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First-principles study of bilayers ZnX and CdX (X = S, Se, Te) direct band-gap semiconductors
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We conducted comprehensive first-principles investigations of the structural, electronic, and optical properties
of hexagonal ZnX and CdX (X = S, Se, Te) and their van der Waals heterostructures. Our results indicate that
all materials are thermally and dynamically stable, in contrast to earlier works. Electronic structure calculations
with a hybrid functional revealed that the bilayers ZnX and CdX are characterized by a direct band gap (at
the � point), primarily lies within the visible spectrum of the sunlight (with an exception for ZnS). Moreover,
we found the band edges (VBM/CBM of the bilayers) lying below/above the oxidation/reduction potentials
(EO2/H2O/EH+/H2 ) depending on the environment’s pH. The effects of mechanical strain on the electronic
properties of the bilayers have been thoroughly investigated, revealing an impressive tunability of the band gap,
energy position of the band edges, and the ratio of the electron and hole effective masses. The calculated optical
absorption spectra showed that the bilayers ZnX and CdX , with the exception of ZnS, absorb in the visible
region. Besides that, we found exciton binding energies between 0.30 and 0.96 eV for ZnTe and CdS bilayers,
confirming that the reduced screening effect in 2D systems leads to higher values of exciton binding energies.
Furthermore, our results indicated that the ZnTe/CdS heterostructure exhibits a band gap within the visible
sunlight spectra. The band edges are located in the bilayer ZnTe resulting in a type-I band offset. However, upon
compressive strain, we verified the emergence of the type-II band alignment, as a result, the first absorption peak
is redshifted and the exciton exciton wave function spreads out in both materials. Overall, our findings provide
valuable insights into the potential of these materials for various technological applications in the fields of the
photonics, photocatalysis, and optoelectronics.
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I. INTRODUCTION

The field of two-dimensional (2D) materials has been
booming in recent years [1–3], following the discovery of
graphene [4,5], a 2D monolayer of carbon, which presents
fantastic properties, that could be applied in almost all areas
of materials science and engineering [6–11]. The afore-
mentioned 2D systems have been attracting great attention
to the materials science community due to their unprece-
dent, unusual and unique physical-chemistry characteristics
[1,2,12,13], that could be useful for many technological ap-
plications. Some classes of 2D materials include: transition
metal dichalcogenides (TMDs), such as MoS2; hexagonal
boron nitride (hBN), and black phosphorus (BP)[14]. TMDs,
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for instance, are semiconductors with a direct band gap, mak-
ing them suitable for optoelectronics applications [15].

In addition to the dichalcogenides, we also have the
monochalcogenide materials, composed by elements from
groups II-IV of the periodic table. These include ZnX and
CdX , with X being S, Se or Te. Such three-dimensional (3D)
bulk structures can be found in nature in two possible crystal
structures: wurtzite (WZ) and zinc blende (ZB). However, in
recent years, 2D nanosheets of CdX with one through a few
atomic layers have been synthesized from solvothermal and
colloidal techniques [16–18]. The monolayer of CdX explored
previously are equivalent to a cut along the (111) plane of the
ZB phase or equivalently the (0001) plane of the WZ phase,
which are found to relax to planar graphene-like honeycomb
lattices. Similar 2D monolayer (ML) and bilayer (BL) hybrid
structures of ZnX have also been reported [16,19,20]. Also,
Sun Yongfu et al. [21] synthesized a single layer honeycomb
lattice of ZnSe by exfoliating its lamellar hybrid intermediate
followed by removing the alkylamine ligand with heating,
they found that the photocurrent density 4–10 times higher
than those of its ligand-coated hybrid layers, 8 times higher
than quantum dots, and nearly 195 times higher than that
of its bulk counterpart. Such experimental progress leads to
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envision the obtention of free-standing monolayer of CdX
in a near future, which can offer a novel set of 2D layered
materials for technological applications.

Besides that, 2D direct band gap semiconductors (such
as theoretically and/or experimentally predicted for: CdX
[22], ZnX [23,24], MoX2 [25–27], WX2 [26,28], among
others [29–31]), have important applications due to their
unique electronic and optical properties, including high en-
ergy gaps that cover the entire visible spectrum [32]. This
makes them ideal for use in optoelectronic devices such
as solar cells, photodetectors, and light-emitting diodes
[33–36]. Additionally, they have recently gained attention
for their potential use in photocatalysis, specifically in the
generation of hydrogen via water splitting [37,38]. Their
two-dimensional nature makes them promising candidates for
next-generation electronic and energy devices with improved
performance and energy efficiency, while their low formation
energy (around 200 meV/atom) and ability to be exfoliated
from their bulk and stabilized using suitable substrate (i.e.,
graphene) make them attractive for use in nanoelectronics
and nanophotonics [39]. Thus the physical-chemistry prop-
erties of 2D direct band gap semiconductors make them
promising materials for various applications in fields such
as renewable energy, environmental science, and materials
science.

In parallel, 2D van der Waals (vdW) heterostructures have
emerged as an important class of materials due to their
unique properties, which are derived from the combination
of different 2D materials with complementary properties
[14,40,41]. These heterostructures allow the creation of com-
plex electronic and optoelectronic devices with unprecedented
functionalities and performance [42]. Overall, the use of 2D
van der Waals heterostructures holds great potential for a wide
range of applications in various fields, including chemical
sensing, electronics, photovoltaic, optoelectronics, catalysis,
and energy storage [43–47]. For instance, by combining 2D
direct band gap semiconductors like ZnX and CdX (X = S,
Se, Te) with other 2D materials such as graphene, MoS2, or
C2N, it is possible to create heterostructures with tailored band
alignment and optical properties for photo/electro-catalyst
applications [48–50]. However, as novel 2D materials, a sys-
tematic exploration of the electronic and optical properties of
the bilayers ZnX and CdX and their vdW heterostructures is
still quite important and essential.

With these motivations, herein we aim to explore, by
performing first-principles calculations based on hybrid den-
sity functional theory, the structural, electronic, and optical
properties of 2D bilayers ZnX and CdX and their vdW
heterostructures. Our results show that these 2D materials
possess direct band gaps, which are promising for applications
in optoelectronics, including photovoltaics, photodetectors,
and light-emitting diodes. Moreover, we have studied the
electronic properties of vdW heterostructures composed of
these 2D materials and we have found that they exhibit unique
band alignment and electronic properties that can lead to
novel device applications. Thus our study provide valuable
insights into the properties of 2D ZnX and CdX materials
and their heterostructures, which can guide future experi-
mental studies and the design of new devices with improved
performance.

II. METHODS

Our calculations were based on density functional theory,
as implemented in the VASP code [51,52]. As conventional
exchange correlation functionals underestimate the band gap
of semiconductors, we used the hybrid functional of Heyd,
Scuseria, and Ernzerhof (HSE06) [53,54], which gives more
accurate band gaps and at the same time also accurate struc-
tural properties. The projector augmented wave potential
(PAW) [55] was used to treat the ions-electrons interactions,
and a plane wave cutoff energy of 400 eV was used to expand
the valence electron wavefunctions (Zn: 3d104s2; Cd: 4d105s2;
S: 3s23p4; Se: 4s24p4; Te: 5s25p4). We used 20 Å of vacuum
to avoid spurious interactions with the periodic images. The
Brillouin zone is sampled with a 9 × 9 × 1 k-point sampling.
The vdW interactions are included by using the semiempirical
D2 method [56] and together with HSE06 the lattice parame-
ters and atomic positions for all structures are relaxed until
residual forces on the atoms are smaller than 0.001 eV/Å.
After the structural optimization, the mechanical and dynamic
stability of the systems were determined by calculating the
elastic constants using the VASPKIT code [57] and the phonon
dispersion using PHONOPY code [58]. The thermal stability
was verified by ab initio molecular dynamics simulations
(AIMD) at 300 K, with a time step of 1 fs using Nosé heat bath
scheme [59]. 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. All calculations presented in
main manuscript were conducted without spin-orbit coupling
(SOC), however in Ref. [60], we present the results of the
electronic structure with SOC.

In order to analyze the optical properties and the ex-
citonic effects, we started with the Kohn-Sham orbitals of
DFT calculation to obtain the self-energies G0W0. To avoid
the screening problems in low dimensions, we truncate the
Coulomb interaction along the perpendicular axis. In order
to verify the e-h interaction, we solved the Bethe-Salpeter
equation (BSE) [61–63] with the Tamm-Dancoff approxima-
tion [64]. The G0W0 and BSE calculations were performed
with the YAMBO code [65]. We have been specially cautious
to check the convergence of the number of k points, which
we use a grid 32 × 32 × 1 for bilayers and 20 × 20 × 1 for
bilayer CdS-ZnTe heterostructure.

III. RESULTS AND DISCUSSIONS

There are several structural proposals for 2D ZnX and
CdX , with X = S, Se, and Te, based on the lattice (cleavage)
plane orientations of their ZB or WZ parents [34,66]. In a
seminal work, based on first-principles calculations, Zhou
et al. predicted that the monolayer and bilayer hexagonal
lattices, ZB111/WZ001, are dynamically unstable based on
the phonon spectra calculations. In the same study, through
molecular dynamics simulations, the authors verified the for-
mation of corrugated structures in the hexagonal ML systems.
Further investigations confirmed the presence of imaginary
frequencies in hexagonal MLs CdX (X = S, Se, and Te)
[39,67]. On the other hand, first-principles calculations, per-
formed by Garg et al., indicate that the hexagonal ML CdS is
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FIG. 1. (a) Ball-stick model of ZnX and CdX (X = S, Se,
Te) (top and side views). The unit cell is represented by the
shaded region in (a), defined by the vectors a1,2. (b) Schematic
representation of the first Brillouin zone with the high-symmetry
points highlighted. (c) Side view of the 2D vdW heterostructure of
ZnTe/CdS.

not only energetically, but also dynamically, and structurally
stable [68].

A. BLs ZnX and CdX

1. Structural stability

Let us start with the structural properties of hexagonal BL
WZ001 systems ZnX and CdX , as depicted in Fig. 1(a). The
hexagonal surface unit cell is represented by the shaded re-
gion, defined by the vectors a1 and a2. In Fig. 1(b), we present
a schematic representation of the Brillouin zone with the high
symmetry points considered in the band structure calculations.
The equilibrium lattice constants, and other key structural
parameters, like the elastic constants, are summarized in Table
I. As we can observe, the lattice constant increases with the
increase of the atomic radius of the chalcogen, showing that
the structural parameters of the material are mainly governed
by the chalcogen composition, ruled by the increase of the
chalcogen atomic radius. It is worth noting that these systems

TABLE I. Lattice parameters, nonzero components of the elastic
constants, Young’s modulus (Ys) and Poisson’s ratio (ν) of the bilay-
ers ZnX and CdX . The lattice constant a is given in Å. The values
of the elastic constants C11, C22, C66, and the Young modulus Ys are
given in units of N/m.

System a C11 C12 C66 Ys ν

ZnS 3.88 68.50 26.43 21.03 58.30 0.38
ZnSe 4.07 58.20 19.53 19.33 51.64 0.33
ZnTe 4.31 50.38 13.75 18.31 46.63 0.27
CdS 4.28 52.08 26.23 12.92 38.86 0.50
CdSe 4.41 39.92 17.62 11.15 32.14 0.44
CdTe 4.60 36.17 12.38 11.89 31.93 0.34
graphene [6] 2.46 352.7 60.9 145.9 342.2 0.17
h-BN [6] 2.50 289.8 63.7 113.1 275.8 0.22
silicene [6] 3.86 68.3 23.3 22.5 60.6 0.34

FIG. 2. Phonon dispersion curves for BLs: (a) ZnS, (b) ZnSe,
(c) ZnTe, (d) CdS, (e) CdSe, and (f) CdTe.

present in-plane lattice constant close to the ones of the WZ
bulk phases, thus indicating that the local atomic structures of
the 3D bulk parents are somewhat preserved in the BL WZ001
systems.

Based on the elastic constants are presented in Table I, we
investigate the mechanical stability of the BL WZ001 ZnX
and CdX materials through the calculation of the in-plane
Young modulus, Ys = (C2

11 − C2
12)/C11, and the Poisson ratio,

ν = C12/C11. If one looks to the elastic constants of the ma-
terials, we find that C11 = C22 > 0, C66 = 1

2 (C11 − C12) > 0,
and C11C22 − C2

12 > 0, for all materials. Thus, accordingly
with the Born criteria [69], we can infer that the WZ001 BLs
ZnX and CdX are mechanically stable.

For the dynamical stability, based on the finite-
displacement approach with supercell sizes of 4 × 4 primitive
unit cells, we have calculated the phonon spectra of BLs
ZnX and CdX . As shown in Figs. 2(a)–2(c) for ZnS, ZnSe,
and ZnTe and Figs. 2(d)–2(f) for CdS, CdSe, and CdTe
the phonon frequencies are all positives, except for a small
imaginary pocket at � for CdTe. This imaginary pocket in
the flexural phonon branch is very sensitive to details in
the calculation and is a common issue in first-principles
calculations for 2D materials, as was already pointed out by
Fal’ko et al. [70]. In this way, our results indicate that those
systems are dynamically stable. These findings are in contrast
with those presented by Zhou et al. [34], where they found
imaginary frequencies in BLs CdX , with X = S, Se, and Te.
Here, it is worth noting that imaginary frequencies can be
found in phonon calculations using (small) 2 × 2 and 3 × 3
supercells (see Fig. S8 in Ref. [60]).

The thermal stability of these BL systems was examined
through ab initio molecular dynamics (AIMD) simulations.
We have considered a simulation temperature of 300 K, with
a time step of 1 fs using a Nosé heating bath scheme,[59]
and a 4 × 4 surface supercell containing 16 formula units
to minimize the constraint induced by the periodicity. The
results of the variations of the total potential energy with
respect to the simulation time and snapshots of the last con-
figurations are presented in Figs. 3(a)–3(c) and 3(d)–3(f) for
ZnX and CdX (with X = S, Se, and Te), respectively. As
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FIG. 3. Energy fluctuation curves for BLs: (a) ZnS, (b) ZnSe,
(c) ZnTe, (d) CdS, (e) CdSe, and (f) CdTe. The temperature of the
AIMD was set to 300 K. The insets show snapshots of the crystal
structures at 10 ps (final configurations).

we can observe, the atomic configuration of the BLs remains
nearly unaltered up to 10 ps and no phase transition is ob-
served in the total potential energy. These results demonstrate
that the WZ001 BLs ZnX and CdX , once synthesized, are
stable and can preserve their structural integrity at room
temperature.

TABLE II. Band gap, calculated effective mass of electron/hole
and effective mass ratio (D), for all BLs considered. The band-gap
values are given in eV.

System EHSE06
g m∗

e (m0) m∗
h (m0) D

ZnS 3.994 0.22 −0.96 4.36
ZnSe 2.898 0.17 −0.99 5.82
ZnTe 1.786 0.12 −0.84 7.00
CdS 2.890 0.21 −0.93 4.42
CdSe 2.504 0.18 −0.98 5.44
CdTe 1.886 0.13 −0.91 7.00

2. Electronic properties

Once we have confirmed the mechanical, dynamical, and
thermal stability of the bilayers ZnX and CdX WZ001, we
will investigate the electronic properties of these systems,
focusing on the key features for applications in photocatalytic
water-splitting (WS) processes.

In Figs. 4(a1)–4(a6), we present the electronic band
structures of BLs ZnX and CdX obtained by using hybrid
functional within the HSE06 approach. These systems present
direct band gaps at the � point, which is an advantage (in
WS processes), since the optical transition process will occur
without any loss due to phonons, and thus, increasing the light
absorption rate. We find that the energy band gaps (Eg), pre-
sented in Table II, are (i) proportional to the electronegativity
of the chalcogen atom, and (ii) inversely proportional to the

FIG. 4. [(a1)–(a6)] Band structure for BLs ZnX and CdX with atomic projections. All electronic band structures were aligned with respect
to the vacuum level. [(b1)–(b6)] Top view of the VBM and CBM squared wave functions at � point. [(c1)–(c6)] Side view of the VBM and
CBM squared wave functions at � point.
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FIG. 5. Band edges for ZnX and CdX (X = S, Se, Te) bilay-
ers aligned with respect to the vacuum level. We also present the
reduction/oxidation potential of water as a function of the pH value
(yellow to green region).

equilibrium constant of the BLs ZnX and CdX . Moreover,
except for ZnS, Eg lie within the favorable range of the en-
ergy spectra for visible sunlight absorption, Eg � 3 eV. It
is worth noting that similar values of band gaps were pre-
dicted for other structural phases of ZnX and CdX [34,66],
for instance, Eg of 3.10, 2.97, and 2.90 eV in tetragonal MLs
CdX (X = S, Se, and Te, respectively) [67]. In the same
diagram, the color gradient represents the contribution of each
atom in the composition of the energy bands, revealing that
(i) the chalcogen atoms rule the formation of the valence
band maximum (VBM) states, while (ii) the conduction band
minimum (CBM) is composed by a superposition of the metal
and chalcogen atoms. Further analysis of the squared wave
functions at the � point reveals that the in-plane X -pxy orbitals
play a dominant role in shaping the valence-band maximum
(VBM), extending across the surface layers of ZnX and CdX .
Meanwhile, the conduction-band minimum (CBM) is primar-
ily influenced by the hybridization between the s orbitals
of the metal atoms, as depicted in Figs. 4(b1)–4(b6). This
localized separation of photogenerated electrons (i) and holes
(ii) suggests a reduction in the electron-hole recombination
rate within the WZ001 BLs ZnX and CdX . See Ref. [60] for
details regarding the orbital projections on the electronic band
structure [60].

In addition to the electronic properties discussed above,
it is necessary an appropriate alignment between the band-
edges (CBM and VBM) of the photocatalytic material and
the energy positions of the reduction and oxidation po-
tentials, EH+/H2 and EO2/H2O. The former (latter) should
lie below (above) the CBM (VBM) of the photocatalytic
material [66,71,72]. Moreover, it is worth noting that the
reduction/oxidation potentials are related to the pH of wa-
ter through, EH+/H2 = (−4.44 + pH × 0.059), and EO2/H2O =
(−5.67 + pH × 0.059) in eV [73]. That is, the photocatalysis
process can be tuned by the pH of the chemical environment
[74,75]. For instance, at pH=0, the reduction (oxidation) re-
action will occur with the CBM (VBM) siting above (below)
−4.44 (−5.67) eV with respect to the vacuum level.

Our results for the band edges of the BLs ZnX and CdX ,
and reduction/oxidation potentials as a function of the pH,
indicated by the color gradient in Fig. 5, reveal that all BL

systems ZnX and CdX can exhibit catalytic activity depend-
ing on the pH. For instance, BL ZnSe, which presents an
energy gap (EHSE06

g = 2.9 eV) suitable for sunlight absorption
(�3 eV), appears as a good candidate for WS processes over
a wide range of hydrogen potential. The band edges for ZnX
and CdX considering SOC can be found in Ref. [60], Fig. S3.

The effective mass (m∗) of electrons (e) and holes (h) (m∗
e

and m∗
h , respectively) is an important feature that plays an

important role on the efficiency of photocatalyst materials.
Lower values of m∗

e and m∗
h not only decrease the e-h recombi-

nation rate, but also will improve the charge transfer process
to the reactive sites. Our results of m∗

e and m∗
h , summarized

in Table II, were obtained via quadratic fitting to the VBM
and CBM at the � point of the BLs ZnX and CdX [76].
We find that m∗

e is proportional to the electronegativity of
the chalcogen atom, and inversely proportional to the equi-
librium constant. We found m∗

e between 0.12 and 0.22. In
Ref. [77], the authors obtained m∗

e = 0.16, 0.11, and 0.08, for
ZnX monolayer with X = S, Se, and Te. The reduced energy
dispersion of the VBM results in larger values of hole effective
masses in comparison with those obtained for electrons, me.
We found mh ranged between 0.84 and 0.99, Table II. In
addition to the lower values of m∗, different values of the
charge-carrier mobilities is an important feature in order to
reduce the electron-hole recombination rate. Such a difference
can be quantified by the ratio between the absolute values of
the effective masses [71,76,78],

D = |m∗
h|

|m∗
e |

. (1)

Our results of D are summarized in Table II. A higher value
of the relative ratio of the effective masses (D), indicates a
large difference in the electron-hole mobility and thus reduces
the recombination rate of electron-hole pairs. As we can see
all ZnX and CdX BLs manifest higher values of D, between
4 and 7, which are comparable to other known photocatalysts
[78]. Hence, we can infer that all BLs ZnX and CdX have
lower electron-hole recombination rates, which enhances the
photocatalytic water splitting efficiency.

3. Strain effects

Further control of the electronic properties of the 2D ZnX
and CdX systems can be achieved through external mechani-
cal strain. For instance, the metal-semiconductor transition in
ML CdSe, and the tuning of the energy band gap in hexag-
onal ML CdS, and tetragonal CdX (with X = S, Se, and Te)
[67,68,79].

Focusing on the key electronic features of BLs ZnX and
CdX applied to the WS processes, we investigate the strain
effects in the energy band gap (Eg); energy positions of the
band edges of ZnX and CdX with respect to the redox poten-
tials, EH+/H2 and EO2/H2O; and the electron and hole effective
masses (m∗

e and m∗
h). Our findings are summarized in Fig. 6.

As shown in Fig. 6(a), the energy gaps of BLs ZnX (with
X = Se and Te) and CdX BLs (with X = S, Se, and Te)
are suitable for visible light absorption, in general, charac-
terized by a redshift (blueshift) upon tensile (compressive)
strain, where the band edges present an energy downshift for
ε = −5% → +5%; with the CBM (VBM) crossing the pH
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FIG. 6. For all ZnX and CdX investigated as a function of the strain: (a) variation of the electronic band gap. (b) VBM and CBM values
aligned with respect to the vacuum level. The reduction/oxidation potential of water with respect to the pH value is also shown. (c) The
DFT-calculated, effective mass of electron (m∗

e )/hole (m∗
h) and the ratio (m∗

h/m∗
e ).

dependent reduction (oxidation) energy window for X = S,
Se and Te (X = Te), Fig. 6(b). BL ZnTe is an exception, for
ε between 2% and 6%. These results allow us to adjust the
most suitable combination of strain and pH of the chemical
environment for the water-splitting process. For instance, let
us consider the BL ZnSe. The redox process will occur in
ZnSe at the violet absorption spectra for ε between −5%
and 0 (compressive strain) almost independently of the pH
condition. Meanwhile, for ε about +2% (tensile strain), the
absorption spectra lie in the blue-green region; however, the
reduction process will be constrained to occur only for pH
→ 0. For ε = +5%, the reduction process will stop since we
find the CBM lying below the lower limit of the reduction
potential, i.e., EH+/H2 for pH=0.

Once we have examined the strain effects on the band gap
and band edges, we next examined the effect of mechanical
strain on the electron and hole effective masses, m∗

e , and m∗
h .

As shown in Fig. 6(c), we find that m∗
e is practically insensitive

to the mechanical strain, while mh changes by about 100% and
50% in BLs ZnS and CdS in comparison with the unstrained
BLs, respectively. In ZnSe (CdSe) mh reduces (increases) by
less than 40% upon tensile strain, whereas in ZnTe and CdTe
there is a slight increase of mh for ε → +5 %. These findings
indicate that the changes in the hole effective mass mediated
by the mechanical strain are mostly dictated by the chalcogen
atoms. This is consistent with the predominant contribution
of in-plane chalcogen-pxy orbitals to the valence band edge
states at the � point, as shown in Ref. [60], Figs. S9 and
S10.

In the same diagram, we present the effective mass ratio,
D = m∗

e/m∗
h , as a function of strain. We found that in ZnS

and ZnSe BLs such an effective mass ratio is characterized
by an essentially parabolic shape with the minimum (maxi-
mum) value of D in absolute values for ε = 0 (2%) in BL
ZnS (ZnSe). In contrast, in CdX (X = S, Se, Te) and ZnTe
BLs present a monotonic increase of D (in absolute values)
upon tensile strain (ε > 0) up to 5%, which contributes to the
reduction of the electron-hole recombination rate. We believe

that these findings (summarized in Fig. 6) provide useful in-
formations to guide the design of photocatalytic devices based
on BLs WZ001 ZnX and CdX .

4. Optical properties

In addition to the key structural and electronic proper-
ties discussed above, in photocatalytic processes, the features
of the optical absorption and excitons’ binding energies are
important issues that deserve to be examined. The optical
absorption spectra are determined by the imaginary part of
the macroscopic dielectric function (ε2). In this study, ε2 was
calculated by using two different approaches, GW -RPA and
-BSE (as described in the Sec. II), which will allow us to infer
the role played by the e-h interaction (bound exciton states) in
the absorption spectra.

In Fig. 7, we present the optical absorption spectra obtained
by using GW-RPA and -BSE, indicated by the shaded regions
and solid lines, respectively. Our findings clearly show that
the e-h interactions significantly impact the optical absorption
spectra of BLs ZnX and CdX , characterized by not only a red-
shift of the absorption edges [80] but also significant changes
on the spectrum features. For instance, there is a noticeable
and significant increase in the absorption intensity, as shown
by the calculated oscillator strength (indicated by the solid
purple lines in Fig. 7). It is worth noting that, with the excep-
tion of ZnS, all the other BLs ZnX and CdX present strong
light absorption in the visible region, Fig. 7. In the BL ZnS,
we find the first absorption peak at 3.94 eV in the GW-BSE
calculation, which corresponds to the UV region. Meanwhile,
the first absorption peak of the other BLs lies in the visible
region, namely between 1.86 eV (BL CdTe) to 3.09 eV (BL
ZnSe). These results demonstrate the potential of these 2D
materials for various optical, photovoltaic, and photocatalytic
applications. In Table III, we present the energies of the first
absorption peaks, EGW -RPA, EGW -BSE, and the exciton biding
energy (Eb), here defined as Eb = EGW -RPA − EGW -BSE [81].
In general, due to the reduced screening, the exciton binding
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FIG. 7. Imaginary part of the dielectric function calculated with
GW -RPA and GW -BSE of the pristine. The black dashed lines in-
dicate GW band gap, the purple vertical lines indicate the oscillator
strength and ε show the first exciton (EGW -BSE).

energies in 2D systems are larger than that of their 3D coun-
terparts [82].

Our results of Eb are comparable with the ones of other 2D
materials with the presence of chalcogen atoms. For instance,
we found Eb = 0.80 and 0.95 eV, for X = S, BLs ZnS and
CdS, which are close to those predicted for a single layer
MoS2 (Eb = 0.96 eV) [81] and MLs GeSe and SnTe (Eb

of 0.88 and 0.95 eV, respectively) [83]. In addition to the
dimensionality issues (e.g., 3D versus 2D), the width of the
electronic band gap also contributes to the screening effects;
in the BLs ZnX and CdX , the band gap is dictated by the elec-
tronegatity of the chalcogen atom. That is, there is a reduction
of the band gap for X = S → Te, leading to an increase of the
electronic screening[84], and thus a reduction of the exciton
binding energy. Indeed, in ZnX (CdX ), Eb reduces from 0.80
(0.96) to 0.30 eV (0.34 eV) for X = S and Te, respectively. In
particular, the exciton binding energies in BLs ZnS and CdS
are comparable with those recently predicted for Janus MLs
Ga2STe and Gs2SeTe, promising materials for photocatalysis
[85].

TABLE III. Energies(GW -RPA and GW -BSE) and binding ener-
gies (in eV) of the first excitonic peak of the pristine BLs ZnX and
CdX .

System EGW -RPA(eV) EGW -BSE (eV) Eb(eV)

ZnS 4.74 3.94 0.80
ZnSe 3.68 3.08 0.59
ZnTe 2.98 2.68 0.30
CdS 3.33 2.37 0.95
CdSe 2.65 1.82 0.82
CdTe 2.20 1.86 0.33

B. ZnTe/CdS vdW heterostructure

In photocatalyst processes, the electron-hole separation
reduces the electron-hole recombination rate. Such a electron-
hole separation takes place in Janus materials, mediated by
an intrinsic electric field parallel to the stacking direction. In
the ZnX and CdX BLs, such an electron-hole separation can
be done by a suitable band alignment in vdW heterostruc-
tures. Here, we will focus on the ZnTe/CdS heterostructure,
however, given the similarities in electronic properties among
these materials, the results/analysis obtained/presented in
this study can be extended to the other ZnX/CdX vdW het-
erostructures.

1. Structural and electronic properties

In Fig. 1(c), we present the structural model of ZnTe/CdS.
The isolated BLs ZnTe and CdS present a lattice mismatch
of ∼ 0.7%. In our calculations, we let the materials fully
relax, i.e., atoms and lattice, resulting in minimal lattice mis-
match and strain at the interface, about −0.5% for ZnTe
and +0.2% for CdS. The energetic stability of the het-
erostructure was verified by the calculation of the interface
binding energy, defined as the total energy difference between
the final system, ZnTe/CdS heterostructure, and the sum of
the total energies of the separated components, BLs ZnTe
and ZnS, �E = E [ZnTe/CdS] − E [ZnTe] − E [CdS]. We
found �E = −18.34 meV/Å2 (�E = −36.47 meV/Atom),
which is comparable with other 2D vdW heterostructures,
like bilayer graphene (�E = −50 meV/Atom), and black
phosphorus/graphene vdW heterostructure (−60 meV/Atom)
[86]. At the equilibrium geometry, the vertical buckling of the
BLs are preserved, and we find an interlayer distance of 3.56
Å suggesting the absence of interlayer chemical bonds.

The electronic band structure of the ZnTe/CdS heterostruc-
ture, at the equilibrium geometry, and the spatial localization
of the valence-band maximum (VBM) and conduction-band
minimum (CBM) at the � point are shown in Figs. 8(a3)
and 8(b3), respectively. It is noticeable that the band struc-
ture of the heterostructure is practically a superposition of
the energy bands of the separated BLs, namely, ZnTe and
CdS, Figs. 4(a3) and 4(a4), respectively. Additionally, the
band edge diagram, shown Fig. 5, suggests that ZnTe/CdS
heterostructure will exhibit a type-I band alignment, with a
sizable valence band offset (VBO) of ∼ 0.97 eV, and a small
conduction band offset (CBO) of roughly 0.06 eV in Fig. 5.
Indeed, this is what extract from the projected energy bands,
Fig. 8(a3), namely, a type-I band alignment, with (i) the VBM
and CBM localized in the BL ZnTe, (ii) VBO and CBO of 0.89
and 0.16 eV, and (iii) band gap of 1.89 eV, as schematically
shown in Fig. 8(c3). Here, such a reduction (increase) of VBO
(CBO) of about 0.1 eV, in comparison with the separated
systems, can be attributed to the emergence of an electric
dipole at the ZnTe/CdS interface.

2. Strain effects

As we have demonstrated previously, external strain can
be used to tune the energy band gap, band edge positions,
and the effective masses of BLs ZnX and CdX , Fig. 6. In this
sense, our results of the evolution of the VBM and CBM, as a
function of the external strain [Fig. 6(b)], allow us to infer that
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FIG. 8. As a function of the strain, for ZnTe/CdS heterostructure [(a1)–(a5] Band structures projected in their respective CdS and ZnTe
layers with 0%, ±2%, and ±5% of strain. [(b1)–(b5)] Spatial localization of the valence-band maximum (VBM) and conduction-band
minimum (CBM) at the � point. [(c1)–(c5)] Schematic representations of the band offsets (aligned with respect to the vacuum level) and
the band gaps. We also present the reduction/oxidation potential of water with respect to the pH value.

in ZnTe/CdS heterostructures can present a strain-tuneable
type-I ↔ type-II band alignment, namely, type-I band offset
at the equilibrium and upon tensile strain (ε � 0), and type-II
band offset for ε < 0, compressive strain. Indeed, this is what
we find in the orbital projected electronic band structure of the
ZnTe/CdS heterostructure [Figs. 8(a) and 8(b)], i.e., type-II
band offset upon compressive strains of ε = −5% and −2%,
and type-I band offset at the equilibrium geometry (ε = 0),
and for tensile strains of ε = +2% and +5%.

In Fig. 8(c), we show a schematic representation of the
band offsets and the band gaps, of the ZnTe/CdS heterostruc-
ture, as a function of the strain. At the equilibrium geometry,
ε = 0, the band edges lie on the ZnTe layer, type-I band offset,
with the absorption spectra in the visible range. In this case,
the oxidation and reduction processes will take place on the
ZnTe side. On the other hand, it is noteworthy the emergence
of type-II band offset upon slight compression of ZnTe/CdS
heterostructure, giving rise to important features for the WS
process. For instance, for ε = −2% [Fig. 8(c2)], the type-II

band alignment leads to electron-hole separation, where the
oxidation and reduction reactions will occur on the different
sides of the heterostructure, namely, oxidation/reduction on
the ZnTe/CdS sides. Additionally, the energy positions of the
VBM/CBM of ZnTe/CdS with respect to EO2/H2O/EH+/H2

reveal that the oxidation will take place in a slightly alkaline
environment, while the reduction process is not pH-restricted
in the ZnTe/CdS heterostructures.

Finally, we examine the optical absorption spectra of
ZnTe/CdS as a function of mechanical strain to provide a
complete picture of the applicability of the ZnTe/CdS het-
erostructure as a potential material for photocatalysis. The
absorption spectra of the ZnTe/CdS heterostructure, under
different stress/strain conditions, are illustrated in Fig. 9(a).
The spectrum without strain [ε = 0, Fig. 9(a2)] exhibits a
peak at around 2.5 eV, which is close to the first absorption
peak of the BL ZnTe, 2.6 eV. The real space exciton wave
function (WF) shows that it is located solely in the ZnTe
material [Fig. 9(b2)], which is a consequence of the type-I
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FIG. 9. Imaginary part of the dielectric function calculated with GW -RPA and GW -BSE of the bilayer CdS-ZnTe. The black dashed lines
indicate GW band gap, the purple vertical lines are the oscillator strength and ε show the first exciton (EGW -BSE). Normalized squared exciton
wave function calculated using GW -BSE. The hole is located in the ZnTe layer. Bilayer ZnTe(l1) and CdS(l2) for (a) −2%, (b) 0%, and (c) 2%.

band offset, Fig. 8(c3). Upon a tensile strain of 2%, there are
important changes in the absorption feature, followed by a
modest red shift of the first exciton absorption peak, and the
exciton WF remains located in the ZnTe material, Figs. 9(a3)
and 9(b3). On the other hand, when a compressive strain
of 2% is applied, the material’s band alignment is changed,
type-I → type-II [Fig. 8(c2)], as a result, the first absorption
peak is redshifted to 1.1 eV [Fig. 9(a1)], and the exciton WF
spreads out in both materials, as depicted in Fig. 9(b1).

In Table IV, we present the energies of the first absorption
peak, EGW -RPA and EGW -BSE, and the respective exciton bind-
ing energy, Eb. It is noticeable that (i) the energy position of
the first optical absorption peak increases upon tensile strain,
for instance, EGW -BSE = 1.11 → 2.51 eV, for ε = −2 % →
+2 %, as well as (ii) the exciton binding energy, Eb = 0.47
→ 0.76 eV, and (iii) the energy position of the bands edges

TABLE IV. Energies(GW -RPA and GW -BSE) and binding ener-
gies (in eV) of the first excitonic peak, with application of the strain
in the CdS/ZnTe heterostructure.

Strain EGW -RPA(eV) EGW -BSE (eV) Eb(eV)

−2% 1.58 1.11 0.47
0% 3.06 2.55 0.51
2% 3.27 2.51 0.75

(VBM and CBM) with respect to the vacuum level [Fig. 8(c)].
At the equilibrium geometry (ε = 0), we found Eb =0.51 eV,
with the exciton WF localized in the ZnTe BL [Fig. 9(b2)],
which is larger than the one obtained for the isolated ZnTe BL,
0.30 eV in Table III. The enhanced exciton binding energy in
the ZnTe/CdS vdW heterostructure can be attributed to the
significant enlargement of the energy gap that occurs upon
the formation of the heterostructure. This gap increase, which
is greater than the sum of the individual band gaps of the
constituent layers, is a consequence of the interaction between
the distinct layers within the system (see Fig. S7 in Ref. [60]).
However, in addition to that, we can infer that the binding
energies of the edge-states also contribute to the increase of
Eb; as shown in Figs. 8(c2) → 8(c4), the binding energies of
the VBM and CBM increases for ε = −2 % → +2 %.

IV. SUMMARY AND CONCLUSIONS

We have carried out a theoretical investigation of bi-
layer systems ZnX and CdX (with X = S, Se, and Te),
and their counterpart ZnTe/CdX vdW heterostructure us-
ing first-principles DFT calculations. We have focused on
the applications in photocatalysis, particularly in the water-
splitting process. Our findings reveal that, indeed, BLs ZnX
and CdX (with X = S, Se, and Te), with an exception for ZnS,
and the combinations of these systems like ZnTe/CdS vdW
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heterostructures present promising photocatalytic properties
for the water-splitting process.

In contrast to earlier works, we find that both BLs ZnX
and CdX are dynamically and structurally stable. Electronic
structure calculations revealed that the BLs ZnX and CdX are
characterized by direct band gap (at the � point), primarily lies
within the visible spectrum of the sunlight (with an exception
for ZnS). Moreover, we find the band edges (VBM/CBM of
the BLs) lying below/above the oxidation/reduction poten-
tials (EO2/H2O/EH+/H2 ) depending on the environment’s pH.
The effects of mechanical strain on the electronic properties
of the BLs have been thoroughly investigated, revealing an
impressive tunability of the band gap, energy position of
the band edges, and the ratio (D) of the electron and hole
effective masses. The calculated optical absorption spectra
reveal that the BLs ZnX and CdX , with an exception of ZnS,
absorb in the visible region. In consonance with previous
works, we confirm that the reduced screening effect in 2D
systems leads to higher values of exciton binding energies
Eb. For instance, we found Eb between 0.30 and 0.96 eV
for BLs ZnTe and CdS, respectively. Finally, based on the
knowledge acquired in the BL systems, we have proposed
vdW heterostructures through a combination of BLs ZnX and

CdX . As a case study, we have considered the ZnTe/CdS vdW
heterostructure.

The ZnTe/CdS heterostructure presents a band gap within
the visible sunlight spectra; and band edges are located in the
BL ZnTe, type-I band offset. Consequently, the oxidation and
reduction reactions will take place on the ZnSe side. Upon
compressive strain, we found the emergence of the type-II
band alignment, resulting in (i) electron-hole separations, and
(ii) oxidation/reduction reactions taking place at the different
sides, i.e., ZnTe/CdS. Further optical absorption calculations
confirm the emergence of absorption features within the vis-
ible range of sunlight, with an important contribution from
electron-hole bound states, characterized by exciton binding
energies between 0.47 and 0.76 eV for ε = −2 → +2%.
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