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1 INTRODUCTION

Flattening conduction and valence bands for interlayer excitons in a moiré
MoS,/WSe, heterobilayer

Sara Conti," Andrey Chaves,” Tribhuwan Pandey,” Lucian Covaci,*¢ Francois M. Peeters,*” David Neilson,” and Milorad
V. Milogevi¢ 4¢:4:+

We explore the flatness of conduction and valence bands of interlayer excitons in MoS,/WSe; van der Waals heterobilayers, tuned
by interlayer twist angle, pressure, and external electric field. We employ an efficient continuum model where the moiré pattern
from lattice mismatch and/or twisting is represented by an equivalent mesoscopic periodic potential. We demonstrate that the
mismatch moiré potential is too weak to produce significant flattening. Moreover, we draw attention to the fact that the quasi-particle
effective masses around the I'-point and the band flattening are reduced with twisting. As an alternative approach, we show (i)
that reducing the interlayer distance by uniform vertical pressure can significantly increase the effective mass of the moiré hole,
and (ii) that the moiré depth and its band flattening effects are strongly enhanced by accessible electric gating fields perpendicular
to the heterobilayer, with resulting electron and hole effective masses increased by more than an order of magnitude — leading to
record-flat bands. These findings impose boundaries on the commonly generalized benefits of moiré twistronics, while also revealing
alternate feasible routes to achieve truly flat electron and hole bands to carry us to strongly correlated excitonic phenomena on demand.

1 Introduction

The exciting report of superconductivity associated with flat bands
in moiré twisted bilayer graphene! opened the floodgates to in-
ducing and tuning the strongly correlated states associated with
flat bands by interlayer twisting. 2 Flat bands and the associated
correlated states should have a strong effect on the properties of
interlayer excitons in bilayer systems, and in this paper we investi-
gate these effects. The interlayer excitons are bound electron-hole
pairs with the electrons and holes confined in spatially separated
layers. Thanks to the separation, interlayer excitons have much
longer lifetimes than intralayer excitons which are formed from
electrons and holes in the same layer.# In this paper, we investi-
gate the effect of band flattening on interlayer excitons.

Twisted bilayer graphene is unsuitable for the purpose because
of the need for an insulating barrier to separate the layers and
confine the electrons and the holes to their respective layers. Such
a barrier greatly reduces the effects of interlayer coupling, mak-
ing the layers behave as if they were isolated. The isotropic band
structure of the low energy states of graphene is then not sensitive
to an interlayer twist angle. Recent progress in the fabrication of
high-quality van der Waals stacked bilayers has extended twisting
to other 2D materials, most notably the transition-metal dichalco-
genides (TMDs).>® A major advantage of TMDs here is that the
two TMD layers can be different, forming a heterobilayer, and they
can be chosen with a type-II interface. A type-II interface confines

@ Department of Physics, University of Antwerp, Groenenborgerlaan 171, Antwerp 2020,
Belgium

b Departamento de Fisica, Universidade Federal do Ceard, Caixa Postal 6030, Fortaleza
60455-760, Brazil

¢ NANOlab Center of Excellence, University of Antwerp, Antwerp 2020, Belgium

4 Instituto de Fisica, Universidade Federal de Mato Grosso, Cuiabd, Mato Grosso 78060-
900, Brazil

T E-mail: sara.conti@uantwerpen.be

¥ E-mail: milorad.milosevic@uantwerpen.be

the electrons and the holes in separate layers without need for an
insulating spacer layer. This allows formation of long-lived inter-
layer excitons in a moiré environment.’

Twisting in bilayers creates a periodic moiré pattern charac-
terized by regions with different local stacking registries. The
moiré pattern yields potential landscapes for electrons and holes
along the plane.® As a result, the properties of the excitons can
be broadly tuned by flattening the electron and hole bands and
changing their moiré potentials, leading to intriguing possibilities
for novel technology devices. 7,912

In homobilayers, moiré patterns occur only in twisted samples
but in TMD heterobilayers, because of the incommensurability of
the two different TMD lattices, moiré patterns are present even
without twisting. Rotational alignment has been found to influ-
ence the interlayer coupling in homobilayers, 13 but for TMD het-
erobilayers, the role and possible tunability of interlayer coupling
remain open questions.

In this paper, we investigate the electronic structure of elec-
trons and holes in a moiré potential landscape for small interlayer
twists, primarily in a MoS,/WSe; van der Waals heterobilayer (vd-
WHB). We use an efficient continuum model parameterized from
first principles. Curiously, we find that the moiré bands for elec-
trons and holes do not flatten with increasing twist angle. On the
contrary, the effective masses decrease as the twist angle grows.

As an alternative flattening strategy, we investigate the effect
of vertical pressure on the bands, directly linked with the reduc-
tion of the interlayer distance. We find that pressure does enhance
the strength of the moiré potential and results in larger effective
masses. As a further strategy, we also investigate the effect of an
external electric field from vertical gating. We find that strong elec-
tric fields significantly enhance the moiré potential depths for the
electrons and holes. This leads to increases in the effective masses
up to two orders of magnitude, and the associated bands become
ultra-flat.
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Fig. 1 (a) Sketch of a MoS;/WSe; vdWHB with a small interlayer twist
angle 0 around zero, along with its moiré unit cell (black solid lines). Re-
gions of local stacking registries RZ, R;f, and RhM are identified. (b) Con-
duction and valence band edges at the K-point from the moiré potential of
an infinite aligned MoS,/WSe, vdWHB. Vertical dotted lines emphasize
different stacking registers. (c) Moiré potential for the electrons obtained
from the continuum model.

We have used Density Functional Theory (DFT) to identify
an optimal configuration of van der Waals heterobilayers. We
searched for a heterobilayer with type-II band alignment and with
the electrons and holes fully confined in their respective layers.
We considered combinations of MoSe,, MoS,, WSe,, WS,, from
which we selected type-II MoS,/WSe, vdWHB with the electrons
(holes) fully confined to the MoS, (WSe,) layer. 8 The band offsets
are ~ 220 (640) meV. 1416

Figure 1a shows the crystal structure of a twisted MoS,/WSe;
vdWHB for a small angle 6 centered on zero. The moiré unit cell is
characterized by periodically alternating local stacking registries,
identified as R, RY, and R . Each stacking register exhibits differ-
ent values for the energy of the conduction (valence) band mini-
mum (maximum).

A further advantage of MoS,/WSe; is that the other material
combinations yield valence band maxima (VBM) which for some

stacking registries lie at the ['-point. In contrast, for MoS,/WSe;
the gap is always at the K-point regardless of the stacking registry,
so only states at the K-point are involved. 17

Since the band edges at the K-point are mostly composed of d-
orbitals of the metal atoms buried in between chalcogen atoms, the
coupling between these band edge states in the two layers should
not significantly change the interlayer band offsets. This allows
us to consider the type-II interlayer exciton as the lowest energy
case. Indeed, this is verified by DFT calculations of untwisted het-
erobilayers with different stacking orders, where band edges at the
K-point are observed to be essentially superpositions of the mono-
layer bands. '

Figures 1b and 1c show the effect of the moiré potential on
the spatial evolution of the band edges for electrons and holes
along the diagonal of the moiré unit cell in aligned MoS,/WSe;
vdWHB. The band edges are obtained using a continuous model
for the moiré potential (eqn (1) in Sec. 4.1) with DFT parame-
ters V, | = —17.3 meV, V| = —107.1 meV, V., = —13.8 meV, and
Vio = —90.2 meV. The energies are taken with respect to the min-
imum energy value corresponding to RZ where for this particu-
lar vdWHB MoS,/WSe, both the electrons and holes would be
trapped. The effect of the moiré pattern is much weaker for
the electron bands than for the hole bands. This is because the
VBM charge density extends to both layers giving rise to non-zero
interlayer mixing, while the conduction band minimum (CBM)
charge density is completely confined to the MoS; layer (Fig. 14
in Sec. 4.2). Thus, the VBM is modulated by the interlayer moiré
potential, while the CBM responds to the intralayer moiré poten-
tial. Because the interlayer moiré potential is much deeper than
the intralayer potential, the changes in the VBM charge density
are more pronounced than those in the CBM.

In the following subsections, the electrons (holes) are always
confined in their MoS, (WSe,) layer, which allows us to take the
same effective masses m,;) = 0.43 (0.35)mq throughout. 116

2.1 Flattening the moiré band by twisting

Figures 2 and 3 show the band structure of moiré electrons and
holes respectively, in the MoS,/WSe, vdWHB along the k, direc-
tion. The interlayer twist angles are 6 = 0.5°, 2°, and 3.5°. The
I'-point of the moiré Brillouin zone corresponds to the K-point of
the Brillouin zone of the MoS, layer where the conduction band
state is located. As the twist angle is increased, the period of the
moiré pattern decreases, leading to larger and larger moiré Bril-
louin zones.

Figure 4 compares the lowest energy conduction (a) and valence
band (b) for different twist angles. It is important to note that for
small twist angles, bands may appear flat but this can be mislead-
ing. The apparent flatness is a result of a large anti-crossing at the
moiré band edge combined with the short Brillouin zone length.
Properties of compact moiré interlayer excitons involve states with
wavelengths exceeding the abbreviated first Brillouin zone, requir-
ing states from the higher Brillouin zones within the unfolded zone
scheme. Figs. 2 and 3 show that the reconstructed unfolded bands
follow closely the bands of electrons and holes in isolated layers,
with their effective masses set at the K-point (red and blue dashed
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Fig. 2 Moiré bands for electrons in MoS,/WSe; vdWHB with interlayer
twist angle (a) 8 = 0.5°, (b) 2.0°, and (c) 3.5°. Red dashed lines show for
comparison a parabolic dispersion with electron effective mass m, =0.43my
in an isolated MoS; layer.

lines respectively). This means that these moiré quasi-particles be-
have similarly to the original electrons and holes in isolated layers,
with no significant increase in the quasi-particle effective masses.

Figure 5 shows the properties that are conventionally used to
characterize the flattening of bands, namely the ground state band-
widths, the bandgap between the lowest energy bands, and the
effective masses at the I'-point. With increasing twist angle, the
electron and hole bandwidths and bandgaps increase (Fig. 5a and
b). Fig. 5¢ shows that the electron effective mass is insensitive to
twisting, but that the hole effective mass significantly decreases
with twisting. This difference in behavior reflects the shallowness
of the electron moiré potential relative to the hole moiré potential
(Fig. 1b).

Band flatness is closely related to wave function localization. In
terms of a tight-binding model of the moiré lattice, for a strongly
localized wave function, the hopping between neighboring poten-
tial minima in the lattice will be small, resulting in flat bands.
The moiré potential landscape of untwisted MoS,/WSe, vdWHB
is too shallow to produce very flattened bands. Twisting this het-
erobilayer only further suppresses the original moiré potential be-
cause it decreases the distance between the moiré potential min-
ima (larger moiré Brillouin zone), leading to stronger hopping en-
ergies between adjacent unit cells. Thus as shown in Fig. 5, twist-
ing works against flattening of the bands in this heterobilayer, in
contrast to twisted homobilayers.

To work towards band flattening with large effective masses and
energy gaps, one must identify ways to deepen the confining moiré
potential. In what follows, we explore the deepening of moiré po-
tentials through application of vertical pressure and electric fields.

2.2 Flattening the moiré band by vertical pressure

As an alternative strategy, we now look at the effect on the bands
of pressure applied perpendicularly and uniformly across the lay-
ers to reduce the interlayer distance d. 19 Since the moiré potential
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Fig. 3 Moiré bands for holes in MoS, /WSe, vdWHB with interlayer twist
angle (a) 6 = 0.5°, (b) 2.0°, and (c) 3.5°. Blue dashed lines show for
comparison a parabolic dispersion with hole effective mass m;, = 0.35my in
an isolated WSe, layer.
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Fig. 4 Lowest energy moiré bands for (a) electrons and (b) holes in a
MoS,/WSe; vdWHB for different twist angles 6.

is strongly affected by different interlayer couplings in the R”, RY,
and R stacking regions, any decrease 8d in the interlayer distance
should efficiently control the depth of the moiré potential while
leaving the moiré pattern unchanged. In fact, tuning of the moiré
potential and, consequently, of its resulting minibands, via verti-
cal pressure have been recently experimentally probed with moiré
phonons in a MoS,/WSe; vdWHB. 20

The changes in the potential landscape due to the applied pres-
sure are reflected in changes in the values of the parameters V;
and V;, in eqn (1). These determine the pressure-induced modi-
fications on the band structures of the moiré electrons and holes
in a MoS,/WSe, vdWHB with the interlayer distance uniformly re-
duced in all regions by &d, up to 8d ~ 0.5 A. The value 6d =0.5 A
corresponds to an applied pressure ~ 9 GPa, well within the typical
experimental range. 2! Table 1 lists the values of the parameters for
different values of dd.

We verified that the K-point edges of the band structure for each
stacking registry considered here are the most energetically favor-
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Fig. 5 (a) Ground-state bandwidths 8E, (b) bandgap between the two
lowest energy bands E,, and (c) effective masses meg for electrons (red
solid line) and holes (blue dashed line) in a MoS;/WSe, vdWHB as a
function of the twist angle 6.

able states for any pressure that reduces the interlayer distance by
less than 0.4 A. When 8d ~ 0.4 - 0.5 A, , our DFT results show that,
for some stacking cases, the I'-point band edge becomes the most
energetically favorable state for holes and the bandgap becomes
indirect. Nevertheless, the direct K-K excitonic transition peak is
still clearly observed in TMDs bilayers even when it is not the most
energetically favorable state.22 Therefore, we consider a system
where no scattering processes between states from different points
within the Brillouin zone are present, which allows us to reliably
investigate the K-K excitonic states isolated from the indirect K-T'
excitonic state, as we do here.

Table 1 Parameters (in meV) for reconstructing moiré potentials for
electrons and holes [eqn (1) in Sec. 4.1] under applied vertical pressure.

od (A) Ve Ver Vi1 Vi
0.0 -17.3 -13.8 -107.1 -90.2
0.2 -19.1 -19.6 -138.1 -137.2
0.4 -22.0 -24.4 -168.9 -199.2
0.5 -24.5 -28.5 -182.8 -237.4

Figure 6 shows the conduction band (a) and valence band (b)
edges along the diagonal of the moiré unit cell of MoS,/WSe; vd-
WHB as a function of 8d. The applied pressure enhances the inter-
layer coupling and this increases the depth of the moiré potential
for RX stacking. At 8d ~ 0.2 A, the lowest energy state switches
from the R} to the R stacking.

We see from Fig. 7 that, because of the switch, reducing the
interlayer spacing has little effect on meg until §d ~ 0.2 A. When
8d > 0.2 A, the hole moiré potential at Rif deepens to such an
extent that, by 6d = 0.5 10\, the moiré hole effective mass has in-
creased by nearly an order of magnitude compared with its value
in an isolated WSe; monolayer.

This is because the interlayer mixing of the VBM charge density
significantly increases with decreasing interlayer distance. How-
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Moiré potential [meV]

Fig. 6 (a) Conduction and (b) valence band edges at the K-point from
the moiré potential of a MoS,/WSe; vdWHB with 6 = 0.5°, for decreases
in the interlayer spacing 8d = 0 (black solid line), 0.2 A (orange dashed),
0.4 A (purple dotted), and 0.5 A (green dash-dotted line).
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Fig. 7 Electron and hole effective masses mg in a MoS, /WSe; vdWHB
with 8 = 0.5°, as a function of the decrease 8d in the interlayer spacing
from vertical pressure.

ever, Fig. 6a shows for electrons that the variations in the moiré po-
tential are small, and we see that the moiré electron effective mass
does not change significantly with dd. Indeed, the CBM charge
density is not expected to be sensitive to dd, since the conduction
band states are strongly localized in the Mo atoms, buried in be-
tween the S atoms, which prevents electron states from undergo-
ing significant modifications in the charge density due to the pres-
ence of another layer (Fig. 14a in Sec. 4.2). Valence band states,
on the other hand, have their charge that also extends among the
Se atoms, making them more susceptible to different interlayer
distances and even to the stacking order (see Fig. 14b in Sec. 4.2).

We conclude that with applied uniform vertical pressure one ob-
tains significant band flattening and an increase in the effective
mass, but only for the valence band states.

2.3 Flattening the moiré band by vertical gating

As a final strategy, we investigate the effect on the bands of an ex-
ternal perpendicular electric field from gating. The vertical electric
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Fig. 8 Conduction and (b) valence band edges at the K-point from the
moiré potential of MoS,/WSe; vdWHB with 6 =0.5°, for unbiased case
(black solid line), and under applied perpendicular electric fields E; of
50 mV/A (orange dashed), 200 mV/A (purple dotted), and 400 mV/A
(green dash-dotted line).
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Fig. 9 Lowest energy moiré bands for (a) electrons and (b) holes in a
MoS,/WSe; vdWHB with 6 = 0.5°, for unbiased case (black solid line),
and under applied perpendicular electric fields E, of 50 mV/A (orange
dashed), 200 mV/A (purple dotted), and 400 mV/A (green dash-dotted
line).

dipole moment p = ed of interlayer excitons couples with the elec-
tric field E,, and this will affect the moiré potential. From the Stark
effect, the electric field E; shifts the CBM and VBM energy levels in
MoS, and WSe; approximately by +pE./2, where the sign refers
to the dipole moment orientation in each band state. An electric
field applied from the MoS, layer to the WSe, layer should de-
crease the band gap, since the electron (hole) wave function at
the K-point is mostly in the MoS, (WSe;) layer, so that the dipole
moment of the CBM (VBM) is such that this band edge energy
decreases (increases) with the field. Conversely, a field in the op-
posite direction would increase the gap, and for relatively small
fields the electrons and/or holes can change layers. 10 Despite its
simplicity, results predicted by this model for the Stark shift due
to vertical electric fields has been experimentally verified, where
great agreement is observed. 23

Since the regions with different stacking registries in the moiré
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Fig. 10 (a) Ground-state bandwidths 0E, (b) bandgap between the two
lowest energy bands E,, and (c) effective masses mer for electrons (red
solid line) and holes (blue dashed line) in a MoS;/WSe; vdWHB with
6 = 0.5° as a function of the applied perpendicular electric field E,. For
clarity, meg is scaled to the values for zero field meg(E; = 0). Inset in (c):
meff/meff(o) for 6 =3.5°.

pattern present different interlayer distances (see Fig. 15b in Sec.
4.2) and, consequently, different dipole moments, an uniform elec-
tric field E; modifies the band edges in each of these regions by
a different amount. As a consequence, the depth of the moiré
potential landscape and the moiré effective masses can be read-
ily increased and tuned by a field pointing from the MoS; to the
WSe,, since the RZ stacking region containing the minimum of the
moiré potential has the largest interlayer distance,8° and hence
the largest dipole moment.

Figure 8 shows the conduction and valence band edges of the
MoS,/WSe, vdWHB for different applied uniform electric fields.
We find that the moiré potential indeed becomes progressively
deeper with increasing E;, while the Rﬁ always remains the stack-
ing with minimum energy. The deepening of the moiré potential is
much larger than for the case with pressure (Fig. 6).

Figure 9 shows that with applied electric field, the lowest energy
conduction band (a) and valence band (b) become remarkably flat.
Fig. 10a shows bandwidths SE as small as ~ 10~2 meV, the nar-
rowest reported to date. Fig. 10b shows the corresponding energy
bands E, which increase by a factor of two, and Fig. 10c shows that
there is a dramatic increase in both the electron and hole effective
masses for vertical electric fields E. > 100 mV/A. The dramatic in-
crease in the masses is severely curtailed when the twist angles are
increased (inset Fig. 10), demonstrating once again the detrimen-
tal effects of twisting in this heterobilayer.

This is an exciting result, pointing to the possibility of achieving
ultra-flat bands with associated strongly correlated interlayer exci-
ton states in MoS,/WSe, vdWHB by means of an applied electric
field, without need for twisting.
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Fig. 11 (a) Moiré potential for the electrons in the reconstructed lattice of a MoS;/WSe, vdWHB with sufficiently small twist angle. The potential
in the vicinity of the confined RZ region is modeled by a Gaussian function of width d = 15 A.24 Spatial distribution of the electron probability density
for the reconstructed lattice, (b) in the absence of applied electric field, and (c) with perpendicular electric field 200 mV/A .

2.4 Effect of reconstruction of moiré lattice on band flatten-
ing

Recent experiments have reported lattice reconstruction upon re-
laxation of MoSe,/WSe; heterobilayers with near-zero twist angles
6 < 1°.2425 In this combination of materials, the formation ener-
gies of the RhM and Rif stacking registries are almost degenerate
and significantly smaller than the RZ formation energy. Conse-
quently, the regions of the original moiré pattern with these two
stacking configurations expand and undergo reconstruction. In
our MoS,/WSe, heterobilayers, the formation energies exhibit the
same features as MoSe,/WSe, (Fig. 15a in Sec. 4.2). Therefore,
we expect the lattice reconstruction at small twist angles would be
similar.

As a consequence, the pattern of the electron and hole effective
potentials would no longer be the original moiré pattern, depicted
in Fig. 1c for electrons, but rather it would acquire a different
form, as shown in Fig. 11a. The result would be a super-lattice
composed of triangular domains with R) or R} registries with a
strongly-reduced RZ region connecting the corners of the triangles.
We assume there is no change in lattice parameters upon recon-
struction, so the potentials in these regions will be nearly the same
as shown in Fig. 1b.

Figure 12 shows, for electrons (red solid lines) and holes (blue
dashed lines), the bandwidths 6E (a), the corresponding band
gaps E, between the ground and first excited states (b), and the
increase in both the electron and hole effective masses (c) as a
function of the perpendicular electric field. At zero electric field,
the narrow and shallow potential in the RZ region is not able to
confine electron and hole wave functions. They are strongly lo-
calized but within the triangular RY patches (Fig. 11b). They ex-
hibit small overlap with adjacent triangles, and consequently, the
hopping parameters are small compared with the unreconstructed
moiré potential. This leads to higher electron and hole effective
masses in the reconstructed case.

In contrast to the unreconstructed case, here a weak electric field
decreases very slightly the effective masses and the band flatten-
ing. This is because a weak electric field deepens the confinement
potential in the Rz region, linking wave functions in the trian-
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Fig. 12 After small angle lattice reconstruction in a MoS, /WSe; vdWHB,
(a) ground-state bandwidths §E, (b) bandgap between the two lowest
energy bands E,, and (c) effective masses mes for electrons (red solid line)
and holes (blue dashed line) as a function of the perpendicular electric
field E;. me(0) is for zero electric field.

gular RY regions and thus increasing the overlap between wave
functions in neighboring triangles. This leads to higher hopping
parameters and hence less band flattening. However, except for
weak fields, the deeper RZ potential will fully confine the electron
and hole wave functions. The transition from wave functions con-
fined in the triangular R} regions at zero field to wave functions
strongly confined in the RZ region is verified in the contourplots of
the electron probability densities for zero and 200 mV/A electric
fields (Figs. 11b-c). This confinement again leads to a decrease in
the hopping parameters and a significant flattening of the bands,
just as in the unreconstructed case.

Figure 12c shows that for electrons (holes), the electric field still
strongly increases the effective masses by a factor 60, decreases
the bandwidths 6E by 99.65% (99.86%), and increases the gaps
E, by a factor 10. We see that the dramatic increase of the effec-
tive masses with electric field and the associated sub-meV band-
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2.5 Properties of interlayer excitons in moiré potential under band-flattening

widths are very similar to that for the unreconstructed moiré lat-
tices reported in Sec. 2.3. Therefore the conclusions in the main
manuscript about band flattening using applied electric fields re-
main equally valid in the presence of reconstruction.

2.5 Properties of interlayer excitons in moiré potential under
band-flattening
Using the single-particle energy bands calculated in the previous
sections, we now investigate the properties of the indirect exci-
tons. Flattening the electron and hole bands directly tunes the
properties of the interlayer excitons and their strongly-correlated
phases. The exciton Rydberg energy Ry* = ¢?/(4me2a}), Bohr ra-
dius ajy = h?4ne/(ue?), and binding energy Ej, all depend on the
effective reduced mass u, which is increased when the bands flat-
ten. These quantities are a measure of the strength of the electron-
hole attraction, indicating the degree of difficulty of exciton disso-
ciation2® and the dissociation temperature kgT o Ej,.2” The bind-
ing energy also provides insight into the properties of the strongly
correlated excitonic states, including the exciton superfluid. The
Berezinskii-Kosterlitz-Thouless transition temperature for the su-

perfluid is proportional to Ej. 2829
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Fig. 13 Moiré interlayer exciton binding energy E;, and Bohr radius aj in
a MoS;/WSe; vdWHB (a) as a function of twist angle 6 (and the corre-
sponding period of the moiré potential 1), (b) as a function of reduction
of the interlayer distance 8d upon pressure, and (c) as a function of a
perpendicular electric field E.

We use a variational approach solving eqn (3) in Sec. 4.3 with
the exciton wave-function modeled by an exponential. Fig. 13
shows the resulting exciton binding energy E; and Bohr radius aj

as a function of (a) twist angle, (b) interlayer distance tuned by
vertical pressure, and (c) applied electric field.

Figure 13a shows that with twisting, the moiré electron and hole
masses have very limited tunability, so the exciton binding energy
and Bohr radius do not greatly vary. For all the twist angles, aj
remains an order of magnitude smaller than the moiré period 14
(top x-axis). This indicates that twisting has little effect on the
localization of the excitons. In contrast, Fig. 13b shows that if
instead the interlayer distance is reduced by pressure, the binding
energy increases by as much as 25% and the Bohr radius decreases
by 50%.

The effect on the binding energy and Bohr radius is even
more dramatic with application of a perpendicular electric field
(Fig. 13c). The binding energy is enhanced by a factor of two for
an increase in E. from 0 to 400 mV/A, while the Bohr radius drops
by a factor of 100. Here the moiré period A ~ 8.6 nm for 6 = 0.5°,
and the ratio of the effective Bohr radius to A decreases with in-
creasing the electric field. By E, = 400 mV/A where the bands are
ultra-flat, aj has decreased to two orders of magnitude less than
A. These results indicate extreme localized exciton states and a
striking evolution towards strong correlations.

3 Conclusions

In summary, we have determined the moiré bands for electrons
and holes in MoS,/WSe, vdWHB with small interlayer twist an-
gles near 6 ~ 0°, to tune under twisting, pressure, or electric fields
the flatness of the electron and hole bands, for the purpose of in-
vestigating interlayer excitons in the strongly correlated regime.

We have developed a continuum model parameterized from first
principles, one that respects the crucial changes in the moiré po-
tential from one stacking register to another. The method is readily
adaptable for other material combinations of van der Waals hetero-
bilayers, as well as for small twist angles near 6 ~ 60°. The method
is robust and reliable and does not suffer from the computational
limitations in first principle calculations of moiré heterostructures,
imposed by the large number of atoms in the unit cell.

We first demonstrate for this heterobilayer that in the vicinity of
the I'-point, the moiré potentials in the presence of a small inter-
layer twist do not flatten the bands. This is opposite to the trend
known for twisted bilayer graphene and expected for other homo-
bilayers. Although when the twist angle increases from zero the
bands are seemingly flatter within the shorter Brillouin zone, we
find that in fact, the overall effective mass of the quasi-particles
remains practically unchanged.

As an alternative idea for deepening the moiré potential, we con-
sidered reducing the interlayer spacing by application of uniform
vertical pressure. This active manipulation was able to increase the
effective mass of the hole by nearly an order of magnitude when
the interlayer distance was decreased by 0.5 A while, interestingly,
the electron mass is left nearly unaltered. Such different behavior
of electrons and holes bears nontrivial consequences on the result-
ing properties of the interlayer excitons, of crucial importance to
any further exotic strongly-correlated excitonic phases in van der
Waals heterobilayers.

We find that as an even more effective strategy, applying an
electric gating field perpendicular to the heterobilayer can dra-
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matically deepen the moiré potential, thereby leading to strong
increases of the moiré electron and hole effective masses. Con-
cretely, in MoS,/WSe, vdWHB with a 400 mV/A electric field, the
effective masses of the moiré electron and hole are both increased
by a factor of ~ 40. This makes the moiré bands ultra-flat, with
bandwidths as narrow as 0.05 meV, the narrowest reported to date.

With such different yet complementary effects of these three ma-
nipulations, with their selective influences on electron and hole
bands, and with the consequent tunability of the exciton binding
energies and Bohr radii, we expect our results will help guide fu-
ture works that seek strongly correlated electronic and excitonic
phases in flat bands of 2D heterostructures.

4 Theoretical Methods

4.1 Continuous Model

We build our continuum model for the moiré potential using pa-
rameters extracted from the DFT calculations. The Cz, symmetry
of the potential landscape is imposed by assuming a moiré poten-
tial expressed as

€5)

with the index i = e(h) for electron (hole), fi(¥) =
(efil-(‘T+efié3l?-?+efiégl?-7)/3, and f>(7) = [efil?-?+efi(é3l?-?+9v/2) +
¢~ i(GiK7+6,)] /3 The €5 operator represents a 120° rotation, and
6, =4r/3.

To determine the band structures, we represent the Hamiltonian
in a finite difference scheme, incorporating the 2D moiré potential
landscape of eqn (1) and assuming periodic boundary conditions
with a Bloch wave approach. The time independent Schrédinger
equation is numerically solved separately for electrons and holes
within the effective mass approximation.

Vi(7) = Vil AP + Vil £(7)%,

4.2 Density Functional Theory calculations
The Density Functional Theory (DFT) calculations from first princi-
ples were performed using the Projector Augmented Wave (PAW)
method3° implemented in the Vienna Ab-initio Simulation Pack-
age (VASP).31:32 The generalized gradient approximation (GGA)
from Perdew-Burke-Ernzerhof (PBE) is used for the exchange-
correlation functional. 33

We present details of DFT for untwisted MoS,/WSe, vdWHB.
The van der Waals interactions between the MoS, and WSe, mono-
layers were included by the dispersion-corrected density func-
tional (DFT-D3) method.3* A vacuum spacing of 18 A is employed
along the out-of-plane direction to model an isolated heterostruc-
ture. To limit the induced strain, an average of the experimen-
tally measured lattice constants of bulk MoS,; (3.160 A)35 and bulk
WSe; (3.282 A)36 is used as the in-plane lattice constant of the
MoS,/WSe; heterobilayer (3.221 A) for all the stackings consid-
ered. This is a reasonable and customary approximation when
calculating band structures of heterobilayers ab initio 1837, which
allows one to obtain a commensurate bilayer suitable for DFT cal-
culations. The small (~ 1.8 %) strain introduced by this approxi-
mation is not expected to produce significant changes in the band
structures.

Structural relaxation was performed using the conjugate-

gradient method until the absolute value of the components of
forces on out-of-plane positions converged to within 0.005 eV/A.
During the structural relaxation across all the stackings, the in-
plane atomic positions were kept fixed. Further refinement of the
model to incorporate lattice relaxation in a heterostructure is left
as an outlook, but should not affect the main conclusions of the
work. An energy cutoff of 450 €V, energy convergence threshold
of 1077 eV, and I'-centered k-mesh of 15 x 15 x 1 were used for
structural relaxation and self-consistent calculations.

Six valence electrons were used in the PAW pseudo-potential,
d>s' for W/Mo and s?p* for S/Se. Spin-orbit coupling was taken
into account in all calculations except in structure relaxation. For
each stacking, the MoS,; and WSe; band edges are calculated at
the K-point.
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Fig. 14 Wave-function of (a) conduction band minimum and (b) valence
band maximum states at the K-point, averaged along the perpendicular
direction z, for untwisted MoS, /WSe; vdWHB. The isosurface plots shown
in red are for a value 0.004 e/A3 at Rl! stacking. Inset in panel (b) is a
zoom-in showing the interlayer mixing.

Figure 14 shows the wave-functions at the K-point of the
conduction band minimum (CBM) and valence band maximum
(VBM). The major contribution to the CBM charge density (panel
(a)) comes from the d-orbital of the metal atom and is fully con-
fined to the MoS, layer. The VBM charge density (panel (b)) has
contributions both from the metal and chalcogenide atoms, and it
extends out from the WSe, layer to give rise to a small but finite
interlayer mixing (see inset).

Figure 15 shows for the different stackings, the variation in the
total energy, the interlayer distances d, and the bandgap. We take
d as the distance between Mo and W atoms (see inset). Fig. 15a
shows that among all the sliding geometries explored, Rﬁ’] stacking
is energetically the most favorable. Fig. 15b shows that the inter-
layer distance has a sensitivity to the stacking order of up to 0.6 A.
Uniform vertical pressure was modeled by reducing the interlayer
distance by the same fixed amount across all the stackings without
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Fig. 15 (a) Variation of the total energy, (b) interlayer distance d, and
(c) bandgap for the different stackings of aligned MoS;/WSe, vdWHB.
In panel (a) the energy is relative to the energetically favorable stacking
(RM). In panel (c) 6d is the reduction in the interlayer distance.

relaxation. Fig. 15c shows the evolution of the bandgap for the
different stackings when the interlayer distance is reduced by éd.

Notice that in these calculations the in-plane lattice parameter
for all stacking orders is kept as 3.221 A, as explained in Sec. 4.2.
Although, in the actual moiré pattern of a twisted vdWHB, the in-
plane pressure among different regions of the moiré pattern is ex-
pected to produce local lattice parameters that slightly differ from
this value in each region, this is a necessary approximation for the
method we proposed: in order to develop a continuum model that
is computationally inexpensive even at small twist angles, we pay
the price of being unable to exactly include lattice relaxation in
our calculations. In fact, letting the system relax to the ideally
optimized in-plane lattice parameters for every stacking registry
would simply relax the crystal to the configuration of lowest for-
mation energy, namely R}/, and we would be unable to study the
RZ and RY cases. Therefore, the in-plane crystal structures are not
relaxed in our approach, being incompatible with the methodology
we propose, which in turn allows us to systematically investigate
a variety of situations involving small twist angles, applied elec-
tric fields, and vertical pressure, in contrast to DFT calculations
for such vdWHB, which would involve huge unit cells and, con-
sequently, prohibitively expensive computational cost, except for a
few specific cases. Nevertheless, such small deviations of in-plane
lattice parameters in our approximation are not expected to pro-
duce changes to the band structure that are significant enough to
modify our conclusions. We have validated additionally that varia-
tions in the interlayer distance do not produce significant changes
in the in-plane lattice parameters either.

For the same reason, we did not calculate the actual recon-
structed crystal lattice investigated in Sec. 2.4 from first principles,
but rather mimicked the experimentally observed reconstructed
patterns (cf. Refs.?*2%) by an appropriate distribution of R}, R,
and R’}y regions along the vdWHB plane, as described in the cap-
tion of Fig. 11. In fact, reconstructed patterns similar to the

one shown in Fig. 1la are expected for crystals with atoms or-
ganized in a honeycomb lattice, such as twisted bilayer graphene
and TMDs, with interlayer twist angle ~ 0°. The ab initio calcula-
tion of an actual reconstructed pattern of a twisted heterobilayer is
a very challenging problem that is a desired perspective for future
works.

4.3 Exciton binding energy in moiré potential

A Wannier-Mott exciton in the presence of the moiré potential is
described within an effective mass approximation by a Hamilto-
nian that includes (i) separate kinetic energy terms, (ii) moiré po-
tentials for each electron and hole (V, and Vj,, respectively), and
(iii) an electron-hole interaction term V,:

72

s 2 ny e
\% —7vr+Vg(R+Mr)+Vh(R_Mr)+veh(r)7 2

H.,— ——
“ oM 21

where r is the in-plane relative coordinate and R the center-of-
mass coordinate of the electron-hole pair, and M = m, + my, the
total mass.

Unlike the system considered in Ref. Yu et al. 2, in which the
energy scale of the electron-hole binding is much larger than that
of the moiré potential landscape, here the moiré potentials reach
hundreds of meV and are of the same order of magnitude as the
electron-hole interaction. With a deep moiré potential landscape,
we assume that the moiré electron and hole band structures in
isolated layers can be used to rewrite Eq. (2) independent of R.
The binding energy E;, of interlayer excitons consisting of moiré
electrons and holes is then obtained from

h2

[—zwvf +Ven(r)| w(r) = Epy(r). &)

The modified reduced mass u’ is determined from the moiré effec-
tive electron and hole masses, and V,;(r) is the Keldysh potential
for electrons and holes in different layers, 38

e

Vou(r) = =
en(r) Ameey 2rg

[HO (W) - (W) W

o o

where Hj and Yj are respectively the Struve and Bessel functions
of the second kind, and ro = 2wy /¢ is the screening length. y ~ 7
nm is the 2D polarizability of the medium, and € ~ 4 the dielectric
constant for a MoS,/WSe, vdWHB embedded in hexagonal boron
nitride.3? The exciton occupies the energetically most favorable
registry stacking. In any case the dependence of E;, on the local
register due to varying interlayer distances at the different reg-
istries, is expected to be weak because the associated variation in
d is a tiny fraction of the exciton Bohr radius (Fig. 15b).
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