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Structural, electronic, and excitonic properties of few-layer SeS2 and TeS2
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High-efficiency optoelectronic devices require materials with suitable band gap, excellent carrier mobility,
strong light-matter interaction, and high thermal- and photostability. Herein, we report two layered materials
of group VI, namely, SeS2 and TeS2, which meet all those desired criteria. Both materials are stable with
1T-MoS2-like structure, and exhibit in-direct gap semiconducting feature and possess extraordinary electronic
transport properties with isotropic carrier mobilities outperforming their MoS2 analog. Using the GW approach
for determining the quasiparticle electronic structure and Bethe-Salpeter equation accounting for the many-body
excitonic effects, the optical properties of both materials have been identified. We find that exciton effects are
significant in both materials that is characterized by the large binding energy of 0.66 and 0.84 eV for monolayer
SeS2 and TeS2, respectively. The absorption edges lie in the optimal energy window of 1.0–1.5 eV, which enables
strong photoabsorption covering the whole visible-light region. Finally and importantly, we demonstrate that the
in-direct nature of those materials can be violated by capping them with 2H-MoS2 to form a van der Waals
heterostructure, while keeping the gap in the energy favorable region. Those physical and optical characteristics
make few-layer SeS2 and TeS2 highly appealing for room-temperature light-emitting devices and, particularly,
solar harvesting devices.
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I. INTRODUCTION

Since the discovery of graphene, two-dimensional (2D)
materials have garnered tremendous interest owing to their
superior physical, chemical, and optical properties, and their
potential applications in many electronic and optoelectronic
devices [1]. After experiencing nearly two-decades fruitful
research and development, 2D materials family has been sig-
nificantly expanded and enriched, including those of groups
IV and V [2–4], offering rich material characteristics and
functionalities. Our recent discovery of tellurene, a 2D al-
lotrope of tellurium (Te), has further extended the realm of 2D
materials to group VI [5]. Unlike those of groups IV and V in
which the bulk parentage is usually layered, bulk Te of group
VI, however, has a trigonal crystal lattice in which individual
helical chains of Te atoms are stacked together by coordinate
covalent bonding instead of weak van der Waals interactions
[6] and spiral around axes parallel to the [0001] direction
at the center and corners of the hexagonal elementary cell
[7]. Therefore the formation of the 2D layered material, tel-
lurene, from a nonlayered bulk tellurium is intriguing, and
the mechanism of this helix-to-layer transformation has been
explored to be a multistep formation process that involves
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a concerted motion of many atoms at dislocation defects
[8]. Three mechanically stable phases have been identified,
i.e., the stable 1T-MoS2-like (α-tellurene), metastable tetrago-
nal (β-tellurene), and 2H-MoS2-like (γ -tellurene) structures.
α-tellurene has demonstrated its potential application in far-
infrared optoelectronic devices given its narrow band-gap
nature [9,10]. The metastable tetragonal phase has been ex-
perimentally realized on highly oriented pyrolytic graphite
(HOPG) by molecular-beam epitaxy [11], and the γ -tellurene
has a metallic feature.

The on-going efforts of the study of 2D materials of group
VI are twofold: (i) determine physical properties of the exist-
ing 2D materials, (ii) discover new 2D materials to further
enrich the group-VI family. The former activities are very
dynamic. The electronic and excitonic optical [5,9,12], ther-
mal [13,14] and piezoelectric properties [15], atomic transport
properties [16], and spin texture [17] of tellurene have been
successively explored [18]. The 2D material of group VI
indeed outperforms its bulk parentage in many of those prop-
erties. For example, α-tellurene delivers a much larger band
gap at the monolayer limit (∼1.31 eV [9]) than its bulk parent-
age (∼0.336 eV [19]), and its band gap is further tunable with
the number of layers in the stack. Furthermore, tellurene also
exhibits unusually low thermal conductivity, which is lower
than any values ever reported for 2D materials. In stark con-
trast, the latter activities are rather limited, and only the stable
structures of 2D elemental selenium allotropes have been very
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recently screened using a combined particle-swarm optimiza-
tion (PSO) method with first-principles calculations [20,21].

In this contribution, we have discovered two novel 2D
materials of group VI, namely, monolayer SeS2 and TeS2,
to further expand the 2D family of group VI. Their stable
structural properties have been identified using first-principles
density functional theory (DFT) calculations. On ground of
those stable geometric structures, we have explored their
electronic and exctionic optical properties using the state-
of-the-art ab initio many-body calculations. These newly
discovered monolayer materials are found to be of in-
direct semiconducting nature, and exhibit excellent electronic
transport properties with isotropic carrier mobilities, which
outperform their 2D MoS2 counterpart. Remarkably, they
exhibit strong optical absorbance in the whole visible-light
region, and the absorption edges of these monolayers are
further tunable with number of layers in the stack. These char-
acteristics are highly appealing for flexible room-temperature
optoelectronic device applications for display and lighting. Fi-
nally, we demonstrate that the in-direct nature can be violated
via stacking those 2D materials on top of 2D MoS2 to form a
typical van der Waals heterojunction, while keeping the band
edge in the visible-light region.

II. COMPUTATIONAL DETAILS

All calculations are performed by employing the Vienna
ab initio simulation package (VASP) [22–24]. The geometry
optimization is carried out based on density functional the-
ory using projected augmented wave (PAW) pseudopotentials,
and various functionals for the treatment of exchange-
correlation energy, including the local density functional
approximation (LDA), the generalized gradient approxima-
tion (GGA) [22,25] of the Perdew-Burke-Ernzerhof (PBE)
type [26], and the recently proposed strongly constrained
and appropriately normed meta-GGA (meta-GGA-SCAN)
functional [27]. The positions of atoms in the simulation
cell, the lattice parameters, and the corresponding angles are
fully relaxed until the atomic force reaches the tolerance of
0.01 eV/Å. The kinetic energy cutoff is chosen as 500 eV
and the energy convergence criteria is set to be 10−5 eV/cell.
The Brillouin zone is sampled using 12 × 12 × 1 �-centered
Monkhorst-Pack meshes. The 2D Brillouin zone and the high-
symmetry k points are shown in Fig. 1. We have included
the vdw interactions using the DFT-D2 method of Grimme
[28,29].

The quasiparticle band structures are computed using the
GW approach. We employ the “one-shot” G0W0 approxi-
mation based on the optimized structures, and on top of
DFT/PBE calculations. After performing a careful conver-
gence test over the cutoff energy for the response function
(Ecut,GW ), and the number of bands (NB), and the k-point
sampling, we find that Ecut,GW = 200 eV, NB = 336, and
12 × 12 × 1 k grid are sufficient to converge both the in-
direct and direct quasiparticle band gaps of both monolayer
and few-layer forms to within 0.05 eV (see Ref. [30]).
For the GW calculations of SeS2/2H-MoS2 heterostructure,
NB = 896 (see Ref. [30]).

It is well-known that the quasiparticle gap converges rather
slowly with the spatial vacuum separation Lz between the
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FIG. 1. [(a) and (c)] Top and/or side views of (a) monolayer
and (c) bilayer SeS2 with 1T-MoS2-like structure. The unit cell is
indicated by the black dashed line. [(b) and (d)] Phonon spectrum of
monolayer and bilayer SeS2 obtained at GGA/PBE level of theory.
(e) The Brillouin zone with high-symmetry points of few-layer SeS2.

monolayer and its periodic images because of the nonlocal
nature of the GW approximation [31]. The electron-hole inter-
action is also artificially affected by periodic images over long
distances, which tends to significantly affect the exciton bind-
ing energy [32]. One way to account for this convergence issue
is to use the Coulomb truncation approach [33] that removes
image effects directly and leads to well converged results for
modest-sized periodic cells. Such a way is very efficient but is
currently not implemented in VASP. Since both the quasiparti-
cle gap and optical gap converge as 1/Lz [31,34,35], we can
extrapolate the gaps to the limit of infinite Lz. This is so-called
linear extrapolation scheme. Though computationally more
demanding, the extrapolated gaps agree with those from the
Coulomb truncation scheme within ∼0.05 eV, as tested for
other material systems [cf. Ref. [35]]. In our calculations,
the latter way is applied in order to accurately determine the
quasiparticle and optical gaps. However, due to the slow con-
vergence with respect to Lz in the linear extrapolation scheme,
GW calculations may need a careful k-point sampling along
z direction. With further convergence test, we find that one k
point along z direction is sufficient to obtain well-converged
in-direct and direct quasiparticle band gaps within 0.05 eV for
Lz � 5 Å.

The quasiparticle band structures at a given Lz are
interpolated using maximally localized Wannier functions
(MLWF) with the WANNIER90 code [36]. The carrier mobil-
ities are computed using the effective mass approximation
coupled with the Boltzmann transport equation and deforma-
tion potential theory, considering only the phonon scattering
mechanism [5], μ2D = eh̄3C2D

kBT (m∗Dα )2 , where e is the elemental
charge, h̄ is the reduced Planck constant, kB is the Boltz-
mann constant, T is the temperature (∼300 K), and m∗ is the
electron or hole effective mass directly computed from the
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GW quasiparticle band structure with Lz = 30 Å. C2D and Dα

are the elastic modulus and deformation potential along the
transport direction, both of which are obtained at DFT/PBE
level of theory.

The optical properties are determined by employing the
Bethe-Salpeter equation (BSE) method within the Tamm-
Dancoff approximation [37] on top of GW quasiparticle
eigenvalues and wave functions. Through convergence test,
we find that considering the lowest nine conduction band
states and highest nine valence band states in the BSE cal-
culations is sufficient to reach well-converged results (see
Ref. [30]). When the spin-orbit coupling is included, the num-
ber of bands involved in solving BSE is doubled. The optical
absorbance is calculated by [38,39]

A(E ) = 1 − e−α(E )dz = 1 − e−2π (E/hc)ε2dz , (1)

where α(E ) is the absorption coefficient, ε2 is the imaginary
part of the dielectric function obtained either by G0W0 + BSE
or by G0W0 + RPA, and dz is the simulation cell perpendicular
to the layers, which includes the atomic layer thickness and
the vacuum spatial separation (e.g., Lz). The theoretical upper
limit to the conversion efficiency of sunlight to lowest exciton
energy P is based on the overlap between the solar spectrum
and the optical absorbance [38,39],

P =
∫ λmax

0 W (λ)A(λ)C(λ)dλ
∫ ∞

0 W (λ)dλ
, (2)

where λ is the photon wavelength and λmax is the longest
wavelength that can be absorbed by the ultrathin materials
and is determined by the lowest exciton energy E0, λmax = hc

E0
,

W (λ) is the solar spectral irradiance at air mass 1.5. A(λ) is
the optical absorbance obtained with Eq. (1). C(λ) is the con-
version factor to account for the fraction of the photon energy
converted to the lowest-exciton energy (i.e., the thermalization
loss), C(λ) = λE0

hc . The phonon spectra is computed using the
PHONOPY package [40] with the input forces calculated from
the VASP code and is cross-checked with different functionals.

III. RESULTS AND DISCUSSION

A. Structural, electronic, and excitonic properties
of SeS2 monolayers

We start with the monolayer SeS2, which is obtained by
replacing the Se atoms on the S sites of the 1T-MoS2-like
α-selenene structure with S atoms of lighter mass and smaller
atomic radius [cf. Fig. 1(a)]. The optimized lattice parameters
for monolayer and bilayer SeS2 using various functionals are
compiled in Table I, and the detailed atom positions in the unit
cell are provided in Table S1. The relaxed lattice parameter
at monolayer limit tends to be 6% smaller than its selenene
counterpart at the GGA/PBE level of theory. We also provide
the relaxed parameters calculated using meta-GGA-SCAN,
which is expected to have a closer agreement with future
experiments, as has been demonstrated for bulk tellurium [6].
Those parameters are found to have marginal variation from
monolayer to bilayer (cf. Table I). The calculated phonon
spectra is free of soft phonon modes [cf. Fig. 1(c)], therefore
demonstrating that monolayer SeS2 is dynamically stable. The
stability nature has been cross-checked and confirmed em-

TABLE I. Lattice constants (in unit of Å) obtained using LDA,
GGA/PBE, and meta-GGA-SCAN functionals for monolayer and
bilayer SeS2 and TeS2.

SeS2 TeS2

Functionals Monolayer Bilayer Monolayer Bilayer

LDA 3.486 3.496 3.734 3.744
GGA/PBE 3.564 3.565 3.810 3.813
meta-GGA-SCAN 3.528 3.526 3.791 3.791

ploying LDA functional. We note that the distorted T′-phase
like for MoS2 is not present for monolayer SeS2.

The quasiparticle band structure obtained at
G0W0@DFT/PBE level of theory is presented in Fig. 2.
We find that monolayer SeS2 appears an indirect band gap

G0W0 (D)

En
er

gy
 (e

V
)

En
er

gy
 g

ap
 (e

V
)

O
pt

ic
al

 a
bs

or
ba

nc
e 

(%
)

1/LZ (1/Å)

Photon energy (eV)

1/LZ (1/Å)

Photon energy (eV)

(a)

(f)(c)

(e)(b)

(d)

G0W0 (D)

G0W0 (I)
G0W0 (I)

BSE
BSE

Eg EgSeS2: 1L SeS2: 2L

MoS

FIG. 2. [(a) and (d)] Quasiparticle band structures of (a) mono-
layer and (b) bilayer SeS2 obtained at G0W0 level of theory with
Lz = 30 Å. The energy is referenced to the top of the valence band
(gray short dotted line). [(b) and (e)] The indirect band gap [G0W0(I )]
and minimum direct band gap [G0W0(D)] obtained at G0W0 level, and
the optical gap obtained from BSE calculations (BSE) as a function
of the inverse spatial separation Lz for (b) monolayer and (e) bilayer
SeS2, respectively. The solid lines represent linear extrapolations.
In (c) and (f), the corresponding optical absorbance obtained by
GW +BSE (solid lines) and GW +RPA (dotted lines), respectively.
The vertical lines indicate the first exciton absorption peak. In (c), the
optical absorbance of monolayer MoS2 data is taken from Ref. [42]
for comparison purpose.
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TABLE II. Carrier effective masses (in unit of m0), and mobilities
(in unit of cm2 V−1 s−1) calculated based on G0W0 level of theory for
monolayer SeS2 and TeS2, compared with 2D MoS2 (Ref. [5]).

Effective masses Carrier mobility (×103)

Materials Electron Hole Electron Hole

α-SeS2 0.15 0.27 0.70 0.52
α-TeS2 0.15 0.23 0.77 0.88
2H-MoS2 0.47 0.58 0.08 0.29

semiconductor. The valence band maximum (VBM) locates
at half-way between � and M points, while the CBM locates
at the � point [cf. Fig. 2(a)]. The indirect gap is determined to
be 1.69 eV employing a linear extrapolation at spatial vacuum
separation L−1

z → 0 [cf. EG0W0(I )
g of Fig. 2(b)]. We note

that this quasiparticle band gap, with self-energy correction,
appears nearly twice as large as that obtained at DFT/PBE
level (∼0.88 eV). To gain insight into the transport properties
of monolayer SeS2, we calculate the carrier effective masses
at the band extremum and the resulted phonon-limited carrier
mobilities are shown in Table II. We find that monolayer
SeS2 exhibits extraordinary isotropic electronic transport
properties, contrary to the anisotropic nature of 2D black
phosphorus of group V [41]. The obtained carrier mobilities
are much larger than its 2D MoS2 analog.

The optical spectroscopy has the significant advantage of
being a true “bulk” probe of the electronic structure of a
material. In order to access the absorption spectra of mono-
layer SeS2, we have calculated the photon-energy dependent
imaginary part of the dielectric function from both GW +RPA
and GW +BSE levels of theory. The electron-hole interac-
tion, which is important in 2D materials as has been shown
by both computations and experiments [41–44], is neglected
with the former level of theory, while it is properly ac-
counted for with the latter one. We find that the excitonic
effects are significant in monolayer SeS2 by comparing the
results generated from both levels of theory, which reshape
substantially the absorption spectra [cf. Fig. 2(c)]. The first
absorption peak (i.e., optical gap) appears at photon energy
of 1.5 eV, which is originated from the direct transition from
the VBM to the conduction band. Remarkably, monolayer
SeS2 demonstrates strong optical absorption across the whole
visible-light region [cf. Fig. 2(c)]. The optical gap value com-
bined with the strong visible-light absorption characteristic
makes monolayer SeS2 highly appealing for many device
applications, such as light-emitting devices for display and
lighting [45–47], and photovoltaics. Indeed, the optical gap of
monolayer SeS2 lies in the ideal energy window of 1.0–1.5 eV
corresponding to the maximum photoconversion efficiency in
photovoltaic applications. A larger gap value results in nonab-
sorption of a large portion of photons in the solar spectrum.
Whereas if the absorber has a gap value that is too small,
most photons have much more energy than necessary to excite
electrons across the band gap, resulting in inefficient absorp-
tion of the sunlight. Comparing with monolayer MoS2 which
is considered as a good photovotaic material [48], monolayer
SeS2 enables a broader optical absorption covering the whole

visible-light region, and has a larger optical absorbance par-
ticular in the lower-energy region [cf. Fig. 2(c)].

The exciton binding energy, defined as the energy differ-
ence between the minimum direct quasiparticle gap and the
optical gap, is a measure of the nature of the electron-hole
pair created during the photoexcitation. Using the linearly
extrapolated minimum direct quasiparticle gap of 2.15 eV
[cf. EG0W0(D)

g of Fig. 2(b)], we obtain a binding energy of
0.66 eV for monolayer SeS2. This rather high exciton binding
energy is a signature of a bound exciton, which implies stabil-
ity against thermal dislocation of the exciton states that will
dominate the room-temperature optical response and nonequi-
librium dynamics of monolayer SeS2. Hence, this property
will make monolayer SeS2 a candidate for light-emitting
and photovoltaic devices operating at room temperature. The
electronic structure and excitonic properties of SeS2 are layer-
dependent. The indirect band gap is reduced to 1.37 eV [cf.
Figs. 2(d) and 2(e)], and a “camelback”-like structure appears
at the top of the valence band at bilayer due to the strong
interlayer pz-pz interaction [cf. Fig. 2(d)]. The first absorption
peak experiences a redshift comparing with the monolayer
counterpart, and it appears at photon energy of 1.38 eV ob-
tained from the linear extrapolation technique [cf. Fig. 2(e)].
The binding energy decreases to 0.43 eV. It is interesting to
find that bilayer SeS2 also exhibits strong optical absorbance,
covering the whole visible-light region [cf. Fig. 2(f)].

B. Structural, electronic, and excitonic properties
of TeS2 monolayers

Next, we turn to monolayer TeS2. Its geometric struc-
ture is built in a similar manner as the aforementioned SeS2

monolayer, i.e., replacing the Te atoms on the S-sites of the
1T-MoS2-like α-tellurene structure with S atoms. The lattice
parameter of TeS2 (cf. Table I) appears larger than its SeS2

counterpart but smaller than that of α-tellurene (∼4.15 Å at
GGA/PBE level of theory). The relaxed parameters exhibit
marginal variation from monolayer to bilayer (cf. Table I).
Phonon spectra of monolayer TeS2 is found to be free of
soft-phonon modes, therefore suggesting that it is mechan-
ically stable [cf. Fig. 3(a)]. Monolayer TeS2 also possesses
extraordinary carrier mobilities, favoring ultrafast electronic
transport (cf. Table II).

Comparing to monolayer SeS2, one of the unique charac-
teristic of TeS2 is its heavy-element containing feature. The
impact of spin-orbit coupling (SOC) therefore should be care-
fully examined. The quasiparticle band structures both with
and without spin-orbit interaction resembles very much its
SeS2 counterpart [cf. Fig. 3(b)]. Without SOC, the indirect
band gap of monolayer TeS2 reduces to 1.37 eV comparing
to monolayer SeS2 [cf. Fig. 2(b)]. We note that this gap value
remains more than twice as much as that obtained from the
DFT/PBE level of theory (∼0.53 eV). When the SOC is
switched on, three resulted characteristics in the quasiparticle
band structures are observed. (i) The SOC has considerable
effects on the conduction band structures. It splits the de-
generate bands at high-symmetry k points [e.g., � point, cf.
Fig. 3(b)]. However, the SOC has nearly no impact on the
valence band structures (at lease those close to the valence
band maximum (VBM)). This is because the topmost valence
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FIG. 3. (a) Phonon spectra of monolayer TeS2. (b) Quasiparticle
band structure of monolayer TeS2 with (solid line) and without
(dotted line) considering the spin-orbit coupling, obtained at G0W0

level of theory with Lz = 30 Å. The energy is referenced to the top
of the valence band (gray short dotted line). (c) The indirect band gap
[G0W0(I )] and minimum direct band gap [G0W0(D)], and the optical
gap as a function of the inverse spatial separation Lz for monolayer
TeS2, respectively, without (open symbols) and with (filled symbols)
considering the spin-orbit interaction. The lines represent linear ex-
trapolations. (d) The corresponding absorption spectrum obtained by
GW +BSE method, neglecting (dotted lines) or considering (solid
lines) the spin-orbit interaction, respectively, at Lz = 30 Å. The ver-
tical lines indicate the first exciton absorption peak.

band states are dominantly originated from the p-orbital of
lighter S atoms, and the low-lying conduction band counter-
parts have nearly an equal contribution from the p-orbitals
of both the lighter S atoms and the heavier Te atoms. (ii)
The SOC reduces both the indirect and direct gaps to 1.29
and 2.076 eV, respectively. (iii) The excitonic effects are also
important in monolayer TeS2, and SOC appears significantly
impact the near-band-edge optical absorption, including both
the absorption position and intensity. Comparing to the quasi-
particle gaps, the effect of SOC on the optical gap is much
larger, red-shifting the optical gap from 1.51 eV (close to that
of monolayer SeS2, without SOC) to 1.22 eV [with SOC, cf.
Fig. 3(d)]. This leads to an increased exciton binding energy of
0.86 eV comparing to that in the absence of SOC (∼0.68 eV).
Remarkably, monolayer TeS2 also demonstrates strong optical
absorbance in the whole visible-light region, irrespectively of
the impact of SOC [cf. Fig. 3(d)].

C. Layer-dependent excitonic characteristics
of few-layer SeS2 and TeS2

Both SeS2 and TeS2 at monolayer limit have shown to
exhibit appealing excitonic properties, such as suitable ab-
sorption edge and strong visible-light absorbance nature. It
is therefore imperative to examine how those properties vary
against the number of layers, and compare with those of 2D
MoS2 and black phosphorus (BP) analogs. Prior to the presen-
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FIG. 4. (a) The optical gap of few-layer SeS2 and TeS2 as a func-
tion of the number of layers. Each solid line represents a power law
fit of the numerically calculated values (symbols). The results of 2D
black phosphorus (BP, Ref. [49]) and MoS2 (Ref. [50]) are plotted for
comparisons. The dotted line connecting the data points of 2D MoS2

represents a guide for the eye. The shadow area represents the opti-
mal energy window for single pn-junction photovoltaic applications
[51]. (b) The exciton binding energy as a function of the minimum
direct band gap of few-layer SeS2 and TeS2 materials. Each solid
line represents a linear fit, and the number of layers are marked
alongside. (c) Quasiparticle band structure and (d) optical absorption
spectrum of SeS2/2H-MoS2 van der Waals heterostructure obtained
using G0W0@DFT/PBE level of theory with Lz = 20 Å. The vertical
lines in (d) indicate the first exciton absorption peak.

tation of excitonic properties, we take bilayer SeS2 and TeS2

as prototype systems to examine the structural stability of both
materials in their few-layer forms. We find that the calculated
phonon spectrum of those bilayers is free of soft phonon
modes (cf. Fig. 1(d) and Ref. [30]), therefore demonstrating
their dynamic stability.

The layer-dependent optical gaps are shown in Fig. 4(a).
We find that the absorption edge of those two newly dis-
covered 2D materials of group VI is tunable via the number
of layers involved in the stack, contrary to their 2D MoS2

counterpart. Remarkably, the optical gaps of few-layer SeS2

remain in the optimal energy window of 1.0–1.5 eV (shadow
area) that corresponds to the maximum photoconversion effi-
ciency for single pn-junction photovoltaic applications [51].
The conversion efficiency of bilayer SeS2 is calculated and
found to exceed 10%, which outperforms the conversion limit
of Cu2ZnSn(S, Se)4 [51]. This remarkable efficiency upper
limit achieved with thickness of less than 1 nm of few-layer
SeS2 and is comparable to the current efficiency records real-
ized with organic and dye-sensitized solar-cell technologies.

A power-law fit Eopt
g = α/Nγ + δ, with N being the num-

ber of layer and α, γ and δ being the fitting parameters, is
applied in Fig. 4(a). We find γ = 1.3 and 0.93 for few-layer
SeS2 and TeS2, respectively, both of which appear consid-
erably smaller than the usual quantum confinement result
(∼1/N2). This is attributed to the interplay between the 2D
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quantum confinement effects, interlayer coupling, and many-
body effects. Comparing to 2D black phosphors of group V,
the optical gaps of both few-layer SeS2 and TeS2 decay slower
as a function of the number of layers [cf. Fig. 4(a)].

Large binding energy, due to the extreme 2D nature of
carrier confinement and reduced screening, prevents the exci-
ton dissociation against thermal noise, therefore being highly
favorable for exciton-manipulation related fundamental study
and device applications, such as exciton condensation. How-
ever, it is also a priori disadvantage for the applications like
photovoltaics, for which a fast charge separation (e.g., fast
“exciton dissociation”) is a prerequisite. Fortunately, we find
that the binding energy of the bound exciton can be effectively
tuned by the number of stacked layers for both few-layer SeS2

and TeS2 [cf. Fig. 4(b)]. Indeed, the exciton binding energy for
a quad-layer SeS2 is reduced to nearly 25% of its monolayer
counterpart (∼0.66 eV), while keeping the optical gap in the
optimal energy window [cf. Fig. 4(a)]. Finally, we found that
the exciton binding energy has a linear correlation with both
the indirect and direct gaps [cf. Fig. 4(b)], which agrees well
with the universal linear scaling law correlating the exciton
binding energy with the band gap of various 2D materials
[35,52,53].

D. Engineering the indirect band gap nature
via van der Waals heterostructure

Direct gap semiconductor usually performs much better in
the photovotaic applications than its indirect gap counterpart
[cf. Ref. [48]]. It is therefore worthwhile to explore an effec-
tive way of manipulating the band gap nature of those newly
discovered monolayers of group VI to boost related device
performances. We take monolayer SeS2 as an example, and
tentatively combine it with one of most well-studied group
of 2D materials, transition metal dichalcogenides, to form the
2D van der Waals heterostructure. This type of structure is
known to not only preserve the intrinsic properties of corre-
sponding components, but also induce new properties. Among
those transition metal dichalcogenides, we find that SeS2/2H-
MoS2 heterostructure indeed delivers a direct-gap nature [see
Fig. 4(c)]. When constructing this heterostructure, we have
used a

√
3 × √

3 supercell of monolayer SeS2, and 2 × 2 cell
of monolayer 2H-MoS2, which leads to a tolerable lattice
match of ∼3% and 48 atoms in total per cell. The direct gap is
found to be ∼0.81 eV at PBE level of theory without SOC,
and opened up to 1.09 eV when including the self-energy
correction at G0W0/PBE level of theory [cf. Fig. 4(c)]. This
quasiparticle gap appears slightly smaller than that obtained
using the HSE06 hybrid functional (∼1.23 eV), but remains
within the aforementioned optimal energy window of 1.0–
1.5 eV. The SOC has negligible impact on the band gap,
reducing the gap by only 0.07 eV at PBE level of theory.

Finally, we evaluate the excitonic properties of SeS2/2H-
MoS2 heterostructure in Fig. 4(d). The first exciton (e.g.,
optical gap) appears at photon energy of 0.75 eV, which
contributes dominantly from the direct transition from the
CBM to VBM. Although being optically bright, the oscillator
strength of such an exciton is weak [cf. Fig. 4(d)]. This can
be understood from the analysis of the partial density of states

(PDOS) of the heterostructure. The CBM is found to mainly
contribute from an equal contribution from the p-orbitals of
Se and S atoms of monolayer SeS2, while the VBM mainly
derives from the d-orbital of Mo atoms of monolayer MoS2.
This results in the charge density localization of CBM and
VBM states nearly separately in the SeS2 and MoS2 re-
gions. Such a spatial separation might suggest the interlayer
nature of the first exciton state, and is responsible for the
weak oscillator strength. In this context, strong charge sepa-
ration not only promotes the dissociation of excitons into free
electrons and holes, but also significantly reduces the electron-
hole recombination rates, which may contribute to the long
minority carrier lifetime [54]. The excitonic effects remain
significant in the heterostructure [cf. Fig. 4(d)]. Due to the
enhanced screening effects, the exciton binding energy of the
heterostructure (∼0.34 eV) appears smaller than both mono-
layers of SeS2 (∼0.66 eV) and MoS2 (∼0.96 eV [Ref. [42]]).
The first pronounced exciton state peaks at photon energy of
1.42 eV, and exhibits an oscillator strength a few order of
magnitude larger (∼105) than the first optically bright exciton
state [as indicated by vertical arrow of Fig. 4(d)]. Remarkably,
the heterostructure exhibits strong optical absorption across
the whole visible light region.

IV. CONCLUSIONS

We have reported two new 2D materials of group VI,
namely, monolayer SeS2 and TeS2 with 1T-MoS2-like struc-
ture, which are mechanically stable. Using the GW -BSE
apporach, we have accurately determined the quasiparticle
band structures and excitonic properties of these two 2D ma-
terials. We find that those newly discovered 2D materials are
indirect semiconductors and possess extraordinary electronic
transport properties with isotropic carrier mobilities. The ex-
citon appears strongly bound and stable at room temperature
with a binding energy of 0.66 and 0.84 eV for monolayer SeS2

and TeS2, respectively. The optical gap of these two mono-
layer materials lies in the ideal energy window of 1.0–1.5 eV
corresponding to the maximum photoconversion efficiency,
and their absorption spectra covers the whole visible-light
region, which, to certain extent, immune to the fluctuation
of layer thickness. Finally, we propose the formation of
SeS2/2H-MoS2 van der Waals heterostructure can serve as an
effective mean to turn the indirect band nature of monolayer
SeS2 into a direct nature. Those characteristics make few-
layer SeS2 and TeS2 highly appealing for room-temperature
optoelectronic devices, such as light-emitting devices for dis-
play and lighting, and photovoltaic devices.
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