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U
sing an electric field to drive mol-
ecules through a nanoscale pore
for bioanalytical analysis has be-

come a widely used method to study single
molecule kinetics and behavior.1�5 The
proposed utility of nanopore-based devices
range from commercial applications, such
as ultrafast DNA sequencing2,6 and protein
molecular recognition,7,8 to answering fun-
damental questions regarding single mole-
cule biophysics.1,9,10 A majority of experi-
ments drive molecules through an ultrathin
membrane containing a single pore allowing
one to detect a transient decrease in the flow
of ionic current, and therefore an increase in
electrical resistance.6 Traditionally, solid-state
pores are fabricated within silicon nitride thin
films typically between 20 and 50 nm,1,11�13

while electron beam lithography has been
shown to thin regions of the membrane to
even lower membrane thicknesses reaching
sub-10 nmand thereby enhancing the resolu-
tion of nanopore sensing.14 To achieve
even thinnermembranes, graphene has been

proposed to be an ideal candidate for next
generation nanopore devices.15�17

Graphene is defined as a single atomic
layer of sp2-bonded carbon atoms and is the
fundamental structural element of many
interesting nanostructures; namely carbon
nanotubes, fullerenes, and nanoribbons.
Additional novel structures have been cre-
ated that combine the unique electrical and
mechanical properties of graphene with
other thin film structures such as cantilev-
ers,18 nanoelectrodes,19 andnanopores.15�17

For this purpose, single-layer and few-layer
suspended graphene sheets have been of
great interest and fabricated using a focused
electron beam.15�17,20 The inherent advan-
tage of using an electron beam sculpting
technique is that both fabrication and ima-
ging can be performed in the same instru-
ment allowing visual feedback of device
progression. Although sculpting conditions
(>140 kV) can introduce defects and cause
amorphizationofgraphene,20,21methods such
as annealing, current-induced graphitization,
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ABSTRACT Graphene is a unique material with a thickness as low as a single atom, high

in-plane conductivity and a robust lattice that is self-supporting over large length scales.

Schematically, graphene is an ideal solid-state material for tuning the properties of a

nanopore because self-supported sheets, ranging from single to multiple atomic layers, can

create pores with near-arbitrary dimensions which can provide exquisite control of the

electric field drop within the pore. In this study, we characterize the drilling kinetics of

nanopores using a thermionic electron source and various electron beam fluxes to minimize

secondary hole formation. Once established, we investigated the use of multilayer graphene

to create highly tailored nanostructures including nanopores with graphite polyhedral

crystals formed around the nanopore edge. Finally, we report on the translocation of double

stranded and single stranded DNA through such graphene pores and show that the single

stranded DNA translocates much slower allowing detection of extremely short fragments (25 nucleotides in length). Our findings suggest that the kinetic

and controllable properties of graphene nanopores under sculpting conditions can be used to further enhance the detection of DNA analytes.

KEYWORDS: graphene . nanopore . DNA sequencing . graphite polyhedral crystals

A
RTIC

LE



FREEDMAN ET AL. VOL. 7 ’ NO. 6 ’ 5008–5016 ’ 2013

www.acsnano.org

5009

or low-energy electron beam irradiation can reverse
the process causing amorphous carbon to return
to single or poly crystalline graphene.22�25 Here we
observe that drilling with low beam intensities in
multilayer graphene preserves the graphene crystal
structure, and further, electron beam conditions can be
used to create novel graphitic structures around the
edge of the nanopore.
The dominant instrument utilized for electron beam

sculpting, particularly for nanopore fabrication, is a
200 kV field emission transmission electron micro-
scope (TEM) whose field emission source provides
the highest flux of electrons.26,27 Thermionic sources
have failed to drill in silicon nitride membranes, the
most commonly used thin film, due to lower electron
beam densities of the convergent beam. However, due
to the thin nature of graphene, we explored the use of
a thermionic source (lanthium hexaboride) in order to
expose graphene to lower doses of electrons. Experi-
ments were performed within a JEOL JEM 2100 TEM
operated at 200 kV (with varying beam intensities)
which was used to both sculpt and image graphene
grown by chemical vapor deposition (CVD) method.
The first reports of graphene nanopore drilling using
an electron beam used field emission sources without
using beam intensity to manipulate pore diameter.
With the lower beam currents offered by the thermio-
nic source, we aimed to characterize drill times to
create reproducible pore sizes and minimize mem-
brane damage, develop graphitic structures around
the pore edge, and characterize the thickness and
geometry of the pore using TEM tomography.
Despite offering several advantages to next-

generation DNA sequencing which requires single
stranded DNA as its primary analyte, previous
reports have focused on proof-of-concept experiments
using double stranded DNA.15�17 The first proposed
advantage of graphene over silicon nitride pores is
its atomically thin structure allowing ultrahigh resolu-
tion sensing. Second, the graphene can be used as an
electrically active material which can manipulate DNA
movement or even measure the transverse conduc-
tance of eachDNAbase via tunneling.15 Herewe report
on the fabrication of multilayer graphitic structures
which are capable of offering new and highly advanta-
geous properties to graphene nanopores. Since multi-
layer graphene structures can be tuned electrically28

and geometrically29 using its layers as a design para-
meter, graphene as a starting material is highly robust
for single molecule sensing. To test the utility of the
nanopores, DNA�pore interactions were studied using
double stranded DNA and short single stranded DNA
fragment 25 nucleotides in length. Through the detec-
tion of these short DNA fragments, we suggest that
having a graphitic edge with a curved, yet planar,
surface facing the inside of the pore is useful to future
DNA sensing applications.

RESULTS AND DISCUSSION

Graphene Nanopores with Graphitic Edges: Fabrication and
Characterization. The current densities of the convergent
beam were controlled by spot settings alone and were
varied within the range of 105�107 electrons/(nm2

3 s)
which led to very different sculpting kinetics. Imaging
with a less convergent beamwasperformedat 104�105

electrons/(nm2
3 s) leading to no obvious change in the

appearance or physical properties of sculpted struc-
tures allowing one to stop drilling, image and continue
drilling as necessary. The drillingwas done in areas with
single crystalline properties as measured by the diffrac-
tion pattern (Figure S4). By reducing the electron beam
intensity, a slower rate of nanopore growth can be
achieved allowing fine-tuning of the nanopore size
(Figure 1). Assuming graphene is present, this method
led to 100% yield rate for nanopores ranging from 1 to
140 nm in diameter (TEM image of 1.2 nm nanopore
supplied in Supporting Information Figure S1). The use
of different beam intensities was incredibly important
in this study as we observed that each spot mode
was ideal for fabricating a different range of nanopores.
The highest beam intensity, which is most similar to
the current densities used in previous studies (107

electrons/(nm2
3 s)),

26 was least ideal for creating pores
smaller or greater than its beam size and led to peri-
pheral holes around the main nanopore and/or jagged
edges as mentioned by others.30,31 Qualitatively,
6 � 105 and 2 � 105 electrons/(nm2

3 s) produced
optimal pores with no damage to the surrounding
graphene membrane, while 6.8 � 106 and 2 � 106

electrons/(nm2
3 s) only rarely produced noticeable

damage. TEM diffraction patterns were collected
before and after drilling as well as over the course of

Figure 1. Drilling and shrinking kinetics of graphene nano-
pores using various beam intensities. (a) Pore kinetics as a
function of beam residence time, or drill time (s) for 5
different beam intensities. (b) TEM images of initial pore
formation using 5 different beam intensities resulting in
varying degrees of edge damage around the pore.
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10�20 min and led to stable diffraction patterns
(Figure 2c). The seeming lack of susceptibility of multi-
layer graphene to become amorphous carbon under
electron beam irradiation is believed to be due to the
lower atomic mobility of atoms when several graphene
sheets are present to confine and minimize disloca-
tions, particularly at lower electron beam densities.32,33

Electron beam induced deposition (EBID) of amor-
phous carbon onto graphene is commonly reported to
be detrimental to nanopore fabrication due to the loss
pristine graphene; however, evidence for diminished
sensing ability or thickness variation of the membrane
has not been thoroughly investigated.20,31 Here, EBID
was not observed with 4 out of the 5 beam intensities
and was verified by a long-term drilling study in
which the beam was focused to a spot for over
15 min (Figure S1). Most of the nanopore drilling
kinetics produced well behaved logarithmic growth
described by Dp = AIbeam ln(tdrill) � C, where Dp is the
pore diameter, I is the electron beam current density,
andA andC are constants (Figure 1a, gray dashed lines).
At a beam intensity of 6.2 � 105 electrons/(nm2

3 s),
shrinking of the pore via EBID was observed at a rate of
7.5 nm/min in which amorphous carbon is drawn
toward the beam allowing nanopores to be reproduci-
bly formed with diameters of 1�25 nm. If desirable, it
is possible to turn this material into crystalline material
by employing graphene-promoting atomic rearrange-
ment (i.e., graphitization). This has been reported
by low energy electron irradiation (<80 kV) or by
annealing.25,34

Interestingly at 6.2 � 105 electrons/(nm2
3 s) irradia-

tion of the amorphous carbon shrinkage layer

produced a structure known as graphitic polyhedral
crystals (GPC), composed of curved graphitic connec-
tions between layers (Figure 2b).29,35�37 These struc-
tures can be easily discriminated from the rest of the
membrane since the amorphous region is slightly
darker in the TEM images and the GPC structures have
a concentric ring pattern (Figure 2d). The whole shrink-
age layer does not turn into GPC, but instead, only
the regions of the shrunk pore that had direct contact
with the beam do (experiencing a current density of
∼106 electrons/(nm2

3 s)) which agrees with previous
reports of graphitization by electron beam exposure
(more images of GPC pores in Supporting Information,
Figure S2).38 Once the shrunk GPC pore is formed, it
should be possible to graphitize the rest of the shrunk
EBID layer by subsequent high temperature annealing
in order to electrically connect the GPC to the sur-
rounding graphene. However, since the pore surface
is the key functional element of the sensor for ionic
current measurements of DNA, we investigated the
potential beneficial properties of the GPC nanopore
edge. On the basis of the kinetic properties of electron
beam sculpting, other structures were also fabricated
including nanoribons, nanometer scale cantilevers
(both fromexistinggraphene and fromEBIDprocesses),
three-pronged nanogaps which could serve as source-
drain-gate, and nanopore arrays (Figure S7).

To better characterize graphene thickness (i.e.,
number of layers) and the graphene nanopore's edge
structure, we performed TEM tomography during
various stages of drilling and shrinking at 6.2 � 105

electrons/(nm2
3 s); specifically after 20, 60, and 240 s

producing pores of 8 nm, 25 nm, and 14 nm, respec-
tively (Figure 3). On the basis of TEM tomography
technique, we observed a thickness of the graphene-
layers to be between 6 and 9 nm.With increasing beam
exposure, the cross-sectional profile of the nanopore
evolves over time. The initial profile is a double-cone
structure mimicking that of TEM-drilled silicon nitride
nanopores.26 As the pore enlarges, the edges become
more rounded; this likely due to the fact that the beam
loses intensity as you travel further away from the
beam center. Shrinking the pore produces an even
rounder edge than the enlarged pore. These edges
also are likely due to the spherically shaped layers of
the GPC (tomography movies available in Supporting
Information). The carbon growth and the formation of
GPC were only observed laterally and no changes in
the thickness of the membrane were observed. It can
be concluded that the shrunk GPC-transformed pore,
given its different atomic structure, is physically,35

electrically,39 and geometrically different when com-
pared to the direct-beam fabrication method.

On the basis of pure ionic current measurements,
several groups have investigated the ability to detect
DNA using graphene nanopores experimentally15�17

and using molecular simulations.19,40,41 However, due

Figure 2. (a) A schematic illustrating the use of electron
beam induced deposition (EBID) to cover the pore surface
with amorphous carbon. (b) A schematic illustrating the use
of the TEM electron beam to induce a transformation from
amorphous carbon to graphitic polyhedral crystals (GPC).
(c) Diffraction pattern of graphene irrespective of long-term
TEM imaging showing single crystalline structure. Some
areas displayed poly crystalline structure (Figure S4) but
were avoided when drilling nanopores. (d) Shrunk nano-
pore with graphite polyhedral crystal edges sculpted at
6.2 � 105 electrons/(nm2

3 s). Inset: close up of nanopore
edge. Scale bar = 5 nm.
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to the preferred use of single layer graphene for the
above application, analysis on how the existence of
multiple layers would affect the distribution of the
electric field has not been investigated. Using numer-
ical methods, the electric field distribution of single
compared to multilayer graphene was actually found
to be almost identical for a 10 nm pore (Figure 3d,e).
Although the electric field generally becomes more
focused with thinner membranes, we found that when
the thickness of the pore (h) is smaller than the pore
diameter (d), the effects of access resistance become
more dominant. The increased contribution of access
resistance can be shown quantitatively using the re-
sistance expressions Rpore = (Fl/πr2) and Raccess = (F/πr),
where F is the solution resistivity, l is the length of the
pore, and r is the radius of the pore. Using an arbitrary
pore diameter of 2 nm, a 50 nm thick membrane has
access resistance that is only 3.0% of the total resis-
tance, whereas a membrane thickness of 0.3 nm yields
a much larger access resistance contribution of 83.9%.
Therefore, the benefits of decreasing the membrane
thickness become negated as the aspect ratio of the
pore decreases.

The length of the sensing zone of the pore is
arguably measured by the peakedness of the electric
field distribution along the axis of the pore. The main
contributing factors for peakedness are themembrane
thickness (i.e., the length at which the electric field is
nearly constant) and access resistance (i.e., the falloff

rate from the maximum electric field strength to the
negligible electric field strengths found in the bulk
solution). Using the statistical measure for peakedness
(i.e., kurtosis), it was found that the most peaked
electric field distribution occurred at a membrane
thickness of 5�6 nm (15�20 graphene sheets) for a
10 nm pore (hoptimal = d/2). Although the ideal pore
diameter for sensing DNA is 2�3 nm, the ability to
create such small pores is not an easy task and gen-
erally experiments are performed using much larger
sized pores.15�17 Since the number of layers, thickness
and geometry of the graphene has such an imperative
role in DNA�pore interactions and electric field dis-
tribution, multilayer graphene has promising applica-
tions to DNA sequencing and related analysis.

Detection of Long and Short DNA. The study of the
interaction between graphene (both flat sheets and
carbon nanotubes) with DNA bases has been of great
interest recently due to the prospects of detectingDNA
using graphene nanopores15�17,19,40,42 and carbon
nanotubes.43�45 Several reports have suggested DNA
bases are stabilized by π-stacking on the surface of
graphene and carbon nanotubes.40,43,44,46,47 These
studies have shown that the interaction with the four
types of nucleic acids is base dependent, but never-
theless, all DNA bases have been shown to interact
significantly with the graphene surface.44 Due to the
physisorption nature of the interaction, the electronic
properties of the base are not disturbed, allowing for

Figure 3. (a) TEM image and tomogram of a pore drilled at 6.2 � 105 electrons/(nm2
3 s) and 20 s exposure time producing a

pore ∼8 nm in diameter. (b) A pore drilled at 6.2 � 105 electrons/(nm2
3 s) with an exposure time of 60 s producing a pore

∼25 nm in diameter. (c) A pore drilled at 6.2� 105 electrons/(nm2
3 s) with an exposure time of 240 s producing a shrunk pore

with a diameter of ∼14 nm (shrunk from an initial diameter of ∼40 nm). Tomograms were obtained using a tilt series from
�60 to þ60 degrees using the SerialEM Software. (d) Electric field distribution along the axis of the pore with varying
membrane thicknesses. (e) Statistical measure of the peakedness of the electric field distribution for various membrane
thicknesses. Details of numerical simulations found in Supporting Information.
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applications in DNA-sequencing via transverse con-
ductance measurements.15 The most interesting as-
pect of these interactions lies with their effects on DNA
translocation kinetics through the pore. The work
by Wells and colleagues48 in particular have shown
through Molecular Dynamics simulations that these
interactions are critical to future DNA sequencing
applications. Namely, since the interaction energy
seems to be strongest with the graphene surface and
not the edge, theDNA strand is expected to translocate
in single nucleotide steps where the bases make quick
transitions from one side of the single layer graphene
nanopore to the other and thereby limiting the actual
time spent within the pore. The second and perhaps
most important aspect of these interactions is that the
adhesion forces between exposed DNA bases and the
graphene surface should reduce the translocation
velocity of single stranded DNA as compared to double
stranded DNA. For a comprehensive study of double
stranded DNA translocating through a graphene na-
nopore using Molecular Dynamics, refer to work by
Sathe and co-workers.41 Both of these DNA-pore be-
haviors will be affected by the presence of GPC around
the pore. With GPC nanopores, the graphene edge is
replaced by a surface more comparable to that of
graphene (i.e., a slightly curved graphene surface). It
is therefore expected that nanopores with a GPC edge
can be used to slow down DNA translocations thereby
alleviating one of the main issues with DNA sequen-
cing applications of nanopores.49

DNA translocations were obtained with a nanopore
having GPC-edges having a diameter of 5 nm. The
conductance of the pore was 31 nS at 2 M KCl
(Figure 4a) which is comparable to previous reports
with multilayer pores at 1 M KCl (∼13 nS).17 DNA was
introduced into one chamber of the flow cell produ-
cing transient drops in current corresponding to single
DNA molecules. First, λ-DNA (48.5 kb, 5 nM) was used
to characterize the pore producing events with char-
acteristic event properties, namely, a uniform current
drop and event durations described by an exponential
(Figure 4c). The mean current drop value obtained
in these experiments was 332 ( 62 pA as shown by
the scatter plot in Figure 4b. Using a simple area of
occlusion approximation given by ADNA/Ap, the ex-
pected current drop for a 5 nm pore should be 19.4%
(2.2 nm2/5 nm2) where as the experimental percent
block was only 6.8% (332 pA/4900 pA). The smaller
than expected percent block was also found by
others16 and may be caused by the low aspect ratio
of graphene pores causing the sensing zone of the
pore to extend outside the immediate region of
the pore. The peak event duration was found to
be 710 μs (250 mV driving voltage) which is longer
than that reported by two independent studies
which obtained translocation times of ∼200 μs
(100 and 160 mV driving voltage).15,16 However, the

translocation time was not as long as that reported by
Schneider et al.,17 which was 2.7 ms at an applied
voltage of 200 mV. The distribution of residence times
was also reported to be Gaussian instead of the falling
exponential function found here (and previously re-
ported as indicating strong DNA-pore interactions11)
leading us to speculate different translocation kinetics
all together.

Figure 4. (a) Current versus voltage plot for a 5 nm multi-
layer graphenepore and 2MKCl. (b) DNA translocation data
for λ-DNA (5 nM concentration, 48.5 kb long) using a
nanopore with a graphitic polyhedral edge. Current drop-
translocation time scatter plot for double stranded λ-DNAat
250 mV (1 M KCl, 10 mM Tris, 1 M EDTA). (c) Histogram for
the translocation time (tD) showing an exponential depen-
dence for tD > tp. Translocation events (n = 4388) were
recorded at 1M KCl, 10mM Tris (pH 8), and 1mM EDTA. The
exponential curve fit parameter τ = 2.34 ms.
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To further investigate the benefit of DNA sensing
and the dependence with single versus double
stranded DNA, we also performed experiments with
25 nucleotide single stranded DNA. We observed that
with silicon nitride nanopores there were fewer events
and events that were detected were extremely short-
lived (<50 μs). Also, the fewnumber of events thatwere
recorded had smaller than expected current drops
(<1% conductance change from baseline) not consis-
tent DNA suggesting attenuation of the events due to
the low-pass filter. Using the same recording settings,
the GPC pore could detect events more efficiently and
with a peak translocation time that is well within the
capability of the recording system; particularly at the
100 mV driving voltage. As expected, the current drop
had a linear dependence with voltage and an expo-
nential dependence for the event duration (Figure 5c,d)
as was previously shown with silicon nitride pores
within the voltage regime we test.49,50 The smallest
current drop value (94 ( 30 pA) was at 100 mV and
could still be measured and analyzed. The linear in-
crease in current drop is caused by higher current
densities within the pore at higher voltages. However,
as the current drop increases from 200 to 250 mV, the
larger current change as well as the shorter duration
of the events make the events attenuated by the filter
(Figure 5c). The current drop still increases between
200 and 250 mV; however, at 250 mV, the current drop
deviates from the linear relationship which exists at the
lower voltages.

Due to the energy barrier that exists at the entrance
of the pore, translocation time follows an exponential
dependence. Other models have used a force balance
between the electric force and the viscous drag across
the whole molecule yielding an inverse relationship;49

however, that was not the best fit for this data. It should
be emphasized that the single stranded DNA traversed
the pore even more slowly than the double stranded
λ-DNA which is likely due to the bases interacting with
the graphene surface. Due to contributions of access
resistance of similar length-scale pores, the transloca-
tion velocity was calculated using the corrected velo-
city equation used by Meller et al.:50 vDNA = (LDNA þ
0.35Lpore)/tp where tp is the peak translocation time of
the histograms shown in Figure 5b. It should be noted
that the velocity of the 25 nucleotide-long DNA frag-
ment in our pores (0.35 Å/μs at 100 mV and room
temperature) is much slower than the velocity of 3000
bp DNA in SiN pores (125 Å/μs at 120 mV),51 6557 bp
DNA in silicon-oxide nanopores (146 Å/μs at 120 mV)52

and of the same order of magnitude forR-hemolysin with
25 nucleotide-long ss-DNA at 2 �C (0.16 Å/μs at 120mV).50

At 100 mV, we obtained a single base residence time of
12.4 μs, which is the slowest velocity reported at room
temperature using a solid-state nanopore.

The slowing down of DNA while inside the pore
is not a novel idea and has been the focus of much
research. One of the earliest methods of slowing down
the translocation process was using solutions of in-
creased viscosity.49 In this experiment, they used a
4�8 nm silicon nitride pore with varying concentra-
tions of glycerol and obtained a velocity of approxi-
mately 9 Å/μs. Other techniques include using a pore
smaller than the diameter of double strandedDNA53 as
well as optically trapping a dielectric bead attached to
a DNA molecule and controlling the speed indepen-
dently. The last experiment seems the most robust
but lacks the high-throughput sensing required for
next generation DNA sequencing. Instead, the study
focused on the measurement of forces on the DNA

Figure 5. (a) Ionic current traces for single stranded DNA (25 bases in length) in a 50 nm thick silicon nitride nanopores (5 nm
diameter). (b) Ionic current traces for a graphene nanopores with graphite polyhedral crystal (GPC) edges. (c) Current drop
parameter, (d) peak translocation time (tp), and (e) translocation velocity as a function of voltage. Events were recorded at
100 (n = 9458), 125 (n = 6854), 150 (n = 9616), 175 (n = 8624), 200 (n = 6932), and 250 mV (n = 8057) in 2 M KCl, 10 mM Tris
(pH 8), 1 mM EDTA and 10 nM DNA.
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molecule while inside the pore. The most recent work
by the samegroup also used lithium chloride instead of
potassium chloride as the bulk electrolyte.54 Due to the
lithium binding more strongly to the DNA, they were
able to achieve slower translocation rates. Viscosity
and electrolyte type could potentially be used in
conjunction with material properties to further slow
down DNA in a graphene pore to achieve the translo-
cation rates needed for DNA sequencing.

CONCLUSIONS

In terms of DNA sequencing, graphene nanopores
have been reported to offer two main advantages
including: (1) anatomically thinmembranewhich allows
for finer single-molecule resolution and (2) graphene
can potentially measure DNA's transverse conductance
(thereby obtaining its sequence) as well as control its
motion through thepore.Multilayer graphene have also
been reported to providemore flexibility in tailoring the
electronicproperties ofgraphene; offeringmoreoptions
tomeet device specifications.28Without the presence of
GPC around the nanopore edge, multilayer graphene is
still useful for conductancemeasurements ofDNAbases
since each graphene layer conducts only in-plane.15

Despite a seemingly strong preference for single-layer
graphene,multilayer graphenemay actually provide the
most information about DNA by measuring from each
base individually but several times as it translocates the
pore. Alternatively, due to the flexible nature of single
stranded DNA, multilayer graphene can further ensure
the measurement of a single base by restricting the
bases movement.
In the future, prospective DNA sequencing technol-

ogies must overcome some major challenges in order
to resolve single base identity. One criterion for future
devices is that the device should read the sequence

without digesting the DNA into smaller pieces since
this process increases the complexity of the analysis
and lowers throughput. In the case of single strand
sequencing using nanopores, gaining confidence of
base identity can be achieved by increasing the resi-
dence time inside the pore. For optical detection
schemes, localizing the source of the light down to
the nano- or even subnanoscale is themajor challenge.
At the current state of technology, manipulating the
movement of DNA may be more feasible compared to
complex and costly optical detection schemes. Other
techniques to manipulate single stranded DNA includ-
ing atomic force microscopy (AFM) and optical twee-
zers are not easy or high throughput. The prospect of
using material properties to control and manipulate
DNA through interaction forces is tempting because
of its ability to do so in a high-throughput manner.
In summary, we report on the beam intensity-

dependent nature of pore drilling and demonstrate
that selection of spot size should be based on the
desired pore diameter in order to minimize edge
defects. More interestingly, we observed the ability to
sculpt multilayer graphene using lower than conven-
tional current densities which yielded the unique
formation of graphitic polyhedral crystals around the
nanopore edge. We also propose that multilayer gra-
phene, particularly the growth of graphite polyhedral
crystals, may provide some unique advantages for
future DNA sequencing applications such as slowing
the DNA molecule while translocating the pore
through favorable interactions with the pore wall. We
provide evidence for this hypothesis by detecting both
single and double stranded DNA and showing that the
single stranded DNA (25 bases long) travels through
the pore significantly slower than traditional experi-
ments with silicon nitride nanopores.

MATERIALS AND METHODS

Fabrication. A majority of drilling kinetics, as well as tomo-
graphy, were performed by transferring graphene to a holey
carbon TEM grid. Almost all holes in the holey carbon had a
suspended sheet of graphene allowing drilling to be performed
repeatedly on the same TEM sample.To make nanopores cap-
able of electrochemical studies, graphene was transferred to
various sized silicon nitride pores ranging in size from 200 to
1500 nm in diameter. Silicon nitride nanopores were drilled in
a 50 nm thick free-standing silicon nitride membrane which
was supported on all sides by a silicon chip (5.5 � 5.5 mm2).
Fabrication of this membrane consisted of first depositing a
layer of low-stress silicon nitride on a silicon wafer using low
pressure chemical vapor deposition (LPCVD) followed by photo-
lithography, deep reactive ion etching (DRIE) and KOH etching
to form a 50 � 50 μm2 square membrane. Pores were then
drilled using a focused ion beam (FIB, FEI Strata DB235). The TEM
used for all drilling experiments was a JEOL JEM 2100 equipped
with a LaB6 electron source.

We used a graphene transfer process similar to that re-
ported by Garaj et al.15 Briefly, graphenewas grown by CVD on a
copper substrate followed by spin coating a polymer (PMMA)
on the surface.15 The copper substrate was then etched using

ferric chloride thereby releasing the graphene. A new support
(silicon nitride chip or carbon grid) was then used to scoop up
the floating graphene/PMMA. PMMA was then removed using
thorough solvent washes including a 30 min soak in heated
acetone.

Tomography. Tomography was performed using a high tilt
tomography holder capable of �60 to 60� tilting. The tilt series
was accomplished using SerialEM, and reconstructed using
IMOD and Chimera.

Single Channel Recordings. Pore characterization and event
recording were accomplished by placing the nanopore be-
tween two electrolytic half cells filled with buffered potassium
chloride. The nanopore chip was held in place using a custom
built polycarbonate flow cell with PDMS gaskets to ensure that
the only path of ionic current is through the nanopore. Electro-
des (Ag/AgCl) were placed in both chambers and connected to
the headstage of a patch clamp amplifier (Axopatch 200B,
Molecular Devices, Inc.) which allowed the ionic current to be
measured at various applied voltages. Signals were recorded at
250 kHz with a low-pass Bessel filter of 2, 5, and 10 kHz. λ-DNA
(48.5 kb) was added at a concentration of 5 nM to the cis
chamber of the flow cell which led to transient decreases in
current corresponding to the translocation of individual DNA
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molecules. Primer DNA (single stranded with the following
sequence: CCCTGCGTGAAGGCCACCCCCCTGT) was also trans-
located through the pore following the same procedure but at a
range of voltages.
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