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Abstract
In this manuscript, a new approach has been presented to enhance biosensor sensitivity and sensing speed by altering the 
mobility of charge carriers in the source region. The presented biosensor has been named as hetero material, source electrode 
tunnel FET, HM-SE-TFET. For comparison, we have considered P +(Source) N(Channel) N +(Drain) type architecture. In the 
proposed device, doped SiGe is used to enhance the mobility of charge carriers in the source region. Additionally, an extra 
negative biased source electrode is deposited over the source region, which overcomes the material solubility limit. The 
extra negative biased source electrode attracts the holes from bulk P + source which increases the abruptness at the source-
channel interface. The increased abruptness at the junction increases the ON State driving current. Further, the cavity which 
was earlier under the gate electrode has been extended to the source region, which provides a large area to accommodate in 
the cavity and changes the electrostatic characteristics of the device. Hence the combined effect of hetero material (SiGe) in 
the source region and extension of cavity to the source region enhances the sensitivity and sensing speed of the biosensor. 
The effectiveness of the proposed biosensor has been compared with the conventional Si-based TFET biosensor in terms 
of drain current and device sensitivity.
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1 Introduction

With the discovery of label-based biosensor, ion-sensi-
tive field effect transistor (ISFET) came into the picture 
in 1970 which became very popular for detecting charged 
biomolecule species. But soon its popularity fades away 
as it has a serious drawback of detecting only one cat-
egory of biomolecule i.e.charged biomolecules while the 
neutral biomolecules are left undetected [1–5]. Then, 
the idea of a label-free biosensor came into existence in 
which bio-detection potentiality is integrated into estab-
lished semiconductor technology. A cavity is created in 
the oxide region under the gate electrode of conventional 
MOSFET and when the biomolecule is placed in that cav-
ity either dielectric constant changes or the charge den-
sity in the cavity changes which in turn changes the drain 
current of the MOSFET as the gate to channel coupling 
changes [6–8]. The MOSFET which has been a dominat-
ing device for IC Industry has a serious issue of leakage 
current and high subthreshold slope. Further to this, it has 
also issued regarding its scalability as short channel effect 
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(SCEs) and drain induced barrier lowering (DIBL) comes 
into the picture. The leakage current strongly hampers the 
biosensor performance as it interferes with the conduction 
current and increases the percentage error of detection of 
the biomolecule. Further high SS degrades the response 
time of the biosensor [9–12]. With the advancement of 
technology, the demand for efficiency has increased many 
folds. Hence there is a need to switch to some other device 
that can overcome these challenges. For this band to band 
tunneling(BTBT) phenomenon based Tunnel FET has 
proved to be a promising device for biosensing application 
as it has very low parasitic current to the order of 10−17 , 
subthreshold swing (SS) < 60 mV/decade and compat-
ible with the existing CMOS technology [8]. The sensing 
capability of TFET is many folds better than the existing 
MOSFET technology [13–18]. To improve the sensitiv-
ity and sensing speed of the biosensor with the idea of 
nano-cavity has been proposed in the conventional tunnel 
FET (C-TFET) biosensor [10]. When biomolecules are 
introduced into the cavity the coupling strength between 
gate/channel increases. TFET which is properly known 
for better scalability without suffering from SCE with 
low SS and leakage [19–22]. Therefore, biomolecules in 
cavity changes the coupling between gate electrode and 
channel which leads to the better band to band tunneling 
current through bandgap modulation. Higher the current 
stronger will be the sensor sensitivity for better actuation. 
The whole concept is revolving around bandgap modula-
tion which depends on the abrupt change in carrier con-
centrations at source/channel junction. This abruptness 
is restricted by maximum physical doping absorbed upto 
Silicon solubility limit [23]. Therefore, it is better to adopt 
bandgap modulation through hetero material engineering 
[24] where a low bandgap material at source and a high 
bandgap material at drain/channel provides steeper band 
bending leads to high current flow for low supply voltage. 
In addition, in accordance of our work in [23], an addi-
tional negative electrode over source creates a hole plasma 
layer which enhance source-channel abruptness. There-
fore, in this paper a novel Si/SiGe based Hetero Material 
Source Electrode TFET (HM-SE-TFET) is proposed for 
highly sensitive and rapid biosensing applications. In addi-
tion, there is an extended cavity at source and gate regions 
where dielectric change through various biomolecule cou-
pling cause a drastic improvement in sensing behavior. 
The performance of HM-SE-TFET is compared with a 
C-TFET which showcase that both source electrode and 
use of hetero-material results in reduced tunneling width 
at the source-channel junction which inflates the tunneling 
current and sensing behavior. In the present investigation, 
the effect of different dielectric materials and different 
charge densities on the various performance of biosensor 

is carried out. The performance is measured on the basis 
of output drain current, sensitivity and response time.

2  Device structure and simulation setup

This section of the manuscript describes the structure of 
both conventional and proposed biosensor. Figure 1 shows 
the cross-sectional view of (a) C-TFET biosensor and (b) 
HM-SE-TFET biosensor. For both the devices, the design 
parameters considered are shown in Table 1. The pro-
posed structure is motivated from the quasi-planar FinFet 
[25–27] technology through which multi-terminal fins can 
be constructed over a BOX which isolate many substrate 
related issues such as lower parasitic capacitance, non 
latchup effect, low leakage current and radiation hardened 
[26–28]. For the time being, we have neglected less sig-
nificant substrate issues in biosensing applications and our 
main focus is the sensitivity and speed improvement of the 
device towards the biomolecules. The term quasi-planar 
here indicates that there is some vertical current flow with 
the current along the plane [25]. So, our device follows 

Fig. 1  Schematic view of a C-TFET (conventional) and b proposed 
physically doped, Hetero-Material-source electrode tunnel field effect 
transistor (HM-SE-TFET)
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a planar friendly CMOS technology. Other than that, we 
have a SiGe source and Si drain channel, the fabrication 
steps for the Si/SiGe bandgap engineered Tunnel FET has 
been discussed and patented by Zhu et al. [29] in planar 
bulk technology. For the simulation purpose, the Silvaco 
Atlas simulator has been used and the models which are 
considered in this process are nonlocal band-to-band tun-
neling (BTBT) model and band gap narrowing (BGN) 
model [20, 30–33], Shockley-Read-Hall Recombination 
and Auger recombination [33, 34]. Trap-assisted tunnel-
ling (TAT) model [34, 35], quantum confinement model 
(Hansch’s Model) [33–35] is also considered. For math-
ematical solution Wentzel–Kramer–Brillouin approxima-
tion [34, 35] is considered to calculate tunneling prob-
ability. Models accuracy has been verified by reproducing 
the already reported Dielectric Modulated FET (DMFET) 
biosensor based experimental data [36] using the develop-
ment platform of current work as shown in Fig. 1. Initially, 
DMTFET is tested for 400 nm nanogap length at low-k 
dielectric values and then its length has been reduced 
upto 100 nm and tested for different dielectrics. It has 
been found that simulated results nicely matched with the 
experimental results as shown in Fig. 2.

3  Results and discussions

In this section, we have shown the variation of dielectric 
( K = 5, 7, 9)/charge density ( � = − 1e11, − 5e12, − 1e14) 
of biomolecules such as single strand of DNA which is non 
hybridized possess both the dielectric constant as well as 
charge [37, 38] in the cavity region to show the sensitivity 
of the C-TFET and HM-SE-TFET biosensor.

3.1  Sensitivity analysis of a biosensor 
with dielectric variation in cavity region

In the proposed device, HM-SE-TFET, instead of using Si in 
the source region, SiGe has been used, which increases the 
steepness of the energy bands due to the lower energy band 
gap as compared to Si and Oxide used is high-� compound 
HfO2 , for fine gate coupling. Further to this, an extra SE 
is deposited on the source region to accumulate the holes 
near the HfO2/SiGe interface on the application of a negative 
potential to SE. This increases the abruptness at the source/
channel junction. Due to this reason, the steepness of the 
energy band increasing with an increase in the dielectric 
constant of biomolecules, as the coupling strength of gate/ 
channel increases as compare to conventional device i.e 
C-TFET, as shown in Fig. 3. The effect of dielectric varia-
tion of biomolecules are also reflected on surface potential as 
shown in Fig. 4a. Further, Fig. 4b shows the electric field at 

Fig. 2  Calibration with experimental results

Table 1  Parameter used for simulation

Parameters Symboles C-TFET HM-SE-TFET

Drain doping (cm−3) ND 1 × 1020 1 × 1020

Channel doping (cm−3) ND 1 × 1017 1 × 1017

Source doping (cm−3) NA 1 × 1020 1 × 1020

Drain length (nm) LD 100 100
Source length (nm ) LS 100 100
Channel length (nm ) LC 50 50
Silicon thickness (nm) tsi 10 10
Oxide thickness (nm) tox 6 6
Gate to Source electrode space 

(nm)
LSG – 8

Gate electrode work function 
(eV)

�G 4.5 4.5

Source electrode work function 
(eV)

�SE – 4.5

Voltage at source electrode (V) VSE – − 1.2
Length of cavity (nm) LCavity 15 30
Hight of cavity (nm) tCavity 5.5 5.5
Fraction of Ge used in SiGe – – 0.5

Fig. 3  Energy band diagram of a C-TFET and b HM-SE-TFET with 
different dielectric constants (K)
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the source/channel junction and because of proposed modi-
fication a sharp peak is observed at the interface of source/
channel junction, which is helpful for tunneling the charge 
carriers, hence the tunneling rate of the electron increases 
as the dielectric constant increases and it is much higher for 
the proposed device as compare to C-TFET as depicted in 
Fig. 5. Furthermore, for comparative picture of the effect of 
dielectric change in the cavity region Fig. 6a, b shows Ids

–Vgs and Fig. 7a, b shows Ids–Vds characteristics of C-TFET 
and HM-SE-TFET. Here it can be inferred that the change 
in Ids w.r.t Vgs and Vds is more in HM-SE-TFET biosensor in 
comparison to C-TFET biosensor.

The sensitivity of the biosensor is calculated as

Thus, Figs. 8 and  9 shows the sensitivity of HM-SE-TFET is 
higher as compare to C-TFET biosensor. The HM-SE-TFET 
sensitivity range is 104–107 for input characteristics and 104
–106 for output characteristics.

In the design of biosensor sensing speed is essential 
parameter and transient time is the deciding factor. Time 
required by the carriers to travel from source to drain is 

(1)S
Ids

=

(

ID,bio − ID,air

ID,air

)

Fig. 4  a Surface potential and b electric field with different dielectric 
constants (K) of HM-SE-TFET

Fig. 5  Electron (e− ) tunneling rate with different dielectric constants 
(K) of C-TFET and HM-SE-TFET

Fig. 6  Ids–Vgs characteristics of a C-TFET and b HM-SE-TFET with 
different dielectric constants (K)

Fig. 7  Ids–Vds characteristics of a C-TFET and b HM-SE-TFET with 
different dielectric constants (K)

Fig. 8  Characteristics of Ids–Vgs sensitivity of a C-TFET and b HM-
SE-TFET with different dielectric constants (K)

Fig. 9  Ids-–Vds sensitivity of a C-TFET and b HM-SE-TFET with dif-
ferent dielectric constants (K)
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called transient time and due to proposed modification 
abruptness at the junction is higher which provides a low 
transient delay as compared to C-TFET as shown in Fig. 10. 
Therefore, the proposed biosensor sensing speed is much 
higher as compared to the conventional biosensor are com-
prised in Table 2.

In addition to this, to show the impact of dielectric varia-
tion over device characteristics we have carried out ON state 

to OFF state current ratio in Fig. 11a and SS in Fig. 11b. 
ION∕IOFF ratio increases while SS reduces with dielectric 
value. ION∕IOFF ratio is much affected than SS as dielectric 
changes. Therefore, it is proofed that proposed device has 
higher sensitivity in comparison to C-TFET biosensor and 
same can be verified from the comparison Table 3.

3.2  Sensitivity analysis of a biosensor with charge 
density variation in cavity region

In this manuscript, we have designed TFET based biosensor 
which can recognize both charge and neutral type of biomol-
ecules in the cavity. To show sensitivity against the charge of 
biomolecules various electrostatic characteristics are carried 
out. Fig. 12a, b shows the energy band diagram of HM-SE-
TFET and C-TFET for various charge densities. The presence 
of negative charges at extended cavity and Si/SiGe junction 
in HM-SE-TFET shows steeper band bending than C-TFET. 
Similarly, Fig. 13a, b capture surface potential and electric 
field range for HM-SE-TFET. Surface potential at the source 
channel interface which is mainly responsible for the tun-
neling of the charge carrier for conduction of the current. It 
is clearly understood that due to proposed modification large 
variation is observed in the electric field at the source/chan-
nel interface which will help to tunnel the charge carriers 
shown in Fig. 13b and to achieve a higher tunneling rate with 
a change in charge of the biomolecules present in the cavity 
region as depicted in Fig. 14. It also illustrates that tunneling 
rate for HM-SE-TFET is much higher than C-TFET.

The similar trends can be observed in the other param-
eters such as Ids–Vgs characteristics which are shown in 
Fig. 15a, b, here, 10−12–10−6 range of Ids is measured with 
the varying charge of biomolecules in HM-SE-TFET and 
the output characteristics of the HM-SE-TFET device where 
the large deviation (10−13–10−6 ) is observed as compared 
to C-TFET as depicted in Fig. 16a, b, which can be eas-
ily reconciled. For showing superiority for HM-SE-TFET 
over C-TFET we have carried out input/output sensitivity 
of the device. Ids–Vgs and Ids–Vds sensitivity in both cases as 
depicted in Figs. 17a, b and  18a, b respectively. HM-SE-
TFET sensitivity is in the range of 106 which is large enough 
to identify which type of charged biomolecules are present 
in the cavity region as compare to C-TFET.

Fig. 10  Transit time(� ) of a C-TFET and b HM-SE-TFET with differ-
ent dielectric constants (K)

Table 2  Comparison of sensing speed for different dielectric con-
stants

Dielectric constants, 
K

Transient delay (s) of 
C-TFET

Transient delay 
(s) of HM-SE-
TFET

1 8.0 × 10−5 2.3 × 10−7

5 6.2 × 10−6 1.0 × 10−9

7 1.9 × 10−6 3.0 × 10−10

9 7.5 × 10−7 1.3 × 10−10

Fig. 11  a Plots of ION / IOFF ratio and b SS and SS sensitivity with 
different dielectric constants (K) of HM-SE-TFET

Table 3  Comparison of 
sensitivity for different 
dielectric constants

Dielectric 
constants, K

C-TFET HM-SE-TFET

Ids–Vgs sensitivity Ids–Vds sensitivity Ids–Vgs sensitivity Ids–Vds sensitivity

5 3.6 × 101 2.5 × 101 4.1 × 104 2.73 × 104

7 1.33 × 102 7.8 × 101 6.8 × 105 2.24 × 105

9 3.36 × 102 1.77 × 102 8.8 × 106 9.85 × 105
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Finally, Fig.  19 showing device sensitivity in terms 
of ON-OFF current ratio and SS with the variation of 
the charges in the cavity. ION∕IOFF ratio increases and SS 
decreases with decreasing negative charge density. The 

Fig. 12  Energy band diagram of a C-TFET and b HM-SE-TFET with 
negative charge density ( �)

Fig. 13  a Surface potential and b electric field with negative charge 
density ( � ) of HM-SE-TFET

Fig. 14  Electron (e− ) tunneling rate with negative charge density ( � ) 
of C-TFET and HM-SE-TFET

Fig. 15  Ids–Vgs characteristics of a C-TFET and b HM-SE-TFET with 
negative charge density ( �)

Fig. 16  Ids–Vds characteristics of a C-TFET and b HM-SE-TFET with 
negative charge density ( �)

Fig. 17  Characteristics of Ids–Vgs sensitivity of a C-TFET and b HM-
SE-TFET with negative charge density ( �)

Fig. 18  Ids–Vds sensitivity of a C-TFET and b HM-SE-TFET with 
negative charge density ( �)

Fig. 19  a Plots of ION / IOFF ratio and b SS and SS sensitivity with 
negative charge density ( � ) of HM-SE-TFET
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impact of charge density variation is more on ION∕IOFF ratio 
is more than SS. Hence, from the above mention discussion 
it can be understood that in the presence of charged biomol-
ecules HM-SE-TFET shows higher sensitivity in comparison 
to C-TFET biosensor for this a summarized sensitivity is 
depicted in Table 4.

4  Conclusion

Proposed TFET-based biosensor has higher sensing speed in 
comparison to C-TFET biosensor, due to the modification at 
the source region. Hetero material provide low energy band 
gap and additional source electrode provides abruptness at 
the source/channel junction. Additional electrode overcome 
the material solubility limit and extension of cavity is helpful 
in making device more sensitive toward the biomolecules 
present in the cavity region.
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