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Effect of Vacancy on Physical Properties of C'mcm Sioy
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Researchers recently synthesized a new orthorhombic allotrope of silicon, namely Cmcm Sizs. This work
studied the effect of one vacancy for Cmem Sizs on structural, electronic, and mechanical anisotropy
properties by the first principle calculation. The lattice parameters of C'mem Si2s:V are the same as
Cmem Siag, but the density of Cmem Si2s:V is larger than that of Cmem Siza. Moreover, the values
of elastic moduli for Cmem Sizs:V are smaller than for Cmem Sizq. The Cmem Sizg:V has mechanical
stability and anisotropy and has lower formation energy than diamond-Si. The analysis of the band
structures shows that Cmcm Sizs is an indirect band gap material, and the value of the band gap
is 1.08 eV. In particular, electronic band structures of Cmem Si2s:V exhibit metallic characteristics.
Furthermore, the electron localization function indicated strong covalent silicon—silicon bonds in Cmecm
Sizg and C'mem Sizs:V. In addition, the effective mass of electrons and holes of C'mem Sizg is smaller
than that of diamond-Si along the a direction, and larger than that along the b and ¢ directions. Finally,
the X-ray diffraction patterns for Cmem Sizs and Cmem Siaq:V are very close after 13.84°.
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1. Introduction

Since the continuous progress of the new energy
industry, solar energy, with great potential for de-
velopment, has been widely discussed [1]. Due to the
rapid development of computational materials sci-
ence, many related materials such as carbon, silicon,
germanium, and some metal alloys have been ex-
plored [2-6]. For decades, silicon-based photovoltaic
devices dominated the solar cell industry due to
their great stability, environmentally friendliness,
superior efficiency of photoelectric conversion, and
technical advantages. Fd-3m-Si (diamond phase)
dominates the solar cell market. Nevertheless, F'd-
3m-Si has an indirect band gap, and the energy dif-
ference between the direct and indirect band gap
is up to 2.3 eV, which makes diamond silicon have
a lower absorption efficiency. This has limited the
application of silicon in the optoelectronics indus-
try to a certain extent [7—9] because the direct band
gap materials are able to carry out quick response
and high efficiency for optoelectronic devices.
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Although more and more researchers are inter-
ested in the other allotropes and alloys [10-17],
a number of researchers keep searching for sili-
con allotropes that have direct band gaps or ex-
cellent material properties. Through continuous ef-
forts, the researchers predicted a lot of silicon al-
lotropes [18-34|. However, the majority of them
still have indirect band gaps. The silicon allotrope,
h-Sig, which has a 0.61 eV direct band gap, was
proposed by Guo et al. [26]. The solar absorption
capacity, as well as electron transport characteris-
tics, of h-Sig are satisfactory. In addition, Cai et
al. [33] predicted a direct band gap allotrope (¢tP36-
Si) with 0.58 €V through first-principles calculation,
and its optical performance is superior to diamond-
Si. Furthermore, Fan et al. [34] discovered cm-32
silicon and P2;/m silicon with a direct band gap.
These two silicon allotropes have good photovoltaic
efficiency and are suitable for thin-film solar cells.
Moreover, He et al. [19] used first-principles calcu-
lations to study the stability and physical proper-
ties of five sp® hybrid silicon allotropes. The results
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show that all S-Si, Z-CACB-Si, H-Si, and Z-ACA-
Si have quasi-direct band gaps, while M585-Si has
a direct band gap of 1.51 eV.

Recently, Kim et al. [35] have synthesized a new
orthorhombic silicon allotrope from the removing
sodium atom NaySipy precursor. They found that
the new silicon phase has Cmem symmetry and Sigy
is a semiconductor material with a 1.3 eV indirect
band gap value. Therefore, we studied the effect of
vacancy for Sizy in the C'mcem phase on this basis
and used C'mem Sigg:V to represent this structure
in the following text. The crystal structure and me-
chanical, and electronic properties of Cmem Sigs:V
were investigated in this work.

2. Computational method

The calculations in this study are implemented
by the Cambridge Sequential Total Energy Package
(CASTEP) code [36] based on density functional
theory (DFT) [37-38]. The generalized gradient
approximation (GGA) parameterized by Perdew—
Burke-Ernzerhof (PBE) [39] performed exchange
and correlation functional. The Broyden—Fletcher—
Goldfarb—Shanno (BFGS) [40] minimization opti-
mized the geometry. The interaction between elec-
trons and ions is described by ultrasoft quasi-
potential [41] in the calculation. Meanwhile, the
wave energy cutoff value of Cmem Sipy and
Cmem Sizg:V is 340 eV. In Brillouin zone sampling,
the spacing of the k-point Monkhorst-Pack [42]
grid is approximately 27 x 0.025 A~1. All these en-
sure good convergence of energy and computational
structure in this work. In addition, the elastic mod-
uli, including the bulk, shear, and Young’s modu-
lus, are estimated by the Voigt-Reuss—Hill approx-
imation method [43]. Furthermore, the electronic
band structures based on Heyd—Scuseria—FErnzerhof
(HSEO06) hybrid functional [44] are obtained by us-
ing the PWmat [45, 46|, and the electron localiza-
tion function (ELF) is studied by using the MedeA
VASP [47, 48].

3. Results and discussion

The number of possible crystal structures for
Cmem Sigg:V is 24, and we then select the most
stable possible structure to investigate its physi-
cal properties. The crystal structure for C'mem Sigy
and C'mem Sigs:V are shown in Fig. 1. For Cmem
Sisy, there are three inequivalent silicon atoms that
occupy the crystallographic 8f sites, namely 8f
(0.00000, 0.24341, 0.55461), 8f (0.00000, 0.57049,
0.34279), and 8f (0.00000, 028753, 0.59015). The
red, orange, and pink spheres represent Sil, Si2,
and Si3 atoms, respectively. In Fig. 1b, the position
of atoms missing for one vacancy is seen clearly.
The missing atom position of one vacancy is Sil
(1.00000, 0.24340, 0.55461). Furthermore, the posi-
tion of the C'mem Sigy:V is consistent with previous
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Fig. 1. The crystal structures of Cmem Sizs (a)
and Cmem Siz2q:V (b).

TABLE 1

The density [g/cm®] and lattice parameters [A] for
Cmem Sizs and Cmem Sigg:V.

Material | Method| p a b c Ref.
Sioa PBE |1.714|3.858(10.762|12.789| this work
3.84810.744|12.734 [35]
3.822|10.701|12.626 | exper. [35]
Sigg:V PBE |2.020|3.848|10.477|12.814| this work

report [49]. The lattice parameters and density for
Cmem Siag and Cmem Sigy:V are listed in Table 1
(see also [35]), along with the calculated theoretical
values and experimental values for C'mcm Sizy. The
lattice parameters of C'mem Sigy are in compliance
with the experimental values [35] in Table I, demon-
strating the credibility of the theoretical results ob-
tained in this work. As seen in Table I, the lattice
parameters a and b of Cmem Sigy:V are smaller
than those of Cmem Sigy, while ¢ of Cmem Sigy:V
is larger. The results show that the presence of va-
cancy changes the lattice parameters and density
of Cmem Siay, and the density of C'mem Sigg:V is
larger than that of Cmcm Siay.

The elastic constants, bulk modulus B, shear
modulus G, and Young’s modulus E for Cmcm Sigy
and C'mem Sigg:V are also researched in the pa-
per, and the results are listed in Table II. There are
nine independent elastic constants for orthorhom-
bic crystal, namely Ci1, Ci2, Ci3, C22, Cas, Css,
Cu4, Cs5, and Cgg. Therefore, the stable structure
for an orthorhombic system should meet the fol-
lowing necessary and sufficient Born’s mechanical
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TABLE II

The elastic constants [GPa] and elastic modulus [GPa] for Cmcm Siza and Cmem Siza:V.

Cu Cia Ci3 Cao Cas

Css Cus Css Css B G E

162 32 33
136 31 32

189 39
146 35

Siza

Si24ZV

stability criteria: C1; > 0, C1:Cey > C%,
C11022C33 + 2012013023 — C11C35  —
0220%30330122 > 0, Cys >0, Cs5 > 0, Cge >0 [50]
Obviously, the independent elastic constants for
Cmem Sigy and Cmem Sigg:V in Table II satisfy
the orthorhombic symmetry generalized Born’s
mechanical stability criteria. This demonstrates
the mechanical stability of Cmem Sipy and
Cmem Sigg:V.

To determine whether the native defects are eas-
ily formed in C'mem Siag, the calculation of forma-
tion energy and defect formation energy is imper-
ative. The formation energy (AE) for Cmcm Sigg
and C'mem Sioyg:V is defined as

AFE = ECmcm phase/m - Ediamond phase/n7 (1)
where Ecmem phase 15 the total energy of the crystals
at equilibrium lattice constant; Egiamond phase 1S the
energy of diamond Si; m represents the number of
atoms in the conventional cell of the C'mem phase,
so it is equal to 24 and 23, respectively; n is equal
to 8. The definition of defect formation energy is

AE‘f = Edefect - Eperfect + Z i, (2)
where Egefect is the total energy of defective super-
cell; Eperfect is the total energy of perfect intrinsic
supercell; n; represents the number of atoms (7) re-
moved from (n; > 0) or added to (n; < 0) the perfect
supercell, and u; represents the chemical potential
of the corresponding atom.

Table IIT (see also [51]) listed the results of forma-
tion energy and defect formation energy for Cmem
Sigg, diamond-Si:V, and C'mem Sigg:V. The forma-
tion energy AFE of Cmem Sigy, Cmem Sigg:V, and
diamond-Si:V are 0.089, 0.217, and 0.417 ¢V /atom,
respectively. The defect formation energy AFE; of
Cmem Sigg:V and diamond-Si:V are 4.315 and
4.438 eV. For diamond-Si:V, the calculated AE;
is 4.438 eV, which is not significantly different
from the 4.01 eV value proposed in previous lit-
erature [51], which proves the accuracy and effec-
tiveness of our calculation. Actually, we all know
that it is easier to form low-energy structures. As
shown in Table III, the defect formation energy of
diamond-Si:V is similar to that of C'mem Siog:V.
However, the formation energy of C'mem Sigy:V is
much lower than the formation energy for diamond-
Si:V; this illustrates the synthesized possibility for
vacancy in the Cmem Sigg.

The bulk modulus and shear modulus are es-
timated according to the obtained elastic con-
stants, and Young’s modulus is estimated from
the value of bulk modulus and shear modulus
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Fig. 2. The three-dimensional directional depen-
dence of Young’s modulus for C'mem Sizs (a) and
Cmem Sizq:V (b).

TABLE III

The formation energies and defect formation energies
for Cmem Siag, diamond-Si:V, and Cmem Sizq:V.

Vacancy Ab ABy Ref.
[eV/atom] | [eV]
Siog Z€ero 0.089 this work
one 0.217 4.315 | this work
diamond-Si one 0.417 4.348 | this work
diamond-Si| one 4.01 [51]

by E =9BG/(3B + G) [43]. As shown in Table II,
the presence of vacancy changes the elastic moduli
of C'mem Siyy, and the values of B, G, and E for
Cmem Sioyg:V are all smaller than for Cmem Sigy.
The bulk modulus of Cmem Sigy is 77 GPa, the
shear modulus is 54 GPa, and the Young’s modu-
lus is 132 GPa. Moreover, the B, GG, and E values
of Cmem Sigy:V are 65, 40, and 99 GPa, respec-
tively. For the purpose of further study of the influ-
ence of vacancy on the anisotropy of elastic modu-
lus of structure, the three-dimensional (3D) surface
constructions of Young’s modulus are investigated
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Fig. 3. The band structures of Cmem Siza (a), Cmem Sizq:V in one cell (b), Cmem Siza:V in 1 x 1 x 3
supercell (¢), and the Brillouin zone for Cmem Siza and Cmem Siaq:V (d).

in this work. Figure 2 shows the 3D directional
dependence of Young’s modulus for Cmem Sigy
and Cmcm Sisg:V. The 3D figure of an isotropic
structure exhibits a spherical shape, while the
anisotropy degree is represented by deviation from
the spherical shape. The deformed spheres plotted
in Fig. 2 show that C'mcm Sizy and C'mem Sigg:V
have mechanical anisotropy, and the anisotropy of
Cmem Sigg:V is greater than Cmem Sigy.

Since band structures are able to depict the
electronic properties of crystals, in this work, the
electronic band structures are investigated by
using the HSEO6 function and PWmat. Figure 3
displays the band structures and Brillouin zone for
Cmem Sigg and C'mem Sigg:V. Figure 3d shows the
Brillouin zone of Siag; the coordinates of high sym-
metry points across the Brillouin zone for Cmem
Sigy and Cmem Sigg:V are G (0.0,0.0,0.0) —

S (=0.5,0.0,00) — Y (-05,05,00) —
G (0.0,0.0,0.0) — X (0.0,05,00) —
U (00,0505 — G (0.0,0.0,00) —
Z (0.0,00,05) — R (-=05,0.0,05) —

T (-0.5,0.5,0.5) — G (0.0,0.0,0.0). As can
be seen in Fig. 3a, Cmcm Sizy is a semiconductor
material with an indirect band gap of 1.08 eV, the
conduction band minimum (CBM) of Cmem Sigy
is between the G point and the X point, while the
valence band maximum (VBM) is located at the
G point. Compared with C'mem Sigg, the pres-
ence of vacancy has a great impact on electronic
band structures. In particular, the Cmem Sigs:V
exhibits metallic characteristics in electronic band
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structures. VBM for Cmem Sigs:V is located at the
Z point, while its conduction bands along G-S-Y-G
and Z—-G directions exhibit metallic characteristics
since the bottom dispersive band crosses into the
region below Fermi level with negative energy.
In order to avoid the problem of band anomalies
caused by high defect concentration, we conducted
band calculations on supercells that expand three
times along the direction a in Fig. 1, as shown in
Fig. 3c. We found that the band gap of the band
structure in Fig. 3c is indeed narrower than that in
Fig. 3b, but both band structures exhibit metallic
properties. To further illustrate the chemical bond-
ing in Cmem Sigy and Cmem Sigg:V, the electron
localization function (ELF) using an isosurface
value of 0.8 are exhibited in Fig. 4. The high ELF
values with symmetric shapes at the bond centers
indicated strong covalent silicon-silicon bonds.

Effective mass is one of the important indicators
for grading the transport performance of semicon-
ductors, and it is in a position to provide a the-
oretical basis for the crystal orientation design of
semiconductor devices by analysis of its anisotropy.
The effective masses of Cmem Siogy are calculated
by using the relation

1 10°E
m*  h? ok

3)

The effective masses of holes and electrons for
diamond-Si and Cmcm Sisy along the a, b, and
¢ axes are given in Table IV (see also [48, 49]).
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TABLE IV

Effective masses of holes and electrons (in myg) for diamond-Si and C'mem Sizq along the a, b, and ¢ directions.

Material

Electron effective mass

Hole effective mass

a direction

b direction

¢ direction

a direction

b direction

¢ direction

Ref.

0.460 (heavy)

0.460 (heavy)

0.460 (heavy)

0.916 0.191 0.191 _ _ ) exper. [48, 49]
diamond-Si 0.171 (light) | 0.171 (light) | 0.171 (light)
0.926 0.195 0.195 0.268 (heavy) | 0.268 (heavy) | 0.268 (heavy) this work
0.178 (light) | 0.178 (light) | 0.178 (light)
Sioy 0.129 0.608 1.344 0.136 0.465 2.004 this work
(a)

i)
0.
-14

1 > i

e 1
0 h :
=] =1 0
(b)
2 <
0
24
B - 2
0 ~L- 0
2 2
Fig. 5. Three-dimensional contour plots of the ef-

Fig. 4. ELF for Cmem Sizs (a) and Cmem Siga:V
(b) with an isosurface level set to 0.8.

The calculated effective mass of diamond-Si is con-
sistent with the reported experimental results, prov-
ing the reliability of our research results. The effec-
tive mass of electrons and holes of C'mem Siagy is
smaller than diamond-Si along the a direction and
larger than that along the b and c directions. In
order to analyze the anisotropy and directionality
of material effective mass more directly, we plot-
ted the three-dimensional (3D) representation di-
agram of effective mass in Fig. 5. The 3D shapes
of the electrons and holes effective mass of Cmem
Sigy are tall and slender. These results indicated the
greater anisotropy of the effective mass of electrons
and holes of Cmem Siag than that of diamond-Si.
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fective masses (in mo) of electrons (a) and holes (b)
of Cmem Siaa.

An X-ray wavelength of 1.5406 A and a cop-
per source are used in this work to simulate the
X-ray diffraction (XRD) patterns. The XRD pat-
terns for Cmem Sisy and Cmem Sigg:V are dis-
played in Fig. 6. It can be seen from the diffrac-
tion peaks after 13.84° that the XRD spectra for
C'mem Sigy and C'mem Sisg:V are very close. There
are many diffraction peaks in XRD patterns of
Cmem Sigy, and several peaks of the main diffrac-
tion peaks marked in the figure are (002), (020),
(021), (022), and (113). The (002), (020), (021), and
(022) peaks are located at the diffraction angles of
13.84°,16.46°, 17.87°, and 21.57°, respectively. The
(113) peak is located around 32.35°, and the diffrac-
tion angles of 47.05° has the (200) peak. Com-
pared with C'mem Sigy, the XRD patterns before
13.84° of C'mem Sigy:V has four diffraction peaks,
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Fig. 6. Simulated XRD patterns for Cmecm Siag

and Cmem Sizs:V; X-ray wavelength of 1.5406 A
and a copper source were used for simulation in this
work.

namely (001), (010), (011), and (01-1), which ap-
pear at the diffraction angles of 6.91°, 8.21°, and
10.73°, respectively. It also has the major diffrac-
tion peaks of (002), (020), (021), (022), and (113) at
the diffraction angles of 13.84°, 16.46°, 17.87°, and
21.57°. The difference is that when the diffraction
angle is 32.35°, four diffraction peaks simultane-
ously appear in the XRD patterns of Cmem Sigg:V.
They are (1-1-3), (1-13), (113), and (11-3) peaks,
respectively. These X-ray diffraction characteris-
tics are of great significance and provide guid-
ance for analyzing the structure of Cmem Sigy and
Cmem Sigg:V in subsequent experiments.

4. Conclusions

In general, this work utilized the first princi-
ple calculation based on density functional the-
ory to investigate the effect of the presence of
Cmem Sizg:V on physical properties. The results
show that the presence of vacancy does not affect
the crystal lattice parameters, but the density of
Cmem Sigg:V is larger than Cmem Sigy. The elas-
tic constants satisfied the orthorhombic symmetry
generalized Born’s mechanical stability criteria and
demonstrated the mechanical stability for C'mcem
Sigy and Cmem Sigg:V. The lower formation en-
ergy of Cmem Sigy:V illustrated the synthesized
possibility. Moreover, 3D surface constructions of
Young’s modulus of Cmem Sigy and Cmem Sigg:V
show that they have varying degrees of mechan-
ical anisotropy. According to the electronic band
structures, C'mem Sigy has indirect band gaps of
1.08 eV. Furthermore, the Cmcm Sigg:V exhibits
metallic characteristics in electronic band struc-
tures. These results indicated that the presence of
vacancy of Cmem Sigy has a great effect on elec-
tronic band structure. In addition, the high ELF
values with symmetric shapes at the bond centers
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indicated strong covalent silicon—silicon bonds of
the vacancy structure of Cmem Sisy. The effective
mass of electrons and holes of Cmem Sioy is smaller
than that of diamond-Si along the a direction and
larger than that along the b and c¢ directions. Fi-
nally, this work studied the X-ray diffraction char-
acteristics for Cmem Siggy and C'mem Sigy:V, which
has important guiding significance for the analy-
sis in subsequent experiments. The XRD patterns
for Cmem Sisy and Cmem Sigy:V are very close
after 13.84°.

The data that support the findings of this study
are available from the corresponding author upon
reasonable request.
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