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Moiré superlattices (MSLs) are modulated structures produced from homogeneous or heterogeneous two-dimensional
layers stacked with a twist angle and/or lattice mismatch. Enriching the methods for fabricating MSL and realizing the
unique emergent properties are key challenges in its investigation. Here we recommend that the spiral dislocation driven
growth is another optional method for the preparation of high quality MSL samples. The spiral structure stabilizes the
constant out-of-plane lattice distance, causing the variations in electronic and optical properties. Taking SnS, MSL as an
example, we find prominent properties including large band gap reduction (~ 0.4 eV) and enhanced optical activity. First-
principles calculations reveal that these unusual properties can be ascribed to the locally enhanced interlayer interaction
associated with the Moiré potential modulation. We believe that the spiral dislocation driven growth would be a powerful
method to expand the MSL family and broaden their scope of application.

Keywords: Moiré superlattices, interlayer interaction, spiral dislocation, layered materials

PACS: 74.78.Fk, 68.65.Cd, 31.15.es, 81.10.-h

1. Introduction

Two-dimensional (2D) layered materials have attracted
considerable interest in recent years owing to their potential
applications in nanomaterials and optoelectronics.!!=%! In ad-
dition to a variety of materials and the dependence of layer
thickness, stacking 2D layers into artificial van der Waals het-
erostructures also provides degrees of freedom to engineer
their electronic and optical properties.!”8! The resulting mod-
ulated strain field and electrostatic potential combined with the
ubiquitous interlayer coupling may give rise to distinct emer-

[23-26

gent physical properties, ! for example, the Hofstadter

butterfly spectra,!727-> cloned Dirac Fermions,!!”-'"! frac-

28-301 and topological mosaics[*!!

tional quantum Hall effects!
in graphene-based and transition metal dichalcogenides-based
Moiré superlattices (MSLs). Thus far, researchers have re-
alized the MSLs fabrication by wet transfer of mechanically
exfoliated monolayers, 333 epitaxial growth, 3381 one-pot
solvothermal approaches,’*®! and so forth. The commonly
used method to fabricate MSLs through stacking together me-
chanically exfoliated monolayers suffers from issues of un-
controlled stacking patterns and registry, contamination at the
interfaces, and sample uniformity/size limitations.[3>331 Re-
cently, epitaxial growth approach (e.g., chemical vapor de-
position) can in principle overcome these problems, but are
not yet widely reported.?*-381 Here, we suggest that the spiral
dislocation driven growth is another desirable method for the
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preparation of high quality MSLs samples.

In addition to layer-by-layer growth, a series of 2D spi-
ral structures have been recently driven by screw dislocations
under low supersaturation condition (Fig. 1(a)).!3*#° Care-
ful structural and spectroscopic analysis revealed that these
spiral structures possess a variety of stacking patterns, such
as triangular, tetragonal, hexagonal, and triangular-hexagonal
mixed shapes. A schematic representation of the incorpora-
tion of screw dislocation from layer-by-layer structure to spi-
ral structure is shown in Fig. 1(b). Through the investigation
of these cases, except for SnSe and Bi,Ses, almost all in-plane
x-ray diffraction (XRD) peaks of these compounds are miss-
ing. Based on high-resolution transmission electron micro-
scope and second-harmonic generation measurements, Fan e?
al. identified that a twist angle of 5° is formed between the
top and bottom layers in spiral WS,.!*?! Additionally, the se-
lected area diffraction measurement clearly shows two sets of
diffraction spots with angles ranging from 1.6° to 3° occurred
in spiral BiOCL.?°! Thus we speculate that the peaks missing
in XRD spectra should be attributed to the appearance of small
twist angle in the spiral plates. As illustrated in the left panel
of Fig. 1(c), the same diffraction angle in the layer-by-layer
growth structure will cause the superimposition of diffraction
intensity for a given lattice plane. On the contrary, the ap-
pearance of twist angle () between two adjacent spiral lay-
ers breaks the in-plane lattice periodicity, losing the ability to
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superimpose the in-plane diffraction intensity (right panel of
Fig. 1(c)). However, its periodicity along out-of-plane direc-
tion is maintained with the growth of spiral plates, causing the
relative diffraction intensity of in-plane peaks to visually de-
crease to a negligible level. Hence we believe that MSLs can
be obtained through screw dislocation driven growth with a

(a)
Spiral plates|In-plane peaks

SnSe Retention e\ \ Y iy
Bi,Sey Retention e
MoS, Missing l

WSe, Missing

HIS, Missing

SnS, Missing

processing method to form a small twist angle. An easy way to
confirm its formation is by checking the disappearance of in-
plane peaks in the XRD spectra of synthesized spiral plates.
To be more precise, one can intuitively observe the explicit

atomic arrangements of selected regions by performing scan-
38,39]

ning transmission electron microscope analysis.!

(c)

Sn
oS

Incident 20
X-rays

Incident
X-rays

Fig. 1. Explanation of the formation of MSLs in the spiral plates with a small twist angle. (a) A series of 2D spiral plates recently driven by
screw dislocations under low supersaturation condition. In addition, the retention or missing of in-plane peaks is also shown. (b) Schematic
representation of the incorporation of screw dislocation from layer-by-layer structure to spiral structure. (c¢) Schematic representation of XRD of

2D plates without or with a small twist angle.

In this work, we take SnS, MSL as an example to in-
vestigate its electronic and optical properties. Xia et al. suc-
cessfully synthesized a large scale of 2D spiral SnS;, crys-
tals by using a simple atmospheric pressure vapor deposition
method.[*) The good photo-stability and reproducibility as
well as a fast photoresponse time enable the SnS; to be a
promising candidate for photodetectors. The in-plane peaks
missing in its XRD spectrum indicate the existence of a small
twist angle. On the other hand, the diffraction reflections in-
dexed to (O00ON) (N =0,1,2,...) planes have the same diffrac-
tion angles as bulk SnS,, which denotes that the spiral SnS;
crystals grow preferably along out-of-plane direction with the
same interlayer distance as bulk SnS,. Hence we conclude
that the SnS; MSL with a constant interlayer distance has been
synthesized. However, the large wavelength of the Moiré po-
tential results in great MSL complexity, posing challenges for
both theoretical and experimental investigations of its prop-
erties. Theoretically speaking, it is very challenging to use a
large unit cell for electronic structure calculations with density
functional theory (DFT). In addition to the most commonly
used tight binding-based method,>%>* large-scale DFT sim-
ulations based on linear combination of atomic orbitals or lin-
early scaling 3D fragment methods have also been used for
the investigation of MSLs.[>>-38 However, the MSL period
reaches the order of tens of nanometers under a small lat-
tice mismatch or small twist angle,[!#38.39-50:353.59-611 \hich is
dozens of times that of common crystals. In addition to the fas-
cinating properties of MSLs as a whole, the property variations
at different local positions within the MSLs are also important
for the understanding of material characteristics. In this work,

we recommend another method to simulate the property vari-
ations throughout the MSL, which has consistently described
the experimental observation of spiral BiOC1.[**! We note that
our method is only suitable for the investigation of MSL with
a small twist angle.

2. Computational methods

First-principles calculations were carried out within the
framework of density functional theory by using plane-wave
pseudopotential methods as implemented in the Vienna Ab-

[62.63] The electron—ion interactions

initio Simulation Package.
were described by using the projected augmented wave pseu-
dopotentials with the 5325p2 (Sn) and 3523p4 (S) treated
explicitly as valence electrons. We used the generalized
gradient approximation formulated by Perdew, Burke, and
Ernzerhof!®*! as the exchange—correlation functional. The lay-
ered SnS; structures were embedded in a vacuum region with
30 A thickness. A kinetic energy cutoff of 520 eV was used
for wave-function expansion, and a 31 x 31 x 1 k-point grid
within the Monkhorst—Pack scheme was adopted for electronic
Brillouin zone integration. The optB86b-vdW functional %3]
was used to describe the dispersive van der Waals interac-
tion, which was found to give a good agreement with exper-
imental lattice parameters.®®] The cell parameters and inter-
nal atomic positions were obtained using the conjugate gra-
dient technique until the total energies converged to less than
1073 eV. The interlayer distance of the constructed SnS, struc-
tures was fixed at 0.592 A (the same interlayer distance as bulk

SnS,)[%®! during the structure optimization.
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3. Results and discussion

To give an intuitive impression of SnS, MSL, a topologi-
cal SnS; bilayer structure with 3.1° twist angle is constructed
as shown in the perpendicular view in Fig. 2(a). When two
adjacent spiral layers form a small twist angle 0, the period L
of such MSL is given by L = ag/sin 8 ~ ay/ 0, where aj is the
length of in-plane Bravais lattice (0.365 A for SnS,).[%) This
leads to the formation of a periodic MSL structure with a pe-
riod 6.75 nm, containing 662 SnS, units (1986 atoms). The
periodic length will significantly increase if a smaller twist
angle is formed in the spiral structure. For example, the pe-
riodicity is 20.91 nm when 6 = 1.0°, which contains more
than 1.9 x 10* atoms in SnS; MSL. To avoid the costly cal-
culations, it is necessary to find an easier way to investigate
the electronic properties of SnS, MSL. Another problem is
the non-negligibly internal properties of such a large structure,
which deserves an in-depth study to deepen the understanding
of MSL structures.

Through the analysis of the structure, we identify that
the local interlayer stacking pattern in MSL regularly trans-
fers with the position vector. For example, the local interlayer
stacking patterns along four typical paths (path I-IV) reveal
that the upper layer moves perpendicularly towards the path
direction (Figs. 2(b) and S1). We realize that, by extension,
the local interlayer stacking patterns in MSL can be regarded
as the regular movement of upper unit with respect to the lower
unit. It is worthwhile mentioning that this rule is valid for all
MSLs with a small twist angle. Here we adopt a 13 x 13 point
mesh to slice the rhombus SnS; MSL, for comparison, we sep-
arately computed the structures with fixed and variable inter-
layer distance (Fig. S2) and found that their bandgap variation
trends are consistent, albeit to varying degrees. Based on prior
research, ) the formation of a spiral dislocation structure can
effectively stabilize the lattice distance and transfer stress to
the center of the spiral dislocation. In order to be consistent
with experimental observation, the sliced local structures are
set with a constant interlayer distance of 0.592 A%l and are
fixed during the structure optimization. The small twist angles
in all local stacking structures are treated as zero to satisfy the
periodic boundary condition. This approximation is based on
the expectation that the characteristics of local interlayer inter-
actions are mainly determined by the local stacking patterns
and are minimally affected by the small twist angle. Accord-
ing to this method, we have successfully verified the band gap
reduction (~ 0.6 eV) and the increase in carrier lifetime of
spiral BiOCI MSL.?! As shown in Fig. 2(c), we provide the
atomic structures at four high symmetry regions, namely, AA,
SS, BR, and AB structures, where AA structure is the ground-
state stacking pattern of bulk SnS,, SS structure denotes the
head-to-head arrangement of the S atoms from adjacent lay-
ers, the Sn-upper atom in BR structure locates on the bridge of

two Sn-lower atoms, and the Sn-upper atom in AB structure
locates on the top of the S-lower atom.

To explore the evolution of interlayer interactions in SnS;
MSL, we performed DFT calculations on the electronic prop-
erties of local stacking patterns. As shown in Fig. 3(a) and
Table S1, the spatially resolved band gap (Eq(r)) of SnS;
MSL shows strong dependence on position r (with a coun-
terclockwise rotation of 90° with respect to the MSL in
Fig. 2(b)), varying from the minimum 1.11 eV in the area
around SS region to the maximum 1.51 eV of AA structure.
Our calculations demonstrate a 0.40 eV band gap reduction
of SnS; upon the emergence of MSL. To confirm the suit-
ability of GGA-PBE exchange—correlation, the HSE06 hy-
brid functional method was chosen for parallel comparison, [©7]
which returned a comparable band gap reduction of 0.37 eV.
Furthermore, we separately aligned the energies of conduc-
tion band minimums (CBMs) and valence band maximums
(VBMs) with respect to the corresponding vacuum levels
for the 13 x 13 local stacking patterns of SnS, MSL (see
Figs. S3(a) and S3(b)), both of them exhibit the triple rota-
tion symmetry similar to the spatially resolved band gap. The
global minimums of CBM map and the global maximums of
VBM map are both located in the same area around SS struc-
ture (see Tables S2 and S3), indicating the in-site transition
of SnS, MSL in real space. To confirm the accuracy, a large-

156] js recommended to

scale first-principles calculation code
make the comparison. The calculated charge distributions of
CBM and VBM of bilayer SnS, MSL with a 3.1° twist an-
gle are shown in Figs. S3(c) and S3(d), which are similar to
the spatially resolved band-edge maps from our method. This

similarity enhances the credibility of our simulations.

t ‘\\\-\s }.f

FERARNn

siritases @ S-lower
BR
oy,

Fig. 2. Atomic structures of SnS; spiral bilayer MSL. (a) Perpendicular
view of the topological SnS; spiral bilayer structure with a twist angle of
3.1°, forming a MSL with the periodicity L = 6.75 nm. (b) Four typical
paths of the SnS; MSL shown in the pink rhombus in (a). (¢)—(f) Top and
side views of the bilayer structures at four high symmetry regions marked
in (a), namely, AA, SS, BR, and AB structures, which are indicated by
red, green, black, and blue squares, respectively.
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Fig. 3. Electronic properties of SnS, spiral bilayer MSL. (a) Spatially resolved band gaps of SnS, MSL. (b)—(i) Calculated band structures of
crucial stacking patterns along path IV. The band structures have been projected onto atomic orbitals with the weight of the out-of-plane S-p, and
the in-plane S-p,/, orbitals. (j) Evolution of band gaps for the local stacking structures along path IV.

Because the four high-symmetry stacking patterns and the
regions of band gap minimum/maximum are all located on
path IV, we will take it as an example to explain the band gap
reduction in SnS, MSL. Figures 3(b)-3(i) illustrate the evo-
lution of band structures of the local stacking patterns along
path IV, and the corresponding evolution of band gaps is plot-
ted in Fig. 3(j). For the convenience of comparison, their or-
bital energies are all aligned to the vacuum levels. We can
see that the band structures of eight chosen stacking patterns
all hold the indirect band gap transition character. Moreover,
both CBM and VBM contribute to the band gap reduction in
SnS; MSL according to their evolutions as shown in Fig. S4.
As the position vector moves along path IV, CBM always lo-
cates at M point, while the location of VBM first transfers from
I'-M path to I'-K path accompanying with the band gap de-
crease to the global minimum, then it transfers back to I'-M
path with an increase in the band gap. To further understand
this, the in-plane p,, orbital and the out-of-plane p, orbital of
S atoms are projected separately for the four bands near the
Fermi level. The close-up image in Fig. 3(b) shows that CBM
and the second CBM of AA structure are mainly contributed
by the in-plane p,, orbital and the out-of-plane p. orbital of S
atoms, respectively. As the band gap decreases, the p, orbital
descends faster than the p,/, orbital and surpasses the latter to
become the new CBM at position (2). Their energy difference
reaches the maximum at position (5), which is also the stacking
region where the band gap is the global minimum. Then the

p. orbital gradually ascends and once again becomes the sec-
ond CBM with the band gap increasing. To some extent, the
situation of VBM is similar to that of CBM. It is mainly oc-
cupied by the in-plane p,/, orbital concentrated at I'-M path
in AA structure, then at position (2) the out-of-plane p, or-
bital concentrated at I —K path takes over the contribution to
VBM until position 5). Soon afterwards, the VBM is occupied
by the p,/, orbital concentrated at I'-M path and continues to
the end. We conclude that both the downward shifting CBM
and the upward shifting VBM in the area around SS structure
are dominated by the p, orbital, which arises from the short
distance of head-to-head arrangement of S atoms from adja-
cent layers. Furthermore, the relevant charge distributions of
CBM and VBM for eight stacking structures along path IV are
shown in Fig. S5, we can clearly see that the charges of VBM
at position 3)—() are distributed along the out-of-plane direc-
tion. The locally enhanced interlayer interaction upon appear-
ance of MSL is responsible for the large band gap reduction in
SnS, MSL.

To probe the potential effects of distinct regions under
different stacking patterns on optical activities of SnS, MSL,
we calculated the wave function overlap between VBM and
CBM, [|yypml [Weem| dr,
intensity of optical transition, carrier lifetime exciton bind-

which is closely relevant to the

ing, and so forth. The spatially resolved overlap integrals of
SnS; MSL are shown in Fig. 4(a), in which the value of AA
structure is normalized for comparison. We can see that most
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regions in SnS; MSL manifest the enhanced optical activity
with respect to AA structure, especially for the stacking re-
gions along AA — SS path (Table S4). Furthermore, we have
also investigated the wave function overlap behavior for direct
band gap transition (Fig. 4(b) and Table S5). It shows the en-
hanced overlap capability with respect to AA region, however,
the mostly enhanced regions are around SS and AB structures.
Strikingly, the distribution map of overlap integrals for direct
band gap transition is consistent with that of spatially resolved
band gap in real-space, which indicates the usability in opto-

electronics.
(a) /-\ (b)
.
»
L »
» -
-1.23 -1.14
.0.98 -0.98

Fig. 4. Optical activity of SnS; spiral bilayer MSL. Spatially resolved
overlap integrals of (a) indirect band gap transition and (b) direct band
gap transition of SnS, MSL. The value of AA structure is normalized for
comparison.

4. Conclusion

In conclusion, we propose that the MSL can be obtained
through screw dislocation driven growth with a processing
method to form a small twist angle, which provides more po-
tential for the field of MSL materials. Taking SnS,; MSL as an
example, we investigate its position-dependent electronic and
optical properties. First-principles calculations show that the
spatially resolved band gap exhibits a considerable reduction
of 0.4 eV with respect to bilayer SnS,. According to the de-
tailed analysis along the high symmetry path IV in the SnS;
MSL, we demonstrate that the considerable decrease/increase
of CBM/VBM at regions around SS structure is dominated by
the out-of-plane p, orbital, associating with locally enhanced
interlayer interaction. On the other hand, the significantly en-
hanced optical activity of indirect/direct band gap transition in
SnS,; MSL is verified by using the wave function overlap inte-
grals method. Although our method cannot perfectly describe
the structural characteristics, it is still qualitatively sufficient
to guide the exploration of 2D MSLs.

The screw dislocation-driven MSL approach is expected
to be expanded in transition metal dichalcogenides (TMDs)
and other materials. Currently, spiral structures are experi-
mentally synthesized mainly based on vapor deposition meth-
ods. For example, large-size 2D SnS; crystals were prepared
on mica sheets by screw-dislocation-driven (SDD), its possi-

ble mechanisms of generation and expansion were explained.
The prepared photodetectors exhibited excellent photostabil-
ity, reproducibility and optical response time.[*®! Meanwhile,
Madoune et al. investigated the growth mechanism of spi-
ral pyramidal WS, formed based on physical vapor deposi-
tion and its interesting optical properties using atomic force
microscopy and Raman spectroscopy.!*’! The first large-scale
synthesis of spiral MoSe; via flux-controlled chemical vapor
deposition method was reported by Ahn et al., resulting in
significant enhancement of the nonlinear optical signals at-
tributed to the combination of broken inversion symmetry and
exciton resonance effects. [*3] These studies highlight the feasi-
bility of employing spiral dislocation-driven methods to mod-
ulate MSL configurations in TMD materials. Nevertheless,
deeper theoretical investigations are warranted to comprehend
underlying structural mechanisms. Instructively, Ouyang et
al. reviewed the structural evolution of spiral nanopyramids,
spiral nanowires, etc., emphasizing the enhanced light-matter
interactions and device physics.[*”! While MSL represents a
promising method for modulating TMDs, theoretical research
in this area remains limited. Our proposed theoretical mecha-
nisms for small-angle twisted MSL formed by spiral disloca-
tions enrich theoretical frameworks, presenting new opportu-
nities for optoelectronic devices and customized designs. Spi-
ral dislocation-driven growth methods will be a potent means
to expand the MSL family and diversify its applications.
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