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ABSTRACT We report on DNA translocations through nanopores created in graphene membranes. Devices consist of 1-5 nm thick
graphene membranes with electron-beam sculpted nanopores from 5 to 10 nm in diameter. Due to the thin nature of the graphene
membranes, we observe larger blocked currents than for traditional solid-state nanopores. However, ionic current noise levels are
several orders of magnitude larger than those for silicon nitride nanopores. These fluctuations are reduced with the atomic-layer
deposition of 5 nm of titanium dioxide over the device. Unlike traditional solid-state nanopore materials that are insulating, graphene
is an excellent electrical conductor. Use of graphene as a membrane material opens the door to a new class of nanopore devices in
which electronic sensing and control are performed directly at the pore.
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Solid state1-8 and biological9 nanopores are proving to
be invaluable tools for probing single molecules. A
nanopore is a small hole that connects two chambers

that contain electrolyte solution. An applied voltage across
the nanopore drives ions through the pore, which is recorded
from the voltage source using a high-gain amplifier. DNA
molecules, added to the electrolyte solution, can then be
driven single file through such nanopores by the electric
field.9 As the molecules translocate they partially block ion
flow through the pore, detected as a drop in the measured
current. Electronically monitoring the process of DNA trans-
location has been proposed as a low-cost, high-throughput
DNA sequencing technique.9 Recently, the four DNA bases
were shown to impede the ion current differently in a
biological pore,10,11 and other theoretical and experimental
works suggest that the four bases can be discriminated by
measuring their transverse conductance.12-14 In light of
these works, synthetic nanopore materials with atomic
thickness and electrical addressability may serve as a step
toward nanopore-based DNA sequencing.

Common membrane materials currently used for nano-
pore device fabrication are insulators such as silicon nitride15

(SiN), aluminum oxide,16 and silicon oxide17 (SiO2). Graphene
is a thin, flexible material with good electronic conductivity
and robust mechanical properties.18-21 Fischbein et al.22

have shown that nanopores, nanopore arrays, and other
structures, can be fabricated in suspended graphene sheets
by controlled electron-beam exposure in a transmission elec-
tron microscope (TEM). Despite the extreme thinness of the

suspended graphene sheets, nanopores were structurally ro-
bust and their shape was stable over time. Use of graphene as
a nanopore membrane material could permit sensing and
control of the electric potential directly at the nanopore. Ad-
ditionally, atomically thin graphene nanoelectrodes have been
considered for DNA sequencing based on DNA’s transverse
conductance13 and multilayer graphene-insulator devices
could control the molecule’s motion sufficiently to reliably
measure the conductance of each consecutive nucleotide.23,24

Despite these possibilities, the interactions between graphene
nanopores and biomolecules in aqueous solution have yet to
be explored.

In this Letter, we show the first experimental realization
of DNA translocation through graphene nanopores, which
is the first step toward exploring the potential applications
of this new membrane material. We show that the ionic
blocked current signatures from DNA translocations through
sub-10-nm diameter graphene nanopores compare favor-
ably with similar diameter SiN nanopores. However, we also
observe that the current signal from bare graphene nano-
pores is consistently noisier than that for SiN nanopores, and
the DNA translocation signals reveal nonuniform current
amplitudes. The large noise is attributed to the presence of
pinholes in the graphene membranes as well as incomplete
wetting. We find that atomic layer deposition (ALD) of
several nanometers of titanium dioxide over the devices
consistently reduces the nanopore noise level and improves
the mechanical robustness of the device. This process
preserves electrical addressability of the nanopore, which
may be useful for realizing both multilayer graphene-
insulator nanopores23,24 and graphene nanogap devices.13

A schematic of a typical graphene nanopore device is
given in Figure 1a. Silicon chips covered with 5 µm of SiO2

and 40 nm of silicon nitride are etched so that freestanding
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nitride membranes of approximately 50 µm square remain.
Electron beam lithography (EBL) followed by an SF6 plasma
etch is used to pattern a ∼1.5 µm diameter hole through the
nitride membrane. Graphene is grown by the chemical
vapor deposition (CVD) of methane over polished copper
foils,25 as detailed in Figure S1 in the Supporting Informa-
tion. The copper foils are etched in solution so that bare
graphene sheets, approximately 1-5 nm thick (3-15 mono-
layers), shown in Figure S2 (Supporting Information), float
on the surface of the liquid. Suitably sized graphene sheets,
larger than 2 mm × 2 mm, are then scooped onto the
prepatterned silicon nitride membranes, as shown in Figure
S3 (Supporting Information). In this way the graphene is
structurally supported by the nitride membrane, with only
a limited area freely suspended over the 1.5 µm hole.
Nanopores are then drilled through the suspended graphene
membranes by transmission electron beam ablation lithog-
raphy22,26 (TEBAL). We have used CVD graphene, rather
than exfoliated, because the centimeter-scale sheets are easy
to manipulate and the process is scalable for future applica-
tions. It has been observed that CVD graphene is very
hydrophobic,27 and we have found that a rapid UV/ozone
treatment facilitates complete wetting of the graphene na-
nopores. All devices underwent at least 5 min of UV/ozone

treatment immediately prior to assembly in a PDMS mea-
surement cell and exposure to electrolyte. Our measurement
cell has microfluidic channels that form reservoirs in contact
with either side of the chip. With a pair of Ag/AgCl electrodes,
a bias voltage, VB, is applied between the two reservoirs to
drive ionic current through the nanopore.

A TEM image of a representative nanopore drilled into a
suspended graphene membrane is given in Figure 1b. The
visible rings around the pore are from graphene layers, and
their number provides an estimate of the graphene mem-
brane thickness.21,22,28 Figure 1c shows a typical measure-
ment of the ionic current through a graphene nanopore as
a function of the applied voltage, VB. We find that graphene
nanopores with diameters ranging from 5 to 10 nm exhibit
a wide range of conductance values between ∼20 and 1000
nS (see Figure S4 in the Supporting Information). This wide
conductance range does not correlate with nanopore size
and cannot be explained by membrane thickness variations,
which suggests that ions are able to flow through pinholes
in the graphene membranes. UV/ozone treatment of gra-
phitic material, such as carbon nanotubes (CNTs), has been
shown to induce defects by an oxidative reaction.29 Electron
beam irradiation has also been shown to affect the proper-
ties of carbon-based materials and induce defects.30 It is
reasonable, therefore, that UV/ozone treatment and/or elec-
tron beam irradiation forms occasional pinholes in some of
our ultrathin membranes,31 though they are not readily
visible under TEM observation. Our own measurements,
highlighted in Figure S5 (Supporting Information), indicate
that UV/ozone treatments create defects in graphene, which
increase the electrical resistance of these sheets over time.
While these pinholes increase the baseline ion current signal
and associated noise, they do not otherwise hinder the
ability of our devices to measure DNA translocation through
the fabricated nanopores. The pinholes are too small for the
DNA to pass through, so that the ion current through the
pinholes simply adds in parallel with the primary nanopore
current, as illustrated in Figure S6 (Supporting Information).

A TEM image of an 8 nm graphene nanopore, along with
a current trace showing DNA translocation through the
nanopore device, is given in parts a and b of Figure 2. The
electrolyte solution used for these measurements was 1 M
KCl, 10 mM Tris, and 1 mM EDTA, pH 9. We added 15 kbp
double-stranded DNA (Fermentas NoLimits, Glen Burnie,
MD) at a concentration of 1 nM to the analyte reservoir and
applied a bias voltage of VB )+100 mV to the other reservoir
in order to drive DNA through the pore. The ionic current
signal was filtered with a 10 kHz three-pole Bessel filter and
then sampled at 50 kHz. We see that the 28 nA open pore
current sharply decreases by between ∼500 pA and 1 nA
as DNA molecules pass through the graphene nanopore.
Translocation events are not observed before the addition
of DNA molecules, as demonstrated in Figure S7 (Supporting
Information). The overall noise level is much higher for this
device than for silicon nitride nanopore devices we have

FIGURE 1. Graphene nanopore devices. (a) Device schematic. Few-
layer graphene (1-5 nm thick) is suspended over a 1 µm diameter
hole in a 40 nm thick silicon nitride (SiN) membrane. The SiN
membrane is suspended over an approximately 50 × 50 µm2

aperture in a silicon chip coated with a 5 µm SiO2 layer. The device
is inserted into a PDMS measurement cell with microfluidic channels
that form reservoirs in contact with either side of the chip. A bias
voltage, VB, is applied between the reservoirs to drive DNA through
the nanopore. (b) TEM image of a nanopore in a graphene mem-
brane. Scale bar is 10 nm. (c) Ionic current-voltage measurement
for this 10 nm graphene nanopore device in 1 M KCl, pH 9.
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measured (see Figure S8 in the Supporting Information), but
the DNA capture rate is comparable for both nanopores (∼1
event/s for 1nM and VB ) 100 mV). The graphene nanopore
noise is dominated by a 1/f noise component, which will be
discussed later.

A histogram of the measured blocked current signal, IBL,
is shown in Figure 2c for the device shown in Figure 2a.
Here, IBL is defined as IBL ) 〈I〉 - 〈Iopen〉, where 〈I〉 is the mean
pore current during DNA translocation and 〈Iopen〉 is the mean
pore current 0.1 ms before DNA entry. The data in Figure
2c have been fit with a double Gaussian with mean IBL values
of 0.45 and 0.9 nA. These mean values correspond to peaks
in the histogram of the current data and indicate two event
populations. Examples of both populations are represented
in the inset by several representative events. From these
events we see that both folded and unfolded events com-

prise the two populations. The blocked current fraction (i.e.,
〈IBL〉/〈Iopen〉) is ∼5 times smaller than expected based on the
relative areas of the DNA molecule (ADNA) and the nano-
pore32 (Ap). We calculate an expected value of ADNA/Ap ∼ (2.2
nm)2/(8 nm)2 ) 7.6%, compared with a measured blocked
current fraction of 1.6%.

Increased baseline open pore current due to pinholes is
ultimately responsible for the decreased blocked current
fraction. However, the magnitude of the IBL values is 3 times
larger than that obtained with similarly sized pores in 40 nm
thick SiN membranes at these voltage levels.33 This increase
in IBL is attributed to the thinner graphene membrane, which
is ∼2 nm thick in Figure 2a. The thinner membrane de-
creases the overall pore resistance, therefore increasing the
magnitude of the current blocked by the translocating DNA
molecule. Blocked current values would be even larger for
these thin membranes except that the access resistance, the
resistance through the electrolyte from the nanopore to the
bulk solution, is a significant part of the total resistance of
the system (see Figure S6 in Supporting Information). Be-
cause of the access resistance, measured IBL values are
smaller than expected from the simple approximation that
IBL is inversely proportional to membrane thickness.

A scatter plot of event depth as a function of event length
for ∼600 events measured with the same device is given in
Figure 2d. Two clear groupings of events are visible, one
centered on IBL ∼ 0.5 nA (unfolded) and a second centered
on ∼1 nA (folded). A histogram of the measured event
lengths for these events is given in Figure 2e. There is a large
variation in the measured event lengths with no clear
average value, indicating that the peak value is likely just
below the measurement threshold. Two clear populations
of events are observed and have been fit with exponential
functions8,32 using time constants of τ1 ) 0.1 ms and τ2 )
0.5 ms. These time scales correspond to an average DNA
velocity of between ∼5 and 30 ns/bp, comparable to DNA
velocities through other nanopore materials.34

We note that while the results in Figure 2 are representa-
tive of our measurements of DNA translocation through
suspended graphene membranes, the fraction of functional
bare graphene nanopores that exhibit detectable DNA trans-
location is small. Of the 50 bare graphene nanopore devices
that we have tested, only ∼10% showed DNA translocation.
From the remaining pores, 30% had hole defects visible
under low-magnification TEM observation, 30% developed
tears during the measurement, and 30% did not wet prop-
erly, indicated either by a conductance below ∼1 nS and/or
a highly nonlinear and hysteretic open pore current-voltage
measurement. Therefore, despite a large interest in graphene
nanopores as electrically addressable ultrathin membrane
materials, the low functional yield of pores limits the us-
ability of bare graphene nanopore devices, unless methods
of improving membrane stability and wettability are realized.

To address the relatively low yield, we deposited a few
nanometer TiO2 layer on both sides of the graphene membrane

FIGURE 2. DNA translocation through graphene nanopores. (a) TEM
image of an ∼8 nm graphene nanopore. (b) Time trace of events for
nanopore device shown in (a). (c) Histogram of blocked currents for
measured translocation events for the same device at VB ) 100 mV
in 1 M KCl solution. Data are fit using two Gaussian functions with
mean values at 0.45 and 0.90 nA. Inset displays concatenated events
including some unfolded and folded events which have been
observed. IBL values of 0.45, 0.9, and 1.35 nA are indicated with
dashed black lines, indicating unfolded, singly folded, and doubly
folded entries, respectively. (d) Scatter plot of event length vs event
depth for the same device at VB ) 100 mV. Regions of unfolded and
folded events are highlighted inside the circled areas. (d) Histogram
of event lengths for the same device. Data are fit (dashed red line)
by a double exponential of the form a1 exp(-t/τ1) + a2 exp(-t/τ2)
with time constants τ1 ) 0.1 and τ2 ) 0.5 ms. t is the time, and a1

and a2 are constants.
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using atomic-layer deposition.35 ALD has been used a number
of times in the context of solid-state nanopores.15,16,36-40 TiO2

was chosen because of its excellent wettability with aqueous
solutions41 and superior bonding to graphitic material.42 ALD
has been previously shown to reduce the overall nanopore
noise level36 (particularly the low-frequency, 1/f component),
presumably by generating a cleaner, more easily wettable
surface.15 An ionic current-voltage measurement of a 10
nm diameter nanopore in graphene coated with 5 nm TiO2

is shown in Figure 3a, along with a TEM image of the
nanopore inset. Following the formation of nanopores, we
have observed crystallization of the TiO2 proximal to the
nanopore, as previously observed with nanopores in ALD
alumina membranes.40 The coverage of the graphene mem-
branes with TiO2 appears conformal based on TEM observa-
tion, as shown in Figure S9 (Supporting Information).

Representative power spectral densities (PSD) of open
pore current traces are shown in Figure 3b for several
devices: a 7.5 nm diameter graphene pore, an 8 nm diam-

eter graphene-TiO2 pore, and a 6 nm diameter SiN pore.
The overall noise level is typically higher for graphene
devices than for SiN nanopores tested in the same measure-
ment cell. Particularly, the 1/f noise component is especially
large for bare graphene devices, extending to the ∼10 kHz
frequency range with an exponent of ∼1, as compared with
10-100 Hz for silicon nitride pores. The low-frequency noise
power, A, has been calculated for these traces using SI/〈I〉2

) A/f, where SI is the current noise up to ∼5 kHz, 〈I〉 is the
mean open pore current, and f is the frequency. We find that
A ) 7 × 10-6 and 2.5 × 10-7 for bare graphene and TiO2-
covered graphene, respectively, indicating that the covered
device has an order of magnitude lower noise power than
the bare graphene device. The lower noise power is at-
tributed to the improved hydrophilicity of the TiO2 surface.43

Noise power values for the TiO2-covered device are larger
than measured values for SiN nanopores at a similar salt
concentration.44

Noise due to device capacitance converts the measure-
ment amplifier’s voltage noise into current noise, which
typically dominates at the higher frequencies. Of all the
devices we measured, the graphene-based devices had a
higher capacitance than the SiN devices. The capacitance is
higher for graphene because the conductive graphene sheet
is capacitively coupled to the electrolyte solution. As a result,
the entire 5-10 mm2 graphene area, not just the 0.7 mm2

area exposed to electrolyte by the measurement cell, forms
a capacitor across the SiN and SiO2 layers to the underlying
silicon and electrolyte. Although the 50 × 50 µm2 SiN
membrane is ∼100 times thinner than the rest of the chip,
it does not dominate the capacitance because its area is
∼1000 times smaller than a typical graphene sheet.

Example time traces for DNA translocation through three
TiO2-coated graphene nanopore devices are given in Figure
4. TEM images of the nanopores that range in diameter from
5.5 to 8 nm, and concatenated sets of translocation events
for each nanopore, are inset. The open pore currents for the
devices in Figure 4 do not scale with nanopore diameter,
ranging from ∼2.8 nA at 100 mV (Figure 4a) to ∼96 nA at
150 mV (Figure 4c). This is a ∼ 20-fold difference in
conductivity. The variation in open pore currents is likely a
consequence of the quality difference between graphene
membrane starting materials because all other fabrication
and preparation steps were consistent. We observe nano-
scale differences in graphene grain structure and thickness
variation across the relatively large (∼3 µm2 area, see Figure
S3 in Supporting Information) suspended membrane from
device to device arising from the nanoscale roughness of the
mechanically polished copper foils as evidenced by AFM
imaging. This roughness influences the density and rate of
formation of pinholes during the TEBAL26 and/or UV/ozone
steps of the device fabrication process.

While some devices without pinholes show open pore
currents in the expected range, such as in Figure 4a, others
contained pinholes and gave higher open pore currents than

FIGURE 3. Characterization of TiO2-covered graphene nanopore
devices. (a) Current-voltage measurement for a TiO2-covered
graphene nanopore. Inset is a TEM image of this 7.5 nm diameter
nanopore. Scale bar is 10 nm. (b) Power spectral density of the pore
current for an 8 nm diameter nanopore in a bare graphene device
(black) at VB ) 100 mV, a 7.5 nm diameter nanopore in a TiO2-
covered graphene device (green) at VB ) 100 mV, and a 6 nm diameter
nanopore in a silicon nitride device (blue) at VB ) 120 mV.
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expected. The most striking example of the range of open
pore currents that we have measured is the device in Figure
4c. It should be noted that the device in Figure 4c gave the
largest measured open pore current of all devices that still
gave clear translocation signals. Its inclusion is meant to
demonstrate the large range of open pore currents that
might be possible in functional devices. For this device we
estimate, based on open pore currents and relative nanopore
size, that the total pinhole area is 0.08% of the total
suspended graphene area. This is a reasonable fraction given
that this is the device with the largest open pore current.
Rather than a priori excluding such devices, because of their
larger-than-expected open pore currents, we have included
them here to show that measurable DNA translocation is still
possible in devices containing pinholes. This is an important
result because it demonstrates the tolerance for device
fabrication and graphene quality. Using higher-quality
graphene (either CVD or exfoliated) or smaller areas of

suspended graphene or eliminating the UV/ozone process
in favor of another method may improve the uniformity of
open pore currents, if desired.

The data in parts a and b of Figure 4 show translocation
of 15 kbp double-stranded DNA (dsDNA) through (a) a 7.5
nm and (b) an 8 nm diameter graphene-TiO2 nanopore. A
similar capture rate was observed when compared with bare
graphene and SiN nanopores. IBL values between 200 and
400 pA were observed at VB ) 100 mV for these two devices.
We have also measured the translocation of much shorter
400 bp dsDNA (Fermentas NoLimits, Glen Burnie, MD), as
shown in Figure 4c. Event lengths in Figure 4c are longer
than expected, based on the data in parts a and b of Figure
4, due to the decrease in pore area32 for this device. Here,
mean IBL values of over 1 nA are measured for VB ) 150 mV.
Translocation events for two different DNA lengths, 400 bp
and 3000 bp, are additionally shown in Figure S10 (Sup-
porting Information). The amplitude of folded entry (∼1.6
nA) is approximately double the amplitude of unfolded entry
(∼0.8 nA), and the appearance of a large fraction of folded
and unfolded translocations is in line with previous mea-
surements in solid-state membranes.45 Despite the differ-
ences in baseline current due to varying pinhole density for
the pores in Figure 4, the functionality of the devices does
not appear to be adversely affected. This is indicated by the
similar range of IBL depths for the devices shown in Figure
4, from ∼500 pA to 1.5 nA, even for devices with 2 orders
of magnitude difference in open pore current, from ∼3 to
100 nA.

In Figure 5, two-dimensional histograms of event length
as a function of IBL are given for 15 kbp dsDNA through a 6
nm graphene nanopore device at VB ) (a) 100 mV and (b)
400 mV. The device was coated with 5 nm of TiO2, and 1100
and 1800 events were collected and analyzed for (a) and (b),
respectively. There are two clear regimes visible in Figure
5a. Unfolded events are clustered at ∼200 pA and folded
events are clustered at ∼400 pA, with a mean unfolded
event length of ∼200 µs. This corresponds to a translocation
speed of 70 bases/µs. The events depicted in Figure 5b are
faster and deeper than expected due to the increase in VB.
We measure an average IBL of 1.5 nA at VB ) 400 mV and a
decreased mean translocation time of ∼100 µs. This is the
minimum pulse duration we can measure with the 10 kHz
filter in our measurement setup, so the actual translocation
time may be shorter.

From the histogram in Figure 5a, there is a clear peak in
the blocked current at 200 pA for an applied bias voltage of
100 mV. Though the magnitude of IBL is large, based on this
device’s open pore current of 10 nA, we calculate that the
blocked current accounts for only 2% of the open pore
current. This is 1 order of magnitude lower than the ex-
pected IBL of 13%, based on a SiN nanopore of the same
diameter,32 further supporting the existence of pinholes in
the membrane which increase the baseline open pore
current signal. Figure 5c shows the mean IBL as a function

FIGURE 4. DNA translocations through graphene nanopores coated
with 5 nm TiO2. Time traces of ionic current showing DNA translo-
cations for (a) a 7.5 nm nanopore with 1 nM 15 kbp dsDNA, (b) an
8 nm nanopore with 1 nM 15 kbp dsDNA, and (c) a 5 × 7 nm
nanopore with 20 nM 400 bp dsDNA. All devices were coated with
5 nm TiO2. Left inset in each figure is a TEM image of the actual
nanopores. Scale bars are 5 nm. Right inset in each figure shows a
concatenated sequence of sample events with the open pore current
subtracted. VB for each trace is (a) 100, (b) 100, and (c) 150 mV.
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of the applied bias voltage for the same device. Mean IBL

values are calculated from Gaussian fits to blocked current
values, at each bias voltage, as demonstrated in Figure S11
(Supporting Information). The magnitude of the blocked
current increases linearly with VB, as previously observed in
SiN pores for DNA in the voltage regime we have tested.46

Mean translocation velocity, vDNA, is plotted in Figure 5d
as a function of VB. We observe that the translocation
velocity increases linearly with increasing applied bias volt-
age, as has been observed in SiN nanopores.47 Mean veloci-
ties, vDNA, are calculated by fitting histograms of the mea-
sured event lengths at a given VB and calculating velocity as
the length of the molecule (in bases) divided by the most
probable event length (in seconds). The event length histo-
grams used to compute vDNA are given in Figure S12 (Sup-
porting Information). A histogram of the wait time between
consecutive events is given in Figure 5e for VB ) 100 and
400 mV. In both cases the wait time follows a Poissonian
distribution, indicative of the uncorrelated nature of the
translocations.8 Wait time decreases with increasing voltage

because the distance from the pore at which DNA molecules
are captured by the electric field increases with voltage.36

In summary, we have presented the first electronic
measurements of DNA translocation through graphene na-
nopores. We found that the current blocked by DNA trans-
location through graphene nanopores is larger than what has
been observed for SiN nanopores of the same diameter, due
to the thinness of the graphene membrane. However, bare
graphene devices exhibited large ion current noise and
suffered from low yield. This could be improved with the use
of higher quality graphene material or smaller holes in the
supporting SiN membrane to minimize the suspended
graphene area. Coating the graphene membrane with a thin
TiO2 layer reduced current noise and provided a more
hydrophilic surface, enabling a study of the dynamics of DNA
translocation through these pores. Trends of the transloca-
tion velocity, current blockage, and capture rate, as a func-
tion of applied bias voltage, agree with previous studies
carried out with SiN nanopores. Future work will focus on
improving the overall reliability of these devices and on
utilizing the conductivity of the graphene sheet to create
devices for probing DNA molecules. We envision graphene-
based nanopore devices that sense and control the electric
potential locally at the nanopore and are capable of measur-
ing transverse current across the pore aperture.
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