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Plasma-enhanced pulsed-laser deposition of single-crystalline Mo2C ultrathin superconducting films
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Transition-metal carbides (TMCs) possess many intriguing properties and inspiring application potentials,
and recently the study of a two-dimensional form of TMCs has attracted great attention. Herein, we report
successful fabrication of continuous Mo2C ultrathin single-crystalline films at 700 ◦C with an approach of
plasma-enhanced pulsed-laser deposition. By sophisticated structural analyses, the Mo2C films are characterized
as single crystal with a rarely reported face-centered cubic structure. In further electrical transport measurements,
superconductivity observed in the Mo2C films demonstrates a typical two-dimensional feature, which is consistent
with Berezinskii-Kosterlitz-Thouless transitions. Besides, large upper critical magnetic fields are discovered in
this system. Our work offers an approach to grow large-area and high-quality TMCs at relatively low temperatures.
This study may stimulate more related investigations on the synthesis, characterizations, and applications of
two-dimensional TMCs.
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I. INTRODUCTION

In the past decade, two-dimensional (2D) materials have
attracted much attention due to their unique properties, and
indeed, 2D materials are good platforms to study interest-
ing phenomena and explore potential applications in high-
performance devices [1–4]. In the very large material family,
most 2D materials are semiconductors or dielectrics, while the
choice of metallic conductor is rare. Transition-metal carbides
(TMCs) in a 2D MXenes form are recently discovered to
be produced by selective etching of the A element from the
Mn-1AXn (n = 1, 2, or 3) (MAX) phases, where M denotes
a transition metal, A is an A-group element, and X is either
carbon or nitrogen [5–7]. As newly joined members of 2D ma-
terials, TMCs usually exhibit good electrical conductivity, and
even superconductivity at low temperatures [8–10]. Besides,
they possess excellent mechanical properties, thermal stability,
and catalytic activity comparable to noble metals, suggesting
great value of applications in energy storage, catalysis, and
other electronic devices [11–19].

Molybdenum carbide is a well-known TMC that has been
explored for interesting physics phenomenon and application
potentials due to its catalytic property and superconductivity
[20–24]. A lot of works have been done to synthesize
Mo2C in different phases and scales. Orthorhombic α-Mo2C
and hcp β-Mo2C are the two stable crystalline forms of
molybdenum carbide [25]. By reactive sputtering Mo in an
acetylene atmosphere, Lee et al. synthesized superconducting
Mo-C thin film while its crystallinity remains unknown [24].
With a plasma-enhanced chemical vapor deposition (PECVD)
method followed by a temperature-programmed reduction
(TPR) process, phase-pure polycrystalline β-Mo2C films were
fabricated by Wolden et al. [26]. Very recently, Halim et al.
realized large-scale synthesis and delamination of 2D Mo2CTx

flakes by selectively etching Ga from Mo2Ga2C powders
in acid solutions [27]. Mo2C obtained in this way suffers
from structural defects and impurity-terminated surfaces. In
addition, the lateral dimensions of samples grown by these

*jiyan.dai@polyu.edu.hk

methods are also limited for further investigation of the
intrinsic physical properties of 2D Mo2C and constrains future
large-area applications. Single-crystalline 2D Mo2C had not
been synthesized until Xu et al. reported the method of a
modulated chemical vapor deposition (CVD) process by which
high-quality 2D ultrathin α-Mo2C superconducting crystals
with maximum size over 100 μm were grown at temperatures
over 1085 ◦C [9]. With an ambient-pressure CVD method
(APCVD) at temperature above 1100 ◦C, Geng et al. found a
way to control thickness and morphology of high-crystallinity
Mo2C at a nanometer scale [28]. However, the high nucleation
density at high growth temperature involved in the CVD
method used by Xu et al. and Geng et al. hinders the possibility
to precisely control the growth of Mo2C in thickness and
area simultaneously. Much effort is still necessary to further
improve the knowledge of growth methods and intrinsic
properties of 2D Mo2C.

Here, we report the growth of large-area single-crystalline
Mo2C, which is epitaxially grown by a plasma-enhanced
pulsed-laser deposition (PEPLD) method. Plasma enhance-
ment is adopted in conventional CVD systems to facilitate
material synthetizations with lower temperature and higher
quality [29–31]. Pulsed-laser deposition (PLD) is a traditional
thin-film deposition method which renders researchers a way
to grow high-quality thin films of variant materials such as
oxides [32], metals [33], and even 2D materials [34–36]. Com-
bining the advantages of PECVD and PLD, we successfully
grow continuous single-crystalline Mo2C films of different
thicknesses on sapphire (0001). The growth temperature is
700 ◦C. The sample thickness could be controlled by the laser
pulse number. The ionization of methane has the function
of enhancing the reaction between molybdenum and carbon,
while the existence of ionized hydrogen should be useful to
maintain the Mo in a desired valence state, being free from
forming Mo oxides. Such single-crystalline Mo2C film has the
largest area reported so far and possesses rarely reported fcc
phase, having typical two-dimensional superconducting prop-
erties consistent with Berezinskii-Kosterlitz-Thouless (BKT)
behavior. Compared to Mo2C in other structures [9,24,28],
the fcc-Mo2C shows a similar thickness-dependent critical
temperature change but a much higher upper critical field of
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FIG. 1. Sample composition and structure analysis by XPS and XRD. Left: XPS analysis for the sample grown (a) in ionized CH4 plasma
and (b) nonionized CH4. Right: XRD pattern for the sample grown (c) in ionized CH4 plasma and (d) nonionized CH4.

its superconductivity. Such a PEPLD method could also be
adopted for growing other ultrathin transition-metal carbides
and nitrides.

II. EXPERIMENTS

In our PEPLD system, the plasm is generated by modifying
a conventional PLD system to be equipped with a high-voltage
electrode at the methane inlet of the chamber which can ionize
the gas when it was vented into the chamber. A dc voltage of
500 V is supplied by a power generator. Before deposition,
the chamber was vented by CH4 to a pressure of 15 Pa, and
the CH4 was ionized to generate plasma by glow discharge. A
KrF laser (Lambda Physik COMPex 205) with a wavelength
of 248 nm was used to focus on a Mo metal target. The energy
density was set to be about 5 J mm−2 with a pulse frequency
of 5 Hz. The sapphire (0001) substrate is adjusted to be 3.5 cm
away from the target location and heated to 700 ◦C for film
deposition. After growth, the sample was cooled down to room
temperature in vacuum naturally. Transport properties can be
characterized directly on the grown sample without any etching
or transfer process. (A schematic illustration of the PEPLD
system is provided in the Supplemental Material Fig. S1, and
the appearance of the grown sample is shown in Fig. S2 [37].)
The growth temperature is monitored by infrared temperature
sensors (Raytek-MM2ML). Sample thicknesses ranging from
2 to 25 nm are controlled by deposition time (Supplemental
Material, Table S1 [37]).

The grown Mo2C film composition is investigated by
conducting x-ray photoelectron spectroscopy (XPS) and x-ray
diffraction (XRD) measurements, and the lattice structure
is further confirmed by transmission electron microscopy
(TEM). The XPS measurement is done by a SKL-12

spectrometer modified with a VG CLAM 4 multichannel
hemispherical analyzer and equipped with Al/Mg twin anode
x-ray sources. XRD and x-ray reflectivity (XRR) analysis is
carried out in Rigaku SmartLab. Both the cross-sectional TEM
specimens and plane-view TEM specimens were prepared first
by mechanical mining followed by ion-beam thinning using a
Gatan precision ion polishing system. The detailed structural
characteristics of the specimens were investigated by TEM
(JEOL 2100F, operated at 200 kV). Electric and magnetic
properties of the films are conducted in a physical properties
measurement system (Quantum Design). Aluminum wires are
ultrasonically bonded on the film for electrical transportation
characterization. Through the standard four-probe method, a
constant current source of 0.5 μA is supplied on the film for
electrical measurement.

III. RESULTS AND DISCUSSION

To confirm the film composition and chemical state of
Mo atoms, XPS measurement was performed. The measured
Mo 3d spectrum and fitting curves of samples grown in differ-
ent conditions are shown in Figs. 1(a) and 1(b). It is seen that
for the sample grown in CH4 plasma, the Mo2+ state dominates
the spectra and these Mo ions are believed to be from Mo2C. It
is noticed that there is also a small amount of Mo4+ which may
come from defects where MoC forms. The XPS analysis results
of the sample grown in nonionized CH4 atmosphere show that
the film is mainly molybdenum metal, where Mo of chemical
states from +2 to +6 also exist. To investigate the crystallinity
of the film, XRD characterization was carried out for both
films grown in ionized or nonionized CH4 environments. In
Figs. 1(c) and 1(d), the sharp peak at 41.9◦ shown in both
samples belongs to the Al2O3 (0006). For the sample grown
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FIG. 2. AFM image and TEM investigations of Mo2C film grown on the sapphire substrate. (a) AFM image showing the morphology of
the as-grown Mo2C thin film in large area. (b) Enlarged cross-sectional TEM image, and the inset shows a large area of Mo2C film grown on
the sapphire substrate. (c) The superimposed SAED pattern taken from both the film and substrate. The white arrowed spots belong to sapphire
and the yellow circled spots belong to the film. (d) High-resolution TEM image taken from the cross section of the Mo2C film. (e) SAED
patterns taken from the overlapped area, including both the substrate and the grown film in the plane-view TEM sample. The yellow arrowed
spots belong to the film and the red circled spots belong to the substrate. (f) High-resolution TEM image taken from the plane view of the
Mo2C film. The inset shows the low-magnified plane-view TEM image of the film and the substrate.

in CH4 plasma, besides the substrate signal, there is a peak at
around 37◦, suggesting that the film grown is fcc structured
Mo2C with growth direction of [111] and lattice parameter of
a = 0.4155 nm (standard identification card JCPDS 15-0457).
From the sample grown in CH4, no Mo2C peak can be
found, and the peak at 40.4◦ belongs to cubic-structured Mo

(110) (standard identification card JCPDS 01-1205). The XRD
results confirm the XPS analysis, supporting the conclusion
that the sample grown in CH4 plasma is Mo2C, while Mo
metal is deposited in nonionized CH4. Besides the different
results from both XPS and XRD measurements, for the sample
grown in CH4 gas without plasma enhancement we could not
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find a superconductivity transition as observed in Mo2C. (This
is discussed in the following sections.)

The unsuccessful synthesis of Mo2C in nonionized CH4

gas confirms the crucial role of plasma enhancement. As
previously reported, the major ions produced from dissociation
of methane are C+, CHx

+, and C2Hy
+, while H+, H, and H2 are

also generated during the ionization process [29,38,39]. Based
on this fact, two speculations are made about the plasma-
enhanced deposition process. First, the methane plasma is
more active than methane molecules, making Mo atoms
more easily react with carbon and form Mo-C compound.
Second, the existence of hydrogen ions and atoms may prevent
the formation of a higher valence state of molybdenum in
compounds such as MoO3 or MoC.

The microscopic morphology of the film is examined
by atomic force microscopy (AFM). The result shown in
Fig. 2(a) shows a flat surface of the large-area film with a
roughness of 0.3 nm (rms Rq). The energy-dispersive mapping
(EDS) of molybdenum and carbon shows a homogeneous
distribution of the two elements (EDS result is shown in Fig. S2
[37]). The uniformity of the film is also confirmed from the
indentical reflectivity patterns of the XRR measurement at
different spots of the film. (The result is illustrated in the
Supplemental Material, Fig. S5 [37].) To study the structure
and quality of the thin film in detail, we prepared a sample
for further investigation by TEM. Figure 2(b) is an enlarged
cross-sectional TEM image showing the continuous thin film
with a flat surface, and the inset shows a low-magnified
cross-sectional TEM image indicating the large-area thin film
grown on the substrate. According to the cross-sectional TEM
images, the film thickness is determined to be ∼14 nm. (The
film’s growth condition is provided in Supplemental Material
Table S1, [37].) Selected area electron diffraction (SAED)
was used to determine the orientation relationship between
the film and substrate, and Fig. 2(c) shows such a combined
pattern taken from both the film and substrate. Using the
diffraction spots of the substrate as reference, the indexing
of the diffraction spots of the film can be determined. These
diffraction patterns prove the epitaxial growth of film on
the sapphire substrate with a film growth direction of [111].
Figure 2(d) is a high-resolution TEM image of the film, where
it can be proven that the lattice spacing and angles are in good
agreement with fcc structure, and the growth direction of the
thin film is [111].

In order to further investigate the crystal structure of the
film, we also prepared the plane-view TEM sample, where the
ion-milling process can mill off the substrate and remains on
the grown film only at the edge of the thin region. Figure 2(e)
shows the combined pattern taken from both the substrate and
film. Using the diffraction spots of the substrate as reference, an
epitaxial orientation relationship between the Mo2C film and
sapphire substrate is determined to be (111)Mo2C/(0001)Al2O3

and [101̄]film/[101̄0]substrate. The inset in Fig. 2(f) shows a
plane-view bright-field TEM image in low magnification,
where the edge region is the film and the inner region includes
both the film and substrate. Figure 2(f) is a high-resolution
TEM image taken from the film region, where one can see that
the lattice spacing of the planes in the two directions and the
angle between these two planes match the fcc Mo2C structure
with a lattice parameter of a = 0.416 nm.

FIG. 3. Superconductivity transition of the Mo2C films. (a)
Thickness-dependent superconductivity of the Mo2C film. Resistance
change at temperatures from 2 K to 12 K is measured for samples
with different thicknesses. The thickness is determined by XRR
measurement. (XRR analysis is shown in the Supplemental Material
Fig. S3, and their growth conditions are provided in the Supplemental
Material, Table S1 [37].) The upper inset is a schema of the transport
measurement configuration, while the lower inset is the relationship
between the film thickness and its Tc. (b) Superconducting diamag-
netic property of a 5.5-nm-thick sample. M-T is measured in ZFC
and FC processes in a field of 10 Oe. The inset is the M-H loop from
−0.6 to 0.6 T measured at 2 K.

We further studied the electrical transport properties of
the grown thin films in the physical properties measurement
system (PPMS). A schema of the four-probe resistance
measurement configuration is illustrated as the upper inset
in Fig. 3(a), in which Al wires are ultrasonically bonded
on the sample surface as electrodes. Resistance is calculated
as the ratio of the voltage across V + and V − over the
constant current source of 0.5 μA through I+ and I−. The
measurement of temperature-dependent resistance (R-T ) on
samples with different thicknesses is conducted, and the
results show a thickness-dependent superconducting transition
critical temperature (Tc). The critical transition temperature in
this work is defined as the temperature where the resistance
of the film drops to 10% of its resistance at normal state.
We can see from the lower inset of Fig. 3(a) that the Tc

decreases when the thickness of Mo2C film is decreased until
a critical thickness of 3.3 nm is reached, which does not turn
to a superconducting state at 2 K. For the even thinner film
with a thickness of 2.2 nm, the R-T curve turns out to be
insulating. This result is consistent with previously reported
superconductivity in molybdenum carbide films of different
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FIG. 4. The 2D superconductivity in a 5.5-nm Mo2C film. (a) Temperature dependence of resistivity under an out-of-plane magnetic field of
different strengths. (b) Magnetoresistance under an out-of-plane magnetic field at different temperatures. (c) Temperature-dependent resistivity
under an in-plane magnetic field of different strengths. The color code is the same as that in Fig. 4(a). (d) Magnetoresistance under an in-plane
magnetic field at different temperatures. The color code is the same as that in Fig. 4(b). (e) The temperature-dependent Hc2 analysis and the
2D GL theory fitting. The Hc2 is defined as the field where the resistance drops to 10% of the normal resistance. (f) The relationship of the Hc2

and the angle θ between the magnetic field relative and the current direction, which is illustrated in the inset.

cyrstal structures [9,24,28], showing a higher Tc for thicker
films. The phenomenon that Tc increases in thicker samples
was not only observed in Mo2C, but also in other materials like
Bi, Nb, and NbSe2 [40–42], where the 2D superconductivity
was illustrated. Such thickness dependence is predicted by the
Cooper law [43], which is commonly used to fit the thickness-
dependent superconducting temperature Td of film with its
thickness d thinner than the superconducting coherent length:

Td = Tc0e
(−2a/N0V d),

where a is the nonsuperconducting surface layer thickness on
each side of the film, Tc0 is the bulk critical temperature, and

N0V is the bulk interaction potential. The suppression of Tc

in thinner films can result from the decrease of the density
of states near the surface, which is obtained from a proximity
effect model. Further work is needed to investigate the underly-
ing physical mechanism that contributes to the reduction of Tc

in thinner Mo2C films, while the superconducting order param-
eter change along the out-of-plane direction, the penetration
effect, and quantum size effect might shed light on the problem.

The temperature dependence of magnetization (M-T ) un-
der an out-of-plane magnetic field of 10 Oe was measured after
zero-field-cooling (ZFC) and field-cooling (FC) processes.
As shown in Fig. 3(b), the M-T curves exhibit a drop
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FIG. 5. V -I measurement for the a 5.5-nm Mo2C film and its BKT transition. (a) V -I curves in logarithm scale. The black lines are fittings
of the data in the transition, and its slope is abstracted as α. (b) The temperature dependence of the power-law exponent α, which is extracted
from Fig. 5(a). The fitting for a BKT transition is 4.24 K. (c) The R-T fitting for a BKT transition with TBKT = 4.26 K.

crossover at around 4 K, indicating a diamagnetic response
below the critical temperature, and confirms the occurrence
of superconductivity. The relationship between field strength
and magnetization (M-H loop) measured at 2 K, shown in
the inset of Fig. 3(b), exhibits clear magnetic hysteresis. This
indicates that Mo2C is a typical type-II superconductor.

For the electrical transport measurements, we systemati-
cally investigated the much thinner sample, a 5.5-nm-thick
film, to study its two-dimensional superconductivity, which is
expected to exist in sufficiently thin samples. The influence of
external magnetic field on the superconducting characteristics
of a 5.5-nm-thick Mo2C film is shown in Figs. 4(a)–4(d), the
magnetic fields are out-of-plane and in-plane, respectively.
One can see that Tc turns out to be lower when a magnetic
field is applied to the film, revealing an obvious suppression of
the superconductivity. It is also apparent that the response to
magnetic field is anisotropic in this system. We determine
the upper critical magnetic field Hc2 as the one where
the resistance drops to 10% of the normal resistance. The
temperature-dependent Hc2 under both field orientations are
extracted from Figs. 4(a)–4(d) and plotted in Fig. 4(e).
As described by the Ginzburg-Landau (GL) theory of 2D
superconductors [44], coherence length and effective thickness
can be further derived from Hc2‖ (T) and Hc2⊥ (T) with the
following relations:

Hc2,⊥ = �0

√
12

2πξ 2
GL(0)

(
1 − T

Tc

)
,

Hc2,‖ = �0

√
12

2πξGL(0)dSC

(
1 − T

Tc

) 1
2

,

where ξGL(0) is the zero-temperature GL in-plane coherence,
�0 is the magnetic flux quantum, and dSC is the out-of-plane
superconducting effective thickness. From the fitting, the
coherent length is determined to be 8.3 nm. An effective
thickness of 5.3 nm is obtained, which is consistent with the
XRR result of 5.5 nm (Supplemental Material, Fig. S3 [37]).
It is also noted that the Hc2 (0 K) in the parallel magnetic field
is as large as 25.8 T and in the perpendicular field it is 4.8 T,
which is much larger than those of the ultrathin α-Mo2C phase
[9,10,28]. The enhanced superconductivity from our fcc-Mo2C
film with higher Tc and Hc2 may be related to the difference
of crystal structure, film growth direction, and structural
defects induced by variant growth methods. Another tool to
verify the 2D superconductivity of the sample is the Tinkham
formula,

∣∣∣∣Hc2(θ ) sin θ

Hc2,⊥

∣∣∣∣ +
(

Hc2(θ ) cos θ

Hc2,‖

)2

= 1,

which describes the relationship between the upper critical
field Hc2 and the angle θ of the magnetic field relative to
the current direction. In considering the large Hc2 at lower
temperatures, the angle dependence of the upper critical field
at 4 K was investigated. Magnetoresistance under fields of
various directions is measured (Supplemental Material, Fig. S4
[37]), from which the Hc2 under different field directions
is extracted. The Hc2 (θ ) and the well-fitted curve from the
Tinkham formula are plotted in Fig. 4(f). This result further
proves the 2D superconductivity in the Mo2C film.

The voltage-current (V -I ) characteristics of this system
were also measured at selected temperatures without the
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presence of an external magnetic field. The results are shown
in Fig. 5(a), where the V -I curves under temperatures of
3.51–5.03 K are illustrated. As predicted by the BKT model,
the V -I curves follow a V ∝ Iα power-law dependence,
which can be seen from the linear fitting lines in the log-log
scale [45–47]. The temperature dependence of α is shown
in Fig. 5(b), where the BKT transition temperature (TBKT)
is determined as 4.24 K when α reaches 3. This value is
almost the same as the onset temperature when zero resistance
appears. Meanwhile, the R-T characteristic can also be fitted
by the BKT formula,

R = R0exp

[
−b

(
T

TBKT
− 1

)1/2
]
,

where R0 and b depend on material only. As shown in
Fig. 5(c), the fitting analysis gives TBKT = 4.26 K, which is
highly consistent with the V -I results. The analysis on the
V -I characteristics reveals the signature of BKT transition,
which is another evidence for its 2D superconductivity.

IV. CONCLUSION

In summary, single-crystalline Mo2C thin films have been
epitaxially grown by a plasma-enhanced pulsed-laser deposi-
tion method, where the ionized CH4 gas plays a crucial role in
the synthesis process. The grown single-crystalline Mo2C has
the largest area reported so far, and it has a rarely reported fcc
structure. Consistent with the Berezinskii-Kosterlitz-Thouless
transition model, their electric and magnetic properties show
a typical two-dimensional superconductivity. The PEPLD
method introduced here can also be applied in other large-area
TMC synthesis methods, offering researchers an important
reference for further study on the TMCs, particularly their
applications.
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