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Anisotropic ultrahigh hole mobility in two-
dimensional penta-SiC, by strain-engineering:
electronic structure and chemical bonding analysis
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Monolayer pentagonal silicon dicarbide is a 2D material composed entirely of pentagons, and it possesses
novel electronic properties possibly leading to many potential applications. In this paper, using first-
principles calculations, we have systematically investigated the electronic, mechanical and transport
properties of monolayer penta-SiC, by strain-engineering. By applying in-plane tensile or compressive
strain, it is possible to modulate the physical properties of monolayer penta-SiC,, which subsequently
changes the transport behaviour of the carriers. More interestingly, at room temperature, the uniaxial
compressive strain of —8% along the a-direction can enhance the hole mobility of monolayer penta-SiC,
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along the b-direction by almost three orders of magnitude up to 1.14 x 10% cm? v~

1571 which is much

larger than that of graphene, while similar strains have little influence on the electron mobility. The
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1 Introduction

Two-dimensional (2D) materials have attracted great attention in
the fields of nanoscale materials and nanotechnology since the
experimental realization of graphene,*® which possesses remark-
able mechanical, electronic and optical properties*” possibly
leading to many novel applications in microelectronic and opto-
electronic devices. A number of graphene-like layered structures
with different chemical compositions and different crystal struc-
tures have been proposed and synthesised since then.**° Recently,
Zhang et al.™ predicted a new 2D material composed entirely of
carbon pentagons, ie. penta-graphene, formed by the mixed sp*/
sp® orbital hybridization of C atoms, which was proven to be
dynamically and mechanically stable, and can withstand temper-
atures as high as 1000 K."* Monolayer penta-graphene possesses an
unusual negative Poisson’s ratio, an ultrahigh ideal strength out-
performing graphene and other interesting electronic proper-
ties,""*> which make it a potential candidate for wide applications
in optoelectronics and photovoltaics devices.

Many efforts have been devoted to the discovery of new 2D
materials with a penta structure since the successful prediction
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ultrahigh and strain-modulated carrier mobility in monolayer penta-SiC, may lead to many novel
applications in high-performance electronic and optoelectronic devices.

of penta-graphene.’>' The silicon counterpart of the penta
structure was proposed as well, although it is dynamically
unstable in the monolayer form.* Recently, a novel pentagonal
structure composed of carbon and silicon atoms formed by sp>d
hybridization, i.e. pentagonal silicon dicarbide (penta-SiC,), has
been proposed and further confirmed to be dynamically stable
and exhibits enhanced similar electronic properties compared
to penta-graphene.*

However, during the processes of experimental realization of
2D materials like monolayer penta-SiC,, the mismatch between
the 2D material and the substrate often results in the formation
of crystal distortion due to strain or stress modulation, also
called straintronics.'”*® Experimental results have shown that
strains of up to 11% are possible for monolayer MoS, in an AFM
indentation experiment without bond breaking.***° Therefore it
is necessary to investigate the strain-dependence properties of
2D materials with the purpose of comparison with experimental
results. In addition, strain-engineering (external strain and
stress) is an effective way to modulate the electronic, mechan-
ical, optical and transport properties of 2D materials.*** It has
been reported that strain-engineering can be used to modulate
the electronic properties of MoS,,* black phosphorene,* TiS;
(ref. 28) and ReS,.” The strain-engineering method was proven
to be effective in increasing the band gap of penta-SiC, (ref. 16)
as well.

In this work, we have systematically investigated the elec-
tronic, mechanical and transport properties of monolayer
penta-SiC, under tensile and compressive strain by using first-
principles calculations. We found that under in-plane uniaxial
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strain, penta-SiC, remains an indirect semiconductor up to
a tensile strain of 22%, however, the uniaxial compressive strain
can easily convert it from semiconducting into metallic. When
applying a biaxial strain, penta-SiC, can change from a semi-
conductor to a metallic material under a relatively low
compressive strain of —8%. In general, the electronic band
structure of penta-SiC, is sensitive to tensile and compressive
strain. Moreover, we quantitatively demonstrated that the
carrier mobility can be enhanced from 2.59 x 10> cm*V 's ' to
1.14 x 10° cm® V' s7' by applying a uniaxial compressive
strain.

2 Method and computational details

The calculations were performed using the Vienna ab initio
simulation package (VASP) based on density functional theory.>
The exchange-correlation energy was described by the gener-
alized gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof (PBE) functional. The calculations were carried out by
using the projector-augmented-wave pseudo potential method
with a plane wave basis set with a kinetic energy cutoff of 500 eV.
When optimizing atomic positions, the energy convergence
value between two consecutive steps was chosen as 10> eV and
the maximum Hellmann-Feynman force acting on each atom is
10~ eV A'. The Monkhorst-Pack scheme was used for the
Brillouin zone integration with k-point meshes of 13 x 13 x 1
and 21 x 21 x 1 for geometry optimization and self-consistent
electronic structure calculations, respectively.

To verify the results of the PBE calculations, the electronic
structure of penta-SiC, with zero strain was calculated using the
hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional.** HSE06
improves the precision of the band gap calculation by reducing
the localization and delocalization errors of the PBE and HF
functionals. The mixing ratio used in the HSE06 is 25% for
a short-range Hartree-Fock exchange. The screening parameter
is set to be 0.2 A%, In order to extract the Wannier functions
associated with the bands near the Fermi level, the commonly
adopted procedure for maximizing the localization of Wannier
functions (MLWFs) has been performed using the WANNIER90
code.*** The interface between VASP and WANNIER90 was
used for the calculations of the MLWF projection.

3 Results and discussion

3.1 Electronic band structure and bonding analysis of
strained penta-SiC,

The top and side views of the fully optimized structure of penta-
SiC, are shown in Fig. 1(a) and (b), respectively. The unit cell
(the red dashed rectangle) contains two silicon atoms and four
carbon atoms. The optimized penta-SiC, has a tetragonal crystal
structure with the p421m space group. As shown in Fig. 1(a) and
(b), all pentagons contain four equivalent Si-C bonds and one
C-C bond located within three atomic layers (two C atom layers
on the top and bottom, and a Si atom layer in the middle). As
shown in Table 1, the associated lattice constant of penta-SiC, is
a = b = 4.41 A with the buckling height # = 1.33 A. The bonding
lengths are d; = 1.91 A and d, = 1.36 A, which are in good
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agreement with previous theoretical results.*® To avoid artificial
interactions between atom layers, the separation between the
layers is set to be 15 A for monolayer penta-SiC,.

The PBE calculations show that SiC, is a semiconductor with
an indirect band gap of 1.39 eV, and the maximum of the valence
band (VBM) is located at the S point, and the minimum of the
conduction band (CBM) is located between the S and I' points.
The corresponding HSEO06 calculation gives a larger band gap of
2.85 eV compared to the PBE result since PBE always underesti-
mates the value of the band gap of semiconductors. Fig. 1(c)
shows the PBE calculated electronic band structures and the
density of states (DOS) of penta-SiC,. Analysis of the PDOS (Si-3s
and 3p and C-2s and 2p orbitals) of penta-SiC, reveals that the
C-2p and Si-3p orbitals mainly dominate the electronic states
near the Fermi level. However, the contributions from the C-2p
states to the total DOS are larger than those from Si-3p, and in
the energy range of —2 to 0 eV for the valence band, the Si-3p
states contribute more than the C-2p states, indicating the
strong hybridization between the Si-3p states and the C-2p states.
The analysis of the chemical bonding of penta-SiC, based on the
DOS is consistent with the calculated bond lengths and bond
angles. The four identical bond lengths and bond angles indicate
that the fourfold coordinated Si atom connects to the four
neighboring C atoms via sp”d-like hybridization,* although the
Si and C atom layers are in different planes, as shown in Fig. 1(b).
The chemical bonding analysis of the threefold coordinated C
atoms shows that C connects to the two neighboring Si atoms
and one C atom viz a mixed combination of sp®> and sp®
hybridization, reflected by the bond angles shown in Table 1.

According to the chemical bond analysis of the monolayer
penta-SiC,, the band structure near the Fermi level has been
calculated based on the projected MLWFs associated with the
sp’d-like hybrid orbitals of the fourfold coordinated Si atoms
and the sp® hybrid orbitals of the threefold coordinated C
atoms, which fits quite well with the band structure calculated
by the standard PBE method based on the plane-wave pseudo-
potential method, as shown in Fig. 1(b). The aforementioned
analysis of the chemical bonds can be reflected by the contour
surface plots of the MLWF as well, which is shown in Fig. 2(a)
and (d). Only the MLWFs for the 10™ and 11 bands near the
Fermi level labeled in Fig. 1(c) are shown here.

The isosurface plot of the MLWF associated with the valence
band, shown in Fig. 2(b), reveals that the sp>d-like hybridization
states of the fourfold coordinated Si atom connecting to the
surrounding C atoms determine the valence band of monolayer
penta-SiC,, and the p, state of the C atoms also plays an
important role. The chemical covalent sp>d-like bond becomes
stronger along the L; direction, shown in Fig. 1(a), when
a compressive uniaxial strain of —10% along the a-direction is
applied, due to the shorter Si-C bond length, which is shown in
Fig. 2(b). However, when applying a tensile uniaxial strain of
10% along the a-direction, the distance of L; increases further
than that of L,, which attenuates the chemical Si-C bonding,
especially along the L, direction. It is shown in Fig. 2(c) that the
Si-C bonds along the L, direction still form sp®d-like hybrid-
ization patterns, however, the bonding characteristic of Si-C
along the L, direction becomes very weak and changes

This journal is © The Royal Society of Chemistry 2017
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(a) The top view and (b) side view of the atomic structure of the penta-SiC, monolayer (2 x 2 supercell). d; and d> are the bond lengths of

Si—C and C-C in this pentagonal structure, respectively. 6, 6, and 65 are the bond angles. h is the buckling distance. (c) PBE calculations of the
electronic band structures (red circles) of monolayer penta-SiC, in comparison to the MLWF-based fitting bands (blue lines), and the density of

states (DOS) of penta-SiC,.

Table 1 The calculated structure properties of 2D penta-SiC,: buck-
ling distance (h), Si—-C and C—-C bond lengths (ds. d>), bond angles (C-
Si—C: 64, Si—-C-Si: 6, and Si—-C-C: #3), the band gap calculated by PBE
and HSEO6 respectively, and the Young's modulus (Y)

E, (PBE/HSE06) Y

h [A] d [A] d, [A] 0,71 02[°] 05 [°] [eV] (Gpa)

1.33

1.91

1.36 96.94 109.57 117.40 1.39/2.85

® | L Q.
: ) @ ®
) (b) ©
2 ® e
‘ °~\g M)

Fig. 2 The isosurface plots (iso-value = 2.0) of the MLWFs for penta-
SiC, without strain (a and d), with a uniaxial compressive strain of —10%
along the a-direction (b and e), and with a uniaxial tensile strain of 10%
along the a-direction (c and f). The MLWFs of (a—c) and (d—f) are

associated with the 10" and 11" band, respectively. The band index is
labeled in Fig. 1(b).

292

obviously. Therefore, the compressive and tensile strains
applied to the monolayer penta-SiC, will distort the lattice and
subsequently change the chemical bonding of the Si and C
atoms along the directions normal to each other.

This journal is © The Royal Society of Chemistry 2017

The isosurface plot of the MLWF associated with the
conduction band, shown in Fig. 2(d), reveals that the sp anti-
bonding states of the threefold coordinated C atoms contribute
mainly to the total energy of monolayer penta-SiC,, and the
antibonding characteristic does not change for the strained
penta-SiC, when a compressive uniaxial strain of —10% along
the a-direction is applied, as shown in Fig. 2(e). However, the
tensile strain of 10% along the a-direction stretches the lattice
and the chemical bonds of the threefold coordinated C atoms
become a n;p antibonding state, as shown in Fig. 2(f).

Fig. 3 shows the evolution of the valence and conduction
band structures as a function of different strains, mainly from
—10% to 10% of the fully relaxed structure. Fig. 3(a) and (b)
show the dependence of the energy bands of monolayer penta-
SiC, on strain along the a- and bi-directions, respectively. The
shift of the band edge as shown in Fig. 3(a) and (b) can be
understood in terms of the bonding and antibonding states,**
as described above. The monolayer penta-SiC, is an indirect
semiconductor described by the VBM of Vs and the CBM of Cs_r.
Under uniaxial compressive strain, Cs_r decreases while Vg
increases, leading to a shrinking indirect band gap of the
strained penta-SiC,. The reason why the formation of the indi-
rect band gap of compressively-strained penta-SiC, remains
unchanged is due to the fact that the characteristics of the
chemical bonding and antibonding states of the compressive
penta-SiC,, which are shown in Fig. 2(b) and (e), respectively, for
—10% strain, stay unchanged when a compressive strain is
applied, according to the aforementioned bonding analysis.

However, by applying a uniaxial tensile strain, the charac-
teristics of both the chemical bonding and antibonding states
of the stretched penta-SiC, change, which is shown in Fig. 2(c)
and (f), respectively, for 10% strain, thus the corresponding
band energies change greatly, which transforms the stretched

RSC Aadv., 2017, 7, 45705-45713 | 45707
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Fig. 3 The PBE calculated band structures under (a) uniaxial (a-direction) strain and (b) biaxial (bi-direction) strain for penta-SiC,. (c) shows the
change of the CBM/VBM with the applied uniaxial (e,) and biaxial (e,,) strains. (d) shows the evolution of the band gap for penta-SiC; as a function

of g, and g,,,.

penta-SiC, into a new type of indirect semiconductor formed by
the VBM of V and the CBM of Cs.

While for an external strain along the bi-direction (e,,), large
changes take place for the energies corresponding to Vs, Vr, Cs
and Cs_r, as shown in Fig. 3(b). When ¢,, = —8%, the semi-
conductor (indirect)-to-metal transition takes place. The strain
tunable electronic structure of monolayer SiC, will significantly
influence the electronic transport properties, which can be used
in electronic and optoelectronic applications.

Ex = —10%

Ex = 10%

Fig. 3(c) and (d) show the evolution of the calculated band
edges (CBM/VBM) and the band gap under various strains.
When applying the in-plane uniaxial strain of —15% =< ¢ =<
22%, penta-SiC, remains an indirect semiconductor with
a maximum band gap of 1.481 eV at 2%, while the gap values
and the positions of the VBM and CBM change. However, when
applying the in-plane biaxial strain of —15% = &, = 15%,
penta-SiC, also retains the indirect semiconducting feature,
and it converts into a metal beyond 15% and —9%. The band

Exy = 10%

Energy (eV)

]
w

-3

-4 -4

-5 ;8 D T A ™ A

-3

-4
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Fig.4 The PBE calculated total and partial density of states for penta-SiC, under uniaxial and biaxial strain with compressive and tensile strength:
(a) no strain, (b) e, = —10%, (c) &x = 10%, (d) &, = —10%, and (e) &,, = 10%.
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Fig.5 The calculated elastic modulus Cz° along the a- and b-direc-
tions under various mechanical strains for penta-SiC,.
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Fig. 7 The respective dependence of the calculated carrier (hole m;
and electron m;) effective masses along the a- and b-directions on the
applied uniaxial strains.
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Fig. 8 The calculated carrier (hole and electron) deformation
potential constant (E)) along the a- and b-directions as a function of
the applied uniaxial strain.

gap reaches a maximum value of 1.483 eV at the tensile strain of
1%.

Furthermore, to show the contribution of the different
orbitals from the different atoms to the electronic states, we
have calculated the total (DOS) and partial (PDOS) density of
states for penta-SiC, with tensile and compressive strains:
+10% strains along the a-direction and the bi-direction,
respectively, as shown in Fig. 4. By comparison, it’s obvious
that the contribution from the different orbitals of the Si and C
atoms to the valence band does not change too much when
uniaxial or biaxial strain is applied. However, when uniaxial or
biaxial compressive strain around ¢, = —10% is applied, the
contribution from the C-2p states becomes dominant in the
energy range of 0 to 2 eV for the conduction band. Therefore,
when monolayer penta-SiC, is free of strain or under tensile
strain, the conduction band is mainly constructed of the low
hybridization states of the Si-3p and C-2p orbitals, and when
a large compressive strain is applied, the contribution from the
C-2p states overwhelms that from the Si-3p states.

3.2 Strain-engineering mechanical properties of penta-SiC,

Since monolayer penta-SiC, has nearly isotropic physical
properties along the a- and b-directions, only the dependence
on the strains of ¢, is considered in the following. Here, &, ¢,
and ¢,, refer to the components of the relative strain along the a-
, b- and bi(a + b)-directions, respectively. In addition, under the
in-plane biaxial strain, the physical properties are nearly the
same along the a- and b-directions, so only the physical prop-
erties along the b-direction are presented here. Due to three-
dimensional (3D) periodic boundary conditions, the 2D elastic
constant C;” should be rescaled by multiplying the c¢ lattice
parameter corresponding to the vacuum space between the 2D
layers,® ie., C;° = ¢ x C}”. The calculated in-plane elastic
constant C37 = C35 = 140 N m ' for penta-SiC, indicates that
penta-SiC, nearly has isotropic mechanical properties. The
positive values of C37 and C3) mean that penta-SiC, is
mechanically stable, according to the mechanical stability

RSC Adv., 2017, 7, 45705-45713 | 45709
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Table 2 The calculated carrier mobility of strained penta-SiC, in comparison to those of monolayer graphene, silicene, black phosphorene (BP)

and MoS, (units of carrier mobility, cm? V™1 s7?)

Carrier mobility Penta-SiC, Graphene®’ Silicene*’ BP?7%° MoS, (ref. 26 and 51)
Hole 1.14 x 10° 3.51 x 10° 2.23 x 10° 286 200
Electron 649 3.39 x 10° 2.58 x 10° 2.2 x 10° 72, ~200

criteria.’” The 3D Young’s modulus Y can be expressed as Y =
C;"It, where t is the effective thickness of the penta structure
(4.8 A for penta-SiC,), and the calculated value of Y is 292 GPa
for SiC,, similar to that of MoS, (270 £ 100 GPa (ref. 19)), while
it is larger than that of black phosphorene (179 GPa and 55 GPa
along the a- and b-directions, respectively*®), TiS; (96 GPa and
153 GPa along the a- and b-directions, respectively*!) and HfS,
(137 GPa (ref. 24)). The differences can be attributed to the bond
length and the bond density of the different 2D materials.

Furthermore, we have calculated the elastic modulus along
the a- and b-directions under various mechanical strains, as
shown in Fig. 5. By stretching (compressing) the atom-atom
bond length, the bond strength decreases (increases) in general
due to less (more) overlap of the electron orbitals of the neigh-
boring atoms, partly shown as the isosurface plots of the MLWFs
in Fig. 2, which subsequently results in reducing (enlarging) the
value of the elastic constants of the strained penta-SiC,. Fig. 5(a)
shows the dependence of the elastic constant along the a- and b-
directions under uniaxial (¢,) strain. Under uniaxial strain, the
elastic constant decreases monotonously in the range of —10% =
&x = 10% along the b-direction, while along the a-direction, it has
a maximum value at a tensile strain of ¢, = 1% and decreases
linearly from ¢, = 1% to 10%, and under compressive strain, the
elastic constant decreases linearly. While for biaxial strain as
shown in Fig. 5(b), the value of the elastic modulus of the two
directions decreases with a similar tendency to the b-direction
under uniaxial strain for penta-SiC,.

3.3 Strain-engineering transport properties of penta-SiC,

The electron-phonon scatterings play a key role in determining
the intrinsic electron transport properties of 2D materials. The

deformation potential theory, proposed by Bardeen and
Shockley,* sometimes overestimates the intrinsic mobility at
room temperature since it only considers the coupling between
electrons and longitudinal acoustic phonons in the long-
wavelength limit.***' However, it has been reported that the
coupling intensity between electrons and acoustic phonons is
about 3 times as large as that for the coupling between electrons
and optic phonons,** therefore the carrier mobilities calculated
by the deformation potential theory have been reported to be in
good consistency with experiments for a series of two-
dimensional materials.****** In the long-wavelength limit, the

carrier mobility of a two-dimensional material can be written
526:41,46,47

2eiC

= —, 1
3kBT|m*\2E12 ( )

u
where e is the electron charge, T'is the temperature (equal to 300
K throughout the paper), C is the elastic modulus of a uniformly
deformed crystal by strain, and m* is the effective mass given by
m* = h*(0*E(k)/0k*)~" (R is the reduced Planck’s constant, k is
the wave-vector, and E(k) denotes the energy). Also, E; is the
deformation potential (DP) constant defined by E®
AEcemvemy/(3l/1), where AEcpmvemy is the energy shift of the
band edge with respect to the vacuum level under a small
dilation 8/ of the lattice constant /.

According to eqn (1), the carrier mobility of electrons and
holes along certain directions for penta-SiC, is obtained, as
shown in Fig. 6 and Table 3. Although the PBE calculations
always underestimate the band gap, the calculated carrier
mobilities are in good agreement with the experimental results
for many 2D materials.>**"***%4% Firstly, we compared the a-

Table 3 The calculated effective mass m}; (with mg being the static electron mass), the deformation potential constant £,_,, the 2D elastic
modulus C,, along the I'-Y direction and the electron/hole carrier mobility up. The electron and hole carrier mobilities are calculated by using egn

(1) at T=300K
Exy my, Erp Cp Up Exy my, Erp Cp Hb

Carrier type  [%] [mo]  [eV] [Nm™] [x10°cm®V 's™'] Carrier type  [%)] [mg] [ev] [Nm™'] [x10>°em®>V 's™]

Hole -10 0 0 0 0 Electron -10 0 0 0 0
-8 0.29 5.45 100.37 5.78 -8 0.67 3.66 100.37 2.24
—6 0.30 4.78 118.29 8.43 —6 0.71 3.55 118.29 2.60
—4 0.30 4.12 130.41 12.31 —4 0.75 3.47 130.41 2.72
-2 0.30 4.03 137.66 13.68 -2 0.80 3.31 137.66 2.76
0 0.29 2.99 139.89 25.88 0 0.90 3.0 139.89 2.74
2 0.66 5.29 137.31 1.58 2 1.05 2.61 137.31 2.60
4 0.55 4.80 130.34 2.65 4 1.30 1.81 130.34 3.30
6 0.48 4.34 119.47 3.91 6 0.52 4.13 119.47 3.62
8 0.43 4.00 106.01 4.99 8 0.46 3.96 106.01 4.44
10 0.40 3.62 90.39 6.03 10 0.43 3.68 90.39 5.14
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direction uniaxial strain modulated charge carrier mobility of
penta-SiC, along the a- and b-directions, as shown in Fig. 6.
Three different physical parameters, namely the carrier effective
mass (m*), the DP constant (E;) and the elastic modulus (C), are
subjected to change at a particular temperature under strain.

The band structures of strained penta-SiC, change when the
structure changes, which subsequently alters the effective mass
of the carriers determined by the curvatures of the band edges
near the Fermi level. Fig. 7 demonstrates the evolution of the
calculated effective masses of the electrons (m,) and holes (m;,)
along the a- and b-directions under uniaxial strains along the a-
direction. The m;, at the S point is 0.29m, and the m, at the S-T’
point is 0.90m, without strain (m, is the static electron mass).

As shown in Fig. 3(a), the applied strains along the a-direc-
tion e, may lead to large shifts of the positions of the VBMs and
CBMs in the band structures. The VBM of penta-SiC, shifts from
Vg to Vp with a strain of &, = 3%, which results in a dramatic
increase of the m; (0.30m, — 0.69m, along the a-direction and
0.28m, — 0.74m, along the b-direction) when ¢, increases from
2% to 3%. Meanwhile, the CBM of penta-SiC, shifts from Cs_r to
Cs with an applied strain of ¢, = 8%. Therefore, a dramatic
change of the electron effective mass occurs as well when the
uniaxial strain changes from ¢, = 7% to &, = 8%. The subse-
quent m;, reduces significantly from 1.33m, to 0.33m,, and the b-
direction m: increases from 0.94m, to 1.12m,, as shown in
Fig. 7. Additionally, the anisotropic effective mass under strain
will lead to anisotropic carrier mobilities, which finally lead to
a direction-dependent electron conductivity.

In order to calculate the DP constant, a small dilation along
a special direction needs to be applied. The calculated electron/
hole DP constants for unstrained penta-SiC, are 3.00 eV and
2.98 eV, respectively, which are in good agreement with
previous theoretical results.*® Fig. 8 demonstrates the evolution
of the electron (E; ) and hole (E; 1) DP constants along the a-
and b-directions under uniaxial strains along the a-direction.
Similar to the case of the effective masses, the shifts of the
VBMs with a uniaxial strain of & = 3% and the CBMs with
a strain of &, = 8% cause dramatic changes of the DP constants
of the holes and electrons, respectively, as shown in Fig. 8. The
nearly flat lines of E;_. along the a-direction for ¢, ranging from
—10% to —2%, and E,_j, along the a-direction for ¢, ranging from
—10% to —8%, as shown in Fig. 8, can be understood by the
nearly linear change of the CBM/VBM with ¢, changing in the
corresponding ranges, as shown in Fig. 3(c). The reason is due
to the fact that the electron/hole deformation potential constant
along the a-direction is approximately the derivative of the
CBM/VBM to the strain e, i.e. ELen = (Ecamvem . — Ecm
ven)/(3U/1).

Interestingly, the obtained b-direction E;_j, of the holes is low
(0.15 eV — 0.40 eV) in the strain range of —10% =< ¢, =< 6%,
which subsequently results in high hole-carrier mobilities
larger than 10° em® V™' s™" along a particular direction, as
shown in Fig. 6.

The dependence of the calculated carrier mobilities on the
uniaxial strain is shown in Fig. 6. The obtained hole and elec-
tron mobilities without strain are 2.59 x 10° ecm®* V"' s™' and
2.74 x 10* cm® V' 577, respectively. For uniaxial strain along
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the a-direction, a dramatic enhancement of the hole mobility
along the b-direction under compressive strains is observed,
increasing from 2.59 x 10> ecm®* V"' s to 1.14 x 10° ecm*> V!
s ! ate, = —8%. In Table 2, the calculated carrier mobilities of
strained penta-SiC, and some widely-investigated two-
dimensional semiconductors are listed. By comparison, it is
found that the hole carrier mobility of penta-SiC, strained by
&x = —8% is ultrahigh, being an order of magnitude higher than
those of graphene (2.58 x 10° cm® V™' s~ *)* and silicene (3.39
x 10° em” V™' s7"),* and three or four orders of magnitude
higher than those of monolayer black phosphorene (2.2 x 10°
em? V! s7'?7 and MoS, (~200 cm® V' s 1) 25 which indicates
that strain-engineering monolayer penta-SiC, is quite prom-
ising for the application of microelectronic devices. It should be
noted that the available range of the compressive or tensile
strain is determined by both the method to generate strains and
the condition of the mechanical failure of strained materials.*
Common strain-generating methods include lattice mismatch
on the substrate, and thermal expansion or mechanical loading,
which generally generate strains ranging from —12% to 25%.%
Further stretching or compression should involve an investi-
gation on the stability of strained materials.

It should be noted that strain-engineering has little influence
on the electron mobility along both the a- and b-directions, as
shown in Fig. 6. The hole mobility along the a-direction
increases nearly linearly from 2.59 x 10* em®> V™' 57" to 1.0 x
10* em® V™! 57! in the strain range of e, = —10% to 2%, which
can be attributed to the monotonic decrease of the effective
masses of the holes along the a-direction, according to eqn (1).

Table 3 shows the evolution of the effective mass (m;), the
DP constant (E;), the elastic modulus (C) and the calculated
results of the hole and electron mobilities along the b-direction
under biaxial strains. For the hole mobility, as listed in Table 3,
since all of the three decisive parameters (m;, E;;, and Cp)
increase by applying tensile and compressive strain, the hole
mobilities for the strained structures are thus smaller than that
without strain according to eqn (1). The obtained electron
mobility increases monotonically from e, = —10% to &y, =
10%, mainly caused by the decrease of the effective mass m,,.

4 Conclusion

In this paper, we have shown the evolution of the structure,
electronic and charge carrier transport properties of penta-SiC,
under uniaxial or biaxial strain, based on first-principles
calculations. By calculation, it was found that monolayer
penta-SiC, is a semiconductor with an indirect band gap of
2.85 eV (PBE: 1.39 eV). The transition from semiconductor to
metal can take place when applying uniaxial or biaxial strains.
The hole mobility along the b-direction can be greatly improved
by applying a compressive strain along the a-direction. Mean-
while, strain-engineering has relatively little effect on the elec-
tron mobility. The novel and strain-modulated physical
properties of monolayer penta-SiC, may lead to many potential
applications in the fields of microelectronic and optoelectronic
devices.
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