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Heterostructures of two-dimensional (2D) layered materials have attracted growing interest due to their unique properties
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and possible applications in electronics, photonics, and energy. Reduction of the dimensionality from 2D to one-dimensional

(1D), such as graphene nanoribbons (GNRs), is also interesting due to the electron confinement effect and unique edge

effects. Here, we demonstrate a bottom-up approach to grow vertical heterostructures of MoS; and GNRs by two-step

chemical vapor deposition (CVD) method. Single-layer GNRs were first grown by ambient pressure CVD on an epitaxial

Cu(100) film, followed by the second CVD process to grow MoS; over the GNRs. The MoS; layer was found to grow

preferentially on the GNRs surface, while the coverage could be further tuned by adjusting the growth conditions. The

MoS2/GNR nanostructures show clear photosensitivity to visible light with an optical response much higher than that of a

2D MoSz/graphene heterostructure. The ability to grow the novel 1D heterostructure of layered materials by a bottom-up

CVD approach will open up a new avenue to expand the dimensionality of the material synthesis and applications.

Introduction

Recently, atomic sheets of two-dimensional (2D) layered materials,
such as graphene,'? transition metal dichalcogenides (TMDCs),>*
boron nitride,> and phosphorene,® have attracted a great interest
due to their unique and excellent properties, and potential
applications. The integration of these 2D materials is interesting,
because new and unique functionalities are expected based on
different constitutions with a variety of electronic and optical
properties.” Moreover, the heterostructures of atom-thick 2D
materials offer optical transparency, mechanical flexibility, and
promising transport properties for realizing electronic and photonic
applications.

Single-layer graphene is a zero gap semiconductor and, thus
graphene field-effect transistor (FET) shows low on/off ratios, but
with extraordinary high carrier mobility (10,000 cm?/Vs).2 On the
other hand, single-layer molybdenum disulfide (MoS,) is a direct gap
semiconductor with a wide band gap (1.9 eV),’ allowing to produce
high on/off ratio FETs but with moderate mobility (typically 1~10
cm?/Vs).1% Hence, it is likely that in heterostructures of graphene and
MoS,, both materials can have valuable combination for future
electronic devices. The heterostructures of MoS, and graphene have
been applied to high gain photodetectors, photoresponsive memory
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devices, and gate-tunable photocurrent generators.'3 |n addition,
development of integrated circuits and nonvolatile memories were
also demonstrated.'3* However, most of these devices were made
by using multiple transfer techniques to place single-layer graphene
(MoS;) on top of single-layer or multi-layer MoS; (graphene). The
drawback of this multiple transfer is the possibility of contamination
at the interface and difficulty in controlling the size as well as
fabricating large devices.

Reducing the dimensionality of the 2D layered materials into 1D
nanostructure is also an interesting approach to bring out new
functionalities and phenomena. 1D structure of graphene, so-called
graphene nanoribbons (GNRs) is a well-known material that shows
unique electronic structures in which the band gap varies with the
width, enabling the opening gap in graphene.’>!8 In addition, unique
spin-transport is expected for zigzag edge GNRs.!® Theoretical
studies of MoS, nanoribbons also proposed unusual electronic
structures with high stability and edge-dependent ferromagnetism.2°
Therefore, not only 2D heterostructure but also the 1D
heterostructure is an interesting topic. However, as far as we know,
there has been no attempt to synthesize 1D heterostructures, due to
the difficulties in making such structures by mechanical exfoliation,
which is widely used to prepare heterostack devices.

Here, we present an original approach to synthesize MoS,/GNR
heterostructures by a two—step chemical vapor deposition (CVD)
method. After growing GNRs on an epitaxial Cu film by the first CVD
step, the second CVD step was performed for the transferred GNRs
to grow MoS,. We succeeded to grow a new type of MoS,/GNR
heterostructure with different coverages depending on the CVD
growth conditions. This was a unique growth process because 2D
materials of MoS, could grow in 1D direction by following the 1D
nature of our GNRs. The heterostructures were characterized by
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different methods, scanning electron microscope (SEM), atomic
force microscope (AFM), transmission electron microscope (TEM),
Raman and photoluminescence (PL) spectroscopies. Furthermore,
high photoinduced current modulation was observed using our
MoS,-GNR heterostructures upon illumination with visible light.

Experimental

Scheme 1 shows our two-step CVD processes carried out to
synthesize the MoS,/GNR heterostructure, and successive device
fabrication and measurement. In the first step, single-layer GNRs
were synthesized by ambient-pressure CVD at 975 °C on a
heteroepitaxial Cu(100) film (Scheme 1a,b), as we reported
previously.?! After transferring the GNRs on a SiO; (300 nm)/Si
substrate by using poly(methyl methacrylate) (PMMA) and Cu
etching solution (Scheme 1c),%* MoS, was directly grown using GNRs
as a template by a second CVD process using MoOs and S feedstock
(Scheme 1d). Detailed experimental methods as well as the CVD
setup are described in Electronic Supplementary Information, ESI (Fig.
S1). Scheme 1e illustrates the MoS,/GNR heterostructure back-
gated-FET fabricated by electron-beam (EB) lithography, metal
deposition, and lift-off processes. Finally, the electronic properties of
the FET devices were measured in dark and under illumination by
visible light (Scheme 1f).

(a) (b) (c)

GNRCVD Transfer
Cu(100) N :>
MgQ{100) sg‘
MoS
(f) Visible light (e) (d) @ CVD
i MoS.

Device

Measurement fabrication

&

Scheme 1. Synthesis, fabrication, and device measurement processes
of the vertical MoS,/GNR heterostructure. (a,b) Oriented GNRs were
on grown on epitaxial Cu(100)/Mg0(100) substrate by the first CVD
step. (c) Transfer of GNRs onto a SiO,/Si substrate. (d) The second
CVD step for the MoS; growth on GNR. (e) Device fabrication. (g)
Transport measurement.

Results and discussion

Figure 1a shows the SEM and AFM images of pristine GNRs taken
after transferring onto a SiO,/Si substrate. The typical width and
length of these GNRs measured by SEM are 50-100 nm and 1-1.5 um,
respectively, with typical aspect ratios of ~14.2! As will be shown later,
these nanoribbons are made of single-layer graphene. Reflecting the
crystallographic orientation of the Cu(100) catalyst, these GNRs are
oriented in two directions. The face-centered cubic (fcc) plane of the
Cu(100) lattice guides the growth of GNRs along both [011]¢, and [01

1] cu directions.?! As we reported previously, our low energy electron
microscope (LEEM) analysis indicated that GNRs grown on Cu(100)
film are single crystalline without grain boundaries.?!
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(b,c) SEM and AFM images of the MoS,/GNR heterostructures
obtained after the MoS, CVD on the GNR/SiO, substrate. (d)
Enlarged AFM image of one of M0S;/GNRs, which is marked by
white square in (c). (e) Height profile of the MoS,/GNR measured
along the red line in (d). (f) A schematic diagram of MoS, growth
on GNR by the second CVD.

Then, we performed the second CVD to grow MoS; on this
GNR/SiO,/Si substrate using MoOs and S powder as feedstock. Fig.
1b shows SEM image after the second CVD at 900 °C for 30 min,
where the dark contrast corresponds to the CVD-grown MoS,.
Interestingly, we found that MoS, selectively grow on the GNR
surface while almost no MoS, domains are seen on the SiO;
surface. In addition, most of the GNRs are fully covered with MoS;.
On the other hand, by controlling the CVD condition, we can
synthesize the heterostructures with different MoS, coverage as
illustrated in ESI (Fig. S2). Although several papers have reported
the CVD growth of TMDCs on graphene made by mechanical
exfoliation and CVD,!71422-25 this is the first time to grow TMDC
over one-dimensional graphene nanoribbons. In other words, we
succeeded in confining the 2D TMDC material into a 1D structure
by using GNRs as a template, as illustrated in Fig. 1f. The particular
reason for the selective growth on GNRs is not clear, but it is likely
that surface adsorbed intermediate species tend to migrate on
SiO; surface, while MoS; nucleation occurs on graphene lattice,
due to van der Waals interaction. The strong interaction between
Mo and C might be another reason for the selective growth. The
selective growth reported here demonstrates that graphene
lattice is a suitable platform for the growth of TMDCs compared
with SiO; surface.

The AFM images also confirmed the preferential growth of
MoS, on our GNRs (Fig. 1c,d); the GNR height becomes higher
(from 0.7 nm to 1.5 nm) after the second CVD due to the growth
of single-layer MoS; on top of the GNR (see Fig. 1e), while no
MoS, domains were seen on the SiO; surface. As the heights of
both single-layer graphene and MoS; measured by AFM are 0.7-
0.8 nm, the measured height of the heterostructure (1.5 nm)
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signifies the formation of single layer MoS, on GNR. TEM and
energy dispersive x-ray (EDX) spectroscopy were also measured
after transferring the MoS,/GNRs from SiO, to a TEM grid. As
presented in ESI (Fig. S3), the nanoribbon structure with the
presence of MoS, was also confirmed by the TEM-EDX
measurements.
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Fig. 2 SEM image (a) and corresponding Raman mapping images
of the Az band intensity of MoS; (b) and the PL intensity (1.86 eV)
from MoS; (c). Raman (d) and PL (e) spectra at the positions
marked in (a-c).

Raman spectroscopy is a powerful and non-destructive means
widely applied to graphene,?®?” and Mo0S,%%2° to obtain intrinsic
information, such as the number of layers, quality, and charged
state. The Raman spectra measured at the positions 1, 2, and 3
marked in Figure 2a are shown in Figure 2d. Two characteristic
Raman bands of MoS,, originating in El5; (in-plane vibration) and
A, (out-of-plane vibration) modes,?®2° were clearly observed at
the positions 1 and 2 but not at 3. The separation between A,
and E,4 bands is known to correlate with the number of MoS;
layers and it increases with increasing the number of MoS,;
layers.?®>=3! The separation between these two bands for our
MoS,-GNR heterostructures was 20 cm™ (see Fig. 2d), suggesting
the growth of single-layer MoS,. From the Raman mapping
intensity of the Az band (Fig. 2b), it is clearly seen that the dark
SEM contrast corresponds to MoS,. We also measured
photoluminescence (PL) from the MoS,/GNR heterostructures
(Figure 2c,e). Two prominent luminescence peaks were identified
in the PL intensity spectrum (Fig. 2e) at 1.86 eV and 2.02 eV. The
peak at 1.86 eV arising from the direct recombination of photo-
generated electron-hole pairs, with the characteristic higher
luminescence quantum efficiency of single-layer MoS,, and the
peak at 2.02 eV corresponds to the energy split of the valence
band spin-orbital coupling of MoS, occurring in presence of the
Si0,/Si substrate.3? From the comparison with the single layer
MoS, domains grown on sapphire (ESI, Fig. S4), we found that the
PL intensity is reduced to ~1/6 when grown over the GNR due to
quenching effect by GNRs.

This journal is © The Royal Society of Chemistry 20xx
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Growth of MoS,/GNR heterostructure was sensitive to the
CVD conditions, such as the temperatures of MoO3 and GNRs
substrates as well as the distance between precursor and
substrate. The surface coverage of GNRs with MoS, can be
reduced by either decreasing the MoO3 temperature or placing
the GNR substrate farther from the MoOs (ESI, Fig. S2). By
controlling the CVD growth condition, we can also synthesize the
heterostructure partly covered with MoS,, as shown in Fig. 3a,b.
Again, no MoS, is seen on the SiO; surface, signifying that the GNR
acts as a good template for MoS; growth.
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Fig. 3 Partially covered MoS,/GNR heterostructures. (a,b) SEM
images. MoS; Ay (c) and GNR 2D (d) intensity mapping images of
the same sample with (a) but measured at a different area. (e)
Raman spectra measured at positions A and B marked in (c,d). For
comparison, the Raman spectrum of a pristine GNR is also shown.

The Raman spectrum of the pristine GNR which was measured
before the MoS; growth is shown in Figure 3e (black spectrum).
The pristine GNR showed sharp G and 2D bands, and a narrow full
width at half-maximum (FWHM) of 2D band,~ 35 cm%, and Ixp/ls
is around 2, signifying that GNRs are single-layer. Because the
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GNRs were synthesized by catalytic CVD over Cu(100) film, the
defect-related D band was relatively weak (/p/ls =0.3) in
comparison to other GNRs produced by other top-down methods
(top-down GNRs show Ip/ls >1).333> The Raman mapping images
of MoS; Az and graphene 2D bands are shown in Fig. 3c and 3d,
respectively, together with the corresponding Raman spectra (Fig.
3e).
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Even after the MoS; CVD, the characteristic G and 2D bands
of graphene were still observed, which suggests that the GNR
structure is preserved during the MoS, growth (Fig. 3e, red and
blue spectra). The uncovered area of the GNR showed reduced 2D
band and enhanced D band which can be interpreted by slight
damage to the graphene lattice as well as the thermally-enhanced
interaction with the SiO, substrate as reported in the previous
study.3® The MoS,-covered area (red spectrum) showed a strong
background which originates in the luminescence from the
overlying MoS,, thus confirming the growth of MoS,.

Visible light

Gate voltage (V)

Fig. 4 (a) Optical microscope image of a FET having MoS,/GNR as a channel. Inset shows an AFM image of the channel. (b) Schematic
diagram of the FET for fully and partially covered MoS, on GNR with visible light illumination. (c) Transfer curves of fully covered
MoS,/GNR device measured in dark and under illumination with different power densities (V4=0.1V). Inset shows a SEM image of fully
covered MoS; on GNR, taken before making devices, which is the identical sample used to measure the transfer curve. (d) Partly

covered MoS,/GNR device data.

Using the MoS,/GNR heterostructures, we fabricated back-
gated MoS,/GNR transistors for both fully and partly covered
samples. The electrode patterns (Au(40 nm)/Ti(5 nm)) were made
by EB lithography, EB metal evaporation, and lift-off processes.
The typical channel length was designed to be 200 nm ~ 1 um
depending on the GNR length. Black curves in Figure 4c,d
represent the transfer characteristics of the GNR devices fully (Fig.
4c) and partly covered with MoS; (Fig. 4d) measured in dark. Both
devices showed ambipolar behavior with enhanced p-type
conduction, which is widely observed for graphene FETs,?” thus
we consider that the carrier transport is dominated by GNR which
has higher conductivity than MoS,. As we widely observed p-type
characteristic for graphene FETs even without MoS,,3” the origin
of p-type can be originated in the unintentional doping from
contamination, lithography processes, and/or surface adsorbates.

4| J. Name., 2012, 00, 1-3

The two-terminal field-effect mobility in the dark was calculated
to be 1,000 and 1,200 cm?/Vs for fully and partly covered
MoS,/GNR devices, respectively. As we already mentioned that
there is no boundary in a single GNR,?! the carrier mobility is
relatively high in spite of a very narrow GNR channel width and
the second CVD growth of the MoS, layer.

Graphene is almost transparent to the visible light due to very
low optical absorption coefficient (2.3%)! and, therefore,
graphene transistors are generally insensitive to the optical light.
However, by integrating with MoS, which has strong optical
absorption (1x10” m) and 1.9 eV band gap,® we can expect high
sensitivity to visible light, acting as a high gain photodetector.
Therefore, we measured the transport properties under a laser
illumination with 532 nm, as illustrated in Figure 4b. We clearly

This journal is © The Royal Society of Chemistry 20xx
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observed the photo-induced current modulation for both fully
covered and partly covered devices (Fig. 4c,d). Three filters with
different optical densities (OD) were used to change the incident
laser power (OD1: 40 W/m?, OD2: 4 W/m? and, OD3: 0.4 W/m?),
and the highest laser power (OD1) gave the clearest response.
The drain current was found to decrease at gate voltage (V)
below Dirac point (Vp), while the current slightly increased when
Vs>Vp. This can be explained by the photo-induced electron
transfer from MoS,; to GNR; the main carrier is holes for V<V so
that the electron transferred from MoS, reduced the current,
while electron carriers slightly increased for Vg>Vp (but not
significantly because of the band levels).3¢ The modulation of the
drain current by the visible light was as high as 16~17%, under ~40
W/m? for both devices. We note that this value is much higher
than that reported for the large MoS,/graphene heterostructure
(2%) illuminated with the higher intensity laser (140 W/m?).3¢
Because the channel sizes of the present MoS,/GNR devices are
relatively small, these devices act under low illumination
suggesting high-gain photodetector. The fact that our MoS,/GNR
heterostructure showed much higher photo-sensitivity than
planar MoS,/graphene, suggests that charge separation (photo-
induced electron transfer) is more enhanced by GNR than large-
area graphene. The modulation of graphene’s band structure due
to GNR structure and/or significant effect of graphene edge might
be the reason for the observed sensitivity, but further study is
necessary to understand the mechanism of charge separation in
the MoS,-GNR systems.

Conclusions

We demonstrate the direct growth of vertical MoS,/GNR
heterostructures by two-step CVD using oriented GNRs grown
on the epitaxial Cu(100) film. We found that the MoS, grows
preferentially on GNRs, while no MoS; formation is observed on
a SiO, substrate. The formation of the MoS,/GNR
heterostructures was confirmed by AFM, SEM, Raman, and
TEM-EDX measurements. Moreover, through the control of the
CVD condition, we can synthesize the heterostructures with
different MoS; coverage, including partially covered MoS,/GNR
heterostructure. We also demonstrated that the current
modulation by visible light is much more enhanced for our
MoS,/GNR  system when compared with a planar
MoS,/graphene system. Our findings are expected to offer a
new route to grow heterostructures with controlled
dimensionality and can be applied to electronic and photonic
devices through the combination of different components of
layered materials.
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