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Strong Interlayer Coupling Induced Charge Redistribution Forms Robust Non-
Atomic Electron Scattering Sites in Bi-Ses/Transition Metal Dichalcogenide 2D
Heterostructures
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Karl”
Department of Physics, Northeastern University, Boston, MA 02115

When 2D materials are vertically stacked, new physics emerges from interlayer orbital
interactions and charge transfer modulated by the additional periodicity of interlayer atomic
registry (moiré superlattice). Surprisingly, relatively little is known regarding the real-space
distribution of the transferred charges within this framework. Here we provide the first
experimental indications of a real-space, non-atomic lattice formed by interlayer coupling
induced charge redistribution in vertically stacked Bi:Ses/Transition Metal Dichalcogenide
(TMD) 2D heterostructures. Robust enough to scatter 200 keV electron beams, this non-
atomic lattice generates selected area diffraction patterns that correspond excellently with
simulated patterns from moiré superlattices of the parent crystals suggesting their location at
sites of high interlayer atomic registry. Density functional theory (DFT) predicts
concentrated charge pools reside in the interlayer region, located at sites of high nearest-
neighbor atomic registry, suggesting the non-atomic lattices are standalone, reside in the

interlayer region, and are purely electronic.
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Interlayer coupling can trigger a variety of phenomena in vertical 2D heterostructures,
including creating new excitons (both interlayer and moiré),’? modifying e-h recombination
pathways,>* altering Raman vibrational modes,* shifting the absorption profile,® enabling super-
dense storage of lithium,” and inducing superconductivity.® In many instances, these new
properties are strongly modulated by the formation of moiré superlattices, where the periodic
variations of atomic registry between the two layers generate a new “lattice” with significantly
modified band structure, electronic, optical and magnetic properties.®!° Since it is possible to
artificially stack 2D layers with arbitrary twist angles, understanding and controlling the
enhanced interactions at sites of high atomic registry in twisted 2D bilayers has become the
central focus of research by many theoretical and experimental efforts'? in recent times. Dark-
field TEM imaging,'° high-resolution TEM imaging (Figure S10),"* and STM!4!> are able to
visualize the moiré superlattices, but cannot independently probe the interlayer region or
interlayer interaction because these measurements include the electrons” interaction with both

parent layers as well.

In contrast, high-energy selected area electron diffraction (SAED) is able to probe the interlayer
region of 2D materials, in part due to the small wavelength of the electrons (0.0251A at 200 keV)
and the low scattering angles inherent to SAED (~0.6°). The wavelength of the high-energy
electrons are orders of magnitude smaller than the effective separation between the layers,
which allows them to independently scatter from sites in the interlayer region, thereby greatly
reducing the possibility of interference or multiple scattering features between the two parent
crystals. Additionally, the very small scattering angles inherent to SAED, combined with the
atomically thin nature of the samples, prevent strong reflections from the upper lattice
becoming initial waves for the lower lattice. Hence, wave-interference and double diffraction
effects present in multiple slit optical systems are very unlikely here (see Section 5S4 for
amplifying discussion). Together, this indicates that the presence of moiré superlattice spots
using SAED of 2D materials is due to the presence of non-atomic electron scattering sites,

formed by interlayer coupling induced charge redistribution.
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Nearly all past works on 2D moiré lattices apply a 2D fast Fourier transform (FFT) of real-space
images as a means to simulate moiré “diffraction” patterns, rather than showing their real
appearance in, e.g. a SAED measurement. Previous work showed that the lower scattering
probability of the incoming high-energy electrons, combined with the generally weaker
scattering cross section of non-atomic scattering sites, make identifying and measuring moiré
superlattice SAED spots in vertically-stacked 2D graphene structures difficult.' In fact, we were
able to find only one published work that demonstrates moiré superlattice spots using high-
energy SAED, where the results suggest moiré superlattice spot brightness in bilayer graphene
2D structures is influenced by the twist angle and atomic registry.’® Our work indicates that the
strong interlayer coupling in vertically-stacked Bi:Ses/TMD 2D heterostructures induces
significant charge redistribution, a surprising discovery considering both Bi:Ses and TMD are
considered to have “weak” van der Waals interlayer bonding. This is in contrast to layered
graphene 2D structures which can have stronger -7t interlayer interactions, due to graphene’s

out-of-plane 7 orbitals.”18

In this work we show direct observation of SAED patterns whose positions correspond to the
moiré superlattices in 2D heterostructures, at room temperature. We argue that these are not
from interference or multiple scattering features between the two parent crystals, nor from
adsorption of foreign atoms (e.g., oxygen, bismuth, selenide), but rather from interlayer
coupling induced charge redistribution into non-atomic scattering sites periodically spaced and
oriented to match the moiré superlattice. Further, density functional theory (DFT) calculations
predict that the interlayer coupling induces the formation of a purely-electronic charge lattice
residing in the interlayer region which matches the orientation and size of the experimentally

observed spots.

Of note, this work demonstrates the effect in four different Bi:Ses/TMD 2D heterostructures,
including a TMD alloy (Bi:Ses/MoS:, BizSes/MoSez, Bi:Ses/WS:, and Bi:Ses/MoSez2S2x), and at
multiple twist angles. To the best of our knowledge, no previous work has demonstrated this

effect on so many different samples and at such high electron energies (200keV), suggesting that
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the interlayer coupling induced charge redistribution is particularly robust in this family of 2D
heterostructures. Previous work demonstrates that Bi:Ses/MoS: 2D heterostructures have a
strong interlayer coupling that quenches the signature photoluminescence of monolayer MoS:
and modifies the Raman spectra.3* Further, the interlayer coupling appears to facilitate the
formation of a moiré superlattice with its own unique bandstructure (Figure S12), and modify
the recombination energy of the exciton quasiparticles (Figure S11). A follow-up work found
strong interlayer couplings in the other 2D heterostructures — BizSes/MoSe2, BizSes/WS;, and
Bi2Ses/MoSe22S2x — using various intensities of a focused electron beam to modify the
structure.”® Together, the body of literature suggests a strong interlayer coupling exists within

this family of 2D heterostructures.

1L MoSe,_,, Sy, +
3L Bi,Se; +

IMD © © o o
285nm of SiO,

Si d
Figure 1: New lattice observed using high-energy selected area electron diffraction of vertically stacked
Bi:Ses/TMD 2D heterostructures. (a) and (b) are optical images of monolayer WSz and a Bi2Ses/WS:2 2D
heterostructure, respectively. A contrast is observed on the 2D heterostructure because Bi2Ses grew monolayer

with bilayer islands. (c) Atomic Force Microscope (AFM) scan showing three layers of Bi2Ses grew evenly on
monolayer MoSe22S2, an alloy of MoS: and MoSe:. (d) Diagram representing the four different 2D
heterostructures studied in this paper: Bi2Ses grown on MoSez, MoSz, WSz, and MoSez-2:S2x. The TMD is grown on
SiOs, and then Bi:Ses is grown on top of the TMD. (e) Selected area electron diffraction (SAED) image of a
Bi2Ses/WSa 2D heterostructure with the in-plane lattice parameters labeled. Lattice parameters were calculated by
measuring the spot separation. The distinct dots (labelled in blue and green) indicate the TMD and BizSes,
respectively, both grow highly crystalline. A third, new set of diffraction spots (red label) is present that has no
known atomic basis and follows the geometric moiré superlattice pattern of the 2D heterostructure. As discussed
later, moiré patterns only manifest when lattices are effectively multiplied, suggesting the strong interlayer
coupling induces significant charee redistribution into periodic electron scattering sites. robust enough to scatter
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Figure 1la shows an optical image of monolayer WS: grown on SiO: using vapor-phase
chalcogenization.? Bi-Ses samples were then grown on top of such WS: flakes using vapor-phase
deposition. Figure 1b shows a Bi:Ses/WS: 2D heterostructure with 1-2 layers of Bi:Ses grown on
monolayer WS. Figure 1c is an atomic force microscope (AFM) scan of a Bi2Ses/MoSe2-2xS2x 2D
heterostructure. Interestingly, three layers of Bi:Ses grew on the monolayer TMD, while none
grew on the SiO2, suggesting the TMD substrate stabilizes the Bi:Ses in its few layer morphology
and is a preferred surface over the SiO2. AFM measurements suggest all the 2D heterostructures
contained between 1-3 layers of Bi:Ses on top of a monolayer TMD. Figure 1d schematically
shows how the two different materials stack up on the substrate. Figure le is a high energy
SAED image of a Bi2Ses/WSz 2D heterostructure with the diffraction patterns (with a six-fold
symmetry) corresponding to the two parent crystals Bi:Ses and WS: as labeled along with their
corresponding lattice parameters. In addition, a third set of spots (also with a six-fold
symmetry) labeled “New lattice” can be clearly seen with smaller reciprocal lattice dimensions
(and hence much larger real-space dimensions), which has the same lattice structure, size, and
orientation as the moiré superlattice of the parent crystals, and which we attribute to interlayer
coupling induced charge redistribution into periodically spaced scattering sites. Before
discussing the justifications for such an assignment, relevant details about SAED are described

below that are necessary to understand our major claims.
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Figure 2: Simplified descriptions of pertinent SAED concepts. (a) Scattering mechanism for high-energy SAED
follows Bragg’s law, where electrons incident at a non-zero angle elastically scatter from atoms. In the diagram

n-A=2-x=2-d-sinb,

shown, the left electron must travel a longer distance (i.e., 2-x) for a diffracted wave front to form. In sharp
contrast to multi-slit diffraction optical setups, the electrons must both elastically scatter and be incident at a non-
zero angle for diffraction to occur. (b) Simplified diagram of a TEM in SAED mode, and important observations.
As per Bragg’s law, each lattice diffracts at a different angle because their lattice spacing’s are different. As
explained in Section S4, it is unlikely that wave-interference or double diffraction are able to produce moiré
superlattice spots in high-energy SAED, suggesting such spots are from new scattering sites, which we attribute
to the purely electronic crystal residing in the interlayer region.

Figure 2 shows simplified descriptions of pertinent SAED concepts. Figure 2a illustrates the
scattering and diffraction mechanism involved in SAED, and the corresponding Bragg’'s law
equation.? Electrons incident at non-zero angles are elastically scattered from the atoms, where
one electron must travel a longer distance (i.e., 2-x). If the Bragg’s law is satisfied, then a wave
front forms. Figure 2b shows a simplified description of SAED using the SAED in Figure le,
along with important observations on the right side. Note that each crystal diffracts a wave
front at a different angle related to its lattice constant. In sharp contrast to multi-slit diffraction
optical setups, neither wave-interference nor double diffraction are likely to produce moiré
superlattice spots in high-energy SAED as explained further in Section S4. This is in agreement
with high-energy SAED measurements of twisted bilayer MoS: 2D structures, where moiré
superlattice spots could not be detected, suggesting their emergence in Bi:Ses/TMD 2D

heterostructures is due to the formation of a unique electronic lattice (Figure S10).22
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FFT overlaid on SAED image

d Latticeratio | Moiré lattice parameter (A) | Angle: WS, to Bi,Se; (deg) | Angle: Moiré to Bi,Se; (deg)
Commensurate unit cell 1.309 11.06 10.89° 19:1°
Modeling 1.31 11.1 10.9° 19.1°
Experiment 1.31£0.02 11.1£0.12 10.9°£0.2° 19.1°£0.2°

Figure 3: Electronic moiré superlattice scattering sites formed by the interlayer coupling. (a) Simplified real-
space model of the 2D heterostructure in Figure le. Two lattices with in-plane lattice parameters representing the
WSz and BizSes crystals were twisted and then overlaid, thereby collapsing both lattices into the same 2D plane,
over-writing pixels, and inducing the emergence of a moiré pattern (see methods section and section SI.1). Moiré
patterns only manifest when there is an effective multiplication between two lattices. The moiré pattern lattice
spacing and unit cell are identified by the blue and red lines, respectively. (b) 2D Fourier transform of the same
model, thereby converting it to wavelength space to show the periodicities present, with the lattices labeled,
where the blue, green, and red hexagons correspond to the WS, Bi2Ses, and moiré superlattice, respectively. (c)
2D Fourier transform (orange shading) overlaid on the SAED image seen in Figure le (white spots), where the
near-perfect alignment of the spots suggests the model captures the system sufficiently. Interestingly, the moiré
superlattice spots match the experimental new lattice spots, suggesting the new lattice forms congruently with
sites of high atomic registry in the moiré superlattices of Bi2Ses and WSz. The inset with red arrows indicate
patterns from the new lattice that are hidden under the red hexagon in the main image due to overlap of the
modeling and experimental spots. (d) Table with the parameters from the mathematically calculated
commensurate unit cell (see SI for more info), the model, and the experimentally measured values. All the values
are nearly identical and well within the error, demonstrating close agreement between theory, modeling, and
experiment. As discussed in the manuscript, optical diffraction theory or intuition should not be used to model or
interpret high-energy SAED results, as the electron scattering and diffraction mechanisms are distinct from those
in the optical case.

To begin with, the extra diffraction pattern could not be associated with any known atomic
basis, but always have a real-space equivalent to the moiré superlattice structure of the 2D
heterostructures being probed. This observation is demonstrated for a typical 2D
heterostructure in Figure 1 (see also Section S3). First, to simulate the real-space superlattice,
hexagonal lattices representing the TMD and Bi:Ses layers scaled to experimentally measured
lattice parameters and twist angles, were digitally generated, twisted, and then superimposed

into a composite image. An example of such a simulated superlattice created (using the lattice
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parameters and twist angle values from Figure le), is presented in Figure 3a, where the blue
lines and the red rhombus have been used to visualize and measure the lattice spacing and unit
cell of the clearly visible moiré superlattice. Next, a 2D FFT was performed on this
superimposed image to show it in the wavelength space (reciprocal space) and identify the
periodicities present, including the moiré superlattice (Figure 3b). Figure 3c shows an overlap of
Figure 3b on to the actual SAED pattern shown earlier in Figure 1e. In all cases investigated, the
2D FFT-generated and experimentally-obtained bright spots are in near perfect alignment -
including the new lattice - suggesting that the experimentally observed additional spots have a
direct correlation with the structure of the moiré superlattice of the parent crystals. Although
previous work successfully simulated SAED images of bilayer graphene structures using a 2D
FFT of real-space configurations,'®® we do not claim our method fully captures the complex
dynamics of SAED, but only serves to demonstrate that the new lattice spots match the moiré

superlattice.

We note the digital superposition of the real-space simulated lattices flattens them into a single
plane, and contains no layer-separation information in the perpendicular direction, which
allows the 2D FFT to retain the superlattice-induced spots. In other words, the top-down view
(along the z-axis) is how the SAED electrons would perceive the 2D heterostructure if the two
parent lattices were merged into the same plane. Conceptually, this 2D FFT of the superimposed “2D

heterostructure” displays the wavelength space and periodicities present.

The Diophantine equation shown in Section S1 was used to calculate the corresponding
commensurate unit cell (Figure 3d), verifying that the SAED spots are in fact correlated to the
moiré superlattice pattern, and not some other artifact.? And finally, the moiré lattice was
absent when the TMD and Bi:Ses lattices were individually Fourier transformed and overlaid

(Section S2), demonstrating it is not an artifact from either lattice individually.

It is unlikely that the additional SAED spots simply result from interference or multiple
scattering features between the two parent crystals. Mathematically, the formation of moiré

patterns — or moiré effects — requires an interaction (or non-linear operation) between the two
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parent lattices (see Section S1 for details).?#? For example, when images of periodic structures
are overlaid, pixels are over-written as both images are collapsed onto the same surface. This
over-writing of pixels, vice simply summing their intensities, reflects a non-linear
“superposition” that produces a visual moiré pattern. In contrast, when 2D crystals are stacked,
the different layers do not reside in the same plane, but are separated by ~ angstroms. The
possibility of interferences between the two layers is hence remote, since the layer-center
separation (~10A) is massive (~400x) compared to the wavelength of the electrons (0.0251A at
200 keV), suggesting the electrons perceive the two materials independently. Additionally, the
combination of the very low scattering angles of high energy electrons in SAED (~0.6°), the
atomically thin height (~2-4nm), and the large interlayer separation (~3.5A) of the samples,
indicates the multiple scattering features demonstrated in 3D heterostructures (e.g., double

diffraction) and optical systems are unlikely (see Sections 54 and S5 from the SI).

It is important to mention that optical diffraction theory or intuition should not be used to
model or interpret high-energy SAED results, as the electron scattering and diffraction
mechanisms are distinct from those involved in the optical case.?*? For example, when
modeling optical diffraction, no limits are placed on the angular distribution of scattered
photons. In sharp contrast, high-energy SAED electrons only scatter at very low angles (0.6°),
disallowing interference or double diffraction in 2D materials (see Section 4).20-% This is in
agreement with previously published works that show multiple scattering, interference, and
double-diffraction effects from high-energy electrons are highly improbable for samples of
bilayer graphene placed on ~5nm of boron nitride, suggesting such effects are equally as

improbable in our equivalently thin samples.102

Absorption or surface adsorption of foreign atoms (e.g., oxygen) is unlikely to produce the new
moiré superlattice SAED spots. DFT calculations predict minimal charge redistribution at the
surface with negligible changes to the energy landscape, suggesting energetically preferred
states following the moiré superlattice are nonexistent. The intercalation of atoms is equally

improbable as historically atomic intercalation diminishes the interlayer coupling, while all our
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as-grown 2D heterostructures indicate strong interlayer couplings with quenched
photoluminescence. In fact, previous work found the possible intercalation of oxygen in
Bi2Ses/MoS: 2D heterostructures diminished the interlayer coupling.* Additionally, the quartz
tube is evacuated of gases prior to growth, and insufficient growth time exists for large bismuth
and/or selenium atoms to intercalate. Lastly, the moiré superlattice SAED spots are a fraction of
the intensity of the monolayer TMD spots (~1-6%), suggesting the new scattering sites have an
equivalent reduction in scattering cross section. In contrast, a periodic arrangement of foreign
atoms would be expected to yield much brighter spots, equivalent to the atoms in the 2D
heterostructure. Although our study cannot completely rule out these scenarios, our analysis

indicates they are unlikely.

Hence, we conclude that the observed new diffraction spots are not resulting from composite
interferences of diffraction patterns from the atomic lattice of the parent crystals, or the
introduction of foreign atoms, but are likely due to diffraction from a completely new lattice
that is driven by the same underlying parameters that are involved in the generation of the
moiré superlattice of the parent crystals. As discussed below, we believe most likely this new
lattice resides in the interlayer region and is non-atomic, being entirely composed of charge

redistribution.

These results raise three important questions: (1) What do the electronic moiré lattice scattering
sites look like, (2) where do they reside, and (3) why does the lattice follow the moiré pattern,
vice a different structure? We address these questions by performing first principles DFT
calculations, which have been demonstrated to predict relatively accurate structural
information and electronic charge distribution in solids.? Our DFT calculations (discussed later)
predict the formation of a purely electronic 2D lattice residing in the interlayer region whose
unit cell size and relative orientation are in agreement with the experimentally observed moiré
pattern in our system, suggesting that such a purely electronic lattice may be responsible for the

experimentally observed diffraction spots.
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Although the DFT-predicted electronic lattice’s dimensions are in complete agreement with
experiment, further work is required to determine if the charge redistribution is sufficiently
intense to scatter high-energy SAED electrons. Bloch-wave and multislice simulations®*, when
combined with first-principles lattice calculations to accurately predict the charge distribution,
have successfully modeled high-resolution TEM (HRTEM) and convergent-beam electron
diffraction (CBED), demonstrating the sensitivity of electron scattering to charge
redistributions, and underscoring the importance of using robust first principles results to
predict the charge distribution (see Section 5).3-3 Despite the success with HRTEM and CBED,
we were unable to find any literature that simulated SAED images of lattices calculated using
first-principles, including a highly-cited TEM simulation textbook,** possibly due to the
difficulty in accurately modeling SAED scattering cross sections of charge pools and bonding.
Sophisticated SAED simulation methods require previously measured or calculated atomic
scattering factors,”® and, to the best of our knowledge, no methods have been developed that
accurately predict the scattering factor of bonding and charge pools. We did, however, find two
published works which simulated SAED images of twisted bilayer graphene using a multiscale
finite element method (FEM) that involved applying a 2D FFT to relaxed real-space
configurations.'®? The success of this method suggests 2D FFTs can be used to simulate SAED

images when applied correctly.
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In-plane Lattice parameter (A) Twist angle: Lattice to Bi,Se; (deg)
High energy SAED observed new lattice 11.1£0.12 19.1°1£0.2°
DFT predicted interlayer electronic lattice 111 19.1°

Figure 4: Charge pools form between nearest interlayer neighbors. (a) DFT calculated interlayer charge
redistribution due to the interlayer coupling of a twisted 1L Bi2Ses + 1L WSz 2D heterostructure, using the lattice
parameters described in Figure 3d. The image is a cut of the plane lying equidistant from both materials. The
nearest neighbor atoms are included in the image. It can be seen that the charge redistribution is concentrated
between nearest interlayer neighbors. (b) Cross-section view for the same DFT calculated 2D heterostructure,
showing charge pools form between nearest neighbors. Since the atomic registry (or nearest neighbors) is
determined by the moiré pattern, the charge pools form a purely electronic lattice that follows the moiré pattern.
(c) Table with the parameters from the experimentally measured third-crystal and the DFT calculated interlayer
electronic lattice, demonstrating their complete agreement. Together the experimental and theoretical work
suggest that the high energy electrons might be scattering from the DFT-predicted interlayer charge pools.
Figure 4 shows DFT calculations for the predicted charge redistribution into the interlayer
region due to the interlayer coupling in a 2D heterostructure (1-layer Bi:Ses and 1-layer WSz
twisted to 10.9° matching the structure shown in Figure 3c). DFT calculations for the other 2D
heterostructures, along with the experimental data, are detailed in Section S3. Figure 4a is a
charge density difference plot for a plane in the interlayer region equidistant from the Bi.Ses and
TMD layers, where red color denotes higher charge density. The charge congregates between
nearest neighbor atoms (shown in the image), revealing possible bonding that forms between
the layers. Figure 4b is a cross-section image of the same DFT calculation, showing both the
Bi:Ses and WS: layers, as well as the shape and relative displacement of the predicted interlayer
charge pooling. The charge pools form a lattice with long-range order, where the unit cell size

and twist angle (see Figure 4c) are in complete agreement with the experimentally observed

new diffraction pattern in Figure le. The interlayer hybridization between nearest neighbor
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atoms appears to be the primary mechanism for charge redistribution into a lattice that follows
the moiré superlattice. Together these results provide strong evidence that the new set of spots
seen in our heterostructures are likely a planar lattice of purely electronic charge pools that
reside midway between the two parent crystals in the Bi:Ses/WSz 2D heterostructure twisted to
10.9°.

&) 5

¢4 electronic "

R__ lattice
v
‘ @
&f ﬁ%\’m’”ﬁé;‘t 3. 4 ﬁf}a
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Figure 5: Interlayer coupling induced moiré superlattice scattering sites for BizSes/MoSe: and Bi>Ses/MoS2 2D
heterostructures. (a) and (d) Simplified real-space models of MoSe2/Bi2Ses and MoSz/Bi2Ses 2D heterostructures in
(b) and (e), respectively. (b) and (e) 2D FFTs of the real-space models ((a) and (d), respectively) overlaid on high-
energy SAED images, demonstrating the near-perfect fit between model and experiment. In (b) a portion of the
2D FFT is cropped away to reveal the SAED spots because the exceptionally close fit would otherwise cover the
SAED spots completely. (c) and (f) DFT calculated 2D heterostructures with twist angles of 0°, vice 1.4° and 1.8°,
respectively (see Section S3 for amplifying information). In agreement with Figure 4, DFT calculations predict
that the interlayer coupling induces the formation of concentrated charge pools residing in the interlayer region
between sites of high atomic registry. Together, the charge pools form an electronic lattice that precisely matches
the moiré superlattice. The experimentally measured moiré superlattices are relatively large (31.6A and 27.4 A,
respectively), and computationally too expensive to simulate using DFT. To overcome this, comparable 2D
heterostructures were calculated with twist angles of 0°.

Figure 5 summarizes the experimental and theoretical results obtained for two different 2D
heterostructures - Bi:Ses/MoSez and Bi2Ses/MoS: — which are in agreement with the Bi2Ses/WSz
results. Figure 5a and 5d show the simplified real-space models of the 2D heterostructures in
Figures 5b and 5e, respectively. Figure 5b and 5e show 2D FFTs of the real-space models

overlaid on the high-energy SAED images, where the close fit suggests the model captures the
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system. Of note, the moiré pattern spots from the model match the new lattice spots, suggesting
the new lattice is a product of the interlayer coupling between the parent crystals. Figure 5c and
5f are DFT calculations of Bi2Ses/MoSe2 and Bi:Ses/MoS: 2D heterostructures, respectively, with
one Bi:Ses and one TMD layer crystallographically aligned (i.e., 0° twist angle). The 2D
heterostructures in Figures 5b and 5e have non-zero twist angles of 1.4° and 1.8°, respectively,
thereby producing moiré superlattices too large to simulate using DFT. To overcome this,

comparable crystallographically aligned 2D heterostructures were calculated.

For all 2D heterostructures, DFT calculations predicted the formation of an electronic lattice in
the interlayer region, whose parameters (i.e., unit cell size and twist angle) are in complete
agreement with the moiré patterns of the corresponding parent crystals (see section SI.3).
Section S3 shows experimental and modeling data for Bi2Ses/MoSe22Szx 2D heterostructures at
various twist angles, and a Bi2Ses/WS: 2D heterostructure at 4.7°, where the experimental and
modeling data are in agreement. The experimental observation of new SAED patterns that
match perfectly with various DFT-predicted electronic lattices across multiple different 2D
heterostructures and numerous twist angles, further supports our hypothesis, and suggests that
the formation of a purely electronic 2D lattice (at least at certain twist angles) even at room

temperature might be a characteristic trait of the investigated family of 2D heterostructures.

This naturally leads to the question whether the electronic lattice only exists at a discrete
number of “magic” angles, or whether it exists at all twist-angles? Previous work demonstrated
that Bi:Ses grows at preferred twist-angles on monolayer TMDs, suggesting the interlayer
coupling and electronic lattice intensity is angle dependent.” Although our work observed
moiré superlattices at a variety of twist angles, we cannot rule out the possibility that only
certain discrete angles facilitate an electronic lattice. Follow-up investigations are required to
further illuminate why these dissimilar materials — a topological insulator and various TMDs —
form such robust interlayer couplings. Previous work found topological surface states to only
appear after seven quintuple layers, suggesting they are absent in our 2D heterostructures,

which contained 1-3 quintuple layers of Bi2Ses.*> We suspect that the interlayer electronic crystal
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intensity can be modulated by hydrostatically pressing the layers together, a technique shown

to increase the interlayer coupling.

In conclusion, high-energy SAED measurements are reported on four different Bi:Ses/TMD 2D
heterostructures (Bi2Ses/MoS:, Bi-Ses/MoSez, Bi2Ses/WS:, and Bi2Ses/MoSe22xS2x), and at numerous
twist angles, where a new lattice with no atomic basis was detected. This new lattice
corresponds to the moiré superlattice, suggesting the interlayer coupling redistributes charge,
inducing the formation of robust electron scattering sites. This is surprising because it is
traditionally assumed that such high energy (200 keV) SAED should only be able to reveal
atomic structural information, owing to the large scattering cross sections (or factors) of
atoms,?*? but are not sensitive to bonding or weak charge distributions. DFT calculations
predict significant charge redistribution into concentrated pools residing in the interlayer region
that form a purely electronic 2D charge lattice which follows the moiré superlattice. Together
the results suggest strong interactions at sites of high atomic registry in Bi:Ses/TMD 2D
heterostructures might be enabling charges to overcome the interlayer separation, thereby
forming a purely electronic lattice situated between the two parent crystals. To the best of our
knowledge, this is the first demonstration of SAED at such high electron energies being used to
reveal non-atomic electronic scattering sites, and evidence of a purely electronic lattice at the
interface of 2D materials. Very likely, the formation of interlayer charge pools between nearest
interlayer neighbors plays an important role in the interlayer hybridization and coupling in
these systems. Our findings provide significant new insights into how 2D layers interact, and
how access to the 2D electronic lattice could open up opportunities for exploring physical
properties of novel, purely-electronic periodic systems devoid of any atoms or defects. Control
of such systems will very likely lead to new developments in nanoelectronics and

optoelectronics, as well as other applications that depend on interfaces between 2D layers. ¥4
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Methods

Growth of TMD and TMD-alloy 2D crystals

All 2D TMDs, as well as the 2D TMD-alloy, were grown using vapor-phase chalcogenization
(VPC).2 The growth setup consisted of quartz tubes [1 inch (2.54 cm) in diameter] in a
horizontal tube furnace (Lindberg/Blue M). A quartz boat, containing a thin layer of either
MoQO: or WO: powder (3 mg or 15mg, respectively) with 5iO2/Si (MTI Corporation) substrates
suspended over the powder with the growth side facing down, was placed in the hot center of
the furnace. Either Sulfur, selenium, or both powders (150 mg or 50mg, respectively) were used,
depending on the material being grown. To grow the alloy MoSe22S2v, both powders were used
at the same time. Sulfur was placed near the insulating edge of the furnace upstream, whereas
selenium was placed ~lcm past the insulating edge of the furnace upstream. The setup was
pumped down and purged with argon gas before it was filled with an Ar atmosphere.
Downstream was then opened to atmosphere, in addition to a constant 200 standard cubic

centimeter per minute (SCCM) Ar flow. The furnace was heated to different temperatures and
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at variable rates, depending on the material being grown. The growth was conducted in two
stages, 1*-stage and 2"d-stage, where 2" stage would start once the 1¢-stage temperature was

reached. See the below table for material specific growth information. After the elapsed time,

the furnace was opened and allowed to cool rapidly.

2D Crystal | 1stRate (°C/min.) | 1st Temp. (°C) | 2nd Rate (°C/min.) | 2" Temp. (°C) Hold time (min.)
MoS2 50 500 5 712 20
MoSe2 50 200 20 740 10
WSz 50 1080 5 1150 25
MoSe2(1-9S2x 50 100 30 750 10

Bi:Ses growth was performed in a nearly identical vapor-phase deposition setup, except a
heating wrap was coiled around the quartz tube at the down-stream end, leaving no gap
between the furnace and the heating wrap. The Bi:Ses powder (50 mg) was placed in the hot
center of the furnace. The 2D TMD or 2D TMD-alloy substrate was placed downstream ~0.75cm
from the boundary between the furnace and the heating wrap. The system was pumped down
to a base pressure of ~10 mtorr before a 35-SCCM Ar flow was introduced, raising the growth
pressure to ~490 mtorr. The heating wrap was set to a temperature of 245°C, and a temperature
controller (J-KEM Scientific Model Apollo) ensured it remained within +2°C. The furnace was
heated at a rate of 50°C/min to 530°C and then held there for 20-25 min depending on the
desired thickness. Once growth was completed, the furnace was opened and the temperature

controller was de-energized, allowing the setup to cool rapidly.

Instrumentation

Raman and PL spectra were measured using a Renishaw Raman microscope equipped with a
488nm laser and a grating of 1800 lines/mm. A x100 or x150 objective focused the laser to
diffraction-limited spot size. TEM images and SAED patterns were collected from a JEOL 2010F
operated at 200 kV. AFM images were taken from a NanoMagnetics Instruments Ambient AFM.

All Raman, PL, AFM, and UV-Vis experiments were performed under ambient condition.
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Electron Beam Treatment (EBT) Studies

Prior to select area electron diffraction (SAED), the 2D heterostructures needed to be transferred
to a transmission electron microscope (TEM) grid. The TEM grids used were Pelco
QUANTFOIL® Holey Carbon film. PMMA C4 was first spin-coated at 4000 rpm for 60 s on the
SiO2 wafer with the 2D heterostructures and baked 180 C for 1:30 min. Then the chip was
immersed in 1 M KOH solution for 4 hours. Obtained PMMA and heterostructure film
transferred to new substrate. This was followed by acetone and IPA cleaning to remove PMMA

residues. An optical picture 2D heterostructures transferred onto the TEM grid are below.

Optical Picture of BizSes 2D heterostructures transferred onto a TEM grid

Once the grid was inside the TEM, a heterostructure suspended over a hole was found,
zoomed-in, and then focused. Then the 200nm-diameter aperture was inserted and TEM was
switched to SAED mode. Then the brightness was decreased to the lowest value, and an SAED

image was taken.

Computational Methods

The ab initio calculations were performed using the pseudopotential projected augmented wave
method 4 implemented in the Vienna ab initio simulation package ** with an energy cutoff of
420 eV for the plane-wave basis set. Exchange-correlation effects were treated using the
generalized gradient approximation (GGA),* and van der Waals corrections were included

using the DFT-D2 method of Grimme,* where a 7 x 7 x 1 I'-centered k-point mesh was used to
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sample the Brillouin zone. A large enough vacuum of 15 A in the z direction was used to ensure
negligible interaction between the periodic images of the films. All the structures were relaxed
using a conjugate gradient algorithm with an atomic force tolerance of 0.05 eV/A and a total
energy tolerance of 10 eV. The spin-orbit coupling effects were included in a self-consistent

manner.
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