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Abstract

In this article, an analytical framework is put together to describe a pH Sensor based on Ion Sensitive Field-Effect Transistor
(ISFET) and then simulated using Synopsys TCAD tool. In the proposed simulation work the electrolyte material and oxide
surface charge density have been modeled explicitly by using experimental data available in the literature which makes
this study unique from previously reported works. Furthermore, the method for adding a new material in Synopsys TCAD
and using its advanced PMI feature are briefly illustrated in this work. The proposed work is validated against an available
experimental work with good accuracy of 2.66% error percentage in the result. This article gives an adequate insight into
the working principle of ISFET device with the objective of assisting beginners in this field before one can proceed into

advanced research.
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1 Introduction

A chemical sensor is a transducer linking the chemical
domain to the electrical domain. Its response should be
fast and selective for the analyte species in interest. A
traditional pH sensor having glass electrode is bulky and
fragile in nature with difficulty in miniaturization [1]. Ion-
Sensitive Field Effect Transistor (ISFET) gives the idea of
lab-on-chip system having multiple biosensors mounted on
the same chip designed for various applications like soil
analysis, waste water analysis and so on [2—4]. In order to
understand the basic working principle governing an ISFET
device, we’ve considered a simple pH sensor based on a
long channel device without any appreciable short channel
effects (SCEs) to be most suited for the purpose.
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The basic principle of an ISFET pH-sensor is removing
the metal gate of a MOSFET structure and expose the
surface of oxide layer directly to the electrolyte solution
whose pH change is to be detected. Then a reference
electrode is placed into the electrolyte against which the
drain current characteristic is to be plotted [1]. The Site-
Binding model [5] proposes that atoms on the oxide surface
become amphoteric when they come in contact with the
electrolyte solution i.e. they release protons into the soultion
and become negatively charged or accept protons from the
solution and become positively charged or simply remain as
neutral sites. These surface reactions depend on the number
of binding sites (Ns) and dissociation constants, Ka and Kb
(acidity and basicity constants) specific to the oxide surface
as well as the concentration of hydronium and hydroxide
ions in the electrolyte—the pH value The electrolyte-oxide
interface and the oxide-semiconductor interface act like
a parallel plate capacitor. Hence, a positive (or negative)
charge density developed on the electrolyte-oxide interface
is balanced out by a negative (or positive) charge density
at the other interface. This in turn modulates the surface
potential over the device channel according to the pH value,
thereby affecting the drain current characteristic.

This article reviews the previous studies [1, 2, 5-11]
and compiles a compact analytical model governing the
ISFET pH sensor as shown in Section 2. This section
would help beginners such as myself in understanding the
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physics governing the ISFET device. The analytical model
is then solved using MATLAB [12-15] to keep a theoretical
reference. Section 3 describes the TCAD simulation of the
proposed structure, with certain alterations to the methods
used in previous work [16] — N¢ and Ny are considered
to be different in the case of a pH sensor, PMI models
employed for interface traps are implemented between the
stern-layer and the electrolyte, and user-defined models are
designed explicitly using available experimental data from
[9, 17-21]. TCAD simulation is demonstrated in Section 3
with the help of [22-28]. Validation of the simulation results
is done against the experimental data in [29] and also with
reference to the theoretical data obtained from MATLAB.
The effects caused inside the ISFET structure due to the pH
change are also demonstrated using Sentaurus Visual and
analyzed in Section 4. Conclusion is then summarized in
Section 5 along with future work.

2 Analytical Framework
2.1 Model Formulation

The concept of Double Layer (DL) [8] is used in our
approach. DL is a structure having two parallel layers
of charge that appears on the oxide surface when it gets
exposed to an ionic solution. The first layer consists of ions
adsorbed onto the oxide surface as a result of chemical
interactions. This layer is referred to as the stern layer. The
second layer consists of the ions attracted to the first layer
surface charge via Coulombic force, and electrically screens
the first layer [8].

Figure 1 shows the 2D schematic of ISFET displaying
the various potential drops across it. This structure is used

VREF

Stern layer
Oxide layer

Electrolyte Drain

n+
p-substrate

Body

Fig. 1 Schematic structure of an ISFET pH sensor. VggF is applied
at the reference gate electrode, W, is the potential developed over the
stern layer while W, is developed over the oxide surface and W; is the
surface potential induced at the oxide-semiconductor interface
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to develop an analytical model governing the Electrolyte-
Insulator-Semiconductor (EIS) system. The principle of
conservation of charge dictates that the distribution of total
charge densities across the EIS system must be zero, i.e.

04 + 0o + Omos =0 (D

where o, is the charge density across the stern layer, o,
is the charge density on the oxide surface, and oy, is the
charge density inside the semiconductor. By examining Fig.
1, o4 can be expressed [10] in terms of W, as:

0q = (Wg — Vo) Cystern (2)

where Cy;0ry 1S the capacitance across the stern layer whose
value is determined to be 20F/cm?* [16]. According to
Gouy-Chapman Theory [13], by solving Poisson equation
in the diffuse region of the electrolyte, the charge density oy
can be expressed in terms of W, as follows:

o4 = /8eoeywkT cosinh [(—qWq)/(2kT)] 3)

&y 1s the dielectric constant of the electrolyte solution,
whose value is taken as that of water, and ¢, is the ion
concentration in the electrolyte whose value is considered in
such a way that only hydronium and hydroxide ions make
up the total ion concentration. The Site-Binding Model [5]
describes the charging mechanism of the oxide surface.
Accordingly, o, is described as:

[H{ 12 — K.Kp )

o = qN; 4
o= ([H;]2+KaKb+Kb[H;] @

where [H ;r ] is the hydrogen ion concentration and the
values of Ns, K, and K}, are taken from [16]. The relation
between the hydrogen ion concentration at the surface [H S+ ]
and the hydrogen ion concentration inside the electrolyte
bulk [H I;r ] is given by the Boltzmann equation [10]:

AL
Hi1=[H - 5
[H{] [B]exp( kT) 5)

[H ;] can be easily calculated from the pH of the solution
[15] using a relation given by pH = —loglo[H;]. From
Fig. 1, we can derive the third type of charge density, ;s
in terms of W, as follows:

Omos = (W — Wy,)Cox (6)

C,y is the oxide capacitance of the MOSFET. According
to [14], the charge density developed inside the semicon-
ductor under the oxide can be approximated as:

Wy *2¢F

Omos = —v/2qesisoNaV Vs + ¢re 9 7)

q is the charge of an electron, &g; is the relative
permittivity of silicon, N4 is the p-substrate dopant
concentration, ¢, is the thermal voltage at 300K, ¢F is the
fermi potential of the semiconductor. oy, is taken to be
negative since we consider an n-channel MOSFET whose
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surface potential W, is positive. According to [14], for the
channel to be in moderate to strong inversion, ¢ value
should be approximately 13¢, for N4 equal to 10'%cm =3
and W should be around 2¢ + 6¢, [14].

2.2 Solving Equations using MATLAB

The system of nonlinear equations consisting of Eqs. 1-7
are then to be solved in order to determine the value of ¥,
corresponding to the particular pH value. This system of
non-linear equations can be solved using numerical method
in MATLAB which invokes an already existing algorithm
called trust-region dogleg algorithm [12]. Consider a set
of ten pH values, then the algorithm is called ten times to
calculate the ten values of W,,. W, value is necessary for the
calculation of threshold voltage of the ISFET device. With
the help of [5, 14], we can derived the threshold voltage of
the ISFET device as follows:

0 OB
Ve = VREF — Yo + X% + Qs — =2 + o —
COX COX

Xsol 18 the surface dipole potential of the electrolyte
solution, ¢,,s is the metal-semiconductor work function
difference, VRrgr is taken as zero while calculating Vg,
Q,x 1s the fixed oxide charge density, ¢ is the value at
which Wy is pinned during strong inversion, and Qp is the
depletion region charge density of the semiconductor given
by [14]:

0p = v2qesisoNav/do 9)

After obtaining the threshold voltage the drain current
characteristics can be plotted using [14]:

®)

w 11,2 .
( Z1(V —V V ly
IDS _ {l/«n ox T, [( REF T H) DS—73 DS] Linear (1 )

%Mncox% (Veer —Vra)? Saturation

The constant parameters used for model development
in MATLAB are given in Table 1. The drain current
characteristics of the developed analytical model is shown
in Fig. 2 with its inset describing the threshold voltage
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Fig. 2 Drain current characteristics for the numerical model in
MATLAB

variation w.r.t. the increase in pH value. From Fig. 2, it can
be seen that the drain current characteristic shifts towards
right as the electrolyte pH value increases linearly from 2 to
12. This is due to the fact that as pH increases the threshold
voltage increases correspondingly as seen in the inset. This
will be further discussed in Section 4.

3 Device Simulation in Synopsys TCAD

Synopsys TCAD is used to simulate the structure given in
Fig. 1. TCAD tools do not have any built-in models for an
electrolyte material and also for handling electrochemical
reactions over an oxide surface [28], hence we exploit its user
defined features to observe the structure shown in Fig. 3.

3.1 Electrolyte Modeling

According to [23], we can exploit the similarity between the
charge distribution inside an electrolyte and the charge distri-
bution inside a semiconductor. So an intrinsic semiconduc-
tor can be modeled to behave as an electrolyte with varying

Table 1 Parameter values used

in the MATLAB numerical Parameter Value Unit Parameter Value Unit

model
Co 10-PH 4 10-(4-pH) mol/L Eox 3.9¢9 F/m
Cstern 20 /L/sz tox 4* nm
Ew 81 1 esi 11.7¢9 F/m
T 300 K Na 1016 em™3
Ng 5x 10 cm™2 n; 1.5 x 100 cm™3
K, 107° mol /L Om 5.1 eV
Ky 102 mol /L x5 0.04264*** 1%

*

value taken in such a way that dielectric breakdown does not occur;

** metal work function of gold

electrode; and *** value taken from [27]

@ Springer
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Fig.3 TCAD simulation

pH values. To do this, the command ’sdevice—P’ is used to
obtain the default Silicon parameter file and then modifi-
cations are made to its critical parameters viz. permittivity,
electron affinity, energy bandgap and the density of states.

The relative permitivity of intrinsic semiconductor behav-
ing as the electrolyte is modeled as that of water (which is
80) [16]. According to [25], the electron affinity of the semi-
conductor (xs07) can be dtermined in such a way that the
Vrn vs pH characteristic (in Fig. 5) of the simulated model
is closely related to that of the experimental work from [29].
Hence, this value of y,,; is determined to be 2eV. It might
be noted that x;,; is not equal to x5! given in Table 1.

In an electrolyte solution, the Poisson-Boltzmann dis-
tribution governs the charge distribution [11] as follows:

RV
IV _ 4 [c;e—%” e e@] (11)

where ¢ and ¢ are the cation and anion concentrations in
the electrolyte, and W is the potential distribution inside the
electrolyte. Similarly,a semiconductor is governed by the
Fermi-Dirac distribution [17]:

E:—Ey Ec—E;
P2v g l4e m l4+e w7

WZ_; Po E;—Ey qV —No Ec—E _ qV (12)
l4-e kT ekT l4e kT e ¥T

where p, and n, are the respective concentratios of hole and
electron inside the semiconductor at thermal equilibrium.
We then make the two distributions from Eqs. 11 and
12 approximately equal by considering monovalent 1:1
electrolyte, E; — E, = E. — E; = Eg/2 (since the

@ Springer

semiconductor is intrinsic), and the energy bandgap to be
governed by the following relation [17]:

(Eg/Z—q\I/) >> kT (13)

The bandgap of the Silicon material acting as the
electrolyte is set to 6.9¢V which is experimentally obtained
as an electronic bandgap of water in [21]. The relation stated
above in Eq. 13 is also satisfied with this value of Eg.

The pH definition can be included into the semicon-
ductor-acting-as-electrolyte material by exploiting the den-
sity of states functions, Ny and N¢. According to Boltz-
mann statistics [22] the density of states is related to the free
electron and hole concentrations by:

Ec—Ef Eg
NC =~ npe T~ = ny,e%T

b, . (14)
Ny = poe T~ = pyeXT

At a particular pH of the electrolyte the number of
cations (c;") and anions (c;) available have to be defined
as the available free holes (p,) and electrons (n,) inside the
semiconductor respectively. Hence we can write:

{po =cfmolL™' = ¢} (Ns x 1073)em ™3 (1)

ny = c;molL’] =c, (Nyg x 10~3)em ™3

where N4 is Avogadro’s constant. Since we want to measure
the pH of the electrolyte, the cation concentration ¢
is taken as the concentration of hydronium ions inside
the electrolyte bulk ([H307]) and ¢, the hydroxide ion

concentration ([O H™]). So using the pH formula we get:

t =[H;0T]=10"PH
o 1ot )
¢, =[0H ] =10"U4=PH)
Using Egs. 15 and 16 in Eq. 14, we get:
E
Ne = (Na x 1073) x 10~ (14-rH) o7
c = (Na x ) x e 17

E
Ny = (Na x 1073) x 10~PH %7

While using the Eq. 17, the following assumption is
considered. In practical scenario, at any pH there will
always be charge neutrality inside the electrolyte bulk i.e.
since we are considering monovalent 1:1 electrolyte, the
number of cations and anions will always be equal to
maintain charge neutrality. So N¢ and Ny are supposed
to be equal as seen in Eq. 14. However in our simulation
approach we consider the cations to be only hydronium
ions and the anions to be only hydroxide ions. For instance,
in a low pH HCI acidic solution, the anion concentration
(c, ) consists of both CI™ anions and OH™ anions but
we consider only the OH ™ anions. Similarly in a high
pH NaOH alkaline solution the cation concentration (c,)
consists of both Na™ cations and H;O™ cations but we
consider only the H3O™" cations. Hence although N¢ and
Ny values should be same for a neutral electrolyte solution,
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their values are calculated from Eq. 17 according to the
electrolyte pH.

3.2 Stern Layer Modeling

The Stern layer described in Fig. 1 is introduced purposely
into the simulation model in order to imitate the double layer
characteristics. Its thickness is determined by considering
the hydroxide anion radius (which is 110pm obtained
from [22]) and also the effective hydronium cation radius
(obatined from [23]). A dielectric material is used to model
the stern layer. Its dielectric constant is determined such
that the capacitance of stern layer is 20 F/cm? [8] and a
thickness of 110pm, resulting in appoximately 2.5.

3.3 Surface Charge Density Modeling

The surface-charge density induced over the surface of
oxide layer below the electrolyte is defined by the Site-
Binding Model as given in Eq. 4. Since we have modeled
the electrolyte solution using an intrinsic semiconductor, we
can replace [H S+ ] with the concenntration of hole over the
oxide surface, ps. So Eq. 4 can be written as:

pSZ - KuKb )
p?+ KuKp + Ky py

Multiplying both numerator and denominator of Eq. 18
by ng we get:

o =qNs( (18)

nsl?% — Ky Kpng ) (19)

% = a3 (nspxz + K.Kpns + Kjppsng

According to the mass action law of semiconductor under
thermal equilibrium, we have: n12 = n,p,, Where n, is
free electron concentration, p, is free hole concentration,
and n; is the intrinsic carrier concentration. The relation
between the carrier concentration over the oxide surface and

the carrier concentration in the electrolyte bulk is given by:
A _a¥ 2
ngPs = (noe kT) (Poe kT) =NoPo = N; (20)
Using Egs. 20 in 19, we get:

0o = gN nl‘zps — Ko Kpns
’ g nizps + Ko Kpns + I(bni2

2y

To find the value of nl.z, we consider the equilibrium

reaction that takes place in water, i.e. H,O <ﬁ> H;0" +
OH~, where K, is the water dissociation constant.
According to the mass action law of pure water at
standard temperature and pressure, K, is defined [15] by:
K, = [H30T][OH™]. This relation is similar to the
semiconductor mass action law and hence we consider nl2 to

be equal to K, as: n? = (NAIO_3)2 K., where (N4107%)

is used to convert mol /L to cm ™.

From (21), it can be seen that the surface charge density,
o, depends explicitly on the local concentrations of charge
carriers, ng and pg over the oxide surface. This relation
can be easily evaluated using TCAD tools. Another critical
consideration made in our approach is that, practically, the
oxide surface binds to cations and anions depending on the
electrolyte pH. However a double layer (D L) appears on the
oxide surface due to the finite size of the cations and the
anions which are bound onto the oxide surface. So we can
consider that the oxide surface charge density apparently
exists on the outer surface of the stern layer (first layer of
DL). To mimic this nature of oxide surface, the interface
traps between the stern layer and the electrolyte material
are manipulated using user-defined interface trap models by
modifying the capture and emission rates of each trap type.

Synopsys TCAD uses the following in-built equation for
the interface trap charge density, or [16, 24]:

or =q (Nf* = N ) (22)

where Ng and N? are the acceptor trap density and donor
trap density respectively, and f¢ and f? the acceptor
trap occupation probability and the donor trap occupation
probability respectively, given by [16, 24]:
fa = citcy
T ity telte,
fd _ C%"'CV
o Cé+c‘é+e‘é+e‘(,

(23)

where c¢c and cy are the capture rates of conduction
band and valence band respectively, while ec and ec are
the emission rates of conduction band and valence band
respectively. For the purpose of simplification [16, 28], the
donor traps (or acceptor traps) are considered to exchange
charge carriers only with the valence band (or conduction

band) of the semiconductor-acting-as-electrolyte i.e. cg =

= e‘é = ef, = 0. Using this assumption in Egs. 23, 22

can be written as:

d C(\l/ ¢
or=q (N — N¢ 24
r=4 Scﬁ’,+ef, el + el 24

In order to make the interface trap charge density imitate
the oxide surface charge density due to the electrolyte, we
need to map (24) to (21) as follows:

N¢ = N¢ = Ns
¢ =np,
& = KqKpng (25)

eﬁl, = K, Kpns; + Kbnl.2

e. = nlzps + K;,ni2

To achieve this, first we introduce the donor and acceptor
trap densities (Ng = N§ = Ns) into the sdevice physics
section. Now to change the default formulae of the capture

and the emission rates (c‘é, c“i,, e‘é and e“i,) of the interface

@ Springer



9066

Silicon (2022) 14:9061-9070

Table2 PMI model parameters

Parameter Value Unit

N 5x 10 cm ™2

K, 1070 mol /L
Kp 102 mol /L
n? 10714 (mol /L)*

traps, an advanced feature of TCAD Synopsys called the
Physical Model Interface (PMI) is exploited. Using PMI
we first write C** functions to compute the capture and
emission rates for the donor and the acceptor trap sites.
Then we compile the source-code files into shared object
files using a version of gcc compiler known as cmi. After
this we provide the path of these PMI models in the sdevice
file section. These shared object files will be loaded by the
Sentaurus at run-time using the dynamic loader [24] and the
user defined models will then be used instead of the default
models provided by the Synopsys TCAD. The parameters
used in the PMI models are listed in Table 2.

3.4 Device Simulation

Other than the user-defined models discussed in the
above sections, two additional built-in physical models
for mobility and bandgap narrowing are used during
the simulation. The mobility models include DopingDep
denoting the doping dependence model and Enormal
denoting the transverse field model. During simulation,
these models are used to calculate the carrier mobility
at each mesh node inside the channel [28]. During
Ip calculation, DopingDep model considers the carrier
density developed as a result of dopant concentration; and
Enormal model considers the induced transverse electric
field resulting from the reference voltage and also as a
result of the electrolyte pH [28]. The intrinsic carrier
concentration inside the semiconductor (both silicon and

Table 3 Device parameters

Parameter Value Unit
Np of source 120 cm™3
Np of drain lel8 cm™3
Na of channel and body lel6 cm™3
Channel length 1000 nm
Oxide thickness 4 nm
Stern layer thickness 0.11 nm
Electrolyte thickness 400 nm

@ Springer

electrolyte materials) is governed by the bandgap narrowing
model. Considering the above models and techniques, the
structure given in Fig. 1 is simulated as shown in Fig. 3, and
its device parameters are listed in Table 3.

Among the device parameters given in Table 3, the
stern layer thickness of 0.11nm is determined according
to Section 3.2. The other parameters viz. doping concen-
trations, channel length, oxide thickness and electrolyte
thickness are determined for a conventional long channel
bulk-MOSFET in such a way that the Vy vs pH curve from
TCAD simulation approaches very close to those obtained
from MATLAB modeling and experimental data as shown
in Fig. 5 under model validation section. These parame-
ters are determined such that dielectric breakdown and short
channel effects do not significantly affect the drain current
characteristics given in Fig. 4.

Figure 4a describes the drain current characteristics for
various pH values. In this figure we observe that the
characteristic shifts towards right as pH increases, which is
quite similar to the behaviour described in Fig. 2. This is
because as pH increases, the inversion layer in the channel
decreases and the amount of Vgrgr needed to maintain the
same level of inversion layer increases accordingly. This
is evident from the inset of Fig. 4b where Vty increases
almost linearly with increase in pH.

Hence we can say that the pH of the electrolyte modulates
the threshold voltages thereby affecting the drain current
characteristics of the ISFET device. The threshold voltages
are obtained using constant current method as explained
in [26, 28], where the Vrgr value of each pH curve is
measured at I/p = 1077 A which makes the simulation
results closest to the experimental data. Using a proper
readout circuit for the threshold voltage as in [29], any
change in the pH of the electrolyte solution can be detected.

From 4b, it is observed that the ON current: Ion ~ 107*
A when Vgrgr = 3V and Vpg = 0.5V. Similarly the OFF
current: Iopr &~ 10717 A when Vggg = OV and Vpg = 0.5V.
The current ratio is 10'3. A current ratio of 10'3 would
mean good suitability in digital applications. The underlying
MOSFET structure in this ISFET device is a long channel
(1000nm) bulk-MOS, so Vps = 0.5V is not adequate enough
to cause any notable leakage power dissipation while Vgg =
0V. Moreover the doping concentrations given in Table 3 are
determined through repeated simulations in such a way that
no considerable short channel effect comes to exist. Hence
we obtain very low Ipgpp current in the proposed ISFET
device. It is also observed that the subthreshold swing is
66.51mV/dec. Due to the effect of bulk in conventional
MOSFET, the subthreshold swing (SS) will always be larger
than an optimum value of around 60 mV/dec, taken at
room temperature. A small subthreshold swing is desired
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Fig.4 (a) Resulting drain

current characteristics for pH = —— 1
2to 12. Vps = 0.5V, Vg = OV. ——pH=2 1E-5 4 L ~10-4A
(b) Extraction of threshold 0.31 pH=4 1 (1,=1E74) -
voltages using constant current ~ H=6 pH=2 L pH=12
method [26]. The inset describes <: P _ ~~1E 9:
the Vty vs pH curve E 0.21 pH=8 $ 1 S5=66.51 18 Slope: 59.54 myiph
~ -
pH =10 ) 1 mVidec /] ls1s
= S /] B
= 0.1 pH =12 1E-13 4
] 1.2
1 2 4 6 8 1012
0+ 1 pH
T T T T 1E-1 T T T
0 1 2 3 0 1 2 3
Iope = 10717 A
VREF (V) OFF VREF (V

as it improves the Ion/ Iopr ratio, induces less leakage and
less energy, and a better performance. Small SS dictates
that the bulk charge in depletion region under the channel
region changes as small as possible when Vg varies. This
proposed work approaches 60mV/dec, hence the device has
a good performance although it cannot be compared to
advanced devices.

3.5 Model Validation

To check the validity of our simulation approach, Fig. 5
compares the simulation sensitivity of 59.54 mV/pH
obtained from Fig. 4b with the experimental one of 58
mV/pH from [29] and also w.r.t. the theoretical reference
of 59.27 mV/pH from Fig. 2. Figure 5 shows that
the simulation model is in close agreement with the
experimental model and also with the theoretical reference.

1.6{— % MATLAB
—@— Synopsys TCAD

1.5 Experimental = 162
-~ 1.26
>
A e

= L 150 oo
>
1.48
2 4 6 8 10

Fig.5 Comparison of V1 vs pH characteristics for the three types of
model—Numerical, Simulation and Experimental

The error observed in the sensitivity of the simulation model
is around 2.66% w.r.t. the experimental data and around
0.46% w.r.t. the theoretical reference. So it can be inferred
from the above statistics that both the built-in and the user-
defined models used during the simulation of the ISFET pH
sensor in TCAD are valid.

Andrea Bandiziol et al. [16] modeled a simple bulk-
MOS ISFET where N¢ and Ny are taken same according
to practical scenario and also the site binding reactions
are modeled between the stern layer and the oxide as in
theoretical sense which posed its own certain difficulty.
In our proposed work, Nc and Ny are considered to be
different as in an ideal pH solution and the site binding
reactions are modeled between the stern layer and the
electrolyte which makes the simulation more practical-like.
Our work explicitly uses experimental data from various
literatures during the simulation. Daniel Passeri et al. [22]
modeled a simple bulk-MOS ISFET without the stern layer
and proceeds to design a Bio-FET device where they have
considered charge localizations using dielectric blocks on
top of the oxide surface, whereas our work considers
interface trap modeling with random localizations over the
oxide surface. We were also able to achieve high Ion/Iorr
ratio. This model can be upgraded to double-gated device to
increase the sensitivity as discussed in [28].

4 Results and Discussion
4.1 Electrostatic potential

The change in electrostatic (or electric field) potential can
be observed from Fig. 6. As pH increases, the effective
potential available over the oxide surface reduces. Due
to this the strength of electric field induced towards the
channel decreases. This is indicated by the colour plot used
in the figure.

@ Springer
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Fig.6 Change in electrostatic potential as pH increases. VRgg = 3V
4.2 Interface Traps depicts the change in probability of trap occupation at the

electrolyte/oxide interface w.r.t. change in pH. Figure 8
As pH increases the concentration of H30™" ion decreases  describes the resulting trapped carrier density at the
while the concentration of O H™ ion increases. Figure 7  interface due to the change in probability of trap occupation.
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Fig.8 (a) Density of interface (a) (b)
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To ensue current conduction through the device channel,
the source is grounded while the drain is given a positive
voltage. As a result, at a particular pH the acceptor
traps near the drain side require lesser energy to accept
electrons, thereby increasing the probability of acceptor trap
occupation as seen in Fig. 7a. Similarly the donor traps near
the drain side require more energy to donate electrons or
capture holes, thereby decreasing the probability of donor
trap occupation as seen in Fig. 7b. It is observed that the
curves in Fig. 8 exhibit a noise-like waveforms. This is due
to the random distribution of interface traps specified in the
sdevice tool.

4.3 Inversion Layer

From Fig. 6 it is observed that as pH increases, the effective
potential available over the oxide surface reduces due to
which electrons have lesser tendency to be pulled towards
the channel resulting in thinner inversion layer. This change
is illustrated in Fig. 9a. The corresponding change in the
charge density developed at the inversion layer is shown in
Fig. 9b. Due to this effect, the drain current characteristic
is modulated by the change in pH as seen in Figs. 2
and 4a.

Fig.9 (a) Electron density at
the inversion layer. (b) Charge

N’

5 Conclusion

A compact analytical model has been put together from
various literature surveys to describe the physics of an
ISFET device corresponding to a pH-sensor. A simulation
study is conducted using Synopsys TCAD tool with
exclusive reference to various experimental data. This
article explains the reason behind the consideration of N¢ #
Ny during electrolyte modeling and also demonstrates how
the stern layer modeling can be simplified by considering
the oxide surface charge density at the electrolyte/stern-
layer interface. A sensitivity value of 59.54 mV/pH
is achieved, which is accurate as compared to the
experimentally obtained value of 58mV/pH from [29] and is
also quite close to the theoretical reference of 59.27 mV/pH
in MATLAB. We believe that this article can be quite
helpful to readers who wish to have a quick understanding
of the ISFET mechanism and its TCAD simulation
techniques.

The difference in the considerations of room temperature
at 300K during TCAD simulation against that of 298K in
experimental work might have led to a small amount of
deviation in the sensitivity value. The sensitivity of ISFET
device can be further increased using the amplification

(b)
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pH increases the inversion layer
thickness decreases resulting in
the charge density getting less
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characteristic of double-gate FET structure. To simulate the
various selectivities of the sensor, advanced research into
the TCAD user-defined features still needs to be done,
which is beyond the scope of this article.
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