Applied Nanoscience (2020) 10:4375-4383
https://doi.org/10.1007/513204-020-01372-4

REVIEW ARTICLE

=

Check for
updates

Epitaxial fabrication of 2D materials of group IV elements

Ihor I. Izhnin - Kurban R. Kurbanov? - Kirill A. Lozovoy? - Andrey P. Kokhanenko? - Vladimir V. Dirko® -

Alexander V. Voitsekhovskii®

Received: 24 November 2019 / Accepted: 18 March 2020 / Published online: 1 April 2020

© King Abdulaziz City for Science and Technology 2020

Abstract

Experimental fabrication and investigation of unique properties of two-dimensional monoatomic layers of carbon, silicon,
germanium, and tin on different surfaces have opened bright perspectives for development of devices of new generation.
Wide opportunities to control their exotic electronic and optical properties via appropriate choice of substrate, content and
geometry of two-dimensional layer, combined with elastic strain engineering, made them the central theme of research in
the field of nanotechnology and materials science. In this work we review epitaxial methods of synthesis of two-dimensional
materials of group IV elements: silicene, germanene, and stanene. General structural properties of these materials are also
briefly considered. Special attention is paid to the technological growth modes, providing fabrication of high-quality large-
area two-dimensional structures necessary for emerging device application.

Keywords Two-dimensional material - Group IV graphene analogs - Silicene - Germanene - Stanene - Molecular beam

epitaxy

Background

Two-dimensional materials (two-dimensional crystals, 2D
materials) are the structures with the thickness of one or few
atomic layers (Li et al. 2017; Molle et al. 2017; Matusalem
et al. 2017; Gao et al. 2016; Ezawa and Le Lay 2015). They
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became one of the central themes of research after fabri-
cation of graphene (monoatomic layer of carbon) in 2004
(Novoselov et al. (2004)). Graphene is carbon allotrope with
sp? hybridized atoms arranged in a planar honeycomb lat-
tice. The fabrication of stable free-standing layer of atoms
was quite unexpected result, since it was believed that a
two-dimensional crystal cannot exhibit long-range order at
any finite temperature (Acun et al. 2015). In the contrast
with volumetric materials 2D crystals have extremely high
ratio of surface area to their volume. Therefore, energetic
structure, the majority of electrical and optical parameters
of two-dimensional materials are determined by their surface
properties and very sensitive to external effects.

The experimental synthesis and study of the unique
properties of two-dimensional monoatomic carbon layers
has opened up great opportunities for the study of other gra-
phene-like 2D materials. At present, two-dimensional crys-
tals are considered as one of the most promising materials
for electronics and optoelectronics of the next generation of
the technological development. The study of the possibilities
of creation of the devices based on 2D materials allows a
deeper study of the physical properties of these new materi-
als and provides a starting point for the development of a
huge number of practically important areas: starting from
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nanoelectronics and photonics to energy and telecommuni-
cation technologies.

In this case, such characteristics of the resulting structures
as the number of layers, their composition, the value and dis-
tribution of elastic strains, the presence or absence of defects
and impurities are critical. These structural characteristics
directly affect the properties of 2D materials and, therefore,
determine the parameters of devices based on them.

The discovery of graphene prompted investigators to
search for other 2D materials, especially single-element
ones. Graphene-like materials of group IV elements (trans-
graphenes or 2D-Xenes) such as silicene, germanene, and
stanene, with a two-dimensional hexagonal lattice have
attracted increased attention of researchers in the last few
years due to their exotic electronic and optical properties due
to the practically zero band gap, small effective masses, and
the same symmetry as of graphene (Matusalem et al. 2017).
All these factors lead, for example, to very high mobility of
charge carriers. As a result, a fast-speed silicene-based field-
effect transistor operating at room temperature has already
been implemented (Tao et al. 2015), while stanene is con-
sidered as one of the main contenders for the creation of
ultra-efficient cheap interconnections of integrated circuits
(Houssa et al. 2016). In addition, under certain conditions,
the quantum spin Hall effect is observed in these materials
at temperatures significantly higher than the temperature of
liquid nitrogen and they perform as topological insulators
and high-temperature superconductors. The unique proper-
ties of graphene-like 2D materials make it possible to cre-
ate completely new types of devices: topological transistors,
highly sensitive gas sensors, energy-intensive power sup-
plies, thermoelectric generators, quantum computers (Ezawa
and Le Lay 2015; Mortazavi et al. 2016; Garg et al. 2017,
Liao et al. 2018). Another important advantage of silicene
and germanene is its direct compatibility with the existing
highly developed silicon technology.

Among three basic technologies of synthesis of 2D mate-
rials (mechanical exfoliation, chemical vapor deposition, and
physical vapor deposition) the main method for the creation
of heterostructures with 2D crystals of silicene, germanene
and stanene is molecular beam epitaxy. For all kinds of
applications in modern nano- and optoelectronics, it is nec-
essary to fabricate heterostructures with two-dimensional
layers with different properties. In the case of the formation
of two-dimensional crystals, the material layer thickness,
surface roughness, distribution of elastic stresses, the pres-
ence or absence of defects are of decisive importance. In
this situation, it is the quantity and quality of the deposited
monolayers that are critical, since they determine, for exam-
ple, the possibility of realization of superconductivity and
topological properties in such materials (Liao et al. 2018).
Due to the spontaneous nature of the growth of two-dimen-
sional structures, among the most important parameters that
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determine the characteristics of the entire growth process
and the properties of the formed 2D layers are the growth
rate and substrate temperature, the amount of deposited
material and surface conditions. So, the parameters of the
formed structures can only be controlled indirectly by chang-
ing the conditions of the synthesis.

A rather significant amount of experimental works has
already accumulated on growing two-dimensional layers of
group IV elements on various substrates, since this system is
very promising from the point of view of all kinds of appli-
cations in the future 2D nanoelectronics, optoelectronics,
and photonics. However, even a small part of all possible
advantages has not been implemented yet. There are practi-
cally no theoretical studies on modeling the formation of
two-dimensional materials on various substrates and capable
of predicting the morphological properties of the resulting
heterostructures, as well as, for example, the critical thick-
ness of the undesirable transition from two-dimensional to
three-dimensional growth in these systems (when a 2D crys-
tal turns into usual bulk material, losing its unique physi-
cal properties). In the case of growth of two-dimensional
layers of silicene, germanene, and stanene, this problem is
especially actual, since these materials were obtained only
relatively recently (in 2012, 2014, and 2015, respectively),
and the direct growth of such samples requires a lot of time
and material costs (Cahangirov 2016).

The aim of this review is to conduct comprehensive over-
view of epitaxial methods of synthesis of two-dimensional
materials of group IV elements: silicene, germanene, and
stanene, as well as outline general structural properties of
these materials. Special attention is paid to the technological
growth modes, providing fabrication of high-quality large-
area two-dimensional structures necessary for emerging
device application.

Epitaxial synthesis of silicene, germanene,
and stanene

Silicene

The idea of silicon equivalent of graphene was asserted
in 1994 by Takeda and Shiraishi (1994). Then, in 2007
the believed new material was investigated theoretically
in more details by Guzman-Verri and Lew Yan Voon
(2007), who gave it the current name “silicene”. Unlike
graphene, the structure of silicene (as well as germanene
and stanene) is not completely flat, with buckled rings.
This leads to the ordered distortions on the surface and
increased flexibility, compared with graphene, and also
increases the spectrum of its application in electronics
(Jose and Datta 2011; Houssa et al. 2015; Lay 2015).
Moreover, mixed sp’>—sp® hybridization is typical for
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graphene-like 2D materials of group IV elements (Fig. 1a)
(Molle et al. 2018). The distance between neighbor sili-
con atoms in hexagonal lattice of silicene /,_, amounts to
approximately 0.23 nm, the lattice constant a, is about
3.9 nm, and higher atoms in the layer are altered with
respect to the lower atoms by the height § of approximately
0.075 nm (Fig. 1b) (Molle et al. 2017; Vogt et al. 2012;
Lin et al. 2012; Ezawa 2015; Balendhran et al. 2015). Such
geometric structure is energetically more favorable and
provides the stability of the whole structure.

At present, the preparation of silicene in experiments
is extremely complicated. It is well known, that due to
the weak interlayer interactions in graphite, a single flat
layer of carbon atoms with sp? hybridization can be easily
exfoliated. At the same time, due to sp3 bonding in the
bulk silicon, the same method of exfoliation could not be
used for silicene synthesis. Therefore, the main method for
manufacturing silicene sheets is the epitaxial growth of
silicon on appropriate surfaces (Meng et al. 2013).

For the first time silicene was experimentally obtained
by epitaxial methods in 2012 on the Ag(111) substrate by
Vogt et al. (2012) and, independently, by Lin et al. (2012).
In the former group clean and well-ordered Ag(111) sur-
faces were prepared by Art ion bombardment (with the
energy of 1.5 keV) and subsequent annealing at 530 °C
for 30 min of (111)-oriented Ag single crystals under
ultrahigh vacuum conditions (5 X 1073 Torr). Silicon was
deposited by evaporation from a Si source consisting of a
directly heated Si-wafer piece, while the Ag sample was
kept at temperatures between 220-260 °C (Fig. 2). The
growth mode of the Si adlayer was determined by meas-
uring the area ratio between Si and Ag as a function of Si
deposition time. Si/Ag area ratio changed linearly, indicat-
ing an initial 2D growth behavior with a corresponding
deposition rate of 0.017 ML/min (monolayers per minute).
The honeycomb appearance of Si adlayer was prepared
reproducibly for different Si deposition amounts. For
smaller amounts of Si (less than 1 ML), the formation of
smaller two-dimensional Si islands was observed, which

Fig.1 a Models of planar and

buckled rings, evolution from (a)
sp? to sp° hybridization (Molle

et al. 2018) and b model geom-

etry of silicene, germanene or

stanene (two colors are used for

atoms at different height posi-

planar
tions) (Molle et al. 2017)
~
S~
(3 <
i .
sp? sp?/sp?

buckled

Fig.2 Deposition of epitaxial silicene on Ag(111) (Molle et al. 2018)

grown bigger with increasing deposition and finally cov-
ered the Ag(111) terraces completely (Vogt et al. 2012).

In the latter work by Lin et al. the experiments were car-
ried out inside an ultrahigh vacuum chamber with the base
pressure of 5x 107" Torr. Ag(111) substrate was cleaned via
several cycles of Ar™ sputtering and annealing at 870 K. Si
was in situ deposited by directly heating a small piece of Si
wafer at the rate below 0.03 ML/min, which was estimated
from dividing the Si covered areas by deposition time. The
Ag(111) substrate was kept at various temperatures below
300 °C during the deposition. Two types of atomic arrange-
ment were observed with slightly different displacements
and distances between Si atoms (Lin et al. 2012).

Soon, Jamgotchian et al. (2012) have also synthesized
silicene on Ag(111) substrate in wide range of growth tem-
peratures. The experiments were performed in an ultra-
high vacuum system with the pressure 5x 10~ Torr. The
Ag(111) sample was cleaned by several cycles of sputtering
(600 eV Ar™ ions), followed by annealing at 480 °C for few
hours. Silicon was evaporated by direct current heating of
a pure silicon chip onto the Ag(111) maintained at constant
temperature during the growth. The substrate temperature
was controlled by a thermocouple located close to the sam-
ple. Deposition of about one silicon monolayer was per-
formed in the temperature range from 150 to 350 °C with
the steps of 30 °C. The evaporation rates were 0.01 ML/
min and 0.05 ML/min. At higher deposition rates and for
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temperatures above 330 °C no superstructure was observed.
Below this temperature a continuous evolution was observed
between various superstructures. The number of structural
defects in honeycomb hexagonal lattice also increased with
growth temperature and with time at room temperature.
So, the important role of the temperature in the growth of
silicene was established (Jamgotchian et al. 2012).

After these pioneer works a race has begun for synthesiz-
ing silicene on various substrates. First, silicene was suc-
cessfully synthesized by Fleurence et al. on the surface of
ZrB,(0001) thin film grown by ultrahigh vacuum chemical
vapor deposition on Si(111) wafer (Fleurence et al. 2012).
The results of this work confirmed that silicene has more
flexible crystal structure than graphene which allows an
engineering of the band structure through the change in
conditions of epitaxy.

Then, graphene-like silicon was also fabricated on Ir(111)
substrate by Meng et al. (2013). Experiments were per-
formed in an ultrahigh vacuum system with a base pressure
of about 2x 107'° Torr. The Ir(111) substrate was cleaned
by several cycles of sputtering and annealing. Silicon was
deposited on Ir(111) at room temperature from a piece of
silicon heated by a direct current. After deposition, the sam-
ple was annealed at 670 K for 30 min, whereupon a distinct
well-ordered structure appeared. Such structure was char-
acterized as a (\/ 7 X \/ 7) superstructure with respect to the
substrate by means of low energy electron diffraction and
scanning tunneling microscopy. The buckling of the sili-
con adlayer on the Ir(111) surface was revealed. The silicon
atoms were located at two different heights with respect to
the substrate: the distance between the top silicon atoms
and the iridium substrate was about 2.83 A and the distance
between the other silicon atoms and the substrate was around
2 A. This height difference (0.83 A) is consistent with the
reported results on silicene on Ag(111) surface, where the
height difference is 0.75 A (Fig. 3).

Later on, silicene sheets were fabricated on MoS, surface
(Chiappe et al. 2014), ZrC surface (Aizawa et al. 2014), Ru
substrate (Huang et al. 2017), and graphite (Crescenzi et al.
2016).

Germanene

Germanene is in many aspects very similar to graphene and
silicene, but in contrast to the planar graphene lattice, the
germanene honeycomb lattice is buckled as for silicene and
composed of two vertically displaced sublattices. The dis-
tance between germanium atoms in germanene /,_ is equal
to 2.5 A, lattice parameter a, is about 3.8 A, and the value
of the displacement of upper and lower layers 8 is approxi-
mately 0.06-0.09 nm depending on the substrate (Molle
et al. 2017; Ezawa 2015; Balendhran et al. 2015; Derivaz
et al. 2015; Zhang et al. 2016; Davila and Le Lay 2016).
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Fig.3 Model of buckled silicene layer on Ir(111) surface (two colors
are used for silicon atoms at different height positions) (Meng et al.
2013)

In 2009 Cahangirov et al. (Cahangirov et al. 2009) pro-
posed the existence of free-standing germanene and dem-
onstrated its structural stability with respect to atomic
vibrations. Since this theoretical prediction, electronic and
structural properties of germanene have been increasingly
explored by theoreticians. The spin—orbit gap in germanene
was estimated to be much larger than in graphene, which
makes germanene the possible candidate to exhibit the quan-
tum spin Hall effect at high temperatures (Acun et al. 2015).

Attempts to synthesize germanene on the same Ag(111)
substrate as silicene failed, as the proper mismatch between
lattice constants of silicene and Ag(111) is not fulfilled for
germanene (Davila et al. 2014). Moreover, germanium and
silver form solid solution Ag,Ge on the surface of the sub-
strate, where Ge atoms, up to a coverage of 1/3 ML, substi-
tute Ag ones (Cahangirov 2016).

Instead of this, in 2014 germanene was successfully
grown on Au(111) substrate by Davila et al. (2014). How-
ever, its formation has shown great similarity to the growth
of silicene sheets on the Ag(111) surface. The methodology
of growth experiment was very similar to the one used for
the synthesis of silicene on Ag(111). The clean Au(111)
surface was prepared in a standard manner by Ar" ion bom-
bardment and annealing. Germanium was deposited at the
temperature of 200 °C to the adlayer thickness of about
1 ML. Two-dimensional layer with honeycomb structure
and corrugation of about 0.01 nm was obtained at the area
larger than 50 x 50 nm?.

In the same year, the growth of germanene on Pt(111)
was reported by Li et al. (2014). Experiments were per-
formed in an ultrahigh vacuum system with a base pres-
sure of about 2x 10™'° Torr. The Pt(111) substrate was
cleaned by several cycles of sputtering and annealing. The
germanium was deposited on Pt(111) at room tempera-
ture from a germanium rod mounted in an electron-beam
evaporator. After deposition, the sample was annealed at
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the temperature range of 600—750 K for 30 min. Using
low energy electron diffraction and scanning tunneling
microscopy a (\/ 19 % \/ 19) periodicity with respect to the
Pt(111) substrate was found. Scanning tunneling micros-
copy data revealed the presence of a continuous and well-
ordered (\/ 19 x \/ 19) superstructure, which was inter-
preted as a germanene adlayer on the Pt(111) substrate.

And already in 2015 germanene was fabricated epitaxi-
ally on Al(111) substrate by Derivaz et al. (2015). Al(111)
has hexagonal symmetry with a lattice parameter close to
that expected for the growth of germanene. Moreover, the
Al(111) lattice parameter (0.405 nm) lays between that
of Au(111) (0.408 nm) and that of Pt(111) (0.392 nm),
which were successfully used as a substrate for germanene
growth. Experiments were performed in an ultrahigh vac-
uum system with a base pressure of about 3 x 107! Torr.
The Al(111) substrate was cleaned by numerous cycles of
sputtering and annealing at 500 °C. The germanium was
deposited on the AI(111) substrate maintained at about
87 °C with a very low flux of about 0.005 nm/min from the
Ge evaporation cell. The deposited amount corresponded
to one germanene monolayer. The authors found that a
(3% 3) (with respect to the Al(111) surface) germanene
reconstruction formed a continuous layer that covered the
Al(111) and had domain sizes larger than 100 nm (Fig. 4)
(Derivaz et al. 2015).

However, the synthesis of germanene on metallic
surfaces is unsuitable for electronic devices, while the
exploiting of 2D insulator as a substrate for germanene
is highly desirable for the realization of functional field-
effect electronic devices (Acapito et al. 2016). Further
studies showed that germanene growth is also possible on
non-metallic substrates. Thus, in various studies, surfaces
of MoS, (Zhang et al. 2016) and hexagonal AIN (Aca-
pito et al. 2016) were used for the epitaxial synthesis of
germanene.

Besides that, a possible candidate on the role of wide
band gap material for the substrate for germanene growth
is hexagonal boron nitride (h-BN). h-BN has a band gap
of about 6 eV and its lattice constant (2.5 A) is almost

Fig.4 Model of buckled ger-
manene layer (green balls) on
Al(111) surface (brown balls):
a top view and b side view of
the area outlined in a (Derivaz
et al. 2015)
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Fig.5 Model of the germanene layer (red lines) on the surface of
hexagonal boron nitride (blue balls) (Acun et al. 2015)

identical to the nearest neighbor distance of germanene
(Fig. 5) (Acun et al. 2015).

Stanene

In addition, just few years ago, reports began to appear on
the fabrication by the method of molecular beam epitaxy
of the following graphene-like group IV material, namely
stanene. It has lattice constant a, of about 4.7 nm, the near-
est neighbor distance for tin atoms /,_, is equal to 2.8 nm,
and buckling parameter d for stanene is of order of 0.1 nm
(Molle et al. 2017; Ezawa 2015; Balendhran et al. 2015;
Webb 2014; Gross 2014; Sahoo and Wei 2019).

For the first time, stanene was synthesized on the
Bi,Te;(111) surface in 2015 by Zhu et al. (Zhu et al. 2015).
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In this study Bi,Te;(111) films with the thickness up to
40 nm were grown by molecular beam epitaxy on the Si(111)
wafer. High-purity Sn (99.999%) was evaporated from the
effusion cells with the deposition rate of about 0.4 ML/min
to the substrate kept at room temperature (Fig. 6a).

After this, series of works reported on the growth of
stanene at various surfaces. Gou et al. obtained high-qual-
ity monolayer epitaxial stanene films on Sb(111) surface
(Gou et al. 2017). They used single crystal Sb(111) surface
cleaned by a standard Ar" ion sputtering and annealing pro-
cess. During the deposition of Sn, the Sb(111) substrate was
kept at about 400 K in the chamber with the pressure less
than 2x 107'° Torr.

Then, using the similar techniques, stanene films were
obtained on InSb(111) surface by Xu et al. (2018). The
InSb(111) substrates were again cleaned by repeated cycles
of Ar* ion sputtering and subsequent annealing at 400 °C.
Tin was evaporated from the Knudsen cell with the rate of
0.3 ML/min onto the substrate maintained at room tempera-
ture. The strained stanene sheets fabricated in this work are
promising from the point of view of possible room tempera-
ture device applications, as they demonstrated large strain-
induced band gap.

Recently, large area stanene with low buckling was
synthesized on Ag(111) substrate with intermediate layer
of Ag,Sn by Yuhara et al. (2018). The experiments were
performed using ultrahigh vacuum systems with the base
pressure below 5x 1071° Torr. Clean Ag(111) surfaces were
prepared by 2 keV Ar* ion sputtering at room temperature,
followed by annealing of the sample at the temperatures
up to 600 °C. Tin was deposited onto the Ag(111) sur-
face at various temperatures up to 300 °C with the growth
rate of 0.05 ML/min. The amount of deposited Sn reached
1.5 ML. After deposition of 1/3 ML of Sn on Ag(111) large
area Ag,Sn surface alloy was formed. After successive Sn

Fig.6 a Model of buckled (a)
stanene layer on Bi,Te;(111)
substrate (Zhu et al. 2015) and b

deposition on the surface of Ag,Sn alloy nearly perfect pla-
nar layer of stanene was formed in a 2D island growth mode
(Yuhara et al. 2018).

And one of the latest works by Liao et al. reports on
successful fabrication of high-quality stanene sheets on
PbTe(111) surface (Liao et al. 2018) by molecular beam
epitaxy (pressure 1x 107'° Torr). To ensure lattice match-
ing, five layers of Bi,Te; were first grown on top of Si(111)
substrates, followed by the growth of PbTe layers. Finally,
Sn was deposited at the substrate temperature of 120 K. The
subsequent annealing at temperatures up to 400 K was per-
formed to improve the film quality. A layer-by-layer growth
was maintained from the first up to the fifth layer. Above
five monolayers, islands tend to form. The lattice constant
of stanene expanded as the number of PbTe layers increased
(Fig. 6b) (Liao et al. 2018). This work also showed for the
first time the superconducting properties of a few-monolayer
stanene, which will undoubtedly inspire researchers to fur-
ther comprehensive studies of the methods for the synthesis
of graphene-like materials of group IV elements and their
fundamental properties, as well as the development of new
generation devices based on them.

Perspectives

To date, works on the creation of a new generation devices
based on two-dimensional crystals of silicene, germanene,
and stanene are at the stage of refining the technology for
producing such 2D structures, selecting a substrate, sur-
factants, and the sequence of deposition of layers. The first
laboratory samples of devices based on these materials are
created. Theoretical and practical studies of the energy and
electronic structure of these two-dimensional materials,
their mechanical, electrophysical, and optical properties are

multilayer stanene structure on
PbTe(111) surface (Liao et al.

2018)
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carried out (Mortazavi et al. 2016; John and Merlin 2017;
Mukhopadhyay et al. 2017; Shi and Singh 2017; Shubham
2018; Lew Voon et al. 2018). Experimental studies are
actively being conducted with the goal of creating 2D crys-
tals of proper quality, that will allow researchers to observe
all the expected topological and superconducting properties
of these materials (Liao et al. 2018; Kort-Kamp 2017; Yu
and Wu 2018; Zhai et al. 2019) and their chemically func-
tionalized derivatives (Molle et al. 2017, 2018; Nakano et al.
2018). Some new technological approaches and structure
configurations are also constantly proposed, for example,
for enhanced passivation methods for 2D materials (Shahid
et al. 2018) or creation of graphene-based flexible 2D-lay-
ered material junctions (Balabai and Solomenko 2019).

The studies considered in this review provide methods of
producing high-quality silicene, germanene and stanene on
solid surfaces, allowing exploration of their unique physi-
cal properties and potential applications in future functional
nanodevices. In all cases, the manufacture of 2D materials
of the required quality demands strict selection of the sub-
strate for the synthesis (in accordance with the crystal struc-
ture and lattice parameters of the growing material), careful
preparation of the growth surface via several cycles of ion
sputtering and annealing for obtaining atomically flat layer
without foreign atoms and defects, precise control of growth
temperature (usually less than 500 °C) and low growth rates
(about 0.1 ML/min or less).

The results of the conducted review allow one to begin
to build kinetic models of the epitaxial formation of two-
dimensional materials that take into account the thermody-
namic parameters of the systems under consideration, as well
as the processes of atom migration on the surface and their
incorporation into a growing monolayer of a 2D material.
Such models should be able to describe the various stages
of the formation of a two-dimensional layer with a thickness
of one to several monolayers, as well as the appearance of
two-dimensional islands. With the help of these models it
will be possible to establish methods for overcoming the
nucleation of islands and preventing an undesirable tran-
sition from two-dimensional to three-dimensional growth
(Izhnin et al. 2018, 2019; Lozovoy et al. 2018, 2019, 2020).
Kinetic growth models will also help to evaluate the bounda-
ries of technological parameters in the method of molecu-
lar beam epitaxy required for creation of high-quality 2D
crystals of silicene, germanene and stanene, as well as other
two-dimensional materials.

These new discoveries are expected to have a huge impact
on the development of related science and technology
because of the predicted high carrier mobilities, topologi-
cal and superconducting properties up to room temperature,
as well as potential applications for photonics. However, the
further comprehensive studies of silicene, germanene, and
stanene growth are required, including the search of new

substrates and refining their physical properties, to realize
all their possible advantages.

Thus, the development of epitaxial technology of synthe-
sis of 2D materials of group IV elements should allow one
to control the thickness of material layer, surface roughness,
the presence or absence of defects, which determines, for
example, the possibility of using such materials to create
high-speed field effect transistors, super-efficient low-cost
interconnections for integrated circuits, topological transis-
tors, high-sensitive gas sensors, thermoelectric generators,
energy sources, quantum computers and other emerging
devices.
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