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Graphene-based heterostructure is one of the most attractive topics in physics and material sciences due to its intrigu-
ing properties and applications. We report the one-step fabrication of a novel graphene/Mo,C heterostructure by using
chemical vapor deposition (CVD). The composition and structure of the heterostructure are characterized through energy-
dispersive spectrometer, transmission electron microscope, and Raman spectrum. The growth rule analysis of the results
shows the flow rate of methane is a main factor in preparing the graphene/Mo,C heterostructure. A schematic diagram
of the growth process is also established. Transport measurements are performed to study the superconductivity of the

heterostructure which has potential applications in superconducting devices.
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1. Introduction

Since the discovery of graphene in 2004,!'#*! many new
two-dimensional (2D) materials have been found, >3 and 2D
ultrathin Mo, C is one of them. 1% Mo,C belongs to the tran-
sition metal carbide, which combines the characteristics of

ceramics and metals.[!1-12

1 Mo,C has not only high strength
and hardness but also excellent catalytic activity and super-
conducting properties.'!3! Scientists have fabricated large-area
high-quality 2D ultrathin @-Mo,C. The research of its phys-
ical properties, such as superconductivity and magnetotrans-

%141 have achieved an important breakthrough.

port properties, !

Contemporarily, an important development trend in 2D
material research field is the extension from a single material
to an artificial heterostructure formed by two materials.[>-19]
In the heterostructure, the superlattice periodic potential
field caused by lattice mismatch exhibits a significant mod-
ulating action on the energy band structure of 2D materi-
als. Moreover, it presents a novel quantum phenomenon

(20-231 Supercon-

which is not observed in single material.
ducting materials and graphene heterostructures, such as
graphene/Bi; SrpCaCu, Og., heterostructure, show an obvious
nonlinear /-V characteristic, which indicates a possibility for
developing the new superconducting devices.**! Traditional

2D heterostructures are mainly prepared through a two-step
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process. This process includes either growing two materials in
different conditions and then combining them to form a het-
erostructure, or growing one material directly onto another
which is prepared as a substrate (epitaxial growth). Such a
complicated preparation process tends to introduce contami-
nations at the interface and therefore has some limitations.

In this work, the graphene/ultrathin Mo, C heterostructure
is fabricated for the first time by one-step chemical vapor de-
position (CVD) process, which can effectively avoid contam-
inations introduced in the traditional two-step growth process
of heterostructure. The structure of heterostructure is verified.
The key factor in fabricating the graphene/Mo,C heterostruc-
ture and growth process is studied. The transport properties of
the heterostructure are also measured.

2. Experiments

Cu (99.8% purity, 100-pm thick)/Mo (99.8% purity, 100-
pum thick) foil as substrate were placed in a horizontal quartz
tube furnace. Then, the samples were annealed under a flow
of Ar/H, (5:1) at 1000 °C before growth to remove surface
contamination. Subsequently, mixed methane, hydrogen, and
argon gas were fed into the reaction chamber at different flow
rates, with the temperature kept at 1086 °C. Upon the synthe-
sis of heterostructure, the samples were then cooled down to
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room temperate naturally.

3. Results and discussion

Graphene/Mo,C heterostructure can be fabricated using
CVD under the following growth condition: 1-sccm CHy, 200-
sccm Hj, 1000-sccm Ar, 40 min, 100-pm Cu above 100-pum
Mo. Figure 1(a) shows the typical optical microscope (OM)
image of graphene/Mo,C heterostructure which is confirmed
in the text below. With the Raman spectrum of point A in
Fig. 1(b), we confirm that the white hexagonal is a single-
crystal graphene. The Raman spectrum of point B in Fig. 1(b)
indicates that graphene is fabricated in the longitudinal direc-

tion of Mo, C crystal.

We then confirm the structure of Mo,C through several
methods. Figure 1(c) shows the typical OM image of a hexag-
onal Mo, C crystal without the graphene coating. It is proven
to be composed of Mo and C by the typical energy-dispersive
spectrometer (EDS) test as shown in Fig. 1(d). Figure 1(e)
exhibits the high-resolution transmission electron microscopy
(HRTEM) image of a part of the hexagonal sample which is
randomly selected. From this figure, we calculate that the av-
erage spacing of lattice fringes is 0.26 nm. It is consistent with
the (002) plane of @-Mo,C crystal, confirming the existence of
a-Mo;,C. As shown in Fig. 1(f), ®-Mo,C crystal has a really
good single-crystal orientation.
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Fig. 1. (color online) (a) OM image of Mo, C/graphene heterostructure. (b) Raman spectra of A and B, respectively. (c) Optical image and (d)
typical EDS image spectrum of Mo, C crystal fabricated by using CVD under the following condition: 1-sccm CHy, 200-sccm Hy, 1000-sccm
Ar, 40 min, and 100-um Cu above 100-um Mo. (¢) HRTEM image and (f) SAED pattern of Mo, C crystal. The inset in panel (d) shows the
corresponding Mo, C crystal (the same as those shown in panel (c)), and the red spot shows the position where the EDS spectrum is acquired.

Figure 2(a) shows the OM image of the sample with a
methane flow rate of 0.35 sccm, where only Mo, C crystal is
grown. We cannot detect any Raman sign of graphene on the
samples. In the case of low methane flow rate, the graphene
cannot be fabricated on the molten copper. When the methane
flow rate is increased to 1 sccm, the typical OM image is dis-
played as shown in Fig. 2(b). This condition is accompanied
by the growth of hexagonal Mo, C crystals and graphene. Part

of hexagonal graphene completely covers the Mo, C crystal. It
demonstrates that Mo,C crystal and graphene can be simul-
taneously grown and have the potential to form heterostruc-
ture under this condition. With the continuous increase of the
methane flow rate to 2 sccm, the hexagonal graphene becomes
a continuous graphene as shown in Fig. 2(c). The nucleation
density and transverse dimension of Mo,C crystal increase
with the increase of methane flow rate. In summary, Mo,C
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crystal grows only at very low concentration of methane. The
use of a high concentration of methane is the key to obtaining
Mo, C/graphene heterostructure.

Figure 2(d) shows a schematic diagram of the typical
growth process for the heterostructure. In a horizontal quartz
tube furnace, Cu foil (100-pum thick) is placed on the top of
Mo foil (100-um thick). The growth process is as follows:
with the increase of temperature and upon the introduction of
methane and hydrogen, methane splits into C—H atoms under
the catalytic action of copper, and carbon turns into graphene
on the surface of the molten copper. When the temperature
reaches 1083.4 °C, copper melts with molybdenum atoms dif-
fusing to the liquid copper to form copper/molybdenum alloy.
Subsequently, carbon reacts with molybdenum to form molyb-

graphene

only Mo,C

20 um

0.35 sccm fof40 min —

(d)

molybdenum foil

copper foil

1 sccm for 40 min

graphene
Mo

denum carbide. The hexagonal structure of Mo,C crystal can
be covered by the graphene to form a longitudinal heterostruc-
ture. The nucleation of molybdenum carbide and graphene on
the copper surface randomly occurs, and there is no correla-
tion between the nucleation positions. There are three kinds
of position relationships between Mo, C crystal and graphene
within a certain time: hexagonal graphene completely covers
Mo, C crystals (see Fig. 2(b)), Mo, C crystals are partially cov-
ered by graphene (Fig. 2(f)), and graphene and Mo, C crystals
are separated (Fig. 2(g)). With increasing time, the hexagonal
graphene becomes continuous (Fig. 3(a)). In this case, each of
the hexagonal structures of Mo,C crystals can be covered by
the graphene to form a longitudinal heterostructure.

continous graphene on Mo,C

10 um A
mmm | 2 scm for 40 min

graphene/Mo,C heterojunction

Fig. 2. (color online) OM images of samples after 40 min with methane concentrations of (a) 0.35 sccm, (b) 1 sccm, and (c) 2 sccm, respectively.
The inset in panel (c) shows typical Raman spectra of a point on the top of the sample. (d) Schematic diagram of a typical heterostructure
growth process. (¢) SEM image of graphene and Mo, C morphology under the following conditions: 1-sccm CHy, 200-sccm Hy, 1000-sccm
Ar, and 40 min; (f) SEM image of Graphene and morphology of Mo, C stacked partially. (g) SEM image of graphene and morphology of Mo,C

separated.

The resulting heterostructures are transferred onto
Si0,/Si (300 nm/500 pwm) substrates for characterization and
application using a polymethylmethacrylate-supported trans-
fer method.!>-2"! Figure 3(a) exhibits the typical OM image
of the transferred heterostructures. We verify the positional
relationship between Mo,C crystals and graphene with oxy-
gen plasma etching after the transfer. Graphene can be etched
by oxygen plasma under a certain condition (50 W, 2 min).
A distinct crack is detected before oxygen plasma etching as
shown in Fig. 3(a). A spot on the Mo, C crystal corresponds to
the Raman spectrum as shown in the inset; it demonstrates the
existence of graphene. After the graphene film is etched, its

crack disappears as shown in Fig. 3(b). The Raman spectrum
of the spot in Fig. 3(b) shows that graphene is fully etched
and removed, confirming that the graphene film is on the top
of Mo,C crystal. After transferring the graphene film onto
Si,O/Si substrate, we measure the thickness of heterostructure
by atomic force microscope (AFM), and the thickness of het-
erostructure almost equals the thickness of Mo,C crystal be-
cause the graphene on the Mo, C crystal is too thin to be cal-
culated according to the Raman spectrum shown in Fig. 3(a).
The height profiles across the graphene/Mo,C heterostructure
shown in Fig. 3(d) demonstrate that the thickness of Mo,C
crystal is around 10 nm.
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Fig. 3. (color online) OM image of one continuous graphene/Mo,C heterostructure sample prepared under the conditions: 1-sccm CHy, 200-
sccm Hp, 1000-sccm Ar, 60 min, which is transferred onto a SiO,/Si substrate (a). Graphene/Mo,C heterostructure is etched by oxygen plasma
afterwards (b). Insets in panels (a) and (b) show Raman spectra of the spot before and after etching, respectively. (d) AFM result for the typical
graphene/Mo, C heterostructure, showing the height profile along the red line in panel (c).
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Fig. 4. (color online) Typical temperature dependence of resistance of
graphene/Mo,C heterostructure under various magnetic fields before (a) and
after oxygen plasma etching (b). Inset in panel (a) shows an optical im-
age of the device for transport measurement (upper left corner) and a brief
circuit diagram of the transport measurement in the middle. The unit
10e=79.5775 Am~".

Four-point probe measurement is performed on each of

the graphene/Mo,C heterostructure samples at the tempera-
tures ranging from 2 K to 6 K by Physical Property Mea-

surement System (PPMS, Quantum Design). Optical image

of the device for transport measurement is shown in the in-
set of Fig. 4(a). Sharp resistive transition happening at around
3.7 K and magnetic field suppressing the superconductivity are
shown in Fig. 4(a). It is worth noting that graphene and Mo,C
form a parallel circuit as shown in the inset of Fig. 4(a). The
residual resistance can be detected through the gap between
the red dashed and black dashed line in Fig. 4(a). It is the re-
sult of the current bypass effect of graphene!”*! as shown by
the circuit diagram. After getting rid of graphene by oxygen
plasma etching (50 W, 2 min), Mo,C remains superconduc-
tivity with zero resistance (Fig. 4(b)). This also verifies that
graphene is on the top of Mo,C flakes as an as-grown het-
erostructure.

4. Conclusions

In the present study, we successfully fabricate vertical
graphene/Mo,C heterostructure by using CVD directly. We
summarize the growth rule of the heterostructure and find that
Mo, C crystals and graphene can be simultaneously grown
with the high flow rate of methane and have the potential to
form heterostructures. A schematic diagram of the growth
process is also established. Finally, we study the supercon-
ductivity of the heterostructure after successfully transferring
it onto Si» O/Si substrate.
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