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TOPICAL REVIEW — 2D materials: physics and device applications
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Two-dimensional (2D) materials, e.g., graphene, transition metal dichalcogenides (TMDs), and black phosphorus
(BP), have demonstrated fascinating electrical and optical characteristics and exhibited great potential in optoelectronic
applications. High-performance and multifunctional devices were achieved by employing diverse designs, such as hybrid
systems with nanostructured materials, bulk semiconductors and organics, forming 2D heterostructures. In this review,
we mainly discuss the recent progress of 2D materials in high-responsive photodetectors, light-emitting devices and single
photon emitters. Hybrid systems and van der Waals heterostructure-based devices are emphasized, which exhibit great
potential in state-of-the-art applications.
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1. Introduction
Two-dimensional (2D) materials possess superior opti-

cal, electrical and mechanical properties and have attracted
great attention in the past decade.[1–5] Graphene, as a prece-
dent discovered character in 2D materials, has ultrahigh car-
rier mobility and broadband light absorption.[1,6] Charge car-
rier density in graphene can be effectively tuned, which en-
ables graphene to be a promising candidate for electrically
tunable devices. Different from the gapless graphene, 2D
transition metal dichalcogenides (TMDs), such as MoS2 and
WSe2, are semiconductors with bandgap ranging from 1.57
to 2 eV,[7] which are more suitable for applications such as
photodetectors and light emitting diodes (LEDs). Black phos-
phorus (BP), a new member in the 2D materials family, ex-
hibits direct bandgap of about ∼ 1.8 and ∼ 0.3 eV in its sin-
gle layer and bulk form, respectively.[8–11] The bandgap of
2D semiconductors can be effectively tuned by their thickness
and the properties will change accordingly, which meet the de-
mands of various applications. Besides the 2D layered mate-
rials mentioned above, 2D non-layered materials, such as PbS
and Pb1−xSnxSe, also exhibit great potential in the application
of optoelectronic devices. PbS has a direct narrow bandgap
of ∼ 0.4 eV, which is available for broad spectral detec-
tion from visible to mid-infrared region.[12,13] Pb1−xSnxSe is
also a direct narrow bandgap semiconductor with great poten-

tial in infrared detection and thermoelectric conversion.[14,15]

The strong light–matter interaction, broad range light absorp-
tion/emission, and high carrier mobility of 2D atomically-
thin materials make them promising candidates in optoelec-
tronic applications, such as photodetectors and light-emitting
devices.

It is crucial to exploit photodetectors with high perfor-
mance in terms of speed, wavelength range and sensitivity.
However, high-responsive photodetection is a challenge for
graphene, due to its relatively weak light absorption (∼ 2.3%
per layer).[16] This problem can be solved effectively by em-
ploying hybrid architecture and the photogating mechanism,
which can remarkably improve the photosensitivity by com-
bining graphene with other nanomaterials, such as quantum
dots (QDs). On the other hand, PN junction is a key con-
struction in optoelectronic applications, such as photodetec-
tors and LEDs. The junctions were commonly formed by
chemical doping[17] and electrostatic gating.[18,19] Besides the
traditional approaches, van der Waals heterostructures based
on 2D materials are ideal choices for achieving state-of-the-art
devices, which provides a platform for combining superiorities
of different 2D layered materials, and also forming different
types of junctions. In addition, single photon emitters are an-
other important part of applications for 2D materials, which
bring new opportunities to quantum technologies.
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In this review, we will discuss the recent progress on
photodetecting and light-emitting applications of 2D materi-
als. In Section 2, we mainly review a series of state-of-the-
art photodetectors based on 2D materials, including graphene,
TMDs, BP and 2D non-layered materials. Devices based on
hybrid systems and van der Waals heterostructures are em-
phasized. In Section 3, the light-emitting applications of 2D
materials are summarized and electroluminescence in well-
designed LEDs is presented. Subsequently, single photon
emission originating from the defects in 2D materials is dis-
cussed. Finally, we discuss the perspective and challenges of
2D material-based optoelectronic devices.

2. Photodetectors based on 2D materials
2.1. Mechanisms of photodetection in 2D materials

Photodetectors convert optical signals to electrical sig-
nals, which are broadly applied in communications, imaging
systems and remote sensing.[20–23] Here, we simply discuss
the photovoltaic and photogating effects, which are the most
commonly adopted operating mechanisms for high-speed and
high-responsive photodetection, respectively.

In photovoltaic detectors, the photogenerated electron–
hole pairs in the channel of detectors are separated with the
help of the built-in electric field at the junctions (e.g., PN
junctions, Schottky junctions), thus producing photocurrent.
Junctions can be formed by different approaches, for instance,
by chemical doping,[17] electrostatic gating,[18,19] or combin-
ing two materials which possess different work functions.[24]

Due to the ultrafast generation and separation of electron–hole
pairs at the junctions, the photodetectors dominated by pho-
tovoltaic effect are capable of ultrafast photodetection.[25] In
photogating devices, take graphene-based photodetectors for
example, the incident light produces electron–hole pairs in
photon absorbers (e.g., QDs), with one of the two types of car-
riers transferred to graphene and another one trapped and gated
the graphene channel. Driven by bias voltage, the type of car-
rier transferred to graphene would recirculate between source
and drain, and produce ultrahigh gain and photoresponsivity.
Besides, there are other mechanisms in photodetectors, such
as photo-thermoelectric effect[26,27] and bolometric effect,[28]

which are not discussed here.

2.2. Hybrid photodetectors based on graphene

The ultra-broadband light absorption from ultraviolet to
terahertz (THz) enables graphene to be a promising candi-
date for broadband photodetection. However, the respon-
sivity of a graphene-based photodetector is limited by the
relatively weak light absorption and ultrashort lifetime of
photon-induced carriers. In order to meet the demands
of high-responsive devices, hybrid structures with photon-

absorbing materials are frequently employed.[29–31] For in-
stance, combining QDs and graphene can effectively prolong
the lifetime of photon-induced carriers and thus realizes high-
responsive photodetection.[32] Hybrid phototransistors based
on PbS QDs and graphene were demonstrated with ultrahigh
gain and a high responsivity of ∼ 107 A·W−1.[32] By em-
ploying lead zirconatetitanate (Pb(Zr0.2Ti0.8)O3) (PZT) sub-
strates instead of silicon dioxide (SiO2), responsivity as high
as 4.06×109 A·W−1 under 325 nm light illumination was
achieved in a composite graphene and graphene quantum dots
(GQDs) photodetector.[33] Besides QDs and graphene hybrid
photodetectors, a series of novel hybrid structures have also
been investigated, which will be discussed in detail below.

2.2.1. Hybrid systems with bulk semiconductors

The combination of silicon and graphene is a typ-
ical example for bulk semiconductors/graphene hybrid
structure.[24,34,35] Lightly p-doped silicon was employed to
form a silicon/graphene heterostructure.[34] Responsivity of
such photodetector can exceed 104 A·W−1 at wavelength of
632 nm and reach 0.23 A·W−1 at 1550 nm. In the visi-
ble region, there are three sources of photo-induced carri-
ers: the interband transition in graphene, the depletion re-
gion in the Schottky junction (at silicon/graphene interfaces),
and the bulk region of silicon. The absorption of light by
silicon can result in injection of carriers into graphene, and
the large recombination timescale and the ultrafast transition
of carriers within graphene lead to ultrahigh gain of the in-
jected carriers and thereby the high responsivity of the de-
vices. In the infrared region, graphene is the only light ab-
sorber, and the relatively smaller absorption and shorter re-
combination time lead to low responsivity.[34] In another sili-
con/graphene hybrid photodetector (Fig. 1(a)), ultrahigh quan-
tum gain exceeds 106 electrons per incident photon and re-
sponsivity of nearly 107 A·W−1were realized.[35] The quan-
tum carrier reinvestment was proposed to explain the detailed
mechanism. Excellent weak-signal detection based on sili-
con/graphene heterojunctions with photovoltage responsivity
exceeding 107 V·W−1 was also reported.[24] The manipulation
of Fermi level of graphene enables a high degree of tunability
and efficient capture of photoexcited carriers. There are also
other bulk semiconductors employed in graphene-based hy-
brid photodetectors, e.g., germanium.[36]

Besides forming silicon/graphene junctions, interfacial
gating effect was also utilized to achieve high-performance
photodetection. An ultra-fast and highly sensitive photodetec-
tor was achieved by employing graphene/SiO2/lightly-doped-
silicon hybrid architecture with interfacial gating mechanism
(Fig. 1(b)).[37] The localized interface states at the oxide–
silicon interface induce a negative depletion layer in the sil-
icon near the interface and cause surface energy bands to
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bend downwards, leading to the formation of thermal equi-
librium and built-in electric field.[38] Photogenerated electron–
hole pairs in silicon are separated, the holes diffusing to silicon
bulk and the electrons remaining at the SiO2/silicon interface,
forming a negative voltage on the interface and thereby gating
the graphene channel through capacitive coupling. The holes
carrier density of graphene increased due to gating effect, and
thus high photocurrent was achieved.[37] The detector exhibits
superior capability on weak signal detection, with high respon-

sivity of ∼1000 A·W−1 for weak signal of < 1 nW (see the
right graph of Fig. 1(b)). Most importantly, the response time
of the device has been pushed to ∼ 400 ns, due to the ultra-fast
separation of electron–hole pairs at the interface.[37] Heavily
doped silicon was not available due to its very short lifetime of
the photogenerated electron–hole pairs, for which the negative
voltage in the interface can be generally ignored.[39] The in-
terfacial gating effect opens a new route for high responsivity
in semiconductor/graphene hybrid devices.
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Fig. 1. (color online) (a) A pseudo-colored scanning electron microscopy (SEM) image of the silicon/graphene high-gain photodetector (top left).
Photocurrent map at incident power of 17 nW shows bright photocurrent signal in the silicon/graphene region (bottom left). Photoresponsivity of the
device (inset) as a function of incident power (right).[35] (b) Schematic diagram and optical image of the graphene hybrid photodetector on lightly
p-doped silicon/SiO2 substrate (left). Responsivity at VD = 1 V and VG = 0 V of the device as a function of the light power (right). The transient
response of the device switched on or off by an acoustic optical modulator with frequency of 10 kHz. P =∼ 0.5 µW, VD = 1 V, and VG = 0 V (inset).[37]

2.2.2. Hybrid systems with organic crystals and per-
ovskite

Except for bulk semiconductors, other light absorbing
materials have also been employed in graphene-based hybrid
photodetectors, such as organic crystals and organic–inorganic
hybrid perovskite.[40–44] An ultrathin epitaxial organic crys-
tal/graphene hybrid structure phototransistor is presented in
Fig. 2.[40] Photogenerated electron–hole pairs in C8-BTBT are
separated by built-in electric field formed at the interface of
graphene and C8-BTBT, and electrons move toward graphene.
Photoresponse of the device was studied with increasing C8-
BTBT thickness. In few-layer C8-BTBT devices, the re-
sponsivity could reach 4.76×105 A·W−1.[40] CH3NH3PbI3

perovskite/graphene hybrid system was also employed for

photodetection.[41] Electrons in graphene transferred to the ad-
jacent perovskite layer and filled the empty states in the per-
ovskite valence band. As a result, the photoexcited electrons in
the perovskite reside in the conduction band without decaying.
The trapped electrons produced effective photogating effects,
so that the presence of the charges altered the conductivity of
the graphene channel through capacitive coupling.[45,46] The
photodetector exhibits a photoresponsivity of 180 A·W−1 and
an external quantum efficiency (EQE) of ∼5×104% for an op-
tical power on the microwatts scale, with photodetectivity of
∼109 Jones. There are other organic materials employed in or-
ganics/graphene hybrid photodetectors and achieved high per-
formance, e.g., poly(3-hexylthiophene-2,5-diyl) (P3HT)[42,43]

and tetraphenyl-porphyrin (H2TPP).[44]
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Fig. 2. (color online) Schematic of a typical organic materials/graphene
hybrid phototransistor (top). Atomic force microscope (AFM) images
of a device that has undergone repeated C8-BTBT growth (bottom left).
Photocurrent response of the graphene and C8-BTBT/graphene hybrid
devices under the same experimental conditions: laser power density
7000 µW·cm−2, bias voltage 0.1 V, Vg–V0 = 10 V (bottom right).[40]

2.2.3. Hybrid devices for infrared photodetection

Infrared photodetection plays an important role in the

field of communications, imaging and astronomy.[20,21,47] 2D

materials are easy to integrate in electronic devices, and many

of them exhibit considerable photoresponse in infrared range.

Hybrid architecture has been widely utilized in infrared pho-

todetectors based on 2D materials.

Carbon nanotubes (CNTs) exhibit great potential in in-

frared photodetection, due to their high absorption coeffi-

cient in the infrared spectrum.[48] High detectivity up to

1.5×107 cm·Hz1/2·W−1 has been demonstrated in a multi-

wall carbon nanotube (MWCNT)/graphene hybrid photode-

tector, which presents a 500% improvement over the best pho-

todetectivity achieved on MWCNT film infrared detectors.[49]

Single-wall carbon nanotubes (SWCNT)/graphene hybrid film

was also employed to form a large built-in potential at the

interface, which performs well in the separation of electron–

hole pairs and decreases the recombination of spatially iso-

lated photocarriers.[50] The hybrid photodetector (see the inset

in the top panel of Fig. 3(a)) operates in photogating mech-

anism and demonstrates a photoconductive gain of 105 with

ultra-broadband sensitivity from visible to near-infrared (400–

1550 nm). It exhibits great performance with a high photore-

sponsivity of over 100 A·W−1 and a fast response time of

100 µs.
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Fig. 3. (color online) (a) The ultraviolet-visible-infrared light absorbance of graphene and SWCNT/graphene hybrid film on quartz
(top). Responsivities of SWCNT/graphene photodetector as a function of the optical power at different illumination wavelengths
(bottom).[50] (b) Schematic of the Bi2Te3/graphene hybrid device (top). Photocurrent as a function of wavelength (bottom). Illustration
of band structure and charge transfer (inset).[31]
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Topological insulators, e.g., Bi2Te3, Bi2Se3, and
Sb2Te3, which generally have a very small band gap
(0.15–0.3 eV) in the mid-infrared range, are good can-
didates for infrared photodetection.[51,52] A photodetector
based on Bi2Te3/graphene heterostructure was demonstrated
(Fig. 3(b)),[31] which enables valid transfer and separation of
photo-excited carriers at the Bi2Te3/graphene interface. Pho-
tocurrent of the device can be effectively enhanced without
sacrificing the detecting spectral width. The device exhib-
ited high responsivity from visible to infrared range (400–
1550 nm, see the bottom panel of Fig. 3(b)).

Different from the hybrid photodetectors mentioned
above, a broadband photodetector based on graphene double-
layer heterostructure was presented, in which the photo-
absorbing and electron-conductive layers are both using
graphene.[53] Hot electrons and holes are separated into oppo-
site graphene layers by selective quantum tunneling, thus hot
carrier recombination was minimized. The trapped charges
on the top graphene layer can lead to a strong photogating
effect on the bottom graphene channel layer, yielding a con-
siderable photoresponsivity over an ultra-broad spectral range
(from visible to mid-infrared range).[53] The photoresponsiv-
ity is as high as 1.1 A·W−1at the wavelength of 3.2 µm. The
hot carrier tunneling mechanism in the graphene double-layer
heterostructure provides an available route for ultra-broadband
and high-sensitivity photodetection at room temperature.[53]

2.3. Photodetectors based on TMDs and BP
2.3.1. Photodetectors based on TMDs

2D TMDs are well known for their remarkable light ab-
sorption properties, with energy gaps in the visible to the near-
infrared spectral region.[54,55] High-performance photodetec-
tors based on different types of TMDs were successfully
demonstrated.[56] Single-layer MoS2 is a direct-gap semicon-
ductor with a bandgap of ∼ 1.8 eV.[57] The direct bandgap
would enable efficient light absorption and electron–hole pair
generation under photoexcitation. In a previous work, MoS2

was used as the channel material in a field-effect transistor and
exhibited a high channel mobility (∼ 200 cm2·V−1·S−1) and
current ON/OFF ratio (108).[58] With improved mobility, as
well as the contact quality and positioning technique, high-
responsive monolayer MoS2-based photodetector was realized
with a maximum photoresponsivity of ∼880 A·W−1 at a wave-
length of 561 nm (Fig. 4(a)).[59] Due to the short electron–
hole and exciton lifetimes in MoS2, intrinsic response times
as short as 3 ps were realized in a monolayer MoS2 photode-
tector (bandwidths of ∼ 300 GHz) (Fig. 4(b)).[60] The photo
response time characterization (see the right panel of Fig. 4(b))
actually shows two distinct timescales: (i) a fast timescale of
∼ 4.3 ps and (ii) a slow timescale of ∼ 105 ps. Such phe-
nomenon is explained by a model considering carrier capture

by two different defect levels (fast and slow defects). After
photoexcitation, electrons and holes in MoS2 thermalize and
lose most of their energy within a short time. Most of the pho-
toexcited holes and then most of the electrons, are captured by
the fast defects within the first few ps. Meanwhile, the minor-
ity of the holes is also captured by the slow defects.[60]

ReS2 is another member of TMDs, which has a direct
bandgap of ∼ 1.5 eV and exhibits anisotropic nature within
the layer plane.[61] Both single and multilayer ReS2 are di-
rect bandgap due to the weak interlayer coupling.[62] Few
layer ReS2 has a higher density of states[63] and stronger
light absorption than the thinner one.[57] Ultrahigh respon-
sivity (∼88600 A·W−1) phototransistors based on few-layer
ReS2 were demonstrated (see Figs. 4(c) and 4(d)), which is
promising for weak signal detection.[64] The impurities or S
vacancies in ReS2 flakes act as trap states, the electrons of
the photogenerated electron–hole pairs stay at the trap states
for a long time and thereby present a long lifetime of holes,
thus leading to the increase of the photoconductive gain. Fur-
thermore, the use of thicker ReS2 could increase the absorbed
optical power and hence lead to large quantum efficiency.

The dark current would strongly affect the performance
of photodetectors, e.g., ON/OFF ratio. Novel device ar-
chitectures have been adopted in TMD-based photodetectors
to suppress the dark current and improve the device perfor-
mance. Ferroelectric materials combined with 2D materials
have been proposed for photodetectors, with a poly(vinylidene
fluoride-trifluoroethylene) (P(VDF-TrFE)) ferroelectric poly-
mer film covered on a MoS2 effect transistor.[65] The fer-
roelectric polarization could strongly suppress the dark cur-
rent of the photodetector. The depleted state of carriers in
the MoS2 channel is caused by the electrostatic field derived
from the remnant polarization of P(VDF-TrFE). In polariza-
tion up state, the drain-source current is the lowest com-
pared to those of the other two states: without polarization
and polarization down state. Furthermore, the band struc-
ture of few-layer MoS2 can also be modified by the effect
of the strong electric field polarization. The photoresponse
wavelengths of the device were then extended from the vis-
ible to the near-infrared (0.85–1.55 µm).[65] Such ferroelec-
tric/photoelectric 2D material hybrid system is a promising
strategy for high performance 2D electronic/optoelectronic de-
vices. In another work, gold nanoparticles (AuNPs) were em-
ployed in a WS2 phototransistor.[66] Efficient electron trap-
ping originating from AuNPs embedded in the gate dielec-
tric could strongly suppress dark current. Such a device ex-
hibited ultralow dark current (10−11 A), high photoresponsiv-
ity (1090 A·W−1) and high detectivity (3.5× 1011 Jones) at a
wavelength of 520 nm with a low bias voltage and a zero gate
voltage.
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Fig. 4. (color online) (a) Cross-sectional view of the single-layer MoS2-based photodetector under the focused laser beam (top). Photoresponsivity
of the MoS2 phototransistor (bottom). Spatial map of the photocurrent of the device (inset).[59] (b) Optical image of a back-gated monolayer MoS2
photodetector on SiO2/silicon substrate (top left). The energy band diagram (bottom) of the metal–MoS2 junction (top) after photoexcitation with an
optical pulse (bottom left). The photoresponse time characterization (right). The plots show two distinct timescales: a fast timescale of ∼ 4.3 ps and a
slow timescale of ∼ 105 ps.[60] (c) Schematic and measurement circuit of the few-layer ReS2 phototransistors.[64] (d) Photoresponsivity as a function
of the incident power of few-layer ReS2 phototransistors (left). Weak signal detection in a five-layer ReS2 phototransistor using lighter and limited
fluorescent lighting as the weak light sources (right).[64]

2.3.2. Photodetectors based on BP

As a new member in the 2D materials family, BP is
an anisotropic material, which exhibits a high Hall mobil-
ity up to 1000 cm2·V−1·s−1 at room temperature.[67] BP ex-
hibits a direct bandgap of about ∼ 1.8 and ∼ 0.3 eV in its
single layer and bulk form, respectively,[8–11] and tunable
bandgap with different thicknesses covering the visible to mid-
infrared spectral range. Strong light–matter interactions in
BP enable effective and efficient photoelectric conversion in
photodetectors.[68,69] High responsivity of about 103 A·W−1

at 300 K and 7×106 A·W−1 at 20 K in the near-infrared region
(900 nm) has been achieved in a BP-based photodetector.[70]

The contact metal Ni is employed and forms a good ohmic
contact to BP under p-type operation, resulting in efficient col-
lection of the photogenerated carriers. The small contact re-
sistance of the device greatly improves the on current and thus
the photocurrent. Due to the strong intrinsic linear dichroism,
BP photodetector exhibits great polarization sensitivity over

a broad wavelength from 400 to 3750 nm (see Fig. 5(a)).[71]

To further improve the performance, the BP flakes were pat-

terned into an ionic gel gated electric-double-layer transistor

(EDLT), which is able to tune interfacial band bending and

also the Fermi level of channel materials over a large range.[72]

Photogenerated electrons and holes are separated by selec-

tively driving them into surface or bulk layers under a built-

in electric field within an EDLT. Therefore, the efficiency of

linear dichroism photodetector can be greatly enhanced.[71]

BP was also integrated with silicon waveguide to realize high-

responsive photodetection,[73] as shown in Fig. 5(b). The pho-

tocurrent was dominated by photovoltaic current at low dop-

ing case and the bolometric effect at high n-type doping case.

Intrinsic responsivity reaches 135 mA·W−1 (thickness of BP

11.5 nm) and 657 mA·W−1 (thickness of BP 100 nm) at room

temperature, with a high response bandwidth exceeding 3 GHz

(see the right panel of Fig. 5(b)).

036801-6



Chin. Phys. B Vol. 26, No. 3 (2017) 036801

Lateral scale/mm

Frequency/Hz

N
o
rm

a
li
z
e
d
 r

e
sp

o
n
se

/
d
B

P
h
o
to

re
sp

o
n
si

v
it
y
/
m

A
SW

-
1

Wavelength/nm

(a)

(b)

Fig. 5. (color online) (a) Optical image of a BP photodetector. Instead of a straight-edge metal electrode, the isotropic round photocurrent col-
lector was employed to avoid the linear polarization that might arise from a straight metal edge (left). Corresponding photocurrent microscopy
image of the device, with illumination at 1500 nm and polarization along the direction of the white arrow (x axis) (middle). Polarization
dependence of photoresponsivity with illumination from 400 to 1700 nm, where the polarization angle of 0◦ corresponds to the x crystal axis
and 90◦ corresponds to the y crystal axis (right).[71] (b) Schematic of the waveguide integrated BP photodetector (left). The response of the BP
photodetector is measured when BP is gated to low and high doping conditions (right). Receiver eye diagram at a data rate of 3 GHz (inset).[73]

2.4. Photodetectors based on 2D heterostructure

Van der Waals heterostructure formed by 2D materials
is commonly adopted for high performance photodetection,
since it provides a platform for combining superiorities of dif-
ferent 2D layered materials.

Coupling graphene with MoS2 can produce a hybrid ma-
terial that combines the high photon absorption capability of
MoS2 and high carrier mobility of graphene. A photodetector
based on graphene/MoS2 heterostructure exhibits a high pho-
togain greater than 108 and a photoresponsivity value higher
than 107 A·W−1 (as shown in Fig. 6(a)).[74] In graphene/MoS2

heterostructure, the electron–hole pairs are produced in the
MoS2 layer upon light illumination, and separated at the
MoS2 and graphene interfaces. The electrons can move to
the graphene layer due to an effective built-in electric field,
while the holes are trapped in the MoS2 layer. The high elec-
tron mobility in graphene and the long charge-trapping life-
time of the holes leading to multiple recirculation of electrons
in graphene, result in a very high photogain.[74] A photodetec-
tor based on graphene–MoS2–graphene vertical heterostruc-
ture was also demonstrated, as shown in Fig. 6(b).[75] The am-
plitude and polarity of the photocurrent in the gated vertical
heterostructures can be easily modulated by the electric field

of an external gate, and the maximum EQE of 55% and inter-
nal quantum efficiency up to 85% was achieved. Heterostruc-
tures based on different types of TMDs are also widely inves-
tigated. The gate-tunable diode-like current rectification and a
photovoltaic response across the p–n interface have been ob-
served in p-type WSe2 and n-type MoS2 atomically thin ver-
tical p–n junction, as shown in Fig. 6(c).[76] The photocurrent
effectively tuned by gate voltages was shown in the bottom
panel in Fig. 6(c). It was found that the interlayer tunnel-
ing recombination of the majority carriers across the van der
Waals interface, which can be tuned by gating, can signifi-
cantly influence both the electrical and optoelectronic prop-
erties of the junction. There are also more complicated het-
erostructures, e.g., a photodetector based on MoS2–graphene–
WSe2 heterostructure, as shown in Fig. 6(d).[77] Photoexcited
electrons and holes were efficiently separated by the built-in
electric field formed at the depletion region of the p–n junc-
tion, and enables broadband photodetection (from the visible
to infrared range) with high sensitivity. In the visible range, the
photon energy is larger than the bandgaps of the TMDs materi-
als, and abundant photogenerated free carriers are produced by
all three layered materials, resulting in a considerably higher
photoresponse. When the wavelength is near the infrared re-
gion and the photon energy is smaller than the bandgap of

036801-7



Chin. Phys. B Vol. 26, No. 3 (2017) 036801

TMDs, the interband absorption of both monolayer MoS2 and
WSe2 is forbidden. In such case, graphene is the only pho-
ton absorbing medium, leading to a relatively smaller photore-
sponse of the heterostructure in the infrared range.[77] The de-

vice exhibits outstanding performance with photoresponsivity
of 104 A·W−1 at 400 nm, and the specific detectivity reaches
1015 Jones and 1011 Jones in the visible and near-infrared re-
gion, respectively.[77]

Power density/WSm-2 Power density/WSm-2

I
D

S
/
m
A

VDS/V

Vg/V

|P
o
h
o
to

c
u
rr

e
n
t|

/
m

A
Sc

m
-

2

R
/
A
SW

-
1

R
e
sp

o
n
si

v
it
y
/
A
SW

-
1

G
a
in

Wavelength/nm

D
*
/
J
o
n
e
s

(a) (b)

(c)
(d)

Fig. 6. (color online) (a) Schematic illustration (top left) of the photodetector based on graphene/MoS2heterostructure, where the channel is formed in
between the comb-shaped source and drain metal electrodes (top right). Photoresponsivity (bottom left) and photogain (bottom right) for the graphene/MoS2
photodetectors.[74] (b) I–V characteristics of the graphene–MoS2–graphene heterostructures-based device under laser illumination. Schematic illustration of
the side view of the device (inset).[75] (c) Schematic diagram of a van der Waals-stacked MoS2/WSe2 heterojunction device with lateral metal contacts (top).
Measured and simulated photocurrent at Vds = 0 V as a function of gate voltages (bottom). Photocurrent map of the device (inset).[76] (d) Cross-section
schematic of MoS2–graphene–WSe2 heterostructure based photodetector (top). Photoresponsivity R (left) and specific detectivity D∗ (right) of a typical
device for wavelengths range from 400 to 2400 nm measured in ambient air (bottom). Optical image of the device (inset).[77]

2.5. Photodetectors based on 2D non-layered materials

2D layered materials have strong lateral chemical bond-
ing in-plane but weak van der Waals interaction between
planes. On the other hand, many other materials with non-
layered nature of their bulk crystals can be produced as ul-
trathin nanosheets and nanoplates.[78] These 2D non-layered
materials, such as SnTe, Pb1−xSnxSe, and Pn1−xSnxTe, pos-
sess narrow bandgap and are promising candidates for infrared
photodetection.[14,79–81]

Pb1−xSnxSe nanoplates with thickness from 15 to 45 nm
can be fabricated from their bulk crystals, as illustrated in
Fig. 7(a).[82] The crystal morphology of Pb1−xSnxSe is shown
in Fig. 7(b). Flexible photodetectors based on Pb1−xSnxSe
nanoplates exhibit fast, reversible, and stable photoresponse,

and broad spectra detection ranging from UV to infrared. A
high-performance mid-infrared detector based on Pb1−xSnxSe
nanoplates with detection wavelength extending to 1.7–2.0 µm
is shown in Fig. 7(c).[83] The photoresponsivity is estimated
to be 318 mA·W−1 at the wavelength of 1.9–2.0 µm, and
it shows great potential for applications in military com-
munication, remote sensing, and environmental monitoring.
PbS is a semiconductor with direct electronic bandgap of
∼ 0.4 eV.[12] 2D PbS nanoplates can be successfully grown
by chemical vapor deposition (CVD) method, and the thick-
ness ranges from 5 to 35 nm.[13] The devices based on 2D
PbS nanoplates exhibit remarkable infrared response with
high photoresponsivity (1621 A·W−1), detectivity (1.72×1011

Jones), and photogain (2512) at the wavelength of 800 nm (see

036801-8



Chin. Phys. B Vol. 26, No. 3 (2017) 036801

Fig. 7(d)).[13] 2D ultrathin metal oxide nanosheets, including
TiO2, ZnO, Co3O4, and WO3, are also fabricated and utilized
in photodetection.[84] The metal oxide nanosheet-based de-
vices exhibit considerable photoresponse and present excellent

stability. The above results do demonstrate that photodetectors
based on 2D non-layered materials exhibit excellent perfor-
mance in broadband photodetection, especially in the infrared
range.
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Fig. 7. (color online) (a) Pb1−xSnxSe cubic crystal structure can be tailored into ultrathin 2D nanostructure by 2D anisotropic growth.[82]

(b) Optical image of Pb1−xSnxSe nanoplates (left). Histogram of Pb1−xSnxSe nanoplates thickness (right). AFM image of the nanoplate
(inset).[82] (c) SEM image of the Pb1−xSnxSe nanoplate-based device (left). Mid-infrared photodetection of Pb1−xSnxSe nanoplates at 1.7–
2.0 µm (right).[83] (d) SEM image of PbS nanoplate arrays (left). The photoresponsivity and detectivity of the PbS nanoplates device as a
function of laser power. The wavelength of incident laser was 800 nm (right).[13]

3. Light emitting applications of 2D materials
Single-layer TMDs emerged as promising candidates for

light emitting devices, which possess direct bandgap elec-
tronic band structure and high light emitting efficiency. The
light emission properties are dominated by exciton effect in
2D TMDs.[85–87] Due to the strong Coulomb force interaction,
charged carriers generated optically or electrically in TMDs
form different kinds of combination models, such as exci-
ton (an electron–hole pair), trion (two electrons with a hole,
or two holes with an electron), or bi-exciton (two electrons
with two holes).[88] In these models, exciton and bi-exciton
exhibit charge-neutral, whereas trion expresses charged fea-
ture. Free excitons can also be bound within potential well,
hence forming bound excitons.[89] Electroluminescence is a
physical phenomenon that converts electrical energy to optical
energy, which emits lights originating from the electron–hole
recombination. In TMDs, p- or n-type doping can be easily
realized, which benefit in constructing junctions for LEDs. In
the following, we will discuss LEDs based on TMDs and het-
erostructures.

3.1. LEDs based on TMDs

Employing two local gates to define a p–n junction within
the TMDs sheet is the most commonly used way to build
LEDs.[90,91] The LEDs based on p–n junction in WSe2 show

outstanding performance with total photon emission rate up to
∼ 16 million s−1 at applied current of 35 nA (see Fig. 8(a)).[92]

In the right panel of Fig. 8(a), from left to right, the arrows
indicate electroluminescence features that correspond to the
impurity-bound exciton, two types of the charged excitons and
the neutral exciton, respectively. Ionic-liquid gated structure
is known with high gating level, and can tune the Fermi level
of channel materials over a large range. Electroluminescence
has also been observed in atomically thin ionic-liquid gated
light-emitting transistors, as shown in Fig. 8(b).[93] Effective
electron and hole accumulation in the device enables the oper-
ation of the transistors in the ambipolar injection regime, with
electrons and holes injected simultaneously at the two oppo-
site contacts of the devices, and leads to light emission. The
electro- and the photoluminescence spectra are similar to each
other in both the mono- and the bilayer devices (shown in
the bottom right panel of Fig. 8(b)). Polarized WSe2-based
LEDs were also reported, which can emit circularly polar-
ized electroluminescence from p–i–n junction, as shown in
Fig. 8(c).[94] The circularly polarized electroluminescence is
attributed to the generation of valley-polarized charge cur-
rents due to trigonal warping under high electrical bias and the
valley-dependent optical selection rules. The degree of circu-
lar polarization reaches 45%, and remarkably, the polarization
can be electrically controlled.
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Fig. 8. (color online) (a) Schematic of monolayer WSe2 p–n junction devices with palladium back gates (Vg1 and Vg2) and source (S) and drain
(D) contacts (left). Photoluminescence and electroluminescence of the LEDs (middle). Electroluminescence intensity as a function of bias current
and photon energy (right). From left to right, the arrows indicate the impurity-bound exciton, the negative and positive charged excitons and the
neutral exciton.[92] (b) Schematic illustrations of an ionic-liquid gated device in the ambipolar injection regime (top). Optical microscope images of
the monolayer device with clearly visible spot of emitted light due to electroluminescence (bottom left). Photoluminescence and electroluminescence
spectra of the LEDs (bottom right).[93] (c) Circularly polarized electroluminescence spectra from a polarized WSe2-based LED for two opposite current
directions (top). The contribution to electroluminescence from two valleys (bottom).[94]

3.2. LEDs based on heterostructure

Heterostructures based on TMDs have also been devel-
oped for LEDs. A diode of monolayer MoS2 fabricated on a
heavily p-type doped silicon substrate is shown in Fig. 9(a).[95]

When a forward bias is applied to the MoS2/silicon hetero-
junction, due to the direct band gap of monolayer MoS2, the
injection of holes from silicon across the junction can give rise
to efficient radiative recombination. The electroluminescence
spectra at room temperature and low temperature are displayed
(in the bottom panel of Fig. 9(a)), two Lorentz contributions
fitted in the spectra are attributed to the A exciton (labeled AX)
and bound exciton (labeled DX) emission. The high signal-
to-noise ratio makes it possible to identify the emission from
different optical transitions. LED made with a p–i–n hetero-
junction of p+-Si/CVD-grown i-WS2/n-ITO has also been re-
ported, as shown in Fig. 9(b).[96] The heavily p-doped Si and
n-ITO are adopted to inject holes and electrons into i-WS2,
respectively. The circular polarization degree of the device
reaches up to 81% and can be modulated by forward cur-
rent. Vertical van der Waals heterostructures have also been
employed in LEDs, which enables effective charge transfer

across the atomically sharp heterojunctions. WSe2/MoS2 het-

erojunction p–n diode is presented in Fig. 9(c), where the p–

n junction is created over the entire WSe2/MoS2 overlapping

area.[97] WSe2/MoS2 heterojunction based LEDs show promi-

nent band edge excitonic emission and strikingly enhanced

hot-electron luminescence. Such a novel heterostructure sys-

tem opens up a new route to novel optoelectronic devices

including atomically thin photodetectors as well as spin- or

valley-polarized LEDs. Quantum wells (QW) can be formed

by vertical heterostructures structure, as shown in Fig. 9(d).[98]

Such vertical heterostructure-based LEDs are superior to lat-

eral p–n junction-based devices in many aspects, including re-

duced contact resistance, higher current densities as well as

the large luminescence area. Electrons and holes are injected

into TMDs from two graphene electrodes, then recombine and

emit a photon, due to the long lifetime of the quasiparticles

in the QWs. The LEDs based on single quantum well present

quantum efficiency above 1% and line widths of 18 meV. Fur-

thermore, by utilizing multiple quantum wells, EQE of the de-

vice can reach 8.4%.[98]
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Fig. 9. (color online) (a) Schematic of the MoS2/silicon heterojunction electroluminescence device (top). Electroluminescence spectra of a MoS2
diode at room temperature (bottom left) and low temperature (bottom right), respectively.[95] (b) Schematic of the p+-Si/i-WS2/n-ITO heterojunction
LED device (top). Electroluminescence spectra of the LED device recorded at 77 K under different injection current (bottom).[96] (c) Schematic
illustration (top left) and electroluminescence image (top right) of the WSe2/MoS2 heterojunction p–n diode. The electroluminescence spectra of a
bilayer WSe2/MoS2 heterojunction at different injection current (bottom).[97] (d) Schematic of the single-quantum-well (SQW) heterostructure (top
left). Schematic of the heterostructure consisting of Si/SiO2/hBN/GrB/3hBN/MoS2/3hBN/GrT/hBN (top right). Temperature dependence of EQE for a
device with two quantum wells (QWs) made from MoS2 and WSe2 (bottom left). Band diagrams for the case of zero applied bias for the heterostructure
are shown in the top right panel (bottom right).[98]

3.3. Single photon emitters based on 2D materials

A high-quality and high-efficiency single-photon source
is required for implementing photonic quantum information
processing and quantum key distribution.[99] Crystal structure
imperfections can act as sources of single photon emission
when they are isolated appropriately. Recently, single-photon
emission from 2D materials, including WSe2 and hexagonal
boron nitride (hBN), has been reported.[100–104]

Several groups[100–103] have reported single-photon emit-
ters in 2D WSe2, with one of the examples shown in
Fig. 10(a).[100] The emitters based on excitons spatially lo-
calized by defects in monolayer WSe2 show very narrow
linewidths of ∼ 130 µeV. Through second-order correlation
measurements, the strong photon antibunching is exhibited
and the single-photon nature of the emission is confirmed

(shown in the right panel of Fig. 10(a)). Effectively control-

lable single photon emission will be beneficial for quantum

information processing. The single photon emission prop-

erties in WSe2 can be controlled by external direct current

electric and magnetic field manipulation (see Fig. 10(b)).[102]

For example, Zeeman splitting is exhibited in many of these

single photon emitters as displayed in the right panel of

Fig. 10(b). Single-photon emission was also demonstrated

in hexagonal boron nitride (hBN) monolayers and multilay-

ers at room temperature,[104] which originates from a defect

where a boron atom is replaced by a nitrogen atom adjacent

to a vacancy. The emitters showed maximum emission rate

of I∞ ≈ 4.2×106 counts s−1 at the saturated excitation power

about 611 µW, as illustrated in Fig. 10(c).
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Fig. 10. (color online) (a) Photoluminescence image of isolated defect QDs in WSe2. The dashed triangle indicates the position of the monolayer WSe2
(left). Photoluminescence spectrum of localized emitters (middle). The emission of the localized emitters exhibits much sharper spectral lines (the
linewidths of the two spectra are ∼ 112 and 122 µeV, respectively. left inset) than that of free excitons (∼ 10 meV, right inset). Second-order correlation
measurements revealed a strong photon antibunching (right).[100] (b) WSe2 emission spectra as a function of applied gate voltage, corresponding to light
emission from quantum dot-like defects (left). Magnetic field dependence of a quantum dot emission spectra in the Faraday configuration (right).[102]

(c) Fluorescence saturation curve obtained from a single defect in hBN multilayers. Scanning confocal image of a multilayer hBN sample (inset).[104]

The single photon emission demonstrated in 2D mate-
rial is beneficial to the development quantum technology, es-
pecially for the emitters operating at room temperature.[104]

Compared with the traditional solid-state single photon emit-
ters, which are typically embedded in bulk materials, 2D ma-
terials are easier to integrate into electronic devices and their
emission properties are easier to control.

4. Outlook and perspective
In summary, great achievements have been realized in

the rapidly developing field of 2D materials optoelectronics
in recent years. Highly responsive graphene-based photode-
tectors have been realized by employing different hybrid sys-
tems, including QDs, bulk semiconductors, organics, topolog-
ical insulators, and so on. TMD-based photodetectors also ex-
hibit high performance in terms of high sensitivity and high
speed, especially in the visible region. BP, as the new mem-
ber of 2D materials, was extensively investigated in broadband
photodetection with polarization sensitivity. Besides the 2D
layered materials, 2D non-layered materials, such as SnTe,
Pb1−xSnxSe, and Pn1−xSnxTe, possess narrow bandgaps and
are promising candidates for infrared photodetection. Van der
Waals heterostructures are able to combine the advantages of
various 2D materials. By virtue of these constructions, strong
light absorption and broadband response have been achieved.
Many state-of-the-art optoelectronics, e.g., photodetectors and
LEDs, are based on heterostructures. Single photon emitters
have also been demonstrated in WSe2 and hBN, with defects

playing an important role inside. However, more efforts are
expected on, but not restricted to, the following aspects.

i) The responsivity, dark current level, and response time
are important parameters of photodetectors. High responsivity
has been achieved in the photogating-effect-dominated pho-
todetectors, but the price for achieving ultra-high sensitivity is
sacrificing the response time. It is challenging to balance these
parameters for specific applications.

ii) Infrared photodetection plays an important role in
communications, astronomy and military systems. Besides
the broadly studied layered materials, e.g., graphene and BP,
the 2D non-layered materials, such as SnTe, Pb1−xSnxSe, and
Pn1−xSnxTe, possess narrow bandgaps and are promising can-
didates for infrared photodetection. We expected that high-
quality 2D non-layered materials would be fabricated with
well-designed techniques and high-performance infrared pho-
todetectors can further be achieved. Furthermore, hybrid sys-
tem can be employed in 2D non-layered materials to enhance
the light absorption and responsivity.

iii) Considerable EQE (nearly 10%) has been achieved
in vertical heterostructure-based LEDs, which inspired us to
explore more outstanding devices by band structure engineer-
ing in van der Waals heterostructure. It is also crucial to im-
prove the electroluminescence efficiency by means of exploit-
ing novel constructions and suitable materials, as well as mod-
ulating the properties of 2D materials.

iv) Defects can strongly affect the properties of 2D mate-
rials. These imperfections, such as vacancies, can act as po-
tential resources for light emission. It demands constant effort
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to achieve highly efficient LEDs and explore novel properties
of different types of defects through defect engineering. It is
expected that more single photon emissions originating from
the defects in layered TMDs materials would be discovered in
the future.
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