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nsitive photothermoelectric
photodetector based on mixed-dimensional
SWCNT–MoS2 heterostructures†

Pei-Yu Huang,a Hong-Ji Chen,a Jing-Kai Qin, *a Liang Zhenab

and Cheng-Yan Xu *ab

Mixed-dimensional van der Waals (vdW) integration has been demonstrated to be effective for the

modulation of the physical properties of homogeneous materials. Herein, we reported the enhancement

of photothermal conversion and decrease of thermal conductivity in metallic single-walled carbon

nanotube (SWCNT) films with the integration of chemical vapor deposition-grown monolayer MoS2
films. The induced temperature gradient in SWCNT–MoS2 hybrid films drives carrier diffusion to generate

photocurrent via the photothermoelectric (PTE) effect, and a self-powered photodetector working in the

visible band range from 405 to 785 nm was demonstrated. The maximum responsivity of the device

increases by 6 times compared to that of the SWCNT counterpart. More importantly, the mixed-

dimensional device exhibits polarization-dependent photogeneration, showing a large anisotropy ratio of

1.55. This work paves a way for developing high-performance, polarization-sensitive photodetectors by

mixed-dimensional integration.
Introduction

Photothermoelectric (PTE) photodetectors based on the See-
beck effect have attracted extensive attention due to advantages
such as broadband spectral response,1 room temperature
operation,2 self-power capability,3 etc. In principle, a typical PTE
process relies on the photothermal conversion and thermo-
electrical effect. Light illumination would induce a local
temperature rise of the material, thus contributing to
a temperature gradient across the sample. The excited carriers
will diffuse directionally from the hot terminal to the cold
terminal, resulting in an electric potential difference. The
photovoltage Vph originating from the PTE effect can be
described as:

Vph ¼
Ð
S(x)DT(x)dx (1)

where S(x) and DT(x) are the Seebeck coefficient and tempera-
ture difference, respectively. Therefore, besides a large Seebeck
coefficient, high light absorption capacity and low thermal
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conductivity are also essential to establish a large temperature
gradient for high performance PTE photodetectors.4

Low-dimensional materials such as graphene,5,6WSe2,7 black
phosphorus (B-P),8 and single-walled carbon nanotubes
(SWCNTs)9 were proven to have a large PTE effect. Among them,
SWCNTs exhibit broad optical absorption (�200 nm to 200
mm),10 high electron mobility (�105 cm2 V−1 s−1),11 and a rela-
tively large Seebeck coefficient (�+260 mV K−1),12 and thus they
are regarded as an ideal candidate for fabricating state-of-the-
art PTE photodetectors. For example, Martel et al. investigated
the PTE effect of suspended SWCNT lms in a vacuum under
highly localized illumination.13 They demonstrated that the
freestanding SWCNT lms exhibit a position-sensitive photo-
responsivity of 0.3 V W−1, which is independent of the SWCNT–
metal contact barriers. However, the performance improvement
of SWCNT-based PTE photodetectors still faces great chal-
lenges, since the intrinsic high thermal conductivity and low
optical absorption of ultra-thin SWCNT lms usually cause
a small temperature gradient across the device channel.

The hybridization of two-dimensional (2D) functional
materials is effective for the modulation of the physical prop-
erties of SWCNTs,14–18 offering new opportunities to design
advanced devices with high performance and multi-
functionality. Beneting from the direct band gap and broad-
band light absorption in the visible region, monolayer MoS2
shows great potential for hybridization to improve the perfor-
mance of SWCNT-based photodetectors. In this work, we
directly synthesized atomically thin MoS2 monolayers on highly
aligned SWCNT lms, and demonstrated that the hybrid lms
© 2022 The Author(s). Published by the Royal Society of Chemistry
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can work as the channel material for constructing a high-
performance PTE photodetector with polarization sensitivity.
We systematically investigated the optoelectronic properties of
the hybrid lms via scanning photocurrent microscopy (SPCM).
Owing to the enhancement of light absorption and the decrease
in thermal conductivity, the responsivity of the self-powered
PTE photodetector based on SWCNT–MoS2 hybrid lms
increases by 6 times compared to that of the SWCNT counter-
part. Attributed to the anisotropic optical absorption of the
hybrid lms, the device also demonstrated a strong
polarization-sensitive photoresponse in the visible band,
showing a large anisotropy ratio of 1.55 under 532 nm light
illumination.

Experimental section
Preparation of aligned SWCNT lms

We prepared highly aligned SWCNT lms on a SiO2/Si substrate
using a self-assembly approach reported in previous work.19

Metallic SWCNTs with an average diameter of 1.4 nm were
purchased from Sigma-Aldrich. Sodium deoxycholate (DOC,
Aladdin) was used as a surfactant for SWCNT dispersion. About
1 mg of SWCNT bundles were initially dispersed in 1% (wt/vol)
DOC aqueous solution by tip sonication for 30 min. The
dispersed SWCNT suspension was then diluted below the crit-
ical micelle concentration (CMC), and the nal concentration of
DOC was about 0.05%. Before depositing lms, the SiO2/Si
substrate was treated with O2 plasma to improve the hydro-
philicity of the surface, which was vertically immersed in the as-
prepared SWCNT suspension for 24–48 h at 0.04 MPa pressure.

Growth of monolayer MoS2 on SWCNT lms

Before MoS2 growth, a hydrogen annealing process was carried
out to obtain a clean surface of SWCNT lms. The as-fabricated
SWCNT lms were loaded into a tube furnace, and the
temperature of the furnace was ramped to 650 �C within 10min.
The annealing process was kept for 10 min in Ar/H2. MoS2
monolayers were synthesized on SWCNT lms via atmospheric
pressure chemical vapor deposition (APCVD) using MoO3 and S
powders as precursors (ESI Fig. S1†). 250 mg of S powder was
placed in the upper stream and heated to �160 �C using
a heating belt, while mixed powders of MoO3 (�0.5 mg) and
NaCl (�0.5 mg) were loaded into another quartz boat. The SiO2/
Si substrate coated with SWCNT lms was placed 3–5 mm above
the quartz boat. The growth temperature was set to be 830 �C,
and 50 sccm Ar was used as the carrier gas.

Materials characterization

The morphology of SWCNT–MoS2 hybrid lms was obtained
with an optical microscope (OM, Zeiss Axioscope 5), scanning
electron microscope (SEM, Zeiss Quanta FEG 250 with 5 kV
operation voltage) and atomic force microscope (AFM, Bruker
Icon). The micro-Raman and micro-photoluminescence (PL)
measurements were performed with a confocal microscope-
based Raman spectrometer (Metatest corporation, Scan pro
advance) under 532 nm. The binding energy of elements was
© 2022 The Author(s). Published by the Royal Society of Chemistry
obtained using X-ray photoelectron spectroscopy (XPS)
measurements (ESCALAB 250 Xi). Before the transmission
electron microscopy (TEM) measurements, the hybrid lms
were transferred onto microgrid-supported Cu grids via a poly-
vinyl alcohol (PVA) assisted transfer technique. The HADDF-
STEM image and SAED patterns were collected using an FEI
Talos F200s transmission electron microscope with 200 kV
operation voltage.
Device fabrication and measurements

The device based on SWCNT–MoS2 hybrid lms was fabricated
via laser direct writing, followed by the deposition of Ti/Au (10/
80 nm) electrodes. Optoelectronic measurements were carried
out with the assistance of a Metatest ScanPro system (Metatest
corporation, Scan pro advance). A focused 532 laser was
generated by a digital modulator (Coherent, OBIS), and the spot
size was set to be 0.5 mm for SPCM characterization. A Keithley
2612B was used to supply the source–drain bias voltage and
collect data. All the measurements were performed at atmo-
spheric pressure and room temperature.
Results and discussion

The morphology of pre-deposited SWCNT lms is shown in ESI
Fig. S2.† 20 mm-width SWCNT strips are regularly patterned
with a spacing of 30 mm on a SiO2/Si substrate. The SEM image
reveals that most of the SWCNT bundles in an individual stripe
are well aligned along the axial direction of SWCNTs. From the
polarized Raman spectra, we found that the Raman intensity of
the characteristic peak (G band) for SWCNTs reaches the
highest value with the incident light parallel to the axial direc-
tion of SWCNTs, while it decreases to the minimum value with
the light along the perpendicular direction, conrming the
polarization-sensitive characteristics of SWCNT lms (ESI
Fig. S3†). Fig. 1a and ESI Fig. S4† display the optical images of
the as-fabricated SWCNT–MoS2 hybrid lms. MoS2 monolayers
prefer to grow on the SWCNT lms and aggregate into contin-
uous lms along the parallel direction of SWCNT strips. The
hydrogen annealing process plays a key role in the epitaxial
growth of MoS2 monolayers on SWCNT lms. Owing to the
excessive nucleation sites arising from the residual surfactant
and amorphous carbon, MoS2 particles randomly distributed
on the entire substrate are obtained without a hydrogen
annealing process (ESI Fig. S5†). Typical SEM and AFM images
of the SWCNT–MoS2 hybrid structures are shown in Fig. 1b and
c. The underlaying SWCNT lms exhibit an undulating
morphology with nanopores in the range of several hundreds of
nanometers. The height of the upper MoS2 lm is measured to
be 0.78 nm, corresponding to the thickness of the monolayer. In
the MoS2 growth process, precursors tend to be conned in the
gaps and pores of SWCNT networks. It would lead to the priority
nucleation of MoS2 on SWCNT lms, thus resulting in the
formation of MoS2 monolayers with relatively rough surface and
irregular edges (ESI Fig. S6†).

XPS spectrum of SWCNT–MoS2 hybrid lms is shown in ESI
Fig. S7.† The peaks at 229.5 and 233 eV are ascribed to the Mo4+
Nanoscale Adv., 2022, 4, 5290–5296 | 5291
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Fig. 1 Morphology and structural characterization of SWCNT–MoS2 hybrid films. (a) OM and (b) SEM images of SWCNT–MoS2 hybrid films. (c)
AFM tomography image and height profiles of SWCNT–MoS2 hybrid films. (d) HADDF-TEM image of SWCNT–MoS2 hybrid films. Inset image
displays the SAED patterns of the red rectangle in (d). (e) Raman spectra and (f) PL spectra of pure MoS2 and SWCNT–MoS2 hybrid films.
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3d5/2 and 3d3/2, and the peaks at 163 and 164.1 eV belong to the
S 2p3/2 and 2p1/2 core levels. Note that the peak at 284.9 eV,
which represents the C–C bond of SWCNTs, slightly blueshis
by 0.3 eV aer MoS2 monolayer growth. This indicates that the
increase of surface charge density occurs due to the electron
injection from MoS2 into SWCNTs.20 TEM was carried out to
identify the crystal quality of SWCNT–MoS2 hybrid lms
(Fig. 1d). From the HADDF-TEM image, we can clearly observe
the uniform growth of MoS2 monolayers along the axial direc-
tion of the nanotube bundles. Selected-area electron diffraction
(SAED) patterns show a set of hexagonally arranged spots, which
are marked as MoS2 with a (100) interplanar spacing of 2.8�A.21

Raman spectroscopy and PL microscopy were also per-
formed to investigate the lattice vibration and optical properties
of SWCNT–MoS2 hybrid lms. The results are shown in Fig. 1e, f
and ESI Fig. S8.† We can see that the peak position of the MoS2
E2g mode in hybrid lms exhibits a relatively large redshi
(�4 cm−1) compared with the pure MoS2 monolayer, which can
be ascribed to the in-plane tensile strain induced during the
growth process.22 Meanwhile, the strain-caused lattice distor-
tion would widen the band gap of the MoS2 monolayer,23

resulting in the redshi of the PL peak by 16 meV. Attributed to
the electron transfer from MoS2 to SWCNTs as discussed
above,24 the A1g peak of MoS2 redshis by 0.8 cm−1, and the G
mode of SWCNTs also blueshis by 1 cm−1.

With the mixed-dimensional SWCNT–MoS2 hybrid lms as
the channel material, we designed a self-powered photode-
tector, in which the photocurrent is generated relying on the
PET effect. Fig. 2a shows a schematic design of the PTE detector.
The dual-channel device was fabricated along the stripe of lms
with Ti/Au (10/80 nm) as electrodes. The channel length and
width are patterned to be 5 and 8 mm, respectively. As shown in
5292 | Nanoscale Adv., 2022, 4, 5290–5296
ESI Fig. S9,† the typical linear characteristic of the Ids–Vds curve
under dark conditions indicates a good ohmic contact at the
electrode–channel heterointerface. When a 532 nm laser irra-
diates the channel of the device, an obvious photocurrent was
generated without external bias, showing a typical self-powered
characteristic. The short-circuit current (Isc) rises from 22 to 49
nA with the increase of light power from 0.26 to 0.59 mW, and
the corresponding open-circuit voltage (Voc) also increases from
0.9 to 2.1 mV (Fig. 2b). We further evaluated the device perfor-
mance under laser illumination with different wavelengths
(405, 532, and 785 nm). The wavelength-dependent short-circuit
photocurrent is measured by utilizing a digital modulator to
switch the different ber laser ON/OFF ratios of 4 s. As shown in
Fig. 2c, the device demonstrates considerable photogeneration
with good stability at zero bias, and the magnitude of the
photocurrent would increase linearly with illumination power
(Fig. 2d and ESI Fig. S10†). The power law Iphf Pin

a is used to t
the power-dependent photocurrent, where Pin and a are the
actual incident power and ideal factor, respectively. The ideal
factors (a) are calculated to be 0.97, 0.97 and 0.98 for 405, 532
and 785 nm light illumination, respectively. The linear charac-
teristics indicate the high efficiency photoelectric conversion of
our devices in the visible band.

Two key metrics for the photodetector, photoresponsivity (R)
and detectivity (D*), were evaluated. They can be dened by the
formulas:

R ¼ Iph/Pin (2)

D* ¼ RS1/2/(2qId)
1/2 (3)

where Iph, Id, Pin, and S represent the photocurrent, dark
current, incident power density, and effective illumination area,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optoelectronic performance of the SWCNT–MoS2 PTE photodetector. (a) Schematic diagram of the device based on SWCNT–MoS2
hybrid films. (b) Ids–Vds characteristic curves of the detector under darkness and light illumination. (c) Photoresponse of the device under
different wavelength lasers with an identical power of 0.15 mW. (d) Power-dependent photocurrent and (e) photoresponsivity of the device
under 405, 532, and 785 nm light illumination. (f) The response speed of the device under 532 nm light illumination.
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respectively. Under 405 and 532 nm laser illumination, similar
responsivity and detectivity were obtained, which were calcu-
lated to be 88.2 mA W−1 and 4.2 � 106 Jones, respectively
(Fig. 2e). Note that the responsivity and detectivity of the device
under 785 nm illumination dramatically decrease to 0.75 mA
W−1 and 4.1 � 104 Jones. According to the absorption spectrum
of SWCNT–MoS2 hybrid lms (ESI Fig. S11†), we can infer that
the degradation of device performance should be attributed to
its poor absorbance at 785 nm. Devices based on SWCNT lms
and MoS2 monolayers are also fabricated for comparison (ESI
Fig. S12†). The SWCNT–MoS2 hybrid device reveals a much
larger photocurrent than that of SWCNT PTE detector at zero
bias, and the calculated responsivity increases considerably by 6
times. The response time of our device was also measured using
an oscilloscope. As shown in Fig. 2f, a fast photoresponse is
observed with a rising edge of 102 ms and descending edge of
84 ms within all examined wavelengths. The value is one order
of magnitude smaller than that of previously reported PET
photodetectors based on polymer–CNT nanocomposites.25–27

There is usually a conict between the responsivity and
response speed in SWCNT-based PTE detectors.4 A steep
temperature gradient can improve the responsivity but lead to
the deterioration of the response time due to the slow heat
dissipation. A great balance between them can be achieved by
integrating aMoS2 monolayer into SWCNT lms. Moreover, one
can expected that the device performance can be further
improved by comprehensively optimizing the suspension
structure and length of the channel. Note that SWCNT–MoS2
hybrid devices also demonstrate excellent stability under air
conditions (ESI Fig. S13†). The photoresponse can be well
maintained without any decrease even aer exposure to air for 2
months.
© 2022 The Author(s). Published by the Royal Society of Chemistry
To better understand the origin of photogeneration in
SWCNT–MoS2 heterostructures, we performed scanning
photocurrent microscopy (SPCM) measurements at room
temperature to probe the spatial distribution of the photocur-
rent. The le panel in Fig. 3a shows the optical image of the
sample for SPCM measurements. The Raman mapping images
collected from the channel area clearly reveal the intact trian-
gular MoS2 monolayers and non-uniform distribution of
SWCNTs (right panels, Fig. 3a). When the laser spot focuses on
the different sides of the heterojunction, opposite photocurrent
signals appear, and the shape of the SPCM map can be well
maintained with the increase of laser power from 0.29 to 0.72
mW (Fig. 3b and ESI Fig. S14†). The proles of current intensity
along the channel are plotted in Fig. 3c. With the rise of the
laser power, one can see that the photocurrent gradually
increases in each heterogeneous region without any deviation.
The current extracted from the peak position linearly increases
from 3.7 to 10.8 nA, and the reverse current at the opposite side
also linearly changes from 2.2 to 5.7 nA (Fig. 3d). The results
imply that the PTE effect plays a critical role in the photo-
generation in SWCNT–MoS2 devices.13,28–30

As shown in Fig. 3e, for the photodetector operating in the
PTE model, hot carriers are generated under local laser irradi-
ation, followed by scattering with optical phonons, which would
result in the localized temperature rise of SWCNT–MoS2 hybrid
lms. The temperature gradient would cause a voltage differ-
ence between hot and cold regions, thus leading to the photo-
current generation. Therefore, a large photocurrent can be
expected with a steep temperature gradient between two elec-
trodes. The opposite photogeneration can be attributed to the
inversion of the temperature gradient at different positions.13,31

We observed a good linear Ids–Vds characteristic and large Voc
Nanoscale Adv., 2022, 4, 5290–5296 | 5293
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Fig. 3 Local laser-induced thermoelectric current mapping. (a) Optical image of the photodetector based on SWCNT–MoS2 hybrid films, which
are marked by dashed lines with different colours. Scale bar: 5 mm. Ramanmapping of MoS2 and SWCNT in the red rectangle region (right). Scale
bar: 2 mm. (b) Spatial distribution of photocurrent induced by 532 nm laser illumination. Scale bar: 2 mm. (c) The current intensity profile of the
same line cut along the centre of the channel. (d) Power-dependence of positive and negative currents. (e) Laser excitation induced temperature
and carrier distribution in SWCNT–MoS2 heterostructures.
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variances in the SWCNT–MoS2 PET photodetector. This is in
sharp contrast to the photovoltaic photodetector, which works
relying on the built-in electric eld via the Schottky contact or
p–n junction and usually exhibits asymmetric Ids–Vds
characteristics.32–35

Compared to the device based on pure SWCNT lms, the
active area for photogeneration extends considerably to the
middle region of the channel in the SWCNT–MoS2 PTE photo-
detector (ESI Fig. S15†), which indicates that a half thermal
diffusion length is enough to generate a distinct photocurrent.
It can be well explained by the high temperature rise in the
illumination area and the low thermal conductivity of SWCNT–
MoS2 hybrid lms. On one hand, light absorption in the visible
band is signicantly enhanced by integrating MoS2 monolayers
into SWCNT lms (ESI Fig. S11†). Excited electron–hole pairs in
MoS2 monolayers would relax to the edge of energy bands
before recombination, and the facilitated photo-thermal
conversion would result in an effective temperature rise aer
light illumination.36 On the other hand, a mass concentration of
defects, including S vacancies in MoS2, lattice distortion at the
heterointerface, and nanopores in SWCNT networks, exist in
SWCNT–MoS2 hybrid lms. Therefore, a strong phonon scat-
tering effect and inhibited heat ow along the channel can be
expected.37–39 As a result, a pronounced PTE effect is demon-
strated in the photodetector based on SWCNTs–MoS2 hybrid
lms.

The polarization sensitivity provides an additional dimen-
sion of information for developing new applications of photo-
detectors such as polarized light imaging40 and
photoswitching.41 Benetting from the anisotropic optical
5294 | Nanoscale Adv., 2022, 4, 5290–5296
absorption in SWCNT–MoS2 hybrid lms, the PTE photode-
tector also demonstrates polarization-dependent photocurrent
generation. As shown in Fig. 4a, linearly polarized light is ob-
tained by introducing a polarizer into the optical system, and
the polarization angle can be modulated with a half-wave plate
rotating from 0� (parallel to the channel) to 360�. The
polarization-resolved absorption spectra of SWCNTs–MoS2
hybrid lms are given in Fig. 4b. The inset of Fig. 4b provides
the OM image of the sample for measurements. We can see that
the maximum light absorbance is obtained with the incident
light parallel to the axial direction of the strips, and the
minimum value is achieved along the perpendicular direction.
The polarization-dependent optical absorbance of the hybrid
lms was plotted into polar coordinates for clarity (ESI
Fig. S16†), which can be tted using the function:

Iabs ¼ acos 2q + bsin 2q (4)

where Iabs, and q refer to the absorbance and polarization angle,
respectively. The dichroic ratios are calculated to be 1.76, 1.67
and 1.45 for 405, 532 and 785 nm light, respectively, indicating
the excellent anisotropic absorption of MoS2–SWCNT hybrid
lms in the visible band.

Fig. 4c presents the polarization-resolved photocurrent
mapping images under 532 nm linear polarized light illumi-
nation. The photocurrent of the device would decrease gradu-
ally with the polarization angle switching from 0� to 90�, and it
would rise back to the original value at a polarization angle of
180�. These results are consistent with the polarization-resolved
absorption spectra. The detailed polarization-dependent
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Polarization-resolved photodetector based on SWCNT–MoS2 heterostructures. (a) Schematic diagram of the polarization-dependent
absorption measurement. (b) Polarization-sensitive absorption spectrum of SWCNT–MoS2 hybrid films. Scale bar: 10 mm. (c) Spatial distribution
of photocurrent under excitation by 0�, 90�, and 180� linearly polarized 532 nm lasers. Scale bar: 2 mm. (d) Linear polarized light dependence of
photocurrent under 532 nm illumination. (e) Polar coordinates of the polarization-sensitive photoresponse under 532 nm laser illumination.
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photocurrent of the SWCNT–MoS2 hybrid device under 532 nm
laser illumination is plotted in Fig. 4d. The photocurrent uc-
tuates periodically with the variation of the polarization angle
from 0� to 360� and a maximum value of 16.7 nA is achieved at
0� and 180�. The data were then extracted and tted using the
same function (4). As shown in Fig. 4e, the plotted polar gure
exhibits a symmetric pattern with two petals. The anisotropy
ratio, dened as the ratio between the maximum andminimum
value of photocurrent, is calculated to be 1.55 under 532 nm
illumination. In addition, 405 and 785 nm linearly polarized
lasers are also utilized to investigate the wavelength-dependent
polarization response of the device, and anisotropy ratios of
1.36 and 1.55 were obtained, respectively (ESI Fig. S17†).
Compared with state-of-the-art PTE photodetectors, the device
based on SWCNT–MoS2 hybrid lms demonstrates outstanding
photoresponsivity and sensitivity to polarized light in the visible
band, indicating its great potential for polarized light detection
and polarization imaging without an external power source (ESI
Table S1†).
Conclusions

In summary, we demonstrated the growth of MoS2 monolayers
on aligned SWCNT lms through a simple CVD method. The
hybrid lms reveal an enhanced PTE effect and can work as the
channel material for the fabrication of self-powered photode-
tectors. Under 532 nm illumination, the responsivity of the PTE
photodetector based on SWCNT–MoS2 hybrid lms increases by
6 times compared with that of the SWCNT counterpart. In
addition, the device exhibits a polarization-dependent photo-
current with a maximum anisotropy ratio of 1.55. This work
suggests that the combination of 2D materials with 1D
© 2022 The Author(s). Published by the Royal Society of Chemistry
materials has great potential for developing high-performance,
polarization-sensitive optoelectronic devices.
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