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ABSTRACT

In this work, a highly sensitive label-free dielectric-modulated biosensor based on a Gate-Over-Source-Channel Silicon-on-Insulator
Tunnel Field-Effect Transistor (GOSC-SOI-TFET) is proposed and systematically investigated. The novelty of the design lies in the
asymmetric gate configuration with a strategically positioned nanocavity near the gate–source interface, providing enhanced electrostatic
control and improved band-to-band tunneling (BTBT) efficiency. A comprehensive TCAD-based simulation framework, comprising
non-local BTBT and trap-assisted tunneling models, is applied to assess the device reaction toward neutral and charged biomolecules.
To achieve realistic operation, non-ideal factors like steric hindrance and non-uniform probe dispersion are also considered. The results
demonstrate that the sensor sensitivity is substantially impacted by biomolecule location, with best performance achieved when analytes
are situated near the source-channel tunneling junction. The proposed biosensor demonstrates an ON-current sensitivity of 6.09×108

for gelatin biomolecules, which is approximately 1.7× higher than that of conventional TFET-based biosensors, while operating at a
reduced drain voltage of 𝑉ds = 0.7 V (about 30% lower). This highlights its potential for low-power and high-performance biomedical
sensing applications.

Keywords: GOSC-SOI-TFET, Nanocavity, Label-free detection, Steric hindrance, Non-ideal hybridization, Biomedical sensing.

Introduction
Biosensors are essential components of modern analytical and diagnostic systems for rapid and selective detection of biological
and chemical species. Traditional diagnostic methods, including laboratory-based biochemical tests, are usually time-consuming
and require specialized equipment, which can lead to delayed results and, consequently, late diagnosis and treatment of diseases,
especially in the case of chronic or rapidly progressing diseases1. On the other hand, biosensors enable real-time monitoring of
biological and chemical signals, allowing early disease diagnosis, continuous health monitoring and personalized treatment
strategies2. Biosensors are well suited for point-of-care diagnostics and management of chronic or age-related diseases due to
their high sensitivity, portability, rapid response and ease of use3. Biosensors are classified into label-based and label-free in
general4–6. Label-based detection approaches such as fluorescent, magnetic and electrochemical assays are based on the tagging
of biomolecules by external markers. While these methods are useful in some applications, they can change the structural and
functional properties of biomolecules, resulting in measurements that may not be accurate or reliable7. To overcome these
limitations, label-free biosensors have attracted great attention owing to their simple design, low cost and the ability to detect
biomolecules without modifying their intrinsic properties. Field-effect transistor (FET) based biosensors8 have become a
prominent technology in the class of label-free devices. These devices can transduce biochemical interactions into measurable
electrical signals9 with high sensitivity and selectivity, while preserving the integrity of biomolecules. Thus, FET-based
biosensors have been utilized in disease diagnostics, drug development, environmental monitoring, and agricultural research10.
The first ion-sensitive FET (IS-FET) biosensor11 developed by Bergveld et al in 1970s could only detect charged biomolecules,
which limited its scope of applications12,13. Various FET based architectures such as silicon nanowire FETs14,15, FinFETs and
silicon on insulator MOSFETs, have been widely investigated for biosensing applications. The FET-based biosensors have some
notable advantages like small device size, low fabrication cost and high sensitivity16. However, they do have some inherent
limitations. With the continuous scaling down of device geometries to the nanoscale, FET-based sensors face significant
scaling challenges, such as short-channel effects (SCEs), drain-induced barrier lowering (DIBL), and subthreshold swing (SS)
limitations governed by the kT/q factor17,18. All these effects degrade the device performance and lead to longer detection
response times19. Tunnel FET (TFET)-based biosensors20 have been proposed to address these limitations. Taking advantage of
the band-to-band tunneling mechanism (BTBT) at the source-channel junction21, TFETs exhibit a steep subthreshold swing (SS)
(< 60 mV/decade)22–24, lower leakage current, greater immunity to SCEs, and fast response times. Despite their advantages,
However, TFETs have inherent limitations, such as low drive current and ambipolar conduction25,26. To address these problems,
several structural modifications have been proposed, such as Dual-Gate (DG)27,28, Gate-All-Around (GAA)29,30, L-shaped31,
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and T-shaped32,33 configurations which enhance electrostatic control and 𝐼ON. At the same time, several TFET-based biosensor
architectures have been investigated with nanocavities placed at different locations of the device, such as near the gate, drain,
or source side34–36 to facilitate dielectric modulation-based sensing. However, traditional TFET-based biosensors are still
facing the challenges of low sensitivity and relatively high operating voltages, which hinder their applications in low-power,
high-performance biosensing. In contrast, the proposed GOSC-SOI-TFET biosensor uses a double-gate structure, where the top
gate is purposefully placed over the source and channel regions to get better electrostatic control and improved sensitivity. The
device contains a nanocavity that is placed in a way that it affects both the gate and the source regions, thus enhancing the
interaction of the biomolecule. Furthermore, the proposed structure has a simpler fabrication process and is compatible with the
existing CMOS technology37.

This is an outline of the current work’s structure. The device architecture and simulation methodology are explained in
Section 2. In order to assess practical applicability, Section 3 addresses the performance of the suggested design and looks at
non-ideal phenomena such steric hindrance and uneven probe positioning. The suggested GOSC-SOI-TFET sensor is compared
with earlier published research in Section 4. The investigation’s key findings are finally presented in Section 5.

(a) (b)

Fig. 1. (a) Proposed GOSC-SOI-TFET biosensor (b) Calibration of GOSC-SOI-TFET with experimental data38 and reference
work39

Architectures and simulation set-up
• Fabrication process flow

Fig.2 illustrates the probable fabrication steps of the GOSC-SOI-TFET biosensor. Initially, the process begins with the
deposition of a 10nm thick buried oxide (BOX) layer on a moderately doped P-type silicon wafer (1×1016 cm−3 ) using a
chemical vapor deposition (CVD) process. Next, the silicon layer is retained on top of the BOX, which serves as the
source, channel, and drain regions. A thin film of SiO2 was then deposited and uniformly coated with photoresist, after
which the channel region was doped with arsenic impurities through an etching step. The intrinsic (I) channel region
is then formed using ion implantation and rapid thermal annealing (RTA). Similarly, the process is followed to form
the p+ source region (1×1020 cm−3) and the n+ drain region (5×1019 cm−3) as depicted in Table 1. Next, a 6nm-thick
oxide layer is grown using atomic layer deposition (ALD). Subsequently, metallization was performed using a sputter
deposition process to form the electrical contacts. This was followed by selective etching of the metal and oxide layers,
after which the surface was planarized using chemical mechanical polishing (CMP). Finally, selective etching of the oxide
layer was carried out to define the bio-cavity region, and the exposed silicon area was passivated with a SiN protection
layer, thereby completing the fabrication of the proposed GOSC-SOI-TFET biosensor. The resulting nanocavity serves as
the active sensing region for biomolecule detection.

• Model details
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Fig. 2. Probable fabrication flow for GOSC-SOI-TFET biosensor
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Table 1. Device parameters of GOSC SOI-TFET

Parameter Value

Thickness of metal-1, 𝑡𝑀1 (nm) 2
Bio-cavity thickness, 𝑡cavity (nm) 5
Oxide thickness, 𝑡ox (nm) 7
Bio-cavity length, 𝐿cavity (nm) 20
Source length, 𝐿𝑆 (nm) 30
Intrinsic region length, 𝐿𝐼 (nm) 47
Drain length, 𝐿𝐷 (nm) 30
Silicon-1 thickness, 𝑡𝑆1 (nm) 30
Buried oxide thickness, 𝑡BOX (nm) 10
Silicon-2 thickness, 𝑡𝑆2 (nm) 5
Thickness of metal-2, 𝑡𝑀2 (nm) 2
Gate metal work function (eV) 4.49
Source doping concentration (cm−3) 1×1020

Intrinsic Si doping concentration (cm−3) 1×1016

Drain doping concentration (cm−3) 5×1019

All simulations in this work were performed using the Synopsys Sentaurus TCAD framework40. A non-uniform meshing
scheme was adopted, with finer mesh in critical regions such as the tunneling junction, while a coarser mesh is used in
other regions to optimize computational efficiency. Fermi–Dirac (FD) carrier statistics and Doping-Dependent Mobility
(DDM) models are employed to obtain accurate carrier concentrations, electrostatic potentials, and mobility degradation
under heavy doping conditions. The reduction in the semiconductor band gap arising from high doping and related
physical effects is captured using an appropriate Band-Gap Narrowing (BGN) model. Carrier recombination through
defect states within the forbidden gap is modeled using the SRH recombination mechanism. For a physically precise
description of quantum-mechanical tunneling, the non-local BTBT model is employed, and the coefficients 𝐴 and 𝐵 are
adjusted to fit the experimental results, taking values of 2.31×1016 cm−1 s−1 V−2 and 3.58×106 Vcm−1, respectively
and Trap-Assisted Tunneling (TAT)41 is also incorporated to account for defect-mediated tunneling pathways.

Results and discussion
In this section, the GOSC-SOI-TFET was analyzed using various biomolecules, including Uricase (a protein drug for infection
suppression related to uric acid), APTES (for silanization purposes), Bacteriophage T7 (targets and kills various beneficial
bacteria), keratin and gelatin (proteins present in nails, skin, and hair)36, and MDA-MB231 and T47D (cancer cells). The
dielectric constant (K) values of these biomolecules are provided in Table 242–45. The analysis focused on evaluating the effects of
both neutral and charged biomolecules (positively and negatively charged) within the sensor’s cavity. By plotting their respective
impacts, we gained insight into how these charges affect key device parameters. Finally, the influence of steric hindrance on
hybridization and the deviation from ideal hybridization were investigated with respect to sensor sensitivity. Next, sensitivity
(S) is a key parameter that describes the efficiency of a biosensor in detecting the biomolecules confined in a nanocavity. For
reliable detection of target analytes, a high sensitivity value is desirable, as it directly reflects the biosensor’s performance.
Sensitivity is typically evaluated by comparing the device responses when the nanocavity is filled with biomolecules to those
when it is vacant. The vacant nanocavity, which represents the absence of analytes, was treated as the reference condition (K =
1). Based on this approach, the sensitivity associated with the 𝐼𝑂𝑁 of the biosensor can be formulated46 as given in (1)

𝑆𝐼ON =
𝐼Bio
𝑑𝑠

𝐼Air
𝑑𝑠

−1 (1)

In this expression, 𝑆𝐼𝑂𝑁
represents the on-current sensitivity, 𝐼Bio

𝑑𝑠
denotes the 𝐼𝑂𝑁 measured in the presence of the target

analyte, whereas 𝐼Air
𝑑𝑠

corresponds to the 𝐼𝑂𝑁 under the reference condition (air-filled cavity).
Selectivity is another key performance parameter of a biosensor that defines its ability to preferentially detect a specific

target analyte in the presence of other potentially interfering species. It is evaluated based on the relative variation in drain
current between two different biomolecules, as expressed in (2) selectivity, where Δ𝑆 denotes the selectivity between the target
and non-target analytes:
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Δ𝑆 =
𝐼
target
𝑑𝑠

𝐼
Non−target
𝑑𝑠

−1 (2)

Table 2. Biomolecules and their K values.

Biomolecules K- values
Uricase 1.54
APTES 3.57
Bacteriophage T7 6.3
Keratin 8.0
Gelatin 12.0
MDA-MB231 22.0
T47D 32.0

Impact of neutral charge biomolecules on sensitivity parameters
In this subsection, the impact of neutral biomolecules is analyzed by assuming that the nanocavity is filled (100% occupancy)
with neutral biomolecules. The analysis was performed for various 𝐾 values (1, 1.54, 3.57, 6.3, 8, 12, 22, and 32) at a drain
voltage of 0.7 V and a gate voltage of 1.5 V. At this relatively low drain bias, the electric field near the drain region remains
moderate, resulting in negligible hot carrier47 generation and minimal reliability concerns. Furthermore, due to the band-to-band
tunneling dominated transport in TFETs, the impact of hot carrier effects is significantly lower compared to conventional
MOSFET devices, where 𝐾 = 1 corresponds to a cavity filled with air. As the K of the biomaterial increases, the capacitive
coupling between the gate and channel improves, leading to a reduction in the tunneling width, as illustrated in Fig. 3a. This
narrowing of the tunneling width significantly enhanced the ON-state performance of the GOSC-SOI-TFET biosensor. Fig. 3b
presents the transfer characteristics of the drain current (𝐼𝑑𝑠) as a function of gate voltage (𝑉𝑔𝑠) for different K values, revealing
that higher K values produce greater 𝐼𝑂𝑁 , increasing from 2.94×10−15 to 1.04×10−4 A/𝜇m. The corresponding energy-band
diagram in the ON state is obtained by taking a horizontal cut-line located 1 nm beneath the oxide-silicon interface of the
top gate48, along with the electric field (E-field) distribution and the sensitivity comparison for the GOSC-SOI-TFET with
neutral biomolecules at various K values, which are depicted in Fig. 3c and Fig.3d, respectively. The maximum 𝑆𝐼𝑂𝑁

is reached
3.54×1010 when T47D biomolecules enter the cavity. To further assess the selectivity of the proposed biosensor, biomolecules
such as keratin, bacteriophage T7, aptes and uricase are analyzed by comparing their corresponding drain current responses
to the target biomolecule gelatin. The 𝐼𝑂𝑁 values for gelatin, keratin, bacteriophage T7, aptes, and uricase are 1.79×10−6,
1.83× 10−8, 1.82× 10−9, 1.81× 10−12 and 1.79× 10−15 A/𝜇m respectively. When the selectivity is assessed using (2), the
results are 9.68×101 for keratin, 9.83×102 for bacteriophage T7, 9.89×105 for aptes, and 2.25×108 for uricase. These results
show that, in comparison to the other biomolecules, gelatin achieves maximum selectivity to uricase.

Impact of positive charge biomolecules on sensitivity parameter
This subsection presents the simulation analysis of the GOSC-SOI-TFET biosensor incorporating positively charged biomolecules,
with the K = 12 corresponding to Gelatin, and the nanocavity is assumed to be fully occupied (100% occupancy). The
findings demonstrate that sensitivity increases with an increase in the magnitude of positively charged biomolecules from
1×1010 to 1×1012. Fig. 4a and Fig.4e show the electrical and sensing characteristics of the GOSC-SOI-TFET in the presence
of positively charged biomolecules. The electrostatic potential at the surface can be determined using the voltage balance
equation of a metal-oxide-semiconductor49, which describes how the charge density influences the sensitivity of the device.

𝑉𝑔𝑠 = Ψ𝑠 +Φ𝑚𝑠 −
(
𝑞(±𝑁)
𝐶𝑒 𝑓 𝑓

)
(3)

where Ψ𝑠 , Φ𝑚𝑠 , 𝑞, 𝐶𝑒 𝑓 𝑓 represents the surface potential, work function difference between metal and semiconductor, unit
charge, effective capacitance per unit area, and 𝑁 = 𝑁𝑏𝑖𝑜 represents the number of charged biomolecules per unit area50. Table 3
presents the equivalent capacitance networks and the corresponding effective capacitance formulas for the different nanogap
profiles.
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(a) (b)

(c) (d)

Fig. 3. (a) Energy-band profile in the ON state (b) Transfer characteristics (c) E-field distribution, and (d) Sensitivity
comparison for the GOSC-SOI-TFET with neutral biomolecules at various K-values
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Ψ𝑆 =𝑉𝑔𝑠 −Φ𝑚𝑠 +
(
𝑞(±𝑁𝑏𝑖𝑜)
𝐶𝑒 𝑓 𝑓

)
(4)

Table 3. Effective capacitance per unit area and equivalent circuit representations for different nanogap profiles.

Nanogap Profile Illustration Equivalent Capacitance Network Effective Capacitance per Unit Area (𝐶eff)

Fully filled profile
(Uniform)51

𝜀bio 𝜀SiO2
𝜀bio𝑡SiO2 + 𝜀SiO2 𝑡bio

Presence and
absence of

biomolecule at the
probe area

𝐶eff,pres =
𝜀bio 𝜀SiO2

𝜀bio𝑡SiO2 + 𝜀SiO2 𝑡bio

𝐶eff,abs =
𝜀air 𝜀SiO2

𝜀air𝑡SiO2 + 𝜀SiO2 𝑡air

Partially filled step
profile

(Non-Uniform)52

𝜀air 𝜀bio 𝜀SiO2
𝜀bio𝜀air𝑡SiO2 + 𝜀SiO2 𝜀bio𝑡air + 𝜀SiO2 𝜀air𝑡bio

As defined in (3), the concentration of positive charge (+𝑁𝑏𝑖𝑜) increases while keeping all other parameters (𝑉𝑔𝑠 , 𝑞, 𝐶𝑒 𝑓 𝑓 )
fixed, causes the term

(
+𝑞𝑁𝑏𝑖𝑜

𝐶𝑒 𝑓 𝑓

)
to increase, leading to an elevated surface potential Ψ𝑠. This rise in Ψ𝑠 lowers the tunneling

barrier height at the source-channel (S–C) interface. A reduced tunnel barrier improves the tunneling rate and therefore increases
the 𝐼𝑂𝑁 from 1.83×10−6 to 3.39×10−6 A/𝜇m as depicted in Table 4, which in turn improves the sensitivity. The same trend
can be observed for the GOSC-SOI-TFET biosensors, as shown in Fig. 4b. which shows that 𝑆𝐼𝑂𝑁

increases from 6.22×108 to
1.15×109. Furthermore, there is a reduction in the 𝑉𝑡 as illustrated in Fig. 4e, thereby reducing the required 𝑉𝑔𝑠 .

Impact of negative charge biomolecules on sensitivity parameter
Fig. 5a illustrates the energy band profile of the GOSC-SOI-TFET for various biomolecule charge densities (𝑁bio = −1×1010 to
−1×1012 cm−2), with a fixed 𝐾 = 12 in the nanocavity. The findings show that the GOSC-SOI-TFET’s energy band shifts in
proportion to a decrease in 𝑁bio. This phenomenon is explained by the E-field created by negatively charged biomolecules,
which act against the device’s current E-field. same has been From equ. (2), As the concentration of negative charges (−𝑁𝑏𝑖𝑜)
increases while keeping all other parameters (𝑉𝑔𝑠, 𝑞, 𝐶𝑒 𝑓 𝑓 ) fixed, the term

(
−𝑞𝑁𝑏𝑖𝑜

𝐶𝑒 𝑓 𝑓

)
decreases, resulting in a reduced Ψ𝑠 . This

decrease in Ψ𝑠 results an elevated tunneling barrier at the S-C interface. An elevated tunnel barrier suppresses the tunneling rate,
thereby reducing the 𝐼𝑂𝑁 from 1.82×10−6 to 9.42×10−7 A/𝜇m and consequently lowering the device 𝑆𝐼𝑂𝑁

from 6.17×108

to 3.20×108. Furthermore, as shown in Fig. 5e, the 𝑉𝑡 increases necessitate a higher 𝑉𝑔𝑠 for the device operation.

Effect of steric hindrance on hybridization within nanogaps
In the above analyses of the biosensor, it is generally assumed that the nanogaps are completely occupied with biomolecules,
corresponding to an ideal fill factor (FF = 100%). Although this assumption simplifies the modeling process, it does not
accurately reflect practical experimental conditions. In reality, when biomolecules enter the nanogap region, they interact
with the receptors or probes and become immobilized on the cavity surface. This interaction leads to hybridization, in which
biomolecules become bound to receptors. However, this hybridization process often halts before the cavity is fully occupied
because the already immobilized biomolecules physically obstruct the entry of additional biomolecules into the remaining space.
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(a) (b)

(c) (d)

(e)

Fig. 4. GOSC-SOI-TFET with positively charged biomolecules: (a) Energy band-profile (b) Transfer characteristics (c) E-field
distribution (d) Sensitivity with respect to the +𝑁𝑏𝑖𝑜, and (e) 𝑉𝑡 shift as a function of +𝑁𝑏𝑖𝑜 for 𝑘 = 6.3, 8, 12, and 22
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(a) (b)

(c) (d)

(e)

Fig. 5. GOSC-SOI-TFET with negatively charged biomolecules: (a) Energy band-profile (b) Transfer characteristics (c) E-field
distribution (d) Sensitivity with respect to the −𝑁𝑏𝑖𝑜, and (e) 𝑉𝑡 shift as a function of −𝑁𝑏𝑖𝑜 for 𝑘 = 6.3, 8, 12, and 22

/

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Table 4. GOSC-SOI-TFET sensitivity under varying dielectric properties and charge concentrations.

Applied Biomolecules Dielectric Constant / Charge Density SION of GOSC-SOI-TFET

Neutral 𝐾 = 1.54 1.71× 100

𝐾 = 3.57 6.15× 102

𝐾 = 6.3 6.19× 105

𝐾 = 8 6.22× 106

𝐾 = 12 6.09× 108

𝐾 = 22 1.79× 1010

𝐾 = 32 3.54× 1010

Positive 𝐾 = 12, 𝑁bio = 1× 1010 6.22× 108

𝐾 = 12, 𝑁bio = 1× 1011 6.56× 108

𝐾 = 12, 𝑁bio = 5× 1011 8.33× 108

𝐾 = 12, 𝑁bio = 1× 1012 1.15× 109

Negative 𝐾 = 12, 𝑁bio = −1× 1010 6.17× 108

𝐾 = 12, 𝑁bio = −1× 1011 5.85× 108

𝐾 = 12, 𝑁bio = −5× 1011 4.63× 108

𝐾 = 12, 𝑁bio = −1× 1012 3.20× 108

This phenomenon, known as steric hindrance, prevents the uniform occupation of nanogaps53. Due to steric hindrance, the
spatial distribution of biomolecules within the cavity becomes highly non-uniform. Instead of forming a dense, homogeneous
layer, the biomolecules are distributed in irregular patterns, which can manifest as increasing, decreasing, concave, or convex
occupancy profiles along the nanogap region54. These non-uniform profiles reduce the effective FF to values below 100%,
thus deviating from the ideal case used in the simulations. Such incomplete and asymmetric hybridization heavily affects the
electrical response of the biosensor, ultimately reducing its sensitivity. Hence, while ideal fill-factor assumptions give an upper
bound for performance, the actual behavior of nanogap TFET biosensors is strongly influenced by steric hindrance effects,
which have to be taken into account for realistic modelling and design.55.

The scenarios shown in Fig. 6 are examined, and the sensitivities are compared for four different nanocavity step profiles, all
evaluated under a constant FF56,57. The length and thickness of the cavity region are 20 nm×5 nm, resulting in a cavity area of
100 nm2. This area is divided into ten segments, with each segment being maintained at a uniform length of 2 nm, ensuring a
FF of 55% for the four considered conditions. A qualitative description of these configurations is summarized in Table 5. For
the increasing step profile, the biomolecule density inside the nanogap is relatively low at the entrance and gradually increases
toward the exit. The step heights increase progressively along the nanocavity with values of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
4.5, and 5.0 nm, as shown in Fig. 6a. By reversing the beginning and end of the increasing step profile, a decreasing distribution
is obtained, where the biomolecule density is highest at the entrance and gradually decreases toward the exit, as depicted in
Fig. 6b. In the concave step profile, the step heights from the gap entry to the exit are 4.5, 3.2, 2.8, 2, 1.25, 1.25, 2, 2.8, 3.2, and
4.5 nm, as shown in Fig. 6c. This arrangement results in a concave distribution, with relatively higher biomolecule density at
both ends of the nanogap and significantly lower biomolecule density at the center. The convex distribution profile is, on the
other hand, the inverse of the concave step profile. In this configuration, the step heights start with increments from 1.25 to
4.5 nm and then decrease from 4.5 to 1.25 nm. As can be seen in Fig. 6d, here biomolecules are accumulated with higher
density in the central region of the nanogap. The occupancy at both ends is relatively low.

A similar procedure is employed to maintain a FF of 80%. For each of the four cases, the step widths remain identical to
those used in the earlier assessment, while the differences in step heights are approximately 0.5 nm for every two steps in both
increasing and decreasing profiles. For the increasing step profile, the step heights are arranged as 3, 3, 3.5, 3.5, 4, 4, 4.5, 4.5, 5,
and 5 nm. Reversing this sequence yields the decreasing profile. For the concave profile, the step heights are chosen as 5, 4.5, 4,
3.5, 3, 3, 3.5, 4, 4.5, and 5 nm. An opposite arrangement produces the convex step profile, where the step heights increase from
3 to 5 nm and then decrease from 5 to 3 nm. Fig. 7a and Fig. 7b illustrate how sensitivity varies with steric hindrance for fill
factors of 55% and 80% at 𝑁bio = −5×1011 cm−2. From Fig. 7, 𝑆𝐼𝑂𝑁

is consistently higher at the 80% fill factor, indicating
that greater biomolecule occupancy within the nanocavity enhances electrostatic coupling and improves sensitivity. Among
the four charge profiles examined, the increasing and concave distributions yield the highest 𝑆𝐼𝑂𝑁

values due to their higher
biomolecule concentration near the source side. In contrast, the decreasing profile exhibits the lowest sensitivity because the
lower concentration near the tunneling region weakens its electrostatic influence, while the convex profile shows intermediate
behavior. Overall, the observations confirm that steric hindrance effects play dominant roles in determining the biosensing
performance of the GOSC-SOI-TFET.
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(a) (b) (c) (d)

Fig. 6. Possible irregular hybridization profiles arising from steric hindrance in the biosensors: (a) increasing (b) decreasing (c)
concave and (d) convex profiles58.

Table 5. Step profile alignment in nanocavity: biomolecule alignment model at fill factor = 55% and 80%.

Profile FF = 55% (nm) FF = 80% (nm)

Increasing 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5 3, 3, 3.5, 3.5, 4, 4, 4.5, 4.5, 5, 5

Decreasing 5, 4.5, 4, 3.5, 3, 2.5, 2, 1.5, 1, 0.5 5, 5, 4.5, 4.5, 4, 4, 3.5, 3.5, 3, 3

Concave 4.5, 3.2, 2.8, 2, 1.25, 1.25, 2, 2.8, 3.2, 4.5 5, 4.5, 4, 3.5, 3, 3, 3.5, 4, 4.5, 5

Convex 1.25, 2, 2.8, 3.2, 4.5, 4.5, 3.2, 2.8, 2, 1.25 3, 3.5, 4, 4.5, 5, 5, 4.5, 4, 3.5, 3

(a) (b)

Fig. 7. Profiles of partially filled negative charge bio in nanogaps of GOSC-SOI-TFET with fill factor (a) 55 percent, (b) 80
percent

Effect of Non-Ideal Hybridization due to Probe/Receptor Positioning
In this section, the effect of non-ideal hybridization due to probe positioning is analyzed. The sensitivity of nanoscale biosensors
is highly influenced by the spatial arrangement of the probes within the embedded nanogap. Because fully filling these nanogap
is often challenging in practice, nonideal hybridization must be considered. The extent of hybridization between the probes and
target biomolecules depends not only on the fraction of biomolecule-occupied regions but also on their precise locations within
the cavity. Table 6 summarizes the different probe arrangements in the biosensors and their corresponding sensitivities for both
positive positive (𝑁bio = +5×1011 cm−2) and negative (𝑁bio = −5×1011 cm−2) biomolecular charge densities. In table 6, the
areas with asterisks (∗) indicates the existence of biomolecules (𝑘 > 1), whereas the blank areas represent air (𝑘 = 1). Sensitivity
is generally maximized when biomolecules are located near the S–C interface. However, when biomolecules are positioned
farther from the junction, the sensitivity decreases even if the overall biomolecule coverage within the nanogap remains the
same. For instance, although case-5 & 6 both exhibit a FF of 60%, the 𝑆𝐼𝑂𝑁

of the biosensor is higher in case-5. This is
because a larger portion of the biomolecules in case-5 is located near the S–C interface, where the stronger E-field modulates the
tunneling window more effectively, thereby enhancing sensitivity. These observations indicate that the biosensor performance is
influenced not only by the total quantity of biomolecules present but also by their spatial distribution within the cavity.
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Table 6. A comparison of threshold voltage and sensitivity at various probe locations inside the nanogap of GOSC-SOI-TFET
biosensors for biomolecules carrying either positive or negative charges.

Case
Biomolecules

Total area
occupied (%)

Positive charge of biomolecules Negative charge of biomolecules
B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 k=12 k=22 k=12 k=22

𝑉𝑡 𝑆𝐼𝑂𝑁
𝑉𝑡 𝑆𝐼𝑂𝑁

𝑉𝑡 𝑆𝐼𝑂𝑁
𝑉𝑡 𝑆𝐼𝑂𝑁

1 ∗ ∗ ∗ 30 1.48 2.86× 106 1.15 1.83× 108 1.56 2.51× 107 1.22 2.42× 109

2 ∗ ∗ ∗ 30 1.69 6.61× 106 1.20 5.85× 109 1.76 1.82× 106 1.25 2.58× 109

3 ∗ ∗ ∗ ∗ ∗ 50 1.77 5.22× 105 1.28 8.14× 107 1.84 1.14× 106 1.38 2.56× 108

4 ∗ ∗ ∗ ∗ ∗ 50 1.81 5.99× 105 1.28 1.12× 109 1.87 1.71× 105 1.32 5.00× 108

5 ∗ ∗ ∗ ∗ ∗ ∗ 60 1.27 1.31× 108 0.95 4.38× 109 1.39 6.36× 108 0.99 3.53× 1010

6 ∗ ∗ ∗ ∗ ∗ ∗ 60 1.46 5.04× 106 1.16 2.85× 108 1.54 4.14× 107 1.18 3.01× 109

7 ∗ ∗ ∗ ∗ ∗ ∗ ∗ 70 1.45 2.76× 107 1.02 3.68× 108 1.50 3.24× 107 1.05 1.02× 1010

8 ∗ ∗ ∗ ∗ ∗ ∗ ∗ 70 1.58 1.21× 106 1.12 4.36× 108 1.69 5.70× 106 1.17 3.02× 109

9 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ 80 1.47 6.27× 106 1.05 1.25× 109 1.54 1.82× 107 1.15 7.97× 109

10 ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ 80 1.47 7.85× 106 1.15 5.06× 108 1.53 3.89× 107 1.18 3.17× 109

Table 7. Sensitivity comparison of the GOSC-SOI-TFET biosensor with other reported TFET biosensors while detecting the
gelatin biomolecule.

Refs. Biosensors 𝑉𝑑𝑠/𝑉𝑔𝑠 (V) Approximate Sensitivity 𝑆𝐼𝑂𝑁

59 DM-DCTGTFET 1.0 / 2.0 1.4×106

58 N+ Pocket doped vertical TFET 1.0 / 1.5 1.56×106

55 HJ TFET 1.0 / 2.0 2.15×106

60 DC-DM HTFET 1.0 / 1.5 5×106

56 Hetero Stacked Source TFET 1.0 / 1.2 2.48×107

57 IT-CPTFET 1.0 / 1.5 1.18×108

60 SC-DM-EG HTFET 1.0 / 1.5 1.3×108

55 Circular Gate TFET 1.0 / 2.0 1.31×108

56 Heterostructure Vertical TFET 1.0 / 1.2 3.61×108

This work GOSC-SOI-TFET 0.7 / 1.5 6.09×108
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Comparison Report
The performance of the proposed GOSC-SOI-TFET biosensor is compared with some of the previously reported FET-based
biosensing structures as listed in Table 7. Early devices such as DM-DCTGFET59, N+ pocket doped vertical TFET58 and HJ
TFET55 show moderate sensitivities at around 106. Improved designs, such as DC-DM HTFET60 and HSS TFET56, obtain
better sensitivity values up to 2.48×107 due to higher electrostatic control and optimized cavity engineering. More advanced
structures like IT-CPTFET57, SC-DM-EG TFET60, CG TFET55, and HV TFET56 push sensitivity into the 108 range, due to
stronger dielectric modulation and better gate-channel coupling. On the other hand, the proposed GOSC-SOI-TFET exhibits a
remarkably higher sensitivity of 6.09×108, which is greater than all the compared designs. This improvement is due to its
gate-overlapped source configuration, effective charge modulation in the sensing cavity, and improved tunneling efficiency from
the SOI platform.

Conclusion
A novel GOSC-SOI-TFET-based dielectric-modulated biosensor has been proposed and extensively analyzed for charged
biomolecules. The incorporation of a dual-gate architecture along with a carefully engineered nanocavity enhances electrostatic
control over the tunneling junction, resulting in improved band-to-band tunneling efficiency. Simulation results indicate that,
for the gelatin biomolecule, the proposed device achieves the highest 𝑆𝐼ON compared to previously reported TFET-based
biosensors. Charged biomolecules have a relatively minor impact on overall device performance, influencing sensitivity through
surface potential modulation, where positive charges slightly enhance sensitivity with 1.15×109 while negative charges slightly
suppress it to 3.20× 108 by increasing the tunneling barrier height. Practical non-idealities, such as steric hindrance and
non-ideal probe/receptor positioning, lead to non-uniform biomolecule distribution and reduced effective fill factors, thereby
lowering sensitivity compared to ideal conditions. Despite these constraints, the device provides great sensitivity, exceeding
conventional TFET biosensors at lower working voltage. These results demonstrate that the proposed biosensor is a promising
candidate for the development of a cost-effective, low-power, and ultra-sensitive dielectrically modulated, label-free gelatin
sensing application.
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