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Electronic and optical properties of Janus-like hexagonal monolayer materials of group IV-VI
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We report ab initio calculations of the electronic and optical response properties of Janus-like hexagonal
monolayers materials of group IV-VI. By combining phonons spectra calculations and ab initio molecular
dynamics simulations, we verify that some two-dimensional (2D) group IV-VI hexagonal materials are dy-
namically unstable. Our results of electronic band structure based on both density functional theory (DFT)
with Heyd-Scuseria-Ernzerhof hybrid functional (HSE) and GyW, formalisms indicate that the dynamically
stable materials exhibit indirect band gaps. The calculations clearly reveal that the hexagonal crystal structure
of the group IV-VI monolayers plays a crucial role not only in determining the width of the band gap but
also on the electron-hole screening effect, and consequently the strength of the exciton binding energy. Despite
their strong binding, exciton binding energies in these nanomaterials are found to be in agreement with a 2D
Mott-Wannier model. We also show that most of the stable 2D materials exhibit strong optical absorbance in
the visible range, being promising materials for ultra-thin-film photovoltaic applications. Thus, our systematic
analysis on electronic and optical properties of hexagonal monolayer materials of group IV-VI will complement
forthcoming experimental measurements and can pave the way for technological applications of those materials.

DOLI: 10.1103/PhysRevMaterials.7.014001

I. INTRODUCTION

For all advanced functional materials, in particular those
at the flatland [1,2], the coupling between crystal lattice
and atomic composition is responsible for the wide range
of novel and unique physical and chemical properties they
exhibit [3-5]. Such unprecedented properties, varying from
magnetism to superconductivity, optical, thermal conductiv-
ity, charge(spin) density waves, topological, excitonic order,
and electrochemical and catalytic properties, many times co-
existing in a two-dimensional (2D) material, have driven a
scientific revolution with unparalleled efforts dedicated to its
syntheses, functionalization, and even processing [6—29].

In this sense, two-dimensional materials based on ele-
mental group IV have been massively investigated, with
graphene and its counterparts being the brightest stars of
this group [30-39]. All group IV 2D honeycomb materials
beyond graphene (C), i.e., silicene (Si), germanene (Ge),
stanene (Sn), and plumbene (Pb), have now been synthe-
sized [40-44]. Besides that, chemical functionalization is
considered a promising route to band-gap engineering, which
could enable nanoelectronics applications of these outstand-
ing materials [45—48]. Also, elemental group IV 2D materials
exhibit an electronic state of matter in which they show a
quantum spin Hall effect (QSHE) due to spin-orbit coupling
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(SOC), which can be tuned by applying a perpendicular elec-
tric field, inducing a topological phase transition [21,49,50].
However, in graphene, due to small intrinsic SOC on the order
of ueV, QSHE is difficult to observe [51,52].

The group IV atoms can be combined with other groups
of the periodic table [53-58]. Thus, new 2D materials with
completely new functionalities can be obtained. Recently,
2D group IV-VI semiconductors have attracted significant
attention due to their low-cost, earth-abundant, environment-
friendly characteristics, as well as unusual physical properties
[53,56,59]. In particular, if the atoms of group IV are cou-
pled with oxygen (O) atoms, a class of 2D oxides are
created. Such oxides show fascinating capabilities and can
exist in several crystal lattices and formula units [60-63].
For instance, 2D hexagonal silica (SiO,), which is a wide
band-gap semiconductor tunable by external electric field,
has potential application in electronics as the thinnest gate
dielectric [64-66].

Furthermore, the group IV monochalcogenides (group
VI = S, Se, and Te) semiconductors family has promis-
ing properties for the development of a new generation of
sensors, ion batteries, piezoelectrics, and optoelectronic, pho-
tovoltaic, and thermoelectric devices [56,59,67-71]. They can
be synthesized by using cheaper routes like colloidal solu-
tions, and have band gaps in a suitable range for photovoltaic
applications. Also, they are earth abundant, low toxicity, envi-
ronmentally friendly, and chemically stable [56,72].

Most of the investigations regarding the 2D group IV-VI
consider only the puckered layered orthorhombic structure
(similar to that of black phosphorus [55]). However, new
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phases are possible and bring new perspectives for the future
of this emerging 2D material class [55,57,73,74]. Thus, much
work has still to be done in order to provide a deep under-
standing of the novel physical and chemical properties that
can emerge from these materials, such as the electronic and
optical properties of those systems.

Aiming to further explore the distinct properties of the
atomically thin 2D materials by taking advantage of their
structures, an emerging class of 2D materials, labeled Janus
2D materials, has currently attracted increasing attention. By
introducing asymmetry across different atomic planes, novel
and exciting physical and chemical properties can emerge
compared with their counterparts [75-78].

Thus, in this work, our mail goal is to systematically char-
acterize and investigate the still little explored optoelectronic
and photocatalytic properties of the group IV-VI Janus-like
hexagonal monolayer materials. By combining phonon spec-
tra calculations and ab initio molecular dynamics simulations
(AIMD), we verify that some 2D group IV-VI hexagonal
materials are dynamically unstable. Our findings also indicate
that all stable materials exhibit indirect band gap. Also, the
crystal structure of these IV-VI monolayers plays a crucial
role not only in determining the width of the band gap but
also on the electron-hole screening effect, and consequently
the strength of the exciton binding energy. The high values
of the exciton binding energies presented by the monolayers,
added to the electron-hole separation, due to the internal field
of the material, show that those materials are promising for
application in optical, photovoltaic, and photocatalytic nan-
odevices

II. COMPUTATIONAL METHODS

Our calculations were based on density functional theory
(DFT), as implemented in the VASP code [79,80]. As con-
ventional exchange correlation functionals underestimate the
band gap of semiconductors, we used the hybrid functional of
Heyd, Scuseria, and Ernzerhof (HSE06) [81,82], which gives
more accurate band gaps and at the same time also accurate
structural properties. The projector augmented wave potential
(PAW) [83] was used to treat the ion-electron interactions
with a plane wave cutoff energy of 500 eV. We used 20 A
of vacuum to avoid spurious interactions with the periodic
images, and also we used dipole corrections, because the
Janus material presents an intrinsic internal electric dipole.
The Brillouin zone is sampled witha 9 x 9 x 1 E-points sam-
pling [84]. Excitonic effects are not explicitly included, so the
reported band gaps are the fundamental band gaps.

The van der Waals interactions (vdW) are included by
using the semiempirical D2 method [85], and together with
HSEQ6 the lattice parameters and atomic positions for all
structures are relaxed until residual forces on the atoms
are smaller than 0.001 eV/A. The major advantage of the
HSE06-D2 methodology is that it includes van der Waals
interactions and is internally consistent because of the ca-
pability to evaluate both atomic and electronic structure. It
is worth mentioning that such vdW interactions were taken
into account due to the exigency of an accurate description
of chemical interactions/bondings in the study of structural
stability (MD + phonons) of the considered systems. It has

been shown that many systems traditionally believed to be
treated well using discrete Fourier transform (DFT) without
van der Waals correction are now being found to be systems
in which this effect is actually critical [86—88].

After the structure optimization, we have analyzed the
dynamic stability with the calculation of the phonon disper-
sion using the PHONOPY code [89]. The thermal stability was
verified by ab initio molecular dynamics simulations (AIMD)
at 300 K, with a time step of 1 fs using a Nose heating
bath scheme [90]. Furthermore, the valence-band (VB) and
conduction-band (CB) edges with respect to the vacuum level
are determined by aligning the planar-averaged electrostatic
potential within the layer with the vacuum region.

In order to analyze the optical properties and the excitonic
effects, we started with the Kohn-Sham orbitals of DFT calcu-
lation to obtain the self-energies GoWy. To avoid the screening
problems in low dimensions, we truncate the Coulomb in-
teraction along the perpendicular axis. In order to verify the
e-h interaction we solved the Bethe-Salpeter equation (BSE)
[91-93] with the Tamm-Dancoff approximation [94]. The
GoWy and BSE calculations were performed with the YAMBO
code [95]. We have been especially cautious to check the
convergence of the number of k points, empty bands, as well
as the size of the dielectric matrix.

III. RESULTS

A. Structural properties

We start our investigation by analyzing the crystal lattice
properties of the hexagonal IV-VI Janus monolayers (JMLs),
with group IV = C, Si, Ge, or Sn, and group VI = O, S, Se,
or Te atoms. The structural model of IV-VI JML can be be re-
garded as two interleaving triangular lattices, where each atom
in one sublattice A has three nearest neighbors in sublattice B
and vice versa. For instance, we can consider group IV atoms
composing the sublattice A and group VI atoms in sublattice B
and vice versa. In Fig. 1(a) we present the top and side views
in a ball-and-stick representation of a hexagonal JML, and the
key structural information is summarized in Table I.

Our results of equilibrium geometry agree well with those
presented in previous Perdew-Burke-Ernzerhof (PBE)-DFT
calculations [55,74,96-98]. For instance, the lattice param-
eters of 3.718 and 3.548 A for GeS and GeSe JMLs,
respectively, compare very well with those presented in
Refs. [96,98]. In addition, we found that instead of the pla-
nar sp® hybridization characteristic of graphene, the energetic
preference for sp® hybridization dictates the formation of
buckled hexagonal IV-VI JMLs, with the triangular lattices A
and B vertically separated by & [Fig. 1(a)]. It is worth noting
that, as shown in Table I, both quantities, the equilibrium
lattice constant and vertical buckling, follow the increase of
the atomic radius of both (groups IV and VI) elements. Re-
cent total energy results indicate that the IV-VI puckered and
buckled JMLs are energetically stable [55], with the tetrago-
nal puckered structure being more stable than the hexagonal
JML. However, further investigations are necessary in order
to examine the dynamical and structural stability of these
hexagonal IV-VI JMLs.

We have examined the dynamical stability of the IV-VI
JMLs through the simulation of phonon spectra. Figures 1(b)—
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FIG. 1. (a) Top (left panel) and side (right panel) views of the
ball-and-stick model of the hexagonal binary IV-VI materials IV=
C, Si, Ge, Sn; VI = O, S, Se, Te). The unit cell (shaded region)
defined by the lattice vectors a;, and the schematic representation
of the Brillouin zone, with the high symmetry points considered in
the band structure calculations, are also presented. Phonon spectra
for (b) CVI; (¢) SiVI; (d) GeVI; and (e) SnVI

1(e) display phonon dispersion curve plots for all studied
materials. For carbon-based materials (CVI), we verify that
the hexagonal CO is dynamically unstable since it exhibits
phonon instabilities in the low-frequency acoustic modes in
the vicinity of the I' point, suggesting that such a system
cannot be realized in the free-standing form. In contrast, the
other materials do not have imaginary vibrational frequencies,
thus suggesting that (in principle) they could be obtained in
their free-standing form.

TABLE 1. Computed structural parameters of free-standing
Janus hexagonal monolayer materials of group IV-VI: Lattice pa-
rameters (a), buckling heights (%), and interatomic distance between
group IV and group VI elements (djy_vi)-

2D IV-VI a(A) h(A) dry_vi (A)
Cco 2.341 0.761 1.551
cs 2.830 0.818 1.827
CSe 3.089 0.969 2.030
CTe 3.359 1.042 2.201
Sio 2748 0.924 1.836
SiS 3.398 1.259 2.331
SiSe 3.612 1.337 2.477
SiTe 3.918 1.439 2.681
GeO 2.987 0.952 1.970
GeS 3.549 1.291 2.422
GeSe 3.718 1.372 2.548
GeTe 3.999 1.479 2.742
SnO 3.274 0.988 2.133
SnS 3.772 1.406 2.592
SnSe 3.904 1.509 2714
SnTe 4.168 1.635 2913

In the sequence, the structural stability of the JMLs was
verified through a set of AIMD simulations at room tem-
perature. We have considered with a time step of 1 fs using
a Nose heating bath, for a time up to 10 ps. In Fig. 2, we
show plots of the total potential energy with respect to the
simulation time. Snapshots of the last configurations are also
shown. We verified that, even CS [Fig. 2(a), second top panel]
and all Si-based [Fig. 2(c)] materials exhibiting dynamical
stability, they are not thermally stable. The hexagonal lattice
is completely amorphized even at T= 300 K, whereas the
other hexagonal IV-VI JMLs maintain their structural stabil-
ity, namely, IV-VI monochalcogeneides [Figs. 2(a3), 2(a4),
2(c2)-2(c4), and 2(d2)-2(d4)], and IV-VI oxides, as shown
in Figs. 2(c1) and 2(d1). In the next section we will focus on
the electronic properties of these dynamically and structurally
stable IV-VI JMLs.

B. Electronic properties

Based on the PBE-generalized-gradient approximation
(GGA) approach, Kamal ef al. [55] verified that the hexagonal
GeX and SnX JMLs, with X = S, Se, and Te, present en-
ergy band gaps larger that those obtained in the orthorhombic
puckered counterparts. Further HSE electronic band structure
calculations of the orthorhombic puckered [99] and hexagonal
buckled [96-98,100] GeS and GeSe have confirmed the larger
energy band gaps in the latter geometry.

Let us start with the electronic band structures of the hexag-
onal GeX and SnX JMLs (X = S, Se, and Te), Figs. 3(a)
and 3(b). These systems present indirect band gaps, where
the lowest conduction band (c1) is dictated by the group IV
elements; meanwhile, the topmost valence band (v1) is char-
acterized by the predominance of (i) chalcogen orbitals near
the center of the Brillouin zone, and (ii) Ge (less intense) and
Sn (more intense) orbital contribution along the edge states
of the Brillouin zone, MK direction. Our results of (HSE06
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FIG. 2. (al)—(d4)Total energy fluctuation during AIMD simula-
tions (at 300 K) of the Janus hexagonal monolayer materials of group
IV-VI. The insets are snapshots of the crystal structures at 10 ps.

TABLE II. HSE06 and GoW, calculated band gaps, VBM and
CBM band edge positions, and asymmetry between the two differ-
ent levels of the vacuum energy (8) for the stable hexagonal Janus
monolayer materials of group IV-VI.

2DIV-VI  HSE06  GoW, VBM  CBM  §(eV)
GeS 3.26 4.13 r'-K M-I 0.73
GeSe 3.00 3.44 K M-I’ 0.51
GeTe 2.28 3.16 r M-I 0.24
SnS 2.97 4.05 r-K M 1.06
SnSe 2.83 3.76 K M-I’ 0.81
SnTe 2.46 3.59 r M-I’ 0.51
CSe 2.05 2.58 I-K M-T 2.46
CTe 1.70 1.99 K M-T 2.25
GeO 271 422 K M 1.09
SnO 2.08 3.29 K M 1.26

and GoW) band gaps and the localization of the valence band
maximum (VBM) and conduction band minimum (CBM) are
summarized in Table II. We find that the HSEQ6 band gaps of
GeS and GeSe, 3.26 and 3.00 eV, are in good agreement with
previous ones obtained at the same level of theory [96,98]. Itis
worth pointing out the following findings: (i) the HSE06 band
gaps increase upon the inclusion of GyWj (one-shot) self-
energy corrections, for instance, 3.26 — 4.13eV, 3.00 —
3.44¢eV, and 2.28 — 3.16¢eV in GeX with X = S, Se, and
Te, respectively. Similar band-gap increase has been verified
in the other IV-VI JMLs. In Ref. [99] the authors have also
verified an increase of the band gaps for the orthorhombic GeS
and GeSe MLs; however, they found energy differences of
0.4 and 0.09 eV, which can be attributed to the differences in
the atomic arrangement of these single-layer systems. (ii) The
strength of s-p hybridization between the group IV elements
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LA M g N’ b\
S 2t cl " 2 2 | |
g of i : allof of
a2g A - -2t
4 F - —4 4 @
—6 Ge —6 C -6 Ge
(bl)  SnS (b2)  SnSe (b3) SnTe (d2) SnO
6 m S 6 Se 6 Te 6 Te 6 W 0)
A 4 4 M 4 s
cl H _/\/(3-1\4 o Y 1N - H
S 2t | 2f 2 | cl 2 2 ol N
S ook vl |l B B B B i
Bl —~=l Dy 7\% T "L
o f\g -2 & 2t -2 2T
4 s 4t —4 4 b
6 ‘ ‘ Sn — ‘ ‘ Sn —6 ‘ Sn —6 ‘ Cc - ‘ 4 Sn
M T KM M T KM M T KM M r KM M T KM

FIG. 3. Atom-resolved electronic band structures of the dynamically stable hexagonal group IV-VI materials. Zero energies were set at the

VBM.
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FIG. 4. Orbital projected band structure for (a) GeS, (b) GeSe,
(c) GeTe, (d) CSe, and (e)GeO. The projections were made consider-
ing all elements and the s, py,, and p. orbitals. The Fermi level was
set to zero energy.

and the chalcogen atom rules the width of the band gap, which
in turn is inversely proportional to the equilibrium lattice
constant of the JMLs. Indeed, as shown in Table II, there is
a reduction of the HSE06 (GyW() computed band gap which
is proportional to the size of atomic radii (R) of the chalcogen
atoms, namely, Rs < Rs. < Rre, and the equilibrium lattice
constant of the hexagonal JMLs, Table I. For instance, Sun
et al. verified that the band gap of hexagonal JML of GeS
reduces from 3.27 to 2.95 eV upon a biaxial tensile strain of
5%, very close to the band gap of the unstrained hexagonal
GeSe JMLs (3.00 eV) [98], which has a lattice constant about
5% larger than that of GeS.

In Figs. 4(a)-4(c) we show the orbital contributions of
the hexagonal GeS, GeSe, and GeTe JMLs; similar orbital
contributions were obtained in SnX, with X = S, Se, and
Te (not shown). Combining the orbital contribution depicted
in Fig. 4 with the atom resolved electronic band structure,
Figs. 3(al)-3(a3), we find that near the I" point the lowest
unoccupied energy band c1 is composed of Ge-4s and —4p,
orbitals, whereas the in-plane Ge-4p,, orbitals dictate the
electronic states along the 'K and I'M directions; in contrast,
the chalcogen-p, orbitals bring the major contribution to the
highest occupied energy band (v1).

FIG. 5. (a) Direction of the driven electric field present because
of the potential difference between the different sides of the mate-
rial. (b) Average potential energy for CTe along the perpendicular
direction to the plane of the material.

Among the IV-VI hexagonal JMLs with carbon as the
group IV element, the CSe and CTe are dynamically and
structurally stable (Figs. 1 and 2). The electronic band struc-
tures of these JMLs, shown in Figs. 3(cl) and 3(c2), reveal
the emergence of a flat band (v1) mostly composed of C-2p,
orbitals [Fig. 4(d) for CSe]; similar results were obtained for
CTe (not shown). Such an energy band, vl is characterized
by a Mexican-hat-like dispersion, giving rise to a van Hove
singularity in the density of states (DOS) nearly resonant with
the Fermi level. These electronic band pictures allow us to
infer the emergence of a Stoner-type magnetic instability in
CSe and CTe JMLs, somewhat similar to that predicted for the
GeSe monolayer [101]. Focusing on the GeO and SnO JML
oxides, we obtained HSE06 (GoW;) band gaps of 2.71 eV
(4.22 eV) and 2.08 eV (3.29 eV) with the energy band vl
mostly composed of O-2p, orbitals at the vicinity of the I
point, whereas the contribution of Ge-4p, [Fig. 4(e)] and
Sn-5p, [not shown] becomes dominant at the edge of the
Brillouin zone, KM direction, and the combination of s and
p states of the group IV elements dominates the conduction
band c1, Figs. 3(d1), 3(d2), and 4(e).

Once one sublattice is composed of group IV elements and
the other of group VI elements, there is a potential gradient
normal to the basal plane of the 2D material, which leads
to a perpendicular intrinsic electric field E. The direction of
E follows the difference in electronegativity originated by
the different atomic species that constitute each of the sub-
lattices. Figure 5(a) illustrates such behavior for CTe JML.
In Fig. 5(b), we present the (planar) averaged electrostatic
potential normal to the IV-VI layers. By comparing the energy
positions of the vacuum level on both sides, plateaus on the
left and right sides of the material, we find an asymmetry
between the electrostatic potentials between the opposite sides
(8). In particular, for CTe we found § = 2.25eV [Fig. 5(b)
inset]. Such an intrinsic electric dipole plays an important role
in the photocatalyst process in 2D platforms, which combined
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FIG. 6. Band edges for all hexagonal group IV-VI Janus materials. They are presented as aligned with respect to both sides of the materials.
We also present the reduction/oxidation potential of water as a function of the pH value (green to yellow region).

with the (layer) localization of the VBM and CBM on the
opposite sides of the IV-VI JML will promote a more ef-
ficient separation of the photogenerated electron-hole pairs,
thus reducing the rate of electron-hole recombination. Conse-
quently, the exciton lifetime in Janus structures is significantly
longer than in their pristine counterparts, making these mate-
rials useful for photovoltaic and photodetection applications
[96,98,102,103].

Focusing on efficient hydrogen generation by photo-
catalytic water split, in addition to the reduction of the
electron-hole recombination rate, the energy position of the
CBM and VBM should be higher and lower than the reduction
level of hydrogen (H* /H,) and the oxidation level of oxygen
(0, /H,0), respectively. In Fig. 6 we present a side-dependent
energy map of the ionization potentials (IP), electron affin-
ity (EA), and the (HSE06) band gaps of the IV-VI JMLs,
combined with the energy range of the redox potentials as a
function of pH. We find the following: (i) The GeX and SnX,
with X = S, Se, and Te, JMLs fulfill the conditions above
to be good photocatalyst materials, where the redox reaction
may take place on both sides of the JMLs. (ii) In CSe and
CTe, the redox reaction occurs only on the chalcogen face on
the JMLs, with the oxidation reaction in CTe constrained to a
higher values of pH. In the JML oxides, GeO and SnO, we
find that the redox reaction will occur on the oxygen side.
Finally, it is worth noting that in (ii), the larger values of §,
see Table II, will promote in a more effective separation the
photogenerated electron-hole pairs.

C. Optical properties

Excitonic effects are quite an important issue in the optical
properties of materials, both from a fundamental aspect as
well as from the perspective of technological applications. In
this last subsection, we will focus on the role played by the
electron-hole (e-h) Coulombic interaction on the optical ab-
sorption spectra, the direct- and reciprocal-space localization
of the excitonic states in the the group IV-VI 2D systems, and
the suitability of these JMLs in photocatalytic processes.

The optical absorption spectra are determined by the imag-
inary part of the macroscopic dielectric function (Im &;). Here,
we have considered the GoWy-Random Phase Approximation
(RPA) (without the e-h interaction) and GoW-BSE (excitonic
effects included) approaches to calculate the imaginary parts
of the dielectric functions. Our results of absorption spectra as
a function of the photon energy, depicted in Fig. 7, reveal that
the e-h interactions modify dramatically the optical spectra
profile. For all stable materials, the excitonic absorption edges
are red-shifted and the spectrum profile is completely different
compared to the GoWy-RPA spectrum, with a main increase
in its relative absorption intensity.

In addition, as show in Fig. 7, we find that hexagonal group
IV-VI JMLs show good ability to absorb light in the visible
and near-infrared (NIR) regions, which is evident from the
high absorption peaks at approximately 1.87 and 3.14 eV in
the visible region of their respective spectra. As shown in
Figs. 7(a) and 7(b), GeX and SnX JMLs (X = chalcogen
atoms) present their first absorption peak near 3.0 eV. Similar
results for GeSe (3.00 eV) and SnS (3.03 eV) have been found
in Refs. [97,98]. Meanwhile, as depicted in Fig. 7(cl), the
CSe JML present the first absorption peak for photon energy
at about 1.8 eV, which is quite interesting for applications
in photocatalysis. Since the wavelengths of light arriving on
earth are mainly in the visible and NIR regions, these findings
suggest that such 2D materials are promising components for
various optical, photovoltaic, and photocatalytic applications.

In general, due to the reduced screening, the exciton bind-
ing energy (E®) in 2D materials are larger than that of their
three-dimensional (3D) counterparts [104,105]. E b is defined
as the difference between the exciton’s energy and the energy
of dominant band-to-band transition, where the lowest energy
direct transition occurs. In Table III, we present the energy
positions and binding energies of the first excitonic peak. In
GeX (SnX) JMLs, we found E? between 1.20 and 0.70 eV
(1.26-0.95 eV) for X =S, Se, and Te, respectively, suggesting
that the electronic screening effects are inversely proportional
to the electronegativity of the chalcogen atom. It is worth
noting that the same screening dependence has been verified
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FIG. 7. Imaginary part of the dielectric function calculated with
GoW, and GoW, + BSE and the relative oscillator strength of in-
dividual excitonic states (blue bars) for dynamically and thermally
stable hexagonal group IV-VI materials. The black dashed lines
indicate the GoW, band gaps.

TABLE III. Energies (GoyW,-BSE and GoW,-RPA) and binding
energies (in eV) of the first excitonic peak E, and binding energy
Mott-Wannier (E}™).

2D IV-VI EBSE (V) ERPA (V) E, (eV) EMY
GeS 3.14 434 1.20 1.37
GeSe 3.00 4.01 1.01 0.88
GeTe 2.87 3.57 0.70 0.56
SnS 3.03 4.29 1.26 1.72
SnSe 2.88 3.96 1.08 1.12
SnTe 2.83 3.78 0.95 0.98
CSe 1.87 2.81 0.94 0.61
CTe 1.45 2.11 0.66 0.48
GeO 3.14 4.69 1.55 2.93
SnO 2.64 3.91 1.27 2.39

FIG. 8. (a) Real and (b) Iz—space distribution of the squared am-
plitude of first bright exciton wave functions of the hexagonal group
IV-VI Janus monolayers.

for their (tetragonal) puckered counterparts, GeS, GeSe, and
SnSe MLs. However, those puckered systems present lower
values of exciton binding energies, i.e., £ b=1.05eV, 0.4 eV,
and 0.27 eV [99,106], respectively, indicating that the crystal
structure of the IV-VI monolayers plays a crucial role not
only in determining the width of the band gap but also on the
electron-hole screening effect, and consequently the strength
of the exciton binding energy. Moreover, we found that the
oxide JMLs, GeO and SnO, present larger values of E?, where
the latter is comparable with that of SnS, while the former
presents the largest value of exciton binding energy, 1.55 eV.

Aiming to deepen the discussion about excitons, in Fig. 8
we show the real- and reciprocal-space distribution of the
normalized squared wave function of the first exciton peak
(|1p1,k|2). Let us start with the GeX and SnX JMLs. The
real-space localization of | k|* is in consonance with the
smallest/largest screening effect of the more/less electroneg-
ative sulfur/tellurium atom. For instance, in GeS (SnS) the
e-h wave function localizes within a region of about 12 (11)
unit cells, whereas in GeTe (SnTe) | x|* spreads out through
about 22 (16) unit cells. Meanwhile, the reciprocal-space di-
agram reveals that ¥ x comes from the transition between
vl and c1 for wave vectors k lying between I' and M, with
an exception for GeTe, where the first excitonic state is due
to the wave functions at the center of the Brillouin zone,
k = 0. Although the larger values of exciton binding energies,
the real-space localization of |y x|* suggests the emergence
of Mott-Wannier excitons. In order to provide a quantitative
picture of the nature of the excitons, we have calculated
the exciton binding energies by means of the semiclassical
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TABLE IV. Effective mass of electrons (e¢) and holes (h) m}
(i = h, e), the scaled reduced effective mass (n*), and the dielectric
constant (¢€).

2D IV-VI my; m; n* €

CSe 1.51 0.16 0.14 3.60
CTe 1.22 0.14 0,12 3.80
GeO 1.16 0.44 0.31 243
GeS 2.04 0.22 0.20 2.83
GeSe 1.66 0.19 0.17 3.27
GeTe 0.53 0.22 0.15 3.93
SnO 0.76 0.60 0.33 2.79
SnS 0.91 0.40 0.27 2.96
SnSe 2.14 0.23 0.21 3.16
SnTe 0.66 0.37 0.23 3.61

Mott-Wannier theory (E)™). Such a 2D MW method was
successfully employed in other Janus materials (with a built-
in dipole moment) [107]. In the strictly 2D limit, the MW
binding energy equation for the ground state is [108]

4 * 4 *
ne n mee n
Ey = = — ~ — x 13605 eV 1
07 B(eh)? ~ €2 8(egh)? €2 M
Egw = 4Eo, 2
where n = mm:;* and n* = mi(mmﬁ Z) are the reduced ef-

fective mass and the scaled reduced effective mass of the
electron-hole pair, respectively. The effective mass m] [i =
holes (h), electrons (e)] is determined by the curvature of the
energy band edge at the optical transition between VBM and
CBM, and ¢, is the static in-plane dielectric constant. The
calculated values for m;, ,, n*, and € can be seen in Table IV.
Our results of exciton binding energies through the semi-
classical Ef,RV in Table III are in (general) good agreement
with those obtained using the GoW(-BSE, E b thus confirming
the Mott-Wannier character of the excitons in GeX, SnX, and
CX JMLs. We find an exception for the oxides GeO and

SnO. In this case, although the wave functions of the first
exciton peak, ¥ g, spread out over about 7 and 11 unit cells
[Fig. 8(a)], the semiclassical model results in binding energies
almost two times larger than those obtained through GoWj-
BSE; this occurs due to difficulty in obtaining an accurate
value for dielectric constant in such materials.

IV. CONCLUSIONS

In conclusion, by combining phonon spectra calculations
and ab initio molecular dynamics simulations, we show that
some 2D Janus-like hexagonal group IV-VI materials are dy-
namically unstable in their free-standing form. Our findings
also reveal, for both DFT-HSE06 and GoW,, formalisms, that
the dynamically stable 2D group IV-VI materials exhibit in-
direct electronic band gaps. The calculations of absorption
spectra as a function of the photon energy reveal that the e-h
interactions modify dramatically the optical spectra profile. In
addition, we find that hexagonal group IV-VI JMLs show good
ability to absorb light in the visible and NIR regions, which is
evident from the high absorption peaks at approximately 1.87
and 3.14 eV in the visible region of their respective spectra.
Furthermore, the calculations show the existence of strongly
bound Mott-Wannier excitons in these materials. Finally, the
obtained results clearly indicate that the crystal structure of
the TV-VI monolayers plays a crucial role not only in deter-
mining the width of the band gap but also on the electron-hole
screening effect, and consequently the strength of the exci-
ton binding energy. Thus, these findings suggest that such
2D materials have great potential for application in optical,
photovoltaic, and photocatalytic devices.
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