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Article 

Hypothetical sp3 Allotropes of Silicon, Bct Type, 

with 3, 5, and 6 Atoms 

David Escobar Martín 

Abstract: In this work, we will study basic geometric and electronic structure parameters of 

hypothetical metaglitter allotropes of silicon, formed by triangular, pentagonal, hexagonal, and 

octahedral geometries, composed of 6, 10, 12, and 16 atoms. These differ from Si4, which is formed by 

a square ring interconnected to two others, Si4 anterior and posterior, also by bridges of Si atoms. Its 

unit cell is composed of 8 atoms. Among its basic electronic characteristics, we will calculate the 

electron density of all the atoms occupying a unit cell; the electron mobility; the effective mass of free 

electrons; and the band gap or energy width. We will also study its basic nonlinear optical 

characteristics, such as first- and third-order susceptibility; and linear and nonlinear refractive index, 

which characterize these hypothetical allotropes of silicon. 
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Introduction 

Silicon is the most studied primary semiconductor due to its abundance, stability, and low 

processing and manufacturing costs. This semiconductor has an indirect band gap of 1.12 eV [1]. 

However, it has efficiency limitations, so the search for new structures that overcome these 

limitations of basic or elemental semiconductors continues. 

Allotropic structures offer new structural and other associated physical characteristics, such as 

electronic, thermal, and optical conductivity. These new structures can be stable or metastable under 

ambient temperature and pressure. Examples include the sp3 allotropes Bct-C4; the orthorhombic 

phase of carbon C14; the forms C, F, M, O, P, W, X, and Z; or the T-12 phase [3]. 

Theoretical studies are also necessary in the search for new semiconductor allotropes. In this 

work, we will study the basic parameters of metaglitters [ 2 ], composed of rings of 6, 10, 12 and 16 

silicon atoms; where we will study the band gap ( in eV ), electron mobility, electron density, per 

number of atoms in a unit cell, and effective or dynamic mass of the circulating electrons. We will 

also study their basic properties in nonlinear optics. 

1. Crystal Structure 

The carbon allotropes, Bct-C4, have been widely studied as an interesting structure. They contain 

8 atoms in their tetragonal unit cell [4]. Variant structures derived from this model include, like these, 

a ring formed by a triangle, pentagon, or hexagon of three, five, or six silicon atoms, centered in the 

tetragonal cell (bct-Sin, n = 3, 5, 6), bridged with other rings located at the nertices of the tetrahedron; 

and at the center of the latter, in the case of a triangular or pentagonal ring (Si3, Si5). The unit cell is 

composed of 6, 10, and 12 silicon atoms, the latter in bct-Si 3, 5, 6. (Figure 1). 
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Figure 1. 

 

Figure 2. 
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Figure 3. 

2. Calculation Model 

2.1. Electronic Properties 

The free-moving electrons of solids, based on the density electrons, were established by the free-

electron gas model of Drude and Sommerfeld [4], [5] . 

 
NA is Avogadro's number or constant, Z indicates the valence electron number, A is the atomic 

weight of the chemical element, ρm is the mass density (mass divided by volume), and ne is the 

conduction electrons or the number of free electrons. This is the basic equation for calculating their 

concentration. 

For a unit cell, we can simplify the equation to: 

 
In this equation, we substitute the mass density, ρm, for nºA, which is the number of atoms that 

make up the unit cell [ 6 ]. 

The effective or dynamic mass of the electron is defined by the formula: 

 
where m* is the effective mass of electrons, σ is the electron conductivity, e is the charge of an 

electron, and τ is the relaxation time, which is the average time between consecutive collisions of an 

electron. It is an average value, since not all collisions occur at regular intervals. 

There is a relationship between this effective or dynamic mass of free-moving electrons, m*, and 

the forbidden energy gap or band gap [ 7 ]. 
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And between these and electronic mobility[ 7 ] , which measures the efficiency of semiconductors. 

 
Table 1. Basic electronic properties of sp3 bct type silicon allotropes - Si3, 5, 6. 

___________________________________________________________________________ 

                                                         ne 

Allotrope                    nºA               NA                      m*                   Eg                            

μ 

                                 ( x cell )         UMA             ( x 10-31        ( eV )              ( x 10-4 

m2  ) 

                                                   mol-1                    Kg )                                                

Vs 

_____________________________________________________________________ 

 

Si3    ( Fig. 1)             3            0. 4272      0. 6536          0. 6536          1. 5299 

Si5    ( Fig. 2 )             5            0. 712         0. 8438         0. 8438          1. 1851           

Si6   ( Fig. 3 )            6             0. 8544      0. 9243         0. 9243          1. 0818 

 

_____________________________________________________________________ 

2.2. Optical Properties 

To calculate the basic nonlinear optical properties of any elemental allotrope, we must start from 

the basic equation to calculate the value of the forbidden energy optical band gap. The basic formula 

for this gap is: 

 
where E0 = 2Eg opt, is the energy of a simple oscillator.[ 8 ] This formula is based on the Wemple-

DiDomenico dispersion relation. The optical band gap is formed in materials that form a high exciton 

energy. In these, a photon has enough energy to form a bound electron-hole pair or exciton; but not 

enough to separate the two. It is in this situation that the optical band gap is formed, with lower 

energy than the transport band. In the optical band gap, photon absorption occurs; while in the 

transport band gap, non-bound electron-hole pairs are formed. In the vast majority of inorganic 

semiconductors, the electron-hole attraction that is formed is very small, so the electronic and optical 

band gaps are almost equal [ 9 ]. In organic semiconductors and single-walled nanotubes, on the other 

hand, this distinction between both optical and electronic bands can be greater. We have thus, that in 

inorganics, generally: 
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Table 2. Electronic and optical energy band gaps of some elementary semiconductors and the binary compound, 

GaAs. 

Semiconductor            Egelec              EgOpt        T ºK 

                                      ( eV ) 

________________________________________________________ 

Si                                     1. 12              1. 12         300 

Ge                                    0. 67              0. 67         302 

c - C                                 5. 4                5. 4 

α - Sn                              0. 18              0. 18 

GaAs                               1. 35              1. 35 

________________________________________________________ 

There is a relationship between the linear refractive index, obtained ( n0 ), and the optical band 

gap energy, Eg[ 10 ]. 

 
Thus, as a relation, with the non-linear refractive index, n2[ 10 ] : 

 
The time-averaged Poynting vector is related to the electric field amplitude [ 12 ] , by: 

 

 
Finally, the Kerr refractive index will be obtained from the sum of the two refractive indices, 

linear and non-linear; as well as the electric field E0 [ 12 ] : 

 

Table 3. Basic optical properties of sp3 bct type silicon allotropes - Si 3, 5, 6. 
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___________________________________________________________________________ 

Allotropes           nºA                     Egopt,  1 / 4        Eg4, opt                  n0             n2            n2E02        

nKerr 

                          ( x cell )                                                         m²/W 

_____________________________________________________________________ 

Si3    ( Fig. 1)           3          0. 8991    0. 1824    1. 1122    5. 4824    5. 5925      6. 7047 

Si5     ( Fig. 2 )          5          0. 9584     0. 5069    1. 0435    1. 9727    2. 0123     3. 0558 

Si6   ( Fig. 3 )          6          0.9805      0. 7298    1. 0198     1.3702     1. 3977     2. 4175 

_____________________________________________________________________ 

Conclusions 

The hypothetical sp3 allotropes of bct-type silicon, with 3, 5, and 6 atoms, that have an energy 

gap closest to that of the diamond-like silicon form (Calc.: 1.0673 eV, Exp.: 1.1 eV), are Si5 (0.9243 eV). 

The other allotropes have an energy gap somewhat below that of the atoms that form a diamond-like 

crystal: in the case of Si3, it is 0.6536 eV; in the case of Si5, it is 0.8438 eV. As for non-linear optical 

properties, Si3 is the one that reaches the highest Kerr index (nKerr), with 6.7047 m2/W . While Si5, with 

3.0558 m2/W , and Si6 with 2.4175 m2/W , have obtained lower Kerr index values than Si3. 
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