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We investigate the impact of crystal alignment on excitonic behavior in WSez/MoSz van der
Waals heterostructures by comparing eclipsed (AA) and staggered (AB) stacking configurations.
Our first-principles and symmetry-based analysis reveal that interlayer stacking symmetry plays a
central role in determining the nature of electron-hole pairs. We uncover a rich variety of excitonic
states, including spatially confined two-dimensional (2D) excitons, delocalized three-dimensional
(3D) excitons, and charge-transfer (CT) excitons with interlayer character. The dimensionality and
optical activity of these excitons are governed by the interplay among orbital character, interlayer
hybridization, and symmetry-imposed selection rules. Our findings establish general principles for
engineering excitonic properties in van der Waals heterostructures through controlled layer orienta-

tion and stacking order.

I. INTRODUCTION

Two-dimensional (2D) semiconducting materials made
of transition metal dichalcogenides (TMDs) have recently
gained popularity due to their intriguing physical and
chemical properties, which hold promise for the next gen-
eration of optoelectronic, photonic, and energy conver-
sion devices.! 6

Among others, monolayers WSe, and MoSy are two
important members of these materials, composed of a
hexagonal sheet of transition metal atoms (Mo, W) sand-
wiched between two sheets of chalcogen atoms (S, Se),
which are held together by covalent bonds. The category
of these two 2D materials fabricated by means of mechan-
ical exfoliation, are finite band gap materials exhibiting
direct fundamental gaps spanning the visible to near-
infrared (NIR) spectrum. This characteristics enables
efficient light-matter interaction” and opens a large av-
enue for applications in photodetectors,®? light-emitting
diodes (LEDs),!%!2 and photovoltaic devices.!®!* The
strong excitonic effects observed in these materials fur-
ther enhance their optical performance, making them
ideal candidates for nanoscale optoelectronic devices.!®

A critical trait of TMDs monolayers is that their elec-
tronic and optical properties are valley-dependent, a con-
sequence of strong spin-orbit coupling and broken inver-
sion symmetry.'%17 The development of valleytronics, an
emerging discipline that exploits the degree of freedom
of valleys for information processing and storage,'®2° is
made possible by the presence of distinct valleys at the
K and K’ points of the Brillouin zone.

The electronic properties of TMDs monolayers can be
engineered by creating heterostructures through stacking

different monolayers. These heterostructures are kept
together by weak van der Waals (vdW) forces, allow-
ing for precise control over layer composition, stacking
orientation, and interlayer coupling.’?"?? A particularly
intriguing configuration is the type-II band alignment,
where the conduction band minimum (CB) of one mate-
rial aligns with the valence band maximum (VB) of the
adjacent layer. This staggered energy level arrangement
enables the spatial separation of photoexcited charge car-
riers, making type-II heterojunctions worth using in pho-
tovoltaics, photodetectors, and photocatalysis.?3:24
TMD heterostructures also exhibit efficient exciton dis-
sociation and charge transfer processes, which are cru-
cial to the performance of optoelectronic devices. These
structures exploit the tunability of interlayer excitons,
in which electrons and holes reside in distinct layers,
resulting in prolonged excitonic radiative lifetime and
consequently higher device efficiency.?>2¢ For instance,
WSes/MoSs and WSs/MoSes heterostructures have
shown extraordinary performance in charge carrier sepa-
ration and energy conversion applications.'®2714:27 Due
to the presence of type-II band alignment and tailored
vdW interactions, these systems were able to produce
photocurrent and harvest energy more effectively.?®:29

Going beyond optoelectronic applications, TMD het-
erostructures are emerging as promising platforms for
quantum technologies. Twisting adjacent TMD layers
to form moiré superlattices enables the emergence of flat
electronic bands, which host correlated phenomena such
as Mott insulating states and superconductivity.?%3! The
Moiré potential landscape that results offers a highly tun-
able platform for the investigation of strong electronic
correlations and quantum phase transitions, thereby em-
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phasizing their potential to advance both fundamen-
tal quantum science and device engineering. Moreover,
the integration of TMD heterostructures with other 2D
materials, such as graphene and hexagonal boron ni-
tride (hBN), broadens their portfolios for device layouts.
Graphene, with its high electrical conductivity and flex-
ibility, functions as an ideal electrode material, while
hBN provides an atomically smooth insulating layer with
minimal charge traps.?? These hybrid systems enabled
the building of innovative devices, such as tunneling
transistors, vertical heterojunction diodes, and flexible
electronics.®3

In this work, we investigate the optoelectronic prop-
erties of WSey/MoS, bilayer van der Waals (vdW) pe-
riodic heterojunctions, focusing on the three stackings
that correspond to local energy minima in R-type Moiré
patterns.?? Using a highly precise, state-of-the-art ab ini-
tio many-body approach, we analyze the spectra in detail
and demonstrate that the nature and dimensionality of
excitons in these heterojunctions can be systematically
controlled. Our findings reveal the significant impact of
stacking configurations on the optical excitations at the
absorption onset. By systematically varying the arrange-
ment of the WSey and MoS, layers, we identify three dis-
tinct types of electron-hole pairs of two-dimensional (2D)
intralayer excitons, three-dimensional (3D) interlayer ex-
citons, and charge-transfer (CT) excitons. We further
discuss their emergence based on symmetry considera-
tions, providing a deeper understanding of the relation-
ship between stacking order and excitonic properties in
vdW heterostructures.

The paper is organized as follows: Section II describes
the computational methods employed in this study. Sec-
tion III presents and discusses our results, and Section
IV summarizes the main conclusions.

II. METHOD

We performed density functional theory (DFT),343%

GW, and Bethe-Salpeter equation (BSE) formalism uti-
lizing the Quantum Espresso®® and Yambo®"3® codes.
This allows for a sufficiently accurate description of both
the ground-state (DFT), one-particle excitation energies
(GW), and two-particle excitonic excitations as observed
in optical experiments (BSE).

We first calculated the ground-state properties uti-
lizing DFT,?*3% with norm-conserving pseudopoten-
tials and a plane-wave basis set. The ionic poten-
tial was modeled using Optimized Norm-Conserving
Vanderbilt (ONCV) pseudopotentials.>® The exchange-
correlation effects were treated within the generalized
gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof (PBE) functional,®® supplemented by the
vdW-D3 correction! to account for long-range van der
Waals interactions between monolayers. Spin-orbit cou-
pling was included in all calculations, and the sp semi-
core states of the transition metal atoms were explicitly

treated as valence electrons.'32642 This approach is es-
sential for accurately capturing the exchange contribu-
tion to the self-energy term in GW calculations.

For all systems, we adopted a plane-wave energy cutoff
of 70 Rydberg (Ry) for the electronic wave function ex-
pansion and employed a 12 x 12 x 1 Monkhorst-Pack?3
k-point mesh for Brillouin zone (BZ) sampling. A vac-
uum layer of 27 A was introduced along the out-of-plane
direction to prevent spurious interactions between peri-
odic images.

Structural relaxations were performed until the atomic
forces were reduced below 0.01 eV/A, and the energy
convergence threshold was set to 107° eV. These crite-
ria ensured that the residual stress remained below 0.01
kbar.

Since DFT, in its local and semi-local approxima-
tions, often underestimates band gaps due to its lim-
ited treatment of electron-electron interactions, we em-
ployed the more accurate GW approximation to obtain
reliable quasiparticle energies. Specifically, the GoWj ap-
proach was used to correct the Kohn-Sham eigenvalues
by solving the Dyson equation,** 7 thereby renormal-
izing the band gaps to values in better agreement with
experimental measurements. The quasiparticle (QP) en-
ergies (single-particle excitation energies) were computed
within the GoW, by using the linearized quasiparticle
equation:*®
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The Green functions, G, are constructed using the
DFT eigenfunctions, gankS , and their corresponding eigen-
values, €,x. The dynamical screening effects in the self-
energy, W, are treated within the generalized plasmon-
pole model.*? In the GW self-energy calculations, cutoff
energies of 70 Ry and 12 Ry are applied for the exchange
and correlation components, respectively, and up to 350
empty states are included in the summation over unoc-
cupied states. A uniform k-point grid of 27 x 27 x 1
is utilized for both monolayers and bilayer heterostruc-
tures to ensure accurate BZ sampling. BZ sampling. To
avoid numerical divergence of the coulomb potential at
small q which creates convergence problems in the QP
corrections of 2D semiconductors, we used the so-called
Random Integration Method.*®



Starting from the Kohn-Sham wave functions and the
quasiparticle energies, the absorption spectra are cal-
culated on the level of Bethe-Salpeter equation (BSE)
formalism:6:47:50,51
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(4)

where Avck, Q% and K,.j, are the expansion coefficients

of the excitons in electron-hole basis, the eigenenergies,
and the kernel of the BSE, respectively .

Here, the excitonic Hamiltonian is constructed in the
basis of electron-hole pairs, accounting for direct exci-
tations at a given momentum k from a valence band
state with quasiparticle energy F,(k) to a conduction
band state with quasiparticle energy E.(k). The in-
teraction kernel, K.p, incorporates both the repulsive
unscreened exchange interaction (V') and the attractive
screened Coulomb interaction (W) between electron-hole
states. These interactions can give rise to discrete exci-
tonic states below the onset of the quasiparticle contin-
uum. In the absence of electron-hole interactions i.e.,
when the interaction kernel K.; is neglected, the opti-
cal excitations reduce to independent electron-hole pair
transitions. In this case, the optical response of the sys-
tem is governed by single-particle interband transitions
without excitonic effects.

The optical absorption spectrum is given by the imag-
inary part of the dielectric function, e(w), and can be
calculated as
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where p,,,, are defined as*®

prm (K, @, G) = (nk|e T T |mk + q) . (6)

The optical transitions are characterized by the dipole
matrix elements, <ck| Di ’vk> , which describe the coupling
between valence and conduction states. The excitonic
states are defined by their excitation energies, Q°, and
corresponding amplitudes, Afck. To achieve convergence
in the solution of the Bethe-Salpeter equation (BSE), cal-
culations were performed on the same k-point grid used
in the GW calculations. The interaction kernel in the
BSE was constructed using six conduction bands and six
valence bands. A Lorentzian broadening of 0.15 eV was
applied to simulate the absorption spectra. In both GW
and BSE calculations, the Coulomb interaction was trun-
cated to eliminate spurious interactions between periodic
images of the layers.?

III. RESULTS AND DISCUSSION
A. Structural properties

WSe; and MoS; monolayers are transition-metal
dichalcogenides (TMDs) made up of two Se (S) layers
and hexagonal planes of W (Mo) atoms covalently bound
to them in a trigonal prismatic coordination. Through
vertical stacking of these two-dimensional crystals, a
vdW structure is created, forming the heterobilayer
WSez/MoSs. Despite rotational alignment during fab-
rication, the small in-plane lattice mismatch (3-4 %) be-
tween WSe, and MoS,, generates Moiré patterns.??°53:54

An atomic model of the R-type Moiré supercell is
depicted in Figure 1(a), which follows the nomencla-
ture of Ref.?? (itself adapted from conventional stack-
ing terminology®®°*) and highlights three local energy-
minimum configurations labeled AA, ABw, and ABge.
In Fig. 1(b), we show the atomic arrangements for these
three local alignments. These arrangements correspond
to the three stable energy-minimized states found in the
heterobilayer, and the interaction between lattice mis-
match and interlayer registry is reflected in the Moiré
supercell geometry. Two local energy-maximum bridge
configurations (Br and Brg) are also accessible. These
intermediate structures are produced through transla-
tion of the MoSy lattice with respect to WSey between
neighboring ABg, sites. The arrangement of local atomic
structures within these stacking configurations leads to a
modification of interlayer forces, resulting in out-of-plane
corrugations and spatially dependent distances between
layers within the heterostructure.?2:%3:54

To model each labeled site in Fig. 1, a 1x1 WSes/MoSs
heterobilayer unit cell was constructed, containing six
atoms. The lattice constant was set to the average of
the monolayer WSey and MoSs lattice parameters, pre-
serving the hexagonal symmetry inherent to the parent
monolayers. The three stable stacking configurations
examined here (AA, ABw, and ABg.) were predicted
theoretically,?? and observed experimentally in samples
grown by chemical vapor deposition (CVD).?2:5° The AA
stacking is constructed by positioning Mo atoms over W
atoms and S atoms in one layer over Se atoms in the layer
beneath with zero degree rotation of WSes with respect
to the MoS, layer. The difference in the local atomic reg-
istry between AA and AB stackings resides in the lateral
alignment of the chalcogen atoms. ABg. (ABw) means
that the hexagonal lattices of the metal atoms in the
two monolayers are stacked in an AB manner with the
Mo (W) atoms in the one layer are covered by chalco-
gen atoms in the other layer. In other words, W atoms
is covered by S atoms in ABge. and Mo atom is covered
by Se atoms in AByw. Consequently, interlayer coupling
would be significantly influenced as we will see later in
the paper.

According to the nomenclature of the previous study,’*
AA is an eclipsed stacking. The AB bernal stacking can
be obtained by simple transformations from AA config-
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FIG. 1. (a) Schematic model of the Moiré pattern on an R-stacked WSez/MoS; heterobilayer. (b) Top and side views of the
atomic models for AA, ABw, and ABs. registries zoomed in on a unit cell of the Moiré pattern.

uration by horizontal layer sliding. AB is staggered with
metal atoms of one layer aligned with chalcogen atoms of
the other layer and can be obtained by shifting the WSes
layer with respect to MoS, layers by a/ V/3, where a is the
lattice parameter. Both AA and AB stacking orders are
of R-type.

We computed the lattice constants, interlayer dis-
tances, and bond lengths for monolayers and bilayers.
The lattice constant of the heterobilayer is approximately
3.23 A, achieved through a 2.7 % in-plane compression
of the monolayer WSey and a 1.5 % expansion of the
monolayer MoSy to enforce commensurability. In the
three stacking configurations, the average Mo-S and W-
Se bond lengths are 2.425 A and 2.528 A, respectively.
These correspond to compressions of about 0.3 % (Mo-
S) and 0.8 % (W-Se) relative to their isolated mono-
layer values. The minor deviations in lattice parameters
and bond lengths from those of the parent monolayers
are consistent with weak interlayer interactions. Our re-
sults align closely with prior theoretical and experimental
studies.?2:56-59

To evaluate the relative stability of the three configura-
tions, we calculated their formation energies. Contribu-
tions from phonons were omitted due to the dominance
of weak vdW interactions,° and zero-point vibrational
effects were assumed negligible.’! The AA stacking con-
figuration exhibits a formation energy of -223 meV /cell,
which is only 0.06 meV and 0.07 meV lower than those of
ABw and ABge, respectively. Although AA stacking is
the most stable configuration, the very small energy dif-
ferences between the three configurations indicate that
they have comparable thermodynamic stability.

The interlayer distance d, which is the distance be-
tween the constituent layers [see Fig. 1(c)], is calculated
to be approximately 3.72 A, 3.15 A, and 3.10 A for AA,
ABw, and ABsge, respectively. This distance is largest

when the S atoms are directly aligned above the Se atoms,
as this is the case in the AA registry. This occurs due to
increased Pauli repulsion between the overlapping elec-
tron clouds localized around these atoms. On the con-
trary, in AB stacking configurations, the interlayer dis-
tance d is reduced due to the alignment of the metal
atoms in one layer with the chalcogen atoms in the adja-
cent layer. This alignment strengthens the electrostatic
attraction, resulting in a reduced separation between the
Se and S atomic layers.

B. Electronic properties

Figure 2 shows the DFT and Gy W band structures for
monolayer WSey and MoS,, and their corresponding het-
erostructures. Consistent with prior studies,?6:42,58,62,63
both WSes and MoSs monolayers exhibit direct band gap
semiconducting behavior at their equilibrium geometries
under DFT and GoW, treatment [see Fig.2 (a)], a di-
rect consequence of inversion symmetry breaking (group
of symmetry Dsj,) inherent to their honeycomb lattice
structures.®” Our mean field theory calculations reveal
fundamental gaps of 1.62 eV (MoS3) and 1.27 eV (WSez)
at K point, with doubly degenerated valence bands pre-
dominantly of localized dg2_,» character. Spin-orbit
(SO) coupling induces a splitting of the valence band
into two uppermost valence bands (VB and VB-1), with
energy separations of 457 meV in WSe; and 147 meV in
MoS,, consistent with prior theoretical and experimental
reports.12:58:59:64-67 Nany-hody GoWj corrections sub-
stantially increase these fundamental gaps to 2.72 eV
and 2.17 eV, respectively, showing excellent consistency
with established theoretical references.?6:42:64:65,67.68 Dyjg
crepancies with values available in the literature likely
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FIG. 2.

(Color online) Band structures calculated DFT (GGA, thin dashed lines) and the GoW, approximation (thick solid

lines). Top panel: Monolayer MoS: (left) and monolayer WSez (right). From left to right in the bottom panel: AA, ABw, and

ABsge stacked WSez/MoS» heterobilayers.

originate from variations in computational parameters,
particularly exchange-correlation functional implementa-
tions and unit cell optimizations.

For heterobilayers [Fig. 2(b)], DFT calculations reveal
direct band gaps at the K point, with twofold degen-
erate valence band. The computed band gaps are 0.33
eV (AA), 0.35 eV (ABw), and 0.45 eV (ABg.), in agree-
ment with existing literature.5>:56 Crucially, the bandgap
tunability with stacking order suggests a pathway to tai-
lor electronic properties via layer arrangement. Near the
K-point, hybridization effects dominate the band edges,
driven by the d orbital contributions of the metal atoms:
the valence band arises from hybridization of W 5d,2_,
and 5ds,2_,2 orbitals, while the conduction band is pre-
dominantly derived from Mo 4d3,2_,2 orbitals. To model
the local configurations, we employed 1 x 1 WSes/MoSs
unit cells with a fixed in-plane lattice constant of 3.23 A,
corresponding to the average of the unstrained mono-
layer lattice parameters. In this configuration, the MoS,
layer experiences tensile strain, while the WSes layer is

under compressive strain. Although the influence of this
strain on the interlayer interactions is expected to be mi-
nor, we assessed its effect by comparing the electronic
band structures of unstrained and strained monolayers.
Our calculations indicate that the band gap of mono-
layer WSes increases by approximately 3 %, while the
band gap of monolayer MoSsy decreases by about 7 %.

Interlayer vdW interactions in WSey/MoSs heterobi-
layers yield a type-II band alignment, wherein the va-
lence band and the conduction band are localized on
distinct monolayers. This spatial separation of charge
carriers generates momentum-direct charge-transfer ex-
citons, with holes confined to WSey; and electrons to
MoSs. Such a mechanism profoundly influences optical
properties and presents compelling opportunities for op-
toelectronic applications, including excitonic devices and
light-harvesting systems. At the DFT level, heterobi-
layer band gaps are typically smaller than those of the
individual monolayers due to interlayer interactions and
orbital hybridization between the two layers. Specifically,
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(Color online) Left: Optical absorption spectra of WSe2 and MoS; single layers, given by the absorbance. QP band

gaps are marked with vertical dashed lines, and the labels indicate the peaks associated with the A and B excitons. Middle:
Side view and top view of exciton A charge density. Right: Reciprocal-space distribution of the exciton A. The sizes of the red

patches are indicative of the weights of the involved QP states.

the ds,2_,2 orbitals of W and Mo atoms overlap across
the layers, modifying the band structure through inter-
layer coupling. These d orbitals are more localized than s
and p orbitals and often exhibit strong electron-electron
repulsion, leading to huge electronic correlation effects.
Standard DFT, especially with local or semi-local func-
tionals such as GGA, often struggles to capture these
correlation effects accurately, particularly for the local-
ized d electrons. Consequently, DFT may not account
for the strong Coulomb interactions within the d orbitals,
which reduces the energy difference between the valence
5d bands and the conduction 4d bands, thereby leading
to a smaller fundamental band gap in the bilayer system
compared to the parent monolayers.

Moreover, accounting for electron-electron interactions
through a GoW, calculation significantly enhances the
band gap by over 80%. This result aligns closely with
prior theoretical studies.®® Interestingly, the AA stack-
ing configuration retains its direct band gap character
at K, while AB stackings transition to indirect band
gap materials upon the inclusion of electron-electron self-
energy. The origin of this difference is the interlayer in-
teraction. While the CB remains at the K point, the

VB shifts from K to I'. This shift can explained by the
differences in the effective mass of the charge carriers at
these hight-symmetry points. The electron-electron in-
teractions modify the effective mass, which affects the
energy dispersion near the band edges. In AB stacking
configurations, the effective mass at the I' point would
be lighter compared to K point making it energetically
favorable for the VB to relocate, resulting in an indirect
band gap in the AB stacking configuration. The AA reg-
istry is predicted to exhibit a direct band gap of 2.40
eV, highlighting its potential for optoelectronic applica-
tions due to its suitability as an efficient light emitter.
For ABw and ABge registries, direct band gaps of 2.50
eV and 2.70 eV are observed at the K-point, while indi-
rect gaps of 2.44 eV and 2.65 eV are found between the
I" and K points. The small difference between the direct
and indirect band gaps suggests that these materials may
also be promising for optoelectronic applications, as they
remain effective light emitters. The large quasiparticle
corrections to the PBE band gap originates from the en-
hancement of the electron-electron interaction and the
weakening of the screening response in two-dimensional
materials. Such a low screening gives rise to bound ex-



citons with large binding energies. The bilayers possess
the factor group Cjs,, which also lacks inversion symme-
try. This lack of symmetry, combined with SO coupling,
result in valence band splitting. The values are 562 meV,
594 meV, and 600 meV for AA, ABw, and ABge, respec-
tively, demonstrating a marked enhancement compared
to monolayer counterparts. This increased splitting may
arise from interlayer coupling, which introduces an addi-
tional contribution to the SO interaction beyond mono-
layer effects.

C. Optical absorption spectra

In figure 3 are shown the optical absorption spectra of
monolayer WSey (top left panel) and MoSy (bottom left
panel), revealing striking similarities in their low-energy
excitonic features. All systems exhibit a characteristic
double-peak structure at the absorption onset (denoted
as A and B excitons). These spectral features come from
strong interactions between electrons that create tightly
bound excitons, which mainly influence how the material
responds to light. The energy splitting between A and
B excitons reflects spin-orbit coupling (SOC) effects in
the valence band. Monolayer MoSy exhibits a splitting
of 114 meV, while WSe, shows a larger splitting of 183
meV, attributed to the heavier tungsten atom enhancing
SOC. The A (B) exciton is found at 1.76 eV (1.93 eV)
and 1.91 eV (2.03 eV) in MoS; and WSe; monolayers,
respectively, with binding energies of 0.81 eV (A) and
0.61 eV (B) for MoSs, and 0.40 eV (A) and 0.23 eV (B)
for WSes, which values significantly exceeding those in
bulk semiconductors. Our results are in good agreement
with previous calculations®?%? and experiments.”® This
enhancement stems from reduced dielectric screening in
atomically thin layers, which amplifies Coulomb interac-
tions.

The lowest-energy exciton is optically forbidden in
these structures, despite broken inversion symmetry.
While the presence or absence of inversion symmetry
in a crystal fundamentally dictates the optical activity
of excitonic states, additional factors such as spin-orbit
coupling (SOC) and band-edge orbital symmetries de-
termine whether the lowest-energy exciton is optically
active (bright) or inactive (dark). This distinction be-
comes apparent when comparing the excitonic behavior
of these monolayers with that of hexagonal boron nitride
(hBN),™ despite both of which crystallize in the non-
centrosymmetric D3, point group. In hBN, the weak
SOC and m — 7* character of the band edges ensure that
the lowest exciton remains bright, as the dipole-allowed
transition is symmetry-permitted. In contrast, mono-
layer WSes and MoS; exhibit strong SOC, which lifts the
spin degeneracy of both valence and conduction bands,
giving rise to a spin-forbidden exciton that can lie below
the bright A exciton in energy. Despite the lack of in-
version symmetry, which typically permits dipole transi-
tions, the excitonic ground state in monolayer WSes and

MoSs can therefore be dark. These observations drive
home that, while inversion symmetry sets the general op-
tical selection rules, the fine structure of excitonic states
and the relative ordering of bright and dark excitons de-
pend sensitively on SOC strength, orbital hybridization,
and symmetry of the band edges.

In the middle panel of Fig. 3, we plot the squared
magnitude of the real-space wave function for the exciton
corresponding to peak A in monolayer WSes and MoSs,
with the hole localized near a W atom in WSe, and a
Mo atom in MoS,. The spatial profile of this exciton ex-
hibits a nearly circular symmetry, closely resembling the
1s orbital of a 2D hydrogenic system. In both monolay-
ers, the electron density for the exciton in both mate-
rials predominantly localizes on nearest-neighbor metal-
lic atoms adjacent to the hole, reflecting restricted spa-
tial charge separation. This pronounced overlap between
electron and hole wave functions indicates shorter exci-
tonic radiative lifetimes. The electron density profiles ex-
hibit rapid spatial decay, characteristic of tightly bound
electron-hole (e — h) pairs. Notably, the exciton MoSs
displays a more localized charge distribution compared
to its counterpart in WSes, consistent with its highest
binding energy. This trend indicates a direct correla-
tion between binding energy and spatial delocalization:
reduced binding energy corresponds to progressively ex-
tended excitonic wave functions.

As illustrated in the right panel of Fig. 3, this exci-
ton originates from electronic transitions involving the in-
plane d,2_,2 orbital in the VB band and the out-of-plane
d,2 orbital in the CB of the metal atoms. It is impor-
tant to note that the real-space wave function of exciton
B is spatially indistinguishable from that of exciton A.
This equivalence arises from the conservation of spin as
a good quantum number at the K and K’ valleys.'® De-
spite spin-orbit-induced splitting in the valence bands,
the spatial components of the valence band wave func-
tions remain identical across both valleys. Consequently,
peaks A and B, which stem from transitions between the
spin-orbit-split valence bands (VB, VB-1) and the lowest
conduction band (CB) at the K and K’ valleys, respec-
tively, share identical spatial wave functions. Although
these excitons originate from distinct valleys and exhibit
different spin configurations, their spatial structures are
invariant under spin conservation, reflecting the symme-
try imposed by valley-dependent spin selection rules.

Beyond the A and B peaks, the absorption spec-
trum contains contributions from weakly bound electron-
hole pairs. At higher energies, the absorption increases
abruptly, being in accordance with direct band-to-band
transitions, where excitonic effects become negligible.
Subtle variations in peak shapes and spectrum breadth
across materials arise from differences in carrier effective
masses, SOC strength, and dielectric screening mecha-
nisms. Our findings exhibit excellent agreement with
prior experimental and theoretical studies,??26:63:67 vali-
dating the robustness of the observed trends.

We now turn to the excitonic properties of heterobi-



2D

CT

3D

CORERBRBReBHE L COCOC

DO OO OO OO SO OCH X

COOOCCOOOCBOOCOOOOCOO0C
B+ bR RODRDREI+ 4+

COESBERBRINNRIBELLELCCC

XA A K A K K X ot o 9 0 %8 o 9 e ¢ X X A A XA A KX X

FIG. 4.

WWNINININININPNPNININININININININININ
AT ATATATATAY TATATATATATAY,
TATATATATAY T ATATATA

TATATAY TATATAY
YATAY ) AT
YAY ; v Y
Y A

NS
Y N

\S
Y, N

NS
Y N

Y
Y N
YAY Y
YA SPSON
TATLY, YA,
TATATLY TATATA

TATATATATEY.
TATATATATATATETAILAY, TATATATATATAT
A A A A A AV AV A VAV AV AV AV AV AVAVATAY

(A (e, ra )P

(Color online) Side view and top view of exciton of charge densities (side and top view) of the three types of excitons

that can emerge in WSez/MoS; heterobilayer upon different stacking configurations. From left to right: a 2D exciton, where
the electron and hole reside within the same layer; a charge-transfer (CT) exciton, with the electron and hole pinned in different
layers, and 3D exciton where the hole is located in one layer while the electron is distributed across both layers. The hole is
indicated by a black dot, while the electron distribution is depicted by the red isosurface.

layers. In Fig. 4, we display the real-space distributions
of three exciton types found in different stacking config-
uration. The first type is a 2D exciton, with the electron
and the hole settle in the same layer. These excitons can
be further classified into MoSs-like exciton (2D-MoSs)
and WSeg-like exciton (2D-WSez) states in the in-plane
direction. The second type is the charge transfer (CT)
excitons, where the electron and the hole sit on different
layers. The third category is the three-dimensional (3D)
exciton, where the hole is confined to one layer while the
electron is distributed across both layers.

In all cases, the excitonic wave functions exhibit trigo-
nal symmetry, which mirrors the hexagonal lattice sym-
metry of the monolayer. Moreover, their charge distribu-
tions display extended features, indicative of localization
in reciprocal space [see Fig. 5]. The stacking-dependent
structural and electronic properties are reflected in dif-
ferent optical responses. Specifically, the AA and ABge
stacking arrangements accommodate the three exciton
types, whereas the AByw configuration supports only 2D
and CT excitons. These excitonic characteristics are in-
timately linked to the symmetry and atomic registry of
each stacking arrangement. To explain these features,
we analyze the electronic band structures and optical
spectra, emphasizing their interplay with the underlying
atomic geometry.

In the eclipsed AA stacking, all atoms in the two
nonequivalent layers align perfectly, with Mo atoms po-
sitioned directly above W atoms and S atoms directly
above Se atoms. In contrast, the AB staggered stacking
adopts a hollow-site registry, wherein alternating atoms
occupy hollow sites. Specifically, in the ABg, stacking,
Mo and Se atoms are located at hollow positions, whereas

in ABw, W and S atoms occupy these sites [see Fig.
1(b)]. These different lateral registries result in varying
electronic structures [see Fig. 2(b)], which in turn influ-
ence the optical spectra [see Fig. 5]. In the following
discussion, we examine how these structural properties
govern the formation of various e — h pairs.

In Fig. 5 we display the optical spectra (left panel) to-
gether with the band structures (right panel) [see also
Fig. Sl in the Supplemental Material’?]. Our cal-
culations reveal a significant redistribution of oscillator
strength accompanied by a pronounced redshift of the ab-
sorption spectrum. Notably, we observe the emergence of
strong excitonic resonances below the single-particle con-
tinuum onset, along with a large manifold of optically for-
bidden excitonic states below the onset of single-particle
transition continuum

First, we begin by examining the 2D exciton depicted
in Fig. 4 [see also Fig. S2 left panel in the Supplemen-
tal Material™]. This bound electron-hole (e — h) pair is
observed across all three stacking arrangements, mani-
festing as the first bright excitons in each registry. In the
AA configuration, it is non-degenerate and emerges at
an energy of 2.17 eV, with a binding energy of 0.23 meV.
Similar to the A exciton in monolayers, its wave function
envelope is nearly azimuthally symmetric. This exciton
marked in the spectrum of Fig. 5 arises from transitions
between the VB and the CB+3 states near the band ex-
trema at the high-symmetry K point, as shown in Fig. 5
(right panel). Since both the VB and the CB+3 originate
from orbitals localized in the W-based monolayer, hole lo-
calization within this layer confines the electronic charge
density to the same layer, confirming its 2D character
(2D-WSez). In AB stacking configuration, this exciton
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FIG. 5.  (Color online) Left: Optical absorption spectra,
given by the absorbance in AA, ABw and ABg. registries.
The dashed line indicates the direct QP gap. Right: Band
(DFT) contributions to the excitations marked in the spectra
following the nomenclature in Fig. 4. The sizes of the red
patches are indicative of the weights of the involved states.
The 2D exciton of AA stacking exhibits WSes-like character,
whereas those of the AB stacking are of MoS»-like.

is on MoSs layer (2D-MoSs), and due to the symmetry
of the lattice it exhibits a twofold degeneracy. In the
ABg configuration, it emerges at 2.07 eV with a no-
tably high binding energy of 0.58 eV, while in the ABw
configuration, it appears at 2.16 eV with a binding en-
ergy of 0.27 eV. In both cases, these excitons arise from
transitions between the VB-2 and CB/CB+1 states at
the K point. Notice that the electron density associated
with the 2D exciton is primarily localized on the nearest-
neighbor metal atoms adjacent to the hole, resulting in
restricted spatial charge separation and, consequently, re-
duced excitonic radiative lifetimes.

Next, we examine the CT excitons, also depicted in
Fig. 4. These doubly degenerate optically forbidden ex-
citons are also found in all stacking configurations, ap-
pearing as the first exciton in all registries. In AA, the
CT exciton marked in the spectrum of Fig. 4 emerges at
about 2.28 eV. It is twofold degenerate, with a binding

energy of 0.23 eV, and originates from interband transi-
tions between the valence and conduction bands at the
high-symmetry K point. In the spectrum of AByw con-
figuration, the CT exciton observed at 2.16 eV, has a
binding energy of 0.28 eV, and arises from transitions
between the VB and CB near K point. In the ABg,
arrangement, the CT exciton located at 2.27 €V has a
binding energy of 0.38 eV. It originates from transitions
between the VB and the CB/CB+1, and between the
VB and the CB, at the K point. Here, the hole is lo-
calized on the Wdz2? — y? orbitals and the corresponding
electronic wave functions are spread over metallic atoms
belonging to MoSs layer. Further details are provided in
the Supplemental Material.™

The final exciton type, 3D, is found exclusively in AA
and ABg, stacking configurations, appearing as the sec-
ond bright exciton. It is a doubly degenerate exciton
and appears at 2.32 eV with a binding energy of 0.08 eV,
stemming from transitions between the VB and CB+4
states at the high-symmetry K point. This wave func-
tion of this exciton is delocalized over the whole space
and displaying extended features. In ABg, the equiva-
lent exciton appears at 2.44 eV with a binding energy of
0.21 eV. It is also degenerate and originates from tran-
sitions between the VB and CB+4 states in the vicinity
of the K point. Interestingly, this bright exciton demon-
strates pronounced localization, extending over just a few
lattice constants. Interestingly, we observe a characteris-
tic dumbbell-like distribution of electron density around
each W atom in all exciton types. This feature arises
from the d orbitals of individual metallic atoms and per-
sists across all stacking configurations [see Fig. 5 and
Fig. S2 in the Supplemental Material™].

The absence of 3D excitons in the AByw stacking con-
figuration is due to a complex interplay of symmetry
constraints, interlayer hybridization effects, and orbital-
specific interactions. In the ABw registry, where W and
S atoms occupy hollow sites, the resulting potential land-
scape and orbital overlap differ fundamentally from the
ABg, case. The 3D excitons observed in AA and ABg.
stackings originate from transitions to highly delocalized
CB+4 states that require strong interlayer hybridization
of Mo-d and W-d orbitals, a condition that is apparently
not satisfied in ABw due to the more localized nature of
Wh-derived states near the Fermi level. This localization
originates from both the stronger d-orbital confinement
of W atoms and the particular nodal structure of the
electronic wavefunctions in AByy, which restricts charge
delocalization across the heterobilayer. Furthermore, the
ABw band structure exhibits significant renormalization
of higher conduction bands, with CB+4 states either
shifting outside the relevant energy window or becoming
optically forbidden due to registry-dependent selection
rules. This difference with the ABg, stacking configu-
ration highlights how variations in the atomic registry
can dramatically modify the dimensionality of excitonic
states. The absence of 3D excitons in ABw clearly shows
how stacking symmetry can be an effective way to control



excitons in van der Waals heterostructures.

IV. CONCLUSION

To summarize, we have systematically investigated the
excitonic landscape in single-layer WSey/MoSy hetero-
junctions, focusing on the role of different stacking con-
figurations. On the one hand, our analysis reveals that
tightly bound excitons with an interlayer 3D charac-
ter are uniquely present in the AA and ABg, stackings,
where the atomic registry enables strong out-of-plane hy-
bridization via transition-metal d-orbitals (Mo/W) cou-
pling. On the other hand, 2D excitons and interlayer
charge-transfer excitons can be found in all stacking
types, showing that in-plane quantum confinement and
interlayer dipole coupling are strong regardless of differ-
ences in symmetry. These findings highlight the delicate
interplay between structural arrangement and excitonic
properties, providing key tools for engineering van der
Waals heterostructures with tailored electronic and opti-
cal responses.

The flat and commensurate stacking configurations ex-
amined in the present study occur within real materials,
as observed in transition metal dichalcogenides (TMDs)
and their vdW heterostructures.?>™ 7 As a conse-
quence, our results offer important insights into the elec-
tronic and optical properties of such microscopic regions,
which can significantly influence the behavior of the over-
all system. This is particularly relevant in the context
of Moiré crystals, which are distinguished by their com-
plex interlayer arrangements and rotational alignments,
as reported in TMD-based vdW heterojunctions.?? 7390
Our results contribute to a deeper understanding of fun-

10

damental structure-property relationships at the cut-
ting edge of ab initio many-body theory, building on
recent advances in the study of TMD-based vdW het-
erostructures and their emergent phenomena.”” Despite
the fact that these advanced computational methods are
often challenging for modeling superlattices with realis-
tic unit cell sizes due to their substantial computational
demands, they provide us with essential basic data for
constructing model Hamiltonians and semiempirical ap-
proaches capable of addressing these complex systems,
as highlighted in recent studies on TMD-based vdW
heterostructures.”’ ¢ These insights are crucial for ad-
vancing the design and understanding of next-generation
quantum materials and devices based on TMD vdW het-
erostructures heterostructures.®?
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