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Two-dimensional (2D) semiconductor materials offer a platform for unconventional applications such as
valleytronics, flexible nanoelectronics, and hosts of quantum emitters. Many of these materials and their
electronic properties remain to be explored. Using ab initio simulations based on the density functional theory,
we investigate group-IV monochalcogenides MQ (M = Si, Ge, Sn and Q = S, Se, Te), an emerging class of
2D materials, with two competing crystal structures: (i) phosphorenelike (Pmn21), which has already been
synthesized, and (ii) SiTe-type (P3̄m1), which has been much less explored. Except for SnS, we find that the
SiTe type is the lowest-energy structure and has higher structural stability, motivating efforts to synthesize this
less explored P3̄m1 phase. Regarding the optoelectronic properties of these two phases, in the P3̄m1 phase,
MQ compounds have band gaps around the sunlight spectrum peak and show narrower variations in band gap
with the composition and higher absorption coefficients for lighter chalcogens. In contrast, in the Pmn21 phase,
MQ compounds have wider band gaps and show a band gap variation of up to 72% with composition, higher
absorption coefficients with Te atoms, and potential for valleytronics. In particular, SiS shows interesting high
optical anisotropy among all the investigated materials. Furthermore, the optical spectra present peaks that are
particular to each phase or composition, making the refractive index a distinguishing parameter for identifying
the different MQ compounds. Finally, a phase transition from monolayer to bulk due to an interaction between the
layers is observed. Thus, the present results straighten out the role of the crystalline phase in the optoelectronic
properties of these monochalcogenides.
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I. INTRODUCTION

Two-dimensional materials have attracted significant in-
terest in the last decade due to their unique properties
such as a high degree of anisotropy [1,2] and chem-
ical functionality over relatively large areas [3]. Since
the graphene breakthrough [4,5], a wide variety of two-
dimensional (2D) materials have been predicted [6,7] and
experimentally characterized [8–10], with the most promi-
nent family being transition-metal dichalcogenides [11–15],
namely, MoS2, MoSe2, WSe2, WTe2, etc., encompassing
semiconductors [16], topological semimetals [17], etc. These
unconventional materials with diverse properties create oppor-
tunities for many applications, from nanoelectronics [18] to
photovoltaics [19] and biomedicine [20].

In the past few years, a new class of 2D materials came
to prominence because of their chemical flexibility and vari-
ations in crystal structures [21]. These layered materials have
formula units consisting of one atom from group IV (M ) of the
periodic table, and one chalcogen (Q) and are called group-
IV monochalcogenides, represented by the chemical formula
MQ. Recent theoretical and experimental works considered
MQ in orthorhombic structures that resemble that of black
phosphorus [22–25], named here phosphorenelike (Ph-like)
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structures (see Fig. 1, right), leaving aside other possible 2D
structures that could be more stable than the Ph-like structure
and have distinct properties.

A few theoretical works have explored the MQ mate-
rials within the P3̄m1 space group [26] (see Fig. 1, left),
finding interesting properties such as nontrivial band gaps,
pressure-induced topological transitions [27], and strain-
tunable optoelectronic properties [28]. Despite the absence of
experimental evidence of freestanding P3̄m1 monolayers to
date, the SiTe monolayer is part of the already synthesized
three-dimensional (SiTe)2(Sb2Te3)n structure [29], paving
the way for the isolation of a P3̄m1 (SiTe-type) monolayer
through the “Scotch-tape” method. A systematic comparison
of MQ compounds in Ph-like and SiTe-type structures is still
lacking in the literature.

In this work, we contrast the properties of MQ compounds
in Ph-like and SiTe-type structures via ab initio simulations
based on the density functional theory (DFT) [30,31]. We
consider nine MQ compounds based on elements in group
IV (M = Si, Ge, Sn and chalcogens Q = S, Se, Te). The
already synthesized SnS compound [22] is the only one with
lowest energy in the Ph-like phase, whereas the two phases
are equally energetically favorable in the case of SnSe; all
the other compounds in the MQ family are more energetically
favorable in the less explored SiTe-type phase.

We find from phonon dispersion calculations that the MQ
compounds are stable in the SiTe-type structure, whereas
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FIG. 1. Ball and stick representations of the SiTe-type structure
(left), space group P3̄m1, and Ph-like structure (right), space group
Pmn21, of the 2D MQ compounds investigated.

negative frequencies near the � point are predicted for the
MQ compounds in the Ph-like structure. Peaks in the optical
spectra indicate better sunlight absorption in SiTe-type MQ
compounds with lighter chalcogens. For the electronic prop-
erties, the band gaps of Ph-like MQ compounds change more
drastically with chalcogen species (S → Se → Te), with a
variation of 72%. The MQ compounds in the Ph-like struc-
ture, SiS in particular, also show pronounced anisotropy in
their electronic structure, with different valleys along the �-X
and �-Y directions. We propose the use of the refraction
index as a way to identify the MQ compounds in these two
different phases. Finally, we show a phase transition from
the monolayer to the bulk measured through the calcula-
tion of the formation enthalpy and the energy decomposition
that indicates an interaction between the layers, which is
confirmed by deformation energy in the range of 0.06–0.11
and 7.43–14.82 meV/Å2 for the SiTe-type and Ph-like struc-
tures, respectively, along with the characterization of the
interlayer binding mechanisms via spatially resolved charge
density analysis for both phases that revealed the concen-
tration of charge only in the interlayer region of the Ph-like
structure.

II. METHODOLOGY

Version 5.4.4 of the Vienna Ab initio Simulation Package
(VASP) [32] was used to obtain the results of the DFT
calculations [30,31]; the method chosen to solve the Kohn-
Sham equation was the projector augmented-wave (PAW)
method [33]. The exchange-correlation functional proposed
by Perdew, Burke, and Ernzerhof (PBE) [34] was adopted for
the optimization of the atomic positions and lattice param-
eters; however, the screened hybrid functional proposed by
Heyed, Scuseria, and Ernzerhof (HSE06) [35] was employed
to improve the description of the electronic properties, e.g.,
band gaps. We calculated the optical properties from the eval-
uation of the dielectric function in the linear response regime
as detailed by Gajdoš et al. [36] in the PBE framework, but
correcting the band gap using a “scissors operator” [37] based

on the HSE06 calculations, (i.e., we blueshifted the absorption
coefficient according to the differences in the HSE06 and PBE
calculated band gaps). From our own computational test cal-
culations, which are shown in the Supplemental Material [38],
we found that spin-orbit coupling does not play a relevant
role in the electronic structure of the studied materials.

Stress-tensor calculations allow the relaxation of atomic
positions and lattice parameters using the conjugate gradi-
ent method until the forces on all atoms are smaller than
0.01 eV/Å. For these calculations, we expanded the Kohn-
Sham (KS) wave functions with plane waves truncated with
cutoff kinetic energies of 517 eV for SiS and GeS; 491 eV
for SiSe and SiTe; 423 eV for GeSe; 350 eV for GeTe; and
520 eV for SnS, SnSe, and SnTe, which are twice the maxi-
mum values recommended by the PAW projectors. However,
we calculated the remaining properties by freezing the al-
ready optimized structure while expanding the KS orbitals
in a plane-wave basis set with a cutoff kinetic energy 12.5%
higher than the maximum value recommended by the PAW
projectors, i.e., 291 eV for SiS and GeS; 276 eV for SiSe
and SiTe; 238 eV for GeSe; 197 eV for GeTe; and 292 eV
for SnS, SnSe, and SnTe. These values take into account the
slower convergence of stress tensors compared to electronic
properties when considering the cutoff kinetic energy. The
convergence criterion for total energy is set to 1 × 10−6 eV. A
length of Rk = 35 Å defines �-centered k-mesh samplings of
Nkx×Nky×1, where Nki (i = x, y) represents the next integer
to Rkbi, with bi being the modulus of the reciprocal lattice
vector. This equation results in a k grid of 10×10×1 for
SiTe-type SiS (the remaining parameters are shown in the
Supplemental Material [38]). Moreover, we used a vacuum
thickness of 15 Å between the periodic images of the mono-
layers to avoid spurious interactions between them. Further
details of the calculations are contained in the Supplemental
Material [38].

The phonon band structures were obtained using the
PHONOPY code [39,40] based on VASP calculations. Supercells
of dimensions 2×2×1, 3×3×1, and 4×4×1 were consid-
ered in these calculations in order to attest the stability of
the materials. For the optical absorption coefficients we set
the complex shift of the Kramers-Kronig transformation to
0.05 eV. The VASPKIT tool [41] was used for the postprocess-
ing of the optical absorption data.

III. RESULTS AND DISCUSSION

A. Structural parameters

Figure 1 shows ball and stick model representations of the
investigated monochalcogenides. The SiTe-type structure has
a core region of group-IV atoms with a buckled hexagonal
structure (similar to silicene [42]) between two triangular lat-
tices of chalcogens. The Ph-like structure has an orthorhombic
unit cell with two puckered layers stacked together. Here, each
M (Q) atom is coordinated to three Q (M) atoms with an
sp3 hybridization. The shortest lattice parameter (a0) points
in the MQ zigzag direction, whereas the longest one (b0) is
perpendicular to the trenches. This peculiar bonding geom-
etry leads to anisotropic effects like those already found in
analogous materials [43]. The ratio b0/a0 is a measure of the
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FIG. 2. Structural parameters for the group-IV monochalco-
genides MQ: (a) lattice parameter a0 for SiTe-type structures,
(b) lattice parameters a0 and b0 for Ph-like structures, (c) MQ bond
lengths dMQ for SiTe-type and Ph-like structures, (d) internal angles
θ for Ph-like structures, (e) lattice anisotropy (b0/a0 ), and (f) MQ
bond lengths and internal angles.

lattice anisotropy, and it can change with the composition for
similar materials [44].

Aiming to assist with future experimental characteriza-
tion [45] of these materials, we calculated the structural
parameters of the MQ compounds. Figure 2 shows the basic
parameters of MQ in the SiTe-type and Ph-like structures. The
lattice parameter a0 of the SiTe-type structures monotonically
increases with the atomic number of M and Q atoms, as shown
in Fig. 2(a). The distance between M and Q (dMQ) follows
the same trend as the lattice parameter, as seen in Fig. 2(c).
We attribute this monotonic relation between the bond lengths
and the lattice parameters to the atomic radii [46]. The internal
structural parameters, such as angles and layer thickness, do
not change this relation.

The Ph-like structures also present a monotonic behavior
for a0 and MQ bond lengths. However, this behavior is not
observed for b0, as shown in Fig. 2(b). An analysis of the

TABLE I. Structural parameters of some MQ compounds and, in
parentheses, their reported values in the literature.

MQ Phase a0 (Å) b0 (Å)

SiSe [47] SiTe type 3.62 (3.62)
SiTe [26] SiTe type 3.88 (3.99)
GeSe [47] SiTe type 3.80 (3.81)
GeTe [47] SiTe type 4.06 (4.06)
SnTe [27] SiTe type 4.33 (4.29)
GeS [48] Ph-like 3.68 (3.67) 4.43 (4.39)
GeSe [48] Ph-like 3.98 (3.92) 4.25 (4.30)
SnS [49] Ph-like 4.08 (4.07) 4.31 (4.24)
SnSe [49] Ph-like 4.31 (4.30) 4.31 (4.36)

internal parameters is needed to understand this result. As
shown in Fig. 2(f), there are two MQ bond lengths, namely,
dMQ ⊥ and dMQ ‖, and two internal angles, namely, θMQM

and θQMQ. Despite the nonmonotonic behavior of b0, all bond
lengths increase with atomic radii [46]. Furthermore, dMQ ‖
for the Ph-like structures are close to dMQ for the SiTe type,
as in Fig. 2(c). The nonmonotonic behavior of b0 can be at-
tributed to changes in the θMQM and θQMQ parameters, causing
variations in the trenches’ widths and depths. While θQMQ

increases with the atomic radii at a small rate, θMQM decreases
with the radii at a larger rate, resulting in a narrowing of the
trenches and hence in a tendency to reduce b0, as shown in
Fig. 2(d). Thus, b0 decreases due to angular variations, and
it tends to increase due to atomic radii, which are the two
competing parameters that give the nonmonotonic behavior
of b0 for the Ph-like structure. The angular variations do not
affect a0 as it is in the zigzag direction, ruled mostly by dMQ ‖.
The anisotropy parameter b0/a0 has higher (lower) values for
lighter (heavier) materials, as shown in Fig. 2(e). Interestingly,
b0/a0 is close to 1 for the Te-based materials, leading to a
quasitetragonal phase.

There are limited experimental and theoretical results in
the literature for some of the MQ materials investigated here.
Table I shows the structural parameters calculated by us in
comparison to reported values in the literature. Thus, our
calculated lattice parameters are in good agreement with avail-
able experimental and calculated values.

B. Stability

In this section, we discuss the stability of the MQ materials
through their formation enthalpy �H (energetic stability) and
phonon dispersion (vibrational stability).

1. Energetic stability

Herein, to access the energetic stability, we calculate the
formation enthalpy per formula unit �H [50] using the fol-
lowing equation:

�H = (Etot − nMμM − nQμQ)/N , (1)

where N is the number of formula units in the unit cell; Etot

is the total energy of the investigated monolayer; nM(Q) is the
number of group-IV (chalcogen) atoms in the unit cell; and
μM(Q) is the elemental chemical potential, calculated as the
total energy per atom for the lowest-energy elemental bulk
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FIG. 3. Calculated formation enthalpies for group-IV
monochalcogenides in the SiTe-type and Ph-like structures.

structures, i.e., diamondlike cells for group-IV elements, a
trigonal structure with space group R3̄ for S, and trigonal
P3121 structures for both Se and Te. The results are shown
in Fig. 3.

The SiTe-type structures have the lowest formation en-
thalpy for all compounds, except for the SnS compound,
for which the Ph-like structure is lower by 9.1%, while for

the SnSe compound, the formation enthalpies differ by only
2 meV. These results indicate that monolayers experimentally
synthesized in the Ph-like structure, such as GeS, GeSe, and
SnSe [22,51,52], have the lowest-energy counterparts in the
SiTe-type structure.

There are three endothermic (�H > 0) compounds,
namely, SiSe and SiTe in the Ph-like structure and SiTe in the
SiTe-type structure, which are energetically unstable materials
in freestanding form. Their stabilization depends on nonequi-
librium mechanisms such as the use of a substrate [53]. The
other 15 compounds are exothermic (�H < 0); thus, they are
energetically stable. The formation enthalpy decreases with
the atomic radii of the Q atoms except for the SiTe-type
compounds SiS and GeS, while it increases for all compounds
with atomic radii of the M atoms. This is attributed to the
difference in electronegativity between M and Q, in which the
more stable the compounds are, the more ionic their chemical
bonds are [54]. Our results for the energetic stability of MQ
compounds motivate the experimental search for routes for the
growth of the monochalcogenide monolayer with SiTe-type
structure.

2. Vibrational stability

The phonon band structures for the MQ compounds are
shown in Fig. 4. As all primitive cells have four atoms, there
are 12 phonon branches (3 acoustic and 9 optical), in which
the 3 acoustic branches coexist with 3 optical branches in
the same (low-frequency) region, revealing the possibility of

FIG. 4. Calculated phonon dispersions (using the GGA-PBE functional) for group-IV monochalcogenides in (a) the SiTe-type and
(b) Ph-like structures. The dotted lines at zero indicate the real/imaginary frequency threshold.
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FIG. 5. Electronic band structures calculated with the HSE06 hybrid functional for group-IV monochalcogenides in (a) the SiTe-type and
(b) Ph-like structures. The dotted lines indicate the Fermi level, set to zero for all materials.

strong optical-phonon scattering [55]. Moreover, a change in
the chalcogen species (S → Se → Te) lowers the maximum
frequency, and the same behavior is observed by changing the
group-IV element (Si → Ge → Te). We attribute this result
to lowering the vibration frequencies resulting from longer
(weaker) M-Q bond lengths [56].

Focusing first on SiTe-type compounds, we note that all
phonon frequencies are real (nonimaginary), indicative of
dynamical stability in the freestanding morphology as in
Fig. 4(a).

When we analyze the Ph-like compounds, our results show
that all compositions have imaginary frequencies, as seen
in Fig. 4(b). However, their behaviors can be separated into
three groups: (i) the imaginary frequency of the valleys being
small (|ω| � 0.30 THz) is considered stable [44], e.g., in SiTe,
GeTe, SnS, and SnSe; (ii) the imaginary frequency being up
to 10% of the highest frequency is considered semistable [57],
e.g., in SiS, SiSe, GeS, and GeSe; and (iii) compounds that do
not fit any of the previously mention criteria are considered
unstable in freestanding form, although they can be stabilized
when synthesized on a substrate or under different strain con-
ditions [53,58,59], e.g., SnTe.

C. Electronic and optical properties

1. Electronic properties

Considering the general stability of all SiTe-type com-
pounds from the phonon calculations and that a few

compounds in the Ph-like structure have imaginary frequen-
cies on a level that can be considered stable [44] or stable
when deposited on a substrate [53], we therefore discuss the
electronic and optical properties for all the compounds and
address the differences between the two structures.

In order to analyze the electronic properties, we calculated
electronic band structures with the hybrid HSE06 functional,
which provides a better description of band gaps and band
dispersions than the semilocal PBE due to partial correction
of self-interaction errors. Tests including spin-orbit coupling
(SOC) were performed using the HSE06 functional. However,
when SOC effects were evaluated, their values were not rele-
vant as the splittings in the conduction and valence bands were
small (these results can be seen in the Supplemental Mate-
rial [38]), apart from the already known SiTe-type compound
SiTe turning into a topological insulator [60].

The band structures for all materials in the SiTe-type phase
have similar characteristics, as shown in Fig. 5(a). SiS, SiSe,
and SiTe have band gaps of 0.00, 0.06, and 0.00 eV, respec-
tively. The remaining materials have indirect band gaps in
the range of 0.91 to 1.14 eV with similar band lines; that is,
the valence-band maximum (VBM) is along the �-M path,
while the conduction-band minimum (CBM) is at the � point.
Furthermore, all valence bands have wide dispersions (va-
lence bandwidth larger than 5 eV), while the conduction bands
are much flatter, especially around the high-symmetry K
point. These localized states give rise to peaks in optical
spectra, as in absorption coefficients and refractive indexes.
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FIG. 6. Absorption coefficient α for (a) GeS and (b) GeTe in the
SiTe-type and Ph-like structures. The polarization of the absorption
coefficient for SiS in the Ph-like structure is shown in (c), and the
fundamental optical gaps, Eg and E opt

g , for all group-IV MQ com-
pounds are shown in (d).

The band structures of the compounds in the Ph-like
phase, shown in Fig. 5(b), have direct band gaps for GeSe
(1.56 eV) and SnTe (1.03 eV) with the VBM and CBM in
valleys along the Y -� direction. All other compounds have
indirect band gaps in the range of 0.6 to 2.4 eV. The VBM
and CBM positions vary with the material composition, being
located in valleys along either �-X or �-Y . Moreover, vertical
valley-valley transitions dominate excitations with energies
below 4 eV. These features make these materials suitable for
valleytronics, with electronic excitations modulated by light
polarization [61,62].

2. Optical properties

The absorption coefficients and the refractive indexes
were calculated through the dielectric tensor. These calcula-
tions were performed using the PBE functional with a rigid
shift based on HSE06, defined as δHSE06 = EHSE06

g − EPBE
g .

Figure 6(a) shows the absorption coefficient for the GeS
compound, which indicates that in the visible range of the
spectra the SiTe-type structures absorb more light than the
Ph-like structures. However, Fig. 6(b) indicates that by chang-
ing the chalcogen species (S → Se → Te), a redshift of the
absorption coefficient peaks occurs. In comparison, the Ph-
like structures show overall higher light absorption in the
visible. The same behavior is seen for the other elements of

group-IV MQ compounds, which are included in the Supple-
mental Material [38]; note that results for the Si compounds in
the SiTe-type structures are not included due to their metallic
behavior or because the band gap is close to zero.

Anisotropic absorption coefficients in the xx and yy
directions were investigated in earlier studies due to val-
ley asymmetries in the �-X and �-Y directions [63,64].
Herein, we investigate this feature because the band struc-
tures for most our investigated Ph-like compounds present
this aspect and no absorption anisotropy was observed
for any of the investigated materials in the SiTe-type
structures.

Although SnSe and SnTe do not present significant
anisotropy, all other structures do. However, the SiS Ph-like
compound displays a singular behavior considering the fact
that it has the highest anisotropy among all the compounds.
Figure 6(c) shows the absorption coefficient for the xx and yy
directions of the SiS Ph-like compound. A higher absorption
peak at lower energies is observed with yy polarization, while
for higher energies the xx direction has a higher absorption
coefficient. Moreover, the optical band gap value for the xx
component (2.91 eV) differs from the band gap for the yy
component (2.15 eV) by 0.76 eV. Considering that this struc-
ture presents high stability based on energetic and vibrational
considerations, this result motivates future experimental ex-
ploration of valleytronics in SiS in the Ph-like structure.

The fundamental (Eg) and optical (Eopt
g ) band gaps are

indicated in Fig. 6(d). Both Eg and Eopt
g have similar values

for the Ph-like compounds as a consequence of their lowest-
energy VBM → CBM transitions in the valleys in the �-X
and/or �-Y directions with similar energies; thus, the direct
band gap is close to the fundamental one. Moreover, it is
possible to note a higher dependence on the chalcogen species
(S → Se → Te); for example, Eopt

g decreases from 2.30 eV
(for SiS) to 0.62 eV (for SiTe), representing a sizable band gap
reduction of 70%. The Ge- and Sn-based monochalcogenides
show similar behavior.

For the SiTe-type compounds, aside from the Si com-
pounds that display metallic behavior or have a small band
gap, the Eg and Eopt

g values differ by at least 0.26 eV. More-
over, both Eg and Eopt

g tend to behave as a plateau, with
their values varying by ∼0.2 eV, indicating much lower
dependence in the chalcogen species. Also, all SiTe-type com-
pounds have optical band gaps in the range of 0.70 to 2.1 eV,
which includes the optimum value for solar absorption peak
efficiency.

The complex refractive index, seen in Fig. 7, is given by
ñ = n + ik, where n is the real part and k is the imaginary
part. Considering only the real part, in Fig. 7(a), the refractive
index has a peak near 500 nm, followed by a small decay that
has almost no oscillations for the Ph-like structure, while for
the SiTe-type structure there is a higher peak near 600 nm,
followed by an oscillation and then a small decay. Meanwhile,
the imaginary part of the Ph-like refractive index has a peak
near 400 nm, with a subsequent monotonic decay, and the
SiTe-type structure has a peak around 550 nm, with an oscil-
latory decay.

Figure 7(b) indicates that when the chalcogen in the Ph-like
phase changes (S → Se), the peaks in the real and imaginary
parts n and k tend to redshift, in addition to being more
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FIG. 7. Real and imaginary parts of the refractive index, n (solids lines) and k (dashed lines), for (a) GeS, (b) GeSe, and (c) GeTe in the
SiTe-type and Ph-like structures.

oscillatory and increasing by almost a factor of 1.5 for the real
part and 2 for the imaginary part. Meanwhile, the SiTe-type
structure shows an increase on the order of 0.5 in n and 1 in k,
and both peaks are blueshifted with a more oscillatory behav-
ior. The peak increase in both the imaginary and real parts of
the refractive index when changing the chalcogen from Se to
Te follows the same trend as changing S → Se, with both the
Ph-like and SiTe-type structures having the peaks redshifted
and displaying more oscillations, as in Fig. 7(c). The other
compounds display behavior similar to that described here and
are included in the Supplemental Material [38]. Our results
therefore indicate that the refractive index can be used to
differentiate the composition and phase of the MQ materials.
Li et al. showed both calculated n and k agreed with their
experimental values in order to identify different phases of
In2Se3 [65].

IV. BULK VERSUS MONOLAYERS:
ENERGETIC STABILITY

The previously synthesized GeSe, SnSe, and SnTe were
reported in the Ph-like phase [22,51,52], whereas the results
reported here state that for these three compounds the most
stable phase would be the SiTe-type one. To better understand
the polymorphism of these compounds [66] bulk structures
comprising two monolayers in their unit cells were calculated
while considering the AA and AB stacking patterns for the
SiTe-type phase and the previously considered synthesized
AA stacking for the Ph-like phase [67] (results are given in the
Supplemental Material [38]). This section contrasts formation
energies, the decomposition of energies, and charge density
for the lowest-energy bulk structures with their monolayer
counterparts.

Figure 8 depicts the formation enthalpy for the monolayers
previously discussed in Sec. III B 1 and their bulk forms.
The monolayers have a more stable phase for the SiTe-type
structures, with the SnSe compound possessing similar
enthalpy values for both phases. When the same analysis
is carried out for the bulk structures, the behavior is the
opposite. The most stable phase becomes the Ph-like one,

with the GeSe compound having similar values. It is also
worth mentioning that the monolayers present lower values
of formation enthalpy than the bulk ones, indicating a higher
energetic stability, which motivates the experimental synthesis
of these materials in their freestanding form. Moreover, both
forms follow the same trend as GeSe in having a high
enthalpy value followed by an enthalpy decrease for SnSe but
an increasing value for SnTe.

In this work, the decomposition of energetic properties [68]
was used as a tool to better understand the interlayer interac-
tions. Table II shows the exfoliation energy for the monolayers
frozen in their bulk geometries, E frozen

exf = (Ebulk
tot − E frozen

1L −
E frozen

2L )/2A, where Ebulk
tot , E frozen

1L , E frozen
2L , and 2A are the to-

tal energy of the bulk, the energy of frozen layer 1, the
energy of frozen layer 2, and the number of interfaces
(2) times the area of the interfacial surface, respectively;
the exfoliation energy for the fully optimized monolayers,

FIG. 8. Calculated formation enthalpies for group-IV
monochalcogenides in the SiTe-type and Ph-like structures in
monolayer (solid lines) and bulk (dashed lines) forms.
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TABLE II. Energetic properties of SiTe-type and Ph-like bulks:
exfoliation energy for the layers frozen in their bulk geometries
E frozen

exf , exfoliation energy for the fully optimized monolayers E free
exf ,

and average deformation energy Edef .

MQ Phase E frozen
exf E free

exf Edef

( meV
Å2 ) ( meV

Å2 ) ( meV
Å2 )

GeSe SiTe-type 16.80 16.74 0.06
Ph-like 36.17 28.74 7.43

SnSe SiTe-type 16.41 16.35 0.06
Ph-like 42.60 27.77 14.82

SnTe SiTe-type 17.35 17.24 0.11
Ph-like 42.99 32.23 10.76

E free
exf = (Ebulk

tot − E relaxed
1L − E relaxed

2L )/2A, where E relaxed
1L and

E relaxed
2L represent the energy of the fully optimized layer 1

and the fully optimized layer 2; and the average deformation
energy for monolayers, Edef = (E1

def + E2
def )/2, where E1

def =
E frozen

1L − E relaxed
1L and E2

def = E frozen
2L − E relaxed

2L .
SiTe-type structures present the lowest E frozen

exf , with val-
ues of 16.80, 16.41, and 17.35 meV/Å2 for GeSe, SnSe,
and SnTe, respectively. The values obtained for the Ph-like
structures are 36.17, 42.60, and 42.99 meV/Å2 for the same
compounds, representing about double the values of the
SiTe-type structures. E frozen

exf for the Ph-like phase approaches
40 meV/Å2, which is twice the typical van der Waals bind-
ing exfoliation energies [69,70], indicating the presence of
another interlayer binding mechanism besides van der Waals
interactions for this phase. E free

exf also presents higher energy
values for the Ph-like structures than for the SiTe-type. The
energies are 28.74, 27.77, and 32.23 meV/Å2 for Ph-like
structures, versus 16.74, 16.35, and 17.24 meV/Å2 for SiTe-
type structures with GeSe, SnSe, and SnTe compositions,
respectively. The fact that SiTe-type structures possess similar
values for both exfoliation energies means that their mono-
layer deformation energies are low, in the range of 0.06 to
0.11 meV/Å2, which means that the interlayer interaction do
not affect the monolayer geometries in the bulks. In contrast,
Edef for the Ph-like structures falls in the range of 7.43 to
14.82 meV/Å2, values two orders of magnitude higher than
those of the other phase, showing that the layers cause a
considerable deformation in each other in this phase.

We further characterize the interlayer binding mechanisms
via spatially resolved charge density analysis for both phases.
The slice of the charge density of the GeSe compounds is
shown in Fig. 9 (other compounds are shown in the Supple-
mental Material [38]). There is a concentration of charge in
the interlayer region only for the Ph-like structure; neverthe-
less, the SiTe-type phase presents a minimum charge in the
interlayer region, typical of pure van der Waals bounds. These
results corroborate the energy values shown in Table II.

V. CONCLUSIONS

We carried out DFT-PBE/HSE06 calculations to investi-
gate the structural and optoelectronic properties of the family
of monochalcogenides MQ, where M = Si, Ge, and Sn and
Q = S, Se, and Te, in the P3̄m1 (SiTe-type) and Pmn21

FIG. 9. Slice of the charge density for the GeSe compound for
the SiTe-type (left) and Ph-like (right) structures.

(Ph-like) structures. The lattice parameters of the hexagonal
SiTe-type structures increase monotonically as a function of
the atomic radii. On the other hand, in the orthorhombic
Ph-like structures, only a0 behaves in the same way, while
b0 shows nonmonotonic behavior. This is because the angular
variation tends to reduce b0, while atomic radii tend to in-
crease it, resulting in higher anisotropy parameters (b0/a0) for
lighter compounds and a tendency to approach 1 for Te-based
materials.

The calculated formation enthalpies show that, except for
the SnS compound, the SiTe-type phases are overall the
lowest-energy structures despite being the least investigated.
Most of the MQ materials synthesized so far were reported in
the Ph-like structure [22,51,52]. The calculated phonon spec-
tra show that all SiTe-type materials are structurally stable,
i.e., do not have imaginary frequencies. The materials in the
Ph-like structure were divided into three groups, namely, (i)
stable (SiTe, GeTe, and SnS), (ii) semistable (SiS, SiSe, GeS,
and GeSe) and (iii) unstable (SnSe and SnTe), according to
the absolute value of the negative frequencies at �. These
negative frequencies near � may indicate structural lattice
instabilities but cannot rule out that these materials may be
stabilized when deposited on a substrate, when under strain,
or as higher-temperature phases.

For the electronic properties, all SiTe-type compounds
have indirect band gaps in the range from 0.9 to 1.1 eV,
with wide dispersions in the valence band, except Si-based
compounds, which present band gaps narrower than 0.06 eV.
In the Ph-like structure, GeSe and SnTe have direct band
gaps of 1.56 and 1.03 eV, respectively; meanwhile, the other
compounds have an indirect band gap in the range from 0.61
to 2.35 eV. The VBM and CBM are located along either
the �-X or �-Y valley, making these materials promising
for valleytronics. Due to its high anisotropy, the Ph-like SiS
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compound presents an interesting polarization in the absorp-
tion coefficient, with an Eopt

g difference between the xx and yy
directions of 0.76 eV.

For both phases, the gap is smaller for chalcogen species
with larger atomic radii (S → Se → Te). This redshift is also
observed for the absorption coefficient in both phases, being
more significant in the Ph-like phase than in the SiTe-type
phase. The fundamental and optical band gaps, Eg and Eopt

g ,
for the SiTe-type phase show small variations and are in the
range of 0.9 to 1.7 eV; that is, they fall in the range of the solar
absorption peak efficiency, while Ph-like compounds have
gaps outside this range. The complex refractive index of the
two phases shows distinct behavior, with peaks characteristic
of each structure. For this reason, we propose here the use of
this parameter to differentiate and identify the phases with a
given composition.

The comparison of the energetic properties between the
bulks and the monolayers showed an inversion of the sta-
bility of the SiTe-type and Ph-like phases, with the Ph-like
phase being more energetically stable than the SiTe-type
phase for SnSe and SnTe, while the GeSe compounds had
close formation enthalpies. However, the monolayers still
present lower formation energies than the bulks, indicating
a higher stability. The exfoliation energy for the frozen bulk
geometries shows values around double those for the Ph-like
structures, reaching twice the typical van der Waals exfo-
liation energies, 40 meV/Å2, while the exfoliation energy
for the fully optimized monolayers presents a reduction in
the Ph-like structures energies while still being higher than
in the SiTe-type structures, indicating a deformation of the
monolayer geometries. This deformation has a range from
0.06 to 0.11 meV/Å2 for the SiTe-type structures that rep-
resents a small interlayer interaction, while the range of the
Ph-like structure goes from 7.43 to 14.82 meV/Å2, which
represents considerable deformation of the layers caused by
their interaction. The slice of the charge density showed
a concentration of charge in the interlayer region of the

Ph-like compounds and minimum charge in the interlayer of
the SiTe-type compounds. Last, we hope these results will
attract attention to the dependence of the electronic and optical
properties on the crystal structure in this family of group-IV
monochalcogenide materials, motivating further theoretical
and experimental studies.
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