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A library of two-dimensional (2D) semiconductors with different band gaps offers the construction of van
der Waals (vdWs) heterostructures with different band alignments, providing a new platform for developing
high-performance optoelectronic devices. Here, we demonstrate all-2D optoelectronic devices based on
type-Il p-MoS,/n-InSe vdWs heterojunctions operating at the near infrared (NIR) wavelength range. The p—
n heterojunction diode exhibits a rectification ratio of ~10? at Vg4 = £2 V and a turn-on voltage of ~0.8 V.
Under a forward bias exceeding the turn-on voltage and a proper positive back-gate voltage, the all-2D
vdWs heterojunction diode exhibits an electroluminescence with an emission peak centered at
~1020 nm. Besides, this p-MoS,/n-InSe heterojunction shows a photoresponse at zero external bias,
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Accepted 20th October 2019 indicating that it can serve as a photodiode working without an external power supply. The as-
demonstrated all-2D vdWs heterojunction which can work as both a light-emitting diode and a self-

DOI: 10.1035/c9ra06667e powered photodetector may find applications in flexible wear, display, and optical communication fields,

rsc.li/rsc-advances etc.

Optoelectronic devices, including light-emitting diodes (LEDs),
lasers, solar cells, and photodetectors, have been extensively
studied, because of their potential applications in illumination,
communication, energy, and healthcare. With the growing
demand for advanced functional optoelectronic devices, such as
flexible wear and display, faster communications between
devices on microchips, etc., next-generation optoelectronic
devices require new optoelectronic materials with characteris-
tics superior to those currently in use. Candidate materials
must be flexible for wearable devices, transparent for interactive
displays, and efficient for light-emitting and/or solar cells. The
emergence of two-dimensional (2D) materials, with atomic
layers combined by van der Waals (vdWs) force, has brought
a new era to the development of optoelectronic devices, because
of their unique structural and physical properties, such as
strong light-matter interactions, flexibility, vdWs assembly,
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etc."* In addition, the extensive library of 2D materials offers the
formation of vdWs heterostructures with a broad range of band
alignments, and resultant interfacial physical properties,
providing a new platform for developing high-performance
optoelectronic devices.”™> Specifically, heterojunctions with
a type-II band alignment, where the valence band maximum
and the conduction band minimum reside in two separate
materials, have enabled efficient electron-hole separation at the
interface. Therefore type-II 2D heterojunctions have been used
in high-performance 2D optoelectronic devices such as photo-
detectors, photovoltaic devices, and LEDs.***** The near-
infrared (NIR) optoelectronic devices can be used in a wide
range of applications, including night vision, optical commu-
nication, and computing. However, due to the limit of 2D
materials with a band gap in the NIR range, NIR optoelectronic
devices based on type-II vdWs heterojunction are rarely studied.
InSe, a group MI-VI layered semiconductor with a direct band-
gap of 1.25 eV for few-layer one (>10L)," has gained various inter-
ests due to its unique optical, electronic, and mechanical proper-
ties, targeting the applications in memory devices, optical sensors,
and thermoelectric implements."*™ As a direct band-gap semi-
conductor, which has an efficient electron-hole radiative recom-
bination rate, the few-layer InSe is also suitable for making NIR
optoelectronic devices. Recently, high-performance broadband
few-layer InSe photodetectors from the visible to NIR region have
been realized."” Few-layer MoS, is with an indirect band-gap of
~1.28 eV, which can form a type-II band alignment with few-layer
InSe. Under a forward bias, the injected carriers recombine to emit
photons in the InSe region that has a narrower direct band gap.
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Here, we present type-II vdWs heterojunctions based on the
n-type few-layer InSe and p-type MoS, nanoflakes (Fig. 1). The
heterostructure was stacked and encapsulated by top and
bottom hexagonal boron nitride (hBN) nanoflakes using
a spatially controlled dry transfer method,* which guarantees
the clean heterojunction interfaces and prevents contamina-
tions from any polymers or solutions. The p-MoS,/n-InSe het-
erojunctions exhibit typical diode characteristic with
a rectification ratio of ~10% at Vgs = +2 V, and a low turn-on
voltage of ~0.8 V. Under a forward bias exceeding the turn-on
voltage, the vdWs heterojunction shows strong NIR electrolu-
minescence (EL) centered at ~1020 nm, corresponding to the
band-edge emission of the InSe. Under the simulated solar
illumination, the heterojunction also exhibits typical photo-
voltaic behavior. Photocurrent mapping at zero external bias
indicates that the photoresponse of the diode is from the het-
erojunction region. Our work provides a new feasible structure
of all-2D NIR optoelectronic devices for flexible and microchip
communication applications.

Results and discussion

In this work, the p-type MoS, and n-type InSe bulk crystals were
grown via a chemical vapor transport (CVT) method. To p-type
doping the MoS,, we used Nb as the dopant during the CVT
process. To make a high-performance p-MoS,/n-InSe vdWs
heterojunction, we first exfoliated the n-type InSe nanoflakes
and p-type MoS, nanoflakes on Si/SiO, substrates in a glove box.
Then, the heterostructure was stacked and encapsulated by top
and bottom hBN nanoflakes using a spatially controlled dry
transfer method,*® which guarantees the clean heterojunction
interfaces and prevents contaminations from any polymers or
solutions. After that, the top layer hBN was selectively etched
and the Ti/Au (10/70 nm) contact electrodes were fabricated on
both the InSe and MoS, (Fig. 1) (see Method for details). hBN
encapsulation avoids the degradation of InSe. To characterize
the electrical properties of both p-MoS, and n-InSe, as well as
the contact behaviors of the Ti/Au electrodes, we fabricated
field-effect transistors (FETSs) of both p-MoS, and n-InSe nano-
flakes, with thickness of ~15 nm and ~15 nm, respectively
(insets of Fig. 2b and d). The I-V curves of the few-layer InSe FET
above turn-on back gate voltage (V,s) show linear behavior at low
source-drain bias (Vys) (Fig. 2a), confirming the ohmic contact

Fig. 1 Schematic illustration of the vdWs

heterostructure.

p-MoS,/n-InSe
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characteristic between the low-work function Ti/Au (®1; = —4.33
eV) electrode and the n-type InSe. The source-drain current ()
saturates at a larger source-drain voltage (0.45 V). The channel
current increases with increasing Vg, indicating the n-type
nature of the InSe. From the transfer curve (Fig. 2b), we can
see that the threshold voltage and on/off ratio are about 22 V
and >107 (see ESI S1t), respectively. The electron mobility (u.)
and concentration (1,p) are estimated to be about 285 cm® V™"
s ' and ~10"* cm 2, respectively, when the channel was turned
on (see ESI S17). Besides, the on-current of few-layer InSe
increase by about two to three orders of magnitude compared
with non-encapsulation ones (see ESI S37). The I-V curves of the
few-layer MoS, FET show near-linear behaviors at different Vg
(Fig. 2¢), because there exists kind of Schottky contact barrier at
the interface of Ti/Au and the p-type MoS,. The channel current
decreases with increasing Vg, indicating the p-type nature of
the MoS,. The channel cannot be fully depleted even when Vg, is
as high as +80 V (Fig. 2d), indicating the heavily p-type doping
nature of the MoS,. The hole mobility (u;,) and concentration
(p2p) is estimated to be about 1.7 cm®> V™" s~ and ~3.03 x 10"*
cm 2, respectively (see ESI S2t).

LED is a semiconductor device that converts electrical energy
into light energy. The light emission mechanism from the p-
MoS,/n-InSe LED can be qualitatively understood by studying the
energy band diagram of the vdWs heterojunction, in which the
Fermi levels of n-InSe and p-MoS, coincide with each other in
equilibrium state (Fig. 3a). Based on the depletion approxima-
tion, depletion layers with abrupt boundaries cause a built-in
potential, while the semiconductors away from the depletion
region boundaries are assumed to be electrically neutral. The
determination of MoS,/InSe band alignment is based on the re-
ported band gaps, affinities, and calculated work functions of
MoS, and InSe nanoflakes (see ESI S4t). Due to the difference in
their band gaps (E,) and electron affinities (x), large conduction-
band barrier (AE. ~ 1.16 eV) and valence-band barrier (AE;, ~
1.10 eV) are formed between MoS, and InSe. Because the
conduction band barrier is larger, with forward bias increasing,
the valence band barrier will disappear first (Fig. 3b). At this
stage, large amount holes will flow from the p-MoS, to the n-InSe
and recombine with the electrons at the InSe region. Therefore,
the EL spectrum is determined by the band-edge emission of the
InSe. Due to the degenerate p-doping nature of the MoS,, the EL
intensity is limited by the electron concentration in InSe. The I-V
curves of the vdWs heterojunction diode (Fig. 3d) show a clear
rectifying behavior when the voltage changes from —2 V to 2 V.
The turn-on voltage is ~0.8 V. Due to the modest electron
concentration of the InSe at zero gate voltage, the turn-on current
of the diode is limited. When the back gate voltage increases
from 0 V to 20 V, the on-current of the InSe/MoS, heterojunction
at Vgs = 2 Vincreases from 2.78 pA to 19.56 pA, while the reverse
current at Vg = —2 V increases from 4.71 nA to 78.23 nA,
resulting the rectification ratio at +£2 V from 5.9 x 10> to 2.5 x

10% The I-V relationship of a p-n junction can be expressed as
qv . .

I=1,|exp ) 1|, where I is the reverse saturation current,
n

k is the Boltzmann constant, T is the temperature, g is the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Electrical characterizations of the InSe and MoS, nanoflakes. (a) The /q4s versus Vs curves for the InSe FET under different V. (b) The /g5
versus Vg curve of the InSe FET at Vs = 0.5 V. The red straight dash line shows the fitting result with channel transconductance (g) of about 3.6
pA V=t and turn-on threshold voltage (V4) of 22 V. Inset: the optical image of the measured InSe FET with a channel length and width of 1.85 um
and 3.86 um, respectively. (c) The /g5 versus Vys curves for the MoS, FET under different V. (d) The /g5 versus Vgs curve of the MoS, FET at Vs =
0.5 V. The red straight dash line shows the fitting result with g, of about 52 nA V™1, Inset is the optical image of the measured MoS, FET with

a channel length and width of 1.9 pm and 9.4 um, respectively.

electron charge, and n is the ideality factor.** For a p—n junction,
the ideality factor n equals 2 when the recombination current
dominates, and n equals 1 when the diffusion current domi-
nates.” By fitting the measured I~V curve at Vg, = 20 V with the
above equation, we obtain n = 2.58. This ideality factor larger
than 2 indicates that there exists recombination from other
transport channels, which may be caused by the defects and
impurities arising from the heavy doping.”> When the back-gate
voltage is higher than 20 V and the source-drain bias is above
the turn-on voltage, we can observe strong EL from the vdWs
diode. Fig. 3e shows the room-temperature EL spectra under
a forward bias of 9 V at various back-gate voltages. Under
a positive back gate voltage, more electrons are injected from
InSe and accumulated at the heterojunction interface to recom-
bine with the injected holes, resulting in an enhanced EL emis-
sion. The EL spectra are dominated by an emission peaked
around ~1020 nm, coincident with the band-edge emission of
the InSe nanoflake (see ESI S47).

Photodetectors, which convert optical signals to electrical
signals, are basic components in imaging techniques, optical

This journal is © The Royal Society of Chemistry 2019

communications, and future intra-chip optical interconnects.
Herein, the p-MoS,/n-InSe heterojunction can serve as a photo-
diode, which can work without an external power supply. Upon
light illumination, the photo-generated holes and electrons are
driven towards the p-MoS, and n-InSe, respectively, by the built-
in field, resulting in a short-circuit current or a voltage drop on
the external resistor. Under a standard solar illumination with
a power density of 100 mW cm ™2, the MoS,/InSe heterojunction
exhibits good photovoltaic behavior (Fig. 4a), with a typical
open-circuit voltage (V,), short-circuit current density (Js.), fill
factor (FF), and energy conversion efficiency (7 = FFJs.Voc/Pin,
where Py, is the illumination light power density) to be about
0.2 V, 1.17 mA cm 2, 50.4%, and 0.59%, respectively. The
photosensitivity, defined as (Iphoto — Idark)/dark, Where Iphoco iS
the photocurrent and I, is the dark current, is measured to be
about 4.42 x 10° at zero external bias. The photocurrent
mapping at zero external bias under 633 nm laser excitation
shows a uniform photoresponse at the heterostructure region
(Fig. 4c), indicating the high-quality vdWs interface at the
vertical stacked heterojunction.

RSC Adv., 2019, 9, 35039-35044 | 35041
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Fig.3 (a, band c) The energy band diagrams of the p-MoS,/n-InSe heterojunction diode in equilibrium, under a forward bias and zero back gate
voltage, and under a forward bias and positive back gate voltage, respectively. (d) Room-temperature /-V characteristics of the heterojunction
diode depicted in the linear scale (black) and semi-log scale (blue), respectively. The red straight line shows the fitting result with an ideality factor
n of about 2.58. () Room-temperature EL spectra under a forward source—drain bias of 9 V at various back-gate voltages. The EL intensity

increases with the positive back-gate voltage, due to the increase of injected electrons from InSe.
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Fig. 4 (a) The /-V curves of this p—n vdWs heterojunction diode in dark and under a standard solar illumination with a power density of 100 mW
cm~2. (b) Optical image of the fabricated p—n vdWs heterojunction diode. (c) Photocurrent mapping of the p—n vdWs heterojunction under the

excitation of a 633 nm laser with a power of 0.5 mW.

Conclusion

In conclusion, we have fabricated all-2D vdWs hBN/p-MoS,/n-
InSe/hBN vertical stacking heterostructure by the dry transfer
method in a glove box. The type-Il p-MoS,/n-InSe hetero-
junction diode exhibits a good rectification behavior and shows
strong light emission at wavelength of ~1020 nm under
a forward bias exceeding the turn-on voltage and a positive
back-gate voltage higher than 20 V. The EL intensity can be
tuned by the back-gate voltage. Under simulated solar

35042 | RSC Adv., 2019, 9, 35039-35044

illumination, the vdWs p-n heterojunction exhibits a good
photovoltaic behavior, with a typical Vi, Js, FF, and energy
conversion of about 0.2 V, 1.17 mA cm ™2, 50.4%, and 0.59%,
respectively. The photosensitivity at zero external bias is about
4.42 x 10 The photocurrent mapping shows a uniform pho-
toresponse at the heterostructure region. The as-demonstrated
all-2D vdWs heterojunction, which can work as both a light-
emitting diode and a self-powered photodetector, may find
applications in flexible wear, display, and optical communica-
tion fields, etc.

This journal is © The Royal Society of Chemistry 2019
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Methods
Synthesis of p-type MoS, bulk

To p-type dope the MoS,, we used Nb as the dopant during the
CVT process. A horizontal three-zone furnace was utilized
where the high (low) temperature zone was used as the reac-
tion (growth) zone. Prior to the crystal growth, a quartz tube
containing the iodine transport agent and the elements
required for the doped crystals was evacuated to below 10~°
Torr and securely sealed. The purity of the source materials
was Mo 99.99%, S 99.99%, and Nb 99.99%, with a molar ratio
of Mo:S:Nb equal to 1:2:0.005 for a nominal 0.5% Nb
doping. The sealed quartz tube was then inserted into the
three-zone furnace. In the beginning, the temperature of the
growth zone was set to 1000 °C for 12 h to remove any possible
residues. The process of the CVT was initiated with a temper-
ature gradient varying from 1050 °C in the reaction zone to
935 °C in the growth zone over a distance of ~30 cm, and the
system was held in this condition over 500 h in order to
provide sufficient diffusion and equilibration for the single-
crystal synthesis.*

Dry transfer method for assembly the hBN encapsulated p-
MoS,/n-InSe heterostructures

The hBN/MoS,/InSe/hBN vertical stacked heterostructure was
fabricated as follows: first, the hBN, MoS,, and InSe nano-
flakes with appropriate thicknesses were exfoliated on Si/SiO,
substrates (the SiO, layer was about 285 nm) (Fig. S3a-c in ESI
S51). Then the exfoliated hBN and MoS, nanoflakes were
picked up in sequence by a polydimethylsiloxane (PDMS)
stamp covered by a layer of polypropylene carbonate (PPC)
(Fig. S4a, b in ESI S61). To avoid the degradation of InSe, the
InSe related exfoliation and transfer processes were done in
a glove box (0,, H,O < 0.1 ppm). The selected InSe nanoflake
was picked up by the previously picked hBN/MoS, hetero-
structure on PPC (Fig. S4c in ESI S6t) and transferred onto
another hBN nanoflake on Si/SiO, substrate (Fig. S4d in ESI
S61). The hBN encapsulated heterostructure was detached
from PDMS/PPC at 60 °C and left on the device substrate
(Fig. S4e in ESI S61).

Fabrication of the electrodes

The contact areas were patterned by electron-beam lithography,
and the exposed top hBN layer was subsequently etched by
reactive-ion etching using trifluoromethane and oxygen with
flow rates of 20 scem and 2 sccm for 2 min, respectively. Elec-
tron beam evaporation, and lift-off processes were used to
fabricate the Ti/Au (10/70 nm) electrodes on both the InSe and
MoS, nanoflakes.

Electrical measurements

All the electrical measurements were conducted with a semi-
conductor characterization system (Keithley 4200) under
a probe station.

This journal is © The Royal Society of Chemistry 2019
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PL and EL spectra characterizations

PL and EL spectra were recorded by a micro-zone confocal
Raman spectroscope (HORIBA Jobin Yvon, LabRam HR 800)
equipped with a color charge-coupled device (CCD) at room
temperature. In the PL measurement, a 633 nm laser was used
as the excitation and focused on the sample by a 50x objective
(Olympus LMPlanFI IR). The EL and PL from devices were
collected by the same objective.

PhOtOI‘eSpOﬂSC measurements

The photovoltaic measurements were conducted with a semi-
conductor characterization system (Keithley 4200) under
a standard simulated solar illumination with a power density of
100 mW cm 2. The photocurrent mapping was recorded under
the 633 nm laser illumination with a power of 0.5 mW using
a micro-zone confocal Raman spectroscope (WITec alpha 300R).
The photocurrent signal was collected and converted to
a voltage signal by an amplifier with a magnification of 10°, and
recorded simultaneously with the scanning position informa-
tion during the mapping process.
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