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Photodetectors based on intrinsic graphene can operate over a broad wavelength range with ultrafast
response, but their responsivity is much lower than commercial silicon photodiodes. The combination of
graphene with two-dimensional (2D) semiconductors may enhance the light absorption, but there is still
a cutoff wavelength originating from the bandgap of semiconductors. Here, we report a highly
responsive broadband photodetector based on the heterostructure of graphene and transition metal
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Accepted 14th September 2021 tion over a broad wavelength range from ultraviolet to infrared. In addition, there is very small resistance
for photoexcited carriers in both graphene and Mo,C. Consequently, photodetectors based on the gra-

phene—Mo,C heterostructure deliver a very high responsivity from visible to infrared telecommunication
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Owing to its unique band structure with the zero bandgap and
linear dispersion near Dirac point, graphene holds great potential
for many broadband photonic and optoelectronic device applica-
tions such as broadband polarizers,' broadband modulators,®
transparent electrodes® and broadband photodetectors.*® One
atomic layer graphene can absorb ~2.3% of incident light” over a
broadband wavelength from ultraviolet to terahertz. In
addition, graphene also shows high carrier mobility (up to
200000 cm® V™' s71)®? and fast photoelectric response (up to
40 GHz),’ which makes graphene a promising candidate for ultra-
fast and ultra-broadband photodetection. Nevertheless, the
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photo-responsivity of an intrinsic graphene photodetector is at
the scale of 10 mA W™ '°, which is three orders of magnitude
lower than the commercially available silicon-based photo-
diodes in the visible range, because of the relatively low absolute
absorptance and huge recombination of photo-generated car-
riers. Many efforts have been made to improve the responsivity
of the graphene-based photodetector, including the integration
of graphene with plasmonic structures'®'’ or microcavities,'?
but the fabrication process is complex, and the responsivity is
still as low as several tens of mA W'

Other two-dimensional (2D) materials, such as transition metal
dichalcogenides (TMDs), are gaining increasing attention as pro-
mising channel materials for field-effect transistors (FETs). Mono-
layer TMDs are directbandgap semiconductors,”” which are
suitable for applications in optoelectronic devices because of the
high absorption coefficient and efficient electron-hole pair genera-
tion under photoexcitation."* Constructing van der Waals hetero-
structures consisting of graphene and TMD is an effective approach
to combine the merits of both materials. In particular, graphene-
MoS,"* or graphene-WSe,"® heterostructure photodetectors have
shown unprecedented performance in terms of high responsivity
and sensitivity because of the efficient generation of photocarriers
by TMDs and high carrier mobility of graphene. However, the
large bandgap (1-2.5 eV'”'®) and relatively low mobility
(10-250 cm®* V! s71) in TMDs impede broadband photodetection,
particularly in telecommunication bands around 1550 nm.

Recently, 2D transition metal carbides (TMCs) have been
synthesized, which have shown amazing optical and electronic
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properties.’®?° As a result, from the incorporation of carbon
atoms into the metal lattice, transition metal carbides are a
large family of materials, which combine the properties of
ceramics and metals.”" Particularly, they have superior
mechanical properties, high stability and melting points, good
thermal shock resistance and low chemical reactivity. Many
TMCs, such as Mo,C, W,C, WC, NbC and TaC also show
superconductivity and excellent catalytic activity.>>* As one
of the mostly studied TMCs, Mo,C has high electron density at
the Fermi level, affording high electronic conductivity and good
nonlinear optical properties.”>>> Mo,C has two stable crystal-
line forms, orthorhombic a-Mo,C and hexagonal -Mo,C, in
which carbon atoms show distinct ordered and disordered
distributions, respectively. It is nontrivial to prepare Mo,C
nanosheets with desired phase, controllable crystal size and
uniform thickness. A few approaches were reported to prepare
the graphene-Mo,C heterostructures, and the superconductive
as well as electrochemical properties have been
investigated.>**° The graphene-Mo,C hybrid film has been
applied as a transparent electrode in a self-powered two-sided
photodetector;*’ however, the optoelectronic properties parti-
cularly the associated electron transfer in such vertical hetero-
structures have not been fully explored.

Here, we present a highly responsive broadband photo-
detector using graphene-Mo,C heterostructures grown by the
chemical vapor deposition (CVD) process. The graphene-
Mo,C heterostructure photodetectors show significantly
enhanced responsivity that is few orders of magnitude higher
than that of the intrinsic graphene photodetectors in the visible
range. Moreover, the heterostructure devices have a relatively
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high responsivity at the telecommunication wavelength, which
could fulfill increasing demands for photodetection at
telecommunication bands.

The optical image in Fig. 1a shows the morphology of Mo,C
grown on a graphene sheet, which was pre-grown on a Cu foil
via the CVD growth method. It reveals that Mo,C sheets were
uniformly grown on the graphene substrate. The graphene-
Mo,C heterostructure was transferred to the Si/SiO, substrate
after etching away the Cu foil using (NH,),S,0s. Fig. 1b shows
the optical image of the graphene-Mo,C heterostructure after
being transferred to the SiO,/Si substrate, in which we can
clearly distinguish irregular shaped and bright Mo,C sheets
from the purple color graphene film at the bottom. Scanning
electron microscope (SEM) image of the graphene-Mo,C hetero-
structure is shown in Fig. 1c. It can see that the larger piece of
the hexagonal Mo,C sheet is ~5 um in width. Atomic force
microscopy (AFM) was used to evaluate the topography and
thickness of the Mo,C sheet, as depicted in Fig. 1d and e. It is
found that the surface of the Mo,C sheet is very smooth and the
thickness is about 8 nm. The high-resolution transmission
electron microscopy (HRTEM) image of Mo,C is shown in
Fig. 1f, revealing the perfect atomic structure of the Mo,C sheet
without atomic scale defects. In particular, the selective area
diffraction pattern (SAED) in the inset of Fig. 1f shows super-
lattice diffraction spots that are identical to that of «-Mo,C,***?
which has an orthorhombic structure.

In order to reveal the stability of the graphene-Mo,C hetero-
structure, the sample was annealed at 200 °C in ambient
condition. Any difference in the heterostructure can be hardly
seen from the optical images of the sample before (Fig. 2a) and
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Fig. 1 (a) Optical image of graphene-Mo,C grown on a Cu foil. (b) Optical image of graphene-Mo,C after transferred to the Si/SiO, substrate. (c) SEM
image of the graphene-Mo,C heterostructure. (d) AFM topography of the graphene-Mo,C heterostructure. (e) AFM cross-setional profile along the black
line in (d). () HRTEM image of Mo,C showing the atomic structure. The inset shows the SAED result.
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Fig. 2 (a and b) Optical images of the graphene-Mo,C heterostructure before (a) and after (b) annealing at 200 °C in ambient conditions. (c) Raman
spectrum of the graphene-Mo,C heterostructure with characteristic peaks of graphene and Mo,C. (d) The optical absorption property of the graphene-
Mo,C heterostructure in comparison with that of graphene. (e) SNOM amplitude image of pure Mo,C. (f) SNOM amplitude image of the graphene-Mo,C
heterostructure. The near-field amplitudes in (e) and (f) have been normalized to the substrates for comparison. The arrows in (f) indicate the plasmon

fringes from the wrinkles or grain boundaries in graphene.

after (Fig. 2b) annealing. Fig. 2c shows the Raman spectrum of
the graphene-Mo,C heterostructure excited by a 633 nm laser.
The peak of 149 cm™" at the low frequency is the characteristic
peak of Mo,C, and the peaks at 1580 cm ™" and 2700 cm™ " are
consistent with the G-band and 2D-band of graphene,
respectively.”*** The optical absorption of the graphene-
Mo,C heterostructure thin film in comparison with graphene
was also investigated, as shown in Fig. 2d. We can see that the
graphene-Mo,C heterostructure has an enhanced absorption
over a wide wavelength range from 500 nm to 1800 nm, which
is essential for broadband photodetection.

23026 | Phys. Chem. Chem. Phys., 2021, 23, 23024-23031

A scattering-type scanning near-field optical microscope
(s-SNOM) was used to investigate the photocarriers of the
heterostructure, as shown in Fig. 2e and f. More measurement
details are provided in the Experimental section. The near-field
image that is excited by the mid-infrared laser at 10.8 um is
capable of mapping the free-carrier distribution in the gra-
phene-Mo,C heterostructure and the pure Mo,C sheet. It is
clearly seen that the Mo,C sheet on top of graphene looks
brighter and has a few times higher near-field amplitude than
the pure Mo,C flake, which indicates larger localized
carrier density. More photocarriers in the graphene-Mo,C

This journal is © the Owner Societies 2021
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Fig. 3 (a) Schematic of the graphene-Mo,C heterostructure photodetector device. (b) Optical image of the photodetector device on the Si/SiO,

substrate showing the heterostructure with a large piece of Mo,C sheet underneath graphene crossing the channel. (c) Band diagram of the graphene—
Mo,C heterostructure under illumination showing the transferring of photoexcited carriers. (d) The /-V curves of the graphene—Mo,C device with large
Mo,C sheet illuminated by 405 nm laser under different laser powers. (e) The time-dependent photocurrent curve of the graphene—Mo,C device with
large Mo,C sheet. Vg = 1 V. Laser power: 109.5 nW. (d) Photocurrent and responsivity of the graphene—Mo,C device with large Mo,C sheet as a function
of laser powers at 405 nm. (g) Optical image of the photodetector device on the Si/SiO, substrate showing a few small pieces of Mo,C sheets in the
channel. (h) The /-V curve of graphene—Mo,C device with small Mo,C sheets illuminated by 635 nm laser under laser power of 300 nW. (i) The time-
dependent photocurrent curve of the graphene—Mo,C device with small Mo,C sheets. V4 = 1 V. Laser power: 400 nW (black trace) and 500 nW

(red trace).

heterostructure compared to intrinsic Mo,C may result from
the charge transfer between graphene and Mo,C, which under-
pins the performance enhancement for photodetection.

We first study the photodetection of the graphene-Mo,C
heterostructure at the visible wavelengths, as presented in
Fig. 3. The schematic of the graphene-Mo,C heterostructure
photodetector device on Si/SiO, is illustrated in Fig. 3a, and the
optical image of a real device is shown in Fig. 3b. The graphene-
Mo, C heterostructure was applied as the channel material with
a channel length of 8 pm and a width of 10 um, in which
graphene is on top of the Mo,C sheets and gold electrodes are
on top of graphene. As the Mo,C sheet in the channel area has a
large size, both the electrodes are contacted with graphene and
Mo,C sheet at the bottom. We proposed a schematic energy
diagram to illustrate the movement of photoexcited carriers
under illumination in the graphene-Mo,C heterostructure, as
depicted in Fig. 3c. Graphene is a semi-metal and Mo,C is

This journal is © the Owner Societies 2021

metallic. The work function of graphene is 4.6 eV,** and the
work function of Mo,C is 4.75 eV.*®> While they are in contact,
electrons will transfer from graphene to Mo,C according to the
simulation of charge density difference (Fig. S1, ESIt) until
their Fermi levels are aligned together. Consequently, a built-in
electrical field is formed as a result of balancing carrier con-
centrations at the junction. The work function of the graphene-
Mo,C heterostructure is calculated to be ~4.71 eV (see Fig. S1,
ESIt). Under illumination, both graphene and Mo,C can har-
vest incident light and generate photocarriers. With the help of
the built-in electrical field in the heterostructure as well as
external bias, the photocarriers are driven from Mo,C to
graphene and then transferred to two electrodes, leading to
enhanced photocurrent.

Fig. 3d-f shows the photodetection results of the graphene-
Mo,C heterostructure consisting of a larger piece of the Mo,C
sheet. The photocurrent curves as a function of source-drain

Phys. Chem. Chem. Phys., 2021, 23, 23024-23031 | 23027
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bias was measured under the illumination of 405 nm light at
different incident powers, as presented in Fig. 3d. The photo-
current increases linearly as Vg4 varies from —1 to 1 V, suggest-
ing Ohm’s contact between the heterostructure and electrodes.
Larger photocurrent is observed at higher light power, and the
photocurrent can be effectively turned on and off with a
relatively fast response, as depicted in Fig. 3e. The power-
dependent photocurrent and responsivity are plotted in
Fig. 3f. The photocurrent increases nonlinearly, while the
incident power increases beyond 70 nW, and the corresponding
photoresponsivity decreases exponentially with increasing
power. The highest responsivity of 9381.4 A W' is observed
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under the weakest light illumination (10 nW at 405 nm). Above
70 nW laser illumination, the responsivity reaches a state, and
it reads as 1232.9 AW ' at 110 nW.

To investigate the size effect of Mo,C sheet on the photo-
detection performance, we fabricated a photodetector device on
the graphene-Mo,C heterostructure consisting of smaller
pieces of Mo,C sheets (size: 1-2 pum), as shown in Fig. 3g.
Fig. 3h presents photocurrent as a function of source-drain
voltage under illumination at a 635 nm laser with a power of
300 nW, and the photocurrent of the heterostructure is about
23 times higher than that of a pure graphene device. Never-
theless, the photocurrent of this device (about 10 pA) is about
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Fig. 4 (a) Time dependent photocurrent of the graphene—Mo,C device with s large Mo,C sheet tested at 1064 nm under different irradiation powers.

Source—drain bias: 1V, zero gate voltage. (b) Photocurrent and responsivity as a function of laser powers at 1064 nm for graphene—Mo,C device with
large Mo,C sheet. (c) Time dependent photocurrent of the graphene—Mo,C device with the large Mo,C sheet tested at 1550 nm under different
irradiation powers. Source—drain bias: 1 V, zero gate voltage. (d) Photocurrent and responsivity as a function of laser powers at 1550 nm for the
graphene—Mo,C device with the large Mo,C sheet. (e) Time-dependent photocurrent of the graphene—Mo,C device with small Mo,C sheets tested at
1550 nm under the irradiation power of 15 uW. (f) Photocurrent and responsivity as a function of laser powers at 1550 nm for the graphene—Mo,C device
with small Mo,C sheets.
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ten times smaller than that of the device with a large piece of
Mo,C sheet (~100 pA, Fig. 3d) despite the difference in light
power and wavelength. The time-dependent photocurrent curve
was obtained under the illumination of 635 nm light using
different laser power at fixed source-drain bias of 1 V, as shown
in Fig. 3i. Similar to the above-mentioned observation, the
graphene-Mo,C photodetector can be effectively switched on
and off with a rise time of 5.4 ms, and the photocurrent
increases from 27 pA to 47 pA, when the laser power increases
from 400 nW to 500 nW. The responsivity is calculated to be
94 AW " at the laser power of 400 nW, which is also ten times
smaller than that of the device with a large piece of Mo,C sheet
(1232.9 AW~ at 110 nW, Fig. 3f).

To further investigate the photodetection performance at the
infrared range, we measured the heterostructure devices under the
illumination of 1064 nm and 1550 nm lasers, as depicted in Fig. 4.
For comparison, the devices consisting of both large Mo,C sheet
and smaller pieces of Mo,C sheets have been studied. Fig. 4a and c
show time-dependent photocurrent of the graphene-Mo,C device
with a large single Mo,C sheet tested at 1064 nm and 1550 nm
under different irradiation powers. The photocurrent can be turned
on and off when the light is switched on and off, while larger light
power gives higher photocurrent. As the thermal noise has an effect
on the photocurrent, the photocurrent curve is not as straight as
those measured at 405 nm and 635 nm. The photocurrent and
responsivity as a function of illumination power are plotted in
Fig. 4b and d. Similar power dependence to that in the visible
range can be observed in infrared wavelengths. It is noteworthy to
mention that the highest responsivity achieved is 9.2 A W' at
1064 nm and 6.9 A W' at 1550 nm, which is comparable to our
previous report on other graphene heterostructures.®® The photo-
detector based on graphene and smaller pieces of Mo,C sheets was
also measured at 1550 nm, and the results are shown in Fig. 4e
and f. The trends of the power-dependent photocurrent and
responsivity are similar to that of the device with graphene and
large Mo,C sheet but at relative lower scale. In particular, at the
power of 15 UW, we can get a responsivity of 0.4 A W, which is
about 20 times smaller than that of the heterostructure device based
on graphene and large Mo,C sheet, but about 260 times higher than
pure graphene device (1.5 mA W ').>®* We also compared our
results with similar heterostructure devices consisting of graphene
and other materials, as shown in Table S1 (ESIT). Based on the
above-mentioned comparisons, we can conclude that the hetero-
structure device consisting of graphene and large Mo,C sheet can
deliver much better photodetection performance from visible to
near-infrared wavelength ranges in terms of higher responsivity and
shorter response time. This is because a large Mo,C sheet can
absorb more light and generate more photoexcited carriers, which
can also be effectively injected into graphene and collected by two
electrodes more efficiently due to shorter transport pathway.

Conclusions

In conclusion, we successfully demonstrated a highly respon-
sive broadband photodetector based on the graphene-Mo,C

This journal is © the Owner Societies 2021
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heterostructure that operates from visible to near-infrared
telecommunication wavelengths. Because of the semi-metallic
nature of both graphene and Mo,C, the heterostructure has
large photon absorption over a broad wavelength range. The
construction of the vertical heterostructure allows an efficient
transport of photoexcited carriers from Mo,C to graphene so as
to be collected by the electrodes. The heterostructure device
with a large Mo,C sheet exhibits not only broadband
photodetection from the visible to telecommunication wave-
lengths, but also showed an ultrahigh photoresponsivity of
9381.4 A W' at 405 nm and relatively high responsivities at
infrared wavelengths, i.e., 9.2 AW " at 1064 nm and 6.9 AW "
at 1550 nm. The device is very durable as both materials have
very good air stability. The demonstration of the unprecedented
performance of the graphene-Mo,C heterostructure photo-
detector may find intriguing potential for practical applications
such as in optical sensing, biological imaging and optical
communication.

Experimental section
CVD growth and transfer of graphene-Mo,C crystals

A monolayer graphene film was first grown on a Cu foil (Alfa
Aesar, 99.5% purity, 10 pm thick) according to previous
reports.’” Then, the foil was cut into 5 x 5 mm? pieces and
placed on top of a Mo foil (Alfa Aesar, 99.95% purity, 100 um
thick) of the same size. The graphene/Cu/Mo sample was then
placed in a quartz tube of outer diameter 25 mm and inner
diameter 22 mm to act as the growth substrate for Mo,C
crystals. Subsequently, the graphene/Cu/Mo substrate was
heated above 1085 °C in a horizontal tube furnace (Lindberg
Bule M, TF55030C) under H, (200 sccm). A small amount of
CH, (1.5 sccm) was then introduced into the reaction tube at
ambient pressure to initiate the growth of 2D Mo,C crystals on
a graphene film, which usually lasted for 2-50 min. The longer
the growth time, the larger the size of the ultrathin Mo,C
crystals. Finally, the sample was cooled down to room tempera-
ture at a cooling rate of 20-50 °C min~" while maintaining the
flow of CH, at the same rate.

A thin layer of poly (methyl methacrylate) (PMMA, weight-
averaged molecular mass M,, = 600 000, 4 wt% in ethyl lactate)
was first spin-coated onto the surface of Mo,C/graphene sam-
ples at 5000 rpm for 1 min and cured at 180 °C for 30 min. The
PMMA-coated samples were then immersed in a 0.2 M
(NH,4),S,05 solution at 70 °C for 10 min to etch away the Cu
substrate. After that, the PMMA-coated Mo,C/graphene sam-
ples were transferred onto the SiO,/Si substrate. Finally, acet-
one was used to remove the PMMA layer and obtain the clean
Mo,C/graphene heterostructure film. The synthesis and trans-
fer process of graphene-Mo,C can also refer to previous report
in ref. 30.

Characterizations of the graphene-Mo,C heterostructure

The surface morphologies of the graphene-Mo,C photodetec-
tors were examined by SEM (Carl Zeiss, supra-55). The
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thicknesses of the graphene-Mo,C heterostructures were mea-
sured via AFM (Bruker, Dimension Icon). The Raman spectra
were collected using a micro-Raman system (Horiba Jobin
Yvon, LabRAM HR 800) with a 514 nm excitation laser. Near-
field optical images were captured using a commercial scatter-
ing type SNOM (NeaSNOM, NeaSpec GmbH) setup with a CO,
laser (Edinburgh Instruments).

Device fabrication and photoelectric measurements

UV lithography was conducted to define the device pattern,
electron-beam evaporation was performed to deposit gold (Au)
contacts with a thickness of 100 nm, and a lift-off technique
was used to form the source and drain electrodes on top of
graphene. For the electrical transport measurement, a direct
current (DC) bias voltage (1 V) was applied to one Au contact
(source), allowing the source-drain current (Iy4) to flow through
the graphene-BP heterostructure and reach the other Au con-
tact (drain).

Optoelectronic measurements of the graphene-Mo,C
photodetector

The device characteristics measured at multiple wavelengths
(405 nm, 635 nm, 1064 nm and 1550 nm) were performed by
using a probe station (Cascade M150) equipped with a semi-
conductor property analyzer (Keithley 4200). All the measure-
ments were performed at room temperature under ambient
conditions.
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