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ABSTRACT

This present work is an extensive effort to report the key role of indispensable

technical challenges in the sensing performance of an embedded nanogap SiGe

source dielectric-modulated tunnel field effect transistor (SGS-DM-TFET)

biosensor during the conjugation of biological samples for the first time. In order

to reach high and brilliant insights into the different design considerations

impacting on the sensing performance of the biosensor under the study, two key

issues in terms of process-related issue and real-time-related issues covering

biomolecules manners in the nanogap cavity of the biosensor have been com-

prehensively studied through extensive numerical simulation. Investigations in

this work revealed that the SGS-DM-TFET biosensor must be truly configured

for working in realistic conditions. The obtained results give us a useful

guideline for sensing the biomolecules samples in the real conditions including

low coverage percentage of biological samples, charge effect, and discrete probe

position with the help of SGS-DM-TFET biosensor while keeping the high

sensitivity.
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1 Introduction

Dielectric-modulated field effect transistor (DM-

FET)-based biosensor [1–5] has obtained a great deal

of interest in highly sensitive biomedical diagnostic

tools since it can identify the biological samples

without the process of labeling and making the

biosensor high cost. It has high capabilities and reli-

ability of FET-based structures that work in low

power, analog/RF, and memory applications and it

can also be used for sensing the biological samples

[6–10]. Achieving a high sensitivity in the biosensors

is very vital in biomedical different applications.

Although the DM-FET-based biosensors are the

attractive candidates owing to their high ON current

at the event of sensing the biological samples, they

give a weak sensitivity. Hence, the low biological

density of samples can be led to a fault in the

detection of samples [11, 12]. Hence, it is essential to

develop the FET-based sensors to attain a high sen-

sitivity. Tunneling FET structure (TFET) is consid-

ered as a promising candidate with low-leakage

current and super-steep subthreshold swing in the

solid-state devices [13, 14]. For that reason, the vari-

ous resources have investigated the DM-TFET-based

biosensor for low-power consumption label-free

biomolecule detection aims since it presents a high

sensitivity [15, 16].

In spite of all the advantages that the TFET

biosensor provides for us, it suffers from a weak

drain current when it is sensing the biological sam-

ples resulting in the reduction of signal-to–noise ratio

(SNR). To overcome this serious weakness, a SiGe

source dielectric-modulated TFET biosensor (SGS-

DM-TFET) has been recently proposed to provide a

good sensitivity along with relatively high current

[17]. The reduction of bandgap energy and tunneling

width are termed as the most important factors to

promote the electrical performance of the SGS-DM-

TFET biosensor. The SGS-DM-TFET biosensor has

given a high sensitivity along with the enhanced

drain current promising an excellent device in the

biomedical applications. Although the proposal of

the SGS-DM-TFET biosensor has led to the relaxation

for researchers, its performance has not been inves-

tigated in the practical conditions, yet. This work, for

the first time, focuses on the critical and more prob-

able issues occurring during process and biomolecule

detection steps. The process-related issue is the

variation of nanogap cavity length and the real-time-

related issues including the biomolecule behavior in

the cavity in terms of the partial hybridization, charge

effect, and discrete receptors/target biomolecules

placement have been extensively investigated. This

paper gives us a powerful insight into the SGS-DM-

TFET biosensor sensing performance implemented in

the real conditions thus successfully drawing an

efficient guideline to select the optimum situation

with respect to various and probable operating

conditions.

It is worth noting that there are some interesting

topics about the biosensors using the two-dimen-

sional material such as graphene for detection of the

DNA samples [18–21]. It is pointed out that we will

only focus on materials based on the silicon.

2 Various SGS-DM-TFET biosensor
schemes by practical issues

A double-gate (DG) DM-TFET structure with the

embedded nanogap cavity at the source end has been

utilized for the sensitivity analysis owing to steeper

subthreshold swing and low-leakage current as

illustrated in Fig. 1a.

The source region is filled by the material SiGe by

germanium composition of 0.3 since this value has

been selected as an optimum composition in the lit-

erature [17]. Also, the whole nanogap cavity is com-

monly filled by the air for pre-conjugation step

measurement. The nanogap cavity thickness and

length are considered to be 10 nm and 15 nm,

respectively. Other essential parameters imple-

mented in the simulation domain are listed in

Table 1. The sensitivity of the biosensor is evaluated

at the biased conditions Vds = 0.5 V and Vgs = 6 V.

The methodology utilized for investigating the

impact of partial hybridization (PH) of biological

samples has been depicted in Fig. 1b–d. Figure 1b

shows that the biomolecule is uniformly spread to the

nanogap cavity by a 100% coverage percentage [15].

It is worth noting that Fig. 1c illustrates the uniform

partial distribution of target samples in the cavity

owing to the PH. In order to consider more realistic

conditions, the non-uniform PH of biomolecule pro-

file has been assumed as shown in Fig. 1d. This PH

profile illustrates a ramp pattern by a gradual

reduction of biomolecule thickness from the entrance

of the cavity (end of the source) to the end of the

cavity length. It is worth noting that only a part of the
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nanogap cavity is filled by the biomolecule and its

density is gradually reduced along the cavity length

in the practical conditions. Indeed, it has been proved

that the atomic obstacles provided by already filled

biomolecules prevent other biomolecules distributed

along the nanogap cavity [22]. Hence, retarding the

filled biomolecules inside the cavity causes the bio-

molecule thickness reduced along the nanogap cav-

ity. Also, in order to consider more realistic

conditions, Fig. 1e shows the position of the discreet

probes replaced in the nanogap cavity. These probes

are introduced to the nanogap cavity as a discrete

entity occurring in the real conditions during pro-

cessing the biosensor. Indeed, the biological samples

are trapped by these probes and will form the

hybridized probe/target configuration. It is pointed

out that each of these configurations has the main

role in the sensing performance of the SGS-DM-TFET

biosensor that will be completely explained in section

IV.

Fig. 1 a SGS-DM-TFET structure implemented in the simulation

domain in the absence of the biomolecule. b Nanogap cavity is

uniformly and completely filled by the biomolecule samples.

c Nanogap cavity is uniformly and partially filled. d Nanogap

cavity is non-uniformly and partially filled (ramp pattern).

e Probes are embedded in discrete places inside the cavity [15]

Table 1 List of the SGS-DM-TFET biosensor parameters

implemented in the simulation domain

Parameters Values

Gate length, Lg 100 nm

Source/drain region length, (Ls, Ld) 50 nm

Gate oxide thickness, tox 10 nm

Nanogap cavity length, Lgap 15 nm

Silicon layer thickness, tsi 20 nm

Doping concentration of channel, Na 1 9 1016 cm-3

Doping concentration of source, Na
? 1 9 1020 cm-3

Doping concentration of drain, Nd
? 5 9 1018 cm-3

Gate metal work function 4.1 eV
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3 Governing equations in the SGS-DM-
TFET biosensor

In order to understand the electrostatic behavior of

the aforementioned biosensor, the robust physical

models involved in the semiconductor basic equa-

tions are included in the simulation domain of the

structure under the study before/after the conjuga-

tion of biological samples. Two main fundamental

equations in terms of Poisson equation and carrier

continuity equations are considered to simulate the

SGS-DM-TFET biosensor in the following:

r: erwð Þ ¼ �q ð1Þ

on=ot ¼ ð1=qÞr:ðJn
!Þ þ Gn � Rn ð2Þ

op=ot ¼ �ð1=qÞr:ð Jp
!Þþ Gp � Rp ð3Þ

where, in equations above, w is the electrostatic

potential, e is local permittivity, q is local space

charge density including electron concentration n,

hole concentration p, acceptor doping profile Na, and

donor doping profile Nd, Jn is the electron current

density, Jp is hole current density, Gn,p and Rn,p are

the rates for the process of generation and

recombination.

Regarding the aforementioned fundamental

frameworks for modeling the biosensor, the main

transport equations named as drift–diffusion equa-

tions are solved for both the carriers to compute the

current densities in the simulation domain according

to the subsequent forms [22]:

Jn ¼ qDnrn� qnlnrw� nln KTLr Lnnið Þð Þ ð4Þ

Jp ¼ �qDprp� qplprwþ plp KTLr Lnnið Þð Þ ð5Þ

Jp ¼ � qlppr/p; Jn ¼ � qlnnr/n ð6Þ

n ¼ ni exp q w� /nð Þ=KTLð Þ ð7Þ

p ¼ ni exp �q w� /p

� �
=KTL

� �
ð8Þ

In order to consider the realistic conditions, the

nonlocal quantum equivalent capacitance model for

the SGS-DM-TFET biosensor is utilized to compute

the tunneling rate across the semiconductor junc-

tions. The term for including the nonlocal tunneling

process is given in the subsequent form [24]:

J Eð Þ ¼ q

pm

ZZ
T Eð Þ fl Eþ ETð Þ � fr Eþ ETð Þq ETð ÞdEEdE½ �

ð9Þ

It is worth mentioning that the summation of the

current density for all the related energies is added to

the current density at the junction grid point to

include the tunneling current density, successfully.

Also, Fermi–Dirac static has been considered for the

approximation of the carrier’s density. In addition to

considering Eqs. (1)–(9), other important physical

models in terms of normal electric field-dependent

mobility, interface charge effect, doping-dependent

bandgap narrowing, and strain effect have been

contained in the simulation domain to accurately

analyze the proposed SGS-DM-TFET biosensor elec-

tric performance.

The electron mobility as a factor defining the

device conduction has a serious dependence on the

normal (transverse) electric field. Moreover, the

velocity of carries will start to be saturated when the

electric field increases. Hence, the parallel electric

field-dependent mobility considering the saturation

velocity gives an accurate evaluation at modeling the

biosensor. This model has been activated in the

simulation. Due to the non-uniformity of interfaces,

the dangling bonds will be formed creating the

interface charges. In this paper, both the non-unifor-

mity and biomolecule charge have been modeled by

the interface charge. Also, doping-dependent band-

gap narrowing is an important factor that can impact

on the carrier transfer. This is the result of the

impacting heavily doped material on the bandgap in

the materials. Indeed, an increase in the doping

concentration will decree the bandgap should be

considered in the simulation.

All the aforementioned main equations are dis-

cretized in the simulation domain and introduced to

the ATLAS package which is from the SILVACO

family for extracting the electrical parameters mod-

eling the sensing performance of the SGS-DM-TFET

biosensor [23]. It is pointed out that two important

boundary conditions in terms of the Neumann and

Dirichlet have been applied in the simulation domain

in order to solve the basic semiconductor equations,

numerically.
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4 Fundamental physics behind SGS-DM-
TFET

This section is attributed to the fundamental physics

involved in the SGS-DM-TFET structure for the

enhancement of the sensing performance. Figure 1

shows that the source region of the TFET device has

been replaced by the SiGe material. Two main events

in terms of the reduced bandgap and reduced tun-

neling width are exhibited in the result of this con-

figuration. The figure shows that when the

biomolecule is inserted inside the nanogap, the

channel region is modulated resulting in the final

increase in the channel conduction.

To better understand this revolution, the energy

band profile of the SGS-DM-TFET structure along the

lateral channel has been illustrated for before/after

the conjugation of the biomolecule in Fig. 2. The

condition of the bias has been brought in the inset of

the figure. It is seen in the figure when the biomole-

cule is hybridized, the tunneling width is reduced

making the device more conductive since more

electrons can tunnel from this barrier. In order to

theoretically show the enhancement of the tunneling

current, the tunneling current density is given as

follows [24]:

Jt ¼
ffiffiffi
2

p
q3m�1=2nVa

4p2g2E1=2
g

exp
�4

ffiffiffiffiffiffiffiffiffi
2m�

p
Eg � gx
� �3=2
3qgn

 !
ð10Þ

where q is electron charge, m� is the carrier effective

mass, n is the maximum electric field, and Eg Eg is

bandgap. The important parameters in the cases of

effective mass, bandgap, and maximum internal

electric field are design variables to maximize the

current density. As we know, the SiGe material has

less bandgap and tunneling mass compared to the

silicon material. Hence, there is a good increase in the

tunneling current of the SGS-DM-TFET structure.

For more clarification, the energy band profile of

the hybridized TFET biosensor for both the Si and

SiGe source materials is illustrated in Fig. 3. It is

evident from the figure both the bandgap and the

tunneling width of SiGe source TFET is far less than

those of the Si source TFET. A meaningful result is an

increase in the band-to-band tunneling (BTBT) gen-

eration rate for the SiGe source TFET relative to the Si

source TFET as shown in Fig. 4.

5 Results and discussion

This section profoundly explains the role of the pro-

cess-related issue and real-time-related issues in the

sensitivity parameter of the SGS-DM-TFET biosensor.

The partial hybridization (PH) of biological samples,

charge effect, and discrete probe position inside the

nanogap cavity are the important factors concerning

the researchers about the electrical performance of

the biosensor under the study which is explained in

detail.

It is worth noting that the biosensor performance

changes when a biomolecule sample enters the

nanogap cavity. Hybridization of biomolecule sam-

ples on the probe receptors causes the dielectric

constant of the material inside the nanogap cavity to

Fig. 2 Energy band profile along the lateral channel Fig. 3 Energy band profile along the lateral channel
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vary from K = 1 (air material) to Kbio corresponding

to a specific biomolecule. Unless otherwise stated,

streptavidin–biotin binding system with Kbio = 2.1 is

selected to evaluate the biosensor sensitivity

throughout this paper. Actually, the conjugation of

the biological samples inside the nanogap cavity

modulates the channel electrostatic with a change in

the channel carrier density. The band energy of the

channel region is directed to fewer energies in the

result of the introduced biomolecule conjugation thus

providing massive tunneled carriers contributing to

the conduction mechanism. Also, including the SiGe

source will reduce the tunneling height and width to

more promote the channel conduction.

A figure of merit in the case of SbioTFET which is

based on the measurement of the drain current Ids at

the applied bias Vds = 0.5 V is defined to characterize

the biosensor sensitivity. To reach this main variable,

a general sensitivity parameter (Scurrent) is first

extracted for the swept gate voltages as follows:

Scurrent ¼ Ibiods � Ino bio
ds

� �
=Ino bio

ds ð11Þ

where Ino bio
ds and Ibiods are termed as the drain current

before (K = 1) and after (Kbio = 2.1) conjugation of

biomolecules, respectively. Then, SbioTFET corre-

sponding to maximum Scurrent, (which usually has a

tendency into lower gate voltages) is given as the

final sensitivity parameter of the biosensor for the

sensing performance evaluation.

5.1 Effect of partial hybridization
on sensing the performance

This subsection explains the influence of the PH

biomolecules profiles on the SGS-DM-TFET biosensor

sensitivity as depicted in Fig. 1. At first, the uniform

PH impact for different biomolecule lengths (Lbio)

varying from 50 to 100% of the nanogap cavity length

(Lgap) has been investigated. The nanogap cavity

length is set to the value of Lgap = 15 nm. To better

understand the biosensor performance, the potential

distribution along the channel surface has been

plotted at the bias conditions Vgs = 6 V and Vds-

= 0.5 V in Fig. 5.

As shown in the figure, the reduction of biomole-

cule coverage percentage from 100 to 50% of the

nanogap cavity area leads to a decrease in the

potential beneath the cavity. It is low coverage per-

cent of biomolecule inside the cavity that reduces the

dielectric modulation due to the enhanced effective

gate oxide thickness. Hence, it is expected that the

surface potential starts to decreases along the channel

region thereby increasing the threshold voltage. A

meaningful result is that the drain current will be

reduced. The influence of the uniform PH biomole-

cule profile on the drain current of the biosensor is

shown in Figs. 6 and 7.

The drain current as a function of the drain voltage

and gate voltage has been demonstrated in the fig-

ures. It is obvious from the figures when the biomo-

lecule coverage percentage is reduced, the drain

current will be reduced resulting in the change in the

Fig. 4 BTBT generation rate for SiGe and Si source TFET

structures

Fig. 5 Potential distribution along the surface channel for

different Lbio ranged between 7.5 nm and 15 nm

22704 J Mater Sci: Mater Electron (2020) 31:22699–22712



biosensor sensitivity. Also, it is clearly seen from the

figures that a 50% biomolecule fill factor corre-

sponding to Lbio = 7.5 nm creates a high subthresh-

old swing can affect on the SGS-DM-TFET sensing

performance, adversely.

To predict the sensing performance of related

biosensor, the drain current sensitivity (Scurrent) upon

the gate voltage for the various biomolecule profiles

with the uniform PH is illustrated in Fig. 8. In the

studied biosensor, the source area has been replaced

with heavily doping SiGe. Therefore, the tunneling

width and the bandgap reduce which will increase

the current. As can be seen in Fig. 8, as the gate

voltage increases, the current sensitivity increases. It

is due to the lowering of the conduction band energy

of the channel, and the carriers which can tunnel

more now. In order to more clarify, the sensitivity

behavior of the figure can be explained by the

behavior of the energy bands’ edges at the region of

nanogap. In fact, the bio-event-induced dielectric

increment at the nanogap region alters the energy

bands’ edges at the level of LBIO (in comparison to the

initial state when the nanogap is uniformly filled by

the air). Therefore, the increase in LBIO dilates the

modulation length of the concerned energy bands’

edges leading to significant change in tunneling

current, and hence, a higher sensitivity is recorded

with LBIO increasing, as shown in the same figure.

Moreover, the record of maximum sensitivity at a

specific gate bias shown at the same figure can be

explained by the switching behavior of the proposed

TFET device. As known, the biomolecules-induced

dielectric increment alters the energy bands’ edges at

the nanogap level. Therefore, when this modulation

is occurred at a gate bias near the off–on transition

event (i.e., near the alignment between the source

valence band-edge and the conduction band-edge

underneath the gate [24], a significant change in drain

current is obtained. Equivalently, the biomolecules

will switch the proposed TFET device leading to a

high current modulation while explaining the record

of maximum sensitivity points in Fig. 8. It is worth

indicating that this sensitive mechanism is valid for

any DM-TFET-based nanobiosensor.

Fig. 6 Drain current as a function of the drain voltage for different

Lbio ranged between 7.5 nm and 15 nm

Fig. 7 Drain current as a function of the gate voltage for different

Lbio ranged between 7.5 nm and 15 nm

Fig. 8 Drain current sensitivity as a function of the gate voltage

for different Lbio ranged between 7.5 nm and 15 nm

J Mater Sci: Mater Electron (2020) 31:22699–22712 22705



As shown in the figure, there is a local maximum

for the curves of Scurrent for each Lbio. The maximum

value of Scurrent defines SbioTFET for the SGS-DM-

TFET biosensor as the final sensitivity parameter. For

this reason, SbioTFET as a function of the filled region

length by the biomolecule (Lbio) has been plotted in

Fig. 9. It is evident from the figure that SbioTFET
increases when Lbio increases. The SGS-DM-TFET

biosensor obtains a good sensitivity for a fill factor of

more than 60%. Also, the gate voltage where SbioTFET
occurs has been shown in the inset of Fig. 9. A

desirable and interesting result comprehended form

the figure is achieving a fixed value of the gate volt-

age (3.5 V) needing to reach maximum drain current

sensitivity (SbioTEFT) at the event of the detection of

biomolecule sample.

The effect of non-uniform PH including the dif-

ferent biomolecule profiles in terms of concave, con-

vex, and ramp distribution (as illustrated in Fig. 10)

has been inspected to analyze the sensing perfor-

mance of the SGS-DM-TFET biosensor. These profiles

are usually seen in real conditions.

It has been assumed that the different ramp pro-

files have the same biomolecule coverage area. Fig-

ure 11 shows SbioTFET for the related biomolecule

profiles.

The concave and convex profiles include 5 steps

with a length of 3 nm each. As shown in the figure,

the concave profile gets the best sensitivity in the

identification of the biomolecule sample followed by

the convex profile and the ramp profile 10 nm to

0 nm, respectively. It was predictable that the

concave profile must present a maximum SbioTFET
since the first step of the concave profile which is near

the source/channel junction is completely filled by

the biomolecule sample thus increasing the electro-

static modulation. Also, it is seen from the figure that

SbioTFET is considerably reduced for the second, third,

and fourth ramp profiles since the electrostatic cou-

pling decrease for these arrangements. To have a

deep intuition on the influence of uniform and non-

uniform PH profiles, Table 2 listsSbioTFET along with

the fill factor percentage of biological samples con-

sidering all the aforementioned biomolecule profiles

that have ever been investigated. The nanogap cavity

length has been set to a constant value of Lgap-
= 15 nm for all the biomolecule profiles in the table.

It is observed from the results that the highest

sensitivity is attributed to the uniform PH with a

100% fill factor. Indeed, since the whole nanogap

cavity space has been uniformly surrounded by the

biomolecule sample, there will be a powerful cou-

pling at the channel region thus increasing SbioTFET.

Moreover, the maximum sensitivity is not always

obtained for a high fill factor percentage whereas it

can effectively depend on the biomolecule profile

near the source/channel junction. The compassion

between the concave profile (78% fill factor) and the

uniform PH (76.6% fill factor) shows that the concave

profile gets a less sensing performance than the uni-

form PH profile. SbioTFET of uniform PH with a fewer

fill factor is two times more than that of the concave

profile. Because the effective gate oxide thickness for

the concave profile is far more than that for the uni-

form PH at the nanogap cavity entrance resulting in

the reduction of the dielectric modulation and sen-

sitivity, too. Also, for the ramp biomolecule profiles

having the identical fill factor percentage (50%),

SbioTFET is not equal. The highest sensitivity is related

to the ramp profile 10 to 0 nm (the first case) and the

least sensitivity obtained for the ramp profile 7 to

3 nm. As depicted in Fig. 7, the ramp profile 10 to

0 nm has a less effective gate oxide thickness at near

the source/channel junction (biomolecule thickness

equals 10 nm in this point) as opposed to the ramp

profile 7 to 3 nm whose the space of near the source/

channel junction inside the nanogap cavity has been

filled by both biomolecule and air (biomolecule

thickness equals 7 nm in this point). Hence, it is

concluded that both the biomolecule fill factor per-

centage inside the cavity and effective gate oxide

thickness of the biosensor (biomolecule profile) have
Fig. 9 SbioTFET as a function of the different Lbio ranged between

7.5 nm and 15 nm
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a vital role in the sensing performance. Process-re-

lated complexities for the embedding of the nanogap

cavity is one of the basic concerns can adversely

impact on the sensing performance of the SGS-DM-

TFET biosensor. To include this situation, Fig. 12

shows the sensitivity as a function of the nanogap

cavity length changing from 10 to 50% of the physical

gate length (Lgap = %Lg).

It has been assumed to the biomolecule’s

hybridization is uniform and it is also completely

filled inside the cavity. The results have been

demonstrated for the gate lengths of 100 nm and

200 nm. It is evident from the figure that SbioTFET
increasers when the nanogap cavity length increases.

As shown in the figure, the variation rate of the

sensitivity for Lgap = 200 nm is far less than that for

Lgap = 100 nm promising less sensitivity dependence

of the biosensor on the scaling-down issue as com-

pared to Lgap = 100 nm. Also, it can be stated that for

Fig. 10 Various non-uniform and partial biomolecule profiles in

terms of a concave profile b convex profile c ramp profile 10 nm

to 0 nm d ramp profile 9 nm to 1 nm e ramp profile 7.3 nm to

2 nm f ramp profile 7 nm to 3 nm. It is worth noting that

biomolecules coverage area inside the cavity is the same for ramp

profiles [15]

Fig. 11 SbioTFET for the concave, convex, and different ramp

profiles
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the nanogap cavity lengths more than 20%Lg, the

sensitivity experiences a calm variation for Lg = 200

nm whereas calm variation occurs for the nanogap

cavity lengths more than 30%Lg for Lg = 100 nm.

Hence, it is expected that an increase in gate length

leads to high select power for the creation of the

nanogap cavity with no concern on process-related

problems. Also, it can be fairly concluded that the

concern about the dependence of sensitivity on the

scaling issue can be removed for Lgap equal to 50%Lg
for various ranges of physical gate lengths. As the

other investigation, the gate voltage where Scurrent
corresponds to SbioTFET has been illustrated as a

function of the nanogap cavity length changing from

10 to 50% of Lg in Fig. 13.

It is observed from the figure, the gate voltage

variation for Lg = 200 nm is far less than that for Lg-
= 100 nm which is very desirable. Regarding

Figs. 12 and 13, it can be stated that the gate voltage is

not an important problem for Lgap C 30%Lg for Lg-
= 100 nm. Also, it is not an important issue for Lgap-
C 20% Lg for Lg = 200 nm. It is worth noting that

these interesting obtained results had already been

explored for the sensitivity parameter as shown in

Fig. 12.

5.2 Effect of biomolecule charge on sensing
sensitivity the performance

Since the biomolecules are negatively charged sam-

ples as usual, then the charge role in the sensing

performance of biosensor can be very important.

Figure 14 has demonstrated the charge effect on the

sensing performance of the SGS-DM-TFET biosensor

for various values of biomolecule dielectric constant.

Indeed, both the dielectric constant and charge

amount of the biomolecule sample influence on the

Table 2 Sensitivity and fill

factor percent for uniform and

non-uniform different

biomolecule profiles with

complete and partial

hybridization

Case Fill factor (%) SbioTFET

Uniform PH Lbio = 15 nm 100 196.2

Uniform PH Lbio = 11.5 nm 76.6 109.8

Uniform PH Lbio = 7.5 nm 50 33.8

Non-uniform concave profile 78 49

Non-uniform convex profile 68 46.7

Non-uniform ramp profile (10 nm to 0 nm) 50 30.4

Non-uniform ramp profile (9 nm to 1 nm) 50 21.7

Non-uniform ramp profile (7.3 nm to 2 nm) 50 13.7

Non-uniform ramp profile (7 nm to 3 nm) 50 14.3

Fig. 12 SbioTFET upon the nanogap cavity length for Lg = 100 nm

and 200 nm. The uniform and complete hybridization is assumed
Fig. 13 Gate voltage where SbioTFET is calculated upon the

nanogap cavity length for Lg = 100 nm and 200 nm. The uniform

and complete hybridization is assumed
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sensitivity of biosensor, simultaneously. As shown in

the figure, the charge effect on SbioTFET for the SGS-

DM-TFET biosensor is not serious and it presents a

weak dependence on the charge for the various

dielectric constants. Moreover, the sensitivity is more

spared for the charged biomolecules in Kgap less than

3 (low Kgap region) as shown in Fig. 14. To better

conceive, a magnification of the sensitivity curve

around small dielectric constants has been done and

plotted in the inset of the figure. It is clear from the

figure that the reduction rate of the sensitivity

rSbioTFET referenced by the natural biomolecule

sample is only 42% for Kgap = 2 and is nearly 0% for

Kgap = 10. As a general notation, it is stated that the

SGS-DM-TFET sensing performance does not have

important dependence on the biomolecule charges

promising a high-reliable biosensor for the detection

of various no-charged/charged biomolecules with no

degradation on the sensitivity performance.

5.3 Effect of probe position on sensing
the performance

Up to now, the distribution of biomolecules inside

the nanogap cavity has been assumed to be a con-

tinuum for the better understanding of biosensor

behavior. Moreover, the actual biomolecule binding

is completely different. Because the probes and target

biomolecules are embedded in discrete places as

shown in Fig. 1e. In order to set this main and real

issue, the hybridized probe and target with the

corresponded dielectric constant (Kbio = 2.1) are

introduced into the nanogap cavity at definite dis-

crete places forming rectangular shapes (slots) as an

arrangement in Table 3. The gate length and the

nanogap cavity length are 200 nm and 60 nm,

respectively. The rectangular shapes have the height

and width of 10 nm and 3 nm. It is worth noting that

the shaded spaces show the absence of the biomole-

cule (K = 1).

The minimum and a maximum number of hybri-

dized probes/targets pairs utilized for the detection

are 4 and 16 as shown in Table. 3. In order to study

the probe impact, eleven cases for placement of the

probes have been predicted as shown at the table. It is

seen from the table that the highest sensitivity is

obtained for case 7 since the highest coverage per-

centage of the cavity by the biomolecule is related to

it with an 80% fill factor. Also, the least sensitivity is

related to case 11 since it includes the least fill factor

by the biomolecule. Moreover, this is not the only

reason why case 7 gives a high sensitivity. To better

understand, a sensitivity comparison between case 4

(20% fill factor) and case 10 (25% fill factor) is per-

formed. It is seen from the table that SbioTFET for case

4 is more than that for case 10 while case 4 presents a

less coverage percentage in comparison with case 10.

Actually, the fill factor percentage of the biomolecule

is not the only factor to improve the sensitivity. It is

important to how to place the discrete hybridized

probe/target pairs inside the nanogap cavity.

Regarding case 1, the first hybridized probe is right at

the source/channel junction (at the cavity entrance)

whereas the first hybridized probe is displaced from

the cavity entrance for case 2. Other procedures for

biomolecule probe distribution are seen in the

table showing different arrangements. Hence, it is

stated that the electrostatic modulation on the chan-

nel region by biomolecules for case 4 is more than

that for case 10 leading to a more sensitivity with a

less biomolecule concentration. Hence, both fill factor

percentage of biomolecules and placement of the

hybridized probe and target pairs should be taken

into consideration for reaching a desirable sensitivity.

Hence, the biosensor design for reaching a good

sensing performance leads to a trade-off between

biomolecule concentration and placement of hybri-

dized probe and target pairs which are very

desirable.

The sensitivity fluctuations due to biomolecule

distribution arranged in Table 3 have been

Fig. 14 SbioTFET as a function of the dielectric constants for the

negatively charged biomolecules. The figure shows the low

sensitivity variations
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investigated over the covered areas percentage of the

cavity by the biomolecule samples. Three covered

ranges in the cases of 0–30%, 30–60%, and 60–90% are

categorized as shown in Fig. 15a–c. Considering

coverage percentage 0% to 30%, case 11 gives a

minimum sensitivity due to reduced fill factor and

displacement of a biomolecule from the source/

channel entrance. Moreover, a comparison between

case 3 and case 9 shows that the sensitivity of case 3 is

more than that of case 9 in spite of including fewer

biomolecule concentration.

Because the nanogap cavity for case 3 includes

hybridized probe and target pairs right at source/

channel junction whereas biomolecules are displaced

from cavity entrance for the other case. One mean-

ingful result is that the dielectric modulation of the

biosensor increases leading to the improvement of

sensing performance for case 3 as compared to case 9

having a more coverage percentage. Hence, case 3

can be taken as an optimum select for placement of

probes to attain desirable sensitivity while it does not

need high biomolecule density for detection.

Regarding coverage percentage 30% to 60%, cases 1

and 8 are a proper candidate since they present a

more biomolecule density. It is pointed out that the

biomolecule density is dominated over the placement

of the probe in case 8. But it is an inherent result and

expectable. To perform a proper trade-off over

detectable sensitivity and minimum surface coverage

percentage, case 2 is termed as optimum select.

Regarding coverage percentage 60% to 90%, case 7

obtains the highest sensitivity by maximum fill factor

percentage 80% followed by case 6 and case 5 which

are an intuitive outcome.

Hence, it is concluded from the probe arrangement

role investigation that cases 2 and 3 exhibit a decently

high detectable sensitivity with minimum coverage

surface density (35% and 20%, respectively) owing to

proper placement of hybridized probe and target

pairs leading to the formation of a powerful coupling

at tunnel junction of the SGS-DM-TFET biosensor.

This trade-off between coverage surface density of

biomolecule and positioning the hybridized probes

inside the cavity causes the SGS-DM-TFET biosensor

to get a capability to effectively sense the biological

samples with minimum surface coverage density

applicable in biomedical applications.

The consideration of the asymmetry between the

top cavity and back cavity in terms of nanogap filling

can be a matter for further investigations in order to

consider more complex biosensing scenarios. From

optimization point of view, metaheuristic optimiza-

tion techniques (e.g., genetic algorithms, particle

swarm optimization, ant colony optimization, …etc.)

[25] can be used in conjunction with the simulator to

find the optimal values of physical, electrical, and

Table 3 Considered arrangements of hybridized probe/target pairs in discrete places investigating the probe impact on the sensitivity

parameter [15]

Width of each slot= 3 nm, Lg = 200 nm, Lgap = 60 nm/ The shaded spaces show the 
absence of the biomolecule. /    Biomolecule sample:  

Fill 
factor 
(%) 

 
SbioTFET 

Case 1                     50 205.7 
Case 2                     35 62 
Case 3                     25 33.7 
Case 4                     20 23.4 
Case 5                     70 1043.8 
Case 6                     75 1961.7 
Case 7                     80 2663.2 
Case 8                     50 207.2 
Case 9                     30 20.1 
Case 10                     25 5.2 
Case 11                     20 2.3 
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geometrical TFET parameters that lead to the extre-

mely best sensitivity and scaling capability for high-

performance label-free biosensing applications.

6 Conclusion

The paper has extensively addressed process-related

and real-time-related issues of the novel SGS-DM-

TFET biosensor structure so as to investigate the vital

sensing performance. The variation during the

biosensor fabrication (change in the nanogap civility

length), modifications during sensitivity evaluation

(PH of biomolecules caused by atomic obstacles), and

positioning the hybridized probe-target pairs in dis-

crete places inside the nanogap cavity have been

studied for the mentioned biosensor under dry

ambient conditions. The extracted sensitivity which is

one of the main parameters for evaluation of the

sensing performance for the streptavidin–biotin

binding system as a specific biomolecule showed that

the SGS-DM-TFET biosensor can be implemented in

the practical conditions without significant degrada-

tion on the sensing performance resulting in keeping

the reliability. It has been observed from the explored

results that the existence of biomolecule samples

even at the small area inside the nanogap cavity can

successfully modulate the channel electrostatic

resulting in desirable and detectable sensitivity and

also makes the biosensor more scalable. Also, the

investigations explored that the charged biomole-

cules cannot influence on the sensing performance of

the biosensor resulting in the mitigated sensitivity

variation which is very favorable. The arrangement of

probes inside the cavity (exploring case 2 and case 3

as an optimum select) revealed that the biosensor can

reach an optimum and detectable sensitivity with the

small amounts of biological samples which are

proper for cost-effective biomedical diagnostics tools

development.
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