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1. Introduction

Recently, 2D layered materials have 
attracted significant interest because of 
the unique physical and chemical proper-
ties for numerous applications.[1] Further, 
different 2D materials can be stacked 
layer-by-layer to form van der Waals homo- 
or heterostructures that provide intriguing 
physical and chemical properties for the 
applications, such as energy storage, func-
tional nano-devices, superconductors.[2,3] 
Very recently, the combination of 2D with 
other dimensional materials, in other 
words, mixed-dimensional heterostruc-
tures, have been demonstrated as a very 
promising and highly compatible platform 
for next-generation nanoelectronics and 
nanophotonics.[4–7]

Molybdenum disulfide (MoS2) is one of the most inter-
esting 2D materials mainly due to its semiconducting direct 
bandgap, making it a promising material for electronics, opto-
electronics, and photo nics.[8–10] Meanwhile, carbon nanotubes, 
one of the well-studied 1D materials, can provide a high con-
ductivity and carrier mobility,[11,12] which makes them a per-
fect ally for a mixed-dimensional heterostructure with MoS2. 
Indeed, some efforts have contributed to the MoS2/carbon 
nanotube heterostructures. For example, heterostructures with 
MoS2 and single-wall carbon nanotubes have been fabricated 
by dry transfer and make a vertical field-effect transistor which 
has three orders of magnitude increase in the gate modulation 
depth compared with that of the MoS2/graphene devices.[13] 
The mixed-dimensional heterostructure devices could be used 
as thin-film transistors in active displays, but the demonstrated 
dry transfer is, obviously, not an ideal method for scalable pro-
duction. To address this problem, the direct deposition of MoS2 
on single-wall carbon nanotubes by chemical vapor deposition 
(CVD) is developed. Transition metal oxides and sulfur are used 
as precursors to deposit MoS2 or WS2 on single-wall carbon 
nanotube films.[14] In this work, the mixed-dimensional het-
erostructure devices exhibit attractive electrical properties and 
excellent mechanical stability. However, the stacking order of 
mixed-dimensional heterostructures, which can provide a fur-
ther understanding of the connection between heterostructures 
and electrodes, is neglected in the study.

Here, for the first time, we report a method for directly 
synthesizing MoS2/double-wall carbon nanotube (DWCNT) 
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mixed-dimensional heterostructures via a novel CVD mecha-
nism, called vapor–liquid–solid (VLS) mechanism,[15–18] in 
which molten salts (such as Na2MoO4) are used as transition 
metal precursors to reduce the reaction temperature. The MoS2 
flakes synthesized with the DWCNTs are monolayer crystals 
and have a size of tens of micrometres. Further, with the cross-
sectional high-resolution transmission electron microscopy 
(HR-TEM), the stacking order of MoS2/DWCNT heterostruc-
tures is demonstrated to be MoS2 flakes under the DWCNT 
film, although DWCNT film is transferred to the substrate first. 
To the best of our knowledge, the stacking order of synthesized 
MoS2/carbon nanotube heterostructures is confirmed for the 
first time. We also fabricate symmetric and asymmetric transis-
tors and measure their properties for photodetection, showing 
the possibility of using the mixed-dimensional heterostructures 
for photonic and optoelectronic applications.

2. Results and Discussion

The schematic illustration of the growth set-up is shown in 
Figure  1a. To synthesize the MoS2/DWCNT heterostructures, 
a substrate with DWCNTs is needed. DWCNTs are synthe-
sized by a floating catalyst CVD method, using methane as 
carbon sources, ferrocene as catalyst precursor, and sulfur as 
a promoter in the nitrogen atmosphere.[19] Then, a thin film 
of DWCNTs is collected by a membrane filter at ambient tem-
perature and transferred to an i-propanol-rinsed pre-cleaned 
silicon substrate. The rinsing could increase the adhesion 
between DWCNTs and Si substrate and avoid the peeling-off 
in the next step. After spin-coated with 5 mg mL−1 Na2MoO4 
aqueous solution, the substrate is put in the centre of the tube 
furnace (Figure  1a). Meanwhile, sulfur is loaded upstream 
with an individual heating tape. 100 sccm nitrogen is applied 
as the carrier gas. The substrate in the furnace is heated up 
to 700 °C with a ramping rate of 10 °C per minute and main-
tained for 10 min. The temperature of sulfur is fixed at 140 °C 
during the sulfuration. After the sulfuration, monolayer MoS2 
flakes form on the surface of a silicon substrate, thus shape 

into a MoS2/DWCNT heterostructure. The scanning electron 
microscopy (SEM) images of synthesized MoS2/DWCNT het-
erostructures are shown in Figure 1b,c, respectively, where the 
dark island-like flakes are MoS2 and light fibres are DWCNTs. 
Figure  1d is a high-magnification SEM image, which shows 
that a synthesized MoS2 flake is overlapping with DWCNTs, 
indicating that a MoS2/DWCNT heterostructure is formed. It is 
worth noticing that the boundaries of MoS2 are usually aligned 
with DWCNTs, which means the growth of MoS2 is either 
impeded by DWCNTs or is extending along the DWCNTs. This 
phenomenon is believed to be caused by the special mecha-
nism of the VLS method. During the heating, after Na2MoO4 
melts and sulfur dissolves in the fusion, MoS2 is grown with 
the extending of the liquid mixture.[15] It is easy to understand 
the expending of MoS2 along the DWCNTs because the liquid 
precursor flows along the DWCNTs. For the impending, the 
abundant liquid mixture is able to overtop or permeate short 
barriers, such as DWCNTs here, but after several barriers, the 
amount of liquid mixture is too small to pass the last one, and 
the growth stops at the last barrier.

To understand the cross-sectional structure of the MoS2/
DWCNT heterostructure, cross-sectional thin lamellae are 
prepared, which is then investigated with a high-resolution 
transmission electron microscope (HR-TEM). The lamellae for 
cross-sectional TEM are prepared with the focused ion beam 
technique. In brief, a layer of platinum with a thickness of ≈1 μm 
is first deposited on the target area to avoid the etching of MoS2 
and DWCNT from the ionic beam. Next, gallium ions are used 
to cleave the sample and obtain a lamella for TEM observing.  
Figure 2a shows the typical cross-sectional morphology of MoS2 
on the substrate. A clear atomic-thick layer is observed between 
the amorphous SiO2 layer with a thickness of 285 nm and crys-
talline platinum particles deposited on Si substrate. This layer 
is confirmed to be a monolayer MoS2 due to the layer distance 
(0.7 nm) and elementary composition measured at a multilayer 
part (see Figure S1, Supporting Information). Except for mon-
olayer MoS2 between SiO2 and Pt, two-wall distorted concentric 
circles are observed on monolayer MoS2, as shown in Figure 2b. 
Obviously, the two-wall circles are DWCNTs deformed by the 
pressure in the platinum depositing process. The height of 
the distorted concentric circles is ≈3 nm, corresponding to the 
height of DWCNTs measured by AFM (Figure S2, Supporting 
Information). Hence, the cross-sectional morphology of MoS2/
DWCNT heterostructure has confirmed that, although DWCNT 
film is first transferred on the substrate, MoS2 synthesized by 
the VLS method is growing under the DWCNT film instead of 

Figure 1. Schematic illustration of the growth setup and images of the 
MoS2/DWCNT heterostructures. a) Schematic illustration of the CVD 
system. b) Scanning electron microscopy (SEM) image of MoS2/DWCNT 
heterostructures (scale bar, 20 μm). c) High magnification SEM image of 
a MoS2 flake (scale bar, 2 μm). d) Enlarged image of the marked area in 
(c) (scale bar, 400 nm).

Figure 2. Cross-sectional HR-TEM images. a) Cross-sectional TEM image 
of a MoS2 flake (scale bar, 5 nm). b) Cross-sectional TEM image of a 
MoS2/DWCNT heterostructure (scale bar, 5 nm). c) Schematic illustra-
tion of the selected area in (b) (scale bar, 2 nm).
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on the top of it. In other words, MoS2 flakes are sandwiched 
between DWCNT films and substrates. The reason for no 
MoS2 stacking on the DWCNTs might be the relatively uneven 
surface of the silicon substrate, which creates nanochannels 
between DWCNTs and the substrate. During the reaction, the 
molten salt permeates through these channels and conformally 
grows MoS2 crystals. We notice in one cross-sectional TEM 
morphology the numbers of MoS2 layers are different from 
one side to another side of the DWCNT, as shown in Figure S1, 
Supporting Information. Based on the VLS mechanism, more 
molten salts should form thicker layers, and different layers 
indicate the different amount of molten salts, certifying the 
molten salt permeates from one side to another side.

The MoS2/DWCNT heterostructures are first characterized 
by Raman spectroscopy. Figure 3a shows the spectra measured 
from island-like flakes (MoS2/DWCNT heterostructure, black) 
and background film (DWCNT, red), respectively. In the detailed 
Raman spectra, as shown in Figure  3b, two significant modes 
appear at ≈385 and ≈404 cm−1 which are the E2g and A1g modes 
of MoS2, respectively. The wavenumber difference of the two 
modes is 19 cm−1, indicating the flakes are monolayer MoS2.[20] 
The thickness of island-like flakes around 0.9 nm measured by 
atomic force microscopy (AFM), as shown in Figure  S2, Sup-
porting Information, further confirms that the as-synthesized 
MoS2 only has one layer. Both spectra in Figure 3c have a Raman 
mode at 1595 cm−1 which is the G band of DWCNTs, indicating 
both island-like MoS2 flakes and DWCNT film are covered with 
DWCNTs. Besides, it is worth noting that no Raman mode is 
observed at approximated 1350 cm−1 which is the called D band 
of DWCNTs. Since the D band is referred to as the defect level 
in the carbon nanotubes,[7] no observation of D band indicates 
that no detectable defect is introduced to DWCNTs. In other 
words, DWCNTs preserve good quality, and no chemical doping 

is observed during the growth of MoS2. Hence, it is confirmed 
that monolayer MoS2 flakes are synthesized without sacrificing 
the quality of DWCNTs, and MoS2/DWCNT heterostructures 
are formed. A Raman mapping of Figure  3e is also measured 
for investigating the uniformity of MoS2/DWCNT heterostruc-
tures. Figure  3f,g is the maps of peak intensities at 404 and 
1595 cm−1, respectively. All the island-like flakes in Figure 3e are 
confirmed to be MoS2 due to their strong signals at 404 cm−1 
from Figure  3f. Meanwhile, Figure  3g offers evidence that the 
DWCNT film still covers the substrate after the growth of MoS2. 
The Raman mapping indicates all MoS2 flakes are combined 
with DWCNTs and form MoS2/DWCNT heterostructure.

Due to its direct bandgap, monolayer MoS2 has a strong 
photoluminance (PL) as the blue curve shown in Figure  3d. 
However, after being combined with DWCNTs, the intensity of 
PL is significantly weaker as the black curve shown in Figure 3d. 
The decreasing intensity is believed to be the exciton annihi-
lation when semiconductor MoS2 is contacting with metals, 
such as the metallic DWCNTs.[21] After absorbing exciting pho-
tons, the excited electrons in MoS2 transit to the conduction 
band from the valence band. Due to the metallic properties of 
DWCNTs, the excited electrons transfer to DWCNTs instead 
of transiting back to the valence band and emitting photons, 
leading to an annihilated destruction of excitons. This contrib-
utes to a much weak PL in the mixed-dimensional heterostruc-
ture. Besides, the blue shift and the broad peak of the PL are 
considered due to the hole doping or introduced defects from 
DWCNTs.[22] The PL intensity map Figure 3i, indicates the uni-
formity of the flakes. Worth noting that no intensity change is 
observed from the reflection spectra and second-harmonic gen-
eration spectra (Figure S3, Supporting Information), indicating 
no detectable strong coupling interaction exists between MoS2 
and DWCNT in the heterostructure.

Figure 3. Optical characterizations of the MoS2/DWCNT heterostructure. a) Raman spectra of the MoS2/DWCNT heterostructure (black) and DWCNT 
film (red), respectively. b,c) Enlarged spectra of (a) in the specific ranges. d) Photoluminescence of the MoS2/DWCNT heterostructure (×10 magni-
fication, black) and a referenced MoS2 flake (blue). e) Optical image of the MoS2/DWCNT heterostructures (scale bar, 20 μm). f,g) Corresponding 
Raman intensity map of (e) at the Raman shift of ≈404 cm−1, MoS2 A1g mode (f) and ≈1595 cm−1, DWCNT G band (g), respectively (scale bar, 20 μm).  
h,i) Optical image and corresponding photoluminescence intensity map (i) of (h) at the wavelength of ≈672 nm (scale bar, 20 μm).
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After confirming the structure of MoS2/DWCNT het-
erostructures, asymmetric back-gated field-effect transis-
tors (FETs) are fabricated to investigate their electrical and 
optoelectronic properties. A typical one shown in Figure  4a. 
The cross-sectional schematic of FETs is shown in Figure  4b, 
which clearly illustrates one electrode is contacted with MoS2/
DWCNT heterostructure while another one is on the DWCNT 
film. The typical output characteristics (Ids−Vds) at the gate 
voltage Vgs  = 0–50 V and transfer characteristic (Ids−Vgs) at 
Vds = 1 V of the asymmetric transistor are shown in Figure 4c,d, 
respectively. The output characteristics exhibit non-linear rela-
tionships and non-rectifying behaviors, suggesting Schottky 
contacts are formed on each side of the MoS2 channel.[23] 
Ids increases from 0.15 to 0.6 μA when Vgs decreases from 
0−50 V, indicating the gate modulation is, although very weak, 
existed, which is further proved by the transfer characteristic 
shown in Figure  4d. Transfer characteristic also indicates the 
DWCNT films are p-type semiconductors since a higher Ids 
at Vgs  =  −50  V than at Vgs  = 0 or 50 V. For comparison, sym-
metric devices are made with both electrodes contacted with 
the DWCNT film, and no MoS2 is in the channel, as shown in 
Figure  S4, Supporting Information. The symmetric transistor 
has an Ohmic contact between the source and drain electrodes 
and almost no gate-tunability, indicating the whole symmetric 
channel is metallic. In most of the published works,[13,24] the 
semiconductor properties of MoS2/single-wall carbon nanotube 
heterostructures are considered from the p–n junction formed 
between p-type semiconducting single-wall carbon nanotube 

and n-type CVD MoS2. However, in our research, the DWCNTs 
used are metallic without any chemical doping and will not act 
as p-type semiconductors. The metallic property of DWCNTs 
retains at the position without MoS2 after the growth, which 
is confirmed by the Ohmic contacts of the symmetric transis-
tors. Moreover, the stacking order in our heterostructure, MoS2 
under the DWCNTs, indicates both electrodes are contacted 
with DWCNTs directly, avoiding the formation of the p–n junc-
tion between MoS2 and DWCNTs. Then, it is interesting to dis-
cover the reason for the formation of p-type semiconductors. 
The symmetric band structure of the metallic DWCNTs leads 
to efficient injection of both electrons and holes, rending both 
high performance n- and p-type semiconductors.[25] Meanwhile, 
when applying with high gate voltage, MoS2 works as an n-type 
semiconductor which injects electrons to DWCNTs.[15,26] The 
injected electrons neutralize the holes in the DWCNTs, reduce 
the mobility and conductivity and finally leads the DWCNTs to 
be n-type semiconductors. Hence, the semiconducting proper-
ties of our MoS2/DWCNT heterostructure are supposed to be 
explained as the holes neutralizing by the injecting electrons 
from the n-type MoS2 at a high gate voltage.

Besides, the asymmetric transistors are applied as photode-
tectors. As shown in Figure  4e, an abnormal negative photore-
sponse occurs when a 514 nm laser with a power of 0.1 mW is 
shot on the device with Vgs = −20 V, while the symmetric device 
shows the normal positive photoresponse. This negative pho-
toresponse later is confirmed to be existed in the whole gate 
voltage range from −50 to 0 V, as shown in Figure 4f. A transient 

Figure 4. MoS2/DWCNT heterostructures transistors. a) Optical image of a typical asymmetric transistor with the black part of DWCNT film and the 
red part of MoS2 (scale bar, 10 μm). b) Schematic illustration of the asymmetric transistor. c) Output characteristics of the device in (a) at Vgs of 0 V 
(purple curve), −10 V (blue curve), −20 V (green curve), −30 V (orange curv00e), −40 V (red curve), and −50 V (black curve), respectively. d) transfer 
characteristics of the device in (a) at Vds of 1 V. e,f) Output and transfer characteristics of the device in a without light (off, black curve) and with 0.1 
mW light incidence power (on, red curve), respectively. g) Transient photoresponse of the device in (a) with a light duration of 10 s.
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photoresponse on–off characteristic is shown in Figure 4g. The 
output current follows the switching status closely from the light 
pulses, confirming that the photoresponse is linked with the 
incident light. The photoresponse is stable with no appreciable 
change in the magnitude of photocurrent over all the on/off 
cycles in the measurement. Interestingly, the symmetric transis-
tors show a positive photoresponse as other normal photodetec-
tors (Figure S4, Supporting Information). The abnormal negative 
photoresponse from MoS2/DWCNT asymmetric transistors has 
been demonstrated before.[24] It is explained as that MoS2 works 
as an efficient light absorber in the visible range, and subsequent 
electron transfer to DWCNT compensates intrinsic p-type doping 
of DWCNTs.[27] Besides, the photoresponsivity of the asym-
metric device is relatively small, only ≈0.6 A W−1, which is far 
behind those of the 2D heterostructures,[28–31] such as 20.5 A W−1 
of WSe2/Bi2Te3, 36  A  W−1 of MoS2/MoSe2, and 108.7 A W−1 of 
WSe2/SnS2.[32–34] To further improve the detection performance, 
various strategies can be applied, such as, selecting higher photo-
response 1D materials (such as GaAs nanowire, semiconducting 
carbon nanotubes, and conductive polymer nanowires), and 
designing a novel device structure (such as pre-patterned 1D 
materials). It is believed that the mixed-dimensional 1D/2D het-
erostructures are a promising candidate for high-performance  
solid-state electronic and optoelectronic devices with unique 
properties (e.g., symmetry breaking[35] and giant optical and 
electronic anisotropy[36]). Further, 1D nanomaterials can be 
integrated with 2D components, serving as interconnectors or 
conducting channels for large-scale integrated circuits.[37] In addi-
tion, our demonstrated simple and efficient fabrication method 
for mixed-dimensional 1D/2D heterostructures can be applied to 
various optical structures (e.g., silicon waveguides, resonators) to 
improve the device performance.

3. Conclusion

In conclusion, we have reported a MoS2/DWCNT mixed-
dimensional heterostructure synthesized by sulfurating a non-
volatile salt, Na2MoO4, on a substrate with the DWCNT film. The 
MoS2/DWCNT heterostructures have a lateral size of 10–20 μm  
and are constituted of DWCNTs on monolayer MoS2 which is 
certificated by the cross-sectional TEM morphology. The con-
firmed stacking order of MoS2/DWCNT heterostructure fills in 
the deficiencies of previous studies and might lead to new ideas 
in the synthesis of mixed-dimensional heterostructures. The 
resulting heterostructure shows a p-type semiconductor property 
and an abnormal negative photoresponse as the photodetector, 
which can be applied as high-performance functional devices.

4. Experimental Section
Na2MoO4 (99.9%, Sigma-Aldrich) was used as purchased. Si substrates 
with a 285 nm thick SiO2 were purchased from Siegert Wafer and cleaned 
with acetone and i-propanol, following with O2 plasma treatment before 
use. The growth occurred in a homemade two-zone tube furnace. N2 
(99.995%, Agar) was chosen as carrier gas.

Raman spectra were measured using a WITec alpha300 RA+ system with 
a 532 nm continuous wave laser. AFM topographic images were measured 
by Bruker AFM Dimension Icon. SEM images were taken from Zeiss Sigma 

VP. The specimen for cross-sectional TEM was manufactured by JEOL 
JIB-4700F and was observed by JEOL JEM-2200FS(Cs-corrected HR-TEM). 
Electrical measurements were carried out in a scanning near-field optical 
microscope (WITec alpha300 RA+) system with two sourcemeters (Keithley 
2400 and 2401) at room temperature under ambient conditions.
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