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Abstract

Dependency of both source-drain current and current sensitivity of nanosize
ISFET biosensor vs. concentration of DNA molecules in aqueous solution
theoretically is investigated. In calculations it is carried out effects concerning
charge carriers distribution in current channel and concerning carriers’ mo-
bility behavior in high electrical fields in the channel. The influence of DNA
molecules on the work of ISFET biosensors is manifested by a change in the
magnitude of the gate surface charge. Starting with fairly low concentrations
of DNA, ISFET sensors respond to the presence of DNA molecules in an
aqueous solution which is manifested by modulation of channel conductance
and therefore the source-drain current changes of the field-effect transistor. It
is shown that the current sensitivity with respect to concentration of DNA
molecules linearly depends on the source-drain voltage and reaches high val-
ues.
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1. Introduction

The ion-sensitive field-effect transistor (ISFET) is one of the most popular semi-
conductor biosensors, and has been introduced as the first nanosized bio-chemical
sensor. Currently, the use of ISFET technology encompasses a wide range of ap-
plications in a variety of areas, and those in the bioelectronic monitoring areas
are particularly noteworthy. The ISFET sensor has been used to measure H* or
OH- ions concentrations in aqueous solution, causing an interface potential on

the gate insulator (oxide). Much attention has been paid to silicon based bio-
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sensors in the field of bio-analytical applications due to their favorable characte-
ristics (Si-based technology, sensitivity, speed, signal-to-noise ratio, miniaturiza-
tion, etc.). The introduction of the ISFET biosensor was in 1970 [1]; the first re-
port regarding the use of an enzymatically modified ISFET for the direct detec-
tion of penicillin was in 1980 [2]. The operating principle of the ISFET device
and recent advances and developments in the bio-analytical use of ISFET-based
biosensors and detection strategies were covered in reviews [3] [4] [5]. Label-free
detection of DNA using field-effect transistors (FET) with a real-time electrical
readout system for rapid, cost-effective, and simple analysis of DNA samples has
been proposed in [6]. When DNA strands bind to the free sites of gate surface of
ISFETs, changes in surface electrical potential occur due to the negative charge
of DNA molecule, shift in the source-drain current-voltage or capacitance-voltage
characteristics thereby allowing for excellent performance of DNA sensing. Then
conductivity of the semiconductor depletion layer will be modulated and
source-drain signal current will be changed. It is clear that the capacitance of the
system electrolyte-insulator-semiconductor depletion layer will be changed. In
[7] DNA binding behavior was monitored using an ISFET biosensor, which was
observed as changes in the threshold voltage. The change in DNA architecture
and content, either due to hybridization or enzymatic reaction, yields a local pH
charge variation and a rearrangement of ionic species near the sensor surface
that modulate the sensor’s response. One of the main disadvantages in measur-
ing the biomolecular recognition using FET-biosensors is the Debye screening
length. For this reason, it is necessary for FET measurements that biological
sensing should take place within the Debye length. Field-effect transistors are
described as three-electrode devices in which the current flowing between the
source and drain electrodes can be modulated by changing the potential applied
to the gate and source electrodes [8]. The current-control mechanism is based
on an electric field generated by the voltage applied to the gate layer [8]. The
current is conducted by one type of carriers (electrons or holes) depending on
the semiconductor type. In the case of a p-type semiconductor, when a positive
gate voltage is applied, holes are repelled from the semiconductor-insulator in-
terface creating a depletion layer. Applying a positive gate voltage attracts elec-
trons to the semiconductor surface, when a sufficiently high concentration of
electrons is accumulated in this region a conductive channel is created at the
semiconductor-insulator interface allowing a current flow between source and
drain. The gate voltage modulates the channel conductance. Some groups re-
ported on the use of FETs for real-time amplification and detection of nucleic
acid using pH sensing [9] [10] [11] [12]. Detail review of advances and devel-
opments in the bio-analytical use of ISFET-based biosensors presented in [3] [5].
An electrochemical sensor for detection of unlabeled ssDNA using peptide
nucleic acid probes coupled to the FET gate is demonstrated in [13]. An applica-
tion of ISFET technology for the detection of single nucleotide polymorphisms
suggested in [14]. In this study authors developed a useful procedure for se-

quencing one base via the detection of single-base mismatch in DNA. Note that
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the sequencing mechanisms of sensors based on ISFETs can actually be used
only for detecting nucleic acid using pH sensitivity and amplifying the useful
signal in real time. Static, dynamic characteristics and pH sensitivity of bio FET
sensors made on nanosize silicon (nanowire, nanoribbon) are detailed study by
us in [15] [16] [17]. In [17] pH sensitivity of the biochemical sensors was intro-
duced as Al, /ApH, where, Al, and ApH are the elementary changes in
source-drain current and pH. Current-voltage characteristics, low-frequency
noises, pH-sensitivity and SNR (signal-to-noise ratio) for liquid and back double
gated Si NW (nanowire) sensors are investigated. It is shown that source-drain
current substantially depends on pH-value and grows with increasing of the lig-
uid gate voltage. The pH sensitivity increases as a result of the liquid gate voltage
increase, giving opportunity to measure very low proton concentrations in the
electrolyte medium at the high values of the front gate voltage. It is shown that
SNR for Si NW based biochemical sensor has higher value, reaching up to 10°. In
[15] [16] it is shown that in Si nanosize FET biosensors pH sensitivity increases
with the increase of current channel length approaching the Nernst limit value
of 59.5 mV/pH, indicating that larger area devices are more suitable for the pH
sensing. The pH sensitivity increases also with the increasing of the back-gate
voltage and approaches to 59.5 mV/pH.

The analysis conducted above shows a high level of experimental research in
this area. Very good results have been achieved in the field of sensors fabrication
and pH-sensitivity; effective methods have been proposed for lowering the level
of low-frequency noise in order to increase the signal-to-noise ratio. However, it
seems to us that there are still many open questions when studying the physical
mechanisms occurring in a semiconductor and interface semiconductor-insulator
that determine and influence on the basic parameters of the sensors.

The aim of this research is the theoretical investigation, simulation and dem-
onstration of the dependency of source-drain current of the silicon nanowire
based ISFET biosensor vs. concentration of DNA molecules in aqueous solution.
DNA detection mechanism and source-drain current sensitivity depending on
the influence of the DNA molecules which occur in an aqueous solution over the

Debye screening length will be investigated and discussed.

2. Physical Processes in the ISFET Biosensor

To study the source-drain current of the ISFET biosensor and its sensitivity to
the presence of negatively charged DNA molecules in an aqueous solution, it is
necessary to consider the physical processes occurring, in particular, at the in-
terface between the gate insulator and the electrolyte. The main physical
processes taking place in the ISFET biosensor for DNA molecule detection are
sketched in Figure 1. It is presented a schematic representation of the device
structure (a), distribution of the gate potential V, over the layered structure of
the biosensor (b), and energy diagram of the electrolyte-insulator-semiconductor

structure. In the left side of Figure 1 also shows the coordinate system used.
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Figure 1. Schematic illustration of the ISFET biosensor (a), distribution of potentials (b), and

energy diagram of ISFET in equilibrium ( V, =0) (c). Here RE means reference electrode; v,

is the gate voltage, V,, is the source-drain potential, E, is the semiconductor Fermi level

K

energy, E_. is the conduction and E, is the valence band energy, E is the redox po-

redox

tential. The colored circles in figure (a) show the DNA nucleotides adenine, thymine, guanine
and cytosine.

Particularly silicon based structures and silicon oxide as an insulator will be dis-
cussed. In the Figure 1 RE is the reference electrode, V, is the applied gate
voltage, ¢, ¢,, ¢, and ¢, are potentials of the silicon substrate, current
channel (semiconductor depletion layer), oxide layer and double layer, corres-
pondingly.

The balance equation for the potentials according to Figure 1, can be represented

as follows:
Vg:¢s+¢5i+ ch+¢ox+¢dl‘ (1)

To estimate these potentials as well as the threshold voltage, V), , and flat-band

voltage, V., ,we can use the following relations [8] [18]-[23]:

CD i _(I)ox Qox
Vi =Vipg +20p + @5 Vig = ¢bulk,sol =t Pu _ST+C_;
N f4qe EgN @
Brutrsor © 05 P = B 5i = 05 0 =20, 1nn—A; P = %; (2)
kT g, N, gN,
— ; — 2 Zw sol : — t .
¢T q ¢dl (pT [ 8}. K;K + H ; ] ¢ax Cox

Here g is the elementary charge; k, is the Boltzmann’s constant; 7 is the ab-
solute temperature; ¢, is the thermal voltage; ¢, is the Fermi potential;
Boirsor and @, o are the electric potentials of the bulk solution and the bulk
silicon substrate; ¢, is the potential of double layer; ®; and @, are the
work functions of silicon and silicon oxide (SiO,), correspondingly; Q. is the

oxide layer charge per unit area, C,_ is the capacitance of the oxide layer per

ox

unit area; &,, &, &, , &, and & are the dielectric permittivities of free

ox

space, silicon, silicon dioxide, water and electrolyte, respectively; N, is the

doping acceptor concentration in p-Si substrate; »n, is the intrinsic carrier con-

i

centration in bulk silicon; K7, is the molar concentration of the cations in the
solution, A isthe molar concentration of the hydrogen ions at the oxide sur-
face; N,

sol

is the molar concentration of the solution; N, is the concentration
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of surface open electronic binding sites (traps) per oxide unit area. Note that the

redox potential E

redox

is a measure of the ease with which a molecule will accept
electrons and double layer in solution consist of IHL (Inner Helmbholtz layer),
OHL (Outer Helmholtz layer) and GCL (Gouy-Chapman layer) [24].

The main physical processes occur in the conductive channel. Therefore, for
further calculations, it is necessary to determine the surface potential of the in-
terface between the semiconductor layer (channel) and insulator ¢,,. This can
be calculated using Equation (1) and Equation (2) and expressions for the den-

sity of minority carriers in semiconductor. For ¢, we receive:

C,.o.N 1 Ve =Va
4, =, In % + ¢, InJIn|1+—exp| =—2 ||}, (3)
qtn; 2 nr
n :1_}_& ~1+ /qgogsl‘];[A
Cox 2¢Tcox

is the factor of the transistor non-ideality (C, is the capacitance of the silicon

where

depletion layer per unit area).

We consider the case of an inversion n-channel liquid-gated FET (Figure
1(c)). It is clear that the majority of processes in the structure are therefore de-
termined by the electrons. The channel source-drain current consists of drift and
diffusion components. It is well known that the diffusion component is domi-
nant in the sub-threshold mode and the drift component is dominant in the
over-threshold region. The channel source-drain current in ¥ direction 7, (y)

can be calculated using the following equation [8]:

4
» g (4)

Isd (y) = lue/’w Qch

Here w is the channel width in Z direction, x,, is the effective mobility and
Q,,, is the charge density of the channel mobile carriers ([Q,, ] = [C/ csz ):

0., :J.;qn(x,Vg)dx. (5)

Here tis the thickness of current channel in X direction, n(x, Vg) is the elec-
tron’s concentration in the channel. The behavior of the source-drain current is
defined by the distribution of the concentration of the mobile charge carriers
over the conducting channel. Obviously, the concentration of mobile carriers in
the channel depends on both the coordinate x (see Figure 1(a)) and the ap-
plied gate voltage. At the same time, the charge surface concentration only de-
pends on the gate voltage. Hence the overall concentration can be presented as
follows:

n(x,Vg):nA_(Vg)xf(x,Vg). (6)

Here n, (Vg) is the electron surface concentration per unit area at the oxide in-
terface and f (x,V;,) in unit of [cm™] is the function which describes the

charge carrier distribution in the X-Zplane of the channel (Figure 1) [25].
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The surface concentration can be described using the unified charge control

model from expression [26]:

n

ox st

n
V;g_I/th:Ci(nx_nx,r)_l—nI/thln( : ]) (7)

where n, is the surface density of electrons per unit area at the threshold vol-

tage: n , =n_ at the V, =V, . It should be noted that the influence of the
charge states of the electrolyte is determined by the value of V,, (see Equation

(2)). The concentration n , can be expressed as:

C
— 77 ;xquT . (8)

s,t

Equation (7) has no analytical solution for n_ in terms of V, . The following

approximate solution is suitable for strong inversion and sub-threshold regimes

[22]:
V,-V
n, =2n,In 1+lexp( £ th] . 9)
2 nor

After determining nS(Vg), we must also calculate the function f (x,Vg) in

order to evaluate the influence of peculiarities of the carrier distribution on the
physical processes taking place in the channel.
In order to find function f (x, Vg) for the case of the quasi classical approach,

we use the following dependence of n(x) [8]:

n(x):NC exp|:—(E°'_q¢(x))_EF:|:”0 exp|:$:|. (10)

k,T

Here N, is the density of states in the conduction band of a semiconductor,
E, is the semiconductor conduction band energy, ¢(x) is the contact poten-
tial at the oxide-channel interface. To determine ¢(x) we have to solve the
Poisson equation:

= : (11)

. _
dx €0

Here p(x) is the space charge density for the fully ionized acceptor centers in

semiconductor (usually it is boron in silicon):

p(x)==q(N,+n-p)=-agp, {l—em(—ijﬂ—‘)exp(iﬂ . (2
r) Po Pr
Here n,p and ny,p, are the concentrations of the non-equilibrium and
equilibrium electrons and holes, respectively, N, is the concentration of nega-
tively charged acceptors. We can use following boundary conditions to solve
Equation (11) (see Figure 1):
Xx>0=>¢—>0, x>0=>¢>49,. (13)

Using Equation (12) and boundary conditions (13), we obtain the following so-
lution of Equation (11):
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ol ool el oo
80531' ls ls
I = L, , L, = So€siPr , (15)
1+”0/p0 qp,

L, isthe Debye screening length.

where

Then using expression for ¢, from Equation (3) finally we have for the
function f (x,Vg):

V,-V
f(x,V):n—Oxexp In W)TC—‘”;NA +In| In l+lexp MR
¢/, qn; 2 ne;
t'n’
+&}Xp(_%
Eo€5Pr N4 I

The field caused by the applied gate voltage in the inversion layer of lig-

(16)

uid-gated FET's changes the transport behavior of the charge carriers and results
in more frequent scattering events than in the absence of the gate voltage. The
carrier’s mobility degrades as the result of scattering processes [27] [28] [29].
The mobility dependence on the transversal electric field (Y direction) at the ap-
plied gate voltage was taken into account using the following empiric equation
[30]:

('uef>x :ﬂo_g(Vg-‘thh)’ (17)

where g, is the low-field magnitude of the mobility, € is the coefficient tak-
en as 28 cm?/(V?s) [30] [31]. Since the modeling and the measurements are per-
formed for low drain biases in linear mode, the effect of the electron velocity sa-
turation on the drain current can be neglected. Other authors in [32] assume
that when Coulomb scattering dominates the mobility dependence on the gate

voltage ,u( v g) in the vicinity ¥, =V, can be linearized in the form [33] [34]
'Ll(Vg):u0+0(Vg_V;h)’ (18)

()
dr

g

where 1, = ,u|Vg:Vm , 0= , and in general case € can be positive
Vo=V
or negative.

In further calculations we will use expression (17) for the mobility of major

carriers in the channel.

3. Source-Drain Current

Using Equation (4) and Equation (17) we can present the drift component of the

source-drain current by following expression:

V '
Ly (y)zqwnl—sw[”o -0(V; +Vth)M0f(x,Vg)dx,
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where n, is determined from Equation (9).

For the integral

t
o (x7 )ax
we have
: M X N gem g 1 b g1 e
Iof(x,Vg)dx— " .[Oexp{GexpE ! ]:Idx~ " t[1+ p G(l e )} . (19)
Here
V.-V
— L B+ 1+lexp g T, BE—(pTgOf"XZNA_ (20)
B 2 @r qt'n;
Thus

t I .
Ly (v) = qwniVu [ =0(Vs +V, )}[lﬁG(l—e & )] (21)

Behavior of dependency [/, from number of DNA molecules in solution
Npya can be determined from dependency V,, (Q,.).
For simplicity of further calculations assume that 7 ~1 and taking account

that oxide layer capacitance for unit area

EE
C, = OT (22)

For V,, from (2)we have:

-0, Qox

D
Vi =200 + ¢ ———%+ (23)
q Cox
Substituting (23) into (21) gives:
t q) i _q)ar Qox
Isd (Qox) ~ qwnOVds 7|::u0 _Q[VG + 2¢)F +¢dl _ST+C_ji|

[OJRE ()]

Ve +20 +¢, — e +% (24)

=

x 1+li i+lnB+1n In| 1+—exp < (l—e”/ll') .
B 2

Pr

The influence of the oxide interface on the source-drain current of the tran-
sistor can be taken into account by the change of the charge of the oxide inter-
face traps Q,_=¢N, (N, is the surface concentration of oxide interface all
proton donors and proton acceptors traps in units cm™?, Figure 2). Depending
on presence of negatively charged DNA molecules the charge on the oxide sur-
face will decrease (compensated) and become

- N
Os = qN; (1-6), 6=—75, (25)
t
where N, and N, are the surface concentrations of positively charged pro-

ton acceptor OH, traps (Figure 2) and DNA surface concentration in solution
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Figure 2. Site binding on the interface SiO:-solution and the process of binding of the
negatively charged DNA on the OH; free bond (a), SiO: tetrahedron structure (b).

near the oxide at a distance of the Debye length. It is clear that (25) is correct for
the Ny <N, ,or 6<1.In the case of super compensation when Ny, >N,
the DNA additional molecules do not bind on the surface positively charged
sites (proton acceptors, Figure 2) and ISFET biosenor do not sense this DNA
additional molecules.
Figure 2 show site binding on the interface SiO,-solution, process of nega-
tively charged DNA molecule binding and silicon dioxide tetrahedron structure.
Consider the source-drain current sensitivity of the ISFET biosensor to DNA
molecules § as a change in source-drain current A/, for a corresponding
change in the proportion of DNA molecules in the solution A& :
Msd
AS

S:

A (26)

As AS is dimensionless parameter sensitivity will be measured by the Ampere.

4. Numerical Simulation and Discussion

For numerical computation, we use the following values, which correspond to
the sample geometry and the parameters of the materials for the investigated
nanosize structure at the room temperature: 4, =260 cm’ / (V~S) [35],
0=28cm’/(V?s) [30] [31], @,=0026V , N, =0015mol/l [25],
K =0.001mol/l [25], w=150nm, [=200nm , /=20nm, &;=11.6,
£,=39, ¢,~80 , & =78, g =885x10"F/em , ¢=16x10"C ,
O, =485eV [36], @, =5eV [36], N,=10"cm™ , N, =2.5x10"cm™
(m, = m; =m,=9.1x10""kg, m and m; are effective mass of electrons and
holes, m, is the free electron mass), p, ~ N, =10"cm™ . Let’s consider the
case when “power of hydrogen” of the solution is equal to 7 (pH =7 ). As

pH = —log[H+] ,
we get
[H" =107 =107 mol/1.

For the electron concentration in the inversion layer we can assume that it is
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equal to majority carrier’s concentration in p-Si, e.g. 1, (inv)~ p, =10"cm™.
For the N, we can do following estimation. It is assumed that traps concentra-
tion on the interface silicon oxide-electrolyte is the same as silicon oxide-Si. Ac-
cording to data [36] traps concentration in Si-SiO, interface is about
(1010 -10" )cm'2 . In further calculation we will use N ~10"'cm™.

For numerical simulation let’s simplify expression for source-drain current

assuming that:

1
1) At the noted above parameters Boc10" and we can ignore term 2

1
compared InB as §<< InB;

(Di_q)ox Qox
Ve +20, + ¢y _%—FF

In| 1+—ex o
> p

q)i_ ox
Vg+2(0F+¢dl_¥+

~—exp
2 Dr

O, —
Ve +20p + ¢, _%"‘7

In|In| 1+—exp =
2 @r

3)

(I)i_ ox
Vg+2¢F+¢dl_S7+7

~ In—exp :
2 Pr

4 1-e zl—li.

s

Thus source-drain current can be presented as follows:

twn,V. O, —-D
[Sd ZMI:IUO_G[VG-F2¢F+¢,,{/_ Si p ox +Qox J:|

/ C,
¢T ox (27)
O, —D
{(ﬂr (1+1n§j+Vg +20: + ¢, —%+ %"}.

Results of numerical calculations of source-drain current /, vs source-drain
voltage V, and DNA concentration are presented in Figures 3-5. The error in
plotting the dependencies in Figures 3-5 does not exceed (5 - 7)%. In order not
to complicate the graphs, these errors are not shown in the figures. Note that
fluctuations of values by (5 - 7)% particularly do not affect the course of depen-
dencies and do not change the mechanisms for explaining their behavior. As ex-
pected, the dependence of 7, on the source-drain voltage is linear. Dependen-
cy I, vs DNA concentration N, (or &) is very weak (see Figure 4). At

the beginning (0 <& <0.1) source-drain current increases very weakly. This
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Figure 3. Dependency of the source-drain current vs source-drain voltage.
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Figure 4. Dependency of the source-drain current vs DNA molecules concentration in
solution.
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Figure 5. Dependency of the current sensitivity vs. source-drain voltage at the several values
of DNA molecules concentration N, or &.
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behavior can be explained as follows. Assume that all proton donors (OH") sites
in the interface oxide-electrolyte (Figure 2) fully accept protons (H*) from solu-
tion and changes in their charges are not significant and can be neglected during
the sensor operation. At low concentration of DNA molecules 0< & < 0.1, they
are bind very weakly or not bind with free proton acceptor sites OH, due to its
high diffusion activity and the presence of a Coulomb barrier near proton ac-
ceptor sites. With increasing DNA concentration and therefore decreasing their
diffusion activity (when 0.1<& <0.8) negatively charged DNA molecules
overcome Coulomb barrier near the proton acceptor sites and bond with them
on the oxide surface. As a result the positive surface charge decreases and corres-
pondingly decreases deepness of current channel and its conductivity (source-drain
current). At the super compensation of the proton acceptor sites OH; (5 —>1,
high concentration of DNA molecules) in oxide-electrolyte interface 7, (&)
dependency has increasing behavior. Probably it is conditioned by the ionic

Coulomb blockade effect [37]. As it is known this effect appears in the elec-

tro-diffusive transport of charged ions (in our case DNA molecules) through

sub-nanometer artificial nanopores [38] or biological ion channels [39]. DNA
molecules cannot overcome Coulomb barrier of the proton acceptor sites and
channel conductance again increase. Consequently, the current increases.

The dependence of current sensitivity on source-drain voltage for several val-
ues of DNA molecules concentration is presented in Figure 5. These dependen-
cies are constructed according to formula (26) using the data in Figure 4. They
are also linear dependency. Depending on values of DNA concentration in solu-
tion and source-drain applied voltage current sensitivity can reach comparative-
ly high values (up to 5 ... 9 uA/d in the case of parameters chosen above).

Based on the above reasoning, we can draw the following conclusions.

v" ISFET nanosized structures can be used for detecting charged DNA mole-
cules.

v" The influence of DNA molecules on the work of ISFET biosensors is mani-
fested by a change in the magnitude of the surface charge of the gate elec-
trode.

v’ Starting with fairly low concentrations of DNA, ISFET biosensors respond to
the presence of DNA molecules in an aqueous solution which is manifested
by modulation of channel conductance or the source-drain current.

v' Current sensitivity linearly depends on the source-drain voltage and reaches
high values.

Thus, ISFET nanosized silicon biosensors can be successfully used to detect
very low concentrations of DNA molecules in an aqueous solution with high
sensitivity. As an advantage note also the compatibility of silicon based devices
with modern CMOS technology.
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