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ABSTRACT

In this paper, dielectric modulated bilayer electrodes top contact organic field effect transistor (DMBETC-
OTFT) is investigated as a biosensing device for label-free detection of biomolecules. The nanocavity used
for biomolecule detection is created by etching the oxide in a conventional OTFT device. Neutral and
charged biomolecules can be detected by the proposed device using their respective dielectric constants
and charge densities. Subthreshold swing (SS), on-current (/o ), and on-off current ratio ({on/Iorr) are
the main biosensing performance characteristics computed and compared for different gate work function
(¢m) and cavity thickness (Tgqp) for the proposed biosensor device. The change in drain current (Ip),
as well as the Ipon/IppFr ratio, have both been calculated to investigate the sensitivity of the proposed
biosensor. The influence of the gate work function is also investigated to improve the sensitivity of the
proposed device. According to the finding of this study, using a gate work function with a lower value
results in a significant increase in sensitivity. For charged biomolecules (Qf = +1 x 10*2c¢m™2) with
dielectric constant of biomoecules (K = 12), the highest drain current sensitivity is 4.5 x 102, The drain
current sensitivity achieved is four times greater, when comparing the proposed device to the latest published
work of metal controlled dielectric modulated OTFI-based sensor. The proposed device also has a high
Ion/Iopr sensitivity of 4.60 x 10?2 when Vgg =-3.0 V and Vpg = -1.5 V. In light of its high sensitivity,
low cost, and bio-compatibility, the DMBETC-OTFT biosensor holds great promise for the advancement of
new demanding flexible biosensing applications.

INDEX TERMS Biosensor, dielectric, OTFT, sensitivity, simulation

l. INTRODUCTION

Biosensors have the possibility of becoming an effective tool
for early illness identification and treatment, thereby lower-
ing the cost of medical treatments for patients. To minimize
complications at a later stage, it is helpful to give better
point-of-care services in cases of critical illness [1]-[5].
Biosensors can be broadly divided into two categories based
on their detection methods: labeled detection and label-free
detection. In biosensors, chemiluminescence, fluorescence,
and radioactivity are popular label detection approaches [6].
Unlike labeled detection, label-free detection does not need
a secondary entity for bio-recognition. Label-free detection
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is particularly used in surface plasmon resonance (SPR),
acoustic waves, mass spectrometers, and electrochemical
biosensors [7]. Label-free electrochemical biosensors use
transducers to convert biomolecule interactions into electrical
signals. field-effect transistors (FETs) have the potential to
directly convert bio-interactions into readable signals as a
transducer, making them promising biosensors. The ability
of FET-based, label-free biosensors to identify biological
species has received extensive coverage in the literature.
A field-effect transistor (FET) based biological applications
have expanded significantly [8]. Dielectric modulated FET-
based biosensing was utilized to detect COVID-19, a highly
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contagious coronavirus disease [9]. There are mainly two
basic types of biomolecules, which are as follows: i) neutral
biomolecules; ii) charged biomolecules. Ion-sensitive field
effect transistors (ISFETs) have difficulty identifying neutral
biomolecules, so researchers came up with the concept of a
dielectrically modulated field effect transistor (FET) biosen-
sor. In this type of biosensor, a cavity area in the oxide
dielectric layer is utilized for biomolecule sensing [10]. This
is possible because the immobilization of biomolecules in the
cavity causes a change in the effective gate capacitance of
the proposed device. Various research groups [11]-[16] have
discussed the utility of FET-based dielectrically modulated
biosensors. The literature contains several types of dielectric
modulated biosensors, including nanosheet gate all around
FETs [17], organic FETs [18], carbon nanotube FETs [3],
tunnel FETs [19], and impact ionization FETs [20].

FETs based biosensors can be made from both inor-
ganic and organic semiconducting materials [13], [18]. FET-
based biosensors using inorganic semiconductors like sil-
icon have shown several benefits, including compatibility
with CMOS technology and inexpensive label-free detec-
tion. However, the fabrication of inorganic semiconductor-
based electronic devices necessitates expensive patterning,
high temperatures, and vacuum deposition [21], [22]. Or-
ganic thin film transistors (OTFTs) are created using or-
ganic semiconductors, which are an alternate semicon-
ductor material [4]. These substances may be used with
stretchy, biocompatible, and flexible substrates. Since or-
ganic semiconductors can be processed at temperatures
below 100°C, they may be used to fabricate electronic
devices on flexible and plastic substrates. Since organic
semiconductors can be dissolved in common solvents, they
may be typically processed from solutions using simple
techniques like roll-to-roll printing, which keeps produc-
tion costs down. Costs for fabricating biosensors based on
OTFT technology can be reduced significantly [23]. Because
of their simplicity of fabrication and lesser cost, OTFTs
seem to be a good choice for usage in biosensors, espe-
cially when where one-time use, biodegradable, inexpensive,
and disposable devices with accurate output are required.
Poly(3-hexylthiophene), dinaphtho[2,3-b:2°,3’-f]thieno[3,2-
b]thiophene (DNTT), Poly(3,4-ethylenedioxyselenophene)
(PEDQOS), and pentacene are the popular organic semicon-
ducting materials, used to create organic thin-film transistors
(OTFTs) [22]. Biosensing applications have made great use
of them [24].

Rashid et al. [18] have investigated the dielectrically mod-
ulated label-free metal trench dielectric modulated OTFT as
a biosensor. Recent studies have revealed that OTFT-based
dielectrically modulated biosensors are highly helpful in de-
tecting a wide range of biomolecules like streptavidin, biotin,
protein, gelatin, and DNA [18]. The literature on dielectric-
modulated OTFT-based biosensors is limited in terms of
simulation and modeling efforts than the inorganic dielectric-
modulated FET-based biosensors. Researchers are still trying
to get high sensitivity using OTFT-based biosensors. So, a

2

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

novel dielectric-modulated OTFT-based biosensor with im-
proved sensitivity is investigated in this work. DNTT is used
as an organic semiconducting material in the proposed OTFT-
based biosensor. DNTT is the most resistant organic semi-
conductor to chemical decomposition, high temperatures,
oxidation, and defect state generation [25]. The proposed
biosensor has bilayer electrodes to improve the performance
of the device. After introducing an appropriate metal oxide
layer (T'iO2) between the organic semiconductor and gold
electrodes, the barrier height can be reduced significantly,
improving device performance [26]. To implement label-free
biosensing, a cavity is created within the dielectric layer of
the OTFT. Because of the inclusion of biomolecules, the
dielectric permittivity of the cavity would shift, which causes
a variation in the gate capacitance. Finally, a new biosensing
device called the dielectric modulated bilayer electrode top
contact organic thin film transistor (DMBETC-OTFT) for
label-free biosensing has been proposed. Modulation of the
dielectric constant during the sensing process for neutral
or weakly charged biomolecules (biotin, streptavidin, and
protein) occurs when biomolecules with varying dielectric
constants are present in the cavity. The charge (Q¢) and
dielectric constant (K) modulation effects determine the sen-
sitivity of the dielectrically modulated OTFT-based biosensor
for highly charged biomolecules like DNA. The novel contri-
butions in this paper are:

e The proposed DMBETC-OTFT has four times better
performance than the most recently reported article
based on a metal trench OTFT biosensor [18] for sens-
ing biomolecules.

o To the best of our knowledge, this is the first attempt
at a detailed performance analysis of the DNTT-based
DMBETC-OTFT biosensor. A novel device structure
for a biosensing application is analyzed using rational
simulation theory.

o The proposed biosensor is also examined to see how
the gate work function (¢,,,) and fill factor (FF) affect
its sensitivity. Through optimization of the gate work
function, the DMBETC-OTFT biosensor achieves sig-
nificant improvements in both the drain current sensi-
tivity and the Ion/IopF sensitivity.

« To improve the sensitivity of the biosensor, bilayer
contacts (7'102/Au) are used. Because, in comparison
to bare metal electrode devices in conventional OTFT,
OTFT devices with an oxide interlayer exhibit a reduced
injection barrier and higher performance.

o Because of its simpler fabrication, flexibility, low cost,
and biocompatibility, the DMBETC-OTFT biosensor
offers significant promise for future flexible electronics.

The investigated design of DMBETC-OTFT based biosen-
sor provides high performance. The proposed biosensor has
great potential for future applications in flexible label-free
biosensing and pushes the boundaries of OTFT for flexible
biochips. The remaining sections of this paper are as follows:
Section II discusses the structure, operation, and simulation
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theory of the proposed biosensor. Section III outlines the
biosensor fabrication process. Section IV details the results
and findings. The conclusions are provided in section V.
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FIGURE 1: (a) DMBETC-OTFT biosensor structure (b)
TCAD calibration by matching the experimental character-
istic [27] to simulated characteristics.

Il. DEVICE STRUCTURE, OPERATION & SIMULATION
THEORY

A. DESIGN PARAMETERS OF PROPOSED DEVICE

Fig. 1(a) depicts a diagram of the proposed dinaphtho[2,3-
b:2’,3’-f]thieno[3,2-b]thiophene (DNTT)-based DMBETC-
OTFT device, and Table 1 reports the simulation parameters.
The proposed design employs DNTT material as an organic
semiconductor with a bilayer source and drain electrodes
(T102(5 nm)/Au(20 nm)) to improve the performance and
sensitivity of the proposed biosensor over a traditional OTFT
biosensor [26]. The cavity area in the oxide dielectric layer is
created for biomolecule recognition. The bandgap of DNTT
is considered to be 3.38 eV [25], the electron affinity of
DNTT is given to be 1.81 eV [25], and the relative permit-

VOLUME 10, 2022

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

Process flow
Deposition of gate metal on substrate

L by thermal evaporation
!
Dielectric
Gate
9 Deposition of dielectric layeron
A\ gate by thermal evaporation
Organic Semiconductor
Dielectric 6 Organic semiconductor layer
Gate deposition by thermal sublimation in
vacuum
1 4
Organic Semiconductor .
1 . . o First layer of electrode (S/D)
Dielectric is deposited using mask
Gate

%% ' 122"

Organic Semiconductor
Dielectric ?econd I_ayer of_ electrode (S/D)
is deposited using mask
Gate
1
Source Drain
| ]
Organic Semiconductor
Dielectric Lo | Cavity region

Gate Oxide created by etching

Etching

FIGURE 2: Flowchart for the fabrication process of a pro-
posed DMBETC-OTFT-based biosensor.

tivity of DNTT is taken to be 3.0 [24], [25]. The thickness
of the etched cavity in the dielectric oxide layer varies from
10 nm to 5 nm because the thickness of the biomolecules
being studied like biotin, streptavidin, and DNA lies in the
10 nm range [10], [28]. The gate oxide dielectric constant is
assumed to be 3.37 [27]. The work function of the gate ma-
terial altered from 4.28 eV (aluminum) to 3.91 eV (hafnium)
to maximize device sensitivity. The bilayer gold and 77O,
electrode for source and drain have work functions of 5.0 eV
[29] and 5.4 eV [30], respectively.

B. OPERATION

In label-free electrochemical biosensors, electrochemical
transducers translate biomolecule interactions into electrical
signals. The proposed dielectric-modulated OTFT converts
biomolecule interaction in the OTFT cavity area into a
measurable shift in drain current, current Ipy/IoFF ratio,
or other electrical parameters. Chemi-resistive transduction
is used in dielectric-modulated OTFT-based biosensors to
change the drain current by changing the transistor surface
potential due to biomolecule immobilization in the cavity

3



IEEE Access

This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3253563

Author et al.: XXXXXXXXXXXXXXXXX

— =8
) _—K=12/_
3.90/

44 —\/B a
R ()
3_
s V,=0.0V
= 21 V_=-1.5V
s DS
@
a8 1
0_
-1 T T T T T T T T T T T T T
00 02 04 06 08 10 1.2 14
X-position(um)
k=1 V15V cB (b)
51 cmmmK=4 V=30V

X-position(um)

% CB
= 3 275
E" 3.60,
@ 3.45/
i 06 08
VB
02 04 06 08 10 12 14

X-position(um)

5
Z Z c
V=15V V,_=3.0V (c)
4
S 3
3 K=1 12 -2
5 2 —K=4 Q=1x10" cm
E — =8
1l —_—K=12
VB
0_
00 02 04 06 08 10 12 14

FIGURE 3: HOMO-LUMO Band presentation of DMBETC-
OTFT in (a) OFF-state (b) ON state (for neutral
biomolecules) (c) ON state (for charged biomolecules) along
X-position.

TABLE 1: Device Parameter Used in Simulation

Symbol Name of Parameter Value
Tos active layer (DNTT) thickness 25 nm
Ey DNTT HOMO-LUMO energy gap 3.38eV
X DNTT electron affinity 1.81eV
€r DNTT relative permittivity 3.0
Tgap thickness of cavity region 10 nm to 5 nm
€ox dielectric constant of oxide 3.37
Tox thickness of dielectric 12.3 nm
T. total thickness of contacts (Source/Drain) 30 nm
Tge thickness of gate electrode 30 nm
L¢p length of channel 1pm
PTi0, TiOg electrode work function 54¢eV
b Au gold electrode work function 5.0eV
bm gate work function 391eVtod.28 eV
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area. The presence of biomolecules in the cavity changes
the effective capacitance. When the gate capacitance of the
device changes, it enhances the gate control over the source-
to-channel junction. This increases the electrostatic control
of the gate over the junction. As a biomolecule transducer,
dielectrically modulated OTFT has the potential to convert
bio-interactions into readable signals, making them promis-
ing biosensors.

C. SIMULATION APPROACH

The behavior of electronic devices can be predicted and
optimized using simulators with a thorough understanding
of device physics before the actual fabrication. Silvaco Atlas
2-D numerical device simulator, a benchmarked industry
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FIGURE 5: Characteristics (Transfer) of proposed for (a) biomolecules having no charge (neutral) (b) biomolecules having pos-
itive charge density (c) biomolecules having negative charge density and (d) fix charged biomolecules (Qy = +1 x 102em™2)

with varying K, at Vpg=-1.5V.

standard, is used to analyze the performance of the proposed
structure. To explore the behavior of the proposed device,
the structure is often transformed into a grid of finite ele-
ments. The simulator solves discrete fundamental equations
like Poisson and Continuity equations [29] based on device
physics at each location in the simulation domain to analyze
the performance of the device.
Atlas simulation generally has three steps [31]:

1) Mesh and structural specification: The several simula-
tion domains are then divided into a finite element grid
form termed "mesh," which consists of a complex grid
of triangles, once all of the proposed OTFT layers have
been created with the requisite dimensions. At each
discrete grid point, the model demands computations
based on elemental device physics equations. A mesh-
ing grid with a high node density can be used to obtain
a high level of accuracy. Despite this, it employs a finite
element technique and necessitates a substantial level
of convergence in both the device simulation and the
circuit realization.

2) Physical models and material parameters: In this sec-
tion, physical models and material parameters are de-
fined. The density of defect states model and the Poole-
Frenkel mobility model [31] are both utilized in the sim-
ulation of the proposed OTFT-based biosensing device.
These models can show the conduction that occurs as a
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result of the electric field-dependent thermal activation
of trapped charge carriers.

3) Biasing condition: This section is responsible for defin-
ing the bias conditions applicable for simulation, which
may include gate voltage and drain voltage, to specify
the electrical properties of the proposed device. When
evaluating the performance of the proposed structures,
electrical properties, and parameters are taken into con-
sideration.

Before the investigation, calibration of the TCAD model is
done by matching the transfer characteristics of the experi-
mental data [27] to the simulation results as presented in Fig.
1(b).

lll. FABRICATION PROCESS FLOW

Fig. 2 shows the process of fabrication of the proposed
biosensor. The steps involved in making an OTFT have been
described in detail by several researchers [27], [31], [32]. The
DMBETC-OTFT-based biosensor can be fabricated using
the same methods as traditional nanogap OTFT biosensors.
Thermal evaporation deposits aluminum as a gate electrode
layer on a substrate, the gate dielectric formed by native
oxide is increased by a short exposure to oxygen. The organic
semiconductor is then thermally sublimated in a vacuum at
60°C. Stencil masks were used to deposit the bi-layer of
the source and drain contacts onto the semiconducting layer.

5



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

IEEE Access

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3253563

Author et al.: XXXXXXXXXXXXXXXXX

TABLE 2: Dielectric Constant (K) of Various Biomolecules

Name of Biomolecule K References
biotin 2.63 [33]
streptavidin 2.1 [11]
APTES 3.57 [11]
protein 8.0 [11]
DNA 6 [11]
gelatin 12 [14]

Finally, the wet etching method can be used to etch the oxide
from the drain side to create the cavity for biomolecules.

IV. RESULTS AND DISCUSSIONS

Environmental biomolecules may be neutral or charged.
When modeling the impact of a biomolecule on performance
parameters, just the dielectric constant is needed for a neutral
molecule, while the dielectric constant and charge density
are needed for a charged molecule. This proposed sensor
is capable of detecting neutral biomolecules with various
dielectric constants, including streptavidin, which has K =
2.1 (used for nucleic acid and lipid detection), protein, which
has K = 8 (required for tissue repair), and biotin, which has
K = 2.63 (which controls blood sugar) [11]. This biosensor
can also be used to detect charged biomolecules like DNA,
which have a range of dielectric constants of K = 1 to 64
[10]. However, K = 6 is a typical value for the dielectric
constant of DNA [11]. The literature revealed that the charge
density (@) f) of charged biomolecules like DNA ranges from
—1 x 10" em =2 to +1 x 102em =2 [12], [14]. Table 2 pro-
vides biomolecule dielectric constants. When biomolecules
are present in the device, the effective gate capacitance
is different from when the cavity is empty. Because the
biomolecule having a dielectric constant (K > 1) is present
in the cavity area, the effective gate capacitance goes up.
This changes the conduction current density of the channel
because the gate and channel are coupled in the cavity area.

A. HOMO-LUMO BAND DIAGRAM, POTENTIAL,
CONDUCTION CURRENT DENSITY & ELECTRIC FIELD
PROFILE

To comprehend the physical mechanism, first consider the
impact of different biomolecules on the field intensity profile,
energy band diagram, conduction current density, and poten-
tial profile. The most significant condition for biomolecule
conjugation in the cavity area should be observed as band
bending in the channel area. First, the influence of the cou-
pling of biomolecules on the HOMO-LUMO energy band
diagram of DMBETC-OTFT is examined [34]. HOMO-
LUMO band structure in its OFF condition (Vgg =0 V and
Vps = -1.5 V) is illustrated in Fig. 3(a), while the band
structure in its ON condition ( Vgg = -3.0 V and Vpg =
-1.5 V) along the horizontal X-position is depicted in Fig.
3(b) with variable dielectric permittivity for different neutral
biomolecules. Fig. 3(c) represents the HOMO-LUMO energy
band structure for the proposed biosensor in its ON condition
(Vgs =-3.0 Vand Vpg = -1.5 V). Band bending occurs
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when the biomolecules having K >1 are attached in the cavity
region. Band bending at HOMO and LUMO levels occurs
due to changes in gate capacitance after the coupling of
biomolecules in the cavity. It can be seen from Fig. 3(b)-
(c) that increasing K of the biomolecules causes additional
band bending, which decreases the barrier width even further
due to a change in gate capacitance. The band diagram study
reveals that band bending narrows the space between barriers
as the dielectric constant grows.

Fig. 4(a) depicts the potential profiles of several
biomolecules with changing dielectric constants. The im-
proved capacitive behavior optimizes the distribution of the
potential profile. When biomolecules are missing in the
nanogap cavity area, the surface potential level is at its lowest
(K =1 for air). The operation of the proposed biosensor is
operated possibly by a mechanism known as chemo-resistive
transduction. A result of biomolecule immobilization in the
cavity causes a change in the potential profile of the proposed
sensor. This change in surface potential affects the drain
current that is flowing through the device. As shown in Fig.
4(b), when the biomolecules of larger dielectric constants
immobilize, more carriers are in the channel area, which
makes the conduction current density swing up. A change is
brought about in the current density distribution of the device
as a result of the immobilization of a variety of biomolecules
in the nanogap area of the oxide layer. The increase in the
dielectric constants of the biomolecules results in an even
greater increase in the value of the current density that is
already present in the channel. This occurs as a result of
the proportional relationship between the K of biomolecules
and the gate capacitance of the device. Finally, variations
in the conduction current density in the channel area would
directly affect the magnitude of the drain current flowing
through the proposed device. When the dielectric constant of
biomolecules reaches its maximum value, which is denoted
by the K = 12, the conduction current density reaches its
greatest value. Fig. 4(c) shows the pattern of field inten-
sity strength for different dielectric constants resembling
biomolecules. The largest electric field intensity is found for
a biomolecule having K = 12, indicating a higher degree of
barrier modification to allow carrier transit. In contrast, the
smallest electric field is found for a molecule with K = 1.

B. IMPACT OF BIOMOLECULES IMMOBILIZATION ON
DRAIN CURRENT

Based on the results shown in Fig. 5(a), the on-current
(Ion) gets higher as the biomolecules in the cavity area
have a higher dielectric constant. This happens because the
dielectric constant of biomolecules rises, which causes the
effective gate capacitance to increase. Since the drain current
is proportional to its capacitance, it makes sense that as K of
the biomolecules gets higher, so will the drain current. This
shows that an increase in K makes the capacitive property
better. Fig. 5(b) and 5(c) show how the binding of different
positively and negatively charged biomolecules changes the
transfer characteristic with K = 12 and a cavity thickness
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12.

(T'yap) of 10 nm. This change is shown when the voltage is
Vps =-1.5 V. When there is a greater charge density of nega-
tive charges on biomolecules, the on-current (I ) rises due
to variation in accumulation of charges. But, the on-current
(Ion) decreases due to an increase in the magnitude of
positivity charge density associated with biomolecules. The
threshold voltage is significantly affected due to the charge
modulation in the cavity area. Due to charged biomolecule
interaction, threshold voltage alters the magnitude of the
drain current. When the biomolecules having constant charge
density ( Qf = +1 x 10'2¢m™2) but variable dielectric
constant (K = 1 to 12) binds in nanogap area, the significant
variation in magnitude of on-current (/o) occurs as shown
in Fig. 5(d). The drain current varies greatly at K = 12 due to
larger capacitance for a high dielectric constant.

C. ELECTRICAL CHARACTERISTICS FOR DIFFERENT
GATE WORK FUNCTION ($,,)

The effect on the electrical characteristics of the proposed
biosensor for different gate work functions (¢,,) is explained
in this section. The variation in transfer characteristics of
the proposed biosensor coupled with charged biomolecules
(K =12 and Qf = +1 x 10'2em~=2) using different gate
work functions is depicted in Fig. 6(a). The injection barrier
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at the source-drain junction starts to reduce as the value of
the work function of the gate material is raised. The drain
current increases as a result of a lower injection barrier, which
is caused by a larger work function of the gate material.
Fig. 6(b)-(d) exhibits the properties of the biosensor in the
presence of biomolecules with K values of 4, 8§, and 12 at
gate work function (¢,,) values of 4.28 eV, 4.06 eV, and 3.91
eV, respectively. Changes in the work function of the gate
material affect the electrostatic gate control of charge carrier
injection. Changes in the gate work function (¢,,) have a
substantial effect on the electrical properties of the proposed
biosensor. Fig. 7(a) shows the changes of Ipon/IorF ratio
with change of gate work-function (¢,,) changes. Fig. 7(b)-
(c) shows that the current density and on-current(/py) of
the proposed sensor rise at a higher work function of the
gate, indicating a decrease in charge carrier injection. Sub-
threshold swing (SS), as shown in Fig. 7(d), minimally shifts
when the gate work function (¢,,) changes from 4.28 eV
to 3.91 eV. Performance characteristic, Ion/IopF ratio is
greatly enhanced by reducing the gate work function (¢,,)
to a smaller value. The current on-off ratio is at its highest
when the work function is at its lowest. This is because the
gate work function has a significant impact on the threshold
voltage. Threshold voltage directly affects the off current

7
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off-current (Ipn), for different biomolecules.

of the device, and this effect is mirrored by changes in the
Ion/Ippr ratio. The subthreshold swing of the device stays
relatively the same regardless of the change in the work
function of the gate.

D. FILL FACTOR EFFECT ON PERFORMANCE OF
BIOSENSOR

Fig. 8(a)-(c) depicts a cavity that is partially filled with bio-
logical molecules (25%, 50%,& 75%), and the remaining part
is filled with air. The cavity space should be full of either air
or biological molecules. It had been predicted that biological
molecules would fill the cavity, yet several bio tests have
confirmed the existence of particular vacant spaces in the
cavity region. As a result, we now know that the fill factor
(FF) is an additional indicator of sensitivity [35]. The amount
to which biological molecules occupy space in the cavity of
a proposed biosensing device indicates the fill factor (FF).
Comparative performance of four configurations (25%, 50%,
75%, and 100%) are examined based on the area covered by
biological molecules in the cavity. Fig. 8(d) shows how the
filling factor (K = 12, Q¢ = +1 X 10'2¢m—2) affects the
properties of the drain current dependent on the surface area
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FIGURE 10: Effect of variation in thickness of cavity (Ty,p)
with varying K on (a) Ipn/Iorr ratio (b) subthreshold
swing (SS).

occupied by the biomolecules in cavity region. The electrical
properties of the DMBETC-OTFT biosensor shift due to the
cavity capacitance shifting with different configurations. The
filled cavity has a different effective capacitance than the
partially filled cavity. Fig. 9(a) shows how the on-current
({on) and off-current (Ippr) are varying with the change
in the filling factor. An increase in the filling factor (FF) from
25% to 100% causes an increase in the on-current (/o) and
a decrease in the off-current (/prr) in the cavity area due
to varying capacitance of cavity. As shown in Fig. 9(b), the
on-off ratio (Ion/Iorr) and the subthreshold swing (SS)
both improve with an increase in the fill factor due to the
corresponding capacitive shift.

E. IMPACT OF CAVITY THICKNESS VARIATION ON
PERFORMANCE PARAMETERS

The small change in the Ipyn/IoFF ratio for biomolecules
(K=12,Qf = +1 x 10'2e¢m™2) given with change in cavity
thickness (T}4p) is demonstrated in Fig. 10(a). The effective
capacitance is altered as the thickness of the cavity is brought
down from 10 nm to 5 nm. When the effective capacitance of
the gate shifts as a result of a change in cavity thickness, there
is a corresponding shift in the performance characteristics of
the device. Capacitance change also causes a minor change
in the sub-threshold swing (SS), which is seen in Fig. 10(b)

9
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FIGURE 11: (a) drain current Sensitivity of neutral
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biomolecules.

as a function of the cavity thickness (Tyy).

TABLE 3: Drain Current Sensitivity Comparison With Pub-
lished Work

Ref. Vps/Vas(V) | K | Drain Current Sensitivity
[36] 0.5/1.0 8 1.385
[37] 1.0/1.0 10 33
[18] -1.5/3.0 12 12.57
[Present work] -1.5/3.0 12 5091

F. ANALYSIS OF SENSITIVITY

Sensitivity analysis is required to measure the performance of
biological sensors. The following formula for drain current
sensitivity (Sp) represented in (1) calculates how sensitive
the proposed device is to drain current variations while
biomolecules are present in the cavity.

Ip(bio) — Ip(air)
Sp =

Ip(air) b

when the biomolecules are absent in cavity, Ip (air) equals
drain current. To indicate the absence of biomolecules for
calculation of sensitivity K = 1 (air) is used in literature
[33]. When biomolecules fill the cavity, Ip (bio) equals the
drain current when biomolecules are present in the cavity.
Fig. 11(a) shows the sensitivity of the drain current to the
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gate voltage, for neutral biomolecules with varied dielec-
tric constants. As the relative permittivity of biomolecules
increases from K = 4 to K = 12, so does the sensitivity
of biosensors. As shown in Fig. 11(b), the drain current
sensitivity of charged biomolecules shifts when the relative
permittivity is changed at a constant charge density (Q¢ =
+1 x 10'2¢m™2). For positively charged biomolecules (Q ¢
= 41 x 102¢m™2), the maximal drain current sensitivity
found with K = 12 is 4.6 x 102. Table 3 shows that the drain
current sensitivity of biomolecules with K = 12 is 50.91 at
Ves =-3.0 V and Vpg = -1.5 V, approximately four times
more than OTFT-based biosensor studies [18]. The variation
in dielectric constant causes a rise in the device conduction
current density, which in turn causes an increase in the
sensitivity for charged biomolecules. Fig. 12(a) illustrates
how various biomolecules affect drain current sensitivity at
different gate work functions (¢,,). At ¢, = 3.91 eV, sensi-
tivity is highest, while at 4.28 eV, it is lowest. Sensitivity rises
as gate work function value drops. As evidenced by drain
current sensitivity, optimizing the work function increases
OTFT biosensor maximum sensitivity. As demonstrated in
Fig. 12(b), changes in the ratio of on to off current are
expressed as Ion/Ippp sensitivity (Syr) for biomolecules
with varying gate work-functions (¢,,). The following for-
mula calculates the Ion/IoFF sensitivity presented as:
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Iratio(bio) - Iratio((liT)

Iratio(air)

2)

Sir =

The Ion/Iorr ratio equals I,44, (bio) when a cavity
is completely filled by biomolecules, and it equals 7,40
(air) when the cavity region is empty. For a device to detect
biomolecules, the magnitude of the sensitivity between 1o
and Io pr should be higher, as shown in (2).

The sensitivity of the Ipn/IoFF transition is greatest at
a work-function (¢,,) = 3.91 eV and diminishes at larger
() values (4.28 eV). The sensitivity at Vgg = -3.0 V
and Vpg = -1.5 V for ¢,,, = 3.91 eV is 4.60 x 102, while
at 4.28 eV, it is only 93.18. DMBETC-OTFT sensors have
higher Ipon/IoFF sensitivity at reduced gate work-function
(¢m)- The variation in drain current sensitivity for various
biomolecules at varying cavity thicknesses is seen in Fig.
13(a). Several biomolecules are shown here with varied
dielectric permittivity (K) values, representing the relation
between drain current sensitivity and these molecules. The
optimum sensitivity is attained at a cavity thickness of 10nm
(Tyap = 10 nm), whereas a thickness of 5 nm yields the min-
imum sensitivity. Fig. 13(b) illustrates how the Ion/IorF
sensitivity changes with various biomolecules (K =4, §, 12)
when the cavity thickness is varied. At a thickness of T,
= 10 nm, the sensitivity between is maximized, whereas at a
thickness of T4, = 5 nm, the sensitivity is minimized. The
sensitivity of the device at Vg =-3.0 Vand Vpg =-1.5V is
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4.60 x 102 for Tyap =10 nm, while it is only 17.04 for T},
=5nm.

V. CONCLUSION

Biomolecule sensing is investigated using a DMBETC-OTFT
biosensor. First, the influence of several biomolecules on
the field intensity profile, energy band diagram, and po-
tential profile is investigated. Subsequently, the changes in
(Ion/IoFr) ratio and the on-current (Ipy) in response to
biomolecules are studied towards the sensitivity analysis of
the DMBETC-OTFT based biosensor. The cavity thickness
(Tyap), fill factor (FF), and gate work function (¢,,) were
optimized to have a greater sensitivity. DMBETC-OTFT
biosensor sensitivity is raised by lowering the gate work
function (¢,,). The research found that DMBETC-OTFT is
four times more sensitive to the detection of biomolecules
than recently published metal trench DM-OTFT [18]. As
a result, the proposed technology might be employed in
the future to create flexible and biocompatible OTFT-based
biosensors.
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