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Abstract
Effective biosensors are required to detect contagious viruses through a rapid test kit using electronic components. Field-
effect transistor-based biosensors have been identified as potential candidates for label-free and rapid sensing applications. 
In this work, a dielectric modulated (DM) two-side underlap gate (U) Field-Effect Transistor (FET) biosensor device with 
a single gate structure is investigated for the label-free electrical detection of biomolecules. For detecting the presence of 
biomolecules immobilized in the underlap region, the change in subthreshold slope (SS), ON current (ION), ON current, 
OFF current ratio (ION/IOFF), and transconductance (gm) of the device have been considered. The proposed device is inves-
tigated for different underlap lengths, and its impact on device sensitivity is analyzed. All the characteristic trends have been 
validated through device simulation.
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1 Introduction

In the present scenario, different viruses are a primary con-
cern worldwide. For this, the detection of the protein and 
DNA of the virus is essential. Different researchers world-
wide are developing a cost-effective, accurate, and high-per-
formance biosensor. Many of them have developed biosen-
sors to detect various viruses and proteins. Clark introduced 
the first biosensor in 1962 [1], which was later employed in 
various applications like the detection of the virus [2], toxic-
ity [3], cancer [4], and can be used for health prognosis [5, 
6], etc. Biosensors convert biological responses into electri-
cal signals [7], and it works by combining two basic compo-
nents, biological receptors and physical–chemical transduc-
ers [8]. The biological receptor converts the responses from 
the biochemical domain to a physical or chemical output 
signal with a defined sensitivity. Transducers convert this 
chemical or physical output signal to the electrical domain 

[8]. Bergveld, in 1970, invented ISFET, which started the 
use of FET for various biosensor applications [9].

The multiple benefits that can be achieved with such a 
design have recently boosted interest in using a field-effect 
transistor (FET) for various biosensors [10–19]. Janata 
and Caras, in 1980, used a FET biosensor for penicillin, 
showing the first practical uses of a FET biosensor [20]. 
Many other papers demonstrate FET biosensors' capabilities 
with different molecular targets [21], like nucleotides, cells 
[22], and amino acids [23]. These three papers [21–23] are 
based on experimental work. Rahman et al. simulated the 
junctionless double-gate MOSFET and its performance is 
analyzed. The device can be used to identify biomolecules 
like deoxyribonucleic acid (DNA), enzymes, cells, etc. [24]. 
The impact on sensitivity is seen by changing the biomol-
ecule's position. Singh et al. simulated the  Si0.5Ge0.5 Source 
dual-electrode doping less tunnel FET (DEDLTFET) bio-
sensors and study the effect on performance by changing 
the cavity length, charge density (QF) and cavity thickness 
[25]. Kalra et al. worked on the tunability of the sensing 
performance of a FET biosensor by using electrostatic gat-
ing of the metal–semiconductor junction [26]. Hwang et al. 
explained using FET with a deformed monolayer graphene 
channel to detect nucleic acid [27]. All the above authors 
are trying to achieve better sensitivity for the proposed bio-
sensor by using different structures and materials, but there 
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is a limitation of sensitivity, as can be analyzed from their 
work, and also complex structure causes a difficult fabrica-
tion process [28]. Lower leakage current, better control over 
the channel, electrical insulation of substrate, fewer photoli-
thography steps, and direct adaptation of the bulk IC design 
method are some advantages of using silicon on insulator 
(SOI) MOSFET [29–34]. In fully depleted SOI (FD-SOI) 
MOSFET, the parasitic capacitance between the source and 
drain, as exhibited by the bulk transistor, is reduced, which 
helps to provide better performance [35].

This manuscript proposes a dielectric modulated two-
side underlap FET biosensor device (DMUFET) with a sin-
gle gate structure to detect the biomolecule. The proposed 
device incorporated biomolecules as a biosensing material. 
The proposed biosensor's electrical response is analyzed 
by changing the dielectric constant of biomolecules in the 
underlap region. In addition, the change in sensitivity of SS, 
 ION,  ION/IOFF, and gm with respect to various dielectric con-
stants are analyzed and discussed. Moreover, a comparison 
of sensitivity is also shown in the manuscript by varying the 
length of underlap region.

2  Device architecture and simulation

The Atlas SILVACO 2D device simulator is used for all 
the device simulations. The device parameter, its dimen-
sion value, and doping concentration for source, drain, and 
channel, which are used for simulation, are stated in Table 
I. The proposed biosensor device architecture and calibrated 
drain current characteristics curve are depicted in Fig. 1a, b. 
In Fig. 1a, Lu is the underlap region length, and Lg is the 
gate length. The thickness of the underlap region in which 
biomolecules are immobilized is considered 15 nm, the 
thickness of the oxide layer  (SiO2) just above the channel is 
5 nm, the thickness of the chromic oxide  (Cr2O3) just below 
the gate is considered as 15 nm, and metal work function is 
considered as 5.1 eV. Properties of chromic oxides, such as 

low dielectric loss, high oxidation resistance, and high melt-
ing temperature, make it a better choice to be used as gate 
dielectric material in FETs than other high K materials [36, 
37]. The  SiO2 layer between the air and the silicon region is 
regarded under the cavity region. The presence of charges in 
the biomolecules significantly affects the biosensing action. 
However, for this work, two distinct oxide materials that 
have been used are  Cr2O3 and  SiO2, where  SiO2 has low 
permittivity compared to  Cr2O3. These two-oxide material 
stacking configurations can be chosen to reduce the interfa-
cial trap density, which improves the device's performance 
[38, 39]. The open cavity region (underlap region) is used 
for sensing the immobilized biomolecules. The biomol-
ecules are introduced in the underlap region by increasing 
the dielectric constant, i.e., K > 1. Many works of literature 
reported that biomolecules like protein, biotin, streptavidin, 
and APTES have a dielectric constant of 2.50, 2.63, 2.1, 
and 3.57, respectively [40–42]. The proposed biosensor's 
sensitivity is assessed at VDS = 0.5v and VGS = 1.5v (bias 
condition).

The various model, such as Field-Dependent Mobility 
Model (FLDMOB), Shockley–Read–Hall (SRH) Recom-
bination Model, Concentration Dependent Mobility Model 
(CONMOB), Bandgap Narrowing Model (BGN), and Auger 
Model (AUGER) present in Atlas SILVACO tool has been 
used to simulate the electrostatic and current of the device 
[43]. The newton trap numerical solver is used during simu-
lation to avoid convergence issues in the SOI structure [43].

3  Results and discussion

The Gate voltage (VGS) vs. Drain current (ID) plot is 
depicted in Fig. 2a. The figure reveals that the drain cur-
rent reduces as the device's underlap length (Lu) increases. 
This reduction in drain current is due to the increase in 
series resistance introduced due to the increase in underlap 
length [44]. This restricts the inversion layer formation 

Fig. 1  (a) Proposed device structure (DMUFET) and (b) calibrated DMUFET  ID characteristics compared with conventional DMFET
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after gate voltage is applied, thus reducing the drain cur-
rent. The underlap length is increased up to 350 nm, while 
the gate length (Lg) reduces to 300 nm, due to which 
controlling the channel becomes more difficult, which 
increases the leakage current or off current as depicted in 
Fig. 2b. The analysis is done keeping VDS = 0.5v, VGS=1.5v, 
and the underlap length is filled with air (K = 1). Figure 2c 
shows the change in transconductance with different gate 
lengths and underlap lengths. The graph clearly shows that 
the transconductance improves as the gate length increases 
due to an improved drain current. The device's efficiency 
in converting the gate voltage into drain current is pro-
vided by transconductance [45].

An increase in transconductance ( gm ) indicates high 
sensitivity for biomolecules. From Fig. 2c, the transcon-
ductance peak is observed at 0.9 Volts (VGS), which 

(1)gm =
�ID

�VGS

.

suggests that an improved sensitivity can be achieved at 
this biasing condition.

Figure 3 depicts the variation of an electric field, surface 
potential, energy band diagram, and electron concentration 
along the lateral length of the device when biomolecules 
are immobilized in the cavity region. Lu = 350 nm and 
Lg = 300 nm are selected for simulation since this is the 
optimum value for maximum device sensitivity. The sur-
face potential is at the highest level for the empty cavity 
region, i.e. (K = 1). The surface potential of underlap sec-
tion shifts downwards with the increase in biomolecules 
dielectric constant from one to a higher value, as shown 
in Fig. 3a. Figure 3b shows that the electric field is higher 
at the gate-underlap junction when air is immobilized in 
the cavity region (K = 1). The plot of energy band diagram 
variation with different dielectric constant values is shown 
in Fig. 3c, which indicates an energy band diagram rise for 
the higher dielectric constant value at the underlap region. 
In Fig. 3d, the electron concentration of the cavity region 
reduces as the constant dielectric increases, which is why 

Fig. 2  (a) ID–VGS characteristics of DMUFET, results of simulation with K = 1 (air), (b) subthreshold drain current with gate voltage, (c) 
transconductance with gate voltage for different gate and underlap length
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surface potential shifts downwards in the cavity region as 
the K value increases. Figure 3e, f shows the ID–VGS char-
acteristics on a linear scale (drain current) and on a log scale 
(subthreshold drain current), respectively. In both the figure, 
it is visible that the drain current improves with the increase 
in dielectric constant, and the subthreshold leakage current 
reduces with the increment in dielectric constant, so it can be 
analyzed that the ION/IOFF ratio is high for higher dielectric 
constant.

The DNA biomolecules are charged particles; therefore, 
for the detection of DNA, the impact of a charged biomol-
ecule on the DMUFET biosensors is analyzed. The presence 
of charges in biomolecules affects the biosensing action of 
the DMUFET biosensor. Lu = 350 nm and Lg = 300 nm are 
selected for simulation since this is the optimum value for 
maximum device sensitivity. The effect of charged biomol-
ecules on the surface potential of the DMUFET biosen-
sor is presented in Fig. 4a. It is reflected from the figure 

Fig. 3  Effect of varying dielectric constant on the (a) surface potential, (b) electric field, (c) energy band diagram, and (d) electron concentration 
along the lateral length of the device. Effect of varying dielectric constant on (e) drain current and (f) subthreshold drain current
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that as the positive charge biomolecules are greater than 
before in the cavity, the surface potential shift upwards due 
to flat band voltage alteration. It makes the threshold volt-
age of the device to be lesser. The electric field increases 
with the positivity of charged biomolecules from  1e10 C/
cm2 to  1e12 C/cm2 in the underlap region, as depicted in 
Fig. 4b. Figure 4c shows the variation in the energy band 
diagram with increased positivity of charged biomolecules; 

the figure clearly shows that the energy band diagram shifts 
downwards. As shown in Fig. 4d, the electron concentration 
of the cavity region improves as the positivity of charged 
biomolecules increases. That is why surface potential shifts 
upwards in the cavity region with the rise in the positivity 
of charged biomolecules. Drain current for different VGS in 
the presence of positively charged biomolecules is shown 
in Fig. 4e. This can be undoubtedly inferred from the graph 

Fig. 4  Effect of varying interface charge density on (a) surface potential, (b) electric field, (c) energy band diagram, and (d) electron concentra-
tion along the lateral length of the device. Effect of varying interface charge on (e) drain current (f) subthreshold drain current
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that with the rise in the positivity of biomolecule from  1e10 
C/cm2 to  1e12 C/cm2, the number of electrons in the channel 
region has improved significantly to a prominent attraction 
force. Hence, the ION has also been enhanced by a notice-
able margin. Figure 4f shows the transfer characteristics of 
the device on the binding of the charged biomolecules for 
positively charged analytes OFF current rise.

From Figs. 3 and 4, it can be analyzed that the dielec-
tric constant is less dominating than the charge effect. The 
impact of charge variation is more as compared with the 
dielectric constant variation on different parameters.

3.1  Sensitivity analysis

Percentage sensitivity analysis when biomolecules are 
immobilized in the gate-underlap section is done by the 
mathematical formulae as expressed [45].

V1 is the value of quantity when underlap region is filled 
with air (K = 1), and V2 is the value of quantity when under-
lap region is filled with the biomolecule (K value other than 
1). Equation 2 expresses the absolute percentage deviation 
in the electrical parameters of the sensor with respect to air 
when the underlap region is immobilized with biomolecules 
(Table 1).

In biosensors based on FET, the ION/IOFF is also utilized 
as the sensing parameter to notice the sensitivity of the bio-
sensor device when biomolecules are introduced into the 
device. Figure 5 shows that the absolute percentage sensitiv-
ity of SS improves with the increase in dielectric constant 
and the increase in underlap length. Figure 5a shows the 
percentage sensitivity of SS for different dielectric constants 
with various gate and underlap lengths. The SS sensitivity 
is maximum with Lu = 350 nm and Lg = 300 nm. Figure 5b 
shows the percentage sensitivity of ON current, which indi-
cates the increase in ON current sensitivity with different 
dielectric constants. Figure 5b depicts that the sensitivity 

(2)%Sensitivity =
|
|
|
|

(V1 − V2)

V1

|
|
|
|

× 100.

is better for underlap of 250 nm length, which means that 
the sensitivity for ON current is better for smaller under-
lap length and larger gate length, i.e. (Lu = 250 nm and 
Lg = 500 nm). This indicates poor control of the device due 
to a smaller gate length. The increment in OFF current is 
more significant than the decrement in ON, with the increase 
in constant dielectric results in better sensitivity in ION/IOFF, 
as shown in Fig. 5c. The absolute percentage sensitivity of 
transconductance increases with the increase in the K value. 
There is no significant change in percentage sensitivity at a 
lower dielectric constant for various underlap lengths. Still, 
the change in sensitivity is visible for a higher dielectric 
constant, as shown in Fig. 5d.

3.1.1  Improvement in sensitivity

Protein and DNA are essential biomolecules in nature. The 
dielectric constant of protein ranges between 2 and 4 [46, 
47]. The dielectric constant of DNA is 8 [48]; therefore, 
to detect the protein, the K value of biomolecules in the 
sensing region is considered 2.1, 4.1, and for DNA, it is 
considered 8. DNA is a charged biomolecule, and some-
times protein also contains a charge, so a fixed charge,  1e11 
C/cm2, at the Si–SiO2 interface region is considered. The 
proposed sensor exhibits a reproducible, specific detection 
of proteins and DNA, as shown in Fig. 6, showing potential 
for detecting viruses and cancer markers [49]. As shown in 
Fig. 6, the proposed sensor with underlap length of 350 nm 
showed improvement in sensitivity compared to underlap 
length of 250 nm for different dielectric constants. Underlap 
length of 350 nm shows 3.4 percent improvement in ION/IOFF 
sensitivity for dielectric constant (K = 2.1), it shows 28.9 
percent improvement in ION/IOFF sensitivity for K = 4.1, and 
a percentage improvement of 55.5 in ION/IOFF sensitivity for 
K = 8 compared to 250 nm underlap length. This result indi-
cates that more cavity regions contribute to better sensitivity, 
and the sensitivity is more elevated for a higher dielectric 
constant.

4  Conclusion

This manuscript shows a conclusive effect of increasing 
or decreasing the cavity region length. The increase in 
cavity region length provides more space for biomolecule 
immobilization, hence increased sensitivity. A decrease 
in underlap length results increase in gate length, which 
offers improved control over the channel, due to which the 
leakage current decrease (IOFF decreases). From the analy-
sis, it can be determined that the sensitivity of the pro-
posed device can be enhanced by increasing the underlap 
length where the biomolecules are immobilized. Changes 
in surface potential, energy band diagram, electric field, 

Table 1  Device parameter used for simulation

S. No Parameters Dimension value/doping

1 Source/drain length 250 nm
2 Channel length 1000 nm
3 BOX thickness 130 nm
4 Oxide thickness  (SiO2) 5 nm
5 Oxide thickness  (Cr2O3) 15 nm
6 Source/drain doping,  ND

+ 1 ×  1020  cm−3

7 Channel doping,  NA 5.1 eV
8 Gate metal work function 1 ×  1015  cm−3
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electron concentration, drain current, and subthreshold 
drain current has been inspected in-depth during the bio-
molecule's detection. From the analysis, it has been found 
that the sensitivity of the biosensor device is enhanced 
much more by increasing the positivity of charged bio-
molecules as compared to an increase in the dielectric 
constant. Also, the absolute percentage sensitivity of SS, 
ION, ON, and OFF current ratio and transconductance have 
been observed in the existence of charged biomolecules for 
different dielectric constants. The proposed device shows 
improvement in absolute percentage sensitivity of ION/IOFF 
by using 350 nm Lu compared to 250 nm Lu, which is 28.9 
percent for K = 4.1, and improvement in absolute percent-
age sensitivity of transconductance is 4 percent for K = 64. 
Therefore, the manuscript clearly states that the suggested 
biosensor device can be a promising and good substitute 
for developing advanced and emerging bio-equipment 
because of its simple structure, higher sensitivity, and less 
thermal budgeting (low fabrication cost). The simulated 
results indicate that the proposed DMUFET can detect 
biomolecules such as protein and DNA. The proposed 

Fig. 5  Absolute percentage sensitivity variation of (a) subthreshold slope, (b) ON current, (c) ON current OFF current ratio, and (d) transcon-
ductance with a different dielectric constant for various gate and underlap lengths

Fig. 6  Comparison of the absolute percentage sensitivity of  ION/IOFF 
for underlap lengths 250 nm and 350 nm
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device can be a promising candidate to explore further 
and research label-free biosensing.
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