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3-CS: A Direct-Band-Gap Semiconductor Combining Auxeticity, Ferroelasticity,
and Potential for High-Efficiency Solar Cells
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We propose a two-dimensional material, §-CS, and show that it is a direct-band-gap semiconductor with
strong absorption of solar radiation. Power conversion efficiencies of 7.0% to 20.1% are predicted for
solar cells with §-CS as a donor and a transition metal dichalcogenide as an acceptor. §-CS also excels in
terms of having an exceptionally large negative in-plane Poisson’s ratio. Its ferroelasticity with moderate
switching barrier is promising for applications in shape memory devices.
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I. INTRODUCTION

Black phosphorene («-phosphorene) has attracted
tremendous interest owing to its potential applications in
numerous important fields [1,2]. For instance, its moder-
ate direct band gap is promising for use in optical devices,
such as photodetectors [3] and solar cells [4,5]. It is an
out-of-plane auxetic material [with a negative Poisson’s
ratio (NPR) of —0.027] [6,7]. In addition, it combines
high-mobility charge carriers with transport anisotropy
[8,9], which can be switched by a ferroelastic transi-
tion [10]. Going beyond black phosphorene, Guan and
co-workers have proposed 8-, y-, and §-phosphorene as
allotropes [11]. While both S- and y-phosphorene are
indirect-band-gap semiconductors, a direct band gap of
0.66 eV (predicted by the Heyd-Scuseria-Ernzerhof func-
tional) renders §-phosphorene suitable for optical devices
operating in the infrared region but not for solar cell appli-
cations, which require a band gap of approximately 1 eV
to achieve a high power conversion efficiency (PCE). The
NPR of §-phosphorene (—0.267 [12]) exceeds that of most
two-dimensional (2D) auxetic materials, whereas ferroe-
lasticity is hindered by a low ratio of the lattice constants
(5.56/5.46~1.02 [11]).

As group IV—VI binary 2D materials are isoelec-
tronic to group V 2D materials, it is of great interest to
know whether they share properties with the phospho-
rene allotropes. The group IV—VI binary 2D material SnS,
which resembles the structure of e-phosphorene, has been
put forward for thermoelectric [13], piezoelectric [14],
and ferroelectronic [15] applications. In the present work,
we predict the properties of a §-phosphorene-like group
IV—VI binary 2D material, §-CS, using first-principles
calculations. We demonstrate that it combines excellent

“udo.schwingenschlogl@kaust.edu.sa

2331-7019/20/14(4)/044015(6)

044015-1

mechanical, electronic, and optical characteristics. It has
a moderate direct band gap with strong absorption of solar
radiation, is auxetic, and has switchable directional elec-
tric and optical properties due to its ferroelasticity. This
outstanding multifunctionality has potential applications in
2D nanoelectronic and nano-optical devices.

II. METHODOLOGY

First-principles calculations are performed using den-
sity functional theory (Vienna ab initio simulation package
[16] using the projector-augmented wave method with a
plane-wave cutoff energy of 500 eV). Both the Perdew-
Burke-Ernzerhof (crystal structure) and Heyd-Scuseria-
Ernzerhof [17] (band structure, with the standard screening
parameter of 0.2A~! and the standard mixing parame-
ter of 0.25) exchange-correlation functionals are adopted.
Taking into account electron-electron correlations and
electron-hole interactions [18,19], the optical absorption
spectrum is obtained by combining the GyW, approach
with the Bethe-Salpeter equation (where the plane-wave
cutoff energy is set to 500 eV) [20,21]. A 20-A-thick
vacuum layer is used to construct a 2D model with peri-
odic boundary conditions. The Brillouin zone is sampled
on an 8 x 8 x 1 I'-centered k-mesh and the convergence
criteria of the energy and force are set to 1078 eV and
10~* eV/A, respectively. Phonon spectra are calculated by
density functional perturbation theory (using the PHONOPY
package). Ab initio molecular dynamics (AIMD) simula-
tions are carried out using a 4 x 4 supercell (128 atoms;
Perdew-Burke-Ernzerhof exchange-correlation functional)
and an NVT ensemble with the temperature controlled by
the Nosé-Hoover method [22]. At each temperature, the
AIMD simulation is conducted for 5 ps with a time step
of 1 fs. The path and energy barrier of the ferroelastic
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transition are obtained using the solid-state nudged elastic
band method [23].

III. RESULTS AND DISCUSSION

The anisotropic atomic structure of §-CS is shown in
Fig. 1(a). It has a rectangular unit cell with space group
Pca2, containing 4 C and 4 S atoms. We obtain lattice
constants of a=4.51 A and b=4.97A (bla~1.1). The
cohesive energy, (4Ec +4Es — Es_cs)/8, where E¢, Es,
and Es5_cgs denote the total energies of a C atom, an S atom,
and the unit cell, respectively, is as high as 4.12 eV/atom,
i.e., higher than that of silicene (3.91 eV/atom), phos-
phorene (3.48 eV/atom), and germanene (3.24 eV/atom),
demonstrating energetic stability and feasibility of synthe-
sis. This cohesive energy is also higher than that of the
competing space groups P3ml (3.98 eV/atom) and P6ml
(3.48 eV/atom). The phonon dispersion in Fig. 1(b) (3
acoustic branches, 21 optical branches) shows no imag-
inary frequency and a maximum frequency as high as
849 cm™!, suggesting dynamic stability. According to Fig.
1(c), no phase transition, no bond breaking, and no sig-
nificant structural distortion is encountered in an AIMD
simulation at 300 K, which verifies thermal stability. The
structure remains stable at 400 K but not at 500 K, sug-
gesting that the melting point lies between 400 and 500 K
(Figures S1 and S2 in the Supplemental Material [24]).
Notably, §-CS is also stable under ambient conditions, as
O, molecules interact only by physisorption. Overall, our
results indicate that the most promising approach to exper-
imental synthesis of §-CS is low-temperature epitaxial
growth.

The band structure in Fig. 2(a) shows that §-CS is a
semiconductor with a direct band gap of 1.28 eV. Both the
valence band maximum (VBM) and conduction band min-
imum (CBM) are located at the center of the Brillouin zone
(" point). According to the density of states in Fig. 2(a) and

the charge distributions in Figs. 2(b) and 2(c), the VBM is
dominated by C p, and S p, states and the CBM by C p.,
and S p, , states. Calculation of the electron and hole effec-
tive masses, h*[3%e(k)/0k*]~", results in a distinct direction
dependence (anisotropic electrical conductance), see Fig.
2(d), with values of 0.55(0.66) m, for the electrons and
0.48(1.05) m, for the holes in the x(y) direction. As the
narrow band gap of §-CS is promising for solar energy
harvesting, we explore the optical absorption by calculat-
ing the complex dielectric function e(w) = ¢1(w) + igz(w).
The absorption spectrum in Fig. 2(e) suggests that §-CS
strongly absorbs x-polarized light at around 1 eV but is
transparent to y-polarized light in this region. This prop-
erty is a consequence of the anisotropic crystal structure
and has potential applications in near-infrared linear polar-
izers. The fact that the optical absorption of §-CS covers
the entire solar spectrum is important for photovoltaics. We
note that the obtained values resemble those of monolayer
MoS,, for which a solar cell with more than 5% power con-
version efficiency has been demonstrated experimentally
in Ref. [25].

Because of the semiconducting nature of §-CS with a
moderate direct band gap and excellent absorption of solar
radiation, we evaluate the material’s performance in 2D
heterostructure solar cells. As the second component we
select the transition metal dichalcogenides (TMDs) MoS,,
MoSe,, and MoTe,, which also combine a moderate direct
band gap with good optical absorption [26,27] and achieve
a favorable performance in photovoltaic devices [28,29].
A summary of the lattice constants and band gaps of the
TMDs is given in Table S1 in the Supplemental Material
[24] and their band structures are shown in Fig. S3 in the
Supplemental Material [24]. Figure 3(a) summarizes the
band alignments in §-CS and the TMDs. The valence (con-
duction) band edge of §-CS, MoS,, MoSe;, and MoTe,
is found at an energy of —4.82 (—3.55), —6.38 (—4.23),
—5.75 (—3.86), and —5.19 (—3.68) eV with respect to the
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FIG. 1.
(inset: atomic structure after 5 ps) of §-CS.

(a) Atomic structure, (b) phonon dispersion, and (c) total potential energy fluctuation during an AIMD simulation at 300 K
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FIG. 2. (a) Band structure and partial densities of states
(PDOS) calculated by the Heyd-Scuseria-Ernzerhof functional
(VBM set to zero energy and indicated by a black dashed line),
charge distribution (isovalue 0.1¢A~3) at the (b) VBM and
(c) CBM, (d) direction dependences of the electron and hole
effective masses, and (e) absorption spectrum of §-CS.

vacuum level, respectively. Thus, we obtain a type-1I band
alignment when §-CS forms a heterostructure with any of
the three TMDs. As the electron affinity (energy differ-
ence between the CBM and vacuum level) is smaller for
8-CS than for the TMDs, §-CS acts as an electron donor.
The conduction band offsets of §-CS to MoS,, MoSe,, and
MoTe; turn out to be 0.68, 0.31, and 0.13 eV, respectively.

The maximum PCE of a solar cell can be estimated as
[30]

VocJs
PCEmax _ IBFF OC: SC’ (1)
Psolar

where Brr = 0.65 is the fill factor, Vo is the open circuit
voltage, Jsc is the short circuit current in the limit of 100%
external quantum efficiency, and Pgj,, is the incident solar
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FIG. 3. (a) Band alignment in §-CS and the TMDs. (b)

PCEax (in %) [Eq. (1)]. Gray, black, and white squares mark
8-CS/MoS,, §-CS/MoSe;, and §-CS/MoTe;, respectively.

energy per unit area. We can write

Voc = l(EZ,’ — AE.—0.3), Q)
e
Jsc=e / i ;ih“’) d(hw), 3)
Eg w
Paw= [ PUwdtho) o)
0

where Eg is the optical gap of the donor, which we
approximate to be the band gap of 1.28 eV, AE, is the
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conduction band offset between the donor and acceptor,
hw is the photon energy, and P(hw) is the AM1.5 solar
energy flux. We obtain PCE,,x=7.0% for §-CS/MoS,,
15.8% for 5-CS/MoSe,, and 20.1% for §-CS/MoTe,,
see Fig. 3(b). These values fall short of state-of-the-
art solar cells (silicon: 27.6%, GaAs: 30.5% [31]) but
are comparable with 2D fullerene-based (PCE,x=20%)
[32], phosphorene/TMD (PCE.x= 12%) [5], and bilayer-
phosphorene/MoS, (PCE,.x= 18%) [33] solar cells.

The mechanical properties of §-CS are investigated by
calculating the elastic constants. For graphene we obtain
C]]Z C22: 346 N/m and C12: C21:66 N/l’l’l, which is
consistent with previous work [34] and demonstrates the
reliability of the computational method. For §-CS the elas-
tic constants turn out to be Cy1= 147 N/m, C;=41 N/m,
Cpp=C1=—-5 N/m, and Cg=42 N/m, satisfying the
Born criteria C11Cyp — C%Z > 0 and Cg¢ > 0, and there-
fore demonstrating mechanical stability. The flexibility
of a material can be described by Young’s modulus
[Ey =(C11Cn—C12C31)/Cr, Ey =(C11Cn—C12Cy1)/Chi]
and Poisson’s ratio (v, =C3/Cyp, v, =Cp/Cyp). We
obtain for §-CS values of E, =146 N/m and £}, =41 N/m
(more than three times higher in the x than in the y
direction), suggesting large mechanical anisotropy. The
fact that §-CS is much more flexible than graphene
(Ex =E, =333 N/m) opens the possibility of a ferroe-
lastic transition under external strain (as discussed later).
The calculated values of Poisson’s ratio, v, = —0.12 and
v, =—0.03, confirm a large mechanical anisotropy and
show that §-CS is an auxetic material.

The response of the lattice constants of §-CS to uniax-
ial strain is addressed in Fig. 4(a). We observe that the
lattice constant in the x(y) direction increases for increas-
ing strain in the y(x) direction, in agreement with the
NPR. In contrast to the out-of-plane NPR of phosphorene
[7], borophane [35], and titanium mononitride [36], the
NPR of §-CS is of in-plane type. The values of the in-
plane NPR of §-CS (v, = —0.12, v, = —0.03) exceed those
of penta-graphene (—0.068) [37] and borophene (—0.02
and —0.04) [38], are comparable with those of silicon
oxide (from —0.022 to —0.123) [39], and fall short of
those of strained graphene (—0.333) [40], 5-phosphorene
(—0.158 and —0.267) [12] and BesC; (—0.041 and —0.16)
[41]. A moderate in-plane NPR is promising for sensors
and acoustic isolators, for example. From the strain-stress
curves in Fig. 4(b) we calculate fracture strengths of
11.7 N/m in the x direction and 3.9 N/m in the y direction.
The obtained fracture strains of 13% in the x direction and
14% in the y direction are relatively small, which must be
carefully considered in future applications of §-CS to avoid
mechanical failure. It is confirmed that the phonon spec-
tra show no imaginary frequencies up to the determined
fracture strains.

As in a ferroelastic material switching between two or
more equally stable states is possible by means of external

stress, the material must be anisotropic. Two equally stable
states (S and ") of anisotropic §-CS with different orienta-
tions (90° rotation) are shown as insets in Fig. 5. We use
the solid-state nudged elastic band method to determine the
transition path and energy barrier between them. As shown
in Fig. 5, the initial state S converts into the final state .S
through a paraelastic transition state 7 with a square lat-
tice (a =b=4.70 A). According to the calculated phonon
dispersion (Fig. S4 in the Supplemental Material [24]),
the transition state is unstable, i.e., it will spontaneously
transform into the S or S’ state. Therefore, §-CS is a 2D
ferroelastic material.

The energy barrier of the ferroelastic transition must
be sufficiently small to facilitate switching, but must be
sufficiently large to guarantee stability against thermal
fluctuations and, therefore, reliable device operation. We
obtain a value of 36 meV/atom (291 meV/unit cell, see
Fig. 5), which is smaller than that of BP5 (320 meV/atom)
[42], a-phosphorene (200 meV/atom) [10], and borophane
(100 meV/atom) [35], comparable with that of tetragonal
yttrium nitride (33 meV/atom) [43], and larger than that of
group [V—VI binary compounds (1.2-22.6 meV/atom) [44]
and titanium mononitride (0.8 meV/atom) [36]. The mod-
erate energy barrier of §-CS not only enables fast switch-
ing, but also prevents spontaneous domain wall motion.
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FIG. 4. (a) Response of the lattice constant in the x(y) direc-

tion to uniaxial strain in the y(x) direction. (b) Strain-stress
curves for the x and y directions.
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FIG. 5. Energy profile of the ferroelastic switching in §-CS

between equally stable states S and §” with different orientations
through a paraelastic state 7.

The external strain required for triggering the ferroelastic
transition is derived from the Green-Lagrange strain tensor
[45], resulting in values of only 5.9% for the x direction
and —4.0% for the y direction. Combined with a moderate
energy barrier, such low threshold strains are promising for
shape memory devices.

IV. CONCLUSION

In conclusion, we propose a highly anisotropic 2D
material, §-CS, for which we demonstrate stability under
ambient conditions by considering the cohesive energy,
the phonon spectrum, AIMD simulations, and the elastic
constants. We show that the material is a direct-band-
gap (1.28 eV) semiconductor with strong absorption of
solar radiation, rendering it promising for utilization in
photovoltaic devices. According to the calculated band
alignments, 6-CS acts as an electron donor in contact
with MoS;, MoSe;, and MoTe,. We predict excellent
PCEs of 7.0%, 15.8%, and 20.1% for §-CS/MoS,, §-
CS/MoSe,, and §-CS/MoTe, heterostructure solar cells.
Our results also show that §-CS is auxetic and ferroelas-
tic. The in-plane NPR turns out to be superior to numerous
2D materials; for instance, it outperforms borophene by
a factor of almost 3. The ferroelastic transition of §-CS
combines a moderate energy barrier (36 meV/atom) with
low-threshold strains (5.9% in the x direction, —4.0% in
the y direction), as desired for shape memory devices.
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