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Fringe‑fields‑modulated 
double‑gate tunnel‑FET biosensor
Iman Chahardah Cherik  & Saeed Mohammadi *

This paper aims to evaluate a groundbreaking bio‑TFET that utilizes the fringe fields capacitance 
concept to detect neutral and charged biomolecules. While facilitating fabrication process and 
scalability, this innovative bio‑TFET is able to rival the conventional bio‑TFET which relies on carving 
cavities in the gate oxide. The cavities of the proposed device are carved in the spacers over the source 
region and in the vicinity of the gate metal. Inserting biomolecules in the cavities of our bio‑TFET 
modifies the fringe fields arising out of the gate metal. As a result, these spacers modulate tunneling 
barrier width at the source‑channel tunneling junction. We have assessed our proposed device’s DC/
RF performance using the calibrated Silvaco ATLAS device simulator. For further evaluation of the 
reliability of our bio‑TFET, non‑idealities, such as trap‑assisted tunneling and temperature, are also 
studied. The device we propose is highly suitable for biosensing applications, as evidenced by the 
parameters of SI

ds
 = 1.21 ×  103, SSS = 0.365, and SfT = 1.63 ×  103 at VGS = 1 V.

The demand for high-performance biosensors which can detect various diseases in their early stages is rapidly 
increasing. Label detection-based biosensors fall short of sensitivity and can alter the intrinsic characteristics 
of  biomolecules1,2. In contrast, dielectric-modulated label-free biosensors preserve natural characteristics of 
 biomolecules3. The ion-sensitive field effect transistor (ISFET) was the first label-free biosensor based on FETs, 
but it could only detect charged  biomolecules4. To address this limitation, researchers developed the dielectric-
modulated field-effect transistor (DMFET) to detect charged and neutral  biomolecules5. The DMFET contains 
cavities carved in the gate metal or gate oxide of a MOSFET, where the entrance of biomolecules changes the 
electrostatic control of the gate, leading to the change in different device’s electronic characteristics. However, 
shrinking the dimensions of MOSFETs into the nanometer regime causes crucial problems for biosensing appli-
cations of  DMFETs6.

Tunneling field-effect transistors (TFETs) are being considered as a potential alternative to short-channel 
MOSFETs. Unlike MOSFETs, TFETs regulate subthreshold swing through electrostatic control of the gate. TFETs 
also benefit from band pass filtering of high-energy electrons in the source region, leading to a much lower off-
state current than that of  MOSFETs7. Furthermore, the TFETs’ major limitations, such as low on-state current 
and ambipolar conduction, have been effectively addressed  (see8–14).

Several TFET-based biosensors with various geometry have been proposed. Some of the most interesting 
introduced devices are double-gate15,16,  vertical17–20, core-shell  nanotube21–23, charge-plasma24–28, and elec-
tron–hole  bilayer29 TFET structures. However, in all of these devices, the gate leakage current can affect the 
performance of the biosensor. To address this issue, some researchers have suggested using a low-thickness 
sacrificial layer between the gate and channel  regions30, but this approach can create challenges during the 
fabrication process.

This paper suggests a novel double-gate biosensor in which two cavities are carved over the source region. 
With applying the gate voltage, fringe fields in the spacers modify the strength of the electric field at the source-
channel junction, resulting in considerable variations in the energy barrier width of the tunneling window. By 
employing a low-defect Si-SiO2 interface as the semiconductor-oxide junction, our proposed bioTFET not only 
benefits from full compatibility with CMOS technology but also ensures high reliability. Moreover, the fabrication 
process is less arduous compared to bio-TFETs that rely on nanowires or nanotubes configurations. Addition-
ally, the non-etched gate oxide and asymmetric doping eliminates leakage current and ambipolar conduction, 
respectively.

Device structure, fabrication process, and simulation methodology
A schematic two dimensional view of our designed bio-sensor (named FFC-bioTFET) is shown in Fig. 1. To 
have the most compatibility with CMOS technology conventional Si-SiO2 structure is employed. In this device 
the source, channel, and drain regions are doped with the impurity concentrations of 1 ×  1019  cm−3, 1 ×  1017  cm−3, 
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and 3 ×  1018  cm−3, respectively. In order to convert the double-gate TFET into a biosensor, two cavities measuring 
20 nm × 7 nm are created in the source side spacers. Compared to the conventional DMFET biosensors which 
need a sacrificial layer to prevent gate-leakage current, in our bioTFET no such a layer is necessary. Reducing fab-
rication challenges is another benefit of carving cavities in the spacer regions. To prevent direct source-to-drain 
tunneling, we used a 50 nm channel between the source and drain. Metal gates, with a work function of 4 eV, 
modulate the energy bands at the tunneling junction. This figure also includes a simple capacitive model of the 
proposed biosensor at the tunneling junction. It can be inferred from the model that by inserting biomolecules 
with higher permittivity, which can be modeled by increased Cfr, the electric field across Cj, which models the 
tunneling junction, reduces and consequently the tunneling rate degrades.

Figure 2 presents a clear and precise fabrication process for FFC-bio TFET. To fabricate the biosensor, two 
wafers with the same fabrication procedures should be prepared. In the first step, an SOI wafer is created (see 
Fig. 2a). Then,  p+-source and  n+-drain are created using two consecutive ion-implantation steps (see Fig. 2b,c). 

Figure 1.  A schematic view of the proposed FFC-bioTFET structure along with a simple capacitive model.
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After the deposition of the  SiO2 as the spacer, gate metal is deposited (see Fig. 2d,e). In the next step, the cavity 
is carved in the spacer using the wet-etching technique, followed by removing the buried oxide (See Fig. 2f,g). 
Then, two wafers are bonded together (see Fig. 2h,i). In the last stage, source and drain contacts are connected 
(see Fig. 2j).

Our proposed biosensor is simulated by using the Silvaco ATLAS device  simulator31, where the following 
models are activated to generate different device characteristics. The dynamic nonlocal band-to-band tunneling 
model is enabled to calculate the current at the source-channel tunneling junction. Defects at the semiconductor-
oxide interface can deteriorate the performance of TFET-based biosensors, so we have used the Interface model 
with the Dit = 3 ×  1011  cm−2  eV−1 for all  simulations32. Since silicon has a large indirect bandgap and channel 
thickness is 10 nm, subband quantization is not considered. The gate leakage current was not taken into account 
because 7 nm  SiO2 was used as the gate oxide. All other activated models are SRH, auger, BGN, fermi, and CVT. 
The transfer characteristics of the simulated device is plotted and compared to the extracted values of the Ref.33. 
The depicted results of Fig. 3 demonstrate a good match, effectively validating the simulation procedure.

Simulation results
In this section, we will analyze how different neutral and charged biomolecules affect the AC/DC performance of 
FFC-bio TFET. Additionally, we will assess the reliability of our proposed structure under non-ideal conditions, 
such as temperature variation and trap states. Figure 4 depicts the electric field contours of the device when the 
cavities are filled by Air, APTES (k = 3.57) and Gelatin (k = 12), respectively. It can be inferred that insertion of 
biomolecules with higher dielectric constants in the cavities increases the extension of the electric field lines in 
the source region and consequently smooths the lateral electric field at the tunneling junction which leads to a 
longer tunneling path for the charge carriers.

Figure 5a illustrates the impact of the dielectric constant of air and biomolecules on the energy bands diagram 
of FFC-bioTFET along the AB segment (as shown in Fig. 1). We can see that while the modulation of the energy 
bands in the channel is negligible, biomolecules with higher dielectric constant significantly modulate the band 
bending in the source region, as a result tunneling barrier width increases. It can be seen that at the VGS = 0.5 V, 
the value of the energy barrier width for Air and Gelatin is 25.6 nm and 36.3 nm, respectively. With the doubling 
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of gate voltage, the value of the abovementioned parameters decreases to 17.8 nm and 27.1 nm, respectively. In 
Fig. 5b, the impact of various neutral biomolecules on the transfer characteristics of FFC-bioTFET is depicted. 
In conventional bio-TFET, biomolecules with higher dielectric constants enhance the band-to-band tunneling 
rate at the source-channel junction. In FFC-bioTFET, we have an inverse scenario, meaning that with increasing 
biomolecule’s dielectric constants drain current decreases.

In Fig. 6a, the impact of the biomolecule’s dielectric constant on the drain current sensitivity of our proposed 

structure is depicted. It is given by SID =

(

Iairds −Ibiods

Ibiods

)

 ; here, Iairds  is the drain current when we use Air in the cavities 

and is the constant part of the relationship, while the values of Ibiods  highly depend on the type of biomolecules 
we use in the cavities. For k = 1.54, we have a SIds.max

 = 0.94, while having Gelatin in the cavities causes this to 
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characteristics of FFC-bioTFET.
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Figure 6.  Impact of different neutral biomolecules on (a) the drain current sensitivity, (b) the subthreshold 
swing and subthreshold swing sensitivity of FFC-bioTFET, and (c) the threshold voltage, and threshold voltage 
sensitivity of FFC-bioTFET. (d) Selectivity of FFC-bioTFET between different pairs of neutral biomolecules.
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reach to 1.21 ×  103 (which indicates more than three decades increase). The performance of a bio-TFET can be 
assessed by considering its subthreshold swing (SS) and subthreshold swing sensitivity (SSS), too. Figure 6b shows 
the impact of various neutral biomolecules on the SS and SSS of FFC-bioTFET. Subthreshold swing sensitivity is 
defined by SSS =

∣

∣

∣

SSbio−SSair
SSbio

∣

∣

∣
 , where SSair and SSbio are the minimum gate voltages required for a ten-time incre-

ment of the drain current in the presence of Air and biomolecule, respectively. By using Gelatin instead of Uricase 
(k = 1.54), the value of SS and SSS reaches from 90.23 mV/dec and 0.029 to 137.99 mV/dec and 0.365, respectively. 
Figure 6c illustrates how the presence of neutral biomolecules affects the threshold voltage and the threshold 
voltage sensitivity of FFC-bioTFET. To obtain the threshold voltage we employed the maximum transconduct-
ance method as a more reliable threshold voltage  measure34. We have defined the threshold voltage sensitivity 
as ΔVth = Vth(air) − Vth(bio), where Vth(air) is the threshold voltage for k = 1, and Vth(bio) is the threshold voltage in the 
presence of biomolecules in the  cavities21.

In addition to excellent sensitivity, a good sensor should exhibit good selectivity. Selectivity is one of the 
fundamental parameters for a biosensor, and enables biosensor to identify a specific biomolecule in the present 
of another biomolecule. To have an evaluation about this parameter, we have calculated the selectivity between 
four pairs of natural biomolecules with the following  relationships35,

and the results are depicted in Fig. 6d. It can be observed that FFC-bioTFET reveals more efficient selectivity to 
detect between APTES and Keratin. This can be attributed to the higher values of Δεk/εk for the aforementioned 
pair of biomolecules compared to other cases.

In tunneling FETs, when VDS is lower than VGS, raising the drain voltage significantly modulates the tunneling 
junction, increasing available states for tunneling. Figure 7a shows the impact of VDS variation on the transfer 
characteristics of FFC-bioTFET for Air and Gelatin. It is evident that raising the VDS leads to a higher on-state 
current for both cases. Figure 7b shows that with the reduction of VDS, drain current sensitivity increases.

Biosensors based on tunnel transistors can also detect a type of biomolecule that possess charge density 
known as charged biomolecules, hence, we investigate the impact of a well-known charged biomolecule called 
deoxyribonucleic acid (DNA) on the DC performance of our proposed biosensor.

In Fig. 8a, the transfer characteristics of FFC-bioTFET for four different charge densities (− 1 ×  1012 C.cm−2, 
− 5 ×  1011 C.cm−2, 5 ×  1011 C.cm−2, and 1 ×  1012 C.cm−2) reveal that the curves with positively charged biomol-
ecules exhibit lower on-state currents when compared to negatively charged ones. Indeed, the positively charged 
biomolecules have adverse influence on the band bending sharpness at the source-channel tunneling junction. 
Figure 8b displays the impact of charged biomolecules on the drain current sensitivity of FFC-bioTFET. The 
drain–current sensitivity of positively charged biomolecules is higher than negatively charged ones since posi-
tively charged biomolecules degrade the on-state current more. For DNA biomolecule with Nf  = − 1 ×  1012 C.cm−2, 
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SIds  = 52.29, while for Nf = 1 ×   1012 C.cm−2, SIds with more than one decade increment reaches to 1.09 ×  103. In 
Fig. 8c, it is shown how the charged biomolecules of DNA affect the subthreshold swing (SS) and subthreshold 
swing sensitivity (SSS) of FFC-bioTFET. The lowest SS is observed for DNA biomolecules with Nf = − 1 ×  1012 
C.cm−2, while for Nf = 1 ×  1012 C.cm−2, this value has a ~ 133% increase. However, the highest SSS is observed for 
DNA with Nf = 1 ×  1012 C.cm−2, as compared to the other three cases.

Linearity is an important factor in highly sensitive biosensors. To evaluate the linearity of a biosensor, the 
transconductance must be calculated. The equation gm = ∂ID/∂VGS determines this  value36. Figure 9a shows that 
when the value of k changes from 1 to 12, the transconductance decreases due to the effect of higher dielectric 
constants on the band bending at the tunneling junction. We plotted the transconductance sensitivity as a 
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function of the biomolecule’s dielectric constant in Fig. 9b. It is noticeable that biomolecules with higher values of 
k result in higher Sgm . The parasitic gate-to-source and gate-to-drain capacitances significantly influence the AC 
performance of FETs. In this section, we have examined how these parameters impact the total gate capacitance 
(CGG), cut-off frequency (fT), and sensitivity of cut-off frequency ( SfT ). Figure 10a shows the variation of the 
parasitic capacitances of FFC-bioTFET for Air and Gelatin molecules. When k = 12, the value of CGS is slightly 
higher than when k = 1, since the higher k values increase the extension of fringe field lines. It is worth noting 
that gate-to-drain capacitance dominates the total gate capacitance for both cases, except when k = 12 and VGS is 
lower than 0.4 V. In Fig. 10b,c, we see the cut-off frequency and its sensitivity changing as k varies between 1 and 
12. The graph in Fig. 10b shows that higher values of k lead to lower fT, mainly because gm decreases (as shown 
in Fig. 9a). Moreover, higher values of k contribute to the higher values of the total gate capacitance. According 
to Fig. 10c, SfT varies as we change the biomolecule. We notice that using Gelatin instead of Uricase significantly 
increases SfT by several decades, reaching from 0.97 to 1.63 ×  103.

Non-uniform distribution of biomolecules in the biosensor’s cavities may affect the sensitivity of the device. 
In order to investigate the impact of non-ideal filling of cavities we have considered four different semi-filled 
profiles with a filling factor of 50% as depicted in Fig. 11. Gelatin biomolecule is considered as the sample in 
this investigation. Figure 12a demonstrates the impact of unfilled cavities on the transfer characteristics of 
FFC-bioTFET. It is noticeable that the on-state current in Case (d) surpasses the other cases. In fact, when the 
low-k spacer is closer to the source-channel junction, the energy bands of the source region are less affected 
by the fringe fields and consequently the on-state current is higher. Meanwhile, Fig. 12b illustrates that Case 
(c), in which the permittivity of the gate spacers is higher than that of the other three cases, exhibits the most 
heightened sensitivity of the drain current.

Trap-assisted tunneling is a detrimental phenomenon which shades a notable impact on the performance of 
 TFETs37. Figure 13a shows that activating this model considerably increases the off-state current of FFC-bioTFET. 
Figure 13b portrays the impact of TAT on the SIds of FFC-bioTFET for k = 12. If the VGS falls below 0.35 V, TAT 
will cause a reduction in drain current sensitivity. On the other hand, if TAT is not engaged and VGS is above 
0.35 V, we can expect higher SIds values.

The other non-ideality that may significantly influence the TFETs performance is the impact of interface 
trap charges (ITCs). It should be emphasized that the oxide–semiconductor interface of our proposed structure 
is composed of  SiO2-Si, which is the most desirable case in terms of interface trap density. In Fig. 14a we have 
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Figure 13.  Impact of trap-assisted tunneling on (a) the transfer characteristics, and (b) the drain current 
sensitivity of FFC-bioTFET.
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shown that FFC-bioTFET with negative ITC poses the highest onset voltage for k = 1 and k = 12. As a result, the 
on-state current for Dit = − 3 ×  1011  cm−2  eV−1 is lower than those of other cases. On the other hand, the onset of 
band-to-band tunneling of FFC-bioTFET for Dit =  + 3 ×  1011  cm−2  eV−1 reduces for both cases. Figure 14b depicts 
the impact of interface trap charges on the drain current sensitivity of our structure. Similar to Fig. 14a, the 
positively charged interface of  SiO2-Si displays better transduction efficiency for a wider range of gate voltages.

The performance of TFETs in the off-state and subthreshold region is greatly impacted by changes in tem-
perature. In Fig. 15a, we demonstrate the effects of increasing the temperature by 50 K on the transfer character-
istics of FFC-bioTFET. Notably, the off-state current experiences a significant increase for both k = 1 and k = 12. 
Figure 15b depicts how temperature affects the SIds of our biosensor. Although the difference between the value 
of SIds for Temp = 300 K and Temp = 350 K is significant for lower values of VGS, the SIds remains almost the same 
for gate voltages higher than 0.8 V.

As we have emphasized above, the significant benefits of our biosensor lie in its scalability and easier fabrica-
tion process. However, since the main electric field of the gate affecting the channel is dominant compared to 
the fringing field, we expected that conventional DMFETs show better sensitivity than that of our proposed 
biosensor (at least in simulations). Table 1 presents a comparative evaluation of the performance of various 
dielectric-modulated biosensors, which have been recently reported. In order to prepare this table, we selected 
the Gelatin biomolecule with a dielectric constant of 12 as the target for our analysis. We focused on comparing 

the off-state current sensitivity of the biosensors given by SIoff (%) =

(

Ibiooff −Iairoff

Iairoff

)

× 100 , which is a critical param-

eter for their performance  evaluation41.

Conclusion
We have developed a new type of biosensor that uses the concept of fringe field capacitance. Unlike traditional 
dielectric-modulated bioTFET, our biosensor has carved cavities in the spacer regions, making gate leakage 
current no longer a problem. We also depicted that our biosensor is easier to realize and less-challenging to fab-
ricate. We used the Silvaco ATLAS devices simulator to carry out all the numerical simulations. Our evaluation 
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Figure 14.  The impact of interface trap charges on (a) transfer characteristics, and (b) drain current sensitivity 
of FFC-bioTFET.
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involves assessing the impact of both neutral and charged biomolecules on critical parameters such as drain 
current sensitivity ( SIds ) and subthreshold swing sensitivity (SSS). Furthermore, we have investigated the impact 
of less-analyzed non-idealities, such as traps-assisted tunneling and temperature, on the performance of our 
bioTFET. Our device’s parameters, including SIds  = 1.21 ×  103, SSS  =   0.365, and SfT = 1.63 ×  103, demonstrate that 
it can compete with other TFET-based dielectric-modulated biosensors.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 30 September 2023; Accepted: 23 December 2023

References
 1. Bras, M. et al. Control of immobilization and hybridization on DNA chips by fluorescence spectroscopy. J. Fluoresc. 10, 247–247. 

https:// doi. org/ 10. 1023/A: 10094 72304 903 (2000).
 2. Miller, M. et al. A DNA array sensor utilizing magnetic microbeads and magnetoelectronic detection. J. Magn. Magn. Mater. 225, 

138–144. https:// doi. org/ 10. 1016/ S0304- 8853(00) 01242-7 (2001).
 3. Jang, D.-Y. et al. Sublithographic vertical gold nanogap for label-free electrical detection of protein-ligand binding. J. Vac. Sci. 

Technol. B Microelectron. Nanometer. Struct. Process. Meas. Phenom. 25, 443–447. https:// doi. org/ 10. 1116/1. 27134 03 (2007).
 4. Stern, E. et al. Label-free immunodetection with CMOS-compatible semiconducting nanowires. Nature 445, 519–522. https:// doi. 

org/ 10. 1038/ natur e05498 (2007).
 5. Im, H., Huang, X.-J., Gu, B. & Choi, Y.-K. A dielectric-modulated field-effect transistor for biosensing. Nat. Nanotechnol. 2, 430–434. 

https:// doi. org/ 10. 1038/ nnano. 2007. 180 (2007).
 6. Gao, X. P., Zheng, G. & Lieber, C. M. Subthreshold regime has the optimal sensitivity for nanowire FET biosensors. Nano Lett. 10, 

547–552. https:// doi. org/ 10. 1021/ nl903 4219 (2010).
 7. Knoch, J., Mantl, S. & Appenzeller, J. Impact of the dimensionality on the performance of tunneling FETs: Bulk versus one-

dimensional devices. Solid State Electron. 51, 572–578. https:// doi. org/ 10. 1016/j. sse. 2007. 02. 001 (2007).
 8. Anam, A., Amin, S. I., Prasad, D., Kumar, N. & Anand, S. Analysis of III–V material-based dual source T-channel junction-less 

TFET with metal implant for improved DC and RF performance. Micro Nanostruct. https:// doi. org/ 10. 1016/j. micrna. 2023. 207629 
(2023).

 9. Cherik, I. C., Abbasi, A., Maity, S. K. & Mohammadi, S. Junctionless tunnel field-effect transistor with a modified auxiliary gate, 
a novel candidate for high-frequency applications. Micro Nanostruct. https:// doi. org/ 10. 1016/j. micrna. 2022. 207477 (2022).

 10. Oliva, N. et al. WSe 2/SnSe2 vdW heterojunction tunnel FET with subthermionic characteristic and MOSFET co-integrated on 
same WSe 2 flake.. NPJ 2D Mater. Appl. 4, 1–8. https:// doi. org/ 10. 1038/ s41699- 020- 0142-2 (2020).

 11. Cherik, I. C. & Mohammadi, S. Design insights into switching performance of germanium source L-shaped gate dopingless TFET 
based on cladding layer concept. IEEE Trans. Electron. Device. https:// doi. org/ 10. 1109/ TED. 2022. 32292 57 (2022).

 12. Gopal, G., Garg, H., Agrawal, H. & Varma, T. Stacked ferroelectric heterojunction tunnel field effect transistor on a buried oxide 
substrate for enhanced electrical performance. Semicond. Sci. Technol. 37, 105006. https:// doi. org/ 10. 1088/ 1361- 6641/ ac830b 
(2022).

 13. Saha, R., Goswami, R., Bhowmick, B. & Baishya, S. Simulation study of n+ pocket step shape heterodielectric double gate tunnel 
FET for switching and biosensing applications. Mater. Sci. Eng. B 293, 116491. https:// doi. org/ 10. 1016/j. mseb. 2023. 116491 (2023).

 14. Singh, P. & Yadav, D. S. Impact of work function variation for enhanced electrostatic control with suppressed ambipolar behavior 
for dual gate L-TFET. Curr. Appl. Phys. 44, 90–101. https:// doi. org/ 10. 1016/j. cap. 2022. 09. 014 (2022).

 15. Anvarifard, M. K., Ramezani, Z. & Amiri, I. S. High ability of a reliable novel TFET-based device in detection of biomolecule 
specifies—A comprehensive analysis on sensing performance. IEEE Sens. J. 21, 6880–6887. https:// doi. org/ 10. 1109/ JSEN. 2020. 
30440 56 (2020).

 16. Verma, M., Tirkey, S., Yadav, S., Sharma, D. & Yadav, D. S. Performance assessment of a novel vertical dielectrically modulated 
TFET-based biosensor. IEEE Trans. Electron Device. 64, 3841–3848. https:// doi. org/ 10. 1109/ TED. 2017. 27328 20 (2017).

 17. Cherik, I. C. & Mohammadi, S. Vertical tunneling field-effect transistor with germanium source and T-shaped silicon channel for 
switching and biosensing applications: A simulation study. IEEE Trans. Electron Device. 69, 5170–5176. https:// doi. org/ 10. 1109/ 
TED. 2022. 31893 26 (2022).

 18. Priyadarshani, K. N. & Singh, S. Ultra sensitive label-free detection of biomolecules using vertically extended drain double gate 
 Si0.5Ge0.5 source tunnel FET. IEEE Trans. Nanobiosci. 20, 480–487. https:// doi. org/ 10. 1109/ TNB. 2021. 31063 33 (2021).

 19. Theja, A. & Panchore, M. Performance investigation of GaSb/Si heterojunction based gate underlap and overlap vertical TFET 
biosensor. IEEE Trans. Nanobiosci. https:// doi. org/ 10. 1109/ TNB. 2022. 31839 34 (2022).

 20. Kumar, S., Singh, Y., Singh, B. & Tiwari, P. K. Simulation study of dielectric modulated dual channel trench gate TFET-based 
biosensor. IEEE Sens. J. 20, 12565–12573. https:// doi. org/ 10. 1109/ JSEN. 2020. 30013 00 (2020).

 21. Gedam, A., Acharya, B. & Mishra, G. P. Design and performance assessment of dielectrically modulated nanotube TFET biosensor. 
IEEE Sens. J. 21, 16761–16769. https:// doi. org/ 10. 1109/ JSEN. 2021. 30809 22 (2021).

 22. Gedam, A., Acharya, B. & Mishra, G. P. Design of a double cavity nanotube tunnel field-effect transistor-based biosenser. ECS J. 
Solid State Sci. Technol. 11, 081012. https:// doi. org/ 10. 1149/ 2162- 8777/ ac8835 (2022).

Table 1.  Performance evaluation of some dielectric-modulated biosensor for Gelatin biomolecule.

Ref. Year Architecture Material SIoff VBias (V)
38 2019 Double gate junction-less TFET Si  ~ 100 1.2
39 2021 Extended gate HTFET InGaAs/Si 90 1.5
40 2021 FinFET GaAs1−xSbx 98.4 1
41 2021 Negative capacitance FinFET Si 99.99 1
27 2023 Vertical dual doping-less tunneling junction Si 98.58 1.5

This work 2023 Double gate TFET Si 74.47 1

https://doi.org/10.1023/A:1009472304903
https://doi.org/10.1016/S0304-8853(00)01242-7
https://doi.org/10.1116/1.2713403
https://doi.org/10.1038/nature05498
https://doi.org/10.1038/nature05498
https://doi.org/10.1038/nnano.2007.180
https://doi.org/10.1021/nl9034219
https://doi.org/10.1016/j.sse.2007.02.001
https://doi.org/10.1016/j.micrna.2023.207629
https://doi.org/10.1016/j.micrna.2022.207477
https://doi.org/10.1038/s41699-020-0142-2
https://doi.org/10.1109/TED.2022.3229257
https://doi.org/10.1088/1361-6641/ac830b
https://doi.org/10.1016/j.mseb.2023.116491
https://doi.org/10.1016/j.cap.2022.09.014
https://doi.org/10.1109/JSEN.2020.3044056
https://doi.org/10.1109/JSEN.2020.3044056
https://doi.org/10.1109/TED.2017.2732820
https://doi.org/10.1109/TED.2022.3189326
https://doi.org/10.1109/TED.2022.3189326
https://doi.org/10.1109/TNB.2021.3106333
https://doi.org/10.1109/TNB.2022.3183934
https://doi.org/10.1109/JSEN.2020.3001300
https://doi.org/10.1109/JSEN.2021.3080922
https://doi.org/10.1149/2162-8777/ac8835


11

Vol.:(0123456789)

Scientific Reports |          (2024) 14:168  | https://doi.org/10.1038/s41598-023-50723-y

www.nature.com/scientificreports/

 23. Shreya, S., Khan, A. H., Kumar, N., Amin, S. I. & Anand, S. Core-shell junctionless nanotube tunnel field effect transistor: Design 
and sensitivity analysis for biosensing application. IEEE Sens. J. 20, 672–679. https:// doi. org/ 10. 1109/ JSEN. 2019. 29448 85 (2019).

 24. Cherik, I. C. & Mohammadi, S. Dielectric modulated doping-less tunnel field-effect transistor, a novel biosensor based on cladding 
layer concept. IEEE Sens. J. 22, 10308–10314. https:// doi. org/ 10. 1109/ JSEN. 2022. 31634 75 (2022).

 25. Singh, S. & Singh, S. Dopingless negative capacitance ferroelectric TFET for breast cancer cells detection: Design and sensitivity 
analysis. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 69, 1120–1129. https:// doi. org/ 10. 1109/ TUFFC. 2021. 31360 99 (2021).

 26. Venkatesh, P., Nigam, K., Pandey, S., Sharma, D. & Kondekar, P. A dielectrically modulated electrically doped tunnel FET for 
application of label free biosensor. Superlattices Microstruct. 109, 470–479. https:// doi. org/ 10. 1016/j. spmi. 2017. 05. 035 (2017).

 27. Cherik, I. C. & Mohammadi, S. Impact of trap-related non-idealities on the performance of a novel TFET-based biosensor with 
dual doping-less tunneling junction. Sci. Rep. 13, 11495. https:// doi. org/ 10. 1038/ s41598- 023- 38651-3 (2023).

 28. Choudhury, S. et al. Modeling and simulation of a TFET-based label-free biosensor with enhanced sensitivity. Chemosensors 11, 
312. https:// doi. org/ 10. 3390/ chemo senso rs110 50312 (2023).

 29. Palepu, J. et al. Investigation of the dielectrically modulated electron hole bilayer tunnel field effect transistor for biomolecule 
detections. Curr. Appl. Phys. https:// doi. org/ 10. 1016/j. cap. 2023. 01. 001 (2023).

 30. Patil, M., Gedam, A. & Mishra, G. P. Performance assessment of a cavity on source chargeplasma TFET-based biosensor. IEEE 
Sens. J. 21, 2526–2532. https:// doi. org/ 10. 1109/ JSEN. 2020. 30270 31 (2020).

 31. Silvaco. ATLAS Device Simulation Software User’s Manual, No. Version 3.2 (2015).
 32. Kim, S. W., Kim, J. H., Liu, T.-J.K., Choi, W. Y. & Park, B.-G. Demonstration of L-shaped tunnel field-effect transistors. IEEE Trans. 

Electron. Devices 63, 1774–1778. https:// doi. org/ 10. 1109/ TED. 2015. 24724 96 (2015).
 33. Yang, Z. Tunnel field-effect transistor with an L-shaped gate. IEEE Electron Device Lett. 37, 839–842. https:// doi. org/ 10. 1109/ LED. 

2016. 25748 21 (2016).
 34. Boucart, K. & Ionescu, A. M. A new definition of threshold voltage in tunnel FETs. Solid State Electron. 52, 1318–1323. https:// 

doi. org/ 10. 1016/j. sse. 2008. 04. 003 (2008).
 35. Dwivedi, P., Singh, R., Sengar, B. S., Kumar, A. & Garg, V. A new simulation approach of transient response to enhance the selectiv-

ity and sensitivity in tunneling field effect transistor-based biosensor. IEEE Sens. J. 21, 3201–3209. https:// doi. org/ 10. 1109/ JSEN. 
2020. 30281 53 (2020).

 36. Sarkar, A., Das, A. K., De, S. & Sarkar, C. K. Effect of gate engineering in double-gate MOSFETs for analog/RF applications. Micro-
electron. J. 43, 873–882. https:// doi. org/ 10. 1016/j. mejo. 2012. 06. 002 (2012).

 37. Sant, S., Schenk, A., Moselund, K. & Riel, H. In 2016 74th Annual Device Research Conference (DRC) 1–2. https:// doi. org/ 10. 1109/ 
DRC. 2016. 75484 13 (IEEE, 2016).

 38. Wadhwa, G. & Raj, B. Design, simulation and performance analysis of JLTFET biosensor for high sensitivity. IEEE Trans. Nano-
technol. 18, 567–574. https:// doi. org/ 10. 1109/ TNANO. 2019. 29181 92 (2019).

 39. Mukhopadhyay, S., Sen, D., Goswami, B. & Sarkar, S. K. Performance evaluation of dielectrically modulated extended gate single 
cavity InGaAs/Si HTFET based label-free biosensor considering non-ideal issues. IEEE Sens. J. 21, 4739–4746. https:// doi. org/ 10. 
1109/ JSEN. 2020. 30335 76 (2020).

 40. Dixit, A., Samajdar, D. P. & Bagga, N. Dielectric modulated GaAs1 − x Sb X FinFET as a label-free biosensor: Device proposal and 
investigation. Semicond. Sci. Technol. 36, 095033. https:// doi. org/ 10. 1088/ 1361- 6641/ ac0d97 (2021).

 41. Dixit, A., Samajdar, D. P. & Chauhan, V. Sensitivity analysis of a novel negative capacitance FinFET for label-free biosensing. IEEE 
Trans. Electron Devices 68, 5204–5210 (2021).

Author contributions
I.C.C.: Conceptualization, Methodology, Software, Formal analysis, Investigation, Visualization, Data Curation, 
Writing—Original Draft. S.M.: Conceptualization, Validation, Supervision, Project administration, Resources, 
Data Curation, Writing—Review & Editing.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1109/JSEN.2019.2944885
https://doi.org/10.1109/JSEN.2022.3163475
https://doi.org/10.1109/TUFFC.2021.3136099
https://doi.org/10.1016/j.spmi.2017.05.035
https://doi.org/10.1038/s41598-023-38651-3
https://doi.org/10.3390/chemosensors11050312
https://doi.org/10.1016/j.cap.2023.01.001
https://doi.org/10.1109/JSEN.2020.3027031
https://doi.org/10.1109/TED.2015.2472496
https://doi.org/10.1109/LED.2016.2574821
https://doi.org/10.1109/LED.2016.2574821
https://doi.org/10.1016/j.sse.2008.04.003
https://doi.org/10.1016/j.sse.2008.04.003
https://doi.org/10.1109/JSEN.2020.3028153
https://doi.org/10.1109/JSEN.2020.3028153
https://doi.org/10.1016/j.mejo.2012.06.002
https://doi.org/10.1109/DRC.2016.7548413
https://doi.org/10.1109/DRC.2016.7548413
https://doi.org/10.1109/TNANO.2019.2918192
https://doi.org/10.1109/JSEN.2020.3033576
https://doi.org/10.1109/JSEN.2020.3033576
https://doi.org/10.1088/1361-6641/ac0d97
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Fringe-fields-modulated double-gate tunnel-FET biosensor
	Device structure, fabrication process, and simulation methodology
	Simulation results
	Conclusion
	References


