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ABSTRACT: Group IV monochalcogenides have attracted 1D flat conduction bands Anisotropic moiré excitons
significant recent attention due to their similarities to black ~

078f

phosphorus and their potential applications in “twistronics”,
inspired by the synthesis of nanowires and nanocrystals with o075}
continuous interlayer Eshelby twists. They are also proposed as an
ideal platform to study strongly correlated physics with dimen-
sional crossover. However, little is known on moiré superlattices 5 069f
formed by twisted monochalcogenide bilayers. In particular, the “-0.09fseee
optoelectronic properties of the twisted monochalcogenide bilayers
are largely unexplored and it is not clear whether moiré excitons
can be hosted in such bilayers. In this work, we reveal the '3[ et
structural, optoelectronic, and excitonic properties of twisted SnS r X M Y r
bilayers from first-principles. The key aspects of the moire

superlattices, including lattice reconstructions, moiré potentials, formation of flat bands, one-dimensional and anisotropic moireé
excitons, and tuning of moiré excitons by twist angle and interlayer distance, are examined.

A\
A\

B INTRODUCTION Our work was inspired by recent breakthroughs in the

When two-dimensional (2D) materials are stacked to form a burgeoning field of “monochalcogenide twistronics”. On the

van der Waals (vdW) heterostructure with a small angular
and/or lattice mismatch, a long-range moiré superlattice may

experimental side, impressive progress has been made to
synthesize GeS vdW nanowires”* and nanocrystals™ with a

appear, which could lead to novel correlated quantum continuous interlayer twist or Eshelby twist; these helical
phenomena, driven by the interplay between flat energy nanostructures can be viewed as continuously twisted GeS
bands (i.e., suppressed kinetic energy) and strong electron— homobilayers stacked along the helical axis. The generic
electron interactions.' ™ In particular, the moiré superlattices fabrication process can be applied to other group IV
comprising 2D semiconductors, such as transition-metal monochalcogenides (e.g, GeSe).”> More importantly, the
dichalcogenides (TMDs), could host localized, long-lived, twist angle and the topology in these nanostructures can be
and valley-polarized moiré excitons,” '’ which are envisioned tuned synthetically, thus paving the way to twistronic
as single-photon emitters in quantum information and applications of these materials. On the theoretical side, one-
optoelectronic applications."'~'* The moiré superlattices dimensional (1D) flat energy bands have been predicted in

have thus emerged as a fascinating and versatile platform to
engineer quantum states of matter,' ® both for fundamental
science and practical applications.

In semiconducting moiré superlattices, TMDs have been the
center of interest thanks to their strong light—matter
interaction, spin—orbit coupling (SOC), and superior stability.
In this work, we focus instead on the group IV mono-
chalcogenides MX (M = Sn or Ge and X = S or Se) and moiré
superlattices formed by twisted MX homobilayers. Similar to
black phosphorus, few-layer monochalcogenides, such as SnS, Received:  June 22, 2021
are known to possess tunable band gaps, strong in-plane Published: September 3, 2021
anisotropy, and high electron mobilities.'"* Group IV
monochalcogenides are also predicted to exhibit giant
piezoelectricity,' ' room-temperature ferroelectricity'”'® and
ferroelasticity,”*° and a large bulk photovoltaic effect.”' >

twisted GeSe bilayers by first-principles calculations.”® In
particular, the twisted GeSe bilayers are proposed as an ideal
platform to study strongly correlated 1D physics and the
crossover from 1D to 2D physics in a highly tunable manner.*®
Furthermore, it is speculated that by coupling to a super-
conducting substrate, the twisted GeSe bilayers may host
Majorana edge states.

[Miiais
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Despite the exciting experimental and theoretical advances,
some key aspects pertaining to moiré superlattices of the
monochalcogenides remain largely unexplored. Owing to their
lower symmetry (C,y), the monochalcogenide vdW bilayers
are expected to host anisotropic moiré excitons, in contrast to
isotropic moiré excitons observed in TMD bilayers.”” "
However, there is no report—either from theory or experi-
ment—on the formation of moiré excitons in twisted MX
bilayers. The energetic, structural, and optoelectronic proper-
ties of monochalcogenide moiré superlattices are yet to be
studied. In particular, it is not clear whether 1D moiré excitons
can be formed and tuned in twisted monochalcogenide
bilayers. Recent experiments reported the formation of 1D
moiré excitons in TMD heterobilayers (WSe,/MoSe,) by
applying uniaxial strains.”” However, since strain distributions
are not easily controlled in vdW heterostructures, it would be
desirable to generate “intrinsic” 1D moiré excitons in twisted
MX bilayers without the application of strains. The anisotropic
and 1D moiré excitons could lead to novel applications in
quantum information and optoelectronic devices, such as
polarization-sensitive 2?hotodetectors, polarized light-emitting
diodes, and so forth.”

In this work, we carry out the state-of-the-art first-principles
calculations to examine structural, electronic, optical, and
excitonic properties of twisted SnS bilayers, with the aim of
providing a theoretical foundation for monochalcogenide
twistronics. Several twist angles (8 = 3.9, 4.1, 175.9, and
176.1°) are considered for the SnS homobilayer. Key aspects
to the moiré superlattices, including lattice reconstructions,
moiré potentials, formation of flat bands, 1D and anisotropic
moiré excitons, and tuning of moiré excitons by twist angle and
interlayer distance, are explored in detail.

B METHODS

Density functional theory (DFT) calculations were performed with
the Vienna Ab initio Simulation Package (VASP)** to examine the
ground-state properties of SnS bilayers. The Perdew—Burke—
Ernzerhof (PBE)™* exchange—correlation functlonal along with the
projector-augmented wave pseudopotentials®® were used in the
calculations. An energy cutoff of 400 eV was used in the expansion
of the wavefunctions and a I'-centered 12 X 13 X 1 Monkhorst—Pack
k-grid was used to sample the Brillouin zone (BZ) of the nontwisted
bilayers. The atomic structures of the twisted SnS bilayers were
obtained using CellMatch software.”® The lattice mismatch in the
twisted SnS bilayer for @ = 4.1° (and 175.9°) and 0 = 3.9° (and
176.1°) is 0.13 and 0.12%, respectively. Due to the large moiré
superlattices (more than 1500 atoms), only the I" point was sampled
in the BZ to obtain the optimized atomic structures and electronic
band structures for the twisted bilayers. All atomic structures were
optlmlzed until the force acting on each atom was less than 0.01 eV/
A. The Grimme’s PBE-D2 correction®® was used to capture the vdW
interaction between Sn$ layers. A vacuum region of ~15 A in the out-
of-plane direction was used to eliminate the spurious interaction
between the periodical slabs.

To determine the excitonic properties of SnS bilayers, a recently
developed first-principles method was used, which is based on linear-
response time-dependent DFT (LR-TDDFT)*>"*® with optimally
tuned, screened, and range-separated hybrid (OT-SRSH) exchange—
correlation functionals.>*~*' In this method, three parameters, a, f3,
and y, are required.  controls the short-range exact exchange and f3 is
chosen to satisfy the requirement a + f = 1/gy g, is the scalar
dielectric constant of the SnS bilayer, set to 7.3 in this work.*” With
the optimal set of the parameters (@ = 0.0S, # = 0.09, and y = 0.2) in
the DFT-OT-RSH calculations, we obtained the fundamental band
gap (1.59 eV) for the nontwisted SnS bilayer, which a agrees well with
the values (1.57—1.62 eV) reported by others."”** The exciton
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binding energy Ey, defined as the difference between the fundamental
band gap and the optical band gap, is calculated as 0.28 eV for the
nontwisted SnS bilayer, which agrees well with the values (0.2—0.3
eV) reported for the group IV monochalcogenides.**** Only the T
point was sampled in the BZ in these large-scale LR-TDDFT
calculations. Our (TD)DFT-OT-RSH method has been successfully
applied to various 2D semiconductors and their heterostructures, and
more details about the method can be found in our previous
works.”*~>* The oscillator strengths were calculated using a newly
developed LR- TDDFT method with stochastic and range-separated
hybrid functionals.’* The range-separation parameters used in the
stochastic LR-TDDFT calculations were the same as those in the
(TD)DFT-OT-RSH calculations.

B RESULTS AND DISCUSSION

In this work, the stable a phase of the SnS monolayer with a
puckered structure, as shown in Figure 1, is used to form
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Figure 1. Top view (a) and side view (b) of the SnS monolayer
showing the armchair (a-axis) and zigzag (b-axis) directions. The
black box (dashed lines) represents a conventional unit cell.

homobilayers. In Figure 2a, we display the unit cells of four
bilayers (A, B, C, and D) in which the top and bottom layers
have a relative shift but without a relative twist (6 = 0°); these
are denoted as forward-stacking (FS) structures. One can also
switch the cations and anions in the top layers of the four FS
structures and arrive at four reverse-stacking (RS) structures
(A, B, C/, and D’), as shown in Figure 2b, with the
corresponding FS and RS structures (e.g., A and A’) related by
180° rotation. These stacking structures appear as local motifs
in twisted bilayers as discussed below.

To form a twisted bilayer using the CellMatch software,
we stack two SnS monolayers in the FS structure D along the ¢-
axis with a twist angle 6. In Figure 2c,d, we show the non-
reconstructed (only the atomic coordinates in the c-axis are
optimized) and reconstructed (all coordinates are optimized)
structures of a twisted SnS bilayer with a twist angle 8 = 4.1°,
respectively. Similarly, Figure 2ef displays the non-recon-
structed and reconstructed structures of a twisted SnS bilayer
with a twist angle € = 175.9°, respectively. Note that the moiré
superlattices formed by the twisted bilayers with angle € and
180°—6 have the same lattice constants and the number of
atoms. Thus, the moiré superlattices for 6 = 4.1° and 0 =
175.9° bilayers have the same number of atoms (1564) and the
lattice constants (a = 5.63 nm and b = 5.97 nm). These two
bilayers exhibit the FS (6 = 4.1°) and RS (0 = 175.9°)
structure, respectively.

Similar to other vdW heterostructures, significant lattice
reconstruction can develop in twisted SnS bilayers. To visualize
the lattice reconstruction, we label the local stacking structures
in the superlattices by the motifs A, B, C, and D (or A, B/, C/,
and D'), as shown in Figure 2c—f. The atomic structure of the
4.1° bilayer is dominated by the stacking motifs C and D, while
the structure of the 175.9° bilayer is dominated by the stacking
motifs C' and D’ before the reconstruction. After the
reconstruction, the areas of domains A (A’) and B (B')
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Figure 2. (a) Top and side view of the four FS structures (A, B, C, and D) in a nontwisted SnS bilayer. (b) Top and side view of the four RS
structures (A’, B/, C’, and D’) in a nontwisted SnS bilayer. Non-reconstructed (c) and reconstructed (d) twisted bilayer with € = 4.1° and non-
reconstructed (e) and reconstructed (f) twisted bilayer with 6 = 175.9°.
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Figure 3. Definition of the interlayer displacement vector (S) in the FS (a) and RS (b) structures. (c) Band gap variation (AE,) as a function of the
interlayer displacement vector S (S, and S, are the projections of S in the a- and b-axis). (d) Total energy variation (AEtoj as a function of the
interlayer displacement vector S. The approximate locations of the stacking motifs are also indicated. The FS and RS structures are shown in the left

and right columns.

grow significantly at the expense of domains C (C’) and D
(D). In addition, the areas of the high-energy domain walls
(or solitons) are reduced to lower the energy. The lattice
reconstruction is driven primarily by the energetic differences
among the four stacking motifs as discussed later. The
rectangular domain shape in both bilayers stems from the
rectangular unit cell of the SnS monolayer shown in Figure 1a,
which is in contrast to triangular domains observed in twisted
TMD bilayers (0° < 6 < 2°)°° with hexagonal unit cells. As
elucidated below, the lattice reconstruction plays a crucial role
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in the optoelectronic and excitonic properties of the moiré
superlattices.

As the most important feature of a moiré superlattice, the
moiré potential determines the band structure, the localization,
and the hybridization of moiré excitons. The moiré potential
can be defined by the spatial variation of the fundamental gap
as a function of the relative in-place displacement between the
two monolayers.'"***’ In this definition, the moiré potential
approximates the exciton energy with the assumption that the
exciton binding energy is independent of the in-plane
displacement. This is a reasonable approximation since the

https://doi.org/10.1021/acs.chemmater.1c02165
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Table 1. Band Gap Variation (in meV), the Total Energy Variation (in meV), and the Interlayer Distance (in A) of the FS and
RS Structures

ES structures RS structures
A B C D A’ B’ Cc’ D’
AE,(S) -93 306 —-165 159 84 98 95 —141
AE(S) —94 —167 171 54 —112 —183 74 147
interlayer distance 2.99 2.88 3.64 3.18 2.93 2.86 3.22 3.57

(a) 4.1° non-reconstructed  4.1° reconstructed (b) 175.9° non-reconstructed  175.9° reconstructed
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Figure 4. Single-particle band structure of the non-reconstructed and reconstructed 4.1° bilayer (a) and 175.9° bilayer (b). The BZ with high-
symmetry k-points is also shown. The charge density of the lowest energy moiré exciton in the non-reconstructed and reconstructed 4.1° bilayer (c)
and 175.9° bilayer (d). Both the top and side views of the bilayer are shown. The charge density of the hole and the electron is shown in cyan and
yellow color, respectively. The moiré supercell is indicated by the black box in (c,d).

exciton binding energy depends primarily on the interlayer the RS structure is —192 meV, close to the D’ stacking
distance. As shown in Figure 3a,b, the vector S represents the configuration, while the maximum value is 216 meV at the mid
relative in-plane displacement between two SnS monolayers in point between B’ and C’. The amplitude of the moiré potential
the primitive unit cells, and as S spans the entire unit cell, all in the RS structure is thus 402 meV. As a comparison, the
possible stacking configurations can be obtained. The band gap amplitude of the moiré potential in WS,/MoS, heterobilayers

variation AE,(S) is defined as: AE(S) = E,(S) — (E,), where is ~260 meV>” and the amplitude of the moiré potential in
Eg(S) is the band gap of the nontwisted SnS bilayers and (E,) halide perovskite bilayers MA,Pbl, is ~233 meV.>’ Although

is the average value of E,. Figure 3¢ shows the moiré potentials the moiré superlattices with the twist angles € and 180°—6
of the SnS bilayer in the FS and RS structures. Compared to have the same lattice constants, they—in the FS and RS
TMD bilayers,”*>*” the most striking feature of the moiré structures—are predicted to have different moiré potentials.
potentials in SnS bilayers is the strong anisotropy. For either Note that the moiré potential determined in this manner
the FS or RS structure, the moiré potential is anisotropic, with represents the upper bound for all SnS bilayers (with the same
its gradient in the g-axis much larger than that in the b-axis, interlayer distance) because the maximum or minimal energy
which is in sharp contrast to the threefold symmetric moiré stacking configurations may not be reachable in a specific
potentials in TMD bilayers.”>***” The anisotropic moiré twisted bilayer. Finally, the experimental estimate for the moire
potentials in SnS bilayers lead to anisotropic band structures, potential in the WSe,/MoSe, heterobilayer is ~300 and ~150

oscillator strengths, and moiré excitons as discussed below. meV for the valence and conduction bands, respectively.”®
The minimum value of the moiré potential in the FS To shed light on the reconstruction of the moire
structure is —203 meV, located near the C stacking superlattices, we calculate the energies of the various stacking
configuration, whereas the maximum value of the moiré motifs. In particular, we determine the total energy variation of
potential is 306 meV, at the B stacking configuration. Thus, the a nontwisted SnS bilayer, AE,(S), as a function of the
amplitude of the moiré potential in the FS structure is 509 displacement S, analogous to the moiré potential, that is,
meV. Similarly, the minimum value of the moiré potential in AE,((S) = E;oi(S) — (E,o)- Here, E,, is the total energy of the
7435 https://doi.org/10.1021/acs.chemmater.1c02165
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nontwisted SnS bilayer and (E,) is the average value of E,.
Hence, AE(S) represents the stacking energy landscape in
SnS bilayers, and it is called the stacking potential in the
following. In Figure 3d, we show the stacking potentials for
both FS and RS structures. An interesting anticorrelation is
observed between the extremes of the moiré potential and the
stacking potential for both structures, that is, the maximum (or
minimum) of the moiré potential occurs at the location of the
minimum (or maximum) of the stacking potential. Specifically,
for the FS structure, the maximum of the stacking potential is
located at the C stacking, corresponding to the minimum of
the moiré potential; the minimum of the stacking potential
resides at the B stacking, corresponding to the maximum of the
moiré potential. Similarly, for the RS structure, the maximum
of the stacking potential occurs at D’, corresponding to the
minimum of the moiré potential. Finally, the minimum of the
stacking potential is at B’, which slightly deviates from the
maximum of the moiré potential. The amplitude of the
stacking potential is 338 and 330 meV for the FS and RS
structure, respectively, which is smaller than the amplitude of
the moiré potential.

There is also a correlation between the stacking potential
and the interlayer distance, as shown in Table 1. For instance,
in the FS structure, the shortest interlayer distance occurs at
the stacking B (2.88 A), which has the lowest stacking energy
(=167 meV), while the largest interlayer distance is at the
stacking C (3.64 A) with the highest stacking energy (171
meV). The same correlation also holds in the RS structure.
Therefore, the interlayer distance plays a crucial role in
determining the properties of the moiré superlattices, along
with the twist angle. Finally, we note that for both FS and RS
structures, the A (A’) and B (B’) stackings have lower energies
than the C (C’) and D (D’) stackings; therefore, the
reconstruction of the superlattices takes place by growing the
lower energy domains of A (A’) and B (B’) at the expense of
the higher energy domains of C (C’) and D (D’).

We next determine the single-particle band structures of
twisted SnS bilayers with 6 = 4.1° and @ = 174.9° using the
PBE functional. To examine the role of the lattice
reconstruction on the band structure, we include in Figure
4a,b the band structures for both non-reconstructed and
reconstructed bilayers. The valence band maximum (VBM)
has approximately equal contributions from both layers, while
the conduction band minimum (CBM) arises primarily from
Sn atoms at the top layer (the bottom layer Sn atoms only
account for half the contribution of the top layer Sn atoms);
the contributions to CBM from S atoms at both layers are
negligible. The first important observation from Figure 4 is the
formation of a nearly flat VBM (the bandwidth is 2 meV) in
both bilayers, independent of the lattice reconstruction. The
flat VBM implies localized and strongly correlated holes, which
interestingly are not the result of the lattice reconstruction.
Instead, the flat VBM stems from the interlayer modulation
and the formation of the moiré lattice—the details of the
moiré lattice are not important. The second important
observation is the formation of 1D flat conduction bands in
the reconstructed 4.1° bilayer. More specifically, the CBM and
CBM + 1 along the '=X and the parallel M—Y direction are
nearly flat (the bandwidth is 15 meV); thus, they only disperse
along one dimension. The 1D flat conduction bands were also
observed in twisted GeSe bilayers.”® The formation of both the
flat VBM and CBM (partially) in twisted SnS bilayers
distinguished them from TMD moiré superlattices, where
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only the VBM is flat. Thus, we predict the co-existence of
quasi-1D electrons along the b-axis and quasi-0D holes in the
twisted 4.1° SnS bilayer. The quasi-1D electron mobility along
the b-axis remains high with an estimated effective mass of 0.5
my.'* The quasi-1D electron in the b-axis is consistent with the
fact that the moiré potential gradient is vanishingly small in
this direction for the FS structure. Interestingly, the flat
conduction bands are not observed in the non-reconstructed
4.1° bilayer. This may be due to the fact that the interlayer
Sn—Sn distance in the non-reconstructed bilayer is 0.2 A larger
than the reconstructed bilayer, thus the interlayer modulation
is too weak to yield flat conduction bands. Although the VBM
remains nearly flat in the 175.9° bilayer, its conduction bands
are less flat as compared to the 4.1° bilayer. Thus, the 1D-like
electron distribution is not present in the 175.9° bilayer. The
difference suggests that the properties of the moiré super-
lattices are determined by both the twist angle and the stacking
structures.

As the inversion symmetry is broken in the twisted SnS
bilayers, the Rashba SOC could be important. We thus
recalculate the single-particle band structures by including the
SOC correction (PBE + SOC). We find that the SOC-induced
band splitting is primarily in the conduction bands, while the
SOC effect on the valence bands is negligible. As shown in
Figure 5, the SOC splitting of CBM in the reconstructed 4.1°

4.1° reconstructed (PBE+SOC) 175.9° reconstructed (PBE+SOC)
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Figure S. Single-particle band structures of the reconstructed 4.1 and
175.9° SnS bilayer using PBE + SOC calculations.

bilayer is anisotropic, with a stronger splitting along the I'=Y
direction and a negligible splitting along the I'=X direction. In
contrast, the SOC splitting is less anisotropic in the 175.9°
bilayer. For both bilayers, we find that the SOC correction has
a minor effect (a few meV) on the bandwidths and the 1D
conduction bands remain flat in the 4.1° bilayer. Therefore, to
reduce the computational cost, the SOC correction is not
included in the following calculations. It is interesting to note
that the SOC splitting depends on the stacking structure of
nontwisted SnS bilayers. As shown in Figure S1 (in Supporting
Information), the SOC splitting is zero in the B’ motif (due to
the presence of inversion symmetry) and 80 meV in the A
motif; the latter is similar to the SOC splitting (86 meV) in the
monolayer SnS.>” The smaller splitting in twisted bilayers
stems from averaged contributions from different local motifs
and the formation of moiré superlattices. The latter is expected
to reduce the energy difference between SOC-split spin states
in the same manner as it does to flatten the bands.

Next, we examine the properties of moiré excitons. In Figure
4c,d, we present the charge densities of the lowest energy
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excitons in the twisted SnS bilayers. First of all, consistent with
the band structure analysis, the moiré exciton in the
reconstructed 4.1° bilayer exhibits a quasi-1D electron and
quasi-0D hole distribution. In contrast, the moiré exciton in
the non-reconstructed 4.1° bilayer shows 0D distribution for
both electrons and holes. Despite the dispersive conduction
bands in the non-reconstructed 4.1° bilayer, the electron
remains localized and bound by the localized hole, which is a
manifestation of the excitonic effect. Second, the lowest moire
exciton resides at the C stacking in the non-reconstructed 4.1°
bilayer and at the A stacking in the reconstructed bilayer. Since
C has the lowest moiré potential, the exciton is supposed to be
trapped at C as opposed to A. However, after the
reconstruction, the domain A increases significantly at the
expense of the domain C (see Figure 2d). As the moiré
potential at A is only slightly higher than C, the exciton can
actually be stabilized at A in the reconstructed bilayer. In
contrast to the 4.1° bilayer, the lowest moiré exciton in the
175.9° bilayer does not exhibit a 1D-like electron distribution,
regardless of the lattice reconstruction. Instead, both the
electron and hole are localized at D’ owing to its lower moiré
potential, particularly for the non-reconstructed bilayer. The
reconstruction leads to a partial separation of the electron and
the hole, driven by the delocalized electron states (i.e., the
dispersive conduction bands). Third, the moiré excitons in
both bilayers exhibit hybrid interlayer—intralayer character-
istics owing to negligible band offsets in the twisted
homobilayers. Finally, we have also examined a few moire
excitons with slightly higher energies and their charge densities
are similar to that of the lowest moiré exciton (Figure S2),
suggesting that the same flat valence and conduction bands are
involved in these excitons.

To examine the optical properties of the twisted SnS
bilayers, we calculate the oscillator strength of the lowest
energy exciton before and after the lattice reconstruction. As
shown in Figure 6, for both bilayers, the oscillator strength of

(a) (b)

X10'3 4.1° non-reconstructed 06k x10'3 175.9° non-reconstructed
0.1} 04t
< l I 02}
{2
[ =4
£ I H
2 0.0F 1 \ 7 f 00 1 1 1 n
% 18k X107 4.1° reconstructed | 10 o L X103 175.9° reconstructed
.(—3
© 412} Ok
50F
06|
I 25}
0.0 1 00F ] (]
T T T T T T L) T
total a b c total a b c

Figure 6. (a) Oscillator strength of the lowest exciton in the non-
reconstructed and reconstructed 4.1° bilayer (a) and 175.9° bilayer
(b). Both the total and a-, b-, and c-components are shown.

the lowest exciton increases by more than one order of
magnitude after the lattice reconstruction. We have previously
shown that the transition dipole moment is proportional to the
overlap between the electron and hole wavefunctions (but not
the charge densities) and inversely proportional to the square
root of the excitation energy.”’ The oscillator strength is
proportional to the square of the transition dipole moment.
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Since the excitons here have similar energies, we believe that
the dominant contribution to the larger oscillator strengths in
the reconstructed lattices is due to their greater overlap
between the electron and hole wavefunctions. The overlap
cancellation between the oppositely signed electron and hole
wavefunctions yields much smaller oscillator strengths in the
non-reconstructed bilayers. The oscillator strengths in the
reconstructed lattices exhibit significant anisotropy, particularly
for 175.9° which has a much higher oscillator strength along
the b-axis than the other two directions. Similar anisotropy is
also observed in higher-energy moiré excitons. The anisotropy
in the oscillator strength is consistent with a previous report on
the anisotropy of optical absorption in the SnS bilayer where
the low-energy absorption along the b-axis is stronger than the
other directions.*”

As alluded to earlier, the twist angle and the interlayer
distance are two key parameters that can affect the properties
of moiré superlattices. In the following, we examine how moiré
excitons can be tuned by the twist angle and the interlayer
distance. To this end, two additional twisted angles (6 = 3.9
and 176.1°) are considered which yield the same lattice
constants (@ = 6.06 nm and b = 6.37 nm) and the same
number of atoms (1796) in the moiré superlattices. The fully
relaxed atomic structure and the charge density of the lowest
exciton are presented in Figure 7a,b for both bilayers; their

(a)

3.9° reconstructed (b) 176.1° reconstructed

—p A

Figure 7. Charge density of the lowest energy exciton in the
reconstructed 3.9 (a) and 176.1° (b) SnS bilayer. The charge density
of the hole and the electron is shown in cyan and yellow color,
respectively. The moiré supercell is indicated by the black box.

corresponding band structures can be found in Figure S3.
While the exciton charge density remains essentially the same
between 4.1 and 3.9 significant changes take place as the
angle increases from 1759 to 176.1°. The exciton charge
density becomes more localized in 176.1°, particularly for the
electron whose distribution at C’ disappears. For both bilayers,
the electron and the hole are partially separated—along the a-
axis for 3.9° and along the b-axis for 176.1°, yielding dipole
moments in both directions. The presence of both in-plane
and out-of-plane dipole moments suggests that the moiré
excitons can be tuned by the respective electric fields,
rendering them highly electric field addressable.

We have also reduced the interlayer distance for both
bilayers (0 = 4.1 and 175.9°) by 0.2 and 0.4 A from their
equilibrium distances and the exciton charge densities are
shown in Figure S4. Similar to what is observed above, there is
a negligible change to the exciton charge density in the 4.1°
bilayer as the interlayer distance is decreased. However, the
exciton charge density alters considerably in the 175.9° bilayer.
Once again, the electron distribution at C’ disappears when the
interlayer distance is reduced by 0.4 A. Thus, although the
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moiré excitons in SnS bilayers can be tuned by both twist angle
and interlayer distance, some bilayers are more tunable than
others. With a less-symmetric atomic structure (see Figure 3d),
the 175.9° bilayer with the RS structure appears more
amenable to external tuning. On the other hand, the excitons
in the 4.1° bilayer with the FS structure seem more robust.
This difference may result from the fact that the FS structures
tend to have higher moiré potentials than the RS structures.

Bl CONCLUSIONS

To summarize, we have examined the moiré superlattices and
moiré excitons in twisted SnS bilayers by means of first-
principles calculations, including two FS structures with the
twist angle @ = 3.9 and 4.1° and two RS structures with the
twist angle 0 175.9 and 176.1°. Significant lattice
reconstruction is observed, driven by the energetic differences
among the four stacking motifs. The moiré potentials of the
superlattices in both FS and RS structures are shown to exhibit
strong anisotropy, yielding anisotropic band structures,
oscillator strengths, and moiré excitons. An anticorrelation is
observed between the extremes of the moiré potential and the
stacking potential, and the stacking potential is further
correlated with the interlayer distance. A nearly flat valence
band is formed in conjunction with the formation of 1D flat
conduction bands in the reconstructed 4.1° bilayer, which
leads to strongly correlated quasi-1D electrons and quasi-0D
holes in the twisted SnS bilayer. Anisotropic band splitting is
found in the conduction bands due to the Rashba effect, which
has negligible influence on the valence bands. The twisted
bilayers host localized and anisotropic moiré excitons which
exhibit hybrid interlayer—intralayer characteristics and aniso-
tropic oscillator strengths. We find that both the twist angle
and the interlayer distance can be used to tune the moiré
excitons, and the excitons in the RS structures are more
tunable than those in the FS structures. Our work provides a
theoretical foundation to realize anisotropic optoelectronic and
quantum computing applications in twisted monochalcogenide
nanostructures.
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