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G
raphene nanostructures have drawn
much attention for use in high-speed
electronics.1 Considerable advances

in graphene synthesis make the production
of all-carbon nanostructured devices ever
closer.2 To this end, great efforts have been
made to calculate the electronic character-
istics of different carbon nanostructures
such as graphene nanoribbons and single
carbon chains. For nanoribbons the elec-
tronic behavior is predicted to be depen-
dent on the edge structure;3 however, experi-
ments to date have not confirmed such a
dependency.4 Single carbon chains are pre-
dicted to show either negative differential
resistance, metallic, or semiconducting be-
havior, depending on their length.5�8

Experimentally correlating the electronic
properties of graphene nanoribbons and
single-atom carbon chains with their atomic
structure requires an imaging tool that has
sufficient spatial as well as temporal resolu-
tion. In situ electricalmeasurementswithin a
transmission electron microscope (TEM) are
an ideal choice for this task, since both
atomic resolution and high temporal reso-
lution are possible.9 To achieve in situ elec-
trical measurements in a TEM, the desired

structures are best manufactured inside the
TEM because their fragility as freely sus-
pended nanostructures makes transfer be-
tween different instruments extremely diffi-
cult. The random production of structured
nanocarbons inside a TEM has been repor-
ted.8,10�12 However, the targeted and con-
trolled manufacturing of sp2 carbon nano-
structures toward device fabrication inside
the TEM is still lacking. To structure graphene
efficiently with an electron beam, one has to
use electrons with an energy above its knock-
on damage threshold (ca. 86 keV).13,14 In this
regime atoms in the graphene lattice suffer
a recoil energy transfer from the incoming
high-energy electrons that is sufficient to
break the bonds with all neighboring atoms
and hence “knock” the atom out of the
lattice. Below this threshold sputtering of
atoms with unsaturated bonds from the
edges is still possible since their knock-on
threshold is reduced (ca. 50 keV).9,15,16 One
of themore challenging issues with focused
electron beam lithographic routes is elec-
tron beam induced deposition (EBID) of amor-
phous carbon on the sample surface.17 Here,
residual hydrocarbons in the TEM column
are cracked by the incoming high-energy
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ABSTRACT Electron beams in transmission electron microscopes

are very attractive to engineer and pattern graphene toward all-

carbon device fabrication. The use of condensed beams typically used

for sequential raster imaging is particularly exciting since they

potentially provide high degrees of precision. However, technical

difficulties, such as the formation of electron beam induced deposits

on sample surfaces, have hindered the development of this

technique. We demonstrate how one can successfully use a con-

densed electron beam, either with or without Cs correction, to

structure graphene with sub-nanometer precision in a programmable

manner. We further demonstrate the potential of the developed

technique by combining it with an established route to engineer graphene nanoribbons to single-atom carbon chains.
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electrons of the imaging beam and adsorb on the
surface of the sample. EBID is markedly worse when
using condensed electron beam techniques such as
scanning TEM (STEM). EBID can be reduced to some
degree by improving vacuum operation conditions.
Because of the formation of such deposits, there are
only a few reports on structuring or manipulating
carbon nanostructures directly with a condensed elec-
tron beamnormally used for sequential raster imaging.
The drilling and cutting of carbon nanotubes (CNTs)

has been shown in TEMmode for multiwalled CNTs18�20

as well as in STEM mode with uncorrected21 and Cs-
corrected22 condensor systems; however, all of these
have been accomplished at elevated temperatures. For
graphene, only TEM mode structuring has been
reported.23�25 In this route, single pores drilled in
few-layer graphene were demonstrated. However,
the technique affords limited spatial control and pre-
cision because of the imaging of the process; namely,
the electron beam is not condensed. Carved lines have
a minimum width of 20 nm,23,25 and the adjacent
material is highly damaged and requires annealing at
temperatures of about 700 �C to recrystallize the
heavily damaged material.24 Current annealing may
also be used in place of thermal annealing; however,
current annealing results in even higher tempera-
tures.25 The need for annealing limits the technique
since the elevated temperatures required would de-
stroy other parts of the device. Moreover, sample drift
is often a problem with heating stages. In general, the
sculpting speed reported in these works is rather low.
Other ways of structuring graphene such as catalytic
etching,26 current-induced cracking,27 electron beam
lithography,4 scanning tunneling microscope lithogra-
phy,28 and others all lack precision and control and,
more importantly, do not offer the combined in situ

observation, measurement, and fabrication potential
that TEM-based routes offer.
Here, we show that graphene nanoribbon/single

carbon chain structures, potentially suitable for elec-
trical characterization, can be fully manufactured in a
controlled and reproducible manner inside a TEM. We
develop an attractive route for electron beam sculpting
in STEMmode (condensed beam) with sub-nanometer
precision at convenient sculpting speeds, which does
not damage the graphene or form EBID and so does
not require high-temperature or current annealing
during cutting. We demonstrate its potential to fabri-
cate graphene constrictions. Thereafter the sculpting
mode is switched to a selective beam sputtering mode
in TEM mode, so that only edge atoms from the gra-
phene are removed.9,15 This already proven technique
to structure graphene constrictions down to single car-
bon chains provides even higher degrees of precision,
enabling easy and controlled nanoribbon shrinkage
and single-atom carbon chain formation.10,11 The com-
bination of these two patterning/structuring modes

provides an attractive platform to fully structure all-
carbon devices inside a TEM. In addition, the perfor-
mance of condensed electron beam sculpting (STEM)
with a Cs-corrected condensor system is compared to
that from an uncorrected condensor system.

RESULTS

Figure 1a contains two schematics highlighting the
Cs-corrected condensed beam configurations explored
for graphene sculpting. Panel (a) on the left provides a
sketch of the electron beam path through the con-
densor and the sample in a conventional Cs-corrected

Figure 1. Precision sculpting with a Cs-corrected condensor
systemelectronbeam. (a) Schematic of amore conventional
STEM setup showing the Cs-corrected electron beam pro-
jected through a small condenser aperture onto the gra-
phene sample and the formation of electron-beam-induced
deposits around the beam/sample interaction region (left)
and the equivalent with a large condensor aperture where
no deposits are formed (right). (b) DF STEM image of a
successful single cut in graphene obtained with a 40 μm
aperture. The red arrow indicates a hole formed at the rest
position of the electron beam. The red line indicates the
programmed track for another cut to sculpt. (c) Micrograph
of the same area as in (b) after an unsuccessful cutting
attempt with a 20 μm aperture. The red box shows the last
position of the sculpting beam. (d) DF STEM image of “IFF”
sculpted into graphene showing a structure size below
1 nm. The red arrow indicates a hole at the rest position
of the electron beam. The inset is the corresponding TEM
image. (e) TEM image of a cut in graphene with a width of
0.8 nm sculpted with a recently corrected electron beam
and a 40 μm condensor aperture. (f) TEM image of a cut in
graphene sculpted with a poorly Cs-corrected beam. The
inset shows a FT of the region indicated by the black box.
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STEM arrangement. On the right, the modified system
for sculpting is illustrated. In the conventional STEM
arrangement one normally requires a small spot size to
select only the electrons emitted at the very tip of the
source so as to obtain a small electron probe as the
image of the source (highest resolution). For sculpting,
the largest spot size is required to provide the largest
total current available. During imaging (normal STEM),
a small condensor aperture is employed to restrict the
beam within the best corrected area of the condensor
system, since the Cs correction degrades as one de-
viates from the optical axis. In the case of sculpting, a
large aperture is used, as this also enhances the total
current of the electron probe. Hence, both the spot size
and aperture selections used during sculpting enlarge
the size of the spot (which decrease image resolution)
but increase the total current. We employ high total
currents, as our studies show this prevents EBID of
amorphous carbon, which in turn allows us to success-
fully carve graphene. Examples of amorphous carbon
deposits are provided in Figure S1(a) in the Supporting
Information. Panel (b) of Figure 1 shows a dark field
(DF) STEM image of few-layer graphene. The some-
what blotchy nature of the graphene image is due to
the presence of some dirt on its surface. A dark line is
clearly observed and indicates a single cut through the
graphene sculptedwith a 40 μmcondensor aperture at
an electron acceleration voltage of 200 kV. The Cs
corrector alignment can drift slightly with time, which
leads to a less than ideal spot and consequently cutting
diameter. Due to this, the cut width in this example is
slightly above 2 nm. The red arrow indicates the rest
position of the electron beam. Panel (c) shows the
same area after a sculpting attempt conducted along a
preprogrammed track indicated in (b). The settings
were the same except a 20 μm condensor aperture is
used instead of 40 μm. Thewhiter contrast in its track is
a clear signature of EBID of amorphous carbon since
the observed contrast is dependent on the sample
thickness. Only in the last point of the point series
forming track is a hole observed (red box). This high-
lights the importance of aperture size selection and the
need for high total currents to prevent EBID. In panel
(d) the letters IFF (corresponding to our institute
acronym: Insitut für Festkörperforschung) have been
carved with a font size of 3 � 10�6 pt (10 nm) with a
structure size of 1 nm. Again, the red arrow indicates
the beam rest position. The inset shows a TEM image of
the IFF carving, which also confirms the 1 nm cutwidth.
Panel (e) shows a TEM image of a 0.8 nm wide cut in
few-layer graphene, which represents our best cut-
width resolution to date. This is accomplished by using
a recently alignedandCs-correctedprobe. In contrast panel
(f) shows a cut sculpted with a heavily drifted corrector
alignment (viz., poor Cs correction), where now the
electrons in the beam are no longer ideally focused,
yielding a broader cutting beam. Nevertheless, the

micrograph nicely shows that no significant beam
damage occurs when using a Cs-corrected probe, even
when the Cs correction is not optimized. The inset
shows a Fourier transform (FT) of the image from the
region in the black box. It clearly shows six spots from
the graphene lattice, indicating an intact crystal struc-
ture right at the edge of the cut. The exact mechanism
as to how EBID is prevented so efficiently with high
total currents (with a condensed Cs-corrected electron
beam and large aperture selections) is an open ques-
tion. We postulate that nearly all atoms of the cracked
residual hydrocarbons are hit by the high-energy
electrons of the beam and thus are able to obtain
sufficient kinetic energy to avoid adsorption on the
sample surface; namely, they have sufficient momen-
tum to be ejected through the hole formed by the
sculpting beam.
The efficiency of the annealing-free carving or sculpt-

ing condensed electron beam technique paves the
way for damage-free sculpting of graphene and few-
layer graphene over large lengths (m range) for sus-
pended graphene or all-carbon device fabrication.
Figure 2 demonstrates the controlled processing of a
graphene nanoribbon/single carbon chain structure in
which both coarse cutting with a condensed electron
beam and fine sputter erosion with a broad electron
beam at 80 kV are exploited to fabricate a nanoribbon
out of a large graphene flake. The V-shaped cuts are
chosen on the imaginary basis that the suspended
graphene flake lies across two electrodes (left and
right). Panel (a) shows a DF STEM image of few-layer

Figure 2. Manufacturing of a graphene nanoribbon/single
carbon chain structure with a Cs-corrected condensor sys-
tem/Cs-corrected objective lens electron beam. (a) DF STEM
image of few-layer graphene sample. The red lines indicate
the programmed trackpositions to be cut. (b)Micrographof
the same region after the first sculpting attempt with a cut
speed of 1 nm s�1. The procedure is seen to have been only
partially successful due to deposit formation. (c) Micro-
graph of a second successful sculpting attempt with a cut
speed of 0.5 nm s�1, leaving a constriction of width 20 nm.
(d) TEM image of the produced constriction after broad
beam irradiation with 80 kV electrons. (e) Micrograph of a
graphene nanoribbon produced out of the constriction by
prolonged irradiationwith 80 kV electrons. (f) Single carbon
chain resulting from further irradiation of the graphene
nanoribbon.
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graphene. The red lines indicate the programmed cutt-
ing path for the condensed electron beam to produce
a constriction with a width of 20 nm. The cuts in panel
(b) were obtained with a speed of 1 nm s�1 with an
electron acceleration voltage of 200 kV. Contamination
and sample drift prevented the complete cutting of the
material; thus a second cut was programmed. This
second cut was successful, yielding a 20 nm constric-
tion as shown in panel (c). This shows a key advantage
of in situ TEM-based sculpting, namely, that one rapidly
sees the result and can correct, modify, or retry en-
gineering strategies easily. In this case, the same cut-
ting path was maintained; however, the cutting speed
was reduced to 0.5 nm s�1. To further reduce the
constriction in a more refined manner, we exploit the
selective sputtering of edge atoms as demonstrated in
previous works.9�11,15 In this mode the microscope is
switched to the TEM imaging mode and the electron
acceleration voltage reduced to 80 kV (i.e., below the
knock-on damage threshold of sp2 carbon). Prior to the
edge sputtering process the graphene was subjected
to a “beam shower”, which is a routinemethod to clean
TEM specimens and in this case successfully removes
any amorphous deposits on the surface of the gra-
phene sample. This is important because amorphous
material on sp2 carbon has been shown to induce
damage at acceleration voltages of 80 kV.29 Panel (d)
from Figure 2 shows the graphene specimen after this
cleaning step. After cleaning, the few-graphene con-
striction is exposed to a conventional TEM beam.
During this process the edge atoms sputter off, reduc-
ing the width of the constriction, and the number of
layers thins down to a single layer to form a graphene
nanoribbon as shown in panel (e) of Figure 2. During
this engineering step the sputtering rate can be con-
trolled by adjusting the beam intensity. Continuing the
process ultimately leads to the formation of a single
carbon chain. The carbon chain was stable under the
electron beam for at least 24 s.

The slimming down of the graphene constriction is
rich in terms of the restructuring processes involved. A
variety of the reconstructions can be seen in Figure 3
and are in agreement with previous observations.10,11

The edges can be seen to reconstruct over time and
range from the smoothest zigzag form (e.g., panel (e))
to jagged steps formed from a row of missing benzene
rings (e.g., panel (c)) and even carbon chains that form
loops along the graphene edge (e.g., panel (g)). Altered
structures such as the presence of pentagons and
heptagons are present and are relatively stable, again
in agreement with previous observations11 (see arrows
in panels (b), (e), and (f)). At the end the ribbon narrows
down to a double chain (panel (h)), which then forks
(panel (i)) and then forms a single chain (panel (j)). A
fuller overview of the process can be observed in
movie M1 in the Supporting Information. Typically
the carbon chains remain stable between 2 and 30 s.
Another example of a fabricated graphene nanorib-
bon/single carbon chain using a Cs-corrected probe for
initial constriction sculpting (200 kV) followed by TEM
edge sputtering (80 kV) is shown in Figure S2 of the
Supporting Information as well as a movie that nicely
highlights the process over time (movie M2).
The use of a microscope without a Cs corrector for

the condensor lens still encounters the same basic
problem of EBID; however, it is difficult to attain the
required high electron currents in the sculpting probe
necessary to avoid deposit formation. This is because
most of the electrons leaving the source are directed
outside the central focal point on the sample plane of
the condensed beam due to spherical aberrations.
These stray electrons are effectively lost, and so the
solution to avoid EBID must be fundamentally differ-
ent. In the uncorrected system one normally inserts a
condenser aperture in STEM mode to obtain a narrow
beam (exactly as one does in the Cs-corrected system)
(see Figure 4, panel (a), left side). This setup has a
significantly reduced total current in the beam, and no

Figure 3. Evolution of a graphene ribbon under 80 kV broad beam electron irradiation. (a�g) Edge sputtering and
reconstruction at the ribbon. (h�j) Development of a double carbon chain to a single carbon chain via an intermediate Y
junction state.
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cutting or sculpting with the beam is possible. Instead,
one simply builds deposits on the graphene surface. To
enable cutting, we enlarge the aperture to increase the
total cutting current just as we did for the Cs-corrected
system. However, in this case we now have a spread
of stray electrons surrounding the main central con-
densed beam as illustrated in Figure 4, panel (a), right
side. The total current of the effective “cutting” beam is
limited because stray electrons are lost. Nonetheless,
these stray electrons turn out to be useful in terms
of enabling cutting, because they form a curtain or
surrounding electron shower that cracks hydrocarbons
and deposits EBID, leaving the central effective cutting
beam free to cut. This stray electron “curtain” suffers a
drawback because it irradiates and damages the sam-
ple region surrounding the cut. Panel (b) shows a DF
STEM image of a 2.5 μm long cut in multilayer gra-
phene sculpted in 2 h 10 min with a 150 μm con-
densor aperture and an electron acceleration voltage
of 300 kV. The cut is 20 nm wide. It is easy to observe
the damage region surrounding the cut through the
increased white contrast. This is more readily seen in

Figure S1 of the Supporting Information. The damaged
width is approximately 100 nm. Panel (c) shows a
Ronchigram obtained during the cutting/patterning
process. A Ronchigram is the shadow image of a
specimen and directly reflects the characteristics of
the specimen and the probe. In this case one sees a
central blob or large spot with a tail. The tail represents
the cutting track, and the central blob is the focused
part of the electron beam that actually cuts the sample.
The Ronchigram is very convenient because it provides
real-time information to the operator with respect to
the sculpting status. In the provided Ronchigram, one
can also notice the beam image is asymmetric, and this
is due the aperture not being perfectly centered on the
beam; this explains the asymmetry of the damage
region in panel (b). The lower row of panels (d)�(f)
shows TEM images of cuts onmultilayer graphenewith
condenser aperture sizes of 100, 70, and 50 m, respec-
tively. This sample was relatively clean, so there was
little problem with contamination; nonetheless the
surrounding regions are damaged to varying degrees.
The damage region is shaded red in the micrographs.
The damage radius reduces nonlinearly from 100 nm
for the largest aperture tominute edge damage for the
smallest aperture. Greater detail on the edge structure
of graphene after cutting is discussed later. The mini-
mum cut width we were able to obtain with the un-
corrected condensor system was 3 nm at a sculpting

Figure 4. Sculpting with an uncorrected condensor system
electron beam. (a) Schematic of an uncorrected electron
beamprojected through small condensor aperture onto the
specimen (left) and with projection with a large condensor
aperture (right). (b) DF STEM image of a single cut in
graphene using a 150 μm aperture. (c) The corresponding
Ronchigram while sculpting the cut shown in (b). (d) TEM
image of a cut sculpted in graphene with a 100 μm con-
densor aperture inserted. The red-shaded area indicates the
region where the graphene lattice is damaged by the
electrons from the stray electrons (aberrated beam). (e)
Same as in (d) but with an aperture of 70 μm. (f) Same as in
(d) but with an aperture of 50 μm. The damaged region
diminishes with smaller aperture use.

Figure 5. Manufacturing of a graphene nanoribbon/single
carbon chain structure with an uncorrected condensor
system/Cs-corrected objective lens electron beam. (a) DF
STEM image of graphene sample. (b) Micrograph of the
same region after sculpting with a cut speed of 0.3 nm s�1

and a condensor aperture of 100 μm. (c) TEM image of the
produced structure. (d) Magnified section from (c) (red box)
showing contamination from the STEM imaging process. (e)
The same region as in (d) after “beam shower” cleaningwith
80 kV electrons. (f) Micrograph of a graphene nanoribbon
produced out of the constriction by prolonged irradiation
with 80 kV electrons. (g) Single carbon chain from further
irradiation to the graphene nanoribbon.
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speed of 0.1 nm s�1. In both the Cs-corrected and
uncorrected STEM systemswe investigated if therewas
any preferential crystallographic direction for sculpting
graphene. None was observed in either case.
As with the Cs-corrected condensor system, here we

also explore the technique to pattern and structure
graphene to a nanoribbon. Figure 5 shows DF STEM
images of pristine few-layer graphene material (panel
(a)) and after carving out two large triangles with a
300 kV uncorrected STEM sculpting setup (panels (b)
and (c)). Note that the scale of the figures is four times
larger than in Figure 2(a�c), which was made with a
Cs-corrected condensor system. Moreover the remain-
ing constriction is 70 nm wide as compared to 20 nm
with the Cs-corrected system. This is because in order
to obtain a damage-free region in the center of the
constriction, one must choose a width larger than
twice the damage radius. The total time to fabricating
the constriction was 3 h 50 min. The potential of this
method to carve even larger sections at the m scale is
demonstrated in Figure S3 in the Supporting Informa-
tion. Panel (c) shows the same region as panel (b), but
recorded in TEM mode at 80 kV. Again, prior to the
more spatially accurate engineering of the structure by
edge sputtering at 80 kV in TEM mode, a “beam
shower” was applied to clean the graphene surface.
Panels (d) and (e) show the sample before and after the
“beam shower”, respectively. The depicted region is
indicated by the red box in panel (c). Panels (f) and (g)
show the fabricated graphene nanoribbon and even-
tual single carbon chain, respectively, after the edge
sputtering process. We fabricated a number of these
graphene nanoribbons and single carbon chains in
both the Cs-corrected and uncorrected systems. Some
eroded down directly to single carbon chains, while
others would etch down to a pair of single carbon
chains (see Figure S4 and movie M3 in the Supporting
Information).
When comparing the Cs-corrected system versus the

uncorrected, for the most part, having a probe Cs-
corrected beam is advantageous. For example, when
examining the quality of the cut edges, one sees that
edges from the uncorrected system (after condensed
beam cutting in STEM) are damaged, while those from
the Cs-corrected setup are not. This is easily seen by
comparing the two micrographs in Figure 6, which are
taken from the most efficient cutting parameters for
each of the two explored systems. The FT of the images
are provided as insets. No reflex spots corresponding
to a graphene lattice are observed for the sample from
the uncorrected condensor system (left), while clear
spots can be seen on the left image from the probe
Cs-corrected cut, indicating the graphene crystal integ-
rity is preserved. The edge roughness is 0.5 nm from
the Cs-corrected and 0.7 nm for the uncorrected case
(see Figure S5 in the Supporting Information). This level
of edge precision compares very favorably with other

methods that do not involve annealing, e.g., catalytic
etching.26

Table 1 lists the main parameters for the carving from
condensed beams in STEM for both the uncorrected
and the Cs-corrected condensor system. In terms of
cutting width, damage radius, cutting speed, and edge
roughness, a Cs-corrected probe is clearly superior,
much as one might expect. However, when graphene
samples are heavily contaminated, it may be that the
“curtain” of stray electrons is advantageous against
EBID. While the difference in accelerating voltage was
not evaluated in this study, we believe that any influ-
ence it may have is negligible, as both energies are
well above the knock-on damage threshold and the
sputtering rate difference for amorphous carbon is
small.30,31 Sculpting attempts with lower electron ac-
celeration voltages between 80 and 100 kV showed no
effect; namely, no cutting was obtained.

CONCLUSION

In conclusion,wedemonstrate thatdamage-free sculpt-
ing of graphene with condensed electron beams is
feasible. The developed technique does not require
any additional thermal or current annealing treat-
ments. We also demonstrate the technique works for
both Cs-uncorrected and -corrected probes. Cs-cor-
rected beams are shown to be superior in terms of
accuracy and precision, unwanted surface deposition,

Figure 6. Comparison of the graphene edges resulting from
optimized condensed electron beam sculpting with and
without Cs correction. (a) TEM image of a cut edge sculpted
with an uncorrected Cs beam with a 150 μm condensor
aperture. The inset shows a FT of the image and shows no
graphene lattice signal. (b) Micrograph of a cut edge
sculpted with a Cs-corrected beam with a 40 μm condensor
aperture. The inset shows a FT of the image indicating a
clear graphene lattice signal.

TABLE 1. Comparison of the Main Characteristics of

Annealing-Free Condensed Beam Sculpting with Uncor-

rected and Cs-Corrected Electron Beams, Respectively

condensor system uncorrected Cs-corrected

cut width 3 nm 0.8 nm
damage radius 0.5�100 nma none
cutting speed 0.3 nm s�1 1 nm s�1

edge roughness 0.7 nm 0.5 nm
annealing needed nob no

a Depends on aperture. b Yes, if recrystallization of the edges is required.
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and cutting speed. Subnanometer edge precision is
demonstrated for both Cs-corrected and uncorrected
systems as well as large-scale sculpting in the μm range.
The programmable cutting/sculpting process can be
easily tracked, and corrections or adjustments by the
user can be easily implemented. We demonstrate
the potential of the technique for routine graphene

engineering by preparing graphene constrictions, which
upon changing TEM mode can be further engineered
using a previously established technique to restructure
the graphene nanoribbons to single-atom carbon chains.
The use of our annealing-free sculpting route alone or in
conjunction with other TEM-based methods advances
the use of in situ TEM fabrication of all-carbon devices.

METHODS
For our studies, two types of graphene samples were used. In

the first, natural graphite was sonicated in 1,2-dichlorethane and
drop coated onto lacey carbon TEM grids. Subsequently, they
were dried at 100 �C in dynamic vacuum at 10�3 Pa. This kind of
sample is relatively clean but consists mostly of multilayer gra-
phene with very few large graphene (μm sized) flakes. In the
second, chemical vapor deposition synthesized graphene grown
over Ni/Mometal surfaces (see Dai et al. (2011)32) was transferred
toholey carbonTEMgrids. These samples provide large graphene
flakes; however, the flakes tend to have higher levels of surface
contamination due to the more complicated transfer process.
The microscope with a Cs-corrected condensor system was a

JEOL JEM-2010F retrofitted with two CEOS third-order spherical
aberration correctors for the objective lens (CETCOR) and the
condensor system (CESCOR). For condensed beam based
sculpting, the microscope was operated in STEM mode with
an electron acceleration voltage of 200 kV and spot size L. The
current in the electron probe is on the order of 10 nA, as
estimated using an established Ronchigram image analysis
method.31 The beam position and residence time was con-
trolled by a self-developed script for the Gatan DigitalMicro-
graph software through the Gatan DigiScan II system. For edge
sputtering engineering of the graphene the microscope was
operated in TEM mode with an electron acceleration voltage of
80 kV. Themicroscopewith a non-Cs-corrected condensor was a
FEI Titan 80-300 TEM with a CEOS CETCOR corrector for the
objective lens. The annealing-free sculpting was done in STEM
mode at an acceleration voltage of 300 kVwith a spot size 1. The
beam current readouts ranged from 0.2 nA with a 50 μm
condensor aperture to 2.5 nA with a 150 μm condensor
aperture. The beam current values provide only a rough esti-
mate of the real beam current. The condensed beam was
spatially controlled using the spectroscopy line profile function
of the FEI TEM Imaging & Analysis software. For edge sputter
etching the TEM mode was implemented with an electron
acceleration voltage of 80 kV. All sculpting and imaging was
done at room temperature. The TEM column vacuum pressures
were around 10�5 Pa.
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