SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS SCIENCE

Shedding light on moiré excitons:
A first-principles perspective

Hongli Guo, Xu Zhang, Gang Lu*

Moiré superlattices in van der Waals (vdW) heterostructures could trap long-lived interlayer excitons. These moiré
excitons could form ordered quantum dot arrays, paving the way for unprecedented optoelectronic and quan-
tum information applications. Here, we perform first-principles simulations to shed light on moiré excitonsin
twisted MoS,/WS; heterostructures. We provide direct evidence of localized interlayer moiré excitons in vdW het-
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erostructures. The interlayer and intralayer moiré potentials are mapped out based on spatial modulations of
energy gaps. Nearly flat valence bands are observed in the heterostructures. The dependence of spatial localiza-
tion and binding energy of the moiré excitons on the twist angle of the heterostructures is examined. We explore
how vertical electric field can be tuned to control the position, polarity, emission energy, and hybridization
strength of the moiré excitons. We predict that alternating electric fields could modulate the dipole moments of
hybridized moiré excitons and suppress their diffusion in moiré lattices.

INTRODUCTION

Van der Waals (vdW) heterostructures formed by vertical stacks of
two-dimensional (2D) crystals provide an unprecedented platform
to engineer quantum materials with exotic physical properties
[unconventional superconductivity (1, 2), fractal quantum Hall effect
(3), and Bose-Einstein condensation (4)] and novel optoelectronic
applications [quantum emitters (5, 6) and spintronic and excitonic
devices (7-9)]. The most appealing route to engineer a vdW hetero-
structure is to introduce a lattice mismatch or a rotation misalign-
ment between the 2D layers, resulting in a moiré superlattice with
new length and energy scales to be explored for fascinating quan-
tum phenomena (10-16). More recently, the formation and con-
trolling of moiré excitons trapped by periodic moiré potentials have
attracted substantial interest (17).

Following initial theoretical predictions (5, 13), a number of
experimental observations of moiré excitons have been reported in
vdW heterostructures of transition metal dichalcogenides (TMDs)
(18-22). The 2D TMDs feature prominent excitonic effect owing to
quantum confinement and reduced dielectric screening (23-25).
Most TMD heterostructures host long-lived interlayer excitons
with electron and hole separated at different layers due to type II
band alignment (26, 27). When the periodicity of the moiré super-
lattice exceeds the Bohr radius of the moiré excitons, the excitons
could become spatially localized and dispersionless in energy (12, 28).
The localized moiré excitons are envisioned as programmable solid
state analog of ultracold atoms in optical lattices (5, 18-20). In addi-
tion, their substantially reduced bandwidths render the moiré
lattices an excellent platform for studying exotic quantum phases,
from Hubbard model to Mott and Wigner crystals (29-31).

Despite the surge of experimental and theoretical research on
moiré excitons in vdW heterostructures, first-principles perspec-
tives on this subject remain conspicuously scarce, hampered by
computational challenges. This is unfortunate because first-principles
studies can provide critical insights and a level of atomistic details
that are beyond the reach of experiments and phenomenological
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theories. In particular, first-principles modeling is an indispensable
tool in exploring the large and ever-increasing family of vdW
heterostructures. In this work, we attempt to fill the gap and carry
out first-principles calculations to shed light on moiré excitons in
twisted MoS,/WS, heterostructures. Using a newly developed com-
putational method, we provide direct evidence of localized interlayer
moiré excitons in vdW heterostructures. We map out the inter- and
intralayer moiré potentials based on spatial modulations of energy
gaps. Nearly flat valence bands are observed in MoS,/WS; hetero-
structures with small twist angles. We examine the dependence of
localization and binding energy of the moiré excitons on twist
angles of the heterostructures and predict that electric field can
be tuned to control the position, polarity, emission energy, and
hybridization strength of moiré excitons. Last, we propose that the
formation of hybridized moiré excitons under alternating electric
fields could suppress their diffusion in moiré lattices.

RESULTS

Moiré potential and local bandgap modulation

Figure 1 (A and B) shows the unit cells of two moiré superlattices,
formed by twisting an MoS,/WS, bilayer with angles 6 = 3.48° and
6 = 56.52°, respectively. The unit cells have the same lattice constant
(5.25 nm) and number of atoms (1626). In both superlattices, there
are three local motifs, labeled by A, B, and C, that preserve the
threefold rotational symmetry (Cs). The three motifs play a crucial
role in determining the properties of the moiré lattices. The local
stacking confi)%urations around these high symmetry points are
denoted by R¥"" and H""Y, indicating that X atoms at the WS, layer
sit directly above Y atoms at the MoS, layer. Note that the atomic
structures of these motifs are different for the two superlattices.

A moiré superlattice can be considered as a collection of local
stacking motifs—each characterized by a displacement vector d, de-
fined in the primitive unit cell of the untwisted MoS,/WS, bilayer
(6 = 0°), shown in Fig. 2A. As d spans the primitive unit cell, all
possible stacking motifs in MoS,/WS, moiré superlattices can be
recovered. In this way, one can map out the maximum amplitude of
the moiré potentials, which is the most important property of the
moiré superlattices. More specifically, we can calculate the energy
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bandgaps of the MoS,/WS, bilayer (6 = 0°) as a function of d. The
bandgap E, is defined as the energy difference between the conduc-
tion band minimum (CBM) of MoS, and the valence band maxi-
mum (VBM) of WS,. The bandgap variation 8Eg = E, — (Eg) as a
function of the stacking displacement d is shown in Fig. 2B, where
(Eg) is the average bandgap. It is found that the bandgap extremes
coincide with the high symmetry points of the moiré lattice. As the
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Fig. 1. Moiré patterns in the MoS,/WS; heterobilayer. The unit cell of the moiré
superlattice formed by a twisted MoS,/WS; heterostructure with angle 6 = 3.48°
(A) and 8 = 56.52° (B). The stacking configurations of the three local motifs, A, B,
and C, are shown on the right.
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Fig. 2. Moiré-modulated local energy gaps and interlayer distances. (A) The definition of in-plane displacement d in the primitive unit cell of the MoS,/WS, hetero-
structure with 8 = 0° (left). The definition of three bandgaps, Eq, A1, and A; (right). (B) Variation of the MoS,/WS; bandgap (,) as a function of d, showing three extremes
at the A, B, and C points. (C) Variation of the interlayer distance 8h as a function of d, with the extremes at the A, B, and C points.
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bandgap modulation is often used to characterize the moiré poten-
tials (13), we reveal that the maximum value of the moiré potentials
in MoS,/WS; superlattices is ~100 meV at the A point, whereas the
minimum value of the moiré potentials is —160 meV at the C point.
The moiré potential at the B point is slightly shallower than that at
the C point, and the maximum amplitude of the moiré potentials is
thus ~260 meV. Note that the amplitude of a specific MoS,/WS,
bilayer could be lower than the maximum value of 260 meV.

Similarly, we can also estimate the maximum amplitudes of the
intralayer moiré potentials by calculating the intralayer bandgap
modulations, A; and Ay, defined in Fig. 2A. It is found that the max-
imum amplitudes of the intralayer moiré potentials are 18 meV for
MoS; and 13 meV for WS,, respectively (fig. S1). As the amplitude
of the interlayer moiré potentials is much greater than that of the
intralayer moiré potentials, the interlayer moiré excitons are ex-
pected to be more localized than the intralayer moiré excitons.

In Fig. 2C, we present the variation of interlayer distance (3h) as
a function of d for MoS,/WS, superlattices. Here, 8h = h — <h>, with
h defined as the vertical distance between the adjacent Mo and W
atoms and <h> is its average value. It is found that the maximum &h
occurs at the A point and the minimum at the B and C points. It is
evident that the modulation of E, tracks that of h, with the maximum
(minimum) interlayer distance corresponding to the maximum
(minimum) bandgap.

Flat valence bands and localized moiré excitons

In Fig. 3A, we present the single-particle band structure of the twisted
MoS,/WS; heterostructure with 8 = 56.52°. A nearly flat VBM band
is observed with the bandwidth of 3 meV, and the CBM bandwidth
is 25 meV. The VBM and CBM are located at the I" and K points of the
Brillouin zone, respectively. As comparison, the valence bandwidth
of the untwisted MoS,/WS, heterostructure (6 = 0°) is 1500 meV.
The corresponding charge densities of the VBM and CBM are
shown in Fig. 3B. The VBM charge density extends to both layers
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Fig. 3. Flat bands in twisted MoS,/WS; heterostructures. (A) The single-particle
band structure for the MoS,/WS, heterostructure with 6 =56.52°. The CBM and
VBM bands are shown in red and blue, respectively. (B) Top and side views of the
charge density of the CBM and VBM bands for the heterostructure. The unit cell of
the moiré lattice is indicated by the dashed box. (C) Band structure for the MoS,/
WS, heterostructure with 8 =3.48°. (D) Top and side views of the charge density of
the CBM and VBM bands for the heterostructure.

with the main contribution from the p, and d,2 orbitals, giving rise
to substantial interlayer mixing. In contrast, the CBM charge density
is completely confined to the MoS; layer. Thus, the VBM is modu-
lated by the interlayer moiré potential, while the CBM by the intra-
layer moiré potential. Because the interlayer moiré potential is
much deeper than the intralayer potential, the VBM charge density
is more localized and the energy band is less dispersive than the
CBM. In addition, the in-plane charge densities of the VBM and
CBM show that the hole (blue) is more localized than the electron
(red). If the single-particle pictures were accurate (with negligible
excitonic effect), then the hole and the electron would have been
trapped only at the C and B points, respectively.

Similar results are also found in the MoS,/WS, heterostructure
with 6 = 3.48°, shown in Fig. 3 (C and D). The VBM and CBM
bandwidths are 7 and 34 meV, respectively. The hole is trapped at
the B and C points but extends to both layers. In contrast, the elec-
tron is confined at the MoS; layer, but delocalized within the layer.
The flat valence bands in both heterostructures result from local-
ized in-plane distributions of the holes. The formation of flat bands
in the moiré superlattices is analogous to the formation of flat de-
fect bands in semiconductors (28). The presence of moiré poten-
tials introduces localized states at band edges, similar to localized
defect levels in semiconductors; the periodicity of the moiré poten-
tial corresponds to the defect-defect distance. As the periodicity is
increased, the defects become more isolated and their interactions
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diminish, leading to less dispersive defect bands. Evidently, “magic
angles” are not required to form flat bands in TMD bilayers.

We have also examined the VBM bandwidths in MoS,/WS,
heterostructures with other twist angles, summarized in table S1. In
general, as the twist angle increases from 0°, the VBM bandwidth
increases. The band structures and charge densities of VBM and
CBM for these heterostructures are shown in fig. S2. Last, we note
that the CBM/VBM charge density distributions in the twisted
MoS,/WS; heterostructures are similar to those in the lattice-
mismatched MoS,/MoSe; heterostructure with no in-plane ro-
tation (32).

The conventional first-principles approach to capture the exci-
tonic effect in semiconductors is the GW-Bethe-Salpeter equation
(GW-BSE) method (33-35) based on the many-body perturbation
theory. However, the GW-BSE approach is prohibitively expensive
for moiré excitons owing to the large number of atoms (~1600) in
the unit cell. To circumvent the problem, we have recently devel-
oped an alternative first-principles method that can provide a reli-
able description of excitonic effect with much less computational
cost (36-40). This method is based on time-dependent density
functional theory (TDDFT) (41, 42), with optimally tuned and
range-separated hybrid (RSH) exchange-correlation (XC) func-
tionals (details are in Materials and Methods) (43-46). Using this
method, we examine moiré excitons in twisted MoS,/WS, hetero-
structures with different angles. In Fig. 4, we present the charge
densities of excitons in the heterostructures with = 0°and 6 =
3.48°. In the absence of a moiré potential (8 = 0°), the lowest-energy
interlayer exciton is delocalized over the heterostructure, with the
electron at the MoS, and the hole at the WS, layer. In the presence
of the moiré potential (6 = 3.48 °), the low-energy moiré excitons
become localized. In particular, the lowest-energy moiré exciton
(E, = 1.885 ¢V) is trapped at the C point, which has the lowest moiré
potential. The hole distribution (blue) is more localized than the
electron (red), consistent with the fact that the VBM is narrower than
the CBM. The second lowest-energy moiré exciton (E; = 1.901 eV)
is trapped at the B point, again with the hole more localized than
the electron. The third lowest-energy moiré exciton (E; = 1.908 eV)
has its electron trapped at the A point and the hole at the B and C
points. The exciton charge density distributions (Fig. 4) deviate from
the electron and hole distributions (Fig. 3) determined from the sin-
gle-particle picture, which is a manifestation of the excitonic effect.

Localized moiré excitons are also observed in 8 = 56.52° MoS,/
WS, heterostructure, shown in Fig. 5. The lowest-energy moiré ex-
citon has its electron localized at the B point and hole at the C point,
respectively. As the energy increases, the electron can also be local-
ized at the A and C points, but the hole remains trapped at the C
point primarily.

As the twist angle increases, the moiré potential becomes shal-
lower and the excitons become less localized (fig. S3). To the best of
our knowledge, the present work provides the first direct evidence
of localized moiré excitons in vdW heterostructures from first prin-
ciples. Owing to the lateral confinement of moiré potentials, energy
levels of the moiré excitons are quantized. For 0 = 3.48°, the average
energy spacing between the three lowest moiré excitons is merely
23 meV, compared with ~200 meV for 6 = 0° (fig. S4). The small
energy spacings imply that the spatial location of the moiré excitons
may fluctuate at room temperature (KgT ~ 26 meV).

Last, we estimate exciton binding energy in various MoS,/WS,
heterostructures, summarized in table S1. Although the moiré excitons
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Fig. 4. Localized moiré excitons in the twisted MoS,/WS; heterostructure
(6 =3.48°). (A) Charge density and energy for the lowest-energy exciton in the
MoS,/WS; heterostructure with 6 =0° (upper panel, top view; bottom panel, side
view). (B to D) Charge density and energy for the three lowest-energy moiré
excitons in the twisted MoS,/WS; heterostructure with 8 = 3.48° (upper panel, top
view; bottom panel, side view). The dashed box indicates the unit cell of the moiré
superlattice. Red and blue colors represent the charge density of the electron and
the hole, respectively. All iso-surface values are set at 0.0001 e/A>.,

are localized in space, their binding energies are similar to that of
delocalized interlayer exciton in the untwisted heterostructure. The
binding energy of the interlayer excitons is determined primarily by
the interlayer distance and the out-of-plane dielectric constant,
both of which depend weakly on the twist angles. The similar weak
dependence of the excitonic properties on local stacking motifs has
also been observed from the GW-BSE calculations (47).

Electrical tuning of moiré exciton positions
The interlayer exciton features an electric dipole (P) that couples
with a perpendicular electric field (£), as shown schematically in
Fig. 6A. This coupling enables electrical control of excitonic prop-
erties. On the one hand, the electric field could shift the energy
levels of MoS, and WS; due to the Stark effect. A positive field,
pointing from the WS, to the MoS, layer, would increase the energy
of MoS, and lower the energy of WS,, and vice versa for a negative
electric field. The band structure changes due to the electric fields
are shown in fig. S5 by considering spin-orbit coupling (SOC).
Therefore, upon a certain positive field, the electron and hole of a
moiré exciton could switch layers, forming an interlayer moiré
exciton with the opposite polarity. On the other hand, the electric
field can also switch the in-plane positions of the moiré excitons
(5, 48). More specifically, because the A, B, and C points have differ-
ent interlayer distance (h), as shown in Fig. 6B, they would have
different coupling energy E according to E = egh.

In the absence of electric field, the lowest-energy moiré exciton
for 6 = 3.48° is positioned at the C point, and the second lowest-
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Fig. 5. Localized moiré excitons in the twisted MoS,/WS, heterostructure
(6=56.52°). (A to D) Charge density and energy for the four lowest-energy moiré
excitons in the twisted MoS,/WS, heterostructure with 8 = 56.52° (upper panel, top
view; bottom panel, side view). The dashed box indicates the unit cell of the moiré
superlattice. Red and blue colors represent the charge density of the electron and
the hole, respectively. All iso-surface values are set at 0.0001 e/A3.

energy moiré exciton at the B point, with an energy difference AE =

0.016 eV (see Fig. 4). Because Ah = hc — hg = 0.05 A, the exciton

positions can be switched by a positive field £ = 55 = 3.2 V/nm.

This is exactly what the first-principles calculations reveal. As
shown in Fig. 7A, the lowest-energy moiré exciton shifts from C to
B under a positive electric field of 3 V/nm. The electron and hole
also switch layers, with the electron now residing at the WS, layer
and the hole at the MoS; layer. In other words, the positive field can
switch both position and polarity of the moiré excitons. Similarly,
as ha — hc = 0.5 A, one can apply a negative electric field to switch
the exciton positions between A and C. Our first-principles calcula-
tions indicate that a field of —6 V/nm could shift the lowest-energy
moiré exciton from C to A.

As shown in Fig. 6A, a negative field can reduce the energy gap
of the heterostructure, thus the energy of the interlayer excitons. In
Fig. 7D, we present the density of excitonic states at three different
electric fields. As the electric field varies from —6 to 3 V/nm, the
exciton energy can be continuously tuned over a wide range of
600 meV, with red (blue) shift of the exciton energy under the neg-
ative (positive) field. To summarize, we have demonstrated that the
electric field can be tuned to program the spatial location, polarity,
and emission energy of moiré excitons, enabling control of quan-
tum information carriers on demand.

Electrical tuning of exciton hybridization
As shown in Fig. 6A and fig. S5, under a positive electric field, the
CBM and VBM of MoS, are elevated, and the CBM and VBM of
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Fig. 6. Electric field tunable electronic structure in the MoS,/WS, heterostructure.
(A) Top: Schematic picture of the MoS,/WS, heterostructure under a perpendicular
electric field €. The dipole moment of the interlayer exciton is indicated by P. Bottom:
Electric tuning of the type Il band alignment of the heterostructure. The red and
blue arrows denote the energy level shift directions. (B) The variation of the inter-
layer distance h at the A, B, and C points for the MoS,/WS, heterostructure with
0=3.48".

£=-6 V/nm
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WS; are lowered. These changes would promote resonant tunneling
of the electron and hole across the heterojunction, leading to hy-
bridized excitons (49, 50). In Fig. 8A, we present the charge density
of the lowest-energy moiré exciton in 8 = 56.5° heterostructure at
€ = 0 and 3 V/nm. While there is a minor hybridization of the hole
under zero electric field, the hybridization becomes much more
prominent under € = 3 V/nm. In the latter case, the electron (and
hole) density spreads equally between the WS, and MoS; layers. In
other words, the exciton can be considered as both intra- and
interlayer exciton or, alternatively, a hybridized intra- and interlayer
exciton.

In Fig. 8B, we show the charge densities of the two lowest-energy
moiré excitons in 0 = 3.48° MoS,/WS, heterostructure under an
electric field € = 3 V/nm. Although the two excitons have opposite
polarity, they have almost the same energies (4 meV difference).
Hence, they can be regarded as two approximately degenerate
states, and their superposition would have the electron and hole
spread evenly between the layers. In other words, hybridized moiré
excitons can be formed in both heterostructures under the same
field. Compared with the interlayer excitons whose dipoles are normal
to the plane, the hybridized excitons could orient their dipoles in
the plane. In addition, the dipole moment of the hybridized exciton
could be reduced from that of the interlayer exciton.

Hybridized moiré excitons have been observed recently in MoSe,/
WS, heterostructures in which the degree of hybridization can be
tuned continuously with the twist angle (21, 50, 51). Our calcula-
tions on the other hand show that the hybridization strength can
also be tuned by electric field.
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Fig. 7. Tuning moiré excitons in the twisted MoS,/WS; heterostructure by electric field. (A to C) The charge density distribution (top and side views) for the
lowest-energy moiré exciton in the MoS,/WS; heterostructure with 6 = 3.48° under different electric fields. Red and blue colors represent the charge density of the
electron and the hole, respectively. (D) The density of states (DOS) for the excitons under different electric fields, showing field-tunable exciton transition energies.

The spatial locations (A, B, and C) for the two lowest-energy excitons are indicated.
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Fig. 8. Tuning hybridized moiré excitons by electric field. (A) The side view of
the charge density distribution for the lowest-energy exciton in the MoS,/WS; het-
erostructure with 6 =56.5° under different electric fields. Red and blue colors rep-
resent the charge density of the electron and the hole, respectively. (B) Side view
of the charge density distribution for the two lowest-energy excitons in the MoS,/
WS, heterostructure with 6 = 3.48° under the electric field of £ =3 V/nm.

Diffusion of moiré excitons

Although the moiré excitons are localized, they can nonetheless
tunnel through the moiré potentials and diffuse over long distances
(52). Thus, the ability to control exciton diffusion—either enhancement
or suppression—is of substantial interest. In a moiré superlattice,
the diffusion of a moiré exciton can be modeled as a series of inco-
herent hops between the lattice sites with low moiré potentials. The
Forster theory is often used to estimate the rates of energy transfer
between two weakly coupled dipoles, i.e., moiré excitons at adjacent
sites (53, 54). In the Forster theory, the relative orientation of the
dipole moments can substantially influence the rates of energy
transfer. This dependence is captured by the orientation factor «
defined as

=
W
~
=3
=
~
—~
=
>
=
N2

= fip

Here, {ip and {l5 are unit vectors defining the orientation of the
dipole moments of the donor and the acceptor excitons, and R is
the unit vector connecting the two. In MoS,/WS; heterostructures, R
always lies in the plane, connecting the high symmetry points (A, B,
and C). As long as the interlayer moiré exciton is not hybridized, {ia
and fip are perpendicular to the plane, thus to R, as shown schematical-
ly in Fig. 9A (left). In this case, the orientation factor k is 1. When
the exciton is hybridized, its dipole moment could lie in the plane,
as shown in Fig. 9A (right). In this case, {iy and R would be perpendicular
to {ip, yielding k = 0. The vanishing k would suppress exciton diffu-
sion, thus locking the exciton in space. Because the electric field can
tune the degree of exciton hybridization, it could also modulate the
k value, thus controlling exciton diffusion. Thus, we predict that
alternating electric fields could lead to oscillating dipoles of the
moiré excitons, as shown in Fig. 9B, which suppress their diffusion.

Last, we provide a crude estimate for the diffusion of the lowest-
energy moiré exciton in the MoS,/WS; heterostructure with 6 = 3.48°.
The lifetime of the exciton is estimated on the basis of the sponta-
neous emission rate, and the exciton hopping rates are determined
by the Forster theory (details in Materials and Methods). Using
Monte Carlo (MC) simulations, we estimate that the lifetime of the
moiré exciton is ~1 ns, similar to the experimental results of 1.8 ns
in the MoSe,/WSe; heterostructure (26) and 970 + 180 ps in WS,/
WSe; heterostructures (52). Note that other experiments have reported
much longer lifetimes (8, 55). On the other hand, localized moiré

Guo etal., Sci. Adv. 2020; 6 : eabc5638 16 October 2020

X,

Fig. 9. Tuning moiré exciton diffusion by electric field. (A) Schematic diagram
showing the dipole directions of a diffusing moiré exciton from the B point to the
C point in a moiré superlattice. (B) Schematic picture depicting the fluctuation of
the dipole moment of a diffusing moiré exciton under an alternating electric field.

excitons are expected to have shorter diffusion lengths than the de-
localized excitons in the untwisted heterostructure. We find that the
diffusion length of the moiré exciton is 0.133 um, one order of
magnitude smaller than that in the WSe,/MoSe; heterostructure (8).
The diffusion constant of the moiré exciton is 0.2 cm?/s, which is in
line with the experimental results (8).

DISCUSSION

The large family of 2D materials presents an unprecedented opportunity
in engineering quantum materials. In particular, the presence of
strongly bonded, long-lived, and localized interlayer moiré excitons
in TMD heterostructures could open doors for applications, such as
quantum emitters, high-performance lasers, twistronics (56), etc.
Understanding, predicting, and ultimately controlling moiré excitons
in vdW heterostructures are thus of great scientific importance, but yet
highly challenging. In this work, we demonstrate that first-principles
simulations are uniquely poised to address the challenges and offer
critical insights that cannot be obtained otherwise. For example, first-
principles simulations can provide atomic and electronic structures
(e.g., bonding feature, charge density, band structure, atomic relaxation)
that are not easily accessible to experiments. Although phenomeno-
logical theories and tight-binding models are commonly used in
theoretical study of 2D materials, they often assume certain sym-
metries. When the symmetries are broken, such as the presence of
inhomogeneous strains and lattice defects, they no longer can be
used; first-principles simulations do not suffer these constraints.

In this work, we determine the spatial distributions of exciton charge
densities in twisted MoS,/WS, with first-principles calculations, pro-
viding the direct evidence of localized moiré excitons in TMD
heterostructures. We map out the interlayer and intralayer moiré
potentials that trap the moiré excitons. Both the magnitude and the
periodicity of moiré potentials are found relevant to the formation
of flat bands in TMD heterostructures, with the former responsible
for the band position and the latter for the band dispersion. As the
twist angle increases from 0°, the moiré superlattices shrink in sizes
and the moiré excitons become less localized, but their binding
energies remain essentially the same. We demonstrate that the
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vertical electric field can be tuned to control the position, polarity,
emission energy, and hybridization strength of the moiré excitons.
Although the required field can be quite large (~1 V/nm) in some
cases owing to strong moiré potentials in MoS,/WSy, it could be
lowered by various means, including using other TMD bilayers
(e.g., MoSe,/WSe,) or twist angles with much weaker moiré poten-
tials, using TMD trilayers, increasing the interlayer distance, and
inserting a BN layer, etc. Last, we predict that alternating electric
fields could lead to oscillating dipoles of the moiré excitons, thus
suppressing their diffusion.

MATERIALS AND METHODS

First-principles ground-state calculations

The ground-state properties, including the single-particle band
structure, ground-state charge density, and equilibrium geometry
of Mo0S,/WS, heterostructures are modeled by first-principles DFT,
implemented in the Vienna Ab initio Simulation Package (57, 58). The
Perdew-Burke-Ernzerhof XC functional (59) along with projector-
augmented wave potentials (60, 61) are used in the self-consistent
total energy calculations and geometric optimization. The vdW in-
teraction is considered via the vdW-D2 exchange functional (62, 63).
The energy cutoff for the plane-wave basis set is 400 eV. For the band
structure calculations of 6 = 3.48° and 6 = 56.52° heterostructures,
five special k-points are sampled along each of the high symmetry
lines in the Brillouin zone. The atomic geometry in each moiré su-
perlattice is fully optimized by relaxing all atoms until the residual
force on each atom is less than 0.01 eV A™%. A 20-A vacuum layer is
included in the calculations to separate the periodic images of the
MoS,/WS, slab. SOC is taken into consideration in the band structure
calculations of the untwisted MoS,/WS, heterostructure (6 = 0°)
under different electric fields (fig. S5). The SOC splitting of the
valence bands occurs only at the K point, and the splitting at the T’
point of VBM is zero. At the same time, the SOC splitting for CBM
is negligible; thus, the bandgap remains indirect, independent of
SOC. Thus, we believe that the presence of nearly flat VBM bands in
the moiré superlattices with 6 = 3.48° and 6 = 56.52° will not be
affected if the SOC was considered.

First-principles excited-state calculations
To determine the energies and the many-body wave functions of
excitons in MoS,/WS; heterostructures, we use a recently devel-
oped first-principles approach based on the linear-response TDDFT
(LR-TDDFT) (41, 42), with an optimally tuned, screened, and
range-separated hybrid XC functional (OT-SRSH) (43-46). The
method has been implemented in conjunction with plane waves
and pseudopotentials to study excitonic properties in semiconductors,
including graphene fluoride, phosphorene, and 2D perovskites, and
TMD heterostructures (36-40, 64).

The OT-SRSH involves the partition of the Coulombic interac-
tion into a short-range and a long-range contribution based on the
following expression (65)

1_
L =

1- [0!+Brerf(vr)] +a+Be;rf(Yr) 0

The range-separated and hybrid XC functional can be expressed as
B = 0B+ BES +(1- o) Bxsx— BEgG + Exse ()

Guo etal., Sci. Adv. 2020; 6 : eabc5638 16 October 2020

where E,Q(/E];E is the Fock-like exact exchange energy, and Exg,/ E%X and
Exsc are the semilocal Kohn-Sham (KS) exchange and correlation
energy, respectively. LR labels the long-range XC terms. o deter-
mines the contribution from the exact exchange, and f controls the
contribution from the long-range exchange terms. y is the range-
separation parameter. In addition, o and P satisfy the requirement
ofa+PB= €0}, where g is the scalar dielectric constant of the solid,
thereby enforcing the correct asymptotic screening of the Coulomb
tail (44). The OT-SRSH functional can reproduce the correct long-
range electron-electron and electron-hole interactions in solids by
choosing the reasonable parameters. To reduce the computational
cost associated with the Fock-like exchange on large systems, we
apply first-order perturbation theory to the range-separated hybrid
KS (RSH-KS) Hamiltonian and obtain the first order-corrected
RSH-KS eigenvalues and eigenfunctions (36, 37). We then solve the
following non-Hermitian eigenvalue equations of Casida (66)

(5 ) Gy) = ols 5)() o

where the pseudo-eigenvalue wy is the Ith exciton energy level. The
matrix elements of A and B in the basis of the KS states (ijo) are
given by

AijG,kl‘l: = 6i,k Sj,IB()',T (ejc - 81’(5) + Kijcs,klr (4)

Bijcs,klr = Njjo,lkt (5)

Here, K is the coupling matrix where indices i and k indicate the
occupied orbitals, and j and ! represent the virtual KS orbitals. Ac-
cording to the assignment ansatz of Casida, the many-body wave
function of an excited state I can be written as

Xijis + Yiji
O = %%ﬂjwioq’o = %Zl,ijajo aic®o (6)
where zj; = (X1 + Yp,;;) /NO; @5 is the annihilation operator
acting on the ith KS orbital with spin ¢, and @y is the ground-state
many-body wave function taken to be the single Slater determinate
of the occupied KS orbitals.

In the (TD)DFT-OT-SRSH method, there are three parameters,
0, B, and v, needed to be specified. o controls the short-range exact
exchange, and B is chosen to satisfy the requirement o + = 1/¢,.
The scalar dielectric constant of MoS,/WS, heterostructure € is set
to 1.0, which is the correct asymptotic limit for screening in 2D
materials (67). The other two independent parameters o = 0.06 and
v = 0.03 are determined by reproducing the fundamental gap of
MoS,/WS; heterojunction obtained from the one-shot GW calcula-
tions. The exciton binding energy, which is the difference between
the fundamental gap and the optical gap Ey, = Eg — Eqpt is 0.50 eV, in
good agreement with previous experimental and theoretical results
(68-70). Thanks to the large unit cells (1626 atoms) in our LR-TDDFT
calculations of the moiré excitons, only the I" point is sampled in the
Brillouin zone. We do not consider SOC correction in the LR-TDDFT
calculations for the following reasons: (i) The SOC effect is known
to be small at the I" point with zero Rashba splitting for parabolic
bands (71). (ii) The SOC has a negligible effect on the exciton charge
densities. (iii) TDDFT-OT-SRSH calculations with SOC for such a
large system (1626 atoms) are beyond our computational capability.
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Exciton lifetime and diffusion constant calculation

We model the exciton diffusion as random walks using MC simula-
tions (72). For a moiré exciton I, one can generate an event table
with M + 2 transition probabilities (M is the number of the nearest-
neighbor moiré excitons): transition probabilities from the exciton
I'to M neighboring excitons, P1,, ... = kyy x At, with J=1,2, ---, M;
annihilation probability, Py 1 = kgp X At; and the probability to re-
main at the same state I, Pp;, =1 — (Py + Py + -+ + Pyr41). At is the
time step of the MC simulations, which is set to be 10 fs. Here, we
use Forster resonance energy transfer (54, 73) to determine the ex-
citon transition rate kj; as

2
ki = 5 25 wur8(80) 7)
where 1 and ; are the transition dipole moments of the states I and
J, respectively. k is a geometric factor, depending on the relative
orientation of the dipoles. R is the distance between the center of
mass of the two excitons, and Aw is the energy difference between
the two excitons. The exciton annihilation lifetime is estimated on
the basis of the spontaneous emission rate as

4n(o; - 0)’ |uyl?
ko = o (8)
3¢

where c is the vacuum speed of light and 7 is the refractive index,
which takes a value of 1.5 for M0S,/WS,. With the event table, a
diffusion trajectory of the moiré exciton I is obtained by executing
MC moves until the exciton is annihilated. From each trajectory, one
can determine the lifetime ¢ (the number of MC moves multiplied
by At) and the maximum distance d of exciton diffusion. Averaging
over all trajectories with the same initial exciton position gives the
exciton diffysion length, lifetime, and diffusivity by Lp = (d), t= (1),
and D = = respectively, where the brackets indicate the average.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/42/eabc5638/DC1
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