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ABSTRACT: The electronic transport properties of nanoscale patterned graphene
are significantly influenced by its edge structures. Herein, we report a self-healing
phenomenon of freshly torn bilayer graphene edges based on in situ scanning
tunneling microscopy observations. The fresh bilayer edges are created in the surface
graphene layers by tip-induced field evaporation. Surprisingly, atomic resolution
images reveal the spontaneous formation of a half-tubular structure that seamlessly

pontaneously

~ closed edge

connects the upper and lower layers, identical to the edge of a folded monolayer

graphene. It is attributed to a self-healing mechanism of open bilayer edges in aligned zigzag (or armchair) direction, where the
transient edge carbon radicals evolve into sp® hybridized C—C bonds between neighboring layers. For armchair edges, the original
AB stacking can be locked into the AA stacking due to required sliding of carbon atoms. This finding opens up an atomic precision

edge engineering method of patterned graphene for devices.
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As a representative two-dimensional (2D) layered material,
graphene shows great potential in quantum and wearable
devices due to its superior electron mobility, optoelectronic
responsivity, and mechanical flexibility.'™* Apart from its
unique honeycomb lattice structure, the edge structures™* and
stacking order”™'® of few-layer graphene are crucial factors
affecting its transport behaviors. In particular, future integrated
devices fabricated on large graphene sheets would require
nanoscale patterns with desired atomic precision edges.'®™>*
The elementary process of creating an edge from pristine
graphene film can be split into two stages. The first is breaking
the sp” hybridized C—C bonds by injecting energy precisely to
those bonds. The next is the evolution of the freshly created
carbon dangling bonds from a highly reactive state to a stable
saturated state. The bond breaking is often realized by solid-
state catalyst nanoparticle shearing”’™*® or gas phase high-
energy particle etching.”” > In the gas phase or liquid
environment, the edge dangling bonds are randomly passivated
by environmentally available hydrogen atoms and ligands,
which would lead to undesired complex edge structures. Better
observation of the intrinsic behavior of the edge dangling
bonds requires ultrahigh vacuum (UHV) environment and in
situ investigation approaches. To this end, an UHV trans-
mission electron microscope (TEM) has been employed to
explore the heating-induced structure transition of graphene,
which reveals the trends of multiple-layer reconstructions of
closed edges upon extremely high-temperature annealing.**~*
Nonetheless, since the annealing was a global treatment, the
atomic-scale local edge engineering process remains unsolved.

In recent years, owing to its capability of atomic resolution
imaging and atomic precision manipulation of nano structures,
UHYV scanning tunneling microscopy (STM) has been utilized
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to explore the edge of 2D layered materials. For example, by
precisely tuning the interspacing using an STM tip, the edges
of the two neighboring NbSe, islands could be sealed, although
there are a few defects remaining.44 Such defects can be
removed by means of in situ annealing, as is demonstrated in
the STM-assisted weld contacting of two individual SnSe
nanoplates at 450 K.** The STM tip can be used in graphene
nanostructure engineering, like tearing and folding.46_53
Interestingly, even the atomically precise custom-designed
origami graphene nanostructures can be realized,”* implying
STM is an ideal powerful tool for the investigation of graphene
edges. On the other hand, the interesting self-healing
phenomenon has been discovered in some organic materials,
where the edges of cracks could automatically seal together.
Self-healing is based on the presence of reversible bonds and
may occur via different mechanisms,>>™>" e.g, dynamic
covalent bonding. It implies self-healing may also occur in
the layered 2D materials like graphene under certain
conditions for the bond reformation around the healing
interface. However, the investigations on the atomic precision
low-temperature edge creation and healing mechanism of
graphene are still lacking.

In this letter, we report a unique self-healing phenomenon
on torn bilayer graphene edges based on an in situ STM study
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Figure 1. (a—c) Schematic illustration of STM tip-assisted edge engineering. (a) Locating the tip on the target position on HOPG; (b)
approaching and applying a voltage pulse to tear surface few-layer graphene; and (c) formation of a spontaneously closed bilayer edge. (d) The
STM image of clean graphene (V; =2 V, I, = 34 pA). The red cross indicates the target position. Inset: atomic resolution image of the surface. (e)
Bias voltage (red), tip height (blue), and tunneling current (black) curves recorded during the pulse. The arrow indicates the onset of field
evaporation. (f) The STM image (V}, = —1.5 V, I, = 40 pA) taken at the target position indicated by the yellow frame in (d), showing the voltage
pulse induced crater with fresh edges, with the top, second, and third layer graphene edges marked by yellow, red, and purple dashed lines,
respectively. (g) Schematic illustration of electric field induced evaporation. S1, S2, and S3 indicate areas of energy transfer at different depths. The
overview (h) and zoomed-in (i) images show the closed half-tubular structure formed at the aligned bilayer edges (V;, = =2V, I, = 40 pA).

in UHV environment. Fresh multilayer edges were created in
the surface layers of a graphite crystal by means of controlled
field evaporation between the STM tip and the substrate. The
evolution of edge structure was observed by taking atomically
resolved topographic images, which reveals the spontaneous
formation of a half-tubular closed edge that seamlessly
connects the upper and lower layers. Scanning tunneling
spectrum taken on the closed half-tubular structure exhibits
van Hove singularity (VHS) peaks, which were identical to the
edge of a folded monolayer graphene. These observations
suggest a self-healing mechanism of the freshly torn monolayer
edges, i.e,, evolution of the transient carbon radicals to stable
sp” hybridized C—C bonds that seal the zigzag or armchair
monolayer edge of graphene. Further investigation into the
closed edges reveals that the self-healing would give rise to
locked stable AA stacking due to the sliding required for the

formation of C—C bonds between the upper and lower layers.
These findings provide new insight into the graphene edge
evolution, which is essential for the atomic precision
engineering of patterned graphene in device applications.

To obtain freshly torn graphene edges, we developed an in
situ STM tip manipulation method to tear few-layer graphene
in UHV environment. As shown in Figure 1(a-c), it can be
achieved in three steps. First, the STM tip is precisely located
on the target position of a large flat terrace on the highly
oriented pyrolytic graphite (HOPG) surface, as displayed in
Figure 1(a). Then, the tip is approached to a very small height,
followed by a voltage pulse applied to the tunneling junction
with the feedback loop turned off (see Figure 1(b)). During
this short period, the STM tip is employed as an atomically
sharp tool to inject high-density energy precisely to the
nanometer-scale target area on HOPG, where atomic-scale
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Figure 2. (a) Diagrams illustrating the generation of free radicals on the edge of graphene via a voltage pulse and the formation of a C—C single
bond. The blue dots are C radicals. The red circles show electron delocalization within the 6-membered C ring. (b) The STM image of a tip-
induced crater on graphene (V;, = —1.5 V, I, = 560 pA). The inset diagram shows the atomically resolved STM image of graphene with a closed
edge (V, = —1V, I, = 360 pA). (c) The yellow frame shows the zoomed-in structure of the closed edge. (d) The dI/dV spectra acquired at different
locations, as labeled in (b), show the distinct electronic properties of half C nanotube (black line) and graphene (red line) (V}, = —0.2 V, I, = 2 nA).

The blue arrows mark the VHS peaks.

few-layer graphene edges could be obtained without global
destruction. Eventually, the tip is retracted to normal height for
the in situ investigation of the freshly torn edges. Once the
fresh bilayer graphene edges are aligned, they are likely to form
a spontaneously closed edge as indicated in Figure 1(c).

Commercial HOPG crystal was used as the sample, which
was mechanically cleaved and then degassed at 500 K for 2
hours in a UHV chamber with a base pressure lower than 1 X
107" mbar. The tip manipulation and measurement were
carried out with a low-temperature STM (CreaTec) with an
etched W tip at ~4.7 K. Figure 1(d) shows the STM image of a
clean HOPG surface with a wide terrace, on which the target
position for edge creation has been marked in the square. The
tip was further approached to the target position until the
tunneling current reached 110 pA. Then, a voltage pulse of
~—7 V with a duration of 0.2 s was applied with the feedback
loop switched off. Afterward, the tip was retracted to a normal
height to preserve the fresh edge structure. Figure 1(e) displays
the real-time tunnel current (black), tip height (blue), and
voltage (red) recorded during the voltage pulse. The tunnel
current shows a fluctuation at 0.02 s, as marked by the blue
arrow, which is attributed to the onset of carbon atom
evaporation, i.e., the beginning of surface graphene layers torn
by the tip-induced electric field. As displayed in Figure 1(f),
the voltage pulse resulted in a nanoscale crater at the target
position. It shows irregular openings in the graphene sheets,
shrinking from the surface to a depth of three monolayers,
marked by yellow, red, and purple circles.

The crater formation could be explained by adopting the
well-established STM field evaporation charge exchange (CE)
model.** It tells that a voltage pulse V,, (~7 V) applied in the
junction with tip—sample distance d (~3.5—6 A) could lead to
a transient high field that reaches the threshold to create C
ions from the substrate surface directly below the STM tip.
Specifically, the C;'~ (n = 6, 10, 13-, m > 6) ionized clusters
are favored rather than the single C atom, since it breaks only
one or less covalent bond per atom for a cluster while 3 bonds
are required for a single C atom. Thus, the threshold field
could be dramatically reduced from ~6 V/A to ~2 V/A, which
is consistent with the minimum voltage in our experiment.

Additionally, due to the weak van der Waals interaction
between graphene layers, the field evaporation could reach a
few subsurface layers with gradually reduced areas, as
schematically illustrated in Figure 1(g).

Interestingly, the crater is always asymmetric, as the
randomly asymmetric tip shape induces anisotropic energy
distribution. Consequently, the graphene layers would be torn
on one side of the crater. The evidence of tearing is the
triangular graphene folded to the lower left side of the crater,
as indicated in Figure 1(h). Thus, the first and second layers
would align with each other when both layers are torn in the
same direction. In this case, the spontaneous closing of bilayer
graphene edges occurs at such aligned bilayer edges, as
highlighted in the yellow dashed line rectangle in Figure 1(h)
and the zoomed-in image in Figure 1(i). It is worth noting that
spontaneous closed bilayer edges have been frequently
observed in our UHV experiments, although rarely seen in
the ambient environment. To confirm the reproducibility of
this result, we have performed four independent experiments
with different samples and tips, where the closed edges in
varying forms were observed each time. The overview images
of the STM tip bias pulse induced craters are presented in
Figures S1, S2, and $4.

The mechanism of spontaneous closing of the aligned
bilayer edge is schematically demonstrated in Figure 2(a).
Panel I shows that part of the graphene is evaporated as C;~
ions under the electric field, due to the injected energy via the
voltage pulse. Meanwhile, C radicals are formed at the fresh
graphene edges, as is displayed in panel II. These C radicals
could form a transition state with electron delocalization in the
6-member C ring at the edge, which is chemically reactive.
Such a fresh edge tends to evolve into the reconstructed or
saturated structure, as observed in previous works.””*
However, when the fresh bilayer edges with C radicals are
perfectly aligned, as displayed in panel III of Figure 2(a), the
free radicals on adjacent bilayer graphene would form C—C
single bonds, which is energetically more favorable.*' There-
fore, the closing of torn bilayer graphene edges occurs
spontaneously, which can be considered as a self-healing
behavior of the fresh edges. This bond formation is triggered
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by the energy from local field evaporation provided through
the STM bias pulse. It gives rise to the transient state of an
aligned bilayer edge with C radicals, which naturally evolve
into the half-tubular shape closed edge without further heating
treatment required.

To further confirm the formation of closed edges, we
prepared a five-monolayer-deep crater with a piece of short
closed half-tubular edge connected to unclosed bilayer edges,
as shown in Figure 2(b). The enlarged structure model of the
joint region in Figure 2(c) clearly shows the transition from
open double edges to closed edges. In addition, we would
emphasize the crucial role of the bias pulse produced transient
C radicals, which does not require further energy for C—C
bond formation. As shown in Figure S3, it can be seen that the
1D half-tubular structure does not appear when the edges of
bilayer graphene stack together, since these edges are already
saturated. Additionally, we have measured dI/dV spectra along
as-formed half-tubular edges by using the lock-in technique
with a 20 mV AC modulation voltage at 781 Hz and presented
the data in Figure 2(d). In contrast with the data acquired
from the flat graphene region (red curve), a clear manifestation
of VHS peaks (arrows indicated on the black curve) is
observed on the half-tubular edge, suggesting that these half-
tubular edges are the same as the half-tubular edges formed by
folding monolayer graphene, both showing similar 1D
electronic characteristics.

Our experiments revealed that the closed half-tubular edges
are formed on both the zigzag and armchair directions, as
shown in Figure 3(a) and (b), respectively. The line profile
curves taken along the dashed red lines are displayed in Figure
3(c) and (d). It indicates a typical height of 13 A for both
edges, which is obviously larger than the bilayer thickness (~8
A). This value is similar to the height of a normal half-tubular
closed edge formed by folding monolayer graphene, as shown
in Figure S5, suggesting they are actually the same structure. In
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Figure 3. STM images of bilayer graphene closed along the zigzag
edge (a) and armchair edge (b) (V;, = =1V, I, = 360 pA). The inset
diagrams show zoomed-in schematics and STM images marked with
yellow frames on both sides of the half-tubular structure. (c,d) Height
profile along the red dashed lines of (a) and (b), respectively. (ef)
The schematic images of bilayer graphene with closed edges along the
zigzag edge and the armchair edge.

the following, we show a novel discovery of orientation-
dependent stacking tuning effect resulting from the sponta-
neous closing of the bilayer edge. Multilayer graphene or
graphite is normally in the energetically favored AB stacking,
while the AA stacking is a metastable configuration that is
rarely found in graphite. When the closed edge is formed along
the zigzag direction (see Figure 3(a)), the atomic resolution
image reveals that the terraces on both sides of the closed edge
are in AB stacking, also illustrated in the ball—stick model in
Figure 3(e). Surprisingly, we found that the AA stacking is
dominating when the closed edge is formed along the armchair
direction, as displayed in the high-resolution image (Figure
3(b)) and ball-stick model (Figure 3(f)). Specifically, the
upper-layer terrace shows a honeycomb structure (AA
stacking) while the lower-layer terrace shows a normal
hexagonal structure (AB stacking), as displayed in the enlarged
topographic images and models in Figure 3(b) (lower panel).
These observations clearly reveal that the original AB-stacked
graphene has been converted into AA stacking in the closing
process of armchair edges.

The reason for AA stacking in the armchair direction of
closed bilayer edges is schematically demonstrated by the
structure model in Figure 4(a). The upper (lower) panel shows

Figure 4. (a) Side and top view of the schematic illustration of AB-
stacked bilayer graphene sliding for one bond length along the green
dashed arrow to form a closed edge. (b) Stable AA stacking is locked
by sliding for one bond length along the green arrow. The bottom
right inset diagram shows the positions of graphene before (light
gray) and after (dark gray) sliding. (c,d) The STM images of AA-
stacked graphene with both closed edges along armchair direction (c:
Vy = =14 V, I, = 280 pA, d: V, = =1 V, I, = 360 pA). The top
(bottom) left inset diagram shows the schematic of AB-stacking (AA-
stacking) bilayer graphene.

the top and side view of AB stacking bilayer graphene with
armchair direction edges and the spontaneous closing process.
The C atoms at the top edge would rebond to the nearest C
atoms at the bottom to form a hexagon. It reveals that one
bond length relative sliding along the armchair direction
(green dashed arrow) of the bilayer graphene is required for
the formation of C—C bonds between the adjacent layers. Such
a sliding gives rise to the transition from AB stacking to AA
stacking, as shown in Figure 4(b). Since the bilayer graphene is
energetically more stable with the AB-stacked configuration
than with the AA-stacked configuration, the AA stacking only
exists in the region close to the closed edge. The specific

https://doi.org/10.1021/acs.nanolett.5c04158
Nano Lett. 2025, 25, 14758—14764


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c04158/suppl_file/nl5c04158_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5c04158/suppl_file/nl5c04158_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04158?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04158?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04158?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04158?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04158?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04158?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04158?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.5c04158?fig=fig4&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.5c04158?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

sliding process is presented in Figure S6. Our experimental
results further show that the AA stacking can be locked when
two armchair direction closed bilayer edges meet each other. In
this way, we achieved bilateral closed edges in the armchair
direction, and then locked the AA-stacked graphene, as
highlighted in Figure 4(c) and the zoomed-in image in Figure
4(d). Although previous work reported that the geometry
incompatibility would limit the formation of a closed bilayer
edge in the armchair direction due to the required layer
sliding,*” it has been realized in our experiment, even at a
much lower temperature (~4.7 K). We attribute it to the high
efficiency of energy transfer in the STM field evaporation,
which could specifically inject the required energy for bond
breaking and atom gliding into the target area of nanometer
scale, while maintaining the environment temperature at ~4.7
K.

For future atomic precision patterning, it would be ideal if a
perfect patterned graphene without dangling bonds can be
achieved by injecting energy precisely to the target position.
The dangling bonds elimination requires that the closed edges
form a loop. Our experiments reveal that a polygonal crater
with a perfectly looped closed edges could be created, as
shown in Figure 5(a). To elucidate the atomic structure of the
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Figure S. (a) Formation of a graphene polygonal crater with closed
edges (V, = =1V, I, = 64 pA). (b—d) The atomic STM images show
zigzag closed edges and armchair closed edges in the red frame of (a).
The red lines are along the zigzag direction.

edges, a few representative regions enclosed in the red dashed
line rectangles are enlarged in Figure 5(b—d). In these
atomically resolved STM images with the zigzag directions
marked by the red line, it clearly shows that the edges are
either in the zigzag or armchair direction. The closed bilayer
edges loop is more ordered and stable than the open
monolayer edges with reconstructions or foreign element
saturation. These results suggest complex patterned graphene
without dangling bonds can be achieved by forming the closed
edges via the reported spontaneous self-healing mechanism. As
for the freshly torn tri- and multilayer edges, we anticipate that
multiple closed edges might be formed, preferentially starting
from the uppermost layers as shown in Figure S7.

The atomic level precision, energy efficiency, and dangling
bond elimination are crucial issues to consider for the local
patterning of graphene. Many other methods, such as laser-
induced microexplosion,61 electron beam irradiation, and tip-
assisted Joule heating,”* have been used in creating patterns in
graphene. In most cases, they would cause unwanted
destruction at the larger scale in the target zone, while the
STM tip-assisted field evaporation could focus on the targets
precisely at the atomic level. STM tip field evaporation is also
very efficient in energy consumption compared with other

methods. We estimate that the total energy consumed in a
single event of a voltage pulse is about 54 pJ (Supplementary
Note 1), which is much less than the laser beam (250 nJ). The
extra energy injected is very harmful since it will cause more
damage due to the heating effect. For instance, to sublimate
graphene by Joule heating, the current density is required to
reach 10° A/cm® to make the temperature of Joule-heated
graphene reach 2000 °C.** Comparing with previous high-
temperature TEM work, our cryogenic STM-assisted bilayer
graphene edged closure has dramatically reduced the self-
healing environment temperature to ~4.7 K, which shows a
significant advantage for atomic precision manufacture of
devices in the future. Lastly, the spontaneous closing of the
bilayer edges has the advantage of eliminating dangling bonds,
as well as tuning the stacking order. The edges of graphene are
also crucial to wear due to the edge-dependent friction, which
could be influenced by the edge dangling bonds®* and edge
orientation.”® The closed edge of a half-tubular structure may
induce quantum friction, providing valuable insights for the
design of dissipation-free topological quantum devices.*

In summary, we have presented a comprehensive STM study
of the creation and evolution of graphene edges in ultra-high
vacuum environment at a low temperature of ~4.7 K. The
STM tip was employed as the tool to create fresh edges of the
graphene layers on the HOPG surface by controlling field
emission between the tip apex and a specific location on the
sample. Atomic resolution STM images reveal the spontaneous
formation of half-tubular-like closed edges of bilayer graphene.
It was driven by a self-healing mechanism, i.e., energetically
favorable evolution of the transient free carbon radicals at the
torn open edges to stable sp” hybridized C—C bonds, which
seal the neighboring bilayer graphene along the armchair or
zigzag direction. In the case of edge closure along armchair
direction, C—C bond formation requires interlayer sliding for
one bond length, which gives rise to locked AA stacking. Such
knowledge would be of relevance for atomic precision
engineering and stacking control of few layer patterned
graphene that might find applications in advanced devices.
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