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Computational insights

into popsilicene as a new planar
silicon allotrope composed of 5-8-5
rings
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Silicon-based two-dimensional (2D) materials have garnered significant attention due to their

unique properties and potential applications in electronics, optoelectronics, and other advanced
technologies. Here, we present a comprehensive investigation of a novel silicon allotrope, Popsilicene
(Pop-Si), derived from the structure of Popgraphene. Using density functional theory and ab initio
molecular dynamics simulations, we explore the thermal stability, mechanical and electronic
properties, and optical characteristics of Pop-Si. Our results demonstrate that Pop-Si exhibits good
thermal stability at 1000 K. Electronic structure calculations reveal that Pop-Si is metallic, with a high
density of states at the Fermi level. Furthermore, our analysis of the optical properties indicates that
Pop-Si has pronounced UV-Vis optical activity, making it a promising candidate for optoelectronic
devices. Mechanical property assessments show that Pop-Si has Young’s modulus ranging from 10

to 92 GPa and a Poisson’s ratio of 0.95. These results combined suggest its potential for practical
applications.
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Silicon-based technologies have been the cornerstone of modern electronics, powering various devices"?, from
microprocessors™ to solar cells*®. The discovery and exploration of two-dimensional (2D) materials have opened
new avenues for enhancing the performance and capabilities of electronic and optoelectronic devices’~. Among
them, silicene'®!!, a single layer of silicon atoms arranged in a honeycomb lattice similar to graphene'?, has
garnered considerable interest due to its unique electronic properties, which include a tunable bandgap and
high carrier mobility'®. These properties make silicene a promising candidate for transistors, sensors, and other
nanoscale device applications'.

Recent advances in material synthesis techniques have enabled the production of silicene-based materials
expanding the possibilities for their use in various technological applications'®!*?. Density functional theory
(DFT) calculations have been instrumental in predicting the existence and stability of several silicene-based
structures, providing insights into their electronic, mechanical, and optical properties*! 5. These theoretical stud-
ies have paved the way for experimental efforts to realize and harness the potential of silicene and its derivatives.

Popgraphene®, a 2D carbon allotrope characterized by its unique pop-up structure comprising 5-8-5 car-
bon rings, has shown significant potential for energy storage applications®**! due to its unique lattice topology,
mechanical strength, and electronic properties®~*¢. Motivated by its success, we propose a silicon version, dubbed
Popsilicene (Pop-Si), which retains the structural characteristics of Popgraphene while offering the benefits
inherent to silicon-based materials. This study aims to explore the properties of Pop-Si, hypothesizing that it will
exhibit a combination of thermal stability, metallic behavior, and unique optical properties with good potential
for practical energy storage and conversion applications.

Herein, we present a detailed investigation of Pop-Si using DFT and ab initio molecular dynamics (AIMD)
simulations. We explore its electronic and structural properties, including thermal stability at high temperatures,
phonon dispersion curves, mechanical properties (elastic constants, Young’s modulus, and Poisson’s ratio), band
structure, and optical characteristics. Our findings demonstrate that Pop-Si is a thermally and dynamically stable
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metallic material with pronounced UV-Vis optical activity and favorable mechanical properties, making it a
strong candidate for various practical applications.

Results

The optimized lattice structure of Pop-Si is depicted in Fig. 1. The bond distances between the highlighted atoms
S1-S2, $2-S3, $3-54, S4-S5, and S5-56 are measured as 2.29 A, 2.28 A,2.29 A, 2.28 A, and 2.24 A, respectively.
These bond lengths are close to those observed in conventional hexagonal silicene, typically around 2.28 A%
Like other 2D silicon materials*®*-*, Pop-Si exhibits buckling, with a vertical displacement (AZ) of approximately
0.68 A, similar to the 0.44 A found in silicene””. This buckling is a characteristic feature of silicene and other
silicon-based 2D materials, attributed to the sp® hybridization of silicon atoms, which contrasts with the planar
sp? hybridization seen in graphene. The buckling in Pop-Si further aligns it with known properties of silicene,
providing additional validation of its structural stability. These similarities suggest that Pop-Si retains the struc-
tural characteristics of silicene while adopting a novel configuration.

In the optimized Pop-Si lattice, the lattice vectors are @ = 5.60 A and b = 14.3 A, being an orthorhombic
crystal structure with the P-1 (CI-1) space group. This structure is different from the hexagonal symmetry of
silicene, topologically comprising 5-8-5 fused rings of silicon atoms. Yet, it maintains comparable bond lengths,
underscoring the robustness and versatility of silicon-silicon bonds in diverse structural contexts. The formation
energy of Pop-Si is calculated to be — 4.57 eV per atom, suggesting that the material is energetically favorable
and may be synthesizable under appropriate experimental conditions. This formation energy is comparable to
other 2D silicon allotropes reported in the literature.*®-*. Importantly, the formation energy (Er) of Pop-Si is
calculated as Ef = Eyy — nEs;, where Ep is the total energy of the Pop-Si structure, # is the number of silicon
atoms in the material, and Eg; is the energy of a Si atom. As mentioned above, the Er calculation suggests the
material’s integrity and potential stability. However, calculating the exfoliation energy from first principles*"*
could offer additional insights, particularly for experimentalists interested in synthesizing Pop-Si.

The thermal and dynamical stability of Popsilicene (Pop-Si) were thoroughly evaluated using AIMD simula-
tions and phonon dispersion analysis. These results, presented in Fig. 2, provide insights into the robustness of
Pop-Si under high-temperature conditions and its inherent vibrational properties. To assess the thermal stability,
AIMD simulations were performed on a 3 x 3 x 1 supercell (containing 72 atoms) of Pop-Si at 1000 K using
an NVT ensemble and the Nosé-Hoover thermostat*’. The simulations spanned 5 ps with a time step of 1.0 fs.

Figure 2a shows the temporal evolution of the total energy, displaying a nearly flat pattern with minimal
fluctuations. This consistency in the total energy suggests the robust thermal stability of Pop-Si. The inset panels
in Fig. 2a present top and side views of the final AIMD snapshot. While some deformation in the Pop-Si struc-
ture is evident at 1000 K, there is no indication of bond breakage, and the overall configuration remains intact.
The deviations observed primarily involve alterations in planarity and bond distances among the lattice atoms
attributable to the elevated temperature. This resilience at high temperatures suggests that Pop-Si can maintain
its structural integrity under thermal stress, similar to silicene, which exhibits stability at elevated temperatures*.
The Supplementary Material presents the video from where these AIMD snapshots were extracted.

As mentioned above, phonon dispersion calculations were used to investigate Pop-Si’s dynamical stabil-
ity. These calculations were performed on a3 x 3 x 1supercell (containing 72 atoms). Figure 2b presents the
phonon dispersion curves for Pop-Si, revealing the absence of imaginary frequencies across the entire Brillouin

$

Figure 1. Schematic representation of the Pop-Si sheet. Panels (a) and (b) present its top and side views,
respectively. The black rectangle in panel (a), defined by lattice vectors a = 5.60 A and b = 14.3 A, highlights
the unit cell. In panel (b), one can note that Pop-Si has a buckled structure with width AZ = 0.68 A. The red
numbers highlight silicon atoms that form distinct bonds in the lattice.
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Figure 2. (a) Time evolution of the total energy per atom in the Pop-Si lattice at 1000K using the PBE
approach. The insets show the top and side views of the final AIMD snapshot at 5 ps. (b) The phonon band
structure of Pop-Si is calculated at the PBE level.

zone. This absence of imaginary frequencies confirms Pop-Si’s dynamic stability, indicating that the structure is
stable against small perturbations. The phonon dispersion curves also show no band gap between acoustic and
optical modes, and the highest phonon frequency is approximately 16.86 THz. This value is close to the highest
phonon frequency observed in silicene, about 17.98 THz*, but significantly lower than the 48 THz found in
Popgraphene®. Despite their distinct structural topologies, both Pop-Si and silicene exhibit comparable Si-Si
bond energies, contributing to their similar vibrational properties. Additionally, the overlap between the acoustic
and optical phonon bands in Pop-Si suggests strong inter-mode coupling, which is typical in silicon-based 2D
materials'®1*2128 This characteristic is advantageous for thermal conductivity applications, indicating efficient
heat dissipation mechanisms.

The electronic properties of Pop-Si were thoroughly analyzed using the HSE06 method, providing deep
insights into its conductive behavior, band structure, and electron localization characteristics. Figure 3 presents
the electronic band structure (a), the partial density of states (PDOS) (b), and the electron localization function
(ELF) (c) of Pop-Si. Figure 3a reveals no bandgap between the valence and conduction bands, indicating that
Pop-Si is metallic, similar to Popgraphene®. This metallic behavior is evident along all the X-M path within the
Brillouin zone. Pop-Si exhibits semiconducting behavior along other directions, highlighting the material’s aniso-
tropic electronic properties. This anisotropic conductance can be attributed to Pop-Si’s unique structural features,
particularly its buckled configuration and inherent ring topology. The distinct ring structures create preferential
pathways for electron transport, contributing to the observed directional dependence of electrical conductivity.

The band structure also shows linear energy dispersions near the Fermi level near the X-M reciprocal points.
This trend suggests that charge carriers in Pop-Si can propagate like massless Dirac fermions, a characteristic
feature of materials with high electronic mobility and potential for high-speed electronic applications. The PDOS,
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Figure 3. (a) Electronic band structure, (b) partial density of states (PDOS), and (c) electron localization
function (ELF) for PH-Si. These properties were calculated using the HSE06 approach.
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shown in Figure 3b, indicates that electronic states at the Fermi level are primarily derived from Si-p orbitals,
with a smaller contribution from Si-s orbitals. This trend implies that p-orbitals drive electronic transitions and
interactions in Pop-Si, reinforcing its metallic nature. When comparing Pop-Si with silicene and other 2D silicon
allotropes, Pop-Si shows several similarities and notable differences. Silicene, for instance, also displays metallic
behavior with a band structure dominated by Si-p orbitals at the Fermi level. However, the distinct anisotropic
conductance observed in Pop-Si is less pronounced in silicene, which typically exhibits more isotropic electronic
properties. The linear dispersion near the Fermi level in Pop-Si is similar to that observed in silicene, indicating
the potential for high carrier mobility and applications in high-speed electronics.

Figure 3c provides a topological perspective on electron interactions (through the ELF), helping to under-
stand the bonding characteristics within Pop-Si. ELF values range from 0 to 1, where values close to 1 indicate
strong covalent interactions or lone pair electrons. In contrast, lower values around 0.5 suggest delocalization,
ionic bonds, or weak van der Waals interactions. In Pop-Si, strong o bonds are observed between Si atom pairs
forming hexagons and pentagons, highlighted by intense orange regions with ELF values around 0.7. These
strong covalent bonds contribute to localized electron interactions. In contrast, bonds between Si atoms forming
the octagons are characterized by lighter-yellow areas with ELF values near 0.5, indicating a significant degree
of electron delocalization. This coexistence of localized and delocalized electrons within the bond network of
Pop-Si underpins its anisotropic conductance, as observed in the electronic band structure. Materials with
delocalized valence electrons typically exhibit metallic-like conductivity. At the same time, those with strong
covalent bonds tend to show semiconductor-like conductivity. The mixed bonding nature of Pop-Si results in
its unique electronic properties, enabling both high electrical conductivity and anisotropic electronic behavior.

Now, we turn to the optical properties of Pop-Si, which reveal insights into its electronic structure and poten-
tial applications in optoelectronic devices. Figure 4 illustrates the optical characteristics of this material, consid-
ering different light polarizations and its inherent structural anisotropy. In this way, Fig. 4a shows that Pop-Si
exhibits a high absorption coefficient of 10* cm™Y, primarily attributed to its metallic nature. The first absorption
peaks for light polarized along the x (E//X) and y (E//Y) directions fall within the infrared spectrum, with the
first peak occurring around 1.19 eV. This red-shift compared to silicene’s absorption peak (around 2.9 eV)?145-47
suggests unique electronic transitions due to Pop-Si’s structural and electronic differences. In the ultraviolet (UV)
region, Pop-Si exhibits absorption peaks of approximately 4.4 x 10* cm~! for E//X and 3.9 x 10* cm~! for E//Y
polarizations, at a photon energies of 4.7 eV and 4.9 eV, respectively. These values indicate Pop-Si’s potential as
a UV detector and absorber akin to silicene®’.

Figure 4b depicts Pop-Si’s reflectivity across the infrared to UV regions. Pop-Si demonstrates relatively low
reflectivity (below 0.2), with peaks around 0.09 and 0.06 for E//X and E//Y polarizations at photon energies
(within the UV region) of 4.7 ¢V and 4.9 eV, respectively. This feature suggests efficient transmission of inci-
dent light in the UV-Vis range, with minimal reflection coefficients. The occurrence of reflection activity in the
infrared region for in-plane polarization hints at Pop-Si’s potential application as an infrared protector, similar
to observations in silicene®’. Moreover, Pop-Si exhibits anisotropic refractive indices along parallel and per-
pendicular polarizations to its basal plane, as illustrated in Fig.4c. This birefringent behavior indicates different
velocities of light propagation in distinct polarization directions, a characteristic shared with silicene*. The
refractive index data underscores Pop-Si’s potential in optical polarization-sensitive devices.

Finally, we analyze the elastic properties of Pop-Si, focusing on the anisotropy in its mechanical behavior
by determining Poisson’s ratio (v(6)) and Young’s modulus (Y (0)) under pressure within the xy plane. These
properties are derived from established equations*-*:
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Figure 4. (a) optical absorption, (b) reflectivity, and (c) refractive index calculated at the HSE06 level for
polarized light beams oriented along the x (E//X) and y (E//Y) directions relative to the surface of Pop-Si.
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where o = cos(f) and 8 = sin(9). We have summarized the elastic constants and parameters in Table 1. Addi-
tionally, the distributions of Poisson’s ratio (Fig. 5a) and Young’s modulus (Fig. 5b) across its basal plane are
visualized. These distributions indicate that the mechanical properties of Pop-Si are anisotropic. Importantly, the
elastic constants agree with the Born-Huang criteria for orthorhombic crystals (Cy; Cz — C122 > 0andCyy > 0
)°1%2, suggesting good mechanical stability.

For Young’s modulus, we obtained a maximum value (Ypax) of 91.08 GPa, which is higher than the value
reported for silicene (61.7 GPa)?. This discrepancy can be attributed to the inherent ring topology of Pop-Si,
arising from the porosity imposed by the eight-atom rings and the rigidity of the bonds in fused pentagonal
rings. These factors collectively contribute to the increased strain resilience of Pop-Si compared to its hexagonal
counterpart, silicene. When subjected to compressive or tensile strain in one direction, materials typically exhibit
expansion or contraction in the perpendicular direction, resulting in positive Poisson’s ratios, which is the case
for most ordinary materials. In Fig. 5, Pop-Si shows positive Poisson’s ratios, with a maximum value (vpax) of
approximately 0.95. For this value, Young’s modulus values remain below 20 GPa, indicating the incompress-
ibility of Pop-Si under biaxial strains.

Common materials typically exhibit Poisson’s ratios that fall within the range of 0.2 to 0.5>. A Poisson’s ratio
of 0.5 characterizes incompressible materials whose lateral dimensions do not change when subjected to axial
strain. The minimal Poisson’s ratios (vasy) in Pop-Si under uniaxial strains along the x and y directions are 0.1
and 0.06, respectively. These values are notably lower than those observed in silicene, which is approximately
0.33 and 0.29%2. Again, the reduced Poisson ratios in Pop-Si result from its lattice arrangement, which exhibits
a higher degree of porosity than the honeycomb-based silicene lattice. This increased porosity allows Pop-Si to
undergo more deformation under tension, resulting in lower Poisson ratios.

Discussion

In summary, we comprehensively investigated the properties of Pop-Si using first-principles calculations. Struc-
turally, Pop-Si exhibits bond lengths and formation energy similar to other 2D silicon allotropes, suggesting
experimental synthesizability. AIMD simulations at 1000K demonstrated that Pop-Si retains its structural integ-
rity under high-temperature conditions, with no bond breakage observed, indicating robust thermal stability.
The phonon dispersion curves show no imaginary frequencies, confirming Pop-Si’s dynamical stability. The
electronic band structure analysis revealed that Pop-Si is metallic, with no band gap between the valence and
conduction bands. Anisotropic conductance was observed, attributed to the unique buckled structure and ring

Structure Cn Ci2 Cxn Cus Ymax VMAX VMIN
POP-Si 6.25 —0.55 91.80 20.93 91.8 0.95 0.006

Table 1. Elastic constants C;; (GPa) and maximum values for Young’s modulus (GPa) (Yaxax) and maximum
(vamax) and (vpqn) Poisson’s ratios.
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Figure 5. Schematic representation of (a) Poisson’ ratio and (b) Young’s modulus in the basal plane for Pop-Si.
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topology. Linear energy dispersions near the Fermi level suggest that charge carriers in Pop-Si can propagate
like massless Dirac fermions.

Pop-Si displays a high absorption coefficient in the visible to ultraviolet range, with significant peaks indi-
cating potential applications as Vis-UV detectors and absorbers. The material also exhibits low to moderate
reflectivity across the Vis-UV regions. It shows birefringence due to the anisotropic refractive index. The intrin-
sic electronic anisotropy and structural buckling of Pop-Si influence these optical properties. The analysis of
elastic properties revealed anisotropy in Young’s modulus and Poisson’s ratio across the basal plane. Pop-Si
showed a maximum Young’s modulus of 91.80 GPa, higher than silicene due to its inherent porosity imposed
by the octagonal rings and bond rigidity between silicon atoms forming the pentagonal rings. The material also
exhibited positive Poisson’s ratios, with values indicating incompressibility under biaxial strains. The reduced
Poisson ratios compared to silicene are attributed to the higher degree of porosity in Pop-Si, allowing for more
deformation under tension.

Methods

We conducted systematic DFT-based investigations into the mechanical, electronic, and optical properties of
Pop-Si. The lattice structure is depicted in Fig. 1. All simulations were performed using the CASTEP code with
norm-conserving pseudopotential for silicon**. We employed the Generalized Gradient Approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional®, along with the Heyd-Scuseria-Ernzerhof (HSE06) hybrid
functional® for enhanced accuracy. Electronic self-consistency was achieved using the Broyden-Fletcher-Gold-
farb-Shannon (BFGS) algorithm®”*%. A plane-wave basis set with an energy cutoff of 600 eV and a convergence
criterion of 1.0 x 107> eV were used. Periodic boundary conditions ensured full lattice relaxation, with residual
forces below 1.0 x 1073 eV/A and pressure under 1.0 x 1072 GPa.

Lattice optimization was performed with a k-grid of 10 x 10 x 1. For electronic and optical computations,
k-grids of 15 x 15 x land 5 x 5 x 1 were used for PBE and HSE06 methods, respectively. The phonon calcula-
tions considered a k-grid of 8 x 8 x 1for the PBE approach. The optical properties were determined using the
approach presented in reference®. Partial Density of States (PDOS) calculations at the HSE06 level utilized
a k-grid of 20 x 20 x 1. A vacuum region of 20 rA was implemented to avoid spurious interactions between
periodic images. Phonon calculations were conducted using the linear response method with a grid spacing of
0.05 A=, a convergence tolerance of 1.0 x 107> eV/A2, and a k-grid of 6 x 6 x 1. Mechanical properties were
evaluated using the stress-strain method based on the Voigt-Reuss-Hill approximation®®¢.

Data availability
Data supporting this study’s findings are available upon reasonable request from the last author L.A.R.J.
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