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ABSTRACT: We propose a single-electron transistor (SET)-
based nanopore sensor for DNA sequencing, which consists of
source, drain, and gate electrodes, as well as a nanopore where
the DNA molecule is pulled through. For nanopore sensors
based on transverse electronic transport, generally, the
tunneling current is relatively small due to the weak coupling
between the molecule and electrodes. We take full advantage
of this feature by introducing SET to make the device operate
in Coulomb-blockade regime. Through first-principles simu-
lations, the charge stability diagrams of the nucleobases within the SET-nanopore environment are demonstrated to be distinctive
for each molecule and, more importantly, independent of the nucleobase orientation, which can be served as electronic
fingerprint for detection. We show that identifying the nucleobases can be achieved only though several specific regions or points
in the diagram.

1. INTRODUCTION

The study of DNA sequencing has become a focus of recent
research.1−22 Among them, nanopore (or nanogap) method is
considered to be a promising candidate for future DNA
sequencing.23 So far, detection methods based on nanopore
have been proposed, e.g., ionic current blockades,24 optical
detection,25 voltage sensing,26 and nanopore capacitor.27

Because of the fast and low-cost features, the sequencing
method by measuring the transverse tunneling current of a
nanopore when a single-stranded DNA is pulled through it has
been widely studied.1,2,7,10−13,15,20 A nanopore is a small hole
connected with electrodes and can be constructed by kinds of
materials, e.g., protein, metal, and graphene.5,15,20,21 Generally,
the coupling between molecule and electrodes is not very
strong. Moreover, the eigenlevels of the molecule are far away
from the Fermi level of electrodes.20 As a result, the tunneling
current is relatively small.2,4,10,15,20 Many efforts have been
devoted to improving the signal strength by increasing the
coupling, e.g., Saha et al.20 and Meunier et al.4 proposed using
nitrogen to passivate the inner side of graphene− or nanoture−
nanopore. Here, instead, we take full advantage of the weak
coupling feature and explore an alternative idea for DNA
sequencing by introducing single-electron transistor (SET) into
nanopore, which is inspired by the recent studies that
combining the field-effect transistor and nanopore together to
improve the sensors.18,21

For DNA sequencing devices, weak coupling has its own
advantages. First, it can help the molecule to maintain its
electronic structure, which is beneficial to detection. Second,
the translocation of ssDNA can be realized by small

transmembrane bias. Wells et al.28 studied the translocation
dynamics for ssDNA through graphene nanopore. They found
that, for the nanopore with small diameter, due to the strong
coupling between nanopore and nucleobase, higher trans-
membrane bias is required to realize the translocation of
ssDNA.28 However, increasing the bias would increase the
amount of skips, i.e., the rapid translocation of multiple
nucleobases,28 but smooth translocation can be easily realized
by small bias for weaker coupling cases.28

For weak coupling system, the electronic transport is
incoherent and in the Coulomb-blockade regime. It is the
sequential tunneling of single electrons that dominates the
transport. In SET-nanopore, not like other biosensors, the
molecule is required to weakly couple to electrodes. The
transport feature of SET is revealed by its charge stability
diagram. Ahmed et al.17 proposed that, the local density of
states (LDOS) of DNA bases, deposited on graphene, can be
seen as their electronic fingerprints. In this work, we show that
the charge stability diagram is unique and independent of the
molecular orientation for each nucleobase within the SET-
nanopore, which can also be served as electronic fingerprints
for identifying nucleobases.

2. COMPUTATIONAL METHODS
To simulate the operation of SET, Kaasbjerg et al.29 proposed a
semiempirical model. They pointed out the importance of
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polarization-induced renormalization of molecular levels in
molecular SET.29 Stokbro30 then extended this framework to a
description within the density functional theory (DFT), and the
calculated charging energies of molecules are in excellent
agreement with the experimental results.30

In this work, we carry out the simulations by Stokbro’s
method using the Atomistix ToolKit package.31,32 The local
density approximation (LDA)33 to the exchange-correlation
functional and double-ζ polarized basis set of local numerical
orbitals are employed in our calculations. A supercell with
sufficient vacuum spaces (more than 10 Å) is chosen to prevent
the interactions with adjacent images. The geometries of the
molecules are optimized with the Hellman−Feynman forces
being smaller than 0.02 eV/Å.

3. RESULTS AND DISCUSSION
By introducing nanopore into SET, we construct a SET-
nanopore sensor for DNA sequencing, shown in Figure 1a. It

consists of source, drain, and gate electrodes. To form a
nanopore, we have enlarged the source and drain electrodes in
the traditional SET (Figure 1b). In real application, the single-
stranded DNA (ssDNA) will be pulled through this pore by a
vertical electric field. When a nucleobase enters into the
nanopore, it plays the role of an island in SET for facilitating
the electronic transport from source to drain. For SET, the
transport feature is revealed by its charge stability diagram. It is
this diagram that we will use for the identification of
nucleobases. In the following, we will interpret the operating

mechanism of our device and show how to obtain that diagram
in both theoretical and experimental ways.
The nanopore (or nanogap) sensors constructed by metal

electrodes have been studied before.1,2 Compared with our
SET-nanopore, the main difference between them is the
electronic transport mechanism. In previous devices, the
transport is coherent, but for SET-nanopore, it is incoherent.
The key factor, that results in the difference, is the coupling
strength between the molecule and electrodes. If the coupling is
strong, the molecular electronic levels will be broadened.30,34

The broaden effect is characterized by the coefficient Γ, which
also means that the electrons will stay on the molecule for a
short time, 1/Γ. For the electron on molecule, its coherent
lifetime is represented by τc. If τc ≫ 1/Γ, the electron can
transport coherently through the whole system.30,34 That
means, once a scatting state is occupied, it will carry a current
from one electrode to another, but if the molecule is weakly
coupled to the electrodes, the relationship will be τc ≪ 1/
Γ,30,34 which makes the electron stay on the island for a
relatively long time when it tunnels from source to the
molecule. As a result, all the information about its previous
quantum state will be lost. After that, when it tunnels to the
drain, the tunneling process will be independent from the
former one (from source to the molecule). This is called
sequential tunneling, and apparently, the transport is
incoherent. Because of the exclusion principle, Coulomb-
blockade will occur in this weak coupling regime, and it is
where the SET operates. For molecular device, the distance
between molecule and electrodes is essential, as it will affect
their coupling strength largely.13 By choosing longer molecule−
electrode distance, we make SET-nanopore operate in a weak
coupling regime (Supporting Information).
To obtain the charge stability diagram of SET in theory, we

define three functions Es(N), Ei(N), and Ed(N),30 which
represent the total energies of source, island, and drain with N
electrons, respectively. To form a transport from source to
drain, the island must have an electronic state within the bias
window, shown in Figure 1c. This can be achieved by shifting
the positions of molecular levels and electron affinity level
through gate voltage (Vg). From the viewpoint of energy, to
achieve the transport of an electron from source to the island,
the following must be satisfied:

+ ≥ − + +E N E P E N E P( ) ( ) ( 1) ( 1)s i s i
(1)

where N and P are the initial numbers of electrons on the
source and island, respectively. Similarly, the requirement for
the process from the island to drain is

+ + ≥ + +E P E Q E P E Q( 1) ( ) ( ) ( 1)i d i d
(2)

where Q is the initial number of electrons on the drain. Thus,
when these two formulas are both satisfied, the electron can
move from the source to drain. One thing that should be noted
is that this process is incoherent, which means losing or gaining
energy may happen during the transport. Taking into account
the work function (W) of the metal electrode, the maximum
energy of an electron in source is −W + eV/2 (the Fermi
energy is set to be zero). Similarly, the minimum of an electron
in the drain is −W − eV/2. So we obtain

− + ≥ − −W eV E N E N/2 ( ) ( 1)s s
(3)

+ − ≥ − −E Q E Q W eV( 1) ( ) /2d d
(4)

Figure 1. (a) Schematic view of single-electron transistor nanopore.
(b) Schematic view of a single-electron transistor. (c) Alignment of
molecular electron affinity level (EA) in the SET environment, which
can be shifted by the gate voltage.
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Finally, combining all the above formulas, to form the current
should satisfy

− ≤ + − + ≤eV E P E P W eV/2 ( 1) ( ) /2i i
(5)

where ΔEi(P) = Ei(P + 1) − Ei(P) is defined as the charging
energy of the island with P electrons.30

There are a total of four kinds of DNA bases: adenine (A),
cytosine (C), guanine (G), and thymine (T). Here, we take
nucleobase A as an example to calculate the charging energies
in SET-nanopore environment. The geometry of the molecule
in SET-nanopore is illustrated in Figure 2b. The thickness of

the dielectric material is 3.8 Å, with the dielectric constant of
10ε0.

30 The distance between metallic source and drain
electrodes is fixed to be 1.2 nm, and the image plane of the
metal surface has been taken into account in the electrodes.30,35

The length of the source and drain electrodes in the y-axis
direction is also 1.2 nm. The thickness of the whole device in
the x-axis direction is 3.0 Å. We apply the method developed by
Stokbro30 to calculate the charging energies of nucleobases in
the SET-nanopore electrostatic environment.
As an example, Figure 3 shows the total energy as s function

of Vg with different charge states for nucleobase A in the SET-
nanopore environment. Charging energies can be obtained by
subtracting them, i.e., ΔE(P) = E(P + 1) − E(P). The reservoir
energy of qW is included in the total energy, and q represents
the charge of the molecule. We here model the source and
drain as Au electrodes with W = 5.28 eV, and they can be
changed to other metals. As one finds in Figure 3, the negative
charge states are more stabilized when Vg > 0 (it will be more
obvious for larger Vg), and for Vg < 0, the positive charge states
are more stabilized (it will also be more obvious for smaller Vg).
This is in agreement with the shifting of molecular levels by Vg.
A negative Vg will push them up, and when the highest
occupied molecular orbital (HOMO) is pushed above the
Fermi level of the electrode, it will lose an electron and become
positively charged. On the contrary, a positive Vg will lower the
molecular levels. When the lowest unoccupied molecular orbital
(LUMO) is below the Fermi level of the electrode, it will gain

an electron and become negatively charged. Because of the
planar structure of the molecule, the total energy exhibits good
linear behavior against Vg.

30 The slopes of linear fitting for each
charge state are shown in the inset of Figure 3. The slopes
themselves also show good linear behavior against the charge
states q, for the planar structure.30 To investigate this linear
dependence further, we fit a linear function for total energy30

α= +=E E q qV( )V 0 gg (6)

with α = 0.2241.
With eqs 5 and 6, we can easily get the charge stability

diagram for nucleobase A in SET-nanopore, shown in Figure 4
(denoted as A0). For a SET, the charge stability diagram can
reveal its transport properties. For a given source-drain bias
(Vb) and gate voltage (Vg), the conductance of the device is
decided by the number of molecular energy levels inside the
bias window. This number is represented by the color code in
the charge stability diagram (see Figure 4). By adjusting Vg, the
energy level can be shifted in or out of the bias window. As a
result, the color diagram is related to both Vb and Vg. As the
SET-nanopore device operates in a weak coupling regime, the
nucleobase molecule can maintain its molecular electronic
structure well. Thus, the charge stability diagram is able to
represent the unique feature of each nucleobase.
To obtain the charge stability diagram in experiment, we can

perform the measurement according to the following steps. For
a given Vg and Vb, the current of SET-nanopore can be
measured. If we perform a scan for Vb (with fixed Vg), an I−Vb
curve can be obtained. Because of the Coulomb blockage, the
current will increase in steps, corresponding to the increase of
integer excess electrons on the island.36 Using dI/dVb, we can
derive the differential conductance, which will exhibit periodic
Coulomb oscillations.36 If one also performs the scan for Vg,
then a two-dimensional diagram for differential conductance
can be gotten, with Vg and Vb to be the axes. In a gray or color
scaled diagram of the conductance, the diamond pattern, like
our diagram, will emerge. As in the increase of current, one step
corresponds to one electron, the diamonds can be easily
numbered by the excess charge on the island.37 Then, the
charge stability diagram is obtained. As the diagram can be
measured in experiment,37 utilizing it for DNA sequencing
becomes feasible.

Figure 2. (a) Configuration of SET-nanopore adopted in this article
and the contour plot of electrostatic potential under zero source−drain
bias and a gate voltage of 5 V. (b) Side view of a nucleobase-embedded
SET-nanopore and the molecular structures of nucleobases: adenine
(A), cytosine (C), guanine (G), and thymine (T).

Figure 3. Total energy as a function of gate voltage with different
charge states for nucleobase A in the SET-nanopore environment. The
inset shows the linearly fitting slopes for different charge states, and
they also exhibit good linear behavior against charges.
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Like A0 in Figure 4, the charge stability diagrams for
nucleobases C, G, and T within the SET-nanopore can also be
obtained, shown in the first row of Figure 4 (denoted as C0,
G0, and T0). One finds that, the four diagrams in the first row
(A0, C0, G0, and T0) are different from each other. It is easy to
identify them through the diagrams. For SET-nanopore, the
transport property is mainly determined by the molecular
electronic structures. The weak coupling between the molecule
and electrodes makes the nucleobase maintain its electronic
levels well. So the diagram could represent the intrinsic and
unique feature for each nucleobase. In previous studies, Ahmed
et al.17 proposed that the local density of states (LDOS) of
DNA bases, deposited on graphene, can be seen as their
electronic fingerprints. As our diagrams are two-dimensional
ones, actually, they are more like fingerprints.
However, when the DNA strand is pulled through the SET-

nanopore, the orientation of the nucleobase is not always like
what they are now. We should make sure that the identification
can be available for other orientations. Here, we consider three
other orientations, i.e., rotating the molecule by 90° around the
x-, y-, and z-axes, respectively. The corresponding charge
stability diagrams are shown in the second, third, and fourth
rows in Figure 4, respectively. As an example for the
denotation, “CY90” in the third row means rotating nucleobase
C by 90° around the y-axis. From the figure, we can see that, for
each nucleobase (each column), the color pattern maintains
well during the rotation. There are only minor changes in the
diagrams for nucleobases A, C, and G during the rotation. As
the molecule is weakly coupled to the electrodes, the
orientation only induces a minor effect on the molecular
electronic structure. For nucleobase T, when it is rotated by 90°

around the x-axis, the color pattern TX90 (especially the region
around zero-bias) undergoes a relatively larger change,
compared with T0, TY90, and TZ90. Even so, there are still
some specific regions or points in the diagram that remain
unchanged. For example, the gate voltages of the 1−2−3
charge-state junction points (denoted as JT1 and JT2) are
independent of the nucleobase orientation. We can use such
specific regions or points instead of the whole diagram to
identify the nucleobases, which could speed up the sequencing.
By examining the patterns of other nucleobases in Figure 4,

one can find such 1−2−3 charge-state junction points exhibit
distinctive variation features in gate voltage for each nucleobase,
independent of the molecular orientation. For clarity, the
variation of Vg at these junction points for each nucleobase is
plotted in Figure 5. That is to say, when the nucleobase
orientation changes like adenine in the right penal in Figure 4,
the gate voltage of the 1−2−3 charge-state junction points will
vary within the Vg intervals in Figure 5. Apparently, for
nucleobases G and T, there is no overlap of Vg intervals with
each other and no overlap with that of A and C. So, it is easy to
identify them from others. As for nucleobases A and C, there is
a large overlap Vg region. Even the whole Vg interval of C is in
it. It is impossible to identify A and C only by this junction
point. Actually, if one looks at the left two columns in Figure 4
again, one will find that the nucleobases A and C are very easy
to identify. The diagrams in the first column (A) and in the
second column (C) are quite different, especially in the middle
region of the diagrams. At the same time, each column can
maintain its own color pattern well, independent of the
nucleobase orientation. We can choose some other typical
regions or points for identification. For instance, the 0−1

Figure 4. Charge stability diagrams for nucleobases A, C, G, and T in SET-nanopore with different orientations. The right panel shows the
corresponding orientation configuration for each row (adenine is chosen as an example). The first row is for nonrotation cases. The second, third,
and fourth rows are for rotating the nucleobases by 90° around the x-, y-, and z-axes, respectively (Supporting Information shows the 45°-rotation
cases). As an example, “CY90” in the third row means rotating nucleobase C by 90° around the y-axis.
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charge-state junction points (denoted as JA and JC) can be
chosen to identify nucleobases A and C. In brief, if several
specific regions or points in the diagrams are compared, the
identification of the four nucleobases can be achieved. Besides,
the charge stability diagrams for the cases with rotation angle of
45° are also calculated (Supporting Information). Not
surprisingly, they are consistent with the above analysis for
the 90° cases. Furthermore, we also calculate the charge
stability diagrams of nucleobase A within SET-nanopore for
different base positions and find that the change of position (in
a finite range) has only a minor effect on the diagrams
(Supporting Information). The reason is as follows. Although
the nucleobase−electrode distances have been changed, the
coupling between them is still weak. According to the operating
mechanism of SET-nanopore, in the weak regime, the transport
feature and corresponding charge stability diagram is mainly
determined by the electronic structure of the nucleobase itself.
Therefore, the color pattern of a DNA base in SET-nanopore is
able to represent its own intrinsic feature and thus can be
served as electronic fingerprint for identification.
In the above simulations, we use Au as the electrode’s

material. Actually, it can be replaced by other metals, e.g., Ag
and Cu. Recently, plenty of works focus on the application of
graphene in DNA sequencing.11−14,16,17,20 The most important
advantage of it is the thickness, which can ensure that only one
DNA base exists in the nanopore at a time. Wells et al.28 have
investigated the translocation process of ssDNA through
graphene nanopore and found that the hydrophobic interaction
could induce specific orientations of ssDNA in the nanopore.
As graphene-based SET can be fabricated in experiment,38,39

graphene might be another good candidate for the electrodes in
our SET-nanopore, which we will not discuss in the present
work.
For practical application, the isolated nucleobases will be

assembled by sugar−phosphate backbone, and the device will
be immersed into water with electrolyte, where the DNA
translocation can be driven by a vertical electric field. There are
lots of factors, such as water and ions, which may change the
electrostatic field surrounding SET and influence the DNA
sequencing. According to previous studies, some might induce
tiny influence, e.g., the backbone would only induce an offset

for all bases,1 and water would lower the current by a few
percent on average,2 while some factors may induce huge effect.
For each factor, there might be many influencing ways to be
considered, e.g., different positions, orientations, and speeds of
the ions. Those need a systematic and detailed investigation. In
this article, we focus on the fundamental problems of
combining SET and nanopore together for DNA sequencing
and will explore in more quantitative details in future studies.
For the real device, temperature is an important parameter to

be considered. In this work, we have taken it into account by
setting the temperature as 300 K in the Fermi function during
the calculation.30 According to former related studies,13,36,37 a
rough estimate of the current of our device at room
temperature under Vb = 1.0 V is ∼10−6 nA.
For practical application of the device, fluctuations of current

will occur, which mainly come from two parts.2 The first part is
the noise correlated with the current itself, e.g., 1/f and thermal
noise. It is found that these noises either can be overcome or
only induce negligibly small error in the current.2 Therefore,
the second part, structural motions of DNA and environment,
are the main source of the fluctuations in the current.2 For the
influence of the environment, as mentioned above, it is
important but involves many issues to be considered, which we
will explore in future studies. As for the motion of DNA, we
have shown that the orientation and position (in a finite range)
of the nucleobase have only a minor effect on the charge
stability diagrams due to the weak coupling. According to those
diagrams, an estimate of the fluctuation of the charge-state
junction points used for distinguishing nucleobases is less than
6%, which will not induce the confusion of nucleobases.

4. CONCLUSIONS
Through first-principles simulations, we propose and inves-
tigate a single-electron transistor-based nanopore sensor for
DNA sequencing, which relies on the transverse electronic
transport. The device operates in Coulomb-blockade regime,
and the electronic transport is interpreted by sequential
tunneling of single electrons. The proposed method takes full
advantage of the weak coupling between the molecule and
electrodes. In SET-nanopore sensor, the charge stability
diagrams of the nucleobases within the SET-nanopore
environment are found to be distinctive for each molecule
and independent of the nucleobase orientation and positions.
As the electronic transport is mainly determined by the
molecular electronic structure due to the weak coupling, the
diagram could represent the intrinsic feature of the nucleobases
and can be served as electronic fingerprint for identification.
Furthermore, we demonstrate that several specific regions or
points in the diagram are enough to identify the DNA bases.
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