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1. Introduction

To find new materials to substitute for conventional silicon 
(Si)-based technology that has been extensively used in logic 
circuits for decades, researchers have explored a wide plethora 
of materials to overcome the scaling limit of Si-based devices. 

Hybrid structures-based phototransistors are intensively studied recently to 
achieve high-performance optoelectronic devices. The hybridization of 2D 
materials and quantum dots (QDs) is one of the ideal platforms for photo-
detection applications with the merits of high detection sensitivity and wide 
wavelength coverage. The broadband absorption of a hybrid device stems from 
various absorbers with multiple bandgaps to create high photocurrent from 
an efficient exciton generation mechanism under illumination. Here, a new 
optoelectronic hybrid device of an indium selenide (InSe) nanosheets-based 
phototransistor is introduced decorated with molybdenum disulfide (MoS2) 
QDs to possess the photoresponsivity (Rλ) of 9304 A W−1, which is ≈103 times 
higher than Rλ ≈ 12.3 A W−1 of the previously reported InSe photodetector. 
The escalated Rλ of this hybrid photodetector is due to the additional injec-
tion of photoexcited charge carriers from MoS2 QDs to the InSe phototran-
sistor. Finally, the photovoltaic performance of this MoS2/InSe hybrid device 
is investigated. The open-circuit voltage (Voc) and short-circuit current density 
(Jsc) are determined to be 0.52 V and 15.6 mA cm−2, respectively, rendering the 
photovoltaic efficiency of 3.03%. The development of this MoS2/InSe hybrid 
phototransistor with high device performance and wide wavelength photode-
tection will bring a new type of optoelectronic applications in the future.
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Since the realization of device fabrica-
tions using single-layered graphene,[1,2] 
there has been great interest in 2D semi-
conductor materials with energy band-
gaps to achieve high on-and-off current 
ratios and strong light absorption for 
electronic and optoelectronic utiliza-
tions.[3–6] The 2D layered materials are 
attractive building blocks in the modern 
electronic world with great potential to 
cope with the ever-changing demands 
of society. The novel layered structures 
have been explored for various appli-
cations, such as nanoscale electronics 
and optoelectronics, photodetectors and 
photovoltaics, energy storage, electro-
catalysis, ultrasensitive sensors, and 
tissue engineering.[7–11] Compared with 
0D and 1D materials, 2D layered crys-
tals have excellent carrier mobility, large 
surface areas, and easy integration into 
the complex electronic circuitry, which 
provide advantages in the modern elec-
tronics industry.[12,13] Recent studies 
show that novel 2D crystals exhibit the 

high photoresponsivity, excellent external quantum efficiency 
(EQE), impressive specific detectivity, and a good response 
time in optoelectronic devices. These merits demonstrate 
that 2D layered crystals are promising candidates for high-
performance electronics, optoelectronics, and energy-related 
applications.[14–17]

Adv. Mater. Interfaces 2019, 6, 1801336



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801336 (2 of 8)

www.advmatinterfaces.de

To exploit innovative material characteristics and novel device 
designs, it is challenging for one material alone to achieve far-
reaching applications in modern electronics. Nevertheless, 
the versatile hybrid devices of p–n, n–n, and p–p junctions 
have great potential for superior optoelectronic accomplish-
ments.[18–20] Taking advantage of the ease of integration into 
the complex electronic circuitry, 2D crystals are suitable hybrid 
materials for developing a new generation of optoelectronics. 
Recently, hybrid phototransistors have been demonstrated to 
be of high detection sensitivity and wide wavelength response, 
which offer a very promising lead in the photodetector tech-
nology.[21–24] This burgeoning research gives plenty of exciting 
explorations of bringing distinctive nanomaterials together for 
versatile structural engineering and device architectures. In this 
study, we combined molybdenum disulfide (MoS2) quantum 
dots (QDs) with indium selenide (InSe) nanosheets (denoted 
simply by MoS2/InSe hereafter) to be used as the conducting 
channel of a hybrid device for high-performance broadband 
photodetectors and photovoltaic cells.

InSe, belonging to a family of group III–IV layered crys-
tals, is arranged in a honeycomb lattice with four covalently 
bonded Se-In-In-Se planes, where the adjacent layers are 
weakly stacked together by van der Waals interaction with an 
interlayer distance of ≈0.8 nm. InSe is an n-type semiconductor 
with a direct bandgap of Eg ≈ 1.3 eV (for bulk crystal)[25] and 
possesses excellent photoresponsive characteristics to offer 
great optoelectronic applications.[26,27] In our earlier study,[28] 
we demonstrated the photoresponsivity of an InSe field-effect 
transistor (InSe-FET) to be ≈12.3 A W−1. In this report, we 
prepared a MoS2/InSe-FET by incorporating InSe nanosheets 
with MoS2 QDs, which were prepared from bulk MoS2 crystal 
via a solvothermal method.[29] We enhanced the photorespon-
sivity of the MoS2/InSe-FET to achieve Rλ ≈ 9304 A W−1 at the 
488 nm excitation, of which the photoresponsive improvement 
is ≈103 times higher than our previous InSe-FET.[28] Like InSe, 
the MoS2 layered crystal has attracted great attention because of 
its tunable optical bandgap,[30] efficient multiple exciton genera-
tion,[31] and good stability.[32]

Since the n–n type MoS2/InSe heterostructure has a broad 
absorption profile,[33] we investigated the photoresponsive per-
formance of this hybrid MoS2/InSe-FET device from the visible 
to near-infrared regions. Upon photoexcitation, the junction 
interfaces and trap states of a MoS2/InSe-FET could capture 
one type of charge carriers to delay the recombination of a 
free electron–hole pair in the wake of the photon absorption. 
As a result, other charge carriers with prolonged lifetimes can 
make several effective transits in the InSe channel between 
electrodes, leading to high photoconductive gain.[21,23,34] More-
over, the photoinduced electrons in MoS2 QDs can be trans-
ferred to the InSe channel as additional charge carriers,[35] thus 
enhancing the photoresponsivity to 9304 A W−1. Finally, we also 
conducted the photovoltaic measurements of this hybrid MoS2/
InSe-FET device to demonstrate the power conversion effi-
ciency (PCE) of ≈3.03% with short-circuit current density (Jsc) 
of 15.6 mA cm−2 and open-circuit voltage (Voc) of 0.52 V. Conse-
quently, the hybrid MoS2/InSe-FET system is found extremely 
efficient to achieve impressive broadband photodetection and 
photovoltaic efficiency, which are promising for cost-effective, 
yet highly responsive, optoelectronic manufactures.

2. Results and Discussion

InSe crystal was grown by the Bridgman technique with the 
detailed procedures described in the Experimental Section.[36] 
Figure 1a depicts the crystal structure of InSe with the stacking 
order via van der Waals interaction between the adjacent InSe 
layers, which can be exfoliated easily by mechanical exfoliation 
akin to graphene. In Figure 1b, the X-ray diffraction (XRD) 
spectrum of the as-synthesized InSe crystal shows the diffrac-
tion planes of (002), (004), (006), (008), and (0012) of a hex-
agonal structure with the lattice constants of a = 4.005 Å and 
c = 16.64 Å (Joint Committee on Powder Diffraction Standards 
(JCPDS)-34-1431). The presence of the In and Se elements in 
the as-grown InSe crystal was manifested by energy dispersive 
X-ray (EDX) analysis (Figure S1, Supporting Information). A 
field-emission scanning electron microcopy (FE-SEM) image of 
Figure 1c clearly shows the layered nature of InSe crystal. In 
Figure 1d, the single crystallinity of the exfoliated InSe crystal 
is further analyzed by selected-area electron diffraction (SAED), 
where the hexagonal structure with the Bragg spots of <1100> 
and <2110> are indicated.[28]

Figure 2a shows the schematic representation of MoS2 QDs 
prepared from MoS2 bulk crystal by a solvothermal method[29] 
with the detailed synthesis procedures presented in the Experi-
mental Section. After the solvothermal reaction, while cooling 
the product to room temperature, the sample was settled down 
for a few hours to separate different sizes of MoS2 QDs. It is 
interesting to note that MoS2 bulk crystal (dark-black color) and 
MoS2 QDs (light-yellow color) can be differentiated visually as 
shown in Figure 2b. The uniform size of MoS2 QDs, ranging 
from 3 to 5 nm, was revealed by transmission electron micro-
scopy (TEM) image (Figure 2c), thus demonstrating the suc-
cessful fragmentation of the MoS2 bulk structure via the serial 
sonication and solvothermal reactions. In Figure 2d, the SAED 
pattern of the as-prepared MoS2 QDs indicates their polycrys-
talline structure. Moreover, the elemental compositions of Mo 
and S in the MoS2 QDs, revealed by EDX analysis (Figure S2, 
Supporting Information), confirm the successful sample prepa-
ration. We also obtained the Raman spectra of MoS2 QDs (blue 
trace) and MoS2 bulk crystal (black trace) in Figure S3 in the 
Supporting Information, where the slight blueshift at 378 cm−1 
(E1

2g) and redshift at 404 cm−1 (A1g) of MoS2 QDs (blue line), 
due to the reduced number of layers from bulk crystal, confirm 
the presence of MoS2 QDs.[37]

Figure 3 compares the electrical and optoelectronic properties 
of the FET devices fabricated by pristine InSe nanosheets alone 
and the hybrid MoS2/InSe heterostructure, respectively. Figure 3a  
illustrates the schematic diagram of an InSe-FET, where mul-
tilayered InSe nanosheets were exfoliated by the scotch tape 
method, laid on a silicon wafer of a 300 nm thick SiO2 oxidized 
layer, deposited with electrodes (Cr/Au = 5/70 nm in thickness) 
by evaporation via a shadow-mask technique. In Figure 3b,  
the thickness of the conducting InSe nanosheets of an InSe-
FET (with its optical image shown in the upper inset) was 
determined to be ≈10 nm by atomic force microscopy (AFM, 
in the lower inset). Figure 3c illustrates the device architecture 
of a hybrid MoS2/InSe-FET under photo responsive investiga-
tion, where MoS2 QDs were coated on an InSe-FET by physical 
adsorption. In the device fabrication, 5 mg mL−1 MoS2 QDs 
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Figure 1. a) (Top) The 3D view and (bottom) profile view of the InSe crystalline structure with the orange and blue spheres representing the In and 
Se atoms, respectively. b) The XRD spectrum of the as-synthesized InSe crystal was observed and assigned. c) The layered nature of the InSe crystal 
is manifested by the observed SEM image. d) The SAED pattern of InSe nanosheets was identified to be a hexagonal single crystal. The inset shows a 
TEM image of the InSe nanosheets investigated.

Figure 2. a) A schematic representation illustrates the preparation of MoS2 QDs from MoS2 bulk crystal. The MoS2 bulk crystal was sonicated for 24 h 
in NMP, followed by solvothermal refluxing in the sonicated solution at 140 °C for 12 h to obtain MoS2 QDs. b) A sharp color contrast between (left) 
dark-black MoS2 nanosheets and (right) light-yellow MoS2 QDs can be visualized to distinguish these two samples. c) A TEM image of the as-prepared 
MoS2 QDs indicates the particle size of ≈3−5 nm. d) An SAED pattern of the as-prepared MoS2 QDs reveals its polycrystalline structure.
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were diluted in ethanol, spin coated onto the active channel 
area of an InSe-FET, and annealed at 180 °C for 30 min. The 
distribution of MoS2 QDs on the channel area of InSe-FET was 
analyzed by both FE-SEM and EDX mappings, before and after 
the deposition of MoS2 QDs. After MoS2 QDs were deposited, 
the random distribution of MoS2 QDs all over the InSe-FET is 
clearly seen in the SEM image (Figure S4, Supporting Informa-
tion). Figure 3d shows the output curves (i.e., Isd−Vsd plots) of 
an InSe-FET and a hybrid MoS2/InSe-FET measured separately 
in both dark and illuminative states. In the inset of Figure 3d, 
we showed the symmetric characteristic of the MoS2/InSe-FET 
device at the lower bias voltage to indicate the good contact 
between the channel and electrodes. Upon light illumination, 
the InSe-FET exhibits an apparent increase of the channel cur-
rent (green line) in sharp contrast with the weak dark current 
measured in the dark state (blue line). This increase of the 
channel current is defined as the photocurrent (Iph), where 
Iph = Ilight − Idark was calculated by deducting the current 
obtained in the dark (denoted by Idark) from that measured with 
light exposure (represented by Ilight). When illuminating the 
InSe-FET, the strong spectral absorption of InSe allows more 
charge carriers to be excited from the valence to conduction 
bands, resulting in greater charge carriers transporting to the 
external circuit and consequently driving higher current. By sen-
sitizing the InSe-FET with MoS2 QDs, the Ids−Vds measurement  

exhibits a greater enhancement in the photocurrent (purple 
line) of the MoS2/InSe-FET. This observation suggests that pho-
toexcited charge carriers exchanged actively between MoS2 QDs 
and the InSe conducting channel, leading to efficient charge 
transfer at the MoS2/InSe interface and resulting in enhanced 
photocurrent in the MoS2/InSe-FET (also see the energy dia-
gram in Figure 5b).[19,22] We also recorded the transfer curves 
(i.e., the source–drain current vs gate voltage, Ids–Vg plots) of 
an InSe-FET and a hybrid MoS2/InSe-FET by sweeping back-
gate voltage from −20 to +80 V at Vds = 1 V under both dark 
and illuminative (at λ = 488 nm) states (Figure S5, Supporting 
Information). Both devices exhibit n-type semiconductor char-
acteristics and the photocurrent induced in the MoS2/InSe-FET 
could be elevated ≈30 times higher than a bare InSe-FET.

Photoresponsivity (Rλ), defined as a measure of the photo-
current generated per incident light, is expressed as Iph/
(PλS), where Iph is the generated photocurrent, Pλ is the inci-
dent light power density, and S is the illuminated area.[6,38,39] 
The Iph versus incident light power at 488 nm was meas-
ured for an InSe-FET, where the Iph was observed to increase 
exponentially with increasing power (Figure S6, Supporting 
Information). In Figure 4a, the measured Rλ=488nm values of 
an InSe-FET and a MoS2/InSe-FET are plotted as a function of 
incident light power (0.58–2.79 µW). The InSe-FET exhibits the 
maximal Rλ=488nm = 116 A W−1 (with Pλ=488nm = 0.3 mW cm−2), 
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Figure 3. a) A schematic illustration of an InSe-FET device. b) The thickness of InSe nanosheets, which were used as the conducting channel of an 
InSe-FET, was determined by AFM. While the top inset represents the optical image of an InSe-FET device, the bottom inset shows the thickness of 
the conducting channel of InSe nanosheets to be ≈10 nm. c) A diagrammatic view of a hybrid MoS2/InSe-FET device under photoresponsive measure-
ments with laser excitation at 488 nm. d) The output curves (i.e., Isd−Vsd plots) of an InSe-FET and a hybrid MoS2/InSe-FET were measured separately 
in both dark and illuminative states. The inset shows a good contact between the InSe channel and electrodes.
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which is almost ten times higher than Rλ=450nm = 12.3 A W−1 
(Pλ=450nm = 0.66 mW cm−2) of our previously reported pristine 
InSe-FET.[28] The calculated Rλ=488nm for the MoS2/InSe-FET 
reaches a maximum of 9304 A W−1 at Pλ=488nm = 0.3 mW cm−2 
illumination, which is ≈100 times higher than the pristine 
InSe-FET (Rλ=488nm = 116 A W−1 at Pλ=488nm = 0.3 mW cm−2 
excitation) without adding MoS2 QDs in this study and sev-
eral times better than other InSe-based 2D heterostructures 
(as listed in Table S1, Supporting Information).[27,40–42] The 
escalated Rλ=488nm of the MoS2/InSe-FET is due to the injec-
tion of additional photoexcited charge carriers from MoS2 QDs 
to the InSe channel to enhance the photocurrent. Displayed in 
Figure 4b is the broadband photoresponse of our hybrid device 
by measuring the wavelength-dependent Rλ (λ = 400−1000 nm) 
at the measuring conditions of Pλ = 0.3 mW cm−2, Vds = 10 V, 
and Vg = 0 V. The bandgap of InSe nanosheets is ≈1.4 eV;[25] 
therefore, the spectral responsivity of the InSe-FET photo-
detector is active from the near-infrared to visible region 
(Rλ ≈ 22−96 A W−1). Apparently, the hybrid MoS2/InSe-FET 
has enhanced (Rλ ≈ 25−428 A W−1) in the same spectral 
region, because of the presence of MoS2 QDs (with a bandgap 
of ≈2.3 eV) to increase the visible-light absorption. The spec-
trum of MoS2 QDs exhibits a strong absorption profile in the 
visible region (Figure S7, Supporting Information), where 
the generation of photoexcited carriers could be enhanced 
and the corresponding photoresponsivity in a MoS2/InSe-FET 
could be escalated via the transfer of the photoexcited carriers 

to the InSe channel. In comparison, much less improvement 
was made in the photoresponsivity of the MoS2/InSe-FET with 
the light wavelength longer than ≈800 nm, because of the weak 
absorption of MoS2 QDs. This absorption profile of MoS2 QDs 
reflects very closely the trend of photoresponsivity of the MoS2/
InSe-FET (Figure 4b). Table S1 in the Supporting Information 
compares the Rλ of a MoS2/InSe-FET with those of the reported 
photodetectors fabricated with InSe heterostructures.

Next, we turn to the optoelectronic figures of merit, EQE, 
and specific detectivity (D*), for the MoS2/InSe-FET photo-
detector measured at 488 nm as shown in Figure 4c,d, respec-
tively. EQE, defined as the number of electrons detected per 
incident photon (i.e., the net photon-to-electron conversion), 
is expressed as EQE = Rλ⋅[hc/(eλ)],[6,39] where Rλ is the photo-
responsivity, h is Planck’s constant, c is the speed of light, e 
is the elementary charge, and λ is the wavelength of the inci-
dent light. Figure 4c shows the EQEs of ≈104 and ≈106 for an 
InSe-FET and a MoS2/InSe-FET, respectively, as a function of 
incident power at λ = 488 nm. Notably, the EQE of the MoS2/
InSe-FET is greater than those of the other reported hybrid 
photodetectors.[27,40–42] The high EQE can be accounted for by 
the high Rλ and large surface-to-volume ratios of the hybrid 
MoS2/InSe heterostructure, of which both factors facilitate the 
photoabsorption of MoS2/InSe significantly. Upon light illu-
mination, electron–hole pairs were created by photon excita-
tion, giving rise to the photoinduced current in photodetectors. 
Before the electron–hole recombination, the photoinduced 
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Figure 4. The photodetections of an InSe-FET and a MoS2/InSe-FET are compared. The photoresponsivities (Rλ) were measured as a function of  
a) illumination power at λ = 488 nm or b) excitation wavelength. The measured c) external quantum efficiency (EQE) and d) detectivity (D*) as a func-
tion of illumination power at λ = 488 nm are presented.
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charge carriers could be trapped at the trap/defect states pre-
sent at the interface of MoS2/InSe or between the InSe channel 
and silicon-wafer substrate.[43,44] These captured charge car-
riers could prolong their lifetime, while the escaping charge 
carriers moved around the circuit for several times, thus 
enhancing EQE.[21,33] Figure S8 in the Supporting Information 
presents the wavelength-dependent EQEs of an InSe-FET and a  
MoS2/InSe-FET measured at Pλ = 0.3 mW cm−2, Vds = 10 V, 
and Vg = 0 V.

The D* is an indicator of the sensitivity of a photosensor 
and can be calculated by the relation of D* = Rλ S1/2/(2eIdark)1/2, 
where Rλ, S, e, and Idark are the photoresponsivity, effective 
area, elementary charge, and dark current, respectively.[45–47] 
Photosensitivity is a necessary metric, by which a photo detector 
can be quantified and compared with other photodetectors irre-
spective of the device’s dimensions. The above relation can also 
be derived from D* = (S⋅∆f)1/2/NEP, where S is effective area, 
∆f is the electrical bandwidth of a photodetector, and NEP rep-
resents the noise equivalent power, which is the measure of the 
weakest optical signal that a photodetector can detect.[46] Shown 
in Figure 4d are the calculated D* ≥ 1011 Jones for an InSe-
FET and D* > 1013 Jones for a hybrid MoS2/InSe-FET (both 
measured at Vds = 10 V and Vg = 0 V), representing the better 
detectivities than the commercial Si and some other 2D mate-
rials-based photodetectors (e.g., MoS2, In2Se3, p-GaSe/n-InSe, 
and Bi2Se3/Si) of 1011−1012 Jones.[41,45,47–49] The high D* of the 
MoS2/InSe-FET is attributed to the low Idark of pristine (38 nA) 
and a hybrid MoS2/InSe-FET (50.1 nA) along with high Rλ of 
this hybrid device. Time-resolved measurements were con-
ducted for the hybrid MoS2/InSe-FET at Vds = 1 V and Vg = 0 V 
(Figure S9, Supporting Information). In comparison with the 
rising time (≈50 ms) and relaxation time (≈60 ms + 4 s) of an 
InSe-FET,[28] the photogenerated signal of a hybrid MoS2/InSe-
FET has slightly slower responses of ≈120 ms in rising and 
≈120 ms + 5 s in relaxation. The slightly slower responses of 
a hybrid MoS2/InSe-FET could be due to the presence of a few 
more trap states[50,51] and/or the slower charge transfer in the 
MoS2/InSe interface.[52]

Next, we investigated the photovoltaic performance for the 
hybrid MoS2/InSe-based device. Figure 5a illustrates sche-
matically the fabricated device architecture of glass/indium tin 
oxide (ITO)/titanium dioxide (TiO2)/InSe/MoS2/Spiro ometad/
Au with their corresponding energy-band alignment given in 
Figure 5b. It is noted that the InSe/MoS2 heterostructure acted 
as an active material and the TiO2 and Spiro ometad performed 
as the electrons and holes transport layers, respectively. While 
the TiO2 layer was used to collect the electrons arising from 
the photoexcited InSe/MoS2 heterostructure, the holes trans-
ferred to Spiro ometad and were guided to the external circuit. 
Figure 5c displays the photocurrent density versus voltage (J–V) 
curve of the hybrid MoS2/InSe device under AM 1.5 illumina-
tion. The J–V curve of the hybrid MoS2/InSe-based solar cell 
shows a typical diode behavior. The open-circuit voltage (Voc) 
and short-circuit current density (Jsc) were determined to be 
0.52 V and 15.6 mA cm−2, respectively, yielding a photovoltaic 
PCE of 3.03% for the hybrid solar cell. The fill factor of ≈0.37 is  
excellent in comparison with the recently reported InSe-
based 2D heterostructure (as listed in Table S2, Supporting 
Information).[40,53]

3. Conclusion

In summary, we demonstrated a new hybrid optoelectronic 
device composed of InSe nanosheets and MoS2 QDs. The 
device exhibits high Rλ=488nm ≈ 9304 A W−1 with EQE ≈ 106 
and D* ≈ 1013 Jones. The hybrid MoS2/InSe-FET photo-
detector exhibits a broadband spectral response ranging from 
the near-infrared (1000 nm) to visible (400 nm) region. We 
further showed the feasibility of using this hybrid MoS2/InSe 
device toward the photovoltaic performance and determined 
its photovoltaic parameters of Voc ≈ 0.52 V, Jsc ≈ 15.6 mA cm−2, 
PCE ≈ 3.03%, and the fill factor of 0.37. In view of the excellent 
photodetection and photovoltaic characteristics with broadband 
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Figure 5. a) A schematic illustration for the device architecture and  
b) the energy-band alignment of a hybrid solar cell of glass/ITO/TiO2/
InSe/MoS2/Spiro ometad/Au. The energy bands of the active and buffer 
layers are defined with respect to the vacuum. c) The J−V characteristics 
of the hybrid solar cell, as illustrated in a), were investigated.
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photoresponse, this hybrid MoS2/InSe heterostructure holds 
great potential for high-performance optoelectronic devices in 
the future applications.

4. Experimental Section
Crystal Growth—InSe Crystal: The InSe single crystal was grown with 

the Bridgman method using the In and Se powders of 99.999% in purity 
(purchased from Sigma-Aldrich) as reaction precursors. The growth 
of InSe crystal was performed in quartz ampoules at the pressure of 
≈7 × 10−7 Torr. The ampoules containing the In and Se powders were 
heated at 850 °C for 24 h; then the ampoules were lowered through a 
temperature gradient of 1 °C at the rate of 0.1 mm h−1. The composition 
ratios of the as-grown InSe single crystal were characterized to be In 
(51.9%) and Se (48.1%).[36]

Crystal Growth—MoS2 Crystal: The MoS2 single crystal was grown 
by chemical-vapor-transport (CVT) reaction in a three-zone horizontal 
furnace. The CVT system comprises a furnace with a quartz tube, 
closed at one end, of 100 cm in length and 12 cm/10 cm in outer/inner 
diameter. For the crystal growth, high-quality quartz ampoules of 32 cm 
in length and 2 cm/1.8 cm in outer/inner diameter were filled with ≈20 g 
samples containing the stoichiometric proportion (1:1) of Mo (99.999% 
in purity) and S (99.999% in purity) and were sealed at 10−5 Torr. By 
placing the ampoules in the three-zone horizontal furnace, the reaction 
and growth zones were heated slowly and later maintained at specific 
temperatures during the growth period.[54]

MoS2 Quantum Dots: MoS2 QDs were prepared from MoS2 bulk 
crystal via the two successive steps of a solvothermal method. In the 
first step, we obtained MoS2 nanosheets from bulk crystal by sonication. 
In the second step, MoS2 QDs were obtained from the resultant MoS2 
nanosheets with a solvothermal treatment, where liquid exfoliation was 
performed by continuously sonicating (at 250 W) a mixture of 100 mg 
MoS2 crystal and 100 mL N-methyl-2-pyrrolidone (NMP) in a serum 
bottle for 24 hr. After the liquid exfoliation, the solution was kept at room 
temperature for a few hours, decanted the top 2/3 of the solution into 
another round bottom flask, and followed by stirring and refluxing at 
140 °C continuously for 12 h. Finally, the resultant mixtures were kept 
at room temperature for several hours and then centrifuged at 2000 rpm 
for 5 min to separate the supernatant from the pellets. The light yellow 
supernatant of MoS2 QDs was collected for further characterizations. 
To remove the excessive solvent, the supernatant was evaporated under 
vacuum at room temperature and finally redispersed in water for further 
experiments.

InSe Nanosheets: The as-synthesized InSe single crystal was exfoliated 
into few-layered InSe nanosheets by the scotch tape-based mechanical 
exfoliation. The bulk crystal of InSe was placed onto an adhesive tape, 
followed by slightly rubbing and slicing each other for several times 
to yield few-layered InSe nanosheets. After the mechanical exfoliation, 
InSe nanosheets were transferred onto a Si wafer containing a 300 nm 
thick SiO2 oxidized layer. The morphology/shape of the transferred InSe 
nanosheets on the Si wafer was examined using an optical microscope 
(Olympus, BX 51M) equipped with a charge-coupled device camera 
(Leica, DFC495). The thickness of InSe nanosheets was determined by 
AFM (Veeco, BioScope SZ).

Device Fabrication: Few-layered InSe-FETs were fabricated using 
a copper grid as a shadow mask to place on the exfoliated InSe 
nanosheets, which was assisted with a homemade micromanipulator. 
The source–drain electrodes of Cr/Au (5/70 nm in thickness) were 
deposited with a thermal evaporator.

Electron Microscopic, Optical, and Electrical Characterizations: 
Crystallographic phases of the as-grown crystals were examined by an 
X-ray diffractometer (X’Pert PRO-PANalytical, CuKα radiation). The 
morphology and elemental compositions were investigated by SEM 
(FEI, Nova 200). TEM (JEOL, JEM-2100F) was utilized to obtain the 
crystalline structures and selected-area diffraction (SAED) patterns. The 
electrical and optical measurements at room temperature were carried 

out in a probe station (Lakeshore, TTPX) at 10−3 Torr. The probe station 
is equipped with a source meter (Keithley, 2636A) and an optical system 
comprising a He-Ne laser (JDS Uniphase, Novette 1507), a power meter 
(Ophir, Nova II), a xenon lamp (Newport, 66921), and a monochromator 
(Acton, SpectraPro-500).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1.  The energy dispersive spectroscopy (EDS) of the as-synthesized InSe bulk crystal. 

The composition ratios of In (51.9 %) and Se (48.1 %) were determined.  
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Figure S2.  The EDS of MoS2 QDs was performed to confirm the presence of Mo and S in the 

as-synthesized MoS2 QDs. The composition ratios of Mo (30.3 %) and O (69.7 %) were 

determined.  
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Figure S3. Raman Spectra of the as-synthesized MoS2 QDs and MoS2 bulk crystal. 
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Figure S4. The FE-SEM and EDX mappings of MoS2 QDs on the active InSe channel of an 

InSe-FET were conducted (a) before and (b) after the MoS2 QDs deposition. 
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Figure S5. The Ids–Vg curves of an InSe-FET and a hybrid MoS2/InSe-FET were measured in 

both dark and illuminative (at  = 488 nm) states at Vds = 1 V.  
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Figure S6. The photocurrent of a MoS2/InSe-FET was measured as a function of illumination 

power with the 488 nm excitation. The experimental data were measured at Vds = 10 V and Vg = 

0 V. 
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Figure S7. The absorption spectra of MoS2 QDs were measured with the sample concentration at 

the 5 mg/ml level. 
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Figure S8. The wavelength-dependent EQE measurements were conducted for an InSe-FET and 

a MoS2/InSe-FET at Pそ = 0.3 mW/cm2, Vds = 10 V, and Vg = 0 V. 
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Figure S9. The time-resolved photoresponse of a MoS2/InSe-FET was measured in response to a 

single on-off cycle of illumination (488 nm) at Vg = 0 V and Vds = 1 V. 
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Table S1. Comparison of the optical and photoresponsive performances by InSe-based 

heterostructure photodetectors 

 

Heterostructure      Absorption  Measurement    Photoresponsivity Reference 

Material                              region                   conditions                   (Rそ) 

 

2D GaTe - 2D InSe              Visible                   そ = 405 nm            13.8 mA/W             S1 

 

2D InSe - 2D CuInSe2               Visible                 そ = 700 nm              4.2 A/W                   S2 

                                                                          Vds = -10 V 

    

2D GaSe - 2D InSe               UVNIR             そ = 410 nm              350 A/W                  S3 

       Vds = 2 V 

 

2D InSe - 2D Graphene         Visible                 そ = 532 nm             940 A/W                  S4 

               Vds = -50 mV 

                                                                           Vg = 0 V 

2D InSe - 2D Graphene          Visible                 そ = 633 nm            4000 A/W                S5 

 

  

MoS2/InSe-FET                   VisibleNIR         そ = 488 nm              9304 A/W          This work 

          Vds = 10 V 

                                                                           Vg = 0 V 

  
 

  



12 

Table S2. Summary of the photovoltaic performances by InSe-based heterostructure devices 

 

   Materials                              Voc                  Jsc                 Fill Factor        PCE           Reference 
(Thickness, nm)                      (V)            (mA/cm2)                                     (%) 
 

 

2D GaTe - 2DInSe               -                     -                      0.25                  0.1                   S1 

(18 nm, 10 nm) 

2D InSe - 2D CuInSe2              -                                -                       0.35                  3.5                   S2 

(~50 nm) 

 

MoS2/InSe-FET                 0.52                15.6                  0.37                 3.03              This work 

     (~80 nm) 
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