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Direct electric field imaging of graphene defects

Ryo Ishikawa® !, Scott D. Findlay® 2, Takehito Seki', Gabriel Sénchez-Santolino® !, Yuji Kohno3,
Yuichi lkuhara* & Naoya Shibata"*

Material properties are sensitive to atomistic structure defects such as vacancies or impu-
rities, and it is therefore important to determine not only the local atomic configuration but
also their chemical bonding state. Annular dark-field scanning transmission electron micro-
scopy (STEM) combined with electron energy-loss spectroscopy has been utilized to
investigate the local electronic structures of such defects down to the level of single atoms.
However, it is still challenging to two-dimensionally map the local bonding states, because
the electronic fine-structure signal from a single atom is extremely weak. Here, we show that
atomic-resolution differential phase-contrast STEM imaging can directly visualize the ani-
sotropy of single Si atomic electric fields in monolayer graphene. We also visualize the atomic
electric fields of Stone-Wales defects and nanopores in graphene. Our results open the way
to directly examine the local chemistry of the defective structures in materials at atomistic
dimensions.
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raphene is an atomically thin two-dimensional (2D)

material, exhibiting a vast range of prominent physical

and chemical properties such as mechanical, electric,
magnetic, and catalytic properties'~%. Pure graphene consists of
sp? hybridized carbon atoms arranged in a honeycomb lattice, but
synthesis inevitably introduces a wide variety of atomistic struc-
ture defects including impurity dopants, vacancies, non-
hexagonal polygons, edges, and nanopores®. Although these
structural defects often adversely affect the mechanical or elec-
tronic transport properties, graphene edges and nanopores have
potential for applications in chemical separation, water-splitting,
DNA sequencing, and catalysis>.

Low voltage (<80kV) annular dark-field scanning transmis-
sion electron microscopy (ADF-STEM) imaging has greatly
contributed to the direct identification of individual elements and
their locations inside defects in 2D materials®. Moreover, the
electronic structure can be probed at the atomic level by incor-
porating electron energy-loss spectroscopy (EELS) in STEM7-°.
The energy-loss near-edge structure (ELNES) is correlated to the
local chemical bonding states. However, ELNES signals are
extremely weak and it is still challenging to obtain atomic-
resolution 2D ELNES maps, especially at defective regions,
because the specimen is unstable under the beam irradiation and
mechanical instability of the microscope hinders using very long
acquisition times. Apart from spectroscopic analysis, differential
phase-contrast (DPC) STEM imaging has recently been shown to
be capable of visualizing the electric field in atoms!0-12,
According to the literature by Linus Pauling!3, a chemical bond
can be interpreted as the forces acting between atoms, and
therefore the direct imaging of electric fields (force fields for
electric charges) with DPC-STEM may experimentally probe the
local chemical bonding states in two dimensions.

Here, we show atomic-resolution electric field imaging at
dopants and topological defects in graphene by using
DPC-STEM recorded with a second-generation segmented
annular all-field detector (SAAF, 16 segment elements)!0:14
operating the microscope at 80 kV (JEOL ARM300CEF installed at
the University of Tokyo)!>. We note that the present electric field
imaging requires a relatively higher spatial resolution than the
ADEF-STEM image, because the chemical bonding information is
present in the signal shape in the space between the atom posi-
tions. Therefore, we operated the microscope at 80 kV, which is
smaller than the knock-on threshold of 86 kV for carbon atoms.
By properly choosing the electron microscope operating condi-
tion and the detector geometry, we elucidate the anisotropy of
single Si atomic electric fields located in the coordination of
threefold and fourfold symmetry in graphene. Furthermore, we
also identify the local enhancement or suppression of electric
fields of topological defects such as Stone-Wales defects and
nanopores in graphene. This result opens a new capability to
investigate the local chemistry of atomistic defects in materials
and might shed light on our understanding of material properties
at the level of single atoms.

Results

Atomic-resolution DPC-STEM imaging of monolayer gra-
phene. When an atomically focused electron probe is traveling
through the atoms in materials, a fraction of the incident elec-
trons is incoherently scattered into high angles. This imaging
mode is known as ADF-STEM, which can be used to directly
determine the location of the atoms and is also sensitive to the
chemical type (Z-contrast, where Z is the atomic number)!0.
However, it is the coherently scattered electrons in the bright-field
region that are expected to contain rich information on the local
chemical bonding states. In DPC-STEM, the segmented detectors

are set in the bright-field region!®!2 and thus permit direct

visualization of the local electric fields at atomic dimensions,
where the electric field is detected as the variation of the center of
mass (CoM) in the diffraction pattern for each probe
position! 17, A major issue for reliable atomic electric field
imaging in DPC-STEM is dynamical diffraction: when a speci-
men has heavy elements or several-nanometer thickness!”!%, the
electric field estimated from the measured CoM in the diffraction
plane may deviate significantly from the actual electric field. As
graphene is composed of light carbon atoms with single-atom
thickness, dynamic diffraction is negligible, and so graphene is an
ideal specimen for quantitative electric field imaging in
DPC-STEM. However, this requires a trade-off between the
experimental signal and specimen damage: a higher electron dose
is required to reliably detect the very tiny CoM signal from the
weakly scattering carbon atoms in graphene. Even at accelerating
voltages lower than the knock-on threshold (< 86 kV), dopants or
topological defects in graphene seldom survive high electron dose
or prolonged beam irradiation!®. To overcome the specimen
damage while maintaining a good signal-to-noise ratio (SNR), we
performed sequential fast-scanning DPC-STEM imaging with the
scintillator-type segmented detector, which suppresses both the
electron dose rate limited damage and severe specimen drift'>20.

Figure la shows the experimental orientation relationship
between the 16 segmented detectors and the monolayer graphene
sample, with the bright-field disk given by the yellow disk in the
middle of the third ring. Figure 1b, ¢ shows an ADF-STEM image
of monolayer graphene and the corresponding atomic structure
model, where the bright contrast corresponds to the positions of
the carbon atoms. Since the experimental projected electric field is
integrated along the [0001] direction, we use the unit of volt (V)
for the projected electric field (it is also possible to use Vm~—! by
dividing the specimen thickness). Figure 1d shows the projected
electric field strength map constructed from the 16 segmented
detector images, which is blurred by the effective source size of
the electron probe. Since the electric field of an isolated single
atom points radially outward from the nucleus, the projected
electric field strength map for an isolated atom would show a
donut-shape contrast, with the projected electric field minimized
at the center of the atom (nuclear site)!2. For an ionic crystal, the
electric field can be approximated to be the superposition of the
atomic electric fields of the isolated atoms, and the electric-field
sharp minima appear only at the nuclear positions. However, the
observed electric field strength map of graphene has a rather
complicated intensity distribution: in addition to the nuclear
positions (T-site: top site), several electric field minima appear in-
between atoms as dark dot contrast. The minimum electric fields
appear at the high symmetry points of the carbon hexagon: the
hexagon center (H6-site: hollow site) and the midpoints of the
hexagon ridges (B-site: bridge site). Owing to the strong covalent
bonding between carbon atoms, the interatomic distance is as
small as 142 pm, with the consequence that the atomic electric
fields of adjacent carbon atoms partially overlap, leading to the
emergence of the electric field minima at the high symmetry
points. For example, at the B-site, the electric fields of the two
neighboring carbon atoms have exactly the same strength but in
the opposite direction, and consequently the net projected electric
field cancels out (ideally to zero, but the extent to which this is
recorded in an experiment is limited by shot noise and residual
aberrations). Similarly, the net projected electric field at the Hé6-
site is also a minimum as a result of the superposition of the
electric fields of the surrounding six carbon atoms. Figure le
shows the projected electric field vector map, in which the color
contrast indicates the relative direction and the strength of the
electric field. The white arrows indicate the direction of
the projected electric field. Since the atomic electric field along
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Fig. 1 Projected atomic electric field maps of monolayer graphene. a Schematic view of the orientation relation between the segmented/ADF detectors and
the crystal of monolayer graphene. The yellow disk indicates the bright-field region. b, ¢ Atomic-resolution ADF-STEM image, d projected electric field
strength map, and e projected electric field vector map. The contrast range in (d) is 0-20 V or 0-0.14 mrad. The scale bar in (b) is 2 A

the covalent bonding direction is considerably suppressed, the
atomic electric field is anisotropic and relatively stronger along
the directions shown by the white arrows than that along
chemical bonds.

To demonstrate the advantages of atomic electric field imaging,
we consider the problem of finding the stable adsorption sites for
adatoms on graphene. Since the forces of an adatom on graphene
are minimized at a stable absorption site, a 2D force map may be
used to find minimum force positions for the adatom. Usually,
the single atoms of metallic elements lose their outer electrons
easily, while the atoms of nonmetallic elements obtain additional
electrons!3, acting as cations and anions, respectively. We then
approximate these single anions or cations to be infinitesimal
positive or negative charges, and therefore the observed graphene
electric field can be considered as a force field for the single
adatom at each position (Hellman-Feynman theorem?!). On the
basis of the observed graphene electric field image, the stable
adsorption sites for the adatom are expected to be the positions of
the minimum electric field or dark contrast in Fig. 14, i.e., T-, B-,
or Hé6-sites. On close inspection of the local electric field
direction, the electric fields at T- and B-sites point outward
(slightly inward along the bonding direction at B-sites), while the
electric field at H6-site points radially inward. A single cation
adatom on the graphene surface feels the electrostatic force along
the white arrow directions in Fig. 1e and would be stabilized at
He6-site. Conversely, since an anion has negative charge and the
electrostatic force for an anion is thus in the opposite direction to
the white arrows in Fig. le, the anion would be stable at B- or T-
sites. However, since the T-site has a strong electric field parallel
to the incident electron beam direction (the net electric field in
projection becomes minimum), the anions might be stable at B-
sites to minimize the force. In the previous literature, density
functional theory (DFT) calculations suggest that almost all the
metal (cation) adatoms are stable at the H6-site, except for some
noble metals (Cu, Pd, Ag, Pt, and Au), while most of the
nonmetallic (anion) adatoms are stable at the B-site?2, which

strongly supports our prediction. Graphene is a relatively simple
system and DFT calculation can precisely predict the stable
adatom site. However, DFT calculations may be difficult to
perform in a large, defective, or complex materials system, and
therefore the present view of experimental force field imaging
could be useful for the further prediction of a local chemical
reaction (although the prediction may not be perfect: the accuracy
for the case of graphene adatoms is ~90%). From these
considerations, DPC-STEM images can be considered as a force
field for electric charges and hence this imaging mode may be
said to enable visualization of the anisotropic force field between
atoms, i.e., chemical bonding.

Anisotropic single Si atomic electric fields in graphene. To
observe anisotropy in atomic electric fields, we selected single Si
dopants in graphene, where there were two types of stable Si
point defect configurations: threefold- (Si-Cs, substituting for a
single carbon atom) and fourfold- (Si-C,, substituting for two
carbon atoms) coordinated Si dopants. As per previous EELS
experiments®?, the single Si dopant in threefold or fourfold
coordination forms a different chemical bonding state of sp> or
sp*d, respectively, suggesting that the Si atomic electric field also
depends on these defect configurations. Figure 2, for threefold-
and fourfold-coordinated Si defects in graphene, respectively,
show the simultaneously recorded ADF-STEM images, and the
projected electric field strengths and vector maps. We note that Si
defects or carbon vacancies in graphene are usually unstable even
under the low-voltage beam irradiation at 60 kV with higher
beam current or longer dwell time per pixel?>?4, and it is
therefore necessary to quickly acquire images before defect-
diffusion or defect-assisted graphene etching occurs. A series of
fast-scanning DPC-STEM images (20 ps/pixel) were recorded
(512x512 pixels, eight frames, total acquisition time 43s) and
then averaged after image alignment via cross-correlation?’. Since
Si is much heavier than C, the strong electric fields of single Si
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Fig. 2 Experimental and simulated projected atomic electric field maps of single Si dopants in graphene. a, @ ADF-STEM images, b, f electric field
strength maps, ¢, g electric field vector maps, d, h calculated electric field strength maps from simulated STEM images for the 16 segmented detectors,
in the coordination of Si-Cs and Si-C,4, respectively. The contrast ranges in (b), (f) and (d), (h) are 0-40V and 0-93V, respectively. The numbers in
(@), (e) indicate the number of members in the ring. The scale bars in (a), (d), (e), (h) are 2 A.

atoms can be recognized as a donut-like ring of bright contrast in
Fig. 2b, f. However, the Si atomic electric field strength is not
circularly symmetric but rather has threefold (triangular) and
fourfold (square) point symmetry for Si-C; and Si-C, config-
urations, respectively. The atomic electric fields of Si and C have
an opposite sign along the covalent bonding direction and
therefore the Si atomic electric field is suppressed along the C
bonding directions (white arrowheads in Fig. 2b, f, see also
Supplementary Figure 1). Consequently, the Si atomic electric
fields become upper-triangular in shape in the threefold config-
uration and square in shape in the fourfold configuration.

To confirm the validity of the observed Si atomic electric fields,
we performed image simulations at the experimental optical
condition!”, using the structure models of Si-C; and Si-C,
configurations relaxed by DFT calculations. Figure 2d, h shows
the electric field strength maps calculated from the simulated
16 segmented detector images, where these maps were convolved
with the experimental effective source size. The simulated electric
field strength maps well reproduce the observed anisotropy of Si
atomic electric fields, which are the consequence of the formation
of the local chemical bonding. We note that since the electric field
imaging uses a bright-field disk region, the resultant intensity is
quite sensitive to the residual aberrations, leading to the
imperfection of threefold and fourfold symmetry and a reduction
of the measured strength of the Si atomic electric fields.
Therefore, the discrepancy of the projected electric field strength
between experiment and simulation could originate from residual
aberrations.

The atomic electric field strength at defects may be qualitatively
described by the simple parameters of the interatomic distance,
coordination number, and neighbor atom type. When an atom is
located in an environment with a shorter interatomic distance or
a larger coordination number than the bulk, the atomic electric
field would be suppressed by the superposition of the neighboring
atomic electric fields. Conversely, the atomic electric field would
not be suppressed when the atom is placed at a longer interatomic
distance or a smaller coordination number. Figure 2a shows some

topological defects such as five- or eight-membered rings and a
part of a nanopore. Several C atoms at the eight-membered ring
or the nanopore (red dots in Fig. 2a, c) are bonded with only two
neighboring carbon atoms. Owing to the small coordination
number, the net atomic electric field strength of these carbon
atoms becomes stronger, and the electric field strength is
enhanced normal to the C-C bond direction as indicated by
the white arrows. Conversely, in the five-membered ring, the
interatomic distances are shorter (strong covalency) and
the observed atomic electric field is strongly suppressed, as seen
in the faint dark contrast in Fig. 2b.

Atomic electric fields at Stone-Wales defects and nanopores.
To demonstrate the validity of our description for electric field
images, we observed various topological defects in graphene.
Figure 3a-c shows the simultaneously recorded ADF-STEM
image, electric field strength, and vector maps obtained from
Stone-Wales defects (5-7-5-7)%, where four sets of Stone-Wales
defects are smoothly connected by the insertions of six-
membered rings. The carbon atoms at the five-/seven-mem-
bered rings have shorter/longer bond lengths than that of the
hexagonal ring, and the electric field strength certainly exhibits
weaker/stronger contrast within their rings, respectively (green/
red circles), in agreement with our description. The bond length
between C atoms in a five-membered ring is slightly shorter than
that of a seven-membered ring and we may need to consider the
effect of contrast transfer function (CTF) of DPC-STEM imaging
for the contrast change?®. However, the estimated contrast
reduction in a five-membered ring is only a few percent and
therefore the effect of CTF is negligibly small. For further con-
firmation of the validity of our interpretation, we performed
quantitative intensity analysis and image simulation with the
DFT-derived structure model of Stone-Wales defect (see Sup-
plementary Figures 2-4). These results well reproduced the
experimental electric field strength. The larger electric field within
the seven-membered ring could easily collect cations at the
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Fig. 3 Atomic-resolution ADF and electric field maps at defects in graphene. a, d ADF-STEM images (512 x 512, 40 ps/pixel), b, e electric field strength
maps, ¢, f electric field vector maps obtained from Stone-Wales defect and nanopore regions, respectively. The contrast ranges are (b) 0-25V, (e) 0-45 V.
The white arrows in () indicate the direction of the electric field. The scale bars in (a), (d) are 3 A and 5 A, respectively

hollow site, and therefore the Stone-Wales defect can be con-
sidered a chemically active nano-field, especially for a catalytic
reaction with metal ions. Here, we note that some atomic
reconfigurations were observed at the region indicated by a white
circle in Fig. 3¢, which gives dark contrast in Fig. 3b, c.

During the observations, the high chemical reactivity of
nanopores with cations was readily realized by the fast growth of
nanopores. As we have noted, Stone-Wales defects or larger
membered rings have a strong capability to capture single cations
which then act as a catalyst to the etching and growth of
nanopores?’. Figure 3d—f shows a single frame of nanopores formed
in bilayer graphene edge (with a twist angle of about 30°)28. The
strong electric field was observed at the facet graphene edge in
Fig. 3e and the electric field points toward the center of the
nanopore, which can be clearly seen as the color gradation along
the edge in Fig. 3f (white arrows). We note that the enhancement of
the projected electric field at the graphene edge is roughly estimated
to be ~20% (see Supplementary Figure 5). At the beginning, single
Si atoms were trapped at the hollow site or vacancies and then the
nanopore size gradually grew by the etching with the aid of electron
beam irradiation. Over the period of probe scanning of this region,
additional Si atoms were also trapped at the nanopore and the
graphene edge became partly decorated by Si atoms, as shown by
the bright contrast (white arrowheads) in ADF-STEM image of
Fig. 3d. Since the electric field at the graphene edge (or dangling
bond) is toward the center of the nanopore, the Si atoms could not
climb out from the nanopore and so stayed over around the
perimeter of graphene edge, promoting the growth of the nanopore.
In addition to the presence of a dangling bond of C atoms, the
attached Si atoms at the graphene edge enhance the local electric
field as shown in Fig. 3e, which attracts the residual gas of oxygen or
hydrogen and consequently the etching rate with Si atoms may be
increased?’. If we can completely decorate the graphene edge by
cations®0, the local electric field should be much enhanced,
supplying an intriguing chemically active nano-field. Thus, direct
electric field imaging of graphene defects should be a very powerful
method to experimentally understand their chemical stabilities and
activities from the atomic scale.

Discussion

We have demonstrated the electric field mapping of atomistic
defects in graphene, including single Si dopants in threefold and
fourfold configurations, Stone-Wales defects, and nanopores by
atomic-resolution DPC-STEM imaging. The electric field images
can be considered as showing a force field formed by constituent
atoms, which makes it possible to understand the local chemistry
such as bonding orientation and the local chemical activity. Our
findings show how electric field imaging can be used to investi-
gate stable adatom sites and the growth of nanopores. Since the
resultant signals in DPC-STEM imaging are mostly very small,
we must carefully select the optimal experimental conditions such
as accelerating voltage, beam current, and dwell time. The present
method of multiple-frame averaging with a relatively low-dose
condition could be helpful to suppress the electron beam damage.
By properly choosing the experimental condition, the present
electric field imaging is applicable to many other systems, and
may also be helpful to identify the ion diffusion pathways in ionic
conductive materials (the minimum electric field path) by
experiments.

Methods

Atomic-resolution electron microscopy. We used a commercially available
monolayer graphene (Graphenea, Spain), grown by chemical vapor deposition and
then transferred onto a TEM grid. In this growth process, the sample was exposed
in some Si sources, which provides Si dopants in graphene. To remove hydro-
carbon contamination, the TEM grid was annealed at 400 °C for 3 h in a high
vacuum TEM via in situ TEM heating holder (JEOL, Ltd), and then allowed to cool
down to room temperature. Atomic-resolution ADF and DPC STEM images were
acquired with a JEM 300CF installed in the University of Tokyo, equipped with a
JEOL ETA corrector, cold field emission gun, and a second generation of SAAF
detector (DPC STEM) operated at 80 kV. The used probe current was ~23 pA, as
measured by a Faraday cup. The probe-forming aperture was 27 mrad in semi-
angle (the expected probe size is 1.1 A in full-width-half-maximum), the ADF
detector spanned 42-170 mrad, and the bright-field disk edge was set in the middle
of the third ring of the SAAF detector!2. For the construction of the atomic electric
field, we approximate the center of mass based on the signals in the 16 detector
segments!”’.

Image simulations. To obtain the stable defect structure models of Si-C; and
Si-C, configurations, we performed DFT calculations using the VASP code3!. The
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image simulations were performed using an absorptive model for thermal scat-
tering, and imaging parameters consistent with the instrument configuration used:
a 80-kV probe, a 27-mrad probe forming an aperture semi-angle, a chromatic
aberration coefficient of 0.89 mm, and a Gaussian energy spread with a full-width-
half-maximum of 0.45 eV. Effective source size was incorporated via convolution
with a 2D pseudo-Voigt-like function, comprising a 20% weighting of a Gaussian
with half-width-half-maximum of 0.39 A and an 80% weighting of a Lorentzian
with half-width-half-maximum of 0.47 A as determined by fitting to the experi-
mental ADF-STEM images.

Data availability

The presented data are available from the corresponding author upon request.
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