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Abstract

Ion Sensitive Field Effect Transistors (ISFET) are most widely used in medical applications due to simple integration process,
measurement of sensitivity and its dual properties. These ISFETSs are originated from Metal Oxide Semiconductor Field Effect
Transistors (MOSFET) with improvements in structure. ISFETSs are used as bio-sensors for the detection of biomarkers in blood,
DNA replication and several other medical applications. In this article, we design the ISFET pH sensor in two dimensions with
integration of two models namely, semiconductor model and electrolyte model are represented using manageable global equa-
tions. The sensitivity of ISFET with different oxide layers is measured and compared. We also measure the sensitivity of the
designed 2D-ISFET in two different solutions and compare it with different oxides to know the best oxide material to be used to

design the device.
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1 Introduction

The origin of Ton Sensitive Field Effect Transistor (ISFET)
has been emerged from the structure of Metal Oxide
Semiconductor Field Effect Transistor (MOSFET) having ad-
ditional improvements making these devices to be widely
used in medical field as biosensors [1, 2] (http://www.idc-
online.com/technical references/pdfs/mechanical
engineering/ISFET-Bergveld.pdf). In the initial stages,
experiments are done on the structure of MOSFET, and the
characteristics can be studied from and improvements are
made for ISFET [3, 4]. The drawbacks of the conventional
FET such as less sensitivity, delayed response time and high
leakage currents make ISFETs popular in the field of sensor
designing. The main difference between the structure of
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Conventional FET or a MOSFET and Ion Sensitive Field
Effect Transistor (ISFET) is the position of gate. We know
that any of the transistor structure consists of Source, Drain
and Gate on the surface of the substrate. In the same manner,
the conventional FET structure consists of Gate deposited on
the surface of substrate along with source and drain. But when
we observe the gate is separated from the surface of the sub-
strate. The gate separated from the structure of the substrate as
the “Reference electrode”. The gate voltage is applied along
the reference electrode. Association between the gate dielec-
tric and the ions is regulated by varying the gate voltage which
results in determining the ion concentration.

The process of surface interactions takes place from “Site-
Binding model”, hydroxyl ions are present on the surface of
metal oxide that interacts with the insulator material. In this
article, four different oxides namely Silicon Dioxide (SiO,),
Aluminium Oxide (Al,O3), Tantalum Oxide (Ta,0O3) and
Hafnium Oxide (HfO,) are deposited on the surface of the
substrate with two different electrolyte solutions filled in the
electrolyte tank are implemented. In the existing literature, the
temperature characteristics and the improvement in the sens-
ing of pH parameter are obtained, where the values of temper-
ature and pH are limited [5]. The sensitivity of ISFET through
the process of chemical surface modification can be studied
through and the function of ISFET to measure the buffer ca-
pacity is surveyed in [6—8]. The primary application of ISFET
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is in the field of medical applications where, recent surveys
have implemented their study on DNA with ISFET-based
sensing through thermal and chemical based sensing for
DNA diagnosis [9, 10]. The sensitivities for these oxides are
compared from appropriate plots. The article shows the struc-
ture of ISFET and the implementation of oxides onto the
ISFET substrate followed by results and discussion that in-
cludes the I-V characteristics of the designed structure along
with the comparison curve for different oxides. The process of
simulation is done in COMSOL Multiphysics Software Tool.
Design of the device is done in 2D instead of 3D because the
concentration levels in the terminals and the selection of do-
mains of the semiconductor can be easily differentiated and
analysed from the front view rather than top view, which can
be modelled using 2D.

2 Design and Modelling of 2D-ISFET

The design of Two-Dimensional Ion Sensitive Field Effect
Transistor (2D-ISFET) can be done in with certain specifica-
tions. The gate voltage is applied at the reference electrode. In
the phase of designing the device, the electrolyte is placed on
the surface of oxide. Drain voltage of 10mV is applied with
source connected to the ground. Initially, we fill the electrolyte
tank with water and measure the sensitivity. We can observe
the surface electric potential of the structure with constant
drain voltage and varied pH of bulk electrolyte (pHy). The
doping concentrations at the source and drain regions are pro-
portional to the variation in pH,, because when there is a var-
iation in pHy, there is variation in the doping concentration. In
our experiment, fixed dimensions are used to design the sen-
sor because, the ISFET dimensions are influenced by the sens-
ing region (in our case, gate region) and capacitive effects.
When there are smaller capacitive effects, the parameters to
the dimensions become less sensitive.

The design of two-dimensional ISFET (http://www.
comsol.co.in/model/simulation-of-an-ion-sensitive-field-
effect-transistor-isfet-45341) in COMSOL Multiphysics
software is shown in Fig. 1. The width and height of the
substrate is 3 and 0.7 um. The length of source and drain is
0.5 um each. The electrolyte tank can be designed in any
desired shape. Here, we designed the shape of trapezoid.
The centerline of the electrolyte determines the Stern layer
having voltage drop [11]. The width and height of the
designed electrolyte is 2.8 and 1.4 pum. Bulk electrolyte
potential is the variable for the adjustment of gate voltage
for fixed drain current. Activity of hydrogen ions (H") and
the surface charge density are the variables on the surface of
oxide are initialized with simple expressions. The electrolyte
domain in selected separately in order to specify the relative
permittivity of the solution present in the electrolyte tank
manually according to the requirements. In our design, water
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is the electrolyte solution used. So, we initialize the value of
relative permittivity to 1. Now, we specify the doping at
source and drain. The source doping is done with the
background doping concentration choosing acceptor
concentration of the semiconductor. The drain doping is
done in the same manner. The equation for the uniform
doping of source and drain is:

Na :NpAreV—f—NA() (1)
Np=Np** (2)

N is for the acceptor concentration and Np is for the donor
concentration. The above equation is for the drain doping.

The source doping involves n-type and p-type with accep-
tor concentration (N, ) and donor concentrations (N4*). The
equation for the source doping is considered from Eq. (3) to

(5):

V =V +Vo 3)
1 1

n=2 (NN ) +5 (NG N e (4)
1 1

p=—5 (Nf =N )+ 3/ (N =N, ) + iy (5)

The doping at the doping region involves several parame-
ters like the base position (rp), the background doping concen-
tration (Ny,) and the junction depth at different length scales for
different directions say X and Y (d;)

Na=Ng™ (©)
prev I‘; : r; ? I'; ? I'; ’
Np=Np " +Npo | — ) ) o) T
X X y y
(7)
Ix: dJX (8)
Nao
in| (%)
= ©)

The trap-assisted recombination involves Shockley-Read-
Hall model with electron lifetime (T,) and hole lifetime (Tp)
along with the energy difference between the defect level and
the intrinsic level (AE;). The equation for the trap-assisted
recombination is:

AEt
N} = Ynljeff €XP <kBT> (10)
AE
P = '-ani,effexp<k_"rt) (11)
B
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Vot = —qR, (15)

The top boundaries of substrate are specified as thin insu-
lator gate with oxide relative permittivity, €;,,=4.5, Oxide
Thickness, d;,c=30nm and the metal work function, ®=0 V.

The semiconductor has:

Relative permittivity €,
Band Gap (Eg,0)
Electron Affinity x 0

Effective density of states at valence and conduction band
N, and N,

p+=q(p — n+Ny -N;) (16)
V- Ja=0 (17)
V-J,=0 (18)

Jo=qnu, VE; + p,kg TG (Ni> Va+qnD, p,VIn(T)  (19)
C

I,= qupVEv—upkBTG( P )vp—qun,thp, thVIn(T)

N,

The relative permittivity is another term for dielectric con-
stant, which indicates the polarization effect of a material
when imposed to an electric field on the surface of an insula-
tor. In the experiment, the oxides SiO,, HfO,, Al,O3 and
Ta203 are used. The relative permittivity of these oxides is
individual, each indicating the effect of polarization on the
surface of the gate insulator, when an electric field is applied.
The relative permittivity is calculated using Eq. 23 for any
material.

€
6= — 23
= 23)
Where,
¢, = relative permittivity
¢ = permittivity of the substance or oxide material
¢o = Relative permittivity of free space

For the design of two-dimensional ISFET shown in the
Fig. 1, different design parameters are taken into consideration
where they play a crucial role to obtain the electron and hole
concentration of the designed model. The surface chemical
reactions that take place at the Helmholtz layer in the
Helmbholtz plane occur depending on the values of diffusion
coefficients for H* and OH ™ ions. These are listed in the
Table 1. For the device modelling, the body of the semicon-
ductor is 0.7 pwm height and its width is 3 pm. The source and
drain are 0.5 um in length towards the gate. The gate region is
1.3 um wide and is large enough to act as a reacting surface to

(20) the electrolyte solution.
E.= —(V+x0) — aAE, (21) The surface electric potential of the design shown in previ-
ous section is simulated. From the plots obtained in Fig. 2, as
E,=—(V E 1 —a)AE 22 . . .. .

v (V-Hxot+Ego) +(1 — @) AE, (22) we observe, the doping concentration of drain is clearly varied
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Table 1 Design Parameters for modelling two-dimensional ISFET
Parameter Value

Drain Voltage(Vy) 10[mV]
Temperature(T,) 25[degC]

Bulk H* concentration(cH_bulk) 100[mol/m’’

Bulk OH™ concentration (cOH_bulk) 1E-8[mol/m’]

pH of bulk electrolyte(pHb) 3,7, 11

Relative permittivity of water(eps H20) 78.5

Relative permittivity of blood(eps_blood) 60.5

Diffusion coefficient of H*(DH)
Diffusion coefficient of OH (DOH)
Thermal Voltage(V_therm)

Oxide surface binding site density (Ny)

36.3e-4[cm”2/V_therm]
20.5e-4[cm”2/V_therm]
0.025693[V]
5el18[1/m?]

with change in bulk electrolyte potential (pHy,). From Fig. 2(a)
to (d), there is an increase in the doping concentration with an
increase in bulk electrolyte potential. The important parameter
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Fig. 2 Surface electric potential of 2D-ISFET with V4=1 and pH = 3,7,9 and 11
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to be considered is the dielectric material, in our experiment,
the oxide materials act as dielectric materials where, they are
non-polar molecules that do not cause any physical change
with a change in geometric composition. And, these metal
oxides have wide range of properties, using these in the field
of biosensor is essential for the experiment.

The following diagrams represent the designed model in
2D plot for different oxides taken into consideration. From the
plots, we observe that for different oxides, the doping concen-
tration varies at the source and drain regions. If we have a keen
observation from the plots, all the oxide layers at the source
side have same level of doping concentration but on the drain
side, they vary with slight changes, with one oxide having
rough doping concentration and the other having the heavily
doping concentration. This is because, the source is grounded,
and the drain has come input voltage to be given in order for
the device to function. Let us see in Fig. 3, the 2D plots for
water as electrolyte solution. There is variation in the doping
concentration near the source and drain regions with different
oxide materials along with the variation of concentration of

Vd=1V, pHb=7 Surface: Electric potential (V) Surface: Electric potential (V)
HKm T " T " ! ! !

K

~
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Fig. 3 2D plot of 2D-ISFET for different oxide materials (a) SiO, (b) HfO, (¢) Al,O5 (d) Ta,0,

the barrier between the source and drain terminals. The 2D
plots of the designed structure are same when the electrolyte
solution is taken wither water or blood. This is because the
doping concentration parameter is not changed when the elec-
trolyte solution is taken as water or as blood.

There is change in the color of concentration for oxides,
when Al,O5 oxide is considered, we observe disturbed con-
centration levels throughout the design structure. When ox-
ides Ta,O3 and HfO, are taken into consideration, we observe
clear variation of concentration levels at each terminal. When
Si0, is taken into consideration, the concentration level at the
source side are quite low when compared to all other oxide
(represented in light blue color) and the drain terminal has
light orange color concentration, which is low level of con-
centration when compared to the concentration levels of other
oxides’ drain terminals. In our experiment, the pH of bulk
electrolyte, pHp=7 for all the oxides considered. When the
oxide is SiO,, at the drain terminal has pale orange or bright
yellow color representing a concentration between — 3 and —

3.5. But when we compare the concentration value of SiO2
with HfO,, we observe the concentration at the drain terminal
is bright orange, indicating the level of concentration to be -5,
for oxide Al,O5 the concentration level is at a value of -4 and
for Ta,05 oxide, the concentration value is between — 3 and —
4. Though the oxides when compared to SiO, indicates a
decrease in concentration value, the color scale indicates a
higher concentration at the drain terminal compared to SiO,.
The same is the case at the source terminal of the design. The
concentration value of SiO2 is very less compared to all the
other oxides considered. This can be clearly observed from the
color scale.

3 Results and Discussion
After the computation of the structure designed, there are var-

ious plots obtained that gives the comparison of some of the
parameters to be observed when doped with different oxide
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Fig. 4 Electric potential at the centerline of electrolyte for different oxides with water as electrolyte solution. (a) SiO, (b) HfO, (¢) ALO; (d) Ta,O5

layers. For the designed model shown in the previous sections,
we obtain electrolyte potential with respect to two electrolyte
solutions namely, water and blood along with the I3 vs. Vg4
characteristics of the designed Two-Dimensional Ion
Sensitive Field Effect Transistor (2D-ISFET).

3.1 Electrolyte Potential

The electrolyte potential along the center line of the electrolyte
represents a zero-charge region. This electrolyte potential de-
termines the voltage drop near the Stern layer. The following
plots represent the electrolyte potential for different oxides
considered when electrolyte solution is water and blood.

The electrolyte potential curves change with varied oxide
layers. This is done for variables adjusting the gate voltage for
a specified drain current, the bulk electrolyte potential is taken
as a variable in the experiment to obtain drain current for fixed
gate voltage. This electrolyte potential is obtained by the dif-
ference between the boundary Ordinary Differential Equation

@ Springer

(ODE) for oxide surface (phil) and the bulk electrolyte poten-
tial (phil bulk). The properties of the bulk electric potential
(phil_bulk) variable is applied at the surface edges of the elec-
trolyte. The solid curves in the plot represent the 2D model
and the dotted curves represent the 1D model. These two
models are compared at the electrolyte central line where there
is voltage drop i.e., at the Stern Layer. We observe that the 2D
model and 1D model are aligned on the same varied potential
axis. But there is change in 1D model and 2D model for SiO,
oxide layer as shown in Figs. 4 and 5.

3.2 Drain Current (ly) vs. Gate Voltage (V)

The gate voltage is applied across the front gate of the ISFET
design model. The drain current is the functional parameter for
the appropriate gate voltage. In the structure designed, the gate
voltage is applied across the oxide surface and the conductor
is the electrolyte. The following plots represent the Iy vs. V,
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Fig. 5 Electrolyte potential at the centerline of electrolyte for different oxides with blood as electrolyte solution. (a) SiO, (b) HfO, (¢) AL,O; (d) Ta,0s.

characteristics for different oxides when water and blood are
taken as electrolyte solutions.

From Fig. 6, we observe that there is a drastic change in the
drain current for different oxides. In Fig. 6(a) we observe that
there is huge drain current for Ta,O; when compared with
other oxides and Al,O3 oxide has not much current, taking
into consideration the electrolyte solution is water. In
Fig. 6(b), we observe that there is great increase in drain cur-
rent for the specified voltage at SiO, oxide when compared
with other oxides, when blood is taken as electrolyte solution.

3.3 I4 vs. V4 with Varied pH Values

We take three pH values 3, 7 and 11. And we compute the
design considering the parameter that controls the device is
the pH value. In Fig. 7, we see I vs. V4 curve for different
oxide layers with water as the electrolyte solution.

From the Fig. 7, we observe that there is a huge variation in
the drain current for different pH values at certain voltage.
When we consider Al,O; as the oxide surface, for the pH =

11, there is barely any current. For oxide surface Ta,Os, there
is decrease in drain current for an increase in pH value. For
oxide surface as HfO,, there is certain drain current at pH
values 3 and 7 but Id = 0 for pH = 11. For SiO, oxide
surface, for increased pH value, the drain current decreases
but the current does not drop to zero. Also, the plot for certain
oxides with respect to pH values overlap with each other. We
can say that different oxides at the same pH values can have
same current flow with fixed gate voltage. We can also ob-
serve that SiO, at pH = 3 and Ta,0; at pH = 3 has greater
current flow but compared to SiO,, Ta,O3 has greater current
flow with less difference. From the above plots, we can con-
clude that the pH value is inversely proportional to drain cur-
rent. When the plots are combined in an imaginable case, the
plots for oxides HfO, and Al,O5 for pH = 11 overlap with
each other having the same drain voltage.

The following plots in Fig. 8 represents the Iy vs. V4 char-
acteristics with blood as electrolyte solution for different ox-
ides taking into consideration. From the plots of I vs. V4
characteristics at different pH values, we observe that when
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blood is used as electrolyte solution at pH = 11 for Al,O5 and
Ta,05 oxides there is barely any current. For the oxides HfO,
and SiO,, the drain current flows with decreased pH value.
SiO, at pH = 3 and pH = 7 draws great amount of current
compared to all other oxides. But when all the plots are com-
bined in an imaginable case, the plots of oxides Al,O3 and
Ta,O5 for pH = 11, the plots can be overlapped and same is
the case with pH = 7. For oxides SiO, and HfO,, for pH = 3,
the plots overlap at certain points.

If we consider the value of pH = 3, some of the values for
various oxide show similar characteristics or similar curve for
I4 vs. V4 characteristics obtained in the Fig. 8. But when we
observe the value of drain current for different oxides and the
points plotted on the graph, we observe variation in the scale
of drain current where the scale is varied from 0 to 23 (nA) for
SiO,, 0 to 6.5 (nA) for HfO,, 0 to 20 (nA) for Al;05 and 0 to
13 (uA) for Ta,O5. Even though the curve is similar, the drain
current values change with respect to oxide. And among the
oxides Ta203 shows high sensitivity characteristics which
can be clearly observed in the next section.
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3.4 Sensitivity of the 2D-ISFET

The sensitivity of the modelled 2D-ISFET varies with
varying the oxide surface. In our experiment, we have
introduced four different oxide layers Al,O3;, Ta,0s5,
HfO, and SiO,. It is the most important parameter to be
taken into consideration for the functionality of ISFET in
the application of medical sciences as a bio-sensor. We
computed the designed model taking into account two
different electrolyte solutions, water and blood. Figure 9
represents the sensitivity of the device for different oxide
surfaces with two different electrolyte solutions consider-
ing the sensitivity of the oxides in the increasing order,
which is represented in a tabular format.

In the above plots in Fig. 9(a) the sensitivity is more when
the oxide Ta,Oj is considered when compared to other oxide
layers when the electrolyte solution is water. Same is the case
when the electrolyte solution is blood, we clearly observe
(Fig. 9(b)) that the sensitivity of the device is more when
Ta, 05 is considered as the oxide surface.
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Fig. 8 14 vs. V4 with varied pH at different oxides with blood as electrolyte solution (a) SiO, (b) HfO, (¢) AL,Os (d) Ta,O3
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Fig. 9 Sensitivity curve for different oxide layers at different electrolyte solutions (a) Water (b) Blood

The sensitivity parameter for the designed model when
different oxides are taken into consideration and also when
there is a change in the electrolyte solution. We compare the
sensitivity obtained from four different oxides and conclude
which oxide material is best to take into account to obtain the
highest sensitivity, shown in Table 2 where different electro-
lyte solutions are used for analysis.

The sensitivity of the device is more when the oxide sur-
face is Ta,Oj3 for both electrolyte solutions, water and blood.
So, we can design the future modelling of lon Sensitive Field
Effect Transistors (ISFET) with Ta,Oj5 as the oxide surface for
better sensitivity of the device.

4 Conclusions

In this work, design of a Two-Dimensional Ion Sensitive Field
Effect Transistor (2D-ISFET) has been performed. The con-
centration variation along with Iy vs. V,, characteristics with
different oxides is studied with two electrolyte solutions, wa-
ter and blood. How the modelled device can be used as a pH
sensor or a bio-sensor in the field of medical applications can
be observed from the variation of pH for different oxides is

Table 2 Sensitivity for varied oxide surfaces and electrolyte solutions

Oxide material Sensitivity for electrolyte solution (mV/pH)

Water Blood
SiO, 37 40
HfO, 40 43
Al,O4 44 45
Ta,O3 50 52

@ Springer

observed. The sensitivity of the device with various oxides is
experimented and the Tantalum Oxide (Ta,03) is used as the
oxide surface with highest sensitivity among the various oxide
materials taken into consideration for both electrolyte solu-
tions. For further improvement of the device specifications,
the oxide having higher sensitivity can be used in designing
the ISFET as an application with reduced dimensions varying
from micro-meters to nano-meters.
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