
IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 16, NO. 4, JULY 2017 711

Simulation of Electronic DNA Sequencing Based on
Intrinsic Molecular Charges
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Ran Liu, Jun Tao, and Xuan Zeng, Member, IEEE

Abstract—We model and simulate the use of ion sensitive field-
effect transistor for electronic deoxyribonucleic acid (DNA) se-
quencing using its intrinsic molecular charge on the backbone. In
this model, biological layer is treated as an ion-permeable charged
membrane in solving Poisson equation. Sensor I–V characteristics
are simulated, showing that the shifts of device threshold voltage re-
spond to the DNA base-extension reaction. The simulation reveals
the effects of DNA surface density, the length of a single-stranded
DNA, and salt concentration on sensor performance. The simula-
tion results demonstrate good agreement with the published exper-
imental data, therefore, could be a good guide to actual biosensor
design and fabrication.

Index Terms—Biosensor, device simulation, DNA sequencing,
ion sensitive field-effect transistor, Poisson equation, single base
extension reaction.

I. INTRODUCTION

THE detection of biomolecules such as DNA has attracted
growing interests in recent years for its wide applications

in clinical diagnosis [1], personalized medicine [2], and environ-
mental monitoring [3], etc. In particular, development of DNA
sequencing has grown dramatically during the last decade.

One classical method to detect DNA utilizes the concept of
DNA hybridization, i.e. detection of target DNA segments that
hybridize with the DNA probes immobilized on the sensor sur-
face [4]. In 2004, cost-effective and rapid identification of vir-
tually any genome was achieved through the massively parallel
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pyro-sequencing technology [5]. Then next-generation sequenc-
ing (NGS) technologies were introduced by several groups,
demonstrating DNA sequencing with improved speed and ac-
curacy at quickly decreased cost of operation [6], [7].

Among these technologies, a pH-based label-free sequenc-
ing method is developed using massive array of ion-sensitive
field-effect transistors (ISFET) manufactured by CMOS pro-
cesses [8], [9]. Since its invention in the 1970s by Bergveld [10],
ISFET has been studied for many years for sensing pH, ions,
and biomolecules previously [4], [11]–[14]. While, pH based
sequencing was originally reported in 1990s [15] and only until
recently is perfected and commercialized by Ion Torrent [8], [9].

Despite of its great success, pH-based DNA sequencing pro-
cess faces challenges such as reduction of transient signal to
noise ratio (SNR) along with aggressive down-scaling sensor
sizes in the future. Furthermore, proton release happens in a
massive array of micro-wells, generating a pH change as the
signal. But protons do diffuse away as they are rapid diffuser in
liquid. The detection process is not a classic equilibrium pro-
cess. Therefore, This signal of pH change is transient [16]. Al-
though the SNR of pH sequencing can be improved through an
amplification-coupled detection method by means of pH-PCR
and pH-LAMP using unbuffered or low buffering solutions in
the DNA amplification reactions, low buffering solution causes
the baseline signal to drift dramatically and complicated soft-
ware must be used to process huge amounts of data, limiting its
scalability to higher throughput [17]. Therefore, it makes sense
to explore similar but different methods of electronic DNA se-
quencing. For example, rather than detecting the released pro-
tons that will diffuse away from the sensor after a short period
of time, DNA sequencing can also be achieved by detecting the
stable negative charge formed on the phosphate backbone, as
shown in Fig. 1(a). What we consider here is the intrinsic charge
on the phosphate backbone of DNA which is anchored on the
surface of ISFET. The effect of H+ ions diffusion does not affect
signals, as pH signal is transient due to the released H+ ions
diffuse out or get buffered by the buffer solution (maintaining
constant background pH) while the increased charge of DNA
does not diffuse away. Therefore, the sequencing signal of this
approach is stable over time rather than a transient event like the
pH based process which is subject to ion diffusion and buffer
removal. Giving the great sensitivity of surface charge detec-
tion demonstrated by nanowires, the use of nanowire in place
of ISFET in this method may have strong potential for elec-
tronic DNA sequencing. However, knowledge in this direction
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Fig. 1. Schematics of DNA sequencing process using ISFETs. (a) pH based
sequencing vs. backbone charge based sequencing. The right strand on gate sur-
face is the target template to be sequenced and the left shorter strand is the primer
attached to the template so as to enable incorporation of bases at the 3’ end. (b)
Electrical detection of the target dNTP using the APTES-modified ISFET.

remains largely unknown. Therefore, in this study, we investi-
gate DNA sequencing based on backbone charge of DNA using
a numerical simulation approach which is different from the
previous ion detection where relationship between the thresh-
old voltage of the ISFET and the pH can be modeled using the
Gouy-Chapman-Stern double-layer model and the site-binding
theory [18]. This approach is similar in nature to the detection
of DNA hybridization using nanowire or ISFET where DNA
probes are immobilized on the sensor surfaces normally with
a self-assembled monolayers. We study the sensor electrical
characteristics by solving Poisson equation with incorporation
of DNA layer and electrolyte in the MOSFET device model.
Through the simulation, we obtained the correlation between
the threshold voltage shifts of ISFET caused by single base ex-
tension reactions and DNA surface density, DNA length, surface
orientation and ion concentration of electrolyte, etc.

II. PRINCIPLE OF SENSOR DETECTION

A. Principle of Backbone Charges Sequencing

The principle of backbone charge sequencing of known as
well as unknown sequence variants, is based on detection of

the intrinsic charges variation of DNA molecules due to single
base extension at gate surface. As shown in Fig. 1(b), DNA
fragments containing a sequence of four different bases dATP,
dCTP, dGTP, and dTTP (A, C, G, and T) are immobilized on
the surface of the gate dielectric of FETs [6]. The biosensor
is immersed in a measurement solution usually containing dif-
ferent concentrations of NaCl/KCl as electrolyte together with
an Ag/AgCl reference electrode. The DNA fragments attached
to the FET surface are rendered single stranded and primed.
Then sequencing is performed by sequentially flowing in trial
deoxynucleotide (dNTP) solutions and monitoring for an in-
corporation signal using the sensor [19]. The potential of the
measurement solution is fixed to an appropriate DC value by
the Ag/AgCl electrode referred as front-gate voltage (Vgf ) [20].

After the introduction of DNA polymerase and one type of
dNTP (A, C, G, or T), extension reaction events between the
target DNA template (ssDNA) and dNTP will occur at the sur-
face of the gate area if the dNTP is complementary with the
base of DNA template, as shown in Fig. 1(a) [21]. The typical
charge-changing process before and after each DNA extension
reaction or nucleotide incorporation is shown in Fig. 1 and can
be described as follows:

1) Before flowing in trial nucleotide solutions, each base
of the single-strand oligonucleotide template carries one
negative charge on the phosphate backbone;

2) after flowing in trial dNTP solutions, nucleotide incorpo-
ration occurs between dNTP and oligonucleotide template
with the presence of DNA polymerase enzyme;

3) Incorporation releases a H+ with one positive charge and
a pyrophosphate (PPi) with two negative charge to the so-
lution, leaving one fixed negative charge on the phosphate
backbone of the newly formed base pair.

As a result, through the base extension reaction, each base is
changed to a base pair, thus, the intrinsic charge of single base
is from one negative element charge to two element charges
owned by a base pair. So, in the just-formed base pair, the charge
doubles and the DNA chain increases one negative charge after
per each extension reaction.

Such an increase of negative charges on the gate surface of
the ISFET results in a change of channel conductance or a shift
of the threshold voltage (VT ) of the ISFET. For an n-type ISFET,
the VT shifts towards the positive direction in response to base
extension reaction. On the contrary, the VT shifts in the negative
direction for a p channel FET. Thus, the single-base extension on
the gate surface can be directly converted to an electrical signal
without any optical labelling and a more precise and reliable
detection for each extension reaction event can be realized [22].
Then, iterative repeating the cycle of addition of each dNTP and
measurement of the threshold voltage of the ISFET provides a
direct, simple, and label-free DNA sequencing process.

B. Description of Sensor Structure

The n-channel depletion mode ISFET with SiO2 as gate di-
electrics is used as biosensor. A cross-sectional schematic of the
ISFET bio-sensor with a DNA membrane/electrolyte interface
is shown in Fig. 1(b). The sensor FET consists of a p-type doped
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TABLE I
THE MODEL EQUATIONS USED FOR THE SIMULATION REGIONS

Simulation region Equations

Semiconductor ρs u b = qNA

(
exp

(
V g b −φ

U T

)
− n 2

i
N 2

A

exp
(

φ −V g b
U T

)
− 1
)

(1.1)

ρc h l = qNA

(
exp

(
V d s

2 −φ

U T

)
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i
N 2

A

exp
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φ − V d s

2
U T
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− 1
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(1.2)

ρ = q(p − n + N ) (1.3)

Oxide/electrolyte interface SiOH +
2 � SiOH + H + , Ka , 1 =

[SiOH ][H +
S ]

[SiOH +
2 ]

(2.1)

SiOH � SiO− + H + , Ka , 2 =
[SiO−][H +

S ]
[SiOH ]

(2.2)

ρS i O 2 = qNS i O H
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S ]2 − Ka , 1 Ka , 2

[H +
S ]2 + Ka , 2 [H +

S ] + Ka , 1 Ka , 2
(2.3)

Electrolyte ρ−
e l e c t r o ly t e = − q C 0

ε w a t e r ε 0
exp

(
φ − Vg f

UT

)
(3.1)

ρ+
e le c t r o ly t e =
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εw a t e r ε0
exp

( −φ + Vg f

UT

)
(3.2)

DNA membrane
d2 φ

dx2 =
2Zqn0

εm

(
sinh

φ

UT
− sinh

φ
D P

UT

)
(4.1)

sinh
φ

D P

UT
=

Nm

2Zn0
(4.2)

System −∇ · (ε(x,y,z)∇φ(x,y,z)) =
qρ(φ(x,y,z))

ε0
(5)

UT = KB T /q ≈ 0.0259 V is the thermal voltage at room temperature. [] denotes the concentration of
surface species (mol/kg of adsorbing solid) or solute in Molar unit. [H +

S ] is the concentration of hydrogen
ion at the gate oxide surface which can be derived as: [H +

S ] = [H +
B ] exp(−φ

S B
/UT ), where φ

S B
is the

electrostatic potential difference between oxide surface and bulk of electrolyte solution. Ionic concentration
C0 in electrolyte vary from 0.0001 to 100 mM in simulation and Nm is the charge density of DNA
membrane with unit of 2.7 × 109 /cm2 .

Si substrate with an active Si layer as n-channel on it. The front
gate voltage is applied to the electrolyte through a reference
electrode. A layer of 3 nm thick thermal oxide is formed on
top of the active Si channel as the gate insulator and exposed
to the electrolyte. The electrolyte-oxide interface of the sensor
contains three layers: Stern layer, diffusion layer and the DNA
membrane layer. The membrane is the layer of DNA templates
attached to the dielectric surface via a linker molecule of self-
assembled monolayers (SAMs). A commonly used SAMs is
aminopropyltriethoxysilane (APTES) of approximately 0.5 nm
thick [23], which is small compared to the DNA layer with
thickness of 5 to 10 nm [24], [25].

III. PHYSICAL MODELS FOR SENSOR SYSTEMS

In the entire simulation area, the potential and charge dis-
tribution can be described by the non-linear Poisson equation,
refer to (5) in Table I.

In Table I, ε is the relative permittivity of the material at
the particular simulation location (x, y, z) of interest, ε0 is the
vacuum permittivity, φ and ρ are the electrostatic potential and
charge density of the same location, p and n represent hole and
electron carrier density respectively. In addition, each region
has its own charge and potential relationship equation which is
mentioned separately below, combined with the Poisson equa-
tion and numerical solution, we can obtain the potential and
charge distribution of the entire system [20]. Equation (1.1–
1.3) is the net carrier density of substrate regions and channel,
where UT is the thermal voltage and N = N+

D − N−
A is the

electrically active net impurity concentration. The site binding
model was introduced by Yates et al. [26], [27] in 1973 to char-
acterize the electrochemical behavior of this layer in aqueous
solution and then simplfied by Bousse and Bergveld and ap-
plied on ISFET [28]. Equation (2.1–2.3) is the density of net
surface charge of the oxide/electrolyte interface to characterize
the unmodified SiO2 surface, where, Ka1 and Ka2 are intrinsic
constants for a given oxide surface. Typically, Ka1 and Ka2
are reportedly around −2 and 6.8 respectively for silicon ox-
ide [29]–[32]. The concentration of negative and positive ionic
point charges are related to electrostatic potential, φ, through
(3), where, C0 is the ionic concentration.

In addition to the surface hydroxyl group (SiOH) group, SAM
modified surface also has NH2 groups with Ka,NH 2 = 10 and
buffer capacity of the surface is used to characterize the reactive
sites including both native SiOH groups for bare surface and
added NH2 groups, a term given as [33]

βint = −1
q

∂σ0

∂pHs
(6)

where σ0 is the accumulated net surface charge density, pHS

the PH level at oxide surface. The net surface charge density of
SAM-modified surface can be expressed as

σ0 = σa + σh = q(Na + Nh) (7)

Na = NN H2

aH

Ka+ + aH
(8)

NN H2 + NSiOH = NS (9)
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where NS is the surface (SiOH) density and NN H 2 is the amine
group density of modified surface. The fixed charges of DNA
membrane are assumed to be distributed at a uniform density
Nm and Z is the valency of the salt ions, then, the potential φ as
a function of position x in the membrane satisfies (4) through
the PB equation and the Donnan potential φ

D P
which has been

studied in connection with ion exchange membranes [34] and
polyelectrolyte brushes [35], [36] is given by the following ex-
pression [37]:

φ
D P

= −kT

Zq
ln

Nm

2ZC0
+

[(
Nm

2ZC0

)2

+ 1

]1/2

= −kT

Zq
sinh

(
Nm

2ZC0

)
(10)

A. Numerical Methods

Numerical approach for solving Poisson equation applied for
biosensor consists of two essential steps [38] [39]:

1) Divide the simulation area according to the device geom-
etry;

2) Using appropriate algorithm, discrete Poisson equation to
second-order accuracy in divergence form;

Then, solving the system of nonlinear algebraic equations
generated from the two steps above.

The numerical techniques used to solve the coupled system of
nonlinear partial differential equations which model semicon-
ductor devices have successfully simulated complex devices in
two and three space dimensions [38]. Geometrical separation
is done through box discretization [40]. Usually, considering
that the domains the Poisson equations establishing for are es-
sentially rectangles or unions of rectangles, rectangular-grid
finite-difference approach is used to discrete the Poisson equa-
tions. For grid continuation, multi-grid scheme involving coarse
grids and finer grids is used to create mesh points. For boundary
conditions in this simulation, Dirichlet condition is applied for
boundaries with known biasing potential, such as substrate and
solution contacts, while Neumann condition is applied for na-
ture boundaries, such as the two sides in Drain-Source direction
(refer to [39] for more details). Previously we have applied this
numerical simulation method to study device I-V characteristics
and pH sensing to validate our simulation method, which has
shown very good agreement with experiment results [20]. By
restricting the box method in this paper to 2-D case and applying
the method to derive various discretizations, the system of non-
linear equations resulting from discretizations [20], [40] have
electrostatic potential at each mesh points n, φn , as variables.
Written in matrix form,

Lφ = ρ(φ) (11)

where, L, is the discretized Laplacian operator, which de-
pends on the geometrical details and takes the form of a
highly sparse band matrix,operating on φn . In the simulation,
Newton-Raphson (NR) method is used to solve the equations
generated from modeling of the system and Poisson equation
in divergence form. If started from a good initial guess, NR
method requires a few nonlinear iterations to achieve the desired

accuracy and quadratic convergence [38], [40], [41]. Discussion
of NR method is motivated by several concerns. First, there are
a large number of variables some of which have a wide range of
swing in each sweeping run, taking Vgf and ion concentration
for example, the former varies from −0.2 V to 1.8 V in each
simulation of base extension reaction, meanwhile, the latter can
vary from 0.0001 mM to 100 mM in several orders of mag-
nitude. Second, dimension of discreting systems of nonlinear
equations due to geometric complexity of the device and ac-
curacy requirements is too large. As a result of above reasons,
the NR method is relaxed with a non-linear series applied to
the correction terms to approaching the “good initial guess” and
eliminate possible oscillation. The iteration expression at each
iteration k is given by the following expression:

φk+1
n = φk

n + λk · Δφk
n (12)

Δφk
n =

L + Jk
n

ρk
n + ρbias − L · φk

n

(13)

where, Δφk
n is correction term, Jk

n is Jacobian of the system,
ρk

n is electrostatic charge density, and ρbias characterizes the
impact of external bias on the system.

In (12), λk is coefficient for Δφk
n at each iteration which is

set to subjected to the following relationship:

λk =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1/(0.5 + 2(8−k)), if Δφk
n < 0.001

1/(1 + 2(8−k)), if Δφk
n < 0.01

0.8, if Δφk
n < 0.1

0.5, if Δφk
n < 0.26

0.1, if Δφk
n < 0.5

0.05, if Δφk
n < 1

0.02, if Δφk
n < 5

0.01, if Δφk
n < 20

0.001, if else

(14)

Excellent convergence and relaxed initial condition can be
achieved in solving the iteration of (12) on φn with the value of
λk shown in (14).

B. Modeling I-V Curve of the Sensor

Once the electrostatic potential profile is solved for the entire
system, giving the source-drain voltage Vds , the density of carri-
ers can be readily obtained. According to Ohm’s law combined
with knowledge of physics of semiconductor device, the current
of the n-channel FET can then be evaluated through,

Ids = σnμn � φds = μn
Vds

Lchl

∫ si

s

ρnds (15)

Where, μn is the electron mobility, Vds is the potential drop
in channel direction, Lchl is the length of MOSFET channel,
ρn and s in the integral term are the carrier density and cross-
section area. The integral term in (15) is over the cross-section
area of the channel.
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TABLE II
THE DEFINITION OF VARIABLES USED IN SIMULATION AND THEIR DEFAULT

VALUES USED IN TABLE I

Variable Symbol Default Value

Channel width W 2 μm
Channel length Lc h l 180 nm
Gate oxide thickness to x 3 nm
Vacuum permittivity ε0 8.85 × 10−1 4 F/cm2

Si relative permittivity εS i 11.8
Oxide relative permittivity εo x 3.9
Walter relative permittivity εw a t e r 80
Acceptor concentration NA ∼101 5 /cm3

Electron mobility μn 400 cm2 /Vs
Hole mobility μp 60 cm2 /Vs
Surface group density NS i O H 3 × 101 4 /cm2

Protonation constant Ka 1 -2
De-protonation constant Ka 2 6.8
Ionic concentration C0 0.001 - 100 mM
Boltzmann constant Kb 1.38065 × 10−2 3

Avogadro constant Avogadro 6.022142 × 102 3

Intrinsic carrier density ni 1 × 101 0 /cm3

Reference voltage Vg f 0.5 V
Drain voltage Vd s 0.2 V
Stern layer thickness ts 0.5 nm

Vd s = 0.2 V is used in the simulation except when modeling I-V curve
of the sensor, Vg f sweeps from −0.2 to 1.8 V.

IV. SIMULATION RESULTS AND DISCUSSIONS

The simulation through the above-mentioned steps is used for
a single base pair extension reaction towards DNA sequencing.
Key variables involved in the simulation and their normal values
are listed in Table II. From the Si substrate to the electrolyte
solution, the distribution of electric potential and the positive
and negative charges are simulated by setting number of sites
on a SiO2 surface to be 3 × 1014 cm−2 . Each set of electric
potential and charge distribution value corresponds to a point of
the grid used in the simulation area, which was treated to get
the electrical characteristics of the sensor [20].

A. Threshold Voltage Response to Single-Base Extension
Reaction

Consider the basic characteristics of MOSFET under ideal
conditions [42]:

1) There is no interface trap nor oxide charge in MOS ca-
pacitor;

2) Only the drift current is considered in the current-voltage
relationship;

3) Channel doping is uniform, which is commonly called
uniform modulation;

4) The reverse leakage current is ignored;
5) The horizontal electric field within the channel is much

larger than the vertical electric field that is graded-channel
approximation;

6) The carrier mobility is a constant value.
The shifts of the Ids–Vgf characteristics, were simulated after

each single-base incorporation and extension reaction as shown
in Fig. 2(a). Normally, in a sequencing process, a constant drain
current is fixed while reading the voltage output. In Fig. 2,
more precisely we actually define the VT shifts as the gate

Fig. 2. The shifts of the Ids –Vg f characteristics along with single base ex-
tension reaction for 12 bases length DNA molecule and the extension reaction
were performed 6 times in (a) under the condition that there is no interface trap
nor oxide charge in MOS capacitor. The simulation was implemented under the
following conditions: pH = 7; C0 = 1 mM; Vds = 0.2 V; Vg f varies from
−0.2 to 1.8 V. (b) The figure of local area indicated near the arrow shown in (a)
for seeing the threshold voltage shifts with single base extension reaction more
clearly.

voltage Vg differences of the Ids–Vgf characteristics, which are
calculated by choosing a constant drain current of 2 μA. When
the measurements of the Vg shifts after the single-base extension
reaction are performed several times, the average Vg shift in
simulation is 2.8 mV, 2.71 mV, 2.59 mV, with an average value
of 2.7 mV approximately, as illustrated in the zoom-in view
of Ids–Vgf characteristics in Fig. 2(b). The simulation result
of 2.7 mV/base obtained in this work is in good agreement
with the experimental results of 3.2 mV/base which had been
reported [43]. In [43], as the measured Vg shift was 3.2 mV on
average for single-base extensions, the resulting probe density
at the gate was stated to be 7.3 × 1011 cm−2 . This numerical
simulation method has also been validated by our previous study
of device I–V characteristics and pH sensing, showing good
agreement with experiment results [39].
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Fig. 3. The correlation between the shifts of gate voltage and the surface
density of DNA templates with single-base extension reaction for 12 base length.
The simulation was implemented under the following conditions: pH = 7; C0
= 1 mM; Vg f = 0.5 V; Vds = 0.2 V.

The VT shifts measured above can also be understood by the
definition of the threshold voltage which is represented by the
following equation:

VT = VF B + 2ϕ
B

+

√
2εsqNA (2ϕ

B
)

Cox
(16)

where, VF B is the flat band voltage and ϕ
B

is the Fermi poten-
tial referenced band neutral. Taking the fixed charge of DNA
molecules into account, the above equation should be amended
to:

VT =
(

φms − Qm

Cox

)
+ 2ϕ

B
+

√
2εsqNA (2ϕ

B
)

Cox
(17)

where, Qm is the DNA membrane charge. Considering that
several other expressions are constants, variation of threshold
voltage is,

ΔVT =
−ΔQm

Cox
. (18)

Consequently, once the single base extension reaction occurs
on the DNA molecules, new fixed charge generated will cause
threshold voltage to drift.

B. Effects of Surface Density of DNA Templates

As shown in Fig. 3, Vg shift increases monotonically with
increasing base pair sequenced under varied DNA surface den-
sity Nm from 2.7 × 109 cm−2 to 1.4 × 1012 cm−2 range.
Studies have shown that the amine group density of modified
surface has a maximum value of 2.5 nm−2 for surface of good
SAM coverage in practice [45], indicating a maximum packing
density in the 1013 cm−2 range assuming that a typical DNA
molecule has a diameter of 1.5 to 2 nm. Extensive experimen-
tal studies have shown the surface DNA density of 1011 to 1012

cm−2 is commonly achievable. Our simulation study does cover
this range and shows that the best sensitivity is obtained at about

Fig. 4. Average gate voltage shifts for single base extension reaction as a
functional of DNA surface density. The simulation was achieved under the
following conditions: pH = 7; C0 = 1 mM; Vds = 0.2 V; Vg f varies from
−0.2 to 1.8 V.

2–5 × 1011 cm−2 . The data shows that Nm has a large impact
to the sequencing signal ΔVg . Higher surface density of DNA
template would increase the signal significantly.

We further plot ΔVg as a function of DNA density as shown in
Fig. 4. Increase of DNA density results in monotonic increase
in Vg shifts produced by single base extension reaction, until
reaching a maximum ΔVg of 2.8 mV at optimal DNA density
around 3.5 × 1011 /cm2 .

It is noted that higher density beyond this optimal value will
cause the signal to decrease slightly. It is likely because that
when the charge density of the DNA molecules is too large, as
a permeable membrane, anions and cations from the electrolyte
condense to the DNA molecule, causing a charge screening
effect and decrease of the actual DNA charge density. This phe-
nomenon was known as the effect of lateral inhomogeneity [44]
and the effect of lateral screening [45].

C. Effects of DNA Length and Ion Concentration of the
Electrolyte

We further investigate the correlation between Vg shift and
single-stranded DNA template length at different ion concen-
trations of electrolyte solution from 0.0001 mM to 100 mM. It
is first assumed that the DNA orientation is perpendicular to the
ISFET surface with the primer at the bottom end of the template
as the starting end of sequencing, i.e. DNA sequencing starts
from the oxide surface pointing towards the solution. Under
this configuration, the simulation result is shown in Fig. 5(a).
Our simulation shows that, with the increase of DNA length,
Vg shift induced by a single base extension reaction reduces
gradually. When the length of the DNA increases to a certain
value such as 40 bases, Vg shift diminishes. This is expected
as base-pair formation progress more towards the solution, the
new charge formed on the backbone of DNA segment is further
away from the sensing surface, causing the electrostatic effects
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Fig. 5. (a) The relationship between Vg shift and single-stranded DNA tem-
plate length with different ion concentrations of electrolyte solution from 0.0001
mM to 100 mM. (b) Result of 45 bases sequencing in two different simulation
cases: sequencing from bottom to top (black squares) vs. from top to bottom (red
dots) of the DNA template. The simulation was achieved under the following
conditions: pH = 7; Vds = 0.2 V; Vg f varies from −0.2 to 1.8 V.

to decrease. On the contrary, Fig. 5(b) shows the Vg shifts when
the sequencing starts from the solution side towards the surface
of ISFET, i.e. the DNA template is upside down from that of
Fig. 5(a), in comparison with the conventional orientation for a
DNA with 45 bp length. In both simulation cases, the Vg shift
becomes smaller when the new charge formed is further away
from the sensing surface. In addition, the newly formed charges
can also be screened by the double layer formed on the surface.
Our simulation model already accounts for the screening effects
due to salt ions in an electrolyte. Fig. 5(a) shows the impact
of screening effects due to salt ion concentration. The starting
Vg shift is about 2.8 mV and 0.7 mV at 5 bp in 10 mM and
100 mM salt concentrations, respectively. For either case, the
signal dramatically reduces to a small value at 40 bp indicating
that this straight up orientation is not suitable for sequencing.

Fig. 6. The relationship between Vg shift and single-stranded DNA molecule
length with different ion concentration. (a) DNA molecules laying down flat on
the surface. (b) Comparison of Vg shifts for DNA laying down vs. upright for
salt concentration of 10 mM and 100 mM. The simulation was implemented
under the following conditions: pH = 7; Vds = 0.2 V; Vg f varies from −0.2 to
1.8 V.

In reality, it is highly possible that the DNA template can have
a laying-down orientation on the surface [46]–[49]. Therefore,
here we also simulate the effect of DNA surface orientation
(laying-down vs. upright) on the Vg shift of the ISFET, as shown
in Fig. 6(a).

Comparing with the results in Fig. 5(a), the Vg shifts for DNA
laying down flat on the surface is significantly improved to be
about 1 mV for the base length of 40 bases. When the DNA
molecule is laying down on the surface, new charges generated
from single-base extension reaction are still close to the sensing
surface. Fig. 6(b) further compares both cases in the same plot
for 10 mM and 100 mM salt concentrations. It is likely that the
actual signal measured by sensor should be between the two
situations explained above. According to Fig. 6(b), it shows that
each base-pair formation in the case of DNA laying down on
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the surface can provide a larger signal in 10–100 mM buffer
than DNA upright. It also shows that for long DNA, ion con-
centration has little influence on the signal that reaches a steady
value of about 0.3 mV for 100 bp in 100 mM salt concentration.
Therefore, 100 mM salt concentration is more suitable for se-
quencing in this orientation. Considering that DNA laying down
on surface is practically possible [46]–[51] and today’s cutting
edge circuits can measure microvolts, therefore, we believe that
the upper bound of readable DNA length can reach 100 bp or
more.

In addition to sequencing DNA length, another important
question is the minimum DNA density required for success-
ful sequencing with this method. This sensitivity is set by the
lowest voltage a circuit can detect, e.g. 10 microvolts, which cor-
responds to minimum DNA density of 4 ×109 cm−2 (Fig. 4).
Considering an active device sensing area of 200 nm × 200 nm,
this DNA density represents 1.5 DNA molecules on the sensor,
i.e. possibly single molecule sequencing using a 20 nm wide
and 2 μm long Si nanowire FET.

In actual DNA sequencing, in order to reduce the base-call
error especially for homopolymer repeats, it is important to
detect the single base extension quantitatively. For a 100 base
DNA sequencing in 100 mM salt concentration, a non-linear
sequencing signal of 1.1 mV with graduate decrease to a steady
0.3 mV is observed in our simulation result. By monitoring
signal of current base pair and decrease for each base increment,
the number of homopolymer repeats can be identified. It may
not be very practical for long homopolymer repeats sequencing,
however, the existing of long homopolymer repeats in most
DNA fragment sample is rare.

V. DISCUSSION

Our simulation results show that the use of ISFET for DNA
sequencing based on the backbone charge of DNA molecules is
feasible in principle. One major advantage of this method is the
steady signal of Vg shift can be obtained rather than the transient
signal when using pH based sequencing method. As it is based
on the fixed intrinsic charge of DNA backbone which does not
rely on transient release of protons, and normal buffer solution
can be used and a simple step-detection circuit can be applied
on-chip to largely compress the amount of sequencing data into
digital data. When we consider the scalability of semiconductor
sequencing techniques, sensor size impacting on both sequenc-
ing techniques (fixed charge sequencing vs. pH sequencing) can
be largely different. It is known that Si nanowire or fin-FET
provides great sensitivity of detection for DNA charges that is
anchored on the gate surface, while their sensitivity for pH detec-
tion remains the same as large ISFETs. Therefore, fixed charge
sequencing method may have better scalability towards smaller
sensors such as nanowire FETs with much higher sensor density
that is required for increasing sequencing throughput and lowing
cost, compared to pH sequencing. Ultimately, as nanowire FETs
has shown capability of detecting single biomolecules, it may
be feasible to sequence DNA molecules down to single-to-few
copies, in which case polymerase chain reaction (PCR) of DNA
samples can be removed to considerably reduce sequencing cost

and time. It is also noted that for the fixed charge sequencing
method to work, DNA templates should be laid down flat on
the surface to enable acceptable DNA length for sequencing
and optimal readable DNA length and surface density (copies
of DNA template) shall be determined.

VI. CONCLUSION

In this work, we simulate a label-free electronic DNA se-
quencing method by detecting the backbone charge of DNA
through single base extension reaction using ISFETs. Double
layer theory and P-B equation were used to numerically simulate
Vg shifts response for ISFET sensor. The variation of charges in
the DNA membrane is detected as changes in the flat band volt-
age of the transistor i.e. shifts of threshold voltage. Simulation
results show that the Vg shifts after each single-base extension
reaction demonstrated in Ids–Vgf characteristics. Increments in
DNA molecules density result in increase of Vg shifts due to sin-
gle base extension reaction. An optimal Vg shift of 3 mV can be
obtained for DNA density of about 4× 1011 /cm2 , which agrees
with previous experimental data. Higher DNA density will en-
hance the signal, but too high density will cause signal reduction
due to lateral screening. We also find that the Vg shifts decrease
along the process of DNA sequencing, limiting the feasible se-
quencing length. It is also found that DNA surface orientation
and ion concentration both affect the signal. DNA laying down
flat on the surface gives better signal than upright orientation,
suggesting that reading relatively long DNA sequence (about
100 bases length) is only possible in laying down orientation
and 100 mM salt concentration is preferred for better sequenc-
ing accuracy. Overall, our simulation results suggest that DNA
sequencing by detecting the backbone charge can avoid tran-
sient signals in pH based sequencing methods to obtain steady
signals. Another potential is to use nanowire FETs that can al-
low DNA sequencing using single-to-few molecules ultimately
without the use of PCR amplification for sample preparation,
as nanowires have shown ultra sensitivity of single molecule
detection. If successful, this method with nanowire FETs would
provide better scalability than pH-based sequencing approach
for continuous increase of sequencing throughput and decrease
of sequencing cost. The reported predictive analysis here is a
convenient tool in designing the sensor device and sequencing
process optimization.
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