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Prediction of 2D IV-VI semiconductors: auxetic
materials with direct bandgap and strong optical
absorptiont
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Auxetic materials are highly desirable for advanced applications because of their negative Poisson'’s ratios,
which are rather scarce in two-dimensional materials. Motivated by the elemental mutation method, we
predict a new class of monolayer IV-VI semiconductors, namely, §-1V-VI monolayers (GeS, GeSe, SiS and
SiSe). Distinctly different from the previously predicted IV-VI monolayers, the newly predicted &-MX (X =
Ge and Si; M = S and Se) monolayers exhibit a puckered unit cell with a space group of Pca2;. Their stabi-
lities were confirmed by first-principles lattice dynamics and molecular dynamics calculations. In particu-
lar, all these MX monolayers possess a large bandgap in the range of 2.08-2.65 eV and pronounced an-
isotropic mechanical properties, which are demonstrated by direction-dependent in-plane Young's
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moduli and Poisson’s ratios. Furthermore, all these 2D MX monolayers possess negative Poisson’s ratios
(even up to about —0.3 for SiSe). Strong optical absorption is observed in these §-1V-VI monolayers.
These interesting physical properties will stimulate the development of 2D flexible devices based on IV-VI
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1. Introduction

Graphenes are considered as the horizon of two-dimensional
(2D) materials, as they inspire intense research activity on 2D
layered materials,"” which have fantastic mechanical,’™ elec-
tronic,® thermal’™*° and magnetic'" properties. The Dirac cone
in graphenes induces ultrafast dynamics for the charge carrier,
but their zero bandgap characteristics also impede some appli-
cations in field-effect transistors, impelling the further investi-
gation of other 2D semiconductor materials."”” Black phos-
phorus (BP) is an ideal alternative for 2D electronics because
of its high charge carrier mobility and high on-off ratio in
field-effect transistor application. Duo to the puckered honey-
comb structure, the physical properties of BP exhibit pro-
nounced anisotropy. For example, the thermal conductivity of
BP is about 20 and 40 W m™" K™' along armchair and zigzag
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directions with a thickness of 15 nm, which can be further
decreased by reducing the thickness,"* mainly contributed by
strong anisotropy in phonon group velocities.'* Furthermore,
the BP-based nanophononic heterostructure shows novel
thermal management ability with tunable interfacial thermal
resistance.'® The electronic band structure of 2D semiconductors
can be further tuned,"®"” which opens prospects for the design
of various innovative devices for applications in flexible elec-
tronics, spintronics, photocatalysis, and artificial synapses.'®>?
Inspired by the successful demonstration of these 2D materials,
extensive effort has been conducted to expand the family of 2D
materials.>** Since the synthesis of new 2D materials is time-
consuming and costly, the theoretical calculation is of great
utility. Some new 2D materials such as 2D magnetic MSi,CyNy_y
(M = Cr, Mo, and W; x = 1 and 2),>® anisotropic MBs (M = Cr,
Mn or Fe; B = boron),*® CrX; (X =1, Br, and Cl),”” tetragonal and
hexagonal boron nitride,”® graphene-like Si,_,Ge,,”® o’-boron
sheet,>® and B,X; (X = Se and Te) photocatalysts®* are theoreti-
cally predicted by different theoretical schemes, which present a
set of unique functional properties.>**

Recently, auxetic materials characterized by negative
Poisson’s ratios (NPRs) have attracted tremendous research
attention from both fundamental science and practical appli-
cation points of view.>*” Poisson’s ratio is defined as the
ratio of the lateral contraction strain to the longitudinal exten-
sion strain. Negative Poisson’s ratio reveals that the material
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would expand laterally when stretched longitudinally. This is
totally opposite to most of the conventional materials, which
tend to shrink laterally when subjected to strain in the longi-
tudinal direction.”® Bulk auxetic materials have been studied
for some applications. For example, a NPR copper foam was
synthesized experimentally, which displays enhanced tough-
ness.>® To explore the effect of the chondrocyte proliferation
on the cartilage regeneration by a compress, polyurethane
materials with NPRs were used for such tissue engineering.*
The NPR fastener was designed using ceramic aerogels via 3D
graphene structures, which possesses novel mechanical pro-
perties.*! For metals, a correlation between the NPR and work
function was demonstrated based on the electron-gas model,
which enables a promising application in highly sensitive
detectors because negative Poisson’s ratios of the metal elec-
trodes can amplify the response of strain on sensor sheets.** A
hierarchical tube was proposed with a NPR characteristic that
it will extend along the transverse direction by the vertical
force as harder composites.*® Some other studies also demon-
strated that bulk materials with NPRs have fantastic properties
for a muffler and a shock absorber.***°

In particular, nanomaterials with NPRs have more advan-
tages because of their particular unique structure,*®*® which
also inspired tremendous prediction from both theoretical and
computational efforts.”® The puckered structure in BP has
proven to induce anisotropic characteristics and a NPR in the
out-of-plane direction,>® which is also demonstrated in the
experiment.”’ Besides, §-phosphorene has a remarkable NPR
(-0.267) along the grooved direction, excellent flexibility and
critical crack strain showing a potential usage for electrome-
chanical devices.>> B,N monolayers were predicted to have
dynamic and thermal stabilities and excellent mechanical pro-
perties with a maximal NPR of —0.032, which can be con-
sidered as future nanomechanical devices.>® GaPS, monolayers
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were reported to exhibit a NPR of —0.033 in the in-plane and
—0.62 in the out-of-plane direction. Combined with its ultralow
cleavage energy (about 0.23 ] m~?), 2D GaPS, is expected to be
a promising candidate for nanoelectronics and electromecha-
nical devices.’* The NPR characteristic in 2D blue phosphorus
oxide was also reported, and the mechanism is attributed to
the competition between attractive P-P bonding and repulsive
P-O bonding, respectively.> For other 2D NPR materials,
orbital coupling and hybridization of the electron are also
possible origin of negative Poisson’s ratios.>®>” It is worth
noting that auxetic materials are especially appropriate in the
application of flexible or bio-electronics. Because most biologi-
cal materials have a negative Poisson ratio, in such appli-
cations, the substrate made of non-auxetic materials may
result in a mismatch in deformation and cause irritation.®

Very recently, IV-VI-based monolayers’>®® such as Gas,”!
GaSe,** GeS®** and InSe®® monolayers have aroused tremen-
dous attention, shown as Fig. 1(a), which were synthetized in
the experiment as high-performance photodetectors. In detail,
the IV-VI compounds have been proposed with different struc-
tures such as the monolayer Pcnm-GeSe, Pmma-SiS and Pma2-
SiS.°*%” The SiSe monolayer was also predicted to have Pmma
and Pma2 structures.®®®® Puckered SiS and SiSe were suggested
in previous reports.””’" In this work, we predict a family of 2D
group &-IV-IV monochalcogenide materials, XM (X = Ge and
Si; M = S and Se), using the first-principles calculation and
ab initio molecular dynamics (AIMD) method. The XM mono-
layers possess pronounced direction-dependent NPR character-
istics. Besides, the electronic band structure and direction-
dependent Young’s modulus are discussed. The ultra-strong
optical absorption property of those layered materials is
characterized as well. These multi-functional features support
promising applications in nanoelectronics, nanomechanical
and optoelectronic devices.
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Fig. 1 (a) Synthesized IV-VI monolayers in a previous experiment and (b) crystal structure of the newly predicted 5-IV-VI monolayers XM (X = Ge
and Si; M = S and Se). The yellow and red balls are M and X atoms, respectively.
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2. Computational methodology

Based on density functional theory (DFT), the first-principles
method was explored using the Vienna Ab initio Simulation
Package (VASP)’* with the projector-augmented wave method.
The Perdew-Burke-Ernzerhof functional was adopted. Besides,
the hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional was
considered by the standard screening and the standard mixing
parameter of 0.2 A~ and 0.25, respectively.”® The cutoff energy
was set at 500 eV for plane-wave, and the k-mesh was demon-
strated by 8 x 8 x 1. The Brillouin zone was explored with the
convergence criteria of the energy by 107® eV and force by 10™*
eV A" in a vacuum layer thickness of about 20 A. The
minimum energy pathways of different phase transitions were
determined by a climbing image nudged elastic band method
(NEB)’* based on the interatomic forces and total energies
acquired from the DFT calculations. The Brillouin zone (BZ)
was sampled by the gamma method with 7 x 7 x 1 k-point
sampling; meanwhile, the criteria for energy convergence and
force convergence are 10™° eV per cell and 0.01 eV A™, respect-
ively. Furthermore, the density functional perturbation theory
calculation was conducted to investigate the phonon dis-
persion of the materials, which was realized using the
PHONOPY package.””®

3. Results and discussion
3.1 Structure and stability

The anisotropic crystal structure of the XM (X = Ge and Si; M =
S and Se) monolayers is presented in Fig. 1(b), which shows a
puckered unit cell with a space group of Pca2,, constructed by
elemental mutation based on the prototype of 6-CS struc-
tures,”” different from the well-known orthorhombic layered
structure with space group Pcmn of GeS and GeSe.®®”® The
optimized unit cell of the XM monolayer contains 4 X and 4 M
atoms and the obtained lattice constants, a (or b), of the GeS,
GeSe, SiS and SiSe monolayers are 5.58, 5.83, 5.50 and 5.69 A
(5.76, 5.81, 5.67 and 5.73 A), respectively. The cohesive energy
of the XM system was calculated using (4Ex + 4Ey — Ex)/8,
where Ex, E\; and Exy are the total energies of a X atom, a M
atom and the XM, respectively. The cohesive energies of the
monolayer GeS, GeSe, SiS and SiSe are 3.61, 3.37, 3.81, 3.51 eV
per atom (as shown in Table 1), respectively, which are com-
parable with that of germanene (about 3.24 eV per atom),

Table 1 Cohesive energy (E, eV), ratio of lattice constants (b/a) along
different directions, bandgap (Eg, eV) and elastic constants (N m™) of
the monolayer XM system

E bla Cn C»» Cia Cso E§BE E?SE

GeS 3.61 1.01 41.21 22.83 —4.38 7.64 1.920 2.65
GeSe 3.37 1.01 42.79 32,56 -7.51 7.41 1.60 2.20
Sis 3.81 1.03 50.29 24.75 —4.10 7.67 1.42 2.15
SiSe 3.51 1.01 50.35 33.68 -9.78 7.77 1.46 2.08

This journal is © The Royal Society of Chemistry 2022
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phosphorene (about 3.48 eV per atom) and silicene (about 3.91
eV per atom).” Furthermore, the obtained cohesive energy of
SiS is larger than that of puckered SiS (3.16 eV per atom),*
and the calculated cohesive energy of GeS and GeSe mono-
layers in our work is also similar to some reported GeS, GeSe
with other phases, as presented in Table 2. The predicted new
IV-VI monolayers can be synthesized in the experiment by a
chemical vapour deposition method, and then be isolated by
mechanical, sonicated or liquid-phase exfoliation, which have
been adopted to synthesize few-layer GaSe®® and GeS.** In
addition, the 8-IV-IV monolayers can also be obtained by shift-
ing X atoms in puckered IV-IV monolayer structures.®'
Furthermore, the X-M bond lengths in the GeS, GeSe, SiS and
SiSe monolayers are 2.42, 2.54, 2.32 and 2.44 A, respectively.
We also take GeS as an example to estimate the stability by the
structural transition barrier between 6-GeS and a-GeS in
Table 2. The NEB calculated energy barrier is about 61.0 meV,
which is far higher than the thermal kinetic energy of about
13 meV at room temperature (1/2kgT, T = 300 K), avoiding such
structural transformation, as shown in Fig. 2.

The phonon dispersion of the GeS, GeSe, SiS and SiSe
monolayers was calculated, as shown in Fig. 3, characterized
by 3 acoustic branches and 21 optical branches. Importantly,

Table 2 Symmetry groups, cohesive energy (E, in eV) and bandgap (Eg,
HSE, in eV) of the investigated GeS and GeSe monolayers in this work
compared with the previous structures

Space group E Eg Ref.
5-GeS Pca2, 3.61 2.65 This work
5-GeSe Pca2, 3.37 2.20 This work
a-GeS Pmn2, 3.76 1.72 82-84
B-GeS P3m1 3.74 2.47 83 and 85
v-GeS Pmn2, 3.74 1.77 83 and 86
a-GeSe Pmn2, 3.88 1.75 87 and 88
B-GeSe P3m1 3.85 3.01 85 and 88
v-GeSe Pmn2, 3.83 2.53 59 and 88
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Fig. 2 Structural transition barrier between §-GeS and a-GeS obtained
by NEB calculations.
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monolayers, respectively.

no imaginary frequency is found in these phonon dispersions
showing a dynamic stability of these newly predicted XM
monolayers. Besides, the maximum frequencies of the phonon
dispersion for the GeS, GeSe, SiS and SiSe monolayers are 325,
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232, 397 and 324 cm™ ', respectively. Furthermore, the AIMD
calculation was employed to explore the thermal stability of
those layered materials using a Nosé-Hoover heat bath
scheme.®® Taking the lattice translational constraints into con-
sideration, the unit cell of the XM monolayer was expanded by
an 8 x 8 x 1 supercell, which includes 128 atoms within the
AIMD simulation. After a relaxation time of 5 ps, the structures
of GeS, GeSe, SiS and SiSe monolayers were still undamaged at
an ambient temperature of 300 K, as shown in the inset in
Fig. 4(a)-(d), respectively. The temperature and total energy
fluctuations versus simulation time are also presented in
Fig. 4, which exhibits a convergence for the AIMD results.

3.2 Electronic and mechanical properties

The HSE06 functional was used to calculate the band structure
of the GeS, GeSe, SiS and SiSe monolayers, as shown in
Fig. 5(a)-(d), respectively. It is worth noting that all those 2D
materials are semiconductors. In detail, the GeS monolayer
has a direct band structure with a bandgap of 2.65 eV, and the
valence band maximum (VBM) and conduction band
minimum (CBM) are at I" point. In contrast, the GeS mono-
layer with a honeycomb hexagonal structure is an indirect
bandgap semiconductor, with a bandgap of 2.47 eV.** The
band structure of GeSe and SiS monolayers have an almost
direct bandgap (2.20 eV and 2.15 eV) with the CBM and VBM
located near the Y (GeSe) point and I" (SiS) point, respectively.
While the GeSe monolayer with a hexagonal structure pos-
sesses an indirect bandgap (bandgap of 2.92 eV obtained by
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Fig. 4 Total energy and the temperature fluctuation of the (a) GeS, (b) GeSe, (c) SiS and (d) SiSe monolayers during the AIMD simulation, the insets
are the atomic structure after 5 ps at 300 K. The red, yellow, cyan and blue marks represent the Ge, S, Se and Si atoms, respectively; the red and gray
lines represent the system total energy and temperature calculated by the AIMD simulation.
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the monolayer (e) GeS, (f) GeSe, (g) SiS and (h) SiSe calculated by PBE. In (a—

HSE06 calculation).”® The bandgaps of the IV-VI monolayer
with different structures are summarized in Table 2. In con-
trast, the SiSe monolayer exhibits an indirect bandgap with
VBM at the Y point, while the CBM is on the M-Y path. The
PBE calculated density of states of the GeS, GeSe, SiS and SiSe
monolayers is presented in Fig. 5(e)-(h), respectively. It is clear
that the CBM and VBM of the GeS are mainly contributed
from Ge_p,, Ge_p, and Ge_s, S_p,, respectively. While the
CBM and VBM of the GeSe are mainly contributed by Ge_p,
and Ge_s, S_p,, respectively. Similar orbital contribution is
also observed in the partial density of states (PDOS) of the SiS
and SiSe monolayers.

Next, the orientation dependence of in-plane Young’s
moduli and Poisson’s ratios for those four layered materials
were calculated as follows:>’

d), the locations of the CBM and VBM are marked by grey dots.

Obviously, these monolayer materials are anisotropy with
maximal Young’s moduli located at 6 = 0° with 40, 41, 50 and
47 N m™ ', respectively, while minimal Young’s moduli are 19,
20, 20 and 21 N m ™", respectively, at 6 values of about 51°, 46°,
47° and 45°. In the b-direction, Young’s moduli of the GesS,
GeSe, SiS and SiSe monolayers were calculated to be 22, 31, 24
and 32 N m™’, respectively. However, such anisotropic charac-
teristic of Young’s moduli does not exist in the honeycomb
hexagonal IV-VI monolayer.** Furthermore, Poisson’s ratios
(as shown in Fig. 6(e)-(h)) also reveal remarkable direction
dependence. The GeS, GeSe, SiS and SiSe monolayers possess
a maximal Poisson ratio of about 0.248, 0.333, 0.320 and 0.331
along the 45° direction, respectively. The calculated NPRs of
the GeS, GeSe, SiS and SiSe monolayers along the a-direction
are —0.192, —0.231, —0.165 and —0.290, respectively, and the
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C11Cop — C152
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o Ces
v(0) = — (2)

Cy1 sin? 6+ Cy, cos? 0+ <

where E,p(0) and v(0) are Young’s moduli and Poisson’s ratios,
respectively; the angle 0 is between the considered direction
and a-direction. Fig. 6(a)-(d) show direction-dependent
Young’s moduli of the GeS, GeSe, SiS and SiSe monolayers.

This journal is © The Royal Society of Chemistry 2022
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obtained NPRs along b-direction are —0.106, —0.176, —0.081
and —0.194. It should be noted that the GeSe and SiSe mono-
layers possess pronounced NPR characteristics,
larger than other reported

which are

2D materials such as
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Fig. 6 Young's modulus of the (a) GeS, (b) GeSe, (c) SiS and (d) SiSe monolayers; the Poisson ratios of the (e) GeS, (f) GeSe, (g) SiS and (h) SiSe
monolayers, respectively. The blue and red lines represent the positive and negative values.

§-phosphorene (—0.267),%* Ptl, (—0.24),”* and Ag,S (—0.12).”> 1t
is worth noting that the puckered IV-VI monolayers were also
reported to possess NPRs such as GeS (—0.208), GeSe
(-0.433)* and Pma2-SiS monolayers (—0.19).°® In particular,
the puckered SiS has a maximal in-plane Poisson ratio of
1.025,%* which is larger than that of SiS (0.320) reported in this
work. The maximal in-plane Poisson ratio for puckered SiSe is
0.330,°* almost the same as the Poisson ratio of the SiSe struc-
ture (0.331) in this work. Interestingly, the puckered SiS and
SiSe monolayers possess out-of-plane Poisson’s ratios of
—0.073 and —0.466, respectively.”®
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In addition, the strain in the b-direction was
calculated under different uniaxial a-direction strains, as
shown in Fig. 7(a), which further prove the auxetic character-
istic of 2D GeS, GeSe, SiS and SiSe monolayers. Meanwhile, by
fitting the results, the obtained Poisson ratios of the Ges,
GeSe, SiS and SiSe monolayers are —0.193, —0.264, —0.184
and —0.294, respectively, which are comparable with the
results from eqn (2). Similarly, the fitted Poisson ratios of the
GeS, GeSe, SiS and SiSe monolayers in the b-direction are
—0.108, —0.181, —0.089 and —0.121, respectively, as shown in
Fig. 7(b).
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[ =
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Fig. 7 (a) Strain in the b-direction under the external uniaxial a-direction strain and (b) the strain in the a-direction under the external uniaxial
b-direction strain of the GeS, GeSe, SiS and SiSe monolayers; the schematic diagram of thickness deformation by the strain along the (c) a-direction
and (d) b-direction of the MX monolayers; here the loading strain is shown in blue, while the induced strain is shown in grey.
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a-polarized and b-polarized light, respectively.

When the tensile stress is applied along the a-direction, as
shown in Fig. 7(c), the deformation in the c¢-direction (k) is
from the initial configuration (black rectangle) to the blue one,
demonstrating a compressed deformation in the c-direction.
While along the b-direction, the cross section of the MX mono-
layer can be considered as two cantilevers with a connecting
rod, as shown in Fig. 7(d). When the tensile stress is applied
along the b-direction, the length of the connecting rod (I)
has little change, and the angle (a) of the cantilever beam
increases obviously, showing a transformation from black
lines (initial structure) to blue ones (structure under stress),
which also decreases the deformation in the c-direction of the
MX monolayers. Therefore, these MX monolayers possess an
intrinsic in-plane NPR characteristic, which is different from
the out-of-plane half-NPR reported in graphene+.”>

3.3 Optical properties

All these investigated 2D materials possess a decent bandgap
of about 2.08-2.65 eV, which falls in the visible light region
(the energies of the visible light spectrum vary from about 1.5
to 3.0 eV). Thus, it is necessary to evaluate the optical pro-
perties of these 2D XM to access its potential in optoelectronic
devices. We calculated the optical absorption as follows:*®

_ V2o

c

1/2

aw) = {[e20) + 2 @) P-a@) . G)

where a, @ and c¢ are the absorption coefficient, angular fre-
quency and the speed of light respectively. &;(w) and &,(w) are
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the real and imaginary parts of the dielectric constant, respect-
ively. &,(w) can be obtained as follows:*”

2¢’n i o2
e2(g = O hoo) =5 =5 (Wil ri¥)|
kyv.c

x 8(ES — E. — ),

(4)

where ¥, E; and @ are the wave function, energy and unit
vector of the electric field of the incident light. The super-
scripts (v and c) in ¥, Ej, label the conduction bands and
valence bands, respectively. The complex dielectric function is
é(w) = &1(w) + ie5(w), and the real part &; can be obtained from
& by using the Kramers-Kronig relation. Considering the
characteristic of 2D materials, we just investigated the in-plane
light absorption properties (a-polarized and b-polarized light).
Fig. 8 shows the absorption spectrum of the monolayer XM,
which indicates that all these four XM materials strongly
absorb a-polarized and b-polarized light around an energy of
3-5 eV. The areas below the adsorption profiles in the visible
light region (about 1.64-3.19 eV) are 54.56 €V em " (or
54.27 €V cm™'), 58.87 eV cm™" (or 58.21 eV ecm™ '), 51.05 eV
em™" (or 50.83 eV cm™ ') and 55.53 €V ecm ™" (or 55.20 eV cm ™)
for GeS, GeSe, SiS and SiSe monolayers in the a-direction (or
b-direction), respectively. Importantly, the GeSe and SiSe
monolayers strongly absorb a-polarized and b-polarized light
at around 2 eV but is transparent for GeS and SiS monolayers
in this energy region. The optical absorption peak frequency is
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lower than that of 8-CTe.”® GeSe (or SiSe) monolayers have
ultra-strong optical absorption, the maximal absorption coeffi-
cients are 7.69 x 10° em™* (or 7.8 x 10°> cm™") and 8.34 x 10°
em ™! (or 6.77 x 10°> em ™) for a-polarized and b-polarized light,
respectively, and the positions of absorption peaks are 3.68 eV
(or 2.91 eV) and 3.72 eV (or 3.30 eV). The characteristic that
monolayer XM possesses different light absorption perform-
ances in different polarization directions is induced by the an-
isotropic crystal structure, which also raises up promising
applications in ultraviolet region linear polarizers. Besides, the
calculated optical absorption of GeS, GeSe, SiS and SiSe mono-
layers covers the entire solar spectrum, which suggests the
potential importance in the application of solar photovoltaics.
Furthermore, it is worth noting that the calculated optical
absorption values are similar to that of monolayer MoS,,
which has been reported to possess more than 5% solar power
conversion efficiency in previous experimental investigation.”
The obtained light absorption coefficient is also higher than
other commonly studied 2D materials such as MoSSe (about
5.5 x 10° em™"),"%° Hf,CO, (about 4.8 x 10° ecm™"),"" arsenene
(about 2.7 x 10°> em™),'®> WSSe (about 2.1 x 10° cm™)'® and
8-CS (about 5.8 x 10° em™),”” which were calculated using the
similar method. In addition, it is worth noting that the GW +
BSE method has been considered as an effective means to
include the electron-hole interaction in the calculation of optical
properties, which has been adopted in previous reports.'**'%
However, the optical calculations with the GW method for our
studied system are computationally expensive, and hence, we
adopted the HSE06 calculation, which has also been adopted to
explore the optical properties of 2D materials.'**'®

4. Conclusions

In summary, based on DFT calculations, GeS, GeSe, SiS and
SiSe monolayers were investigated to possess a puckered struc-
ture. The dynamic and thermal stability proves by AIMD simu-
lations for those layered materials, and they also have a desir-
able bandgap of about 2.08-2.65 eV. The anisotropy mechani-
cal properties were explored by in-plane Young’s moduli and
Poisson’s ratios, and the novel NPR was obtained by —0.081 to
—0.290 especially. Furthermore, the ultra-strong light absorp-
tion performance was addressed, and all those suggest that
the studied 8-IV-VI monolayers can be considered as promis-
ing candidates for future nanoelectronic, nanomechanical and
optoelectronic devices.
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