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ABSTRACT: Twisted transition metal dichalcogenide (TMD) bilayers exhibit "
periodic moiré potentials, which can trap excitons at certain high-symmetry sites. At ) b@é
small twist angles, TMD lattices undergo an atomic reconstruction, altering the moirée DQé v S
potential landscape via the formation of large domains, potentially separating the rgo<z 027

charges in-plane and leading to the formation of intralayer charge-transfer (CT) i 7 e 1 Ry #
excitons. Here, we employ a microscopic, material-specific theory to investigate the

intralayer charge-separation in atomically reconstructed MoSe,—WSe, heterostructures. We identify three distinct and twist-angle-
dependent exciton regimes including localized Wannier-like excitons, polarized excitons, and intralayer CT excitons. We calculate
the moiré site hopping for these excitons and predict a fundamentally different twist-angle-dependence compared to regular Wannier
excitons - presenting an experimentally accessible key signature for the emergence of intralayer CT excitons. Furthermore, we show
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that the charge separation and its impact on the hopping can be efficiently tuned via dielectric engineering.

KEYWORDS: van der Waals heterostructures, exciton, moire, charge-transfer

ertically stacked transition metal dichalcogenides
(TMDs)" have revealed intriguing optoelectrical proper-
ties,” > such as strongly bound and long-lived interlayer
excitons.””'? Introducing a twist angle between the layers or
stacking layers with different lattice constants results in a
spatially periodic moiré potential, which can trap excitons at
certain high-symmetry sites within the moiré unit cell."' ="
Here, exciton transport can be well described in a Bose-
Hubbard model via the hopping strength parameter ¢, which
describes the tunneling rate of excitons between neighboring
moiré sites.””>" The hopping can also be associated with
intriguing phenomena, such as superfluidity and Mott
insulating phases,”® making it an interesting quantity to study
for both transport properties and correlated material phases.
In the regime of small twist angles, the lattice no longer
remains rigid, but instead it under%oes a relaxation process
known as atomic reconstruction.”” >* In R-type stacked
TMDs, this leads to the formation of large triangular domains
separated by thin domain walls.””~*' The lattice reconstruction
considerably changes the moiré potential landscape and
drastically increases the depth of the moiré potential via the
induced strain in the material.*>**~>° Recent studies have
revealed that reconstructed TMD heterostructurescan exhibit
varying potential landscapes for electrons and holes, thus
separating the particles and consequently forming intralayer
charge-transfer (CT) excitons, which can be directly observed
via scanning tunneling n1icroscopy.36’37 However, so far the
twist-angle-dependence of the charge separation and its impact
on the experimentally accessible hopping has remained in the
dark.
In this work, we apply a microscopic and material-specific
theory to study the twist-angle-dependence of the in-plane
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charge separation between electrons and holes in twisted R-
type stacked MoSe,—WSe, heterostructures. We show that by
changing the twist angle, the length scale between the electron
and hole potential minimums can be efficiently tuned, thus
acting as a driving force to separate the charges and
counteracting the Coulomb interaction, which attracts
electrons and holes to each other. We predict that the
competition of the moiré potential and the Coulomb
interaction leads to three distinct exciton regimes as a function
of the changing twist angle: (i) Localized Wannier-like excitons
in the small twist-angle range (6 < 1°), where electrons and
holes are located on top of each other (Figure l.a), (ii)
polarized excitons in an intermediate twist-angle range (1° < 6
< 2°), where holes start becoming separated from electrons
within the exciton Bohr radius (Figure 1.b), and (iii) intralayer
CT excitons in the large twist-angle range (6 > 2°), where
holes are separated from electrons outside the exciton Bohr
radius (Figure 1.c). Furthermore, by calculating the intersite
hopping, we show that these three different exciton regimes
have qualitatively different twist-angle-dependence compared
to regular Wannier excitons. In particular, we predict an
unexpected efficient trapping of excitons emerging at larger
twist angles. Furthermore, we demonstrate the potential to
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(b) Polarized exciton

= w
2, Ve
[
St
g °
b= \%
§ Vi ‘we »® ®
=]
o M
& 0> 2 oo %
\ I I mE,
Ry Ry Ry Ry R R}

Figure 1. Schematic showing three different interlayer exciton
(electron in Mo and hole in W) regimes in a twisted TMD
heterostructure with the respective electron (V,) and hole (V)
potential. (a) In the low twist-angle-regime, electrons and holes are
located mostly on top of each other in-plane due to the attractive
Coulomb interaction (see arrows for illustration) V¢, thus forming
localized Wannier-like excitons. (b) In the intermediate twist-angle-
regime, there is a slight separation of charges driven by the
reconstruction, thus leading to polarized excitons. (c) In the large
twist-angle-regime, electrons and holes are centered at different high-
symmetry sites in the moiré cell leading to the formation of intralayer
CT excitons. The inset in (c) shows a schematic for the stacking
configurations.

tune the charge-separation and consequently the hopping rate
via dielectric engineering.

B THEORETICAL APPROACH

In order to model the charge separation between electrons and
holes, we develop an approach for the twist-angle-dependent
moiré potential and the changing length scales between
electron and hole minima, which act as the dr1v1ng force for
charge separation. We treat the moiré potential V() in a
continuum model as a smoothly varying potential. Taking into
account effects of atomic reconstruction, the moiré potential is
deformed both in depth and geometry.”” The atomic
displacement giving rise to this deformation is calculated by
optimizing the local stacking energy for each twist angle.***
This allows us to calculate the induced strain in the material
and consequently its impact on the electron/hole band
structure.”” In the R-type stacked MoSe,—WSe, heterostruc-
ture exhibiting a small lattice mismatch, the dominating
contribution to the moiré potential in the reconstructed regime
mainly stems from strain-induced by atomic dilation.”
However, there is also a smaller contribution from the atomic
rotation, known as piezo potential,**** which is also taken into
account in our work. The remaining component is already
present in the rigid lattice and is a stackln% dependent
polarization-induced shift of the band structure.”” Here, we
focus on KK interlayer excitons as the lowest lying states in the
R-type stacked MoSe,—WSe, heterostructure.'”*” Since the
orbitals around the K-valley mostly consists of d-orbitals
around the metal atom, the carrier tunneling is very weak and
can thus be neglected.””~*' More details on the modeling of
the moiré potential and the atomic reconstruction can be
found in the Supporting Information.**~**

Having calculated the reconstructed moiré potential, we can
separately plot the contribution of the electron/hole potential
as a function of the twist angle and the moiré period. In Figure
2 we show the moiré potential as a cut through the supercell
for each twist angle, where the coordinates of the high-
symmetry stackings (R}, R} and R}) in the rigid lattice are
shown on the x-axis. We find the electron potential to be very
deep at R at small twist angles (up to —200 meV) due to the
concentrated strain formed from the atomic reconstruction
(Figure 2.a).”>* The potential then becomes shallower when
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Figure 2. Moiré potential as a function of the twist angle and moire
period for the (a) electron, (b) hole, and (c) exciton potential in the
R-type stacked MoSe,—WSe, heterostructure. At small angles, the
electron potential is very deep at R} due to the strain induced by
atomic reconstruction and becomes more shallow at larger angles.
The hole potential is instead positive at R, but has its minimum very
close in the R} domain, which is reduced in size with the increasing
twist angle. The effective exciton potential Vy = V, + V} shows a
minimum at R}, which changes to R} at larger angles, reflecting the
changes in the electron/hole potential. Cut of the (d) electron and
(e) hole potential at € = 1°, and 6 = 3°.

the lattice starts to revert back to the rigid lattice at larger twist
angles. This can also be seen in Figure 2.d showing the cut of
the electron potential at € = 1.0° and 8 = 3.0°. For the hole
potential, the situation is 51gn1ﬁcant1y different. Here, the
potential has a maximum at R} making it an energetically
unfavorable position for a hole, cf. Figure 2b. The hole
potential instead has its energetic minimum very close to R}
due to the increased size of the RY domain and the
accumulation of strain around the domain edges (see blue
region in Figure 2.b). The small distance between the minima
(compare minima of blue lines in Figure 2.d/e) also translates
into the length scale for the separation of charges. At 8 = 1.0°,
the distance is about 1 nm reflecting the narrow width of the
R} domains. At larger angles, the moiré potential becomes less
sharp and the energy minimum is located directly at the R}
site instead, cf. Figure 2.e, reflecting the diminishing role of the
reconstruction. The effective exciton potential Vy = V, + V),
exhibits a dip at R} (Figure 2.c) reflecting the behavior of the
electron potential. Increasing the twist angle, it starts to shift
toward the hole potential minimum.

Having access to the twist-angle dependent moiré potential
in an atomically reconstructed lattice, we can define a
Hamilton operator in second quantization, taking into account
the attractive Coulomb interaction between electrons and
holes. To gain access to exciton wave functions and energies,
we derive an eigenvalue equation HIX) = EIX) for the in-plane
charge-separated exciton, where 1X) is a general exciton state.
Introducing the center-of-mass momentum and by employing
the zone-folding technlque,17 1822 e can derive the general-
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ized moiré exciton eigenvalue equation in a zone-folded basis,
which can then be solved by treating it as a sparse matrix to be
diagonalized.%’47 Further details concerning the generalized
moiré exciton eigenvalue equation can be found in the
Supporting Information.**

B FORMATION OF INTRALAYER CT EXCITONS

Diagonalizing the generalized moiré exciton eigenvalue
problem provides a microscopic access to the two-particle
wave function W;, which can be translated into the electron
p.(r), hole p,(r) and exciton center-of-mass densities py(r), cf.
Figure 3 showing the case of hBN-encapsulated, R-type
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Figure 3. Electron, hole and exciton densities p;(r) are shown in (a-
c), respectively, as a function of the twist angle and moiré period (at
Q = 0 for excitons) in the R-type stacked MoSe,—WSe,
heterostructure. At small twist angles, the electron density is trapped
at R with holes mostly on top of it, thus constituting a Wannier-like
exciton. Increasing the twist angle, pulls the holes away from electrons
due to the potential minimum from the reconstructed lattice (cf. also
Figure 1b), thus forming polarized excitons. At larger twist angles, the
impact of the atomic reconstruction becomes negligible and the hole
minima now are located directly at R}!, thus dragging the holes
outside of the exciton Bohr radius and forming intralayer CT excitons.
(d) Exciton energy (blue) and the unbound electron/hole energy
(orange) as a function of twist angle. Here, we can see that the exciton
energy is clearly lower and thus constitutes a bound exciton. The
energy is given in relation to the free and unbound electron/hole.

stacked MoSe,—WSe, heterostructure. Here, we can see that
electrons are very efficiently trapped at low twist angles due to
the deep moiré potential (Figure 3.2). At larger angles, they
slowly become more delocalized and start to overlap with the
hole trapping location, (cf. the faint blue contribution in the
R} region). The hole density overlaps with the electron density
at very small twist angles (6 < 1.3° cf. Figure 3.b) thus
forming a Wannier-like exciton state, as schematically shown in
Figure l.a. In this twist-angle-regime, the length scale between
electron and hole minima is such that the strong Coulomb
interaction can force holes to be on top of electrons and by just
slightly increasing size of the hole density (compare the width
of the hole and the electron density in Figure 3.a/b) also

occupy the hole minimum. This comes as a direct consequence
of the proximity of the hole minimum with the narrow electron
minimum at R} (compare blue lines in Figure 2d/e). Since the
Coulomb interaction has pulled holes to be mostly on top of
electrons, it can be viewed as a Wannier-like exciton state.

When the twist angle is increased (1.3° < 6 < 2.2°), the
reconstruction changes and the minimum of the hole potential
drags holes away from electrons (cf. the schematic in Figure
1.b). Here, the change in the length scale between electron and
hole minima gives rise to a second exciton regime, where the
Coulomb interaction pulls holes toward electrons that are
located in R}. In contrast, the moiré potential pulls holes
further away from R} with increasing twist angle leading to a
partial charge separation, cf. Figure 3.b in the intermediate
twist angle regime. Here, one part of the hole density has been
dragged away from the electron density and one part is still
overlapping with electrons. However, this charge separation
still occurs within the exciton Bohr radius (~2—3 nm) and the
electron/hole still overlap. Thus, we denote this intermediate
twist-angle-regime regime as a polarized exciton state.

In the even larger twist-angle range (6 2 2.2°), the atomic
reconstruction has diminished sufficiently and R}’ domains are
nearly reduced to the their size in the rigid lattice moving the
hole minimum directly to R} (Figure 1.c). Here, holes quickly
change the trapping site and are pulled even further away from
electrons, now outside of the exciton Bohr radius (~2—3 nm).
Furthermore, the hole and electron density overlap far less
than in the polarized regime, indicating an eflicient charge
separation. Thus, we denote this state as intralayer CT excitons
(cf. the schematic in Figure 1.c). Here, the distance between
R) and R! is given by /3/3a,01e where a,;; is the moiré
period (shown on the right y-axis in Figure 3). At a supercell
size about 8 nm (corresponding to 8 & 2.4°), we have a charge
separation of ~4.6 nm - in a very good agreement with
previous studies on intralayer CT excitons.’®*” Note that with
increasing twist angles, the supercell is decreasing in size and
the separation between high-symmetry stackings is itself within
the exciton Bohr radius, thus forming polarized excitons again.
This is, however, expected to occur above the calculated twist-
angle range, where excitons are expected to become entirely
delocalized.

The center-of-mass exciton density is shown in Figure 3.c.
Here, we find the exciton to be very efliciently trapped around
R} in the small twist-angle range due to the very deep electron
potential (cf. Figure 2.a), which is in good agreement with
experimental observations.'” Increasing the twist angle starts to
delocalize excitons due to the decreased confinement length
and shallower moiré potential. When the atomic reconstruc-
tion becomes less important and holes becomes trapped at R},
the exciton density first becomes more localized, reflecting that
its electron/hole constituents are efficiently trapped individu-
ally. With larger twist angles, the center-of-mass exciton density
again become more delocalized due to the increase in the
confinement length. Here, we can see that the exciton density
has contributions from both the electron (R}) and the hole
trapping site (R}"), but also in the space between them. This
reflects that the center-of-mass of the composite electron/hole
pair resides in-between the separated charges. Furthermore,
Figure 3d shows a direct comparison between the exciton
energy (blue) and the unbound electron/hole energy (orange)
as a function of the twist angle. Here, we observe that both the
exciton energy and the unbound electron/hole energy increase
with the twist angle, reflecting the change in the width and
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depth of the moiré potential. The exciton energy is clearly
lower than the unbound electron/hole energy, indicating that
the excitons are still bound. Note that the difference between
these energies does not provide the exact binding energy since
electrons and holes do not reside in exactly the same location
for the two cases. The difference does, however, give a lower
bound for the binding energy.

B INTERSITE EXCITON HOPPING

Having microscopic access to the twist-angle dependent
charge-separated exciton landscape in a reconstructed lattice
we can now investigate the moiré-site hopping of excitons. By
transforming to Wannier basis, the hopping strength ¢ is
derived as™**'

_ 1 i(R—R)-Q
=5 D TR,
Q (1)

where i(j) is the site index, R, is the vector translating between
moiré sites, and Eq is the exciton dispersion as obtained
through solving the exciton eigenvalue equation. Considering
only the most efficient hopping between the nearest
neighboring sites, we calculate the strength of the tunneling
between different moiré sites as a function of the twist angle.

Figure 4 shows the hopping strength [fl for hBN-
encapsulated MoSe,—WSe, heterostructure as a function of
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Figure 4. Hopping strength | as a function of the twist angle in the
R-type stacked MoSe,—WSe, heterostructure. In the low-twist-angle
range, we find to a large extent nonmobile trapped Wannier-like
excitons. Increasing the twist angle, we first observe a noticeable
increase in the hopping reflecting the formation of polarized excitons
followed by a decrease due to a more efficient separate trapping of
electrons and holes. At twist angles larger than 2°, the hopping is
considerably increased again due to the delocalization of excitons. At
6 = 3.0° the hopping strength converges to the rigid-lattice case (red
dashed line). The inset shows the regular monotonous hopping, when
only Wannier excitons are taken into consideration, for both rigid and
reconstructed lattice.

the twist angle. In the Wannier-like exciton regime (6 < 1.3°)
the hopping is negligibly small. When entering the polarized
exciton regime (1.3° < 0 < 2.2°), the hopping first increases
and then goes down again, in stark contrast to the rigid-lattice
case (dashed red curve). This unexpected efficient trapping at
larger twist angles occurs when electrons and holes starts to
become more efficiently trapped individually, i.e the formation
of intralayer CT excitons. Increasing the twist angle even
further increases the hopping strength and at @ = 3.0° it has
converged with the rigid-lattice case (dashed red curve),
reflecting the diminishing importance of the lattice recon-
struction at larger twist angles. Furthermore, the inset shows
the hopping when considering only Wannier excitons, i.e no
charge-separation is allowed. We find both with and without

reconstruction the regular monotonous increase of the
hopping strength with the twist angle. This can be traced
back to the increased confinement length - in a good
agreement with previous studies.”’ The same behavior is also
found for the charge-separated case, but with a rigid lattice.
This demonstrates that the emerging unexpected trapping at
larger twist angles only occurs in a reconstructed lattice
exhibiting a charge separation.

B DIELECTRIC ENGINEERING OF EXCITON HOPPING

The variation of the twist angle allows us to tune the width of
the moiré potential and the importance of the atomic
reconstruction, and thus the efficiency of the charge separation,
as shown in Figure 3. Another way to externally influence the
charge separation is by tuning the strength of the Coulomb
interaction, which can be done by dielectric engineering. So far
we have only studied the case of hBN- encapsulated TMD
heterostructures. Now we will consider other substrates with
lower or higher dielectric screening of the Coulomb potential
and investigate the impact on exciton hopping.

Figure S.a shows the hopping strength [f| for free-standing
samples (blue curve) as well as for different substrates
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Figure S. (a) Exciton hopping strength as a function of the twist angle
for different substrates including the free-standing case (blue), SiO,
(green), hBN (red) and HfO, (yellow), ranging from vanishing
screening (with the dielectric constant & = 1) to large screening (& =
16.1)* in R-type stacked MoSe,—WSe, heterostructure. The choice
of a weaker screening directly impacts the exciton hopping behavior
by heavily suppressing the polarized exciton regime due to the
stronger Coulomb interaction. The density for electrons, holes and
excitons are shown in (b) for the case of hBN-encapsulation and in
(c) for the free-standing case at a fixed twist angle of 6 = 2.5°. We
observe that electrons have a much larger overlap with holes in the
free-standing case, reflecting the stronger Coulomb interaction.

including SiO, (green curve), hBN (red curve) and HfO,
(yellow curve). We find the in the free-standing case, the
exciton remains efficiently trapped up to € = 1.8°. Here, the
increased strength of the Coulomb interaction have heavily
suppressed the formation of polarized excitons, in turn forcing
holes to be localized on top of electrons instead of being
dragged away by the moiré potential. In the case of SiO,, a
small bump starts to emerge in the intermediate twist-angle
range, but the formation of polarized excitons is still very weak.
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In contrast, considering high-dielectric materials, such as hBN
and HfO,,** we observe a pronounced increase of the hopping
strength in the intermediate twist-angle-regime, which is then
reduced when the electron/hole has become efliciently trapped
individually. This is emerging due to a significant suppression
of the Coulomb interaction resulting in a weaker exciton
binding energy and a larger exciton Bohr radius. This allows for
holes to become more separated from electrons, while still
being inside the Bohr radius, thus enhancing the formation of
polarized excitons.

Focusing on a larger twist-angle range, we show that
similarly to the hBN case, the hopping for HfO, is decreased
for angles € > 1.8°, again reflecting the efficient individual
trapping of electrons and holes, and the consequential
formation of intralayer CT excitons. Interestingly, the high-
dielectric substrate reduces the hopping more efficiently in this
regime compared to the intermediate twist-angle range, which
forms polarized excitons (compare ordering of colors for 6 >
2.2° and @ =~ 1.8°). This can be understood from the difference
in the overlap between electrons and holes. In the regime of
intralayer CT excitons, electron and holes are clearly separated
outside of the exciton Bohr radius. Decreasing the screening
leads to a stronger Coulomb interaction and thus a stronger
drive for electrons and holes to be on top of each other, cf.
Figure Sb/c. This translates into a more delocalized excitons
(cf. Figure S.b/c) for a free-standing sample and a larger
hopping strength. As a result, we have a qualitatively different
behavior in the two different regimes. In the intermediate
twist-angle range, excitons are more efficiently trapped by a
stronger Coulomb interaction due to the suppression of
polarized excitons. In contrast, in the intralayer CT exciton
regime, excitons are more efficiently trapped by a weaker
Coulomb interaction due to the reduced overlap between
electrons and holes. Consequently, we predict that the
dielectric engineering of the Coulomb potential can act as an
additional external tuning knob to either enhance or suppress
exciton trapping.

Furthermore, recent studies have shown that the effective
screening can be continuously and dynamically tuned by
electrically doping an additional layer that is separated with
hBN from the moiré structure.”” As indicated by our results,
this would allow for a continuous control of the charge
separation and the Hubbard hopping parameter. Moreover,
with the increased separation between electrons and holes, the
interaction strength between excitons could also be efficiently
tuned.”® This is due to the increased exciton dipole length,
which would also be of importance when studying high-density
moiré effects.””>"

Our work provides new microscopic insights into the twist-
angle-dependent charge separation of moiré excitons in an
atomically reconstructed lattice. We predict that the interplay
between atomic reconstruction and Coulomb interaction leads
to three distinct exciton regimes: (i) localized Wannier-like
excitons at small twist angles, (ii) polarized excitons in an
intermediate twist-angle range, and (iii) charger transfer
excitons at larger twist angles. Furthermore, we demonstrate
the impact of these three different regimes on moiré-site
exciton hopping, in particular predicting an unexpected
trapping of excitons at larger twist angles. Finally, we predict
that dielectric engineering can be used to enhance or suppress
the charge separation and its impact on exciton hopping.
Overall, our work contributes to a better understanding of

moiré excitons and the impact of atomic reconstruction on
exciton hopping.
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