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Supervisor’s Foreword

The world is always progressing along with the development of new materials.
Some of the significant materials have even been used to name the ages in ancient
times, such as stone, bronze, and iron. In recent times, the discoveries of new
materials usually bring about considerable influences on fundamental science.
Today, it has been realized that the change in size and dimensionality of a known
material, instead of chemical compositions, can also result in new material
behaviors with exotic properties. Graphene, the first two-dimensional (2D) atomic
crystal, is one of the most famous examples in this sense. The significance of
graphene is not only its exceptional properties and enormous application potentials
but more importantly, a crucial contribution to the establishment and advancement
of a new research field—2D materials. Graphene’s success and the methodology
originally developed in graphene studies aroused intense interest in exploring other
ultra-thin 2D materials, which has recently been at the leading edge of material
science. This is documented by an exponential increase in publications in
graphene-analogous material fields in the last dozen years. It is in this background,
which we could call the post-graphene era, that the studies presented in this thesis
have been performed.

Dr. Linfei Li, from my group, is the major contributor to the research. He and his
collaborators devoted themselves to the investigation of novel 2D atomic crystals
beyond graphene, involving preparation methods, structural characterizations,
electronic properties, and potential applications. The state-of-the-art ultra-high
vacuum molecular-beam-epitaxial scanning tunneling microscope
(UHV-MBE-STM) systems combined with other advanced surface science tech-
niques were employed, facilitating these experimental studies at a high level. The
published original papers are of fairly high academic standard and collected in this
thesis in a systematical way.

The present book approaches the topic in Chaps. 2–4 following the Introduction
described in Chap. 1, which summarizes the most recent advancement in the field
of 2D graphene-like materials, focusing on the introduction of growth methods,
atomic and electronic structures, and application-related developments of several
2D crystals and their heterostructures. Chapter 2 reports studies on germanene, a
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germanium-based counterpart of graphene. I would like to stress that this is the first
reported experimental work addressing the synthesis and structural properties of
germanene sheets, which has received considerable attention (hundreds of citations)
and initiates the corresponding experimental studies afterward. In Chap. 3, the
authors challenge the conventional wisdom that honeycomb-like structures can
exist only in elements that bear high chemical similarity to carbon, such as silicon
(silicene) and germanium (germanene). They reveal that the honeycomb structure of
transition metal (TM) elements can also be fabricated with totally uncharted physics
and chemistry in particular for Hf on Ir(111) substrate. This unique TM honeycomb
lattice, providing a new playground for investigating novel quantum phenomena
and electronic behaviors, has sparked significant interest and been highlighted by
Nature Nanotechnology and Nature China upon being reported. Chapter 4 deals
with the pioneering experimental studies of single-layer PtSe2, a new member of
transition metal dichalcogenides (TMDs), which are a huge family of layered
graphene-like materials. A simple approach through epitaxial growth on active
metal substrates has been developed for high-quality monolayer PtSe2 films. The
atomic and band structures are demonstrated experimentally for the first time by a
variety of high-resolution characterizations and first-principle theoretical calcula-
tions. The photocatalytic performance and circular polarization calculations
underline the application potentials of monolayer PtSe2 in photocatalysis and val-
leytronics. This work attracts more attention to other TMDs materials rather than
the highly studied ones, such as MX2 (M = Mo, W, X = S, Se, Te), and thus
expands the scope of 2D atomic crystals. To the end, the important conclusions and
instructive outlooks are given in Chap. 5.

In summary, this book involves the forefront of physics and material science and
provides the reader with a systematical introduction to graphene-analogous 2D
materials, one of the hottest topics in the last decade. Three novel atomic crystals,
i.e., germanene, hafnene, and monolayer PtSe2, are fabricated and experimentally
studied for the first time. The reader will be led from the material preparations to the
structural characterizations and from the study of properties to the exploration of
applications. These original work could shed light on some significant issues in the
field of 2D materials beyond graphene. I wish the book success in this direction.

Beijing, China
December 2019

Prof. Hong-jun Gao
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Chapter 1
Introduction

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 (h-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 (h-BN), molybdenum disul-
fide (MoS2), other dichalcogenides and layered oxides”, as claimed by Geim and
Grigorieva [24]. Such materials present the entire range of electronic structures,

© Springer Nature Singapore Pte Ltd. 2020
L. Li, Fabrication and Physical Properties of Novel Two-dimensional Crystal Materials
Beyond Graphene: Germanene, Hafnene and PtSe2, Springer Theses,
https://doi.org/10.1007/978-981-15-1963-5_1
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2 1 Introduction

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 MoS2 and NbSe2 [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 2Dmaterials
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 sp2-hybridized state. However, unlike graphene,
in the case of Si and Ge, the sp3-hybridized state is more stable than the planar
sp2-hybridized state. So that, silicene and germanene tend to form a mixed sp2–sp3

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-IV 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 � ≈ 0.44 Å
(0.64 Å), forming the mixed sp2–sp3 hybridized orbitals [70]. In the LB honeycomb
structure of silicene (germanene), the lattice constant and nearest-neighbor atomic
distance are 3.86 Å (4.02 Å) and 2.28 Å (2.42 Å), respectively. In contrast to the
C–C distance (1.42 Å) in graphene, much larger Si–Si and Ge–Ge atomic distances
severely decrease the electronic overlaps of π–π 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, π and π* bands of PL and LB silicene cross at the K point in the Fermi
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Fig. 1.2 Energy versus
hexagonal lattice constant
(upper panel) and phonon
dispersion curves (lower
panels) of 2D Si and Ge are
calculated for various
honeycomb structures.
Reprinted with permission
from Ref. [70], © 2009 APS

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], © 2009 APS
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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 π and π* 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]. STMmeasurements 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

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). LeLay 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 onAg(111) surface, the 4× 4 and
(
√
13 × √

13)R13.9° superstructures have been found [76] and a (
√
7 × √

7)R19.1°
structure has been predicted [77], as shown in Fig. 1.5. Feng et al. also found the
4 × 4 and (2

√
3 × 2

√
3)R30° superstructures, although they proposed different the-

oretical structural models [49]. More importantly, they revealed a new superlattice
(
√
3 × √

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 byMBE [53]. STMandLEEDobservations, as presented in Fig. 1.7, revealed
that the silicene layer possesses a (

√
7 × √

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.

Fig. 1.5 Optimized structure models and simulated STM images of a, c 4 × 4 and b, d (
√
13 ×√

13)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 STMobservations, schematicmodel, and dI/dV spectroscopy of (
√
3×√

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 ZrB2 surface supported on a Si(111) substrate [50], as shown in Fig. 1.8.
Instead of directly depositing silicene, the researchers found a (2 × 2) reconstructed
structure on the ZrB2(0001) surface, which was considered to be separated from
the underlying Si(111) substrate and assigned to the (

√
3 × √

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 c, d theoretical LEED patterns of (
√
7× √

7) superstructure
of silicene. Right: a STM image, b simulated STM image, and c calculated atomic structure of
(
√
7 × √

7) superstructure of silicene on Ir(111). Reproduced with permission from Ref. [53], ©
2013 ACS

Fig. 1.8 High-resolution STM images, XPS measurement, and atomic model of Si (2 × 2)
reconstructed structure on ZrB2(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 thesemethods 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 puremetals. SomebulkTMDsmaterials 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 TMDsmaterials is MX2, whereM 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 formX-M-X, where a
sublayer of metal atoms is sandwiched by two hexagonally packed planes of chalco-
gen atoms. An individual MX2 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-MX2 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 MoS2
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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 MoS2 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 1TMX2, 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 themetal 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 (σ) and anti-
bonding states (σ*) 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, dyz,xz,xy (bottom) and dz2, x2–y2 (top), while transition metals with trigonal
prismatic coordination exhibit three d orbitals, dz2, dx2–y2,xy, and dxz,yz (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

Fig. 1.11 Schematic illustration showing progressive filling of d orbitals of TMDs. Reproduced
with permission from Ref. [58], © 2013 Springer Nature

orbital is partially filled, as in the case of 2H-NbSe2 and 1T-ReS2, the Fermi level is
within the band, and the compounds exhibit a metallic character. When an orbital is
fully filled, such as in 1T-HfS2, 2H-MoS2, and 1T-PtS2, 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 MoS2. 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 MoS2 calculated from first principles are exhibited in
Fig. 1.12. At the � 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 quantumconfinement and the resulting change in hybridization
between pz orbitals on S atoms and d orbitals on Mo atoms. Several studies have
confirmed a similar band transition for MoSe2, WS2, and WSe2, which accounts for
the enhanced photoluminescence in monolayers of MoS2, MoSe2, WS2, and WSe2,
in contrast to only weak emission observed inmultilayered forms [26, 55, 56, 78, 79].
The transition to a direct bandgap in themonolayer 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,
thismethod 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 Li2S. 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. [82], © 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)

Fig. 1.15 Schematics of CVD methods for synthesizing MoS2. 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 (MX2) by sulfurization or selenization.

Besides CVD methods, chemical syntheses of WS2, MoS2, WSe2, and MoSe2
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,
manyTMDsmonolayers, such asMX2 (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 MoS2, which has a direct bandgap, and the photolumi-
nescent efficiency is demonstrated to be much higher than those of bilayer and bulk
MoS2, 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 amaterial, 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 TMDsmake them the promising light
emission materials in flexible optoelectronic devices.

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

Bulk h-BN, called “white graphite”, has a similar layered structure as graphite with
the exception that the basal planes in h-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 inFig. 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 h-BN and graphite exhibit very similar lattice
constants and interlayer distances. Due to their close structural similarity, single-
layer h-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 h-BN and graphene have similar structures, their electronic properties
are strikingly distinct. The pristine h-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, h-BN has been
applied as a charge leakage barrier layer for use in electronic equipments. On the
other hand, 2D h-BN has many other excellent properties. For example, h-BN has
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Fig. 1.18 Structures of graphite and h-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, h-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 h-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 h-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. V2O5, 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. It is not difficult to imagine thatwe 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

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, focusingmainly 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 (PtSe2) 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 PtSe2. 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 VT-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

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
UHV systems, in which a UHV environment of 10−10 mbar is maintained at all time
during sample delivery.
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Chapter 2
Germanene on Pt(111)

Abstract The tremendous progress in graphene research has motivated us to inves-
tigate analogous 2D crystalline systems—new two-dimensionally ordered materials
composed of elements other than carbon. Here, this chapter presents the fabrica-
tion and structural characterization of germanene on a Pt(111) surface, which is the
germanium-based counterpart of graphene. LEED and STM, combined with density
functional theory (DFT)-based ab initio calculations reveal the buckled honeycomb-
like structure of Pt-supported germanene. Calculated electron localization function
(ELF) demonstrates the continuity of 2D germanene on Pt(111).

Keywords Germanene · Germanium · STM · LEED · Honeycomb structure ·
Pt(111)

2.1 Background

2.1.1 From Silicene to Germanene

The explosive studies on graphene have aroused significant interests towards other
graphene-like single-element 2D materials. Graphene is derived from the group IV
elements, so it is natural to consider the possibility of graphene analogs based on
other group IV elements, such as silicon and germanium. However, silicon and ger-
manium are known to favor sp3-hybridized, tetrahedral bonds in contrast to planar
sp2 hybridization in graphite. So single layers of silicon and germanium, so-called
silicene and germanene, cannot be derived directly from their bulk counterparts.
Instead, they have first been fabricated from the computational side. First-principles
calculations demonstrated free-standing silicene and germanene favor to adopt a low-
buckled honeycomb structure, forming a mixed sp2–sp3 like hybridized state [1].
Further theoretical calculations revealed that epitaxial silicene (germanene) on sub-
strates possesses a bandgap of 1.55 meV (23.9 meV) due to the symmetry-breaking
and enhanced spin-orbital coupling effects. In particular, a quantum spin Hall effect
was predicted in buckled germanene [2], and high-Tc superconductivity was antic-
ipated in doped germanene [3] (where Tc represents the critical temperature for

© Springer Nature Singapore Pte Ltd. 2020
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Fig. 2.1 Synthesis of germanane and methylated germanane. Reproduced with permission from
Ref. [6], © 2015 ACS; [5], © 2014 Springer Nature

superconductivity). These properties indicate potential applications of silicene and
germanene in electronics, spintronics, and photonic devices.

The synthesis of silicene and germanene is the primary step towards the realization
of their exotic properties and potential applications. Lack of layered bulk analogs
necessitates “bottom-up” growth method, i.e., deposition of silicene and germanene
on substrates. The exploration of epitaxial growth of silicon on silver surfaces resulted
in the formation of Si nanowires onAg(100), Si nanoribbons onAg(110), and silicene
on Ag(111). Later, additional studies have reported the fabrication of silicene on
Ir(111), ZrB2 and MoS2, as discussed in Chap. 1.

2.1.2 Early Exploration of Germanene Growth

The preliminary studies of germanene growth started with solution-based exfoliation
processes [4]. Chemically treating CaGe2 in HCl created hydrogenated germanene
[5], that is, germanane (GeH). Further investigations yielded methylated germanane
by treating CaGe2 in CH3I [6, 7], as depicted in Fig. 2.1. These functionalized ger-
manene sheets showed strong oxidation resistance in ambient conditions. However,
these Ge–H and Ge–CH3 bonds enhance the sp3 hybridization of Ge atoms, which
disables 2D honeycomb structures resulting from sp2-hybridized orbitals, and more
essentially, the linear dispersion relation at the Dirac point. Therefore, these layered
materials are not germanene in nature. To the best of our knowledge, the actual fab-
rication of germanene has not yet been reported, which is our research background
and motivation.

2.2 Fabrication and Computation Methods

We grow single-layer germanene sheets on a Pt(111) substrate by surface-assisted
molecular beam epitaxial (MBE) [8], as illustrated in Fig. 2.2. The choice of a
Pt(111) substrate is based on several advantageous characteristics of Pt(111), such
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Fig. 2.2 Upper: schematic illustration of physical vapor deposition of germanene on Pt(111).
Lower: a STM topography of Ge deposited on Pt(111) at room temperature. b Ge superstructures
formed after annealing at 600 K. c The line profile along the blue line in (b) showing the thickness
of single-layer germanene

as its hexagonal symmetry serving as a growth template and its weaker interfacial
interaction with adsorbed 2D honeycomb sheets (e.g. graphene) relative to other
metals [9, 10]. Experiments were performed in an ultra-high vacuum (UHV) system
with a base pressure of about 2 × 10−10 mbar. The Pt(111) surface was cleaned
by several cycles of sputtering and annealing until it yielded distinct Pt(1 × 1)
diffraction spots in the LEED pattern and clean surface terraces in the STM images.
The germanium was evaporated onto the Pt(111) substrate kept at room temperature
from a high-purity Ge rod mounted in an electron-beam evaporator. The amorphous
surface covered by Ge particles and clusters was observed in Fig. 2.2a. The sample
was then annealed at a temperature range of 600–750 K for 30 min, which was below
800K for the sake of excluding the formation of a Ge–Pt surface alloy. STMwas then
employed to characterize the as-prepared Ge superstructures, as shown in Fig. 2.2b,
c. LEED was utilized to identify the superstructures macroscopically.

Our DFT-based first-principle calculations were performed using the Vienna
ab initio simulation package (VASP) [11, 12]. The projector augmented wave (PAW)
potentials were used to describe the core electrons, and the local density approxima-
tion (LDA) was used for exchange and correlation [13]. The periodic slab models
included four layers of Pt, one layer of germanium, and a vacuum layer of 15 Å. All
atoms were fully relaxed except for the bottom two substrate layers until the net force
on every atom was less than 0.01 eV/Å. The energy cutoff of the plane-wave basis
sets was 400 eV, and the K-points sampling was 3 × 3 × 1, generated automatically
with the origin at the �-point.
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2.3 Structural Characterizations and Theoretical
Calculations

The structure of the germanium layer formed on the Pt(111) surface is character-
ized macroscopically by LEED, as shown in Fig. 2.3. The six outer symmetric bright
spots can be assigned to the pristine Pt(111) substrate, which has a six-fold symmetry.
The additional distinct diffraction spots originate from the germanium superstruc-
tures. For clarity, we sketched a map of the diffraction spots of the superstructure in
reciprocal space (Fig. 2.3b), where the reciprocal vectors of each group of spots are
indicated by differently colored arrows. Aside from the (1 × 1) diffraction spots of
the Pt(111) lattice, two symmetrically equivalent domains exist, identified by red and
blue spots, respectively. Aiming to understand this LEED pattern more thoroughly,
a schematic diagram in real space consistent with the diffraction patterns is provided
in Fig. 2.3c. This diagram directly reveals the commensurable relation between the
germanium adlayer and the substrate lattice. Germanium forms a superstructure with

matrix

[
2 −3
3 5

]
or the equivalent

[
3 −2
2 5

]
and the corresponding angles between the

close-packed direction of Pt[1 1̄ 0] and this superstructure can be obtained as 36.6°
and 23.4°, respectively. From the data, this superstructure can be easily identified as
a (

√
19 × √

19) superstructure with respect to the Pt(111) substrate.
In order to characterize the germanium adlayer in detail, we subsequently carried

out STM measurements. The large-scale STM image in Fig. 2.4a shows the long-
range order of the germanium superstructure formed on the Pt(111) surface. One
of the supercells is marked by the blue rhombus. The orientation of the supercell is
rotated about 23° relative to Pt[1 1̄ 0] direction. The corresponding high-resolution

Fig. 2.3 LEED patterns and the corresponding schematic diagram of the germanium superstructure
formed on the Pt(111) surface. a The six outer spots indicated by circles originate from the six-fold
symmetry of the Pt(111) substrate. The additional diffraction spots are ascribed to the germanium
adlayer. b Schematic representation of the diffraction spots shown in (a), where the reciprocal
vectors of each group of spots are indicated by black, red, or blue arrows. c Schematic diagram of
the diffraction spots in real space. These data reveal a (

√
19×√

19) superstructure of the germanium
layer [lattice vectors (a1, b1) or (a2, b2)] with respect to the Pt(111) lattice [lattice vectors (a0, b0)].
Reprinted with permission from Ref. [8], © 2014 Wiley
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Fig. 2.4 a Occupied-state STM image (U = −1.45 V, I = 0.25 nA), showing a (
√
19 × √

19)
superstructure of the germanium adlayer formed on the Pt(111) surface. The direction of this
reconstruction is indicated by the blue arrow. The close-packed direction Pt[1 1̄ 0] is indicated by
the black arrow. The angle between the blue and black arrows is about 23°. b Zoomed-in STM
image (U = 1 V, I = 0.05 nA) of the germanium adlayer. c Line profile along the dashed line in (b),
revealing the periodicity of the germanium superstructure (1.2 nm). Reproduced with permission
from Ref. [8], © 2014 Wiley

STM image of the germanium adlayer is displayed in Fig. 2.4b, demonstrating two
other protrusions with different image contrast inside each supercell. Figure 2.4c
shows the line profile along the dashed line of Fig. 2.4b, revealing that the periodicity
of the brightest protrusions in the STM image is about 1.2 nm. This distance is equal
to the dimension of (

√
19 × √

19) superlattice of the Pt(111) surface; the lattice
constant of Pt(111) is 0.277 nm (

√
19 × 0.277 nm = 1.21 nm). It is readily apparent

that both the orientation and the periodicity of the germanium superstructure detected
by STMare in good agreementwith the analysis of the LEEDpattern, confirming that
a (

√
19×√

19) germanium superstructurewas formed on the surface. In addition, the
profile reveals a corrugation of around 0.6Å in the germaniumadlayer, indicating that
different germanium atoms in the adlayer have different apparent heightswith respect
to the underlying Pt lattice, which we further analyzed using DFT calculations. This
corrugation value is close to the buckled height (around 0.64 Å) of free-standing
germanene in vacuum [1] and comparable to that of silicene on Ag(111) (0.75 Å)
[14]. It implies that theGe–Pt interaction is similar to themoderate Si–Ag interaction,
which facilitates the formation of silicene on Ag(111).

Although Fig. 2.4b is not an STM image at atomic resolution, it is useful for one to
construct an atomic model of the germanium adlayer. Note that the lattice constant of
low-buckled free-standing germanene is about 3.97–4.02 Å based on the predictions
of previous theoretical studies [1, 2, 15]. In that case, the lattice constant of the
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(3 × 3) superlattice of the germanene is about 11.91–12.06 Å. This value is close
to the periodicity (12 Å) of our observed structure, the (

√
19 × √

19) germanium
superstructure on Pt(111). Thus, we propose the following model to account for our
observations: a single-layer germanene sheet is adsorbed on the Pt(111) surface at a
certain rotation angle. As the rotation angle between the close-packed direction of
Pt[1 1̄ 0] and the (√19 × √

19) germanium superstructure is determined to be about
23° (Fig. 2.4a), and the angle between the direction of the (1× 1) lattice of germanene
and the direction of its (3 × 3) superlattice is 0°, we can deduce the rotation angle of
the high-symmetry direction of the germanium adlayer with respect to the substrate
lattice, that is, about 23° between the (1 × 1) lattice of germanene and the Pt[1 1̄ 0]
direction. In this model, the (

√
19 × √

19) supercell of the Pt(111) substrate nearly
matches the (3 × 3) superlattice of the germanene sheet.

In order to obtain a detailed structural analysis of the germanium adlayer on
Pt(111) and a deep understanding of the germanene/Pt(111) system,we calculated the
geometric and electronic structures using DFT-based ab initio calculations, and we
performed the corresponding STM simulations using the Tersoff-Hamann approach.
Several models (different locations for the germanium atoms with respect to the
substrate) were calculated. It turns out that the model with a honeycomb structure
(germanene) shown in Fig. 2.5a (top view) is the most stable configuration. The
binding energy of this configuration is about −1.39 eV per germanium atom. There
are 18 germanium atoms per (

√
19 × √

19) unit cell (the yellow rhombus). Different
germanium atoms are situated in different chemical environments with respect to the
Pt(111) surface. Such differences could account for the overall configuration of the
germanene layer. The simulated STM image is shown in Fig. 2.5b, and one unit cell is
indicated as a red rhombus. There are four protrusions at the vertices of the rhombus
and two at the centers of the two triangular regions of the unit cell. These features
are in excellent agreement with the STM observations in Fig. 2.4b, verifying that the
model of the (3× 3) germanene/(

√
19× √

19) Pt(111) superstructure fundamentally
resembleswhatwe observed in our experiments. The relaxedmodel and the simulated
STM image here provide a clear picture of the germanium arrangements in the

Fig. 2.5 a Top view of the relaxed atomic model of the (3 × 3) germanene/(
√
19 × √

19) Pt(111)
configuration. The blue, yellow, and orange spheres represent Pt, protrudingGe, and otherGe atoms,
respectively; a unit cell is outlined in yellow. b Simulated STM image, showing features identical
with the experimental results. The brightness scale is represented by red > white > dark green, and
a unit cell is outlined in red. Reproduced with permission from Ref. [8], © 2014 Wiley
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adlayer observed in the actual STM images. The germanium atoms at the top sites
of the underlying Pt atoms (the yellow spheres in Fig. 2.5a) correspond to the bright
protrusions exhibited in the STM image (Fig. 2.4b). Furthermore, in the model, only
one of the six germanium atoms in the honeycomb has a higher position, which
differs from the theoretical models of a free-standing germanene sheet, wherein half
of the germanium atoms have higher positions than the other half [1]. This suggests
a substrate-induced buckled conformation of the germanene adlayer.

Although the germanene layer has a buckled structure with an undulation, it is a
continuous layer rather than an accumulation of fragments with several germanium
atoms, according to the analysis of the electron localization function (ELF). The ELF
shows the charge localization between individual atoms, allowing us to appraise the
chemical interaction between atoms directly. Figure 2.6a shows the top view of the
overall ELF within the germanene layer with an ELF value of 0.5. Here, we see
that chemical interaction exists between each pair of germanium atoms, showing the
continuity of the germanene layer. This means the germanium atoms are well bonded
to each other in the germanene sheet. In order to identify the bonding characteristics
within each germanium pair clearly, the ELFs along the cross-section of each Ge–Ge
pair (annotated in Fig. 2.6a) are displayed in Fig. 2.6b–f. The ELF values are shown
by the color scheme, where red represents the electrons that are highly localized and
blue signifies the electronswith almost no localization. It is clearly seen that electrons
are localized to a large degree at the Ge–Ge pair containing a top-most Ge atom (the
magnitudes of the ELF values are in the range of ~0.75–0.84, as shown in Fig. 2.6b,
c, identifying a covalent bond between germanium atoms. TheGe–Ge pair (Fig. 2.6f)
with the largest atomic distance has a slightly lower density of electrons localized in
its intermediate location (ELF value is about 0.53). In conclusion, the ELFs presented
here provide evidence that a covalent interaction exists between the members of each
Ge–Ge pair. For comparison, the cross-section of the ELF between the germanium
atom at the hexagonally close-packed (hcp) site and its nearest Pt atom is shown in
Fig. 2.6g. The distance between such a Ge–Pt pair is the shortest one, and this is the
positionwith the strongest interaction between the germanene layer and the substrate.
However, the ELF value is only 0.29 in this case, much smaller than the ELF values
of any of the germanium pairs. ELF values of less than 0.5 correspond to an absence
of pairing between electrons. Therefore, it can be concluded that the interaction
between germanium and the underlying platinum is mainly of an electrostatic origin.
This interaction is not strong enough to affect the formation of Ge–Ge bonds and the
extension of the germanium sheet. The evidence mentioned above demonstrates that
a 2D continuous germanium layer—germanene—was indeed successfully fabricated
on Pt(111).

It is worth noting, however, that a Ge–Pt substitutional surface alloy has been
claimed previously by Ho et al. [16]. They annealed their sample at 900–1200 K to
form a Ge–Pt surface alloy, aiming to obtain a longer catalyst lifetime. In their STM
images, only four bright protrusions appear, located at the corners of each (

√
19 ×√

19) supercell. It is evident that their images show fewer features per unit cell than
our high-resolution STM image (Fig. 2.4b). In their model, there is only one Ge atom
within each (

√
19 × √

19) supercell. This simple model is not suitable for our case,
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Fig. 2.6 a Top view of the overall electron localization function (ELF) of the relaxedmodel with an
ELF value of 0.5, showing continuity of the germanene layer. Yellow and brown spheres represents
Ge atoms, with the yellow spheres indicating the protruding Ge atoms. b–f The ELFs of the cross-
sections between the germanium pairs indicated in (a), showing the covalent interaction existing
between each pair of germanium atoms. The pairs are depicted by the dashed ovals. g The ELF of
the cross section between one germanium atom and its nearest Pt neighbor. The ELF value here is
in the range of the green-blue region (about 0.29), indicating an electrostatic interaction. The color
scale for b–g is shown on the right. Reproduced with permission from Ref. [8], © 2014 Wiley
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according to our theoretical simulations and experimental observations. We verified
that the (

√
19× √

19) superstructure in our case originates not from Ge–Pt chemical
contrast but instead from the charge density of state of the buckled germanene layer
supported on Pt(111).

2.4 Summary and Outlook

We report for the first time on the fabrication of Ge-based graphene analog-
germanene on a Pt(111) substrate.

(1) It features a (
√
19 × √

19) superstructure related to the substrate lattice, as
demonstrated by LEED and STM. Calculations based on first principles reveal
that such a superstructure coincides with the (3 × 3) superlattice of a buckled
germanene sheet.

(2) The calculated electron localization function shows that adjacent germanium
atoms directly bind to each other, certifying the formation of a continuous 2D
germanene sheet on the Pt(111) surface.

(3) This work provides a method of producing high-quality germanene on solid
surfaces so as to explore its physical properties and potential applications in
future functional nanodevices.
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Chapter 3
Hafnene on Ir(111)

Abstract Two-dimensional (2D) honeycomb systemsmade of elementswith d elec-
trons are rare. In this chapter, we report the fabrication of a transition metal (TM)
2D film, namely, hafnium (Hf) monolayer on Ir(111). Experimental characteriza-
tions reveal that the Hf layer possesses honeycomb lattice, morphologically identical
to graphene. First-principles calculations provide evidence for directional bonding
between adjacent Hf atoms, analogous to carbon atoms in graphene. Calculations
further suggest that the freestanding Hf honeycomb could be ferromagnetic with
magnetic moment µ/Hf = 1.46 µB. The realization and investigation of TM honey-
comb layers extend the scope of 2D structures and could bring about novel properties
for technological applications.

Keywords Hafnium · Honeycomb structure · Transition metal · STM · LEED ·
Ir(111)

3.1 Background

The novel properties of graphene’s honeycomb structure have spurred tremen-
dous interest in investigating other two-dimensional (2D) layered structures beyond
graphene. This includes, for example, hexagonal boron nitride [1–3], silicene [4–
10], and germanene [11]. Almost exclusively, however, the reported 2D honeycomb
materials are made of elements with p-orbital electronic structure [12, 13]. The 2D
honeycomb structures made of elements with d electrons are still rare, although
there are many more transition metal (TM) elements than the ordinary main group
honeycomb elements in the first two rows of the Periodic Table. Generally, the TM
elements have rich many-body physical behaviors and coordination chemistry prop-
erties; many of them also exist as spin-polarized magnetic ions. Hence, it is highly
desirable to fabricate 2D honeycomb structures of the TM elements for drastically
enhanced and novel electronic, spintronic, and catalytic activities.

© Springer Nature Singapore Pte Ltd. 2020
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3.2 Preparation and STM Study

In the present work, we challenge the conventional wisdom that honeycomb struc-
ture can exist only in elements that bear high chemical similarity to carbon. We
report that the honeycomb structure of TM elements can also be fabricated with
totally uncharted physics and chemistry in particular for Hf on Ir substrate [14].
Low-energy electron diffraction (LEED) and scanning tunneling microscopy (STM)
measurements reveal that despite the triangular planar structure of the substrate Hf
forms its own honeycomb structure with Hf–Hf nearest neighbor distance remark-
ably close to that of bulk Hf. Electronic structure calculation further reveals the direct
bonding of covalent character between the nearest neighboring Hf atoms, as reflected
in the calculated total charge density.

Experiments were carried out in our UHV-MBE-STM system. The Ir(111) single
crystal was cleaned by several cycles of Ar + ion sputtering followed by annealing
at around 1473 K until sharp 1 × 1 diffraction spots in the LEED pattern and clean
surface terraces in the STM images were obtained. Hf atoms, evaporated from the
electron-beam evaporator, were deposited at room temperature. The Hf flux was set
at 10 nA. The deposition time varied depending on the intended Hf coverage. The
sample was subsequently annealed until a well-ordered structure was observed. The
STMandLEED techniqueswere combined to characterize the structural and physical
properties of the Hf/Ir system. First-principles calculations were performed using the
projector augmented wave (PAW) method as implemented in the Vienna ab initio
simulation package (VASP) [15, 16]. The generalized gradient approximation of
Perdew, Burke, and Ernzerhof (PBE) was used for the exchange and correlation
interaction between electrons [17]. Periodic slabs with four layers of (4 × 4) Ir(111)
were used as the substrate, plus one layer of Hf and a vacuum of 12Åwide. All atoms
were fully relaxed except for the bottom Ir layer until the net force on each atom
was less than 0.01 eV/Å. The energy cutoff for the plane-wave basis set is 400 eV,
and the k-points sampling is 3 × 3 × 1. To simulate the STM images, we used the
Tersoff-Hamann approach.

More specifically, we evaporated Hf atoms onto the clean Ir(111) surface, which,
as seen in Fig. 3.1a, formednanoclusters at room temperature.With follow-up anneal-
ing at 673 K, a well-ordered structure was observed in Fig. 3.1b. The structural infor-
mation of the sample was then characterized by LEED. For comparison, Fig. 3.1c
shows a typical LEED pattern of the clean substrate, in which the six spots result
from the 6-fold symmetry of the Ir(111). After the deposition of Hf followed by
annealing, additional diffraction spots appeared, as indicated by the red arrow in
Fig. 3.1d, which signals that a new superstructure of Hf origin has emerged. It has
the (2 × 2) pattern with respect to the Ir(111) substrate. The LEED data thus suggest
the formation of a well-ordered network of Hf adlayer with a periodicity twice that
of Ir(111).

To gain an understanding of this Hf superstructure in real space, we carried out
an STM study. Figure 3.2a shows a typical STM image, which reveals a continuous
2D lattice of the honeycomb structure. The orientation of the honeycomb lattice
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Fig. 3.1 Fabrication of Hafnene on Ir(111). a STMmorphology of Hf clusters deposited on Ir(111)
surface at room temperature (U = −2.0 V and I = 0.2 nA). b Hafnene sheets formed by annealing
the sample at 673 K (U = −1.2 V and I = 0.5 nA). LEED patterns of c the clean Ir(111) substrate
and d the hafnene sample are obtained at electron beam energies of 68 and 70 eV, respectively.
Adapted with permission from Ref. [14], © 2013 ACS

is parallel to the close-packed [1 1̄ 0] direction of the Ir(111) lattice, in agreement
with the LEED results, where the reciprocal vectors of the Ir spots are in line with
those of the Hf spots (see Fig. 3.1d). Figure 3.2b is a zoomed-in image in which a
perfect honeycomb structure can be clearly resolved. Combining the STM results
with the LEED patterns, we conclude that well-ordered Hf honeycomb with a (2 ×
2) superstructure has formed on Ir(111). Figure 3.2c shows a height profile of the
honeycomb lattice along the blue line in Fig. 3.2b. It indicates a 5.40 Å periodicity
of the honeycomb lattice, which is consistent with the value deduced from the (2 ×
2) spots in the LEED pattern (5.40 Å ≈ 2 × 2.71 Å, where 2.71 Å is the lattice
constant of the Ir(111)). From this periodicity, we determine the distance between
two adjacent Hf atoms in the 2D plane to be (5.40/

√
3) Å = 3.12 Å. This value is

very close to the Hf–Hf distance of 3.19 Å on the (0001) facet of bulk Hf. Half of the
value, 3.12 Å/2 = 1.56 Å, is also within the range of the proposed covalent radii for
Hf, which are between 1.44 and 1.75 Å. In other words, the Hf atoms are the nearest
neighbors, rather than disjointed adatoms on Ir(111).
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Fig. 3.2 STM images and height profile of Hf layer formed on Ir(111). a The topographic image
(U = −1.02 V and I = 0.80 nA) shows a well-ordered pattern. The close-packed directions of
Ir[1 1̄ 0] and [1 1 2̄] are indicated by the white arrows. b The close-up image (U = −0.70 V and I
= 0.16 nA) shows the honeycomb lattice of the Hf adlayer. c A height profile taken along the blue
line in (b), revealing the periodicity of the honeycomb lattice (5.4 Å between holes). Reproduced
with permission from Ref. [14], © 2013 ACS

3.3 Theoretical Calculations of Atomic and Electronic
Structures

To confirm the experimental observations, we conducted density functional theory
(DFT) calculations. For isolated Hf adatoms on Ir(111), we considered three atomic
sites, the face-centered cubic (fcc), hexagonal close-packed (hcp), and vertically
above an Ir substrate atom (atop), as the building units of the honeycomb lattice.
Figure 3.3a demonstrates that Hf binding to the atop site is the weakest; relative to
the atop site, the binding energies of the hcp and fcc sites are 1.54 and 1.28 eV/Hf,
respectively. Next, we mixed the hcp, fcc, and atop sites to obtain three honeycomb
structures, as found in Fig. 3.3b. Not surprisingly, the fcc/hcp mixing is 0.45 and
0.36 eV/Hf lower in energy than the atop/fcc and atop/hcp mixings, respectively.

Figure 3.4a illustrates a top view of the atomic structure for the fcc/hcp mixing on
Ir(111), whereas Fig. 3.4b shows the corresponding simulated STM image for bias
= −1.5 V. The honeycomb structure is clearly seen in the STM image as marked
by the green hexagon. Figure 3.4c displays the corresponding experimental STM
image. The overall features are in remarkable agreement with the simulated results
in Fig. 3.4b.

A key issue here is whether Hf forms its own honeycomb lattice. While both the
experimental STM images in Figs. 3.2b and 3.4c and the measured Hf–Hf distance
strongly suggest so, more evidence comes from the calculated charge distribution
in the Hf layer. Figure 3.5 depicts the total charge density in the Hf honeycomb
plane. It reveals the formation of direct Hf–Hf bonds and thus explains why the Hf
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Fig. 3.3 Theoretical calculations for formation enthalpy of a single Hf atoms and b a layer of Hf
honeycomb on Ir(111). Reproduced with permission from Ref. [14], © 2013 ACS

Fig. 3.4 Atomic configuration of Hf honeycomb lattice on Ir(111). a Top view of the calculated
atomic structure. Half of the Hf atoms are on the fcc sites (vertically above the red Ir balls), while
the other half are on the hcp sites (vertically above the cyan Ir balls). The white rhombus denotes the
Ir(111)− (2× 2) unit cell.bDFT-simulated STM image (−1.5V). TheHf honeycomb is highlighted
by the green hexagon. c Atomically resolved experimental STM image (−1.5 V, 0.1 nA) showing
features identical to those in (b). Reproduced with permission from Ref. [14], © 2013 ACS

does not merely follow the Ir triangular lattice. Another issue is whether Hf forms
the honeycomb with Ir (in other words, forming surface alloys). Our calculations,
as exhibited in Fig. 3.6, reveal that a honeycomb made of only Hf is energetically
more stable than a honeycomb with Hf–Ir mixing. Therefore, both experiment and
theory suggest the existence of a continuous single-layer Hf film with honeycomb
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Fig. 3.5 The 2D charge
density in the Hf plane on
Ir(111) substrate. Reprinted
with permission from Ref.
[14], © 2013 ACS

Fig. 3.6 Atomic models and formation enthalpy of honeycomb structures with different Hf–Ir
mixing. Reproduced with permission from Ref. [14], © 2013 ACS

structure, supported on the Ir(111) substrate. The name of thismaterialmay be coined
as “hafnene”, as a particular case of possible metalenes.

In light of the fact that freestanding honeycomb structures usually hold essential
properties for technological applications, we have calculated the band structures of a
freestanding Hf honeycomb. Figure 3.7 shows the band structures for (a) spin-up and
(b) spin-down states. They reveal that the freestanding Hf honeycomb is metallic and
strongly spin-polarized (and hence ferromagnetic), with a magnetic moment of 1.46
µB/Hf. The density of states (DOS) plots show the presence of a large number of d
states near the Fermi level, which could be utilized for catalytic reactions [18]. Dirac
cones also exist in this system. Because of the localization of the wave functions



3.3 Theoretical Calculations of Atomic and Electronic Structures 43

Fig. 3.7 Band structures of free-standing Hf honeycomb. a Spin-up and b spin-down states along
with their partial densities of states. Dotted cycles denote the positions of the Dirac cones near the
Fermi level (set at E = 0). Reproduced with permission from Ref. [14], © 2013 ACS

in the 2D plane, which increases exchange coupling between electrons, the Dirac
cone for the spin-down states is about 1 eV higher in energy than that for the spin-up
states.

3.4 Bilayer Hafnene and Hafnene Grown on Other
Supports

We observed the formation of a second Hf honeycomb layer on top of the first one
upon increasing the Hf coverage, as shown in Fig. 3.8b. This could be important,
as it suggests that the existence of the Hf honeycomb structure does not necessarily
depend on the binding to the Ir substrate. Thus there comes a question thatwhether the
single-layer Hf honeycomb structure could readily be separated from the substrate.
It has not been possible so far, and even if separated, the freestanding film may not
be stable. However, there may be other ways to isolate the Hf honeycomb structure
from the substrate without strongly perturbing its physical properties or its physical
integrity, for example, by intercalation [19–21].

What is more, it is necessary to note that the observation of Hf honeycomb on
Ir(111) is not an isolated case.A similar honeycomb structure has also been fabricated
on Rh(111) substrate, as revealed in Fig. 3.9 by LEED and STM.
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Fig. 3.8 a Sub-monolayer
and b bilayer hafnene.
Adapted with permission
from Ref. [14], © 2013 ACS

Fig. 3.9 LEED patterns of
the Rh substrate a before and
b after hafnene deposition.
c The STM image of hafnene
lattice on Rh(111).
Reproduced with permission
from Ref. [14], © 2013 ACS

3.5 Summary and Outlook

We report the first example of transition metal honeycomb structures-hafnene.

(1) The LEED and STM studies reveal highly ordered Hf honeycomb lattices on
Ir(111) substrates.

(2) Interesting ferromagnetism, high density of d states at the Fermi level, and large
spin-splitting of the Dirac cones are theoretically predicted for a freestanding
Hf honeycomb structure.
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(3) Given the rich electronic, magnetic, and catalytic properties of TM elements
in general, and the insufficiency of knowledge of their 2D structures, further
realization and investigation of TM single layers are highly desirable. As the TM
honeycomb structures provide a new platform to investigate hitherto unknown
quantum phenomena and electronic behaviors in 2D systems, we expect them
to have broad application potential in nanotechnology and related areas.
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Chapter 4
Monolayer PtSe2

Abstract Single-layer transition-metal dichalcogenides (TMDs) attract consider-
able attention due to their interesting physical properties and potential applications.
Here, we demonstrate the epitaxial growth of high-quality monolayer platinum dise-
lenide (PtSe2), a new member of the layered TMDs family, by a single step of direct
selenization of a Pt(111) substrate. A combination of atomic-resolution experimental
characterizations and first-principles theoretic calculations reveals the atomic struc-
ture of the monolayer PtSe2/Pt(111). Angle-resolved photoemission spectroscopy
measurements confirm for the first time the semiconducting electronic structure of
monolayer PtSe2 (in contrast to its semimetallic bulk counterpart). The photocatalytic
activity of monolayer PtSe2 film is evaluated by a methylene-blue photodegradation
experiment, demonstrating its practical application as a promising photocatalyst.
Moreover, circular polarization calculations predict that monolayer PtSe2 also has
potential applications in valleytronics.

Keywords PtSe2 · Transition metal dichalcogenides · Atomic structure ·
Electronic property · Photocatalysis · Valleytronics

4.1 Background

As discussed in Chap. 1, layered transition-metal dichalcogenides (TMDs) with the
general formula MX2, where M represents a transition metal from groups 4–10
and X is a chalcogen (S, Se, or Te), received significant attention in the last dozen
years due to their intriguing physical properties for both fundamental research and
potential applications in electronics, optoelectronics, spintronics, catalysis, and so
on.Depending on the coordination environment and oxidization state of the transition
metal, layered TMDs can be metals, semiconductors, and insulators and thus show
various physical properties.Recent investigations ofMX2 have resulted in discoveries
of dramatically different electronic structures at the monolayer limit compared to the
bulkmaterials due to quantum confinement effects. For example, while pushing from
bulk to monolayer, MoS2 and MoSe2 show an indirect-to-direct bandgap transition
[1–4]. With these exciting findings, experimental research efforts so far have been
mainly focused on prototypical semiconducting MX2 with group VIB transition
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Fig. 4.1 Summary of about 40 different layered MX2 compounds, which are highlighted. Partial
highlights for Co, Rh, Ir and Ni indicate that only some of the dichalcogenides form layered
structures. Reprinted with permission from Ref. [6], © 2013 Springer Nature

metals (M = Mo, W). Note, however, that about 40 different MX2 compounds can
form stable, 2D single-layer TMDs structures [5, 6], as summarized in Fig. 4.1. In the
large family of layered TMDs, many other promising single-layer TMDs and related
quantumdefined properties remain to be explored experimentally. For example, IrTe2
and 1T-TaS2 exhibit novel low-temperature phenomena including superconductivity
and chargedensitywave [7, 8]; bulkReS2 showsmonolayer behavior due to electronic
and vibrational decoupling [9]. These interesting properties motivate considerable
interest in exploring other promising TMDs materials, such as group 10 TMDs,
which have rarely been reported.

Reliable preparation of ultra-thin 2DTMDs is the essential step for exploring their
properties and applications. Among various production methods, chemical vapor
deposition (CVD) and CVD analogs are the most important approaches of bottom-
up synthesis. As described in Sect. 1.3.4.2, MX2 growth using CVD-related methods
usually involves two components containingM and X as precursors, which increases
experimental steps and complexities.

4.2 Growth and Atomic Structure

In this chapter, we report epitaxial growth of monolayer PtSe2 - a heretofore-
unexplored member of the single-layer TMDs family—on a Pt substrate by direct
“selenization” [10], an analog of direct oxidation. In contrast to conventional fab-
rication methods of MX2 by exfoliation or chemical vapor deposition, the present
route toward a monolayer dichalcogenide is very straightforward: only one element,
Se, is deposited on a Pt(111) substrate, and then the sample is annealed to ~200 °C
to obtain epitaxial PtSe2 films, as illustrated in Fig. 4.2a.

The growth of PtSe2 thin films was monitored by in situ X-ray photoelectron
spectroscopy (XPS). Figure 4.2b shows theXPS spectra of the Se 3d core level during
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Fig. 4.2 a Schematic illustration of synthesizing PtSe2 monolayer by a single step of direct sel-
enization of a Pt(111) substrate. The Pt spheres with different colors and sizes are used just to
differentiate the Pt atoms in the Pt(111) substrate and in the PtSe2 sublayer. b XPS measurements
for the binding energies of Se during PtSe2 growth demonstrating the formation of PtSe2 at 270 °C.
The blue arrows indicate the peak positions (55.19 and 54.39 eV) corresponding to the binding
energy of Se2−. The Se0 peaks (at 55.68 and 54.80 eV) are dominant at 25 °C, whereas at 200 °C
the peaks in the curve indicate the coexistence of Se0 and Se2−. Reprinted with permission from
Ref. [10], © 2015 ACS

PtSe2 growth. When Se-deposited Pt(111) substrate is annealed to 200 °C, two new
peaks appear at binding energies of 55.19 and 54.39 eV (labeled by the blue arrows),
which can be explained by a change in the chemical state of Se from Se0 to Se2−,
corresponding to the selenization process of the sample. Further annealing of the
sample to 270 °C results in the disappearance of Se0 peaks (at 55.68 and 54.80 eV) and
the dominance of Se2− peaks, indicating full crystallization and complete formation
of PtSe2 films.

To obtain the structural information on the as-grown epitaxial films, we observed
the samples by LEED. Figure 4.3a shows a LEED pattern. Hexagonal diffraction
spots from PtSe2 (red circles) are observed to have the same orientation as those from
the Pt(111) substrate (blue circles), suggesting a rotational-domain-free growth. A
(3 × 3) diffraction pattern of the epitaxial PtSe2 film is clearly identified, which
corresponds to a well-defined moiré superstructure arising from the lattice mismatch
between the PtSe2 film and Pt(111) substrate. Furthermore, identical LEED patterns
were observed on the entire sample surface (4 mm × 4 mm in size), indicating the
growth of a large-area, homogeneous, and high-quality film.

To investigate the atomic structure of the PtSe2 film, we performed STM studies.
Figure 4.3b is a large-scale STM image with a well-ordered moiré pattern of PtSe2
thin film on Pt(111). The periodicity of this moiré pattern is about 11.1 Å, four times
the lattice constant of Pt(111). Figure 4.3c shows an atomic-resolution image of
the area indicated by the white square in Fig. 4.3b, revealing hexagonally arranged
protrusions with an average lattice constant of a1 = 3.7 Å, which agrees perfectly
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Fig. 4.3 a LEED pattern of PtSe2 films formed on the Pt substrate. The blue, red, white circles
indicate the diffraction spots from the Pt(111) lattice, PtSe2 thin film, and (3 × 3) superstructure
with respect to PtSe2, respectively. b Large-scale STM image (U = −1.9 V, I = 0.12 nA) shows the
moiré pattern of PtSe2 thin film on Pt(111). Thewhite rectanglemarks the size of the close-up image
in (c). c Atomic-resolution STM image (U = −1.0 V, I = 0.12 nA) of single-layer PtSe2 showing
the hexagonal lattice of Se atoms in the topmost sublayer of the PtSe2 sandwich-type structure. A
(3 × 3) moiré superstructure is visible. The red and white rhombi denote the unit cell of the PtSe2
lattice and (3 × 3) superlattice, respectively. The inset displays the FFT pattern corresponding to
PtSe2 and the superstructure. Adapted with permission from Ref. [10], © 2015 ACS

with the interatomic spacing of Se atoms in the (0001) basal plane of bulk PtSe2.
Therefore, we interpret the hexagonal protrusions in Fig. 4.3c to be the Se atoms in
the topmost Se plane of a PtSe2 film. A regular (3 × 3) moiré superstructure with
respect to the PtSe2 lattice is then established, with a periodicity of b1 = 3a1 ∼= 11.1 Å
(labeled by the white rhombus). The orientation of the moiré pattern is aligned with
that of the PtSe2 lattice. This is in agreement with the LEED observation (Fig. 4.3a),
where the diffraction spots of the (3 × 3) superlattice are in line with those of the
PtSe2 lattice. Based on LEED and STM measurements, the moiré pattern can be
explained as the (3 × 3) PtSe2 supercells located on the (4 × 4) Pt(111) atoms.

To gain further insight into interfacial features of the PtSe2/Pt(111) sample, we
performed a cross-section high-angle annular-dark-field (HAADF) STEM study. A
Z-contrast image of the PtSe2/Pt(111) interface is shown in Fig. 4.4a. One bright
layer combined with two dark layers observed on the topmost surface suggests a
Se–Pt–Se sandwich configuration (as indicated by a model diagram superimposed in
Fig. 4.4a). The atomically resolved bulk Pt substrate lattice with an experimentally
measured interlayer spacing of 2.28 Å served as a reference for calibrating other
spacing measurements. After the calibration, the spacing between the Se sublayers
in the Se–Pt–Se sandwich is found to be 2.53 Å, which is in agreement with the
calculated value in single-layer PtSe2, as displayed in Fig. 4.4b. These atomic-scale
cross-section data obtained by STEM further verify that the fabricated structure is
indeed a single-layer PtSe2 film on the Pt(111) substrate.

The combination of LEED, STM, and STEM studies indicates a (3 × 3) single-
layer PtSe2 on a (4 × 4) Pt(111) structure. We then carried out DFT calculations
based on this structure. The simulated STM image is shown in Fig. 4.4c, in which
the overall features of the experimental STM image (Fig. 4.3c) are well reproduced.



4.2 Growth and Atomic Structure 51

Fig. 4.4 a Atomic-resolution STEM Z-contrast image of the PtSe2/Pt(111) interface along the
[110] zone axis. A PtSe2 single layer over the Pt(111) substrate is resolved at atomic scale with a
model diagram overlaid for clarity. b The relaxed model. The blue and orange spheres represent Pt
atoms and Se atoms, respectively. c Simulated STM image (U = −1.0 V) based on the calculated
atomic structure in (b) is consistent with the experimental observation in Fig. 4.3c. Adapted with
permission from Ref. [10], © 2015 ACS

Only the hexagonally arranged Se atoms in the topmost sublayer of monolayer PtSe2
are imaged. The remarkable agreement between the STM simulation and experimen-
tal STM observation strongly supports our conclusions and thus demonstrates the
successful growth of a highly crystalline PtSe2 monolayer.

4.3 Electronic Structure

Having grown highly crystalline single-layer PtSe2, we investigated its electronic
energy band structure by ARPES. Figure 4.5a shows ARPES data measured along
the high symmetry direction K-�-M-K in the hexagonal Brillouin zone at a photon
energy of 21.2 eV. Data taken at other photon energies show the same dispersion,
confirming the 2D character of the monolayer PtSe2. Second-derivative spectra of
raw experimental band structures (Fig. 4.5a) are depicted in Fig. 4.5b to enhance
the visibility of the bands. Here, the top of the valence band is observed to be at −
1.2 eV at the � point and the conduction band is above the Fermi level, indicating
that monolayer PtSe2 is a semiconductor. It is quite different from the bulk PtSe2,
which-according to calculations-is a semimetal. A direct comparison between the
ARPES spectrum (Fig. 4.5b) and the calculated band structure (green dotted lines in
Fig. 4.5b) shows excellent quantitative agreement. Combining the ARPES spectra
with DFT calculations, we confirm that we have synthesized a single-layer PtSe2
and that the epitaxial PtSe2 essentially has the same electronic properties as the free-
standing single-layer PtSe2. For the first time, the band structure of monolayer PtSe2
films has been determined experimentally.

The semimetal-to-semiconductor transition was revealed by DFT-LDA calcula-
tions. As shown in Fig. 4.5c, the band structure and density of state (DOS) suggest
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Fig. 4.5 ARPES spectra and valence bands of single-layer PtSe2. a ARPES spectra obtained on
the monolayer PtSe2 on Pt(111). The high symmetry directions are shown in the inset. b Second-
derivative spectra of the raw ARPES data in (a). The calculated valence bands, superimposed as
green dashed lines, are in excellent agreement with the experimental data. The bands marked by
white arrows are from the Pt substrate. c, d Theoretically calculated band structure and density
of states of monolayer PtSe2 and bulk PtSe2, respectively. Reproduced with permission from Ref.
[10], © 2015 ACS

single-layer PtSe2 is a semiconductorwith an energy gap of 1.20 eV (2.10 eVbandgap
is predicted fromGWcalculation [11]). As a comparison, the band structure andDOS
of bulk PtSe2 are plotted in Fig. 4.5d, which confirm that bulk PtSe2 is semimetal-
lic [12, 13]. Actually, bilayer PtSe2 remains a semiconductor, but the energy gap
decreases to 0.21 eV. Starting from a trilayer, PtSe2 becomes semimetallic, as shown
in Fig. 4.6. Therefore, only single-layer PtSe2 is a semiconductor with a sizeable
bandgap.

Fig. 4.6 Calculated band
structures of free-standing
bi- and tri-layer PtSe2.
Reproduced with permission
from Ref. [10], © 2015 ACS
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4.4 Photocatalytic Properties

The opening of a sizable bandgap within the range of visible light makes monolayer
PtSe2 potentially suitable for optoelectronics and photocatalysis. We explored the
photocatalytic properties of monolayer PtSe2 by the degradation of methylene blue
(MB) aqueous solution,which serves as a typical indicator of photocatalytic reactivity
[14, 15].

4.4.1 Experimental Setups

Figure 4.7a displays the schematic diagram of photocatalytic experiments. The pho-
tocatalytic activity of as-prepared monolayer PtSe2 films was tested by catalytic
degradation of methylene blue serving as a standard model dye under visible-light
irradiation at room temperature. The ultraviolet/visible-light source was a 150WXe
lamp located at a distance of 15 cm above the solution. A set of appropriate cut-off
filters was applied to determine illumination wavelength and ensured that the pho-
tocatalytic reaction took place just under visible light. The as-prepared monolayer
PtSe2 films were exfoliated from the Pt(111) substrate by ultra-sonication in aqueous
solution. The Pt(111) crystal was picked out from the solution to avoid its possible
influence on the photocatalytic activity. Then MB molecules and ethanol (0.01 mL)

Fig. 4.7 Photocatalytic activity of a single-layer PtSe2 film. a Schematic diagram of the pho-
tocatalytic degradation of methylene blue (MB) molecules. Electrons and holes are excited by
visible-light irradiation of epitaxial PtSe2 monolayer films. The MB degradation by photo-induced
electrons demonstrates the photocatalytic activity of PtSe2 monolayer films. b Time trace of the
normalized concentration (Ct/C0, where Ct and C0 are the MB concentrations at time t min and
0 min, respectively) of the absorbance at a wavelength of 667 nm, the main absorbance peak of
MB. The inset shows the UV-vis absorption spectra of MB, recorded at time intervals of 4 min.
Reproduced with permission from Ref. [10], © 2015 ACS
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were added to the solution containing peeled PtSe2 monolayers. Before the photo-
catalytic reaction, the solution was kept in darkness for one hour in order to achieve
an adsorption-desorption equilibrium between the PtSe2 film and MB molecules.
After that, the suspension was exposed to visible-light irradiation. At time intervals
of 4 min, solution samples were collected and their absorbance was measured by a
commercial ultraviolet-visible (UV-vis) spectrophotometer. Accordingly, the inten-
sity changes of characteristic absorbance peaks of the MBmolecules were recorded.
The photocatalytic performance of PtSe2 monolayers was thus evaluated by the
time-dependent degradation rate Ct/C0, as exhibited in Fig. 4.7b.

4.4.2 Photocatalytic Characterizations

The MB molecules adsorbed on the PtSe2 films are degraded by electrons that are
excited by visible light. The time-dependent degradation of MB with a single layer
PtSe2 catalyst was monitored by checking the decrease in the intensities of char-
acteristic absorbance peaks of the MB molecules. As we can see in Fig. 4.7b, the
photodegradation portion of MB molecules reached 38% after visible-light irradia-
tion for 24 min. This rate is about four times faster than the rate obtained using PtSe2
nanocrystals [16, 17], putting single-layer PtSe2 in the same class as nitrogen-doped
TiO2 nanoparticles for photocatalysis [18, 19].

4.5 Valleytronics

With the existence of an energy gap in the single-layer PtSe2, optical excitations
can occur between the � point and the valley point along the �-M direction. This is
reminiscent of the recently discovered valley-selective circular dichroism in MoS2
by circularly polarized light [20–22]. To explore this possibility, we calculated the
degree of circular polarization of free-standing single-layer PtSe2. The calculated
circular polarization due to the direct interband transition between the top of the
valence band (VB) to the bottom of the conduction band (CB) is shown in Fig. 4.8a.
It shows significant circular dichroism polarization along the M-K direction and
near the � point. In view of the indirect energy gap, this process can be assisted
by lattice vibrations. It is noteworthy that the circular dichroism polarization not
only exists in the transition between the top of the VB and the bottom of the CB,
it also exists in transitions to higher energy levels. Circular dichroism polarization
due to transitions from the vicinity of the VB to the vicinity of the CB can be clearly
seen in Figs. 4.8b–d. Due to this significant circular polarization, in the presence
of a nonvanishing in-plane electric field, the anomalous charge current driven by
the Berry curvature would flow to the opposite edges, leading to a valley polarized
current and the resulting quantum valley Hall effect [23, 24].
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Fig. 4.8 Momentum dependence of circular polarization of single-layer PtSe2. a–d represent the
calculated circular polarization due to the direct interband transition from the top of the valence
band (VB1) to the bottom of the conduction band (CB1), from VB1 to the higher conduction band
(CB2), from the lower valence band (VB2) to CB1, and from VB2 to CB2, respectively. Significant
circular dichroism polarization exists along the M-K direction and near the � point. Reproduced
with permission from Ref. [10], © 2015 ACS

4.6 Summary and Outlook

We have successfully fabricated high-quality, single-crystalline, monolayer PtSe2
films, a new member of the TMDs family, through a single-step, direct selenization
of a Pt(111) substrate at a relatively low temperature (∼270 °C).

(1) Characterizations by LEED, STM, STEM, and DFT calculations elucidated
both in-plane and vertical monolayer structures with atomic resolution.

(2) The ARPES measurements and their agreement with calculations revealed the
semiconducting electronic structure of the single-layer PtSe2.

(3) Together with the photocatalytic performance observed experimentally, mono-
layer PtSe2 shows promise for potential applications in optoelectronics and
photocatalysis.

(4) The circular polarization of monolayer PtSe2 in momentum space indicates a
promising potential for valleytronic devices.

(5) Our studies are a significant step forward in expanding the family of single-layer
semiconducting TMDs and exploring the application potentials of ultra-thin
TMDs in photoelectronic and energy-harvesting devices.
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Chapter 5
Conclusions and Prospect

Abstract As a summary of contents, the major research results and outlooks are
included in this chapter.

Keywords Germanene · Hafnium honeycomb · PtSe2 · 2D materials

Graphene was most highly studied in material-related science in the past dozen
years because of its exceptional properties and wide applications. More importantly,
the rise of graphene initiated a new field—two dimensional (2D) materials. The
explosive studies on graphene have inspired considerable interests towards graphene-
analogous 2D materials. It is in this background that this thesis aims at investigating
novel 2D atomic crystals beyond graphene. A variety of surface-science techniques
including LEED, STM, STEM, XPS, ARPES, and Raman spectroscopy combined
with DFT calculations are employed to systematically study three new graphene-
like 2D materials—germanene, hafnene, and PtSe2. The major research results and
outlooks are summarized as follows.

(1) The experimental synthesis of germanene, a germanium-based counterpart of
graphene, is reported for the first time, which is the third single-element 2D
material following graphene and silicene. A (

√
19 × √

19) superstructure with
respect to the Pt(111) substrate is observed by LEED and STM,which coincides
with the (3 × 3) superlattice of a buckled germanene sheet demonstrated by the
first-principle calculations. The calculated electron localization function reveals
that adjacent Ge atoms directly bind to each other, confirming the continuity of
2Dgermanene sheets on the Pt(111) surface. Thiswork develops the firstmethod
of preparing single-layer germanene and facilitates the subsequent experimental
studies on its physical properties and potential applications.

(2) The first honeycomb structure composed of transition metals-hafnene-is experi-
mentally fabricated on an Ir(111) surface using UHV-MBEmethod. Theoretical
calculations reveal interesting ferromagnetism, high density of d states at the
Fermi level, and large spin-splitting of theDirac cones for a freestandingHf hon-
eycomb structure, indicating rich electronic, magnetic and catalytic potential
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applications. The realization and investigation of hafnene broaden the scope
of artificially synthesized honeycomb structures and offer a new platform for
studying hitherto unknown quantum phenomena and electronic behaviors in 2D
systems.

(3) Single-layer PtSe2 films, a new transition metal dichalcogenide (TMD) crys-
tal, are prepared through direct selenization of a Pt(111) substrate. Multiple
experimental characterizations and DFT calculations depict the structural and
electronic properties of monolayer PtSe2. The high photocatalytic activities
measured experimentally make PtSe2 single layers promising materials in opto-
electronics and photocatalysis. Moreover, monolayer PtSe2 exhibits circular
polarization in momentum space, indicating potential applications for val-
leytronic devices. These studies are a significant step forward in enriching the
family of single-layer semiconducting TMDs and exploring their application
potentials in photoelectronic and energy-harvesting devices.
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