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Abstract It is a significant issue in the field of semiconductor devices and optoelectronic devices to

find silicon allotropes with high mobility, direct band gap and high light absorption to replace tra-

ditional diamond silicon (d-Si). By constructing a zeolite framework, fifteen silicon allotropes with a

direct band gap of 0.47–1.66 eV were screened from hundreds of zeolite framework silicon allo-

tropes by ab initio calculations. The crystal structures, stability, effective mass, mechanical, elec-

tronic and optical properties were comprehensively studied. Compared with diamond silicon,

several allotropes showed easy doping, low carrier effective mass and high absorption of the solar

spectrum, which indicate promising candidates for adoption in photovoltaic applications.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Although second- and third-generation semiconductors have been pro-

posed for many years, silicon still have wide range of applications in

the field of microelectronics and photovoltaic power due to its abun-

dance mature technology. However, the indirect band gap with low

solar absorptivity limits its potency in future photovoltaic applications.

Although many new materials have been proposed to replace silicon,

small natural reserves and high synthetic costs limit their application

at the industry level. The ideal solution is to engineer silicon such that
it gets qualitative leap in solar absorption. Therefore, amount of works

has been done to design, discover and synthesize a direct bandgap

novel silicon phase with improved absorption properties.

Silicon retains its diamond (Si-I) structure up to � 11.7 GPa. It has

several metastable phases under pressure that are stable (Mujica et al.,

2003). As the pressure rises, the metallic b-tin phase (Si-II),

Orthorhombic Imma phase, hexagonal phase (Si-V), hexagonal close-

packed phase (hcp) and orthorhombic Cmca phase (Si-VI) are formed

successively. A face-centered cubic crystal is synthesized that remains

stable up to pressure of � 250 GPa. Under pressure release starting

from the b-tin phase, the R8 (Si-XII), BC8 (Si-III), hexagonal diamond

phase (Si-IV), Ibam phase (Si-IX) and ST-12 phase have been observed

successively (Jamieson 1963, Besson et al., 1987, Ackland 2001,

Malone et al., 2008, Malone et al., 2008, Wippermann et al., 2016).

However, they are unsuitable for solar cells since they are either metal-

lic (all phases above 12 GPa), semi-metallic (BC8), or have a band gap

that is indirect (1 eV for Si-IV) or too small (0.24 eV for R8).

Although the breakthrough of silicon allotropes in photoelectric

applications has not been achieved experimentally, it indicates the fea-

sibility of silicon allotrope design. Botti et al. predicted several low-
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energy phases of silicon with quasi-direct gaps from 1.0 to 1.5 eV (Botti

et al., 2012). Amsler et al. discovered a plethora of low-energy and low-

density silicon allotropes with cage-like polyhedral and channel-like

structures in which 11 structures are direct band gap semiconductors

between 1.08 eV and 1.87 eV (Amsler et al., 2015). Through the com-

prehensive investigation of dynamic stability, thermodynamic stability

and mechanical stability, researchers have reported a variety of possi-

ble silicon allotropes. For example, Wang et al predicted six direct

band gap silicon allotropes with gap of 0.39–1.25 eV (Wang et al.,

2014). Guo et al. proposed a new phase, P63mmc Si6, with a 0.64 eV

direct gap and great optical properties (Guo et al., 2015). Furthermore,

Amm2-Si20 (quasi-direct gap of 0.742 eV), Pm-Si32 (direct gap of

1.85 eV), and P21/m-Si10 (direct gap of 0.83 eV) were predicted by

Fan et al. (Fan et al., 2015, Fan et al., 2016). Comprehensive investi-

gations showed that most silicon allotropes with a direct band gap per-

form better than diamond silicon in optical absorption, especially at

visible wavelengths. Recently, Hu et al. predicted a silicon phase

named Fvs-Si48 by the property-selected genetic algorithm from the

Reticular Chemistry Structure Resource (RCSR) (O’Keeffe et al.,

2008) database (Hu et al., 2018). Wei et al. predicted six direct band

gap silicon phases through the atomic substitution in known carbon

structures (Wei et al., 2019). Furthermore, Zhang et al. predicted an

indirect band gap allotrope that can be controlled to a direct gap at

a strain of approximately 8 %, and the photon absorption can be

tuned over a wide range of energies (Zhang et al., 2021). Random sam-

pling strategy combined with space group and graph theory (RG2)

code with space group and graph theory is also used widely to generate

novel crystal phases (Shi et al., 2018). Silicon phase with direct band

gap and quasi indirect band gap (He et al., 2018, Yang et al., 2018),

topological nodal-line semimetal (Su et al., 2022) and other low energy

materials with great optical absorption have been predicted success-

fully by RG2 code (Jiao et al., 2019, Ouyang et al., 2020, Wei et al.,

2022). Open-framework silicon allotrope is another all-silicon solid

with potential applications in optoelectronic technologies. The Na4Si24
clathrate is synthesized by mixing powder Si and element Na for 1:6

under high temperature and pressure, and an all-silicon structure can

be formed by removing the Na element from the clathrate. Thomas

et al. studied this process (Shiell and Strobel 2020), and Guerette

et al. realized the synthesis of 99.9985 % Cmcm-Si24 (Guerette et al.,

2020). Cmcm-Si24 turned out to be a 1.4 eV quasi-direct band gap semi-

conductor. At the same time, because there are many cavities in open

framework silicon allotropes, it is feasible to inject new elements into

the allotropes to adjust their properties (Fix et al., 2020). Cmcm-Si24
present the same structure characteristics with the zeolite type CAS

in the International Zeolite Association (IZA) database (Baerlocher

et al., 2007), the pioneering synthesis of Cmcm-Si24 has highlighted

the potential of developing novel silicon phase with zeolite framework.

In this paper, we generate hundreds of open-framework Si allo-

tropes with sp3 hybrid and large cavities by RG2 code (Shi et al.,

2018). After screening these open-framework silicon structures, we

identify 15Si allotropes with zeolite framework and a direct band

gap of 0.47–1.66 eV. These allotropes maintain the low-density charac-

teristics of the zeolite and exhibit excellent transport and optical prop-

erties. All structures exhibit dynamic stability, thermodynamic stability

and mechanical stability. To ensure the accuracy of the electronic

properties, all band structure and optical property calculations adopt

the HSE06 functional (Krukau et al., 2006).

2. Method

All calculations were performed using Medea Vienna ab initio
simulation package (Medea-VASP) with density functional
theory. The Perdew-Burke-Ernzerhof (PBE) exchange–correla-

tion functional of the generalized gradient approximation
(GGA) was adopted (Hohenberg and Kohn 1964, Kohn and
Sham 1965, Hafner 2008). The spacing of k-points was
0.2 Å�1, and the energy cut-off of the plane wave was set to
360 eV. The convergence criteria for electron optimization
and ionic relaxation were set to be no more than 1 � 10�7

eV and 2 � 10-2 eV/Å, respectively. The HSE06 hybrid func-
tional with 34 % exact exchange energy is applied in optical
and band structure calculations to overcome the band gap

underestimation (Krukau et al., 2006). In effective mass calcu-
lations, to obtain the Hessian matrix of E-k (Effective mass
tensor [m-1 ij]), we divide a 9 � 9 � 9 k-point grid around

the band edge with each k point is 0.0005 Bohr-1 apart (Song
et al., 2020). The phonon spectra were calculated by the Pho-
nopy code with the density functional perturbation theory
(DFPT) for 3 � 3 � 3 supercell (Stefano et al., 2001, Togo

and Tanaka 2015).
3. Results and discussion

3.1. Structural properties

According to the structural characteristics, the silicon allo-
tropes are named using their corresponding zeolite framework
types: ACO-Si16 (IM-3 M), AEI-Si48 (CMCM), AFX-Si48
(P63/MMC), ANA-Si48 (IA-3D), BOZ-Si92 (CMCM), BPH-
Si28 (P-62 M), EDI-Si5 (P-4 M2), ETR-Si48 (P63MC), GME-
Si24 (P63/MMC), LEV-Si54 (R-3 M), LIT-Si24 (PNMA),

MEL-Si96 (I-4 M2), RWR-Si32 (I41/AMD), SAT-Si72 (R-
3 M) and SGT-Si64 (I41/AMD). The schematic representation
of the zeolite framework silicon allotropes is shown in Fig. 1,

and the cages with the same color present that they have the
same symmetry of space translation. All of the allotropes are
composed of several large cages or open channels with sp3

bonding. Among them, ACO-Si24 was predicted by replacing

the atoms with silicon in the known carbon allotropes, and
we now classify it into a zeolite framework (Wei et al.,
2019). The lattice parameters are listed in Table 1, and the

Wyckoff positions are shown in Table S1. Our calculated lat-
tice constants of diamond phase and ACO-Si24 are in good
agreement with the experimental value and those of reported

work, respectively, indicating a suitable choose of method
and parameters in our calculations.

The enthalpy of these silicon allotropes relative to diamond
phase was calculated using the formula DH = Eallotrope/n1-Edi-

amond/n2, where n1 and n2 are the number of silicon atoms per
cell of allotropes and diamond phase, respectively. Fig. 2
shows the calculated relative enthalpy as a function of mass

density for all zeolite allotropes and diamond silicon. Among
the allotropes, LIT-Si24, MEL-Si96 and SGT-Si64 are the most
stable, with approximately 0.127 eV/atom higher enthalpy

than diamond silicon at ambient conditions, while the highest
energy allotrope is BOZ-Si92, which is 0.671 eV/atoms higher
than d- Si. On the whole, the relative enthalpy for zeolite

framework silicon allotropes is inversely proportional to the
mass density. BOZ-Si92 shows the lowest density of 1.195 g/
cm3, which is close to water (1.0 g/cm3). All allotropes are
lighter than diamond silicon due to their open framework with

a large cavity. The thermal stability of most allotropes except
BOZ-Si92, EDI-Si5 and ETR-Si48 are better than the reported
t-Si64 with relative enthalpy of 0.408 eV/atoms (Fan et al.,

2019). The phonon dispersions of BOZ-Si92, EDI-Si5 and
ETR-Si48 are shown in Fig. 2, and other allotropes are shown



Fig. 1 Structures of zeolite framework silicon allotropes. Polyhedral cages that constitute building blocks for crystal lattice of silicon

allotropes are presented in different color.
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in Fig. S1. All predicted novel zeolite framework silicon allo-
tropes are proved to be dynamic stability.

3.2. Mechanical properties

The mechanical properties and mechanical stability of zeolite

framework allotropes were also investigated thoroughly.
ACO-Si24 and ANA-Si48 belong to the cubic system that have
3 independent elastic stiffness constants. AEI-Si48, BOZ-Si92
and LIT-Si24 belong to orthorhombic system that have 9 inde-
pendent elastic stiffness constants. AFX-Si48, BPH- Si28, ETR-
Si48 and GME-Si24 belong to the hexagonal system that have 5

independent elastic stiffness constants. EDI-Si5, MEL-Si96,
RWR-Si32 and SGT-Si64 belong to the tetragonal system that
have 6 independent elastic stiffness constants. LEV-Si54 and
SAT-Si72 belong to the trigonal system that have 6 indepen-
dent elastic stiffness constants. The strain-energy method is

adopted in elastic calculations, and the results are listed in
Table 2. For comparison, diamond silicon is investigated using
the same method. The positive definite of the stiffness matrix

indicate that all these zeolite framework silicon allotropes are
mechanically stable.

Elastic moduli are important indexes to measure the strain

behavior of crystal. We investigated zeolite framework silicon
allotropes from the perspective of isotropic polycrystalline
approximation and single crystals. Voigt-Ruess-Hill (VRH)

approximation is adopted to represent the elastic behavior of
polycrystalline materials. Voigt and Reuss proposed the upper
limits and lower limits of the bulk modulus B and shear mod-
ulus G, respectively. Hill gives an arithmetic average of Voigt’s



Table 1 Crystal lattice parameters, mass density and relative enthalpy of diamond silicon and zeolite framework silicon allotropes.

Space Group a (Å) b (Å) c (Å) c (�) Density (g/cm3) Relative enthalpy (eV/atom)

ACO IM-3 M 7.496 7.496 7.496 90 1.77 0.30

AEI CMCM 10.488 9.652 14.094 90 1.56 0.33

AFX P63/MMC 10.543 10.543 14.776 120 1.57 0.32

ANA IA-3D 10.347 10.347 10.347 90 2.02 0.24

BOZ CMCM 11.194 29.571 10.850 90 1.19 0.67

BPH P-62 M 10.185 10.185 10.012 120 1.45 0.34

EDI P-4 M2 5.252 5.252 4.924 90 1.71 0.51

ETR P63MC 16.287 16.287 6.559 120 1.48 0.40

GME P63/MMC 10.526 10.526 7.481 120 1.55 0.32

LEV R-3 M 9.948 9.948 17.569 120 1.67 0.28

LIT PNMA 11.776 6.749 6.677 90 2.10 0.12

MEL I-4 M2 15.358 15.358 10.345 90 1.83 0.12

RWR I41/AMD 5.942 5.942 20.846 90 2.02 0.16

SAT R-3 M 9.758 9.758 23.549 120 1.72 0.26

SGT I41/AMD 7.815 7.815 26.672 90 1.83 0.12

Diamond-Si FD-3 M 5.456 5.456 5.456 90 2.32 0

Diamond-Si a FD-3 M 5.431 90 2.33

ACOb IM-3 M 7.494 90 1.77 0.32

a (Song et al., 2019) b (Wei et al., 2019).

Fig. 2 (a) Relative enthalpy as a function of mass density for all optimized zeolite framework silicon allotropes. (b-d) Phonon spectra of

BOZ-Si92, EDI-Si5 and ETR-Si48.
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Table 2 Calculated elastic constants (GPa), elastic modulus (GPa), Poisson’s ratio and band gap (eV) of zeolite framework silicon

allotropes and diamond silicon.

Zeolite framework C11 C22 C33 C44 C55 C66 C12 C13 C23 C14 B E G V B/G Eg

ACO 82 82 82 31 31 31 50 50 50 0 60 63 24 0.33 2.54 0.66

AEI 82 70 83 13 16 29 45 31 29 0 49 51 19 0.33 2.58 1.31

AFX 84 84 49 24 24 22 41 40 40 0 49 50 19 0.33 2.54 1.19

ANA 123 123 123 40 40 40 40 40 40 0 68 101 40 0.25 1.69 1.55

BOZ 38 54 45 10 13 9 24 15 25 0 29 30 11 0.33 2.55 0.47

BPH 65 65 81 11 11 15 35 23 23 0 41 40 15 0.34 2.73 1.04

EDI 133 133 134 14 14 7 15 23 23 0 58 60 22 0.33 2.58 1.36

ETR 51 51 69 11 11 15 21 21 21 0 33 38 14 0.31 2.29 1.26

GME 82 82 55 23 23 23 37 39 39 0 49 53 20 0.32 2.46 0.80

LEV 78 78 83 24 24 21 36 46 46 �0.6 55 56 21 0.33 2.60 1.35

LIT 158 106 142 30 51 39 47 51 43 0 75 104 41 0.27 1.84 1.00

MEL 118 118 119 30 30 22 28 40 40 0 63 82 32 0.28 1.99 1.56

RWR 155 155 142 34 34 40 37 38 38 0 75 108 43 0.26 1.75 1.09

SAT 93 93 110 26 26 27 39 33 33 2.1 56 72 28 0.29 1.99 0.61

SGT 123 123 125 34 34 31 35 35 35 0 64 94 37 0.26 1.73 1.66

Diamond Si 152 75 57 89 152 62 0.22 1.44

Zeolite framework silicon allotropes 5
and Reuss’s definitions. Young’s modulus E and Poisson’s
ratio v of polycrystalline are obtained using: (Fan et al., 2021).

E ¼ 9BG

3Bþ G
ð1Þ

m ¼ 3B� 2G

2 3Bþ Gð Þ ð2Þ

The calculated moduli, Poisson’s ratio and B/G ratio of the
allotropes are listed in Table 2. Young’s modulus and shear
modulus represents the ability of a crystal against linear and

shear deformation, respectively. Ahigher Poisson’s ratio usually
gives a better plasticity. The calculated moduli of the allotropes
are lower than those of diamond silicon, while all allotropes
have a higher Poisson’s ratio than diamond silicon, indicating

that zeolite framework silicon allotropes are more plastic than
diamondSi but are less resistant to strain.Among the allotropes,
ANA-Si48, LIT-Si24 and RWR-Si32 present a higher moduli,

indicating that they have higher mechanical strength. Other
structures with a lower elastic modulus and larger Poisson’s
ratio present foreseeable ductility. ACO-Si24, AEI-Si48, AFX-

Si48, BOZ-Si92, BPH-Si28 and EDI-Si5 have a similar Poisson’s
ratio v of 0.33. Moreover, the ratio of the B and G identify the
brittle or ductile of crystals (Fan et al., 2022). If B/G greater
than 1.75, then the crystal manifests ductile features; otherwise,

it manifests brittle features. Most allotropes show ductility,
which is consistent with Poisson’s ratios. ANA-Si48 (B/
G = 1.69) and SGT-Si64 (B/G = 1.73) exhibit brittle features

but are still higher than diamond silicon (B/G = 1.43).
For a single crystal, different crystallographic plane with

different periodicities lead to different chemical and physical

properties. Young’s modulus anisotropy plays a significant
role in crystal physics. The direction dependent Young’s mod-
ulus is obtained by the following equations:

1=EðnÞ ¼ S11n
4
1 þ S22n

4
2 þ S33n

4
3 þ ðS44 þ 2S23Þn22n23

þðS55 þ 2S31Þn23n21 þ ðS66 þ 2S12Þn21n22
þ2n2n3½ðS14 þ S56Þn21 þ S24n

2
2 þ S34n

2
3�

þ2n3n1½S15n
2
1 þ ðS25 þ S46Þn22 þ S35n

2
3�

þ2n1n2½ðS16n
2
1 þ S26n

2
2 þ ðS34 þ S45Þn23�

ð3Þ
where the n1, n2 and n3, are the direction cosine and Sij are the
elastic compliance constants of crystals. Three-dimensional
surfaces are adopted to investigate the Young’s moduli aniso-
tropy of all the zeolite framework allotropes, and the results

are shown in Fig. 3. Most of the allotropes show degrees of
anisotropy to different extents except ANA-Si48. ANA-Si48 is
a mechanical isotropous crystal that is unusual. In Fig. 3,

the magenta and cyan colors represent the highest and lowest
Young’s moduli of the allotropes, respectively. It is obvious
that EDI-Si5 has the largest anisotropy of Young’s modulus

with maximum and minimum values of 129 GPa and 25
GPa, respectively.

3.3. Electronic properties

The band structures were calculated at the hybrid functional
HSE06 to overcome the underestimated band gaps of the stan-
dard PBE functional. As shown in Fig. 4, the screened zeolite

framework silicon allotropes are all direct band gap semicon-
ductors. Among allotropes, the largest band gap is found in
SGT-Si64, indicating that the direct gap zeolite framework

allotropes of silicon have great potential as photovoltaic mate-
rials. BOZ-Si92 with a 0.47 eV direct band gap shows a strong
ability to capture low-energy photons, which is promising in

tandem solar cell applications. The effective mass is a key
parameter for carrier mobility, which characterizes the con-
ductive properties of materials. Furthermore, the atomic orbi-
tals have been projected in band structures, the s orbital is the

major contributor to the conduction band minimum (CBM) of
allotropes and the valence band maximum (VBM) is mainly
contributed by p orbitals. For the VBM of these allotropes,

the BPH is mainly contributed by the px orbital, and AEI-
Si48, AFX-Si48, GME-Si24, LEV-Si54, LIT-Si24, RWR-Si32
and SAT-Si72 are mainly contributed by the pz orbital. The

VBM of other crystals is contributed by all the px, py and pz
orbitals. The effective mass of the carriers depends on the elec-
tronic state at the edge of the band, which is defined as:

Eð k
*
Þ ¼ Eð k

*
0Þ � –h2

2
½ k
*

� k
*

0�½m�1
ij �½ k

*
� k
*

0�
T

ð4Þ



Fig. 3 Directional dependence of Young’s modulus (GPa) for zeolite framework silicon allotropes. Magenta and cyan colors represent

highest and lowest Young’s moduli of allotropes, respectively.
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Fig. 4 Electronic band structures. Sizes of pink, light blue, dark cyan and light magenta circles represent projected weights of Si s, Si px,

Si py and Si pz orbitals, respectively. Position in first Brillouin zone of direct gap is marked in red.
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where ⁄ is the reduced Planck constant, and Eð k!0Þ represents
the energy eigenvalues at the band edge. [m-1 ij] is the Hessian
matrix of E-k at k0 which called the effective mass tensor. The
direction dependent effective mass is calculated by:

1

m� ¼ ½ n1 n2 n3 �½m�1
ij �½ n1 n2 n3 �T ð5Þ

where the n1, n2 and n3, are the direction cosine of the selected
direction vector.

Considering only the single energy valley in the first Bril-
louin zone, the calculated maximum and minimum effective
mass (mmax and mmin) and the ratio of mmax/mmin for the direct
zeolite framework silicon allotropes are listed in Table 3. The

directions of mmax and mmin are also exhibited. The directions
xy and yz mean that crystals have the same effective mass in
the xy plane and yz plane, which usually indicates that the

material has the same transport property over the whole plane.
For electrons, ACO-Si24 presents an isotropous effective mass
of 0.33 m0, and the other allotropes are all anisotropic. BOZ-
Si92 has the largest electron effective mass anisotropy, and

mmax/mmin of BOZ-Si92 is 37.64. A lower effective mass means
a higher mobility; BOZ-Si92 (0.11 m0), GME-Si24 (0.17 m0),
LEV-Si54 (0.14 m0), LIT-Si24 (0.26 m0), MEL-Si96 (0.21 m0)

and RWR-Si32 (0.10 m0) present lower minimum electronic
effective mass than diamond silicon (0.19 m0), showing the
possibility of higher electronic mobility of these allotropes.
Their direction-dependent effective mass of the electron is

shown in Fig. 5 as three-dimensional surfaces.
For the hole effective mass, all allotropes are anisotropic,

and the largest anisotropy is found in BPH-Si28 and EDI-Si5.

GME-Si24 shows an extremely low hole effective mass of
0.08 m0. AEI-Si48 (0.16 m0), AFX-Si48 (0.16 m0), BOZ-Si92
(0.15 m0), BPH-Si28 (0.16 m0), LIT-Si24 (0.12 m0) and SAT-

Si72 (0.13 m0) also present lower hole effective masses than dia-



Table 3 The value and direction of the extremum of electron (m0) and hole effective masses (m0).

Electron effective mass Hole effective mass

mmin Direction mmax Direction mmax/ mmin mmin Direction mmax Direction mmax/ mmin

ACO 0.33 – 0.33 – 1.0 0.51 (100) 0.77 (111) 1.5

AEI 0.46 (001) 0.92 (010) 2.0 0.16 (001) 0.73 (010) 4.6

AFX 0.39 (001) 0.68 xy 1.7 0.16 (001) 0.37 xy 2.3

ANA 0.43 (111) 1.00 (100) 2.3 0.61 (111) 1.40 (100) 2.3

BOZ 0.11 (001) 4.14 (010) 37.6 0.15 (010) 0.42 (023) 2.8

BPH 0.40 (001) 1.33 (100) 3.3 0.16 (100) 1.42 (001) 8.9

EDI 0.39 xy 0.56 (001) 1.4 0.27 xy 2.24 (001) 8.3

ETR 0.33 (001) 1.06 xy 3.2 0.43 (001) 0.91 xy 2.1

GME 0.17 (001) 0.41 xy 2.4 0.08 (001) 0.35 xy 4.4

LEV 0.14 (001) 0.45 xy 2.8 0.55 xy 1.56 (001) 2.8

LIT 0.26 (010) 0.46 (100) 1.8 0.12 (001) 0.62 (100) 5.2

MEL 0.21 (001) 0.30 xy 1.4 0.41 xy 0.51 (001) 1.2

RWR 0.10 (001) 0.36 xy 3.6 0.33 (001) 0.36 xy 1.1

SAT 0.37 (001) 0.62 xy 1.7 0.13 (001) 0.53 xy 4.1

SGT 0.46 (100) 0.99 xy 2.2 0.34 (001) 1.09 xy 3.2

Diamond Si 0.19 (100) 0.95 yz 5.0 0.27 (100) 0.7 (111) 2.6

Fig. 5 Three-dimensional contour plots of electron effective masses for zeolite framework silicon allotropes with lower minimum

electronic effective mass than diamond silicon.
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mond silicon (0.27 m0). The direction-dependent hole effective
mass of hole for these six zeolite framework silicon allotropes

are plotted in Fig. 6. In addition, the direction-dependent
effective mass of electron and hole for other allotropes are also
listed in Fig. S2 and Fig. S3, respectively.
3.4. Optical properties

In Fig. 7, the light absorption spectra under HSE06 level of the
zeolite framework silicon allotropes are shown. The absorp-

tion spectrum of the d- Si and the synthesized Cmcm- Si24



Fig. 6 Three-dimensional contour plots of hole effective masses for zeolite framework silicon allotropes with lower minimum hole

effective mass than diamond silicon.

Fig. 7 Absorption spectra of selected phases. Reference air mass 1.5 solar spectral irradiance is shown in orange, whereas absorption of

diamond silicon is shown in black.
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(CAS- Si24) is also exhibited for comparison, together with the
air mass 1.5 solar spectral irradiance and visible spectrum. The

main body of sunlight is visible light accompanied by a small
part of infrared and ultraviolet light. These zeolite framework
silicon allotropes all present higher absorption of photons in

the infrared and visible region than diamond silicon and
CAS- Si24, especially BOZ-Si92. Although BOZ-Si92 with
0.47 eV direct gap does not absorb ultraviolet light well, its
absorption of visible and infrared light is much higher than

that of other allotropes, which is in a region perfectly compat-
ible with the solar spectrum. ANA-Si48 and RWR-Si32 have
better performance under blue and ultraviolet light. Diamond
silicon and CAS-Si24 are both indirect band gap semiconduc-

tor, and the obvious difference of optical absorption indicates
the large advantages of direct band gap silicon allotropes over
indirect band gap allotropes in photovoltaic applications.

Stacking several homojunction cells with different band gap
together to form arrays will effectively increase the absorption
efficiency of the photocell. The zeolite framework Si phases
with the direct band gap in the range of 0.47 to 1.66 eV are

promising materials to replace or supplement existing silicon
phases.
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3.5. X-ray diffraction

The simulated X-ray diffraction patterns of zeolite framework
silicon allotropes are shown in Fig. 8. The strongest Bragg
peak of ACO-Si16, AEI-Si48, AFX-Si48, ANA-Si48, BOZ-Si92,

BPH-Si28, EDI-Si5, ETR-Si48, GME-Si24, LEV-Si54, LIT-
Si24, MEL-Si96, RWR-Si32, SAT-Si72 and SGT-Si64 are 011
(at 16.71 �), 110 (at 12.45 �), 011 (at 11.38 �), 112 (at 21.01
�), 130 (at 11.96 �), 010 (at 10.02 �), 010 (at 16.87 �), 111 (at

6.27 �), 010 (at 9.7 �), 012 (at 14.39 �), 020 (at 26.39 �), 101
(at 10.31 �), 004 (at 17.00 �), 101 (at 11.12 �) and 011 (at
11.79 �), respectively. The X-ray characteristics enable identifi-

cation of the predicted polymorphs in future experiments.
Fig. 8 X-ray diffraction patterns (Cu source with a wavelength

of 1.54 Å).
4. Conclusion

We proposed fifteen zeolite framework silicon allotropes with a direct

band gap of 0.47–1.66 eV. The mechanical stability and dynamic stabil-

ity of the allotropes confirm that these metastable phases of silicon can

exist in the ambient. These fifteen allotropes hold large cages or open

channels, which generate a lowermass density. Considering that the zeo-

lite framework silicon allotrope CAS-Si24 (CmCm-Si24) has been suc-

cessfully synthesized by removing metal ions in the clathrate, these

new zeolite-framework silicon allotropes with similar structural charac-

teristics have great potential to be realized. Simulated X-ray diffraction

patterns enable experimental confirmation of the predicted structures.

For anisotropic properties, Young’s moduli of ANA-Si48 and electronic

effectivemass ofACO-Si24 are isotropic,whileYoung’smodulus and the

carrier effective mass of the other allotropes are anisotropic. BOZ-Si92
and RWR-Si32 present low electron effective masses of 0.11 m0 and

0.10 m0, respectively, and the lowest hole effective mass of 0.08 m0 is

found in GME-Si24. For optical properties, BOZ-Si92 shows especially

excellent absorption of both infrared and visible photons, which makes

it have a strongly potential to play a signficant role as low-frequency

photon absorber in tandem solar cell. Compared with conventional dia-

mond silicon and CAS-Si24, the predicted novel silicon allotropes all

have higher photon absorption in the range of the solar spectrum due

to their direct band gap. The direct band gap, low carrier effective mass

and high photon absorption indicate that the zeolite framework silicon

are promising candidates to replace diamond silicon for use in thin-film

solar cell applications. Due to the large voids of the zeolite framework,

the property modulation by doping guest atoms will give the zeolite

framework silicon family more possibility.
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