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Tailoring the Angular Mismatch in MoS, Homobilayers

through Deformation Fields
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Ankit Mishra, Thomas Linker, Aiichiro Nakano, Rajiv Kalia, Eric J. Lang, Ryan Schoell,
Richard G. Hennig, Khalid Hattar, and Assel Aitkaliyeva*

1. Introduction

Ultrathin MoS, has shown remarkable characteristics at the atomic scale

with an immutable disorder to weak external stimuli. lon beam modification
unlocks the potential to selectively tune the size, concentration, and mor-
phology of defects produced at the site of impact in 2D materials. Combining
experiments, first-principles calculations, atomistic simulations, and transfer
learning, it is shown that irradiation-induced defects can induce a rotation-
dependent moiré pattern in vertically stacked homobilayers of MoS, by
deforming the atomically thin material and exciting surface acoustic waves
(SAWs). Additionally, the direct correlation between stress and lattice disorder
by probing the intrinsic defects and atomic environments are demonstrated.
The method introduced in this paper sheds light on how engineering defects
in the lattice can be used to tailor the angular mismatch in van der Waals

(vdW) solids.
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2D materials and their heterostructures
have an additional degree of freedom, that
is, the ability to manipulate interlayer twist
angles. For example, one can form moiré
superlattices by stacking two similar layers
on top of each other and engineering a
small angular twist between layers.’! The
twist angle governs the crystal symmetry,
thus precise control of the interlayer twist
angle of 2D materials will provide a basis
for the development of twistronics for
various electronic and photonic applica-
tions.[¥l Extensive efforts have been made
to engineer the twist angle of vdW solids
utilizing a range of techniques including
transfer methods,>® robotic assem-
blies,”) growth conditions,®'% and other
manipulation techniques.'3! It should be noted that this all
starts with the ability to fabricate high-quality, large-area sheets
of the vdW material of interest.*8l In addition, others have
explored possibilities of coupling 2D materials with SAWs for
increased functionalities,®2! as strain-induced fields excite
acoustic vibrations that can interact with moving chargers. The
role defects play on compressive/tensile strains of monolayer
MoS, has also been investigated, where we found that S vacan-
cies induce a compressive strain and Mo vacancies produce a
tensile strain.?2231 Of course, this will cause variations in lat-
tice constants of vertically stacked sheets of similar materials,
assuming one layer has a different defect concentration than
the other.

The rotational mismatch between vertically stacked layers
of similar materials occurs to minimize the elastic deforma-
tion energy in the system.?¥ Previously, researchers have engi-
neered defects on the substrate and placed MoS, on a defected
substrate to generate ripples and discontinuities on the mate-
rial.l?l Additionally, by applying mechanical loads to a thin
membrane one can initiate a crack formation followed by a
phase transformation.?-8] However, ion irradiation has gained
prominence and has been used to controllably modify the sur-
face of 2D materials with high efficiency.?>-3! The impinging
ion transfers its energy to the target material by both elastic col-
lisions and inelastic interactions, where the damage produced
on the target material occurs through energy deposition. It has
been proposed that increasing the angle of incidence of the
impinging ion on MoS, has an increasing probability to form
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pores in the material,®? as nanopore generation is derived
from atomic sputtering. Large-scale atomic sputtering is pro-
duced in response to in-plane collisional cascades,*’! gener-
ating impactful deformation fields emanating from large defect
pores.[?2 These deformation fields cause local displacements of
the surrounding lattice, which should alter the periodicity of
the moiré patterns in bilayer MoS, sheets, as previously seen in
twisted bilayer graphene.?*3°]

We, therefore, hypothesize that damage (i.e., extended defects
such as nanopores) can also be used to induce moiré superlat-
tices and provide an avenue for controlling twist angle in vdW
solids. This is because damage introduces thermoelastic stresses
and strains, which will deform atomically thin vdW materials
and excite SAWs. To test this hypothesis, we coupled in situ ion
irradiation high resolution transmission electron microscopy
(HR-TEM), scanning TEM (STEM), selected-area electron diffrac-
tion (SAED), density functional theory (DFT), transfer learning,
and molecular dynamics (MD) simulations and investigated the
physics behind the formation of moiré patterns in MoS,. We
observe, for the first time, how engineering phase boundaries,
increasing point defect concentration, and generating nanopores
cause localized deformation fields in the lattice, facilitated by the
formation of ripples in vdW solids, and subsequently, rotational
misalignment. Our systematic investigation yields insight into a
new direction for tuning the moiré potential in vdW solids and
paves the way for a new methodology for accessing hidden phys-
ical phenomena in vertically stacked materials.

2. Characterization and Formation of Defects and
Phase Transformations

We begin by exploring charged projectiles to generate defect
structures in few-layer sheets of MoS,. First, when selecting
our ion beam parameters for processing, Monte Carlo simula-
tions are deployed with a soft range of ions in matter (SRIM).B¢
We calculated the sputtering yield of Mo and S atoms with ion
energies ranging from 15 keV to 15 MeV, with light ions (He),
intermediate-sized ions (Mo), and heavy ions (Au). Additionally,
the angle of incidence was varied from 0° to 60°, which changes
the lateral trajectory of the ion inside the target material. We
provide a summary of the results in Table S1, Supporting Infor-
mation. At higher angles of incidence, the defect concentration
gradient (i.e., the number of sputtered atoms on the top layer
relative to the bottom layer) was much higher, this is because
the projectiles propagate laterally through the sheet as opposed
to a head-on collision, which initials collisional cascades in the
film. Also, at lower energies, the velocity of the projectile is
greatly decreased, making the irradiation surface sensitive and
generating more sputtering. By analyzing the number of ions
studied, and the ratio of sputtering between Mo and S atoms,
we design our irradiation experiment to introduce a controlled
amount of localized damage on the sheets post-fabrication.
Intrinsic structural defects are present in fabrication-induced
processes, which were observed abundantly in various regions
in the lattice. The structural integrity of the film was assessed
pre- and post-ion irradiation as probing the local atomic envi-
ronment was paramount to assessing the rotational degrees
of freedom in this study, which will be discussed more in a
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later section. First, we introduce the atomic vacancies present
during the fabrication process. See Figure S1, Supporting Infor-
mation, for the description of the process used to generate
STEM data presented in this manuscript. Figure la displays
high-angle annular dark-field (HAADF) STEM view of the enu-
merations of intrinsic defects in few layer 2H-MoS, found in
the as-fabricated sheets. The order in which the defects are
displayed is in order of increasing formation energy in S-rich
conditions:?>¥ 381V, V), Vo), Vator Vaosz: Vioss» and Vose-
The antisite defects in few layer MoS,, shown in Figure S2,
Supporting Information, are presented in order of most abun-
dantly found: S,4,.5, S2\m0, and Mog,. This can be attributed to
the likely p-type carrier concentration of the starting material
during synthesis, which is further supported by spectroscopy
measurements displayed in Figure S3, Supporting Information.
For a more detailed overview of how individual defects were
characterized, refer to Figure S4, Supporting Information. After
analyzing the pristine flakes, we then subjected our material to
2.8 MeV Au** ions at temperatures of —180, 25, 300, and 800 °C,
a fixed fluence of 1 x 108 cm™2, and an angle of incidence of
60°. The influence of the temperature during ion beam irra-
diation was that increased temperature led to a higher defect
concentration, allowing tunability of the defect morphology,
concentration of defects, and surface area in which different
structural phases emerged.

Figure 1b presents the structural phases of MoS, observed
throughout the experiment. The hexagonal arrangement of
atoms verifies the 2H phase which dominates the surface area
of the flakes, as this phase is the ground state. The Mo and S
atoms are easily distinguishable with z-contrast imaging in
STEM mode as they have large variances in atomic number. In
bilayer MoS,, the difference becomes more subtle due to the AA’
stacking sequence with Mo and S overlaying each other with
strong out-of-plane interactions (Figure S5, Supporting Infor-
mation). The 3R phase (AB) seen primarily during the 300 °C
irradiation has a broken inversion symmetry from its 2H phase
counterpart, which it maintains from single layer to bulk con-
figurations. The 3R phase is the most “compact” polymorph of
MoS,, electron-electron repulsion from filled nonbonding d,?
orbitals is balanced by vdW forces holding the layers together.
This combination of effects results in an interlayer Mo—Mo dis-
tance of 6.13 A with a sandwich height of 2.98 A 1%

The 1T-phase (AB’) is thermodynamically metastable and
dominated in regions of disorder from a combination of lat-
tice strain and charge transfer inducing S atoms to glide to a
lower energy atomic position under stress. With these phases
being present from local atomic environments, intuitively one
can imagine there are phase boundaries between the ¢ (amor-
phous) and 1T phase (« | 1T). This phase transition depends
on the dose of impinging particles (i.e., vacancy concentration)
and thermal environments (i.e., mechanical strain). In our
case, both methods were utilized. Increasing the S-dominated
vacancy concentration, in which S vacancies act as electron
acceptors, increases the density of electrons in the d-orbital
and destabilizes the 2H phase.[*)! Additionally, increased bond
lengths induced by thermal stresses during the irradiation
assisted in generating a larger vacancy concentration at lower
doses. The o phase is generated from high Mo and S vacancy
concentrations, leading to the destruction of translational perio-
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Figure 1. Atomically resolved HAADF STEM images of structural phases and fabrication-induced defects in MoS,. a) Pristine lattice of MoS, followed
by all the point defect complexes seen during fabrication processes. b) Micrographs displaying phases present throughout the lattice during our
experiment. c) Micrographs showcasing commonly found phase boundaries in MoS, through ion irradiation experiments. In-plane displacements as
a function of in-plane distance from defect for d) V5 complexes, and e) V},, complexes compiled from DFT calculations.

dicity in the crystal observed during the 800 °C irradiation. At
this temperature, the vacancy diffusion rate was faster than the
vacancy generation rate, causing extended defects and increased
surface energy in the film. These conditions caused the single
layer to lose structural tacticity, but phase boundaries to the 1T
phase in bilayer MoS, were still present (« | 1T).

Figure 1d plots the magnitudes of the in-plane displacements
as a function of in-plane distance from the defect as calculated
with DFT, for the Vg complexes. The isolated Sulfur vacancy
(Vs) has the smallest in-plane displacement from the point of
origination to 10 A away, followed by the columnar disulfur
vacancy (Vsy() with two vacancies in the same column, and
the planar disulfur vacancy (Vs,), with two vacancies neigh-
boring each other in the top surface. Figure le plots the same
quantity for the Vy;, complexes. The isolated Mo vacancy (V)
has the smallest in-plane displacement, followed by Visa,
ViMos3» and Vyos6. The observed trends in the in-plane displace-
ments reflect the complexity of the strain fields generated by
different types of vacancy defects. Clearly, the strain field is
non-uniform and highly influenced by the different orienta-
tions of defects—for example, Vs, generates a much larger
displacement than Vg, due to the constructive overlapping
of the strain fields from neighboring in-plane S vacancies. In
addition, we also observe that the resultant displacements from
a vacancy agglomeration are far from a linear combination of
the displacements from individual vacancies. Isolated Mo and S
vacancies generate tensile and compressive strains, respectively.
This, combined with additional relaxations within the defects,
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results in the vacancy agglomerations containing both Mo and
S vacancies generating relatively smaller strain fields than a
linear combination of the strain fields from the corresponding
isolated vacancies. Our DFT results clearly demonstrate that
the strain fields generated by different vacancy agglomera-
tions can be rather complex and cannot be simply extrapolated
from smaller agglomerations to larger agglomerations. During
irradiation, we expect larger vacancy agglomerations to form,
which due to size constraints, cannot be modeled within DFT.
Hence, as described later in this work, a Stillinger—Weber (SW)
forcefield was used to perform MD simulations of large nano-
pores. To further provide validation to the DFT calculations
used in this work and additional clarity, we refer the reader to
Figure S6, Supporting Information.

3. Characterization of Moiré Patterns in
Misaligned MoS,

The versatility of our method enables fine control over the rota-
tional mismatch in vdW solids with an ion beam stimulus. To
understand this approach, we first display how the moiré patterns
originate, the realm of possible enumerations, and the method
adopted to characterize the patterns. The ion beam irradiation
generates a defect concentration gradient in sequentially stacked
layers, causing the layers to rotate with respect to one another
to minimize the elastic deformation energy between layers.
Figure 2a presents two diagrams: a 0° rotational misalignment
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Figure 2. Characterization methodology of moiré patterns in misaligned MoS,. a) 3D atomistic reconstruction of (left) vertically stacked hexagonal
lattices with no mismatch and (right) 30° rotationally misaligned hexagonal lattices. b) Superlattice wavelength (red) and moiré angle as a function of
the rotational angle between vertically stacked sheets of MoS,. c) SAED pattern (left) of MoS, displaying evidence of rotationally misaligned layers and
pseudo sixfold symmetry and (right) high-pixel resolution SAED displaying the approach to calculate 6. d) HRTEM micrographs and corresponding
FFTs for the rotational misalignment between 2, 3, and 4 layers of MoS,, respectively. White circles in FFTs show the coupling of diffraction peaks in

the first Brillouin zone. e) SAED patterns of 2, 3, and 4 layers.

between two pristine layers on the left, and a 30° misalignment
between two defected layers on the right. The resulting projec-
tion is a schematic of the interference pattern produced from the
respective hexagonal lattices, representing the origin of moiré
patterns in our study. Figure 2b is a plot of the allowed periodic
boundary conditions for MoS, homobilayers, where the perio-
dicity of the pattern (red) and relative rotation of the MoS, lattice
(blue) are shown with respect to the rotation angle (black). The
allowed rotation angles span from —30° to 30°, while the perio-
dicity has a maximum allowable value of =42 nm assuming a
rotational mismatch of approximately * 0.3°. The plot described
was constructed based on two equations*—]

A=—t )
szin(%)
n 0

¢=E_E (2)

where 1 is the wavelength of the moiré pattern, ¢ is the lattice
constant of MoS,, @ 1is the rotation angle between two sheets of
MoS,, and ¢ is the azimuth angle or the angle of the interfer-
ence patterns from the resulting moiré fringes.

Figure 2c is a SAED pattern of rotationally misaligned sheets
of MoS,, and from the diffraction pattern, we can visualize the
preservation of the pseudo sixfold rotational symmetry at high-
order lattice vectors. The SAED pattern on the right displays
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how the rotational mismatch is calculated in this study, the cou-
pled diffraction peaks in the first Brillouin Zone (BZ) represent
two different layers, and the angle between the peaks is how 0
is calculated. Figure 2d describes the approach of identifying
the number of rotationally misaligned layers, which is broken
down into two approaches. First, HR-STEM micrographs are
collected with the corresponding fast Fourier transforms (FFTs),
where the number of coupled diffraction peaks in the first BZ
represents the number of rotationally misaligned layers of
MoS,. One can visualize the contrast difference in the diffrac-
tion peaks with respect to one another, owing to the intensity
decay of layers embedded in the depths of the material. Accord-
ingly, this opens the possibility to determine the rotational
misalignment between surface layers and embedded layers, as
layers closer to the surface diffract more strongly from prox-
imity to the electron source. Figure 2e is a sequence of SAED
patterns representing a way to distinguish the number of mis-
aligned layers with high precision. In this study, we focus on
two misaligned layers of MoS, as this provides the most accu-
rate insight into the defect-property relationship.

4. The Physics behind Moiré Superlattice
Formation

Next, we display extended defects induced from irradiation:
VMo3s9 VModsiss Vmoosas, and Viessss in Figure 3a. In each case,
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Figure 3. Atomically resolved HAADF-STEM images of extended defect complexes in ion-irradiated sheets of MoS,. a) Pores found in sheets of MoS,
post ion irradiation in order of increasing size. All scale bars represent 0.5 nm. b) Larger pores found in sheets of MoS, post-ion irradiation in which
mapping individual atoms from the lattice became difficult due to the range of the defects. c) Initial, intermediate (77K) and final state of computation-
ally generated nanopore in MD simulations. The final state shows the distribution of damage propagating from the pore as the temperature increases.

dangling bonds are still present around the pores, marking
increased susceptibility for extrinsic defects to bind to the edges
of these defect sites. In various regions of the sample, irradia-
tion pushes the material away from its equilibrium position
near the site of impact. Figure S7, Supporting Information,
displays a non-equilibrium lattice from the —180 °C irradia-
tion, which is formed from the nearby presence of disorder. At
—180 °C, the isolated intrinsic defects still have a relatively small
inter-defect distance without aggregating to form vacancy clus-
ters, which can be attributed to the vacancies not being suffi-
ciently thermally activated during creation. Additionally, at this
temperature, vacancy emission is faster than void development.
Figure 3b provides examples of some of the largest vacancy
complexes post-irradiation. It is already understood that larger
complexes induce more impactful deformation fields at further
distances from the defects, so we computationally generate
nanopores of comparable sizes during our molecular dynamics
simulations to quantify the impact of deformation fields on
the surrounding lattice, as shown in Figure 3c. Here, we dis-
play the initial state of the nanopore, and the final state after
the structure relaxes. One can see when generating complex
morphological pores, the damage propagates more fiercely in
various directions depending on the morphology at each edge.
Figure S8, Supporting Information, displays the rotational
misalignment within the periodic boundary conditions of
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dissimilar hexagonal lattices (as plotted in Figure 2b). In Figure 4,
STEM images are shown to assist in probing the local environ-
ment with rotation angle and display the periodicity of the lat-
tice versus rotation angle. This is done with the assistance of the
FFTs in the inset of each high-resolution STEM image. FFTs dis-
played to provide a visual of how corresponding moiré superlat-
tices in reciprocal space are used to accurately calculate rotation
angles. Arrows point to the region of interest (i.e., defects) that
impacts the rotation angle of the grain. In Figure 4a, the STEM
images represent misoriented grains in a relatively pristine envi-
ronment, accounting for the small rotation angle of up to =8°. In
Figure 4b, there is an etched pit in the center of the micrograph
where the top layer is missing. This surface-sensitive vacancy
cluster induces slight deformations to the surrounding lattice
causing an increased rotation angle. In Figure 4c, a unique phase
boundary emerges of «| 1T | 2H in a range of =2 nm, which was
generated at 800 °C. There is also the possibility for an amor-
phous phase bordering a crystalline 2H-phase with Mo-rich
regions at the interface. In these scenarios, the rotation angle
lies in the interval of 20°-26°. Extended defects, that is, vacancy
clusters, nanopores, and cracks, generated the largest amount
of deformation in the material, as displayed in Figure 4d,e. In
Figure 4d, arrows point to nanopores, in which stress emanates
from the site of the vacancy cluster. The grains positioned next
to the nanopores had the largest misorientation angles observed
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Figure 4. Probing varying degrees of lattice disorder with 6 where black arrows represent the region of interest. a) Pristine micrographs representing
small misorientation angles. b) Disordered micrograph representing a discontinuity in the form of a pore present solely in the top layer. c) Amorphous
edges of MoS, leading to large misorientation angles at the crystalline boundary. d) Grains adjacent to nanopores to generating large misorientation
angles on the edge of the periodic boundary conditions. e) Cracks propagating through a MoS, film with a =25° misorientation on neighboring grains.
f) A plot of stress in the film, o, versus 6 (red) and ¢ (blue). Colored regions correspond to each subsection detailed from the micrographs in (a—e).

in this study. Finally, Figure 4e shows regions where cracks prop-
agate in a MoS, film. These elongated discontinuities also have
high-angle moiré structures in the neighboring grains owing to
the defect-induced crack blunting. The structural discontinuity
at the edges of MoS, flakes has been captured in Figure S9, Sup-
porting Information.
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As previously stated, nanopores shown in Figure 3a,b emit
large deformation fields and result in the formation of moiré
superlattices illustrated in Figure 4. Since we used FFTs to cal-
culate components of the deformations response of the mate-
rial, we briefly introduce the reciprocal space analysis. First, we
use k to represent a reciprocal lattice vector rotated by angle
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0 to yield the relationship of k”=Rxk. Then to represent our
reciprocal lattice vector along the direction of strain, we use the
following equation

_ 1
T (1+&)

Ko R(8)xx 3)

where ¢ is the strain in the material. Next, we substitute strain
out to facilitate the discussion of stress in the film, using the
following correlation of & = o/E, where E is the modulus of
elasticity taken to be 285 GPa.l**#] To calculate uniaxial stress
in the film as a function of rotation angle, we derived the fol-
lowing expression(*]

Ox
ag (1+?)

A= ; ()
2\/(1+0—"")sin2 (Q)+ G’“‘z

E 2) 4E

We provide a plot of stress in the film, oy, versus 6 (red) and

¢ (blue) in Figure 4f. The colored regions in the chart corre-
spond to the lattice environments in which the rotation angles
were calculated. Accordingly, increased stress in the film led
to larger rotation angles and smaller interference patterns.
Figure S10, Supporting Information, is an atomically resolved
STEM image depicting misorientation boundaries traversing
across the lattice. The white arrow originates from the defect-
rich o region with a phase boundary resulting in a 20.5° mis-
orientation, these deformation fields decay with increasing dis-

tance from the o region where three misorientations bounda-
ries are shown with yellow dashed lines along the path of the

www.small-journal.com

arrow. Therefore, emphasis is placed on the notion that mis-
orientation angles are non-uniform because deformation fields
decay at a rate away from disordered regions in the lattice.
These misorientation boundaries resemble ripples or elastic
surface waves. It is therefore not unreasonable to assume that
nanopores introduce stresses to the material and excite SAWs,
which could be responsible for the observed moiré patterns.
Graphene and 2D transition metal dichalcogenides (TMDCs)
are highly flexible: they deform easily normal to the 2D plane.
Their flexibility can be quantified by the Féppl-Von Karman

number, #8415 = E, where E is the Young’'s modulus, k is the
K

bending modulus, and A is the area of the system. The value
of yis high for 2D-MoS,, and therefore, it deforms and folds
easily like a piece of paper. We hypothesize that thermoelastic
stresses and strains around nanopores not only deform atomi-
cally thin MoS,; layers normal to the 2D plane but also excite
SAWs, which induce relative rotation between the layers to gen-
erate moiré patterns seen in our electron microscopy images.
To test this hypothesis, we performed MD simulations and
mapped out the time evolution of in-plane and out-of-plane
atomic deformations, stress distributions, relative rotations,
and moiré patterns in the bilayer at various temperatures. The
simulation results validate our hypothesis: out-of-plane atomic
deformations, z, and thermoelastic stresses in the bilayer pro-
vide direct evidence for SAWs emanating from nanopores.
Figure 5 shows MD results for the bilayer in which the bottom
MoS, monolayer has a single nanopore of the same size and
shape as in our experiment. Figure 5a,b is snapshots of out-
of-plane atomic displacements, z, in the bilayer at time t = 30
and 45 ps. Here, the temperature of the system is 77 K. These

2
13

Figure 5. MD simulation and electron microscopy results for a MoS, bilayer in which one of the monolayers has a nanopore of the same size and
shape as in our experiment. The simulated system size is 300 x 300 nm?, and the system contains 6584217 atoms. The temperature of the system is
—196 °C. Panels (a) and (b) are snapshots of out-of-plane displacements at time ¢t = 30 and 45 ps, respectively. Panels (c) and (d) show corresponding
atomic stress distributions. Panel (e) is an HR-TEM image with an associated FFT pattern insert showing that the traces left behind by the SAW has
ordered regions separated by disordered regions. Panel (f) is an MD configuration away from the nanopore. In this snapshot, the disordered region
has fivefold and sevenfold coordinated Mo atoms and fourfold coordinated S atoms. The ordered region is the 2H structure.
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panels show a SAW (yellow) originating at the nanopore and
propagating through the MoS, bilayer (red).

The Supporting Information has movies of SAWs propa-
gating separately on the two monolayers. The SAW origi-
nates primarily at the corners of the nanopore where the
local stresses are higher than at other points on the nanopore
boundary. Figure 5c,d displays average values of the diagonal
components of atomic stress distributions at time t = 30 and
45 ps. Figure 5a—d indicates that the SAW tends to form a hex-
agonal pattern as it spreads through the bilayer. From the cal-
culated velocity of the SAW, ¢ = 3.48 km s, we have computed
Young’s modulus, Y, using the formula

0.87+1.12v E

c= ®)

1+v 2p(1+v)
where p is the mass density and v ( = 0.25) is the Poisson’s
ratio. The calculated Young’s modulus of the bilayer with a
nanopore is 232 GPa. For a pristine MoS, monolayer without
the nanopore, the MD simulation gives E = 266 GPa and the
experimental value is 265 + 13 GPa, which agrees reasonably
well with our experimental calculations.

We have compared experimental electron diffraction pat-
terns with atomic configurations generated by MD simulations.
In Figure 5, panels (e) and (f) show an experimental HR-TEM
micrograph and an MD configuration of atoms away from the
nanopore after the passage of SAW through this region of the
bilayer. Both experiment and simulation images show nearly
parallel grains of ordered regions separated by disordered grain
boundaries. The ordered regions are the 2H phase of MoS,
and the disordered regions contain defects that are mostly five-
fold and sevenfold coordinated Mo and fourfold coordinated
S atoms. The simulations also reveal that the SAW propaga-
tion induces relative rotation between the S layers, giving
rise to moiré patterns that match the ones closely seen in our
experiments.

The Supporting Information contains MD results for the
bilayer in which the bottom MoS, layer has multiple nanop-
ores. Upon heating, SAWs originate from each nanopore and
propagate through the system with nearly the same velocity.
The interference of SAWs produces interesting patterns in dis-
placement and stress profiles. The transfer learning analysis
of atomic configurations in the bilayer shows a mixture of 2H
and 1T structures and line defects consisting of fivefold and
sevenfold coordinated Mo atoms and fourfold coordinated S
atoms (Figures S12 and S13, Supporting Information). These
types of line defects have been observed in STEM images of
MoS, bilayers. Transfer learning was employed to supple-
ment MD simulations in this work to compensate for memory
issues in the computation. Atom-based analysis of 2H, 1T, and
defects uses geometric arguments where it computes the skew
between the atoms on one layer with respect to the layer below.
This computation uses intensive memory as it is required for
every Mo atom to first construct its neighbor list to identify the
relative skew. This code cannot be run for large systems serially
due to out-of-memory issues as heap space will quickly run out
for larger systems. Therefore, we use a CNN which deals with a
10 A neighborhood around every atom and therefore can scale
very efficiently for any arbitrary system size.
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Figure S14, Supporting Information, shows the out-of-plane
atomic displacement when the wave reaches the edges of the
top layer. The pattern changes when the SAW leaves the bilayer
and travels only on the bottom monolayer. The edge disconti-
nuities generate wavelets because the edge stresses are highly
inhomogeneous, see Figure S12, Supporting Information. The
SAW propagation generates pronounced structural changes and
interference patterns in the bilayer. In the first few picoseconds
of the evolution, the bilayer remains in the 2H phase. However,
when the SAW reaches the edges of the top layer, point and line
defects are formed in regions of high stress.

In summary, we have shown that the twist angle in vdW
solids can be controlled by varying the degree of disorder in the
surrounding atomic environment. In homobilayers of MoS,,
generating intrinsic defects causes a lattice mismatch between
similar materials, so the layers rotate with respect to one
another to minimize the elastic deformation energy. Temper-
ature-controlled ion beam irradiation assisted in engineering
various polymorphs and phase boundaries in MoS,, which was
attributed to stress fields propagating from regions of high
defect concentrations. There was a direct correlation between
the degree of disorder and rotation angle, therefore providing
a pathway to engineering rotational mismatch within the full
periodic boundary conditions of MoS,. Large nanopores were
fabricated from the heavy ion irradiation, which generated the
most impactful stress fields in this study, leading to the emer-
gence of SAWs laterally across the sheet. While prospective
applications for this work are still in their infancy, the objective
of this study was to provide a fundamental basis pertaining to
why similar materials rotate with respect to one another and
non-conventional means to control it. However, the twistronics
revolution has gained traction in recent years, and controlling
the misorientation angles can change the electronic structure
of materials, from engineering insulating and superconducting
states,’") to drastic alterations of the thermal conductivity of
the material.®" Still, future work is necessary to probe the elec-
tronic structure of the moiré patterns with low-loss electron
energy loss spectroscopy (EELS) and to analyze the periodic
potential of MoS, charge carriers.

5. Experimental Section

Experimental Methods: Monolayer MoS, powder was purchased from
2D semiconductors for high crystalline quality and purity of the material.
The powder was composed of monolayer flakes that created single-layer
sheets in powder form. However, the powder settled in the glass vial,
and naturally began to stack in sequence again as vdW force attraction
favored this process energetically. To compensate for this, an additional
sonication was performed to cleave in between the vdW planes.
The powder was submerged in N,N-dimethylformamide (DMF) at a
concentration of 15 mg mL™ in a 4 mL glass vial. DMF was sonicated
of choice because the similarities of the surface tension between the
solvent and MoS,; reduce the energetic barrier to break the vdW forces
in between the planes. The sonication lasted for 1.5 h to help separate
the flakes based on density. The sonication time chosen was based on
shorter intervals of time not providing good interlayer separations of
the flakes and longer intervals generating Mo-rich flakes by sputtering
S atoms from the lattice. Further details of the fabrication can be found
in the previous work.’2 Finally, the newly dispersed flakes were drop-
casted onto holey-carbon TEM grids for analysis.

© 2023 Wiley-VCH GmbH
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The in situ TEM irradiation experiments were performed in the I’TEM
facility in the Center for Integrated Nanotechnologies (CINT) at Sandia
National Laboratories®® with a JEOL 2100 TEM with the electron beam
blanked to evade additional damage on the specimen. Flakes were
irradiated with 2.8 MeV Au** ions at temperatures of —180, 25, 300, and
800 °C, cooled with a Gatan double tilt cryo holder. The irradiation dose
rate through all experiments remained constant at 3.95 x 10 cm2 s\,
The calculated fluence was 1x 10" cm=2. During irradiation, the sample
was titled 30° relative to the electron beam resulting in the Au ions
having an incident angle of 60° relative to the sample normal. STEM
experiments were performed on a Nion aberration-corrected UltraSTEM
100 operated at an accelerating voltage of 60 kV. The experiments
were performed with a convergence semiangle of 30 mrad. Bright-
field HRTEM images and SAED patterns were collected with an FEI
Talos F200i at 80 kV. SAED patterns were collected with a 40 um SA
aperture size.

Computational Methods: The equilibrium structures and in-plane
displacements for seven types of vacancy defects in monolayer MoS,
were computed using DFT as implemented in the Vienna ab initio
simulation package (VASP).’ Calculations were performed using
projector-augmented wave pseudopotentials,>>% treating the exchange-
correlation using the Perdew-Burke—Ernzerhofl®’l generalized gradient
approximation functional. A plane-wave cutoff energy of 520 eV for the
plane-wave basis set, Methfessel-Paxton smearingl®® with a smearing
energy width of 0.10 eV, and a 3 x 3 I':centered Monkhorst—Pack k-point
meshl® for the Brillion-zone integration were employed. Each vacancy
or vacancy cluster was created within a 5 x 5 supercell with 20 A vacuum
spacing between periodic layers and allowed to relax until forces were
less than 10 meV A",

MD simulations were performed to gain physical insight into
experimental observations of defect-driven moiré patterns in MoS,
bilayers. The MD simulations were based on an SW-type forcefield
which consisted of two- and three-body terms. The forcefield was
validated by first-principles quantum simulations and experimental data
on thermomechanical properties and phonon dispersions of 2D-MoS,
under ambient conditions, as well as under tensile and compressive
loadings. The forcefield development and validation are described in the
previous workl®%-62 and Supporting Information. The phonon dispersion
curves can be found in Figure S11, Supporting Information.

MD simulations were performed with the SW potential for many
different sizes of MoS, bilayers. Here, two sets of simulation results
for bilayers of dimensions 300 x 300 nm? were presented. In the first
set, the bottom monolayer had a single nanopore of the same size
(diameter =10 nm) and shape as in the experiment. In the second set of
simulations, the bottom monolayer had a random distribution of smaller
pores. Pristine monolayers of MoS, were placed above those with
nanopores. The initial separation between the two monolayers was 4.8 A,
which corresponded to the distance where the interaction between the
monolayers was minimum. The bilayers were relaxed with the conjugate
gradient minimization scheme and heated to experimental temperatures
(196 and 27 °C) in the NVT ensemble. Each system was equilibrated for
250 ps and then structural, dynamical, and thermomechanical properties
were computed over 250 ps.

The bilayers underwent interesting structural, dynamical, thermal,
and mechanical changes. Machine learning (ML) was used to delineate
2H and 1T phases and identify defects in the MD simulation data. The
ML approachl®® was based on a convolutional neural network (CNN)®4
and involved transfer learning because a CNN trained on a prior data
set consisting of MD configurations of crack propagation in a MoSe,
monolayer was used. That data set featured 2H and 1T structures, as
well as line defects at 2H and 1T interfaces. Here, only a small fraction
of MD configurations (=5%) of MoS, was used to augment the training
of the CNN. The rest of the MD data was used for testing CNN against
the ground-truth MD analysis of 2H and 1T phases and defects in
MoS, bilayers. The architecture and the training, validation, and testing
of CNN are presented in Supporting Information. The source code
for the training is freely available on Zenobo at: https://zenodo.org/
record/7423346#.Y5fn)S-B1Z0.
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