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Dangling bonds at the edge of a nanopore in monolayer graphene make it susceptible to back-filling at
low temperatures from atmospheric hydrocarbons, leading to potential instability for nanopore appli-
cations, such as DNA sequencing. We show that closed edge nanopores in bilayer graphene are robust to
back-filling under atmospheric conditions for days. A controlled method for closed edge nanopore for-
mation starting from monolayer graphene is reported using an in situ heating holder and electron beam
irradiation within an aberration-corrected transmission electron microscopy. Tailoring of closed-edge
nanopore sizes is demonstrated from 1.4-7.4 nm. These results should provide mechanisms for improving
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Graphene nanopores have been extensively studied, both
experimentally and theoretically, primarily for application in
emerging technologies for single-ion channels,” single-mole-
cule detection,” and liquid purification.*”” The experimental
sequencing of DNA using graphene technology is also rapidly
advancing.®**° Folded and non-folded DNA molecules can be
distinguished by their difference in conductance when passed
through graphene nanopores. Moreover, theoretical studies
suggest that the conformation of DNA nucleotides in a gra-
phene nanopore can be controlled through precise engineer-
ing of the nanopore surface. In consequence, strand
sequencing of DNA by measuring the ionic current blockade
in graphene nanopores is possible, enabling fast and inexpen-
sive DNA sequencing technology.'* ™

Due to these important potential applications, the introduc-
tion of a nanopore into a graphene sheet in a controlled style
has been widely studied.'>'® Helium ion drilling, electron-
beam lithography, focused electron beam irradiation, block
copolymer lithography, defect-selective electron recoil sputter-
ing, focused ion beam direct writing are among many
approaches that have been applied to the creation and size
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the stability of nanopores in graphene for a wide range of applications involving mass transport.

control of graphene nanopores.'® > However, small nanopores

are often back-filled with both carbon and foreign atoms in a
self-healing process due to the dangling bonds at the edge of
the nanopore,> 2 and this instability is detrimental to the
functionality and lifetime of the nanopores. Hence the devel-
opment of approaches to prevent the filling of graphene holes
after creation is a crucial step to improving their lifetime and
consequent application in solution environments. One way to
do this is to eliminate the highly reactive dangling bonds
associated with the edges of graphene holes. A previous report
has utilized Si atoms to stabilize graphene nanopores by brid-
ging the dangling bonds around the perimeter of the hole."®
However functionalization of graphene edges still results in
polar functional groups that are attractive to ionic species in
solution. Elimination of polar or dangling bonds could be
achieved by forming closed edge pores in bilayer graphene,
similar to the edge of a carbon nanotube or a back folded gra-
phene layer, where all C-C bonds are sp® in nature, but where
their flexibility enables bending and curvature of the lattice
and subsequently sealing of the edges.

The utilization of electron beams within a transmission
electron microscope for drilling holes into multi-layered gra-
phene is well established."®*”*! The additional use of an
in situ heating holder can also be applied to control the depo-
sition of amorphous carbon.***" To selectively remove the
layers in multi-layered graphene, a top-down approach can be
applied in which an electron beam at an energy beyond the
graphene sputtering threshold voltage (>80 keV) is focused
onto an area of interest to decrease the number of layers, even-
tually leading to the formation of nanopores of desired
size.”®*° However, the nature of electron beam sputtering is
such that the back layer of a multi-layered graphene sheet is

This journal is © The Royal Society of Chemistry 2015
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eroded first.*” This leads to the back layer having a larger pore
size and therefore the holes in each layer do not have aligned
edges and it is hence difficult for the edges in adjacent layers
to bond forming a closed edge nanopore.

To overcome this challenge in forming closed edge nano-
pores within monolayer graphene, we have exploited hydro-
carbon surface adsorbates that are known to condense on
graphene at room temperature. We show that a combination of
controlled electron beam irradiation and variable of temperature
can lead to stable closed edge nanopores in graphene. Using an
in situ heating holder has enabled us to study the structural
changes of the same atoms between room temperature to
800 °C. This ability to track the same group of atoms reveals the
detailed transformation of a nanopore and consequently demon-
strates control over the size of the closed edge nanopores.

Results and discussion

Open or closed edges and folded edges, has been extensively
studied in graphene.>*® The schematic model shown in
Fig. 1(a and b) shows bilayer graphene in either its intrinsic
open edge state or in a closed edge form with bonds between
the upper and lower layer that saturate the dangling bonds.
Monolayer graphene is typically covered with a surface layer of
hydrocarbons at room temperature, forming a pseudo-bilayer
material, in which one layer is amorphous. Heating to
~ 500 °C removes surface adsorbates to leave clean graphene.
Understanding these temperature dependent surface chem-
istry interactions has enabled us to develop a process for con-
verting surface adsorbates into a stable secondary layer that
includes edge bonds suitable for closed nanopore formation.
This process is schematically illustrated in Fig. 1c. The gra-

—

@ Hole sputtering

at 800°C
“ —

@ Electron beam
treatment
@ Increase to

crystallisation

>

@ Reduce to room
temperature

®BClosed edge
formation

Fig. 1 Closed edge graphene nanopore fabrication. (a, b) Atomic
models of open and closed graphene edges (3D perspective front and
side views). (c) Schematic illustration of temperature controlled for-
mation of a stable closed edge graphene nanopore.
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phene sample was initially heated to 800 °C to allow surface
contamination to evaporate, leaving clean graphene for which
the lattice structure could be imaged. (Fig. S2a in ESI}) Using
a previously reported fabrication technique,’”*® the electron
beam (80 keV) was focused to maximize the beam current
density (~10° e™* nm™ s7");*® a nanopore was created as
shown in process 1, Fig. 1c. The sample was then cooled to
room temperature (RT), process 2, Fig. 1c which results in
hydrocarbons from the microscope environment accumulating
on the surface of the graphene. The rapid accumulation of
the hydrocarbon residues has the effect of surrounding the
hole and partially filling some of the nanopore. Exposure to
the electron beam for extended periods at room temperature
causes the nanopore to be completely filled. Electron beam
irradiation of the hydrocarbon residue causes interlayer
bonding to the underlying graphene layer, as shown in process
3 and 4, Fig. 1c, in addition to sputtering of hydrogen from
the adsorbates to leave primarily carbon atoms, together with
some small amounts of residual elements such as nitrogen
and oxygen. Reheating the sample to 800 °C causes the bound
surface carbons to crystallize forming a polycrystalline second-
ary layer. The carbon atoms at the edge of the nanopore conse-
quently bond to eliminate the dangling bonds (process 5). For
this temperature cycle applied to the sample, the nanopore
structure is stable against further temperature and vacuum
level changes as the added layer does not evaporate due to
electron beam irradiation. This is evident in Fig. S1 (ESIf),
which shows only areas (at 800 °C) that have been exposed to
extended electron beam irradiation have kept added layers
whereas carbon sources on the surface of other areas vanish as
the temperature increased from RT to 800 °C. Similarly, the
treated graphene nanopore can now be reduced to RT without
being back-filled.

Phase contrast aberration-corrected transmission electron
microscopy (AC-TEM) images can be used to distinguish differ-
ences between open and closed edges, based on their contrast
profiles. We have compared multi-slice image simulations of
both atomic models with experimental data. The details of the
image processing techniques employed for all images are
shown in Fig. S2 in ESL{ Atomic models of a nanopore in bi-
layer graphene with both open and closed edges are shown in
Fig. 2a, b and 2e, f respectively, and were used to generate the
multislice image simulations in Fig. 2c¢ and 2g. Simulated
images of the open and closed edges (Fig. 2d and h) and analy-
sis of these (Fig. 2i and j) show that the closed edge gives rise
to stronger contrast than the open edge relative to the contrast
in the bulk lattice. The ratio between the intensities of the out-
ermost atoms to bulk atoms is 1.17 for the closed edge and
1.06 for the open edge. A further example of several graphene
nanopores which showed the closed edge formation process is
shown in Fig. 2k. This edge structure is similar to the image
simulation of a closed edge nanopore. Analysis of a closed
edge nanoribbon in Fig. S3 in the ESIf provides further evi-
dence that bilayer graphene forms closed edges.

Fig. 3 shows AC-TEM images of the same area during con-
secutive stages in the closed-edge nanopore formation process

Nanoscale, 2015, 7, 11602-11610 | 11603
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Fig. 2 Modelling and simulation of open and closed edge graphene
nanopores. (a, b) Front and side views of an open edged graphene nano-
pore. (c) Multi-slice image simulation of the model in (a) with the region
in the red rectangle enlarged in (d). The same analysis applied to a
closed edge nanopore, shown in (e—h). (i) and (j) box profiles taken from
the white rectangular regions in (d) and (h). (k) AC-TEM image of gra-
phene nanopores with closed edges, magnified in (l). Scale bar = 2 nm.

(schematically outlined in Fig. 1c). A 4 nm diameter nanopore
was sputtered from pristine graphene sheet at a temperature of
800 °C as shown in process 1 in Fig. 3. The temperature was
then reduced to RT (process 2) and the residual hydrocarbons
were allowed to aggregate on the surface of graphene around
the nanopore area, followed by further electron beam
irradiation. The temperature was increased back to 800 °C to
promote crystallization and the construction of a closed edge
(process 3). The electron beam irradiation helps to form inter-
layer bonds between the reactive amorphous carbon and the
graphene layer. This fixes the surface carbon adsorbates to this
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local region, where the electron beam has modified the struc-
ture. Finally the sample temperature was lowered to RT
(process 4) showing that the structure of the closed edge is
preserved at the probable working temperature for nanopore
applications. Visual comparison between the nanopore edge
after process 4 with that after process 2 shows significantly
stronger edge contrast, typical of closed edge formation.

Fig. 4 provides more details that show how the surface
hydrocarbons transform from amorphous to nanocrystalline
sp> regions as the temperature is increased. A nanopore was
again initially sputtered at 800 °C (Fig. 4a). The temperature
was then reduced allowing amorphous hydrocarbons to con-
dense on the surface as shown in Fig. 4b, and irradiated with
the electron beam. The temperature was then increased pro-
gressively to monitor the structural evolution of the nanopore.
The accumulated hydrocarbons were present in an amorphous
state at both RT and 400 °C. However as the temperature was
increased from 500 to 700 °C (Fig. 4d-f), the surface carbon
starts to crystallize. This is evident from the power spectra
shown in Fig. 4g and i calculated from the highlighted boxed
regions in Fig. 4b and f respectively. The box profile across the
center region of the power spectrum (Fig. 4j) shows two peaks
(d = 0.21 nm) and is characteristic of a polycrystalline sp”
lattice which is also evident from the Moiré patterns in Fig. 4f.
Fig. 4g has a relatively uniform intensity across the center of
the power spectrum (Fig. 4h) indicative of an amorphous
region. In Fig. 4f, it appears that more than one layer has
formed from the crystallization of the surface adsorbates, but
the nanopore still has a closed-edge structure. Extra layers of
graphene can lead to the formation of more than one closed
edge: for example, the third and fourth layers of graphene
could form closed edges amongst themselves and cause mul-
tiple dark contrast lines in TEM images.

Improving the stability of the nanopores is the primary
objective of this study and we have examined the stability of
closed edge graphene nanopores at RT under electron beam
irradiation and for a longer period of time without electron
beam irradiation. To achieve this a nanopore was created at
800 °C (Fig. 5a) and subsequently reduced to RT (Fig. 5b).
When the temperature was increased back to 800 °C a closed
edge nanopore was created. The temperature was then finally
reduced to RT and a sequence images recorded to monitor the
nanopore stability. A total of 14 frames were recorded over
11 minutes and a selection of these are shown in Fig. 5d-f
with the comprehensive data set provided in Fig. S4 in ESL}
The insets (Fig. 5c-f) are magnified images from the white
boxed regions and the periodic bright features at the edge
strongly suggest that these are closed edges. The area of the
nanopore in successive frames has been measured and is
plotted against time in Fig. 5g. The values fluctuate at around
15 nm” with no significant decrease or increase over the
course of our observations. The nanopore perimeters in the 14
frames recorded are shown superimposed in Fig. 5h and no
significant deviation from the initial shape is observed. This
data indicates that once closed edges are formed, the dangling
bonds diminish and edge stability is consequently increased.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 AC-TEM images showing the closed edge graphene nanopore experimental fabrication process. All scale bars = 2 nm.
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Fig. 4 Temperature dependent study of graphene nanopores. (a—f) AC-TEM images of the same graphene nanopore at various temperatures indi-
cated. (g) and (i) Power spectra calculated from the highlighted region of (b) and (f) respectively. (h) and (j) Profiles from the white boxed region

in (g) and (i). All scale bars = 2 nm.

This process is effective in preventing the as-created nanopore
from backfilling by ambient carbon sources. The closed edge
nanopores have also been tested for stability over an extended
period of time. As shown in Fig. S5 in ESI,j six nanopores were
initially created at 800 °C and the previously described closed
edge fabrication process was applied. After two days of
exposure to atmospheric conditions, the as-fabricated nano-
pores and their closed edges were intact and show no signs of
clogging. Fig. 5i and j, respectively, show the same nanopore
directly after fabrication and then after 2 days of exposure to

This journal is © The Royal Society of Chemistry 2015

the atmosphere outside the TEM. The closed edge nanopore
has barely changed after showing that they are extremely
robust to exposure to ambient conditions. It was important
that the same nanopore was observed both before and after
exposure to atmosphere for two days as the imaging process in
the TEM requires electron beam irradiation which can create
new holes in the sample that could be mistaken for the nano-
pores initially fabricated. However, since we recorded the exact
location of the initial nanopore created we are confident that
the nanopore shown in Fig. 5j is the same as that in Fig. 5i. On

Nanoscale, 2015, 7, 11602-11610 | 11605
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Fig. 5 Graphene nanopore stability at room temperature. (a) Graphene nanopore in single layer graphene produced at 800 °C. (b) The same pore
imaged after the temperature was reduced to RT. (c) Increasing the temperature back to 800 °C enables the formation of closed edges. The tem-
perature was then returned to RT for a second time and time series of images were recorded over 11 minutes (d—f). (g) The area of the nanopore
during the time series. (h) Perimeter of the nanopore during the time series using 14 frames in total illustrating the stability of the nanopore shape at
room temperature under electron beam illumination. (i) Nanopore directly after fabrication and before exposure to atmosphere. (j) The same nano-
pore as in (i), but after two days of exposure to atmospheric conditions (outside the TEM). All scale bars = 2 nm.

the upper right corner of the nanopore shown in Fig. 5i and j,
there is a minor modification to the perimeter shapeo before
and after imaging. This is believed to have been caused by an
additional amount of carbon atoms aggregating at the edge
combined with electron beam irradiation during the imaging
process. The overall stability of the nanopore in a normal
environment with minimal electron beam irradiation is not
affected. Constant electron beam irradiation of the closed-edge
nanopores also had little effect on their size once they had
formed, indicating that the edges are robust against sputtering
due their closed nature.’® In contrast, open edge holes are
known to be continually sputtered and increase in size with
exposure to the electron beam.

The ability to control nanopore size is important as it
affects the size of molecules that can pass. We demonstrate in
Fig. 6 that the size of the nanopore could be adjusted during
both the initial sputtering fabrication step at 800 °C and the
carbon source aggregation process at RT (process 2 in Fig. 3).
Fig. 6(a-d) show four selective AC-TEM frames that form part
of the graph shown in Fig. 6q at 800 °C. In this sequence elec-
tron beam irradiation strips off carbon atoms at the edge of
the nanopore and results in an increased size with a growth
rate of 0.01 nm” s~ for the beam current density used. This is
a relatively slow process and the average size of the nanopore
at this stage could therefore be controlled with nanometer pre-
cision. When the temperature is reduced to RT, hydrocarbons
adhere and slowly start to fill the nanopore and decrease its
area linearly with time as shown in Fig. 6r. Four frames shown

11606 | Nanoscale, 2015, 7, 11602-11610

in Fig. 6e-h demonstrate the appearance of the nanopore
during this process with complete dataset shown in Fig. S6 in
ESLT The area of the nanopore decreased from ~5.2 nm? to
~3.0 nm? over 10 minutes, at a rate of 0.004 nm?* s™* (Fig. 6r).
This gradual decrease also allows adjustment of the size of the
nanopore with nanometer precision during this process. When
the desired nanopore size is reached the temperature was
raised to 800 °C to fix the nanopore size and initiate closed
edge formation, which limits any further size modification.
Using the techniques described here, closed edge nanopores
with sizes ranging from ~1.5 nm® to ~70 nm” were constructed
using controlled exposure to the e-beam to determine the
initial hole size followed by fixed time at RT to control the
degree of hole shrinking by carbon adsorbate filling (Fig. 6i-p).
Fig. S81 shows that back filling from carbon condensation at
low temperature (200 °C) occurs when the edges of nanopores
are left open which illustrates the significance of closed edges
in stabilizing nanopores for practical applications.

Conclusion

Using a stable SiN based in situ TEM heating chip that exhibits
minimal drift, we have been able to control accurately the
temperature of a graphene specimen and to monitor its effect
on edge structures in graphene nanopores. This has enabled
the development of a series of temperature assisted processes
that form closed edges in graphene nanopores. The closed

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Nanopore size control. Nanopore sizes controlled during two separate stages; electron beam sputtering at 800 °C and nanopore shrinkage
at room temperature. (a—d) four selective frames from hole sputtering at 800 °C with the area trend plotted in (q) together with a linear fit. (e—h)
four selective frames from room temperature nanopore shrinkage with the area trend shown in (r) together with a linear fit. Utilizing these two
control parameters closed edge nanopores with diameters ranging from 1.4 nm to 7.4 nm were fabricated in a controlled manner as shown in (i—p).

All scale bars are = 2 nm.

edge nanopores were stable during 11 minutes of observation
and further experiments showed that they also stable for up to
2 days in air. The size of the nanopore can be controlled with
nanometer precision by adjusting the electron beam
irradiation time at 800 °C during the fabrication process and
the time spent at RT where additional carbon layers are added.
This practical method of fabricating closed edges around gra-
phene nanopores could address issues arising from the uncon-
trolled back filling of nanopores, leading to, for example,

This journal is © The Royal Society of Chemistry 2015

instability during DNA and single molecule detection using
graphene nanopores.

Methods

CVD growth of graphene on liquid copper

The graphene used in this experiment was synthesized by
atmospheric pressure CVD. Copper foil (Alfa Aesar, puratonic

Nanoscale, 2015, 7, 11602-11610 | 11607
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99.999% purity, 0.1 mm thick) of ~1 cm® was used as a cata-
lyst, resting on top of a similar-sized piece of tungsten (Alfa
Aesar, 99.95% purity, 0.1 mm thick).*® This was loaded into a
quartz tube in a split-tube furnace CVD system, which was sub-
sequently sealed and tested with a vacuum pump. The tube
was then flushed with 200 sccm Ar, 100 sccm H,/Ar mix (25%
H,) and 100 sccm CH,/Ar mix (1% CH,) gas flow for
30 minutes at room temperature. The catalyst was then
annealed for 30 minutes at 1100 °C under 200 sccm Ar and
100 sccm H,/Ar mixed gas flow, melting the copper. The H,/Ar
mix flow was reduced to 80 sccm and the CH,/Ar mix was set
at 10 sccm for 90 minutes at the same temperature. Finally,
the sample was removed from the heating region of the
furnace and rapidly cooled at ambient temperature under a H,
and Ar atmosphere.

Transfer onto TEM grid

A (8 wt% in anisole, 495 molecular weight) PMMA film was
spin coated onto the graphene side of the sample at 4500 rpm
for 60 s, and then cured at 180 °C for 90 s. The underlying
copper were etched from the side by floating the sample on
iron(ur) chloride + hydrochloric acid solution for 3 days, until
only a transparent PMMA/graphene film remained suspended
on the surface. This was then cleaned by floating onto fresh DI
water and 30% hydrochloric acid respectively and then cleaned
again in DI water. The film was then transferred onto a SiN
TEM grid designed for in situ Transmission Electron
Microscopy in a heating holder (DENSsolutions single tilt 30°
fitted with DENSsolutions High Temperature EM heater chip
with a maximum operating temperature up to 800 °C). The
thin SiN membrane on the heating holder contained several
windows (size 3 x 0.2 pm) produced using a Zeiss NVision
SEM:FIB prior to graphene transfer. These windows were
essential to enable HRTEM imaging of the graphene lattice
without contrast from the SiN membrane. After drying in air
for about 3 hours, the sample was baked on a hot plate for
15 minutes to remove water and to improve sample adhesion
to the heater chip. The sample was then placed in a furnace at
350 °C overnight to remove the PMMA.

High resolution transmission electron microscopy

HRTEM imaging was performed using the Oxford-JEOL JEM
2200MCO field-emission gun transmission electron micro-
scope, fitted with CEOS probe and image aberration correctors
and a double Wien Filter monochromator*' operated with a
5 pm slit to reduce the energy spread of the electron beam to
217 meV at an accelerating voltage of 80 kV. Images were
recorded using a Gatan Ultrascan 4k x 4k CCD camera with 2 s
acquisition times. The sample height was continuously
adjusted using a piezo controller in the microscope gonio-
meter to maintain a defocus value of ~1 nm. Nanopores were
initially created in graphene using a focused electron beam
with a beam current density (BCD) of ~1 x 10% e s™* nm™? with
300 s exposure time. Once a small nanopore was created the
beam was expanded to give a reduced BCD of ~0.1-1 x 10° e
s~' nm~? for image acquisition.

11608 | Nanoscale, 2015, 7, 11602-11610

View Article Online

Nanoscale

Image processing

Image processing was performed using the Image J software.
First, a band-pass filter with a range between 100 to 1 pixels
was applied to the Fourier Transform of the image to remove
broad, uneven illumination variations. The image was then
Gaussian smoothed (sigma value —3) to remove further noise.
A colour look-up table (LUT) ‘Fire’ in Image] was used to
improve visual appearance. At all stages care was taken to
ensure that these processes did not introduce artefacts in the
final images. Multi-slice image simulations were performed
using the JEMS software with appropriate supercells. The
supercell structures were created using Accelrys Discovery
Studio Visualizer. The detailed image processing techniques
employed are shown in Fig. S2 in the ESL.}
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