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Abstract

Two-dimensional (2D) van der Waals superlattices comprised of two stacked monolayer
materials have attracted significant interest as platforms for novel optoelectronic and structural
behavior. Although studies are focused on superlattice fabrication, less effort has been given to
the nanoscale patterning and structural modification of these systems. In this report, we
demonstrate the localized layer-by-layer thinning and formation of nanopores/defects in 2D
superlattices, such as stacked MoS,-WS, van der Waals heterostructures and chemical vapor
deposited bilayer WSe,, using aberration-corrected scanning transmission electron microscopy
(STEM). Controlled electron beam irradiation is used to locally thin superlattices by removing
the bottom layer of atoms, followed by defect formation through ablation of the second layer of
atoms. The resulting defects exhibit atomically-sharp pore edges with tunable diameters down to
0.6 nm. Structural periodicities and focused STEM irradiation are also utilized to form close-

packed nanopore arrays in superlattices with varying twist angles and commensurability.
Applying these methods and mechanisms provides a forward approach in the atomic-scale

patterning of stacked 2D nanodevices.

Keywords: superlattice, van der Waals heterostructure, bilayers, moire, TEM, quasicrystal,

nanopore

(Some figures may appear in colour only in the online journal)

1. Introduction

Vertically stacked layers of two-dimensional (2D) materials
with an interlayer twist angle offer a host of exciting elec-
tronic, optical, and structural properties. In recent years, these
lateral superlattices consisting of two identical (i.e. bilayers)
and different (i.e. van der Waals (vdW) heterostructures)
stacked 2D materials have demonstrated novel phenomena
such as the fractal quantum Hall effect [1], unconventional
superconductivity [2], and interlayer excitons [3, 4]. Unlike
pure monolayer 2D materials, interlayer twist angle offers an
extra degree of freedom in controlling the properties of the
stacked systems [5, 6] with increasing efforts focused on
producing bilayers and heterostructures with tunable twist
angles and stacking orders [4, 7, 8]. Similarly, patterning
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structures such as defects, nanoribbons, nanopores, and
nanomeshes has been broadly implemented as a method of
precisely engineering properties in monolayer 2D materials
[9-12] but have received little to no attention in the context of
2D superlattices.

A variety of techniques such as electron beam irradia-
tion/lithography [12, 13], focused ion beam irradiation
[14, 15], and block copolymer lithography [10, 16] have been
utilized to pattern 2D materials at the atomic scale. Among
them, irradiation through sub-nm transmission electron
microscopy (TEM) beams allows for lattice reconstructions
and atom-by-atom manipulation at unprecendented length
scales. For instance, nm-scale holes (i.e. nanopores) drilled in
monolayer 2D materials via focused TEM beam exposure
have been widely investigated as next-generation avenues for

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Schematic of moiré pattern formation in a superlattice of two rotationally misaligned monolayer 2D materials. (Inset) Structural
parameters 6 (twist angle) and @’ (moiré lattice parameter) are present in a fast Fourier transform (FFT) of the superlattice. HAADF STEM
images taken at an acceleration voltage of 80 kV of a (b) stacked MoS,-WS, heterostructure, (c) CVD-grown bilayer WSe, flake, (d) CVD-
grown bilayer MoS, film, and (e) stacked Gr-hBN heterostructure. The structure in (e) is an incommensurate quasicrystal as opposed to a

periodic moiré pattern.

DNA sequencing, molecular detection, and fluid separation
[11, 17, 18]. While recent theoretical studies have even sug-
gested that nanopores in bilayer MoS, exhibit enhanced
biosensing capabilities in comparison to monolayer MoS,
because of longer pore-protein interaction times [19], exper-
imental characterization of such patterned systems is lacking.
In order to fully realize superlattice nanodevices, additional
efforts on the nanoscale patterning and characterization of
vdW heterostructures and bilayers are required.

In this study, we show the production and atomic-scale
characterization of a variety of 2D superlattices including che-
mical vapor deposition (CVD)-grown bilayers, transferred vdW
heterostructures, and quasicrystals. Scanning TEM (STEM)
beams are used to pattern these materials through in situ layer-by-
layer thinning and nanopore/defect formation with sub-nm pre-
cision. We also examine the atomic configuration of individual
pores and demonstrate the fabrication of nanoporous arrays by
employing inherent structural periodicities in the 2D superlattices.

2. Methods

Transition metal dichalcogenide flakes including 1L (mono-
layer) MoS, [20], 1L WS, [21], and 2L (bilayer) WSe, [22]
were grown on Si/SiO, substrates through CVD processes
described elsewhere. Materials were transferred by spin-
coating flakes with PMMA, drying in air for 0.5h, and
overnight etching in room temperature 1M KOH. Flakes were
deposited on holey carbon TEM grids, placed in acetone at
80 °C for 4 h, and annealed in Ar/H, at 300 °C for 1.5h. 2L
MoS, films were grown via Mo foil sulfurization [23] while
commercially available 1L graphene (Gr) and 1L hexagonal
boron nitride (hBN) on Cu foil were obtained from the Gra-
phene Supermarket. All three were transferred onto TEM

grids using a FeCls-based wet etch procedure [23].
MoS,-WS, and Gr-hBN heterostructures were formed by
performing the transfer process twice on the same TEM grid.

Selected area electron diffraction (SAED) was performed
in a JEOL F200 operating at 200kV with a 60 cm camera
length. Atomic resolution images were obtained with the
high-angle annular dark field (HAADF) STEM detector
(68-280 mrad) of a spherical aberration-corrected JEOL
200ARM operating at 80 kV. Thinned regions were drilled at
room temperature using a probe current I, ~ 140 pA and
probe size of ~ 1 A in STEM spot mode for 10s (dose
D ~ 1 x 10® e~ A™?). Pores were formed by doubling the
exposure time (D ~ 2 x 10%e” Afz). We use I,ope ~ 22 pA
and a dwell time of 32 us/pixel for imaging (D ~ 4 X
10* e A7?). Images were exposed to either an average
background substraction or Gaussian blur filter. Structural
analysis was performed using custom-scripted MATLAB and
Imagel software.

3. Results and Discussion

The schematic in figure 1(a) illustrates the principle of moiré
pattern formation in a 2D superlattice. When two crystalline
monolayers are rotationally misaligned with a twist angle 0
(—30° < 6 < 30°), the resulting stack forms a moiré pattern
with superlattice parameter a’ [24, 25]. For a stack of two
hexagonal lattice materials, @’ is given by:

, a

B 161"

2 sin —
2

a

where a is the lattice parameter of the monolayer [25].
These long-range structural parameters are delineated in a
fast Fourier transform (FFT), which provides a reciprocal
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Figure 2. (a) Low magnification STEM image of a MoS,-WS, vdW heterostructure sitting on a holey carbon TEM grid. (b) HAADF STEM
image of the overlying WS, layer (orange) with (inset) corresponding FFT pattern. (c) Line intensity profiles of the segment shown in (e) and
(f), indicating the presence of WS, in the thinned region and an intensity drop over the pore, respectively. (d) HAADF STEM image of the
MoS,-WS, superlattice region (purple) with (inset) corresponding FFT pattern displaying 6 ~ 25°. Exposure to a focused STEM beam
results in (e) the formation of a thinned region (d ~ 1.0 nm) after 10 s and (f) eventually a nanopore (d ~ 1.0 nm) after a total of 20s.
(g) Schematic demonstrating how focused electron beam irradiation of 2D bilayers and vdW heterostructures causes ablation to occur (h) first
in the bottom monolayer and (i) subsequently the top monolayer, resulting in a pore.

space representation of a superlattice. The pattern in the inset
of figure 1(a) is an FFT of an atomic resolution STEM image
and indicates a stack of two hexagonal lattice monolayers
with § ~ 14°, resulting in a superlattice with a” ~ 0.79 nm.

2D superlattices with precisely engineered twist angles
can be produced through a variety of different techniques.
The most widely applied method consists of physically
stacking two monolayer materials. Figure 1(b) shows an
80 kV HAADF STEM image of a vdW heterostructure with
two CVD-grown monolayers (1L MoS, and 1L WS,) that
have been randomly stacked (A ~ 20°) with a wet transfer
technique (see Methods). We note that advances in dry
transfer techniques further allow for tunable twist angles with
down to ~0.1° precision [24, 26].

Superlattices can also be fabricated through CVD growth
of bilayer 2D materials. Figures 1(c) and (d) exhibit bilayer

WSe, flakes (0 ~ 18°) and bilayer MoS, films (6 ~ 10°),
respectively, that have been produced with CVD [22, 23].
Other studies have been aimed at the growth of vdW het-
erostructures with novel interlayer optoelectronic properties
[8, 27, 28]. However, CVD growth currently offers poor
control over twist angle compared to mechanical stacking
such that further efforts are needed to engineer bilayer and
heterostructure systems with particular geometries and mate-
rials. Beyond regular moiré patterns, superlattices also enable
investigations of incommensurate structures with no long-
range periodicities [29, 30], such as the 30°-twisted quasi-
crystal of stacked graphene (Gr) and hexagonal boron nitride
(hBN) shown in figure 1(d).

In addition to physical characterization, focused STEM
beams enable the fabrication of nanopores and sub-nm
vacancies in ultrathin materials through atomic-scale ablation.
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Nanopores have previously been reported in monolayer 2D
materials such as graphene [31], hBN [32], MoS, [17], WS,
[11], and various transition metal carbides (MXenes) [33]
using this technique. Here, we extend these methods to
demonstrate the fabrication of nanopores in stacked vdW
heterostructures (figures 2, 3) and bilayers (figure 4) using
STEM, and investigate the resulting structural properties.
Figure 2(a) is a low magnification STEM image of a
MoS,-WS, heterostructure sitting on a holey carbon TEM
grid. Atomic resolution imaging of the capping monolayer
reveals a lattice that is consistent with previous reports of
monolayer WS, (orange, figure 2(b)) [11, 34, 35]. The
corresponding FFT pattern similarly indicates a lattice spa-
cing (2.71 A) that is in excellent agreement with the (100)
lattice parameter of 2H-phase monolayer WS, [36]. STEM
imaging of the superlattice region shows a quasicrystal
structure with twist angle 6 ~ 25° (purple, figure 2(d)).

In monolayer 2D materials, STEM-based drilling results
in nanopore formation due to collisions between lattice atoms
and incident electrons [37]. In two layers, we observe that
focusing a STEM beam (i.e. spot mode) with probe current
Iprope ~ 140 pA on the superlattice for 10s (dose
D~ 1 x 10® e A™?) first creates a thinned region with
diameter d ~ 1.0 nm as opposed to a nanopore (figure 2(e)).
As demonstrated in figures 2(c) and (e), an intensity profile
(outlined in blue) across the boundary shows that the crys-
talline nature of the thinned region is retained. Furthermore,
the dependence of HAADF image intensity on atomic number
(Z) by ~ 7> enables determination of the thinned region
composition [14, 38]. As demonstrated by others, here we
normalize the maximum HAADF intensity in STEM images
to a value of 1.0 [39]. For the MoS,-WS, heterostructure in
figure 2, maximum HAADF intensity occurs at sites con-
tained overlapping Mo and W atoms. Compared to the
intensity of 0.97-1.0 for these superlattice sites (figure 2(c),
‘W + Mo’), sites in the thinned region have an intensity
of ~ 0.69 (figure 2(c), “‘W’). This is indicative of W atoms,
thus showing that the thinned region is comprised of WS, and
that the MoS, layer is removed before the WS, layer. Here,
the use of a vdW heterostructure enables the nanostructural
analysis of individual layers during the thinning and pore
formation processes, which would otherwise not be possible
in vdW bilayers with identical 2D monolayers (for example,
see figure 4). These energetics are demonstrated schemati-
cally in figures 2(g)—(i) and suggests that during the first 10s
of exposure, the MoS, monolayer prevents electron beam
knock-on damage in the WS, monolayer. This observation
explains the success of previous approaches in preventing 2D
material radiation damage by graphene encapsulation [37, 40]
as well as the STEM thinning of ultrathin (i.e. few nm) silicon
nitride (SiN,) membranes at 200 kV [41]. Further exposure of
the thinned region to the focused STEM beam for another
10s (D ~ 2 x 10% e~ A™?) causes displacement of the W
and S atoms [42, 43], resulting in the formation of a pore
in the MoS,-WS, heterostructure (figure 2(f)). As shown in
figure 2(c) (red), the profile shows a drastic reduction in
intensity due to residual chalcogen atoms at the pore edge as
well as a complete absence of intensity in the pore interior,
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Figure 3. (a) HAADF STEM image of a single nanopore /defect with
d ~ 0.6 nm in a MoS,-WS, vdW heterostructure (6 ~ 25°) drilled
with focused electron beam irradiation. (b) Line intensity profiles of
the segments shown in (a), showing (orange) a drop in intensity at
the nanopore in comparison to (blue) a pristine region of the
quasicrystalline superlattice. (c) Atomic model and (top inset) high
magnification STEM image of the pore shown in (a) with
corresponding intensity profile segments. (Bottom inset) Line
intensity profile of the segment (green) shown in the top inset,
showing the edge of the pore.

indicating ablation of both heterostructure layers. Due to the
fact that the pore has the same diameter as the thinned region
(d ~ 1.0nm), STEM thinning of 2D superlattices offers a
way of avoiding the unintended formation of multiple pores/
defects (e.g. as in monolayer 2D materials) [37, 44—46] or as a
method of localizing pore formation during dielectric break-
down processes [47].

Utilizing sub-nm aberration-corrected electron beams
also allows for pore fabrication in 2D materials with tunable
sizes down to a few atoms. A MoS,-WS, superlattice region
is first thinned for 10 s as described above. Further exposing
the thinned region to a focused STEM beam for half the time
(5s, D~5x 107 e A‘z) compared to figure 2(f) (10s,
D~1x10%e” 10\*2) results in a smaller pore (d ~ 0.6 nm).
A HAADF STEM image reveals that this is due to incomplete
ablation of the thinned region, resulting in a patch of intact
monolayer WS, at the top right edge of the pore (figure 3(a)),
further confirming the aforementioned thinning process (see
figure 2). The atomically-sharp edges of the pore are clearly
evident from the line intensity profiles of the pore and pore
edge in figure 3(c) (green) and figure 3(b) (orange), respec-
tively. Similarly, the STEM image in figure 3(a) demonstrates
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Figure 4. (a)-(c) SAED patterns and (d)—(f) HAADF STEM lattice images of CVD-grown bilayer WSe, flakes with (a,d) 8 ~ 13°, (b), (e)
0 ~ 17°, and (c), (f) @ ~ 27°. The moiré pattern provides a close-packed, hexagonal lattice template for STEM-based nanopore array drilling.
(g-1) STEM images of nanopore arrays with inter-pore distance Lp ~ 4-5 nm drilled in flakes at different twist angles. L roughly
corresponds to ~ 2a’, 3a’, and 5a’ (a’ = moiré lattice parameter) for bilayer WSe, with (g) 6§ ~ 13°, (h) 6 ~ 17°, and (i) 6 ~ 27°.

that moiré superlattice of the region surrounding the pore
remains unperturbed. This demonstrates that pore formation
process outlined here preserves the crystallinity of the
superlattice, unlike previous reports of monolayer 2D mate-
rials in which strong electron beams cause amorphization of
the pore edge [17, 44]. The atomic structure of the pore with
d ~ 1.0nm in figure 2(f) can also be discerned despite the
presence of ejected atoms. Figure 3(c) is an atomic model of
the superlattice pore with W, Mo, and S, lattice sites repre-
sented in purple, green, and yellow, respectively. The
d ~ 0.6 nm pore constitutes a total of 3 W and 6 S atoms
removed from the top WS, layer and 6 Mo and 10 S atoms
missing from the underlying MoS, layer (error of £1 atom
due to electron beam aberrations and the low HAADF con-
trast of sulfur).

In vdW heterostructures and bilayers, it is possible to
tailor optical and electronic properties by varying 6, the
interlayer twist angle. Figures 4(a)—(c) exhibit SAED patterns

from CVD-grown bilayer WSe, flakes with twist angles of
13°, 17°, and 27°, respectively, on a holey carbon TEM grid.
HAADF STEM images show periodic moiré superlattices for
each value of 6 (figures 4(d)—(f)). Advances in STEM soft-
ware-hardware interfaces now enable in situ focused electron
beam patterning with sub-nm precision and are widely uti-
lized to induce defect formation, lattice reconstructions, and
low-dimensional nanostructures in 2D materials [46, 48, 49].
By controllably exposing a pristine bilayer region to the
focused STEM probe using the conditions outlined in figure 2
(20's exposure per pore; D ~ 2 x 10% e~ A™?), arrays of
nanopores in a hexagonal lattice pattern are produced. The
resulting porous array has a close-packed structure, which
ensures a uniform spacing between neighbouring pores as
well as a more efficient packing fraction compared to con-
ventional square arrays [13, 50]. Across different twist angles,
a fixed inter-pore distance (Lp) of ~ 4-5 nm was maintained.
While identical exposure conditions are used across samples
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with different 6, we note that pores occasionally do not drill
completely through both layers or possess different diameters
due to stage drift within the electron microscope and local var-
iations in polymer contamination (figures 4(g)—(i)), The porous
array fabrication process can be further improved with cleaner
samples through polymer-free transfer [51] and/or in situ
annealing [52]. As shown in figure 4(g), the Ly range of ~ 4-5
nm is equivalent to approximately two moiré lattice parameters
(Lp ~ 2a’) in bilayer WSe, with 6 ~ 13°, meaning that the
center of each pore is spaced roughly two superlattice unit cells
apart. Similarly, Lp ~ 3a’ and Lp ~ 5a’ holds for larger twist
angles of 6~ 17° (figure 4(h)) and 6 ~ 27° (figure 4(i)),
respectively. The hexagonal periodicity of moiré superlattices in
twisted bilayers and vdW heterostructures therefore provides an
intrinsic template for patterning nanoporous arrays and other
low-dimensional structures at the atomic scale.

4. Conclusion

Through the use of controlled electron beam irradiation, we
have illustrated the atomic-scale thinning, ablation, and pat-
terning of 2D material superlattices. STEM imaging was used
to characterize the commensurability, interlayer twist angle,
and moir€ lattice parameter of stacked heterostructures of Gr,
hBN, MoS,, and WS, fabricated through a wet transfer pro-
cess as well as CVD-grown bilayer MoS, and WSe,. We
studied both periodic moiré and quasicrystalline superlattices
with different twist angles from 6 ~ 10-30°. Under focused
electron beam exposure, the bottom layer of superlattice is
removed, resulting in the formation of nanoscale thinned
regions. By variably focusing a STEM beam on these thinned
regions under different exposure times, nanopores/defects
with tunable sizes down to d ~ 0.6 nm (comparable to 2D
lattice spacings) can also be created. We utilized the mass-
contrast behavior of HAADF imaging to investigate the
structural characteristics of the resulting pores and show that
thinned regions and pore edges retain their crystallinity after
electron beam exposure. Electron diffraction and STEM
imaging provide insights into the nanoscale periodicities of
bilayers with varying structural parameters. These periodi-
cities were employed to pattern close-packed arrays of pores
while the correlation between inter-pore distance, bilayer
twist angle, and moiré lattice parameter was examined. With
increasing interest in multilayer 2D architectures, these results
motivate further studies on the structural characterization and
modification of vdW superlattices.
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