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With the development of Moore’s law, the future trend of devices will inevitably be shrinking and integration to further
achieve size reduction. The emergence of new two-dimensional non-layered materials (2DNLMs) not only enriches the 2D
material family to meet future development, but also stimulates the global enthusiasm for basic research and application
technologies in the 2D field. Van der Waals (vdW) heterostructures, in which two-dimensional layered materials (2DLMs)
are physically stacked layer by layer, can also occur between 2DLMs and 2DNLMs hybrid heterostructures, providing
an alternative platform for nanoelectronics and optoelectronic applications. Here, we outline the recent developments of
2DLMs/2DNLMs hybrid heterostructures, with particular emphasis on major advances in synthetic methods and applica-
tions. And the categories and crystal structures of 2DL.Ms and 2DNLMs are also shown. We highlight some promising
applications of the heterostructures in electronics, optoelectronics, and catalysis. Finally, we provide conclusions and future

prospects in the 2D materials field.

Keywords: 2D layered materials, 2D non-layered materials, van der Waals heterostructure, applications
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1. Introduction

Since the emergence of graphene in 2004, two-
dimensional (2D) materials represented by graphene have de-
veloped rapidly. New 2D layered materials (2DLMs) have
sprung up and numerous works have been urgently studied,
including graphene, black phosphorus (BP), transition metal
dichalcogenides (TMDCs), and so on.

crystal structure and chemical properties, the 2D materials

Due to the unique

structure has shown great application prospects in photoelec-
tricity, sensing, catalysis, energy storage, biological imaging,
and magnetic recording.!'->! Many advantages compared with
their bulk counterparts are shown in the following part. (i) The
charge carriers, heat, and photons transport are strongly con-
fined in a 2D plane, resulting in unusual physical phenomena
such as two-dimensional electron gas (2DEG) and the quan-
tum Hall effect.[®) And 2D electronic confinement has pro-
duced many unique electrical properties, making it suitable
for electronic device and basic condensed matter research.!’]
(i1) The band gap of many 2D materials can be adjusted by
changing the thickness. Moreover, the ultra-thin thickness can
shorten the migration distance of carriers and reduce the re-
combination of photogenerated carriers, which is suitable for
high-gain optical devices with adjustable band gap.!'% (iii)

fCorresponding author. E-mail: xingyanhui @bjut.edu.cn
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2D geometric structure has good compatibility with the cur-
rent thin film manufacturing technology. And strong in-plane
covalent bonds and ultra-thin thickness give them great flex-
ibility and mechanical strength, which is suitable for fabri-
cating flexible devices.!'!! (iv) The ultra-high specific surface
area make them suitable for research on surface catalysis-

s.l121 Therefore, 2D materials have been

related application
extensively studied over the past few years to build high-
performance and functional devices because of these advan-
tages.

Nowadays, heterogeneous structure building has been
proven to be effective in achieving the function and adjusting
the performance.[13'14] Van der Waals (vdW) heterostructure
created by stacking different 2DLMs with highly distinct elec-
tronic states have shown interesting physical properties. How-
ever, due to many inherent limitations of 2DLMs, such as the
limited number of 2DLMs, high in-plane symmetry and chem-
ically inert surfaces, it is difficult to meet full-wavelength de-
tection, high-performance polarized light detection, and high-
active surface requirements applications. The emergence of
2D non-layered materials (2DNLMs) with three-dimensional
(3D) chemically bonded crystal structure is necessary, which
not only greatly expands the scope of the 2D materials but
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also exhibits a series of interesting properties beyond the scope
of 2DLMs. The surface atoms of the 2DNLMs are unsatu-
rated, providing an additional degree of freedom to tailor the
properties of materials and heterostructures built from them.
And the absence of free dangling bonds on the surfaces of
2DLMs allow them to be easily integrated with other semicon-
ductors materials to form high-quality heterojunctions beyond
the limitation of lattice matching. The combination of 2DLMs
and 3D materials into heterojunctions has been studied, which
showed extraordinary applications in many aspects. However,
due to size constraints, the device can not be further reduced
and integrated. Therefore, more and more studies focused on
2DLMs/2DNLM:s heterojunction devices. !!>16]

Although there are many reviews providing a general
overview of 2D materials and applications, there has been no
specific summary article focusing on hybrid heterostructures
based on 2DLMs and 2DNLMs.'Z17-191 Here, we outline the
recent progress of 2DLMs/2DNLMs heterojunction. The cate-
gories and crystal structures of 2DLMs and 2DNLM:s are also
shown. And we emphasize some promising applications of the
heterostructures in electronics, optoelectronics, and catalysis.
Finally, we provide conclusions and future prospects.

2. Materials category and crystal structure

In recent years, new types of 2D atomic crystal mate-
rials have been discovered. High-quality 2D atomic crys-
tal materials play an important role in exploring new phys-
ical phenomena and further expanding their applications in
high-performance electronic devices, optoelectronic devices
and others. Despite the differences in the crystal structure and
intrinsic properties for different 2D materials, they can all be
classified into two types: 2DLMs and 2DNLMs. The fun-
damental point of distinction between 2DLMs and 2DNLMs
lies in the forces between out-of-plane atoms. For 2DLMs,
the in-plane atoms are connected by strong chemical bonds
within 2D plane, while the layers are stacked together rely-
ing on weak vdW forces. Non-layered stacked 2D materials,
formed by chemical bonding in the 3D direction. There is no
obvious natural delamination inside the crystal. The crystal
thickness can be thinned to atomic level dimensions and pre-
sented at 2D planes with lateral dimensions by breaking the
chemical bonds in the vertical direction inside the crystal. In
this part, a brief introduction about category and crystal struc-
ture of these widely explored 2D nanomaterials will be given.

2.1. 2D layered materials

Figure 1 lists the extensively studied members in the 2D
layered materials family. We all know that stability is a key
issue for 2D materials. Therefore, we have classified it ac-

cording to the difference in stability. For a single-layer film,

the green area materials are constant in the ambient environ-
ment (room temperature in the air). The orange area materials
are stable in the air, but the gray area materials are stable only
in an inert atmosphere. In addition to these materials, there are
some such as hydroxides, perovskite-type, which are only re-
tained in the material preparation stage. Except for the results
of atomic force microscope (AFM), no further research infor-
mation has been reported. The properties and crystal structures
of several representative layered 2D materials are highlighted
in this part.

NbSe,,TaS,,TiS,,
GaSe, GaTe, InSe, Bi,Se;,
ete.

Fig. 1. Layered 2D materials library.

Graphene is a single atomic layer of carbon atoms ar-
ranged in a hexagonal lattice (honeycomb), with a thick-
ness of about 0.335 nm (Fig. 2(a)).!?°! The carbon atoms of
graphene are connected by sp? hybrid bonds with a bond
length of 0.142 nm and 7 bonds in the vertical plane, and
this special structure allows graphene to exhibit many excel-
lent properties.?!! The room temperature mobility reaches
2.5%10° cm?-V~1.s71, and the low temperature (4 K) mo-

~1 The thermal conduc-

bility is nearly 6x10% cm?-V~l.s
tivity is the highest of all materials, about 2000 W-m~!'-K~!
to 5300 W-m~'-K~!, and can withstand a current density
1x 10% times higher than that of copper./?!! However, the zero-
bandgap structure of graphene makes its optical absorption not
strong, and the electron—hole pairs are extremely easy to re-
combine, leading to the poor responsiveness of the photode-
tector.

Boron nitride (BN) is a crystal composed of boron and
nitrogen atoms. Hexagonal boron nitride (h-BN) has a lay-
ered graphite-like phase, and its crystal structure is shown in
Fig. 2(b). The structure and properties of h-BN are very sim-
ilar to graphite, and it is a white solid, commonly known as
“white graphene”. H-BN is sp? hybridized and the distance
between two neighboring atoms is about 0.25 nm.!*? And
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the h-BN has good mechanical properties, thermodynamic,
chemically stable, high temperature resistance, and so on, so
it is widely studied in the field of catalysis. And h-BN as
a carrier, a variety of inorganic materials for composite has

(23] The boron—carbon—

also achieved more research results.
nitrogen (BCN) layered material can be regarded as a mixture
of graphite and BN. The difference in C doping has an impact
on the electronic structure. And similar to graphite, the BCN
layered structure can also generate nanotubes. And the BCN
nanotube is considered to be an effective blue and violet light
emitter. >4

BP has a similar 2D layered structure to graphene and
is the third allotrope of phosphorus monomers besides white
and red phosphorus, whose orthorhombic crystal structure is
shown in Fig. 2(c).!?’! The distance between adjacent layers
is 0.5 nm. BP is a natural p-type semiconductor. The vector
of free electrons is constant, so it is a direct band gap no mat-
ter how many layers are peeled off, and the forbidden band
width is between 0.3 eV-1.5 eV. The shear stress is small in
the x-direction because of the anisotropy, which results in the
effective mass of the electrons being only 0.1 m(—0.15 mg and
a very high electron mobility.?!

The chemical formula of TMDCs can be expressed as
MX,, where M represents the transition metal elements Mo,
W, Ta, Nb, V, Re; X represents the sulfur group elements S,

Se, Te. MX; consists of two layers of sulfur group atoms (X)
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and a layer of transition metal atoms (M) in between, form-
ing an “X-M-X sandwich” layered structure. Each layer is
a hexagonal lattice, which is stacked into a bulk material by
vdW forces perpendicular to the in-plane. At present, more
than 40 different TMDCs 2D atomic crystal materials can be
formed by various combinations of sulfur group elements and
transition metal elements. Among the TMDCs atomic crystal
materials, MoS; has been studied the most. The crystal struc-
ture is shown in Fig. 2(d), with the sulfur atoms in the upper
and lower layers and metal atoms in the middle layer.[>”! The
interlayer spacing is 0.65 nm. When MoS; is thinned from
bulk material to monolayer, the electron leap mode changes
from non-vertical to vertical leap, and the electron energy band
structure changes from indirect to direct band gap, and the
photoelectric conversion efficiency improves. The forbidden
band width also increases as the number of layers decreases.
For example, the gap bands of the blocks MoS; and WS, are
1.19 eV and 1.35 eV, respectively, and in the case of a single
layer, the gap bands increase to 1.9 eV and 2.05 eV. In addi-
tion, TMDCs also have a unique feature of forming different
polycrystalline forms. Take MoS, as an example, it has five
different crystal structures crystallized, namely 2H, 1T, 1T/,
1T”, and 3R.1*®) Among them, 2H MoS; is the most stable,
and other metastable crystal structures will be transformed into

2H MoS; under certain conditions.
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Fig. 2. Crystal structures of the represented 2D layered materials. (a) Graphene, (b) h-BN, (c) BP, (d) MoS,, (e) InSe, (f) GeSe, (g) Bi,Ses, (h) MoOs.
Figures reproduced with permission from Ref. [25] (panel (c)) ©2014 Nature Publishing Group; Ref. [27] (panel (d)) ©2017 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim; Ref. [1] (panel (e)) ©2018 American Chemical Society; Ref. [10] (panel (f)) ©2020 IOP Publishing Ltd Printed in the
UK; Ref. [34] (panel (g)) ©2015 The Royal Society of Chemistry; Ref. [35] (panel (h)) ©2016 Nature Publishing Group.

108502-3



Chin. Phys. B 31, 108502 (2022)

Main group metal sulfides are another form of layered
metal sulfide, which include group III-VI and group IV-VI
layered semiconductors, expressed by the general formula
MX, M = Ga, In (group III), Ge, Sn, Pb (group IV) and
X =S, Se, Te.?] The most representative InSe material of
III-VI semiconductor materials, it has a unique Se—In—In—
Se structure with interlayer vdW force connection at an in-
terlayer distance of d ~ 0.8 nm (Fig. 2(e)). Each layer has
a hexagonal structure with D3, symmetry. In the range of
20 K-300 K, the Hall mobility can reach 2 x 103 cm2-v-1lg 1
which is higher than that of transition metal sulfides used for
FETs widely.3% TV-VI layered semiconductors have a dis-
torted NaCl-type structure. Take GeSe as an example, the
crystal structure is shown in Fig. 2(f).['%1 The bulk GeSe is a
layered material with an orthogonal structure, each unit cell
has eight atoms and two puckered layers, and each atomic
layer is bound together by vdW forces.!3!!

Topological insulator (TIs) is a new quantum state of mat-
ter with peculiar quantum effects, in which the body becomes
like an insulator showing insulating properties, while the sur-
face resembles a conductor showing metallic properties.!3%33]
Bi,Ses is a representative material for TIs. Its rhombic crystal
structure is displayed in Fig. 2(g) with a space point group of
R-3m /D§ , and a lattice constant of 4.1 A in the a and b axes
and 28.6 A in the ¢ axis. From the structural diagram of BiSe;
crystal, it can be found that its smallest structural unit is com-
posed of every five atomic layers (quintuple layer, QL), and
each quintuple layer is arranged in the order of Se-Bi—Se-Bi-
Se.3* The atoms between the layers of Bi>Se; are bonded by
ionic covalent bonds, while the layers are connected by weak
vdW forces.

Metal trioxide has a layered structure, and the general for-
mula is MO3 (M = Mo, Ta, W, etc.). Figure 2(h) gives an ex-

[35:36] The phase stability and

ample of MoOj crystal structure.
crystal structures of MoOj3 are determined by the position of
the basic building block MoOg octahedron. Among the three
phases of «, B, and A, the orthorhombic phase a-MoQj is
the most stable, consisting of twisted MoOg octahedral units
bound by covalent bonds along the a [100] and ¢ [001] direc-

tions and by vdW forces along the b [010] direction.”!

2.2. 2D non-layered materials

Nowadays, although the research of 2DLMs has achieved
great success, in order to expand the types and quantities of
2D materials, it is necessary to study 2DNLMs with more ex-
cellent functional materials and 3D chemically bonded crys-
tal structure. 2DNLMs can possess simultaneously the char-
acteristics of 2D structures and bulk structures, thus exhibit-
ing many interesting properties.*®) The main categories of
2DNLMs include metals, metal chalcogenides, metal oxides,

topological crystalline insulators, group III-V semiconductors
and organic—inorganic chalcogenides. Table 1 briefly summa-
rizes the types crystal structures, synthesis methods, applica-
tions and representative performance of main 2DNLMs. The
thickness of 2DNLMs is about 0.4 nm-300 nm, and some of
them are thicker than 2DLMs. As can be seen from Table 1, as
with 2DLMs, 2DNLMs are also mainly used in electronic and
optoelectronic devices. However, the addition of 2DNLMs can
provide a platform for adjusting the disadvantages of the pre-
vious 2DLMs devices, and it also opens up new ideas for the
development of 2D material devices in the future.

With different crystalline properties and 2D planar struc-
tures, 2DNLMs have shown excellent properties in many ap-
plications. For example, group III-V semiconductor GaN
nanosheets exhibit significant changes in electronic and opti-
cal properties due to surface and size effects. > First, 2D GaN
nanosheets show enlarged bandgap, blue-shifted photolumi-
nescence (PL) emission peak, thus being expected to be an ex-
cellent candidate for nano-electronics and optoelectronics. ']
Second, due to the lack of inversion and mirror symmetry, the
2D GaN nanosheets in the wurtzite phase exhibit inherent po-
larization along the out-of-plane direction, resulting in strong
quantum confinement Stark effect and piezoelectric effect. 4]
Third, due to the unsaturated dangling bonds-induced highly
active surface and the unique electronic structure-induced
rapid carrier transport and separation, the 2DNLMs GaN ex-
hibits high-efficiency catalytic ability and enhanced energy
storage performance.!*1*? Take another example, Ag is a
metal with a face-centered cubic atomic structure, its phys-
ical and chemical properties are relatively stable, with good
thermal and electrical conductivity, soft in quality, and rich in
ductility. Its reflectivity is extremely high, reaching more than
99%. The 2DNLMs Ag nanoplates were synthesized by a two-
step process for the controlled growth. 43! With the advantages
of precise size control and high reproducibility, this two-step
process can easily produce Ag nanoplates with high aspect ra-
tios (up to 400 or more), providing an excellent platform for
catalytic preparation. The plasmon band of NL2DM Ag can
tune from the visible to the infrared spectrum, making them
ideal candidates for biomedical application such as photother-
mal cancer. Moreover, as a member of 2DNLMs, single crys-
tal B-GaO3 has a unique monoclinic structure with a highly
anisotropy lattice constants. [3-Ga,Oscan be also exfoliated
into nano-layers along the (100) direction, while maintain-
ing the excellent characteristics of single crystals.[*+4¢! Other
non-layered materials were prepared by mechanical peeling
method including goethite (a-FeOOH), galena (PbS), calcite
(CaCO03), and so on. The specific synthesis methods and ap-
plications of some representative materials will be discussed
in detail in the following sections.
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Table 1. Summary of 2D non-layered materials.

Categories Materials/crystal Synthetic methods Thickness/size Applications Performances References
structures
Metal Ag/cubic seeded growth process < 10 nm/~ 4 um - - [43]
Pd/hexagonal magnetron sputtering method 16 nm/4.5 mm sensors (Hy) currents change about 840% [47]
and 13,100%. (Pd/p-Si, Pd/n-
Si)
Mg/hexagonal close- cryogenic exfoliation ~ 20 nm/~ 500 nm - Excellent plasmonic behavior [48]
packed
Rh/hexagonal solvothermal synthesis ~ 0.4 nm/500 nm- catalyst > 99.9% conversion within [49]
600 nm 4 h at near room temperature
(30°) under low H, pressure
(1.0 MPa)
Co/orthorhombic ligand-confined growth ~ 0.84/ sensors (COy) overpotential=0.24 V, [50]
~ 400 nm-500 nm selectivity=90.1%
Metal oxides ‘WO3/monoclinic, spray pyrolysis technique — photocatalyst an efficient photocatalytic [51]
TiO,/anatase ability (salicylic acid) under
UV illumination
In, Os/cubic hydrothermal process 37.5 nm/5-8 pm sensors (ethanol) superior repeatability and reli- [52]
able selectivity,
LOD: ~ 0.4 ppm (260 °)
ZnO/wurtzite hydrothermal method - photocatalyst degradation of methylene blue [53]
enhanced by 500%
MoO,/monoclinic high temperature solid synthe- ~ 1.4 nm/~ 10 pm - SERS signals enhance by 10* [54]
sis method
a-Fe,O3/hexagonal water dissolvable template- 1nm/~5 pum catalyst tafel slope: 56 mV-dec™', [55]
based synthesis high stability in acidic media
CoO/wurtzite ionic layer epitaxy 2.8 nm/>cm catalyst current density: 10 mA-cm~2, [56]
tafel slope=85 mA
B-Ga,Os/monoclinic thermal oxidation 9 nm/> 20 um photodetector 254 nm, Vg =10V, [57]
R =3.3 A/W, EQE=1600%,
D* =4 x 10'2 Jones,
Trise — 30 ms, Tgelay = 60 ms
Metal PbS/cubic VAWE 5 nm-35 nm/ photodetector 800 nm, Vygg =0.1V; [58]
chalcogenides ~4 um R=1621 A/W, G = 2512,
D* = 1.7 x 10'! Jones,
Trise = 0.3s, Tdclay =0.3s
PbTe/cubic VAWE ~ 7 nm/~ 10 pm photodetector 1550 nm, Vgs = 0.04 V; [59]
R =3847 A/W, Tyise =2.71 s,
Tde]uy =445
In, S5/cubic CVD 25 nm/~ 50 um self-power photode- 405 nm, Vgs =2V, [60]
tector R =740 mA/W, G =780,
D* = 1.5 x 10! Jones,
Tiise = 9 MS, Tgelay = 10 ms
Cr,S3/rhombohedral ambient pressure CVD ~ 1.78 nm/200 um FET on/off ratio: over 10° [61]
ZnSe/zinc-blende solvothermal synthesis ~0.89-0.92 nm/ photocatalytic water IPCE: 42.5%, [62]
~ 500 nm splitting photocurrent density:
2.14 mA/cm?, T=18.1s
TCIS SnTe/cubic VdWE ~ 3.6 nm/~ 8um photodetector 980 nm, V4 =0.5V; [11]
R =698 mA/W, EQE=88.5%,
D* = 3.8 x 10® Jones,
Tiise = 1.45's, Tdelay = 0.6s
Pb;_,Sn, Te/cubic CVD 40 nm/20 pm - - [63]
III-V semiconduc- GaN/wurtzite surface-confined  nitridation 4.1 nm/50 pm FET electronic mobility: [64]
tors reaction (CVD) 160 cm?-V-1.s71,
on/off ratio: ~ 10°
GaAs/zinc-blende chemical exfoliation method 18 nm/— photodetector 532 nm, V4o =25V, [65]
R =677 A/W,
D* = 8.6 x 10'? Jones,
Tiise = 70 MS, Tgelay = 52 ms
Organic-inorganic CH;3;NH;PbBr(, liquid-phase growth ~ 8 nm/hundreds of mi- photodetector 450 nm, Vgg =5V, [66]
perovskites Cl)s/tetragonal crometers R =126 A/W,
on/off ratio: ~ 10%,
Tise = 5 HS, Tdelay = 4.1 18
Others ZnSb/orthorhombic CVD ~ 132-140 nm/10 pm photodetector 1550 nm, Vg = 0.5 V; [67]
R =892 A/W,
D* = 1.7 x 10'° Jones,
EQE=7140%,
Trise = 9.6 MS, Tgelay = 90 ms
8-FeOOH/feroxyhyte wet chemistry approach ~ 1.9 nm/~ 50 um electrolysis high water splitting perfor- [68]
water splitting mance for HER and OER
y—Cul/triangular, facile PVD ~ 1 nm/5 pm FET low resistivity: ~ 0.3 Q-cm [69]
hexagonal
CuGaSe,/tetragonal cation exchange method ~ 45 nm/~ 328 nm photodetector 532nm, Vgg =1V, e =50, [70]

Tdelay = 50's

CVD: chemical vapor deposition; VdWE: Van der Waals epitaxy; PVD: physical vapor deposition; G: photo-gain; IPCE: photon-to-current conversion efficiency;

HER: hydrogen evolution reaction; OER: oxygen evolution reaction; SERS: surface-enhanced Raman spectroscopy; LOD: corresponding detection limits; EQE:

external quantum efficiency; R: responsivity; D*: detectivity; G: photo-gain.
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3. Hybrid heterostructures and synthesis meth-
ods

Currently, vdW heterojunctions prepared by combining
the advantages of 2DL.Ms and 2DNLMs are constantly appear-
ing in the public view. Compared with traditional heterojunc-
tion, the advantage of vdW heterojunctions of 2D atomic crys-
tal materials lies in the convenience of modular combination.
Depending on the building structure of the heterojunctions,
they can be divided into vertical heterostructures and lateral
heterostructures. In this section, based on different preparation
methods, we respectively describe the different properties and
applications about the devices of the two heterojunction struc-
tures. In the future, it is possible to create a variety of new
devices by using reasonable device design and microscopic
analysis methods to determine the key position parameters. !

3.1. Lateral heterojunctions (in-plane)

As early as 2015, it was reported for the heterojunc-
tions of in-plane 2DLMs and 2DNLMs combining their ad-
vantages. The performance of the corresponding devices is
improved. Feng et al. discovered that InSe nanosheets can be
easily transformed into CulnSe; thin film and naturally form
in-plane InSe/CulnSe; p—n heterojunction by using a simple
solid-state reaction method with elemental copper at a temper-
ature of 300 °C.17?! Specifically, the mechanically exfoliated
InSe is first transferred to the Si0O,/Si substrate by dry trans-
fer method. Then, half of the sheet area was masked by the
Cu film using thermal evaporation. A simple cleaning step of
5-min submersion in 3-M aqueous FeCls removes the residual
Cu on the nanosheets after annealing. As a result, the seamless
2D InSe/CulnSe; lateral heterojunction is spontaneously con-
structed. Lateral InSe/CulnSe; p—n diode based on photode-
tectors show a responsivity of 4.2 A/W. And the heterojunction
photovoltaic device improves conversion efficiency to 3.5%.
This work provides a facile method for fabricating 2D in-plane
2DLMs/2DNLMs heterojunctions, and offers new opportu-
nities for high-performance photodetectors. But the thermal
evaporation reaction has poor repeatability, making it difficult
to ensure the uniformity of the CulnSe; film. In recent years,
pulsed laser deposition (PLD) has been used to fabricate 2D
materials due to their outstanding advantages, such as quanti-
tative stoichiometry, digital control of film thickness, and high
growth rates, making it easy to maintain consistent synthe-
sis conditions.!”3 Ji et al. designed laterally self-assembled
CulnSe,/InSe heterojunctions by PLD.!”* Concretely, sym-
metric Cu—Au electrodes are firstly patterned onto mica sub-
strates. When depositing InSe using PLD, In and Se atoms
can reassemble Cu atoms from Cu electrodes and finally form
lateral heterojunctions. The dark current can be effectively
suppressed to cause a high switching ratio. And the photocur-
rent of the heterojunction photodetector increased to about 4
times higher than that of the pure InSe device. Moreover, from
the comparison of the performance of these two optoelectronic

devices, the performance of the device prepared by the PLD
method is better than that of the device prepared by the ther-
mal evaporation method, which is directly related to the prepa-
ration method of the materials. Zhang et al. also developed
in-situ preparation of in-plane In,Ses/CulnSe; heterojunctions
using PLD technology.!”>! The photocurrent, R, and EQE of
the 2DLMs/2DNLMs heterojunction photodetector improve
by ~ 1 order of magnitude as compared to a pristine In,Ses
device. And the response speed of the heterojunction pho-
todetector is 8.3 ms which is only half of the pure In;Ses
device. For PbS/graphene heterostructures, PbS nanoplates
will selectively grow along the edges of graphene nanosheets
due to the presence of highly active unsaturated carbon atoms
by vapor epitaxy technology. The photodetectors based on
PbS/graphene heterostructures achieved an ultrahigh photore-
sponsivity of 10’ A/W and photoconductive gain of 103.[7¢]
And PbS nanoplates are also in contact with TMDCs MoS,;
edges through strong chemical hybridization. Its heterojunc-
tion photodetectors improved detectivity to 3x 10'3 Jones and
response speed to 7.8 ms. "7l

Most recently, another direct writing approach enables
precise nanometer-scale heterojunction with a high accuracy.
Laser-based surface oxidation of the top few layers has been
achieved to protect the crystal surface from degradation over
time.[”8] Following this success, Mukherjee et al. enhanced the
effect of local laser heating to break the atomic bonds by in-
creasing the visible probe irradiation power and formed stable
In—O bonds completely by oxidation, resulting in the construc-
tion of lateral In,Se3/In, O3 heterojunctions (Fig. 3(a)).['% The
elemental distribution on laser-written boxes and its surround-
ing area are shown in Fig. 3(b), revealing the homogenous
in-plane distribution of elements. The 2D overlayer map-
ping (Fig. 3(c)) further confirms the presence of detectable
quantities and homogeneous distribution of In,O3 at the il-
lumination area. Furthermore, a type-II band alignment het-
erojunction was deduced (Fig. 3(d)), which is beneficial for
photodetectors. The atomically thin InyO3; layers enhanced
2 orders of magnitude of conductivity and mobility, and the
metal-semiconductor interfaces transformed from Schottky
to ohmic contact. The heterojunction photodetector demon-
strates a stable and repetitive photo-response (Fig. 3(e)). Com-
pared with the original In,Se3 photodetector, the responsiv-
ity and the detectivity of the heterojunction photodetector has
been improved by an order of magnitude, in addition to ex-
tending the detection range of visible light (Fig. 3(f)). In ad-
dition, Ren et al. showed an another route to fabricate lat-
eral SbySes/B-InySes p—n heterojunctions via an in-situ melt-
quenching method.!”®! The highest photocurrent density ob-
tained in the heterojunction (90% Sb,Se3—10% B-In,Ses) de-
vice was 283 times higher than that of pure Sb,Ses device. The
Sb,Ses/B-InySes p—n heterojunctions also shown the interest-
ing photocatalytic activity. These methods reveal a promising
technological prospect for all-2D lateral heterojunction con-
struction.
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Fig. 3. (a) A schematic illustration of the In,Ses/In,O3 heterojunction fabrication. (b) Elemental distribution on laser-written boxes and its
surrounding area for 72.85 mW/um?. (c) 2D image of the In,O3 overlayer on an InySe; background under different laser powers. The green-
colored boxes indicate the laser-written area. (d) Band diagram of the heterojunction device under equilibrium condition. (e) Time response
(at 60-V gate bias) of the heterojunction for different illumination intensities. (f) Wave-length-dependent photo-responsivity (solid symbols) and
photo-detectivity (open symbols) data for all three devices. Figures reproduced with permission from Ref. [16], ©2020 American Chemical Society.

3.2. Vertical heterojunction (out-plane)

A large number of out-of-plane 2DLMs/2DNLMs het-
erostructures were reported by the manual stacking method
up to now.!833 One of the main advantages of the manual
stacking method is preserving the pristine electronic proper-
ties of bulk materials. 2DNLMs is limited by isotropic co-
valent bonds in all three dimensions, thus making it diffi-
cult to produce 2DNLMs by simple mechanical exfoliation
methods with corresponding bulk crystal delamination. Re-
cently, non-van der Waals hematite (the lamellar specular-
ite variety, a-Fe,O3) has been successfully exfoliated into
‘hematene’, N-dimethylformamide (DMF) along the (001)
layer orientation.®#! Inspired by the exfoliation of layered
hematite along the non-layer orientation, many non-layered
materials were found to possess perfect cleavage planes with
anisotropic in-plane and out-of-plane bonding, which will
contribute to the generation of atomically smooth surfaces
along the cleavage orientations. Exfoliated nanosheets have
been applied to various electronic and optoelectronic de-
vices, such as metal oxide semiconductor field effect transis-
tors (MOSFETs), metal-semiconductor field-effect transistors
(MESFETsSs) and solar-blind photodetectors as well as self-
driven photodetectors®83-871 and even catalysis.!®¥] The 8-
Gay O3 nanosheets can be easily constructed with common 2D
materials such as graphene, BN, and TMDCs to achieve a vari-

5.[81-83.86.891 Ap yltrahigh deep-

ety of vertical heterostructure
UV sensitivity phototransistor using graphene and mechanical
exfoliated 3-Ga,O3 was demonstrated, the photo-to-dark cur-
rent ratio were raised by 6 orders of magnitude under the op-
timal gate bias. 8] The fabrication process for graphene-gated
metal-semiconductor phototransistor based on 3-Ga, 03 flake

is shown in Fig. 4(a). The exfoliated §-Ga;O3 has a thick-

ness of ~ 280 nm (red line in Fig. 4(c)). The Raman spectra
(graphene (bottom) and 3-Ga,Os3 (top), in Fig. 4(b)) obtained
from the overlapped junction area indicates that phonon posi-
tions of the exfoliated 3-Ga, O3 are consistent with those mea-
sured for highly crystalline 8-Ga, O3 in previous reports. [43-37]
However, the interface of the heterostructure may be contam-
inated by the chemical residue during the transfer process,
which could make a large impact in the quality of the hetero-
junction devices. Meanwhile, the size, the thickness, and the
shape of the produced ultrathin 2D nanomaterials are difficult
to control because the exfoliation process is operated manually
by hands, which lack the precision, controllability or repeata-
bility. And the production rate is quite slow, which make it
difficult to realize the demands for various practical applica-
tions, high yield and large-scale production.

By comparing with mechanical peeling method, direct
synthesis methods with bottom-up strategy such as chemical
vapor deposition (CVD) and physical vapor deposition (PVD),
have been proved to be powerful tools in preparing large-area

11,38,90,91] However

2D materials and their heterostructures. !
the traditional bottom-up method can not be used to synthesize
2DNLMs due to the lack of a drive force to break the symme-
try of bulk crystals and promoting the growth of anisotropy.
Optimized CVD methods urgently need to be developed, in-
cluding van der Waals epitaxy (vdWE) growth, space-confined
CVD, and self-limited epitaxial growth. Recently, vdWE
growth method exhibits great potential in realizing highly
anisotropic growth of 2DNLMs. Making use of 2D layered
materials as the vdWE substrates, many 2D non-layered ma-
terials were successfully synthesized, such as Te, PdTe, SnTe,
CdS, Pb;_,Sn,Se, and PbS nanoplates. 3896392941 The Jat-

eral size, morphology, and layer number of the materials
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can be adjusted by the growth parameters, such as growth
temperature, rate of gas flow, and volume of precursors.
Whereafter, some out-of-plane 2DLMs/2DNLM:s heterostruc-
tures such as MoS,/CdS, MoS,/PbSe, graphene/PbS, and so
on, have been fabricated by this method.[7%-%71 Specifi-
cally, Zheng and co-workers synthesized 10-nm—60-nm-thick
CdS nanoplates on few-layer MoS; substrate, though the lat-
tice mismatch between hexagonal CdS and MoS; was calcu-
lated to be 32% (Figs. 5(a) and 5(b)). The response speed
of MoS,/CdS vertical heterostructure photodetectors are far
faster than single-layer MoS,-based photodetectors (over 10 s
versus 100 ms). The responsivity is increased by over 50
times (70.8 mA-W~! versus 3.91 A-W~') under 610-nm il-
lumination. This study also indicates that vdW epitaxy al-
lows formation of high quality vertical heterostructure con-
sisting of two 2D materials with such large lattice mismatch
because of the weak vdW interaction at the interface. He et al.
synthesized Pb;_,Sn,Se nanoplates with 10-nm—70-nm-thick
on few-layer BN substrate. And PbS nanoplates/graphene
junctions and PbSe/MoS; heterostructures with edge contact
were also fabricated.[’®”” The microscopic behavior of the
PbS nanoplates/graphene heterostructure is shown in Fig. 5(c).
Selected-area-electron diffraction pattern shown in Fig. 5(d)
clearly confirmed the edge contact way. The photodetec-
tor based on PbS/graphene junction exhibited an ultrahigh
photo-gain (=~ 10%), responsivity (10° A/W) and a fast re-
sponse speed (Tyge = 24 MS, Tgecay = 59 ms). In addition,
PbSe quantum dots®®! and 2D PbS nanoplates arrays'’’! on
MoS; nanosheets, 2D CdTe nanosheets with wurtzite crystal

(31 and 2D hexagonal CdSe nanoplates'®®! on mica

structure,
substrate were also successfully obtained. It can be foreseen

that bottom-up optimized CVD methods will be a very promis-

mechanical exfoliation

(c)

metallization

300+
250 graphene
- ~6.4nm
£ 200
s
£ 150
29
2100 Emvf
£ 280
50+ D215

15 20
distance (um)

0.0 05 1.0 15 20
distance (pm)

dry-transfer

ing method to manufacture 2D non-layered materials and their
heterojunctions.

Owing to the synthesis difficulties for some 2D mate-
rials, the heterojunctions based on these materials have not
been fully fabricated, and the potential new electronic and
optoelectronic properties are still unclear. Recently, Huang
and co-workers reports a high responsivity and fast ultraviolet
(365 nm) to short-wavelength-infrared (1550 nm) photodetec-
tor based on Cd3As,/MoS, heterojunction.[w] The photode-
tector exhibits a short response time in broad spectra region.
The excellent performance of the Cd3As,/MoS; photodetec-
tor marks that the PVD method has been extended to Dirac
And sput-

tering technology can also prepare 2DNLMs and their het-
101]

semi-metal materials and their heterojunctions.

erojunctions, such as Ga,Os/graphene, %! VO,/MoTe,,!
VO0,/MoS,.11921 Tn 2020, through the liquid metal printing
technology combined with a surface-confined nitridation re-
action method, Zhang and co-workers firstly fabricated large
area and very thin (2.55 nm—4.62 nm) 2D GaN flakes, which
break through the difficulty of preparing high-quality non-
layered 2D GaN crystals.['1 And the photoelectric prop-
erties and related photogenerated carrier dynamic mecha-
nisms of the MoS,/GaN vdWs heterostructure were investi-
gated. In addition, Lu and co-workers firstly fabricated a
graphene/In;S3 heterostructure via PLD method in 2018 and
systematically explored its transport behaviors and optoelec-
tronic characteristics.!'%4! Next year, the same group used the
same method to prepare a high-performance graphene/In,S3
heterojunction photodetector.!!'®) The detection range is be-
tween 400 nm—1200 nm, and it has extremely fast response
speed (40 us) and super high responsivity (4.53x10* A-W~1).
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Fig. 4. (a) Schematic diagram of the fabrication process for graphene-gated metal-semiconductor phototransistor based on -Ga; O3 flake. (b)
Raman spectra for 3-Ga,O3(top) and graphene (bottom) in the junction region. (c) The corresponding height profile of 3-GayO3 (red) and
graphene (blue) used in the device. (d) Optical microscope image and atomic force microscopy (AFM) image of the fabricated phototransistor.
Reproduced with permission from Ref. [80], ©2019 American Chemical Society.
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Fig. 5. (a) Schematic illustration of one-step epitaxial growth of CdS/MoS, heterostructures. (b) AFM image and associated height profile of a
hexagonal CdS (left) and AFM phase image of the heterostructure with associated height profiles (right). (c) Schematic diagram of microscopic
behavior of PbS nanoplates—graphene heterostructure. (d) High-resolution transmission electron microscopy (HRTEM) shows distinct crystal
fringes of PbS nanoplate. Selected area electron diffraction (SAED) in upper right inset presents a well-defined square pattern, confirming
the highly single crystalline of PbS nanoplate with orientation (110) along edge of graphene. Reproduced with permission from Ref. [95]
(panels (a) and (b)), Ref. [76] (panels (c) and (d)) ©2016 WILY-VCH Verlag GmbH & Co. KGaA, Weinheim (panels (a) and (b)), ©2016
WILY-VCH Verlag GmbH & Co. KGaA, Weinheim (panels (c) and (d)).

4. Applications

2DLMs materials possess compelling physical properties
and promising application prospects. 2DNLMs show addi-
tional superior surface activity and stronger quantum confine-
ment effect than 2DLMs. The combination of the 2DLMs and
2DNLMs further broadens applications of the 2D materials
and might overcome intrinsic restrictions. In this part, we out-
line the latest advances on the representative applications of
the 2DLMs/2DNLMs heterojunctions, highlighting electron-

ics, optoelectronics, and catalysts field.

4.1. Electronic devices

Among the applications of 2D materials in microelec-
tronic devices, 2D field-effect transistors (FETs) have attracted
tremendous attention. Due to their excellent electrical char-
acteristics, such as ultra-low power consumption, high cur-
rent switching ratio, and large carrier mobility. Recent years,
more and more researchers focused on 2DLMs/2DNLMs
heterojunctions electronic devices. Various devices includ-
ing junction field-effect transistor (JFETSs), metal-insulator—
semiconductor field-effect transistors (MISFETs) and MES-
FETs, and so on have been designed. By integration of
graphene and n-type -GapOj3, a high breakdown electric
field in B-GayOs/graphene vertical barristor heterostructure
was reported (see Fig. 6(a)).8! Off-state I;—Vy electrical

characterization of the B-Ga;Os/graphene vertical devices

were performed (see Fig. 6(b)). A record breakdown field
is 5.2 MV/cm, exceeding the previously reported values on
other materials FETs (see Fig. 6(c)). The RF performance of
GayOs/graphene and 3-GayO3/BP heterostructure MOSFETS
has been proposed and investigated.'%! Kim and co-worker
firstly integrated an E-mode with a D-mode MESFET based
on graphene/B-Ga, O3 heterostructure (see Fig. 7(a)).[#>! Both
E-/D-modes 3-Ga,O3; MESFETs exhibit excellent electrical
characteristics, with a high on/off current ratio of 107 and ide-
ality factors of ~ 1.5 (see Fig. 7(b)). The MESFET operated in
the E-mode with a positive threshold voltage of +0.25 V and
a low subthreshold swing of 68.9 mV/dec, which are better
than that of a single-gate D-mode FET. And monolithic inte-
gration of E-/D-mode quasi-2D f-Ga;0O3 FETs enabled the
first presentation of a low-dimensional 3-Ga,O3 logic circuit
(see Fig. 7(c)). The logic inverter showed a good inversion
functionality and a well-matched operating range from 0 V to
1.4 V. The voltage gain can be improved by optimizing the
device layout of E- and D-mode transistors. And the gain
value is high when compared with an AlGaN/GaN HEMT-
based direct-coupled FET logic inverter. And an n-channel
D-mode WSe,/B-Ga,03 JFET was also fabricated.!®?] The
p-WSe,/n-Ga; 03 heterostructure exhibits excellent rectifying
behaviors, with a high on/off current ratio of 108, a low sub-
threshold swing of 133 mV/dec and a three-terminal break-
down voltage of +144 V. And the gate leakage current main-
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tained a significantly low level of approximately 10~® mA/mm
under negative gate bias. Recently, Choi ef al. reported an am-
bipolar channel p-TMD/n-Ga,03 JFETs (see Fig. 8(a)).[197]
The ambipolar channel transistor means that n-type f-Ga; 03
and p-type TMD separately play as a channel for JFETs with
each type of carriers. Current—voltage characteristics based
on p-MoTe,/n-Ga; O3 JFETs show a high on/off current ratio
of ~ 10% along with ideality factor of 2.4 and a very small
leakage current of only a few tens fA (see Fig. 8(c)). For
more extended applications, the p-TMD/n-Ga;0O3 JFETs ar-
chitecture was put to high-speed photo-switching operation
(see Fig. 8(d)). For p-WSe; channel JFETS, the switching fre-
quency and response time is about 16 kHz and 30 us under
red illuminations. And for p-MoTe, channel JFETs, these two
values further up to 29 kHz and down to 17 us under NIR il-
luminations (see Fig. 8(f)). The photo-switching speed of the
p-TMD JFET is the fastest among 2D-based FETs. The high

switching speed of JFET is due to the rapid transfer of photo-
carriers in the TMD channel.

In addition to semiconductor properties, the two-
dimensional materials also have insulator properties and are
used in electronic devices. For example, the boron nitride
can be used as an alternative dielectric material, in which
the thermal conductivity of 50 W-m~!-K~! is higher than the
other dielectric materials, such as SiO; (1.4 W-m~!-K~!) and
AlLO3 (35 W-m~1.K~!). The BN integrated with 3-Ga,03
to fabricate a BN/f3-Ga; O3 heterostructure MISFET, showed
a lower gate leakage current.!®3] Moreover, a large on/off ra-
tio of ~ 107 and a small subthreshold swing of 175 mV/dec
could be achieved. Up to now, some other 2DLMs/2DNLMs
heterojunctions devices have also been reported, such as
7-Cul/WS»(WSe»), %1 M0S,/Zn0, 198191 7r0,/MoS,,11%]
CrBr3/GaN, % and so on.
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Fig. 6. (a) Schematic diagram of a 3-Ga,Os/graphene vertical device. (b) The off-state breakdown voltage of the barristor device. (c) Comparisons of
breakdown electric fields measured on various semiconductor materials for power device applications. Reproduced with permission from Ref. [81], Published

by AIP Publishing.
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Fig. 7. (a) Schematic diagram of the series of the integrated E-/D-mode graphene/f3-Ga; O3 MESFETs. (b) The rectifying I-V curve of a graphene/-Ga, O3
Schottky junction. (c) The logic inverter fabricated by E-/D-mode MESFETSs and voltage transfer characteristics of the inverter at different Vpp. Reproduced

with permission from Ref. [85], ©2020 American Chemical Society.
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Fig. 8. (a) Schematic diagram of p-MoTe,/n-Ga; O3 junction device architecture. (b) Cross section TEM images of the junction structure. (c) The rectifying
1-V curve of the device. (d) Schematic diagram of the photo-sensing measurement. (e) The responsivity—photon energy plots of MoTe, and WSe; channels.
(f) Bandwidth measured for p-MoTe; and p-WSe; channel JFETs. Reproduced with permission from Ref. [107], ©2021 Wiley-VCH GmbH.

4.2. Optoelectronic devices

Photodetector is mainly used in monitoring, chemical-
biological analysis, communication, health care, energy har-
vesting, and so on. An effective photodetector must meet four
vital features including high photoresponsivity, low noise, fast
response speed, and multiwavelength detection in complex ap-
plication systems. 2D materials have provided new opportu-
nities for the effective photodetector owing to their tunable
work function, strong light—matter coupling, and ultrafast car-
rier dynamics. Since the addition of 2DNLMs in the 2D mate-
rial family, photodetectors based on 2D materials can achieve
visible-blind or even solar-blind detection. And the integra-
tion of 2DLMs with 2DNLMs opens up new ideas for im-
proving the performance of photodetectors. For example, Lu
and co-workers reported a vdW heterostructure composed of
In,S3 and graphene via the dry transfer method (Fig. 9(a)).[194]
The photodetector based on In;Ss/graphene heterostructure
exhibits excellent optical responsive performance due to the
And

the device’s photo-response can be effectively modulated by

synergy of photoconductive and photogating effects.
its gate voltage. At gate voltage of 0 V, an ultrahigh re-
sponsivity of 795 A/W and an external quantum efficiency of
2440% can be achieved under the illumination of 405-nm light
(Fig. 9(c)). As the gate voltage increases to 60 V, these two
parameters can be further increased to 8570 A/W and 26200%
(Fig. 9(d)), much higher than previously reported values for
In,S3-based detectors. Inspired by the pioneer work done,

a hybrid Ga,Os/graphene solar-blind photodetector was fab-

ricated by sputtering Ga;O3 on graphene.!!%! The photode-
tector shows long-term environmental stability and outstand-
ing mechanical flexibility without any encapsulation. The ob-
tained R, EQE, and D* of the device are 2.75 A/W, 1.1 x 10*%,
and 8.4 x 10'3 Jones, respectively, which could be ascribed to
the efficient photogenerated electron—hole pair separation by
the strong built-in field near the 2DLMs/2DNLMs interface.
In order to further enhance the device performance, a larger
potential barrier is highly required. Researchers turned to
construct p—n junctions other than Schottky barrier junctions
by replacing graphene with other 2D semiconductors. MoS;
possesses overwhelming advantages, including good chemical
stability, high theoretical phonon limited mobility, and con-
siderable thermal stability, which are especially suitable for
light detection. In 2020, a 2D MoS,/GaN p-n junction pho-
todetector was fabricated (Fig. 10(a)).l'®3] Under a 532-nm
light illumination, the R, EQE, D* of the photodetector are
as high as 328 A/W, 764%, and 2 x 10'! Jones, respectively
(Fig. 10(b)). The photo-response time of the MoS,/GaN het-
erojunction photodetector is much faster than that of the pris-
tine MoS; photodetector. The device also exhibits an out-
standing UV light response with a high photoresponsivity of
27.1 A/W upon 365-nm light illumination. In addition, the de-
tection range of the 2DLMs/2DNLMs heterojunction device
has also been expanded. A Cd3As,/MoS; heterojunction pho-
todetector with a quite high responsivity of 2.7 x 10> A/W is
fabricated. [
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The photodetector exhibits a fast response in broad spectra region from ultraviolet (365 nm) to short-wavelength-infrared
(1550 nm). A self-powered operation mode photodetector is achieved by the VO,/MoTe, heterostructure.!'°!! The p—n junction
exhibits from mid-wavelength infrared to long-wavelength infrared detection with a response time of 17 ps. The photodetec-
tors based on Cd3Asy/MoS, and VO,/MoTe, not only exhibit high performance, but also greatly expands the detection range.
Nowadays, a series of other photodetectors based on 2DLMs/2DNLMs have been successfully fabricated, such as the follow-
ing listed listed in Table 2: PbSe/MoS,,[®) CulnSe,/InSe,!’>’#1  CulnSe,/In>Ses, !> Iny03/InSe,!’®  InyO3/In,Ses, 10
In, S3/graphene,!'%+1031 PbS/graphene,’%! PbS/MoS,,[7"! CdS/MoS,, >3] Cd3 Asy/MoS;,131 VO,/MoS,, 1921 VO,/MoTe,, 101
VO,/GaSe, 111 MOO3/MOSQ,[112] GaN/MoS,,[103] Ga203/graphene,[80’100’113] CH3NH3PbBr3/graphene,[114] and so on. These
studies have led to continuous breakthroughs in the performance parameters of the optoelectronic device. Development of the

2DLMs/2DNLMs heterojunction device provides numerous platforms for both fundamental research and technological applica-
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Table 2. Summary of other 2DLMs/2DNLMs heterojunction photodetectors.

Device Laser A (nm) Responsivity (A/W) Rise/fall time (ms) Detectivity (Jones)
PbSe/MoS, %0 > 1200 - 150/430 -
CulnSe,/In,Se3 73] 532 20.1 8.3 -
CulnSe,/InSe!74 405 - 300/600 -
In,O3/InSel78! NIR to UV - - -
In,S3/graphene!!0%) 405 4.53x10* 0.04 3.02x 10!
PbS/graphene!7°! 800 2.5%10° 24/59 -
PbS/MoS, "] 800 4.5%10* 7.8 3%x1013
CdS/MoS, 93 610 391 100 -
CdzAsy/MoS, 1] 365-1550 2.7x103 0.043/0.065 -
VO,/MoS, 102 500-800 - - -
VO,/MoTe, 1011 MWIR to LWIR 0.22 0.017/0.039 3% 1010
VO,/GaSel103] 405 0.3581 0.041 2.14 x10!!
MoO3/MoS, 112! 532 527 900/700 -

4.3. Catalysts

By using various materials and structures, the photocat-
alytic reaction triggered by solar energy can be divided into
water splitting, CO, reduction, pollutant removal, organic syn-
thesis reactions, and so on. Since the photocatalytic efficiency
of most photocatalysts is still low, people urgently need new
materials with excellent photocatalytic activity. 2D materials
have attracted great interest in recent years due to their super-
high specific surface area, short electron diffusion path, and
improved structural stability. The 2DNLMs have been proven
to have high-efficiency catalytic capabilities for various cat-
alytic processes.!!!>!16] The unsaturated dangling bonds on
the 2DNLMs surface provide numerous active surface sites for

catalysis, facilitating the activation of the reaction substrates
and expanding the scope of application. Recently, the im-
provement of photo-excited charge separation efficiency and
reasonable band offsets design of 2DL.Ms/2DNLMs vdW het-
erojunctions make photocatalytic activity enhance. Yang and
co-workers reported a AIN/BP heterojunction photocatalyst
for water splitting.!!''”] The direct bandgap characteristic in
the AIN/BP heterostructure is a type-1I band alignment, which
is more beneficial to improving the photocatalytic efficiency
compared to the pristine BP. This group also found the en-
hanced photocatalytic mechanisms for the hybrid AIN/MX,
(MX,; =MoSe;, WS,, and WSe; ) nanocomposites by density-

functional-theory calculations. '8!
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of photoinduced electron-hole separation and transfer in Sb,Ses/B-InySes heterojunction. (e) Degradation profiles of methyl orange solution under white
light illumination. (f) The XRD patterns of sample before and after the photocatalytic reactions. Reproduced with permission from Ref. [121] (panels (a) and
(c)), ©2019 Elsevier B.V. All rights reserved. Reproduced with permission from Ref. [79] (panels (d) and (f)), ©2020 Elsevier Ltd and Techna Group S.r.1.
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Since it was discovered that boron-doped ZnO nanoparti-
cles loaded on MoS; nanosheets have enhanced photocatalytic
activity to remove pollutants.!''”) Then Rahimi et al. found
that MoS; nanosheets could enhance the sunlight-induced
photocatalytic activity rate of ZnO by 74%!?°! (Fig. 11(a)).
And a 40% enhancement in photocatalytic degradation
was observed in a type-Il MoS,/ZnO heterostructure!'?!]
(Figs. 11(b) and 11(c)).
Sb,Ses/B-InySes heterojunctions with different contents of
B-InySe3!'”! (Fig. 11(d)). The optimized composites (90%
SbySes—10% P-InpSes) exhibited the highest photocurrent
density that was about 283 times higher than that of pure

Ren et al. reported a series of

SbrSes. Moreover, due to the facilitated separation and trans-
port of photogenerated charge carriers, the photocatalytic ac-
tivity was enhanced (Fig. 11(e)). After 180 min of illumina-
tion, 76% of methyl orange dye could be decomposed. And
the Sb,Ses/B-InpSes; composite was stable after the photocat-
alytic reactions (Fig. 11(f)).

Catalytic oxidation of CO is another catalytic method and
is considered to be a promising method to solve the problem
of environmental pollution. It is reported that the 2D SnO,
sheet with 40% surface atom occupancy rate shows better CO
catalytic performance than bulk SnO, and SnO, nanoparti-
cles, which is manifested in the reduced apparent activation
energy (59.2 kJ-mol~') and reduced full-conversion temper-
ature. And the catalytic reaction at 250 °C for 54 hours did
not deactivate, which confirmed the excellent structural sta-
bility and stable CO conversion ability.['?] At present, other
2DLMs/2DNLMs heterojunction studies have been reported
on catalysis applications, such as CdS,Se;_,/MoSy,!!??]
WO3/WSz-MOSZ,[123] MoS,/ZnS,[124 and so on. According
to these results, it indicates that the unique properties between
2D materials heterojunctions can produce more extraordinary
devices in the field.

5. Conclusions and perspectives

Two-dimensional materials, with both layered and non-
layered structures, have been a rising new star in the low-
dimensional material field. The vdW heterostructures, where
2D materials are physically stacked layer by layer without
the chemical bonding and interfacial lattice matching effects,
have provided a flexible platform in nanoscale device appli-
cations. And the concept of vdW heterojunctions can also
be extended between 2DLMs and 2DNLMSs. In this review,
we systematically review the classification and crystal struc-
ture of 2DLMs and 2DNLMs. The synthesis method and de-
vice application of 2DL.Ms and 2DNLMs heterostructure are
emphasized. Depending on the building structure of the het-
erojunctions, they can be divided into vertical heterostructures
and lateral heterostructures. The research of heterojunction

fabrication technology revolves around these two parts. In ad-
dition, we highlight the applications of 2DLMs/2DNLMs het-
erojunctions in electronics, optoelectronics, and catalysts field.
The vdW heterostructure between 2D materials has been stud-
ied in depth for decades. The various hybrid heterostructures
introduced in this review have proven the widespread use of
the vdW 2DLMs/2DNLM:s heterojunction combination. How-
ever, the integration of 2DLMs and 2DNLMs based on vdW
heterostructure is still in its infancy. Studying these hetero-
junctions and exploring their basic theories will be the next
urgent topic. At the same time, the basic research and prac-
tical device applications of 2DLMs/2DNLMs heterostructures
also face many challenges and opportunities, which are briefly
described as follows.

(1) Develop practical application capabilities

The practical application capabilities of 2DLMs need to
be developed. This is required not only a large area of con-
trollable equipment but also the subsequent material transfer.
Moreover, 2DLMs doping for adjusting energy level needs to
be achieved not using the traditional semiconductor doping
method of replacing atoms in a 3D material. In addition, many
applications need to grow a layer of dielectric material on ac-
tive semiconductor materials. 2DLMs are almost completely
passivating materials, and there are no anchor points for the
nucleation of dielectric materials on the surface. Perhaps the
use of 2DNLMs advantages can solve this difficulty and pro-
vide a development platform in the future.

(ii) Develop new 2DLMs/2DNLMSs heterojunction mem-
bers

In the past decade, a large number of 2D materials with
different properties have been discovered. However, so far,
due to some physical properties of 2DNLMs, such as tox-
icity, only dozens of 2DNLMs have been experimentally
achieved, which greatly increases the difficulty of its produc-
tion and hinders its practical application. The research of
2DLMs/2DNLMs heterojunction mainly focuses on the ap-
plication of photoelectric devices and catalysts that strongly
rely on surface reactions. More research should be done to
conceive and manufacture new heterostructures composed of
different 2DLMs and 2DNLMs, which may produce some un-
expected features and potential applications. For example,
non-layered semiconductors AlGaN and GaN have shown ad-
vantages in 2D materials field such as wide band gap, high
electron mobility, high carrier saturation velocity, high chem-
ical hardness, and high radiation intensity. The addition of
2DNLMs will further expands the application prospect of 2D
materials heterojunctions in high-power and biochemical sens-
ing equipment, etc.

(iii) Develop material synthesis technology

From a synthesis point of view, CVD and PVD are proven
as effective methods to obtain 2DNLMs, there are still some

108502-14



Chin. Phys. B 31, 108502 (2022)

shortcomings. Most of the obtained 2DNLMs have a pro-
cessing thickness of more than 5 nm, and the growth rate
is slow, and the uniformity and continuity are poor, which
not only limit the research on the single-layer or few-layer
materials properties, but also hinder the development of its
potential applications. And the quality of the interface be-
tween 2DLMs and 2DNLMs plays a crucial role in realiz-
The defects
in the heterostructure interface should be suppressed by ad-

ing high-performance heterojunction devices.

justing the growth process and passivation treatment and so
on. With the development of synthesis technology, it is also
possible to design and implement more complex multilayer
2DLMs/2DNLMs heterostructures, which is of great signifi-
cance to the design of multifunctional devices in the future.
Therefore, the understanding of the preparation mechanism of
2DNLMs and the study of corresponding theory are necessary,
which lay the foundation for the development and application
of 2D materials.

2DLMs/2DNLMs vdW heterostructure is a relatively new
field but exciting research field. There are more interesting
properties and wider application areas waiting for us to study
and develop. We believe that through more efforts, the het-
erostructure of 2DLMs and 2DNLMs can open up a new way
for new applications with excellent performance.
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