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Two-dimensional (2D) metamaterials are considered to be of enormous relevance to the progress of all exact sciences.
Since the discovery of graphene, researchers have increasingly investigated in depth the details of electrical/optical proper-
ties pertinent to other 2D metamaterials, including those relating to the silicene. In this review are included the details and
comparisons of the atomic structures, energy diagram bands, substrates, charge densities, charge mobilities, conductivities,
absorptions, electrical permittivities, dispersion relations of the wave vectors, and supported electromagnetic modes related
to graphene and silicene. Hence, this review can help readers to acquire, recover or increase the necessary technological
basis for the development of more specific studies on graphene and silicene.
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1. Introduction

German chemists Ulrich Hofmann and Hanns-Peter
Boehm studied the two-dimensional (2D) planar structure of
carbon atoms, which Boehm called graphene (1962). How-
ever, the properties of this material had been unknown for
decades until it fascinatingly reappeared in 2004 at the Uni-
versity of Manchester, where Dutchman Geim (director of the
physics department of that university), and Novoselov (post-
doctoral researcher) studied the creation of a substance ob-
tained from graphite. In their experiments they sought to
obtain the thinnest possible slice from graphite, in order to
study the behavior of this new material. Fortunately, those
scientists observed the graphene predicted in 1962 in the frag-
ments stuck in a tape used to clean the surface of a block of
graphite. Then, these residues were examined in an atomic mi-
croscope and they observed that this new material (graphene)
could function as a transistor. After this new discovery on
the physical characteristics of graphene, the team of Geim
and Novoselov made that material thinner and thinner, until
it reached a thickness of an atom. On the other hand, they
also found that this ultrafine material not only maintained a
hexagonal bonding structure, but also had a peculiar symmet-
rical arrangement of electrons, which provided an increase in
its conductivity. The discovery of the properties of graphene
was published by Geim and Novoselov in 2004, which gave
these two scientists the Nobel Prize in Physics six years later.
Since then, research on graphene has begun in various parts of
the world.

Currently, researchers around the world are increasingly
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going deeper into the detailing of electrical/optical properties
related to other 2D metamaterials, especially silicene, which
is named 2D silicon. The term silicene was introduced by
Gusman—Verry and Lew Yan Voon in 2007.

The huge interest in silicene occurs due to the preserva-
tion of the use of silicon in the optoelectronics industry. Note
that the constant advance in the technology related to silicene
allows us to infer that it will probably be possible to find the
solution to enable Moore’s law in dimensions smaller than
10 nm. Another reason for the development of silicene-based
technology is that while silicene is the second largest element
in the Earth’s crust (28.2%), the carbon (from which graphene
is obtained) is only 0.02%.

2. Atomic structures

The carbon atoms in 2D graphene (contained in a plane)
form a honeycomb lattice consisting of carbon atoms with sp?
hybrid covalent bonds. However, this honeycomb lattice is not
of a conventional Bravais structure, since the atomic structures
referring to two of the adjacent atoms are not equivalent. !l

Figure 1(a) shows the honeycomb atomic structure of
grapheme, graphene, and figure 1(b) shows a hexagonal
atomic structure of Bravais (conventional). Note that the hon-
eycomb structure lacks an atom located in the central part of
the hexagon, so that this atomic structure cannot be consid-
ered as a hexagonal atomic structure, which is a conventional
Bravais structure. It is worth noting that an atomic structure
can only be considered a Bravais structure when all the points
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of this network are equivalent, so that the connection between
any two points of the atomic structure can be obtained through
the unit vectors of this network.

In the honeycomb atomic structure of graphene, its unit
cell can be defined as a rhombus, where two carbon atoms are
located, according to what is shown in Fig. 1(a).

Fig. 1. (color online) (a) Unit cell related to the atomic structure of graphene
(rhombus). (b) Hexagonal atomic structure. (c) Unit vectors referring to the
atomic structure of graphene (a; and ay).

As we can see in Fig. 1(c), the two atoms (A and B) of
the unit cell constitute two non-equivalent atoms because these
two atoms cannot be connected with one or with a combina-
tion of the unit vectors a; and a;.

Since the honeycomb atomic structure of graphene can
be considered as an association of two triangular atomic struc-
tures, forming a Bravais structure, in the honeycomb struc-
ture of graphene, the vectors a; and a, are the unit vectors,
and dy, d,, and d3 (Fig. 1(c)) are the vectors that determine
the closest distances (between neighboring atoms). This dis-
tance between adjacent carbon atoms (ag) has a value equal
to 0.142 nm, which is the average distance between the co-
valent (C—C) and double (C=C) covalent bonds that make
up a graphene layer. Given that the lengths of the unit vec-
tors are all given by a =v/3ay, these unit vectors have length
a = 0.246 nm, so that

w0 a) (V3 a N
1= 7 g | 2= 7 ' o

Note that the three points closest to a given point in the

direct graphene structure are given by

di =2 (1V3): di =2 (1,-V3): di=an(1,0), @

and the six points with the second closest proximity are given
by

d'1::|:a1; d'2::|:a2; dlgii(azfal). (3)

The first Brillouin zone of the graphene is presented in

Fig. 2, in which the unit vectors are also shown to be (|b1| =
|by| = 47 /\/3a) where

2r 2x; 2 (2 2&m
b = — | b = =\ ——5——%5 - 4
: <\/§a 3a> > 34 <\/§a 3a> @
The points K and K’ shown in Fig. 2 are called Dirac
points, which are very important for detailing the electrical

properties of graphene, according to what will be seen later.
The locations of these points in the k space are given by

2n 27; 2 2
K="=, kK=("-=,-22).
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Fig. 2. Reciprocal structure and first Brillouin zone of graphene.

On the other hand, the silicene is constituted by a layer
of atoms also forming a honeycomb atomic structure, which
is obtained from the three-dimensional (3D) silicon and has
sp> hybrid covalent bonds. The electrical and optical prop-
erties of silicene can be obtained from the density-functional
theory (DFT). It has been proven that in the atomic structure
of the silicene, B atoms of a unit cell identical to that of the
graphene would need to be slightly displaced with respect to
the A atoms of that unit cell. That buckled structure (Fig. 3(a))
makes sense, since it is very similar to the plane (111) of the
3D silicon. ?! Tt is noteworthy that although the carbon and sil-
icon atoms are in the same column (group 14 of the periodic
table), the carbon is located in line 2 and the silicon in line 3 of
this periodic table, so that these elements have different chemi-
cal properties. For example, the energy difference between the
valence orbitals for the s and p orbitals has a value of 10.66 eV
for carbon and it has a value of 5.66 eV for silicon.® There-
fore, in the silicon atom the preference is the use of the three
p orbitals, resulting in sp> hybridizations.

Due to the significant increase in the silicene atomic dis-
tance in relation to the graphene, the 7—x overlap in silicene
decreases by roughly an order of magnitude, so that the Si=Si
bonds are, in general, much weaker than C=C bonds. That is
the reason why silicene has a buckled atomic structure and
does not exist naturally, unlike graphene, which has a flat
atomic structure.

As the bonds between silicon atoms in the silicene are a
mixture of sp?> and sp> hybridizations, we can state that there
is no natural silicene, which means that the silicene cannot be
obtained via exfoliation.#!

It is worth mentioning that the angle between the 7 bonds
(perpendicular to the plane) and the ¢ bonds (in the plane)
referring to the sp? hybrids in the graphene has a value of
90°. However, due to sp> hybridizations in 3D silicon, the
angle between the bonds is higher (109.47°) and in the buck-
led plane of the silicene, where a mixture between the sp> and
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sp> hybridizations occurs, the angle between the bond normal
to the plane and the bonds in the buckled plane has a value of
101.73°.15]

The distance between neighboring silicon atoms (ag) has
a value approximately equal to 0.2217 nm. As we can see from
Fig. 3(a), the unit cell of silicene, just as in graphene, consists
of two atoms (A and B), but the unit cell of the silicene has
a structure parameter a =~ 0.384 nm. Therefore, the atomic
structure of the silicene has the same properties as those pre-
sented above with respect to the graphene, except that in the
silicene there is a vertical displacement between the atoms A
and B (6 = 0.045 nm) as shown in Fig. 3(b). It is noteworthy
that in the 3D silicon the displacement of the atoms relative to
the plane (1,1,1) is 0,078 nm.[6-8]

Fig. 3. (color online) Atomic structure and first Brillouin zone of silicene.

We can see from Fig. 3(c) that the first Brillouin zone
for the reciprocal structure of the silicene has the same shape
as the first Brillouin zone for the reciprocal structure of the
graphene. Note that the locations of the K points are given ac-
cording to Eq. (5), by changing only the value of the structure
parameter.

The bonding energy between the silicon atoms in the sil-
icene is 4.9 eV/atom, while in the 3D silicon (diamond-like
structure) it is 0.6 eV/atom. ")

Presently, the manner of obtaining silicene is by synthe-
sizing on a substrate. Some methods have already been pre-
sented, in order to obtain the synthesis of epitaxial layers of sil-
icene on substrates of silver (111),°* iridium (111),['*! and
zirconium diboride. 3! (It is obvious that the epitaxial growth
consists of obtaining thin layers on crystalline substrates. We
will come back to this subject further).

Possible occurrence of superconductivity in silicene on
silver (111) at 35 K-40 K was also observed, which is the
highest among those temperatures observed in superconduct-
ing elements. [16:17]

A buckled structure of silicon atoms has also been inves-
tigated and defined as Si (111), since it can be seen as a plane
of Si (111).118]

3. Energy band diagrams

It is already well known that graphene has zero band gap,
which makes it difficult to use in field effect transistors. On

the other hand, silicene can behave as a semimetal with a band
gap that is variable, by the application of an external electric
field, or as a metal.[19-22]

Like the case of graphene, the energy bands 7 and 7* of
the silicene energy dispersion relation touch the Dirac K point
and have a linear relationship in the vicinity of that point. That
dispersion relations of graphene and silicene can be calculated
by means of the DFT!?3! as shown in Fig. 4.
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Fig. 4. (color online) (a) Energy band structure of graphene. (b) Energy
band structure of silicene.

Graphene and silicene are referred to as “intrinsic” (with-
out doping), when the Fermi energy (whose value is approx-
imately equal to the chemical potential) at Dirac points has
zero value. Indeed, we can hardly find, for example, intrinsic
graphene, since small spatial heterogeneities always occur. On
the other hand, these two 2D metamaterials (graphene and sil-
icene) are called “extrinsic” (doped), when electrons are intro-
duced into the conduction band (or holes in the valence band),
such as through gate voltage, according to what we will see
more ahead.

In intrinsic graphene and silicene, for low energy levels
around the Dirac point (K), the dispersion relation is linear and
can be expressed mathematically through E (¢) = +Vgfi|ql,
where the symbol + represents the conduction band and the
\ G+
is the wave vector with respect to the Dirac point and Vg =

symbol — refers to the valence band, ¢ =k — K =

10% m/s is Fermi velocity on graphene. This linear relation
is valid until energy values related to the visible light, so that
the frequencies used in telecommunication are also included.
Therefore, graphene and silicene in their original states (with-
out doping) have Fermi energy Er = 0 at K points of the Bril-
louin zone (Dirac points), where the valence band is com-
pletely filled, while the conduction band is completely empty,
and the conduction and valence bands touch the K points. Al-
though this property is very useful in many applications, it is
an obstacle to the use of graphene in nanoelectronic devices,
such as FETs, for example. This is because it is very difficult
to open a band gap in the graphene dispersion relation, while
preserving its electronic properties, given that its atomic struc-
ture is completely contained in a plane.

On the other hand, due to the fact that the electronic struc-
ture of the silicene is buckled with respect to the plane, it
is possible to open a band gap in the dispersion relation of
the silicene, with the preservation of its electronic properties.
This is due to the interactions between silicene and substrate

023201-3



Chin. Phys. B Vol. 27,No. 2 (2018) 023201

atomic structures, which provide a difference in energy be-
tween the electrons located in these two superstructures (A).
Consequently, the band gap caused at the Dirac point (K) is
given by Eys = 2A. Considering that in this case the Van der
Waals interactions are weak, the value of A is small, which
implies a small value for the band gap. It is worth mentioning
that the value of this band gap can be increased by changing
the interaction between the two substrates, or by means of the
gate voltage.

In the case of the application of a gate voltage, the open
energy range (E,) increases linearly with the increase in the
value of the perpendicular applied electric field (E ), accord-
ing to what can be demonstrated by the density theory (DFT).
This occurs due to the fact that this applied electric field causes
the symmetry to break between the substructures of the sil-
icene (A and B), which causes a band gap to be opened. The
total band gap value is the sum of E; + Eg;. However, taking
into account that the Eg; value for silicene on h-BN (substrate
used will be presented below) is very small, we neglect Eg;.

Note that the band gap (E;= eE | 5, where e is the charge
of the electron and & ~ 0.044 nm is the vertical displacement
between the silicene atomic substructures) increases linearly
with the increase of E | .[%3]

Considering the operation of an electric field perpendic-
ular to the plane of the silicene, we can represent the band
structure in the vicinity of the K point for the device shown in

Fig. 5, according to the following equation:**!

E = +\/E}+ (hViq)?, 6)

where 7 is the reduced Planck constant, Vi = 1.3 x 10° m/s is
the Fermi velocity in silicene and ¢ = /g2 —H]f is the wave

number around K.

. +
silicene
electrode
| | =V,/V
e h-BN .
e D
1 2
T h-BN ~7
/J(’ substrate \:\
electrodes

Fig. 5. (color online) Schematic representation of a silicene-based field
effect transistor.

Since the device shown above is a waveguide (which can
be controlled via gate voltage), the photons incident on the
nanoribbon are coupled to the surface plasmons (SPs) modes,
forming what is called surface plasmons polaritons (SPPs).

Recent experiments were carried out with the objective of
investigating the process of coupling of radiation emitted by a
transmitter located above to the plane of a graphene ribbon
(distance d = 50 nm) and to the side, i.e., in the same plane
(distance d = 50 nm) of a graphene ribbon. It is noteworthy
that the emitted radiation coupled with the plasmons on the

surface of graphene forming GSPPs.!?! In these experiments,
the emitter was considered as an electric dipole and the thick-
ness of graphene was assumed to be 0.5 nm. The coupling
efficiency was defined as the ratio between the decay rate of
total energy emitted by the optical source and the decay rate
of energy emitted by the optical source that is transformed in
GSPPs, that is, the greater the coupling efficiency, the greater
the amount of energy coming from the optical source that is
transformed into GSPPs, so that the smaller the dissipation
loss is. It was verified (theoretically and numerically) that the
coupling efficiencies in the two cases both depend on the po-
larization direction of the emitted light and that the decay rate
of the optical source to form GSPPs when the emitting opti-
cal source is located in the same plane of the graphene is 10
times greater than that when this source is located above the

graphene plane. >

The width of the nanoribbon strongly influences the be-
haviors of the propagating modes. Briefly, the smaller the
width of the nanoribbon (W), the smaller the number of modes
present in the waveguide. Previous studies have revealed that
in a graphene nanoribbon with width less than 50 nm, there
is a single propagating mode (fundamental mode).%! How-
ever, when W < 10 nm, finite-size effects become important,
so that the classical theory of local electromagnetism can no

longer determine the behavior of GSPPs.[?”]

In fact, unlike what occurs in conventional waveguides,
where the waveguide width is given by A /2, the GSPP modes
that can propagate in a homogeneous graphene nanoribbon
with a given width are determined by quite a different math-
ematical formulation based among other parameters, on the
width of the nanowire.[?) We adopted the width of the
nanoribbon W = 25 nm.

We can find the length of the nanoribbon as a function
of the propagation length in which a GSPP mode undergoes
energy decay in the form of (1 —1/e) from its initial en-
ergy. However, there are other factors that influence the length
calculation, such as dispersions and non-linear effects. We
adopted the length of the nanowire L = 250 nm. >8]

Taking into account that we will present the detailing re-
ferring to the opening of a band gap for a layer of silicene, we
use a layer of silicene in the device shown in Fig. 5.

The thickness of the h-BN layer was adopted as d =
12 nm, according to what will be detailed below. The h-BN
layer located below the silicene layer is supported by an SiO;
substrate with a thickness of 300 nm, which in turn is sup-
ported by a silicon substrate.

Considering the dielectric constant of h-BN &4 ~ 3.4,129
we can conclude by Eq. (6) that the larger the value of E,, the

greater the gap value at the Dirac point (K), as shown in the
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following Fig. 6.
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Fig. 6. Energy versus wave vector near the K point.

Graphene nanoribbons can tolerate electric current den-
sity greater than 10% A/cm?, for widths less than 16 nm. This
breaking current density has a reciprocal relationship to the re-
sistivity of graphene nanofite. Joule heating is the most likely
mechanism of breaking.3"!

On the other hand, the atomic structure of the silicene is
preserved until E; = 2.6 V/A.B1

Figure 6 shows the variations of energy (in unit eV) of the
modes present in the silicene nanoribbon with wave number.

The range of values of wave numbers was selected in or-
der to allow propagation of SPP modes up to the frequency
range used in optical telecommunications. Note the existence
of the gaps, according to what was mentioned above.

It is worth noting that in the absence of the electric field,
the dispersion relations of silicene and graphene are similar
(E = hVr|ql|), with small deviations in the values, due to the
fact that the Fermi velocity in the silicene is slightly higher
than in the graphene, according to what was mentioned previ-
ously.

4. Substrates

A graphene nanoribbon has roughness due to several fac-
tors. Then, the substrate on which the graphene nanoribbon is
supported must conform to the roughness, i.e., graphene after
transferring, must be free of wrinkles or distortions. Thermal
deposition of SiO, generally results in high surface roughness.
In addition, graphene on SiO; does not show charge homo-
geneity along its surface.

On the other hand, hexagonal boron nitride (h-BN),
termed white graphite, is also contained in a plane. This mate-
rial is an isomorphic graphite, in which the boron and nitrogen
atoms are located at points A and B of the graphene atomic
structure. Therefore, the atomic structure of h-BN is similar to
the atomic structure of graphene. The space between two lay-
ers of graphite is 0.355 nm and the space between two layers
of h-BN is 0.333 nm.[3)

Since the roughness of the surface of the h-BN layer
is much smaller than the roughness of the SiO, surface, the
graphene nanoribbon is much better positioned on the surface
of h-BN.

There are several methods of depositing f h-BN layers
on the SiO,/Si. However, despite the similarity between those
two materials, graphene can be considered as a semiconductor
with zero bandgap, while h-BN is considered as an insulator,
whose bandgap has a value equal to 5.9 eV.[?3

Graphene and h-BN have very strong covalent bonds in
the plane, and weak Van der Waals bonds between adjacent
planes. However, the atomic bonds in the h-BN are approx-
imately ionic, when compared with the atomic bonds of the
graphene. ¥

Considering the fact that the roughness of h-BN is much
smaller than the roughness of SiO,, graphene embedded be-
tween layers of h-BN has charge mobility and charge ho-
mogeinity with values that are almost an order of magnitude
higher than those embedded between layers of SiO,. From the
Drude formula it was determined that the charge mobility for
graphene supported by h-BN varies from 2.5 x 10* cm?/V-s
at high charge density(in agreement with the Hall mobility) to
1.4 x 10° cm?/V s near the charge neutrality point.'*>! Hence,
we determine the value of the charge mobility on graphene
over h-BN to be = 2.5 x 10* cm?/V s at high charge densi-
ties.

The graphene (or silicene) layer in our device is embed-
ded between two layers of h-BN, the h-BN layer being located
below the graphene (or silicene) and it is supported on a sub-
strate consisting of SiO;, which in turn is supported on a sili-
con substrate. The thickness of the h-BN layer located above
the graphene (or silicene) layer should be ~> 10 nm in or-
der to smooth the roughness of the SiO; layer, as well as to
prevent the graphene layer from receiving unwanted charge
carriers. On the other hand, the thickness of this layer of h-BN
must be ~< 70 nm, to assure the operation of the gate voltage
applied to the graphene (or to the silicene).

Mechanical exfoliation method of making graphene,
which is actually contained in a plane, does not work for sil-
icene. So far, the main method of synthesizing silicene is by
means of epitaxial growth.

In the initial method of obtaining a small amount of sili-
con sheet, silver substrates Ag (001)3¢1 and Ag (1 10)371 were
used. After this, several experiments were elaborated with
the objective of producing the silicene by means of epitaxial
growth on Ag (111) surfaces. Since the atomic structure of the
silicene is buckled, this atomic structure becomes changed due
to the interaction with the atomic structure of the substrate.
Hence, several superstructures referring to the silicene were
observed during these experiments. Examples of these super-
structures are (4 x 4), v/13 x v/13) R13.9°, /7 x v/7) R19.1°,
24/3 x 2\@) R30° (with respect to the atomic structure of
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Ag (11138401 and /3 x 1/3) (relative to the structure of the
silicene (1 x 1)).1334142] The reason forchoosing silver as a
substrate for the growth of the silicene is due to the fact that
this material provides a moderate and homogeneous interac-
tion with the silicene, which results in very moderate tensions
in the silicene in the process of growth. 4]

In the superstructure (4 x 4), the silicene sheet is posi-
tioned on the surface of Ag (111), so that a supercell (3 x 3) of
the silicene coincides with a supercell (4 x 4) of Ag (111).

The superstructure (4 x 4) is called “magic incompatibil-
ity”, which is due to the fact that we can consider the silver
structure parameter (is) as aag = 0.288 nm and the silicene
structure parameter (is) as as; = 0.384 nm, which gives the
ratio 4 X apg = 3 X as;. Note that the two atomic structures
(Ag (111) and silicene) are hexagonal. Consequently, the in-
terference between the two superstructures is minimal, which

provides the stabilization of the atomic structure of the sil-
44,45

icene, according to what is shown in Fig. 7.!

Sion Ag Ag (111) _ ¢ ™\
’ :

© XD . 4

Fig. 7. (a) Schematic representation referring to the 3 x 3 superstructure of
the isolated silicene. (b) Schematic representation of the 4 x 4 superstructure
of the Ag (111) surface. (c) Schematic representation of the superstructure
@4x4) —a.

The 4 x 4 superstructure can be obtained by placing a sil-
icene (1 x 1) structure on the Ag (111)-1 x 1 structure. How-
ever, since the silicene atomic structure does not completely
coincide with the atomic structure of silver (111), the silicene
atoms are located between, or above, the Ag atoms (Fig. 7).

We can state that from the structure parameter of the sil-
icon unit cell (a =~ 0.384 nm), it is easy to find the distance
between neighboring silicon atoms (= 0.2217 nm). Note that
the covalent radius is = 0.11085 nm. Recall that in 3D silicon
the atomic radius is 0.118 nm. On the other hand, the atomic
radius of the silver atom is 7o, = 0.144 nm and the silver (111)
structure parameter is aag = 0.288 nm.

The 3 x 3 superstructure of the silicene is shown in
Fig. 7(a), and the 4 x 4 superstructure related to Ag (111) is
shown in Fig. 7(b). Figure 7(c) represents the overlap of the

3 x 3 superstructure of the silicene on the 4 x 4 superstructure
of Ag (111).

Since the covalent radius of the silicon atom in the sil-
icene (solid lines) is smaller than the atomic radius of the sil-
ver atom (dash lines), it is not possible to place silicon atoms
forming a hexagon, tangent to the silver atoms in accordance
with what can be observed in the detail inserted in Fig. 7(c).

The scanning tunneling microscope (STM) image shows
that in the Si (3 x 3) superstructure on Ag (4 x 4) superstruc-
ture there are six protrusions in each unit (due to the higher
atoms of the silicene), which does not happen in the Moiré
pattern. Given that in the 3 x 3 superstructure of silicene there
are 18 silicon atoms, half of these atoms would be at the high-
est level and the other half at the lower level. However, when
the silicene is placed on the surface of the substrate consti-
tuted by Ag (111), the buckled structure of silicene causes the
energy surface to lower. Then, due to this energy reorganiza-
tion, there are only 6 silicene atoms at the highest positions
and 12 silicene atoms at the lower positions of the Si (3 x 3)
superstructure**4%! as shown in Fig. 7(c).[*¥

Note that three of the six silicene atoms located at the up-
per level of this 3 x 3 superstructure belong to one half of the
superstructure and the other three silicene atoms belong to the
other half of that superstructure. The highlighted circles in
Fig. 7(c) represent the atoms located at the highest level.

The configuration of this Si (3 x 3) superstructure on
Ag (4 x 4) superstructure is called a 4 x 4—a phase.[*?l In
the 4 x 4—o phase, the six higher atoms do not belong to
the same atomic substructure of the silicene (it is unlikely to
happen in the isolated silicene, in which all the higher sili-
con atoms belong to the same atomic substructure and all the
lower atoms belong to the other atomic substructure). Fur-
thermore, the 4 x 4—a phase is not located on the edges of
the silicene sheet. On these edges there is another configura-
tion called a 4 x 4-f3 phase. The configurations of these two
phases are different, probably due to the fact that the phase
(4 x 4-PB) is less stable than the other phase (4 x 4—a), but
the stresses that emerge at the ends of the silicene sheet help
stabilize the silicene atoms.[*0! In addition to the Si (3 x 3) su-
perstructure on Ag (4 x 4) superstructure detailed above, there
are four other configurations (phases) of possible superstruc-
tures relating to the silicene on Ag (111), depending on the
temperature to which the substrate is subjected.

For temperatures below 400 K, the silicon atoms de-
posited on the surface of Ag (111) tend to form disordered
atomic structures.*”) However, for temperatures above 400 K
during the deposition of the silicon atoms, the obtained sil-
icene sheet exhibits the superstructure phases 4 x 4, V13 x
VI3 R13.9%, V7 x /7 R19.1°, 2/3 x 2¢/3 R30°, and /3 x
/3, depending on the increase of the substrate temperature.

Other processes for obtaining silicene have appeared
since 2012, such as the synthesis on various substrates by the
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direct deposition of silicon atoms and annealing at 670 K,
including the surfaces of Ag (111), zirconium diboride—
ZrB, (0001),1 and iridium Ir (111).148]

A highly wrinkled sheet of silicene was fabricated on
a molybdenum disulfide (MoS;) semiconductor substrate,
which represents the possibility of obtaining an isolated sheet
of silicene, thus avoiding the influence of the metal substrate
on the electronic structure of the silicene. [4°]

In addition, multilayer silicene sheets were manufactured
on Ag (111) surfaces by using epitaxial technology. 379331

Since the surface of the silicene is chemically active,
chemical adsorbents can be used, which can change the electri-
cal/optical properties of the silicene, such as a band gap open-
ing and its transformation into semiconductor. 36611

Since the interaction between the graphene or silicene and
the substrate can change their electronic properties, these 2D
metamaterials acting on a nanoelectronic device need to be
placed on insulating substrates. Therefore, the choice of the
insulating substrate where the graphene or the silicene is sup-
ported could bring benefits to the nanoelectronic device based
on graphene or silicene.

The manufacture of a silicene-based electronic device is
more difficult than that of a graphene-based electronic de-
vice,for the transferred silicene in the air is unstable. Hence,
the transfer of the silicene via the transfer technique widely
used in graphene cannot be used for silicene. However, recent
research has shown a method of transferring this 2D metama-
terial to a substrate.®?! First, the silicene was synthesized by
epitaxial growth on Ag (111) and a thin layer (5 nm) of alu-
mina (Al;O3) was added on the silicene. After this step the
silicene together with the Ag (111) were rotated at an angle of
180° and deposited on a layer of SiO;. In this way, the silicene
layer was preserved during its transfer and it was possible to
manufacture an FET. To complement the manufacture of this
FET, part of the Ag (111) layer was removed, so that the re-
maining parts of this material serve as contacts (source/drain).

In the same way that has already been detailed for
graphene, we focus on more detail of the silicene on h-BN.
The cohesion energy between the silicene and the h-BN sub-
strate is approximately 0.07 eV to 0.09 eV per atom of silicon,
while between the silicene and the metal surface it is 0.5 eV
per atom of silicon. %3]

Considering the fact that the cohesive energy between the
silicene layer and the silver surface is very high, there are
misgivings that the strong energy interaction between these
two surfaces can strongly influence the structure of the en-
In addition, this
strong interaction may be sufficient to cause the Dirac cone
related to the silicene on Ag (111) to disappear. On the other
hand, the weak Van der Waals interactions between the sil-
icene and the h-BN do not affect the electrical/optical prop-

ergy band on the surface of the silicene.

erties of the silicene. Therefore, due to the wide bandgap of

h-BN, the silicene should behave as being almost isolated (in-
cluding the Dirac cone), in superstructures made of silicene on
h-BN. [63-65]

The upper part of Fig. 8 shows the graphical representa-
tion of the overlaying of the silicene layer on h-BN.

0.332 nm
1

R Q)

Fig. 8. Top: Atomic structure of silicene on h-BN forming a superstructure.
Bottom: Transverse section of the silicene atomic structure on h-BN.

The circles in solid lines represent the atoms of the atomic
structure of the silicene, which are positioned on the atomic
structure of h-BN, whose circles which are drawn in dash lines
represent the atoms of h-BN.

Note that the diamonds represent a unit cell for the sil-
icene and a unit cell for h-BN respectively. The right position-
ing of the atoms provides the alignment between the atomic
structures of the silicene and the h-BN, as we can see in the
upper part of Fig. 8.

According to the above-mentioned, while the h-BN atoms
are spaced by 0.144 nm and the h-BN structure parameter
is 0.25 nm, the minimum distance between the atoms of the
silicene is 0.2217 nm and the silicene structure parameter is
0.384 nm.

The interactions between these two atomic structures pro-
vide the opening of a band gap at the Dirac points (K) of the
silicene, whose value is approximately 30 meV, which does
not depend on the rotation between the alignments of the struc-
tures of the h-BN and silicene.[%*! Tt is important to state that
the bandgap value is caused by the distance between the layers
of silicene and h-BN, whose value is 0.332 nm, according to
what can be seen in the lower part of Fig. 8.[03-6¢]

It is noteworthy that the Van der Waals interactions, al-
though weak, are sufficient to join the silicene to the h-BN,
forming a superstructure with a Moiré pattern.
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The dispersion relation of the silicene on h-BN in the
vicinity of the Fermi level can be found by the tight-binding
model according to Eq. (6), that is, E (k) = £/ A2+ R2V2k2,
where A is the energy difference between the electrons located
in the two superstructures. Consequently, the band gap caused
at the K point is given by E; = 2A. Considering the fact that
the Van der Waals interaction is weak, the value of A is small,
which implies a small value for the band gap. It is worth men-
tioning that the value of this band gap can be increased by
changing the interaction between the two substrates, or by ap-
plying a gate voltage. Note that the control of the band gap
value via gate voltage has already been detailed above.

Besides the h-BN, some other insulating material can
act as substrate to support graphene and silicene, preserving
its necessary physical characteristics, so that they can consti-
tute future efficient optoelectronic nanodevices. For example,
graphene can be obtained from silicon carbide (SiC) via high
temperature treatment (HTT), with the advantage that thermal
decomposition is a relatively simple process and can be per-
formed over a wide temperature range (1400 K ~ 2000 K),
under a high or medium vacuum.[®”}

Silicon carbide crystal structure has polytypism, i.e., sil-
icon carbide exists in about 250 crystalline forms. [68] Tndeed,
the polymorphism of SiC has a large family of similar crys-
talline structures (polytypes), which can be described by a
usual hexagonal axis system, with one c-axis perpendicular
to three equivalent axes a, b, and d having angles 120° with
one another. All crystallographic modifications have very sim-
ilar structures, which consist of identical layers perpendicu-
lar to the hexagonal or trigonal axes. The (0001) (silicon-
terminated) or (000-1) (carbon-terminated) faces of 4H-SiC
and 6H-SiC wafers can be used for growing the graphene.®”]

Graphene growth on SiC can be done in a variety of
ways, for example, in flat SiC surfaces,!’"’! SiC structured
surfaces,!”?! and discrete SiC particles.[”3 It is noteworthy
that after the growing graphene on SiC, the SiC that has
been used can serve as a substrate for manufacturing the elec-
tronic graphene/SiC devices, thereby avoiding assemblying
and/or transferring the graphene films to the SiC used by
graphene production methods via mechanical exfoliation, for
example. 7475

With respect to the silicene, it has been proven that the
semi-metallic behavior of silicene embedded in ultra-thin lay-
ers of aluminum nitride (AIN), which is considered as an insu-
lating (energy gap about 4.6 eV), can be preserved.!”®! In this
case, the thin layer of silicene interacts very weakly with the
AIN layer through van der Waals (vdW) force.

Partial charge densities in the energy range of Er/Er —
0.2 eV of silicene on h-BN and of silicene on hydrogenated
Si-terminated silicene carbide SiC (0001) surface (Si—SiC) are
concentrated on silicene (in the same way as that in free-
standing silicene). However, partial charge densities related

to silicene on hydrogenated C-terminated silicene carbide
SiC (0001) surface (C-SiC) are distributed widely in silicene
and substrate, so that in this case, Ef approaches to the maxi-
mum value of the C—SiC valence band. Therefore, silicene on
hydrogenated Si-terminated silicene carbide SiC (0001) sur-
face (Si—SiC) maintains the Dirac cone, and its geometry and
electronic properties are preserved. On the other hand, silicene
on hydrogenated C-terminated silicene carbide SiC (0001) sur-
face (C-SiC) has metallic behavior.[””]

Molybdenite, i.e., MoS; is a transition metal dichalco-
genide (TMD) that classifies as a material of van der Waals.
While the band gap of bulk MoS; is 1.29 eV, and the band gap
of MoS, monolayer is 1.90 eV.[78]

Previous studies have shown that the energy conver-
sion energy efficiency of photovoltaic cells based on Schot-
tky diode is significantly increased, when an MoS, layer is
inserted into the junction region (contacting graphene) be-
tween the graphene layer (in the case of trilayer-graphene)
and the n-Si layer. The photovoltaic cell constituted by
Indium electrode/n-Si substrate/SiO, layer/MoS, layer (=
9 nm)/trilayer-graphene/Au electrode presented an energy
conversion efficiency of 11.1%. The correct determination of
the thickness of the MoS; layer contributes significantly to the
increase of the energy conversion efficiency. This is because
the MoS; layer separates the graphene from the n-Si substrate,
which penetrates through a hole in the SiO; layer until it en-
counters the MoS; layer. Considering that the MoS; layer acts
as a charge recombination reducer at the junction, the opti-
cal loss decreases, thus increasing the energy conversion ef-
ficiency. Another reason that contributes to the increase of
the energy conversion efficiency related to this nanophotonics
photovoltaic cell is the correct determination of the number of
layers of graphene (in this case trilayer-graphene), since this
number of graphene layers can reduce the value of the Schot-
tky diode resistance.!””)

On the other hand, previous research has shown that the
heterostructure consisting of silicene and MoS; occurs, when
an Si atom of the unit cell is located directly above an S atom
and the another silicon atom is located on the empty part of the
MoS,.139 In this case, the binding energy is Ej, = 120.32 meV
per atom of silicon, which is sufficient to provide the stability
of the silicene.3! Note that in this case, the distance between
two consecutive layers is 0.293 nm, therefore greater than the
sum of the covalent rays of Si and S atoms. Hence, the in-
teraction between silicene and MoS, layers is a weak vdW-
like interaction. Therefore, in this structure, the linear energy
bands are preserved and the opening of a band gap occurs (due
to the breaking of symmetry caused by the intrinsic interface
dipole). The band gap in the silicene/MoS, heterostructure is
caused by the difference in electron density distribution in this
integrated plane.[3!]
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There are two forms of silicene/MoS, heterostruc-
tures: high-buckled silicene (HSMS) and low-buckled silicene
(LSMS). In both formats, the covalent bonds of the silicene
are maintained (without breaking). However the HSMS for-
mat presents metallic behavior, unlike what happens in the
LSMS format, which is more stable and its band gap can be
controlled by gate voltage, in the same way as that in the case
of silicene/h-BN.

5. Charge mobilities and charge densities

Previous studies have demonstraded that the isolated
graphene has a charge carrier mobility value of 2 x

182,831 However, more

10° cm?-V—1.s~! at room temperature.
recent studies have shown that the mobility of the isolated
graphene is 3.39 x 10° cm?-V~!.s~! for electrons and it is
3.22 x 10° cm?-V~!.s7! for holes at room temperature.'®*! On
the other hand, the mobility of graphene over SiO, is only
10 x 103 cm?-V~1.s 71851 and the value of the charge mobility
of graphene on h-BN is u = 2.5 x 10* cm?-V~!.s~! at high
charge densities. 3!

With respect to silicene, recent research has shown
that the isolated silicene has an electron mobility of
2.57 x 10° ecm?-V~l.s7! and a hole molibity of 2.22 x
103 cm?-V~1.s~! at room temperature. 5]

In the same way as that in the case of graphene, the mo-
bility of the charge carriers in the silicene depends greatly on
the substrate where it is embedded, and the h-BN is one of
the substrates which offers a relatively high mobility for the
silicene. [+

The symmetric shapes of the energy dispersion relation in
graphene for the conduction and valence bands provide equal
group velocity for electrons and holes. In other words, con-
sidering ideal graphene (without defects and impurities), or
isotropic scattering graphene, that is, when scattering mecha-
nisms affect electrons and holes with the same intensities, the
average velocity of the charge due to the presence of an elec-
tric field (Vgrife) is the same for electrons and holes. Then, in
ideal graphene, the mobility of electrons (L) is equal to the
mobility of holes (uy).

The charge mobility can be determined from the mea-
surement of resistivity in a high charge density regime (called
metallic regime), where the induced charges do not change the
resistivity significantly, according to the following equation:

1
He 1 = %, @)

where p is the electrical resistivity of graphene.

The density of charge carriers for intrinsic graphene is
given by ng = 1/ (n*/2)* +n2 ~0.3x 102 cm~2, where ng, is
the contribution due to the generation of charge carriers at the
due temperature and n* is the contribution due to the charges
coming from the substrate.

The application of a gate voltage provides an increase
in charge density, owing to the fact that graphene (or sil-
icene) and the dielectric substrate form a capacitor (whose
capacitance is constituted by the quantum capacitance of the
graphene, in series with the capacitance referring to elec-
trode, dielectric and graphene). For the device we are present-
ing, the quantum capacitance of graphene (or silicene) can be

[86]

neglected, '™ so that the contribution to the charge density due

to the application of gate voltage (n,), without taking into ac-
count the unbalanced loads due to imperfections, among other

factors, is given by
&EV,
ng = 8
g PR (®)
where ¢ is the thickness of the dielectric.

However, taking into account the ambient temperature
(T = 300 K), which causes the value of KgT ~ 26 meV and
the chemical potential of the graphene (g ~ Er > KgT, the
application of gate voltage provides a great change in the total

charge density in graphene, given by!?%)
2
My o1
"SR ®

where £ is the reduced Planck constant.
For example, considering the Eq. (7) and using pq =
0.5 eV we obtain n = 1.837 x 10"3 cm 2.
It is noteworthy that the chemical potential of graphene is
given by[®7!
L= hVe\/nT. (10)

Moreover, the value of the gate voltage (V,) is related to
the Fermi level (the value is approximately the same as the
value of the chemical potential), according to the following

TTEYE
Eppug= hVe e‘; 4 (Ve—V), (11

where &€&y is the electrical permittivity of the h-BN and

equation!3®]

Vp is the Dirac voltage (gate voltage value where the maxi-
mum resistivity value occurs, i.e., minimum conductivity of
the nanoribbon). Note that in an ideal 2D nanoribbon, the
gate voltage value at which the maximum resistivity value oc-
curs is Vy = Vp = 0. However, in an actual 2D metamaterial
nanoribbon there is an intrinsic doping, due to the presence
of the unbalanced charge carriers. Therefore, the value of the
maximum resistivity of a 2D metamaterial nanoribbon occurs,
when V; = Vp. The use of a dry process of transfer of the
graphene to an SiO,/Si substrate yields Vp < 4.5 V, the aver-
age value being around 2.5 V.[®1 However, during the investi-
gations of the low frequency flicker noise in a graphene layer
on h-BN/Si0,/Si and on SiO,/Si, different values of Vy for the
graphene on h-BN/Si0,/Si and on SiO,/Si were found(Please,
replace this text: that Vp ~ 5 V for the graphene on substrate
h-BN/SiO»/ Si and Vp ~ 2.5 V for the graphene on the sub-
strate Si0,/S1).[°"1 It is worth mentioning that we adopted
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Vb = 4.5 V. (Please, replace this text: Then, we adopted
Ww=45V)

On the other hand, the concentration of charges in a
range of energy (in this case, referring to the device shown
in Fig. 5) can be obtained by integrating the Fermi—Dirac dis-
tribution function over the energy band. Hence the concen-
tration of charges is given by n = [D(FE) fr (E) dE, where
D(E) and fr = (1+ eE—E)/(KsT)) ! are the available energy
states (density of states (DOS)) and the distribution function
of Fermi—Dirac, respectively.

After several mathematical interventions, the total con-
centration of electrons in the silicene can be determined

from 1]

n=— L (AL () KsTH () + T () (K70 ()] . (12)
wh=Vg
where W and L are the width and the length of the silicene
nanoribbon, respectively, n = (Ep—A) /KgT, I, Kg, T, and
I; being the gamma function, the Boltzmann constant, the tem-
perature, and the Fermi—Dirac integral, respectively.
Figure 9 shows the charge densities in graphene and in
silicene as a function of gate voltage ranging from 5 V to 60 V
(Ef ranging from 0.1965 eV to 1.2743 eV) .
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Fig. 9. Charge densities on graphene and silicene as a function of gate
voltage.

For high values of V,; (which lead to high values of the
chemical potential (tq ~ Ef)), A < E;. In this case, equa-
tion (12) becomes Eq. (9), considering the Fermi velocity for
the silicene.

In Fig. 9 it is shown that the charge densities in graphene
(Eqg. (9)) and in silicene (Egs. (9) and (12)) as a function of
gate voltage (ranging from 5 V to 60 V, which causes E; to
vary from 0.1965 eV to 1.2743 eV).

As we can see from Fig. 9, the charge densities in
graphene and in silicene increase linearly with the increase in
the gate voltage, but in graphene the charge density is slightly
higher than in silicene due to the fact that the Fermi velocity
in graphene is slightly higher than in silicene.

6. Conductivities and absorptions

Graphene and silicene in their original states (without
doping) have Fermi energy Er = 0 at the K points of the Bril-
louin zone (Dirac points), where the valence band is com-
pletely filled while the conduction band is completely empty.
The conduction and valence bands touch the K points, andnear
these points the dispersion relation can be considered to be lin-
ear. In this case, the optical excitations cause electron-hole ex-
citations, called intraband and interband transition, according
to what is shown in Fig. 10.

energy

intraband
transition

condution band

i 4

valence band

Fig. 10. Schematic representation of intraband and interband transitions.

Hence, the optical conductivities of graphene and silicene
are determined by intraband and interband transitions, which
can be obtained from the Drude model,®%! given by[%3-%3]

6 (w) = opc(Er)/(1+w?T?), (13)

where opc is the direct current (DC) conductivity and w is
the angular frequency of the incident photon, and 7 is the re-
laxation time (period of time in which an electron can move
freely after its previous collision).

Actually, the conductivities of graphene and silicene are
the sum of the contributions referring to the intraband and in-
terband excitations, which can be calculated using the Kubo
formula. Considering that we are dealing with angular fre-
quencies w > 1/7, i.e., Br < w — negr < ¢/Vr = 300, where
neg 18 the effective refractive index (nege = B /0; ko = 27Ap), B
is the wave number for the GSPP mode, A is the wavelength
of the photon in free space and c is the speed of light in the
vacuum; under these conditions the intraband conductivity of

graphene is given by!87:96.97]
Ointra (Wylhe) = m (14)
where the relaxation time (7) is given by[26’98J
and the interband conductivity of graphene is given by!37-%6]
TR
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For high frequencies (w > U, KgT'), the conductivity of
graphene is given by oy = €?/(4h) ~ 6.08 x 1075 Q7! =>
0,871 6y being defined as the universal conductivity of
graphene, which can also be represented by oy = 7p/4, where
Go = 2¢?/h is what is called quantum of conductance.’!

In Fig. 11 we show the graphs of the real (left part) and
imaginary (right part) referring to the intraband, interband,
and total, of the graphene embedded in h-BN, as a function
of 0< u, <1 (eV), for A = 1.5317024 pum, which belongs
to the C band of Telecommunication Standardization Sector -
ITU (on the top of Fig. 11) and for frequency f = 10 THz (on
the bottom of Fig. 11).

8

n
©n - — - -intra N
¥ 6 — — inter S
g total >
> 4 3
‘% a
&, o
3 g
Q o=
~ o &

0 0.5 1.0 é 0 0.5 1.0

Chemical potential/eV Chemical potential/eV

6 9]
0 - — - -intra| 7
® 4 — — inter S
S total| -
~ @
£ o
g2 2
—~ 5]
= L :
o g1

0 0.5 1.0 £ 0 0.5 1.0

Chemical potential/eV Chemical potential/eV

Fig. 11. Upper: Conductivity of graphene embedded in h-BN for A =
1.5317024 um. Bottom: Conductivity of graphene embedded in h-BN for
f =10 THz.

Note that for A = 1.5317024 pm, the total real part of the
graphene conductivity (solid line) is provided by the real part
of the interband conductivity (dash line), while for f = 10 THz
(A =30 um), the total real part of the graphene conductivity
is provided by the real part of the intraband conductivity (dash
and dotted line). In addition, for A = 1.5317024 um, the total
imaginary part of the graphene conductivity (solid line) is ob-
tained by the sum of the imaginary parts of the intraband (dash
and dotted line) and interband (dash line) of the graphene con-
ductivity. In this case, the total imaginary part of the graphene
conductivity can be negative or positive. On the other hand, for
f = 10 THz, the total imaginary part of the graphene conduc-
tivity is provided by the imaginary part of the intraband con-
tribution. In this case, the total imaginary part of the graphene
conductivity is positive. It is worth mentioning that for a pos-
itive value of the imaginary part of the conductivity, graphene
(and silicene) can support TM modes. (Considering the fact
that x is in the direction of propagation, TM modes have elec-
tromagnetic fields components H,, E,, and E;). We will return
to this subject in the next section.

In Fig. 12 are shown the graphs of the real and imagi-
nary parts of the graphene conductivity embedded in h-BN,
as a function of wavelength ranging from A = 1.55 pum to
A =30 pum, for y. = 0.6 eV.

As we can see, the imaginary part of the conductivity of
graphene is positive over the entire wavelength range.

It is important to state that the universal conductivity
shown for graphene is also valid for the chemical elements
Si, Ge, and Sn of group IV of the periodic table, constituting a
plane (or semiplane) with honeycomb atomic structure.
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Fig. 12. Real and imaginary parts of the conductivity of graphene em-
bedded in h-BN versus wavelength (i, = 0.6 eV).

The complex conductivities of graphene and silicene can
also be obtained from their complex permittivities. The
real part of the silicene conductivity, for example, can be
found through the Ehrenreich—Cohen formula, and the imag-
inary part of that conductivity from the equation of the real
part, via Kramers—Kronig relations concerning the dielectric
functions.'%%1911 However, by applying the correct values
with respect to the physical properties of the silicene, for
wavelengths between the THz and infrared frequency region,
we can use Egs. (14)—(16) for determining the real and imagi-
nary parts of the silicene .

It is observed in Egs. (14) and (16) that in the range
of wavelengths from THz to infrared the conductivities of
graphene and silicene depend only on the chemical potential
and on the relaxation time, which in turn depends only on the
values of the chemical potential, Fermi velocity and charge
mobility. Therefore, for each wavelength at a fixed chemical
potential, as the values of the Fermi velocity and charge mobil-
ity for graphene and for silicene are very close to their counter-
parts, the values for the relaxation times related to those two
2D metamaterials are also very close to each other (for that
range of wavelengths), so that the values of the real part and
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imaginary part of the conductivity of the graphene and silicene
are practically the same.

For a layer of graphene (or silicene) under the normal
incidence of electromagnetic waves, the absorption at @ >
2uc/h is given by A = mo/(1+mo)* ~ mo ~ 2,293%,
where o5 = ?/(4mephic) is the Sommerfeld finestructure
constant.!'%! This means that universal absorption occurs
when A < mch/le. On the top of Fig. 13 are shown the re-
gions of the wavelengths where universal and non-universal
absorption occur, as a function of the chemical potential.
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Fig. 13. (a) Range of lengths where universal and non-universal ab-
sorption occurs depending on the chemical potential. (b) Absorption as
a function of wavelength for y. = 0.15 eV.
The following equation can be used to determine the
absorption values, with considering normal incidence and
the graphene layer (or silicene) embedded in a single

dielectric: 101

Re(o(@)) -
12

2
where 6 (0) = o()/(&c).

Equation (17) shows the values of the absorption as a
function of the wavelength (for y, = 0.15 eV) in the lower
part of Fig. 13. Note that for A <=2 4.133 pm occurs the value
of the universal absorption.

The physical explanation for what was detailed above is

that absorptions occur in graphene, when an electron in the
valence band absorbs a photon and is excited to an empty
state in the conduction band, with the same momentum (in-
terband transitions). However, the interband transition can
only occurs when there is a occupied state with Dirac en-
ergy € = (—h®)/2 and an empty state with Dirac energy

€ = (+hw)/2. This means that the interband transition can
only occurs, for u, < 7@w/2 (“Pauli blocking mechanism”).
On the other hand, the intraband transition can also lead to
absorption process. This type of transition occurs due to inter-
actions with phonons, but it only exists in a significant amount
from the far infrared frequencies until the THz frequencies in
the presence of high concentration of charge carriers. Hence,
the probability of occurrence of intraband transitions tends to
zero, when when u; — 0.

The absorption also depends on the angle of incidence
and on the angle of refraction according to the following equa-
tion (for TM modes): 100!

A 4./€,cos(0))Re (5) (18)

(V€ cos (61) +/€, cos(Gz))z’
where 6 and 6, are the incidence and refraction angles, re-
spectively, and €] and &, are the dielectric constants of the two
media in which the 2D metamaterial is embedded. Figure 14
shows the absorption values (considering € =& = 1) as a
function of the incidence angle (ranging from 0 to 7/2 rad),
referring to the incidence of violet light (A = 0.3 nm, photon

energy Ep, ~ 3.1¢eV).
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0 : . . .
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15
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photon energy: 3.1 eV
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Absorption/1076
o

o

0 0.2 0.4 0.6 0.8 1.0

Angle of incidence/(7/2)
Fig. 14. Absorption versus angle of incidence. (a) uc = 1 eV. (b) . =
1.8 eV.

Note that on the top of Fig. 14 is the plot of absorption
versus angle of incidence for gate voltage with value (. =1 eV
(< Epn/2). We can see that for values close to the angle
7/2 rad the absorption increases to approximately 0.5. On
the other hand, in the lower part of Fig. 14 is the plot of ab-
sorption versus angle of incidence for gate voltage with value
U =1.8¢eV (> Ep /2). Note that in this case, the absorption
is practically null. This occurs due to the fact that pe > Eyp, /2.
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We will come back to this subject in the next section. It is note-
worthy that although we have shown the absorption as a func-
tion of angle of incidence and gate voltage values (for photons
in the region of violet light), the above detailed is valid for the
entire frequency range, from the THz region to the ultraviolet
region.

7. Electrical permitivities, wave vector disper-
sion relations, TM and TE modes

The electrical permittivity and dielectric constant for an

isolated 2D metamaterial can be obtained from the Maxwell

equations given by!!%?]

c c
€= i—; &=1+41 , 19
80"’1(0[ r +la)£0t (19)

respectively.
It is obvious that in this case, the refractive index n =

n=y14+i——. (20)
W&t

Complex refractive index of 2D metamaterial embedded
in the same dielectric can be determined as n = n (@) — ik,
where k is called the extinction coefficient.

&)%3 is given by

We can determine the behavior of the electromagnetic
wave in 2D metamaterial, by using the Dyadic Green function
and Maxwell’s equations and by manipulating the polarization
state, [102-104]

Graphene can support TE (polarization p) or TM (polar-
ization s) modes, provided that the imaginary part of its con-
ductivity is negative or positive, respectively (silicene behaves
in a similar way to graphene according to what was previously
detailed).

From Eq. (14), we can show that the real part of the in-
traband contribution is null (Figs. 11 and 12), so that only the
interband contribution of the conductivity constitutes the real
part value of the conductivity of the graphene (and silicene).
Note that for values i/, > 2, the real part of the conduc-
tivity of the graphene (o) is positive according to what can be
seen in Fig. 15.

The equation that determines the electrical permittiv-
ity in 2D metamaterial already presented above is given by
e=g+i(o/(mt)).
the real and imaginary parts of the conductivity (6 = 6'+0"),

It is important to state that considering

this equation can become (from the Maxwell equations) € =
g—0"/(wt)+ i(o’/(wt)). Note that in this case, the real
part of the permittivity for each of graphene and silicene is
given by € = g—0”/(wt) and the imaginary part is given
by €’ = i(0’/(wt)). Therefore, the real parts of the permit-
tivity of graphene and silicene can be positive, or negative,
depending on the imaginary part of the conductivity of that
2D material. It is worth noting that when the real part of

this permittivity is negative, TM modes can exist. On the
other hand, when the real part of this permittivity is posi-
tive, TE modes can exist. Therefore, in graphene and in sil-
icene, modes TM (&' = gy+06" /(wr) < 0; 6> 0) or weak TE
modes (¢/ = gy+0”/(wt) > 0; 6" < 0) can occur,!%! accord-
ing to what can be seen in Fig. 15. Hence, SPP modes TM
and TE are supported in graphene, for 0 <h®/p,< 1.667 and
1.667 <hio/11,< 2, respectively. 1061071

- real part
imag. part

Conductivity/107° S
o

—2
—4
¢l ™™
TE
71 16672 3 4 5 6

(h/2m)w/ e

Fig. 15. (color online) Graphene conductivity as a function of h® /.

Moreover, the increase in temperature causes the real
parts of the conductivity of graphene and silicene at the point
of bifurcation to slightly change (where ¢’ = 0), so that the
real part of the conductivity becomes slightly positive for some
values of ho/ Ug~=< 2. Hence, in this case small attenua-
tions occur in the SPP modes, and TE modes suffer greater
attenuations. /19

The dispersion relation for the TM mode on a sheet
of graphene embedded in a dielectric can be obtained from

Maxwell’s equations, given by![!08!

w?gy 208&0€4
\/ P =, 20
C 10

where ¢ is the wave number of the GSPP modes, @ = cky and

g4 1s the dielectric constant of the medium in which graphene
or silicene is embedded.
From Eq. (21), we can obtain the following dispersion re-

lation for TM modes: %8

2¢5 \2
N s—(d) , 22
9™ 0 |&d 100, (22)

where & is the relative permittivity of the dielectric, 1 is the
air impedance and 1o = 377 Q, and ko = 27Ay.

On the other hand, the dispersion relation for GSPPs TE
mode on a graphene (or silicene) surface can be determined
according to the following equation:1%7]

2
No O
a1e =k lgd_ (;;) 1 : (23)
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The wavelength for a GSPP mode propagating through a
graphene or silicene nanoribbon, and its propagation distance,
i.e., the distance that this mode can propagate until its intensity
decreases to 1/e of its value, are given by!109-112]

21 1

)"GSPP = F{q]; Lstpp = 21m [q] . (24)

8. Conclusions

The 2D metamaterial (in which atoms constitute a plane
or a semi-plane) is considered to be of great relevance to the
progress in all exact sciences. Since the discovery of graphene,
researchers around the world have increasingly investigated
in depth the details of the electrical/optical properties relat-
ing to the other two-dimensional (2D) metamaterials, such as
silicene. The huge interest in silicene occurs due to the usage
of silicon in the optoelectronic industry. Note that the constant
advance in the technology related to the silicene allows us to
inform that it will most probably be possible to find the solu-
tion to enable Moore’s law in dimensions smaller than 10 nm.

In this review, we include the details and comparisons of
the atomic structures, diagrams of energy bands, substrates,
charge densities, charge mobilities, conductivities, absorp-
tions, electrical permittivities, dispersion relations of the wave
vectors and supported electromagnetic modes referring to the
graphene and to the silicene. Hence, we have developed the
subjects most relevant to the professional life of those who
work in the area of nanotechnoly and nanophotonics based in
graphene or silicene.
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