
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 4
:2

6:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Designing the ca
Department of Electrical and Electronic

Engineering and Technology, Dhaka, 1000,

ac.bd

† Electronic supplementary informa
https://doi.org/10.1039/d4na00928b

Cite this:Nanoscale Adv., 2025, 7, 3746

Received 9th November 2024
Accepted 24th April 2025

DOI: 10.1039/d4na00928b

rsc.li/nanoscale-advances

3746 | Nanoscale Adv., 2025, 7, 374
vity architecture in double gate
junctionless field effect transistors for enhanced
biomolecule detection†

Shahriar Khan and Ehsanur Rahman *

This study has investigated double-gate junctionless field effect transistor (DG-JLFET) designs with different

cavity configurations and assessed their impact on biosensing performance. Through simulations and

analysis of the electrical properties, this study has identified structures that significantly enhance

biosensing performance compared to traditional DG-JLFETs. Different cavity architectures have been

simulated and evaluated using key biosensing metrics, including the threshold voltage, change in

threshold voltage, percentage change in threshold voltage, change in the minimum point of surface

potential, Ion–off ratio, and sensitivity. Analysis of all the structures has revealed that no single structure

has outperformed others across all the metrics when the dielectric constant is varied over a wide range.

Notably, structure D, featuring drain side cavities, has shown the highest Ion–off ratio, with values of

3.03 × 107–3.73 × 107 for keratin. In contrast, structure E, with an asymmetrical cavity arrangement

featuring an upper cavity on the left and a lower cavity on the right, has exhibited the highest

sensitivity, achieving 98.63%–99.25% for the same biomolecule. When considering sensitivity as the key

biosensing metric, structures E, F (alternating cavities on the vertical axis), and G (a central upper cavity

and bilateral lower cavities) have shown better performance than all the other configurations. This study

has further investigated the effect of varying the dielectric constant and channel occupancy of

biomolecules on biosensing performance. For the above parametric variations, structure E has shown

the highest change in the threshold voltage, while structure G has achieved the highest percentage

change in the threshold voltage. These results contribute to the systematic design of DG-JLFET-based

biosensors, providing a framework for optimizing cavity architectures to enhance biomolecule detection

sensitivity.
1. Introduction

Biosensors are analytical devices that integrate biological
components with physicochemical transducers for precise and
efficient compound detection across diverse elds. They play
a crucial role in the food industry by detecting toxins, harmful
chemicals, and viruses to ensure safety and quality control1 and
are indispensable in biomedical research for studying biomo-
lecular interactions and drug discovery.2,3 In forensic science,
biosensors facilitate the analysis of DNA, blood, and other
biological evidence,4 while in medical diagnostics, they enable
early disease detection through biomarker identication, as
demonstrated during the COVID-19 pandemic.5 Additionally,
they are vital for environmental monitoring, aiding in the
detection of pollutants, water quality assessment, and
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ecological impact studies, thereby contributing to public health
protection.6 Biosensors are classied based on their trans-
duction mechanisms, including resonant, optical, thermal, and
electrochemical types,7–11 with electronic biosensors emerging
as key tools for real-time, label-free biomolecular detection.
Leveraging low-dimensional materials, these sensors exhibit
high sensitivity and specicity, enabling applications in protein
dynamics monitoring, DNA hybridization, and antibody–
antigen interactions.12,13 Advancing electronic biosensor tech-
nologies is essential for enhancing diagnostic capabilities,
biomedical research, and environmental surveillance, ensuring
greater accuracy, efficiency, and real-world applicability.

As discussed, biosensors play a vital role across various
elds, with electronic biosensors offering real-time, label-free
detection. Field-Effect Transistor (FET)-based biosensors have
gained prominence due to their high sensitivity, direct trans-
duction, and CMOS compatibility.14,15 The rst FET-based
biosensor, the Ion-Sensitive Field-Effect Transistor (ISFET),
introduced by Bergveld in 1970, enabled charged biomolecule
detection but faced challenges in CMOS integration and
detecting charge-neutral biomolecules.16–20 Dielectric
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of biomolecule-filled cavity structures of DM-DG JLFET-based biosensors: (a) Symmetrical cavity structure with a cavity length
of 15 nm; (b) middle-positioned cavity structure with a cavity length of 30 nm; (c) left-positioned cavity structure with a cavity length of 30 nm; (d)
right-positioned cavity structure with a cavity length of 30 nm; (e) asymmetrical cavity structure with a 30 nm cavity at the upper-right and lower-
left positions; (f) alternating upper-lower cavity structure with a cavity length of 15 nm; and (g) alternating upper-lower cavity structure with
a 30 nm cavity in the upper part and two 15 nm cavities located at the edges of the lower part. The devices have identical parameters: a cavity
thickness of 9 nm, HfO2 thickness of 10 nm, SiO2 thickness of 1 nm, channel thickness of 10 nm, doping concentration of 3× 1018 cm−3, channel
length of 60 nm, and drain & source length of 10 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2025, 7, 3746–3763 | 3747
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Modulated FETs (DM-FETs) were developed to address these
limitations, incorporating vertical nanogaps for improved
biomolecule sensing, although they posed structural stability
concerns.21–24 Recent advancements include junctionless FETs
(JLFETs), which exhibit superior short-channel immunity and
high Ion–off ratios, making them ideal for biosensing
applications.25–27 The emergence of n-type split-gate JLFETs for
label-free biomolecule detection under dry conditions further
underscores the technological evolution of FET-based biosen-
sors, catering to the growing demand for high-precision diag-
nostics in medical and environmental monitoring.28,29

Existing research has investigated various biosensing struc-
tures and proposed alternative design congurations for
biomolecule detection. In ref. 30, an asymmetrical channel
junctionless FET was introduced, utilizing wide-source narrow-
drain and narrow-source wide-drain congurations to enhance
sensitivity. A dielectric-modulated junctionless gate stack
MOSFET, analyzed in ref. 31, improved detection by incorpo-
rating a dielectric stack, while a symmetric split-gate junction-
less FET, demonstrated in ref. 32, optimized sensing
performance by ensuring uniform electric eld distribution.
Similarly, in ref. 33, the author explored the integration of
nanocavities in a triple-hybrid metal gate-all-around junction-
less nanowire FET, enhancing biomolecule immobilization.
Further advancements have leveraged novel materials and
quantum effects to enhance biosensing capabilities. A quantum
ballistic analysis in ref. 34 demonstrated the potential of TMDC-
based double-gate junctionless FETs for biomolecule detection
in the short-channel regime. In ref. 35, monolayer MoS2 and
WSe2 FETs exhibited superior pH sensing and protein detection
sensitivity. Additionally, a gate-all-around junctionless FET,
specically designed for label-free SARS-CoV-2 detection, was
introduced in ref. 36.

Recent studies have also focused on biosensing sensitivity
and stability. A MoSe2 transistor-based biosensor, developed in
ref. 37, utilized a pyrene-based supporter molecule to mitigate
Debye screening, enhancing streptavidin detection. In ref. 38,
a van der Waals bipolar junction transistor biosensor demon-
strated high current gain and rapid biomolecule sensing, while
ref. 39 investigated a Graphene/WSe2 heterostructure, show-
casing spin current modulation for potential spintronic bio-
sensing applications. A junctionless nanotube FET for
biomolecule detection was explored in ref. 40, while a mis-
aligned double-gate junctionless MOSFET in ref. 41 featured an
alternately positioned cavity for improved sensing efficiency. In
ref. 42, work function optimization in a dual-material double-
gate junctionless MOSFET was employed to enhance sensi-
tivity. Comparative analyses and theoretical modeling continue
to rene biosensor performance. A comparative study of DG-
MOSFETs with and without gate stacks in ref. 43 provided
insights into sensing efficiency, while ref. 44 demonstrated that
a trilayer TMDC heterostructure improved drain current char-
acteristics for biomolecule and pH sensing. In ref. 45, an
analytical model assessed the inuence of biomolecule position
and ll factor on dielectric-modulated double-gate junctionless
eld-effect transistors (DM-DG JLFETs). Finally, ref. 46 devel-
oped a compact I–V model for TMDC-based MOSFET and DM-
3748 | Nanoscale Adv., 2025, 7, 3746–3763
FET biosensors, improving device performance through trans-
port modeling.

The past literature on DM-FET biosensors has predomi-
nantly focused on optimizing specic device structures to
enhance sensitivity for improved biomolecule detection. Each
study has presented unique device congurations aimed at
achieving more accurate and efficient detection by rening and
advancing their designs. Various approaches such as different
cavity locations, materials, gate lengths, and doping concen-
trations have been explored to improve the detection process.
However, there is a signicant research gap regarding the
inuence of cavity location on the performance of biosensing
devices. The current literature lacks comprehensive studies
investigating how different cavity locations affect sensitivity,
and which cavity architecture is optimal for biomolecule
detection. To address this gap, the fundamental purpose of this
research is to dene multiple cavity structures within a double-
gate junctionless eld effect transistor (DG-JLFET) and evaluate
their performance in detecting biomolecules. By maintaining
nearly identical device parameters across all congurations,
this investigation will isolate the impact of cavity location on
biomolecule detection. This controlled approach will provide
clear insights into which cavity location offers the best bio-
sensing performance. The results of this study are expected to
contribute signicantly to the understanding and design of DG-
JLFET-based biosensors, thereby advancing the eld of
biomolecule detection.
2. Methodology and model
verification
2.1. Working principle of biosensor devices

In these devices, cavities are engineered within the gate oxide to
serve as sensing sites for target biomolecule anchoring. Initially
air-lled, these cavities exhibit a distinct dielectric constant
within the oxide. Upon introducing and immobilizing target
biomolecules such as streptavidin, proteins, biotin, enzymes, or
APTES, a shi in the dielectric constant occurs, modulating the
gate capacitance. Consequently, this alteration inuences the
electrical properties of the devices, including the drain current,
threshold voltage, change in threshold voltage, and the on–off
ratio of the drain current (Ion–off).
2.2. Device architectures of DM-DG JLFETs studied in this
work

Fig. 1(a)–(g) show the different n-type DM-DG JLFET-based
biosensor structures studied in this work, each featuring
a gate length of 60 nm and a total cavity length of 30 nm. The
high-permittivity dielectric HfO2 separates the cavities under
the gate, with each cavity differing by the dielectric constant (K).
The source and drain lengths are set at 10 nm to reduce para-
sitic resistance effects.47 The study considers charge-neutral
biomolecules such as streptavidin (K = 2.1), protein (K = 2.5),
biotin (K = 2.63), APTES (K = 3.57), gluten (K = 7), and keratin
(K = 8–10).45,48,49
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Biomolecular thickness and dielectric constant values51–53

Biomolecules name Bio thickness Dielectric constant (K)

Streptavidin 6.1 nm 2.1
Biotin 0.6 nm 2.63
APTES 0.9 nm 3.57
Protein 2.5
Gluten 7
Zein 5–7
Keratin 8–10
SARS-COV-2 4, 10
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Considering the S-protein and C-DNA present in SARS-COV-
2, the values of the dielectric constant used to represent them
are 4 and 10.50

Table 1 lists the thickness and dielectric constant values of
biomolecules. The channel portion in the cavity region is coated
with a native 1 nm SiO2 oxide layer to ensure reliable isolation
between the active region and the biomolecules and to ensure
realistic device modeling, inuencing the electrical properties
and biomolecule interactions.54 The cavity and gate oxide
thicknesses are 9 and 10 nm, respectively. The Si-lm, drain,
and source regions maintain a uniform doping concentration of
ND = 3 × 1018 cm−3.

Tables 2 and 3 present the device and material parameter
values, respectively, used in this study.
2.3. Simulation methodology

The simulation study was conducted using Silvaco TCAD,
a widely used Technology Computer-Aided Design soware to
analyze the electrical characteristics and performance of the
DM-DG JLFET structures. This tool solves Poisson's equation
and dri-diffusion transport equations through nite-element
numerical methods, enabling accurate modeling of the elec-
trical characteristics and performance of DM-DG JLFET
Table 2 The values of device parameters

Device parameters Values (nm)

Gate length 60
Total cavity length 30
Source and drain length 10
Thickness of SiO2 1
Thickness of HfO2 10
Thickness of cavity 9
Channel length 60
Thickness of channel 10

Table 3 The values of material parameters

Material parameters Values

Gate work function 4.88 eV
Doping
concentration

3 × 1018 cm−3

© 2025 The Author(s). Published by the Royal Society of Chemistry
structures. The process begins by dening the mesh and
structure based on the device parameters. Then, the appropriate
model and simulation method are selected to simulate the
device structure. Previous studies have demonstrated consistent
results using this tool, further supporting its reliability.55–57 In
this study, the simulations have employed the Lombardi model,
concentration-dependent mobility, Boltzmann transport
statistics, and bandgap narrowing to investigate drain current
and device behavior. Also, the concentration-, voltage-, and
temperature-dependent model has been used to assess carrier
mobility and its dependence on electric elds and doping
concentration.58 The Shockley–Read–Hall model has been
employed to account for additional energy balance, which can
be established through energy exchange between carriers and
the lattice. Quantum effects and ballistic transport have not
been considered in the simulation since the channel thickness
is greater than 10 nm.59
2.4. Calculation of biosensing metrics

In the context of cavity architecture design in DG-JLFETs for
improved biomolecule detection, several key biosensing metrics
have been dened to evaluate and compare the electrical
responses of different structures. These metrics include the
threshold voltage, change in threshold voltage, percentage
change in threshold voltage, Ion–off ratio, and sensitivity.
Through an analysis of these parameters, the performance and
efficacy of DG-JLFETs in biomolecule detection can be evalu-
ated, thereby ensuring that the designed architecture fullls the
prerequisites for precise and dependable biosensing
applications.

The sensitivity parameter is used to quantify the respon-
siveness of a system or device to changes in specic inputs or
stimuli. High sensitivity indicates that the device is highly
responsive to changes in the input signal. The sensitivity
parameter is an important gure of merit for many devices, as it
determines the minimum detectable signal and the device's
overall performance. For the specic device structures investi-
gated, sensitivity has been evaluated in the following manner.

Sensitivity ¼ DID
ID

¼
�
�
�
�

IDðK. 1Þ � IDðK ¼ 1Þ
IDðK ¼ 1Þ

�
�
�
�
VGS¼0 V

: (1)

The threshold voltage (Vth) has been determined using the
constant-current method.60 The gate voltage at which the drain
current reaches 10−7 A mm−1 has been extracted and subse-
quently dened as the threshold voltage.61 The absolute change
in threshold voltage and the percentage change in threshold
voltage have been determined using the following approaches.

Change in threshold voltage = jVth(K > 1) − Vth(K = 1)j. (2)

Percentage change in thershold voltage

¼
�
�
�
�

VthðK . 1Þ � VthðK ¼ 1Þ
Vthðk ¼ 1Þ

�
�
�
�
� 100%: (3)
Nanoscale Adv., 2025, 7, 3746–3763 | 3749
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Fig. 2 Calibration of the simulation model to replicate the experi-
mental outcomes of a JLFET-based biosensor, as presented in ref. 62.
The device specifications include a gate length of 50 nm, cavity length
of 15 nm, source/drain length of 20 nm, Si channel diameter of 10 nm,
and doping concentration of ND = 3 × 1018 cm−3. The simulation is
performed for charge-neutral biomolecules within the cavity region,
utilizing a dielectric constant value of 7.
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The drain current has been calculated in both the off and on
states to determine the Ion–off ratio. The on-state current (Ion)
has been calculated at VGS = 1 V, whereas the off-state current
(Ioff) has been calculated at VGS = 0 V, with a drain voltage VDS of
1 V in both cases. The following formula has been used in this
evaluation.

Ion�off ratio ¼
�
�
�
�

IDðVGS ¼ 1Þ
IDðVGS ¼ 0Þ

�
�
�
�
VDS¼1 V

: (4)
2.5. Benchmarking

To establish the precision and reliability of the simulation
models employed in the research, the biosensor has been cali-
brated as described in ref. 62. The calibration process involved
reproducing the ID vs. VGS characteristics and comparing them
with our ndings at VDS= 1 V. The device parameters were set as
follows: gate length, 50 nm; cavity length, 15 nm; source/drain
length, 20 nm; Si channel thickness, 10 nm; and doping
concentration, ND = 3 × 1018 cm−3. The simulation was con-
ducted for charge-neutral biomolecules within the cavity region
with a dielectric constant of 7. Through rigorous analysis,
strong consistency was observed between the two datasets,
thereby validating the accuracy of the simulation models (Fig.
2).
3. Results and discussion

This section provides a detailed comparison and optimization
of the seven proposed cavity structures, focusing on various
biosensing metrics. The analysis includes ID vs. VGS, surface
potential, the minimum point of surface potential, change in
3750 | Nanoscale Adv., 2025, 7, 3746–3763
the minimum point of surface potential, percentage change in
the minimum point of surface potential, threshold voltage,
change in threshold voltage, percentage change in threshold
voltage, Ion–off ratio, and sensitivity. Based on these metrics,
three best-performing structures are identied. Furthermore,
the occupancy of the cavities in the best three structures is
varied from 50% to 80% of the total channel length to deter-
mine the optimal congurations. In addition, the impacts of the
gate work function, doping concentration, and gate length are
examined to provide comprehensive insights into the factors
inuencing device performance.

3.1. Variation of drain current for different cavity structures

The drain current vs. gate voltage characteristics of DG-JLFET-
based biosensors with different cavity structures are shown in
Fig. 3. The presence of cavity regions in these biosensors plays
a pivotal role in modulating carrier transport and electrostatic
interactions, thereby signicantly inuencing drain current
behavior. Introducing charge-neutral biomolecules into the
cavity alters the device's electrostatic properties by changing the
gate capacitance, redistributing the electric eld, and affecting
channel depletion, all contributing to variations in drain
current. A fundamental effect of biomolecule accumulation
within the cavity is the increase in total gate capacitance, which
results from the higher dielectric constant (K > 1) of these
biomolecules compared to air (K = 1). As the dielectric constant
of the cavity region increases, the vertical electric eld between
the gate and the channel is enhanced, thereby strengthening
gate-channel coupling. This improved electrostatic control
facilitates more effective carrier depletion, leading to a reduc-
tion in the off-state current.63 The results reveal a consistent
inverse correlation between the dielectric constant and off-state
current across all investigated cavity structures, namely A, B, C,
D, E, F, and G, as shown in Fig. 3.

The analysis conducted in this study indicates that structure
D exhibits the lowest off-state current among all structures for
any K value ranging from 1 to 10. However, structure C shows
the lowest variation in off-state current among them. In
contrast, structures E, F, and G show signicant variation in off-
state current when biomolecules are present in cavities at
different positions in the top and bottom oxide regions.
Comparing structures C and E, the cavity in structure C is sit-
uated on the source side in both the upper and lower sections,
whereas in structure E, the cavity is positioned on opposite
sides. This conguration in structure E results in a higher
degree of variation in the off-state current. Specically, the
cavity spanning the entire gate length by alternating between
the top and bottom sections leads to greater variability in the
off-state current as the dielectric constant varies within the
cavity region, owing to the improved gate controllability.

3.2. Variation of surface potential for different cavity
structures

This study examines the variations in surface potential along
the biosensor channel resulting from changes in the dielectric
constant of charge-neutral biomolecules. The objective is to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Drain current (ID) vs. gate voltage (VGS) characteristics for the different cavity structures: (a) structure A, (b) structure B, (c) structure C, (d)
structure D, (e) structure E, (f) structure F, and (g) structure G. The device structures have identical parameters, including a drain-to-source
voltage of 1 V, a total gate length of 60 nm, a total cavity length of 30 nm and a doping concentration, ND = 3 × 1018 cm−3. The gate voltage is
varied from 0 to 1 V for all the structures.

© 2025 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2025, 7, 3746–3763 | 3751

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 4
:2

6:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00928b


Fig. 4 Surface potential across the channel length for various biomolecules with different dielectric constant values, utilizing the following cavity
structures: (a) structure A, (b) structure B, (c) structure C, (d) structure D, (e) structure E, (f) structure F, and (g) structure G. To ensure
comparability, the devices are designed with identical parameters, including a drain-to-source voltage of 1 V, gate-to-source voltage of 0 V,
a total gate length of 60 nm, a total cavity length of 30 nm and a doping concentration of ND = 3 × 1018 cm−3.

3752 | Nanoscale Adv., 2025, 7, 3746–3763 © 2025 The Author(s). Published by the Royal Society of Chemistry
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analyze how variations in dielectric properties inuence the
electrostatic characteristics of biosensors in the presence of
biomolecules. Fig. 4 presents a comparison of the surface
potential distribution along the channel length for different
cavity structures incorporating charge-neutral biomolecules. As
previously discussed in Fig. 3, the presence of biomolecules in
the cavity region leads to an increase in effective gate capaci-
tance, enhancing gate-channel coupling. This stronger electro-
static interaction results in a reduction in surface potential.64

This trend is consistently observed across all examined cavity
structures, including A, B, C, D, E, F, and G, highlighting the
inuence of biomolecule-induced dielectric modulation on the
surface potential distribution within the biosensor channel.

With the introduction of biomolecules in the cavity region,
the surface potential shows signicant uctuations due to their
higher dielectric constant values. Specically, structure A
features cavities on both the le and right sides, while structure
E has cavities that span the entire length of the channel, with
half positioned at the top and the other half at the bottom of the
channel region. As the dielectric constant values increase, these
cavity-containing regions exhibit more pronounced variations
in surface potential compared to cavity-free regions. This
behavior is similarly observed in other structures with cavities.
3.3. Variation of biosensing metrics with different cavity
structures

Fig. 5a presents a comparative analysis of the change in the
minimum point of surface potential as a function of the
dielectric constant for various cavity structures. As the dielectric
constant increases, the minimum surface potential exhibits
a consistent downward trend, reecting the anticipated
improvement in gate controllability due to elevated gate
capacitance, which in turn reduces the surface potential.65

Consequently, across all structures, the change in theminimum
point of surface potential increases with the dielectric constant.
When comparing structure E with structure C, a signicant
difference is observed in the change in the minimum point of
surface potential as the dielectric constant increases. This
behavior is attributed to the stronger electric eld gradients
generated by the cavities, which span the entire gate length and
alternate between the top and bottom sections of the channel.
The asymmetric cavity conguration in structure E generates
a pronounced electric eld gradient across the channel, leading
to larger shis in surface potential as the dielectric constant
varies. In contrast, structure C, with both cavities positioned at
the source side, experiences a more localized electric eld
modulation, resulting in smaller variations in the minimum
surface potential as the dielectric constant increases. For
instance, structure E shows a minimum surface potential of
−237.2 mV when the cavity is lled with air, which decreases
substantially to −331.56 mV when lled with gluten, leading to
a change of 94.36 mV. In comparison, structure C exhibits
a more moderate response, with a minimum surface potential
of −344.35 mV in the presence of air, which decreases to
−369.30 mV when gluten is introduced, resulting in a much
smaller change of 24.95 mV. The observation implies that
© 2025 The Author(s). Published by the Royal Society of Chemistry
structure E is more inuenced by the presence of biomolecules
within the cavity, showing a greater change in the minimum
point of surface potential.

Fig. 5b shows the variation in threshold voltage with respect
to the dielectric constant of charge-neutral biomolecules. An
increase in the dielectric constant leads to a rise in threshold
voltage (determined by the constant-current method), as the
reduction in surface potential enhances carrier depletion within
the channel.66 As a result, a higher gate voltage is required to
induce conduction, causing an overall increase in threshold
voltage across all structures. Analysis of structures D and E
across all K values from 1 to 10 shows that structure D shows the
highest threshold voltage. Conversely, structure E shows the
lowest threshold voltage for K values from 1 to 7. Beyond K = 7,
structure B exhibits the lowest threshold voltage. The highest
threshold voltage in structure D is due to stronger carrier
depletion near the source-channel junction, which results in
a larger depletion region and a higher potential barrier. This
enhanced depletion requires a greater gate voltage to overcome
the barrier and initiate conduction. On the other hand, with
cavities positioned at both the source and drain sides, structure
E experiences reduced carrier depletion across the channel. The
more evenly distributed depletion results in a lower potential
barrier, thus requiring a lower gate voltage to overcome the
depletion and leading to a lower threshold voltage. For example,
biomolecules with lower dielectric constants, such as strepta-
vidin and biotin, yield threshold voltages of 0.2180 V and
0.2214 V, respectively, in structure D. In contrast, higher-
dielectric constant biomolecules like keratin result in
threshold voltages ranging from 0.2414 V to 0.2460 V. Mean-
while, in structure E, the threshold voltages for streptavidin and
biotin are signicantly lower, measured at 0.1013 V and
0.1133 V, respectively, while keratin shows a threshold voltage
of 0.1867–0.2023 V.

Fig. 5c shows a comparative analysis of the changes in
threshold voltage across various cavity structures with the
dielectric constant, highlighting the impact of cavity structure
on device electrical performance. The data, calculated using eqn
(2), show an increase in the change in threshold voltage for all
structures. This increase is linked to a rise in the dielectric
constant within the cavity region, which subsequently lowers
the minimum point of surface potential.63 This phenomenon
persists across a wide range of K values. As shown in Fig. 5a,
structure E exhibits the largest change in the minimum point of
surface potential, resulting in the most signicant change in
threshold voltage. For instance, with biomolecules like keratin
and SARS-COV-2, there is a noticeable variation in the
minimum surface potential between structure E and structure
C, as shown in Fig. 5a. This difference leads to a signicant
change in threshold voltage for structure E compared to struc-
ture C.

Fig. 5d presents the percentage change in threshold voltage
for different cavity structures, calculated using eqn (3). As the
dielectric constant increases, the threshold voltage also rises,
resulting in a corresponding increase in the percentage change
for all examined cavity structures—namely structures A, B, C, D,
E, F, and G.
Nanoscale Adv., 2025, 7, 3746–3763 | 3753
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Among all the structures, structure C demonstrates the
lowest percentage change in threshold voltage, while structure
E shows the highest. For example, with biomolecules like
gluten, structure C shows a percentage change in threshold
voltage of only 7.23%, whereas it rises signicantly to 146.07%
for structure E.
Fig. 5 Variation of biosensing metrics with different cavity structures. Th
in the minimum point of surface potential, (b) threshold voltage, (c) the
voltage, (e) Ion–off ratio, and (f) sensitivity, all as functions of the dielect
identical parameters, including a drain-to-source voltage of 1 V, a tota
concentration of ND = 3 × 1018 cm−3.

3754 | Nanoscale Adv., 2025, 7, 3746–3763
Fig. 5e highlights the importance of the Ion–off ratio, which
measures the variation between on and off-state currents, in
determining the detectability of biological sensors. This metric
is calculated using eqn (4). As observed in Fig. 3, while the on-
state current remains relatively constant, the off-state current
exhibits signicant variations with changes in the dielectric
e impact of charge-neutral biomolecules is analyzed for (a) the change
change in threshold voltage, (d) the percentage change in threshold
ric constant. To ensure comparability, the devices are designed with
l gate length of 60 nm, a total cavity length of 30 nm, and a doping

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00928b


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 4
:2

6:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
constant. Notably, an increase in K leads to a decrease in off-
state current, consequently enhancing the Ion–off ratio. This
trend is observed across various structures, namely A, B, C, D, E,
F, and G. Upon analyzing the variation in off-state current
across different structures, a signicant difference in the Ion–off
ratio is observed between structures B, D, and G. Structure D
shows the highest Ion–off ratio across the range of K values from
1 to 10, due to its lowest off-state current. In contrast, structure
G shows the lowest Ion–off ratio for K = 1 to 4, while structure B
exhibits the lowest values beyond K = 4. As previously dis-
cussed, the cavities positioned on the same side in structure D
induce stronger carrier depletion, which enhances the
suppression of off-state current. This enhanced depletion
results in a higher Ion–off ratio for structure D. Conversely,
structures E and G, which exhibit reduced carrier depletion,
result in less effective suppression of off-state current, thereby
contributing to a lower Ion–off ratio in these structures. Despite
performing better in terms of the change and percentage
change in threshold voltage, structure G shows the lowest Ion–off
ratio for K values up to 4. Importantly, structure D not only
demonstrates the highest Ion–off ratio but also achieves the
highest threshold voltage underscoring its exceptional perfor-
mance across these critical biosensing metrics. For instance, in
structure D, the Ion–off ratio reaches 1.078 × 107 for streptavidin
and 1.207 × 107 for protein, the biomolecules with lower
dielectric constants, while it increases to 3.03 × 107–3.73 × 107

for molecules with higher dielectric constants, such as keratin.
Fig. 5f illustrates how the device's sensitivity changes when

biomolecules with different K values are introduced into the
cavity region for various cavity structures, as calculated using eqn
(1). As the dielectric constant increases, the off-state current
decreases, thereby increasing the sensitivity of all structures.
Notably, structures E and G show the most signicant changes in
off-state current with increasing K values, resulting in higher
sensitivity compared to other structures. In contrast, structure C
shows minimal changes in off-state current, leading to lower
sensitivity. The observed differences in sensitivity are due to the
varying cavity congurations across different structures. When
the cavities span the entire channel length, alternating between
Table 4 Comparison and ranking of different cavity configurations base

Structure Threshold voltage
Change in
threshold voltage

Change in
threshold vo

A 2 6 6

B 4 up to K = 4, then 5
up to K = 7, then 7

4 4

C 3 7 7
D 1 5 5

E 7 up to K = 7, then 6 1 1

F 5 up to K = 4, then 4 3 3
G 6 up to K = 7, then 5 2 2

© 2025 The Author(s). Published by the Royal Society of Chemistry
the upper and lower sections, the initial gate control is weaker
when no biomolecule is present. However, when charge-neutral
biomolecules are introduced into these structures, their dielec-
tric properties signicantly enhance the electric eld gradient,
which improves gate control. This results in larger variations in
off-state current, leading to higher sensitivity. In contrast, when
both cavities are positioned on the same side, the electric eld
gradient is weaker, causing smaller variations in off-state current
and, consequently, lower sensitivity as dielectric constant
changes. Thus, structures E and G are particularly responsive to
charge-neutral biomolecul2es, making them suitable candidates
for DG-JLFET-based sensors. Notably, structure E demonstrates
a sensitivity of 66.22% for streptavidin and sensitivities ranging
from 98.63% to 99.25% for keratin.

Table 4 offers a detailed ranking of various structures based
on multiple sensing metrics, including threshold voltage,
change in threshold voltage, percentage change in threshold
voltage, Ion–off ratio, sensitivity, and change in the minimum
point of surface potential, as the dielectric constant of the cavity
region varies.

No single structure excels in all categories. Structure D ranks
highest in both the threshold voltage and Ion–off ratio metrics,
whereas structure E shows the highest change and percentage
change in threshold voltage, the highest sensitivity, and the
largest change in the minimum point of the surface potential.
Despite its strong performance across most metrics, structure E
has ranked poorly in threshold voltage (7th up to K = 7, then
6th) and Ion–off ratio (6th up to K = 4, then 5th). However, when
sensitivity is prioritized as the key biosensing metric, structures
E, F, and G outperform the other structures. These three
structures are, therefore, selected for further investigations in
this study.

Table 5 shows the performance of structures D and E for
practical biomolecules present in the cavity region. It reveals
that structure D maintains a superior Ion–off ratio, while struc-
ture E shows the highest sensitivity. These ndings emphasize
the unique advantages of each structure, facilitating the selec-
tion of appropriate cavity structures tailored to specic bio-
sensing metrics.
d on various biosensing metrics

ltage Ion–off ratio Sensitivity
Change in the minimum
point of surface potential

2 6 up to K = 8,
then 5

6 up to K = 8, then 5

5 up to K = 4,
then 7

4 4

3 7 7
1 5 up to K = 8,

then 6
5 up to K = 8, then 6

6 up to K = 4,
then 5

1 1

4 3 3
7 up to K = 4,
then 6

2 2

Nanoscale Adv., 2025, 7, 3746–3763 | 3755
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Table 5 The sensitivity and Ion–off ratio of practical biomolecules in best-performing cavity structures

Biomolecules name

Ion–off ratio Sensitivity

Structure D Structure E Structure D Structure E

Streptavidin 1.078 × 107 1.76 × 105 31.36% 66.22%
Biotin 1.25 × 107 2.755 × 105 40.90% 78.31%
APTES 1.558 × 107 3.419 × 105 52.70% 88.98%
Protein 1.207 × 107 2.478 × 105 38.79% 75.87%
Gluten 2.693 × 107 3.056 × 106 72.73% 98.04%
Zein 2.029 × 107–2.693 × 107 1.249 × 106–3.056 × 106 63.74%–72.73% 95.22%–98.04%
Keratin 3.03 × 107 – 3.73 × 107 4.388 × 106–8.016 × 106 75.79%–80.32% 98.63%–99.25%
SARS-COV-2 1.70 × 107, 3.73 × 107 7.11 × 105, 8.016 × 106 56.66%, 80.32% 91.61%, 99.25%
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3.4. Investigation of the biosensors' performance
dependence on channel occupancy

Fig. 6 presents the intricate interplay between the dielectric
constant, channel occupancy, and their collective impact on the
threshold voltage for structures E, F, and G, with cavity lengths
ranging from 50% to 80% of the total channel length. The gure
reveals a distinct trend: as the dielectric constant increases for
a given channel occupancy, the threshold voltage
Fig. 6 Threshold voltage as a function of dielectric constant and channe
(b) structure F, and (c) structure G. The graphs are shown for cavity length
channel length is 60 nm). The devices have identical parameters, includin
cavity length of 30 nm, and a doping concentration of ND = 3 × 1018 cm

3756 | Nanoscale Adv., 2025, 7, 3746–3763
correspondingly rises. This phenomenon is linked to the cor-
responding reduction in surface potential, which drives the
increase in threshold voltage.

Conversely, the threshold voltage demonstrates a declining
trend as channel occupancy increases for a specic dielectric
constant. This behavior is rooted in the diminishing effective
capacitance between the gate and the channel as the cavity
length extends, leading to a weaker gate control over the
l occupancy for three best-performing cavity structures: (a) structure E,
s ranging from 50% to 80% of the total channel length (where the total
g a drain-to-source voltage of 1 V, a total gate length of 60 nm, a total
−3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Change in threshold voltage as a function of dielectric constant and channel occupancy for three best-performing cavity structures: (a)
structure E, (b) structure F, and (c) structure G. The graphs are shown for cavity lengths ranging from 50% to 80% of the total channel length
(where the total channel length is 60 nm). The devices have identical parameters, including a drain-to-source voltage of 1 V, a total gate length of
60 nm, a total cavity length of 30 nm, and a doping concentration of ND = 3 × 1018 cm−3.
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channel. The nuanced relationship between the dielectric
constant and channel occupancy underscores the pivotal role of
cavity architecture in dening the electrostatic characteristics of
these structures.

Fig. 7 shows the change in threshold voltage as a function of
the dielectric constant and channel occupancy for structures E,
F, and G. As previously shown in Fig. 5b, the threshold voltage
increases as the dielectric constant changes from K = 1 to K =

10 for a xed channel occupancy, resulting in a similar trend in
the change in threshold voltage. This pattern is mirrored as
channel occupancy increases for a xed dielectric constant,
indicating a complementary relationship between these two
parameters. Remarkably, structure E exhibits a greater change
in threshold voltage compared to structures F and G. This
suggests that structure E possesses a higher responsiveness to
changes in dielectric constant and channel occupancy, thereby
outperforming the other two structures in this regard.

Fig. 8 shows the complex interplay between the dielectric
constant, channel occupancy, and the resulting percentage
change in threshold voltage. It reveals a clear trend of
increasing percentage change in threshold voltage change with
rising dielectric constant values. This effect is further amplied
at higher channel occupancy levels, demonstrating a synergistic
© 2025 The Author(s). Published by the Royal Society of Chemistry
relationship between these two parameters. Interestingly, the
plot also hints at a non-linear dependency, evidenced by the
non-uniform spacing of the contour lines.

Furthermore, the gure unveils an intriguing phenomenon:
for a specic dielectric constant, there appears to be a local
maximum in the percentage change in threshold voltage as
channel occupancy increases. This suggests a complex, non-
monotonic relationship between these two factors, potentially
indicating an optimal channel occupancy level for maximizing
the change in threshold voltage. Among the three structures
considered, structure G shows the highest percentage change in
threshold voltage, while structure E exhibits the lowest.

Fig. 9 provides an insightful depiction of how the Ion–off ratio
varies with the dielectric constant and channel occupancy for
structures E, F, and G. Notably, an increase in the dielectric
constant, while maintaining a constant channel occupancy,
results in an increase in the threshold voltage. This increase in
threshold voltage reduces the off-state current, which enhances
the Ion–off ratio across all structures.

In contrast, as illustrated in Fig. 6, an increase in channel
occupancy results in a decrease in the threshold voltage for
a specic dielectric constant. This reduction in threshold
voltage leads to an increased off-state current, which
Nanoscale Adv., 2025, 7, 3746–3763 | 3757
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Fig. 8 Percentage change in threshold voltage as a function of dielectric constant and channel occupancy for three best-performing cavity
structures: (a) structure E, (b) structure F, and (c) structure G. The graphs are shown for cavity lengths ranging from 50% to 80% of the total
channel length (where the total channel length is 60 nm). The devices have identical parameters, including a drain-to-source voltage of 1 V,
a total gate length of 60 nm, a total cavity length of 30 nm, and a doping concentration of ND = 3 × 1018 cm−3.
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subsequently diminishes the Ion–off ratio across all three struc-
tures. The inverse relationship between channel occupancy and
the Ion–off ratio is consistently observed in structures E, F, and G,
underscoring the importance of balancing these parameters to
optimize device performance. Among the three structures
analyzed, structure F exhibits the highest Ion–off ratio, per-
forming better than the other structures.

Fig. 10 presents the correlation between the dielectric
constant, channel occupancy, and sensitivity for structures E, F,
and G. It reveals a clear trend where sensitivity increases with
higher dielectric constant values, while channel occupancy
remains constant, as discussed earlier.

However, for low dielectric constant values, sensitivity
remains relatively invariant with respect to changes in channel
occupancy, indicating a lack of dependence between these
parameters. Interestingly, as the dielectric constant value
increases, sensitivity values initially increase with rising
channel occupancy up to a specic threshold, beyond which
they decrease. This behavior suggests a non-linear relationship
between sensitivity and channel occupancy, potentially indica-
tive of an optimal channel occupancy level for maximizing
sensitivity. As the dielectric constant value exceeds 5, the
channel dependence of the sensitivity vanishes.
3758 | Nanoscale Adv., 2025, 7, 3746–3763
Additional investigations into the impact of gate work
function, doping concentration, and gate length on biosensing
performance have been conducted to provide a more compre-
hensive analysis. A detailed discussion of these results is
available in the ESI,† ensuring accessibility while keeping the
primary focus on key ndings.

4. Summary, conclusion, and outlook

In summary, this study has evaluated the performance of
different cavity structures in DG-JLFETs for enhanced biomol-
ecule detection. The ndings indicate signicant improvements
in biosensing performance across various cavity congurations
with respect to key sensing metrics, such as threshold voltage,
change in threshold voltage, the percentage change in
threshold voltage, Ion–off ratio, sensitivity, and change in the
minimum point of surface potential. The analysis reveals that
no single structure has outperformed the others in all the bio-
sensing metrics. For instance, structure D, with its symmetrical
cavity architecture, has achieved the highest threshold voltage
and Ion–off ratio for K values ranging from 1 to 10. At K = 10, it
has shown a threshold voltage of 0.2459 V and an Ion–off ratio of
3.73 × 107. Meanwhile, structure E has surpassed the other
structures in the remaining biosensing metrics. For example,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Ion–off ratio as a function of dielectric constant and channel occupancy for three best-performing cavity structures: (a) structure E, (b)
structure F, and (c) structure G. The graphs are shown for cavity lengths ranging from 50% to 80% of the total channel length (where the total
channel length is 60 nm). The devices have identical parameters, including a drain-to-source voltage of 1 V, a total gate length of 60 nm, a total
cavity length of 30 nm, and a doping concentration of ND = 3 × 1018 cm−3.
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for K= 10, structure E has yielded a change in threshold voltage
of 130.24 mV, a percentage change in threshold voltage of
180.72%, a sensitivity of 99.25%, and a change in the minimum
point of the surface potential of 117.39 mV. This superiority of
structure E has been maintained over a wide range of dielectric
constant values. To further optimize biosensing performance,
the cavity occupancy in the three best-performing structures
was varied between 50% and 80% of the total channel length.
The results have shown that structure E exhibits the highest
change in threshold voltage, whereas structure G achieves the
highest percentage change in threshold voltage. However,
structure F outperforms the others in terms of the Ion–off ratio,
indicating enhanced switching behavior in this evaluation.

The proposed DG-JLFET-based biosensors offer signicant
practical advantages, particularly in real-time, label-free
biomolecule detection. Their compact design and seamless
integration into lab-on-a-chip systems make them highly suit-
able for point-of-care diagnostics, environmental monitoring,
and food safety applications. Moreover, the uniform doping
concentration in JLFETs simplies fabrication, improving
scalability and compatibility with CMOS technology. In addi-
tion, their strong electrostatic control enables greater detection
sensitivity, even for low-concentration biomolecules. However,
despite these advantages, certain fabrication challenges
© 2025 The Author(s). Published by the Royal Society of Chemistry
remain. The need for precise lithographic alignment, complex
masking, and advanced etching techniques increases produc-
tion complexity and may raise manufacturing costs. Further-
more, factors such as noise susceptibility, parasitic capacitance,
and surface roughness effects can affect sensor stability and
detection accuracy, necessitating the development of enhanced
noise reduction strategies and optimized signal processing
techniques. Addressing these limitations through advance-
ments in fabrication methods and detection algorithms will be
crucial for improving the scalability, reliability, and overall
performance of these biosensors. With continued innovation,
DG-JLFET-based biosensors hold signicant potential for next-
generation diagnostic and sensing applications.

Regarding the future scope of research, subsequent studies
can build upon the conclusions drawn from this study by
exploring additional dimensions to enhance biomolecule
detection capabilities. One potential area for future investiga-
tion is the study of charged biomolecules and their interactions
with cavity structures in DM-DG JLFET biosensors, as well as the
impact of charge distribution and density on device sensitivity.
Additionally, studying the effects of biomolecule arrangement
and cavity lling, such as partial cavity lling, nonuniform
biomolecule arrangement, and the inuence of steric hindrance
on biomolecule binding, could provide valuable insights.
Nanoscale Adv., 2025, 7, 3746–3763 | 3759
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Fig. 10 Sensitivity as a function of dielectric constant and channel occupancy for three best-performing cavity structures: (a) structure E, (b)
structure F, and (c) structure G. The graphs are shown for cavity lengths ranging from 50% to 80% of the total channel length (where the total
channel length is 60 nm). The devices have identical parameters, including a drain-to-source voltage of 1 V, a total gate length of 60 nm, a total
cavity length of 30 nm, and a doping concentration of ND = 3 × 1018 cm−3.
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Furthermore, examining the multi-gate work function in the
cavity region of DG-JLFET biosensors may offer additional
design considerations for creating highly sensitive and efficient
biosensors. Lastly, investigating the effects of temperature and
pH on the performance of DG-JLFET biosensors and developing
strategies to enhance their resilience to these uctuations
would be benecial for practical applications.
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