce the formation of ternary solid solu-
tions of Mo-C-S, while internal local strain and an excess of
sulfur would trigger phase segregation between the carbide and
the disulfide. Sulfur will consequently extract the Mo atoms
from a-Mo,C, thus leading to the Mo:C atomic ratio gradually
decreasing from 2:1-1:1, and resulting in the consecutive a to y’
to y phase transitions, responsible for ultimately forming the
y-MoC/MoS, vertical heterostructures for longer sulfurization
treatments. The MoC;_ phase (y") was reported to display higher
Debye temperatures and stronger electron-phonon coupling when
compared to the a-Mo,C phase, which could lead to higher
superconducting transition temperatures (24, 25). In fact, an in-
crease in ¢ is indeed observed in the heterostructure upon sulfur
incorporation, as described by the detailed measurements shown
below.

XPS analysis carried out in molybdenum carbide/disulfide
vertical heterostructures (Fig. 1H) revealed peaks corresponding
to binding energies of molybdenum oxides (MoO, and MoO3).
Molybdenum carbide is beyond the XPS detection depth as it
lays under MoS; layers, thus MoC, doublets are not detected in
the line scans. Additionally, the spectrum displays a small bump
located at 226.4 eV, which is associated with elemental S in the
2s region after a short sulfurization time (5 min). Moreover, the
Mo 3d line scan reveals the presence of the doublet peaks at
228.7 and 232.0 eV (Fig. 1H), which correspond to the Mo** 3ds,
» and Mo** 3ds, binding energies of MoS,, respectively. The
doublet observed at 162.0- and 163.2-eV peaks is found in the S
2p line scan (SI Appendix, Fig. S7), corresponding to 2p;, and
2p12, respectively. Their energy separation is ~1.2 eV, which is
consistent with the fingerprint of $*~ in MoS, (18). Raman
spectra demonstrate the emergence of the two main peaks
identified as the 2H-MoS, E% and the A;; phonon modes, after
sulfurization of a-Mo,C (Fig. 1 E and F). The difference in
frequency between these two phonon modes is Ak ~23 cm™ in
the spectra corresponding to a heterostructure resulting from a
5-min sulfurization treatment, thus indicating the presence of
few layers MoS, (26). Cross-sectional TEM confirms the pres-
ence of a few layers MoS, on the surface of the sample after
sulfurized for 5 min (Fig. 2G).

Sulfurization treatments performed on thin a-Mo,C during
various times lead to vertical heterostructures with different
crystallographic correspondences between the carbides and the

Zhang et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003422117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2003422117

Downloaded at Florida State University Libraries on September 3, 2020

heterostructure

3 3
& Q- Cl 2
= 5
g 3 g
£ : ] 2
10 20 30 40 50 1 40 50
2 theta (degree) 2 theta (degree)
;, e ;; "\1: f
£ z E',
g\w _MOZC *E MoS,

00 200 300 400 500 600 700
Raman Shift (cm™)

-y

00 200 300 400 500 600 700
Raman Shift (cm™)

-y

Intensity (a. u.)

Intensity (a. u.)

238 ' 234 ’ 230 ’ 226 ' 222
Binding Energy (eV)

Fig. 1.

238 234 230 226 222
Binding Energy (eV)

Characterization of a-Mo,C and molybdenum carbide/disulfide heterostructures. (4) STM images of crystals as-grown a-Mo,C (Insets depict SEM); (B),

a molybdenum carbide/disulfide heterostack obtained after a 5-min H,S treatment of Mo,C; (C and D) XRD patterns and (E and F) Raman spectra of pristine
Mo,C and a molybdenum carbide/disulfide heterostructure on Si/SiO,, respectively; (G and H) Representative XPS Mo 3d high-resolution line scans obtained

from the structures depicted in A and B, respectively.

sulfide. Schematic representations of the observed crystallo-
graphic phases and the corresponding cross-sectional TEM
images of pristine a-Mo,C and of the various synthesized
heterostructures (obtained after 1-, 5-, and 20-min sulfurization
treatments) are depicted in Fig. 2. It is noted that the cross-
sectional TEM samples of as-synthesized pristine a-Mo,C and
heterostructures were prepared by SEM focused ion beam (FIB)
from the same flakes integrated in transport devices (see transport
measurement discussion below). The a-Mo,C HAADF-STEM
images display an atomically flat surface with an interlayer spacing
of ~0.23 nm (Fig. 2E, and SI Appendix, Fig. 1 B and D). High-
resolution TEM images revealed the presence of the meta-
stable y'-MoC;_y stacked together with a-Mo,C (Fig. 2 B and F).

Zhang et al.

y'-MoC,_, is possibly stabilized by a thin layer of sulfur. The
carbide surface was found to be covered by thin layers of MoS,
after a 5-min sulfurization treatment (Fig. 2 C and G), exhibiting a
mixture of y’(y)- and a-phases underneath. The stacking between
MoS; and y-MoC creates the moiré pattern exhibited in Fig. 1B.
Elemental energy-dispersive spectroscopy (EDS) mapping results
of the cross-sectional interface were acquired slice-by-slice, pro-
viding compositional information (SI Appendix, Fig. S8). The el-
emental mappings clearly revealed that the Mo:C ratio gradually
decreases from 2:1-1:1 while moving toward the side of the
carbide exposed to sulfur, indicating that the molybdenum
atoms paired up with sulfur to form layers of MoS,, thus the
carbide phase transition could have been directly induced by

PNAS | August 18,2020 | vol. 117 | no.33 | 19687
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Fig. 2. TEM analyses of the phase evolution in molybdenum carbide/disulfide heterostack. (A-D) Schematic views of the crystallographic phases identified in
the cross-sectional TEM views of a-Mo,C (A) and molybdenum carbide/disulfide heterostructures [after 1-min (B); 5-min (C); and 20-min (D) sulfurization
treatments]. (E) Cross-sectional HAADF-STEM images of pristine Mo,C and (F and H) HRTEM images of molybdenum carbide/disulfide heterostacks after 1-, 5-,
and 20-min sulfurization, respectively; atomic-resolution TEM images reveal the phase transitions induced by the sulfurization process (Insets). Planar-view
SAED analyses of pristine Mo,C (/) and molybdenum carbide/disulfide heterostructures for H,S reaction times of 1 min (J), 5 min (K), and 20 min (L).

chalcogen incorporation in the system. Density-functional theory
(DFT) calculations were performed to obtain the formation en-
ergies of various MoC,_, compositions resulting by adding C in-
terstitials in a-Mo,C and by creating C vacancies in y-MoC. The
results indicate that a relatively low activation energy is needed
to overcome the energy barrier required to add C interstitials to
a-Mo,C (SI Appendix, Fig. S9). High-resolution (HRTEM) im-
ages of samples obtained after 20 min of H,S treatment display
10-15 layers of MoS, forming a heterostructure with y-MoC
(Fig. 2D, H, and L and zoom-out regions in SI Appendix, Fig.
S10). Therefore, we can conclude that the thickness of the MoS,
layers is directly correlated to the H,S treatment time. More-
over, the disulfide formation does not only happen on the basal
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plane of the carbide, but it is also selectively formed through
stacking faults at edge sites (SI Appendix, Fig. S11) (27). Such
hybrid stacks hold a great promise as catalysts for energy con-
version and as Josephson junction assemblies (28).

The planar-view TEM/SAED patterns of the molybdenum
carbide/disulfide stacks as a function of sulfurization time are
displayed in Fig. 2 I-L. A series of shifts can be found in the
diffraction patterns upon sulfurization, indicating that the a-Mo,C
phase (red) undergoes a phase transition toward the y'-MoC;_
phase (blue) and/or y-MoC phase (green). Such SAED patterns
exhibit hexagonal rings on the plane perpendicular to the [001] zone
axis (indicated by the yellow arrow in Fig. 2K), which result
from the formation of a polycrystalline thin film of MoS,. Moreover,

Zhang et al.
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the diffraction pattern reveals that a large portion of the MoS, film
displays a preferred orientation with a nearly 0° misorientation with
respect to y-MoC, thus confirming the epitaxial growth of MoS, on
the underlying hexagonal y-MoC. A proposed evolution model for
chalcogen incorporation in 2D molybdenum carbide is discussed in
SI Appendix, Fig. S12.

Various possible epitaxial configurations for heterostructures
confining MoS, inside MoC layers were studied using DFT cal-
culations. The interfacial structure between y-MoC and MoS; is
predicted to be in two possible stable configurations. In one of
them, the MoS, could be confined under compressive epitaxial
strain in the y-MoC/MoS,/y-MoC sandwich structure illustrated
in Fig. 3 4 and E, that is in a strained-epitaxial state. In the
second configuration, the MoS, would form a moiré pattern with
y-MoC, as a result of van der Waals (vdW) epitaxy, as shown in
Fig. 31. To discover the vertical heterostructure with the lowest
relative formation energy, different interfacial terminations of
y-MoC were analyzed. For the strained-epitaxial vertical heter-
ostructure, since the space group of both MoS, and y-MoC is
P6m?2 the hexagonal ring of S atoms in the MoS; will overlap with
the hexagonal ring of either Mo or C atoms in the y-MoC. Based on
the equation the formation energy of the Mo-terminated structure
was found to be —0.01 eV/atom, while the formation energy of the
C-terminated structure was +0.19 eV per atom. Therefore, the
Mo-terminated structure was considered for the strained-epitaxial
heterostructure (SI Appendix, Table S1). For the moiré hetero-
structure, the same equation gives a formation energy of +0.01
eV/atom for the C-terminated structure (S Appendix, Table S1),
which is predicted to be more stable than the Mo-terminated case
(which has an Ef = +0.22 eV per atom). Therefore, both crys-
tallographic correspondences may coexist based on the stability of
the overall structure when the number of MoS, and y-MoC layers
are the same, which is confirmed by TEM observations (Fig. 3 E
and F). The side views of both possible vertical heterostructures
are overlapped with the HRTEM images in Fig 3 D-F. The work
of adhesion of the strained-epitaxial and moiré heterostructures
was derived by adding a 20-A vacuum layer at the interface and,
subsequently, calculating the energy difference between the
structures with and without Vacuum thus yielding a work of ad-
hesion of 2.17 and 0.56 J/m?, respectively.

The phase-transition-induced strain at the molybdenum carbide/
disulfide interfaces drastically modifies the electronic properties of
the semiconducting MoS,, as predicted by DFT calculations. The
density of states (DOS) at the interfaces was analyzed to quantify

changes corresponding to each atomic layer in the direction per-
pendicular to the interface, to calculate the bandgap of each MoS,
layer, and determine the electronic contributions to the adjustment
of bandgaps (Fig. 4 A-C). In the strained-epitaxial vertical heter-
ostructure, when one layer of MoS, and six layers of MoC were
stacked (Figs. 3 A and D and 44), the MoS, underwent a —6.5%
change in epitaxial strain with a bandgap of 0.25 eV, which rep-
resents a 1.44-eV reduction when compared to the bandgap of a
relaxed MoS, monolayer. A comparison between the DFT-
calculated DOS and the experimental dI/dV curve obtained by
scanning tunneling spectroscopy measurements on a carbide/disul-
fide heterostructure (5-min sulfurized) displays an excellent match
in the 250-meV bandgap of strained-epitaxial MoS, embedded in
MoC (1MoS, with 6MoC) (SI Appendix, Fig. S13). The calculated
DOS predicts that the Mo d orbitals in the two layers of y-MoC
closest to the interface were altered the most. The main contribu-
tion to the bandgap changes in monolayered MoS; is likely coming
from its relatively large epitaxial strain, which influences the d or-
bital of Mo in both MoS, and y-MoC, and the p orbital of S in the
MoS,. When three layers of MoS; and six metal layers of MoC
were stacked (Figs. 3B and E and 4B), the MoS, layers were under
a —5.7% epitaxial strain, and the bandgaps of the interfacial layer
and middle layer were 0.81 and 1.12 eV, respectively. In this case,
there is no vdW interface between the MoS, and y-MoC layers,
thus the d orbitals of Mo in the interfacial layer and the middle
layer of MoS, were different in both the valence and the conduc-
tion bands within the DOS. In addition, the d orbitals of Mo in the
first and second interfacial layers of y-MoC were dramatically dif-
ferent from one another. Based on a comparison between one layer
versus three layers of MoS, at the epitaxially strained interface, the
calculations indicate that if more layers of MoS, were stacked, the
middle layers would behave like bulk MoS, without strain con-
finement. In contrast, for the moiré heterostructures (Figs. 3 C and
F and 4C), the bandgaps of the interfacial and middle layers were
very close to the reported bandgap for three layers of MoS, (1.35
and 1.39 eV, respectively) (29). Because of the weak vdW inter-
action at the interface, the changes of the Mo d orbitals in both
MoS; and y-MoC were much less than in the case of the strained-
epitaxial heterostructure. Furthermore, the differences in atomic
interactions at the interface have been demonstrated in the elec-
tron density maps (Fig. 4 A-C). In the three-layer MoS, strained-
epitaxial heterostructure (Fig. 3 B, E, and H), the contrasting
electron densities at both the interface and between the MoS,
layers indicate that the atomic interaction at the interfaces is not
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Fig. 3. Different molybdenum carbide/disulfide heterostructures. Planar schematic view of the (A) one-layer MoS, and y-MoC heterostructure in a strained-
epitaxial state, (B) three-layer MoS, sandwiched by y-MoC in a strained-epitaxial state, and (C) three-layer MoS, sandwiched by y-MoC, forming a moiré
superlattice. (D-F) Schematic side views of the heterostructures in A-C overlapped with the TEM images, respectively.
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Fig. 4. Electronic properties of different molybdenum carbide/disulfide heterostructures. Electron density map (scale units 10? e/A%) and DOS in s, p, and
d orbitals at each atomic layer corresponding to the side-view crystal structures illustrated in Fig. 3 D-F, respectively. The types of elements are indicated in red
in each atomic layer. (A) One-layer MoS, and y-MoC in a strained-epitaxial state. (B) Three-layer MoS, sandwiched by y-MoC in a strained-epitaxial state. (C)
Three-layer MoS, sandwiched by y-MoC, forming a moiré superlattice. Notice the increase of the DOS at the interphase between molybdenum sulfide and

carbide for the strained-epitaxial configuration.

vdW-like, which confirms the trend noted in the work of adhesion.
The higher electron density and work of adhesion in strained-
epitaxial heterostructures indicate that the interatomic disper-
sion is much stronger than the vdW interaction and slightly
weaker than the Mo-S covalent bond in MoS,. In contrast, for
moiré heterostructures, the comparable electron densities at the
y-MoC interface and between the MoS, layers indicate that the
atomic interaction is comparable to the vdW interaction between
the MoS; layers.

We studied the transport properties of pristine a-Mo,C, cho-
sen as reference, and of the molybdenum carbide/disulfide het-
erostructure in order to detect superconductivity in the latter
(measurement scheme is depicted in SI Appendix, Fig. S14). As
previously mentioned, the flakes used for transport measurement
correspond to the same flakes analyzed in the cross-sectional
TEM images discussed above (Fig. 2). Fig. 54 shows the resis-
tivity as a function of temperature for a 60-nm-thick pristine
a-Mo,C crystal. The inset clearly indicates that the sample
becomes superconducting at T¢ = 4 K, as previously reported
(11). The finite resistivity observed below T¢ results from the
physical or electrical connection between the a-Mo,C crystal
and, possibly, the graphene layer formed during the synthesis
process (SI Appendix, Fig. 3). As seen, the transition is very
sharp, displaying a width of less than 0.2 K. This, combined with
the low residual resistivity p (4 K) ~ 1 pQ cm and the large re-
sidual resistivity ratio p (300 K)/p (4 K) = 22, indicates a high-
quality single crystal. Fig. 5 B and C display p as a function of T
for two samples sulfurized for 5 and 20 min, respectively. The
onset of the resistive transition for the sample sulfurized for
5 min (thickness ~40 nm) is 7' = 6 K, which is 50% higher than
the onset of the superconducting transition for pristine a-Mo,C.
As seen in the inset of Fig. 5B, the resistive transition reveals
multiple steps, indicating an inhomogeneous material, or the
coexistence of multiple crystallographic phases. The lowest re-
sistive step occurs at around 4 K, which corresponds to the 7¢ of
pristine a-Mo,C. Based on our structural analysis we argue that
the observation of a higher T is associated with the y’-MoC;_
phase. Fig. 5C shows the resistivity as a function of temperature
for a 40-nm-thick MoS,/y-MoC heterostructure resulting from a
20-min sulfurization process. The heterostructure clearly displays
a metallic behavior over the entire temperature range, although
no superconductivity is observed down to 7' = 1.8 K, as expected
for y-MoC. The incorporation of the MoS, layer leads to a rather
high residual resistivity. Given that most of the current should be
carried by the y-MoC layers sandwiched between the MoS,
layers, such a high residual resistivity would point to either a
significant density of defects in the y-MoC layers, or to a low
density of carriers, or to both in addition to an effective cross-
sectional area smaller than the thickness used to calculate the
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resistivity. Detailed analysis of the 1-min sulfurized sample is
discussed in SI Appendix, Fig. S15; no sulfide formation is ob-
served from SAED (Fig. 2F) and Raman analyses. Interestingly,
the onset of the resistance reduction for 1-min sulfurized sample
(thickness ~50 nm) is T = 6.8 K, which is 70% higher than that of
the superconducting transition for pristine a-Mo,C. We attribute
such T enhancement in the 1-min sulfurized sample to the strain
induced between alternating layers of y’-MoC,_x and a-Mo,C,
originated by the S diffusion along cracking faults of a-Mo,C
(Fig. 2 B, F, and J). There is, however, a nonzero residual resis-
tance, which could well be related to the presence of graphene
layers deposited during the a-Mo,C growth. We should point out
that further studies on the short time sulfurization processes (1-2
min) that result in stacked layers of y-MoC;_4 and a-Mo,C (not
sulfides) are currently underway but these are out of the scope of
this paper related to vertical heterostacks of carbides and sulfides.

Fig. 5 D and E display the resistivity as a function of the magnetic
field poH at various constant temperatures, unveiling the super-
conducting to metallic phase transitions for fields oriented per-
pendicularly to the planes of pristine a-Mo,C and y’-MoC,_y,
respectively. The insets in both figures display the upper critical field
HE, for fields along the ¢ axis as a function of the temperature, where
red lines are linear fits. Here, to define the value of HS, we
chose the 90% criteria or the field value where the resistivity
reaches 90% of its value in the normal state just above the
transition. The linear temperature behavior is consistent with
the 2D Ginzburg-Landau formalism for fields perpendicular to
the planes: puoH¢, = ®o(1—T/Tc) /27&2,, where @ is the mag-
netic flux quantum, p, the permeability of free space, and &y, is
the in-plane coherence length. This supports the 2D nature of
the superconducting state in these crystals despite their sizable
thicknesses.

Fig. 5F displays the isothermal p for the sample sulfurized for
20 min as a function of ppH. A negative magnetoresistivity is
observed for ppHH < 1 T and for all temperatures, which we
tentatively attribute to weak antilocalization (30). An oscillatory
signal, which can be suppressed by increasing the temperature,
emerges when poH > 5 T. These oscillations turn out to be pe-
riodic in inverse fields, indicating that these would correspond to
Shubnikov—de Haas oscillations. The inset reveals the oscillatory
component once the background magnetoresistivity is subtracted
through a polynomial fit. The observation of quantum oscilla-
tions is rather surprising given the very large residual resistivity
observed in the MoS,/y-MoC heterostructure, and suggests that
small regions of the y-MoC should be well-ordered from a
crystallographic perspective. It is important to note that the re-
sidual resistivity and Tc of the samples synthesized at 1 and 5 min
could be tuned as a function of the lateral crystal uniformity of
the samples, if careful thermal annealing after sulfurization takes
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Fig. 5. Evolution of the superconducting state in molybdenum carbide/disulfide vertical heterostructures subjected to different sulfurization times. (A-C)
Resistivity p as a function of the temperature T for pristine a-Mo,C (A) and for molybdenum carbide/disulfide heterostructures subjected to 5 min (B), and
20-min (C) sulfurization. Insets in a and b display p as a function of T in the low-temperature region where the superconducting transitions, starting at Tc =4
and 6 K, respectively, become clearly visible. (D-F) p as a function of the external magnetic field poH applied along the interlayer c axis for pristine a-Mo,C (D)
and heterostructures after a 5-min (E) and 20-min (F) sulfurization, and for several temperatures. (D and E, Insets) The upper-critical fields H, for fields along
the c axis as a function of T, where red lines are fits to the conventional GL expression. (F, Inset) The Shubnikov-de Haas (SdH) signal after subtraction of a
background polynomial. (G-H) Same as in D and E but for fields along the ab plane. (G and H, Insets) H2 for poH//ab plane as a function of T. Notice the
marked anisotropy between fields along the ab plane and along the c axis. (/) Fast Fourier transform of the oscillatory signal superimposed onto the

magnetoresistivity of the MoS,/y-MoC heterostructure, exhibiting three main peaks at frequencies F, =30 T, F, =70 T, and F, = 110 T.

place. This will require another in-depth study, involving differ-
ent sulfurization times at various temperatures, transport mea-
surements of all these phases in addition to TEM cross-sectional
studies and structural characterization, and is beyond the scope
of the current paper. It is noteworthy that as the sulfurization
time increases, the fraction of semiconducting MoS, layers in-
creases, thus altering the residual resistivity values. Therefore,
the regime where three or four phases of layered carbides and
sulfides coexist shows remarkable transport properties and should
be studied for other analog systems.

Fig. 5 G and H display the temperature dependence of the
resistive transition for fields along the conducting planes. There
is anisotropy in upper-critical fields between both field orienta-
tions (by comparing with Fig. 5D and 5E, respectively), and the
superconducting transition is inhomogeneous. This inhomoge-
neity probably results from a combination of vortex physics,
crystallographic heterogeneity, or variations in composition. In

Zhang et al.

both panels, the insets show the upper-critical fields as a function
of temperature, which is consistent with the conventional
Ginzburg-Landau (GL) behavior. Red lines are fits to the con-
ventional GL expression:

T 2

where &, is the interplanar coherence length. The good fit to a
conventional three-dimensional (3D) GL expression contradicts
the behavior observed for fields applied perpendicularly to the
planes that, instead, suggests 2D superconductivity. The 2D GL
formalism predicts a T dependence for H¥ near Tc. One way
to reconcile both observations is to assume that one is in an
intermediate regime, approaching the 2D superconducting limit,
but still in a 3D regime due to the thicknesses of these crystals,
which are multilayered.
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Finally, Fig. 5I displays the Fourier transform of the oscillatory
signal shown in the inset of Fig. 5F. Two main frequencies F are
observable in the range up to 400 T, F, = 30 T, Fy = 70 T, and
Fy= 110 T, respectively. Such peaks indicate that the observed
oscillations correspond to the Shubnikov—de Haas effect result-
ing from the Landau quantization of the electronic orbits. These
small frequencies indicate small Fermi surface extremal cross-
sectional areas (31). These oscillations are observable up to high
temperatures, indicating light effective masses (32) as seen in
semimetallic systems. Indeed, through the Lifshitz—Kosevich
formalism, we extract fairly light effective masses, that is, m, =
(0.3 + 0.3) my, mg = (0.13 + 0.05) my, and m, = (0.7 + 0.3) m,,
where mg is the bare electron mass. Recent DFT calculations
indicate that y-MoC might display a nontrivial electronic topol-
ogy, being a Dirac nodal line semimetal, which could become
superconducting upon hole doping (12). The same calculations
indicate that the Fermi surface should be composed of addi-
tional, larger Fermi surface sheets not detected in this study,
probably because the measurements should be performed under
higher fields. The associated surface states are proposed to be
good candidates to host unconventional superconductivity upon
doping (13).

In this work, we have established a two-step route to synthe-
size a TMC/TMD heterolayered material, comprising y-MoC
and MoS,. Extensive characterization has been carried out to
elucidate the structural details and the formation mechanism of
the TMC/TMD vertical heterostructures. We have found that
the molybdenum carbide undergoes a series of phase transitions
between the o-y’—y phases during synthesis, which are mainly
driven by nonequilibrium chemical processes that occur upon
chalcogen incorporation into a-Mo,C. The overall result leads to
a highly controlled tunable superconductivity in vertical hetero-
structures displaying moiré patterns and other epitaxial crystal-
lographic orders. Moreover, we can increase the T¢ by 50%
when compared to that of the starting material. Our structural
analysis of the heterostacks reveals interfacial strain along with
the emergence of the y’ carbide phase, resulting in an increment
in the frequency of the relevant phonon modes or in the
electron-phonon coupling, contributing to a higher T¢. There-
fore, several factors are likely to contribute to this experimental
observation and further tuning of the heterostacks could be
achieved and studied in the near future.

Thus, we have developed a sulfurization route for inducing
strained phase transitions in metal carbide systems, alternative to
the established approach of carbon incorporation (23), which
provides a platform to investigate the superconducting proper-
ties of different crystallographic phases at their interfaces. Notice
that a-MoC (not a-Mo,C) was recently predicted to display a
nontrivial Z, invariant, implying that its surface states could be
harvested to induce p + ip triplet superconductivity, for instance,
through the use of an external gate (13). Notice that topological
surface bands (drumhead states) in y-MoC (with C termination)
are predicted to lie around the Fermi level (30). Therefore,
nontrivial superconducting pairing might occur in y-MoC upon
doping or gating (13). Notice that 3-MoC crystallizes in the same
structure as WC, corresponding to the P6m2 group (or No. 187),
which is predicted to display type-II triply degenerate fermions,
making this compound also a good candidate for unconventional
topological behavior (13). Therefore, the precise control achieved
in the growth of molybdenum carbide/disulfide vertical hetero-
structures could open unique opportunities, not only for research
in topological materials and related surface states, but also in
unconventional superconductivity. Moreover, we envisage that the
superconductor/semiconductor heterojunctions will play a key role
in tunneling experiments, to evaluate the pairing symmetry of
these compounds and resulting heterostructures through Cooper
pair tunneling, as well as in functional electronic components and
catalysis applications. Ultimately, our developed route for engineering
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the various phases of molybdenum carbide embedded in the created
vertical heterostructures—including novel metastable phases—Iled to
superconducting transitions at higher temperatures. This approach
could also be applied to a broad arrange of thin films, including
tungsten- and niobium-based carbides, metal nitrides, and their dif-
ferent stacked combinations with intriguing transport properties. We
envisage that the engineering of the proposed layered heterostacks of
carbides, nitrides, and sulfides of other transition metals will either
introduce superconductivity in hitherto undiscovered phases, or in-
crease the superconducting transition in known compounds.

Materials and Methods

Atmospheric-Pressure CVD Synthesis of 2D «-Mo,C on Molten Cu. Two-dimensional
Mo,C domains were grown through atmospheric-pressure CVD directly onto Cu
substrates as previously reported (11). In our experiments, Ar carrier gas with a
small CH, flow (Ar:CH4 = 500:1) was directed to stacked Mo/Cu metal foils which
were enclosed between quartz slides, inside a quartz reaction tube at 1,090 °C. A
high cooling rate (~200 °C/min) is set after 15-30 min of growth. The a-Mo,C
crystals were transferred from the Mo-Cu assembly onto arbitrary substrates,
such as Si/SiO, or TEM grids, via a polymethyl methacrylate-assisted method by
etching in an FeCls solution for 3 h.

Formation of MoS,/Carbide Heterostructures. As-grown a-Mo,C crystals were
transferred onto Si/SiO, (300-nm thickness) and were subjected to a heat
treatment under a controlled sulfur-rich environment. The reaction was
performed under a H,S flow at a rate of 5 sccm, where ultrahigh-purity
argon gas was used as a carrier gas so as to maintain a total flow rate of
35 sccm. Sulfurization was achieved at reactor pressure of ~750 mTorr for
1-20 min at 600 °C.

Materials Characterization. SEM was performed using a Zeiss Merlin FESEM at
5 kV. A Renishaw inVia microscope with a 488-nm excitation laser was used
for acquiring the Raman spectra, while using a backscattering configuration,
with an 1,800 line per millimeter grating. XRD patterns were acquired with a
PANalytical Empryean X-Ray diffractometer equipped with a Cu source. XPS
experiments were performed using a Physical Electronics VersaProbe Il in-
strument. The binding energy axis was calibrated using sputter-cleaned Cu
foil (Cu 2p3;; = 932.7 eV, Cu 2p3;; = 75.1 eV).

The cross-section TEM samples were prepared by FIB using an FEI SEM
Helios Nanolab 660. The as-synthesized pristine Mo,C and carbide/disulfide
heterostructure flakes were initially characterized via Raman spectroscopy,
XRD, SEM, and STM, followed by device fabrication (method details below)
and transport measurements. Cross-sectional TEM samples of the various
flakes used for transport measurements were prepared by SEM/FIB, thus all
of the characterizations were conducted on the same flakes. HRTEM and
STEM-EDS of the cross-section of the sample were performed with an FEI
Talos F200x microscope using a SuperX EDS detector, operated at 200 kV.
Aberration-corrected (S)TEM images were obtained using an FEl Titan G2
60-300 microscope, operated at 80 kV equipped with double-spherical ab-
erration correction, offering subangstrom image resolution. An HAADF
detector with a collection angle of 42-244 mrad, camera length of 115 mm,
beam current of 45 pA, and beam convergence of 30 mrad was used for
STEM image acquisition. For the HAADF-STEM images, a Gaussian blur filter
(r=2.00) was applied (by the ImageJ program) to eliminate noise and enhance
the visibility of the structural details, while the line profiles of HRTEM and
annular dark-field intensity were captured by analyzing raw STEM images.

STM measurements were performed at 77 K with a platinum iridium tip in
a custom-built ultrahigh vacuum (UHV) STM system with an SPECS Tyto scan
head. Samples were transferred to the STM vacuum chamber and annealed
at 200 °C for about 2 h in a UHV environment before being loaded into the
scan head for measurements, in order to eliminate any moisture absorbed
on the surface. Images in Fig. 1 A and B were obtained under constant
current feedback at —0.7-V bias voltage, 100-pA tunneling current and 0.4 V
bias voltage, 20-pA tunneling current, respectively. STS measurements were
performed using a standard lock-in technique by detecting modulation
in the tunneling current in response to a bias-voltage modulation of 10 mV
at 981 Hz.

DFT Calculations. The DFT calculations were performed using the plane-wave
basis and projector augmented wave method (33) within the Vienna Ab
initio Simulation Package (34). Before stacking MoS; within y-MoC hetero-
structures, the pristine MoS, and y-MoC were fully relaxed to reach the
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energy minimum state. For converging the energy to a value within 1 meV
per atom, a 600-eV cutoff energy, 20 A of vacuum in the direction per-
pendicular to the MoS; or y-MoC surface, and a 13 x 13 x 1 k-point mesh was
required. The Perdew-Burke-Ernzerhof generalized gradient functional (35)
was chosen as an exchange-correlation functional.

To acquire dispersion interactions between 2D multilayers, the nonlocal
vdW-DF-optB88 exchange-correlation functional (36) was employed. When
the heterostructure was stacked in the strained-epitaxial case, an odd
number of layers of MoS, was epitaxially strained to match the lattice pa-
rameter of y-MoC, and six layers of MoC were added to obtain the y-MoC/
MoS,/y-MoC sandwich structure with the same termination at both inter-
faces. When the heterostructure was stacked in the moiré epitaxy case, the
MoS; and y-MoC unit cells were expanded to 10 x 10 x 3 and 11 x 11 x 6,
respectively, to match the lattice parameter to within a 0.3% difference. The
DOS and electron density map calculations were performed using the local-
density approximation (LDA) functional (37). The choice of functional was
determined considering the overall supercell size and bandgap value. In the
moiré epitaxy case, the supercell contained over 2,200 atoms, which is be-
yond the capability of other more complicated functionals.

The calculated bandgap of pristine monolayer MoS; is 1.69 eV, which is
closer to the energy of the photoluminescence experimental measurement
(29) than the energies obtained from the generalized gradient approximation
and the hybrid functional. Although the LDA underestimates the bandgap in
semiconductors and insulators when compared with experimental results, the
obtained values are reasonably accurate since the inaccuracy comes from
systematic errors instead of any physical error. The DOS was analyzed in s, p,
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and d electron orbitals from each atomic layer in the direction perpendicular
to the interface.

Superconductivity Measurement. To fabricate the electrical contacts, standard
e-beam lithography and e-beam evaporation techniques were used to de-
posit 50 nm of Au on 5 nm of Ti. Measurements as a function of magnetic
field and temperature were performed in a Physical Properties Measure-
ment System using conventional electronics.

Data Availability. All study data are included in the article and Supporting
Information.
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