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Optoelectronics based on 2D TMDs and heterostructures

Nengjie Huo1; �, Yujue Yang1; �, and Jingbo Li1; 2; �

1School of Materials and Energy, Guangdong University of Technology, Guangzhou 510006, China
2Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083, China

Abstract: 2D materials including graphene and TMDs have proven interesting physical properties and promising
optoelectronic applications. We reviewed the growth, characterization and optoelectronics based on 2D TMDs and
their heterostructures, and demonstrated their unique and high quality of performances. For example, we observed
the large mobility, fast response and high photo-responsivity in MoS2, WS2 and WSe2 phototransistors, as well as
the novel performances in vdW heterostructures such as the strong interlayer coupling, am-bipolar and rectifying
behaviour, and the obvious photovoltaic effect. It is being possible that 2D family materials could play an increas-
ingly important role in the future nano- and opto-electronics, more even than traditional semiconductors such as
silicon.
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1. Introduction

Two-dimensional (2D) materials such as graphene and
transition metal dichalcogenides (TMDs) are one of the most
interesting research topics due to their unique physical proper-
ties and great potential in optoelectronic applications. For ex-
ample, a graphenemonolayer with carbon atoms tightly packed
into a 2D honeycomb lattice has been proven to possess an
exceptionally high carrier mobility exceeding 106 cm2/(V�s)
at 2 K and thus have great application potential in ultrafast
photodetectors Œ1; 2�. However, the band gap of graphene is
zero, which limits its applications as the semiconducting ac-
tive channel in optoelectronics, such as the graphene transis-
tors cannot be turned off due to the high carrier concentration.
Graphene also has a very low absorption coefficient leading to
very low photo-responsivity and external quantum efficiency
(0.1%–0.2%)Œ3; 4�. Regarding this disadvantage, Konstantatos
et al. Œ5� deposited lead sulphide (PbS) quantum dots on top of
graphene as a sensitive layer. For these hybrid photodetectors,
a huge photo-gain (G) was generated due to the high absorp-
tion of PbS QDs and high mobility of graphene as well as the
efficient charge transfer at the interface.

In contrast to graphene, 2D TMDs with sizable bandgaps
around 1–2 eV complement the disadvantages of graphene and
attract a great deal of attention due to their interesting physi-
cal properties in nanoelectronics, sensing and photonics Œ6�11�.
Early start of 2D TMDs is WSe2 crystal which exhibits high
mobility (500 cm2/(V�s)), ambipolar behaviour and 104 on/off
ratios at 60 KŒ12�. Then mono or few layer MoS2 emerged
as an interesting material in field effect transistors with ex-
cellent on/off ratio (108/ and room-temperature mobility of
200 cm2/(V�s)Œ13; 14�. Compared to graphene-based devices,
MoS2 based photodetectors can exhibit enhanced responsiv-
ity and selectivity with improved responsivity (0.57 A/W) and
fast photoresponse (70–110 ms); monolayer MoS2-based pho-
todetectors have been demonstrated with a maximum photo-

responsivity of 880 A/WŒ15�. The bulk TMDs (MoS2, WS2/
will become direct bandgap semiconductors when thinned
to the monolayer limit. This bandgap transition facilitates
the stronger optical emission and absorption, enabling high
photon-mater interaction and high efficiency photovoltaic
properties. The excellent electrical and optical features includ-
ing the high mobility and tremendous gate modulation of cur-
rent as well as strong photoluminescence could offer their
opportunity in optoelectronics and energy harvesting applica-
tions. Besides, the TMDs based photodetectors show a huge
internal photo-gain effect along with the very low dark current
by operating the devices in depletion mode, which could pro-
duce extremely high responsivity and high sensitivity. Through
encapsulation, plasmonic technique and quantum dots (PbS)
sensitizing, the performances of TMDs based phototransistors
can be further much improved with enhanced mobility and an
extended spectrum region into the near and short-infrared spec-
trum, which is important in the night version, remote sens-
ing and communications. Besides, TMDs also demonstrate the
advantages in the molecular sensing applications due to the
high surface-to-volume ratio. For instance, single and few-
layer MoS2 sheets have been demonstrated to be sensitive de-
tectors for NO, NO2, NH3 and trimethylamine gas. The detec-
tion mechanism is probably due to the n-doping or p-doping
induced by the adsorbed gas molecular, changing the resistiv-
ity of the intrinsically n-doped MoS2. Another interesting and
important feature of atomically thin 2D materials is the large
mechanical and bendable characteristics enabling the flexible
and wearable sensors and detectors. Recently, other 2D TMDs
such asMoSe2, WS2, WSe2 etc. and the new 2D family materi-
als such as black phosphorus have also shown great application
potential in transistors, photodetectors and gas sensors.

Van der Waals heterostructures assembled by individual
2D layers are currently gaining particularly attention owing to
their broad-range of optical bandgap and strong light-matter in-
teractions Œ16; 17�. It is proved that TMDs based heterostructures
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Fig. 1. (Color online) (a, b) Schematic diagram of graphene and TMDs
(MoS2 or WS2/, respectively. (c, d) Optical microscopy images of
exfoliated WSe2 and CVD grown MoS2, respectively. The scale bar
is 10 �m.

usually possess type-II band alignment, which can facilitate the
efficient electron-hole separationŒ18�20�. For example, MoS2
/WS2 heterostructure can exhibit novel and enhanced optoelec-
tronic performances including the bipolar doping and photo-
voltaic properties Œ21�. More recently, growing interest has been
focused on the p–n van derWaals (vdW) heterostructures since
the p–n diode is one of the most fundamental building blocks
of modern electronics and optoelectronics. In our recent re-
search work, we found that the p–n WSe2/MoS2 heterostruc-
tures could exhibit strong interlayer coupling and distinct cur-
rent rectification behaviour Œ22�. Interesting tunable polarity be-
haviour has also been observed in the WS2/WSe2 p–n junc-
tions Œ23�. Actually there exist large numbers of 2D TMDs that
can be exfoliated and CVD grown easily and assembled to de-
sign various heterostructures, which can provide an important
platform for developing next-generation electronics and opto-
electronics. In this work, we will introduce the development
of 2D materials including the growth, physical properties and
their optoelectronic applications in transistors, photodetectors
and solar cells.

2. Growth and methods

Graphene is the monolayer counterpart of graphite which
possesses a hexagonal honeycomb structure (Fig. 1(a)). 2D
TMDs such asMoS2 andWS2 possess similar crystalline struc-
tures in which each single plane of MS2 (M: Mo or W) com-
prises a trilayer composed of a molybdenum or a tungsten layer
sandwiched between two sulphur layers in a trigonal prismatic
coordination (Fig. 1(b)). Compared to the traditional materi-
als, the new 2D materials exhibit very unique and excellent
physical and chemical properties. Before discussing their opto-
electronic properties, we firstly introduce the growth and some
methods involved in this paper.

Geim et al. developed a very facile tap exfoliation method
to prepare the monolayer graphene in 2004 and thus won
the Nobel fellowship in 2012 because of his contribution to
graphene. Afterward, this simple method has also been proved
useful in fabricating other 2D materials such as MoS2 thus ex-

tending the studies based on these monolayer materials. For
any scientific research, the high quality of materials is most im-
portant as a basic fundamental. The exfoliated MoS2 exhibits
high optoelectronic properties such as the high photolumines-
cence and mobility, but the size of the samples using the exfoli-
ated method is very small, which limits their wide applications
in an actual product. Thus the CVD method for large area and
high quality of MoS2 has been investigated extensively.

2.1. Mechanical exfoliation

2D crystals such as MoS2, and WS2 slice were purchased
from Lamellae Co. and pasted on magnetic adhesive tape.
Folding the sticky side of the tape in half then tearing the tape
very slowly, thus the 2D slices are divided into two. This op-
eration is repeated many times until very thin nanoflakes are
exfoliated on the tape. The nanoflakes were exfoliated onto
SiO2/Si substrate by pressing the tape gently and then remov-
ing it slowly. After the exfoliation, the substrate was placed
into hot acetone to remove the residual glue. Thus the 2D ma-
terials with different layers can be prepared on the substrate
(Fig. 1(c)). The materials using this method usually have large
mobility and high photo-response, but the disadvantage is the
very small size which limits their large scale applications in
optoelectronics.

2.2. CVD growth

2D materials (MoS2/ can be grown on different substrates,
such as the SiO2 and sapphire. Before growth, the substrate
should be cleaned in acetone, isopropanol and DI water, fol-
lowed by 5 min of O2 plasma. They were then loaded into a
1-inch CVD furnace and placed face-down above a crucible
containing 10 mg of MoO3 (99.8% Sigma Aldrich) with an-
other crucible containing 100 mg of sulphur (99.5% Sigma
Aldrich) located upstream. The CVD growth is performed at
atmospheric pressure while flowing ultrahigh-purity nitrogen
at 700 ıC for 10 min. Then the furnace is opened, the N2 flow is
increased and it is cooled down to room temperature. Fig. 1(d)
shows the triangle MoS2 single crystal using the CVDmethod.
This method can produce large scale 2Dmaterials and facilitate
actual applications in the future; however, some problems with
the CVD method still remain such as there are lots of defects
and low mobility.

2.3. Transfer methods for heterostructures

In the case of MoS2–WS2 heterostructures: The MoS2–
WS2 heterostructures were fabricated with the dry transfer
method. Firstly, the multilayerMoS2 andWS2 nanoflakes were
exfoliated onto two pieces of SiO2/Si (300 nm SiO2/ substrates
respectively from theMoS2 andWS2 crystals (2D semiconduc-
tors.com) with the micromechanical cleavage approach. Sec-
ondly, the polymethyl methacrylate (PMMA) liquid was spin-
coated on the substrate with WS2 nanoflakes with a rotating
speed of 4000 r/s. After annealing with 150 oC for 30 min, the
substrate with PMMA film was soaked into the 2 M NaOH so-
lution. Then, the PMMA filmwithWS2 nanoflakes was floated
and transferred onto another substrate to overlap with theMoS2
nanoflakes. Finally, the PMMA was dissolved by acetone and
the stacked MoS2–WS2 heterostructures were achieved.
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Fig. 2. (Color online) (a) Raman spectra of MoS2 layers with different layers. (b) PL spectrum of monolayer and bilayer WS2. (c, d) PL and
Raman spectrum of WSe2 with different layers.

2.4. Nano-devices fabrication

The general nano-device fabrication technique is pho-
tolithography such as the EBL and laser writer, but the fabrica-
tion cost is very high. In this work, we used the home-made and
low-cost “gold-wire mask moving” technique. Firstly, MoS2
flakes was exfoliated from the MoS2 crystals onto 300 nm
SiO2/Si substrates using the mechanical exfoliation technique,
and with vacuum annealing at 350 oC for 2 h to remove the
residual glue. Secondly, a micron gold-wire serving as a mask
was fixed tightly on the top surface of WS2 nanoflakes, and
then a pair of Au electrodes was deposited onto the substrate by
thermal evaporation. To avoid the scattering of metallic atoms
onto the side-face of SiO2/Si substrates, the sides of the sub-
strate were covered with tin foil. Finally, by slightly removing
the Au wire mask and tin foil, the Au electrodes were fabri-
cated and a micron size gap was produced between the two
electrodes.

3. Optical properties (PL and Raman)

Generally, the band structure and phonon frequency of
MS2 layers are very sensitive to the thickness, i.e. indirect bulk
MS2 can turn into direct bandgap materials when thinned to
monolayer, the Raman active mode A1g (out-of-plane displace-
ment of S atoms) stiffens, and the E1

2g (in-plane displacement
of M and S atoms) softens with increasing number of layers, as

shown in Fig. 2(a) for MoS2. Fig. 2(b) shows the PL spectrum
of WS2. The PL intensity decreased with the increased layers.
For 2DWSe2 layers, the crystalline structure is similar toMoS2
and WS2. The indirect-to-direct band gap crossover with de-
creasing layers to monolayer can also happen from the photo-
luminescence (PL) spectra (Fig. 2(c)). The monolayer WSe2
exhibits a strong direct transition emission “A” peak at the en-
ergy of 1.65 eV. For the bilayer WSe2, the “A” peak becomes
one order of magnitude weaker and red-shifts by about 20meV,
accompanied by the emerging indirect transition emission “I”
peak at the energy of 1.55 eV. The “I” peak further shifts to-
ward lower energy and outweighs the “A” peak at five layers.
No PL signal is observed in bulk WSe2Œ22�.

In contrast, the WSe2 layers exhibit abnormal Raman
modes where the Raman intensity is very sensitive to the thick-
ness and decreases sharply with increasing number of layers
(Fig. 2(d)). The Raman intensity of bulk WSe2 is negligible,
which is starkly different withMoS2. The reason for the unique
Raman intensity of WSe2 can be attributed to the strong inter-
action with the SiO2 capping Œ24�. For the phonon frequency,
unlike the obvious separated E1

2g and A1g modes in MoS2 and
WS2, two adjacent modes at around 250 nm are assigned to
E1
2g andA1gmodes, respectivelyŒ25; 26�. Moreover, the E1

2gmode
stiffens and A1g softens with increasing thickness of WSe2 lay-
ers leading to the largest frequency differences in monolayer
WSe2. The monolayer WSe2 is most affected by the strain ef-
fect resulting in most severe splittingŒ22�. Overall, the sensitiv-
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Fig. 3. (Color online) (a) Transfer curves of WS2 based transistors. (b) Output curves of WS2. (c, d) Dynamic response of WS2 phototransistors.
(e) Schematic diagram of the device with different gas molecules. (f) Photoresponse under different gas atmosphereŒ27�.

ity change of phono frequency and PL intensity with various
thicknesses in 2D family materials could be a quick and con-
venient identification of different layers.

4. Optoelectronic applications: FETs, photode-
tectors and solar cells

2D materials have been demonstrated to have great appli-
cation potential in various optoelectronics such as transistors,
photodetectors and solar cells. In the following we will intro-
duce the excellent properties of the 2D TMDs in these opto-
electronics.

The mobility, photoresponsivity R and external quantum
efficiency EQE are critical figures of merit for transistors and
photodetectors. The large values of mobility, R and EQE cor-
respond to high quality materials and high light sensitivity.

The mobility (�/ can be obtained from the equation � D
@IDS
@VG

L
W CiVDS

, where L is the channel length, W is the channel
width, and Ci is the gate capacitance between the channel and
the silicon back gate per unit area, which can be given by equa-
tion Ci D "0"r=d , "0 is the vacuum dielectric constant, and "r
(3.9) and d (300 nm) are dielectric constant and thickness of
SiO2, respectively.

R and EQE can be expressed as R� D Iph=PS , EQE D

hcR�=e�, where Iph is the photo-excited current; P is the
light power intensity; S is the effective illumination area; h

is Planck’s constant; c is the velocity of light; e is the electron
charge; and is the excitation wavelength.

4.1. WS2 based phototransistors

The multilayer WS2 phototransistors were fabricated us-
ing the gold wire mask method. From the transfer and output
characteristic (Figs. 3(a) and 3(b)), we get that the drain cur-
rent increases largely with increased gate voltage indicating the
n-type behaviour. The electron mobility can be calculated to

be 12 cm2/(V�s). With light irradiation on/off, the device can
also work between low and high impedance states fast and re-
versibly with an on/off ratio of 25, allowing the device to act as
a high quality photosensitive switch. The device also exhibits
very fast dynamic response for both rise and decay processes
(Figs. 3(c) and 3(d)): the response time is shorter than 20 ms
(detection limit of our measurement setup).

The photosensitive properties of the multilayer WS2
nanoflakes under the various gas environments were also in-
vestigated. From the time dependence of the photocurrent at
various gas atmospheres during the light switching on/off (Fig.
3(f)), the WS2 phototransistors can respond to the given gas
molecules sensitively which play a different role in the con-
ductivity and photosensitive properties. The drain current of
the device is decreased at O2, but increased at ethanol and NH3.
This is from the charge transfer between the WS2 nanoflakes
and the adsorbed gas molecules as shown in Fig. 3(e). Once the
vapour molecules come into contact with the surface of WS2,
the gas molecule would be adsorbed, subsequently chang-
ing the charge carrier distribution in WS2 nanoflakes. O2
molecules can act as electron acceptors to accept electrons from
WS2, leading to a reduction in overall conductivity. In con-
trast, ethanol and NH3 molecules, serving as electron donors,
can donate electrons to theWS2 nanoflakes, which enhance the
total conducting electrons density, resulting in the increased
current. It is noted that the R and EQE of the multilayer WS2
nanoflakes photodetectors at air are 5.7 A/W and 1118%, re-
spectively, which further improved to 884A/W and 1.7� 105%
under the NH3 atmospheresŒ27�, demonstrating that the 2Dmul-
tilayer WS2 nanoflakes can be effectively used in highly sen-
sitive photodetectors and fast photoelectric switches.

4.2. MoS2 and WSe2 based phototransistors

Fig. 4(a) shows the transfer curves of the few-layers MoS2
which performs very well n-type behavior with a large on/off
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Fig. 4. (Color online) (a) Transfer and (b) output characteristics of pure atomically thin MoS2 layers, the Isd can increase with increasing
gate voltage and the on/off ratio can reach higher than 106, indicating the well n-type behaviour of MoS2 layers. (c) Transfer and (d) output
characteristics of pure atomically thin WSe2 layers, indicating the well p-type behavior of WSe2 layers with on/off ratio of about 104. (e) I–V

curves of WSe2 transistors under dark and light. (f) Dynamic response of WSe2 devices.

ratio of 106 and large electron mobility; from the output char-
acteristics, it is the Ohmic contact between Ti/Au electrodes
and MoS2 channel. The high performance of MoS2 transistors
indicates its great application potential in future nanoelectron-
ics and integrated circuits. But the photo-response is very slow
due to the large amounts of defects such as the H2O and O2 ab-
sorbed on the surface of MoS2. Fig. 4(b) shows the time depen-
dences of drain current under the different gate voltage. Once
light illuminated the devices, the current increases relatively
fast but decreases very slowly once the light is turned off, even

the current cannot recover to the initial value. It is also found
that under the negative gate voltage (�15V) the dark current is
very small (pA) resulting in the low noise and high sensitivity.
The photocurrent is over 200 nA and photo-responsivity is cal-
culated to be 1057 A/W, which is much higher than that under
zero gate (63 A/W). As the slow response limits their applica-
tion in photodetectors, different methods have been tried in at-
tempts to improve the performances. For example, after the en-
capsulation with ALD Al2O3 the performances of MoS2 pho-
totransistors are much improved with a fast response of only
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Fig. 5. (Color online) (a) Raman and (b) PL spectra of monolayer WS2 and the bilayer graphene/WS2 heterostructure. The inset of (a) is an
optical image of graphene/WS2 bilayer. (c) Transfer curves of graphene, WS2 and Gr/WS2 devicesŒ29�.

10 msŒ28�.
In contrast to the n-type of WS2 and MoS2 as discussed

above, the WSe2 can exhibit different behaviors depending
on the contact metal. Based on the previous literature, the Ag
metal with low work function can lead to the n-type behav-
ior of WSe2 but the metal with high work function such as Pd
or Pt can result in the p-type behavior because the high work
function metal can facilitate the holes transport in the WSe2
channel. Here we used Au as the source and drain electrodes
and found the ambipolar behavior as shown in the Fig. 4(c).
The on/off ratio ranged from 103 to 104 with varying bias for
both electrons and holes. The output curves (Fig. 4(d)) also
demonstrated the typical ambipolar behavior. From both I–V

and I–t curves (Figs. 4(e) and 4(f)), the drain current is much
improved under light illumination and the response is very fast
with a raise and delay time of only 20 ms indicating the sensi-
tive photo-detections.

5. Heterostructures based on the 2D materials

5.1. WS2–graphene heterostructures

The van der Waals heterostructures are assembled by in-
dividual 2D layers using the transfer method. Due to the
broad-range of optical bandgap and strong light-matter inter-
actions, they exhibit unique and excellent properties and thus
are gaining particular attention. Now we will introduce some
interesting optoelectronic properties in different heterostruc-

tures. Figs. 5(a) and 5(b) show the Raman spectrum of bi-
layer graphene–WS2 heterostructures, which exhibited dis-
tinctive Raman and PL characteristics compared with each
constituent layer. First-principles calculations showed that
graphene bound to theWS2 monolayer with an interlayer spac-
ing of about 3.9 Å indicated a strong interaction between
graphene and WS2 (MoS2/ monolayers. The Raman modes
A1g and E1

2g significantly stiffen by 2 cm�1 in this bilayer het-
erostructure, implying the strong interlayer coupling between
graphene and WS2. We found that both A1g and E1

2g modes of
WS2 stiffen by coupling with graphene. Considering the strong
interlayer coupling between graphene and WS2, two possible
physical models were proposed to explain the phonon stiffen-
ing inGr–WS2 heterostructuresŒ29�. One is the electron–phonon
interaction model, where lower electron concentration leads to
weaker electron–phonon coupling, and thus induced stiffening
in the Raman modes A1g. The other model is the interlayer in-
teraction. The strong interlayer coupling between graphene and
WS2 can surpass the Coulomb interactions and strengthen both
in-plane and out-of-plane effective restoring forces acting on
the atoms, hence resulting in the higher frequencies of A1g and
E1
2g modes.

Fig. 5(c) shows the typical transfer characteristics of WS2,
graphene and Gr–WS2 heterostructure separately. The ultra-
thin WS2 layers and monolayer graphene exhibit n-type and p-
type behavior respectively. However, the Gr–WS2 heterostruc-
tures exhibited obvious ambipolar properties with a high n-type
on/off ratio of almost 106 and a p-type on/off ratio of about 102,
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Fig. 6. (Color online) (a, b) Raman and PL spectrum ofMoS2/WSe2 heterostructures, respectively. (c) I–V curves ofMoS2/WS2 heterojunctions
under light illumination with different light power. (d) Dynamic response under zero biasŒ21; 22�.

which could be derived from n-type WS2 and p-type graphene.
Gate-induced electrons in WS2were dominated under positive
Vg, thus forming an n-type conducting channel. But, the elec-
trons in WS2 were exhausted under negative Vg and the holes
from the p-type graphene can modulatingly dope the WS2 at
the interface, resulting in the p-type behaviorŒ29�.

5.2. MoS2–WSe2 (WS2) heterostructures

The monolayer MoS2 and monolayer WSe2 are vertically
stacked forming the bilayer heterostructures (inset of Fig. 6(a)).
In the WSe2 /MoS2 bilayers, the typical Raman modes A1g and
E1
2g of both MoS2 and WSe2 monolayers appear at the same

frequencies as in their isolated monolayers (Fig. 6(a)), indicat-
ing that the interlayer coupling is very weak between the con-
stituent layers. The PL signal in the heterostructures changes
greatly: emission fromWSe2 sharply drops and emission from
MoS2 slightly increases (Fig. 6(b)). This is probably from the
inefficient charge transfer due to the very weak interlayer cou-
plingŒ22�.

We now turn into the MoS2/WS2 heterojunctions. Simi-
lar Raman and PL spectrum of the heterostructures were ob-
served in MoS2/WSe2 heterostructures. The interesting point
is that we made the vertical and planar transistors based on the
multilayer MoS2–WS2 heterostructures and found novel and
excellent field-effect and photosensitivity with new function-
alities and superior electrical and optoelectronic properties that
far exceed the one for their constituents. The vertical device ex-

hibits a rectifying property with forward to reverse bias current
ratios of 103 and a bipolar behaviour, which has an n-type be-
havior with an ON/OFF ratio of more than 104 under positive
Vsd and a p-type behavior with an ON/OFF ratio of 10 times
under negative Vsd. The observed behaviour can be attributed
to the type-II band alignment between MoS2 and WS2 and the
band slope induced by the gate voltageŒ21�. Fig. 6(c) shows I–
V curves under dark and upon light illumination with differ-
ent light power density, depicting the formation of short-circuit
current Isc and open circuit voltage Voc upon light illumination,
which increases with the light power, indicating an excellent
photovoltaic property. The maximum Voc can reach 0.25 V.
Another important phenomenon is that the vertical transistors
can also perform as a self-driven photodetector without ap-
plying source-drain bias (Fig. 6(d)), and the photocurrent can
change sensitively and rapidly with light switching on/offŒ22�.

5.3. WS2–WSe2 PN heterojunctions

Moreover we also investigated the p-WSe2/n-WS2 hetero-
junctions and demonstrate their unusual electrical transport and
photo-responsive properties. Obvious current rectification and
symmetrical ambipolar characteristics as well as large current
hysteresis are observed in this artificial heterojunction. Inter-
estingly, the polarity behaviours of the heterostructures system
can be modulated by source drain voltage Vsd and gate voltage
Vg ranging from n- or p-type to ambipolar or “anti-bipolar” be-
haviour. A unique transport model is proposed to explain this
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Fig. 7. (Color online) (a) I–V curves of WS2–WSe2 PN heterojunctions under light with different light power density. (b) Schematic diagram of
photo-generated electron–hole separation in this junction. (c) Time dependences of Isd during the incident light switched on/off. (d) Photocurrent
as function of light power density with Vsd of 0 VŒ23�.

phenomenon in which the conducting channels of junctions, p-
WSe2 and n-WS2 will successively work on electrical transport
with gradually improving Vsd

Œ23�.
Like the MoS2/WS2 heterostructures, the p–n junctions

also exhibit excellent photovoltaic, self-driven and enhanced
photo-switching properties. Fig. 7(a) shows Isd–V character-
istics of the heterojunctions devices under light illumination
(633 nm) with different incident light power densities. With the
increasing light power, the open-circuit voltage Voc and short-
circuit current Isc are forming and increasing, indicating the
excellent photovoltaic properties. Due to the energy gradient
from type-II band alignment and the built-in potential between
WSe2 and WS2, the photo-excited electron-hole pairs can be
efficiently separated (Fig. 7(b)). Under light illumination, the
photo-excited electrons in WSe2 and holes in WS2 can easily
drift into the other layer, thus resulting in the significant pho-
tocurrent and photovoltaic effect. From the dynamic response
of photocurrent with zero bias (Fig. 7(c)), the photocurrent can
be produced and annihilated quickly and sensitively with the
light switching on/off. The photo-switching on/off ratio can
reach higher than 400 times and the response time is less than
20 ms revealing the high efficient electron–hole separation and
high quality of self-driven photo-switchingŒ23�.

6. Conclusion

In summary, the growth, characterization and nano-

devices performances of 2D materials (graphene and TMDs)
and their heterostructures were systemically introduced. The
2D TMDs were prepared by CVD and the exfoliation method,
which can exhibit excellent performances of phototransistors
with highmobility and fast response. The heterostructures were
fabricated by stacking different 2D layers on top of each other,
which also performs unique physical and device properties
such as the enhanced performances, strong interlayer coupling
aswell as high photovoltaic effect. All results demonstrate their
huge application potential in future electronic and optoelec-
tronic fields.
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