25 Predictions of Single-Layer
Honeycomb Structures from
First Principles

S. Ciraci and S. Cahangirov

25.1 Motivation and Methodology

Finding a contender for graphene in the field of 2D electronics and in other possible
potential applications of nanotechnology has derived active search for graphene like
novel structures, which do not exist in nature. As a matter of fact, the types of 3D
layered materials, which make the exfoliation of their single-layer (SL) structures
possible, are limited only to graphite, 2h-BN, 2h-MoS,, 2h-WS,, black phosphorus
etc. However, most of desired electronic and magnetic properties demand materials that
do not have layered allotropes. In view of the location of C, B, and N elements in the
periodic table, which constitute SL graphene and BN, questions have been raised as to
whether other group IV elements, group III-V and II-VI compounds may also form SL
structures. The theoretical methods have provided for quick answers to guide further
experiments. These methods, based on the quantum theory, have now reached now a
level of providing accurate predictions for chemical, mechanical, electronic, magnetic,
and optical properties of matter.

In our group, we have carried out studies to explore novel materials in SL structure
constituted by group IV elements, group III-V and II-VI, group V elements, transition
metal oxides, and dichalcogenides, MX, in h- and t-structures. We also consider their
functionalization by decoration of ad-atoms, by creation of the mesh of vacancies and
voids, by formation of nanoribbons or in-plane heterostructures. Most of the elements
which construct SL materials have valence orbitals similar to carbon. These are atoms
having s* and p™ valence orbitals, which can allow three folded, planar sp® hybrid
orbitals to form o-bonds between two atoms located at the corners of hexagons. This
way a three-fold coordinated honeycomb structure can be constructed. Remaining p
orbitals form bonding (antibonding) 7- (n*—) bonds with nearest neighbors. While the
o-bonds between atoms maintain the mechanical strength, 7—z*-bonds assure the planar
geometry and dominate the electronic energy structure near the Fermi level. SL
structures including at least one element from the first row of the periodic table, prefer
a planar structure such as graphene, h-BN and SiC, since the z-bond is strong enough to
maintain the planar geometry. However, the situation is different for SL structures
constructed by elements from rows lying below the first one, where nearest-neighbor
distance is relatively longer and hence a weaker z-bond cannot maintain the planar
geometry. At the end, the structure is stabilized by dehybridization of planar sp”

472

Downloaded from https://www.cambridge.org/core. Bilkent University Library, on 10 Jun 2019 at 10:33:10, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781316681619.026


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316681619.026
https://www.cambridge.org/core

25.1 Motivation and Methodology 473

orbitals, and eventually rehybridization of sp*-like orbitals. Accordingly, the structure is
buckled, where alternating atoms located at the corners of the hexagon are displaced in
opposite and perpendicular directions. In this structural transformation, the projection of
atoms continue to form again a honeycomb structure with a 2D hexagonal lattice.

Minimizing the calculated total energy and also atomic forces at each atomic site
attains a theoretical prediction of a structure or its functional form. Once the structure
optimization resulted in a new SL honeycomb structure, the main issue is whether this
structure is stable. Especially, the stability of a structure above room temperature is
necessary for technological applications. First, ab-initio phonon calculations are carried
out to check whether the SL structure remains stable after small displacements of atoms.
The structure is viewed as stable when all the frequencies of phonon modes are positive
and hence the SL structure corresponds to a local minimum on the Born—Oppenheimer
(BO) surface. Imaginary frequencies indicate that the displacements of corresponding
modes cannot be restored, and then the structure eventually dissassociates. Even if
positive phonon frequencies indicate stability, it cannot be assumed that the structure
corresponds to a deep local minimum on the BO surface and will remain stable under
thermal excitations at high temperature.

The stability at high temperatures is then investigated by performing ab-initio, finite
temperature molecular dynamics (MD) calculations using two different approaches.
Either the Nose thermostat is used and Newton’s equations are integrated through the
Verlet algorithm with a time step of 1-2 femtoseconds, or the velocities of atoms were
scaled at each time step to keep the temperature constant. MD simulations carried out
for several picoseconds at temperatures as high as 1000 K to ensure that the SL structure
does not dissociate and hence can remain stable at least above room temperature.
Notably, some of the honeycomb structures deduced by the total energy and force
calculations were dissociated already at low temperatures after a few time steps, since
they were actually unstable.

In addition to phonon frequency and high temperature MD calculations, the stability
of optimized structures are subjected to further tests. For example, the possibility that
the optimized structure can undergo reconstruction covering several primitive unit cells
is tested by optimization in large n X n supercells. Another possibility that the
optimized structure may dissociate or change into clusters is examined by the adsorp-
tion of specific ad-atoms or by the formation of defects. Positive cohesive and forma-
tion energies are indicative of stability. High mechanical strength suggests robustness.
An optimized SL structure, which passes all these stringent tests, is then considered to
be stable in the freestanding state even if its parent 3D crystal is not layered like
graphite. It should be noted that the stability of an SL structure does not mean that it
can be synthesized; rather it means that this structure remains stable once it is
synthesized in freestanding form. Since certain SL structures can be synthesized only
by growing them on specific inert substrates, SL structure—substrate interaction may
modify the properties calculated for the freestanding form. Therefore, the properties of
the SL structure grown on substrates are calculated to see whether they are affected by
the substrate. Single-layer, bilayer, multilayer, and layered periodic structures derived
from freestanding SL structures may be stable and display properties gradually
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474 Single-Layer Honeycomb Structures from First Principles

changing with the number of layers. These multilayers can be considered as new
polymorphisms of a given SL structure.

The stable SL honeycomb structures are characterized by calculating their equilib-
rium optimized structural parameters: total energy E7; cohesive energy E. relative to
constituent free atoms; formation energy Eyrelative to the allotrope having lowest total
energy (in the global minimum); elastic, electronic, magnetic, optical properties, etc.
In-plane stiffness, C = A, ' 8*E-/0¢* (A, being the equilibrium area of the unit cell) and
the Poisson’s ratio v = —¢, /e, are relevant quantities to quantify the strength and elastic
properties of an SL structure. Because of their dimensionality, these structures attain
high Poisson ratio and high uniaxial strain under uniaxial stress. In this respect,
monitoring of the electronic structure — in particular, of the fundamental band gap with
applied strain — is crucial for SL materials. The total charge density p(r), charge transfer
between constituent atoms are also calculated to provide further information about the
character of the binding and bond formation.

The total energies of structures and atomic forces are calculated from the first-
principles pseudopotential calculations based on the spin-polarized density functional
theory (DFT) using the Vienna ab-initio simulation package (VASP) [1]. Since the
fundamental band gaps are underestimated by standard DFT, calculations are carried
out using the HSEQ6 hybrid functional [2] and quasi-particle GW,, corrections [3].

25.2 Group IV Elements: Silicene, Germanene

Even before synthesis of isolated graphene, theoretical studies based on the minimiza-
tion of the total energy have pointed out that the single layer of Si in a buckled
honeycomb structure can exists [4, 5]. However, freestanding silicene and germanene,
together with their signature of massless Dirac fermion, ambipolar effects and nano-
ribbons showing familiar behavior, were first predicted after an extensive stability
analysis [6, 7]. The need to unravel the exotic electronic structure and its integrability
into the well-established silicon technology has placed silicene at the forefront of
intensive theoretical and experimental research. Since Si and Ge do not have any 3D
layered allotropes like graphite with weak interlayer van der Waals interaction, silicene
cannot be exfoliated and hence freestanding silicene cannot exist in nature.

The stable structure of silicene (germanene) has the following calculated values: the
2D hexagonal lattice constant is a = 3.83 A (3.97 A); the buckling height is A = 0.44 A
0.64 A) [6]. The phonon dispersion curves of silicene and germanene calculated for
optimized buckled structures are shown in Fig. 25.1(c). Their stability continues to exist
even above room temperature as revealed from ab-initio MD calculations performed at
1000 K for 10 picoseconds; similar tests have been done for finite size flakes, indicating
stability above room temperature. The electronic energy band structures of silicene and
germanene presented in Fig. 25.1(d) show the 7- and 7*-bands linearly crossing at the
Fermi level. Spin—orbit coupling included later brought about other features such as
topological insulator behavior [8]. Not only the physical properties of 2D periodically
repeating silicene and germanene are similar to graphene, but also those of their
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Fig. 25.1 (a) Ball and stick model of planar and buckled silicene. (b) The first Brillouin zone of a
honeycomb structure and corresponding symmetry points. (c) Calculated phonon dispersion
curves of SL silicene and germanene in optimized, buckled honeycomb structure. (d) Electronic
energy band structure of buckled silicene and germanene.

nanoribbons are reminiscent of graphene nanoribbons. For example, the armchair
nanoribbons of silicene display the behavior similar to graphene, except that the edge
atoms of the former are 2 x 1 reconstructed [6, 7].

Prediction of SL silicene boosted efforts to grow silicene on a substrate. Silicene was
synthesized for the first time on an Ag(111) substrate [9]. It was shown that silicene
acquires a 3 x 3 reconstruction, which is in perfect match with the 4 x 4 supercell of the
Ag(111) surface. Moreover, linear bands near the Fermi level revealed by ARPES
performed on the 3 x 3 silicene grown on Ag(111) are attributed to the significant
hybridization between silicene and Ag sp bands [10].

The V3 x V3 reconstruction is also frequently observed when silicene is deposited on
an Ag(111) surface. Here two bright spots are formed in each y3 x 3 supercell of
silicone, making a honeycomb STM pattern [11, 12]. In contrast to 3 x 3 and V7 x 7
reconstructions, the Y3 x 3 reconstruction in silicene is not matched by any lattice
vector on the Ag(111) surface. Furthermore, it was found that the in-plane lattice
constant of Y3 x V3 silicene is 5% smaller than the corresponding value in freestanding
silicene. A model was proposed to explain the spontaneous formation of these 5%
contracted Y3 x 3 silicene structures [13]. According to this model, adding more Si
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476 Single-Layer Honeycomb Structures from First Principles

atoms on top of already formed silicene creates so-called dumbbell units [14, 15]. As the
number of dumbbells increase, they organize themselves in such a way that there are
two dumbbell units in each Y3 x 3 supercell. The resulting structure is spontaneously
contracted to a lattice constant of 6.4 A, which is what was measured in the experiments
[11,12]. Later it was shown that even more layers with the y3 x /3 reconstruction grow
as silicon continues to be deposited [16]. Interestingly, the multilayer silicene grown in
this fashion was shown to have a metallic character. On the theoretical side, it has been
possible to extend the aforementioned y3 x 3 dumbbell monolayer of silicene into a
layered dumbbell structure called silicite [17]. This new allotrope of silicon is only
0.17 eV/atom less favorable than cubic diamond silicon and has an enhanced absorption
in the visible range. However, it does not reproduce ~3.0 A interlayer separation
observed in multilayer silicene experiments. Recently, multilayer silicene reaching
40 layers was reported [18]. This structure was exposed to ambient air for 24 hours
and survived by creating a thin oxide layer on the surface.

More recently, a transistor made of silicene was shown to operate at room tempera-
ture [19]. Ambipolar Dirac charge transport with a room temperature mobility of
100 cm?/V s was measured in this system. Germanene was also synthesized by deposit-
ing germanium atoms on an Au(l11) substrate [20]. The resulting structure was
complex with coexisting phases, one of which was shown to be \3 x V3 germanene
matched by V7 x 7 Au(111). Notably, adsorption of additional Ge ad-atoms on
germanene creates dumbbell units such as silicene [21]. Germanene was also synthe-
sized on an Al(111) surface [22]. In this case, the observed structure was uniform
consisting of 2 x 2 germanene matched by a 3 x 3 Al(111) surface. Finally, stanene
was also synthesized by depositing tin atoms on BiyTe;(111) surface [23].

25.2.1. Silicon Carbide

Bulk SiC is a material, which is convenient for high temperature and high power devices.
One expects that SL SiC can be synthesized, since graphene and silicene are already
synthesized, and it may exhibit physical properties which are desired for specific
applications in 2D electronics. First-principles calculations have predicted that SL SiC
is stable in a honeycomb structure [24]. It is an ionic compound semiconductor with
significant charge transfer from the Si to C atom and has a fundamental band gap of
Eg =2.53 eV obtained using GGA, which increases to 3.90 eV after G, W, corrections.
Other relevant properties, i.e. bond length, cohesive energy, and in-plane stiffness, are
calculated to be d = 1.79 A, Ec = 11.94 eV/per SiC and C = 166 J/m?, respectively. When
compared with the calculated values of 3D bulk SiC in zincblende or wurtzite structure
and 1D chain structures, those of SL SiC in a honeycomb structure display intermediate
values, except that the band gap is largest in the SL honeycomb structure [24].

25.2.2 Silicatene

None of the allotropes of silica (i.e. amorphous or crystalline quartz) is known to
have a graphite-like layered structure. Despite that, efforts have been devoted to
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Fig. 25.2 (a) ho-silica derived from hp-silica. (b) Silicatene derived from ha-silica
(adapted with permission from [26]).

grow a 2D ultra-thin polymorph of silica on substrates [25]. Recently, stable SL
allotropes of silica, named as ha-silica and silicatene have been predicted [26]. The
optimized structure of ha-silica, which is derived from ideal hp-silica by lowering
energy by 0.7 eV is described in Fig. 25.2(a). Remarkably, ha-silica is predicted to
have a negative Poisson’s v = —0.21. That is, as ha-silica is stretched along the
x-direction, it also expands in the y-direction, owing to its squeezed structure
consisting of twisted and bent Si—O—Si bonds resulting in a reentrant structure
as described in Fig. 25.2(a). The negative Poisson’s ratio is a rare situation and
those extreme materials having this property are called auxetic or metamaterials.
The semiconductor ha-silica is non-magnetic with a direct band gap of 2.2 eV.
Moreover, it is a rather rare situation that the variation in the calculated band gap is
strain specific; it increases with increasing uniaxial strain ¢,, but it decreases with
increasing &,.

Owing to the dangling bonds oozing from Si atoms, ha-silica is rather reactive;
through the saturation of Si dangling bonds upon oxidation it transforms to Si,Os and
the band gap of ha-silica increases from 2.2 eV to 6 eV, attributing a high insulating
character and inertness like 3D silica. While the hexagon-like 2D geometry in
Fig. 25.2(a) is maintained, sp® bonded Si atoms change to sp> bonded Si atoms and
hence restore the rotary reflection symmetry. This way, Si atoms acquire the fourfold
coordination of oxygen atoms as shown in Fig. 25.2(b) as in 3D silica. Upon heating,
Si,05 undergoes a structural transformation by further lowering (i.e. becoming more
energetic) its total energy by 2.63 eV. In this transformation, the first half of the
dangling Si—O bonds rotate from top to bottom so that all are relocated at the bottom
side. Eventually, they are paired to form O—O bonds. The optimized structure
predicted in Fig. 25.2(b) replicates the structure of the SL silica in a honeycomb
structure named silicatene, the growth of which was achieved recently on a Ru(0001)
surface [28].
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478 Single-Layer Honeycomb Structures from First Principles

25.3 Group llI-V and II-VI Compounds

Groups III-V and II-VI compound semiconductors in zincblende or wurtzite struc-
tures dominate electronics, and optoelectronics. The question whether GaAs can form
single wall nanotubes and SL honeycomb structures like graphene was addressed in
2005 [5]. Motivated by these early results, a comprehensive study has been carried out
to explore SL structures of group IV elements and group III-V compounds [27].
Ab-initio phonon frequency calculations, which resulted in positive frequencies, have
demonstrated that 17 new group IV-IV and group III-V compounds can remain stable
in a SL honeycomb structure once they are synthesized. The equilibrium structure
parameters, cohesive energy, energy band gap, the ratio of effective charges, Poisson’s
ratio, and in-plane stiffness calculated using LDA approximation are presented in
Table 25.1.

Using the calculated values from Table 25.1, interesting correlations between
cohesive energy and the lattice constant, and between in-plane stiffness and cohesive
energy were deduced as shown in Fig. 25.3. For example, as Ec decreases, the lattice
constant a increases with increasing average row number of constituents. Similarly,
C and E are correlated and both increase with decreasing average row number of
constituent elements.

Additionally, the commensurate 1D heterostructures of these materials constructed
from their nanoribbons, such as GaN/AIN having multiple quantum well structures
with their band-lineups, have been proposed as an extension to 2D SL honeycomb
structures [27]. It should be noted that by increasing the widths of nanoribbons and
constructing these heterostructures, one can attain in-plane heterostructures or com-
posite structures [29].

25.3.1 Group II-VI Compound: ZnO

Bulk ZnO is an important optoelectronic material, because of its wide band gap of
3.3 eV and large exiton binding energy of 60 meV leading to LED and solar cell
applications. Two-monolayer-thick ZnO(0001) films have been grown on an Ag(111)
surface [30]. Based on first-principles calculations, an SL. ZnO in planar honeycomb
structure has been found to be stable [31]. It is a non-magnetic semiconductor and has a
lattice constant of @ = 1.89 A and a direct band gap (calculated by GGA and corrected
by G,W,) Eg = 5.64 eV. In the bilayer of ZnO, the band gap decreases to 5.10 eV and
saturates at 3.32 eV in the graphitic h-ZnO structure. Zig-zag nanoribbons of ZnO are
ferromagnetic metals due to spins localized in oxygen atoms at the edges. Whereas bare
and H saturated armchair nanoribbons of ZnO are a non-magnetic semiconductor,
energy band gap saturates at 1.75 eV as their widths increase.

25.3.2 a-Graphyne and a-BNyne

The stable SL structures a-graphyne and a-BNyne are derived from a honeycomb lattice
with additional n atoms between the atoms placed at the corners of hexagon [32]. The
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Fig. 25.3 Correlations between the cohesive energy E¢ and lattice constant a, and between inplane
stiftness C and cohesive energy E- among stable SL honeycomb structures. Squares and circles
are for planar and buckled structures, respectively (adapted with permission from [27]).

SL structure o-graphyne is stable for n = even and exhibits Dirac cones similar to
graphene. However, for n = odd, it is unstable and undergoes a structural transformation
by breaking hexagonal symmetry and opening a band gap. The SL structure a-BNyne is
a semiconductor with the band gap decreasing with increasing n; Eg =4.13 eV forn =2,
but it decreases to Eg = 3.46 eV. Both a-graphyne and a-BNyne form stable bilayers
with AB stacking.

25.4 Group V Elements: Nitrogene and Antimonene

More recently, the fabrication of a field-effect transistors, using micrometer sized flakes
consisting of two to three layers of black phosphorus [33] and theoretical analysis [34],
revealing the stability of its single-layer allotropes, i.e. blue and black phospherenes,
brought group V elements into focus. Recent theoretical analysis exploring the idea of
whether Sb and N can form SL structures have concluded that these two elements can
also form stable, SL buckled honeycomb structures, called nitrogene and antimonene,
respectively [35, 36].

Notably, while strong the N, molecule is triple bonded, nitrogene is constructed from
threefold coordinated and single-bonded N atoms similar to the 3D cg-N crystalline
phase. However, unlike semimetallic graphene or silicene which have perfect electron—
hole symmetry, nitrogene is a wide band-gap insulator with a DFT band gap of Eg =
3.96 eV (Eg = 5.96 eV after HSE correction). The buckling distance is A = 0.7 A and
cohesive energy is Ec = 3.67 eV/atom [35, 36]. Moreover, nitrogene can form stable
nanoribbons with band gaps in the range of 0.6 eV < E; < 2.2 eV, bilayer and 3D
graphitic structure named nitrogenite.

Antimonene has a stable SL buckled honeycomb (h-Sb) structure, as well as an
asymmetric washboard (aW-Sb) structure; the latter has slightly higher cohesive energy.

Downloaded from https://www.cambridge.org/core. Bilkent University Library, on 10 Jun 2019 at 10:33:10, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781316681619.026


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781316681619.026
https://www.cambridge.org/core

25.5 Transition Metal Oxides and Dichalcogenides 481

Here we consider only h-Sb, which has cohesive energy E- = 2.87 eV and is a non-
magnetic semiconductor with an indirect band gap of 1.04 eV, calculated within PBE
approximation, which occurs between the minimum of the conduction band along the
I'-M direction and a maximum of the valance band at the I point. Upon HSE correction
the indirect band gap increases to 1.55 eV. Apparently, the band gap of h-Sb lies in the
range, which is convenient for several 2D electronic applications. Free-standing SL
antimonene is metallized when grown on substrates such as a Ge(l111) surface or
germanene. Also interlayer coupling is significant and attributes metallicity to bilayer
and multilayer antimonene [35, 36].

25.5 Transition Metal Oxides and Dichalcogenides

Three-dimensional transition metal oxides or dichacogenides MX, (M, transition metal;
X, oxygen or chalcogen atoms) compounds constitute one of the most interesting
classes of crystals; their wide range of properties have been investigated since 1960.
Some of these compounds have Dgy-point group symmetry and are layered structures
formed by the stacking of weakly (vdW) interacting 2D MX, layers and are specified as
2h-MX, like layered MoS, crystals. Another type of layered structure is specified as a
2t-structure (centered honeycomb) and has D34-point-group symmetry. Some 3D MX,
structures are known to be stable in rutile, 3R, marcasite, anatase, pyrite, and tetragonal
structures.

Interest in 2D materials has led to the synthesis of SL MoS, (38), WS, (39) with
honeycomb structure and NBSe, only on SiO,. Coleman et al. reported liquid exfoli-
ation of MoS,, WS,, MoSe,, TaS,, NbS,, NiTe, and MoTe, (40). In both h and t
structures, instead of forming covalent sp”-bonding with three neighboring atoms as in
graphene, each M atom has the six nearest X atoms and each X atom has the three
nearest M atoms forming p—d hybridized ionic M-X bonds. These 2D materials have

Table 25.2 Calculated values of stable, SL, MX, in h- and t-structures: Lattice constants, a = b; bond lengths,
Ou-x, dy_x; X—M—X bond angle, &; cohesive energy per MX, unit, E;; energy band gap, Eg; total magnetic moment in
the unit cell, z; in-plane stiffness, C. (The full version of this table can be found in [37]. Reproduced with permission.)

Eg (eV)
Material Geometry a (A) dyyx(A) dyx(A) 60(deg) Ec(eV) LDA-GW, u(ug) C (N/m)
MnS, t 312 227 3.29 93.08  14.82  Metal 2.38 66.87
MnSe, t 327 239 3.50 9378  13.61 Metal 2.35 56.61
MnTe, t 354 259 3.77 93.56 1227  Metal 2.29 4477
MoS, h 311 237 3.11 81.62  19.05 1.87-2.57 NM  138.12
MoSe, h 324 250 3.32 83.05  17.47 1.62-231 NM 11837
MoTe, h 346 2.69 3.59 83.88  15.65 1.25-1.85 NM 92.78
WO, h 2.80 203 2.45 7412 24.56 137-287 NM  250.00
WS, h 313 239 3.13 81.74 2081 1.98-2.84 NM 15148
WSe, h 325 251 3.34 8324  19.07 1.68-238 NM  130.04
WTe, h 3.47 270 3.61 83.96  17.05 1.24-1.85 NM 99.17
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shown exceptional physical and chemical properties. For example, transistors fabricated
from a SL MoS, presented features, which are superior to those of graphene [41]. Also
SL MoS, appears to be promising for optoelectronic devices, solar cells, LEDs, and
HER (hydrogen evaluation reactions).

In an extensive theoretical study exploring other possible SL structures, out of
88 different combinations (M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Nb, Mo, W and
X =0, S, Se, Te) 52 freestanding, stable h-MX, and t-MX, structures have been
predicted [37]. The optimized lattice constants and values calculated using LDA for
selected h-MX, and t-MX, are presented in Table 25.2.

25.6 Conclusions

Theoretical studies outlined in this chapter predicted 79 new stable, SL. honeycomb
structures of different elements with electronic and magnetic properties, which may be
utilized in the emerging field of nanotechnology. Some of these theoretical predictions
have been realized by synthesizing novel SL materials, which are now subjects of active
research.
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