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Abstract
Since the advent of atomically flat graphene, two-dimensional (2D) layered materials have
gained extensive interest due to their unique properties. The 2D layered materials prepared on
epitaxial graphene/silicon carbide (EG/SiC) surface by molecular beam epitaxy (MBE) have
high quality, which can be directly applied without further transfer to other substrates. Scanning

tunneling microscopy and spectroscopy (STM/STS) with high spatial resolution and high-
energy resolution are often used to study the morphologies and electronic structures of 2D
layered materials. In this review, recent progress in the preparation of various 2D layered
materials that are either monoelemental or transition metal dichalcogenides on EG/SiC surface

by MBE and their STM/STS investigations are introduced.

Keywords: molecular beam epitaxy, epitaxial graphene/silicon carbide, scanning tunneling

microscopy/spectroscopy, two-dimensional layered materials

(Some figures may appear in colour only in the online journal)

1. Introduction

Recently, with the development of study on graphene, a
number of new graphene-like single layered (SL) two-dimen-
sional (2D) materials have been successfully fabricated such as
silicene, germanene, black phosphorus, stanene, transition
metal dichalcogenides (TMDs) [1, 2]. These 2D materials have
exotic physical properties such as thermoelectric effect,

* Author to whom any correspondence should be addressed.

0957-4484/23/132001+19$33.00 Printed in the UK

superconductivity, and quantum spin Hall (QSH) effect. And
they possess huge potential in field-effect transistors, optoe-
lectronic devices, energy storage and other fields [3-5]. Fur-
thermore, 2D materials also can be used as templates to prepare
various heterostructures with excellent properties [6].

There are various modern techniques to fabricate SL 2D
layered materials such as exfoliation methods, chemical vapor
deposition (CVD) and molecular beam epitaxy (MBE) Up to
now, with the development of exfoliation methods a variety of
2D layered materials such as WSe,, MoS, and graphene were

© 2023 I0P Publishing Ltd
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acquired [7-9]. However, the surface quality of 2D materials
may be damaged during the process and some residual con-
tamination may also remain on the surface, which will affect
their electrical properties [10]. The disadvantage of CVD is the
requirement of very high growth temperature, which will result
in many vacancies in 2D materials. Compared with the above
two methods, the advantage of MBE is that high quality
monolayer (ML) 2D layered materials with a clean surface can
be obtained by layer-by-layer growth mode under low growth
temperature and ultra-high vacuum (UHV) [11]. Moreover,
MBE is a dynamic process instead of thermodynamic equili-
brium condition, it can fabricate some important naturally non-
existent or unstable 2D materials including silicene [12], bis-
muthene [13], blue phosphorus [14], and so on. Substantially,
most 2D materials are synthesized by epitaxial growth on metal
substrates [15—17]. Unfortunately, due to the strong interaction
between 2D materials and metal substrates, the intrinsic phy-
sical properties of free ML 2D materials are destroyed,
resulting in the limited application of the 2D materials. For
example, it is found that the Dirac cone disappears at Fermi
level because of the strong hybridization between graphene,
silicene and germanene and the metal substrates [18-20].
Moreover, 2D layered materials may be unstable when grow-
ing on the metal substrates [21]. Therefore, there is an urgent
need to find a substrate that can preserve the intrinsic properties
of 2D materials. As the first 2D layered materials, graphene has
attracted significant interests due to its exotic physical prop-
erties. Graphene-based materials have been considered as star
materials for a lot of applications, ranging from transistors,
capacitors to batteries [22-24]. Actually, graphene is also
considered as an excellent candidate substrate for epitaxial
growth of 2D materials for following reasons [25]. (i) Gra-
phene can be fabricated on SiC by flash annealing under UHV,
and graphene sticks to the SiC surface like a carpet. The work
function may vary due to the presence of different layers of
graphene on SiC surface [26]. Compared with HOPG, inho-
mogeneities of the EG/SiC substrate may provide more
nucleation sites for the synthesis of uniform ML 2D material
layers. (ii) Graphene can be used as an excellent substrate for
epitaxial growth of layered 2D materials due to its chemically
inertness [27]. The weak interaction between graphene and
epitaxial materials [28] can reduce the strain effect and help to
preserve the intrinsic characteristics of 2D materials. (iii) Epi-
taxial materials can be easily removed from the graphene
surface and transferred to any desired substrates surface [29].
Besides, 2D materials on EG/SiC can be directly applied
without further transfer to other substrates [30, 31]. Therefore,
EG/SiC is regarded as a promising substrate for the epitaxial
growth of 2D layered materials. In addition, because of its high
spatial resolution and high energy resolution, STM has given a
vast and valuable contribution to obtain the morphologies and
electronic structures of 2D materials. This technique has been
employed to obtain various features of 2D materials. For
instance, identifying different phases [32-34], studying charge
density waves [35-37], mapping low density of states (DOS)
[38, 39], observing quasiparticle interference [40—42] and edge
states [43]. Thus, STM is considered as a promising tool to
measure the 2D materials.

In this review, we summarize the research progress of
MBE-grown 2D layered materials on EG/SiC surface, which
are either monoelemental (e.g. silicene, bismuthene, tellurene)
or TMDs. The morphologies and the electronic properties of
these 2D layered materials have been measured with STM/
STS. We hope this review can help the readers to understand
the 2D layered materials and gain experience from previous
researches.

2. Monoelemental 2D layered materials

2.1. Silicene

Silicon and carbon both belong to group-IV on the periodic
table and play significant roles in materials science. However,
the crystal structures of carbon and silicon are different.
Carbon atoms are hybridized with sp® to form layered gra-
phite, and silicon atoms are hybridized with sp> to form a
face-centered cubic diamond structure. With the realization of
graphene with atomic layer thickness, the 2D structure of
silicon with monoatomic layer thickness receives more and
more attention from researchers [44, 45]. Wang et al defined
the 2D honeycomb silicon monoatomic layer formed by sp*
hybridization as silicone [44]. Figure 1(a) is a 2D repre-
sentation of the lattice.

Silicene is the silicic version of graphene [45], which has
a similar energy band structure with graphene. It has a Dirac
electronic structure analogous to graphene, and its Brillouin
zone also has 6 linear dispersion Dirac cones [46]. Silicene
has many quantum effects similar to the graphene system,
while the sp? and sp® hybridization between silicon atoms
give silicene a unique warped structure. Besides, silicene also
possesses a spin—orbit coupling energy gap of 1.5meV,
which can realize the QSH effect [47].

The novel physical properties of silicene have attracted
more and more researchers to use various experimental
techniques to prepare it. Several groups have achieved the 2D
growth of silicene via MBE [11, 48]. Usually, silicene is
prepared on the metal substrates. However, density functional
theory calculation and STM study demonstrate that a strong
Si-Metal interaction must be considered [49]. Whether pure
2D silicene is actually obtained remains controversial.
Therefore, it is worth a shot to grow silicene on a relatively
inert substrate like EG/SiC.

Sone et al studied the growth of Si on EG/6H-SiC(0001)
[50]. Unfortunately, 2D silicene has not been observed on
graphene surface. At 290420 K, distinctive flower-like
islands are formed, as shown in figure 1(b). They found that
the growth was mainly controlled by diffusion-limited
aggregation, and monatomic silicene wasn’t obtain on sur-
face. They attributed this result to the weak interaction
between the graphene substrate and Si adatoms. Therefore,
they considered silicene cannot grow on EG/SiC.

However, Berbezier et al have successfully grown large
nanostructures of silicene on graphene covered 6H-SiC
(0001) which turn out to be a good template [51]. The results
are not consistent with previous report. Silicene (as shown in
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Figure 1. (a) The lattice structure of silicene from top and side view. Reprinted from [44], Copyright (2015), with permission from Elsevier.
(b) Morphology of flower-like islands on EG/6H-SiC surface (240 x 240 nm?). Reproduced from [50]. © IOP Publishing Ltd. All rights
reserved. (c) STM image of silicene on EG/SiC and a stick-and- model ball is superimposed. Red, blue and green atoms represent Si atoms.
Reproduced from [51]. Used with permission of World Scientific Publishing Co., Inc., from Silicene Nanostructures Grown on Graphene
Covered SiC (0001) Substrate Int. J. Nanosci. 18 1940039, permission conveyed through Copyright Clearance Center, Inc. AFM images of
the surface after Si deposition at RT on EG/6H-SiC (0001) of different thickness (d) 0.125 ML; (e) 0.25 ML; (f) 0.5 ML; (g) 1 ML; (h) 3 ML;
(i) 6 ML. Reprinted with permission from [52]. Copyright (2022) American Chemical Society.

figure 1(c)) shows an almost complete sp> configuration with
a very small buckling according to the STM image. And the
STS results further confirm the silicene is metallic. Recently,
Berbezier et al reported that large-scale quasi-free-standing
silicene can be fabricated on CVD EG/6H-SiC at small
deposited thicknesses of silicon layers (<1 ML) [52]. They
considered that two conditions were essential for epitaxial
growth large-scale silicene sheets on EG/6H-SiC: defect-free
1 ML graphene and the UHV environment. At low coverages

(<1 ML), 2D silicene sheets were observed on surface by
atomic force microscope (AFM) and the 2D silicene sheets
were surrounded by 3D ridges forming dendritic islands
(figures 1(d)—(f)). After 1 ML deposition, the 2D silicene
sheets totally disappeared and large-scale 3D dendritic island
appeared (figure 1(g)). At high coverages (from 3 to 6 ML),
the surfaces were fully covered by dendrites (figures 1(h)—(i)).
They considered that the Si atoms on the first layer were only
weakly bonded to the graphene and the diffusion barrier was
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Figure 2. (a) Possible arrangement of Bi thin films on ML EG. The purple and black balls represent Bi atoms, gray balls represent C atoms.
(b) The atomic scale of Bi films on ML EG. Reprinted with permission from [64]. Copyright (2014) American Chemical Society. (c) and (d)
Morphologies of Bi nanoribbons grown across EG steps. (e) and (f) Height profiles along the green arrows in figures (c) and (d). (g) Proposed
mode of one Bi nanoribbon grown across EG steps. Orange and green lines represent EG layer and buffer layer, respectively. Reprinted with

permission from [65]. Copyright (2018) American Chemical Society.

low. However, Si atoms diffusing on top of the deposited Si
layers the energy barrier became greater due to strong Si—Si
interactions.

2.2. Bismuthene

Bismuth (Bi) is a semimetal and possesses exotic electron
distribution, which endows Bi with various interesting phy-
sical properties [53-56]. In contrast to the bulk Bi, Bi
nanostructures have many unique properties, such as surface
superconductivity [57], and transformation from semimetal to
semiconductor [58]. In addition, splitting of surface-state
bands can be observed on Bi surface, which show potential
application in spintronics [59]. Bismuthene on a SiC has been
considered as a promising 2D materials for the high temper-
ature QSH structure [12]. Bi films and nanostructures have
been fabricated on various substrates, such as HOPG [60],
Si(111) [61], Bi,Tes/Si [62] and metal substrates [63].
However, there are few studies on the epitaxial growth of the
Bi films and nanostructures on EG/SiC.

Fabrication of metal nanostructures on EG is essential for
its practical applications. The growth of Bi nanostructures on
the EG/SiC surface has been initially investigated by Huang
et al [64]. The results depict the physically-adsorbed nature of
Bi nanostructures on EG/SiC. The proposed model is shown
in figure 2(a) and the atomic scale of Bi nanostructures on ML
EG is displayed in figure 2(b). As Bi coverage area increased,
graphene-related peaks are almost unvaried according to
photoemission spectroscopy results. They demonstrated that
Bi nanostructures on EG surface was an islanding growth
pattern because of weak interface interaction. In addition, due

to quantum and size effects, the Bi nanostructures exhibit
semiconducting properties.

Besides, Ma er al reveled that Bi nanoribbons and
nanorods are prone to grow at different places of EG/SiC
surface [65]. Nanorods tend to grow on SiC buffer layer and
the diffusion barrier is very high. However, Bi nanoribbons
prefer to grow on ordered EG. They obtained a Bi nanor-
ibbon, which grew across EG steps in figures 2(c) and (d).
The heights of the EG step and the Bi nanoribbon is shown in
figures 2(e) and (f). Moreover, they displayed proposed
growth mode of the Bi nanoribbon across EG steps in
figure 2(g). Since growth of the Bi nanoribbon can extend
across EG steps, a continuous 2D growth mode is proved.

Hu et al found that Bi atoms could tune the defects of EG
on SiC surface [66]. Bi atoms were firstly deposited on SiC
surface before the fabrication of EG to facilitate single defects
and defect clusters, then Bi atoms were thoroughly cleaned
away at higher temperature by post-annealing. Ultimately,
defects could be fabricated on graphene. The results reveal the
potential of Bi atoms on defect engineering as well as on
applications in electronics of Bi atoms.

2.3. Tellurene

Layered tellurium (Te) is a semiconductor with various exotic
physical properties, such as tunable bandgap [67], super-
conductivity [68], high hole mobility [69], excellent optical
response [70], and so on, motivating researchers to study on
ML Te films. Although many kinds of Te nanostructures have
been synthesized in previous reports [71-73], the epitaxial
growth of Te films on EG/SiC is still rarely reported.
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Figure 3. (a) and (b) Schematic diagram of Te crystal structure and BL Te films, respectively. Orange and yellow balls represent Te atoms,
respectively. (c) STM image of SL Te film. Reprinted with permission from [74]. Copyright (2017) American Chemical Society. (d) The p—n
junction of ML Te across the graphene steps. (e) Schematic diagram of electron doping effect. (f) The d//dV mapping of the step edge. [76]
John Wiley & Sons.© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) STM image of Te nanoribbon on EG/SiC. Inset:
height profile along the dashed orange arrow. (h) The film-growth mode of Te layers in the nanoribbon on EG/SiC substrate. Reprinted

figure with permission from [75], Copyright (2021) by the American Physical Society.

In 2017, Huang et al firstly fabricated ML and few-layer Te
films on EG/6H-SiC surface via MBE [74]. Figures 3(a) and (b)
are schematic diagrams of 3D configuration of the Te crystal and
the bilayer (BL) Te on EG/6H-SiC surface, respectively. They
obtained the atomic structure of the SL Te films in figure 3(c) and
also revealed that the Te films were composed of many parallel
chiral Te chains [75]. Moreover, the bandgap of Te was nega-
tively correlated with thickness. When thickness decreases, the
bandgap increases monotonically up to 0.92 eV for the ML Te.
Therefore, with controllable thickness in ML, Te films will dis-
play great potential in optoelectronic application.

Besides, the band structure of Te films was also investigated.
Huang ef al found that at the edge of ML Te films and EG the
bending was upward band in the d/dV mapping (figure 3(f))
[76]. This result also indicated that the electronic and optoelec-
tronic properties of Te films could be tuned. Then, they suc-
cessfully fabricated the in-plane p—n junctions across the
graphene steps, as shown in figure 3(d). They found that the
doping effect of SiC substrate depended on the thickness of
overlaid graphene. STS measurements revealed that Te film
showed a p-type behavior on trilayer graphene, but it showed a

n-type behavior on single layer graphene (SLG), and the
corresponding schematic diagram was shown in figure 3(e).
Defects with a small scale periodic at edges of Te nanor-
ibbons were synthesized later [75]. Guo et al found that Te
nanoribbons were chiral and quasiperiodic defects induced
modulation of electronic states was quasiperiodic. The energy
gap was enhanced at the site of defects and recovered away from
the defects. An STM image of Te nanoribbon on EG/SIC is
shown in figure 3(g), in which both edges along the chain
direction can be revealed. The Te films composing the Te
nanoribbon are aligned together at one edge along one direction,
while they are misaligned at the opposite edge. Based on the
topographic characteristics and theoretical calculations, they
considered that the Te films in the nanoribbon had a preferred
growth mode from the aligned edge, as shown in figure 3(h).

3. Transition metal dichalcogenides

3.1. MoSe»

MoS, is one of the best known 2D-TMDs materials due to its
application potential in optoelectronic synapses and
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transistors [77, 78]. The main reason is that the bandgap of
MoS, depends on the thickness and MoS, can transform from
indirect to direct band gap semiconductor [79-81]. The
underlying substrate also has important influence on the
electrical properties of MoS,/graphene heterostructures. At
present, CVD and mechanical exfoliation methods are mostly
used for MoS, epitaxy on EG/SiC, but MBE method is rarely
used. Therefore, in this review we do not give a detailed
description of epitaxial growth of MoS, by MBE In addition
to MoS,, another layered 2D materials, MoSe, is also studied
extensively. For example, S MoSe, has great application
potential in optoelectronics devices and electronic devices
[82—84]. Compared with MoS,, SL-MoSe, has many unique
properties. SL-MoSe, has a narrower direct band gap, so it
can be used in photoelectrochemical cells and single junction
solar cells [85-87]. Schematic of layered MoSe, on EG/SiC
surface is shown in figure 4(a). Each SL-MoSe, contains two
Se atomic layers and one Mo atomic layer is inserted in the
middle [86]. SL MoSe, synthesized by MBE has been
reported to grow on different substrates including Au(111)
[88] and EG/SiC [89]. It is found that MoSe, can transform
from indirect in bulk to direct band gap semiconductor in ML.
Crommie er al also used STM/STS to measure the morph-
ology and electronic properties of ~0.8 ML MoSe, films
grown on EG/SiC by MBE [86]. Due to only submonolayer
MoSe; on surface, the MoSe, films and the underlying BLG
can be characterized simultaneously using STM (figures 4(b)
and (c)). They found that MoSe, on BLG surface had a
honeycomb lattice structure and a Moiré pattern, and renor-
malized bandgap and excitonic effects can be observed in ML
MoSe,. The Moiré pattern arises from lattice mismatch the
distinct lattice parameters of MoSe, and graphene, as well as
their relative stacking orientation.

Crommie et al revealed that the electronic properties of
MoSe, film were thickness dependent through STS measure-
ments [90]. They fabricated a sample with the layer number of
ML, BL and TL shown in figure 4(d). A series of the STS
spectra for MoSe, with different thickness are shown in
figures 4(e)—(g) and the distinct features appear in both the
valence band (VB) and conduction band (CB). A wide band-
gap is surrounded by the band edges (V1, C1) and the CB (C1,
C2), are indicated in the figures 4(e)—(g), respectively. The
corresponding bandgap values are marked on a logarithmic
scale (figures 4(h)—(j)). These results clarified the influence of
thickness on the electronic properties of MoSe,. Wu et al
demonstrated that SL-MoSe, was a direct bandgap semi-
conductor with 1.55eV and had good thermal stability [91].
The photoluminescence (PL) peak height decreased rapidly
from SL to bulk, demonstrating the transition from direct band
in the SL to the indirect bandgap in the bulk (figure 4(k)),
which was similar to MoS, [92]. Moreover, the electrical
energy (1.86eV) of SL-MoSe, is in the wavelength range of
visible light, which endows SL-MoSe, with an important
application value in photocatalysis and solar cells. Jamet et al
found that the interaction between the MoSe, and few-layer
graphene could help the graphene to open a band gap. The
band gap is about 250 meV, and they believed that it was due
to an interface charge transfer that leads to an electronic

depletion in the few-layer graphene [93]. Besides, Barja et al
found isolated 1D charge density wave (CDW) at mirror twin
boundaries of SL-MoSe, films [89].

The crystalline structures and the device performance of
the 2D-TMD semiconductors can be affected by various
defects such as vacancies, adatoms and grain boundaries
[94, 95]. The chalcogen atom substitution is also considered
as a typical defect in 2D-TMD semiconductors, such as
oxygen-substituted MoS, and oxygen-substituted MoSe,
[96, 97]. In 2019, Barja et al observed the morphology and
electronic structure of the point defects in ML MoSe, on EG/
SiC grown by MBE through AFM and STM/STS measure-
ments [97]. After gentle annealing, they found chalcogen
defects appeared as the vacancies in AFM image (figure 4(1)),
but the theoretical calculations predicted that theses defects as
substitutional oxygen chalcogen sites did not appear deep in-
gap states in the bandstructure, these results were consistent
with the STS data (figure 4(m)). This work revealed that
substitutional oxygen as point defects in 2D-TMDs, not just
chalcogen vacancies.

3.2. Wsez

WSe, possesses large spin-splitting in the VB among the
TMDs semiconductors [98], which makes WSe, has great
application potential in spintronic devices [99, 100]. Similar to
other layered TMDs, the ML WSSe; is also a sandwich structure
and the atomic structure is shown in figure 5(a) [101]. It is
found that ML WSe, is the first TMDs material that can pos-
sess both p-type and n-type conductive properties [102].

Initially, researchers utilized mechanical exfoliation and
CVD methods to fabricate atomically thick WSe, nanosheets.
However, the quality of WSe, is poor. Until 2013, Xie et al
utilized MBE-grown atomically flat ML and BL WSe, films,
and the films had no domain boundary (figure 5(b)) [103].
They also acquired the STS spectra of ML and BL WSe,
domains. They found that the bandgap increased from BL to
ML and a band-bending effect appeared in the boundary. In
one report, Mo et al have reported the grown of WSe, films
on EG via MBE and have analyzed the electronic structure.
Angle-resolved photoemission spectroscopy (ARPES) and
STS measurements reveal that electronic properties of WSe,
are thickness dependent and WSe; films are n-type doping on
EG/SiC [104]. In another report, Zhen et al acquired the PL
spectra of ML WSe, and the WSe,/graphene heterostructure
in figure 5(c) [105]. The PL intensity of pristine ML. WSe; is
more than 15 times stronger than that of WSe,/graphene
heterostructure, indicating that interlayer relaxation of
WSe,/graphene heterostructure is more than 15 times fasters
than that of intralayer recombination in ML WSe,.

Besides, Chiang et al successfully fabricated a quasi-
freestanding 1T’-WSe, films on BLG that did not appear in
the bulk [106]. Using ARPES and STM/STS, they found a
gap of 129 meV in this 1T-WSe; films (figure 5(d)) and it
was suitable for QSH electronics at RT. Moreover, Qian et al
also demonstrated that the 1T'-WSe, films prepared on EG/
SiC was more suitable for fabrication of topological field
effect transistors [107]. In 2020, Li at al successfully
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Reproduced from [86], with permission from Springer Nature. (d) A sample with different layers of MoSe,. (e)—(g) STS spectra obtained for
MoSe, with different thickness. (h)—(j) are the logarithmic scale of (e)—(g). Reproduced from [90]. CC BY 4.0. (k) PL spectra of the SL, TL
and bulk MoSe,. Reprinted with permission from [91]. Copyright (2012) American Chemical Society. (1) AFM image of Q. (substitutional
oxygen at a Se site) in 2D-MoSe,; (m) STS spectra of the left defect in figure 4(1) Q. and pristine MoSe,. Reproduced from [97]. CC BY 4.0.

fabricated 1T-1H WSe, lateral heterojunctions on EG/SiC
and found edge state at the heterojunctions, which will be
advantageous to prepare nano quantum devices [108]. Ugeda
et al observed the topologically protected states at boundaries
in SL 1T'-1H WSe, [109]. They displayed the STS spectra
acquired at the bulk of 1T’ phase and at the edge of 1T/-1H
interface in figure 5(¢) and found 1T’ bulkgap disappeared at
distances greater than 2 nm from the 1T’-1H interface. The
appearance of the peak in the edge indicated that the existence
of a topologically protected state. They also mapped the
dI/dV near 1T'-1H interface in figure 5(f) and revealed that
the interface state could penetrate into the 1T-WSe, bulk.
Quang et al demonstrated that charged defects and edges in

MoSe, and WSe, deposited on EG/SiC could lead to band
bending [110]. In addition, Liu er al revealed that the edge
states at W edges were depended on the number of additional
Se atoms, while the edge states at Se edge were always been
observed [111]. These results demonstrate the influence of
edge terminations on the edge states in WSe,, significant for
tailoring the electronic properties of TMD-material-based
electronic devices in future.

3.3. PtSEg

Platinum disselenide (PtSe,) also has high charge-carrier
mobility and wide bandgap and it is a new type of TMDs
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Reproduced from [109], with permission from Springer Nature.

[112]. Although the atomic structure of PtSe, is also typical
sandwich structure, its stable phase is 1T, which is different
from other layered TMDs. The building block of PtSe, is
shown in figure 6(a) [113]. Bulk PtSe; is a semimetal, but ML
PtSe, is a semiconductor and the bandgap is about
1.20-2.10eV [114, 115]. Thus, the electronic properties of
PtSe; also can be controlled by changing the number of PtSe,
layers. Besides, compared with traditional PtSe, nanocrystals,
ML PtSe, has an excellent photocatalysis property.

Initially, PtSe, films were prepared using MBE by direct
selenization of Pt(111) substrate and this method can yield
millimeter size PtSe, films(figure 6(b)) [115].

However, the electronic properties of PtSe, films are
affected by the metallic Pt substrates, which impedes its
application in electronic devices. In addition, this method can
only produce ML PtSe, films, but it is difficult to acquire
thicker PtSe, films. Subsequently, Zhou er al reported that
they obtained PtSe, films from 0.8 to 22 ML on BLG/SiC
substrate by MBE [113]. The topographic characteristic of the
0.8 ML PtSe, is shown in figure 6(c). In order to investigate
the relationship between the electronic structure and the film
thickness, they also obtained low-energy electrondiffraction
(LEED) and ARPES results taken from 1 to 22 ML PtSe, in
figures 6(d)—(m). In figure 6(d), both the 1 ML PtSe, film and
the graphene substrate can be observed. As the thickness of
PtSe; increase, the substrate surface is completely covered by

PtSe, and the signal of graphene substrate disappears in the
LEED pattern. According to the ARPES result of 1 ML PtSe,
film (figure 6(i)), it can be seen that 1 ML PtSe, is a semi-
conductor and the bandgap is 1.2 eV. As predicted, when the
thickness of PtSe, is thicker than 1 ML, ARPES results show
that the bandgap of PtSe, film is decreasing [116]. However,
when the PtSe, film thickness increases to 22 ML, the ARPES
result is as same as the bulk PtSe,. All the ARPES results
indicate that the bandgap of the PtSe, films can be tuned by
film thickness.

The PtSe, thin films can also be epitaxially grown on the
insulating substrates surface. Moreover, due to its air stability
and excellent electrical properties, PtSe, film will be con-
sidered as a promising candidate material in electronic devi-
ces in the future.

3.4. Vsez

Vanadium diselenide (VSe;), a typical layered TMDs, the
crystal structure is shown in figure 7(a) [117]. Vidya et al
reported that when VSe, films were grown on BLG/SiC
surface, different growth temperatures would result in dif-
ferent polymorphs [118]. At growth temperature of 200 °C,
the ML VSe, film displays a 2D incommensurate CDW
patterns (figure 7(b)). Then, it can evolve into a commensu-
rate 4a X 4a CDW in the BL VSe,; (figure 7(c)). However, at
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Figure 6. (a) Structure of PtSe, on EG surface. Reproduced from [113]. © IOP Publishing Ltd. All rights reserved. (b) STM image of PtSe,
on Pt(111). Reprinted with permission from [115]. Copyright (2015) American Chemical Society. (c) Surface structure of 0.8 ML PtSe, on
EG/SiC surface. LEED data of PtSe, films from 1 to 22 ML(d)—(h) and corresponding ARPES data acquired along the I'-K direction taken at
21.2 eV (1)—(m). Reproduced from [113]. © IOP Publishing Ltd. All rights reserved.

growth temperature of 450 °C, the ML VSe, film shows a 1D
discommensurate CDW, as shown in figure 7(d). At high
growth temperature, BL VSe, are distorted 1T phase
(figure 7(e)). Besides, another CDW phase is observed in ML
VSe, showing V3x2 and V3xV7 periodicities (figure 7(f))
[119]. Kim et al considered that the modulations were caused
by strong lattice distortions. In contrast to the 1T structure in
ML VSe,, 1T’ structure is stable in BL VSe, [120]. Subse-
quently, Kim er al systematically investigated the lattice
dynamics in BL 1T’-VSe, on EG/SiC and they demonstrated
that tunneling current played an important role in lattice
dynamics in BL VSe, [121]. Kim et al also investigated the
relationship between multiple CDW phases in ML VSe, and
the thickness of graphene with STM and ARPES [122]. They
found that ML VSe; films on SLG and BLG displayed dif-
ferent topographic modulations. They observedy/3x2 and
V3xv/7 CDW in ML VSe2/BLG, but the modulation of
4 x 1 CDW dominated in ML VSe2/SLG. The different
topographic modulations arise from different interfaces
between the VSe2 and substrates. The weakly coupled
interface between ML VSe, and SLG substrate might facil-
itate preserving the 4 x 1 CDW in topography. They
demonstrated that SLG and BLG substrates played important
roles in studying the CDW phase in TMDs materials.

3.5. PdSe,

The model of PdSe, is shown in figure 8(a) [123], which is
also typical sandwich structure. The electronic structure of
PdSe, is strongly dependent on the number of layers. Singh
et al demonstrated that bulk PdSe, was an indirect semi-
conductor with the bandgap of 0.03 eV and ML PdSe, was a
direct semiconductor with the bandgap of 1.43eV [124].
Meanwhile, few-layer PdSe, also has a high electron field-
effect mobility, which is beneficial to transistor applications
[125, 126], and displays high performance in optoelectronic
devices. Besides, due to its broad absorption spectrum (from
the visible to ultraviolet regions), PdSe, has great application
potential in solar cell and photovoltaic device [127, 128]. In
addition, PdSe, is relatively stable in air, which is favorable to
2D materials in practical applications [129].

In 2018, Gao et al fabricated BL PdSe, films on EG/SiC
surface and the topographic characteristics and electronic
properties of the PdSe, layers were studied by STM/STS
[130]. The STM topographic images of PdSe, is shown in
figures 8(b) and (c). They found that the height of the PdSe,
island was about 7.8 A, indicating that the islands consisted of
BL PdSe,. Moreover, the topmost Se atoms were marked
white zigzag line in figure 8(c). Through theoretical calcul-
ation, they found that BL PdSe, was indirect bandgap
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Figure 7. (a) The structure of VSe,. [117] John Wiley & Sons. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(b) and (c) Morphologies of the SL and BL VSe, grow in 200 °C. (d) and (¢) Morphologies of SL and BL VSe, grow in 450 °C, respectively.
Insets: corresponding 2D fast Fourier transform images. Reprinted figure with permission from [118], Copyright (2020) by the American
Physical Society. (f) Morphologies of ML VSe,. Reproduced from [119], with permission from Springer Nature.

semiconductor and the bandgap was 0.94eV (figure 8(d)).
The dI/dV curve of BL PdSe, on graphene was shown in
figure 8(e) and they found that the the bandgap was 1.15¢eV,
which was larger than the calculated value. Due to excitonic
effects in 2D semiconductor [131], Xiao et al found that the
bandgap of exfoliated BL PdSe, films characterized by opti-
cal spectroscopy was smaller than STS results [129].

Gao et al also found PdSe, films can grow continuously
across BLG-MLG steps and corresponding STM image and
STS spectra were shown in figures 8(f) and (g), respectively.
The dI/dV spectra of PdSe, films on BLG and MLG showed
a distinct shift of 0.2 eV, and they thought that it may be due
to the doping effect of SiC substrate, which was similar to
[76]. Moreover, the result was further supported by the d7/dV
mapping. Besides 2D PdSe, islands, they also acquired the
STM image of a BL PdSe, nanoribbon on PdSe, island and
the orientation of the nanoribbon was as same as underling
PdSe, island, indicating that PdSe, nanoribbon epitaxial grew
at 2D PdSe, substrate. In addition, Gao et al also synthesized
ML Pd,Se; films on EG/SiC by a two-step thermal-annealing
process. The STM image is shown in figure 8(h) [132].
Firstly, they fabricated the BL PdSe, films in the selenium-
rich atmosphere. Then, large scale ML Pd,Se; islands could
be synthesized by annealing the PdSe, films in a selenium-
deficient atmosphere. The high resolution STM image of
Pd,Se; film is shown in figure 8(h).
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3.6. MoTe»

Among VI B group TMDs, the energy between 2H-MoTe,
and 1T’-MoTe, is the most similar [133]. Both high quality
thin films can be obtained [134, 135]. 2H-MoTe, is a semi-
conductor with a very small bandgap [136], and few-layer
MoTe, can be fabricated as ambipolar field effect transistor.
Therefore, homogeneous p—n junctions can be constructed by
electrostatic doping or surface doping, so as to produce high-
performance logic circuits, photodetectors and light-emitting
diodes [137-139]. 1T-MoTe, is semimetallic, and it has been
predicated to be fine material for realizing QSH effect [140].

CVD has been used to prepare the 1T'-MoTe, films
[141]. Up to now, despite the unremitting efforts of
researchers, the growth of ML 1T’-MoTe, films by MBE
remains a challenge due to existence of the stable 2H phase in
the as-grown 1T’-MoTe, films [142]. Sporken et al have
reported the dependence of MoTe, composition on the
growth temperature by MBE on EG/6H-SiC substrates and
have found the appropriate temperature for growing the
MoTe, films [33]. They demonstrated that the substrate
temperature would affect the crystalline quality of MoTe,.
They prepared six samples at different substrate temperatures
ranging from 130 °C to 320 °C. As a result, they found that
the sample with a substrate temperature of 250 °C had a
smoother surface than other samples. They also found the co-
existence of the 1T’ phase and 2H phase on the graphene
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surface (figure 9(a)). Ball-and-stick models of the 2H-MoTe,
and 1T'-MoTe, are shown in figures 9(b) and (c), respectively
[143]. Meanwhile, Zhang et al utilized STM/STS to inves-
tigate the morphologies and electronic properties of lateral
heterophase homojunctions in epitaxial 2H-MoTe, and
1T'-MoTe, films on EG surface [143]. 2H- and 1T’-phase
edges can form continuous interfaces and larger MoTe,
islands can be observed in figures 9(d) and (e). They further
acquired the dI/dV spectra of the point A ~ G in figure 9(e),
as shown in figure 9(f). At point A, the d7/dV curve is V-type,
but it turns into U-type at point G, indicating the structure can
transform from semimetallic 1T’ phase to semiconducting 2H
phase. This study reveals that MoTe, lateral homojunctions
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can be fabricated on graphene, which will display great
applications in novel phase patterning devices.

Since the energy of 2H and 1T’ phases is close, it is
difficult to fabricate single phase 2H-MoTe, films. Adjusting
the growth conditions instead of increasing growth steps is the
best way to get a single crystallographic phase, since too
many growth processes will destroy the crystalline quality
[144, 145]. Recently. Sporken et al fabricated only
2H-MoTe, phase via MBE with a multi-step process [146]
and uniform 2H-MoTe, films could be obtained in figure 9(g).
Two different Moiré patterns can be observed in this ML
2H-MoTe, as shown in figure 9(h). On the BLG surface two
different Moiré patterns have been also observed [147]. As a
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contrast, they fabricated a sample with the same growth time
in a single-step process. However, the crystalline quality is
poor, the corresponding STM image is shown in figure 9(i).
They also prepared a sample with 10 min deposition in the
multi-step process, the graphene surface was covered by the
2H-MoTe, phase (figure 9(j)). STS measurements are per-
formed at points 1-5 in figure 9(j) and corresponding d//dV
curves are shown in figure 9(k). The dI/dV spectra of gra-
phene and MogTeq are ‘V’-type, because they are semi-
metallic. Other dI/dV curves are ‘U’ shape, indicating
2H-MoTe, is semiconducting. The bandgap of 2H-MoTe, is
~0.98 eV, which is consistent with the previous report [146].
Sporken et al also demonstrated that 2H-MoTe, films could
recover to high quality surface after exposure to air under a
dry nitrogen box [148]. Zhou et al successfully prepared
1T-MoTe, films on BLG/6H-SiC [149]. Moreover, they
demonstrated that 1T’-MoTe, film was a metal. In addition, in
another report, Sporken et al also found three different Moiré
patterns in 1H-MoTe, films by using appropriate scanning
conditions [150]. The atomically clean interface between
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graphene and MoTe, permits the electronic coupling between
the adjacent layers and the appearance of a high variety of
Moiré patterns. This result revealed the complex electronic
coupling of the MoTe,/graphene heterostructure.

3.7. WTe,

The model of ML 1T’-WTe, is shown in figure 10(a), it is a
typical sandwich structure [151]. In 2017, Mo et al obtained
ML 1T-WTe, films by MBE on the EG/SiC substrate
(figure 10(b)) [152]. Comparing with STS and ARPES
results, they confirmed that the bandgap of ML 1T’-WTe, was
55 meV (figure 10(c)). The STS data was acquired at a point
far away from the edge of WTe, films, which represented the
bulk local DOS. Moreover a QSH insulator of ML 1T-WTe,
is first measured by ARPES. STS data acquired at the bulk
and the 1T-WTe, edge was very different. The dI/dV spec-
trum at the 1T'-WTe, edge is ‘V-shape’, but a gap exists in
the bulk (figure 10(d)). Besides, they also acquired the spatial
profile of the 1T’-WTe, edge and bulk states in figure 10(e),
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ARPES cut along the O-Y direction. (d) dI/dV spectra of the bulk and the edge of 1T’-WTe,. (e) Spatial profile of the 1T’-WTe, edge and

bulk states. Reproduced from [152], with permission from Springer Nature. (f) d//dV data acquired near WTe, step edge. (g) and (h)—~(1) STM
and dI/dV maps at different bias. (m) The plot of square resistance versus temperature. Reprinted figure with permission from [154],



Nanotechnology 34 (2023) 132001

Topical Review

where a gap in bulk and metallic edges could be observed. In
contrast to the ARPES result (figure 10(c)), they considered
that a bandgap of bulk was 55 meV, which is in agreement
with theoretical predictions [106]. Recently, Cobden et al
demonstrated that conducting edge channels were observed in
exfoliated 1T-WTe, [153]. Li et al obtained nearly free-
standing SL 1T'-WTe, on EG/SiC by MBE [154]. They
confirmed that the topological edge states existed in the edge
of SL WTe, islands. The dI/dV data were acquired across the
WTe, step edge as shown in figure 10(f). They found that the
peak only appeared near the step edge in the range of 5 nm, as
indicated by the red dotted line. Moreover, due to the
enhancement of the d//dV intensities along the step edges
changes subtly, they considered that the edge states were
stable to the weak perturbations at the steps. A topographic
image and corresponding d//dV maps are acquired at differ-
ent bias, in figures 10(g) and (h)—(l), respectively. The edge
states are always at the edge of the WTe, steps, as marked by
the enhanced dI/dV intensity. They also measured temper-
ature-dependent resistance over the SL WTe, films and the
corresponding relationship was shown in figure 10(m).
Moreover, they also confirmed that the SL WTe, films act as
an insulator below 30 K.

2D 1 T’-WTe, also has strong electron correlation [155].
Song et al reveled that there was a weak pseudogap sup-
pression in the DOS [156], when the ML WTe, films were
doped so that the Fermi level was located in the CB. Zhao
et al demonstrated that the strain could be tuned by using the
distorted graphene as substrate, which is fabricated by over-
heating the SiC sample [151]. They found that the band
structures of the ML 1T'-WTe, could be regulated by in-plane
strain and the phase transition can be tuned from a semimetal
to an insulator.

3.8. PdTe,

PdTe, is a typical 1T structure [157, 158]. In particular, PdTe,
is a 2D layered material with low temperature super-
conductivity, which makes it an interesting material for
condensed matter explorations. Schematic structure of bulk
PdTe, is shown in figure 11(a). In 2018, Gao et al reported
the epitaxial growth of large area PdTe, materials on EG/SiC
substrate via MBE [159]. They obtained atomically resolved
STM image of PdTe, films (figure 11(b)). Furthermore, they
carried out the air exposure measurements and proved the
chemical stability of PdTe,. They firstly exposed the epitaxial
PdTe, sample to air more than 5h. Then, the sample was
annealed at 450 K in UHV to desorb the physisorbed species.
High quality PdTe, films can also be obtained and the STM
images are shown in figure 11(c) (large-area) and 11(d)
(atomically resolved). The PdTe, films can construct
antimonene/PdTe, heterojunctions for future applications in
optoelectronic devices.

3.9. Other transition metal dichalcogenides

Other TMDs have been successfully grown on EG/SiC by
MBE and measured by STM include TiSe,, Cu,Te, CrTe,,
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NbS,, TaS, and FeS,, and so on. In one report, Peng et al
have grown TiSe, films on EG/SiC via MBE and have
identified two dominant types of Se vacancy and interstitial
defects by STM measurements [160]. In another report, Qian
et al have recently fabricated ML Cu,Te films on EG/SiC via
MBE with excellent air stability [161]. In 2021, Zhang et al
have shown the growth of CrTe, films by MBE, for the first
time and have observed intrinsic ferromagnetism in CrTe,
films [162]. In addition, Lin et al have revealed that mono-
layer NbS,, TaS,, and FeS films can be synthesized on EG/
SiC via MBE by using FeS as the sulfur source and CDW
patterns can be observed in monolayer NbS,, TaS, [163].
Thus, this work provides a method to fabricate 2D materials
by using FeS as the sulfur source, which can be useful for
growing 2D sulfides in the future.

4. Summary and future outlook

In this paper, the research progress of 2D layered materials on
EG/SiC by MBE is reviewed, including monoelemental (e.g.
silicene, bismuthene, tellurene) and TMDs. The topographic
characteristics and the electronic properties of these 2D
layered materials are measured by STM/STS are summar-
ized. Through the precise control of MBE, 2D layered
materials on EG/SiC substrate can grow layer by layer after
nucleation and some important naturally non-existent or
unstable 2D layered materials can be fabricated. By varying
the heating parameters of the evaporation source and the time
during the epitaxial process, the researchers can control the
specific number of 2D layered materials layers on EG/SiC.
Thus, MBE-grown 2D materials generally have high crystal
quality and few defects. However, sometimes the localized
characterization of STM/STS makes them not a best means to
analyze crystal quality. Even a certain number of defects are
observed in the STM images, these defects are insignificant
on the entire 2D materials at the macro level. To further
explore this question, it is necessary to combine with some
other characterization methods, such as transmission electron
microscopy, high energy resolution analysis deep level tran-
sient spectroscopy and so on. For MBE, precise doping is one
of the outstanding advantages, which can give 2D materials
entirely new properties. Combined with STM/STS, the
atomic and electronic structure of doping atoms can be
obtained. At present, there is not much research on the MBE-
grown doping of 2D materials on SiC/EG. Considering the
abundance of doping atoms, this is a field to further explored.

Although breakthroughs or gains have been obtained on
the fabrication of 2D layered materials on EG/SiC by MBE,
there are a lot of questions and problems which have not been
solved yet. For instance, some important 2D layered materials
have not been obtained on EG/SiC surface by MBE, such as
MoS, and many important monoelemental 2D layered
materials. Moreover, the fabrication of monolayer alloys with
three elements or more by MBE is rare. In addition, the
precise control of MBE also means the slow epitaxial speed
and only one substrate can be grown in an MBE device,
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Figure 11. (a) Schematic illustration of PdTe,. (b) STM image of PdTe,. Inset: height profile along the white line. (c)—(d) STM image of
PdTe, after being exposed to air. Insets: the LEED pattern of PdTe, on EG/SiC after being exposed to air. Reproduced from [159]. ©

Chinese Physical Society. All rights reserved.

which involves the economic practicability in actual
production.
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