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Ultra-sensitive heterojunction
double gate BioTFET device
for SARS-CoV-2 biomolecules
detection
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P. Suveetha Dhanaselvam® & I. Vivek Anand?

The persisting SARS-CoV-2 genetic mutation could unintentionally increase human transmission,
mortality, and aggravation. Since no specific pharmaceutical therapies or vaccinations exist, rapid
detection and successful treatment are essential for managing the COVID-19 pandemic. BioTFETs
exhibit superior sensitivity and faster response times than bioFETs, which are more vulnerable to
substantial subthreshold swing and short-channel effects. This article presents the Dielectrically
Modulated-Double Gate-Heterojunction-Tunnel FET-based biosensor (DG-bioHTFET) specifically
engineered to identify and detect the nucleocapsid protein and RNA biomolecules with specific
permittivity (k) of SARS-CoV-2 biomolecules embedded in the nanogaps. At Vs =15V, the proposed
device achieves a drain current (1) of 2.32 x107> A/jum. At k=5 and k=3.64, the lon/lops ratios are
3.550 x 10° and 3.403 x 10°, respectively. The data suggest that the device exhibits increased sensitivity
to biomolecules possessing elevated dielectric constants. It is feasible to design ultra-sensitive TFET
biosensors as a bio-recognition unit, which offers the benefits of rapid label-free detection and high
sensitivity. The device exhibits superior performance in terms of high drain current with enhanced
sensitivity for precise biosensing applications.
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The COVID-19 outbreak is classified as a pandemic by the WHO, which attributes it to the SARS-CoV-2 due
to the alarming increase in the reported instances of human infection. The RNA molecules of SARS-CoV-2
continuously experiences progressive genetic modifications. Turkey provided the primary SARS-CoV-2 genetic
code to the Global Initiative on Sharing All Influenza Data (GISAID) on March 25, 2020. As of May 31, 2021,
Turkey has contributed around 4000 sequences to the initiative. The country’s SARS-CoV-2 virus diversification
data provides insights into the viruss origin and its subsequent adaptation to other regions'>. Typically, viral
antigens are identified by collecting saliva and blood serum samples. However, for COVID-19, nasopharyngeal
swab specimens are employed. The positive detection rate of nasopharyngeal swabs was significantly higher
than that of oropharyngeal swabs, particularly in victims. The positive rate of male nasopharyngeal swabs
was substantially greater than that of female swabs, particularly in outpatient cases. According to the results,
it can be inferred that the agreement between saliva and nasopharyngeal swab (NPS) samples is equivalent
when detecting SARS-CoV-2 RNA using Real-Time Polymerase Chain Reaction (RT-PCR). Hence, saliva is
also recommended as a non-invasive sample for detecting COVID-19, as it yields satisfactory results®-®. Various
laboratory diagnostic methods, like real-time polymerase chain reaction (PCR), rapid antibody testing, and
Enzyme-Linked Immunosorbent Assay (ELISA), have made it easier and more accurate to diagnose COVID-19
quickly®12,

Figure 1 illustrates the SARS-CoV-2 biomolecules genomic sequence. SARS-CoV-2 complete genome has a
polyprotein that has approximately 7096 residues in length. This polyprotein is composed of various structural
and non-structural proteins (NSPs). The genome of a virus is made up of two non-structural proteins called
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Fig. 2. Life cycle of SARS-CoV-28.

ORFla and ORF1b. These proteins hold the nucleotide material. Then, the structural proteins follow these
proteins. Moreover, the virus’s RNA is synthesized to create complementary DNA (cDNA), which is eventually
duplicated by polymerization of DNA. SARS-CoV-2 genome is a 29.8 kb positive-stranded RNA. This genome
includes signals that encode four structural proteins, namely spike glycoprotein (S), envelope (E), matrix (M),
and nucleocapsid (NC). Out of all the proteins, only the spike (S) glycoprotein is exposed on the exterior surface
of the virus. This protein is highly immunogenic, meaning it triggers a strong host immune response. It is also
the most reliable biomarker for diagnosing SARS-CoV-2 infection. The use of RNA, a template, is essential in
cDNA synthesis. When DNA attains a specific temperature, it undergoes the process of denaturation, which
causes to divide the two strands'3~1°. Figure 2 illustrates a SARS-CoV-2 life cycle inside a host cell, which include
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entering into the host cell, releasing RNA, synthesizing proteins, assembling the virus, and releasing new viral
particles.

Among the diagnostic methods that are currently available, FET-based biosensors are a promising candidate
due to their high sensitivity, which enables instantaneous measurements with minimal analyte quantities. These
biosensors have significant possibilities for on-site detection, point-of-care testing, and clinical diagnosis. The
bio-FET is further classified into ion-sensitive FETs and enzyme-based FETs. ISFETs adhere charged molecules
between the gate dielectric and the ionic solution to modify their electrical properties. ISFETs are sensitive to
charged biomolecules and fail to detect uncharged biomolecules'®2°. Enzyme-based BioFETs are frequently
used for detecting antigens, whereas specifically built BioFET platforms are applied in fast viral antigen assays.
Moreover, the development of two-dimensional material-based field effect transistors enables the detection of
viral biomarkers without the need for labeling. Electrical double-layer-gated BioFETs test artificial saliva for
COVID-19%.. BioFETs confirm faster shifts with an optimal detection limit for SARS-CoV-2 nucleocapsid
protein around =3 pM?2. FET-based biosensors experience challenges with scaling limits, such as higher
subthreshold swing (SS) and short-channel effects (SCE). In contrast, biosensors based on tunnel field effect
transistors (TFETs) can provide superior performance and sensitivity with a faster response time as tunneling
mechanism results in low subthreshold swing and reduced leakage. Nevertheless, achieving abrupt junctions in
a TFET is a considerable challenge, as they are crucial for facilitating tunneling.

These devices are well-suited for biosensing applications due to their high sensitivity and minimal power
consumption. Moreover, they can detect viral components without labelling, making it an attractive biosensing
option and also distinguishes infected and control samples for accurate diagnostic testing. Graphene based
TFETs provide the advantages of electrostatic gating and functionalization using antibodies or aptamers to
achieve high sensitivity and conductivity. Direct viral protein identification makes this technique effective to
identifying clinical sample SARS-CoV-2%-%,

This research describes the development of a biosensor called label-free Dielectric modulated Double Gate
Heterojunction Tunnel field-effect transistors (DG-bioHTFET) for quick and accurate identification of SARS-
CoV-2 biomolecules. Incorporating heterojunction in TFETSs helps to enhance tunneling efficiency, improve ON
current, reduce leakage current, enhance ION /IOFF ratio, and have the flexibility to utilize versatile materials
in source and channel/drain regions?’~>. This biosensor has remarkable sensitivity and possesses the capacity
to identify the SARS-CoV-2 biomolecules by monitoring drain current variation (Is) for viral detection. The
primary benefits of the TFET-based biosensor include simple fabrication and rapid sensing response with
the ability to obtain dynamic real-time responses using inexpensive digital readers that can be adjusted for
various applications®'~**. A new GaAs/GaSb polarity-controlled tunnel field-effect transistor (PC-TFET)-
based biosensor with ultra-high sensitivity is reported in**. Due to its fabrication complexity, the sensor is not
a promising option for biomedical applications. In our proposed device architecture, the fabrication processing
steps are simpler, making it feasible for biomedical applications. The experimental data from a conventional
TFET in reference® is utilized to calibrate and benchmark the parameters of our proposed device model to be
simulated. It is performed following the integration of all dimensions and device bias conditions. The I a5 Vs of
the proposed TFET biosensor closely approaches the values previously depicted in Fig. 3.

Proposed device structure and specifications

Figure 4 depicts the two-dimensional view of a Dielectrically modulated- double gate Heterojunction-bioTFET
[DG-bioHTFET]. HfO, is used as an oxide material with a high dielectric constant (k=25), providing good
thermal stability and reduced leakage, improving the output characteristics (Ion) and efficiency. Better gate
control over the channel is achieved by introducing a double gate architecture with aluminium as the ohmic
contact. Asymmetrical doping is implemented in the p + source and n + drain regions to mitigate ambipolarity.
Germanium and silicon are chosen as hetero materials for source and channel/drain, respectively, to improve
the device’s sensitivity. The SARS-CoV-2 biomolecules is too big to be fitted into a 5 nm BioTFET gap; instead,
the device presumably detects smaller fragments such as nucleocapsid protein (~4 nm) or RNA (~2 nm)
with specified permittivity. Our proposed work includes the concept of dielectric modulation, and the current
varies with the permittivity of the biomolecules. Surface functionalization with bioreceptors (e.g., antibodies,
aptamers) allows selective binding within the interstice. Targeting RNA, being extremely small, permits direct
implantation.

In TFET, the doping concentration directly influences the bandgap energy. When there is a large concentration
of dopant atoms, as is commonly found in source and drain regions, the interactions between the dopant atoms
can cause a decrease in the bandgap energy. This is because the effective potential is shifted, influencing the state
of electrons within the material. The impact is especially significant in the source and drain regions, where a high
doping level is required to ensure effective carrier movement.

Table 1 shows the device specifications and its dimensions. Figure 5 illustrates the proper fabrication flow
procedure for the Double Gate Heterojunction Tunnel FET-based biosensor. Table 2 summarizes the respective
biomolecules and their dielectric constants. Under these circumstances, the sensing process takes place in an
arid environment. The entire simulation is carried out in the Atlas Silvaco TCAD simulator.

Results and discussion

Performance characteristics of DG-bioHTFET

Figure 6 depicts the energy band diagram of the DG-bioHTFET. When the device is turned off, the tunneling
current is minimal, and a substantial barrier prevents the flow of electrons from the source to the channel. It can
be observed that there is a visible band bending (shown in the circle) near the center of the channel(~0.03 pm),
where the tunnelling occurs. When a sufficient gate voltage is applied, the source material’s conduction band
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Fig. 3. Calibrated results of experimental TFET vs. proposed DG-bioHTFET.
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Fig. 4. Schematic cross-section of DG-bioHTFET.

S. No | Material specifications Dimensions
1 Channel length, L, 20 nm

2 Source and drain length, Lgand L, | 20 nm

3 Nanogap length, Ly 10 nm

4 Nanogap thickness, tcavity 5nm

3 Metalwork function(aluminium) 42eV

4 Source doping concentration 1x10Y

5 Channel doping concentration 1x10Y7

6 Drain doping concentration 5% 10%

Table 1. Device specifications for the DG-bioHTFET-based SARS-CoV-2.
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Fig. 5. Tentative fabrication flow process of Double Gate Heterojunction Tunnel FET based biosensor (a)
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S.No | Biomolecules High K-Value
1 Low-hydrated proteins 5

2 Glucose oxidase 3.64

3 Amino propyltriethoxysilan | 3.57

4 Cholesterol oxidase 3.28

5 streptavidin/biotin 2.1

6 proteins/avian influenza 1.9

Table 2. Biomolecules and its dielectric constants are enumerated.

aligns with the channel material’s valence band, which reduces the potential barrier width. Such alignment is
vital for enabling efficient band-to-band tunneling and allowing current flow in TFETs. Higher ON currents
in TFETs are directly attributed to this greater tunneling current. In addition, TFETs operate at lower supply
voltages because of a reduction in potential barrier width during the ON state of the device. When k= 1(without
biomolecule), the energy gap among them is 3.71 nm. Introducing the SARS-CoV-2 biomolecule (k=5)
decreases the energy band gap by 3.25 nm, which increases the tunneling current.

Figure 7 illustrates the variation of the surface potential across the channel length with the presence/absence
of the biomolecule, in the nanogap at the source end beneath the gate. The presence of biomolecule (k =5) causes a
channel potential rise below the gate with increased permittivity compared to the absence of biomolecule (k=1).
The electrostatic channel potential is responsible for tunneling of more electrons from the Ge to Si interface.
The potential barrier of Ge/Si is reduced, enhancing the tunneling of the electrons by increasing the tunneling
current. Thus, the presence of the biomolecule can be detected from the elevation of the potential observed.
The sharp rise in surface potential is due to the increased carrier concentration for SARS-CoV-2 biomolecule
(k=5) substantially increasing the drain current in comparison with the absence of biomolecule (k=1). The
SARS COV-2 biomolecules alter the carriers in the gate/channel interface providing high transconductance
responsible for increasing the electrostatic potential.

Figure 8 displays the variations in the electric field along the channel length of DG-bioHTFET for k=5, the
presence of SARS COV-2 biomolecules represents a sharp peak visible at 0.02 pum, which indicates the high
tunnelling probability with peak electric field in comparison with the absence of biomolecules (k=1). The high
surface potential leads to reduced bandgap allowing sufficient carriers to tunnel from source to the drain with
reduced potential barrier and high ON current.

The biomolecules embedded in the nanogaps carrying the SARS-CoV-2 biomolecules exhibit peak electric
field variations compared with air as the dielectric medium. Increasing the gate voltage modifies the surface
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Fig. 6. Energy distribution(on-state) in label-free DG-bioHTFET.
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Fig. 8. Electric field variation across label-free DG-bioHTFET.

potential, directly enhancing the electric field in the channel. This form of modulation enables enhanced
regulation of the electron tunneling process from the source to the channel, resulting in a higher drain current.
The biomolecules embedded in the nanogaps (k=>5) carrying the SARS-CoV-2 biomolecules reaches a maximum
value of 4x 10° V/cm whereas the nanogaps containing air (k=1) as a dielectric medium reaches a maximum
value of 2.5x 10° V/cm.Therefore, the variations in the electric field can determine the presence or absence of
a biomolecule in nanogaps. The increasing number of electric field lines causes the accumulation of charges in
the channel region.

As previous figures show, the biomolecules improves the band bending, surface potential and electric field.
This speeds up the BTBT rate, which is the main conduction mechanism of TFETs. Hence, the current increases
as more carriers tunnel from the source to the channel at lower gate voltages. Figure 8 displays the variations in
drain current as the gate voltage increases without the biomolecule (k=1) and with a biomolecule (k=5). The
drain current progressively increases as the gate voltage ranges from 0 to 1.5 V. Modifying the electric field is
also essential in regulating the current flow by exploiting tunneling improvements. The sample containing the
biomolecule exhibits a significantly higher current compared to the sample without the biomolecule. The drain
current decreases in the absence of biomolecules and increases in the presence of biomolecules. The presence
of a biomolecule in the cavity results in a high drain current of around 2.32x 10~ 5A, whereas the absence of a
biomolecule (k=1) leads to a lower current of around 1.13x 1077 A. Figure 9 shows the drain current variation
across label-free DG-bioHTFET.

Figure 10 illustrates the variations in drain current induced by different bio-molecules within a single
SARS-CoV2 virus particle. Ge-Si hetero material combination facilitates the optimization of band alignment,
increasing the possibility of carrier tunneling. The biomolecules shown in the graph with different k-values
exhibit a substantial variation in drain currents. By averaging these k-values, the ultimate current obtained for
the virus sample is 2.32x107°A. Hence, the magnitude of the electric current flowing through the drain is
crucial in detecting the SARS-CoV-2 biomolecules in pathological specimens.

Table 3 represents the performance analysis of the DG-bioHTFET device, examining several metrics such as
surface potential, electric field, and drain current. The evaluation is performed for two distinct scenarios: one in
the absence of a biomolecule and the other in the presence of the biomolecule.

Sensitivity analysis of DG-BIOHTFET

The effective gate capacitance increases, resulting in a significant shift in channel conductivity due to the
biomolecules combination generated by the immobile receptors enclosed within nanogaps. As biomolecules
fill the nanogaps, the drain current increases. SARS-CoV-2 drain current sensitivity is evaluated under the
condition of k =air, demonstrating the absence of any biomolecules in the nanogaps. The drain current sensitivity
is defined as follows,
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Parameters Without bi lecule | With bi lecule
Surface Potential (V) 1.49 1.48

Electric Field (V/cm) 2.5x10° 4x10°

Drain Current (A/p m) | 1.13x1077 2.32x107°

Table 3. Performance metrics comparison among without and with biomolecule.
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Fig. 11. Sensitivity analysis for various biomolecules in label-free DG-bioHTFET.

145 (bio) — I4s (air)
145 (air)

Sensitivity =

where,

145 (bio) represents the drain current in the presence of biomolecules in the nanogap

145 (air) is drain current reference with air as the dielectric, k= 1(absence of biomolecules)

Figure 11 depicts sensitivity analysis of various biomolecules in label-free DG-bioHTFET including
germanium at the source-channel interface allowing the device to achieve sensitivity of about 635 at low
hydrated proteins, which is higher than prior devices’ sensitivity. The increased sensitivity of the proposed device
architecture will be beneficial for other sensing applications. The sensitivity of this sensor depends on the charge
density in DNA molecules. The ability of DNA molecules to store information makes these phenomena possible.
It is reasonable to assume this will happen because DNA molecules can transfer charges. From the figure, it is
evident that for biomolecules with higher permittivity(k=>5), the sensitivity is much improved, in contrast to
biomolecules with lower k values, which are minimal when there is no presence of biomolecules.

Figure 12 shows the transconductance-gate ratio curves for different drain current values in label-free
DG-bioHTFET. Every biomolecule results a separate |g_/I,| profile, because of its individual interaction
with the channel or the gate of the proposed device. The ratio demonstrates the gate voltage effectiveness in
controlling the drain current under specific circumstances, indicating the responsiveness of the biosensor. An
increased transconductance to gate ratio contributes enhanced biosensor sensitivity by enabling the detection
of biomolecule concentration. The increased sensitivity is crucial for applications in healthcare diagnosis as it
impacts directly the device efficiency and response. A better |g_/I, | ratio is clearly shown for biomolecules with
an increased k-value that are introduced into the cavity. At k=5, the maximum |g_/I, | is attained for larger
k-values. Biomolecules have an amplified controllability of the gate across the tunneling junction due to their
raised k-value. As a result, |g /I, | values are raised.

Figure 13 shows the drain-ON current sensitivity variations for different values of cavity length (L,

. ) The
t
drain-ON sensitivity in DG-bio HTFET increases with the L her ¢

cavity and is maximum for 150 nm. For higher cavity
ty
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ivity

it

Approx. sens

Bio- analytes High-k value | I /I . ratio
proteins/avian influenza 1.9 1.469%10°
streptavidin/biotin 2.1 2.800x 10°
Cholesterol oxidase 3.28 2.875%10°
Amino propyltriethoxysilan | 3.57 3.171x10°
Glucose oxidase 3.64 3.403x10°
Low-hydrated proteins 5 3.550x 10°
Table 4. 1, /I ratio analysis of DG-bioHTFET.
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Fig. 14. Comparison of DG-bioHTFET sensitivity analysis with existing work.

lengths, the area for the interaction of biomolecules with the surface charges in the Ge barrier is significant with
reduced height, thereby improving the tunnelling drain current with high sensitivity. Moreover, the device’s
sensitivity is low for biomolecules with low permittivity compared to those with high permittivity counterparts.
The biomolecules with k=5 exhibit higher gate control over the channel with reduced leakage, resulting in
higher drain current in saturation regime, enabling fast and accurate prediction with improved sensitivity.

Table 4 depicts the ON and OFF current ratio of DG-bioHTFET for SARS-CoV-2 biomolecules. I
Low-hydrated proteins (k=>5) obtained as 3.550 x 10°. As the k-value goes from 1.9 to 5, the I /1, ratio shows
an increasing trend. The I /I ). ratio reaches its maximum at =5 indicating that the device is more sensitive
to biomolecules with higher dielectric constants and starts decreasing for low K values and reaches minimum
with the absence of biomolecules.

Figure 14 presents a benchmark analysis of the proposed DG-bioHTFET for detecting SARS-CoV-2. The
analysis primarily examines the sensitivity factor, whereas the phrase ‘approx. sensitivity’ is used in Fig. 13,
which is taken from recently published research articles.

on/Toes Of

Conclusion

The primary goal of this research is to evaluate the biosensor’s ability to detect a specific strain of SARS-
CoV-2 using pathological samples. This research work analyzes and compares the impact of drain current and
sensitivity on the performance of DG-bioHTFET for detecting label-free biomolecules with existing devices.
This is investigated using Silvaco TCAD simulator. At V= 1.5 V, the proposed device obtains a drain current
(I,,) of 2.32x107°A/um. An increased transconductance-gate ratio enhances sensing capabilities, improving
accuracy and reducing detection limits for biomolecular recognition. Dielectric modulation techniques
significantly increase the transconductance-to-gate ratio. At k=5 and k=3.64, the I, /I, ratio are 3.550 x 10°
and 3.403 x 10° respectively. The values indicate that the device is more sensitive to biomolecules with higher
dielectric constants. Overall, analysis demonstrates the potential and superiority of DG-bioHTFETs, rendering
them suitable for high-precision biosensing applications.
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Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
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