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ABSTRACT With increasing possibilities for applications of
graphene, it is essential to fully characterize the rich topological
variations in graphene edge structures. Using aberration-corrected
transmission electron microscopy, dangling carbon doublets at the
edge of monolayer graphene crystals have been observed. Unlike the
single-atom Klein edge often found at zigzag edges, these carbon
dimers were observed in various edge structure environments, but
most frequently on the more stable armchair edges. Observation of
this Klein edge doublet over time reveals that its existence enhances

the stability of armchair edges and is a route to atom abstraction on

zigzag edges.
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onolayer graphene has been studied

extensively in recent years for a

range of potential nanoscale appli-
cations that take advantage of its extraor-
dinary mechanical and electronic transport
properties.! Graphene edges have novel
electronic properties compared to the bulk
lattice, including localization lengths and
elastic mean-free paths arising from varied
local atomic topology at the edge,® > and as
a result have a significant effect on the over-
all behavior of edge-dominant graphene
structures, such as nanoribbons.® =2’ Under-
standing these edge defects and the topol-
ogy of monolayer graphene potentially
enables the engineering of properties aimed
at optimized performance. A number of prior
studies have explored the rich variation in
edge structures,”®* 3" and changes in edge
architecture have been shown to lead to
variations in the local density of states®33%3
and work function for field electron emis-
sion.* In this paper we report a new edge
structure that has not previously been ob-
served experimentally. Our observation of
the Klein edge doublet at the graphene edge
is of interest due to the unique properties
that arise from variations in differing edge
terminations. The doublet is expected to
perturb the local electronic density of states
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of the edge, resulting in analogous changes
to the electronic and magnetic properties to
those found in graphene nanoribbon edge
terminations.® This new edge type is there-
fore an alternative option for the future nano-
engineering of graphene devices.

Monolayer graphene was produced by
atmospheric chemical vapor deposition (CVD)
over a heated Cu substrate and subsequently
removed using a FeCl; etchant and trans-
ferred to a perforated SisN, support grid using
a poly(methyl methacrylate) (PMMA) scaf-
fold.353” Experimental aberration-corrected
transmission electron microscopy (AC-TEM)
images were recorded at room temperature
using a JEOL 2200MCO3* % at 80 kV ac-
celeration voltage, beneath the sputtering
knock-on damage threshold for sp>-bonded
carbon.*™*? Experimental AC-TEM imaging
conditions were collected using optimized
negative spherical aberration, G, imaging
conditions®® (see also Methods). Edges were
created for the study by high current density
electron beam irradiation of the target
area.’’

The Klein edge (KL) structure on gra-
phene is often described as a single carbon
or single hydrogen atom dangling from a
zigzag-type edge. Klein established that this
edge structure produces an unpaired electron
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density of 2/3 e~ per cell.** Such single-carbon KLs
have been previously observed.>3283%4> We have also
observed these structures numerous times in our
specimens, but they are not the focus of this study.
This work concentrates on the displacement of
dangling carbon doublets at the graphene edge
using time sequences of AC-TEM images. This type
of extended Klein edge, measuring 0.23 + 0.02 nm
in length, consists of two C atoms attached in series to
the graphene edges. Subsequently we refer to these
structures as Klein edge doublets (KLD).

RESULTS AND DISCUSSION

The bond breakage and re-formation process of the
KLD is first observed in two different armchair edge
environments (Figure 1). One KLD is generated by the
opening of a six-membered ring (Figure 1a,b, doublet
is annotated g on the left), and the other forms from a
reconstructed 5—7 ring (Figure 1a,b, doublet is anno-
tated h on the right)). Both KLDs remain for two frames
collected 6 s apart, where they open and shift position
within the vacuum before rebonding to the armchair
edge (Figure 1d). The stability of the C—C doublets is
sufficient to withstand 80 kV electron beam irradiation
at 2.5 x 10° e~ +s/nm? during the collection of two

separate 2 s (acquisition time) images. Including the
operator adjustment time between acquired frames,
the KLDs remain for ca. 8 s under electron irradiation,
exposing the specimen to ~2.5 x 107 e /nm?. Further
observation under electron irradiation eventually causes
the C edge atoms to sputter away (see Supporting
Information Figure S2). Previous DFT/DFTB studies have
suggested that the formation of these KLDs requires
a displacement energy of 12.9 eV, 0.9 eV greater than
that for a zigzag edge atom.*® Our observations of
both KLDs and the concurrent erosion of zigzag edge
atoms lead us to infer that the experimental electron
irradiation was sufficient to cause this displacement
equivalent to 12.9 eV.

No carbon atoms are lost or gained in the local
region around the KLD for an intrinsic disturbance of
the crystal due to electron beam irradiation without
the influence of foreign atoms on the local bonding
structure. In addition, KLD formation and restitching
into the graphene crystal lattice were dynamically
observed in an edge-healing process (Figure 1).
Observation of the dynamics of this healing process
in the 0.5 x 10> Pa vacuum environment of the TEM
suggests that it is unlikely an H atom terminates the
KLD at any point. A previous study of a monolayer

Figure 1. (a—d) Time series of AC-TEM images of a monolayer graphene sheet collected at 0, 6, 12, and 18 s, showing two Klein
edge doublets forming from armchair terminated edges. The Klein doublets labeled g and h remain for two frames acquired
for 2 s each, collected 6 s apart. (a)—(d) also show gray-scale images with a schematic overlay to highlight the local structure in
the vicinity of the Klein doublets, where the blue lines represent the static portion of the structure and red lines highlight the

dynamically changing bonds.
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TABLE 1. Numerical Details of the Klein Edge Doublets (KLD) Shown in Figures 1—3

shown in KLD length in TEM
KLD name Figure projection” (3 atoms) (nm)

[ b 0.221 £ 0.01

1c 0.249 £ 0.01
h b 0.238 £ 0.02

1c 0.213 £ 0.02
j 2 0.234 £ 0.01
k mixed composition 2 0.259 £ 0.01
m 3 0.238 £ 0.01
n 3 0.212 £ 0.01

KLD angle in TEM attached to forms from attached to
projection” (deg) edge typeb ring type ring type
1818 £ 7.0 AC 6 6
1955 £ 34
1912 £ 48 AC 5 6
205.6 + 6.8
1721 £ 53 AC 6 5
150.1 £ 53 AC 6 6
206.3 &+ 5.0 7 6 6
168.1 £ 73 7 6 6

“Lengths and angles of the KLDs are measured from AC-TEM images, which are 2D projections; therefore it is not possible to exclude any z-axis contribution to the apparent

length. ® AC and ZZ represent armchair and zigzag types, respectively.

graphene edge has shown that nonfunctionalized
edges can exist in such an environment,?® and in this
case of dynamically observed KLDs, H functionalization
could occur only in an elaborate series of events involving
KLD formation, H bonding to the KLD tether, H—C bond
breaking, and finally KLD reattaching to the bulk flake.
The existence of nonfunctionalized KLDs indicates
the significance of controllable formation of a dangling
o bond on the edge of the graphene flake. This could
enable the engineering of KLDs as dopant site receptors
or nanodevice interconnects for practical application.
Although KLD formation represents a transient state
for the graphene edge morphology, it is not wholly un-
reasonable to give some weight to this proposal given
the prolonged time scales over which the KLDs exist.
This is a substantial time compared to that for the break-
age of the C—C bond in a KLD (ca. 1.1 ps) in a graphene
nanoribbon® in a high-temperature environment.
Considering the bonding within KLDs, an alternative
model of a double- or triple-bond configuration along
the dimer is unlikely, as the data show that the move-
ment of the KLD does not maintain a 180° geometry
(Table 1). Moreover, the presence of a dangling ¢ bond
is consistent with the simulated restitching® of graphene
edges that is known to occur at armchair edges.
Detailed examination of the images in this work
reveals that there is a localized contrast change around
atoms near the flake edge. This is evident in the bonded
armchair edges, single KLs, and the KLDs. This may arise
from a combination of the subtleties of image smooth-
ing on low signal-to-noise ratio images of 3.74 (see
Methods and Supporting Information Figure S2) and
the more mobile edge atoms being located away from
the Z plane of the main graphene crystal and the focus
of the objective lens, giving rise to localized Fresnel
fringe contrast at the edges. Similarly local intensity
variations across the flake at the 2—3 nm scale may be
due to undulations of the flake in the plane of the image.
Re-formation of armchair edges from KLDs has also
been observed in a time-series experiment, revealing
different behavior from that described above due to
the contribution of extra atoms to the region of interest
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(Figure 2). The KLD (labeled j in Figure 2b) is 1.6 times
the single C—C bond length in projection and is
attached to a five-membered ring. However, we note
that the measured bond length may represent only a
component of the true bond length due to the poten-
tially out-of-plane nature of the KLD. Our data show
that one atom is added to the KLD formation site. This
additional atom may originate from the adjacent edge
containing the single KL visible in the first frame of the
series. Single KL features on a zigzag edge have been
previously observed to sputter from the main crystal,*
and that appears to be a less stable configuration
compared to KLD observed at armchair edges. The
KLD (labeled j in Figure 2b) restructures into the main
graphene flake after 8 s of electron beam irradiation,
and it is apparent that one atom has joined the region
of interest at the edge. This indicates that the KLD is
an active site for bonding of free carbon atoms. Con-
sequently, given that the displacement or formation
energy of KLDs is a value discrete from that for dis-
placement of a zigzag- or armchair-type edge atom,
KLD formation can be used to form active bonding sites
at the edge of monolayer graphene.

The image sequence shown in Figure 2 shows
displacement of another KLD (labeled k) that is
0.26 £ 0.01 nm in length, with a strong intensity varia-
tion made evident in the profile of Figure 2d. We
believe this to be the result of a heterogeneous com-
position (one C atom and one non-carbon adatom)
KLD. The presence of heavier adatoms in this specimen
has been previously confirmed in another study.*® In
particular, Fe can originate from the FeCls etchant solution
used during the fabrication process, and Si contamination
can arise from the SisN, TEM grid and the CVD furnace
environment generated within a quartz tube. Using multi-
slice image simulations at an instrument defocus spread
of 4 nm, the contrast ratio of adatom image intensity with
a carbon atom was found to be Fe = 1.83, Si = 147, and
Na = 1.25.*8 In this work, the intensity ratio of the adatom
to average C intensity as collected from a box profile in
Figure 2d is 1.45 £ 0.06 and is in good agreement with
multislice simulations*® of a Si to C atom.
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Figure 2. Series of AC-TEM images displayed without (top) and with (bottom) a schematic overlay of the dynamically evolving
atomic structure. (a) Initial armchair edge formed from six-membered rings. (b) Two Klein edge doublets after 9 s of electron
beam illumination. One KLD composed of an additional carbon atom schematically shown as a red spot (labeled j) and
another KLD formed by an additional silicon atom shown as a yellow spot (labeled k). (c) Restitching of the KLDs into the
graphene lattice after 8 s as one zigzag edge and one nonhexagonal mixed composition edge. (d) Box intensity profile of a
1.2 x 0.1 nm region around KLD labeled k as specified in (b), where atom positions are represented by dark intensity in the
images, shown as depressions in the line profile. The arrow indicates the Si adatom position.

Following continuous e-beam irradiation for 8 s, the
mixed composition KLD (labeled k) rebonds, recreating
the hexagonal structure of the main lattice, but also
forms a triangular bond between the Si and C atoms in
a similar mechanism to that observed previously.*®
This illustrates another mechanism by which the local
edge structure of the graphene is altered, as the local
triangular edge configuration does not correspond to
sp? hybridization. This mixed composition KLD forma-
tion and rebonding process is thus a candidate for use in
graphene edge functionalization processes, as it occurs
within a discrete regime of electron radiation exposure
(23 x 10" e /nm? to 4.3 x 10’ e~ -s/nm?), ending in a
geometry less common for a graphene flake edge.

The KLDs also occur along zigzag-type graphene
edges (Figure 3) with x—y projection lengths of 0.24
and 0.21 £ 0.02 nm (or 1.7 and 1.5 times the length of
a single C—C graphene bond), for the left and right
side KLD, respectively. These KLDs appear to have
been created in the zigzag edge environment by the
displacement of an atom shared between two six-
membered rings. However, after formation, the KLDs
are sputtered from their original position near the
main crystal.

The multislice simulation (Figure 3d) generated for
imaging conditions matching the experiment at 80 kV
(C3 = —10 um, C; = 6 nm)*° shows a close match with
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the experimental data. However, there are subtle dif-
ferences between experimental and simulated images,
as the space between the two KLDs in the model used
for the image simulations has a single dangling C atom
remaining or a single KL present. This difference shows
that the contrast of the single KL compared to the
surrounding vacuum is unambiguous. However, in the
experimental data the contrast of the C atom position
between the KLDs is low enough to determine that a
single KL is not present. In the case of the zigzag edge
time series (Figure 3a—c), two C atoms, including one
atom between the KLDs, have been locally ejected,
greatly reducing the number of atoms present and
making the self-healing process observed in the
armchair edges impractical for zigzag edges. In con-
trast to armchair-environment KLDs, we propose that
KLD formation on a zigzag edge is a pathway toward
atom amputation, as verified by molecular dynamics
simulations at high temperatures.*’

The formation of a KLD in the self-healing armchair
edge environment cannot be a coincidental arrange-
ment arising from random single-atom knock-on
events. The observation of KLDs is not a rare observa-
tion, and their existence over several seconds under
continuous beam irradiation is exceptional compared
to the picosecond time scale necessary to remove a
KLD calculated in simulations.*’ It is therefore probable
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Figure 3. Time series of AC-TEM images revealing the formation of two Klein doublets along a zigzag edge showing (a) initial
zigzag-type edge and (b) KLDs formed after 7 s of electron illumination. (c) After an additional 13 s the KLD-forming atoms
have been sputtered. The bottom row of images includes schematic overlays of the processes occurring at the regions of
interest. Arrows in (a) indicate C atoms that are locally sputtered prior to the formation of KLDs before the subsequent image

(b) in the time series. (d) Simulated image28 of the zigzag edge Klein doublets at C; = 6 nm.

that this is a semistable configuration and that the
energy input from the 80 kV electron beam provides
the activation energy required to switch between the
armchair edge and KLD configurations.

The armchair environment KLD atoms along with all
the variations of graphene edges eventually sputter
away following extended irradiation with an 80 kV
beam at 2.5 x 10° e -s/nm? However, the presence
of the KLD over several seconds may be one mechan-
ism by which this new edge geometry contributes to
the robustness and functionality of graphene edges.

CONCLUSIONS

The results presented here document the varia-
tion in local structure configurations surrounding Klein

METHODS

CVD graphene specimens supported by SiN grids were
heated for approximately 24 h just prior to TEM observation
at 180 °Cand 1 x 107> Pa in order to remove residual hydro-
carbons. Aberration-corrected TEM images were collected at
room temperature using a double-aberration-corrected JEOL
2200MCO*~*° operated at 80 KV acceleration voltage. Although
equipped with a monochromator that can enhance images by
removing chromatic effects, this work was done with the mono-
chromator turned off for higher electron current density>” micro-
graphs.Images were collected with a negative spherical aberration
coefficient C; &~ —3 um to balance Cs** and with a defocus, C;,
between —3 and —6 nm. Images shown in Figures 1—3 are
displayed with a low-pass fifth-order Butterworth filter to remove
high-frequency information. The cut-off frequency was set to
110 pixels™" of the 2048 pixel images, equivalent to 0.288 nm in
real space. The effect was to reduce the high spatial frequency
information for easier characterization of the KLD position and
orientation, but also causes some subtle features arising from
Fourier-filtered noise in the vacuum region next to the specimen.
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edge doublets and their influences on KLD stability.
KLDs have been observed to exist for several seconds
under continuous electron irradiation at both the arm-
chair and zigzag monolayer graphene edge environ-
ments. The ability to restitch the KLD into the original
hexagonal lattice at armchair edges along with suppor-
tive bond length studies®® shows that the dangling KLD is
not functionalized by hydrogen in these observations.
The presence of a C—Si mixed-composition KLD that
rebonds to the graphene lattice is a mechanism by which
functionalization of the edge can be achieved. Finally, the
KLD at the zigzag edge environment cannot be res-
titched to the graphene lattice because of the significant
loss of neighboring carbon atoms, but shows that KLD
formation is a mechanism that leads to atom abstraction.
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