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ABSTRACT We show that by operating a scanning transmission

electron microscope (STEM) with a 0.1 nm 300 kV electron beam, one
can sculpt free-standing monolayer graphene with close-to-atomic
precision at 600 C. The same electron beam that is used for
destructive sculpting can be used to image the sculpted monolayer
graphene nondestructively. For imaging, a scanning dwell time is
used that is about 1000 times shorter than for the sculpting. This
approach allows for instantaneous switching between sculpting and imaging and thus ﬁne-tuning the shape of the sculpted lattice. Furthermore, the
sculpting process can be automated using a script. In this way, free-standing monolayer graphene can be controllably sculpted into patterns that are
predeﬁned in position, size, and orientation while maintaining defect-free crystallinity of the adjacent lattice. The sculpting and imaging processes can be
fully computer-controlled to fabricate complex assemblies of ribbons or other shapes.
KEYWORDS: scanning transmission electron microscopy . graphene . controlled sculpting . nondestructive imaging .
nanopatterning . self-repair

T

he rapidly increasing research eﬀort
into studies of graphene since 20041 5
has resulted from its superior mobility,
strength, and thermal conductivity,6 8 both
for low-dimensional physics research and
for applications such as ﬁeld-eﬀect transistors, photonic and optoelectronic devices,
single-molecule detection, and fast DNA
sequencing.9 13 Many of these applications
require monolayer graphene to be patterned
into ribbons, gaps, or pores, whose edge
conﬁgurations need to be deﬁned with
sub-nanometer precision.
As both theoretical and experimental
studies have shown that the edges and
geometries of graphene sheets can have a
fundamental inﬂuence on their electronic
and magnetic properties,14 17 a controllable
and reproducible atomic-scale technique for
patterning monolayer graphene is required.
For example, 2.5 nm wide nanoribbons with
controlled armchair edge orientations have
been predicted to open up the energy gap
of graphene to 0.5 eV; zigzag nanoribbons
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are semiconducting with spin-polarized edges,
and the band gaps of graphene ribbons are
expected to be inversely proportional to their
width.18,19 Similarly, the size of nanopores
needs to have a diameter of only 1 10 nm
to control and monitor the translocation of
a single-stranded DNA molecule. Ultimately,
graphene engineering is intended to involve
the artiﬁcial introduction and control of all
defects in graphene at the atomic level. However, until now, no conclusive experimental
veriﬁcation has been obtained for the theoretical predictions of the physical properties of
narrow graphene ribbons, primarily because it
was impossible to make free-standing ribbons
that are only a few nanometers wide, crystalline up to their edges, defect-free, and oriented
in speciﬁc crystallographic directions in a controlled manner.
Several methods have been reported for
patterning graphene.20 23 Among these,
scanning tunneling microscopy (STM) lithography21 and focused electron beam etching in a transmission electron microscope
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Figure 1. Schematic diagrams illustrating the experimental setup for sculpting graphene using STEM (frames taken from
movie S1, Supporting Information). (a) MEMS heater used for ultrastable in situ heating of graphene inside the TEM. Heating is
used for self-repair of graphene defects. (b) STEM imaging of graphene is achieved by fast scanning of the electron probe.
A small number of C vacancies, created by the electron beam, can be eﬃciently self-repaired by the diﬀusion of C adatoms
(lighter green spheres) over the graphene surface. (c) Sculpting is achieved by scanning exactly the same electron probe
1000 times slower by using a longer dwell time, which allows ensembles of defects to form stable voids. (d) Nondestructive
imaging of the sculpted graphene can be achieved by switching back to the fast scan imaging mode.

(TEM)23 26 have the potential to provide atomic-scale
sculpting and orientation control, while also providing
an imaging capability that allows validation of the
sculpted pattern. We have previously shown that a
TEM operated in high-resolution TEM (HRTEM) mode
can be used to make nanobridges in free-standing
multilayer graphene at elevated temperature.23 However, the reproducible sculpting of a single ribbon or
pore in either multilayer or monolayer graphene was
impossible due to the uncontrolled formation of small
holes in the neighborhood of the sculpted area.
In this paper, we report a reliable method to make
monolayer graphene nanostructures. We show that
scanning transmission electron microscopy (STEM)27 29
in combination with in situ heating of the specimen
to 500 700 C allows reproducible patterning of freestanding monolayer graphene with close-to-atomic
precision. STEM is essential to reduce the electron beam
size and for accurate control of the electron irradiation
dose at atomic level, while heating is essential for the
active self-repair of any electron-beam-induced point
defects created during the imaging process.
RESULTS AND DISCUSSION
Figure 1 and movie S1 in Supporting Information
show schematic diagrams of the experimental setup.
Sculpting of monolayer graphene was carried out at an
elevated temperature of 500 700 C using an ultrastable specimen heating holder based on a coiled
Pt wire embedded in a SiN membrane30 (Figure 1a).
XU ET AL.

An FEI Titan G2 60-300 TEM was used in STEM mode,
with an electron beam diameter of 0.1 nm and a beam
current of 0.15 nA. In this mode, the electron dose can
be controlled by using either the beam current or the
dwell time (i.e., the time for which the electron beam is
kept at a given position). In practice, the dwell time is
the most convenient parameter to use for adjusting
the electron dose to select either destructive sculpting
or nondestructive imaging. First, in imaging mode, a
short dwell time (5 30 μs per pixel) was used at 600 C
to inspect the graphene and to select an area for
sculpting. During imaging, any isolated defects (i.e.,
vacancies) that are created by the electron beam are
removed by self-repair of the lattice at elevated temperature (Figure 1b). Second, in sculpting mode, patterning is carried out by scanning the electron beam
using a longer dwell time (>10 ms per pixel). At the
beginning of this process, several adjacent C atoms are
knocked out and the graphene lattice can no longer
self-repair. By extending this initial hole in a predeﬁned
direction, the graphene can be shaped into a pattern
that has a well-deﬁned position, size, and orientation
(Figure 1c). Third, by switching again to imaging
mode, the sculpted pattern can be inspected without
introducing further damage (Figure 1d). Details of the
experimental parameters for achieving destructive
sculpting and nondestructive imaging are described
in Methods and Supporting Information.
Nanoribbons and nanopores are the most common
shapes that have been proposed for graphene
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Figure 2. Examples of results of sculpting graphene using STEM. (a) Electron diﬀraction pattern revealing the crystal
orientation and allowing veriﬁcation that the graphene is a monolayer with the intensity ratio between (1100) and (1210)
reﬂections larger than 1. (b) Paths (white lines) used to sculpt nanoribbons and nanopores. (c f) Annular dark-ﬁeld STEM
images of (c e) nanoribbons sculpted along Æ1100æ, Æ1210æ, and Æ1320æ directions, respectively, and (f) an array of 2 nm
diameter holes.

applications. Figure 2 shows examples of these shapes
made using the present approach. We used diﬀraction
patterns (Figure 2a) to monitor the orientation of the
crystalline specimen in order to achieve crystal-latticerelated sculpting (e.g., to speciﬁcally form zigzag
edges). Electron diﬀraction patterns (the intensity ratio
between 1100 and 1210 reﬂection should be larger
than 1 for monolayers) and Raman spectra (see Supporting Information) were used to verify that the
graphene is monolayered.3 Nanoribbons were formed
by moving the electron beam along two lines, while
nanopores are formed by scanning the electron beam
in a spiral manner starting from the center (Figure 2b).
Figure 2c d shows dark-ﬁeld STEM images of nanoribbons that have been patterned along Æ1100æ, Æ1210æ,
and Æ1320æ crystallographic directions, corresponding
to armchair, zigzag, and mixed edge conﬁgurations,
respectively. Figure 2f shows a sculpted array of ﬁve
2 nm diameter holes, which demonstrate the reproducibility of the sculpted pattern that can be achieved,
for instance, to create an antidot lattice.31 The STEM
image of the ﬁve pores shows ∼0.5 nm patches of
double-layer graphene close to the edges of some of
the holes, suggesting that C atoms or graphene fragments that were removed during sculpting can remain
attached in their close vicinity as clusters of adatoms.
As the distance between adjacent spiral lines was
0.5 1.2 nm, some of the graphene located between
the cutting lines may have remained on the edges of
the holes. Similar single holes in graphene, ranging
from 5 to 20 nm in diameter, have been used for DNA
XU ET AL.

translocation and ionic transport measurements12
without showing any degradation during storage in
air or water for one month.
High-resolution TEM images of nanoribbons that
had been sculpted at 300 kV along Æ1100æ, Æ1210æ,
and Æ1320æ crystallographic directions were made at
80 kV instead of 300 kV to reduce knock-out damage
and at a temperature 600 C to activate self-repair,
using an FEI PICO TEM equipped with a combined
spherical and chromatic objective lens aberration corrector (Figure 3). Atomically straight edges are visible
in the Æ1100æ (zigzag) and Æ1210æ (armchair) directions.
In other directions, the edges are usually made up of
zigzag and armchair fragments, suggesting that these
are the most stable conﬁgurations. Occasional regions
where the edges of the zigzag and armchair fragments
are not atomically straight (varying over a distance of
one hexagonal C ring) may have resulted from slight
instabilities in the positioning of the electron beam.
Interestingly, on heating to ∼800 C, we observed that
a curved edge of a hole in graphene became reconstructed into several straight armchair edges (see
Figure S4 in Supporting Information), suggesting that
further heat treatment can be used to improve the
sharpness of armchair edges.
For all of the ribbons, the HRTEM images (Figure 3)
show that the graphene lattice has remained defectfree and crystalline up to its edge, conﬁrming that
STEM imaging using 300 kV electrons in fast scanning
mode at elevated temperature does not lead to damage that cannot be annihilated by self-repair. During
VOL. 7

’

NO. 2

’

1566–1572

’

1568

2013
www.acsnano.org

Figure 3. (a c) HRTEM images of nanoribbons in monolayer graphene sculpted at 300 kV at 600 C and imaged at
80 kV at 600 C for ribbons oriented along Æ1100æ, Æ1210æ,
and Æ1320æ, respectively. The overlaid white and yellow lines
indicate armchair and zigzag edges, respectively. Atom
structure models for armchair and zigzag edges, outlined
with open frames in the corresponding images, are enlarged and overlaid.

observe at room temperature under a 80 kV electron
beam, indicating that such defects are not formed or
repaired quickly at high temperature. Also, the geometry and dynamics of the edges at high temperatures are
temperature-sensitive (see Supporting Information).
Nondestructive imaging, which is possible in fast
scanning STEM mode, provides the advantage that the
sculpted pattern can be checked immediately using the
same electron beam that was used for sculpting, that is,
without compromising the stability of the specimen or
the electron probe. Furthermore, based on the feedback provided by imaging, the shape of the pattern can
be ﬁne-tuned. An example of such ﬁne-tuning is shown
in Figure 4, illustrating the precision of the sculpting
process. First, four nanoribbon patterns were sculpted
and imaged (Figure 4a). On the basis of the geometry
of the ribbons and taking sample drift into account,
a second sculpting process was then applied to all four
ribbons to achieve ﬁnal widths of ∼1.9 nm, that is, a
width of only ∼8 benzene rings (Figure 4d), demonstrating that reproducible sculpting with close-to-atomic precision is possible. This is evidently diﬀerent
from previous electron beam etching studies,23,24 in
which only a single nanoribbon was produced. Scriptcontrolled sculpting promises to further improve
the accuracy and reproducibility of such sculpting.
By increasing the electron beam current to 5 nA, we
achieved sculpting of a nanoribbon in 1 s, suggesting
that large-scale patterning of graphene may also be
possible.
The preservation of a defect-free graphene lattice
following STEM imaging is a direct consequence of the
self-repair of electron-beam-induced point defects at
elevated temperature. The eﬀect of specimen temperature was investigated by performing sculpting at
20, 400, 600, 700, and 800 C under identical STEM
conditions using various dwell times. For most monolayer graphene ﬂakes, attempts at sculpting resulted
only in contamination at 20 C, whereas sculpting
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TEM imaging at 80 kV/600 C, non-zigzag or nonarmchair edges tend to restructure to form zigzag
and armchair edges, but the zigzag and armchair edges
are overall stable, in contrast with literature. In fact,
we only observed damage when small agglomerates
were present, which might contain metal atoms. The
damage to the graphene is thus not by electron knockout damage but by an electron-beam-stimulated
metal-catalyzed reaction (see Figure S7 of Supporting
Information).32 Our results indicate that knock-out of
C atoms at zigzag and armchair edges can be repaired
as easily by self-repair as the graphene lattice itself.
Likewise, we did not observe within the unsculpted/
pristine graphene parts any type of Stone Wales
transformations, which are reported as being easy to

Figure 4. (a,b) Annular dark-ﬁeld STEM images of a nanoribbon array, illustrating the reproducibility of the sculpting. The four
patterns were created using a script-controlled electron beam. After the ﬁrst sculpting process, the patterns were imaged as
shown in (a). Next, each ribbon was reduced in width precisely, and image (b) was acquired. Intensity line proﬁles across the
ribbon outlined by the white frames in (a) and (b) are shown in (c) and (d), respectively. The width of the ribbon is estimated to
be 4.0 ( 0.1 nm after initial sculpting and 1.9 ( 0.1 nm after ﬁnal sculpting, by ﬁtting the experimental proﬁles with top-hat
functions convoluted with Gaussians to take beam spread into account.
XU ET AL.
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electrons/atom and thus only a 10 3 probability of
creating a C vacancy. Therefore, when fast scanning a
512  512 pixel STEM image, on average, ∼260
vacancies are generated since e-beam is positioned
on ∼260 000 pixels (5122), and these vacancies are
annihilated by self-repair at elevated temperature
before they cluster to form larger, more stable defects.
Self-repair requires either C diﬀusion over the graphene surface toward a vacancy or vacancy migration.
As the C adatom surface diﬀusion energy has been
reported to be 0.2 0.5 eV35 and the energy for vacancy
diﬀusion is ∼1.2 eV,35 repair by the diﬀusion of C
adatoms (if they are present) is expected to dominate.
Sources of C adatoms may include adsorbed hydrocarbons, C atoms remaining from exfoliation, and
C atoms knocked out by the electron beam. Increasing
the temperature accelerates the diﬀusion speed of
surface C adatoms such that electron-beam-induced
vacancies are annihilated more actively.
Dark-ﬁeld STEM imaging provides better contrast to
identify the edge of a pattern and to achieve automated control of sculpting than bright-ﬁeld HREM
imaging (see Figures 3 and 4 and the Supporting
Information). In our dark-ﬁeld STEM images, electrons
scattered to angles between 10 and 60 mrad were
collected. The cross section for scattering a 300 kV
electron into this angular range is ∼3.5  105 barn, that
is, 4 orders of magnitude greater than that for knock-on
damage. Therefore, when using a short dwell time for
STEM imaging to reduce knock-on damage, one can
still collect a suﬃcient number of electrons to form a
good image. Optimization of image contrast in relation
to sculpting speed can be achieved by changing the
accelerating voltage, as discussed in the Supporting
Information.
The next step will be to fabricate a complete device,
allowing electrical measurements combined with
in situ TEM. This requires the following steps: (1)
mounting of a small graphene ﬂake on electrodes,
(2) making a nanoribbon, (3) removing the remaining
part of the graphene to allow passing a current only
through the nanoribbon, (4) performing electrical
measurements in which we could add some additional
sculpting. For step 1, one has to mount a piece of
graphene onto the electrodes with a precision of
several micrometers; it is well possible to do this with
the wedging transfer method used in this paper and
described in detail elsewhere.36 Step 2 is possible
by STEM sculpting as described in this paper. Step 3
is expected to be doable with STEM (but timeconsuming) or, alternatively, with a helium ion beam.
The main challenge will be to minimize the strain
suﬃciently, such that the nanoribbon does not break
or change signiﬁcantly. Step 4 requires very sensitive
electronics, such as the one we described earlier in a
paper on in situ TEM analysis of current-induced grain
growth.37
VOL. 7

’

NO. 2

’

1566–1572

’

ARTICLE

could be performed easily at 400, 600, and 700 C. At
800 C, sculpting was again not possible, even if very
long dwell times were used, indicating that self-repair
is faster than carbon removal. Interestingly, when
examining a “super clean” graphene sample, sculpting
was possible at all of the investigated temperatures
with roughly the same speed. STEM imaging of super
clean graphene at 600 C resulted in no visible
(extended) defects. These observations indicate that
both temperature and the cleanliness of the specimen
play a key role in the sculpting process. If the specimen
is “dirty”, then at elevated temperature, self-repair
takes place instead of sculpting, while at lower temperature, contamination takes place instead of sculpting. We tried to repeat the preparation of super clean
graphene samples and managed only twice out of
300 trials; we have not found how this can be done
reproducibly.
Our results suggest that the sculpting of graphene
using a high-energy electron beam involves three
primary processes: (1) the formation of vacancies by
knock-on damage; (2) self-repair of the graphene
lattice by C adatoms or C-rich ad-molecules; (3) the
electron-beam-induced formation of C-rich contamination due to the cracking of hydrocarbons diﬀusing
over the surface toward the electron beam. The
second and third of these processes are highly temperature-dependent. The results of imaging super
clean graphene show that, even in this case, there
are enough C adatoms on the surface for self-repair
at 600 C and that the buildup of C contamination
on dirty graphene below 300 C does not result from
the presence of the C adatoms but from cracking
of hydrocarbons (originating mainly from the sample
and the sample holder). In our experiments, in situ
heating above ∼300 C was found to prevent the
buildup of contamination on all of the graphene
samples.
Knock-on damage results when a high-energy incident electron hits the core of a C atom and knocks
the atom out of lattice, whereby the electron itself
is backscattered. Due to the very small mass of an
electron compared to that of a C atom, the chance of
knock-on damage is very small. For 300 kV electrons,
the cross section for C knock-on damage (the target
size of the core) is ∼10 barn.33,34 For a 0.1 nm probe,
the size of electron beam is ∼108 barn. Thus, the
possibility of knocking one carbon atom out by the
0.1 nm e-beam probe is ∼10 7, or in other words, ∼107
electrons are required to achieve one C knock-on
damage event. An electron beam with a current of
0.15 nA and a dwell time of ∼10 ms provides this
number of electrons and should thus, on average, be
able to create one C vacancy. This estimate is consistent with our observations for sculpting. In contrast,
fast scan imaging performed using a 10 μs dwell time
results in a radiation dose of approximately 104
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assemblies of ribbons or other shapes. The use of a
high-brightness electron source allows a device with,
for instance, 10 bridges to be made within a minute.
This is too slow for large-scale production but certainly
good enough for making prototypes of graphene
devices. The resulting patterned structures are stable
upon cooling the graphene to room temperature and
storing it in air. This method opens the possibility to
accurately pattern free-standing graphene and other
graphene-like materials.

METHODS

reconstruction at 800 C; comparison of sculpting at room
temperature, 600, and 800 C; agglomerates on graphene and
their eﬀect on hole formation; optimization of electron beam
energy for imaging and sculpting, contrast comparison in STEM
and HRTEM; animation movies of in situ controllable STEM
sculpting free-standing graphene and self-repair at 800 C. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Sample Preparation and Transfer. Graphene flakes were prepared by the exfoliation of natural graphite (NGS graphite)
onto a 285 nm thermally grown SiO2/Si wafer. Graphene
flakes of interest were selected using optical interference
microscopy and transferred over a hole on a SiN membrane
using a “wedging” transfer technique.36 The crystallinity and
single-layer nature of each graphene flake were confirmed
using electron diffraction and Raman spectroscopy (see Supporting Information).
Heating Holder with MEMS Heater for In Situ Experiments. We used
an in situ single tilt TEM heating holder (DENSsolutions: SH30), in
which a SiN membrane containing an embedded coiled Pt
wire30 was used for substrate-free in situ heating of graphene
flakes, which were each placed over a 2 μm diameter hole
made through both the SiN membrane and the Pt heating
wire using a focused Ga ion beam. The low heat capacity of the
system results in very low thermal drift (less than 0.1 nm/min)
at elevated temperature, which is essential for accurate STEM
sculpting, as specimen drift greatly influences the deviation
between a predefined pattern and a final sculpted result. No
significant change in the vacuum of the TEM was observed
upon switching on the heater, which is consistent with the small
surface area of the heated region (0.3  0.3 mm).
Parameters for STEM Sculpting and Imaging. STEM imaging of
nanopatterned graphene was performed at 300 kV using an FEI
Titan3 G2 60-300 TEM equipped with a postspecimen spherical
aberration (CS) corrector. The electron beam convergence
semiangle was chosen to be 10 mrad to achieve the smallest
incident focused electron beam (0.12 0.14 nm diameter). The
camera length was set to 470 mm to allow the annular detector
to record the maximum number of diffracted electron beams
from graphene, in an angular range of 10 60 mrad. The
electron beam current was set to 0.15 nA (acquired using the
microscope software) for STEM imaging and sculpting. The
dwell time was chosen to be 5 30 μs for imaging and 10 80 ms
for sculpting.
Parameters for High-Resolution TEM Imaging at 80 kV. High-resolution TEM images were recorded at 80 kV with the sample at
600 C using an FEI Titan 60-300 PICO TEM equipped with a
high-brightness electron gun, an electron gun monochromator,
a probe aberration corrector, and a CS CC image corrector.
Typical exposure times were 2 s. Image series were acquired for
averaging; typically, about 10 images were acquired using a 2 s
acquisition time onto a 4 k  Gatan charge-coupled device
(CCD) camera set to 2  2 binning. The image sequences were
aligned and averaged using ImageJ software.38
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CONCLUSIONS
In conclusion, it is possible to reproducibly sculpt
monolayer graphene with close-to-atomic precision
using a 300 kV 0.1 nm diameter focused electron beam
if an elevated specimen temperature is used to achieve
self-repair. Signiﬁcantly, the sculpted pattern can be
imaged nondestructively using the same microscope
settings and a dwell time that is ∼1000 times shorter
in STEM. The sculpting and imaging processes can
be fully computer-controlled to fabricate complex
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