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Abstract: 
 
Since the synthesis of the two-dimensional honeycomb structure of carbon atoms, graphene, the 
scientific community has revealed many exotic properties owing to the low-dimensionality and 
structural symmetry of this material. The similarities between carbon and silicon atoms raise the 
question of transferring these properties to the well-established silicon technology by building the 
silicon analog of graphene, namely silicene. We have investigated the possibility of the freestanding 
silicene structure using the stringiest theoretical test involving the calculation of the phonon modes.  
 
Our first-principles calculations of structure optimization, phonon modes, and finite temperature 
molecular dynamics predict that silicon and germanium can have stable, two-dimensional, 
honeycomb structures. Unlike graphene, silicene structure is not stable in planar structure, but it is 
stabilized through buckling (puckering), while preserving the honeycomb symmetry. Similar to 
graphene, these puckered structures are ambipolar and their charge carriers can behave like a 
massless Dirac fermion due to their π and π* bands which are crossed linearly at the Fermi level. 
 
We also present a first-principles study of bare and hydrogen passivated armchair nanoribbons of the 
puckered single layer honeycomb structures of silicon and germanium. Our study includes 
optimization of atomic structure, stability analysis based on the calculation of phonon dispersions, 
electronic structure, and the variation in band gap with the width of the ribbon. The band gaps of 
silicon and germanium nanoribbons exhibit family behavior similar to those of graphene nanoribbons. 
Periodic modulation of the nanoribbon width results in a superlattice structure, which can act as a 
multiple quantum well. Specific electronic states are confined in these wells. Confinement trends are 
qualitatively explained by including the effects of the interface. In order to investigate wide and long 
superlattice structures we also performed empirical tight-binding calculations with parameters 
determined from ab initio calculations. 
 
Finally, we will present our study on monolayer honeycomb structures of group-IV, III-V and transition 
metal dichalcogenides. 
 

is mentioned in earlier works on 2D structures, out-of-plane
ZA eigenmode have quadratic phonon dispersion in the vi-
cinity of ! point. Here, the calculated value for out-of-plane
optical eigenmode ZO is around 900 cm!1. Existence of
strong electron-phonon coupling in TO eigenmode at the K
point and E2g modes at ! point is the reason of the Kohn
anomaly at these points. Therefore, scattering by phonon
with the energies that corresponds to these modes can cause
noticeable decrease in transmission spectrum.60,61 Since
force constant decreases with increasing atomic number or
row number in the periodic table, calculated vibration fre-
quencies exhibit the same trend.

As a result of symmetry in honeycomb structures of
group-IV elements !such as graphene, Si and Ge", ZO and
TO branches cross at K point. We also note that the ZO
branch of a binary compound comprising at least one ele-
ment from the first row falls in the frequency range of acous-
tical vibration modes. By comparing the phonon dispersions
of InN, InP, InAs, and InSb samples, it is seen that ZO mode
have increasing tendency to move apart from the LA and TA
modes with increasing nearest-neighbor distance. However,
in all the samples containing first row elements, ZO mode is
located between the LA and TA modes. These characteristic
trends of ZO mode exists for all the 2D honeycomb struc-
tures.

B. Stability via puckering

According to analysis of stability based on the calculated
phonon modes, structures which do not contain first row el-
ements occur in LB !puckered" structure corresponding to a
local minimum in Born-Oppenheimer surface. Through
puckering the character of the bonding changes. Different
hybrid orbitals underlie the different allotropic forms of C
atom. While the bonding of diamond structure is achieved by
tetrahedrally coordinated, directional sp3 hybrid orbitals,
sp2+ pz and sp+ px+ py hybrid orbitals make the bonding in
graphene and cumulene !monoatomic chain of carbon at-
oms", respectively. In forming hybrid orbitals one of two
valence s states is excited !promoted" to p state whereby a
promotion energy is implemented to the system. However,
by s and p hybridization the hybrid orbitals yield the maxi-
mum overlap between adjacent C-C atoms and hence the
strongest possible bonding. This way, the promotion energy
is compensated and the system attains cohesion. In sp3 hy-
brid combination one s orbital is combined with px, py, and
pz orbitals to form four orbitals directed from the central C
atom toward its four nearest neighbors in tetrahedral direc-
tions. The angle between these bonds is #109.5°. In sp2 one
s is hybridized with px and py orbitals to make three planar
sp2 which are directed from the central C atom at the corners
of the hexagons to its three nearest neighbors. For the cumu-
lene s orbital is hybridized with pz orbital along the chain
axis. In this respect, the strengths !i.e., self-energy" of these
hybrid orbitals decreases with increasing number of p-type
orbitals in the combination; namely, sp is strongest whereas
sp3 is least strong. As for the distance of C-C bonds, it is
shortest in cumulene !1.29" but longest in diamond
!1.53 Å". In addition to these hybrid orbitals, p orbitals

make also " bonding between two C atoms. The " bonding
between two adjacent C atoms in graphene and cumulene
assures the planarity and linearity, respectively. In Fig. 4 the
charge density of the " bonds between neighboring C atoms
explains how the stable planar geometry is maintained.

As the bond distance between two nearest-neighbor atoms
increases, the overlap of the pz orbitals decreases. This, in
turn, decreases the strength of the " bond. This is the situa-
tion in the honeycomb structures of Si, where the Si-Si bond
distance !2.34 Å" increased by 92% relative to that of the
C-C bond. As a result of weaker " bonds the stability of the
planar geometry cannot be maintained and the structure at-
tains the stability through puckering, where three alternating
atoms of a hexagon rise as the remaining three are lowered.
At the end the structure is buckled by #. Through buckling
the sp2 hybrid orbital is dehybridized and s, px, and py orbit-
als are then combined with pz to form sp3-like orbitals.
While three sp3-like orbitals form covalent bonds with three
nearest-neighbor atoms, one sp3-like orbital directed upward
perpendicular to the atomic plane form a weak bond with the
adjacent sp3-like orbital directed downward. The weak bond-
ing between these adjacent sp3-like bonds is revealed from
the isosurface charge density plots in Fig. 4 as well as from
the dispersion of the corresponding energy bands in Sec. V.
The puckered Si honeycomb structure is reminiscent of
graphane62–64 with alternating C atoms saturated with hydro-
gen atoms from different sites. Briefly, puckering occurs as a
result of weakening of " bonds whereby the structure regains
its stability through tetrahedrally coordinated sp3-like bond-
ing. Puckering may be explained in terms of Jahn-Teller
theorem65 predicting that an unequal population of degener-
ate orbitals in a molecule leads to a geometric distortion.
This way the degeneracy is removed and the total energy is
lowered.

As shown in Table I, 11 out of 22 honeycomb structures
prefer planar geometry, the rest is puckered to regain stabil-
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FIG. 4. !Color online" Charge-density isosurfaces for " and $
bonding: in the honeycomb structures of C, BN, and several others,
the planar geometry is maintained by the strong " bonding through
the perpendicular pz orbitals, in addition to the $ bonding through
the sp2 hybrid orbitals. In the case of honeycomb structures formed
by the elements beyond the first row, the "-" bonding is weakened
due to the increasing bond length and hence the structure is puck-
ering where sp2 hybrid orbitals are slightly dehybridized to form
sp3-like orbitals. This situation is depicted for Si honeycomb struc-
ture. Increasing charge density is plotted with colors from yellow
!light" to red !dark".
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