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Excitons can be trapped by moiré potentials in van der Waals (vdW)
heterostructures, forming ordered arrays of quantum dots. Excitons
can also be trapped by defect potentials as single photon emitters.
While the moiré and defect potentials in vdW heterostructures have
been studied separately, their interplay remains largely unexplored.
Here, we perform first-principles calculations to elucidate the in-
terplay of the two potentials in determining the optoelectronic
properties of twisted MoS,/WS, heterobilayers. The binding en-
ergy, charge density, localization, and hybridization of the moiré
excitons can be modulated by the competition and cooperation of
the two potentials. Their interplay can also be tuned by vertical elec-
tric fields, which can either de-trap the excitons or strongly localize
them. One can further tailor the interplay of the two potentials via
defect engineering to create one-dimensional exciton lattices with
tunable orientations. Our work establishes defect engineering as a
promising strategy to realize on-demand optoelectronic responses.
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oiré superlattices formed by stacking two-dimensional (2D)

materials with a small angular or lattice mismatch provide
a powerful and versatile platform for engineering quantum states
of matter (1-7). Recent observations of ordered arrays of zero-
dimensional (0D) (8-10) and one-dimensional (1D) (11) moiré
excitons in transition metal dichalcogenide (TMD) heterostructures
have injected more excitement into this burgeoning field. Con-
fined by the moiré potential, these localized, long-lived, and valley-
polarized interlayer excitons have garnered tremendous interest,
from fundamental science, such as Bose—FEinstein condensation (7)
to novel applications, such as single-photon emitters in quantum
information and optoelectronic devices (12, 13).

Defects are inevitable in materials and can strongly influence
materials properties and device performance (14, 15); most no-
tably, defects can trap excitons and charge carriers. A number of
theoretical and experimental studies have been carried out to identify
prolific defects in TMDs and particularly to examine defect-bound
excitons (16-19). Although these studies provided crucial insight into
the defect physics, they focused exclusively on TMD monolayers,
in the absence of moiré potentials. Thus, how defects may in-
fluence moiré excitons is largely unknown; in fact, it is not clear
(and indeed surprising) how moiré excitons can remain highly
robust in imperfect TMD heterostructures (20). Since both the
defect and moiré potentials can trap excitons, their interplay—
competition and cooperation—in modulating the excitonic prop-
erties in van der Waals (vdW) heterostructures is of significant
interest, but yet unexplored.

In this work, we perform first-principles calculations to eluci-
date the interplay of the defect and moiré potentials in tailoring
the excitonic properties in twisted vdW heterostructures of MoS,/
WS,. The conventional first-principles approach to capture ex-
citonic effect in semiconductors is GW/Bethe-Salpeter equation
(GW-BSE) method (21-23) based on many-body perturbation
theory. However, the GW-BSE method is prohibitively expensive
for modeling moiré excitons owing to large moiré supercells. To
circumvent the problem, we employed an alternative first-principles
method that can provide a reliable description of the excitonic
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effect with substantially lower computational cost (24-28). This
method is based on time-independent and time-dependent density
functional theory (29, 30) with optimally tuned, screened, and range-
separated hybrid exchange-correlation functionals (31-35); the
former is used to predict quasiparticle energy levels and the latter
for excitonic properties (details are in Methods). Using this method,
we explore how the interplay of the defect and moiré potentials
could modulate the binding energy, charge density, spatial locali-
zation, and hybridization of excitons in twisted MoS,/WS, hetero-
bilayers. The interplay can be tuned by a vertical electric field, which
can either de-trap the excitons or further localize them. The inter-
play of the two potentials can also be tailored via defect engineering
to create 1D exciton lattices with tunable orientations. Our work
provides an in-depth study of defect-trapped moiré excitons in vdW
heterostructures and establishes defect engineering as a promising
strategy to tailor optoelectronic responses on demand.

Results

Defect-Induced Excitons in Nontwisted TMD Heterostructures. As a
validation of our first-principles method, we first examine MoSe,
monolayer in the presence of a single Se vacancy (Se,) for which
previous GW-BSE and experimental results are available for com-
parisons. The quasiparticle bandgap of the pristine monolayer is
2.30 eV and the Se vacancy introduces a defect level 0.56 eV
below the conduction band minimum (CBM). The binding en-
ergy of the lowest energy exciton in the pristine monolayer is 0.51
eV, which is 20 meV smaller than that of the defect-induced exciton
(0.53 eV). All these quantities are in good agreement with previous
GW-BSE (16) and experimental (36) results, which demonstrates
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the validity of our first-principles method. More details can be
found in SI Appendix, Fig. S1.

We next turn to lattice aligned MoS,/WS; heterobilayers (twist
angle 0 = 0°) in the presence of vacancy defects. In the absence
of angular misalignment or lattice mismatch (the lattice constant
difference between MoS, and WS; is negligible), there is no moiré
potential in these heterobilayers. In our first-principles simulations,

a/271 x+/271 supercell is adopted containing 1,626 atoms, which
yields a reasonable vacancy concentration at 4.18 x 10'? cm™2. A
number of neutral vacancies, including S vacancy (S,) in MoS,
(Sy@MoS;) and WS; (S,@WS;) as well as Mo and W vacancies
(Mo, and W,) are considered in the present work.

In Fig. 1, we display the quasiparticle energy levels and the
charge density of the lowest energy exciton in the perfect and
defective nontwisted MoS,/WS; heterobilayers. All these defects
are found to produce in-gap states and localized excitons. Spe-
cifically, S vacancy introduces a pair of defect levels below the
CBM, independent of the vacancy location (WS, or MoS,). As a
result, the lowest exciton in both cases (Sy@MoS, and S,@WS,)
involves an optical transition between the valence band maxi-
mum (VBM) and the defect level. When S, is in MoS, layer, the
electron is trapped at the vacancy while the hole spreads over
WS, layer; thus, the exciton maintains its interlayer feature of
the pristine heterostructure. On the other hand, when S, is in
WS, layer, both the electron and the hole reside in WS,, forming
an intralayer exciton. In contrast to S,, each metal vacancy (Mo,
or Wy) creates three deep levels in the bandgap and one occu-
pied level in the valence band; the lowest energy exciton thus
corresponds to an optical transition between the occupied defect
level and the in-gap defect level. Hence, both the electron and
the hole are localized at the metal vacancy, yielding a defect-
bound intralayer exciton.

In Tables 1 and 2, we summarize the quasiparticle bandgap,
optical gap, and exciton binding energy for the five nontwisted
heterobilayers. It is found that as the exciton becomes more lo-
calized, its binding energy increases accordingly. In particular,
the metal vacancies yield more strongly bound excitons than S va-
cancies, and the intralayer exciton has a higher binding energy than
the interlayer counterpart. A recent GW-BSE calculation predicted
the exciton binding energy for a Se vacancy in monolayer MoSe, as
600 meV (16), which is 50 meV higher than that of the A exciton in
perfect MoSe, (36). Thus, Se vacancy increases exciton binding by
50 meV, which is similar to the increase (50-70 meV) by S, in
MoS,/WS,. Because S vacancy has the lower formation energy than
Mo and W vacancies and can be introduced to the materials by
high-temperature annealing and electron-beam irradiation (17,
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Table 1. Quasiparticle (QP) gap, optical gap, and exciton
binding energy for the nontwisted heterobilayers with
different vacancies

Nontwisted Perfect S,@Mo  S,@W Mo, W,
QP gap, eV 2.00 1.625 1.845 1.089  1.094
Optical gap, eV 1.794 1.377 1.566 0.652 0.704
Binding energy, meV 207 248 279 437 390

18, 37), we will focus on S vacancies in the remaining of the
paper.

Defect-Induced Excitons in Twisted TMD Heterostructures. In the
following, we examine moiré excitons in twisted MoS,/WS, het-
erobilayers in the presence of S vacancies. In Fig. 2 4 and B, we
display the unit cells of two moiré superlattices formed by a relative
twist between MoS, and WS, monolayers with angles 8 = 3.5° and
6 = 56.5°, respectively; the two unit cells have the identical lattice
constant (5.25 nm) and number of atoms (1,626). In both moiré
superlattices, there are three local atomic stacking motifs, labeled
by A, B, and C, that preserve the threefold rotational symmetry
and are commonly used to characterize the moiré potentials in
TMD heterostructures. For 8 = 3.5° (0 = 56.5°), these motifs are
often referred to as R-type (H-type) stacking.

In contrast to nontwisted heterostructures, there are two types
of confining potentials in a defective and twisted heterostructure,
i.e., defect potential and moiré potential. The former is centered
at defects, while the latter is centered at high symmetry points of
a moiré superlattice. Depending on the nature of the defect, the
defect potential can trap either electron or hole. However, owing
to strong exciton binding in 2D TMDs, the electron and the hole
are expected to localize at the same defect in the absence of a moiré
potential, as demonstrated above. At the same time, excitons can
also be confined by moiré potentials, as shown by numerous
experimental and theoretical studies (8-10, 28, 38, 39). In partic-
ular, we have revealed that the motifs B and C sit at the bottom of
the moiré potential, while the motif A is at the top of the potential
in twisted MoS,/WS, heterobilayers (28). Thus, depending on
the position of the defect, the two confining potentials could
either cooperate or compete in trapping excitons and modulating
their properties. Furthermore, the potentials and their interplay
can be tuned by external means, such as electric field, pressure,
and strain.

S,@Ws, Mo, w,

(A) The schematic band diagrams of the heterobilayer in the absence and presence of defects. A single S vacancy is introduced in either MoS;

(S\@MoS;) or WS, layer (S,@WS,); a single Mo vacancy (Mo,) or W vacancy (W,) is also considered. The CBM and VBM of the perfect heterostructure are
represented by the black lines, while the defect levels are shown by the orange lines. The arrow indicates the lowest energy excitation (exciton). (B) The
charge density of the lowest energy exciton with the red and blue color representing the charge densities of electron and hole, respectively; both the top and
side views are displayed. The computational unit cell is indicated by the dashed box. All iso-surface value is set at 0.0001 e/A3,
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Table 2. Exciton binding energy in the twisted heterobilayers with § = 3.5° and 6 = 56.5° with
single S vacancy introduced in MoS, or WS, layer and in different positions

Twisted Perfect S,@Mo@A S,@Mo@B S,@Mo@C S,e@WeA SeWweB S.ewec
6 = 3.5°, meV 207 184 222 218 184 266 286
6 = 56.5°, meV 194 176 190 258 180 237 325

The notation S,@Mo@A (or B, C) indicates that the S vacancy resides at the high symmetry point A (or B, C) in
MoS, layer. The high symmetry points A, B, and C are defined in Fig. 2.

To illustrate the interplay of the two potentials in tuning the at A is 0.26 eV higher than that at B and C, whereas the moiré
excitonic properties, we focus on the twisted MoS,/WS; heterobilayers  potential at B is slightly higher than that at C (28). Note that 0.26
(60 = 3.5°); S vacancy is introduced at the three high symmetry points eV represents the maximum depth in all MoS,/WS, heterobilayers,
(A, B, and C) in either MoS, or WS; layer. The vacancy formation  and the actual moiré potential depth in the heterobilayer with 6 =
energy differs slightly (~20 meV) among the high symmetry points for ~ 3.5° may be smaller. As shown in SI Appendix, Fig. S6, we also
both S,@MoS, and S,@WS,. The formation energy of S,@MoS,, on  provide an alternative estimate for the moiré potential in the R-
the other hand, is 200 meV lower than that of S @WS,. Our previous and H-stacking MoS,/WS, heterobilayers based on the local
work has estimated the maximum depth of the moiré potential in  density of states. The moiré potential is estimated as 0.18 eV for
twisted MoS,/WS, heterobilayers. It is found that the moiré potential 6 = 3.5° heterobilayer. In comparison, the experimental estimate
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Fig. 2. The unit cell of the moiré superlattice formed by a twisted MoS,/WS, heterobilayer with twist angle 8 = 3.5° (A) and 0 = 56.5° (B). The stacking
configurations of the three local motifs, A, B, and C (dashed circles), are shown on the Right. (C) Charge density of the lowest exciton in pristine twisted MoS,/
WS, heterobilayer with 6 = 3.5°. D-F and G-/ represent the charge density of the lowest exciton with a S vacancy at various high symmetry points in MoS; and
WS, layer, respectively. Both the top and side views are displayed. Red and blue colors represent the charge densities of electron and hole, respectively. The
unit cell of the moiré superlattice is indicated by the dashed box. All iso-surface value is set at 0.0001 e/A3.
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for the moiré potentials in WSe,/MoSe, heterobilayers can reach 0.30
and 0.15 eV for the valence and conduction bands, respectively (40).

We can also estimate the depth of the defect potential by its
energetic offset with respect to the CBM in the twisted hetero-
bilayer with 8 = 3.5°, as shown in SI Appendix, Fig. S2. The depth
of the defect potential for S,@MoS, and S,@WS, is estimated
as 0.5 and 0.3 eV, respectively. Therefore, in the MoS,/WS, het-
erobilayers, the defect potential is deeper than the moiré poten-
tial. However, in other twisted TMD heterobilayers (e.g., WSe,/
MoSe), the moiré potentials could be much deeper (40) and thus
comparable to the defect potentials.

In Fig. 2 C-I, we present the charge density of the lowest
energy exciton in the twisted MoS,/WS; heterobilayers (6 = 3.5°)
with S vacancy at various high symmetry points in the two layers.
In the absence of the defect potential, the exciton would prefer C
slightly over B, but strongly disfavor A. On the other hand, in the
absence of the moiré potential, the electron would be trapped at
the vacancy. Because the defect potential is deeper than the moiré
potential at the high symmetry points, the defect potential prevails
and the electron is trapped at the vacancy, independent of the
vacancy position. The hole distribution, on the other hand, de-
pends on the position of the vacancy, which is a manifestation of
the interplay between the two potentials. More specifically, when
the vacancy is at C (Fig. 2 F and I) where the moiré potential is at
its minimum, the two potentials cooperate to form a deeper trap
for the exciton, with both electron and hole localized at C. The
same scenario holds when the vacancy is at B (Fig. 2 E and H) with
both electron and hole trapped at the defect. However, when the
vacancy is at A (Fig. 2 D and G) where the moiré potential is at its
maximum, the two potentials compete; the electron is trapped at
A while the hole settles somewhere away from the high symmetry
points to avoid the high moiré potential at A. Hence the com-
petition between the two potentials partially separates the electron
and the hole despite the strong exciton binding energy. The main
difference between S,@MoS, and S,@WS, is that the lowest
energy exciton retains its interlayer character in the former, but it
gains more intralayer (or hybridized) character in the latter. The
same competition and cooperation phenomena are also found in
twisted MoS,/WS; heterobilayer with 8 = 56.5° and the competi-
tion and cooperation of the two potentials appear even stronger.
As shown in ST Appendix, Fig. S3, the lowest exciton exhibits larger
charge separation when the two potentials compete, and it is more
localized when the two potentials cooperate. Last, we note that
lattice relaxation can have significant effects on moiré potentials
and moiré excitons. We have examined the lattice relaxation in
twisted MoS,/WS, heterobilayers (0 = 3.5° and 56.5°) and how the
moiré potential and moiré exciton charge density can be affected
by the lattice relaxation. The results are included in SI Appendix,
Figs. S4-S7.

As illustrated above, an important consequence of the coop-
eration effect is the localization of the excitons. The enhanced
exciton localization corresponds to higher exciton binding energies
shown in Tables 1 and 2. The strongly localized excitons in
Fig. 2 E, F, H, and [ yield greater binding energies than the
weakly localized excitons in Fig. 2 C, D, and G. In particular, the
exciton binding difference among A, B, and C can reach over 100
meV in the twisted heterobilayer with @ = 3.5° and over 140 meV
with 6 = 56.5°. As strongly bound and localized excitons are
preferred in many optoelectronic and quantum information ap-
plications, it is of interest to design vdW heterostructures that
can host such excitons. Here, we show that defect engineering is
a promising approach to accomplish this goal, along with the con-
trol of twist angles.

In Fig. 3 4 and B, we present the single-particle band structure
for the twisted MoS,/WS, heterobilayer (6 = 3.5°) with S vacancy
at the B site of MoS, layer and WS, layer, respectively. The
calculation was based on density functional theory (DFT) with
Perdew—-Burke-Ernzerhof functional (41). Two sets of flat bands
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emerge; the first set results from the defect potential and lies
below the CBM, and the second set stems from the moiré po-
tential and is at the VBM. The defect band is nearly flat (doubly
degenerate for S,@MoS,), indicating negligible defect—defect in-
teraction. The bandwidth of the second set is 7 meV, which is
identical to that in the defect-free, twisted MoS,/WS, heterobilayer.
Thus, this “flat” band results entirely from the moiré potential.
Thus, one may view the moiré potential as an artificial defect
that traps holes. In contrast to real defects, the moiré potential
and the bandwidth can be tuned continuously by the twist angle
without changing the material chemistry. We do not include the
many-body corrections (e.g., GW) and spin—orbit coupling (SOC)
in determining the band structures in Fig. 3 A and B because they
are not expected to have substantial effects on the bandwidths.

We have also examined electron-hole transitions involved in
the moiré excitons. As shown below, ®; is the many-body wave-
function of the exciton state I, expressed as a linear combination
of electron-hole transitions (42). The ground-state wavefunction
@, is taken as a single Slater determinant of occupied Kohn—-Sham
(KS) orbitals. a'j,(a;,) is the creation (annihilation) operator acting
on the jth (ith) KS orbital with spin o, and Z;; represents the
corresponding electron—hole transition amplitude (details can be
found in Methods):

(I’I ~ ZZI,ijaTjaaqu)()'

ijo

In Fig. 3 C and D, we show the relative contribution of each
electron-hole transition to the moiré excitons in the pristine
heterobilayer (9 = 56.5°) and the defective bilayer (S,@MoS,@B).
For each exciton, the electron-hole transitions involved are repre-
sented by a column of dots and the size of each dot is proportional to
the square of the corresponding electron-hole transition amplitude
Zy;. It is found that the dominant contributions to the lowest moiré
exciton in the pristine lattice stem from the VBM to CBM and the
VBM to CBM+1 transitions, whereas the dominant contribution to
the lowest moiré exciton in S;@MoS,@B is between the VBM
and the defect level (Cd1). As the exciton energy increases, more
electron-hole transitions are involved in each exciton. In partic-
ular, the low-energy excitons in the defective bilayer comprise
primarily the defect levels Cd1 and Cd2, but their contributions
diminish or disappear as the energy increases.

Formation of 1D Moiré Excitons via Defect Engineering. Next, we
illustrate how the interplay of the two potentials can be tailored
via defect engineering to achieve designer exciton lattices, such
as 1D moiré excitons. To this end, we introduce S, at locations away
from the high symmetry points. This is possible and even probable
because the vacancy formation energy shows little variation within
the planes (the energy difference among A, B, and C is less than 20
meV) and the many more available sites would lead to entropy gain.

As shown in Fig. 4 A-C, one can generate 1D stripes of moiré
excitons in various orientations by defect engineering in MoS,/
WS, twisted heterobilayer (6 = 56.5°). When S, is introduced in
MoS; layer away from the high symmetry points, the hole is attracted
by both the defect potential and the moiré potential (with its mini-
mum at C). As a result, the hole adopts a 1D distribution, turning the
exciton lattice from 0D to 1D. The orientation of the 1D stripes,
along the direction linking the defect and C, can thus be tailored by
the defect position. The 1D moiré exciton lattice can also be formed
in the presence of Mo and W vacancies as shown in SI Appendix,
Fig. S8, showing the robustness of defect engineering. To ensure
that the formation of the 1D excitons is not an artifact of the pe-
riodic boundary conditions used in the calculations, we also perform
the calculations for an isolated defect (S,) by introducing large
vacuum in the supercell. As shown in SI Appendix, Fig. S9, the
exciton charge density retains the 1D-like distribution across the
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Fig. 3. Single-particle band structure of MoS,/WS, twisted heterobilayer (9 = 3.5°) with a S vacancy at the point B of MoS, layer (A) and WS, layer (B),
respectively. The blue and cyan lines represent the intrinsic VBM and defect levels, respectively. Relative contributions of electron-hole transitions to moiré
excitons in the perfect heterobilayer with 6 = 56.5° (C) and the defective bilayer S,@MoS,@B (D). Cd1 and Cd2 refer to the (flat) defect levels. The size of the
dots is proportional to the square of the electron-hole transition amplitude.

entire supercell. Therefore, we predict that the 1D moiré excitons  valid for a wide range of defect concentrations. Recently, 1D stripes
can emerge at relevant length-scales in TMD bilayers depending on  of substitutional defects have been reported in MoyW;_,S; (x ~ 0.5)
the defect configurations. Although our calculations are based ona  alloys (43), which could lead to the formation of 1D moiré excitons
defect concentration of 4.18x10'> cm ™2, we believe the predictionis  along the stripes. Electron-beam irradiation has also been proposed
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as a promising approach for engineering defects in TMDs (17),
and thus could potentially yield 1D moiré excitons.

Recent experiments (11) reported the formation of 1D moiré
potentials in twisted WSe,/MoSe, heterobilayers under 8% uni-
axial strains. Thus, both defect and strain engineering could yield
1D moiré excitons in twisted TMD heterobilayers. As 1D excitons
exhibit drastically different optoelectronic properties from the
0D excitons (11), the defect and strain engineering could open
doors for on-demand applications in optoelectronic and quantum
computing devices.

To provide additional physical insight, we next compare the
oscillator strengths for the five exciton species discussed above,
focusing on the lowest energy exciton of each species. They are
the 1D defect exciton shown in Fig. 44, the 0D defect exciton
shown in SI Appendix, Fig. S3D, the moiré exciton in the pristine
bilayer in SI Appendix, Fig. S3A4, the delocalized interlayer (in
Fig. 1B), and the intralayer excitons in the nontwisted pristine bi-
layer. As displayed in Fig. 4D, although the defect excitons (1D and
0D) have very similar oscillator strengths, the 1D exciton exhibits
significant anisotropy (Fig. 4E). The defect excitons have slightly
larger oscillator strengths than the moiré exciton in the pristine
bilayer. Because the defect excitons and the moiré exciton are of
interlayer nature, their oscillator strengths are comparable as that
of the interlayer exciton in the nontwisted heterobilayer. However,
all four interlayer excitons have much smaller (approximately
three orders of magnitude) oscillator strengths than that of the
intralayer exciton in the nontwisted heterobilayer. This trend in
oscillator strength is consistent with the photoluminescence (PL)
measurements in MoS,/MoSe, bilayers in which the interlayer
exciton PL peak is found to be much weaker than the intralayer
exciton peak, and the PL peak of the defect-bound excitons is
comparable to that of the interlayer excitons (44). Although the
interlayer excitons possess much smaller oscillator strengths, their
lifetimes are much longer, which is crucial for the generation of
macroscopically ordered excitonic states, such as superfluidity
(45) and Bose-Einstein condensation (46, 47). The presence of
interlayer dipoles also enables electric tuning of their optoelectronic
properties due to the Stark effect. The longer lifetimes combined
with the electric controllability render the interlayer moiré excitons
particularly promising in applications such as excitonic field-effect
transistors at room temperatures (48) and quantum computing (49).

Tuning Excitons by Electric Field. Because the interlayer exciton
features an electric dipole that can couple with a perpendicular
electric field due to the Stark effect, the position, emission en-
ergy, polarity, and hybridization of moiré excitons can be tuned
by the electric field (28, 38). As shown in Fig. 5, a positive field,
pointing from WS, to MoS; layer, would increase the energy of MoS,
and lower the energy of WS, and vice versa for a negative electric
field. Since the energy levels can be tuned by the electric field, so are
the moiré potentials. We have examined how the moiré potential
can be modulated by the electric field for both R- and H-stacking
structures, and the results are shown in SI Appendix, Fig. S10. We
find that both the magnitude and the position of the moiré po-
tential extremes can be tuned by the electric field.

When the S, is in WS, layer of twisted WS,/MoS; heterobilayer
(6 =3.5°), the lowest energy exciton (represented by a dashed oval)
comprises an electron from the defect level (black) in WS; and a
hole from VBM in WS,, depicted in Fig. 54. Under a positive field,
both energies decrease. As a result, the hole could tunnel from
WS, to MoS; as the VBM offset between the two layers dimin-
ishes. As illustrated by the exciton charge density with S vacancy at
A of WS,, the resonant tunneling of the hole turns the intralayer
exciton at E = 0 (Fig. 54) to an interlayer exciton (Fig. 5C) at E =
0.36 V/nm (see SI Appendix, Fig. S11 on how the effective electric
field E is estimated). Under a negative field of E = —0.58 V/nm,
on the other hand, the defect level is raised above the CBM of
MoS,; thus, the exciton could escape from the defect potential
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and recovers its defect-free characteristics, including its position
and polarity. Specifically, the electric field drives resonant tun-
neling of the electron from WS, to MoS,, and thus de-traps the
electron from the defect potential. However, the moiré potential
remains effective, and the exciton charge density resembles that
in the perfect MoS,/WS, twisted heterobilayer under the same
field (28). In other words, the negative electric field could de-
activate or neutralize the S, for the excitonic properties.

When the S, is in MoS, layer, the lowest energy exciton con-
sists of an electron from the defect level at MoS, and the hole
from the VBM of WS, (Fig. SE). In the absence of the electric field,
the exciton exhibits a hybrid interlayer and intralayer character
thanks to the small VBM band offset between WS, and MoS..
Under a positive field, the VBM offset is further reduced, which
promotes hole tunneling from WS, to MoS,, thus increasing the
degree of exciton hybridization (Fig. 5G). Under a negative field,
the opposite is observed with the hole tunneling back to WS, layer
and the exciton is trapped more strongly at the defect (Fig. 5H).
Hence, compared to the zero field, the negative field deepens
both the defect and moiré potentials (28), yielding strongly localized
excitons at the defect. The similar phenomena are also observed in
twisted WS,/MoS, heterobilayer with 0 = 56.5° (SI Appendix, Fig.
S12). We thus demonstrated that external means, such as the
electric field, can be applied to tune the interplay of the two po-
tentials, which in turn can tailor the optoelectronic properties of
twisted TMD heterostructures.

Discussion

In this work, by means of first-principles simulations, we eluci-
date the interplay—the competition and the cooperation—of the
defect and moiré potentials in modulating the excitonic properties
of vdW heterostructures. With the twisted MoS,/WS, hetero-
bilayers as examples, we illustrate how the excitonic properties can
be tuned by the position and the type of the vacancy defects. When
S vacancy is introduced at the high symmetry point B or C in ei-
ther layer, the two potentials cooperate, leading to more localized
excitons at the defects and higher exciton binding energies. When
the S vacancy is at point A, on the other hand, the two potentials
compete, partially separating the exciton and reducing its bind-
ing energy. The interplay of the two potentials is stronger in the
twisted MoS,/WS, heterobilayer with 6 = 56.5° than that with
6 =3.5° and could result significant in-plane variations of exciton
binding energy (30-140 meV). In all cases, robust moiré excitons
are observed. The interplay of the two potentials can also affect
the nature and the degree of hybridization of the excitons. Both
the defect and moiré potentials can yield nearly flat bands, whose
bandwidth can be tuned by the defect concentration and the
moiré superlattice constant. The interplay of the two potentials
can be controlled by the vertical electric field. When the S vacancy is
in WS, layer, the negative electric field reduces the defect potential
and de-traps the exciton, which recovers its defect-free character-
istics. In contrast, when the defect is in MoS; layer, the same electric
field deepens the defect and moiré potentials and the exciton
becomes more localized at the defect. Last, the interplay of the two
potentials can be tailored via defect engineering to create 1D ex-
citon lattices with tunable orientations, and thus open doors for
optoelectronic and quantum information applications on-demand.

Methods

First-Principles Ground-State Calculations. The ground-state properties, includ-
ing single-particle band structures, defect formation energies, and equilibrium
geometries of various MoS,/WS, heterobilayers were determined using Vienna
Ab initio Simulation Package (50, 51). The Perdew-Burke-Ernzerhof exchange-
correlation functional (41) along with projector-augmented wave potentials
(52) were employed in these calculations. The vdW interaction was considered
via vdW-D2 functional (53). The energy cutoff for the plane-wave basis set was
400 eV. For the band structure calculations, five special k-points were sampled
along each of the high symmetry lines in the Brillouin zone. The atomic ge-
ometry in each moiré superlattice was fully optimized until the residual force
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Electric field tuning of exciton charge density. Type Il band alignment in the twisted heterostructure (¢ = 3.5°) with S vacancy at point A in WS; (A) or

MoS; (E) layer as a function of a vertical electric field E. The energy levels (and the corresponding Stark shift) in MoS, and WS; layer are shown by the red and
blue lines (and arrow), respectively. The charge density of the lowest exciton with S vacancy at the point A in WS, (B-D) or MoS, (F-H) layer under the
different electric fields. Red and blue colors represent the charge densities of electron and hole, respectively. The unit cell of the moiré superlattice is in-

dicated by the dashed box. All iso-surface value is set at 0.0001 e/A3,

on each atom was less than 0.01 eV-A~". A 20-A vacuum layer was included to
separate the periodic images of MoS,/WS; slab. The electron densities of the
VBM in the pristine MoS,/WS; heterobilayers (3.5° and 56.5°) agree very well
to the scanning tunneling microscope dl/dV mappings of the VBM for the
same twist angles in WSe, homobilayers (54). The lattice relaxation for the
pristine and defective MoS,/WS, heterobilayers (3.5° and 56.5°) is examined
and results are discussed in S/ Appendix, Figs. S4 and S7.

First-Principles Excited-State Calculations. To determine the energies and the
many-body wavefunctions of excitons in the moiré superlattices, we employed
a recently developed first-principles approach based on the linear-response
time-dependent density functional theory (LR-TDDFT) (29, 30) with an opti-
mally tuned, screened and range-separated hybrid exchange-correlation
functional (OT-SRSH) (31-35). The OT-SRSH functional is able to reproduce
the correct long-range electron-electron and electron-hole interactions in
solids by choosing the reasonable parameters. We then solve the following
non-Hermitian eigenvalue equations of Casida (55):

A B \(X 1 0\/X
PO A R

where the pseudoeigenvalue w, is the fth exciton energy level. The matrix
elements of A and B in the basis of KS states (ijo) are given by the following:

Ajjokiz = 0ik0},186,:(8j5 — €ia) + Kijoktes [2]

Bijo ki = Kijo, Ik [3]

Here, K is the coupling matrix where indices i and k indicate the occupied
orbitals, and j and / represent the virtual KS orbitals. According to the as-
signment ansatz of Casida, the many-body wavefunction of an excited state /
can be written as follows:
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Xiiio + Yiio
D~ %%ﬁf/nah@o = %Z/,ijaTj,;ai”@o, [4]
where z;;; = (X + Y,,U)/\/H;a,-,, is the annihilation operator acting on the ith
KS orbital with spin ¢ and @ 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-RSH method, there are three parameters, o, §, and vy,
that need to be specified. a controls the short-range exact exchange and § is
chosen to satisfy the requirement o + f = 1/go. The scalar dielectric constant
of MoS,/WS, heterostructure g was set to 4.0; gy was obtained by averaging
the dielectric constants, computed from one-shot GW calculations on a prim-
itive unit cell of MoS,/WS, heterobilayer, in three directions. The optimal set of
the parameters (x = 0.12, p = 0.13, y = 0.05) was determined by fitting the
quasiparticle gap of MoS,/WS, heterobilayer from the DFT-OT-RSH calcula-
tions to that from the GW calculations. These parameters were found to yield
excellent results for the defects as well, as discussed in the main text. The
exciton binding energy Ey, is defined as the difference between the quasi-
particle gap and the optical gap. For the pristine nontwisted MoS,/WS,
heterobilayer, E, = 0.37 eV, which is in line with previous experimental and
theoretical reports (56-60). More specifically, the binding energies of the
interlayer excitons in nontwisted MoS,/WSe, and MoSe,/WSe, bilayers are
estimated to be greater than 0.2 eV (57, 58). The exciton binding energy is
estimated between 0.36 and 1.55 eV in the nontwisted MoS,/WS, hetero-
bilayer from an experimental report (56), and their model analysis further
reduces the range to 0.4-0.6 eV. The GW-BSE calculations in ref. 60 indicate
that the binding energy of the interlayer exciton in nontwisted MoS,/WSe,
bilayer is up to 0.3 eV, and the GW-BSE calculations in ref. 57 show that the
interlayer exciton binding energy in MoS,/WS, bilayer is 0.43 eV, and exciton
binding energy in MoSe,/\WSe; bilayer is 0.32 eV. Our results listed in Tables
1 and 2 are also in line with these numbers. Due to the confinement of moiré
potentials, there is an energy splitting among low-energy moiré excitons.

PNAS | 70of9
https://doi.org/10.1073/pnas.2105468118

APPLIED PHYSICAL

SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105468118/-/DCSupplemental
https://doi.org/10.1073/pnas.2105468118

Our TDDFT-OT-RSH calculations predicted an energy spacing of 33 meV
among the four lowest-energy excitons, in excellent agreement with the ex-
perimental estimate of ~30 meV (39). Owing to the large unit cells (1,626 atoms)
in our LR-TDDFT calculations, only the I" point was sampled in the Brillouin zone.
The (TD)DFT-OT-RSH method has been applied to a variety of semiconductors,
including graphene fluoride, phosphorene, 2D perovskites, TMD hetero-
structures, organics, etc. (24-28). More information on the (TD)DFT-OT-RSH
method and its validations can be found in these references.

SOC Correction. Owing to high computational cost, we did not include the
SOC correction in our large-scale (TD)DFT-OT-RSH calculations, which can be
justified in the following. As shown in the previous work, the formation of
localized moiré excitons and flat VBM bands in the pristine twisted MoS,/
WS, heterobilayers is not affected by the SOC correction (28). To examine
whether this conclusion still holds in the presence of defects, we have in-
cluded the SOC correction in the ground-state calculations of a twisted
MoS,/WS, heterobilayer with = 21.78°. The larger angle was used here to
reduce the computational cost. Two calculations were performed with a S
vacancy introduced in either MoS, or WS, layer using a 3x3x1 supercell.
Based on the SOC corrected single-particle energy levels and orbitals, we
correct the excited-state energy, following the method proposed in ref. 61:

2
ASSOC_ [5]

vc

AQ° = 3|45,
vc

Here, AQ® represents the energy correction to the sth excited state, which is
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a linear combination of pairs of valence (v) and conduction (c) bands. Ai(
denotes the expansion coefficient for a given pair of v and ¢ bands. A9 is
the SOC corrected energy separation between the v and ¢ bands. The sum-
mation is over all pairs of the valence and conduction bands. With S, in MoS,
layer, the SOC correction yields negligible change (0.03 eV) to AQ®. With S, in
WS, layer, a larger change to AQ® (0.18 eV) is obtained for the lowest ex-
citon. However, the main quantity of interest, i.e., the binding energy of the
lowest exciton is barely changed (0.01 eV) with S, in either MoS, or WS,
layer because the SOC correction to the quasiparticle bandgap nearly cancels
the correction to the exciton energy (or the optical gap). Furthermore, there
is negligible change to the charge densities of the VBM and the defect state
with the inclusion of the SOC correction as shown in S/ Appendlix, Fig. S13.
Note that the VBM and the defect state are the most relevant states (with a
dominant contribution) to the excitonic states as shown in Fig. 3 C and D.
Thus, the exciton charge density is not expected to change substantially with
the inclusion of SOC, specially, in terms of the qualitative features discussed
in this work.
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