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     Abstract-- In this paper, an efficient structure for tunneling field 

effect transistors (TFETs) with P+ pocket is proposed for label-free 

detection of biomolecules. This structure includes a double gate 

TFET with P+P-N+ doping profile for source, channel, and drain 

regions and an embedded P+ pocket in the channel to control the 

band-to-band tunneling (BTBT). The biomolecules are captured 

in the cavity region and affect the band bending. The capacitive 

behavior of biomolecules causes further band bending where their 

dielectric constant is increased. The presence of P+ pocket at the 

source side of TFET causes more changes in the capacitive 

behavior and in current and consequently increases the sensitivity. 

For the detection of the biomolecule with K=4, the proposed 

structure shows more than 60% improvement in sensitivity. It 

enhances the sensitivity for all investigated dielectric constants, 

where the enhancement is more considerable for biomolecules 

with higher dielectric constants. For more evaluation, the 

biosensor is assessed in different widths and impurity densities of 

P+ region. It demonstrates that the proposed structure can 

efficiently tolerate the variations in physical dimension and 

impurity concentration while it maintains higher sensitivities.  

 
Index Terms- Tunneling FET, Biomolecule, Sensitivity, Band-

to-Band Tunneling, Band Bending. 

I.  INTRODUCTION 

N recent years, biosensors have been considered one of the 

main devices in many biological, medical, and industrial 

applications such as security and inspection, food processing, 

drug delivery, early-stage recognition and analysis of diseases, 

environment protection, etc.  In biosensors, biological elements 

are used for the detection mechanism, including 

microorganisms, antibodies, biological tissues, proteins, 

enzymes, and drugs. The detection of biomolecules in a short 

time with high sensitivity and reliability is the main aim in 

designing modified structures of biosensors. 

The field effect transistors (FETs) based on electrochemical 

biosensors attract a lot of research interest because of their 

benefits in label-free detection, compatibility with the standard 

CMOS technology, their small dimensions, prevalent 

manufacturing methods, and their acceptable cost in mass 

production. The electrical properties of FETs, such as ON 

current, off current,  current ratio, ambipolar behavior, and 

subthreshold swing (SS), may experience variations in the 

existence of biomolecules. These variations are used to detect 
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the biomolecules. Due to the electronic physics limitation on SS 

from kT/q coefficient, for the biosensors based on FETs, the SS 

cannot be less than 60 mV/decade, where it consequently limits 

the reduction in response time. To remove this limitation on SS, 

tunnel-based devices are employed [1-4]. The sensitivity and 

response time are enhanced where conventional FETs are 

replaced by tunnel FETs (TFETs) to detect biomolecules [5-9]. 

Nevertheless, while the weakness of the tunneling device is in 

its small ON current, this subject is not a severe limitation for 

TFETs in biosensor requirements [3, 5].  

The TFET biosensors based on the Dielectric-modulated 

(DM) concept have a significant portion for label-free 

distinguishing of molecules. The gate oxide capacitance shows 

some variations in the presence of biomolecules. These 

variations are a result of the dielectric constant or charge density 

changes from the presence of biomolecules in the nanogap 

region that is formed in the gate insulator region or the gate 

metal [10, 11]. Due to the proven efficiency of TFETs as 

biosensors, different methods and structures have been 

explored and suggested with the aim of more improvement in 

the sensing ability of TFETs and to reduce their limitations.  

The works, such as those in [12, 13], investigated the TFET 

biosensors generally, and the other, such as those in [14-24], 

focused on specific structures. The dual channel trench [14], Ion 

sensitive structure [15], gate underlap and overlap [16], hetero-

structures [17, 24], double gate [18] and short gate 

configuration [21], using different materials like carbon 

nanotube [19], working on vertical structure [20], junction-less 

[22] and doping-less concepts [23] are among recently reported 

works. Some of the other recently reported works have 

concentrated on a mixture of multi techniques to improve the 

device performance efficiently [25-29]. Using different ideas 

from different technologies is the basis of these structures to 

enhance the parameters. Briefly, due to the increasing demands 

for biosensors, researchers will propose more structures and 

configurations for TFETs. 

In this paper, a dielectrically modulated structure with P+ 

pocket is proposed to enhance the performance of TFETs as 

label-free biosensors. The ON current and the OFF current are 

used to investigate the ability of the proposed structure. The 
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consequences show that the P+ embedded device is an efficient 

biosensor in terms of investigated parameters.  

The text body of this paper is arranged as follows: Section 

II defines the proposed structure specifications and simulation 

details. In section III, simulation results and discussions are 

presented. In the last part, this paper is concluded in part IV.  

II.  BIOSENSOR ARCHITECTURE AND SIMULATION CONDITIONS 

 

Fig. 1 illustrates a 2-D schematic for the basic and proposed 

structures. Both structures are double gate architecture, which 

use P+P-N+ doping profile for source, channel, and drain 

sections, respectively. The cavities are embedded in structures, 

as seen in the figure. The cavity is fixed neighboring the device 

tunneling junction to immobilize targeted biomolecules. The 

cavity shaped in the device structure can be created by etching 

the oxide of gate entirely, and the exposed Si region would then 

be isolated by an oxide layer resulting from an oxidation 

process [25]. Device dimensions, doping concentration, and 

related parameters are mentioned in Table I. Both structures are 

the same except in P+ region located in the source to channel 

junction under the gate for the proposed structure.  The object 

of locating a cavity only at the source side is the mechanism of 

current conduction of tunneling FETs, which is principally a 

junction phenomenon. A sharp turn on is a result of proper gate 

voltage coupling in a slight region next to the tunneling 

junction. 

 

 
 

Fig. 1. Illustration of (a) conventional and (b) proposed TFET-based biosensors. 
The difference between structures is in the P+ region embedded in the proposed 

biosensor with 2 nm width and 10 nm height. 

  

Numerical simulation is done by ATLAS from SILVACO, 

where the basis for device simulation is provided by coupling 

the diffusion and continuity equations [30, 31, 32]. The 

important issue in simulation is band-to-band tunneling (BTBT) 

phenomena. In this study, the nonlocal BTBT model accessible 

in ATLAS is calibrated with experimental data presented for P-

N-P-N tunneling FET [25]. Activating the proper models in the 

simulator have been considered to take the required phenomena 

into account, including field-dependent mobility model, the 

Auger model, the Shockley-Hall-Read (SHR), and Fermi–Dirac 

statistics to consider the degeneration/recombination, band gap 

narrowing, and the quantum confinement model to consider 

quantum tunneling. To obtain the reliable output, the simulator 

is calibrated with experimental data as shown in Fig. 2. A good 

agreement between double gate P-N-P-N tunneling FET and its 

real data [25] is observed. This calibration is used for simulating 

our proposed structure and its conventional counterpart. 

 
TABLE I 

The Dimensions and Impurity Values to Simulate the Mentioned Biosensors  
 

Parameter Value 

Gate length 42 nm 

Source length 20 nm 

Drain length 20 nm 

Channel width 10 nm 

Gate width 6 nm 

Drain impurity (n+) 5×1019 cm-3 

Source impurity (p+) 5×1019 cm-3 

Channel impurity (p-) 1×1012 cm-3 

Length of Cavity 10 nm 

Width of Cavity 5 nm 

width of P+ region 2 nm 

Height of P+ region 10 nm 

Impurity of P+ region 5×1019 cm-3 

 

 
Fig. 2. The experimental data [25] to calibrate the simulator and the outputs of 
the simulator after calibration.  

III.  RESULTS AND DISCUSSIONS 

 

The biomolecules can be categorized into neutral and 

charged groups. In this paper, we considered the detection of 

neutral biomolecules. The dielectric constant change in the 

cavity region is used for the analysis of drain current and other 

characteristics of neutral biomolecules. When there is no 

biomolecule in the cavity region, its dielectric constant is K=1. 

Once the biomolecules are accumulated in the cavity region, the 

dielectric constant of the cavity is increased, and the gate 

capacitance increases accordingly. This leads to making the 

drain current and other parameters experience enough changes 

to be used as detection parameters for sensing the biomolecules 

and their related materials. They have permittivity larger than 

K=1, for instance, streptavidin = 2.1, APTES = 3.57, uricase = 

1.54, biotin=2.63, protein = 2.5, cellulose= 6.1, DNA= 8.7  and 

so on [33, 34, 35] where K = 1 shows that cavity is occupied 
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with air. At VGS=1 V, the IDS-VDS characteristics of basic and 

proposed structures are illustrated in Fig. 3 for different 

biomolecules with various dielectric constants from K=1 to 11. 

It can be seen that the proposed structure results in higher 

current capability, especially for biomolecules with a higher 

dielectric constant. It is worth mentioning that the difference 

between structures is more observable by an increase in the 

dielectric constant. 

 The FET current directly depends on the device oxide 

capacitance. The more oxide dielectric, the more oxide 

capacitance and the higher device current. In other point of 

view, by increasing the dielectric constant, the threshold 

voltage decreases and the saturation current rises. Furthermore, 

the existence of the P+ region amplifies the BTBT for the 

proposed biosensor, and consequently it offers better current 

characteristics than its conventional counterpart. 

 

 
Fig. 3. Current-voltage characteristics of the proposed and basic structures 

where different materials with different dielectric constant are in cavity 

region. 
 

For more investigation Fig.s 4 (a), and (b) are illustrated for 

materials with various dielectric constants in cavity section 

where drain source voltage is fixed at 0.25 V. The difference 

between both structures is more apparent in higher gate 

voltages. When the biomolecules are gathered in cavity region, 

the dielectric constant of the cavity is amplified, and the gate 

capacitance increases consequently. 
 

 
                  (a) 

 
                      (b) 

Fig. 4. Drain current versus gate voltage graph at VDS=0.25 V for proposed and 

basic structures where different materials with various dielectric constant are 

accumulated in cavity section. 

 

 
(a) 

 
(b) 

Fig. 5. Sensitivity of conventional and proposed structures at different drain-

source voltage where gate-source voltage is fixed at 1 V.  

 

A sensitivity investigation is done to distinguish the 

variation of goal biomolecules regarding air on electrical 

characteristics. Typically, higher sensitivity is desired, as it 

reveals a high possibility to sense goal biomolecules [10]. In the 

case of tunnel FETs, the current sensitivity is calculated using 

the bellow equation: 



22                                                                                                                Volume 4, Number 2, August 2024 

DS Bio DS Air
I DS I DS

DS Air

I I
Sensitivity S

I

− −
− −

−

−
= =    (1)                                                                                 

In which I DS AirI − − and I DS BioI − − are the drain-source 

current for the conditions where the cavity is occupied with air 

and biomolecules, correspondingly [10, 11, 22]. For other 

parameters such as OFF current, the biosensor sensitivity is 

formulated similarly by observing the variation of the 

parameter for air and 

 

 
(a) 

 
(b) 

Fig. 6. The variation in ON and OFF current sensitivities for biomolecules with 

different dielectric constants for both structures. 

 

Biomolecule presence in cavity region. Fig. 5 illustrates the 

current sensitivity at different drain source voltages where gate 

source voltage is fixed at 1 V for both structures. Improvement 

in current sensitivity is apparent for the proposed structure. To 

illustrate the results with more clarity, the sensitivities of 

materials with dielectric constant of K ≤ 4 have been plotted in 

Fig. 5 (a) and with dielectric constants of K ˃ 4 in Fig. 5 (b). 

The variation in ON and OFF current sensitivities for 

biomolecules with different dielectric constants are illustrated 

in Fig. 6 (a) and (b) for both structures 

 

 

 

 
         (a) 

 
       (b) 

Fig. 7. (a)The conduction and valance band of both structures for K=1, which 
shows the higher BTBT for proposed structure and (b) the variations in 

conduction band at source to channel junction by change in materials in cavity. 

 

The ON state bias is VDS=VGS= 1V, and the OFF state bias 

is VDS= 1V, VGS= 0V. The result reveals that the proposed 

structure outperforms the basic counterpart. Fig. 7(a) illustrates 

the energy band diagram (conduction and valence bands) of the 

proposed and conventional structure. By increasing the 

dielectric constant, the band bends significantly. Thus, the 

threshold voltage decreases, and the saturation current rises. 

Furthermore, the existence of P+ region amplifies the BTBT for 

the proposed biosensor, and consequently, it offers better 

current characteristics than its conventional counterpart. In Fig. 

7(a), the arrows show the horizontal distance between 

conduction and valance bands of proposed structure. This 

distance is smaller than its conventional counterpart at source 

to channel junction, which means the higher BTBT for 

proposed structure and, consequently, the higher sensitivity. 

For more clarity, Fig. 7(b) illustrates the change in the 

conduction band of both structures from source to channel 

junction to drain region by change in biomolecules in the cavity 

region. Because of the capacitive behavior of biomolecules, the 

further band bending is caused by a rising dielectric constant. 

The presence of P+ pocket at the source side of TFET causes 

more changes in the capacitive behavior and current and 

consequently increases the sensitivity.   
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Fig, 8. Variations in sensitivity by the change in width of P+ pocket where the 
dielectric constant is varied from 1.5 to 11 and the bias is VDS=VGS=1 V and the 

pocket density is fixed at 5×1019 cm-3 

 
 

Fig. 9. Variations in sensitivity by the change in density of P+ pocket where the 

dielectric constant is varied from 1.5 to 11, the bias is VDS=VGS=1 V and the 
pocket width is fixed at 2 nm. 

 
 
Fig. 10. Variations in sensitivity by the change in cavity width.  

Fig. 11. Variations in sensitivity by the change in cavity length.  

 
 

Fig. 12. Variations in sensitivity by the change in cavity fill factor. 

 

 
 

Fig. 13. The schematic view of a sample fabrication process flow of the 

proposed device. 

 

To investigate the effect of variations in P+ pocket on 

sensitivity, we examined different widths for this region, where 

its density is fixed at 5×1019 cm-3. Fig. 8 illustrates the results 

for W=0, 1, 2, 3, 4, and 5 nm (where W=0 is the conventional 

structure) at different dielectric constants ranging from 1.5 to 

11. It can be seen that the maximum values of sensitivity are 

obtained where W=3 nm and all widths are larger than the basic 

structure. Thus, it is possible to choose different widths for the 

P+ pocket based on the design demand. Furthermore, it 

demonstrates the acceptable tolerance for the proposed 

structure where there are some variations in P+ pocket width.  

The designer can choose a 2 or 3 nm width for the pocket region 

because of their proper values of sensitivity. The proposed 

device is also examined with different P+ impurity densities in 

the pocket region, where the width of the pocket is fixed at 2 

nm. Concentrations from 5×1018 cm-3 to 5×1020 cm-3 have been 

investigated, as illustrated in Fig. 9. By increasing the dielectric 

constant, the difference between the profiles is more obvious. 

Pocket densities 5×1019, 1×1020, and 5×1020 result in proper 

values for sensitivities, and their values are close to each other. 

It shows that the designer can choose pocket density among 
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these values while the sensitivity experiences proper 

improvement. 

Fig.s 10 and 11 investigate the effects of cavity width and 

length on device sensitivity. It is concluded that by increasing 

the width and length of the cavity, the sensitivity is improved, 

resulting from higher effects of the dielectric constant. Fig. 12 

shows the results of the fill factor of the cavity on biosensor 

performance. The more filling cavity, the more sensitivity of 

biosensor. Furthermore, the device sensitivity is considerably 

higher than its conventional counterpart, even for a low portion 

of cavity filling.  

The schematic view of a sample fabrication process flow of 

the proposed device is presented in Fig. 13. A simple silicon on 

insulator structure with source, channel, and drain regions, 

which have been created by conventional steps, is used in step 

(a). The P+ region is created by ion implantation in step (b). An 

oxide layer is deposited, followed by via creation in steps (c) 

and (d). The second oxide is deposited in step (e). The metal 

layer is created in step (f). The additional oxides on the top and 

bottom of the structure are etched in steps (g), (h), and (i). 

Wafer bonding is done in step (j). Finally, the source and drain 

contacts are created in step (k). 

IV.  CONCLUSION 

 

An efficient structure for TFET-based biosensors was 

proposed in this paper. In conclusion, by using the P+ pocket in 

the channel region of TFET, the sensitivity of the biosensor is 

improved. The energy band diagram is modified at the source 

side of the channel by embedding a P+ region. The horizontal 

distance between the conduction and valance band is reduced, 

and the probability of BTBT is increased. This issue helps the 

enhancement in the sensitivity of TFET. Different widths and 

different impurity concentrations were examined for the pocket 

region. Also, a wide range of biomolecules with different 

dielectric constants has been investigated, and the results show 

that for all investigated materials, the proposed structure 

enhances the sensitivity where it is more observable for 

materials with higher dielectric constants. These results 

demonstrate that the proposed structure is a proper candidate to 

be used as a TFET biosensor. 
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