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Optical properties of heterostructures composed of layered 2D materials, such as transition metal
dichalcogenides (TMDs) and graphene, are broadly explored. Of particular interest are light-induced
energy transfer mechanisms in these materials and their structural roots. Here, we use state-of-the-
art first-principles calculations to study the excitonic composition and the absorption properties of
WSao—graphene heterostructures as a function of interlayer alignment and the local strain resulting
from it. We find that Brillouin zone mismatch and the associated energy level alignment between the
graphene Dirac cone and the TMD bands dictate an interplay between interlayer and intralayer exci-
tons, mixing together in the many-body representation upon the strain-induced symmetry breaking
in the interacting layers. Examining the representative cases of the 0° and 30° interlayer twist
angles, we find that this exciton mixing strongly varies as a function of the relative alignment. We
quantify the effect of these structural modifications on exciton charge separation between the layers
and the associated graphene-induced homogeneous broadening of the absorption resonances. Our
findings provide guidelines for controllable optical excitations upon interface design and shed light
on the importance of many-body effects in the understanding of optical phenomena in complex
heterostructures.
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I. INTRODUCTION

Two-dimensional layered van der Waals heterostruc-
tures have been extensively studied for a wealth of ap-
plications in photophysics. Their structural complex-
ity provides adjustable and designable light-matter fea-
tures, offering the generation of controllable optical states
for application in optoelectronics, light harvesting, and
material-based information science. [IH7]. Of particu-
lar interest are layered heterostructures (HSs) composed
of graphene (Gr) and transition metal dichalcogenides
(TMDs) [8HII]. These interfaces combine the semi-
metallic nature, large charge carrier mobility, and con-
stant infrared optical absorption of Gr [I2HI7] with the
semiconducting nature of TMDs, characterized by strong
exciton binding and significant spin-orbit coupling [I8-
23]. Reflectance contrast measurements in these inter-
faces show line broadening [9] that can be assigned to
charge transfer processes between the coupled layers [24-
27]. Recent time-resolved angle-resolved photoemission
spectroscopy (tr-ARPES) studies further suggest a re-
lation between interlayer coupling and reciprocal-space
spreading of the optical transitions [28]. These processes
are particularly affected by intrinsic atomic reconstruc-
tion upon interlayer twisting [29] [30].

From a theoretical point of view, Gr-TMD HSs serve
as a fascinating test case to establish a direct relation be-
tween the intrinsic structural disorder induced by layer
stacking, which is sensitive to interlayer alignment, and
the observed optical signature and spectral broadening.
The presence of the Gr Dirac cone within the TMD band
gap [3TH33] opens pathways to the tunability of the elec-
tronic structure upon interface alignment and layer thick-
ness, well known to modify the magnitude and directness

of the TMD band gap [34437]. The effect of Gr on the
TMD electronic levels is typically associated with non-
local dielectric screening, manifested in band gap renor-
malization [38440] and subsequent reduction in the ex-
citonic binding energies [41]. However, a first-principles
understanding of the change in the exciton states them-
selves upon layer interfacing is yet to be achieved.

Recent studies used many-body perturbation theory
to show that upon TMD-TMD heterostructure compo-
sition, excitons include a wealth of electron-hole transi-
tions with varying spin and momentum properties [42-
44], leading to the emergence of hybridized excitons with
mixed interlayer and intralayer nature. Such state mix-
ing results from local symmetry breaking and resonat-
ing excitation energies, manifesting many-body effects
associated with the relative reciprocal space alignment
of the layers, as well as the interface-induced atomic re-
construction and the associated local strain [45, 46].
Recently we have explored the effect of atomic defects
on the optical properties in Gr-TMD HSs [47], find-
ing that largely mixed subgap, defect-induced excitons
dominate the absorption, a property that in the mono-
layer TMD case leads to greatly reduced valley selectiv-
ity [48, [49]. The optical activity of Gr-TMD junctions is
thus closely coupled to their interfacial structural details
through the many-body exciton nature. A first-principles
understanding of the exciton state mixing as a function
of interface layer alignment in Gr-TMD HSs is then of
great interest and can shed light on the underlying mech-
anisms dominating the excited-state phenomena in these
systems.

In this work, we study the effect of layer alignment on
optical and excitonic properties in WSs—graphene het-
erobilayers using many-body perturbation theory. Ex-



FIG. 1. (a,b) Atomic structure of the studied WS2-Gr HS
with 0° and 30° interlayer twist angles (left); periodic super-
cell is shown in grey, with the corresponding BZs (right) of
WS; (red) and graphene (blue) and the mini-BZ of the su-
percell (black). (c,d) DFT band structures of the 0° and 30°
twisted HS (left) and the computed GW energy levels (right)
of the TMD gap and its alignment with the graphene Dirac
point. The TMD band gap and the TMD-graphene energy
gap are shown in eV. The color code represents the layer con-
tribution to each band, ranging from pure TMD (red) to pure
graphene (purple).

ploring two representative configurations of this interface,
with both 0° and 30° interlayer twist angles, we show that
optical excitations largely mix electron-hole transitions
within the TMD and Gr layers and between them. This
mixing depends on the interfacial configuration through
the angle-dependent band alignment. As a result, states
that are optically active due to their TMD layer con-
tribution also have significant contributions from the Gr
layer. We analyze the exciton charge separation asso-
ciated with this effect and investigate the absorption
line broadening resulting from the large amount of ex-
citons contributing to the optical resonances. Our find-
ings suggest that charge transfer mechanisms in these
heterostructures are largely tunable with the twist angle,
with significant charge separation occurring already upon
light absorption and setting a coherent starting point to
charge transfer dynamics, e.g., by efficient scattering into
graphene-induced low-lying states.

II. RESULTS AND DISCUSSION

The studied heterostructures are presented in
Fig. a,b). We use commensurate periodic supercells
with 4 x 4 repeating elementary units of the TMD layer
and 5 x 5 repeating elementary units of the Gr layer for
the 0°-twist angle; and 3v3 x 3V3 repeating elementary
units of the Gr Layer for the 30°-twist angle (Fig. a,b),
left). These alignments result in a minimal strain of
2.6% for the 0°-twist angle and 1.3% for the 30°-twist
angle in the Gr layer, respectively, and no strain in the
TMD layer. However, local strain is induced in the TMD
upon structural relaxation as a function of the Gr-TMD

layer alignment (see SI for full details). The unit cell
Brillouin zones (BZ), corresponding to the separate
layers, fold in this configuration onto the smaller, shared
mini-BZ (mBZ) of the supercell (Fig. [I[a,b), right). The
TMD bands fold identically in both configurations (due
to the equivalent TMD-layer BZ in both cases), resulting
in the TMD minimal gap at the K point (or equivalently
K’; we consider only K in this work for brevity). The
conduction-band minimum is at the A point of the unit
cell (located midway between K and T'), folded onto the
K point of the mBZ. The different twist configurations
lead to different folding of the graphene bands in the
mBZ of the two HSs: while in the 0° HS the Dirac
point folds to the mBZ K point, in the 30° HS, it folds
to the mBZ T" point. As we show below, this enforces
substantial differences in the allowed optical transitions
for both systems.

We use density functional theory (DFT)[50] to calcu-
late the electronic band structure of the two systems, as
shown in the left panels of Fig. c,d) along the I'-K-M-T'
path of the mBZ. Band colors give the relative contribu-
tion of the graphene layer (purple) and the TMD layer
(red), with some states hybridized at band crossings (see
SI for further details). In completion with the BZ fold-
ing scheme, in the case of the 0°-twist HS (Fig.[1]c)), the
graphene Dirac cone is aligned in reciprocal space with
the TMD direct band gap, both folded onto the K point
of the mBZ. For the 30°-twist HS (Fig. [[[d)), the Dirac
cone is centered at the I' point, and the minimal gap of
the TMD occurs at the K point of the mBZ. Importantly,
the DFT electronic energy-level alignment of the Dirac
point within the gap is different in the two systems, lo-
cated 0.89 eV and 0.51 eV below the TMD conduction
band minimum at K for 0° and 30°-twisted HSs, respec-
tively.

We further apply many-body perturbation theory
within the GoWq approximation [51I], using the DFT elec-
tronic states and energies as a starting point, to obtain
corrected quasiparticle energy levels as shown in the right
panels of Fig. (c,d). The resulting TMD GW band gaps
are 2.59 €V in both systems. Our computed GW gaps are
~ 10 — 20% larger than the experimental band gaps re-
ported for WSo—Gr heterobilayers, of 2.1—2.3 eV [10, 24
20), 40, [52H55]. While still within a reasonable error bar,
this difference is larger than expected. We assign it to
both further surface renormalization in experiment, as
well as to a computational effect of state hybridization
in the mBZ, as was recently observed in other systems
as well [45]. The difference in the Dirac cone alignment
within the TMD gap remains, now located 1.50 eV and
1.04 eV below the TMD conduction band minimum at
K, for 0° and 30°-twisted HSs, respectively. We note re-
cent experimental observations supporting the Gr Fermi
level being closer to the conduction region [11 24]. To
evaluate the graphene-induced change in the band gap,
we compare our results with a similar GW calculation of
an isolated TMD layer that includes the atomic recon-
struction due to graphene. This results in a gap renor-
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(a,b) Absorbance spectra of the 0° and 30° twisted HSs (black line). The binding energies of each optically active

exciton are shown with dots, with colors representing the layer contribution of each excitation, from pure TMD (red) to pure
graphene (purple). (¢,d) Momentum-space representation of selected excitons, corresponding to the shaded vertical grey lines
in panels (a,b). Lower and upper panels show the hole and electron distribution in the mBZ, respectively.

malization of ~0.3 €V in both systems (see SI), in good
agreement with experiment [24H206] [52, 56].

Next, we explore the optical spectra and excitonic
states of the examined HSs by employing the Bethe-
Salpeter equation (BSE) [51], [57] within many-body per-
turbation theory. Fig. (a) shows the calculated ab-
sorbance of the 0° HS (black curve). On top of the ab-
sorbance, we show the binding energies of all the exci-
tons in this energy range with finite oscillator strength
(1x, here chosen as px>1). The binding energy is com-
puted by subtracting the energy of each exciton (Q2x)
from the quasiparticle energy gaps F. — Eyk, consid-
ering all the electron (v) - hole (¢) transitions com-
posing the exciton state at each k-point, weighted by
the exciton coefficients obtained from the solution of

the BSE (AX,) and summed over all the BZ, through
EXa =2 a4 ?(Ba — Ewx) — Qx (see SI for full

details). Dot colors represent the relative contribution
of each layer to each exciton: intralayer excitons located
solely at the graphene layer (purple), intralayer excitons
located solely at the TMD layer (red), and excitons de-
localized between both layers (ranging in between). For
the 0° twisted HS, the main excitons composing the ab-
sorbance peaks have binding energies ~100 meV, reduced
in comparison to the case of pristine TMDs, as was also
observed before [26] 40, 41, 58]. Transitions at lower ener-
gies oscillate around the constant absorbance of graphene
at 2.4% [14), 151 38, 47, 59, 60], and are primarily com-
posed of intralayer graphene states. The two pronounced
peaks at 2.49 eV and at 2.82 eV, referred as A and B,
are mainly intralayer TMD excitons, with a slight mix-
ing of graphene states. These states are associated with
the well-known A and B peaks of TMDs, here also mix-

ing additional graphene-containing transitions, as well as
transitions corresponding to the excitation of the TMD
A point, in agreement with recent experimental observa-
tions [2§].

Interestingly, in the case of the 30°-twist HS (Fig.[2|(b),
our results show a very different absorbance composi-
tion. The low-energy states oscillate below the graphene
constant absorption value in the infrared optical range
and consequently have significant interlayer contribu-
tions. We observe the main TMD-like A, B peak features
at similar energies of 2.50 eV and 2.83 eV. The substan-
tially reduced absorbance between the low-energy region
and the A peak points to the fully interlayer-nature of
the excitons in this region, in which intralayer graphene
contributions are no longer present while intralayer TMD
contributions are not yet present, thus decreasing the os-
cillator strength of these low-lying states. In both sys-
tems, we also observe dark excitons with relatively large
binding energies, but with no signature in absorbance.
Additionally, some of the strongly bound excitons exhibit
a substantial contribution from the graphene layer.

To further analyze the excitations composing the com-
plex absorbance picture described above, we plot the k-
resolved exciton compositions in the energy regions of
selected absorbance peaks, Fig. c,d). In each energy
region, the bright exciton states are shown in an inter-
val of +£5 meV around the maximum of the absorption
peaks. We show the integrated contribution of the holes
(lower panels) and electrons (upper panels) separately,
weighted by the exciton oscillator strength (see SI for
further analysis). This representation allows further in-
sights into the different features of the two structures.
Notably, the k-space spreading of the low-energy exci-



ton (X;) greatly differs between the two examined struc-
tures. For the 0° twist angle, the involved electron-hole
transitions are primarily of intralayer graphene nature.
The k-space spreading around the K, K’ valleys is a re-
sult of the low-lying excitation near the Dirac point in
this structure. In contrast, for the 30° twist angle struc-
ture, the low-lying excitation has an interlayer graphene-
TMD nature. It is also centered around the Dirac cone,
this time at the I' region. This is a direct manifesta-
tion of the electronic band-alignment effect on the op-
tical transitions. We note in passing that though the
observed optical transitions are momentum-direct in the
mBZ, some are not expected in the unfolded BZ (UBZ)
framework. This property depends on the BZ folding as-
sociated with the specific twist angle and was recently
shown by some of us to induce unexpected optical tran-
sitions also in twisted TMD-TMD heterobilayers [45].
The A peak region in both systems is mainly composed
of intralayer TMD transitions around the K, K’ points
of the mBZ; in both states, further mixing occurs with
intralayer graphene and interlayer TMD-graphene transi-
tions in the 0° and 30° twist structures, respectively. The
B peak region shows large mixing of graphene-graphene,
TMD-TMD, graphene-TMD, and TMD-graphene transi-
tions.

The above findings point to the strongly mixed in-
terlayer and intralayer nature of the excitations, which
strongly depends on the band alignment resulting from
the twist angle. We note that while the mBZ is deter-
mined by the choice of the periodic supercell for each
structure, we consider the examined structures as good
test cases to emphasize these delicate structural depen-
dencies, even though experimental results may divert
from our specific predictions upon structural variations.
The binding energies of the various excitons manifest
their intralayer TMD contribution; interlayer TMD-Gr
and intralayer Gr-Gr transitions have smaller binding en-
ergies. Importantly, strongly mixed states induce bound
excitons that hold some interlayer nature - of great in-
terest for charge transfer decay processes proceeding the
light excitation. In the following, we further analyze the
twist-induced excitonic nature and, in particular, its ef-
fect on exciton charge separation and spectral broaden-
ing.

For a numerical determination of the exciton charge-
separation nature, Fig. 3] shows an analysis of the inter-
layer electron-hole contribution per exciton in both struc-
tures. We differentiate between excitons with electrons
and holes localized in the same layer - namely intralayer
excitons, and those with electrons and holes localized in
different layers - namely interlayer excitons (see SI). We
specify the directionality of these transitions, with a dis-
tinction between excitons with holes located on the Gr
and electrons on the TMD layer (Gr — TMD) and those
with holes located on the TMD and electrons on the Gr
layer (TMD — Gr). Each dot corresponds to an exci-
ton state, with colors representing its overall layer con-
tribution. The absorption spectra are presented in the
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FIG. 3. Measure of the interlayer charge separation for each
exciton state in the examined (a) 0° and (b) 30° twisted HSs.
Negative values are for excitons with holes located at the
TMD layer and electrons at the graphene layer, and posi-
tive values for opposite transitions. Dot colors represent the
overall layer contribution of each exciton state, with purple
corresponding to excitons located at the graphene layer only,
red to excitons located at the TMD layer only, and excitons
delocalized in both layers spread in between. Only excitons
with oscillator strength px>5 are shown (see SI for lower
thresholds).

background. Our analysis shows a clear distinction in
the interlayer exciton nature between the two structures.
For the 0° twist HS, Fig. [3|(a), most of the low-lying ex-
citations are of intralayer graphene nature. The exci-
ton charge separation mostly occurs around the A and
B peaks and spreads rather evenly in both directions.
A very different picture emerges, however, for the 30°
twisted HS, Fig. |3| (b), in which the charge separation
- occurring already in the low-lying excitation energies
- has preferred directionality, with holes located in the
graphene layer and electrons in the TMD layer. This
property remains in the A and B peak regions. In this
case, intralayer graphene excitons barely participate in
the absorption. These results emphasize how a small
change in the interlayer alignment can lead to substan-
tial effects on the excitonic nature - and in particular,
on the charge separation occurring already upon light
absorption.

A further manifestation of the exciton state hybridiza-
tion and mixed nature can be observed in the absorp-
tion spectral broadening. It has been shown experimen-
tally that the presence of the graphene layer induces
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FIG. 4. Spectral broadening of the A peak for the (a) 0°
and (b) 30° twist HSs. Both panels compare the HS peak
(blue) and the corresponding monolayer (ML) peak (black),
with the corresponding fit given by dashed lines. Absorption
peaks have been normalized to the peak maximum. Insets
show the computed peak width (Pw) as a function of the ef-
fective Lorentzian width (Lw) of each exciton resonance for
the HSs (blue triangles) and the corresponding MLs (black cir-
cles). The difference between the two, Aggs (green squares),
is a manifestation of the total spectral broadening induced by
structural disorder induced by graphene.

an absorption line broadening compared to a separated
TMD monolayer [9, 40, (2, (5, [61]. Our calculations
allow us to computationally analyze the broadening aris-
ing due to the above-discussed state mixing and deter-
mine their structural origins (we note that dynamical
effects, expected to be dominant as well, are not ac-
counted here). Our GW-BSE calculation results with a
set of discrete exciton states and corresponding oscillator
strengths. In order to construct the absorption spectra
shown, e.g., in Figs. a,c), we broaden each BSE ex-
citon by a Lorentzian function centered at the exciton
eigenvalue [62], weighted by the corresponding oscilla-
tor strength, and with a scale parameter of 50 meV to
mimic the experimentally measured peak widths at room
temperature [I8], [63H65]. Our above examinations reveal
complex exciton compositions, with each spectral feature
composed of a large number of excitations. In such a case,
the actual peak width shown in the spectrum is generally

larger than the effective Lorentzian broadening numeri-
cally set for each individual excitonic resonance. To iso-
late the effect of the graphene layer on the broadening,
we compare the width of the A peak in both alignments
with the corresponding TMD monolayer (namely, such
that includes the atomic reconstruction, but not the Gr
layer), by fitting the peaks with the appropriate Voigt
profiles [64 [66] (see SI for full details). This comparison
points to strong dependence of the mixing-induced broad-
ening on interlayer alignment. For the 0°-twist structure,
Fig. (a), the presence of graphene induces additional
optically active states that significantly broaden the op-
tical resonance. The overall peak width (Pw) depends
linearly on the input Lorentzian width (Lw) parameter,
which dictates how many transitions actually fall within
the spectral peak range, as shown in Fig. c). Impor-
tantly, the graphene-induced broadening, namely the dif-
ference between the HS and the monolayer broadening,
Ags_ 1, remains significant in this case and is expected
to be proportional to the intrinsic TMD linewidth and
at the order of 20-50 meV. In contrast, for the 30°-twist
structure, Fig. (b), the presence of graphene has a neg-
ligible effect on the peak broadening (though it adds a
certain degree of skewness towards higher energies). In
this case, Aggs_arr is close to zero, up to 10meV regard-
less of the Lorenzian scaling. This analysis suggests that
the effect of graphene on the spectral width has its ori-
gins associated with the exciton nature, and points to a
direct relation between the observed broadening and the
underlying structure composition and twist. More inter-
estingly, it also suggests that the broadening difference,
Ags_mr, is a parameter that captures the complexity
of the many-body exciton hybridization.

III. CONCLUSION

In conclusion, we presented a many-body first-
principles study of the excitonic properties in WSa-
graphene heterostructures with two different twist an-
gles between the layers - 0° and 30°. We found that
the optical response of these heterostructures is highly
complex, with a significantly hybridized nature resulting
from structure-specific mixing between interlayer and in-
tralayer transitions. This mixing is strongly twist-angle
dependent, an outcome of the relative band alignment
between the graphene Dirac cone and the TMD band
edges, as well as of the momentum mismatch between
the layers. We analyzed the nature of these transitions
through the exciton charge separation and the change in
absorption line broadening. Our results demonstrate an
intriguing structural tunability of optical excitations in
layered heterostructures, serving as a designable starting
point for efficient relaxation in these systems.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.
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