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An in-built N+ pocket electrically doped tunnel field-effect transistor (ED-TFET)-based biosensor has been reported
for the first time. The proposed device begins with a PN junction structure with a control gate (CG) and two polarity
gates (PG1 and PG2). Utilizing the polarity bias concept, a narrow N pocket is formed between the source and channel
without the need for additional doping steps, achieved through biasing PG1 and PG2 at —1.2 V and 1.2 V, respectively.
This method not only addresses issues related to doping control but also eliminates constraints associated with thermal
budgets and simplifies the fabrication process compared to traditional TFETs. To facilitate biomolecule sensing within
the device, a nanogap cavity is formed in the gate dielectric by selectively etching a section of the polarity gate dielectric
layer toward the source side. The investigation into the presence of neutral and charged molecules within the cavities
has been conducted by examining variations in the electrical properties of the proposed biosensor. Key characteristics
assessed include drain current, energy band, and electric field distribution. The performance of the biosensor is measured
using various metrics such as drain current (Ips), subthreshold swing (SS), threshold voltage (Vry), drain current ratio
(Ion/Iop). The proposed in-built N* pocket ED-TFET-based biosensor reaches a peak sensitivity of 1.08x10'3 for a
neutral biomolecule in a completely filled nanogap with a dielectric constant of 12. Additionally, the effects of cavity
geometry and different fill factors (FFs) on sensitivity are studied.
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1. Introduction

Biosensors are essential in our rapidly evolving techno-
logical landscape, with their market anticipated to expand con-
sistently in the years ahead. These innovative devices find
widespread application in numerous areas, such as biological
molecule research, food product testing, environmental mon-
itoring, forensic science, and pharmaceutical development.!!!
Key design factors for biosensors include sensitivity, selectiv-
ity, and rapid detection times. As a result, field-effect transis-
tor (FET)-based biosensors have surfaced as a budget-friendly
alternative to costly laboratory sensors, providing label-free

s.12~41 This approach not only delivers

detection of biomolecule
precise results without affecting the inherent properties of the
biomolecules but also brings several additional benefits. These
advantages include compatibility with CMOS technology re-
garding size, the ability to sense a broad spectrum of biological
species, high sensitivity, low power consumption, and the pos-
sibility of being integrated onto a single chip. > Despite their
compact size and low cost, the scaling of FET-based devices
encounters several challenges, including short-channel effects
(SCEs), OFF-state conduction, subthreshold roll-off, drain-
induced barrier lowering (DIBL), and subthreshold swing (SS)
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greater than 60 mV/dec. These issues can negatively impact
the performance of FET-based biosensors. To tackle the chal-
lenges mentioned above, various tunnel-field-effect-transistor
(TFET)-based biosensors have been proposed. These biosen-
sors demonstrate a steep subthreshold swing, low power con-
sumption, rapid response times, and high sensitivity.”-!!]

In addition to the advantages mentioned, TFETs also
face certain limitations, such as low ON-current and ambipo-
lar conduction. Numerous studies have been conducted by
researchers to address the issue of low current in TFETs.
Some of these studies have explored the use of dual-material
gate structures with double gate configurations through gate
material engineering.!'?! Additionally, various TFET device
architectures have been proposed, including gate-all-around,
Z-shaped gate, L-shaped gate, and T-shaped gate, employ-
ing structural engineering techniques.!'3~!51 Meanwhile, the
source-pocket (PNPN) TFET features a narrow, highly doped
N+ pocket layer located between the source and the channel,
which improves the overall performance of the traditional P—
I-N TFET design.!'%!”] However, creating the narrow, highly
doped N pocket requires a steep doping concentration gra-
dient, leading to several challenges such as greater fabrication

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

028703-1


https://doi.org/10.1088/1674-1056/adecfa
https://cstr.cn/32038.14.CPB.adecfa
mailto:liuying@foxmail.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 028703 (2026)

complexity, random dopant fluctuations (RDFs), an increased
thermal budget, and costly annealing processes. These factors
pose significant concerns for TFET-based biosensors.

Utilizing the polarity bias concept, we have recently in-
troduced a theoretical device design for an electrically doped
(ED) TFET that features an in-built N* pocket.!!8] Using elec-
trical doping instead of traditional doping methods removes
the need for abrupt doping profiles at junctions, reduces the
thermal budget, and avoids the ion implantation process dur-
ing device fabrication. As noted in Ref. [19] the OFF-state
current in ED-TFET is significantly lower than that of con-
ventional TFETs. This reduction is attributed to the lightly
doped silicon film and the lack of P-N junctions in thermal
equilibrium. Furthermore, the proposed ED-TFET offers the
potential for a much steeper subthreshold slope compared to
conventional TFETs. In our earlier research, this in-built N*
pocket ED-TFET was shown to effectively tackle the chal-
lenges of low ON-current, fabrication complexity, and RDFs
commonly associated with traditional TFETs. Consequently,
this manuscript explores the use of in-built N pocket ED-
TFET-based biosensors for biomolecule detection. Further-
more, a nanogap cavity is created within the oxide of the
source region adjacent to the in-built Nt pocket rather than in
the control gate oxide region. The sensing mechanism of the
proposed biosensors relies on the modulation of oxide capac-
itance caused by the immobilization of biomolecules within
the nanocavity, which exhibit varying dielectric constants (k
values) and interfacial charge densities (p values). In the sim-
ulation, the cavity is designed with an oxide layer material
that has adjustable electrical properties (k and p values) to
align with those of the desired biomolecules. By methodi-
cally modifying these parameters, a comprehensive analysis
of the electrical performance trends of the proposed biosensor
is conducted.

The main objective of the proposed device is to facilitate
label-free detection of biological molecules, such as uricase,
keratin, biotin, streptavidin, and more. A comprehensive anal-
ysis of the in-built N pocket ED-TFET’s performance has
been conducted, examining various biosensing parameters, in-
cluding electric field, energy band diagram, tunneling current,
subthreshold slope, Ion/Iopr ratio, and threshold voltage.

This article is structured as follows: Section 2 covers the
simulation parameters of the proposed device and fabrication
steps. Section 3 presents the results along with a detailed dis-
cussion of the sensitivity analysis. Lastly, Section 4 summa-
rizes our simulation study, highlighting the key findings.

2. Simulation parameters and fabrication pro-
cess

Figure 1 illustrates the cross-sectional view of the in-built
N pocket ED-TFET biosensor, which features an integrated

nanocavity within the oxide of the source region. The design
parameters and dimensions used in this study are presented in
Table 1. An in-built N* pocket electrically doped TFET is in-
troduced by utilizing the polarity bias concept.!?’! To create
the N drain and P™ source regions within the device, suitable
biases are applied to the polarity gate terminals, with Vpg; set
at —1.2 V and Vpg; at 1.2 V, respectively. Beginning with
a PN junction structure, two polarity gate electrodes are po-
sitioned on the source and drain sides of the device to form
the PNPN TFET configuration. This arrangement allows for
the creation of a narrow N1 pocket within the device with-
out requiring additional doping steps, thereby reducing man-
ufacturing complexity. The work functions for polarity gate 1
(PG1) and polarity gate 2 (PG2) are 5.93 eV and 3.9 eV, re-
spectively, corresponding to selenium (Se) and hafnium (Hf).
For the control gate (CG) contact, the work function is 4.3 eV,
which corresponds to ruthenium (Ru). Nickel silicide (NiSi),
with a potential barrier of 0.45 eV, has been employed for the
drain and source contacts.!'”! NiSi possesses a low Schottky
barrier height (SBH), which leads to a high density of charge
carriers at its edges, thus enhancing the ON current. Addition-
ally, simulations have shown that the incorporation of the in-
built N pocket provides a greater drive current and a steeper
average subthreshold slope (SS) compared to traditional ED-
TFETs.?! The performance of the proposed biosensor bene-
fits from the stacking of SiO, and HfO; oxides in the source
region. Regarding the dimensions of the biomolecules, the
cavity’s length and width are set to 25 nm and 15 nm, re-
spectively. The biomolecules targeted in this simulation —
Biotin, APTES, Ferrocytochrome ¢, Keratin, and Gelatin —
exhibit dielectric constants that vary between 2.63 and 12,
as detailed in Table 2. In the absence of biomolecular occu-
pancy within the nanocavity, there is a baseline dielectric con-
stant of unity (k = 1), which corresponds to the permittivity of
vacuum. The impact of biomolecular charges is examined at

the SiO,—insulator interface, with charge densities (p) defined
22-26]

based on recognized values for DNA.!

“p+”

Source

CG PG2

) T O
gap—S LCG Ly, p  Lpce

Lpc

Fig. 1. Cross-sectional view of the in-built N* pocket ED-TFET biosensor.
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Table 1. Simulation parameters and dimensions of the in-built N pocket

' literature and are fully compatible with existing CMOS
ED-TFET biosensor.

technology.?’->°1 As shown in Fig. 2(a), the fabrication pro-

Design parameters Symbol Value cess for the proposed in-built N™ pocket ED-TFET biosensor
Silicon layer thickness Ty lolgnm X begins with a high-quality P-type monocrystalline silicon sub-
Source do]?mg Ns 4 10] om strate, with a doping concentration of 1x10'7 cm™3. This en-
Body doping Np 1x10'7 cm~3 i d def £ i hich i
Length of CG/PG1/PG2 Leapa1 paa 50 1m sures a unitorm and defect-free crystalline structure, which 1s
Si0, thickness T, | nm crucial for consistent device performance. Two distinct wafers
HfO, thickness Thro, 15 nm undergo similar processing steps before they are ultimately
Nanocavity length Leavity 25 nm bonded together. Each starting wafer resembles a silicon-on-
Nanocavity thickness Teavity 15 nm insulator (SOI) wafer featuring a 5-nm-thick silicon layer. The
C9 workfunction 9o AN fer is subjected to Arsenic ion implantation for N* dopin
PG1 workfunction opG1 593 eV water s subjected fo Asenic 1on implantation 1o oping,
PG2 workfuction - 396V while the portion of the wafer under the resist mask remains
PG2/PG1 voltage Vog2/pG1 +12V initial P-type doping, as illustrated in Fig. 2(b). After this, the
Source-gate/Drain—gate gap  Lgap—5/Lgap-D 5nm resist mask is stripped away. In the subsequent step, illustrated

in Fig. 2(c), a silicon dioxide (SiO,) layer is grown on the P-

ing si f the silicon layer through oxidation pro-
Table 2. Electrical properties for biomolecules. type doping side of the silicon layer through oxidation pro

cesses, achieving a thickness of 1 nm, followed by the deposi-

Biomolecules Dielectric constant (k) Type tion of metal-1 with a work function of 3.9 eV. Following this,
Biotin 2.63 neutral a second oxidation step and the deposition of metal-2, which
APTES 3.57 neutral has a work function of 4.3 eV, are carried out using similar pro-
Ferrocytochrome ¢ 4.7 neutral . . . . . .

. cessing techniques. As seen in Fig. 2(d), masking and selective

Keratin 8 neutral . R
Gelatin 12 nuutral etching techniques are employed to define CG and PG2. The
DNA 1-64 charged next step involves depositing another 1-nm-thick SiO, layer,

followed by the deposition of a hafnium oxide (HfO,) layer

Figure 2 depicts the fabrication steps for the proposed  through atomic layer deposition (ALD),1*%! and then metal-3,
in-built Nt pocket ED-TFET biosensor. These processes  which has a work function of 5.93 eV, is deposited through a
align with those previously documented in the referenced  metallization process, as depicted in Fig. 2(e).

Resist mask
As implantation Metal-1

! |

H_ " i

- N+ A N+ <A
P-silicon silicon P-silicon silicon P-silicon

(a) (b) (c)
_— - Metal-3
Metal-2 — [ ]
Nt w + o N+ o
silicon | Esilicon
(d © ®
Nanocavity
+ o N* LA Nt L
si{\ilcon P-silicon silicon P-silicon silicon P-silicon
(2
|
(h)
SiO; deposition
and etching Etching process
Doping process for CG for PG -1 Metallization
(a) — () m— (<) m— () — () E— () — () — (h) — (i
Si wafer SiO> deposition HfO, deposition Etching process Bonded
and etching and metal for nanocavity wafers
process for PG-2 deposition

Fig. 2. Fabrication process for the in-built N* pocket ED-TFET biosensor.

Following this, figure 2(f) illustrates the selective etching  ing (NBALE) technique, *!! with the buried oxide layer subse-
required to form PG1. A nanocavity is created in the oxide re-  quently etched away. The final structure is completed by bond-

gion of PG1 using the neutral-beam-assisted atomic layer etch-  ing the two processed wafers together, as shown in Fig. 2(h).
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The drain and source contacts are formed using NiSi, which is
deposited via e-beam evaporation without the need for anneal-
ing. Any unreacted nickel is subsequently eliminated through
selective wet etching using a hot piranha solution. The cross-
sectional view of the completed in-built N* pocket ED-TFET
biosensor is presented in Fig. 2(i).

All simulations were conducted using the Silvaco Atlas
device simulation tool, version 5.19.20.R.13% To account for
mobility degradation due to electric fields, we implemented
the Lombardi mobility model in our simulations. Addition-
ally, we incorporated the Shockley—Read—Hall (SRH) recom-
bination model and utilized Fermi—Dirac statistics to enhance
the accuracy of carrier statistics. For devices operating at high
doping concentrations, the band-gap narrowing (BGN) model
was applied. It is important to note that quantum mechanical
effects were not considered when the thickness of the silicon
(Ts;) was greater than 7 nm.[*3 Since Tg; was designed to be
10 nm, quantum mechanical effects were excluded from our
simulations. To account for tunneling in the lateral direction,
the non-local band-to-band tunneling (BTBT) model was em-
ployed. For these simulations, a fine mesh was utilized in the
regions where tunneling occurs, allowing for a precise repre-
sentation of tunneling effects.

The transfer characteristics of an experimentally fabri-
cated N-TFET device were utilized to validate our simulated
model and simulation approach. For the purpose of this vali-
dation, the dimensions, materials, and other properties of the
simulated device were assumed to be identical to those of the
fabricated N-TFET device. As shown in Fig. 3, the trans-
fer characteristics of both the experimentally fabricated device
and the simulated device are presented.>*

10—
1077 4

Simulated model
O Experimental data

Vbs=1.0V
Tox =6 nm
Tsi =20 nm

107]4 T T T T T T
-1 0 1 2 3 4

Control gate voltage Vog (V)

Drain current Ipg (A/pm)

Fig. 3. Calibration of the simulated model with the experimental data. 34!

The results reveal a strong correlation between the two
sets of characteristics, indicating that the simulation environ-
ment we have established accurately represents the behavior of
the real device. This validation provides confidence in the reli-
ability of our simulation model for predicting the performance
of the N-TFET devices under study.

3. Results and discussion

In this section, we investigate the effects of neutral bio-
logical molecules with different k values in the cavity region
on the electrical properties of the device. However, in the pres-
ence of charged biomolecules, we consider the fixed charge at
the Si—Si0; interface. As reported in reference, 33! the effec-
tive capacitance at the source of the biosensor is a series com-
bination of the capacitance of the biomolecular layer and the
oxide layer. This can be expressed using the following equa-

tion:

1 1 I 1o Tox
kOX60X7

ey

Cs CBio Cox kBio EBio

where Cgio, kBio, and #gj, denote the capacitance, dielectric
constant, and thickness of the biomolecule layer, while Coy,
kox, and 7o represent the capacitance, dielectric constant, and
thickness of the oxide layer, respectively. Cg signifies the
biosensor’s effective capacitance at the source. It is note-
worthy that equation (1) illustrates how minor changes in the
biomolecule properties can result in significant variations in
the term 1/C;.

Variations in dielectric properties of the biomolecular
layer and the oxide layer cause changes in capacitance. These
alterations lead to changes in the charge density across the
junction, thus resulting in enhanced surface potential. As the
dielectric constant (k) values increase, the electric field across
the junction also increases, which leads to a higher degree of
tunneling. Such tunneling effects significantly impact the elec-
trical characteristics of biosensors, such as drain current (Ipg),
subthreshold swing (SS), threshold voltage (Vry), etc. Specif-
ically, the increased sensitivity of the biosensor is an outcome
of these changes in electrical characteristics.

An increase in the dielectric constant of biomolecules
in the cavity region causes an increase in the electric field
at the source—channel interface. Consequently, the width of
the barrier is reduced, and the electron tunneling rate is in-
creased. The effects of such variations on the electric field, en-
ergy band, and electron tunneling rate are clearly illustrated in
Figs. 4(a)—4(c), respectively. On the other hand, figures 4(d)—
4(f) illustrate the implications of charged biomolecules on de-
vice characteristics. Specifically, by increasing the negative
(positive) charged densities of biomolecules, the electric field
decreases (increases) at the tunneling junction. The net re-
sult of these effects is a decrease (increase) in the electron
tunneling rate and, accordingly, a decrease (increase) in the
device’s ON-current. It is worth noting that the proposed
biosensor exhibits greater drain current when there is an in-
crease in the dielectric constant and a positive charge density
of biomolecules.
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Fig. 4. Variation in (a) and (d) electric field, (b) and (e) band energy, (c) and (f) e~ tunneling rate and energy barrier width; (a)—(c) with different k at p =0,

(d)—(f) with different p at k = 12.

3.1. Sensitivity analysis

The biosensing applications require high sensitivity for
detecting biomolecules, which is usually evaluated using mea-
sures such as drain current (Ipg), threshold voltage (Vty), and
subthreshold swing (SS). Achieving high sensitivity is desir-
able in such applications.

The Ips sensitivity in the proposed in-built N pocket
ED-TFET biosensor is defined as the ratio of change in drain
current when the cavity region is filled with the dielectric con-
stant of biomolecules (k > 1) compared to when it is filled
with air (k = 1), i.e., Spp = Alps/Ia 136 The sensitivity of
the biosensor current increases with increasing dielectric con-
stants of biomolecules in the nanocavity region, as shown in
Fig. 5(a). The dependency of Sipg on the dielectric constant is
depicted in Fig. 5(c), which indicates that the sensitivity of the
proposed biosensor to drain current increases as the k value in-
creases. However, the Sy, exhibits an initial rise followed by
a decline as the CG voltage increases. This outcome is due to
the transition of the TFET into an on state at a CG voltage of
1.15 V for k = 1, resulting in an increase in the drain current,
which reduces the overall sensitivity to current. Therefore, the
highest S, of 1.08x 10'3 is achieved at a Vg of 1.15 V for
k=12.

Moreover, figures 5(b) and 5(d) illustrate the variation of
Sp,s With charged biomolecules. The biosensor’s sensitivity
to the drain current increases with increasing positive charge
density due to the higher concentration of holes in the source
region. However, the negatively charged biomolecules ex-
hibit an opposite behavior because the number of holes in the
source region decreases. Similar to the dielectric constant, the
sensitivity of interface charge shows a trend of increase, fol-

lowed by a decline with an increase in k value. The proposed
biosensor provides Sy, of 1.37x 10! with positively charged
biomolecules at p = +1 x 10'?> cm~2 (k = 12), while it pro-
vides Sp,4 of 8.58x 10'? with negatively charged biomolecules
atp = —1x102 cm=2 (k= 12).

The impact of variations in dielectric constant and charge
density on SS and subthreshold swing sensitivity (Sss) of the
proposed biosensor has been thoroughly examined. The Sss
of in-built N™ pocket ED-TFET biosensor is evaluated as
follows: 37!

Sss = | e | 2)

As depicted in Fig. 6(a), the SS of in-built N pocket ED-
TFET biosensor decreases as the dielectric constant of neutral
biomolecules increases, while the SS sensitivity shows an in-
crease. Additionally, figure 6(b) presents the effect of charged
biomolecules on the SS sensitivity of the biosensor. Here, it
can be observed that as the concentration of interface charge
increases, the SS decreases, which is accompanied by a rise in
SS sensitivity.

Figures 6(c) and 6(d) illustrate the threshold voltage and
its sensitivity of the proposed biosensor in relation to the di-
electric constant and charge density. The threshold voltage
sensitivity (Syt) is defined as follows: 18]

air bio

v

Sy =

The results shown in Figs. 6(c) and 6(d) indicate that Syty
increases as the k value rises, whereas it decreases with in-
creasing charge density.
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The Ion/Iorr ratio is a crucial characteristic of nanoscale
devices, and thus, the sensitivity of the proposed biosensor can
be evaluated in terms of this ratio, calculated using the follow-
ing equation: %]

SIoN/IOFF = ( (ION/IOFF)biO — (ION/IOFF)air> .
(Ion/Iorr)™"

As the dielectric constant of the biomolecules in the cavity
region increases, the barrier width at the tunneling junction

“4)
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wn
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0.34 1
T T T T T 0.5

—10 -5 0 5 10
Charge density (p) (10! cm~2)

and (b) p at k = 12. Threshold voltage and threshold voltage sensitivity

decreases. This leads to an enhanced tunneling rate and an
increase in the ON current, thereby improving the Ion/Iopr
sensitivity. This effect is depicted in Fig. 7(a). Addition-
ally, an increase in the positive (negative) charge density of
biomolecules results in a higher hole concentration (electron
concentration) in the source region, leading to an increase (de-
crease) in the drain current. Consequently, the Ion/Iorr sen-
sitivity increases (decreases), as illustrated in Fig. 7(b).

028703-6



Chin. Phys. B 35, 028703 (2026)

= 16
> 31 .
< ]
z r12 2
22 o
b e
: 8
% &
= 1] S
o 42
Ny Z
z (a) <

S 0+ Lo

0 2 4 6 8 10 12
Dielectric constant (k)

2.0 4
Veg=15V —~
15 Ves=10V 5 g
2 p=0 P
Z ©
5 107 2 ©
z
@ 0.5 |
p
N @ [

0

0 2 4 6 8 10 12

Dielectric constant (k)

Ion/Iorr sensitivity

Y9m, max

S

1014
Vee=15V r1.36 —
1012 F1.32 2
2
1010 4 r1.28 £
-
r1.24 £
108 4 2
1.20 \%
106 3 (b) 116 =
—10 -5 0 5 10
Charge density (p) (10! cm~—2)
1013. r3.3
11 r3.2 g
10114 @B
r3.1 %
109 2
3.0
i
1074 29
] () s
105 : . . F2.8

—-10 -5 0 5 10
Charge density (p) (10! cm~2)

Fig. 7. Ion/lorr sensitivity and Ion/Iopr ratio variations with different (a) k at p =0 and (b) p at k = 12; gm max sensitivity and gm max

variations with different (c) k at p =0 and (b) p at k = 12.

The next parameter evaluated in this paper is S, .., de-
fined by the following equation: ]
bi .
S _ ggn,lgl)ax 7g£r}11,1rrr)1ax (5)
gm,max ~ (air) )
m,max

bi .
where gx(nfﬁl)ax represents the maximum transconductance of the

device when the nano-detection cavity is filled with materi-
als possessing varying dielectric constants, and g&‘;‘f;{ax corre-
sponds to gm max When the nano-detection cavity is unfilled.
As illustrated in Fig. 7(c), both gy max and S,
to increase progressively with higher k values. Additionally,
figure 7(d) demonstrates that as the interface charge density

rises, both gm max and S

are observed

m,max

also exhibit a gradual increase.

m,max

3.2. Considering of non-ideal issues

All the analyses conducted for the proposed biosensor so
far have been predicated on the assumption of fully filled nano-
cavities with biomolecules. However, in practical scenarios, it
is unlikely for nano-cavities to be completely filled. When the
cavities are only partially filled, the sensitivity of the biosensor
tends to decrease. Therefore, it is essential to investigate the
fill-factor (FF)-based sensitivity of the proposed biosensor to
better understand the operational challenges it faces. The fill
factor is defined as follows:[*!]

A .
FF% = <"°> % 100. (6)
total
Here, Ay, denotes the area of the nanocavity occupied
by biomolecules, while Ay, represents the total area of

the nanocavity. Figure 8(a) illustrates various levels of

biomolecule accumulation at 25%, 50%, 75%, and 100%. Fig-
ure 8(b) presents a plot of current sensitivity against the fill
factor for different k values. It is evident that increasing both
the FF and the k values of the biomolecules leads to an en-
hancement in the sensitivity of the proposed biosensor. This
enhancement occurs due to the capacitive coupling between
the PG1 terminal and the source region increases, leading to
greater sensitivity of Ips with an improved FF. In conclusion,
the fill factor plays a crucial role in influencing the sensitivity
of the in-built N pocket ED-TFET-based biosensor.

3.3. Effect of cavity geometry on sensitivity

In this work, we also investigated the effects of cavity
geometry on the sensitivity of the proposed biosensor by mod-
ifying the cavity lengths (Lcayity) and thicknesses (Teayiry). Fig-
ure 8(c) illustrates the variation in Ipg sensitivity with respect
to cavity length. We simulated devices with cavity lengths
of 20 nm, 25 nm, 30 nm, and 35 nm. As the cavity length
increases, the capacitor area expands, enhancing the cavity’s
ability to control Ips. Consequently, the sensitivity of the pro-
posed biosensor improves with longer cavity lengths.

Moreover, we modified the cavity thickness of 13 nm,
15 nm, 17 nm, and 19 nm. The results show that as the cavity
thickness increases, the current sensitivity decreases, as illus-
trated in Fig. 8(d). An increase in cavity thickness results in a
reduction of the coupling capacitance between the source re-
gion and the PG1 terminal. Consequently, the influence of the
PG1 terminal on the carrier concentration in the source region
diminishes. This decline in control leads to less band bending
at the tunneling interface, which in turn lowers both Ips and
Ips sensitivity.
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3.4. Effect of thermal drift on sensitivity considering of
non-ideal issues

The electrical parameters of semiconductor devices are
generally sensitive to variations in temperature, making it cru-
cial to assess the impact of temperature changes on the sensi-
tivity of the proposed biosensor. In our simulations, we ana-
lyzed the device performance at temperatures of 280 K, 300 K,
and 320 K.

As illustrated in Fig. 9(a), the drain current of the pro-
posed biosensor increases and Vry shifts to the left with rising
temperature. However, it is evident that the Ips and Vg are not
significantly affected by temperature variations because the
proposed device operates based on the band-to-band tunnel-
ing mechanism. This means that the current in this device re-
lies more on tunneling phenomena rather than directly on ther-
mal effects. Despite the increase in Ipg with temperature, the
sensitivity of the biosensor experiences a decrease, as shown
in Fig. 9(b). This phenomenon can be interpreted through
two competing effects that occur when the nano-cavities are
filled with biomolecules. First, as temperature increases, the
tunneling barrier width decreases, which leads to an increase
in Ips. Second, the dielectric constant of the immobilized
biomolecules decreases with rising temperature, causing a re-
duction in capacitive between the polarity gate terminal (PG1)
and the source region. The latter effect negatively impacts the
current sensitivity.
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~ E k=4.7
< E p=0
8 10715:
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Fig. 9. (a) Ips—Vcg characteristics and (b) Ipg sensitivity at different
temperatures (280 K, 300 K, and 320 K).

Consequently, while Ipg increasing due to the narrowing
of the tunneling barrier when the nano-cavity is empty, this in-

crease is offset by the decrease in sensitivity when the cavity is
filled with biomolecules. Therefore, we can conclude that the
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sensitivity of the proposed biosensor decreases with increas-
ing temperature, primarily due to the dual impact of increased
Ips in empty cavities and reduced capacitive coupling in filled
cavities as ambient temperature rises.

3.5. Selectivity analysis

A fundamental attribute of biosensors is their selectiv-
ity, which refers to the ability to differentiate between tar-
get biomolecules and other biomolecules present in the nano-
cavities. According to Eq. (7), selectivity can be quantitatively
assessed by measuring the variance in drain current between
the target biomolecules and the reference biomolecules.

(bio) (bio)
I Target I Ref.

- . (N
bio
Il(ief.)

AS =

(bio)

Here, I (bio) and I . denote the drain currents obtained from

Target
the propoied biosensor when detecting the target biomolecules
and reference biomolecules, respectively. To quantitatively
evaluate this parameter, selectivity calculations were con-
ducted for three different pairs of biomolecules: Ferrocy-
tochrome c-APTES, Ferrocytochrome c-Biotin, and Keratin—
Biotin. Figure 10 illustrates the selectivity of the proposed
in-built N* pocket ED-TFET biosensor for various target
biomolecules in relation to different reference biomolecules.

1014
Ferrocytochrome c-APTES
] Ferrocytochrome c-Biotin
Keratin—Biotin
> 10124
h
2
+ 4
O
<
[}
»2 1o
108 T T T

A51 ASQ ASS

Fig. 10. Selectivity of the proposed biosensor between different pairs
of biomolecules.

The results indicate that the highest selectivity, measured
at 7.53x 1012, is attained by the biosensor for the Keratin—
Biotin. This enhanced performance is largely attributed to the
significantly larger value of Ag; /€& observed for these specific
biomolecules compared to other combinations.

In Table 3, we present a comparison of the current sensi-
tivity of the proposed in-built N* pocket ED-TFET biosensors
with previously reported tunnel TFET-based biosensors. The
data indicate that the proposed biosensor exhibits superior sen-
sitivity due to its innovative structural design, which incorpo-
rates a cavity and an in-built N* pocket on the source side.
This unique configuration enhances the capacitive coupling
and enables more effective molecular detection compared to
other biosensors in the literature.

Table 3. Comparision of the in-built N* pocket ED-TFET biosensor
performance parameters with published works.

References/ Cavity Dielectric Drain current
Year dimensions constant (k) sensitivity
(approximate S,DS)

[26)/2024 Vs =10V, 3.57 1.95 x107
Vps =0.5V, 8 1.64 x10'°
Leaviy = 25 nm, 12 1.34x 10"
Teavity = 5.5 nm

[301/2024 Vas =20V, 4 8.0x 10
Vps = 1.0V, 8 5.0x10%
Leaviy =7 nm, 12 3.68%10°
Teaviy = 5 nm

[38]/2024 Vas =12V, 4.7 2.0 x 107
Vps = 1.0V, 10 8.16 x10°
Leaviy = 25 nm, 12 5.30 x10'°
Tcavi(y =15nm

[41]/2024 Vs =3.0V, 7 3.0x10
Vps = 1.0V, 12 7.0x10%
Leayity = 30 nm, 22 8.61x10*
Teavity = 3 nm

[42)/2022 Vas =04V, 2.63 6.0x10*
Vps = 0.4V, 3.57 7.0x10°
Lcavily =50 nm, 8 6.17x10°
Tcavi[y =7nm

[43]/2024 Vos =15V, 8.7 5.8x10%
Vbs =05V, 24.5 7.6x10°
Leayity = 25 nm, 32 2.7x10'0
Tcavily =2nm

[441/2025 Vs =2.0V, 45 2.0x10°
Vps =1.0V, 24.5 6.0x 108
Lcavily =11 nm, 32 9.05x 108
Tcavi[y =5nm

This work Vos =15V, 2.63 1.31x10°
Vps =10V, 8 8.74x10'?
Leayity = 25 nm, 12 1.08x10"3

Teavity = 15 nm

4. Conclusions and perspectives

In this article, we investigated the performance of the
proposed in-built N* pocket ED-TFET biosensors for the
label-free detection of both neutral and charged biomolecules.
The analysis reveals that the sensitivity of the proposed N*
pocket ED-TFET biosensors enhances with higher k-values
and increased density of positively charged biomolecules,
whereas it diminishes with a greater presence of negatively
charged biomolecules. When assessing neutral biomolecules,
the biosensor achieves a peak Ipg sensitivity of 1.08x10'3,
a Vry sensitivity of 0.74, an SS sensitivity of 0.80, and an
Ion/Iorr sensitivity of 3x 10° with nanogaps fully filled at
k = 12. For biomolecules that are negatively charged, the max-
imum Ipg sensitivity recorded is 8.58x10'2, while for posi-
tively charged biomolecules, it is 1.37x10'3. The Vry sensi-
tivity for negatively charged molecules is 0.56, compared to
0.86 for positively charged ones. Similarly, the SS sensitiv-
ity is 0.87 for negatively charged biomolecules and 0.93 for
positively charged. The Ion/Iopr sensitivities are 1.1 x 10°
for negatively charged and 9.07x 10'? for positively charged
biomolecules, with a charge density of —1 x 1012 C- cm™2 for
negatives and 1x10'> C- cm~2 for positives, both at k = 12.
The increased sensitivity underscores its ability to detect lower
concentrations of target biomolecules, which is critical for en-
hancing the reliability and accuracy of biosensing technolo-
gies. Overall, the simulation results highlight the advantages
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of the in-built N pocket ED-TFET design, demonstrating its
potential for high-performance biosensing applications.
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