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Chemical sensors are increasingly used in healthcare because of their small
size, durability, low resistance, and quick reaction time. This research aims to
develop a pH biosensor utilizing an ion-sensitive field-effect transistor
(ISFET) simulated with Silvaco technology computer-aided design (TCAD)
software. The pH range of operation for the ISFET is 2 to 12. Sensitivity was
evaluated based on the critical pH value and threshold voltage (Vi)
parameters across different gate channel lengths (250 nm, 200 nm, and 50 nm)
and sensing membrane thicknesses (3 nm, 10 nm, and 20 nm). The sensitivity
of different materials to pH levels was measured. Titanium dioxide (TiO2) had
the highest sensitivity at 57.98 mV/pH, followed by hafnium (IV) oxide
(HfO2) at 57.46 mV/pH, tantalum pentoxide (Taz20s) at 57.36 mV/pH,
aluminium oxide (Al203) at 55.05 mV/pH, and silicon nitride (SisNa) at 54.75
mV/pH. Notably, TiO2 with a 200 nm gate channel length and a 3 nm sensing
membrane thickness demonstrated the highest sensitivity. These findings
highlight the potential of ISFETSs, particularly those with TiO2 sensing
membranes, as robust and precise pH monitoring platforms in the biomedical

industry.
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1. INTRODUCTION

lon-sensitive field-effect transistors (ISFETs) have emerged as versatile sensors with promising
applications spanning environmental monitoring, agriculture, the food industry, and chemical and biosensing
[1]1-[3]. ISFETSs detect signals in the form of voltage or current generated by interactions at the dielectric-
electrolyte interface. Their primary application, pH sensing, is particularly noteworthy, enabling precise pH
measurements in chemical and biological solutions. Recent advances in ISFET technology have led to the
development of flexible potentiometric pH sensors suitable for wearable systems, broadening their utility
[4]-[6]. Additionally, ISFETs exhibit great potential for biosensing applications, with notable progress made
in this field in recent years. They can accurately identify various target analytes in diverse solutions.

ISFET sensors have garnered significant attention for their potential to enhance sensitivity across
diverse applications, particularly in biomedical and environmental monitoring. The Nernst limit for ISFETS is
59 mV/pH at 25 °C, motivating research to boost sensor sensitivity [7]. The effectiveness of an ISFET is
substantially influenced by sensitivity, which is evaluated as the percentage of voltage shift per pH rise. Sensing
membrane characteristics, gate structure, and device geometry significantly affect performance [8], [9].
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Nevertheless, computer simulation is required for design and optimization due to the complex and non-linear
aspects of ISFET functioning. Moreover, understanding how different high-k dielectric materials affect
sensitivity is essential for ISFETS to reach their full potential.

Recent studies have delved into device manufacturing, architecture, sensing film materials, and
modelling of ion-selective metal-oxide-semiconductor field-effect transistor (FET) based pH sensors [10].
Counter-ions have emerged as crucial in enhancing pH sensitivity [11]. Various simulation methodologies have
contributed to the understanding and advancement of ISFETSs for pH sensing applications [12], [13]. Prominent
high-k materials used in ISFET simulations include silicon dioxide (SiO2) and tantalum pentoxide (Ta.Os) [14].
Investigations employing the Gouy-Chapman-Stern model have aimed to enhance ISFET sensitivity and
stability by introducing a stern layer directly to the electrolyte of the ISFET sensing layer [15]. Using these
models, the study mostly explored high-k materials [16], [17]. Additionally, titanium dioxide (TiO2) has
garnered attention as a pH-responsive gate oxide in ISFETs, exhibiting high sensitivity with an average S1 (av)
value of 95 pA/pH [18]. Other high-k materials investigated include hafnium (IV) oxide (HfO), TaOs,
zirconium dioxide (ZrO.), aluminium oxide (Al.O3), and silicon nitride (SizN4), each contributing to the Nernst
equation differently [19], [20].

In light of this, our paper proposes to employ Silvaco technology computer-aided design (TCAD)
simulation to assess ISFET susceptibility to pH changes. This research will investigate the impact of gate channel
length and sensing membrane thickness on the sensitivity of ISFETs manufactured using various high-k materials,
including TiO2, HfO,, Ta,0s, Al;O3, and SisNa4. Our goal is to uncover the mechanisms governing ISFET
sensitivity and identify optimal values for gate channel length and sensing membrane thickness to optimize
ISFET sensitivity.

2. METHOD
2.1. Device structure

Silvaco TCAD, a popular commercial software program for modelling semiconductor devices, was
utilized for the simulation. The simulation was carried out for a typical ISFET architecture, with the gate
channel length, sensing membrane thickness, and high-k materials varied, as depicted in Figure 1. Silvaco
ATHENA, a software for modelling processes, was used to model the structure of the device and its constituent
layers. Then, we used Silvaco ATLAS to examine the device’s performance by numerically solving the
device’s equations. These equations include Poisson’s, continuity, and carrier transport equations [21].

The structure of an ISFET device, including a silicon substrate, a SiO; layer, an electrolyte and a
sensing membrane using ATHENA, is depicted in Figure 2. The electrolyte can be defined according to the
user’s specifications, and this description aligns with the existing literature [22]. High-k materials for sensing
membranes, such as Al,Os, HfO,, SisN., Ta,0s, and TiO,, were utilized in the simulation. The sensing
membrane was p-type doped with boron, while the gate electrode was made of aluminium. Gate channel lengths
of 250 nm, 200 nm, and 50 nm were employed, with varying sensing membrane thicknesses of 3 nm, 10 nm,
and 20 nm. The ISFETS sensitivity to pH changes was evaluated by adjusting the pH of the solution from 2 to
12 and measuring the drain current (Ip). The sensitivity was determined by calculating the alteration in Ip in
response to a unit change in pH. The impact of gate channel length and sensing membrane thickness on ISFET
sensitivity was investigated.
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Figure 1. Schematic structure of ISFET
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Figure 2. TCAD simulation of ISFET ATHENA structure

2.2. Mathematical models

The ISFETS exhibits sensitivity towards variations in pH levels due to chemical interactions between
the gate dielectric of the ISFET and the surrounding liquid, generating a substantial surface charge density.
A generic method is currently being developed to strengthen this connection chemically and mathematically.
When an insulator is employed as the sensing membrane, the surface of the membrane will experience an
accumulation of ions from the electrolyte solution. The concentration of these ions will exhibit a direct
proportionality to the pH of the solution. The determination of the surface potential (yo) is influenced by the
binding of hydrogen ions (H+) at the interface between the electrolyte solution and the insulator sites, leading
to a substantial impact. In order to achieve maximum efficiency, an insulator should possess favourable
reactivity within the specific pH range of relevance while also demonstrating pH sensitivity across a broad
spectrum of pH scales. This strategy aims to thoroughly comprehend the chemical and mathematical elements
associated with the pH sensitivity of ISFETSs, enabling advanced and adaptable sensing methodologies. Various
mathematical models simulate the ISFETs behaviour using Silvaco TCAD software. These models describe
the electrical properties and behaviour of the ISFET device. The mathematical model used for ISFET
simulation is represented by the equations.

The equation for the gate voltage (V) can be derived by combining the flat-band voltage (Ves), the

contribution from the charge in the depletion region qNéﬂ, and the contribution from the potential drop across
oXxX
2
the depletion region 38A%d1)
Ve = Vpp + aNaXar | aNa(Xar)? "
Cox 2&5

This context uses the notations V;; represents the Vg, Vi for the Ve, g for the electronic charge, N,
for the doping concentration, X, for the width of the depletion layer, T denotes the temperature, cox for the
insulator capacitance per unit area (Cox) , and &, for the semiconductor permittivity.

2es(Ve=VFB)
Xg = ’76 q(I;VA FB (2)

The ISFET threshold voltage (Vi) is calculated as the sum of the Veg, the body effect coefficient (ys)
multiplied by the square root of twice the elementary charge (q) multiplied by the effective channel charge
concentration (Nefr) and the wo, and the product of the q, Nesr, and 1, divided by the oxide Cox. It can be stated
mathematically as (3).

Nepr* 9
Vin = Vpp + yS * ( Zquff *l/lo) +M 3)

CDX
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This mathematical model considers the contributions of the Vs, ys, wo, and oxide capacitance to
predict the ISFET device’s Vi accurately. By utilizing this model in the Silvaco TCAD simulation, researchers
can gain valuable insights into the behaviour of the ISFET in response to pH variations, enabling the
advancement of pH sensing applications.

kT Hi,
o = — In el 4)

q surface

In the given context, “q” denotes elementary charges, whereas “k” indicates the Boltzmann constant.
The variable “a” represents the proton activity at the interface between the gate dielectric and electrolyte and
within the electrolyte. Therefore, it can be shown from (3) and (4) that the change in Vi, for traditional ISFETs
is governed by the following expression.

Veip = —A ()

Figure 2 depicts a setup of an ISFET. In a traditional MOSFET, the gate is replaced with a fluid
electrolyte. The equations that regulate the behaviour of cations and anions in an electrolyte at equilibrium
resemble those that describe the movement of holes and electrons in a semiconductor. The equations mentioned
earlier are utilized in developing a theoretical framework to describe electrolytes behaviour. Therefore, it can
be deduced that an undoped semiconductor with a bandgap of zero (thus, satisfying the condition n.p= NcNy),
a constant permittivity (e =~ 80€0), and an adequate density of states (1:1) is classified as a monovalent
symmetric (1:1) electrolyte.

1073+ Nyy(co + cHg), forpHg <7

N. =N, = -3, 107% (6)
1073 Ny (o + C—HB) for pHy > 7

The variables N, and N, are expressed in units of cm™, N,,;, which means Avogadro’s number is equal
t0 6.02214x10% mol?. The variable co donates the molar concentration of salt ions (M=mol/l) in the bulk of
the solution. On the other hand, cHg=[Hz]=10""8 represents the hydrogen concentration in the bulk of the
solution normalized to 1 M.

The determination of the ISFETs sensitivity to variations in pH was accomplished through the
examination and analysis of the simulation outcomes. The sensitivity was determined using the (7):

AVpH
ApH

Sensitivity = (222) x 100% )

where AVpH is the change in voltage with a change in pH and ApH is the change in pH.

3. RESULTS AND DISCUSSION

In this section, the results of the comparison between different high-k materials as sensing membranes
for ISFET will be presented. The sensing membranes employed in this study consist of Al,Os, HfO2, SisNa,
Ta,0s, and TiO,. Table 1 shows the simulation parameters utilized in the TCAD software. Table 2 displays the
essential parameters required for validation and simulation. These values can be derived from the data
presented in the previous literature sources [8], [23], [24].

Table 1. The parameters of TCAD for ISFET [8], [23], [24]

Parameter Value Unit
tstern 3,10, 20 nm
T 300 K
k 1.380649x10% JIK
telectrolyle 1000 nm
tox 3 nm
Electrolyte permittivity 80 -
S/D doping 10% cm
Channel length 50, 200, 250 nm
Electrolyte concentration 107 Mol/L
Vbs 10 mV
S/D length 50 nm
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Table 2. Parameters of high-k materials used in TCAD simulation [8], [23], [24]
Material  Bandgap (Ego)  Permittivity  Effective conduction insufficient (N.)  Effective valence band (N,)
8 8

Al,O4 6.7x10% 6.7x10%
HfO, 5.8 25 1.3x10% 1.6x10%
SisNg 53 7 3.1x10% 1.9x10%
Ta,0s 22 4.4 1.6x10% 12.2x10%
TiO, 3.5 80 1.3x10% 1.6x10%

The simulation results provided in Figure 3(a) to 7(i), Figures 6(a) to 7(i) result from an investigation
into the electrostatic behaviour of an ISFET device. The provided figures depict the correlation between the Ip
and the reference gate voltage (Vrer) across a range of pH values from pH 2 to 12. The simulations were
conducted considering various combinations of gate channel lengths (50 nm, 200 nm, and 250 nm) and
thicknesses of the different sensing membranes (3 nm, 10 nm, and 20 nm).

1.0E-5 6.0E-6 25E-6
——pH=2 AL,
——pH=2 - 205
50E6{ |—— SH =3 A0s e
8,056 pH=4 2086 | T PH=41 | _5onm
—pH=5| La=500m TPHES ) =20
4.0E-6 PH=6 | tiem =101 pH=6 tem
6.0E-6 pH=7 1566 pH=7
< < ——pH=8 < pH=a
A < a0e64 A ——pH=9
= = ——pH=9 = —— pH = 10|
4.0E-6 - —— pH =10 10E-6 pH=
20E-6 |—— pH =11 PH=11 pH2
PH T —— pH = 12|
——pH=
2.0-6 - pH2 5.0E-74
1.0E-6 4
12
0.0E+0 T u T u u T T T 0.0E+0 T T T T T T 7 T 0. T T T T u T y T
06 07 08 09 10 11 12 13 14 15 06 07 08 09 10 11 12 13 14 15 06 07 08 09 10 11 12 13 14 15
Vier (V) Vier (V) Vier (V)
1.0E-5 6.0E-6 m 2.0E-6
—pH = —PH=
—pH=3 1866 p:,é
5086 |[—pH=4 PH= AlLO,
8.0E-6 16€-64|——pH=4
——pH=5 ——pH=5
4.0E-64 p: fg 14E-6 4 =6 | Lo :7200 nm
6,056 - gH s 1266 ] pH=7 | lem=200M
2 z . z ——pH=8
< < 30e6 pH=9 < 10e6 H=g
o - ——pH = o P
4.0E-64 - pH= 8.0E-7 pH =10
2.0E-64 He pH =11
pH= 6.0E-7 {|—— pH = 12
2.0E-6 4 10E6 4.0E-7
2.0E-74
00840 —— e 0.0E40 R e R 0.0E+0 e R I e =
06 07 08 09 10 11 12 13 14 15 06 07 08 09 10 11 12 13 14 15 06 07 08 09 10 11 12 13 14 15
Vier (V) Veer (V) Vier (V)
6.0E-6
5] |[——pH=2
1.0E-5 SH:3 ——pH=2
- Al,0; s0e64 [ PH=3 AL,O.
pH=4 -4 0;
BORSY TS =250 nm s
pH=G | a2 soes boe| Lw=2s0mm
pH=7 'stern = H=7 e = 10 NM
2 60E64 |—pH=8 _ pH=
= ——pH=9 < 3066 p::g
—pH=10| PpH2 £ pr=
4.0E6 | pH =11 ——pH=10 pH 2
pH =12 2086 |——pH=11
——pH=12
2,064
1.0E-6 4
ot 4 :
0080 7 08 08 10 11 12 13 1. 0.0E40 = — o LI s e e
06 07 08 09 10 11 12 13 14 15 A 06 07 08 08 10 11 12 13 14 15
Vrer (V) Veer (V) Vier (V)

Figure 3. The Ip was analyzed in relation to the Vger at various pH values ranging from 2 to 12 for different
combinations of gate channel lengths and thicknesses of the sensing membrane, specifically Al;Os, the
following configurations were considered: (a) gate length=50 nm and thickness of Al.0s=3 nm; (b) gate
length=50 nm and thickness of Al,03=10 nm; (c) gate length=50 nm and thickness of Al,03=20 nm; (d) gate
length=200 nm and thickness of Al,Os=3 nm; (e) gate length=200 nm and thickness of Al,03=10 nm; (f) gate
length=200 nm and thickness of Al,O3=20 nm; (g) gate length=250 nm and thickness of Al,03=3 nm; (h) gate
length=250 nm and thickness of Al,0s=10 nm; and (i) gate length=250 nm and thickness of Al,03=20 nm

The transfer curves for each pH value show the Ip-Vger relationship. A sensitivity analysis of the
ISFET device to changes in pH levels can be conducted by analyzing the transfer characteristics. Acidic
conditions show a positive link between Ip and Vrer. Lower pH values show the Ip non-linear response to Vger
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changes. At alkaline pH levels, the Ip decreases compared to the Vrer. When the Vger changes, the Ip behaves
nonlinearly at pH values [25].

The variations in gate channel length and sensing membrane thickness enable an analysis of their
effect on the device’s pH sensitivity. These simulation results provide significant insight into the electrostatic
behaviour of the ISFET device, demonstrating its response to changes in pH under various experimental
conditions. The size of the gate channel is essential when designing and analyzing FETSs. It is the distance
between the source and the drain. When the gate channel’s length decreases, the channel’s pH sensitivity
changes. The shortened channel length enables a greater electric field and sensitivity to pH-induced variations
in yo. There appears to be a correlation between increased gate channel length and less susceptibility to pH
changes. The longer the channel, the lower the electric field and the exposure to pH-induced changes in
yo [26], [27].

On the other hand, a thinner sensor membrane can increase its sensitivity to changes in pH. In reaction
to changes in pH, the thinner membrane has a shorter response time and greater sensitivity to changes in yo.
A potential consequence of using a thicker sensing membrane is a reduction in sensitivity toward changes in
pH levels. The thicker membrane may slow the reaction time and make it less sensitive to changes in the yo
caused by pH changes. By examining the transfer characteristics at different pH levels, researchers can better
understand the device’s performance and optimize its design for pH sensing applications [28], [29].

1.0E-5 6.0E6

——pH=2 =—pH=2 2.0E-6 4 g:ig
——pH=3 y 6 [=—=pH=3 ——pH= SiN
BOE6 |——pH=4 SigN, SOEGT pH=4 SigN, ——pH=4 13N,
——pH=5 B ——pH=5 ——pH=5 _
pH=6 | Lon=50nm 4,086 pH=6 | Lg,=50nm 1566 pH=6 L =50 nm
6.0E-6 pH=7 | Lien=3NM PH=7 | tyn=10nm pH=7 tyem = 20 NM
< ——pH=8 < ——pH=8 < ——pH=8
< - < 30e6- - < pH=9
o ——pH=9 pH2 o ——pH=9 - 1066 -
4.0E-6 |~ pH =10| == pH = 10| pH 2 —pH:lo
——pH =11 20E-6 [~ pH =11, ——pH=11
—pH=12 |—— pH = 12| ——pH=12]
2,066 4 5,067
i 1.0E-6 -
0.0E+0 T T T y y T y T 0.0E+0 T T u T T y y T 0.0E+0 T T T T T y T T
06 07 08 09 10 11 12 13 14 15 06 07 08 09 10 11 12 13 14 15 06 07 08 09 10 11 12 13 14 15
Veer (V) Veer (V) Vet (V)
1.0E-5 6.0E-6
——pH=2 E———y soes P12
——pH=3  pH-3 —pH3
——pH=4 5.0E-6 - - SizN, pH4
8.0E-6 1 p Si.N, ——pH=4 .
——pH=5 A pH=5 ——pH5 SigN,
pH=6 . H=g | Len=200nm 1.56-6 pH6
= Ly =200 nm 4086 p _ _
6086 pH=7 on pH=7| Gem=100M pHT Lgy = 200 nm
z ——pH=8 tyem =3 1M z ——pH=8 < pH8 tyem =20 NM
s ——pH=9 "2 %, 3.0E6 pH=9 \z‘ons ——pH9
~ 406 _PHim p! = ——pH=10 pH 2 —— pH 10| pH2
—— pH = 11| - — pH 11|
——pH=12 2.0E-6 pH =11 e
——pH=12 p!
2,066 5.0E-74
1.0E6 4
0.0E+0 T u T u u T T T 0.0E+0 . . < = 7 - : = 0.0E+0 T T r - - 7 - .
06 07 08 09 10 11 12 13 14 15 06 07 08 09 10 11 12 13 14 15 06 07 08 09 10 11 12 13 14 15
Veer (V) Vet (V) Vrer (V)
10ES 6.0E6
——pH=2 ——PH=2 zos-ef_p:=§
—_pH=3 i —_p= SN,
8.0E-6 4 5.0E-69 |____ pH=4 SigN, —pH=4 3N,
——pH=5 ——pH=5 -
4.0E-6 4 pH=6 | La=250nm 1.56-64 pH=6 Ly =250 nm
6.06-6 PH=7 | tyen=101M pH=7 tern = 20 NM
~ ~ ——pH=8 z ——pH=8
< < <
< S 30864 |—pH=9 T o [——PH=9
4.06-6 ——pH : 10 PH 2 —— pH = 10|
2086 | PH=11 ——pH =11 pH 2
——pH=12 —pH=12)
2,056 5,067
1.0E-6 4
0.0E+0 T T T T T T f T 0.0E+0 T T T T T f T T 0.0E+0 T T . . - - = :
06 0.7 0.8 0.9 10 11 12 13 14 15 06 07 0.8 09 10 11 12 13 14 15 0.6 0.7 0.8 09 1.0 1.1 12 13 14 15
Vier (V) Vier (V) Vigr (V)

Figure 4. The Ip was analyzed in relation to the Vrer at various pH values ranging from 2 to 12 for different
combinations of gate channel lengths and thicknesses of the sensing membrane, specifically SizN4, the
following configurations were considered: (a) gate length=50 nm and thickness of SisN4=3 nm; (b) gate
length=50 nm and thickness of SizN4=10 nm; (c) gate length=50 nm and thickness of SizN,=20 nm; (d) gate
length=200 nm and thickness of SisN4=3 nm; (e) gate length=200 nm and thickness of SisN4=10 nm; (f) gate
length=200 nm and thickness of SisN4=20 nm; (g) gate length=250 nm and thickness of SisN4=3 nm; (h) gate
length=250 nm and thickness of SisN4=10 nm; and (i) gate length=250 nm and thickness of SizN4=20 nm
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Figure 5. The Ip was analyzed in relation to the Vger at various pH values ranging from 2 to 12 for different
combinations of gate channel lengths and thicknesses of the sensing membrane, specifically Ta,Os, the
following configurations were considered: (a) gate length=50 nm and thickness of Ta20s=3 nm; (b) gate
length=50 nm and thickness of Ta;0s=10 nm; (c) gate length=50 nm and thickness of Ta,0s=20 nm; (d) gate
length=200 nm and thickness of Ta;0s=3 nm; (e) gate length=200 nm and thickness of Ta,Os=10 nm; (f) gate
length=200 nm and thickness of Ta;0s=20 nm; (g) gate length=250 nm and thickness of Ta,0s=3 nm; (h) gate
length=250 nm and thickness of Ta;0s=10 nm; and (i) gate length=250 nm and thickness of Ta,0s=20 nm

The simulation results indicated that the ISFET exhibited the highest average sensitivity for various
high-k materials when the gate channel length was 200 nm, and the thickness of the sensing membrane was
3 nm. A gate channel length of 50 nm and 3 nm thickness sensing membrane has some benefits, including
shorter response times and increased electron mobility. Nevertheless, it presents some obstacles. The more
transient channel length can increase leakage currents and greater susceptibility to short-channel effects,
impacting the device’s performance and sensitivity. There will also be issues with real-time fabrication. In this
study, the simulation results have demonstrated that the ISFET exhibits enhanced sensitivity when utilizing a
200 nm gate channel length and a 3 nm sensing membrane thickness. These specific dimensions have been
found to strike a more favourable balance of electrical properties, leading to improved performance of the ISFET.

Figure 8 illustrates a positive correlation between higher pH levels and increased Vi. The Vi of
sensing membranes is determined by a gate channel length of 200 nm and a sensing membrane thickness of
3 nm. Changes in pH levels can modify the Vi, of an ISFET. The difference in observed shift voltage suggests
that pH levels impact the charge distribution and potential above the gate insulator. The voltage shift at the
threshold remains constant across all pH levels during the transition from a high to a low pH. When using pH
buffer solutions with a higher concentration of counter-ions, the sensor’s sensitivity increases significantly and
can potentially exceed the Nernst limit. The Vi of pH-sensitive ISFETS increases progressively due to a
physical model that explains Vi, drift. Variations in the pH of the solution can affect the solution gate interface
potential of the ISFET, resulting in a change in the threshold shift. So, when making and using ISFET devices
for pH reading, it is essential to consider the pH value of the tested chemical [19], [24].
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Figure 6. The Ip was analyzed in relation to the Vrer at various pH values ranging from 2 to 12 for different
combinations of gate channel lengths and thicknesses of the sensing membrane, specifically HfO,, the
following configurations were considered: (a) gate length=50 nm and thickness of HfO,=3 nm; (b) gate
length=50 nm and thickness of HfO,=10 nm; (c) gate length=50 nm and thickness of HfO,=20 nm; (d) gate
length=200 nm and thickness of HfO,=3 nm; (e) gate length=200 nm and thickness of HfO,=10 nm; (f) gate
length=200 nm and thickness of HfO,=20 nm; (g) gate length=250 nm and thickness of HfO,=3 nm; (h) gate
length=250 nm and thickness of HfO,=10 nm; and (i) gate length=250 nm and thickness of HfO,=20 nm
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Figure 7. The Ip was analyzed in relation to the Vger at various pH values ranging from 2 to 12 for different
combinations of gate channel lengths and thicknesses of the sensing membrane, specifically TiO», the
following configurations were considered: (a) gate length=50 nm and thickness of TiO,=3 nm; (b) gate
length=50 nm and thickness of TiO,=10 nm; (c) gate length=50 nm and thickness of TiO,=20 nm; (d) gate
length=200 nm and thickness of TiO.=3 nm; (e) gate length=200 nm and thickness of TiO»=10 nm; (f) gate
length=200 nm and thickness of TiO,=20 nm; (g) gate length=250 nm and thickness of TiO,=3 nm; (h) gate
length=250 nm and thickness of TiO,=10 nm; and (i) gate length=250 nm and thickness of TiO,=20 nm

Next, Figure 9 shows the average sensitivity for high-k materials with a Nernst limit of 59.000 mV/pH.
As shown, the most contributed one is TiO, by 57.9751 mV/pH, and the following two materials are HfO, and
Ta,0s by 57.4638 and 57.3617 mV/pH, respectively. The lowest is Al,O3 by 55.0542 mV/pH. Finally, the average
sensitivity of SisNa4 is 54.7472 mV/pH because SizN4 is known to be a unique material due to SiOH groups resulting
from silicon oxidation. Moreover, the SisN4 surface exhibits additional basic sites formed by primary amine groups,
distinguishing it from other materials. In recent studies by Parizi et al. [11] it has been discovered that TiO, exhibits
a significantly higher sensitivity when compared to other high-k materials like HfO,, Ta,Os, and Al;Os. The
findings of this study are consistent with the results reported in previous articles [5], [11], [24], [30].

Figure 9 presents the average sensitivity of the sensing membrane, calculated using (7), as a function
of gate channel length and sensing membrane thickness. The optimal values for achieving high sensitivity in
pH sensing were a gate length of 200 nm and a thickness of sensing membrane, 3 nm, based on the highest
sensitivity observed from the varied channel lengths and thicknesses. This result is consistent with previous
studies. Therefore, it can be concluded that the choice of gate channel length and sensing membrane thickness
are crucial factors in optimizing the sensitivity of ISFETSs for pH sensing applications.
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4. CONCLUSION

In summary, this study effectively utilized Silvaco software to simulate and evaluate the efficacy of
an ISFET biosensor for pH detection in the medical field. The sensor’s sensitivity was comprehensively
assessed by manipulating channel lengths and sensing membrane thicknesses, considering key factors such as
pH value and V. The study results indicated that TiO, demonstrated the most significant sensitivity among
the tested materials, with a sensitivity value of 57.98 mV/pH, due to its high sensitivity and stability during
measurement. HfO,, Ta,0s, Al,O3, and SisN4 followed closely behind in sensitivity. The findings of this study
emphasize the potential of ISFET, specifically those incorporating TiO2 sensing membranes, as reliable and
precise pH monitoring systems in biomedical applications. Additionally, this study significantly contributes to
improving accuracy and responsiveness in biosensors utilizing ISFET, thereby facilitating progress in chemical
detection within the field of biological sciences. The Silvaco software has been recognized as a dependable
and economically efficient tool for modelling ISFET-based biosensors, facilitating their design and
optimization.
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