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he novel electronic properties of gra-
phene, such as the relativistic motion
of their charge carriers, marks it out as
a material of interest for several applica-
tions, such as transparent conducting
films.! ~3 The ability to synthesize large-area
graphene by chemical vapor deposition
(CVD)** allows for the prospect of a viable
route to incorporation into commercial pro-
ducts. The growth of graphene on a nickel
catalyst has been shown to yield FLG,* with
copper-catalyzed growth favoring a self-
limiting monolayer.> Graphene films syn-
thesized by CVD are of a polycrystalline
nature, with multiple small graphene do-
mains growing to merge into a continuous
film.% Aberration-corrected high-resolution
transmission electron microscopy (AC-HRTEM)
allows for the detailed study of the atomic
structure of graphene’ and can be com-
bined with the analysis and filtering of 2D
fast Fourier transforms (FFT) to generate
reconstructed images that can be used to
elucidate the stacking configuration of the
graphene layers.2 Understanding the atom-
ic structure of polycrystalline graphene
synthesized by CVD may assist in the further
development of the field;°~"" for instance,
the use of graphene domain boundaries
may allow for the engineering of the band
structure,’® and electronic devices have
shown increased resistivities for inter-
domain electronic transport when com-
pared to intradomain measurements, with
weak localization also observed in the inter-
domain case.®
As shown schematically in Figure 1, there
are two primary ways one can envisage two
separate graphene domains being con-
nected: either by direct atomic bonding at
the interface of the two graphene sheets to
create a discrete atomic domain boundary
(Figure 1a,b) or by one sheet overlapping
another to form a bilayer boundary region
that is not atomically discrete and relies on
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ABSTRACT The atomic structure at the boundary interface between interconnected few-layer
graphene (FLG) domains, synthesized by atmospheric pressure chemical vapor deposition (AP-CVD),
is examined using aberration-corrected high-resolution transmission electron microscopy. Moiré
patterns in the HRTEM images reveal the presence of rotational stacking faults in the boundary
region that extend over distances of ~100 nm. We show that FLG domains interconnect via two
principle processes: graphene sheets from one domain grow over the top of a neighboring domain,
while other graphene domains interconnect by direct atomic bonding. Differentiating between these
two types of interconnects was found to be possible by examining the HRTEM contrast profiles
produced at the interface. Graphene sheets that terminate were found to produce strong edge
contrast with increasing defocus values, as well as a broader edge cross section, whereas atomically
bonded interfaces were found to not exhibit any contrast, even under large defocus values. These
findings are reinforced by correlating with multi-slice TEM image simulations of appropriate

structures.
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interlayer van der Waals forces to hold the
two domains together (Figure 1c,d). These
shall be referred to as the atomic interface
and the overlap interface, respectively. Re-
cent investigations of monolayer graphene
domain boundaries reported the existence
of atomically bonded discrete interfaces.'*'®
These domain boundaries were found to
consist of pentagonal, hexagonal, and hep-
tagonal carbon rings connected in a chain,
allowing for two graphene domains of dif-
ferent lattice directions to bond together.

In a previous report, we showed that
hexagonal single-crystal domains of FLG
could be produced on the surface of copper
foils using atmospheric pressure CVD.'® In
the cases where the FLG domains merged

together to form a polycrystalline film, 2D  *Address correspondence to

mapping of the FLG domain's crystallo-
graphic orientations, using selected area
electron diffraction (SAED), showed random
orientations. Some regions of the polycrys-
talline FLG film showed multiple reflections
in the SAED patterns (i.e., at least two gra-
phene lattices with some arbitrary rotation),
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Figure 1. Schematic illustrations of the two primary ways of connecting graphene sheets. (a) Three-dimensional perspective
view of atomic bonding at the interface. (b) Side view of the atomic interface. (c) Three-dimensional perspective view showing
the graphene sheet on the right overlapping on top of the graphene sheet on the left (i.e., overlap interface). (d) Side view of

the overlapping interface.

Figure 2. SEM images of a holey silicon nitride membrane TEM grid after graphene transfer. Graphene coverage of the

viewing holes was only evident in a limited number of cases.

and it is unclear whether this is due to contributions
from two single crystals with different orientations or
from a region that contains rotational stacking faults.
SAED is limited in its spatial resolution, and as such,
other techniques are required to gain information
about the origin of the multiple reflections in the SAED
patterns and thus the true nature of the domain
boundaries in these films. Here we present an investi-
gation of the atomic structure of the domain bound-
aries between FLG domains using aberration-corrected
HRTEM at an accelerating voltage of 80 kV.

RESULTS AND DISCUSSION

Samples were grown using CVD and transferred
onto holey silicon nitride (SisN4, but abbreviated to
SiN) membrane TEM grids for electron microscopy
characterization (see the Method Details section).
Scanning electron microscopy (SEM) imaging of the
SiN membrane TEM grid was conducted after FLG
transfer in order to confirm successful adhesion of the
film and to provide insight into the degree of folding
and distortion induced from the process. Figure 2a
demonstrates that the majority of the holes in the SiN
membrane are not covered by the FLG. This is attrib-
uted to the small domain size (~1 um) of the FLG
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obtained under the used growth conditions,'® as these
are smaller than the membrane holes one could expect
that the adhesion between adjacent domains may
not always be sufficient to allow for them to bridge
the hole. However, as can be seen in Figure 2b,c, some
holes in the SiIN membrane are covered by FLG, allow-
ing for the possibility of TEM inspection.

Figure 3a shows a TEM image of a region of the
sample where two FLG domains have merged to-
gether. Inspection of this area using HRTEM with a
magnification high enough to observe the atomic
structure enabled the layer stacking orientations to
be tracked across this region. Regions with pure AB
Bernal stacking gave rise to a hexagonal lattice struc-
ture, while regions containing rotational stacking faults
produced Moiré patterns. Figure 3b—f shows five
examples of HRTEM images taken from the five regions
marked with boxes in Figure 3a. The respective 2D fast
Fourier transform (FFT) is shown as an inset in each
image. The six-fold crystal symmetry of graphene
results in the 2D FFT having a set of six hexagonally
distributed spots with 0.21 nm lattice spacing in the
first ring. The orientation of the spots in the FFT is
directly related to the armchair direction of the gra-
phene lattice."” A rotational stacking fault in the
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Figure 3. (a) Low-magnification TEM image of a region of FLG, with the 2D FFT taken from the numbered boxed regions. (b—f)
HRTEM images from the appropriately labeled boxed regions in (a); insets show the 2D FFT pattern. Additional inset for (d)
shows the Moiré interference pattern that can be observed at high magnification in area 3.

few-layer graphene adds another six spots to this inner
ring, due to the rotation of the graphene lattice direc-
tion with respect to the original lattice direction. If the
rotational stacking fault is intrinsic to the layer order
(i.e., not from a back-fold), then this is likely to be a
turbostratic configuration. The FFT spots from regions
1 and 2 (Figure 3b,c) share the same direction, as do
regions 4 and 5 (Figure 3ef). Region 3, where the Moiré
pattern is observed in the real space image (Figure 3d),
exhibits a superposition of region 1—2 and region 4—5,
which when compared with the location shown in
Figure 3a suggests that region 3 bestrides a boundary
between two graphene domains of different crystal
orientations. The typical scale of the turbostratic region
between these two domains was found to be on the
order of 100 nm by scanning the region for observable
Moiré patterns using HRTEM. This indicates that the
domain boundary is not atomically defined and pro-
vides context to the selected area electron diffraction
(SAED) we recently reported.'®

Even though the Moiré pattern, and thus the bound-
ary region, between two FLG domains is on the order of
100 nm, we were able to find regions on the extremities
of this boundary that exhibited sharp transitions from
AB stacking to Moiré patterns. As was discussed in
Figure 1, there are two possible ways that the graphene
layers can connect. In order to evaluate whether
HRTEM can distinguish between these two interfaces,
we performed HRTEM image simulations to examine
their resulting contrast profiles. A comparison of the
differences between the two would enable the reliable
identification of the boundary type.

Figure 4a shows a top view of an incomplete sheet of
graphene (yellow) residing on three sheets of graphene
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with AB Bernal stacking (gray), with a lattice direction
mismatch of approximately 23° between the two. This
is representative of the connectivity shown in Figure 1c,
the overlap interface, where one graphene sheet with
non-AB orientation overlaps another set of AB stacked
FLG sheets. HRTEM image simulations are shown in
Figure 4b—d for increasing levels of defocus (5, 10, and
40 nm, respectively). The Moiré interference pattern
originating from the rotational stacking fault from the
incomplete layer is visible in the top half of the images,
while the hexagonal pattern expected from AB Bernal
FLG can be found on the bottom. A negative mask filter
was applied to the FFT of Figure 4d and inverted to
reconstruct an image without the respective contribu-
tion of one of the two lattices, as shown in Figure 4ef,
with the masks shown in the insets. Figure 4e shows a
rotated hexagonal pattern along the top half and thus
is the incomplete layer contribution, while Figure 4f
yields a continuous lattice stretching across the image
and can be concluded to be the AB Bernal contribution.
It was apparent that the contrast of the boundary
increased concomitantly with the defocus, as did the
boundary breadth, which can be readily identified
qualitatively by inspection of Figure 4b—e. Figure 4g
shows a portion of a reconstructed image generated by
removing all of the periodic lattice components from
Figure 4d. Figure 4h shows an intensity box profile
taken from the region indicated with a red box, with pixel
values along the x-axis summed to give one average
gray value and then plotted as a function of the distance
in the y-axis. The minimum gray value in Figure 4his 179,
with a maximum at 197, thus giving a total difference
of 18 gray scale units across the profile.

VOL.5 = NO.8 = 6610-6618 = 2011 A@Wf()

WWww.acsnano.org

J1D]Le

6612



SO %
.@\,“? 3@‘& f@ ,. b

“a v“” é
JW%gggfz

N A
?@Mré ? 2 %7
)74 s é gg)

i
whd ? X
SR %‘m@%ami;w%

NANSNNSNINS,

1 nm
5 nm defoCusS s

10 nm

h 200

Grey value

195

190

185

180

0.0 05 10 15 20
Distance (nm)

Figure 4. (a) Top-down view of the graphene overlap interface used in the simulation, showing the underlying AB Bernal
stacked graphene (gray) and a rotationally mismatched upper layer across part of the structure (yellow). (b—d) Electron
microscopy image simulations of (a) at 5, 10, and 40 nm defocus, respectively, taken in the region of the sheets termination.
(e,f) Reconstructed images from the FFT negative masks, shown in the respective insets, taken from the 40 nm defocus
simulation. (g) Close up of the boundary of a reconstructed image from both FFT negative masks of the 40 nm defocus
simulation. (h) Box profile taken vertically of the red region in (g).

Figure 5a illustrates a top-down view of an atom-
ically bonded interface between two graphene lattices
of different orientations (yellow), on top of three
graphene layers with AB Bernal stacking (gray). This is
the representative of the connectivity shown in
Figure 1a, the atomic interface. The bottom half of
the top graphene layer adopts AB stacking with the
underlying FLG. Image simulations (Figure 5b—d) for
defocus values of 5, 10, and 40 nm, respectively, show a
similar Moiré pattern on top of a hexagonal base as in
Figure 4, and this is further demonstrated in the
reconstructions shown in Figure 5ef. The principle
difference between the two cases lies in the behavior
of the boundary. Figure 5g shows a portion of a
reconstructed image of Figure 5d after all of the
periodic lattice structure was removed by an FFT mask.
Figure 5h shows an intensity box profile, taken from
the red box region in Figure 5g. Variation in gray values
of 182—185 units gives a difference of 3 units over the
box plot range, with no discernible boundary edge
seen.

Comparing the intensity profiles presented in
Figure 5h with Figure 4h reveals a significant difference
between the two types of connectivity. It is apparent
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that the principle identifier for differentiating between
an overlapping, incomplete graphene sheet and an
atomically bonded graphene interface is the level of
contrast of the boundary. Specifically, in the case of an
atomic bonding interface between two graphene
sheets, it was noted that there was negligible contrast
at the boundary. However, for the overlap interface, it
was found that there was a significant contrast change
in the region of the edge and that also the breadth of
the boundary was found to increase with defocus, an
effect not observed for the atomically bonded interface.

Utilizing this information, it was possible to identify
the two types of graphene interfaces with HRTEM.
Figure 6 shows a high-magnification HRTEM image of
an atomic interface between two graphene sheets of
different lattice rotations. In Figure 6a, a Moiré inter-
ference pattern can be seen on the left of the image,
indicating the presence of a rotational stacking fault,
and the hexagonal patterning on the right shows AB
Bernal stacked FLG. Further analysis by applying a FFT
was performed, yielding the expected sets of hexago-
nal spots. In the inset for Figure 6a, the FFT shows two
sets of hexagonal spots at 0.21 nm lattice spacing,
confirming the presence of a rotational stacking fault.
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Figure 5. (a) Top-down model of an atomically bonded interface between an AB Bernal layer and a rotationally mismatched
partial single layer (yellow), on top of AB Bernal graphene (gray). (b—d) Electron microscope simulations of (a) at 5, 10, and
40 nm defocus, respectively, taken in the region of the graphene interface. (e,f) Reconstructed images from the FFT negative
masks, shown in the respective insets, taken from the 40 nm defocus simulation. (g) Close up of the boundary of a

reconstructed image from both FFT negative masks of the 40 nm defocus simulation. (h) Box profile taken vertically of the red

region in (g).

Figure 6. (a) HRTEM image of a graphene interface taken at a low defocus, with insets showing the FFT (lower left) and a
magnified view of the boxed region (upper right). (b,c) Images reconstructed from the frequency domains selected by the

positive masks shown in the lower left of each.

Figure 6b,c shows the reconstructed images from the
inclusive masks shown in the lower left insets. The
high-magnification images located at the top right of
Figure 6a—c are taken from each of the boxed regions
and are used to highlight the change in the real space
image across the boundary. From these insets, it can be con-
firmed that the boundary is of an atomic interface type,
due to the expected lack of contrast along the edge.
Variation of the defocus yielded no change in the con-
trast of the interface (see Supporting Information).

ROBERTSON ET AL.

Figure 7 shows a further example of a HRTEM image
taken from another area, with a similar boundary
region showing Moiré patterns on one side and AB
Bernal stacked FLG on the other. However, this region
demonstrates both an atomically bonded interface
and an overlapping region and, as such, can be used
to directly compare the two. In the lower left (yellow) of
Figure 7a, the Moiré interference associated with tur-
bostratic graphene is evident, which arises from the
graphene layer shown by the application of the
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Figure 7. HRTEM image of several graphene sheets overlaying one another. The image was taken at a defocus of
approximately 40 nm. The lower left inset shows an FFT taken from the image. (b—d) Reconstructed images from the
frequency domains selected in the insets. (i,ii) Box averaged intensity profiles across the appropriately labeled boxed regions

in (b) and (c).

positive mask used in Figure 7b. Reconstruction of the
FFT positive mask in Figure 7d shows the underlying
AB stacked FLG, with the remaining set of diffraction
spots, shown in Figure 7c, accounted for by graphene
about the periphery (red). The texturing of the FLG
sheet in this area is due to the sputtering from the 80 kV
electron beam during the extensive periods of
imaging.'®'® However, this was not observed to affect
the graphene atomic interface. The edge from the
sheet giving rise to the central Moiré pattern can be
seen to have negligible contrast variation, in compar-
ison to the remainder of the graphene edges around
the perimeter; these lead to the reconstructed gra-
phene planes in Figure 7c and the second Moiré

ROBERTSON ET AL.

patterns at the bottom right and top left in Figure 7a,
which exhibit a strong contrast and a broad extent
when imaged under a defocus of approximately 40 nm.
Thus the central boundary can be concluded to be an
atomically bonded interface, whereas the higher con-
trast boundaries about the periphery are of the overlap
interface type. Figure 7c also illustrates a feature that
was found for all boundaries studied: that elimination
of both the constituent graphene lattice contributions
to the image by FFT reconstruction does not lead to the
entire removal of the contrast from the edge. The likely
reason for the edge still being visible is that it is
composed of various defects: randomly orientated
pentagons, hexagons, and heptagons in the case of
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Figure 8. (a) Low defocus HRTEM image of a region containing an overlap interface; the inset shows the FFT. (b) Same region
as (a), taken under high defocus. (c) Reconstructed image from the negative mask shown in the inset, showing the partial

sheet on the right of the image which generated the Moiré pattern in (a). (d) Overlay of the edge, taken from (b), matched on to
(d). (e) Magnified and rotated image taken from the box in (b). (f) Same region as (e) taken after a 10 s exposure to the electron

beam.

the atomic bonding interface and electron beam irra-
diation damaged edges in the case of the incomplete
sheet. Since these defects would not likely be aligned
with either of the two lattice directions, the reconstruc-
tion from the FFT mask would not lead to their removal,
and thus they would be expected to remain. Labels i
and ii in Figure 7 are box averaged intensity profiles
across the appropriately annotated boxed regions in
panels b and c. Further intensity profiles are presented
in the Supporting Information.

The image simulations demonstrated a marked in-
crease in contrast for the overlapping graphene edges
when the magnitude of the defocus was increased.
Figure 8a shows another overlap interface, with the
Moiré pattern visible on the right. A subsequent image
was taken with increased defocus, with the extra
contrast emphasizing the edge. Comparing this to
the reconstructed image from the negative mask FFT

ROBERTSON ET AL.

(Figure 8c), one finds that they correlate well, as shown
by the overlay in Figure 8d. The boundary is rough, with
an approximate variation of between 0.5 and 1 nm
from the average line. This differs with the comparably
smooth and straight boundaries seen for the atomic
interfaces shown in Figures 6 and 7. The roughness
could be attributed to the action of incident electrons
from the electron beam.'® Figure 8f shows a further
image taken at a similar defocus to panel b (Figure 8e is
a magnified and rotated image of the appropriate
region from panel b) and shows some change in the
profile of the boundary due to electron beam sputter-
ing, in particular, along the area of the boundary
denoted by the red line. No such variation was ob-
served for the atomic interfaces in Figures 6 and 7.
Variations in the susceptibility of electron-beam-in-
duced sputtering have been observed for intrinsic
graphene edges compared to folded graphene edges
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Figure 9. Schematic illustration showing the side view of two neighboring few-layer graphene domains intersecting (green,
bilayer; orange, trilayer). Region (a) shows the top layer of the trilayer graphene domain (orange) overlapping onto the bilayer
graphene domain (green), which in HRTEM would result in a Moire pattern on the right and hexagonal structure typical of AB
Bernal graphite on the left. Region (b) shows an atomically bonded interface in the middle, which would result in a Moire
pattern on both the left and right side. Region (c) shows an atomically bonded interface in the bottom layer, which would
result in a Moire pattern on the left and hexagonal structure on the right.

due to the presence of unsaturated atoms terminated
intrinsic graphene edges.?°

The presence of these two distinct interface types is
likely to be contingent on the system being of several
layers. The atomic interface, much as for monolayer
graphene, occurs when two graphene sheets in the
same plane grow into one another. The inevitable
rotational mismatch of the lattice directions between
the two domains is resolved by the formation of five-
and seven-membered carbon rings along the bound-
ary. The nature of the overlap interface is more com-
plex. The models in Figures 1 and 4 show a sheet of
graphene that is overlaying an AB ordered graphene
structure, with a rotational mismatch, and that termi-
nates part way. It has been shown in our previous
work'® that FLG grown on copper by CVD, in general,
does not adopt a turbostratic configuration, thus the
rotational mismatch of the boundary cannot be ex-
plained by incomplete turbostratic layers growing on
top of the underlying graphene structure. It is possible
that under certain circumstances when two adjacent
FLG domains grow into one another this overlap may
be observed. For atomic interfaces to form, it would
require that the graphene sheets from the adjacent
domains be suitably aligned in the axis perpendicular
to the sheet. Thus, if one of the domains was thicker
than its neighbor, it is possible that the sheets on top
may continue to grow across the adjacent domain,
with the crystal structure of these higher sheets match-
ing its original seed domain rather than that of the
neighbor. This is illustrated schematically in Figure 9.

METHOD DETAILS

FLG was synthesized according to a previously reported
method.'® Copper foils (Alfa Aesar, product no. 42189,
99.999% purity) were loaded into a quartz tube located in a
horizontal split-tube furnace. After purging the system with
argon gas, 600 sccm of a hydrogen/argon gas mix (25%
hydrogen) was introduced into the system. At a temperature
of 1000 °C, the quartz tube was shifted inward into the furnace,
so that the sample resided in the hot zone, where it was
annealed and reduced for 30 min to remove surface oxide. A
methane/argon gas mixture (20% methane), with a flow rate of
approximately 5—10 sccm, was then supplied, while continuing

ROBERTSON ET AL.

CONCLUSION

Graphene domain boundaries and the interconnec-
tion between FLG sheets are important considerations
when working to optimize electronic and mechanical
properties. The ability to identify domain boundaries,
and differentiating them from isolated sheet edges, is
potentially important for electronic device fabrication.
The mechanical strength of polycrystalline 2D films of
FLG could be improved by reducing the number of
overlapping sheets at the interfaces between individual
FLG domains, as only van der Waals forces provide the
adhesion, in contrast to atomically bonded domains
that have stronger covalent bond attachments. Image
simulations and AC-HRTEM imaging demonstrate that
there are two discernible types of graphene boundaries
in the FLG system, where one is the case of the
termination of a graphene layer on top of another and
the second the case of an atomically bonded graphe-
ne—graphene interface between two sheets of different
lattice directions. It is possible to differentiate between
the two graphene boundaries by observing the varia-
tion in contrast over the cross section of the boundary,
with the size of the cross section increasing concomi-
tantly with the defocus for the overlapping graphene
layer case, and with little discernible edge contrast for
the atomic graphene interface scenario. The presented
images and observations illustrate the complexity of the
FLG system, with both atomic domain boundaries and
small regions of turbostratic graphene, originating from
overlap at domain intersections, in an otherwise well-
ordered AB Bernal stacked graphitic system.

to maintain the 600 sccm hydrogen gas mix flow, for 3 min. The
sample was cooled to ambient temperature by shifting the
quartz tube from the furnace and was left to rapidly cool undera
hydrogen and argon atmosphere.

For transfer of graphene from the copper foils, an A8 PMMA
supportive scaffold (8 wt % in anisole, 495k molecular weight)
was spin coated on to the graphene surface. A spin speed of
4700 rpm was used for 60 s, with the film then cured by heating
at 180 °C for 90 s. The underlying copper was etched away
overnight by an iron(lll) chloride solution (concentration of
0.1 gmL™"). The graphene/PMMA film was then rinsed in deionized
water and transferred to a concentrated hydrochloric acid
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solution (30%), in order to remove residual contaminants, such
as iron from the etching solution. A further thorough rinsing in
DI water was then performed. Transfer of the film to a holey
silicon nitride TEM grid (Agar Scientific number Y5385) was
done by attaching the grid to a lightly sticky pad (Gel-Pak gel-
film WF-40-X8-A), which in turn was attached to a glass slide,
and using this to “scoop” the film out of the DI water. A further
coating of A8 PMMA was applied by drop casting; this acts to
relax the graphene film on to the TEM grid, allowing for better
adhesion and a better quality transfer of the graphene.?' This
was allowed to dry in air over several hours. The PMMA can be
then removed by first applying acetone solvent, and then by
baking in air for 2—3 h at about 350 °C.

SEM images were taken with a Zeiss NVision 40 FIB-SEM
operating an accelerating voltage of 2 kV. The AC-HRTEM
presented in Figure 4 was performed using an aberration-
corrected JEOL 2010F microscope operating at 80 kV. The AC-
HRTEM presented in Figures 6—8 was performed using an
aberration-corrected FEI Titan> 80—300 microscope operated
at 80 kV. Beam current densities were typically in the range of
~0.0001—-0.01 pA nm~2,

Image simulations were performed using the multi-slice
algorithm in JEMS software using a supercell (90 x 80 x
20 nm), with a defocus spread of 8 nm, C; = —0.005 mm, and
defocus ranging from 5 to 40 nm, as stated in the text.
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