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Dielectric Modulated Nanotube Tunnel Field-
Effect Transistor as a Label Free Biosensor:
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Abstract— Dielectric modulated (DM) field-effect transistors
(FET) have gained significant popularity for label-free detection
of biomolecules. However, the inherent short channel effects limit
their sensitivity, scalability and energy-efficiency. Therefore, to
realize the true potential of the DMFET based biosensors, in this
work, we propose a highly scalable, extremely sensitive and
energy-efficient DM nanotube tunnel FET (NT-TFET) biosensor
for label-free detection of biomolecules by modifying the structure
of the conventional NT-TFET. The modified architecture
facilitates the realization of a nanocavity at the source-channel
tunneling junction and also provides stability to the immobilized
biomolecules. We have performed an extensive analysis of the
performance of the proposed DM NT-TFET biosensor in the
presence of different representative target biomolecules
characterized by different dielectric constants, and/or ionized
charge densities using calibrated TCAD simulations. Our results
indicate that the proposed DM NT-TFET exhibits an extremely
high threshold voltage sensitivity (Sy,,) of 0.44, a high selectivity
exceeding four orders of magnitude, ON-state current sensitivity
(81,y) of more than five orders of magnitude and could be a
promising alternative to the conventional FET based dielectric
modulated biosensors. Moreover, the sensitivity of the proposed
DM NT-TFET could be further improved by utilizing alternate
source materials with lower bandgap or by probing the transient
response of the drain current and exploiting the difference in the
settling time for different biomolecules with different dielectric
constant (k).

Index Terms— Nanotube, Tunnel FET, Dielectric modulated,
Sensitivity, Biosensor, Static power dissipation, Steric Hindrance.

l. INTRODUCTION

Field-effect transistor (FET) based biosensors are promising
solution for label-free detection of charged biomolecules owing
to their low cost, high scalability, robustness, reduced response
time, higher sensitivity, and high reliability [1]-[4]. Moreover,
FETs with nanocavity embedded in the gate region have
enabled detection of charge-free biomolecules owing to the
dielectric modulation of the FET characteristics in the presence
of bio-analytes. Although metal-oxide-semiconductor (MOS)
FET based dielectric modulated (DM) biosensors provide
pivotal information about bio-analytes, the short channel effects
significantly degrade their sensitivity and limit their scalability
and energy-efficiency [5]-[6].
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Therefore, FETs based on alternate conduction mechanism
such as tunneling, popularly known as tunnel field-effect
transistors (TFETS), with diminished short-channel effects
were also explored for incessantly scaling the DM biosensors
[7]. DM TFET biosensors exhibit a significantly improved
sensitivity owing to their steep sub-threshold slope and a low
static power dissipation due to the considerably reduced OFF-
state current. Moreover, the sensitivity of the DM TFET
biosensors [8] could be further enhanced by utilizing a SiGe
source with complementary doped pockets [9]-[10], buried
strained SiGe source [11], doped Si/SiGe pockets [12]-[13],
hetero-gate dielectric [14] and the multi-gate architectures such
as nanowires that offer a higher tunneling efficiency and a
reduced sub-threshold swing [15]-[16]. Recently, it was
demonstrated that the inclusion of a core gate in addition to the
outer shell gate in a vertical nanowire TFET configuration, also
known as the nanotube TFET (NT-TFET) [17], significantly
improves the electrostatic integrity, increases the effective
tunneling area and leads to a drastic reduction in the sub-
threshold swing [17]-[27]. Moreover, the architecture of NT-
TFETSs is essentially vertical leading to an inherent scaling
benefit [24]. Considering the high scalability and significantly
reduced static power dissipation in the NT-TFETs [17]-[27], it
becomes imperative to explore their potential for label-free
detection of bio-analytes. Therefore, several electrostatically
doped nanotube TFET-based biosensors were proposed
recently [25]-[26], [28]-[30]. While a junctionless nanotube
TFET with a platinum-induced charge plasma source region
and a dual-metal gate comprising of silver and chromium
electrode in both core and shell nanocavities were used in [28],
the nanocavity was introduced between the charge plasma-
inducing core-source metal and the source region to enhance
the sensitivity in a junctionless nanotube TFET in [29].
Moreover, a nanotube junctionless TFET with an
electrostatically doped source and drain using additional
program gates with a ferroelectric gate dielectric and a core
source metal was used in [30] for enhancing the sensitivity.
Although the electrostatically doped junctionless nanotube
TFETs reported in [25]-[26], [28]-[30] exhibit a high
sensitivity, they suffer from issues inherent to the
electrostatically doped junctionless TFETs such as high
sensitivity to process variations, large crosstalk between charge
plasma or electrostatic program gate and the control gate,
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limited scalability and their structure is significantly complex
from a fabrication perspective.

To mitigate these issues and realize the true potential of the
nanotube architecture, in this work, we propose a simple, highly
scalable, and extremely energy-efficient NT-TFET based DM
biosensor (DM NT-TFET) for label-free detection of
biomolecules by modifying the structure of the conventional
doped NT-TFETs. Unlike the conventional doped NT-TFET,
the source region is located at the top while the drain region is
defined at the bottom of the proposed DM NT-TFET to
facilitate the immobilization of the biomolecules in the
nanocavity formed in the shell gate along the vertical direction.
A comprehensive analysis of the performance of the DM NT-
TFET in the presence of different representative target
biomolecules with a dielectric constant (k) between 2 to 10 and
an ionized charge density in the range of -10*2 C/cm? to 10%?
C/cm? was performed to evaluate the potential benefits of the
proposed DM NT-TFET based biosensor. Our results indicate
that the proposed DM NT-TFET based biosensor exhibits an
extremely high threshold voltage sensitivity (Sy,,=0.44) and
ON-state current sensitivity (S;,,= 8 x 10° and a high
selectivity (ASkerqtin/streptaviain = 3-8 X 10%) as compared to
the conventional MOSFET or TFET based biosensors and a
significantly low OFF-state current resulting in an ultra-low
static power dissipation.

The paper is organized as follows: the device structure and a
process flow for realizing the proposed DM NT-TFET is
presented in section Il and the simulation methodology is
described in section I11. The results of our detailed investigation
are discussed in section 1V and the conclusions are drawn in
section V.

Il. DEVICE STRUCTURE

The 3D schematic and the 2D cross-sectional view of the
proposed DM NT-TFET biosensor are shown in Fig. 1. Since
the point tunneling mechanism in TFETSs is localized at the
source-channel interface, the nanocavity in the gate must be
placed near the source-channel interface for effective dielectric
modulation. Therefore, as can be observed from Fig. 1, the
source region of the DM NT-TFET is located at the top with the
nanocavity embedded near the source region while the drain
region is defined at the bottom unlike the conventional NT-
TFET [17] where the source and drain regions are defined at the
bottom and top, respectively. Furthermore, such an
arrangement also improves the stability of the biomolecules
accumulated in the nanocavity. Also, for the ease of contact
formation, the core gate contact has been taken at the source
end and a smaller core gate thickness has been used for the core
gate contact to reduce the gate-to-source overlap capacitance
and improve the dynamic performance of the proposed DM NT-
TFET biosensor.

The proposed DM NT-TFET may be realized using the
process flow suggested in [17] and [20] with addition of two
steps: (a) deposition of a sacrificial layer while defining the
shell gate stack and (b) selective etching of the sacrificial layer
after the contact formation. We have also suggested a process
flow for realizing the proposed DM NT-TFET as shown in Fig.
2. Since similar vertical nanostructures and hollow silicon

nanorods have already been demonstrated experimentally in
[31] utilizing reactive ion etching and high-precision plasma-
treated lithography, the experimental realization of the
proposed DM NT-TFET utilizing the suggested process flow
should not pose a significant fabrication complexity. As shown
in Fig. 2, first, the cylindrical-silicon region may be realized
using electron beam lithography (EBL) and sacrificial sidewall
deposition (Figs. 2.1 — 2.3). Then, the shell gate oxide and the
sacrificial layer (which is etched later to form the nanocavity)
can be deposited followed by deposition of the shell gate (Figs.
2.4 - 2.6). The shell gate and the outer gate oxide can then be
etched followed by deposition of another sacrificial layer
(which acts like top spacer) as shown in Fig. 2.7. Subsequently,
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Fig. 1 (a) 3D and (b) 2D schematic view of the proposed nanotube tunnel FET
(NT-TFET) based DM biosensor.

chemical mechanical polishing (CMP) may be utilized for
planarization and the sacrificial layer may be etched followed
by growth of an epitaxial silicon region (Fig 2.8). Later, a hard
mask (TEOS) layer may be deposited and the inner portion of
the epitaxially grown silicon may be etched to form a trench
(Figs. 2.9 - 2.11). The core gate dielectric can then be deposited
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Fig. 2 A suggested process flow for realizing the proposed DM NT-TFET based biosensor following [17] and [20] by adding two process steps.

followed by the deposition of the core gate (Figs. 2.12 - 2.13).
To realize a thinner core gate close to the core gate contact,
oxide deposition may be followed with core gate deposition
(Figs. 2.14 - 2.15). The contacts may be defined after
passivation (Figs. 2.16 - 2.17). Finally, the nanocavity can be
realized by etching the sacrificial layer between the source
contact and shell gate contact as shown in Fig. 2.18.

To analyze the performance of the proposed DM NT-TFET,
a channel length of 50 nm has been used [17]-[18]. A core gate
diameter (dcore) of 100 nm, a silicon film thickness (tsi) of 10
nm, an effective oxide (SiO,) thickness of 1 nm and a length of
50 nm has been considered [16]. It has been experimentally
demonstrated that a small nanocavity is desirable for improving
the sensitivity and enhancing the signal-to-noise ratio (SNR) of
the FET-based biosensors [32]-[33]. Furthermore, since the size
of the typical protein molecules such as biotin and streptavidin
lie in the range of ~3 — 5 nm, a nanocavity with a thickness of
10 nm is sufficient to facilitate immobilization of biomolecules
for detection using FET-based biosensors. Moreover, efficient
detection of biomolecules using nanocavity thickness of 7 nm
and 10 nm has already been demonstrated experimentally in
[33]. Therefore, we have utilized a nanocavity with a thickness
of 10 nm in this work. Also, a gate metal with a work function
of 3.9 eV has been used for both core and shell gates. The
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Fig. 3 Simulation setup calibrated by reproducing the results of NT-TFETSs in
[21].
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source, channel and drain regions were uniformly doped to Na
=5 x 10 cm?3, Na = 10 cm® and Np = 5 x 10%° cm?,
respectively.

I1l. SIMULATION FRAMEWORK

The performance of the proposed DM NT-TFET was analyzed
with the aid of SILVACO ATLAS TCAD tool [34]. The
nonlocal band-to-band tunneling (BTBT) model based on the
Wentzel-Kramers-Brillouin (WKB) approximation was used to
consider the point tunneling at the source-channel interface. In
addition, the doping-dependent and the field-dependent
mobility degradation models were also included. The Shockley-
Read-Hall (SRH) recombination and Auger recombination
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Fig. 4 Transfer characteristics of the proposed DM NT-TFET in the presence
of different neutral biomolecules with different dielectric constant (k).

models were enabled and the band-gap narrowing (BGN)
model was activated to take into account the band gap reduction
in the heavily doped source and drain regions. Furthermore, the
physical model parameters such as effective tunneling mass of
electrons and holes (0.1 mq for electrons and 0.17 mq for holes),
were tuned and the simulation set up was calibrated by
reproducing the characteristics of NT-TFET reported in [21] as
shown in Fig. 3. Moreover, we obtained the absolute drain
current (in A) by multiplying the normalized drain current with
the effective silicon circumference given as m(dcorettsi) [22]-
[24].
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Fig. 5 (a) Electric field and (b) energy band profiles of the proposed DM NT-
TFET based biosensor in the presence of neutral biomolecules with different
dielectric constant (k).
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Fig. 6 BTBT generation rate profile of DM NT-TFET with keratin (x = 10)
filled nanocavity for Vps= Vgs=1 V.

The immobilization of biomolecules inside the nanocavity
was modeled as a change in the dielectric constant (k) with x
varying between 2 to 10 which includes biomolecules such as
streptavidin (x = 2.1), biotin (k = 2.63), APTES (x = 3.57),
gluten (x = 5), Apo myoglobin (x = 8), keratin (x = 10), etc.
Furthermore, we have assumed (dry sensing) air environment
with a dielectric constant k = 1 to emulate the absence of
biomolecules in the nanocavity following the prior works [10]-
[11], [13], and [35]. In experimental measurements, such an air
ambient is achieved by washing with de-ionized water several
times and drying with N2 gas [35]-[37]. It may be noted that the
main objective of this work is to demonstrate the relative
change in the characteristics of the DM NT-TFET in the
presence of different biomolecules in the nanocavity rather than
showing the exact values of the current.

IV. RESULTS AND DISCUSSION

The transfer characteristics of the proposed DM NT-TFET in
the presence of biomolecules with different dielectric constant
in the nanocavity are shown in Fig. 4. As can be observed from
Fig. 4, the ON-state (Vs = Vs = 1 V) current of the proposed
DM NT- TFET increases monotonically with an increase in the
dielectric constant (k) of the biomolecule in the nanocavity. The
ON-state current increases significantly by more than four
orders of magnitude when « changes from 1 (air-filled
nanocavity) to 10 (keratin-filled nanocavity) as shown in Fig.
4. This is attributed to the enhanced gate coupling in the
presence of keratin-filled nanocavity (k = 10) which results in
an increased vertical electric field at the source-channel
tunneling junction as shown in Fig. 5(a). The high electric field
leads to a significant reduction in the tunneling width as shown
in Fig. 5(b) resulting in a considerable increase in the ON-state

current by more than four orders of magnitude. Although low
ON-current values such as 10 to 10"%° A have been considered
for biosensor with air (k=1) filled nanocavity [44]-[45], the
signal to noise ratio would be limited for such biosensors during
practical measurements. Moreover, utilizing such biosensors
for practical application would necessitate the use of a complex
sense amplifier circuitry with high gain and low SNR.

The BTBT generation rate profile is shown in Fig. 6. for the
proposed DM-NT TFET biosensor with keratin (x = 10) in the
nanocavity. The non-local BTBT model in ATLAS treats the
quantum-mechanical BTBT phenomena as a classical
generation process and displays the BTBT generation of
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Fig. 7 ON-state current sensitivity (S;,,,) of the proposed DM NT-TFET based

biosensor in the presence of neutral biomolecules with different dielectric
constant (k).
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Fig. 8 ON-state current sensitivity (S;,,) of the proposed DM NT-TFET based
biosensor with varying gate voltage.
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Fig. 9 ON-state current to OFF-state current ratio (Ion/lorr) of the proposed DM
NT-TFET in the presence of neutral biomolecules with different dielectric
constant (k).
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electrons and holes at the end of the user-defined quantum
tunneling mesh as can be observed from Fig. 6. The BTBT
generation rate for electrons and holes is significantly high in
the presence of biomolecule in the nanocavity.

A. ON-State Current Sensitivity

Furthermore, the ON-state current sensitivity (S;,, ), defined

as:

_ ION(biO)
ton = [iontain ®

where, lon (bio) is the ON-state current in the presence of
biomolecules in the nanocavity and lon (air) is the ON-state
current in the absence of biomolecules in the nanocavity (air-
filled nanocavity), is an important sensing metric for DM
TFET-based biosensors since it is relatively immune to the
variations in the operating temperature [38]. As shown in Fig.
7, §;,y increases with an increase in the dielectric constant (i)
of the biomolecule in the nanocavity. The proposed DM NT-
TFET exhibits a significantly high ON-state current sensitivity
of more than four orders of magnitude (S;,,, = 2 x 10*) when
the nanocavity is filled with keratin (x = 10). Also, as shown in
Fig. 8, the ON-state current sensitivity (S;,,) depends
significantly on the gate voltage selected as the ON-state
voltage. Furthermore, the peak ON-state current sensitivity (~8
x 10°) is obtained at a lower gate voltage (Ves = 0.6 V) as
compared to the supply voltage (Ves = Vpp = 1.0 V). The drain
current for DM NT-TFET with air-filled nanocavity increases
at a slower rate with the gate voltage for low Vs (<0.6 V) while
the drain current for DM NT-TFET with keratin filled
nanocavity increases rapidly with the gate voltage for low Vs
(<0.6 V). This results in an increase in the ON-state current
sensitivity of the DM NT-TFET based biosensor till Vgs = 0.6
V. However, at higher Vgs (>0.6V), the drain current for DM
NT-TFET with air-filled nanocavity increases at a larger rate
than the DM NT-TFET with keratin filled nanocavity as shown
in Fig. 4. This leads to a reduction in the ON-state current
sensitivity.

Also, the OFF-state current of the proposed DM NT-TFET is
significantly low (by nearly four orders of magnitude) as
compared to a MOSFET DM biosensor [39]. A lower OFF-state
current leads to a significantly reduced static power dissipation
in the DM NT-TFET based biosensor.

Moreover, the ON-state to OFF-state current ratio (lon/lorr)
of the DM NT-TFET is considerably high and increases with an
increment in k of the biomolecules. The proposed DM NT-
TFET exhibits a significantly high lon/lorr of 6x108 for keratin-
filled nanocavity (x = 10) as shown in Fig. 9. The ON-state to
OFF-state current ratio (lon/lose) can also be used as a sensing
metric for detection of the bio-analytes. The proposed DM NT-
TFET exhibits more than four orders of magnitude change in
lon/loer for keratin-filled nanocavity (k= 10) as compared to the
air-filled nanocavity (k= 1).

B. Threshold Voltage Sensitivity

Furthermore, the threshold voltage (V;,), measured using the
constant current method [24], of the DM NT-TFET decreases
monotonically with an increase in the x of the biomolecules
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Fig. 10 (a) The threshold voltage (V,;) Shift and (b) threshold voltage sensitivity
(Sye) of the proposed DM NT-TFET based biosensor in the presence of
different neutral biomolecules with different dielectric constant (k).

inside the nanocavity as shown in Fig. 4. The threshold voltage
sensitivity (Sy¢,) of the proposed DM NT-TFET based
biosensor in the presence of different biomolecules in the
nanocavity can be defined in terms of the shift in the threshold
voltage as [35]:

Ven(air)—Vep(bio)
Ven(air) )
where, V;;, (air) and V,, (bio) are the threshold voltages of the
DM NT-TFET in the absence of biomolecules in the nanocavity
(air-filled nanocavity) and the presence of biomolecules in the
nanocavity, respectively. Sy, represents the relative change in
the threshold voltage and is a more fundamental quantity
(similar to the relative error) than the absolute threshold voltage
shift (or absolute error) for benchmarking [35]. However, the
definition of Sy, will not be valid if the threshold voltage of
the biosensor for air-filled nanocavity is zero. Since the
threshold voltage is obtained using the constant current method,
one can always tune the reference current value used for
defining the threshold voltage (and make it non-zero for air-
filled nanocavity). Moreover, the absolute threshold voltage
shift (Fig. 10(a)) can be used as the benchmarking parameter
when the threshold voltage of the biosensor in the presence of
air-filled nanocavity is zero. As shown in Fig. 10(a), while the
shift in the threshold voltage (as compared to the DM NT-TFET
with air-filled nanocavity) for DM NT-TFET with keratin-filled
nanocavity (« = 10) is significantly high (594 mV), the shift in
the threshold voltage for DM NT-TFET with streptavidin-filled
nanocavity (x = 2.1) is also appreciable (119 mV). Therefore,
the proposed DM NT-TFET can also detect biomolecules with
low dielectric constant efficiently. As can be observed from Fig.
10(b), the threshold voltage sensitivity (Sy;,) of the DM NT-
TFET based biosensor improves with an increase in the
dielectric constants of the biomolecules. The threshold voltage
sensitivity is maximum (Sy., = 0.44) for keratin-filled
nanocavity (x = 10) and minimum (S, = 0.1) for streptavidin-
filled nanocavity (x = 2.1). Furthermore, the threshold voltage
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Fig. 11 Threshold voltage sensitivity (Sy.,) of the proposed DM NT-TFET
based biosensor with varying (a) drain voltage (b) reference drain current for
Vin, measurement.
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of ultra-short channel TFETSs is also sensitive to the drain
voltage owing to the short channel effects such as drain-induced
barrier thinning (DIBT) [24], [40]. The variation of the
threshold voltage sensitivity (Sy.,) with applied drain voltage
(Vbs) is shown in Fig. 11(a). Sy, increases with an increase in
the drain voltage and saturates at high Vps values. Since we
have used the constant current method for measuring the
threshold voltage, changing the reference drain current value
for calculating the threshold voltage also changes S, as can
be observed from Fig. 11(b). Although Sy, for the proposed
DM NT-TFET based biosensor does not change significantly
with streptavidin-filled nanocavity (x = 2.1), Sy, reduces
significantly from 0.51 to 0.37 as the reference drain current for
measuring the threshold voltage is changed from lO'gA/um to
1077 A/um for the proposed DM NT-TFET based biosensor
with keratin-filled nanocavity (k = 10).

C. Selectivity

Selectivity is also an important performance metric of the FET-
based biosensors and represents the ability of the biosensor to
distinguish between different biomolecules. Selectivity of a
FET-based biosensor for biomolecule B1 over biomolecule B2
is defined as [41]:

_ |lon(B1)-Ion(B2)
ASBI/BZ i (3)
Ion(B2)
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1
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Fig. 12 Selectivity (AS) of the proposed DM NT-TFET based biosensor.

Fig. 12 shows the selectivity of the proposed DM NT-TFET
based biosensor for different biomolecules used in this work.
While the selectivity of keratin (x = 10) over streptavidin (kx =
2.1) is maximum (3.8x10%), the proposed biosensor exhibits the
minimum selectivity between keratin (x = 10) and Apo
myoglobin (x = 8). The selectivity of the proposed DM NT-
TFET biosensor increases with an increase in the relative
difference of the dielectric constants of the biomolecules under
consideration [41].

D. Impact of Charge on Biomolecules

Additionally, some target biomolecules (such as DNA) get
ionized when linked with specific receptor atoms and the charge
on the biomolecule depends on the combination of receptor and
biomolecule. Furthermore, DM MOSFET based biosensors are
highly sensitive to the charges on the biomolecules and the
device type (n- or p-MOSFET) needs to be changed to
effectively capture the different polarity of charges depending
on the ionized biomolecules [4]. These charges are generally
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Fig. 13 Threshold voltage sensitivity (Syy,) of the DM NT-TFET based
biosensor in presence of ionized biomolecules with (a) positive charge and (b)
negative charge.

localized at the surface of the gate dielectric (and can be
modelled as line charges on the gate oxide material) and
modulate the surface potential of the channel region.

Furthermore, the charge density of the biomolecule depends

on their isoelectric point (pl), the pH and the molar
concentration of the solution. The charge density may be altered
by tuning the difference between the isoelectric point and the
pH of the solution or by changing its molar concentration. A
potential methodology to decouple the impact of charges and
dielectric constant on the threshold voltage shift could be to
reduce the charges on the biomolecule by keeping the pH of the
solution close to the pl of the biomolecule. However, for
efficient detection of biomolecules by using the charge-
dominant threshold voltage shift, the difference between pl of
the biomolecule and the pH of the solution should be kept large
or a high molar concentration of solution should be used [32],
[42]. Although previous studies [32], [42] have suggested
methods such as charge pumping to find the polarity of charges,
specific charge density on individual biomolecules due to
different pH and molar concentration of the solutions has not
yet been reported. Therefore, modeling a biomolecule with a
particular fixed charge density is not feasible [32], [42] and a
charge density range of 10%-10' C c¢cm2 is usually taken to
analyze the impact of charges on the biomolecules on the
sensitivity of FET-based biosensors [32].
Moreover, the dominant mechanism (charge or dielectric
constant) which leads to shift in the threshold voltage also
depends on the type of biomolecules under consideration. For
instance, biomolecule-charge would be the dominant factor
driving the shift in the threshold voltage while sensing bio-
analytes such as DNAs. However, dielectric constant would be
the dominant factor while sensing protein molecules or ligands
such as APTES or Streptavidin where charge density of the
biomolecule is small since their pl is close to pH (= 7) of neutral
solutions [32], [42].

Therefore, we have analyzed the performance of the
proposed DM NT-TFET biosensor in the presence of both
charged biomolecules with different charge density and neutral
biomolecules with different biomolecules to decouple their
impact on threshold voltage shift. Fig. 13 illustrates the impact
of ionized biomolecules on the threshold voltage sensitivity
(Syen) of the DM NT-TFET based biosensor. While the
positively charged biomolecules boost the surface potential
leading to an enhanced tunneling current and a reduced
threshold voltage, the negatively charged biomolecules result in
an increased threshold voltage. Therefore, the threshold voltage
sensitivity (Sy:,) increases with an increased density of
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Fig. 14 (a) Different immobilized biomolecule profiles due to steric hindrance
and (b) threshold voltage sensitivity of DM NT-TFET based biosensor for
streptavidin (k = 2.1) and keratin (x = 10) in the presence of steric hindrance.

positively charged biomolecules in the nanocavity of DM NT-
TFET. The proposed DM NT-TFET shows a significantly high
sensitivity (Sy:, = 0.44) when the keratin-filled nanocavity (k
= 10) gets ionized to a positive charge density of 102 C/cm?.
Although Sy, degrades in the presence of negatively charged
biomolecules inside the nanocavity, the sensitivity (Sy;, =
0.37) is still appreciably high for the proposed DM NT-TFET
with keratin-filled nanocavity (x = 10) as compared to the other
conventional MOSFET/TFET based biosensors (table 11).

E. Impact of Steric Hindrance

As discussed in section Ill, in FET-based biosensors, the
target bio-analytes tend to attach with the receptor or linker
molecules and get immobilized enabling the sensing
mechanism. However, in the practical scenario, all the target
bio-analytes are not able to attach with the appropriate receptor
molecules due to steric hindrance and the variation in the
physical properties of the receptor, target bio-analytes, and
electrolytic solutions [43]. This partial hybridization of target
bio-analytes generates an asymmetric pattern of immobilized
biomolecules inside the nanocavity which affects the sensitivity
of the biosensor. To consider this non-ideal behavior, we have
taken four standard patterns for analyzing the sensitivity of the
proposed biosensor as illustrated in Fig. 14(a).

The threshold voltage sensitivity (Sy;) is lowest in the case
of the immobilized bio-analytes with increasing profile and
highest for the case of immobilized biomolecules with
decreasing profile for both Streptavidin and Keratin as shown
in Fig. 14(b). In the decreasing/concave profiles of immobilized
biomolecules, a larger concentration of biomolecules is
immobilized near the source/channel interface as compared to

interface, the proposed DM NT-TFET exhibits a higher
sensitivity to the concave and decreasing profiles of the
immobilized bio-analytes.

F. Impact of Structural Parameters
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Fig. 15 ON-state current sensitivity (S;,,) of the proposed DM NT-TFET
based biosensor with different channel thickness.

The ON-state current sensitivity also depends on the channel
thickness. As shown in Fig. 15, the ON-state current sensitivity
increases with increasing channel thickness. An increase in the
channel thickness increases the curved-surface area of the
source-channel junction [2m(0.5 d¢ore + tox + tsi) (Liunn)] at
which point tunneling takes place [18]. This results in an
increase in the drain current for the DM-NT TFET based
biosensor. Moreover, the increase in the current is more for DM
NT-TFET with streptavidin-filled nanocavity as compared to
the DM NT-TFET with air-filled nanocavity. As a result, the
on-state current sensitivity of the DM NT-TFET increases with
the channel thickness. While S, . does not increase

significantly for the proposed DM NT-TFET based biosensor
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Fig. 16 Threshold voltage sensitivity (Sy,.,) of the proposed DM NT-TFET
based biosensor with different (a) nanocavity lengths, Lc (b) channel lengths,
Lch-

with streptavidin-filled nanocavity (x = 2.1), it increases
considerably by more than an order of magnitude when the
channel thickness is increased from 8 nm to 20 nm for the DM
NT-TFET based biosensor with keratin-filled nanocavity (k =
10). The threshold voltage sensitivity also depends on the
nanocavity length as shown in Fig. 16(a). As can be observed
from Fig. 16(a), the sensitivity improves with an increase in the
nanocavity length. Moreover, the relative change in the

Length of Channel, L(h[nm)
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Fig. 18 Energy band profiles of the DM NT-TFET based biosensor for (a) Ge
source, (b) InAs source

sensitivity is nearly 16% for keratin-filled nano-cavity (k = 10)
when the nanocavity length increases from 20 nm to 50 nm.
Although point tunneling occurs at the source-channel
interface, the threshold voltage sensitivity is affected due to
channel length scaling owing to the short channel effects such
as drain-induced barrier thinning (DIBT) [24],[40]. DIBT leads
to a significant increase in the drain influence on the
electrostatics of TFETs resulting in an increased leakage
current and a reduction in the threshold voltage. Since the
reduction in the threshold voltage is more for x = 1 than for k =
10, we observe a reduction in the threshold voltage sensitivity
with increasing channel length as shown in Fig. 16(b). The
relative change in the sensitivity is nearly 14% for keratin-filled
nano-cavity (k = 10), when the channel length is increased from
20 nm to 50 nm. Also, it may be noted that the proposed DM
NT-TFET is a vertical structure, and the footprint is not dictated
by the length of nanocavity or channel. The enhanced

materials with lower bandgap such as germanium (Ge) and
indium arsenide (InAs) [18]-[19], we have also analyzed the
performance of the proposed DM NT-TFET with different
source materials as shown in Fig. 17. The effective tunnelling
mass for Ge and InAs were also tuned to reproduce the results
reported in [18] and [19]. The m. and my values used for Ge
were 0.06 mg and 0.2 myg, respectively while for InAs, m. and
mp values of 0.026 mg and 0.4 mo, respectively, were utilized in
this work. The ON-state current sensitivity (S, ) increases
significantly by more than five orders of magnitude when «
changes from 1 (air-filled nanocavity) to 10 (keratin-filled
nanocavity) when InAs and Ge are selected as the source
materials. The lower bandgap of InAs and Ge leads to a
significant reduction in the tunneling width as shown in Fig.
18(a-b) resulting in a considerable increase in the ON-state
current sensitivity. In addition, S; . increases by 2900% for Ge
source and 3900% for InAs source as compared to the DM NT-
TFET with silicon source.

10
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Fig. 19 Transient response of the drain current of the proposed DM NT-TFET
in presence of different neutral biomolecules with different dielectric constant
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Fig. 20 Settling time of the proposed DM NT-TFET based biosensor in presence
of different neutral biomolecules with different dielectric constant (k).
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H) Transient Response

Also, it was shown recently that the sensitivity and selectivity
of the DM TFET based biosensors could be significantly
improved by probing their transient response and exploiting the
different settling times of the drain current in the presence of
different biomolecules in the nanocavity [41]. Therefore, we
have also analyzed the transient response of the proposed DM
NT-TFET biosensor in the presence of different biomolecules
in the nanocavity as shown in Fig. 19. The drain current in the
stable state increases with an increase in the dielectric constant
of the biomolecules. Also, the settling time of the drain current
in the transient response decreases with an increase in the
dielectric constant of the biomolecules as shown in Fig. 20. This
is attributed to the enhanced vertical electric field and the BTBT
rate of the DM NT-TFET in the presence of biomolecules with
high k. Moreover, the ON-state current sensitivity increases
significantly to nearly seven orders of magnitude, when «
changes from 1 (air-filled nanocavity) to 10 (keratin-filled
nanocavity) while probing the transient analysis (at a time
instance of 0.1ps).

TABLE |
PERFORMANCE ANALYSIS OF PUBLISHED FET BASED
BIOSENSORS CONSIDERING lon SENSITIVITY

Sl. TFET Based Biosensors ON-state current
No. Sensitivity (Sion)
1 Lateral DM HTFET (Lgap =20 nm, Lcy = 10
42 nm, x« =2.1) [10]
2 Single Pocket DM TFET ( Ly = 20 nm, 40
Lch =42 nm, « =2.1) [10]
3 SiGe Source DM PNPN TFET (Lgsp = 20 4x103
nm, Len =42 nm, k =2.1) [12]
4 DM FET (Lgap = 30 nm, Lgate = 100 nm, 5
k= 10) [8]
5 DM FET (Lgp = 75 NM, Ly = 250 nm, 7
k= 10) [8]
6 Double Gate (DG) TFET (Lgp =30 nm, 1.05 x 102
Loae = 40 nm, k = 12) [13]
7 DM NT-TFET (Lgsp = 50nm, Ly = 50nm, ~8 x 10°
Kk =10) (Vgs = 0.6 V) (This work)
8 Ge source DM NT-TFET (Lgap = 50nm, 6 x 10°
Lgae = 50nm, k = 10) (This work)
9 InAs source DM NT-TFET (Lgsp = 50nm, 8x10°
Lgate = 50nm, k = 10) (This work)
10 Charge plasma based DM NT-TFET (Lgap ~50
=10nm, 50nm, Lgze=20nm & 11nm, k =
8)[28]
11 Diagonal Tunneling based DM NT-TFET ~10%
(Lgap=95nm, Lgae = 50nm+45nm, k = 10)
[44]
12 Dual ChannelTrench Gate Biosensor (Lgap 7 x 10%
=90nm, Lgae = ~90nm, k = 12)[45]
13 N+ Pocket Doped Vertical TFET (Lgap = 3x10°
20nm & 30nm, Lgae = 40nm & 30nm, k =
10)[13]
14 Core-Shell Junctionless NT-TFET (Lgsp = ~2x 10?

100nM, Lge = 50nm, k = 8,50%filled)[26]

Lgap: length of nanocavity, Ler: channel length, «: dielectric constant of detected
biomolecule

I) Performance Benchmarking

In addition, the performance of the proposed DM NT-TFET
is benchmarked against the recently proposed TFET
(homojunction/heterojunction with device modifications such
as complementary doped pockets, hetero-gate dielectric, etc.)
based DM biosensors in table I and I1. It is evident from tables
I and Il that the proposed DM NT-TFET provides a
significantly better threshold voltage sensitivity (Sy.,) and a
comparable ON-state current sensitivity (S;,,) without
introducing significant fabrication complexity as compared to
the previously reported TFET-based DM biosensors.

Furthermore, the commercial TCAD simulators do not have
a well-defined experimentally calibrated model for emulating
noise or diffusion-dominant motion of biomolecules through
the nanocavity which limits their capability to perform an
accurate analysis of the signal-to-noise ratio (SNR) and the
response time of the FET-based biosensors considering the
diffusion of biomolecules through the nanocavity. Therefore,
we have not performed the analysis of SNR or response time of
the biosensors in this work. However, we believe that the
thermal noise floor should not affect the detection sensitivity
significantly since the ratio of the ON-currents in the presence
of biomolecules to the ON-current with air-filled nanocavity is
considerably large as shown in Fig. 7.

TABLE Il
PERFORMANCE ANALYSIS OF PUBLISHED FET BASED
BIOSENSORS CONSIDERING Vry SENSITIVITY

Sl TFET Based Biosensors Threshold voltage
No. Sensitivity (Svin)
1 Hetero Gate DM-TFET (Lgap= 10 nm, Lcy 0.25
=50 nm, x = 10) [14]
2 Single Pocket DM HTFET ( L¢y = 42 nm, 0.14
Lgap = 20nm, k =2.1) [10]
3 Lateral DM HTFET (Lch = 42 nm, Lggp = 0.1
10nm, k = 2) [10]
4 DM NT-TFET (Lgsp = 50 nm, L¢, = 50 0.44

nm, k = 10) (This work)

Lgap: length of nanocavity, Le: channel length, «: dielectric constant of detected
biomolecule

V. CONCLUSION

In this work, we have proposed a scalable and extremely
energy-efficient NT-TFET biosensor with high sensitivity and
selectivity based on the principle of dielectric modulation for
efficient detection of label-free bio-analytes. We have
performed an extensive investigation of the performance of the
proposed DM NT-TFET in the presence of different
representative target biomolecules with a dielectric constant (k)
between 2 to 10 and ionized charge densities in the range of -
102 C/cm? to 102 C/cm?. Our results indicate that the proposed
DM NT-TFET exhibits an extremely high ON-state current
sensitivity (S;,, = 8 x 10°) and threshold voltage sensitivity
(Sy:n = 0.44) for neutral biomolecules, and a high relative
change of ~400% in Sy, between keratin-filled nanocavity (x
=10) and streptavidin-filled nanocavity (k = 2.1). Furthermore,
the sensitivity of the proposed DM NT-TFET biosensor could
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be further improved by utilizing different source materials with
smaller bandgap such as Ge and InAs or by probing the
transient response of the drain current and exploiting the
difference in the settling times of the biomolecules. Therefore,
the proposed DM NT-TFET is a lucrative alternative to the
conventional MOSFET or TFET based biosensors.
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