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Preface

As the feature size of semiconductor devices keeps shrinking along Moore’s law, the
principle that has powered the information technology revolution since the 1960s,
the physical limits to silicon-based transistors have been reached, resulting in severe
performance degradations caused by short-channel effects, gate oxide tunneling,
and surge in power consumption. In order to further downscale the transistors with-
out performance degradations in the post-Moore era, massive research has been
carried out to explore revolutionary new materials and devices. Among them, two-
dimensional (2D) layered materials, including graphene, transition metal dichalco-
genides (TMDCs), and related van der Waals (vdW) structures, have been proven to
possess great potential for future post-Moore electronics, optoelectronics, etc.

2D materials possess unique properties with covalently bonded in-plane and
dangling-bond free surfaces, which ensure monolayers can be stacked on top of
each other and held together by interlayer vdW forces. Beside, 2D materials can be
integrated into a new type of heterostructures with other materials in various
dimensions, including zero-dimensional (0D) nanoparticles, one-dimensional
(1D) nanowires, 2D films, and three-dimensional (3D) bulk materials, by exceed-
ing the limitation of close lattice match at the interface. Except for 2D-2D hetero-
structures, other structures are so-called mixed-dimensional vdW heterostructures.
In these heterostructures, the weak vdW forces between the neighboring materials
make each material maintain its original electronic structure, without the influ-
ence of the interface structure variations. The convenience of this combination
leads to many new phenomena, devices, and mechanisms, such as the 0D-2D
photo gating effect, static electrical doping, and 1D-2D nanowire gating. The
underlying physics phenomena and possible applications in integrated circuits,
sensors, or energy harvesting have attracted broad interest in academia and indus-
try. In a word, vdW heterostructures provide the promising opportunity to combine
different materials with unique properties as the building blocks of engineering
new functional structures for the fabrication and applications of 2D electronic and
optoelectronic devices.

Our group has been devoted into TMDCs semiconductors and their 0D-2D,
1D-2D, 2D-2D, and 2D-3D vdW heterostructures since 2013. Recently, along with
the highly developed multi-disciplinary integration, considerable progress has been
achieved in fundamental research and technological applications of TMDCs vdW

Xi
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Preface

heterostructures. This book covers state-of-the-art theoretical and experimental
research on vdW heterostructures and their applications as electronic and optoelec-
tronic devices. This book is divided into 10 chapters and guided by Dr. Zheng Zhang,
Dr. Yue Zhang, Dr. Zhuo Kang, and Dr. Qingliang Liao. The detailed chapter theme
and authors are as follows: Chapter 1, “The 2D semiconductor library” (Zheng
Zhang and Yue Zhang); Chapter 2, “The 2D semiconductor synthesis and perfor-
mances” (Xiang Chen, Qijie Liang, and Yue Zhang); Chapter 3, “The vdW hetero-
structure controllable fabrications” (Zheng Zhang, Qingliang Liao, and Yue Zhang);
Chapter 4, “The mixed-dimensional vdW heterostructures” (Pei Lin, Baishan Liu,
and Zheng Zhang); Chapter 5, “The vdW heterostructure interface physics”
(Guangjie Zhang, Yang Ou, Peifeng Li and Qingliang Liao); Chapter 6, “The vdW
heterostructure multi-field coupling effects” (Junli Du, Baishan Liu, and Zheng
Zhang); Chapter 7, “VdW heterostructure electronics” (Xiankun Zhang, Xiang
Chen, and Yue Zhang); Chapter 8, “VdW heterostructure optoelectronics” (Qi
Zhang, Zhuo Kang, and Yue Zhang); Chapter 9, “VdW heterostructure electrochem-
ical applications” (Xiankun Zhang and Zhuo Kang); Chapter 10, “Perspective and
outlook” (Zheng Zhang and Yue Zhang). In addition to the help of the aforemen-
tioned members, the completion of the book is also inseparable from the unremit-
ting efforts of the following doctoral students, including Huihui Yu, Li Gao, Wenhui
Tang, Xiaofu Wei, Mengyu Hong, Ruishan Li, Yihe Liu, He Jiang, Kuanglei Chen,
Haoran Zeng, Yanzhe Zhang, and Xuan Yu. With this book, I wish to thank my cur-
rent and former group members, as well as the outstanding colleagues and collabo-
rators who have dedicated themselves to this crucial research area.

The University of Science and Technology Beijing and the funding agencies also
have my appreciation for providing the necessary support of the research work.
Among the latter, special thanks are due to the National Natural Science Foundation
of China (Nos. 51991340, 51991342, 92163205, 51972022), the National Key R&D
Program of China (No. 2018YFA0703503), the Overseas Expertise Introduction
Projects for Discipline Innovation (No. B14003), and the Natural Science Foundation
of Beijing Municipality (Grant No. Z180011).

I worked consistently to accomplish this work with Wiley publisher. I hope that
this contribution would further enhance the applied material sciences, especially in
bringing new entrants into the nanotechnology fields, and help scientists to come
forward and develop their own field of specialization.

Last, but by no means least, I am deeply appreciative of the understanding and
support shown by my family members, without whom these achievements could
never be obtained.
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The 2D Semiconductor Library
Zheng Zhangl’z and Yue Zhangl’z

!Academy for Advanced Interdisciplinary Science and Technology, Beijing Advanced Innovation Center for
Materials Genome Engineering, University of Science and Technology Beijing, Beijing, China

2Beijing Key Laboratory for Advanced Energy Materials and Technologies, School of Materials Science and
Engineering, University of Science and Technology Beijing, Beijing, China

1.1 Introduction

Since graphene mechanically stripped out in 2004, two-dimensional-layered materials
(2DLMs) have received widespread concern due to the intrinsic changes of the physi-
cal and chemical characteristics caused by quantum confinement effect, which
pertains to the nanoscale thickness [1, 2]. Since the carrier transport will be strongly
restricted to the two-dimensional plane, the electronic and optoelectronic characteris-
tics of the 2DLMs will change significantly [3, 4]. The 2D material family covers
various components including most of the elements in the periodic table [5]. These
2D nanosheets usually have a well-defined crystal structure without surface dangling
bonds, which has traditionally plagued most semiconductor nanostructures, and
therefore exhibits superior electronic properties that are not easily available in other
semiconductor nanostructures. This results in a wealth of electronic properties, as
well as direct and indirect bandgaps with visible light ranges from ultraviolet to infra-
red [6-8]. What is more, due to the excellent adaptability of 2D geometry to the exist-
ing process techniques in the semiconductor industry, 2DLMs are able to be integrated
with conventional semiconducting materials such as silicon and are able to be trans-
ferred on diverse supporting substrates. As a result, it is of great potential for them in
future applications such as nanoelectronics, optoelectronics, and new ultrathin flexi-
ble devices [6-18]. Two-dimensional atomic crystal integrated circuit has been dem-
onstrated, including memory, logic gates, amplifiers, oscillators, mixers, switches, and
modulators. Two-dimensional materials of only one or a few atoms thick hold the
potential to make future optoelectronics and electronic devices. The functional inte-
grated circuits (IC) of 2DLMs helps solve the technical and fundamental problems of
the electronics industry.

Van der Waals Heterostructures: Fabrications, Properties, and Applications, First Edition.
Edited by Zheng Zhang, Zhuo Kang, Qingliang Liao, and Yue Zhang.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Figure 1.1 Two-dimensional materials for future electronic devices: from cell unit to small
integration. Source: Reproduced with permission from Ref.[19], © American Chemical
Society 2018.

The emerging application of nanoelectronics using two-dimensional materials
prerequisites a reliable preparation and controlled stacking of wafer-scale 2DLMs
of high quality by taking full advantage of their unique features in the two-
dimensional limit (Figure 1.1). The widespread use of 2DLMs is due to their
inherent properties and, to a large extent, their adjustability. Because of the novel
anisotropy and planar crystal structure of 2DLMs, their properties can be
improved greatly by adjusting the composition, size, field, and structure [20]. For
instance, the band structure of a two-dimensional material changes significantly
as the material thickness decreases from block to single-layer limit. In addition,
some two-dimensional materials can be converted from semiconductor to metal
through the intercalation. The use of one material in modern technology and
applications is difficult to achieve a variety of excellent performance. As a result,
2DLMs can adjust their properties to the desired functionality, opening the way
for further widespread use in electronic circuits.

Furthermore, since only one or a few atoms thick, 2DLMs with different heights
can be stacked to form various heterostructures without consideration of lattice
matching and processing compatibility. Van der Waals (vdW) heterostructures with
sharp interfaces and disparate electronic properties offer a novel platform and pros-
perous applications for investigation of the creation, confining, and transmission of
charge, excitons, and photons at two-dimensional limit [18]. The structure of a sin-
gle two-dimensional material is also worth further study because it helps to further
discover the intrinsic properties of the 2DLMs. New applications can be made by
extending the structural deformation derived from directional construction to the
properties of 2DLMs. In addition, efficient construction techniques are disposable
to the production of large-scale nanodevices with desired-ordered structures to
address the scaling and integration challenges of microelectronics, photonics, and
microelectromechanical systems [21-24].
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The rise of graphene with excellent properties has facilitated the discovery and
research of new two-dimensional materials. In addition to graphene, various two-
dimensional materials are attracting focus because of their unique properties. The
size effect and adjustability of its energy band structure result in some novel proper-
ties. In this section, we will look at two aspects of the emerging 2DLMs. In one part,
we will give clues based on the structure of two-dimensional materials, and in the
other part, we will detail the various 2DLMs that are classified by their elemental
composition.

1.2.1 Classification

Initially, 2DLMs represented by graphene were referred to as a layered material that
has strong intralayer covalent bonds and weak interlayer vdW coupling. Therefore,
the layered material can be obtained by stripping the bulk material. In this case, we
call them two-dimensional layered materials (2DLMs).

Lamellar vdW materials, which are separated into single or several layers, are one
of the hot research topics. Due to the strong covalent bonds in planes and weak
interlayer vdW coupling, they can be separated by mechanical or liquid stripping to
form nanosheets [8, 25]. In addition to graphene, which was first discovered, transi-
tion metal dichalcogenide (TMDCs) are also typical vdW materials, such as MoS,,
WS,, and WSe,. To date, more than 40 types of TMDCs have been discovered [26].
Hexagonal boron nitride (h-BN) [27], silicon carbide [28], VO, [29], and telluride
antimony [30] are also included within such category.

1.2.2 Elemental 2DMLs

2DMLs such as III-VA group and transition group are of great interest. Because of
their unique ultrathin two-dimensional limit, they exhibit superior electronic, pho-
tonic, magnetic, and catalytic properties than bulk materials. These materials are of
great potential for diverse applications in field effect transistors (FET), optoelectron-
ics, memories, and artificial synapsis [31].

1.2.2.1 IVAGroup

Since its discovery in 2004, graphene with the feature of honeycomb structure has
been attracting great attention [2]. A range of methods for preparing graphene, such
as mechanical stripping, liquid-assisted stripping, and chemical vapor deposition
(CVD) methods, have rushed out. It has lots of superior properties, in particular its
unprecedented high intrinsic mobility of 200000cm* V™! s™! at room tempera-
ture [32]. Stampfer et al. discovered that it has the mobility at low temperature of
350000cm?® V™' s7!, as shown in Figure 1.2a, reaching the highest record so far [35].
The grooves are utilized to suspend graphene. The beam of laser is concentrated on
graphene, after which the heat flows radially from the graphene center to the
peripheral. The dependence of Raman G peak on excitation power is measured, and

3
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Figure 1.2 Brief introduction of graphene. (a) Relationship between conductance and
density of charge carrier. The black and blue plots were obtained at 300 and 1.6K,
respectively. The green one is consistent with carrier mobility p = 350000cm? V' s from
another sample. Source: Reproduced with permission from Ref.[33], © American Chemical
Society 2008; (b) schematic of configuration about suspended graphene being indentated.
(c) Elastic stiffness statistics histogram of graphene. Source: Figure (b) and (c) reproduced
with permission from Ref. [34], © Wiley Online Library 2010.

the TC of graphene is approximately 5000W m ™' K' [33]. Graphene was suspended,
and Young’s modulus was characterized by patterning a circular well array having a
1.5mm diameter and 500 nm depth on a SiO,/Si substrate (Figure 1.2b). Figure 1.2c
shows the elastic stiffness statistical histogram of suspended graphene. Young’s
modulus obtained by this method is about 1.0T Pa [36]. Therefore, graphene has
shown great prospect in applications of electronics, optoelectronics, energy storage,
and conversion.

However, graphene still faces significant challenges because of its zero-bandgap
nature, which hinders its eventual application. Another two-dimensional allotrope
of carbon breaks the ice. The graphite acetylene and its derivatives composed of sp-
and sp* hybrid carbon atoms have a certain bandgap in the band structure [37-39].
In graphene-acetylene and its derivatives, the alkyne bond is a structural unit that
can be inserted to modify the graphene and retain the symmetry of the hexagon.
Figure 1.3a shows the transformation of graphene to a-, -, and y-graphene by
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Figure 1.3 Structure and optoelectronic applications of graphite-acetylene group
materials. (@) Structure of alpha-, beta- and gama-graphene. Source: Figure (a) reproduced
with permission from Ref. [39], © American Chemical Society 2011; (b) expansional diagram
of n-alkyne based on chain length. Source: Reproduced with permission from Ref. [40]/ ©
American Chemical Society 2013.

inserting acetylene bonds between two carbon atoms in different ways [38]. The
structure shown in Figure 1.3b is formed by graphite diacetylene when two acety-
lene bonds are inserted [39]. Acetylene chains of different lengths will generate a
series of graphitic alkynes, such as graphitic alkynes, graphitic dialkynes, graphitic
trialkynes, and graphitic tetrapyne. [41]

As one of the graphyne derivatives, graphdiyne can be grown by cross-coupling
with hexaethynylbenzene as precursors [40, 42-45]. In general, graphdiyne can be
obtained as nanowalls (NWs) [44, 45], film [42, 43], or coating layers covering
TiO, [40] by this coupling reaction. In recent years, graphdiyne was successfully
prepared on the Au (111) crystal plane using molecular evaporator deposition of
precursor molecules in the ultrahigh vacuum ambient of an scanning tunnelling
microscopy (STM) [46]. Nishihara et al. successfully prepared multiple layers and
few layers of graphite-diacetylene through liquid/liquid or gas/liquid interface reac-
tions [47]. Its properties are predicted successfully by theoretical calculation.
Graphyne allotropes feature an intrinsic bandgap (~ 1.2eV for graphyne and ~
0.46¢V for graphdiyne), and their direct bandgaps indicate their potential applica-
tions in optoelectronic devices [48, 49]. Two-dimensional graphene with Dirac dots
and cones still exist, such as a-graphene with a single Dirac cone and 6,6,
12-graphene with two different Dirac cones [49, 50]. The different atomic structure
of graphyne alkyne results in the difference of electronic structure [51]. Graphyne
group material as a new 2DLM has excellent application prospects in electronic
devices and photovoltaic devices [40, 43, 49]. Li et al. constructed a solar cell with
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high efficiency electron transport based on graphite-diacetylene doped benzene-
C61-methyl butyrate, as shown in Figure 1.3 [52]. Although graphyne family mate-
rials have excellent carrier mobility with a proper bandgap, the challenge of
synthesizing single crystal with large scale and high quality has severely limited the
further application development of graphite-based alkyne. Wherefore, new meth-
ods are urgently needed to achieve the preparation of such high-quality materials.

In addition to carbon, other elements of the IVA group can also form 2DLMs,
including silene, germanene, and tinene. The atoms in silicene or germanene are
connected with each other through sp® hybridization, which is more stable than the
sp” hybridization. Even if they are not able to exist as independent lamellae, they
can still be successfully obtained as layered materials. At present, lots of methods
have been reported to grow silene. One of the most effective methods of wet chem-
istry is the stripping of 2DLMs by an exchangeable Ca layer and an interlinked Si6
ring consisting of CaSi, [53]. Some used HCI solution and Mg to further reduce
layer-to-layer interactions [54, 55]. In addition, the most common approach is the
vapor deposition on selected substrates, such as Ag (111) [56], Ag (110) [57], Au
(110) [58], Ir (111) [59], MoS, [60], ZrB, [61], and H-MoSi, [62] in STM. Excellent
physical features of silicene, including the quantum spin Hall effect [63, 64], ferro-
magnetism [65, 66], germanium doping controlled TC [67], and semi-metallic prop-
erties [68] have been predicted by theoretical calculations [69].

Germanene can be prepared in a comparable method as silicene, including CaGe,-
assisted chemical exfoliation [70] and vapor deposition [71-73]. Germanene
features a number of exclusive characteristics, including robust structure [74], semi-
metallic property [75], high exciton resonance [76, 77], high carrier mobility [78],
Dirac characteristics [79, 80], photon properties of ground state [81, 82], negative
thermal expansion [83], spin electron transport [84], tunable magnetism [85], many
body effects [86], infrared absorption [87, 88], and great thermoelectric proper-
ties [89]. The charge carriers of germanium materials, whose electronic structure is
similar to graphene and silicon, are massless fermions. Using a vertical electric field
can open the bandgap in a single layer of flexed silicon and germanene [90]. In addi-
tion, novel properties of the quantum spin hall effect are able to be realized by halo-
gen or hydrogen elements modification [91, 92].

The Sn (111) diatomic layer where two triangular sublattices are stacked to gener-
ate a crooked honeycomb lattice that forms the stanene. Based on the substrate
Bi,Te; (111), stanene can be prepared by molecular beam epitaxy (MBE) [93].
Excellent properties have been predicted through theoretical calculations [94], such
as stress-affected mechanical properties, novel thermal transport diffusion proper-
ties [95, 96], unique electronic features [97], phase transition between topological
phase to insulating one [98], large magneto-resistive [99], super conductivity [100],
and quantum spin Hall effect [101].

1.2.2.2 VgroupA

Two-dimensional materials composed of V-A group elements include black phos-
phorus (BP), arsenic, antimony, and bismuth. In 1914, BP was successfully pre-
pared [102, 103], where each atom was covalently connected to three adjacent atoms



1.2 Emerging 2DLMs for Future Electronics

to create a folded monolayer honeycomb. [104] From bulk to monolayer, the band-
gap of BP increases (0.3 up to 1.5eV). In addition, it has been proved that the room
temperature carrier mobility of BP in several layers of quasi-2D phosphors is up to
1000cm? V~'s™! [105]. Therefore, BP shows significant prospect in applications of
electronic and photonic devices [106]. Current methods for producing BP include
mechanical stripping [107-109], liquid stripping, [110-113] and CVD [114]. At the
same time, the thickness of BP determines its properties, for example photolumi-
nescence (PL) spectroscopy [109, 110]. BP has been demonstrated to show great
potential applications in photoelectric fields [107], including photodetectors and
solar cells. [115] BP is studied through simulation experiment and theory analysis
of many properties, including stacking-sequence-dependent electronic struc-
ture [116-118], anisotropic properties [114], transmission characteristics between
magneto-optical [119], controlled band structure [120, 121], flexibility [122], ther-
mal properties [123], anisotropic exciton [124], and electrical conductance [125].
Interestingly, blue phase [126, 127] and topological insulator conversion of BP are
proved [128].

Structurally, a layer of arsenic atoms with a rhombic structure forms arsenic.
Thickness of 14nm arsenic was successfully grown on InAs substrate via plasma-
assisted process [129]. It has been theoretically calculated that arsenic has many
exclusive characteristics, covering anisotropic-controlled TC [130] and strain-
modulated topological insulator conversion [131].

The most stable V-A group allotropes is antimonene with monolayer antimony.
The bandgap is predicted as 2.28eV. At present, the approaches of preparing anti-
monene are mainly mechanical stripping [132], liquid exfoliation [133], MBE [134],
and CVD [135]. Antimonene is predicted theoretically to feature some novel charac-
teristics, including spin-orbit coupling (SOC) effect [136], geometry-controlled
TC [137], defects-controlled electronic properties [138], and UV detection [139].
Indirect to direct bandgap transition would occur through a small stress, further
advancing its potential in optoelectronic applications [140, 141].

In 2005, bismuth was first grown on atomically smooth surfaces [142]. After that,
bismuth was successfully obtained by wet chemical synthesis [143]. Theoretical cal-
culations show that bismuthene has a lot of nice attributes. At high temperature,
bismuth is insensitive to long wavelength vibration and thermal excitation. As the
3D bulk is scaled into individual single-layer sheets, the bismuthene’s structure is
compressed, resulting in a transformation from a semi-metal to a semiconductor.
Nevertheless, such thickness dependence does not affect the topological character-
istics of bismuthene [144, 145].

1.2.2.3 1l AGroup

In Group III A, the last specific elemental 2DM is borophene. Boustani first pro-
posed the quasi-planar boron structures through theoretical calculations [146].
Later, methods for preparing borophene, such as vapor deposition [147, 148] and
two-growth-zone CVD, were reported [149]. More simulations show that borophene
has lots of special attributes, such as high work function [150], magnetism [151],
and extremely high hydrogen storage capacity [152]. In addition, two-dimensional

7
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borophene has potential applications of power generation, electrical transmission,
energy storage, and electrocatalysis [153, 154].

1.2.3 Hexagonal Boron Nitride (h-BN)

After the discovery of graphene, atomically thin h-BN has also attracted continuous
attention in the field due to excellent performance and potential application pros-
pects. The single-layer h-BN has a crystal structure similar to graphene, so it is often
referred to as “white graphene.” It consists of alternating covalent B and N atoms in
a hexagonal basal plane (space group = P6;/mmc) and is free of dangling bonds
between the layers (Figure 1.4a,b). These layers stack together to form the bulk crys-
tal by the vdW force [159]. The bulk h-BN shows lattice constants (a = 2.504 A) and
interlayer distances (3.30—3.33A) [155].

Having different physical properties from graphene, h-BN is a typical insulator
with high relative permittivity and an indirect bandgap of about 6eV. In addition,
h-BN has many other properties including chemical stability, thermal stability, high
TC, great mechanical flexibility, atomically flat surface, free of dangling bonds, and
charged impurities [156]. This makes h-BN in the field of microelectronics, espe-
cially in the vdW electronic field, a broad application prospect. First, h-BN is an
appealing substrate dielectric for 2D material-based devices [160]. Compared with
traditional substrate dielectric, graphene and other two-dimensional materials
using h-BN as dielectric substrate can improve the carrier mobility and realize rapid

© ' )

Figure 1.4 (a) Crystal structures of h-BN. Source: Reproduced with permission from
Ref.[155], © Chemical Reviews 2017; (b) three structures of h-BN all have space group P63/
mmc and can be transformed into one another by translational gliding moves of the BN
plane. Source: Reproduced with permission from Ref. [155], © Physical Review B 2003; (c)
exfoliated h-BN nanosheets from h-BN single crystals on the 90 nm SiO, substrate. Source:
Reproduced with permission from Ref. [156], © Nano Micro small 2011; (d) photograph of a
wafer-scale SC-hBN film on a SiO,-Si wafer. Source: Reproduced with permission from
Ref.[157,158], © Advanced Materials Interfaces 2018.
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heat dissipation at the same time. This can significantly improve the device perfor-
mance while maintaining the intrinsic performance of the channel material.
Second, the high stability and two-dimensional honeycomb structure of h-BN can
be applied in device packaging [161]. The dense six-membered ring structure of
h-BN can isolate the influence of external atoms on internal devices, protecting the
TMDCs channel material from the corrosion of water and oxygen in the air.
Furthermore, the tunable tunneling barrier of h-BN has potential applications in
tunneling, optoelectronic, and memory devices [162]. Recently, it has been found
that h-BN, as a natural hyperbolic and piezoelectric material, exhibits some new
optical and electromechanical properties [163]. These unique properties also make
it a candidate for practical applications of hyper lenses, near-field imaging, deep
ultraviolet emitters and detectors, quantum optoelectronics, and nonlinear and
stretchable optical devices [164].

Obtaining large-size and high-quality h-BN film is the primary problem for real-
izing its application. Up to now, h-BN is usually prepared by mechanical exfoliation
and CVD. The mechanical exfoliation can achieve high-quality and few-defect h-BN
flakes (Figure 1.4c), but due to the small size and limitation of yield, it is usually
used for proof-of-concept of a single prototype device. CVD is considered to be an
ideal solution for low-cost, high-reproducibility, and large-scale preparation of
h-BN. The current breakthrough in CVD growth of h-BN is the successful prepara-
tion of wafer-scale single-crystal film (Figure 1.4d) [157]. Besides, other 2D materi-
als can be epitaxially grown directly onto h-BN by CVD method to form high-quality
heterostructures with clean interface and controllable stacking sequence [165].

1.2.4 Transition Metal Dichalcogenides (TMDCs)

Two-dimensional TMDCs are a class of promising materials with attractive proper-
ties in the basic research of new physical phenomena and applications in fields
ranging from electronics and photonics to sensing and actuation. The generalized
formula of TMDCs is MX, where M and X are transition metal element and chalco-
gen element (S, Se, or Te), respectively. MoS, monolayers have demonstrated the
applications of transistor [11] and PL since 2010. After that, TMDCs are regarded as
highly promising candidates for next-generation electronics and photonics [166, 167].

Recently, the vdW integration primarily stimulated 2D device research. The high-
quality vdW heterostructures with low production cost and short development pro-
cesses are reported and applied in the field of physics and electronics [168, 169].

Most TMDCs are dangling bonds free and thus exhibit high mobility. Meanwhile,
the selection of suitable substrate, metal contact, and mobility restrain caused by
grain boundaries are also crucial for electronic device [170]. For example, mobility
of MoS, on SiO,/Si substrate with BN/Si substrate (encapsulated) and scandium
contact is 33-151cm® V™! 57! and 700cm® V™! s7! at room temperature, respec-
tively [171, 172].

The structure of TMDCs was first reported in 1923 by Linus Pauling. After that,
around 60 TMDCs were found in the late 1960s [173]. The ultrathin MoS, layers are
obtained by tape exfoliation by Robert Frindt in 1963 [174]. Monolayer MoS,

9
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suspensions were produced in 1986 [175]. Since 2004, the rapid development of
graphene-related research has led to the development of technologies for layered
materials, opening a new way for research on TMD, especially for ultrathin
films [176].

Here we will introduce the structure and electronic band structure of TMDCs.
The typical atomic ratio of TMDCs (MX,) is one transition metal atom (Ti, V, Ni, Zr,
Nb, Pd, Hf, Ta, Ir, Pt, Mo, and W) stuck in two chalcogen atoms (S, Se, and Te), while
some other cases are 2 : 3 (M,X;) with quintuple layers, or 1 : 1 (MX) [177-179].

Stacking sequence affects the electronic band structure, phonon vibration, optical
properties, and other outstanding physical properties of the material [180]. There
are two common structural phases of TMDCs that are 2H and 1T. The H and T are
the acronyms of hexagonal phase with trigonal prismatic structure and tetrahedral
phase with octahedron structure, respectively. The stack sequence of TMDCs is
indicated in the numbers of phase name such as “2” H, “1” T, “3” R, and “4” H. For
example, 2H-MoS, possesses a two-layer AB stacking, and 3R-NbS, possesses a
repeating three-layer ABC stacking. The H-phase material belongs to hexagonal
symmetry, and each metal atom extends six branches out to two tetrahedrons in z
and +z directions. The chalcogen-metal-chalcogen arranged along z direction are
considered to be monolayer, and the vdW interaction between each layer (chalcogen-
chalcogen) is weak, which makes the bulk TMD mechanically easy to peel into a
monolayer flake [178]. The T-phase structure TMDCs consists of a trigonal chalco-
gen layer on the top and a 180-degree rotation structure at the bottom. The stacking
configuration of the individual layers in multilayer and bulk samples and possible
distortions further describe the structure of TMDCs [181, 182]. These pronounced
distortions can lead to the formation of metal-metal bonds, which result in the 1T’
phase in the dimerization of the 1T phase of group VI TMDCs. The charge density
wave phase is also associated with the weak lattice distortion that shows rich phys-
ics and complex phase diagrams.

Except for WTe,, the 2H phase and 1T phase common bulk phase TMDCs formed
by VI transition metals (Mo or W) and chalcogen (S, Se, or Te) are thermodynami-
cally stable and metastable, respectively. Orthorhombic 1T” phase WTe, is the stable
bulk phase that is different from other TMDCs. The cohesive energy difference
between 1T’ phase and 2H phase MoTe, is beneficial to the modulation between
them. In addition, the dichalcogenides of the transition metals such as Ti, Cr, Ni,
Zn, V, Nb, and Ta just exhibit simple metal behavior [6]. 2H structure involves the
hexagonal group (group name: P63/ MMC); the hexagonal lattice consists of two
alternating sulfur atoms and a transition metal atom. Although most of 2H struc-
tures exhibit semiconductor properties in layer TMDCs, very few 2H phases exhibit
metal behavior, such as 2H-NbS,, 2H-NbSe,, 2H-TaS,, and 2H-TaSe, [183, 184].

The primary structure of metallic-layered TMD is 1T phase that belongs to the
hexagonal basis. Due to the rotation of one tetrahedron, the resulting structure is an
octahedron.

The dimerization of the transition metal atoms causes the distortion of the 1T
structure to form the 1T’ phase, especially the displacement in an out-of-plane
direction and a symmetry transformation of chalcogen atoms. The difference
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between 1T and TD is C-axis angle (x#90, f = 90). The 3R phase consists of three
layers in one unit cell. For example, NbS,, NbSe,, TaS,, and TaSe, appear in the H
and T phases, as well as in the 3R phases [186].

Due to the diversity of its chemical composition and structural phases, TMD has
awide range of electrical properties, such as band structure characteristics (metal or
insulation) and the appearance of correlated and topological phases.

The bulk phases of TMDCs are indirect bandgap.

Most of the semiconductor-layered TMDCs such as MoS, (1.8eV), MoSe, (1.5eV),
(2H)-MoTe, (1.1eV), WS, (2.1eV), and WSe, (1.7¢eV) exhibit direct bandgap in mon-
olayer, whereas their bulk phases are indirect bandgap except a few cases such as
GaSe and ReS; [187, 188]. The formation of TMDCs by the combination of Mo, W,
S, and Se with VI group transition metals is discussed. MoS,, WS,, and WSe, display
semiconducting properties in their thermodynamically stable 2H phase that drew
attention to the application for electronic devices [11].

According to the first principle (density functional theory), the band structure of
2H-MoS; evolved from the bulk to monolayer is shown in Figure 1.5. With the thick-
ness of 2H-MoS, decreasing, the upshift of valence band edge and the downshift of
conduction band edge changes, and the indirect bandgap semiconductor block
material is transformed into direct bandgap semiconductor monolayer material.
The bulk and monolayer 2H-MoS, display bandgap values of 0.88 and 1.71eV,
respectively. The experimental bandgap of 2H-MoS, monolayer is 2.16eV [189].
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Figure 1.5 (a) 2H, 1T, 1T’ structures schematic diagram of layer TMDCs. Source: [180], ©
Materials Today 2017; (b) the band structure of 2H-MoS, changes from bulk to monolayer.
Source: [166], © Nano letters 2010; (c) schematic illustration of the electronic band
structure of monolayer TMD materials. Source: [185], © Physical Review B; (d) various
physical properties such as magnetism (ferromagnetic is abbreviated to F in the table and
antiferromagnetic is abbreviated to AF in the table), superconductivity (S in the table),
charge density wave (CDW in the table),and corresponding crystal structures (2H, 1T) of
various 2D TMD and other 2D materials. Source: [180], © Materials Today 2017.
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Importantly, the maximum value of the valence band and the minimum value of the
conduction band are located at two unequal points of high symmetry, K and K’,
which correspond to the corners of the hexagonal Brillouin zone. Monolayer
2H-MoS, along with other group VI monolayers 2H-TMDCs and graphene have this
property commonly and could realize the observation of valley-related physical phe-
nomena and potential valley electronics applications.

1.2.5 Transition Metal Carbides (TMCs)

Transition metal carbides (TMCs) have a high conductivity, good hydrophilicity,
and various surface terminations that are applied in the fields of electrogenerated
chemiluminescence, catalysts, biosensors, anti-pollution and anti-bacterial agents,
and biological detection [190-192]. Their good stability at high temperature also
shows adequate reproducibility. Therefore, there is a high demand for TMCs, such
as two-dimensional (2D) form (MXene), nanocomposites, nanoparticles, carbide
films, carbide nanopowders, and carbide nanofibers. [193, 194]

MZXene was first reported in 2011, after that, 70 different MXenes such as Ti,CTx,
Ti;C,Ty, and Nb,C3Ty have been synthesized, most of which belong to the 2D class
of carbides [195]. Considering that over 100 stoichiometric structures have been
predicted and can produce an infinite number of solid solutions, MXene is likely to
be the largest 2D material family known to date.

Mn, X, Ty is the general formula of MXenes (M = early transition metal,
X = carbon/nitrogen, n = 1, 2, 3, 4, Ty = surface terminations such as -OH, -F, -O)
(Figure 1.6). MAX is the precursor of Mxenes where A is element of IITA or IVA. By
the etching “A” layer from MAX (the precursor of MXene, having the general for-
mula M,;;AX,, A = aluminum) the MXenes are formed. The elements to form
MAX phases, MXenes, and intercalated ions are shown in Figure 1.6. [197]

Most MXenes are carbides containing only one metallic element such as Ti;C,,
Ti4Cs, VC,, and V,4C; [198]. Besides, binary metal carbides are also reported and two
kinds of metals are located on the surface and in the middle of the MXenes, respec-
tively (Mo,TiC, or Mo,Ti,C3) [199, 200]. Predictable compositions of Mxenes are
greatly increased due to the abundant surface teminals, such as -O, -OH, -F, -Cl, -Br,
and -S. Futhermore, the physical and chemical properties can be tuned by the sur-
face terminals [196, 201]. For example, Wu has synthesized 2D MoS,/Ti;C, compos-
ite with surface terminations to provide edge-active sites for hydrogen evolution
reaction (HER). The oxygen termination and hydronium ions bond/debond with
each other in the acid media properly to effect the oxidation process during the
charging and discharging process that improves the pseudo-capacitance.

Ordered phases and solid solutions are two different forms of MXenes. The transi-
tion metals are arranged randomly in solid solutions, while one transition metal
layer lies between the layers of another transition metal in the ordered phase [193].

Except for the pure metal and carbon phases, the phases formed in the TMC sys-
tem can be categorized as Higg carbides (interstitial carbides). In Hégg carbides, a
tightly stacked sequence was formed by metal atoms and the carbon atoms in
Mzxenes occupy the most (octahedral) interstices. All phases often appear to contain
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Figure 1.6 Compositions of MXenes and MAX phases in periodic tables. (a) Elements
contained in MXenes. The bright blue elements represent MXenes that have not been yet
experimentally confirmed. Schematic diagrams of three typical MXene structures are shown
at the bottom; (b) elements used to build MAX phases, MXenes, and their intercalated ions.
Elements with blue striped background have only been reported in Mxenene precursors
(MAXC phase), and their Mxenes have not yet been synthesized. The element on the red
background is element A in the MAX phase, which can be selectively etched into Mxenes.
The green background shows the cations that have been intercalated into MXenes to date.
According to the legend below, 1M and 1A represent the formation possibilities of a single
(pure) transition metal and An element Max phase (and Mxene)1M and 1A indicate the
formation possibility of a single (pure) transition metal and An element MAX phase (and
MXene). SS indicates the existence of solid solutions in transition metal atomic planes
(blue) or element planes (red); 2M indicates the possibility of the formation of ordered

double transition metal Max phase or MXene (either in-plane or out-of-plane). Source: [196].

© ACS nano 2019.
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a large number of nonstoichiometric components that are classified as strongly
nonstoichiometric compounds [202].

Face-centered cubic (FCC) sublattice is always formed by metal atoms in the
group IVB carbides. While on the other hand, the FCC sublattices are maintained
only to the extent that the homogeneity of transition metals and carbon is approxi-
mately equal. When the ratio of metal:carbon approaches 2 : 1, which is M,C, a
hexagonal, tightly packed sublattice was formed by metal atoms. Between these two
components, the VB group of carbides may form a mixture of FCC and hexagonal
close-packed sequences of metal atoms, which are often indicated as the Zeta
(f) phase.

Carbon sublattices offer the possibility of another set of phases, which is also very
significant.

It is equally important to consider the carbon sublattice, which provides another
interesting set of phase possibilities. The metal sublattice, chemical composition,
and the temperature are factors that control the nonmetal sublattice.

In the case of equal amounts of metal and carbon, the Bl(rock salt) structure is
formed by filling all the octahedral gaps of the FCC metal sublattice with the car-
bon atoms.

Whereas, in substoichiometry, the actual chemical content and temperature affect
the order arrangement of carbon atoms filling the octahedral gap.

Therefore, deviations from local stoichiometry tend to change the structure of
carbon sublattices, whereas metal sublattices changing requires a dramatic change
in stoichiometry.

Carbon sublattices act as solid solutions between carbon atoms, and structural
vacancies should also be considered. This is important because the interaction
between chemistry and structure is emphasized; furthermore, the potential of car-
bon sublattices to arrange themselves in an orderly manner at lower temperatures is
also mentioned. Here, we briefly introduce the different structures of MX, MCs,
M,Cs, M;5C,, and M,C.

MX crystal structure have a stoichiometry of 1:1. The metal atoms occupy an FCC
lattice, while all the octahedral interstitials are occupied by the carbon atoms. This
rock salt (B;) phase exists in the carbide of IVB and VB groups, and they are stable
in the temperature range from room temperature to the melting point.

When the carbon in B, structure is slightly lost, vacancy-ordered structures such as
the M¢Cs composition could be predicted. The VgC; structure has also been reported
in some cases. As the number of carbon lost is more, there are two kinds of structure
near the ideal compositions of M,Cs or M3C,: (i) B1 structure with vacancy-ordered
forms and (ii) phases with mixed FCC/hexagonal close-packed metal atom stacking
sequences (also called stacking fault phases). Stable M,C crystal structures has been
achieved with the carbon depletion sufficiently, either as a vacancy-ordered form of
the B, structure that is normally present in the group IVB carbides or as a structure
based on a hexagonal close-packed arrangement of the metal atoms with the carbon
atoms occupying the octahedral interstices as observed in the group VB carbides. As
been reported, for the vacancy-ordered forms of the B1 structure, the vacancies on
the M2C component can be arranged in a variety of ways [203].
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1.2.6 Transition Metal Oxides (TMOs)

In comparison with other atomic thin materials, transition metal oxides (TMOs)
have a relatively long usage history. They contain many of the earth’s rich minerals
and have been used for thousands of years as building materials, thermal treatment,
pigments, lubricants, and many other applications. TMOs are composed of transi-
tion metals in the D region of the periodic table and oxygen. TMOs have the ability
to change their bond structure and thus change their oxidation state, depending on
the particularity of their chemical composition and crystal structure and are rela-
tively easy to cause oxygen defects. Two-dimensional (2D) TMOs usually exhibit
different physical and chemical properties compared to their bulk bodies. These dif-
ferences increase the excellent properties, including the electronic properties of
high-temperature superconductivity and multiferroicity, as well as the unique opti-
cal, mechanical, and thermal phenomena. Besides, the catalytic and chemical prop-
erties of TMOs can be changed by reducing their thickness. These properties result
in potential applications that have been realized in the fields of optics, electronics,
catalysis, energy components, sensors, and biological systems. Other emerging
applications have been proven in piezoelectric, thermal elements, and supercon-
ductors [8, 204-206].

The unique characteristics of oxygen ions is the critical factor to produce excellent
performance on the surface of TMOs, and especially for 2D TMOs, this surface per-
formance dominates the performance of the material [207]. O*~ ions have strong
polarization. This polarization allows the planar TMO to exhibit a large, nonlinear,
and uneven charge distribution within its crystal lattice, resulting in electrostatic
shielding on the length scale of 1-100nm, resulting in an excellent local surface and
interface features. Therefore, the specific energy state exists near or on the surface
of planar TMOs, which are quite different from their bulk state, and also causes
strong Coulomb interactions between the 2D TMOs and adjacent ions [208]. If sur-
faces of two TMOs are close to each other, a built-in interface potential can be gener-
ated, changing the Fermi level of the surface plane that will significantly affect its
electronic properties. In this type of planar TMOs, different atomic orbitals may
contribute to the electronic states. The surface of TMOs can also be activated by
electrons due to the hybridization of ion orbitals. If the D orbits of 2D TMO are
perpendicular to their plane arrangement, the orbital order and spin order may be
frustrated or generated [205, 207]. This creates unconventional semiconductor
characteristics.

There are many kinds of transition metals that can be used to form TMOs. Many
basic properties of TMOs depend on the types of cations and their flexibility to
change the oxidation state. Especially in 2D TMOs, a large number of structures can
only be stabilized by cations with different charge states and binding configura-
tions [209]. For the same TMO layer under different stoichiometric ratios, the vari-
ous electronic properties of metal to wide gap insulation behavior are caused by
different metal oxidation states. The metal-insulator phase transition as a function
of pressure and temperature is caused by the local properties of the d electronic
state. 2D TMOs have a variety of bandgaps, providing the possibility to adjust optical
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and electrical properties at almost any wavelength [205]. Nanostructured TMOs
have unique redox characteristics, many of which show a reversible trend. Excellent
chemical and thermal stability is also possessed by many 2D TMOs [210]. The oxy-
gen vacancies in nanostructured TMO can be changed by various mature proce-
dures to achieve significant tunability [211]. Furthermore, the surface chemistry
and bulk structure of 2D TMOs are significantly different due to the decrease of
oxygen vacancy formation energy and the increase of reducibility of metal
cations [212].

According to the structure of the 2D TMOs source matrix crystal, it is mainly
divided into two types: layer structured and nonlayer structured TMOs [213]. Layer
structured TMOs such as MoO;, WO3, Ga,03, and V,05 can exist naturally in the
form of layered crystals in hydrate or anhydrous phase. In their corresponding 3D
matrix, the atoms in-plane of the same layer are covalently bonded, and the layers
are combined by weak interaction force between the stacking directions of the lay-
ers. These oxides can be exfoliated into nanosheets with oxygen terminated sub-
strate surface by liquid or gas phase technology, which remain stable in air and
water. These TMOs can be reduced to layers, the number of which is in the thinnest
and most stable planar configuration, depending on their unit cell composition.

Among them, binary metal trioxides have a layered structure with a general for-
mula of MO; (M = Mo, Ta, W, etc.) [206, 214]. For example, each layer in layered
MoOs; (Figure 1.7a) is mainly composed of deformed MoOg octahedrons in
orthorhombic crystals [215]. The 2D layer is formed by octahedron and its neigh-
bors sharing edges. The bulk crystal is formed by stacking the layers in turn along
the y-axis by vdW force. Another typical layered TMO material is V,05 (Figure 1.7b).
The a-V,0s is the most stable phase in the vanadium oxide family because it has the
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Figure 1.7 (a) Crystal structures of MoOs; (b) crystal structures of V,0s; (c) crystal
structures of CeO,. Source: Reproduced with permission from Ref. [213], © Chemical
Reviews 2017; (d) schematic drawing of the preparation of nonlayered structures into
nanosheets. Source: Reproduced with permission from Ref. [215], © Nature
Communications 2012.
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