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Recently interlayer and intralayer excitons in transition metal dichalcogenide (TMD) heterobilayers have been
studied both experimentally and theoretically. In spite of a growing interest, these layer-resolved excitons in the
presence of external stimuli such as strain remain not fully understood. Here, using density-functional theory
calculations with many-body effects, we explore the excitonic properties of vertically stacked MoSe2/WSe- het-
erobilayer in the presence of in-plane biaxial strain of up to 5%. We calculate the strain dependence of exciton
absorption spectrum, oscillator strength, wave function, and binding energy by solving the Bethe-Salpeter equa-
tion on top of the standard GW approach. We identify the interlayer and intralayer excitons by analysing their
electron-hole weights and spatial wave functions. We show that with increasing strain magnitude, the absorption
spectrum of the interlayer and intralayer excitons is red-shifted and re-ordered, and the binding energies of these
layer-resolved excitons decrease monotonically and almost linearly. We derive the sensitivity of exciton binding
energy to the applied strain and find that the intralayer excitons are more sensitive to strain than the interlayer
excitons. For instance, a sensitivity of —7.9 meV/% is derived for the intra-MoSez-layer excitons, which is
followed by —7.4 meV/% for the intra-WSes-layer excitons, and by—4.2 meV/% for the interlayer excitons.
Our results indicate that interlayer and intralayer excitons in vertically stacked MoSe2/WSe. heterobilayer are

efficiently tunable by in-plane biaxial strain.

Monolayer transition metal dichalcogenides (TMDs) with
the structural formula M X5 (M = Mo/W and X = S/Se/Te)
exhibit high carrier mobility and strong light-matter interac-
tion, which makes them very promising for atomically thin
electronics and optoelectronics'™. Due to their atomically
thin character, strong quantum confinement and weak dielec-
tric screening give rise to significantly enhanced Coulomb in-
teraction. This leads to the formation of tightly bound excitons
with typical binding energies of 0.3-0.7 eV, which domi-
nate the optical properties of monolayer TMDs at both cryo-
genic and room temperatures'!. Moreover, monolayer TMDs
exhibit a rich excitonic spectrum featured by A and B exci-
tons in lower-energy regime due to strong spin-orbit coupling
of heavy TM atoms'>~'¢ and by C excitons in higher-energy
regime due to high joint density of states induced by band
nesting in the Brillouin zone'”~". In parallel, other exciton
complexes, such as charged excitons (trions) and biexcitons
have also been investigated?’2>>.

Different TMD monolayers can be combined to create ver-
tical or lateral van der Waals (vdW) heterostructures, which
can exhibit fascinating properties that are not present in their
constituent monolayers, e.g., offering the possibility for the
formation of both interlayer and intralayer excitons. Many-
body effects due to interlayer excitons are expected to be
of significant importance in TMD vdW heterostructures with
type-1I band alignment. For instance, in the independent-
particle picture, the interlayer electronic transition is the low-
est energy transition in optical absorption spectrum, while the
spectral ordering of interlayer and intralayer excitons could
possibly be reversed because the exciton binding energy is
strongly enhanced in atomically thin systems. Recently, Mo-
and W-based vertical vdW heterostructures have drawn a
growing interest due to the observation of long-lived exci-
tations (with typical lifetimes of 1-100 ns) in their optical

spectra’®>!, which are absent in the optical spectra of their

constituent monolayers. The origin of those long-lived excita-
tions remains not entirely understood and depends on material
combinations as well as experimental conditions. A reason-
able and popular explanation is that due to the type-II band
alignment of Mo- and W-based TMD layers*?, those long-
lived excitations were attributed to interlayer excitons with a
spatial separation of coupled electrons and holes residing in
different TMD layers. In order to gain better understanding
with more details, reliable and accurate theoretical calcula-
tions have been carried out and so far there have been a few
theoretical studies based on density functional theory (DFT)
and many-body perturbation theory (MBPT) exploring exci-
tonic effects in Mo- and W-based heterobilayers**—*¢. These
experimental and theoretical studies have shown that inter-
layer excitons are of lower excitation energy, far smaller oscil-
lator strength, and comparable binding energy compared to in-
tralayer excitons. It has also been shown both experimentally
and theoretically that interlayer excitons of finite momentum
(i.e. momentum-indirect interlayer excitons) are important for
the understanding of the main charactersitic peaks in the opti-
cal spectra of TMD systems>’ ! . Moreover, twist-dependent
moiré excitons have also been investigated in TMD systems
both experimentally and theoretically*>-2.

TMD monolayers are known to exhibit superior mechanical
strength due to their atomically thin nature, e.g., monolayer
MoS; can withstand a large-magnitude strain of up to 10% be-
fore its rupture®>. Strain engineering has been demonstrated
as an efficient approach to modulate the electronic and exci-
tonic properties of atomically thin TMD systems>*%%, where
for excitonic properties either (intralayer) excitons in TMD
monolayers or interlayer excitons in TMD bilayers modulated
by strain were investigated. In the present work, we perform
systematic DFT and MBPT calculations to explore the ex-



citonic properties of vertically stacked MoSeo/WSes hetero-
bilayer in the presence of in-plane biaxial strain. By solv-
ing the Bethe-Salpeter equation (BSE) on top of the standard
GW approach, we calculate the strain dependence of both in-
terlayer and intralayer excitons in terms of their absorption
spectra, oscillator strengths, wave functions, and binding en-
ergies. Here, we identify interlayer and intralayer excitons by
analysing their electron-hole weights (in reciprocal space) and
wave functions (in real space). We show that their absorption
spectra, oscillator strengths, wave functions, and binding en-
ergies can efficiently be tuned by the applied strain.

Fig. 1(a) shows the optimized lattice structure of unstrained
vertical MoSeo/WSes heterobilayer with A A’ stacking (a 180-
degree relative rotation between the two monolayers), where
the chalcogen atoms in one monolayer are aligned with the
metal atoms in the other monolayer. The in-plane lattice con-
stant and the interlayer distance of this AA’-stacked hetero-
bilayer obtained from our calculations are 3.29 A and 6.52
A, respectively, which are in agreement with previous theo-
retical work®*. Typically there are three different stackings
(i.e., AA, AA’, and AB) in vertically stacked TMD hetero-
bilayers, where AA corresponds to no relative shift and ro-
tation between the two monolayers while AB corresponds to
no relative rotation but a relative shift between the two mono-
layers such that the chalcogen atoms in one monolayer are
aligned with the centers of the metal-chalcogen hexagons in
the other monolayer. Our calculations indicate that the dif-
ferent stackings have a negligible effect on the in-plane lat-
tice constants and that the AA’ stacking is energetically the
most stable as compared to the AA and AB stackings (see
Table. S1 in Supplemental Material), which are also in agree-
ment with previous theoretical work®*. In what follows, we
took the optimized lattice structure of vertically AA’-stacked
MoSes/WSe- heterobilayer to calculate the quasi-particle and
excitonic properties in the presence of in-plane biaxial ten-
sile strain using the GoW,+BSE approach including electron-
electron, electron-hole, and spin-orbit interactions.

Fig. 1(b) shows the DFT and GoW, band structures of
vertically AA’-stacked MoSeo/WSes heterobilayer in the ab-
sence of strain (¢ = 0). To facilitate our electronic analysis,
we projected the band structures onto the MoSey and WSes
layers, as indicated by red and blue, respectively. As seen, the
valence band maximum (VBM) is of prevailing WSe, char-
acter while the conduction band minimum (CBM) is of dom-
inant MoSes character, leading to the so-called type-II band
alignment®?. Therefore, electrons and holes are mainly local-
ized in the MoSey and WSe, layers, respectively, i.e., they are
spatially separated due to this type-II band alignment. This
is the origin of the formation of interlayer excitons in verti-
cally stacked MoSeo/WSeq heterobilayer. Because the VBM
(CBM) is located at the K (Q) point, the DFT and Gy W band
gaps are globally indirect, which are 0.99 eV and 1.74 eV,
respectively. The direct band gaps for DFT and GoW are
located at the K point, which are 1.11 eV and 1.97 eV, respec-
tively, resulting in a quasi-particle correction of 0.86 eV to the
single-particle energies. In the presence of strain (e > 0) and
with increasing € up to 5%, the direct band gaps for DFT and
Gy W decrease almost linearly whereas their indirect counter-

parts first increase then decrease, exhibiting a turning point at
€ = 1%, as shown in Fig. 1(d). The DFT band gaps are glob-
ally direct for ¢ = 1% and 2% while indirect for € = 0, 3%,
4%, and 5%. However, due to the quasi-particle correction,
the GoW, band gaps are globally direct for ¢ = 2% and 3%
while indirect for € = 0, 1%, 4%, and 5%. The competition
between the globally direct and indirect band gaps for DFT
and GoW, can be understood with the location of the CBM
and VBM in the corresponding band structures, as shown in
Fig. 1(c). For instance, in the GoWj band structures, the
VBM and CBM are located at K and Q, respectively, for zero
and 1% strain, while the CBM is shifted from Q to K for 2%
and 3% strain, leading to a direct band gap, and for 4% and 5%
strain, the VBM is shifted as well, from K to I, restoring to an
indirect band gap (see Fig. S6 in the Supplemental Material
for more detail). If the convergence is further increased (e.g.
the number of bands and the number of kpoints), the general
feature of the GoWj band gap should remain the same, i.e.,
it undergoes globally from indirect to direct and back to indi-
rect. However, the critical strain values at those transitions are
expected to be different than 2% and 3%.

Fig. 2(a) shows the strain (¢) dependence of the absorption
spectrum and oscillator strength of the exciton states in verti-
cally AA’-stacked MoSeo/W Ses heterobilayer, which was ob-
tained by solving the BSE on top of the GoW( band structure.
As can be seen, the absorption spectrum is clearly red-shifted
(i.e. shifted to the lower excitation energy) with increasing
€ from 0 to 5%. The on-set of absorption is dominated by
the three excitonic states X7, X», and X3 as indicated. By
analysing the electron-hole weights shown in Fig. 2(b) and the
spatial wave functions shown in Fig. 2(c), we identify the in-
terlayer exciton X (electrons are localized in the MoSe, layer
whereas holes are localized in WSey layer) and the intralayer
excitons X5 (both electrons and holes are localized in the
MoSe, layer) and X3 (both electron and holes are localized
in the WSes layer). Here, the exciton wave functions shown
in Fig. 2(c) were obtained in the absence of strain (their dif-
ference to those in the presence of strain is shown in Fig. S3 in
the Supplemental Material). For all the considered strain, the
interlayer exciton X; has lower excitation energy and much
smaller oscillator strength than the intralyer excitons X5 and
X3, as shown in the inset of Fig. 2(a). This is because inter-
layer excitons are formed by spatially separated electrons and
holes residing in two different layers with type-II band align-
ment and thus their wave-function overlap is substantially re-
duced. However, the spectral ordering of the intralyer excitons
X5 and X3 exhibits a cross-over behavior when the magnitude
of strain increases from 0 to 5%: The excitation energy of Xo
is consistently smaller than that of X3 for 0 <= ¢ <= 2%,
whereas the former is consistently larger than the latter for
3% <= e <= 5%. This is convinced by looking into the
strain dependence of the electron-hole weights of the X5 and
X3 excitons, as shown in Fig. 2(b). By further inspecting
the k dependence of those electron-hole weights, we find that
both the interlayer and intralayer excitons are mainly local-
ized around the K point in the quasi-particle band structure,
i.e., the interlayer and intralayer K-excitons.
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Figure 1. (a) The optimized lattice structure and (b) the DFT/Go W, band structures of vertically A A’-stacked MoSe2/WSez heterobilayer in
the absence of strain. (c) The DFT/Go W band structures and (d) the corresponding band gaps as a function of strain. Here, the color coding in
(b) indicates the atomic projection of the band structure onto the MoSe: (red) and WSe: (blue) layers, the dashed lines in (b) and (c) represent
the energetic position of the valence band maximum, and the black arrows in (d) denote the application of an in-plane biaxial tensile strain.

Regarding the optical absorption of excitons, it is of essen-
tial importance to relate our theoretical results to those exper-
imental findings. One of the most recent experiments reported
on the direct measurement of the optical absorption of inter-
layer excitons in MoSe2/WSes moire heterobilayers, which
was accessed using their electric dipoles by effectively inter-
polating between AA to AB stackings®?. Our calculations of
the optical absorption of interlayer excitons in AA’-stacked
MoSe2/WSe?2 heterobilayer, when extended to be performed
on a range of other stackings sampled along the stacking path
from AA to AB, may provide useful insights into some of
the variations observed in experiments on MoSe2/WSes moire
heterobilayers, particularly by well-defined local stackings in
such moire systems.

It should be noted that the spectral ordering and the cross-
ing behavior of the Xy and X3 excitons in the presence of
strain, as shown in Fig. 2(a), could be affected by the way of
how spin-orbit coupling (SOC) is included from DFT to GW
and BSE calculations. We noticed that there are mainly two
different approaches to including SOC in TMD systems in the
literature. The first approach is to include SOC partly from
DFT to GW+BSE calculations®: It calculates the DFT wave
functions by turning off SOC at first, with which to calculate
single-particle Green’s function and screened Coulomb inter-
action; then SOC is turned on to perform the GW and BSE
calculations by rediagonalizing the corresponding Hamiltoni-
ans. The second approach is to include SOC fully from DFT
to GW+BSE calculations'***. In the present work, we used
the second approach to obtain DFT spinorial wave functions
and feed them as input to GW and BSE calculations. It can be
expected that there should be some difference between the ef-
fects of SOC, included by the two different approaches, on the
energetic ordering of the X» and X3 excitons and thus on their
crossing and possible mixing induced by strain. However, the
second approach to including SOC is in general more consis-
tent and accurate.

Fig. 2(d) shows that the binding energies (F) of the X;,
X5 and X3 excitons, obtained from the difference between
the excitonic and quasi-particle excitation energies, decrease

monotonically and almost linearly with increasing e from 0
to 5%. The intralayer excitons X5 and X3 are found to be
more sensitive to the applied strain than the interlayer ex-
citon X;. Because Fj decreases almost linearly with e for
the X, Xo and X3 excitons, we used the linear fitting to
derive the sensitivities of these three excitons to the applied
strain, indicated by Sx,, Sx,, and Sx,. The fitted sensitivi-
ties of the X, X» and X3 excitons are Sx, = —4.2 meV/%,
Sx, = —7.9meV/%, and Sx, = —7.4 meV/%, respectively.
Moreover, the binding energy of the interlayer exciton X is
comparable to the binding energies of the intralayer excitons
Xo and X3, e.g., Ey = 255 meV for X1, 325 meV for Xo,
and 295 meV for X3, at € = 0. This appears counter-intuitive
because interlayer excitons are formed by spatially separated
electrons and holes. However, the spatial separation of the
electron-hole interaction in a vertical heterobilayer could be
compensated by the reduced Coulomb screening in the per-
pendicular direction of the vertical heterobilayer. Our results
of the binding energies of interlayer and intralayer excitons in
the absence of strain are in agreement with previous theoreti-
cal work®*¥. Our results also show that under in-plane biaxial
strain, interlayer excitons are less affected than intralayer ex-
citons. The reason for this behavior is that in-plane biaxial
strain tends to increase the electron-hole separation for both
intralayer and interlayer excitons, leading to a decrease in
their binding energies. However, interlayer excitons are also
affected by a counteractive effect: Such strain at the same time
tends to decrease in electron-hole separation for interlayer ex-
citons, leading to an increase in their binding energy. This
counteractive effect is absent for intralayer excitons, which
makes them more sensitive to in-plane biaxial strain. This
implies that excitons in monolayers are expected to be more
efficiently tuned by in-plane biaxial strain due to the absence
of interlayer coupling.

Previous experimental and theoretical studies of TMD
monolayers and bilayers have shown the redshifts of exciton
binding and excitation energies induced by in-plane biaxial
strain are of the order of several to a few tens of meV per 1%
strain®®®!, For instance, theoretical calculations have found
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Figure 2. The strain dependence of the exciton states in vertically AA’-stacked MoSe2/WSes heterobilayer: (a) absorption spectra and
oscillator strengths, (b) electron-hole weights on quasi-particle band structures, (c) spatial wave functions, and (d) binding energies. Here,
X1, X2, and X3 in (a-d) represent the three dominant exciton states in the on-set of absorption in (a), the black dots on the quasi-particle
band structures in (b) indicate the electron-hole weights of the X7, X5, and X3 excitons, the wave functions with the fixed hole positions in
(c) characterize the spatial characters of the X1, X2, and X3 excitons in the absence of strain, and Sx,, Sx,, and Sx, in (d) represent the
sensitivities of the binding energies of the X1, X», and X3 excitons to the applied strain.

that the redshifts of exciton binding energy are 8 meV/% for
WSe2 monolayer and 11 meV/% for MoS2 monolayer®. In
our work, the redshifts of exciton binding energy were found
to be 7.8 meV/% and 7.4 meV/% for intra-MoSe2-layer and
intra-WSe2-layer excitons, respectively. The difference be-
tween those redshifts and our results is mainly caused by dif-
ferent reduced effective masses and dielectric constants (both
of which can be changed by strain) due to the absence or pres-
ence of interlayer coupling.

It should be noted that in our GW and BSE calculations,
substrate dielectric screening was not taken into account,
which plays an important role on quasi-particle and exci-
tonic properties. Coulomb interaction can be reduced by such
screening, which leads to the reduction of both quasi-particle
band gap (calculated with GW) and exciton binding energy
(calculated with BSE). However, because both reduction tend
to be canceled out, excitonic absorption spectrum is expected
to be less affected by substrate dielectric screening. Theo-
retically, substrate dielectric screening in 2D materials can
be included in both first-principles and effective-model cal-
culations. In first-principles calculations, substrate dielectric
screening can be modeled as a substrate material supporting
a 2D material, where lattice mismatch between them needs to
be minimized using the supercell approach. Such a system is

often composed of many atoms due to (1) the large thickness
of substrate material and (2) the lattice mismatch leading to
a possibly large supercell. This would make first-principles
calculations of substrate dielectric screening prohibitively de-
manding, especially for those including many-body effects
such as quasi-particle and excitonic effects. However, this
limitation can be overcome by effective-model calculations,
which use minimal parameters such as effective mass and
dielectric constant. For instance, the effect of substrate di-
electric screening on the exciton binding energy in a 2D sys-
tem can be calculated using an effective-mass model Hamil-
tonian with a non-locally screened Coulomb potential in the
2D limit".

Finally, we should mention that in our BSE calculations
only momentum-direct excitons were included, while the pos-
sible contribution of momentum-indirect excitons was ne-
glected. Momentum-indirect excitons of interlayer charac-
ter have been proposed to be the origin of the prominent
peak at the excitation energy of 1.6 eV in the PL spec-
trum observed for vertical MoS2/WSes heterostructures™. It
can be expected that compared to momentum-direct excitons,
momentum-indirect excitons would have a much weaker layer
confinement and thus a more extended spatial separation of
coupled electrons and holes if I' or Q points are involved



in the formation of these excitons because of interlayer hy-
bridization at these points in the Brillouin zone*'. The layer-
projected band structure can be used to analyze the interlayer
hybridization degrees of the electron and hole states at K, Q,
and I' points. Due to interlayer hybridization, momentum in-
direct and direct excitons have typically different dipole os-
cillator strengths. Depending on the orbital character of the
valence and conduction bands, momentum-indirect excitons
have either smaller or larger dipole oscillator strength than
their momentum-direct counterparts*’. For instance, for those
formed by K-point electrons and I'-point holes (i.e. I'-K exci-
tons), their oscillator strength should be typically smaller than
K-K excitons that are formed by electrons and holes both re-
siding at K point*'. As for the strain-dependence, we expect
the momentum-indirect excitons involving I" and Q points to
qualitatively lie in between the intralayer excitons and the
K-K interlayer excitons, due to the increased spatial over-
lap electron and hole contributions to the exciton wave func-
tions as a results of stronger interlayer hybridization. There-
fore, it would be interesting to study the effect of strain on
momentum-indirect interlayer and intralayer excitons in the
near future.

To conclude, we investigated the quasi-particle and exci-
tonic properties of vertically AA’-stacked MoSeo/WSes het-
erobilayer in the presence of in-plane biaxial strain of up
to 5% using density-function theory calculations with many-
body effects. We calculated the strain dependence of quasi-
particle band structure, exciton absorption spectrum, oscilla-
tor strength, wave function, and binding energy by solving

the BSE on top of the GW approach. We showed that the
quasi-particle band structure exhibits the type-II alignment
leading to spatially separated electrons and holes localized in
the MoSe, and WSes, respectively. The quasi-particle band
gap is found to be globally indirect in the absence of strain
whereas it can be direct or indirect in the presence of strain,
depending on the magnitude the strain. We identified the inter-
layer and intralayer excitons by analysing their electron-hole
weights in reciprocal space and wave functions in real space.
We showed that with increasing strain magnitude, the absorp-
tion spectrum of the interlayer and intralayer excitons is red-
shifted and re-ordered, and the binding energies of these layer-
resolved excitons decrease monotonically and almost linearly.
We derived the sensitivity of exciton binding energy to the
applied strain and found that the intralayer excitons are more
sensitive to strain than interlayer excitons. For instance, the
derived sensitivities are —4.2 meV/% for the interlayer ex-
citons, —7.9 meV/% for the intra-MoS,-layer excitons, and
—7.4 meV/% for the intra-WS,-layer excitons. Moreover, we
found that the interlayer and intralayer excitons have compa-
rable binding energies of the order of 250 (300) meV for the
former (latter) in the absence of strain. Our results indicated
interlayer and intralayer excitons in vertically AA’-stacked
MoSe,/WSe, heterobilayer are highly tunable by in-plane bi-
axial strain.
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I. THEORETICAL APPROACH

The atomic positions and the cell parameters of vertically stacked MoSes/WSe, hetero-
bilayers in the presence of in-plane biaxial strain were relaxed using the VASP code [1] in
the Perdew-Burke-Ernzerhof (PBE) approximation 2] with the DET-D3 vdW correction [3].
An energy cutoff of 500 eV was used in the plane-wave expansion and a I'-centered k-grid
of 12 x 12 x 1 was used to sample the Brillouin zone. The vacuum thickness between two
periodic images was set to 20 A. The in-plane biaxial strain was modeled and defined as
e = (a — ag)/ag with a (ag) the in-plane lattice constant of strained (unstrained) heterobi-
layers. The structural relaxation was converged when the forces on atoms were less than
1073 eV/ A and the change of electronic total energy was less than 1076 eV.

The electronic ground states of the relaxed heterobilayers were obtained using the QUAN-
TUM ESPRESSO code [4] in the PBE approximation [2] using fully relativistic norm-
conserving pseudopotentials [5] with inclusion of the semicore s and p orbitals of Mo and
W. The plane-wave energy cutoff in the ground-state calculations was set to 60 Ry. The
self-consistency was achieved when the change of electronic total energy was less than 1078
Ry.

The excitonic states and their absorption spectra of the relaxed heterobilayers were cal-
culated by solving the Bethe-Salpeter equation (BSE) [6] using the YAMBO code |7, 8|. The
single-particle energies obtained from DFT were corrected by the standard GoW, approach
[9] in the plasmon-pole approximation [10]. The BSE calculations were performed on top of
the quasi-particle energies on a I'-centered k-grid of 33 x 33 x 1. A full spin-orbit interaction
was included to account for the spin-orbit splitting of the valence and conduction bands.
An exchange cutoff of 60 Ry, a response cutoff of 10 Ry, and 400 single-particle bands were
used to calculate the self-energies and the response functions. The 10 highest valence bands
and the 10 lowest conduction bands were used to calculate the excitonic states, on top of
which a Lorentzian broadening of 0.05 eV was used to calculate the absorption spectra. Our
systematic convergence study indicates that the quasi-particle band gap and the excitonic
absorption spectrum were reasonably converged with the aforementioned parameters, i.e.,
the number of bands, the number of k-points, and the response cutoff (see Fig. S1 and Fig.
S2).

In both the GoW, and BSE calculations, the effective energy technique [11] was used to



include the contribution from high-energy unoccupied bands. The Coulomb truncation tech-
nique [12] was used to eliminate spurious interaction between periodic images of confined
systems. The Coulomb truncation is crucially important for 2D materials and their het-
erostructures because of their strong confinement in the out-of-plane direction. The Monte
Carlo integration was used to average the head of the screened Coulomb interaction by using

a model dielectric function in the vicinity of the I" point [13].

II. SUPPLEMENTARY RESULTS

Table. S1 shows the relaxed lattice parameters and the total electron energies for different
stacking orders of vertical MoSes /WS, heterobilayer in the absence of strain. We compared
the relaxed lattice constant and interlayer distance that were obtained in the present work
using the VASP code against those that were obtained in the previous work using the
Quantum Espresso code [13]. Here, both the calculations were performed using the converged
parameters in the PBE approximation with the DFT-D3 vdW coorection. As can be seen,
for all three different stackings (AA, AB, and AA’), the values of lattice constant and
interlayer distance obtained using VASP are very close to those obtained using QE. For
instance, the maximum relative error for the lattice constant is less than 0.1%. Moreover,
both codes derived the same conclusion that AA’ stacking is energetically the most stable
configuration. We also want to stress that the overlap between the VASP and the QE
calculations is the lattice vectors relaxed by VASP for the strain-free (and correspondingly
also the strained) MoSe2/WSe2 heterobilayers. The lattice vectors were then kept fixed and
the atomic positions were re-optimized by QE, before the electronic structures and optical
properties were calculated. Due to the very small difference in lattice constants between
VASP and QE for the strain-free system, we expect minor effects on our results obtained
from this procedure, e.g., the slopes of the strain-dependent band gap and exciton binding
energy shifts should not be affected.

Figs. S1 shows the convergence study of the quasi-particle band gap with respect to the
number of empty bands and the cutoff of dielectric function, and Figs. S2 the convergence
study of the quasi-particle band gap and excitonic absorption spectrum with respect to the
number of k-points. Based on these convergence studies, we took the exchange cutoff of 60

Ry, the response cutoff of 10 Ry, and 400 single-particle bands, the k-point of 33 x 33 x 1.



Fig. S3 shows (a) the interlayer exciton wave functions with fixed hole position at 0%
and 2% strain and (b) the corresponding Gaussian fits as a function of the position along
the bisecting line of the supercell (see the black line in the inset). In order to quantify the
difference, we attempted to estimate the spatial extents of the exciton wave functions by
first projecting them onto the 2D plane z-y plane, then taking a diagonal line that bisects
the supercell and crosses its central point [see the black line in the inset of (b)], and finally
fitting Gauss functions to the projected results along this diagonal line. As can be seen,
while the interlayer exciton wave functions obtained with and without strain appear to be
quite similar, the fitted Gaussians suggest a slightly larger spatial extent in the strained
case. This is further highlighted in the difference between the fitted Gaussians. The FWHM
of the Gaussians differ by about 2%, suggesting mainly a geometrical effect due to expansion
of the Mo-Mo and W-W distances. So the effect of strain is mainly expanding the exciton
wave functions together with the atomic positions.

Fig. S4 shows the vertical positions of the Mo, W, and Se atoms as well as the interlayer
distance as a function of strain. As can be seen, with increasing strain magnitude, the
vertical positions of Mo and W (in z direction) increases (decreases) from 11.68 (18.20) A
to 11.74 (18.13) A | leading to reduction of the interlayer distance d from 6.52 A to 6.39 A .
The Se atoms on the outer layers (Sel and Se4) show the similar variation with strain as the
Mo and W atoms, whereas the Se atoms on the inner layers (Se2 and Se3) remain almost
unchanged with strain. We also attached in the Appendix of the Supplemental Material
the relaxed structures of the strained MoSes/WSes heterobilayers in the format of VASP
POSCAR.

Fig. S5 shows the comparison between the DFT-D2 and DFT-D3 results: (a) and (b)
The DFT-D2 and DFT-D3 band structures, respectively, in the absence of strain, and (c)
the strain dependence of the DFT-D2 and DFT-D3 direct band gaps. As can be seen in (a)
and (b), in the absence of strain, the DFT-D3 band structure exhibits a globally indirect
band gap whereas the DF'T-D2 band structure displays a globally direct band gap. However,
as shown in (c), the strain dependence of the DFT-D3 direct band gap is very similar to that
of the DFT-D2 direct band gap (the latter can be viewed almost the same as the former by
shifting the latter upwards about 80 meV). This is not surprising, as the vdW corrections
only add contributions to the total energy, the interatomic forces and the cell stress, while the

electrnic band structure is calculated from DFT-PBE, with only indrect effects from the vDw



correction through the changed geometry. Therefore, in terms of momentum-direct excitons
considered in our work, it can be expected that the DFT-D2 and DFT-D3 vdW corrections
should give qualitatively similar results. Moreover, it has been shown [14] that for various
standard energy benchmark sets, DF'T-D4 only slightly outperforms DFT-D3 especially for
metal containing systems. As DFT-D3 already rather accurately reproduces experimental
interlayer distances and intralayer lattice constants, we expect only minor differences in the
geometry, and thus the deduced strain behavior of the electronic bandstructure, compared
to simulations using DFT-D4 vdW corrections.

Fig. S6 shows the GoW, band structure at zero strain [(a)] and the GoW, energies of
the lowest conduction band (LCB) and the highest valence band (HVB) at K, Q, and I' as
a function of strain [(b) and (c)|. The globally direct or indirect nature of the GoW, band
gap can be understood with the location of the valence-band maximum (VBM) and the
conduction-band minimum (CBM) in the quasi-particle band structure. As can been seen,
the GoWy VBM and CBM are located at K and Q, respectively, for zero and 1% strain,
while the GoWy CBM is shifted from Q to K for 2% and 3% strain, leading to a direct band
gap. For 4% and 5% strain, the GoW, VBM is shifted as well, from K to I', restoring to
an indirect band gap. If the convergence is further increased (e.g. the number of bands and
the number of kpoints), the general feature of the GoW, band gap should remain the same,
i.e., it undergoes globally from indirect to direct and back to indirect. However, the critical

strain values at those transitions are expected to be different than 2% and 3%.
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FIG. S1: (Convergence study of the GyW( band gap at the I" point with respect to the number of
empty bands (BndsRnXp and GbndRnge) and the cutoff of dielectric function (NGsBlkXp). Here,

a k-grid of 12 x 12 x 1 was used in the GoWj calculation.

TABLE S1: The in-plane lattice constant (a), the interlayer distance between the top and bottom
metal planes (d), and the total electron energy (FEiy) in AA-, AA’-, and AB-stacked MoSes/WSs
heterobilayers. The results obtained in the present work were calculated using the VASP code,
which are compared to those that were obtained in the previous work [13| using the Quantum

Espresso (QE) code.

VASP* QE**
Stacking a (A) d (A) Eiot (V) a (A) d (A)
AA 3.291 7.101 —42.999 3.290 7.097
AA 3.290 6.523 —43.084 3.293 6.512
AB 3.292 6.529 —43.079 3.293 6.474

*The present work.
**The previous work [13].



GW Convergence BSE Convergence

3.0t" —— KS —— 06x06x01
— = QP 3r 12x12x01 )
@2_5_ ] —— 18x18x01
el . | = oaxeaxo1
= . 32 — 30:30x01 1
C:gQ of S ————] = | — 333301
& 1.5 1 .

0 P a,\\ w10 15 20 25
o @7‘ @t qw rg\\?éx hw (eV)
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and NGsBI1kXp=10 were used in the GogWy and BSE calculations.
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FIG. S3: (a) Top and side views of the interlayer exciton wave functions with fixed hole position
at 0% and 2% strain, and (b) their Gaussian fits as a function of the position along the bisecting
line of the supercell (see the black line in the inset). The red dots in (a) indicate the fixed hole

positions (located on the W atom) in the absence and presence of strain.
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