Chapter 1 ®)
Introduction Check for

Abstract This thesis focuses on the fabrication and physical properties study of
novel two-dimensional (2D) atomic crystals beyond graphene. In the introduction,
we first introduce readers the research background and then review four graphene-
like 2D crystal materials, i.e., silicene, germanene, transition-metal dichalcogenides
(TMDs), and hexagonal boron nitride (2-BN). Lastly, an introduction of research
contents and instruments is presented.

Keywords Two-dimensional material - Atomic crystal - Graphene -
Graphene-like + Van der Waals heterostructure

1.1 The Rise and Development of Graphene-Like 2D
Crystal Materials

1.1.1 From Graphene to Graphene-Like 2D Crystal Materials

Graphene, a planar monolayer of carbon atoms with a two-dimensional (2D) hon-
eycomb structure, is the first 2D atomic crystal. After its birth by isolation from
graphite in 2004, it has become to be the hottest star in material science and attracted
tremendous attraction in many different fields in the past ten years [1-3]. Its exotic
properties, such as high surface area, high thermal conductivity, extremely high car-
rier mobility, and quantum Hall effect [4-9], enable potential graphene applications
in electronics, photonics, energy generation and storage, and biosensors [10—14].
In order to achieve these promising applications, many preparation methods have
been developed to produce few-to-monolayer graphene, such as mechanical and
liquid-phase exfoliation, reduction of graphene oxides, chemical vapor deposition,
and molecular beam deposition [15-23].

After an intensive study of graphene in the last ten years, “research on simple
graphene has already passed its zenith” and “researchers have now started paying
more attention to other two-dimensional atomic crystals such as isolated monolay-
ers and few-layer crystals of hexagonal boron nitride (A-BN), molybdenum disul-
fide (MoS,), other dichalcogenides and layered oxides”, as claimed by Geim and
Grigorieva [24]. Such materials present the entire range of electronic structures,
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Fig. 1.1 Graphene and other two-dimensional materials. Reproduced with permission from Ref.
[105], © 2014 Elsevier Ltd; [60], © 2015 Springer Nature; [59], © 2014, Springer Nature

from insulator to metal, from semiconductor to semi-metal and display many inter-
esting properties, such as superconductivity, charge density wave, and topological
insulator effect [25-46]. Moreover, graphene-like 2D buckled honeycomb structures
have been attracting attention. These include silicene and germanene, the silicon- and
germanium-based counterparts of graphene, which have been prepared experimen-
tally after theoretical predictions and display atomic and electronic characteristics
similar to graphene [47-54]. Based on their distinct properties, these 2D materials,
as shown in Fig. 1.1, exhibit various application potentials on electronics, optoelec-
tronics, catalysis, chemical sensors, and lithium-ion batteries [28-30, 39, 40, 42,
55-60].

1.1.2 Synthesis and Characterization

In general, all the methods employed for the synthesis and characterization of
graphene could also be used effectively in the case of other 2D crystals. Thus, that
is, single- and few-layer graphene-like 2D atomic crystals can be prepared by both
physical and chemical methods. Mechanical exfoliation (scotch-tape technique), the
first successful method for generating graphene, has already been used with other
layered materials such as MoS, and NbSe, [61]. Liquid-phase cleavage assisted by
ultrasonication has been employed to prepare many layered inorganic layered mate-
rials [62, 63]. Molecular beam epitaxial (MBE) has been successfully applied to
the production of silicene and germanene [49, 53, 54]. Chemical methods include
chemical synthesis, chemical vapor deposition (CVD), and atomic layer deposition
(ALD). In particular, CVD is the most popular method for preparing large-scale 2D
materials [35, 37, 64-68].
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Single- and few-layer 2D materials are generally characterized by transmission
electron microscope (TEM), scanning electron microscope (SEM), and scanning
tunneling microscope (STM). Moreover, Atomic force microscope (AFM) has been
demonstrated to be a powerful technique to determine layer thickness with a pre-
cision of 5%. Layer-dependent vibrational information can be obtained by Raman
spectroscopy. X-ray diffraction can be employed to determine unit cell structure, the
film thickness, and chemical constituents. Therefore, characterization of 2D materials
is performed by a variety of microscopic and spectroscopic techniques.

1.2 Silicene and Germanene

1.2.1 Theoretical Investigations

The discovery and success of graphene have sparked new explorations on graphene-
like films composed of other group-IV elements, such as so-called silicene and ger-
manene, which are considered as Si- and Ge-based 2D counterparts of graphene. The
planar honeycomb structure of graphene stems from the equivalently covalent bonds
of carbon atoms formed by the fully sp>-hybridized state. However, unlike graphene,
in the case of Si and Ge, the sp>-hybridized state is more stable than the planar
sp>-hybridized state. So that, silicene and germanene tend to form a mixed sp’—sp>
hybridized state with a buckled honeycomb structure rather than a planar one. That is
also why there are no layered phases in bulk Si and Ge, in contrast to graphite (bulk
C). Therefore, we cannot produce silicene or germanene sheets by micromechanical
exfoliation of their bulk counterparts. However, we can still construct silicene and
germanene structures by employing theoretical approaches. Actually, before exfoli-
ation of graphene, first-principles calculations were performed to predict the most
stable configurations for group-1V single sheets [69]. In contrast to the planar hon-
eycomb lattice of graphene, Si and Ge monolayers can be stable with a nonplanar
configuration, i.e., buckled honeycomb structure.

The first-principles calculations showed that the planar (PL) and high-buckled
(HB) atomic structures of single-layer Si and Ge sheets are unstable, but the low-
buckled (LB) honeycomb structures, as displayed in Fig. 1.2, can be stable, where
the perpendicular distance between top and bottom Si (Ge) sublayers is A ~ 0.44 A
(0.64 A), forming the mixed sp>—sp° hybridized orbitals [70]. In the LB honeycomb
structure of silicene (germanene), the lattice constant and nearest-neighbor atomic
distance are 3.86 A (4.02 A) and 2.28 A (2.42 A), respectively. In contrast to the
C—C distance (1.42 A) in graphene, much larger Si-Si and Ge-Ge atomic distances
severely decrease the electronic overlaps of t—mx bonds.

S. Cahangirov et al. calculated the electronic energy band spectra of Si and Ge
for HB, PL and LB configurations and corresponding density of states (DOS) for
LB structures [70]. As shown in Fig. 1.3, both HB Si and Ge are metallic. Similar to
graphene,  and t* bands of PL and LB silicene cross at the K point in the Fermi
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Fig. 1.3 Band structures of Si and Ge are calculated for high-buckled (HB), planar (PL), and low-
buckled (LB) structures. For LB structure the density of states (DOS) is also presented. Reproduced

with permission from Ref. [70],
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level (EF) and thus they are semimetallic. Planar Ge structure is metallic due to a
low density of s-like states crossing the EF. In contrast, LB structure of Ge shows
semimetallic behavior with linear = and 7* bands crossing at K point in the EF. This
behavior of bands is attributed to a mass-less Dirac fermion character of the charge
carriers.

1.2.2 Experimental Explorations

Theoretical investigations demonstrated that silicene (germanene) is a metastable
structure, with 0.79 eV/atom (0.67 eV/atom) higher energy compared to bulk Si (Ge)
structure. It suggests thickness-controllable deposition technique is preferred for sil-
icene and germanene growth, such as molecular beam epitaxy and low-temperature
atomic layer deposition, in order to avoid the formation of three-dimensional struc-
tures. It should be mentioned that there is not yet any report on the successful
preparation of germanene prior to our research (the early explorations of germanene
growth are exhibited in Sect. 2.1.2). Therefore, we will only review the experimental
investigations on the growth of silicene as follows.

Experimental explorations of silicene began with silver (Ag) surfaces, as Si/Ag
system tends to phase separation due to the very low solubility of Si in bulk Ag.

First, silicon nanoribbons were obtained by Si deposition onto Ag(110) surface
under ultrahigh vacuum [71-73]. STM measurements revealed Si honeycomb struc-
tures inside the nanoribbon, as shown in Fig. 1.4. Correspondingly, DFT calculations
showed that Si atoms have a tendency toward honeycomb arrangement on the Ag
surfaces. Moreover, the simulated STM images displayed a buckled honeycomb
structure, in agreement with the experimental observations. This is the first evidence
of the existence of silicene.

In 2010, Lalmi, B. et al. claimed that they succeeded in preparing a continu-
ous, two-dimensional sheet of silicene on Ag(111) surface [74]. However, the Si—
Si atomic distance in the honeycomb structure is only 0.19 nm directly measured

(b)

Fig. 1.4 a High-resolution STM image and b calculated atomic structure of silicon nanoribbons.
Reprinted from Ref. [71], © 2010 AIP Publishing; [72], © 2010 AIP Publishing
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from their STM images, which is too much smaller than the calculated value (0.22—
0.24 nm). Le Lay et al. argued that the observed honeycomb lattice did not correspond
to a silicene layer but instead to the bare Ag(111) surface with a contrast inversion
[75]. In subsequent studies of the growth of silicene on Ag(111) surface, the 4 x 4 and
(/13 x 4/13)R13.9° superstructures have been found [76] and a (/7 x ,/7)R19.1°
structure has been predicted [77], as shown in Fig. 1.5. Feng et al. also found the
4 x 4 and (24/3 x 2,/3)R30° superstructures, although they proposed different the-
oretical structural models [49]. More importantly, they revealed a new superlattice
(/3 x 4/3)R30°, as illustrated in Fig. 1.6. They constructed the following atomic
structure: two Si atoms in a honeycomb ring are buckled upward and one atom is
buckled downward, forming a tri-sublayer structure. They also studied the dI/dV
spectra of silicene and found the Dirac point of silicene at around 0.52 £ 0.02 eV.

Our group has been involved in the research of graphene and graphene-like 2D
materials for years. Recently we successfully prepared silicene sheets on an Ir(111)
surface by MBE [53]. STM and LEED observations, as presented in Fig. 1.7, revealed
that the silicene layer possesses a (4/7 x /7) superstructure with respect to the
underlying Ir(111) surface, which agrees well with a low-buckled atomistic model
of silicene generated by DFT calculations. Importantly, the calculated electron local-
ization function revealed 2D continuity of silicene layer on the Ir(111) substrate. This
work provides a method to fabricate high-quality silicene and an explanation for the
formation of the buckled silicene sheet.
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Fig. 1.5 Optimized structure models and simulated STM images of a, ¢4 x 4 and b, d (/13 x
J13)R13.9° silicene on Ag(111). Reproduced with permission from Ref. [76], © 2012 The Japan
Society of Applied Physics
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Fig.1.6 STM observations, schematic model, and dI/dV spectroscopy of (/3 x /3) superstructure
of silicene on Ag(111). Reprinted with permission from Ref. [49], © 2012 ACS

Besides the metal substrates mentioned above, there is a report on the growth of
silicene on ZrB, surface supported on a Si(111) substrate [50], as shown in Fig. 1.8.
Instead of directly depositing silicene, the researchers found a (2 x 2) reconstructed
structure on the ZrB,(0001) surface, which was considered to be separated from
the underlying Si(111) substrate and assigned to the (/3 X 4/3) superstructure of
silicene layer. They characterized and studied its atomic structures and electronic
properties by performing STM, XPS, ARPES, and ab initio calculations.
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Fig. 1.7 Left: a, b LEED patterns and ¢, d theoretical LEED patterns of (/7 x 4/7) superstructure
of silicene. Right: a STM image, b simulated STM image, and ¢ calculated atomic structure of
(/7 x /7) superstructure of silicene on Ir(111). Reproduced with permission from Ref. [53], ©
2013 ACS
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Fig. 1.8 High-resolution STM images, XPS measurement, and atomic model of Si (2 x 2)
reconstructed structure on ZrB,(0001) surface. Reproduced from Ref. [50]
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1.3 Transition Metal Dichalcogenides

1.3.1 The Rise of TMDs

In the past ten years, the intensive studies of graphene and the rapid progress in the
methodology developed in preparing ultrathin films have sparked new explorations
and discoveries of novel 2D crystal materials beyond graphene. In particular, lay-
ered transition metal dichalcogenides (TMDs) have attracted considerable attention
because of their diverse physical properties and a variety of potential applications
[30, 58]. It is well known that graphene, on the one hand, is chemically inert and
can only be functionalized by introducing desired molecules, which in turn will
influence its novel properties. On the other hand, graphene has no bandgap, which
considerably weakens and hinders its technological applications in the semiconduc-
tor industry. Band gaps can be opened with experimental methods, such as chemical
functionalization, fabrication of graphene nanostructures, but these methods increase
the process difficulty and result in the loss of electron mobility.

In contrast, TMDs show a wide range of physical and chemical properties, with
their electronic structures ranging from insulators, semiconductors, to semimetals,
and pure metals. Some bulk TMDs materials show low-temperature phenomena, such
as charge density wave (CDW) and superconductivity [25, 31]. The exfoliated few-
or single-layer TMDs nanosheets exhibit properties distinct from that in graphene
[28, 29, 32], which could complement and enhance the application potentials of
graphene. For example, several monolayer TMDs possess sizable bandgaps around
1-2 eV, which enable them to be promising optoelectronic devices [26, 30, 40, 55,
56]. The versatile properties of TMDs offer a platform for both fundamental research
and technological applications.

1.3.2 Structural Properties of TMDs

The formula of TMDs materials is MX,, where M is one of transition metal elements
of groups 4-10 (such as Hf, Ta, Mo, W, and Pt), and X is a chalcogen (S, Se or Te).
These layered crystals adopt sandwich-like structures with the form X-M-X, where a
sublayer of metal atoms is sandwiched by two hexagonally packed planes of chalco-
gen atoms. An individual MX, monolayer is defined by three sublayers of atoms
(X-M-X) in which the M and X atoms are bonded covalently. Adjacent monolayers
are weakly held by Van der Waals forces to form 3D stacked crystal, as depicted in
Fig. 1.9. Bulk TMD crystals possess three polymorphs depending on stacking orders
and the coordination of metal atoms by the chalcogens. In both 2H and 3R phases,
the metal coordination is trigonal prismatic (honeycombs), while the coordination in
1T-MX;, is octahedral (centered honeycombs). Here, the digit indicates the number
of X-M-X layers in each stacking unit cell, and the letters represent the types of sym-
metry: hexagonal (H), rhombohedral (R), and trigonal (T). For instance, bulk MoS,
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Fig. 1.9 Schematics of the structural polytypes of layered TMDs materials. Reproduced with
permission from Ref. [30], © 2012 Springer Nature

is a prototypical TMD commonly found in the “2H phase”, in which each MoS; unit
cell contains two layers of S-Mo-S sandwiches with a hexagonal symmetry in the
vertical projection.

Note that monolayer TMDs show only two polytypes: trigonal prismatic and
octahedral phases, generally referred to as 1H and 1T MX,, respectively, as depicted
in Fig. 1.10.

1.3.3 Electronic Properties of TMDs

1.3.3.1 Electronic Properties of Bulk TMDs

Depending on the coordination and oxidation state of the metal atoms, layered TMDs
can be semiconducting (e.g. M = Mo, W) or metallic (e.g. M = Ta, Nb). As shown
in Fig. 1.11, a simple model for ideal coordination is exhibited to explain the diverse
electronic properties of TMDs crystals. In both 1H and 1T phases, the non-bonding
d orbitals of the TMDs are located within the bandgap of bonding (¢) and anti-
bonding states (o*) in group 4, 5, 6, 7 and 10 TMDs. According to ligand field theory,
Octahedrally coordinated transition metal centers of TMDs form two non-bonding
d orbitals, dy, x; xy (bottom) and d,», x>—y> (top), while transition metals with trigonal
prismatic coordination exhibit three d orbitals, d;2, dx2-y2xy, and dyz,y, (from bottom
to top). The diversity of electronic properties of TMDs arises from the progressive
filling of the non-bonding d orbitals from group 4 to group 10 species. When an
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Fig. 1.10 Structural models of single-layer TMDs with trigonal prismatic and octahedral
coordination. Reprinted with permission from Ref. [58], © 2013 Springer Nature
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Fig. 1.11 Schematic illustration showing progressive filling of d orbitals of TMDs. Reproduced
with permission from Ref. [58], © 2013 Springer Nature

Energy

orbital is partially filled, as in the case of 2H-NbSe, and 1T-ReS,, the Fermi level is
within the band, and the compounds exhibit a metallic character. When an orbital is
fully filled, such as in 1T-HfS,, 2H-MoS;, and 1T-PtS,, the Fermi level is located in
the energy gap, and a semiconducting character is observed.

1.3.3.2 Band Structures of Single-Layer TMDs

Due to the effect of quantum confinement and changes in interlayer coupling, single-
layer TMDs prepared by deposition or isolation go through considerable changes in
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Fig. 1.12 Band structures of bulk and few- to mono-layer MoS,. Reprinted with permission from
Ref. [55], © 2010 ACS

band structures compared to their bulk counterparts. For example, the band structures
of bulk, few- and mono-layer MoS, calculated from first principles are exhibited in
Fig. 1.12. At the I" point, the bandgap is indirect for the bulk material but gradually
shifts to be direct for the monolayer. This indirect-to-direct bandgap transition with
layer number is due to quantum confinement and the resulting change in hybridization
between p, orbitals on S atoms and d orbitals on Mo atoms. Several studies have
confirmed a similar band transition for MoSe,, WS, and WSe,, which accounts for
the enhanced photoluminescence in monolayers of MoS,, MoSe,, WS,, and WSe,
in contrast to only weak emission observed in multilayered forms [26, 55, 56, 78, 79].
The transition to a direct bandgap in the monolayer form enhances the absorption and
emission efficiency of photons and thus has important applications for the photonics,
optoelectronics, and sensing.

1.3.4 Synthesis of TMDs

Preparation of materials is the prerequisite for fundamental research, and the essen-
tial step toward translating their unique properties into applications. Until now, many
methods have been employed to prepare ultrathin TMDs materials. The top-down
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methods, which rely on the exfoliation of layered bulk crystals, include the mechan-
ical cleavage method, liquid-phase exfoliation by direct sonication, chemical Li-
intercalation and exfoliation, and laser thinning technique. Examples of bottom-up
approaches are CVD growth and wet chemical synthesis.

1.3.4.1 Top-Down Preparation

Mechanical exfoliation, as shown in Fig. 1.13, is the original technique developed for
graphene [80]. It remains the best method for preparing high-purity atomically thin
flakes of TMDs peeled from their layered TMD bulks with a view to investigating
their inherent physical properties and fabrication of individual devices [61]. However,
this method is not scalable and cannot allow precise control of film thickness and size.
Therefore, this method cannot be used for mass production in industrial applications.

Liquid-phase exfoliation has been developed to obtain large quantities of exfoli-
ated ultrathin flakes [62, 63, 81-84], which involves dissolution and exfoliation of
TMDs powders by direct sonication in commonly used solvents such as dimethylfor-
mamide and N-methyl-2-pyrrolidone. One of the disadvantages of liquid exfoliation
is the difficulty in preparing monolayer TMD sheets and maintaining the lateral
size of exfoliated nanosheets. Ultrasonic-promoted hydration of lithium-intercalated
compounds, as illustrated in Fig. 1.14, is another effective method for mass produc-
tion of fully exfoliated TMDs layers. This approach utilizes a solution of a lithium-
containing compound such as n-butyllithium to achieve intercalation of lithium ions
between the layers and thus rapidly separates them into single layers. Although
the yield of the lithium intercalation method for obtaining single-layer TMDs is
nearly 100%, some challenges remain. The lithium intercalation must be carefully
controlled to obtain complete exfoliation instead of the formation of metallic com-
pounds, such as Li,S. Otherwise, the resulting exfoliated material differs structurally
and electronically from the bulk material due to the charge transfer between TMDs
and alkali ions.

Fig. 1.13 Illustrations of the

“Scotch-tape” method of

producing graphene.

Reproduced with permission

from Ref. [80], © 2011 APS ]
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Fig. 1.14 Electrochemical lithiation process for the fabrication of 2D nanosheets from the layered
bulk material. Reproduced with permission from Ref. [§2], © 2011 Wiley

1.3.4.2 Bottom-up Synthesis

Reliably synthesizing high-quality and large-area ultrathin films is an essential step
for applications in electronics and optoelectronics. For example, chemical vapor
deposition of graphene on copper foils, as a significant breakthrough in the prepa-
ration of large-area graphene, has enabled large-scale device fabrication. Various
CVD and CVD-related methods have been developed for growing atomically thin
TMDs films [65, 66, 85, 86], as shown in Fig. 1.15, which include three strategies
summarized as follows. (I) vaporization of metal and chalcogen precursors and their
decomposition, followed by deposition of the resulting TMDs on a substrate, (II)

eeeeooe .o 4 i MoS,

0000000
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Dip-coating  First anneal Second al MoS; -
Ar/H,S B ArorAres =
1torr / 500 torr —é Transfer
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Fig. 1.15 Schematics of CVD methods for synthesizing MoS,. Reprinted with permission from
Ref. [85], © 2012 Wiley; [66], © 2012 Wiley; [65], © 2012 ACS
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direct sulfurization of the pre-deposited metal film, and (III) conversion of transition
metal oxide (such as MO3) to TMDs (MX3) by sulfurization or selenization.

Besides CVD methods, chemical syntheses of WS,, MoS,, WSe,, and MoSe,
have been demonstrated using hydrothermal synthesis [87-90].

1.3.5 Applications of TMDs

The unique electronic properties of TMDs, especially semiconducting TMDs enable
them to have many significant applications for electronics, optoelectronics, energy
storage, photovoltaic cells, and photoelectric detection, as will be discussed in more
detail below.

1.3.5.1 Electronics

One of the most extensive and important applications of semiconductors is the fab-
rication of digital circuit transistors. Nowadays, the size of silicon-based field-effect
transistors (FETs) has approached its physical limit, motivating people to explore new
alternative materials. Digital logic transistors require the properties of high charge
carrier mobility, a large on/off current ratio, high conductivity, and low off-state
conductivity. Graphene has aroused intense interest due to its two-dimensional char-
acteristics and ultra-high electron mobility [13, 91-93]. However, the lack of energy
gap means that the transistor made of graphene cannot achieve low off-state current
and thus brings about energy consumption, nor can it effectively control switching
with high on/off ratios. Now more and more attention has been paid to ultra-thin
semiconducting TMDs, as displayed in Fig. 1.16. As promising field-effect transis-
tor channel materials, TMDs show stable structures free of surface dangling bonds
and comparable mobility to those of Si. Their atomic-scale thickness combined with
the bandgaps in the range of 1-2 eV enables large on/off switching ratios, a high
degree of immunity to short channel effects and thus a considerable reduction in
power dissipation [57, 94, 95].

1.3.5.2 Optoelectronics

The electronic band structures of semiconductors play an essential role in optical
absorption and emission. For indirect-bandgap semiconductors, they need an addi-
tional process of phonon absorption or emission to satisfy the momentum conser-
vation, thus reducing the efficiency of photon absorption and emission. In contrast,
many TMDs monolayers, such as MX, (M = Mo, W, X = Se, Te), possess direct semi-
conducting bandgaps, in which photons with energy larger than the bandgap width
can be readily absorbed and emitted. In addition, because of their sub-nanoscale
thinness and processability, they have sparked considerable interest in a wide range
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Fig. 1.16 Schematic illustrations of TMDs-based transistors. Reprinted with permission from Ref.
[30], © 2012 Springer Nature; [57], © 2011 Springer Nature

of potential applications for flexible and transparent optoelectronic devices [27, 96],
as shown in Fig. 1.17.

1.3.5.3 Light Emission

Light emission can be classified into photoluminescence (PL) and electrolumines-
cence (EL). PL is light emission from a material after the absorption of photons
(electromagnetic radiation). It is initiated by photoexcitation (i.e., photons that excite
electrons to a higher energy level in an atom). Following excitation, various relax-
ation processes typically occur in which other photons are re-radiated. PL process
is observed in monolayer MoS,, which has a direct bandgap, and the photolumi-
nescent efficiency is demonstrated to be much higher than those of bilayer and bulk
MoS,, both of which are indirect-bandgap semiconductors [55, 56]. EL is an optical
phenomenon and electrical phenomenon in which a material emits light in response
to the passage of an electric current or to a strong electric field. It is the result of
radiative recombination of electrons and holes in a material, usually a semiconductor.
The excited electrons release their energy as photons-light [97, 98]. In semiconduc-
tors with direct band gaps, the combination of electrons and holes and photonic
radiation occur more efficiently than in indirect bandgap semiconductors. So the
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Fig. 1.17 Current and proposed TMDs optoelectronic devices. Reproduced with permission from
Ref. [27], © 2011 ACS; [96], © 2012 Springer Nature

direct bandgaps of monolayer semiconducting TMDs make them the promising light
emission materials in flexible optoelectronic devices.

1.4 h-BN and Other Graphene-Like 2D Materials

Bulk #-BN, called “white graphite”, has a similar layered structure as graphite with
the exception that the basal planes in #-BN are vertically aligned to each other, with
the electron-deficient B atoms in one layer lying over and above the electron-rich N
atoms in adjacent layers, as illustrated in Fig. 1.18. For graphite, however, the adjacent
layers are stacked offset, and alternating C atoms lie above and beneath the center of
the honeycomb structures. Both bulk #-BN and graphite exhibit very similar lattice
constants and interlayer distances. Due to their close structural similarity, single-
layer 2-BN can thus be regarded as a structural and isoelectronic analog of graphene,
composed of alternating boron and nitrogen atoms in a honeycomb arrangement. It
can be obtained by replacing C—C bond with B-N bond in graphene [99, 100].
Although /-BN and graphene have similar structures, their electronic properties
are strikingly distinct. The pristine 42-BN sheets are intrinsically insulators or wide
band-gap semiconductors (approximately 5.9 eV) [101], in contrast to semi-metallic
graphene. Because of its excellent electrical insulation property, #-BN has been
applied as a charge leakage barrier layer for use in electronic equipments. On the
other hand, 2D A-BN has many other excellent properties. For example, #-BN has
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Fig. 1.18 Structures of graphite and 4-BN. Reproduced with permission from Ref. [100], © 2013
Elsevier Ltd

excellent thermal conductivity and mechanical strength, good optical properties than
graphene, and better chemical and thermal stability.

With a similar lattice constant to graphene and the same hexagonal structure,
h-BN layers, as ideal planar insulating substrates, offer one of most advanced plat-
forms for graphene-based electronics by enhancing the stability, quality and carrier
mobility of graphene [102]. For example, 41-BN sheets can be used as good back-gate
dielectric layer materials for graphene-based field-effect transistors. Because of their
commensurate structural parameters and distinct electronic properties, layered het-
erostructures consisting of graphene and 4-BN layers have recently attracted intense
interests. Stacking these layers in a precisely controlled sequence can give rise to
new phenomena and create tailored properties [103, 104].

Aside from #-BN, many other 2D materials have also earned tremendous atten-
tion, such as graphene derivate (e.g. hydrogenated graphene, fluorinated graphene),
layered group-IV and group-III metal chalcogenides (e.g. SnX (X = S, Se, or Te)),
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layered oxides and hydroxides (e.g. V,0s, ZnO). The investigations into these novel
materials will generate fantastic properties and amazing applications.

1.5 Van der Waals Heterostructures

From the above sections, we can see that since the discovery of the exotic prop-
erties of graphene, graphene-like 2D materials have gained widespread attention
due to their unique properties that could have many fundamental applications. The
ideas and methodology developed in preparing graphene, such as mechanical peel-
ing, molecular beam epitaxial and chemical vapor deposition, have been extended to
the exploration of other 2D materials, including some artificially synthesized atomic
crystals that do not exist in nature. Moreover, we can tune the structures and electronic
properties of these two-dimensional materials by various methods, such as chemical
or molecular doping, atomic or molecular intercalation, and exertion of tension or
pressure. Itis not difficult to imagine that we can pile up these 2D layers in a controlled
manner to form new 3D stacked materials, as shown in Fig. 1.19. Given that each
individual component exhibits distinct properties, we possess a library of 2D atomic
crystals, which allows us to create 3D layered structures with novel and tailored
properties, with an ultimate desire for a vast library containing various functional
materials. This is the basic principle of van der Waals heterostructures techniques,
a growing research field in the past years [24, 105]. This approach involves three

-
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Fig. 1.19 Van der Waals heterostructures. Reprinted from Ref. [24], © 2013 Springer Nature
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processes: (a) preparing various 2D materials by mechanical exfoliation and/or syn-
thetic growth; (b) tuning electronic, optical and chemical properties of these 2D
materials by chemical modification or applying stress or external field; (c) stacking
these 2D crystals on top of each other in a controlled fashion to generate new hybrid
structures. The development of these novel heterostructures paves a way towards a
variety of practical applications since it could create artificial materials that exhibit
unique properties and multiple functions.

1.6 Research Contents and Instruments

1.6.1 Research Contents

The successful exfoliation of graphene out of graphite resulted in the first real two-
dimensional material in nature. Its unique electronic structures and exotic properties
were subsequently revealed, followed by fruitful results of graphene-related fun-
damental researches and practical applications. Graphene is undoubtedly the most
dazzling research focus in the field of material science in the past decade. More
importantly, graphene opens up, or at least reactivates the research field of 2D mate-
rials, and arouses researchers’ enthusiasm for the exploration of 2D materials. A
focused effort on growth and isolation of high-quality single-layer nanosheets was
re-initiated after the discovery of graphene, including some two-dimensional systems
that have been studied in the past and re-examined now from a new perspective. In
this context, the research in this thesis was performed on graphene-like 2D crystal
materials, focusing mainly on germanene, hafnium honeycomb crystal, and platinum
diselenide. The preparation methods, atomic structures, electronic properties as well
as practical applications of the above materials were studied systematically.

The thesis contains five parts and is ordered as follows. Following this introduction
part, Chap. 2 presents the growth method of single-layer germanene and reveals its
superstructures on the metal substrate by means of experimental characterizations
and theoretical calculations. In Chap. 3, the fabrication of honeycomb-like struc-
tures based on the transition metal element is reported for the first time. Atomically-
resolved STM images show that hafnium atoms form a long-range ordered honey-
comb structure on an Ir (111) substrate. The calculated density of states and STM
simulation confirm that Hf atoms are assembled into a continuous 2D honeycomb
lattice through covalent bonding. Chap. 4 involves another type of 2D layered mate-
rials beyond graphene-transition metal dichalcogenides (TMDs). We report on the
preparation of a new TMD, monolayer platinum diselenide (PtSe;) on a Pt(111)
surface, by a brand new synthesis strategy. A variety of surface characterization
methods have revealed the atomic structure and interfacial characteristics of single-
layer PtSe,. Angle-resolved photoemission spectroscopy (ARPES) demonstrates its
semiconducting features. Besides, we have carried out photocatalytic investigations
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and predicted the application in valley electronics theoretically. Lastly, the thesis
ends in the 5th chapter with important conclusions and prospect of the work.

1.6.2 Introduction of Instruments

Most of the experiments involved in this thesis were performed on the ultra-high
vacuum (UHV) chambers equipped with a commercial variable-temperature scan-
ning tunneling microscope (Omicron VI-STM), as shown in Fig. 1.20. The system
contains a preparation chamber, an analysis chamber, a load-lock chamber for rapid
sample transmission and other ancillary facilities. The preparation chamber is the
largest chamber, which includes many instruments for substrate cleaning, sample
preparation, and experimental characterization, such as Ar ion sputtering gun, low-
energy electron diffraction (LEED), electron-beam heating stage (EBH), and molec-
ular beam epitaxy (MBE) evaporators. All the single crystals are cleaned by several
cycles of sputtering with the Ar ion sputtering gun and annealing on the EBH. The
clean and flat metal surfaces serve as the epitaxial substrates for growth of 2D mate-
rials. The growth process and the structural properties are controlled using the EBH
by accurate control over the growth temperature. LEED is used for the determina-
tion of the surface structure and symmetry of 2D atomic crystals. The leakage valves
connected to various external gases provide a precisely controllable gas pressure for
the synthesis of 2D films. These instruments and facilities on the preparation cham-
ber ensure the controllable fabrication of 2D crystalline materials. In addition, the
preparation chamber is connected to a small load-lock chamber, which allows us to
load and transfer samples from the atmosphere in a fast manner without breaking
the vacuum of the preparation chamber. The core part of the whole system is the
VT-STM in the analysis chamber. It can obtain atomic-resolution topographic and

11

Fig. 1.20 UHV-MBE-VTSTM system
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electronic characteristics, which is the chief approach of in situ characterization of
sample quality and surface structure. The ancillary facilities include ultra-high vac-
uum pumps, vibration isolation systems, home-made gas lines, gas station, and so
on.

Other characterization techniques, such as scanning transmission electron micro-
scope (STEM), angle-resolved photoemission spectroscopy (ARPES), Raman spec-
troscopy, and X-ray photoelectron spectroscopy (XPS) were performed in our coop-
erative groups or public experimental platforms. A home-made sample delivery
chamber is used to transfer samples between our chamber and other cooperative
UHYV systems, in which a UHV environment of 10~ 1° mbar is maintained at all time
during sample delivery.
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