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Abstract—This work reports a vertically extended drain
double gate Sip5Gep 5 source tunnel FET for the biomole-
cules detection using its electrical properties modulation
in presence of biomolecules like cell, DNA, protein, etc.
The reported biosensor has a dual source of Sip5Gegs
and two cavities above each source-channel interface for
the immobilization of biomolecules. This immobilization
modulates the screening/tunneling length and energy range
available for tunneling due to the dielectric constant and
charge density variations of the biomolecules. The dual
cavity structure increases the control of biomolecules on
the source to channel tunneling probability and thus realizes
an increased control on electrical performance parameters
of the biosensor enabling it to have a higher sensitivity
towards the biomolecules. Further, the cavity length of the
reported biosensor is kept as 45 nm making it suitable for
large sized biomolecules and polymers detection also. Our
study demonstrates that the reported biosensor structure
is resilient towards the process variations and temperature
effects. Moreover, the effect of dielectric modulation and
charge density modulation has also been analyzed in terms
of the variation in the drive current, ON state current,
threshold voltage, transconductance, and sub-threshold
slope (SS). The sensitivity of the reported biosensor is also
compared with the existing biosensors and it is found to be
highly sensitive.

Index Terms—Biosensor, ultra-sensitive, tunnel FET,
Sip5Geg 5 source, vertically extended drain double gate,
sub-threshold slope (SS).

|. INTRODUCTION
HE electrical properties of biological molecules make
them suitable for their label-free electrical detection by
deploying field effect transistors. Several biological molecules
detectors have made the life of people convenient such as
blood glucose monitoring etc. This introduces a strong need
for biosensors for society that too in the current pandemic
situations. Reduction in the feature size of the transistor has
led to different short channel effects (SCEs) which gradually
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deteriorates the device performance. Tunnel FET overcomes
this limitation of CMOS transistor owing to its charge car-
rier tunneling from source to channel [1]-[3]. Further, it is
immune to SCEs, overcomes the threshold voltage limitation
of subthreshold slope (SS) unlike CMOS devices [4], [5].
It provides a steep subthreshold slope (SS), low OFF state cur-
rent, high Ion/Iorr ratio despite low ON state current [6], [7].
Ambipolar current is another disadvantage of TFET devices
[8]-[10]. Vertical TFETs suppress the ambipolar current as
well as enhance drive current because of the controllable
channel-drain screening length as reported in [11], [12]. The
electrical performance parameters of the TFETs demonstrates
huge performance variation with respect to the dielectric
constant of the gate dielectric and interface trap charges.
This modulation of electrical parameters can be deployed for
realizing a biosensor [13].

P. Bergveld firstly designed and investigated a biosensor
for neurophysiological measurements, and it was ion-sensitive
FET (ISFET) [14]. ISFET demonstrated good sensitivity for
the charged biomolecules, on the other hand the sensitiv-
ity for the neutral biomolecules was low and is also not
compatible with the CMOS process. Hence, dielectrically
modulated field effect transistors (DM-FETs) are deployed
for the electrical detection of the neutral biomolecules and
they are CMOS process compatible also [15], [16]. Nev-
ertheless, DM-FETs are hindered by various shortcomings
of conventional FET structures like drain induced barrier
lowering (DIBL) and many more SCEs. Hence, the electrical
parameters of DMFETs get deteriorated due to the increase
in power consumption, higher biomolecule detection time,
and lesser sensitivity [17]. Thus the dielectrically modulated
tunnel field effect transistors (DM-TFETs) [18]-[20] have
been broadly utilized for the label-free detection of biomole-
cules owing to its inherent structural advantages such as
ultra-low power operation, better sensitivity, better response
time, energy-efficient because of low leakage, the potential
to tame different demerits of FET based sensors [21], [22].
Recently, various other device structures are reported for the
biosensing applications [23]-[25].

In this present work, we deployed the vertically
extended drain double gate Sips5Gegs source tunnel FET
(VD-DG-Sio5GensS-TFET) for label-free electrical detection
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(a) Reported vertically extended drain double gate Sip 5Geq 5 source tunnel FET based biosensor and (b) transfer characteristics of the

simulation framework calibration with respect to the double gate TFET structure reported in [27].

of biomolecules like cells, enzymes, DNA, proteins, etc.
VD-DG-Sip5Geg5S-TFET shows a higher drive current as
compared to drain engineered quadruple gate TFET (DE-QG-
TFET) as reported in our earlier literature [11]. The reported
biosensor VD-DG-Siy5Gey5S-TFET device structure has a
dual source channel junction and vertical drain. To make the
device structure biosensor a nanogap is embedded in the gate
oxide region by etching away the sacrificial layer for the
immobilization of the biomolecules. This novel device struc-
ture allows biomolecules immobilization in both the cavities
above source channel junction to regulate the tunneling length
and energy range available for tunneling at both the junctions
thus having higher control on tunneling probability, making
it highly sensitive to biomolecules. Further, the cavity length
is 45 nm allows the device to sense larger biomolecules and
polymers as well. Our work analyses the sensor characteristics
variation with variation in the biomolecule dielectric constant
as well as the charge density. The impact of cavity thickness
variation on the sensitivity of biosensor has also been analyzed
here. Further, the impact of biomolecule occupancy level in
nanocavity on drain current has also been analyzed.

This work is organized as follows: Section II explains
device structural parameters, material and doping. Section III
analyzes the effect of cavity thickness variation on the biosen-
sor sensitivity, sensitivity variation with dielectric modulation
and charge density modulation, and impact of biomolecule
occupancy in embedded nanocavity on drain current. Further,
section IV concludes our exhaustive analysis of the biosensor.

II. DEVICE STRUCTURE AND SIMULATION MODELS

A 2D cross-sectional view of the considered vertically
extended drain double gate Sips5Gegs source tunnel FET
(VD-DG-Sip5GeysS-TFET) is shown in Fig. 1 (a). The chan-
nel is reverse T shaped with two sources at the two ends of
the horizontal channel and a drain at the top of the vertical
channel with a double gate on the horizontal channel. The
drain and channel regions are of silicon with n-type doping
of 1 x 107em™3 for the channel region and 5 x 10'3¢m ™3
for the drain region. The source is of p-type doping of
the order of 1 x 10%%cm™3 composed of strained silicon
(Sip5Geqs5) to increase the ON current. The oxide used here

TABLE |
DEVICE PARAMETERS FOR VD-DG-Sjy 5Geg 5S-TFET
BASED BIOSENSOR

Parameters Symbols Values (unit)
Body thickness thody 10 nm
Channel length Hchannet 105 nm
vertical channel thickness ts,v 25 nm
vertical channel length Vehannel 35 nm

oxide thickness under cavity tox 0.5 nm
vertical oxide thickness tox,v 15 nm
Cavity thickness teavity 2.5 nm-5.5 nm
Cavity Length Leavity 45 nm
Cavity under gate Ly 20 nm

Gate length Lg 25 nm

Gate workfunction ©Gate 4.5 eV
Source length Lsource 50 nm
Drain length Larain 15 nm

is Si0;. Due to the binding of biomolecules in the sensing
embedded nanocavity regions, there will be a modulation in
device electrical performance parameters such as drive current,
threshold voltage, maximum transconductance, SS, etc. This
changes are calibrated to sense the biomolecules. Further,
device parameters considered during the device emulations are
tabulated in Table. I. The gate oxide has been etched to form
a cavity for the immobilization of biomolecules under both
gates. As the drain is on the vertical channel it provides inde-
pendent tuning of source-channel and channel-drain interface.
Moreover, gate oxide and vertical oxide thickness can also be
tuned independently that enables a good control to suppress
ambipolar current as well as enhances the drive current.

The analysis has been done by using ATLAS TCAD Sil-
vaco tool [26]. Here, the non-local band-to-band tunneling
model has been incorporated for the precise modeling as
it includes the spatial profile of energy band and spatial
distribution of electrons and holes in conduction and valence
bands, respectively. SRH and Auger recombination models
have also been included for considering the generation and
recombination of carriers. Concentration-dependent and field
dependent mobility models have been considered along with
trap assisted tunneling, band gap narrowing, and drift diffusion
transport models. The simulation framework deployed here
for the analysis of VD-DG-Sips5GegsS-TFET biosensor is
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exhaustively calibrated with the data reported in [27] as shown
in Fig. 1 (b). As [27] is already calibrated with the experimen-
tal data for the fabricated IBM tunnel diode as reported in [28],
hence the authors have calibrated their simulation frame work
against [27]. The tunneling current can be mathematically
expressed as [11]:

3
N 42m*E? e
Tynn < T(E)=exp _m —ltoxttbody AD
8

Ebio
(L
(2)

ESi
—loxtbody

Ebio

L=

where, I, is the tunneling current, 7 (E) stands for the
probability of tunneling, m™* is the effective mass of carrier,
E, is the energy bandgap at the tunneling junction, A® is
the energy range available over which tunneling of charge
carrier can occur, and fox; = fox + feaviry 18 the thickness
of oxide and cavity under gate, #04y is the body thickness,
&pio dielectric constant of immobilized biomolecules, and eg;
is the dielectric constant of channel semiconductor, and 4 is
screening/tunneling length.

This VD-DG-Siy5GensS-TFET structure can be realized
by following the similar the fabrication process technology as
reported in [9]. Thin silicon film can be taken to act as the
channel region and etched to form source region. Epitaxial
growth of SiGe layer in the etched region to from source region
and for the P realization of dual sources ion implantation can
be deployed. Now, layer of oxide can be grown and then it
can be selectively etched for the formation of vertical channel
and drain. It will define seed window for the epitaxial growth
of silicon. Further, N* drain formation can be done by ion
implantation, followed by selective etching of oxide to form
gate oxides. Finally, metallization for source, drain and gate
contacts can be done. Further, now-a-days the state-of-art of
the silicon technology has empowered epitaxial growth of high
quality SiGe layer without any defect [29], [30]. To concen-
trate Ge concentration while oxidation of SiGe layer, the con-
densation technique has been successfully reported [30], [31].
Moreover, the realization of hetero bandgap can be done by
local oxidation of SiGe layer [32], [33].

I1l. RESULT AND DISCUSSION
A. Cavity Thickness Variation With k = 4

The dielectric constant of various biomolecules like biotin
(k = 2.63), uricase (k 1.54), protein (x = 2.50), amino
propyl triethoxysilane (x = 3.57), etc. are reported in [22],
[34]-[36]. This dielectric constant of the biomolecules can
be utilized here to detect them using VD-DG-Sig5Geq 5S-
TFET device structure. Here, biosensor analysis has been done
for dielectric constant variation up to ¥ = 10. The effects
of cavity thickness variation with x = 4 on the potential
and energy band under oxide-silicon interface have been
shown in Fig. 2 (a) and (b), respectively. With an increase in
cavity thickness the potential drop across the gate capacitance
increases and thus the potential under oxide-silicon interface
decreases as in Fig. 2 (a). This decrease in potential with an
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Fig. 2. (a) Potential and (b) energy band at source-gate junction 1 nm
below oxide-silicon interface with variation in cavity thickness in ON state
(Vps=1V; Vgs=2V)and k = 4.
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Fig. 3. (a) Transfer characteristics and (b) transconductance of the

biosensor with variation in the cavity thickness at Vpg =1V and k = 4.

increase in cavity thickness shifts the energy band upwards as
indicated in Fig. 2 (b), which leads to rise in the tunneling
barrier and degradation in the tunneling probability. This
decrease in tunneling probability can also be depicted from
equation (1) and (2) where an increase in the feqiry/toxs
will lead to rise in the screening length and thus decline in
the tunneling probability T (E). Fig. 3 (a) shows the transfer
characteristics of considered biosensor with variation in cavity
thickness available for immobilization of biomolecules with
dielectric constant, x = 4 and Vpgs = 1 V. With enhancement
in the thickness of cavity the gate control is reduced and the
energy band in the channel region shifts upwards leading to
rise in the tunneling length and thus a decrease in the tunneling
probability/drive current as evident from equations (1) and (2).
Thus, the maximum drive current is obtained for the cavity
thickness of 2.5 nm. Fig. 3 (b) shows the transconductance of
the reported biosensor with variation in the cavity thickness
and dielectric constant of biomolecule as ¥ = 4. Transconduc-
tance also increases with a decrease in the cavity thickness
and maximum transconductance is achieved for the cavity
thickness of 2.5 nm.

Further, Fig. 4 (a), (b), (c), and (d) show the sensitivity
of biosensor with cavity thickness variation for the different
dielectric constants of the biomolecules with reference to air
in the cavity. Sensitivity is defined in terms of Alon, AVrH,
Agm, and SS computed as,

Alon = 3)

Tonx — TonN,air
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AVrg = )

Vrax — VrH,air

Agm = )

8m,x — 8m,air

A Ion, A Vry, and A g, all three parameters increase
with a decrease in cavity thickness. The SS decreases with an
increase in the dielectric constant of the biomolecule. Thus,
the reported biosensor with the cavity thickness of 2.5 nm
shows the highest optimized sensitivity.

B. Dielectric Modulation Sensitivity for Cavity
Thickness = 2.5 nm

The effects of dielectric constant variations of biomole-
cules with cavity thickness of 2.5 nm on the potential and
energy band under oxide-silicon interface have been shown
in Fig. 5 (a) and (b), respectively. With rise in the dielectric
constant of biomolecules, gate capacitance will increase and
the potential drop across the gate capacitance decreases and
thus the potential under oxide-silicon interface increases as
shown in Fig. 5 (a). This rise in the potential with an increase
in the dielectric constant of biomolecules shifts the energy
band downwards as illustrated in Fig. 5 (b), resulting in a
shrinkage in the tunneling barrier and an improvement in the
tunneling probability. This increase in the tunneling probability
can also be depicted from equations (1) and (2) where an
increase in €p;, will lead to a decrease in tunneling length and
thus increase in tunneling probability T (E). Fig. 6 (a) shows

2 Alon (A/um) 9.7 x 1079
10 Ion (A/um) 549 x 1077 3.34652 x 10~°
10 Alon (A/pm) 5.317 x 10~7  3.34652 x 10~°

the transfer characteristics of the biosensor with variation in
the dielectric constant of biomolecules. With an increase in the
dielectric constant of biomolecules in the cavity, the tunneling
length decreases and thus increases the probability of tunneling
that leads to an increase in the drive current as evident
from equation (1) and (2) and this variation in drive current
can easily sense the biomolecules present. Fig. 6 (b) shows
the transconductance of the biosensor with variation in the
dielectric constant of biomolecules. Fig. 6 (c) shows absolute
drain current sensitivity given as

ID,K - ID,air

9% Drain Current Sensitivity = x 100

ID,air

(6)

Figure shows the % drain current sensitivity is in the range
of 10° for ¥ = 2, 107 for x = 4, and above 10° for x = 10.
This high sensitivity with variation in the dielectric constant
of biomolecules will enable easy sensing.

Further, sensitivity in terms of Aloy, AVry and Agp,
are given in equation (3), (4), and (5) and SS are shown
in Fig. 6 (d) and (e), respectively. It shows an increase in
sensitivity with increasing dielectric constant of biomolecules
along with decrease in SS with an increase in dielectric
constant. The sensitivity of reported biosensor is compared
with existing JLFET biosensor and is found highly sensitive
as evident by a brief perusal of Table. II.

C. Charge Density Modulation Sensitivity Analysis

Certain biomolecules exhibit charge density, hence the sen-
sitivity analysis of such biomolecules must be done by charge
density modulation. Here, analysis for the charge density
variation from zero (neutral) to 1 x 10'2¢m™2 and from
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Fig. 6. (a) Transfer characteristics, (b) transconductance, (c) absolute drain current sensitivity (d) sensitivity in terms of Alppy, AVy, and Agy, and
(e) SS with variation in dielectric constant of biomolecule in biosensor with cavity thickness 2.5 nm and Vpg =1 V.
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Fig. 7. (a) Potential and (b) energy band at source-gate junction 1 nm
below oxide-silicon interface for variation in the positive charge density
of biomolecules in ON state (Vpg=1V; Vgg=2V)andk = 1.

zero (neutral) to —1 x 10'2¢m =2 has been done. The effect
on charge density on the flat band voltage and effective gate
voltage can be expressed as [37]:

qQy
AVyep = —= 7
b Coo @)
VGs,yr = Vos — Vb (8)

where, AV, is the change in flat band voltage, q is the elec-
tronic charge, QO is the charge density, C,, is the equivalent
capacitance of Si O, and biomolecules in the cavity.

The consequences of positive charge density variation from
zero (neutral) to 1 x 10'2¢m=2 with dielectric constant 1 of
biomolecule having the cavity thickness as 2.5 nm on the
potential and energy band under oxide-silicon interface have
been shown in Fig. 7 (a) and (b), respectively. With an
increase in the positive charge density from zero (neutral)
to 1 x 10'2¢m™2 of biomolecules the potential drop across

the gate capacitance decreases and thus the potential under
oxide-silicon interface increases as illustrated in Fig. 7 (a).
This increase in the potential with an increase in positive
charge density variation from zero (neutral) to 1 x 10'? of
biomolecule shifts the energy band downwards as depicted
in Fig. 7 (b), leading to a decrease in the tunneling barrier
and an increase in the tunneling probability. This can further
be explained by equations (7) and (8), flat band voltage
decreases with an increase in the positive charge density and
thus it increases the effective gate voltage. This increased
effective gate voltage shifts the energy band in the channel
region that leads to an increase in the energy range available
for tunneling. Thus, it results in an increase in tunneling
probability and drive current as depicted in equation (1).
Fig. 8 (a) shows the transfer characteristics of the biosensor
with positive charge density variation from zero (neutral) to
1 x 10"2cm™2 with dielectric constant 1. It shows the drive
current increases with an increase in positive charge density
of biomolecules, this makes it easier to sense biomolecules
based on the charge density present. Further, Fig. 8 (b) shows
the transconductance and Fig. 8 (c) shows the sensitivity in
terms of Alon, AVry, and Ag, in presence of charged
biomolecules can be calculated as,

AION = ION,charge - ION,neutral (9)
AVTH = VTH,charge - VTH,neutral (10)
Agm = 8m,charge — &m,neutral (11)

Fig. 8 (d) shows the variation in the SS with the variation in
the positive charge of biomolecules. It shows an increase in the
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Fig. 9. (a) Potential and (b) energy band at source-gate junction at 1 nm
below oxide-silicon interface for variation in the negative charge density
of the biomolecules in ON state (Vpg=1V; Vgg=2V)and k = 1.

sensitivity with an increase in the positive charge density of
the biomolecules. The repercussions of negative charge density
variation from zero (neutral) to —1 x 10'2¢m =2 with dielectric
constant as 1 for the biomolecule with cavity thickness 2.5 nm
on the potential and energy band under oxide-silicon interface
have been shown in Fig. 9 (a) and (b), respectively. With an
increase in negative charge density from zero (neutral) to
—1 x 10"2em™2 of biomolecules the potential drop across
the gate capacitance increases and thus the potential under
oxide-silicon interface decreases as shown in Fig. 9 (a). This
decrease in potential with an increase in the negative charge
density variation from zero (neutral) to —1 x 102em=2 of
biomolecules shifts the energy band upwards as illustrated
in Fig. 9 (b), leading to an increase in the tunneling barrier
and a decrease in the tunneling probability. This can further
be explained by equations (7) and (8), flat band voltage
increases with an increase in the negative charge density
and thus decreases the effective gate voltage. This decreased
effective gate voltage shifts the energy band in the channel
region leading to a decrease in the energy range available
for the tunneling. Thus there is a decrease in the tunneling
probability and drive current as governed by the equation (1).
Fig. 10 (a) shows the transfer characteristics of biosensor with
negative charge density variation from zero (neutral) to —1 x
10"2cm™=2 with dielectric constant 1. It shows deterioration in
drive current with rise in the negative charge density of the
biomolecules, this makes it easier to sense biomolecules based

on the charge density present. Further, Fig. 10 (b) shows the
transconductance and Fig. 10 (c) shows the sensitivity in terms
of Alon, AVry, and Ag,, as defined in equations (9), (10),
and (11), respectively. Fig. 10 (d) shows the variation in SS
with the variation in the negative charge of the biomolecules.
It shows an increase in sensitivity with an increase in negative
charge density of biomolecules. Further, the sensitivity of
the reported biosensor is compared with [21]. It reveals that
the reported biosensor is highly sensitive owing to its novel
dual source, vertical channel device structure. It enables the
biomolecules to be immobilized in both cavities above the
source channel junctions, allowing it to modulate the tunneling
length and energy range accessible for tunneling at both
junctions.

D. Impact of Biomolecules Occupancy in Embedded
Nanocavity on Drain Current

The embedded nanocavity formed for biomolecule immo-
bilization is expected to be filled completely for biomolecule
detection. However, in different biotests, it is observed that
certain vacant spaces are present in the cavity region, which
was expected to be fully filled with biomolecules. This appear-
ance of vacant space in the cavity in different biotests will alter
the electrical characteristics of the device from the expected
characteristics. This contributes to another parameter for the
sensitivity i.e. biomolecule occupancy (y Bio) factor in the
embedded nanocavity. y Bio represents the amount of cavity
region filled with biomolecules (in %) and is described as

Bi Thickness of cavity filled
yBio=

= - - x 100
Total thickness of cavity (teaviry)

(12)

Fig. 11 shows transfer characteristics for the biosensor
having cavity thickness as 2.5 nm and dielectric constant
of 4 with the different biomolecules occupancy factors. Four
different configurations of biomolecules occupancy have been
analyzed i.e. 25 %, 50 %, 75 % and 100 %. For studying the
effect of fill factor of the biomolecule in cavity, certain height
of the cavity is filled with biomolecules and remaining is kept
empty/filled with air. This variation in the biomolecules occu-
pancy will vary the effective dielectric constant/capacitance of
cavity region, an increase in biomolecules occupancy in cavity
will increase effective dielectric constant/capacitance and thus
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in the negative charge density of biomolecules in the biosensor with cavity thickness 2.5 nm and Vpg =1 V.
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Fig. 11. Transfer characteristics variation with biomolecules occupancy
in the cavity for the cavity thickness is 2.5 nm and dielectric constant of
biomolecule is 4 at Vpg=1V.

will decrease the tunneling length causing improvement in
the tunneling probability and drive current as expressed in
equation (1) and (2).

With an increase in biomolecules occupancy in the cavity
region from 25 % to 100 %. The gate capacitance increases
thus there is an improvement in the drain current in ON
state with improvement in biomolecules occupancy. Further,
the reported biosensor is also highly resilient towards the
process variations and temperature variations. The effects of
process variation and temperature on the reported biosensor
device structure are shown in the appendix section.

IV. CONCLUSION

This research article reports a vertically extended drain
double gate Sip5Geq 5 source tunnel FET for the detection of
the biomolecules such as cell, protein, DNA, etc. The reported
biosensor features a dual source regions and two nanocavities
at each source-channel junctions for the immobilization of
biomolecules. This modulates the screening/tunneling length
and energy range available for tunneling due to the changes
in the dielectric constant and charge density variation of
biomolecules. This dual cavity enhances the control of bio-
molecules on the source-channel tunneling probability and
thus enhanced control on electrical performance parameters of
the biosensor. It results in higher sensitivity of the biosensor
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Fig. 12. Effect of temperature variations on reported biosensor with
cavity thickness 2.5 nm and dielectric constant of biomolecules is
considered as 4 at Vpg =1 V.
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Fig. 13. (a) Effect of t,,, variations and (b) effect of Vgpanne variations
on proposed biosensor with cavity thickness 2.5 nm and dielectric
constant of biomolecules is considered as 4 at Vpg =1 V.

towards the biomolecules. The biosensor sensitivity has been
analyzed with respect to the dielectric constant and charge
density modulation effects. The cavity length of 45 nm enables
the detection of the large sized biomolecules and polymers.
The Aloy sensitivity of the reported biosensor for k = 2 is
1.966 x 1078 A/um and for x = 10 is 3.34652x 107> A/um
with reference to air in the cavity.

APPENDIX

Fig. 12 shows the effect of temperature on biosensor char-
acteristics, the graph shows change in current in the OFF state
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whereas the current in the ON state is immune to temperature
variations. As the biosensor sensitivity is studied in terms of
Alon, AVry, and Agy,. It can be inferred that the sensitivity
of the biosensor is immune to temperature variations. Further,
Fig.13 (a) and (b) show the effect of process variations on
device characteristics, i.e. with variation in fp0qy and Verannei,
respectively. The characteristics depict that the reported device
structure is also immune towards the process variations.
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