
1536-1241 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNB.2022.3174266, IEEE
Transactions on NanoBioscience

IEEE TRANSACTIONS ON NANOBIOSCIENCE 1

Dual Cavity Dielectric Modulated Ferroelectric
Charge Plasma Tunnel FET As Biosensor: For

Enhanced Sensitivity
Shradhya Singh, Sangeeta Singh, Member, IEEE, Mustafa K. A. Mohammed∗, and

Girish Wadhwa, Member, IEEE,

Abstract—This work reports a biosensor based on the dual
cavity dielectric modulated ferroelectric charge plasma Tunnel
FET (FE-CP-TFET) with enhanced sensitivity. By incorporating
underlap and dielectric modulation phenomena, ultra sensitive,
and label-free detection of biomolecules is achieved. The cavity is
carved underneath the source-gate dielectric for the immobiliza-
tion of the biomolecules. The ferroelectric (FE) material is used
as a gate stack to realize a negative capacitance effect to amplify
the low gate voltage. To avoid the issues with metallurgical
doping such as random dopant fluctuations (RDFs), ambipolar
conduction, and increased thermal budget, the charge plasma
concept is deployed. Based on our exhaustive ATLAS 2D TCAD
study, the electric field, hole concentration, and energy band
diagram of the proposed device are critically analyzed to provide
a better insight into the biosensor working mechanism. Here, two
different figures-of merits (FOMs) for the proposed biosensor
are investigated such as sensitivity and linearity. Sensitivity
has been measured in terms of drain current, ION to IOFF

ratio, electric field, and transconductance sensitivity. Linearity
analysis of the proposed structure includes ION/IOFF ratio. The
reported biosensor is capable of detecting several biomolecules
such as (neutral and charged as well) Streptavidin (2.1), 3-
aminopropyltriethoxysilane (APTES)(K = 3.57), Keratin (K =
8), T7 (K = 6.3) and Gelatin (K = 12). It was observed that the
optimized cavity structure demonstrates high drain current sensi-
tivity (2.7×108) as well as high ION/IOFF sensitivity (1.45×108).
Further, the linearity analysis shows that the Pearson’s coefficient
of both structures have been achieved as (r2 ≥ 0.8). It is conferred
from the results that our biosensor can be a better alternative for
the detection of the various neutral and charged biomolecules.

Index Terms—Dielectric Modulated TFET, Ferroelectric, Neg-
ative capacitance, Biosensor, Figure-of-merit (FOM).

I. INTRODUCTION

RECENTLY, dielectric modulated biosensors based on
field-effect transistors have drawn considerable attention

among researchers for the label-free detection of biomolecule
species. Early-stage identification of bioanalytes without us-
ing costly probes and composites can not be possible with
the labeled detection methods due to its inaccurate results
and time consuming labeling process [1]- [3] like optical
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[4], electrochemical [5], and magnetic [6] etc. Therefore,
dielectric modulated FET based biosensors have become an
interesting candidate for the research owing to their integration
with CMOS technology, label-free detection, scalability, low
cost, small size, enhanced sensitivity, and compatibility with
other electronic gadgets for the applications of system-on-
chip (SoC) [7], [8]. The applications of biosensors are in
various domains such as environment condition monitoring,
food industry, medical field, biospecies analysis, etc. [9]-
[11]. The speed of detection and sensitivity are the two
most important factors of the biomolecule detection system
[12], [13]. The past research studies and analyses the dielectric
modulated MOSFET [14]- [17]. In dielectric modulated FETs,
the binding sites for biomolecules are formed under the gate
electrode or towards drain/source ends. Biomolecules having
different dielectric constant values (K) get trapped in the cavity
region tune the electrical characteristics i.e., threshold voltage
and/or drain current. This acts as a critical metric for the
detection property of dielectric modulated FETs.

In the meantime, for achieving the demands of advanced
technology such as minimum power consumption, enhanced
speed, increased packing density, etc., miniaturization of de-
vice dimensions is mandatory. However, due to several un-
avoidable difficulties such as short channel effects (SCEs),
high leakage current, high power consumption, and deterio-
rating ION /IOFF , the scaling of conventional CMOS technol-
ogy has hindered the semiconductor industry’s advancement.
Therefore, tunnel field effect transistor TFET has been inves-
tigated as a viable alternative due to its ability to survive the
negative effects of downscaling and has a reduced leakage
current and subthreshold slope (SS) below Boltzmann’s limit
(60mV/decade). The literature has also reported that the max-
imum sensitivity of MOSFETs is also restricted by the larger
response time and degradable SS. Furthermore, due to the
intrinsic phenomena of band-to-band tunneling, the limitations
of MOSFET-based biosensors may be successfully resolved by
deploying TFET-based biosensors. This leads to a superior SS
and, as a result, stronger sensitivity and faster response time
[14], [18], [19].

Although TFETs have outperformed CMOS still they have
major limitations in terms of ON-state current and ambipolar
conduction [20], [21]. To overcome these problems, various
modified TFET structures have been reported. It includes gate
metal work function engineering, multigate TFET, hetero-
dielectric TFET, the introduction of low bandgap material
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Fig. 1: 2-D schematics of FE-CP-TFET based biosensor (a) with cavity height hc = 2.5 nm and (b) with cavity height hc =
5.5 nm (c) biomolecules immobilization model.

towards source side, vertical TFET [22]- [25], the introduction
of negative capacitance (NC) with ferroelectric (FE) material
as gate dielectric [26]. In 2010, first-time ferroelectric tunnel
FET (FE-TFET) was proposed by Lattanzio and his research
group [26], and it boosts the drain current and transconduc-
tance with a maximum near or beyond the Curie temperature
with the ferroelectric gate stack at elevated temperatures and
achieved step SS by utilizing the principle of P(VDE-TrFE).
Different studies on the impact of scaling [27], various
structural improvements on electrical parameters in terms of
ION/IOFF ratio, memory window, and SS have been carried
out so far [28]- [31], but the deployment of ferroelectric TFET
as a biosensor has not been explored yet.
The tunneling efficiency at lower bias points must be enhanced
to retain the inherent benefits of a TFET. The electric field
at the tunnel junction is greatly enhanced when negative gate
stack capacitance has been introduced. The use of ferroelectric
insulator in the gate-stack with conventional oxide gives neg-
ative capacitance (NC) effect and works as a step-up voltage
transformer due to intrinsic voltage amplification, providing
excellent ON-current and steep SS [53]. For the conventional
TFET SS can be expressed as [54]:

SS = ln10

[
1

Veff

dVeff

dVgs
+

E + b

E2

dE

dVgs

]−1

(1)

Where, the effective bias of tunneling junction is represented
by Veff , b is material constant, E shows electric field.
dVgs/dVeff is defined by the capacitive voltage divider in such
a manner:

dVgs

dVeff
= 1 +

Cs

Cins
(2)

where Cins is measured as the equivalent capacitance of
series capacitances of the gate oxide capacitance Cox and
ferroelectric insulator capacitance Cferro. The ferroelectric
layer serves as a step-up transformer due to NC, resulting
in Veff > Vgs. Furthermore, positive feedback effect on the
charge (Q) of the capacitor owing to NC may be understood
as the internal voltage amplification in CP-FE-TFET that
improves the electric field at tunnel junction. Consider a
(positive) capacitor Vgs (per unit area) with a terminal voltage

equal to the applied voltage Vgs plus a feedback voltage βF Q
proportional to the charge on the capacitor Q (per unit area):

Q = Cg ((Vgs − Veff ) + βFQ) (3)

and now Cins can be expressed as

Cins =
Q

Vgs − Veff
=

Cg

1− βFCg
(4)

According to Eqn. (1), the negative gate-stack capacitance
(Cins) can only be formed when the feedback voltage is
greater than one (i.e. (βF Q > 1))). According to Eqns. (2)
and (4), a positive feedback is the result of NC to step-up the
internal voltage at the tunnel junction:

dVgs

dVeff
= 1− Cs

Cins
( βFCg − 1) (5)

Due to positive feedback voltage (βFQ >1), dVgs/dVeff

decreases. Thus, it is evident from Eqn. (1) and Eqn. (5) that
SS depends on Eqn.(5) factor, as evident from Eqn. (1) that
SS reduces drastically.

Improvement in the ON-state current can be achieved by in-
creasing the electron tunneling rate owing to enhanced carrier
concentration beneath the gate dielectric i.e., channel region.
This can be done by having a higher doping concentration
towards the source side in comparison with the drain side
[32], [33]. But, the source doping concentration is limited
to 1×1020cm−3 due to the solid solubility limit, and also a
high thermal budget is required for establishing the source and
drain region. By avoiding metallurgical doping, these issues
and fabrication complexities can be addressed [35], [36]. As
a result, the charge-plasma approach has been devised to form
the source and drain regions in TFETs by depositing suitable
metal with appropriate work functions on each side [36]-
[38].
Therefore, by an extensive review of available literature re-
port, for the very first time, a novel TFET structure-based
biosensor has been proposed by combining the utility of charge
plasma technique and negative capacitance effect. Thus, in this
work, a dual cavity dielectric modulated ferroelectric charge
plasma Tunnel FET (FE-CP-TFET) based biosensor has been
investigated for the label-free biomolecule detection with two
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TABLE I: Simulation parameters for negative capacitance
charge plasma TFET (FE-CP-TFET) based biosensor with
cavity height hc = 2.5 nm and hc = 5.5 nm.

Parameters Structure 1 Structure 2
Silicon thickness (TSi ) 10 nm 10 nm
Gate-oxide thickness(Tox) 2.5 nm 2.5 nm
Gate length(LG = L1+L2) 40 nm+10 nm 40 nm+10 nm
Source length (LS ) 100 nm 100 nm
Drain length (LD) 100 nm 100 nm
Background doping (Nin) 1× 1016cm−3 1× 1016cm−3

Source work-function( ϕS (Pt)) 5.93 eV 5.93 eV
Drain work-function(ϕD (Hf)) 3.9 eV 3.9 eV
Gate Dielectric constant (ϵox) HfO2 (31) HfO2 (31)
Cavity thickness (hc) 2.5 nm 5.5 nm
Cavity Length (Lc = L2 + L3) 10 nm + 30 nm 10 nm + 30 nm

TABLE II: Different biomolecules with its dielectric constants
(K) [14]-[17].

Biomolecules Dielectric constant (K)
Streptavidin 2.1
3-aminopropyltriethoxysilane (APTES) 3.57
Bacteriophage T7 6.3
Keratin 8
Gelatin 12

etched nanogap cavities in the source-gate dielectric interfaces.
It overcomes the limitation of solid solubility and also leads
to the enhanced carrier concentration in the channel region. A
thin coating of SiO2 has been grown in the cavity region as
an adhesive layer to bind the immobilized bioanalytes, which
needs to be detected. The proposed device can be utilized
to detect both neutral as well as charged biomolecules. The
immobilized biomolecules within the cavity region alter the
gate oxide capacitance and consequently vary the flat band
voltage, which is reflected in the device’s electrostatic profile.
For examining the device performances energy band gap,
surface potential, electric field, and transfer characteristics of
the reported biosensor with various biomolecules immobiliza-
tion such as Streptavidin, APTES, T7, Keratin, and Gelatin
are analyzed to test the target biomolecules. The proposed
device has the cavity thickness of 2.5 nm and 5.5 nm to
immobilize the biomolecule accurately. It has been studied
that the thickness and length of the biomolecules are below
2 nm and 5 nm respectively. Finally, drain current sensitivity
is measured with the variation of different dielectric constants
(K) and charge densities (Nf ) of the target biomolecules [18]-
[20].

This paper is structured in four parts. Section II refers to
the device architecture and simulation parameters used for the
analysis of the proposed device structure. Results are discussed
in part III and part IV presents the conclusion.

II. DEVICE ARCHITECTURE AND SIMULATION
APPROACH

Fig. 1 depicts the transversal section of dual cavity dielectric
modulated ferroelectric charge plasma Tunnel FET (FE-CP-
TFET) based biosensor with cavity height (hc = 2.5 nm)
structure 1 as shown in Fig. 1(a) and hc = 5.5 nm structure
2 as illustrated in Fig. 1(b). Fig. 1(c) represents the model
for biomolecule immobilization in the nanocavity areas of the

Fig. 2: (a) Calibration of simulation model with pre-fabricated
TFET, and (b) Proposed process flow for the probable fabri-
cation of FE-CP-TFET.

Fig. 3: Electron and hole concentrations of FE-CP-TFET based
biosensor (a) with cavity height hc = 2.5 nm and (b) with
cavity height hc = 5.5 nm.

proposed structure. It has been utilized to identify the presence
of bio-analytes with the effect of the dielectric modulation
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Fig. 4: 2-D Electric field distribution in FE-CP-TFET based
biosensor (a) with cavity height hc = 2.5 nm of biomolecules
(K = 3.57); (b) with cavity height hc = 2.5 nm of biomolecules
(K = 12); (c) with cavity height hc = 5.5 nm of biomolecules
(K = 3.57); and (d) with cavity height hc = 5.5 nm of
biomolecules (K = 12).

approach. Underlap opening in the source-gate dielectric acts
as the binding region for the interlinkage of the biomolecules
with the device. The creation of the nanocavity region at
the source-gate dielectric results in improved performance,
suppression of ambipolarity, and leakage current. Here, Si-
doped HfO2 FE material is utilized for the gate stacking with
convention oxide for the intrinsic amplification of the low gate
voltages to enable the low power application. The detailed
FE material parameters of Si:HfO2 considered for the device
simulations are coercive field (FC), remanent polarization
(Pr), saturation polarization (Ps), and the dielectric constant of
doped Si:HfO2 (FE) are considered to be 1 MV/cm, 1 µC/cm2,
20 µC/cm2, and 31, respectively [27]. The charge plasma
technique is utilized to create source and drain region to avoid
several fabrication complexities such as higher thermal budget,
random dopant fluctuations (RDFs), mobility degradation,
etc. It is created by forming drain and source regions with
appropriate metals having acceptable work functions, such as
Hf (3.9 eV) and Pt (5.93 eV), respectively. The length of the
gate dielectric below the gate metal has two regions: region 1
with length L2 consists of a gate underlap region to act as a
binding site for the biomolecules and region 2 consists of the
gate dielectric with length L1. Total cavity length extended
underneath source and gate metal with the lengths L3 and L2,
respectively. Detailed device dimensional parameters taken are
listed in TABLE. I.

The simulation frame work deployed here for the analysis
of dopingless TFET has been calibrated against the reported
data [37] as shown in Fig. 2(a) and it shows good agreement
with reported data. As doping less concept experimentally
realized only for diode not for the TFET. Thus, for deploying
the doping less concept, we have calibrated our simulation
frame work against [37]. During the fabrication of the dual
cavity dielectric modulated FE-CP-TFET based biosensor, the

cavity region can be developed in source-gate dielectric by
dry etching. A thin layer of SiO2 is grown on the Si film
by CVD in the cavity region, which acts as an adhesive
layer for bio-targets. Then desired thin film of Si doped
HfO2 could be co-sputtered over the adhesive SiO2 layer
with SiO2 and HfO2 targets as a switching layer. It has
been discovered that when a thin layer of Si doped HfO2 is
developed under mechanical encapsulation, an orthorhombic
phase is formed, which exhibits the piezoelectric response.
This phase has been determined to be ferroelectric by polar-
ization measurements [50], [51]. Metalization of the gate,
source, and drain region can be achieved by low-pressure
chemical vapor deposition (CVD) [38]. The detailed process
flow that could be deployed for the potential fabrication of the
reported biosensor are shown in Fig. 2 (b). The performance
assessment of the dual cavity dielectric modulated ferroelectric
charge plasma tunnel FET (FE-CP-TFET) based biosensor
is done by immobilizing the cavity region completely with
different biomolecules. In this, neutral biomolecules has the
dielectric constant (K) and charged biomolecule consists of
the charge density (Nf ) and dielectric constant both. For the
validation of the proposed structure as a biosensor, different
biomolecules with the universally accepted dielectric constant
values have been considered. Bioanalytes such as Streptavidin
(used for detection of proteins, nucleic acids and lipids), 3-
aminopropyltriethoxysilane (APTES, utilized for silanization),
Bacteriophage T7 (it can kill various advantageous bacteria),
Keratin, and Gelatin (proteins that can float in skin, hair, and
nails) has been utilized for examining the proposed device as
a biosensor and the corresponding values of their dielectric
constants are mentioned in TABLE II.

To investigate the performance of the proposed structure i.e.,
dual cavity dielectric modulated ferroelectric charge plasma
Tunnel FET (FE-CP-TFET) based biosensor, 2D device sim-
ulator in commercially available ATLAS TCAD SILVACO
tool version 2020 [39] has been utilized. Different device
models have been induced in the simulator to achieve precise
simulation of device parameters. The non-local BTBT model
is used to calculate the tunneling rate at the tunneling junction
[14]- [16]. The CVT model is used to incorporate mobility that
is depending on field and concentration. The Shockley-Read-
Hall (SRH) model is used to account for carrier recombination.
To allow for the high concentration impact on the bandgap,
the band gap narrowing (BGN) model is chosen [35]- [36].
While the simulation of the device, Ferro model is used to
accommodate the silicon doped HfO2 material for its ferro-
electric properties. A ferroelectric miller model is considered
to account for the hysteresis, polarization, and high-K of the
ferroelectric material [49].

III. RESULT AND DISCUSSION

In this section, to estimate the utility of the device three dif-
ferent kinds of figure of merits (FOM) have been investigated.
It includes sensitivity and linearity analysis of the proposed
structure. The response of the proposed structures has been
examined as a biosensor for both neutral as well as charged
biomolecules. The sensitivity performance of the device has
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been evaluated by substituting the air with K = 1 in the cavity
region under the source-gate dielectric by the biomolecules as
mentioned in TABLE. II. The dielectric value of the neutral
biomolecules varies from K = 1 to K = 12 and the charge
density of the charged biomolecules varies from Nf = ±1010

to Nf = ±1012. Firstly, electrostatic analysis of the proposed
structures has been investigated.

A. Electrostatic analysis of FE-CP-TFET based biosensor

The charge carriers concentrations of the proposed devices
(1 nm below the Si-SiO2 interface) are illustrated in Fig. 3.
It should be emphasized that despite the lack of metallurgical
doping, both devices were able to obtain the needed carrier
concentration profiles by using the charge plasma approach
to actualize the p+ − i − n+ region. Because the structures
under consideration are double gate, the tunneling rates at both
interfaces are similar. According to the equation, the tunneling
rate GBTBT in a TFET structure is a function of the local
electric field (EF) [40]:

GBTBT = AEσexp

(
−B

E

)
(6)

In Eqn. (6), constant A depends upon the electron’s ef-
fective mass its value is 4×1014V −2S−1cm−1, B represents
the tunneling probability constant (30MV/cm), σ indicates
the transition constant (2.5 for Si) [52]. Fig. 4 illustrates
the distribution of 2D electric field in negative capacitance
charge plasma TFET (FE-CP-TFET) based biosensor of both
the cavities height structures. For analyzing the impact of
dielectric constants of the target biomolecules in the cavity
region on electric field distribution, K = 3.57 and K = 12
values have been chosen. It can be noted from the figure that
at the higher K values the electric field increases significantly
owing to the better capacitance coupling between the gate
and the channel region. Fig. 5 depicts the variation in hole
carrier concentration beneath the cavity region with respect
to the variation in the dielectric constant of the bio-analyte
considered to be detected.

It is also depicted in Fig. 5(a) and Fig. 5(b). The presence
of charged biomolecules in the cavity region affect the hole
concentrations of the source region as depicted in Fig. 5 (c)
and 5(d). It can be stated that when the trapped biomolecules in
the cavity region is negatively charged, it attracts more number
of charge carriers (holes) in the source region resulting in the
steepness at the tunneling junction. The opposite phenomenon
happens for positively charged biomolecules. The tunneling
probability in the TFET structure is expressed by Wentzel-
Kramer-Brillouin (WKB) approximation (TWKB) and is de-
fined as Eqn. (7) and (8) [41];

TWKB = exp

−
4λ

√
2m∗

√
E3

g

3qℏ (Eg +∆ϕ)

 (7)

λ =

√
ϵSi

ϵbio
hcts (8)

Here, m∗ shows the effective mass of the electron, Eg shows
the energy band gap, and ∆ϕ is defined as the range of

energy for which the tunneling can take place and λ repre-
sents the screening tunneling width. It depends on hc which
represents the cavity height under source gate dielectric, ts
is Si body thickness, ϵbio represents the dielectric constant
of biomolecules immobilized in the cavity region and ϵs is
the dielectric constant of Si semiconductor. To understand
the TWKB in the proposed structure, here an analysis of the
variation in the energy band diagram along the cut-line i.e.
below the 1 nm of SiO2-Si interface under the presence of
different biomolecules at the binding sites are illustrated in
Fig. 6. It shows that an increase in dielectric constant reduces
the tunneling barrier width at the source channel junction
due to the enhancement in the hole concentration and results
in the maximum tunneling rate at K=12. Positively charged
biomolecules trapped in the cavity region attracts the electrons,
hence the reduction of the hole concentration towards the
source region leads to the widening of the tunneling barrier.
Whereas, narrower tunneling width can be observed for the
negatively charged biomolecules. In other words, band bending
of the structure is achieved at a higher value of K as the
enhanced electric field can be observed at high K value as
shown in Fig. 7 along the same cut-line. The immobilization of
the biomolecules in the cavity region causes the sharp doping
profile as the dielectric values increases in the cavity resulting
in the enhanced electric field at the tunneling junction. The
maximum electric field of 2.13× 106 V/cm has been achieved
at the tunneling junction for K=12 for structure 1 and 1.88×
106 V/cm for structure 2.
The drain current variations with gate to source voltage at
VDS = 1 V in both devices of (FE-CP-TFET) based biosensor
are illustrated in Fig. 8. The variations in transfer charac-
teristics are obtained for different neutral biomolecules with
corresponding dielectric constants ranging from K = 2.1 to
K = 12. It can be noted that with an increase in dielectric
constant the hole carrier density gets enhanced under the
source cavity region resulting in the modulation of tunneling
barrier width. Hence, an increase in TWKB leads to a higher
ON current. Fig. 8(a) and (b) describe the impact of neutral
biomolecules with K value on the transfer characteristic of
the biosensor. It can be seen that the maximum peak is
achieved as 3.77 ×10−8 A/µm at K = 12. The impacts of
the positively charged (with charge density Nf = 1010cm−2

to Nf = 1012cm−2) biomolecules trapped in the cavity region
on transfer characteristic are described in Fig. 8(c) and 8(d) for
both the structures. The increment of the positively charged
biomolecules concentrations in the cavity region leads to the
reduction of hole carrier concentration, which results in the
reduction of ON current. Hence, there is a degradation of drain
current, which can be observed in Fig. 8(c) and 8(d). On other
hand, the presence of negatively charged biomolecules (with
charge density Nf = −1012cm−2 to Nf = −1010cm−2 ) in
the cavity region, attracts a large number of holes. Thus, the
improvement in the majority carrier concentration at the source
region narrower the tunneling barrier width and enhances the
tunneling rate. Hence, elevation in the ION with negatively
charged biomolecules is portrayed in Fig. 8(e) and 8(f). Fig.
9 indicates the impact of dielectric modulation of neutral
biomolecules in the cavity region on the RF parameter i.e.
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Fig. 5: Hole concentration of FE-CP-TFET based biosensor for (a) neutral biomolecule with cavity height hc = 2.5 nm; (b)
neutral biomolecule with cavity height hc = 5.5 nm; (c) charged biomolecule with cavity height hc = 2.5 nm and (d) charged
biomolecule with cavity height hc = 5.5 nm.

Fig. 6: Energy band diagram of FE-CP-TFET based biosensor
(a) with cavity height hc = 2.5 nm and (b) with cavity height
hc = 5.5 nm.

Fig. 7: Electric field of FE-CP-TFET based biosensor (a) with
cavity height hc = 2.5 nm and (b) with cavity height hc = 5.5
nm.

transconductance (gm) of the proposed devices, is defined
as gm = dID/dVGS . As an increase in K value improves
the drain current, hence transconductance of both the devices
increase. The maximum value of transconductance is achieved
as 3.56×10−7 s/µm and 1.64×10−8S/µm for the both the
proposed structures respectively.

B. Sensitivity analysis of FE-CP-TFET based biosensor

Sensitivity is an essential FOM to evaluate the performance
of a biosensor. Thus, to accurately detect the biomolecules to
be targeted, the sensitivity of the device should be as high

as possible. However, highly sensitive biosensors have also
suffered from the problem of selectivity and specificity which
may result in a false positive response from a negative sample.
The sensitivity of the FE-CP-TFET based biosensor is com-
puted, which is centered on the change in drain current, electric
field sensitivity, change in ION/IOFF ratio and transconduc-
tance sensitivity is considered a key sensing metric, which
can sense the existence of the charged as well as neutral
biomolecules immobilized within the cavity precisely. Sensi-
tivity is defined as [25]:

SID =

(
ID (bio)− ID (air)

ID (air)

)
(9)

In Eqn. (9), ID(bio) represents the drain current
corresponding to the completely filled cavity and empty
cavity yield the drain current as ID(air).
The presence of neutral biomolecules in the source-channel
dielectric cavity region the capacitive coupling between the
gate metal with the channel and the source metal with source
region gets enhanced resulting in an increment in the drain
current. Fig. 10 (a) and 10(b) demonstrate the drain current
sensitivity of FE-CP-TFET based biosensor with cavity height
hc = 2.5 nm and hc = 5.5 nm, respectively with the neutral
biomolecules having a corresponding dielectric constant
ranging from K = 2.1 to K = 12. It is revealed that the
improvement in drain current sensitivity has been achieved
with an increased K value of neutral biomolecules. The
maximum drain current sensitivity of the proposed structure
with cavity height of hc = 2.5 nm achieved by the proposed
model is 5.92 ×107 for K = 12 at VGS = 0.8 V and with the
cavity height of hc = 5.5 nm, 2.76 ×108 for K = 12 at VGS

= 1 V.

The impact of variation in the dielectric value (K) with the
presence of different neutral biomolecules in the cavity region
on the electric field sensitivity of the proposed structures is
depicted in Fig. 11. It is noted that the EF increases with the
K value as already mentioned in Fig. 7 resulting in improved
EF sensitivity at the elevated value of K. At K = 12, the
maximum EF sensitivity is achieved for 3.2 and 2.3 for both
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Fig. 8: Transfer characteristics of FE-CP-TFET based biosensor (a) with cavity height hc = 2.5 nm of neutral biomolecules; (b)
with cavity height hc = 5.5 nm for neutral biomolecules; (c) with cavity height hc = 2.5 nm for positive charged biomolecules;
(d) with cavity height hc = 5.5 nm for positive charged biomolecules; (e) with cavity height hc = 2.5 nm for negative charged
biomolecules; and (f) with cavity height hc = 5.5 nm of negative charged biomolecules.

TABLE III: Sensitivity parameter values of FE-CP-TFET based biosensor with cavity length hc = 2.5 nm and hc = 5.5 nm
due to positive and negative charged biomolecules.

Proposed structure 1 Proposed structure 2
Employed biomolecules Dielectric constant (K)

and Charge density (Nf )
Sensitivity (SI ) ION/IOFF Sensitivity Sensitivity (SI ) ION/IOFF Sensitivity

Positive Charged Biomolecules (+Nf ) K = 6, Nf = 1010 C/cm2 1.08×106 1.62×106 1.3×107 1.01×107

K = 6, Nf = 1011 C/cm2 1.06×106 6.82×106 1.29×107 3.78×106

K = 6, Nf = 1012 C/cm2 6.69×105 5.16×105 1.08×107 2.31×106

Negative Charged Biomolecules (-Nf ) K = 6, Nf =-1010C/cm2 7.79×105 7.05×105 1.3×107 3.76×106

K = 6, Nf = -1011 C/cm2 1.03×106 1.3×106 1.31×107 3.87×106

K = 6, Nf = -1012 C/cm2 1.05×106 2.17×106 1.31×107 6.31×106

TABLE IV: Sensitivity comparison of FE-CP-TFET based
biosensor with other reported TFET biosensors.

S.No. TFET Based Biosensors Sensitivity
1. Dielectric Modulated Electrostatically [42] 108

doped TFET
2. Vertical dielectrically modulated 102

TFET [43]
3. Electrically doped 105

TFET [44]
4. TFET with buried strained 105

Si(1−x)Gex source structure [47]
5. N+ pocket doped 106

Vertical TFET [48]
6. Proposed Structure 1 6×107

7. Proposed Structure 2 108

the proposed structures, respectively. Fig. 12 shows the impact
of variation of K value corresponding to different neutral

biomolecules on the ION and ION/IOFF sensitivity of both
the proposed structures. An increment in the K value leads
to improve the ION current, hence ION to IOFF sensitivity
also improves. With the increased value of K, the coupling
between source metal and source region gets enhanced more
for the device with hc = 2.5 nm compared to the device with
cavity height hc = 5.5 nm. Hence, the device with a lower
cavity height shows a greater ION current as described in
Fig. 10. The maximum ION is achieved by the device with
hc = 2.5 nm is 3.76 ×10−8 A/µm. Moreover, in OFF state
condition the tunneling barrier width towards source-channel
junction is larger in the biosensor with cavity height hc = 5.5
nm as compared to the other device leads to a lower IOFF

value of approximately 2.56 ×10−18 A/µm and 9.97 ×10−18

A/µm for low cavity height structure irrespective of K value.
Thus, the highest ION/IOFF sensitivity of 1.45×108 for K
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Fig. 9: Transconductance of FE-CP-TFET based biosensor (a)
with cavity height hc = 2.5 nm of neutral biomolecules, and
(b) with cavity height hc = 5.5 nm of neutral biomolecules.

Fig. 10: Drain current sensitivity of FE-CP-TFET based
biosensor (a) with cavity height hc = 2.5 nm for neutral
biomolecules, and (b) with cavity height hc = 5.5 nm for
neutral biomolecules.

Fig. 11: Electric field sensitivity of FE-CP-TFET based biosen-
sor (a) with cavity height hc = 2.5 nm and (b) with cavity
height hc = 5.5 nm.

= 12 for the proposed device with cavity height hc = 5.5 nm
is achieved.

The reflections of various charged biomolecules (present
in the cavity region) on the sensitivity values (drain current
sensitivity, EF sensitivity, ION/IOFF , and transconductance
sensitivity ) are listed in TABLE. III. It is observed from the
table, that the drain current sensitivity as well as ION/IOFF

Fig. 12: Impact of dielectric constant of neutral biomolecules
on ION and ION/IOFF Sensitivity of FE-CP-TFET based
biosensor with hc = 2.5 nm (Structure 1) and with hc = 5.5
nm (Structure 2).

Fig. 13: Transconductance sensitivity of FE-CP-TFET based
biosensor (a) with cavity height hc = 2.5 nm of neutral
biomolecules, and (b) with cavity height hc = 5.5 nm of neutral
biomolecules.

sensitivity of both the reported structure reduces with an
increase in the positive charged biomolecules concentration.
As positively charged biomolecules concentration reduces the
tunneling rate at the source-channel junction. An opposite phe-
nomenon is observed for the negatively charged biomolecules
as it lowers the tunneling width to allow a large number of
carriers to tunnel through it, which further enhances the drain
current.
TABLE. IV summarizes the comparison of the sensitivity of
the proposed work with various other TFET based biosensor
devices that have been reported in the literature. The drain
current sensitivity observed for the proposed structure is ≈
6×107 which is lesser than the sensitivity reported in [42], but
the proposed structure achieved this sensitivity comparatively
at lesser supply voltage (VGS = 1.2 V) due to the incorporation
of ferroelectric material. Moreover, it is evident that the
proposed structure shows enhanced sensitivity than the other
reported works as the cavity carved beneath the gate source
electrode and also the cavity length is larger than the ref. [44]
and [48]. In comparison to reported work in [43], [47], the
sensitivity is significantly higher owing to the suppressed OFF
current in the proposed structure. Finally, transconductance
sensitivity of the proposed structures has been investigated for
the neutral biomolecules as shown in Fig. 13. An increase in
dielectric constant of the neutral biomolecules increases the
transconductance sensitivity and it has achieved the maximum
value of the order of 108 for both the structures.
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Fig. 14: ION /IOFF linearity for dielectric constant varies from
1 to 12 of both the proposed structures.

C. Linearity analysis of FE-CP-TFET based biosensor

Linearity is a vital FOM for the sensor application. It reflects
the ability of a sensor to respond to changes in a variable
to be measured similarly across the full range. In this work,
the linearity of the proposed structure has been analyzed in
terms of the shift in the ION to IOFF ratio with the variation
of the different dielectric constants of the biomolecules to
be detected. The linearity equation for ION to IOFF ratio
sensitivity is given as ION /IOFF = slope[K]+ ION/IOFF (K
= 1). Pearson’s coefficient(r2) is computed to examine the
degree of fitness. ION/IOFF linearity of both the proposed
structure with respect to dielectric constant (K=1 to K = 12)
is shown in Fig. 14.
It is shown in the table inserted in Fig. 15 reveals that the
ION /IOFF sensitivity for structure1 is of range 3.6 ×105 per
K value and 4.2×104 per K value for structure 2. The fitness
coefficients for both the structures are found to be r2 ≥ 0.8.
Subthreshold Swing (SS) and average SS of the device are
evaluated with the Eqn. (10) and (11) expressed as:

SS =
∂VGS

∂(log10 ID)
(10)

SSavg =
VT − VOFF

log10 IT − log10 IOFF
(11)

For the proposed device the SS value, which is mini-
mum SSpoint and average SS value have been achieved as
52.8 mV/decade and 91.6 mV/decade, respectively for the
biomolecules having K = 12. Therefore after these critical
analysis, It can be claimed that the proposed structure may be
the better alternative to detect several biomolecules modulated
by dielectric constant and charge property such as SARS-CoV-
2 virus [55], different proteins and Amino acids [56].

IV. CONCLUSION

The work reports a highly sensitive biosensor based on the
dual cavity dielectric modulated ferroelectric charge plasma
Tunnel FET (FE-CP-TFET). The cavity regions are carved
at the source gate dielectric interfaces to get the steeper
edge at source-channel junction and hence better electrical
detection sensitivity. To precisely detect the bio-analytes the
comparison of two structural variants (i.e. one with cavity
height hc = 2.5 nm and another with hc = 5.5nm ) has
been carried out. The charge plasma technique is utilized

here to suppress the negative conduction and to improve the
random dopant fluctuations (RDFs). Moreover, the negative
capacitance (NC) effect has been incorporated with the sensing
device to empower the low power operation for the detection of
the target biomolecules. Two different figures-of-merit (FOMs)
sensitivity analyses (in terms of drain current, ION/IOFF ,
electric field, and transconductance sensitivity) and linearity
analysis are demonstrated here. The impact of neutral and
charged biomolecules trapped into the cavity region on these
FOMs are considered as key sensing metrics of the proposed
device. The maximum value of the drain current sensitivity
is achieved as 2.76 ×108, EF sensitivity is reported as
3.5, ION/IOFF sensitivity is 1.45×108 and transconductance
sensitivity is of the order of 108 with hc = 5.5 nm for K = 12
at VGS = 1.2 V. Linearity analysis in terms of ION/IOFF of
the structures achieved degree of fitness as r2 ≥ 0.8. Based
on our study, reported biosensor can be a potential contender
for future bio-sensing applications.
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