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A planer structure of a tunnel field effect transistor (TFET) faces many consequences of fabrication complexity and less controllability of
the gate electrode over the channel. Therefore, in this Letter nanowire TFET (NW TFET) is presented for the biosensing application. For
this purpose, a new design approach of NW TFET has been presented to overcome the issues of planer structure TFET and for improving
sensitivity and sensing speed of the biosensor. In this concern, an addition electrode is placed around the source region and the cavity,
which is generally created in the oxide region under the gate electrode, is extended towards the source oxide region. Thus, due to the
presence of source electrode, additional holes are accumulated in the source surface region and forming a plasma layer of holes. Hence,
abruptness at source/channel junction is created. So as the biomolecules enter into the cavity, the large variation is observed in
electrostatic properties of the device due to different properties (dielectric/charge) of the biomolecules. These variations reflect as
improved sensitivity of the biomolecule detector. Further to this, because of the supplementary source electrode, abrupt source/channel
junction provides lower subthreshold swing, which reduces the response time of the device and increases the sensing speed of

biomolecules detection.

1. Introduction: Nowadays tunneling based field effect transistor
(TFET) is more promising device for ultra-low power and high-
speed biosensors due to virtue of different mechanism of charge
flow [1, 2], the gate voltage required is <60 mV to increase one
decade of output current [3], low leakage current [4], more resistive
nature towards the short channel effects, and high speed of oper-
ation in comparison of MOSFET [5]. In addition to this, for the
next generation of biosensors higher sensitivity with high speed
is a fundamental requirement for the detection of biomolecules.
In this context, a lot of work has been reported for improving
the sensitivity and sensing speed of biosensor by making the
changes in tunneling regions, shape of cavity and gate electrode:
Formation of N+ region or pocket [6, 7] in the P+ source region,
which improves the sensitivity of the biosensor at the cost of fabri-
cation complexity. Another approach by changing the length of the
gate electrode and the shape of a cavity region [8] improvement is
observed insensitivity of the biosensor up to the limited extend, and
detection of a biomolecule in the ambipolar region with leaving the
complexity related to the compatibility with CMOS technology [9].
Other techniques are charge plasma-based biosensor [8], hybrid
nanostructures for biosensing [10], junctionless TFET for biosen-
sing applications [11], but these techniques have their limitations.

To eradicate these issues, nanowire TFET (NW TFET) structure
is the most suitable substitute to achieve higher sensitivity and
sensing speed [12]. The cylindrical gate structure of TFET offers
large gate equivalent, which provides superb electrostatic control
over the channel region. The cylindrical shape device does
not face the consequences of floating gate and corners effects.
Additional features of the cylindrical shape structure are volume
inversion, no carrier confined near the silicon/oxide interface, and
do not have any scaling issues [13—15]. In NW TFET, a cavity is
formed around the gate region, which provides a large area to
accommodate biomolecules in the cavity, which is helpful for the
improvement in sensitivity and sensing speed.

Still, the sensing speed needs to be improved by lowering
subthreshold swing (SS) of the device and sensitivity by cavity modi-
fication. Abruptness at the source/channel junction is responsible for
SS of the device. The subthreshold swing of the device can be
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improved by increasing the impurity concentration. Silicon material
does not allow to dope the impurity beyond a certain limit; it is
called material solubility limit. Due to this reason, it is not possible
to dope the source silicon beyond 1 x 10 cm™> [16, 17]. For this
purpose, an additional electrode is considered in the source electrode
NW TFET (SE NW TFET) around the source region, which accumu-
lated the additional holes from the body and creates a layer of holes
near the source/channel interface for creating an abrupt junction
profile. Further, proposed modification is used for improving the sen-
sitivity of the device. In this regard, the cavity which is generally
created in the gate oxide region under the gate electrode is extended
towards the source oxide region to accommodate the large number of
biomolecules. Hence, the biomolecules inside the source cavity
impact on the abruptness of the source/channel junction of the
device and offers a large variation in the output characteristics of
the device. Variation in output parameters shows higher sensitivity
towards biomolecule detection. Along with this, NW TFET has no
fabrication complexity, the nanowire can be fabricated by using
either bottom-up or top-down methods [18]. In the top-down fabrica-
tion by applying CMOS-compatible conventional optical lithography
with anisotropic wet etching using tetramethylammonium hydroxide,
the reproducible and well-controlled NW-TFET devices can be
manufactured which is the low-cost, CMOS-compatible fabrication
approach. The remaining part of this Letter is organised as follows.
Section 2 explains the architecture of the device and simulation
setup. Section 3 describes the results and discussion. Finally,
Sections 4 summaries the Letter with highlights.

2. Device structure and simulation parameter: Fig. 1a shows the
device three-dimensional (3D) view of conventional NW TFET
(C NW TFET) biosensor and Fig. 1o shows the cross-section
view of the same (C NW TFET) device. The 3D view of proposed
device SE NW TFET biosensor and its cross-sectional view is illu-
strated in Figs. 1c¢ and d, respectively and other design parameters
are shown in Table 1. For simulations, 3D TCAD Silvaco [19] is
used. Various models such as Shockley—Read—Hall (SRH) model
and Auger recombination model, Kane’s model for local
band-to-band tunneling (BTBT, bandgap narrowing model [20],
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Fig. 1 Structural view of devices

a 3D view of C NW TFET biosensor

b Cross-sectional view of C NW TFET biosensor
¢ 3D view of SE NW TFET biosensor

d Cross-sectional view of SE NW TFET biosensor

Table 1 Parameter used for simulation

Parameters Symbols NwW SE NW
TFET TFET
drain doping, cm™ Ny 1% 10% 1 x10%
source doping, cm™ Np 1 x 10% 1 x 107
channel doping, cm > Ny 1 x 10" 1 x 107
drain length, nm Lp 100 100
source length, nm Lg 100 100
channel length, nm Lc 50 50
silicon thickness, nm tg 10 10
oxide thickness, nm Tox 6 6
gate to source electrode space, nm Lsg — 12
gate electrode length, nm LGk 50 44
source electrode length, nm Lsg — 94
gate electrode work function, eV b 4.5 4.5
source electrode work function, eV bse — 4.5
voltage at source electrode, V Vs — -12
length of cavity, nm Lcayity 15 25
height of cavity, nm Lcavity 5.5 5.5

field mobility (Fldmob) and Fermi-Dirac statistics for analysis of
the device characteristics.

3. Results and discussion
3.1. Working principle of the device and effect of the proposed
modification: The carrier transport mechanism of TFET is based
on BTBT phenomenon, in which the electrons penetrate the
barrier at source/channel junction and enter into the conduction
band of channels from the valance band of the source region. The
ON state current increases as the probability of tunnelling
of charge carriers at source/channel interface increases with a
decrease in barrier width. Therefore, for the suppression of the
barrier width and create steeper source/channel junction, higher
doping of impurity in the source region is an effective technique.
However, the increment of physical doing beyond a certain limit
(1 x 10* em™) is restricted in the semiconductor substrate due to
material solubility and higher doping also degrades the mobility
of charge carriers. In this regards, an approach is adopted and the
additional electrode is mounted around the source region. This
source electrode accumulates the holes and increases the concentra-
tion of holes in the source region at the silicon/oxide interface near
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to the source/channel junction as shown in Fig. 2a. These additional
holes create an abrupt junction profile and steep band bending at the
junction as depicted in Fig. 2b. Steep band bending reduces the bar-
rier width and improves the electrostatic characteristics of the
device due to the higher tunnelling probability of the charge carrier.

Further, this concept is used for the improvement of the sen-
sitivity in SE NW TFET biosensor. For this purpose, the cavity is
extended from the gate oxide region to source oxide region. Thus
the additional biomolecules entered into the source cavity region
and increased the coupling between source electrode/silicon sub-
strate and changes the electrostatic characteristics of the device.
Along with this, due to the cylindrical region of cavity biomolecule
have large entering space; hence, the sensitivity of SE NW TFET is
higher in comparison to C NW TFET.

3.2. Performance analysis of C NW TFET biosensor with
dielectric/charge variation in the cavity region: In this section, we
have presented the impact of variation of different dielectric/
charges of biomolecules on the electrostatic characteristics of
C NW TFET biosensor, where the cavity is formed in the gate
oxide region of C NW TFET. Fig. 3a shows the impact of a differ-
ent dielectric biomolecule in the cavity on I;,—V, characteristics, as
the dielectric constant, is increasing due to different biomolecules,
so, ON-state current of the devices increasing and showing enough
variation in the input characteristics which can be considerable
change. Due to the presence of biomolecules, the same variation
is observed in the output characteristic of C NW TFET biosensor
as depicted in Fig. 3b.

The sensitivity of the biosensor device is the main design
parameter, to calculate the sensitivity of the device with dielectric
variation in the cavity on input/output characteristics is calculated

as [21]
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Fig. 2 Response of the devices in thermal state
a Hole concentration in the thermal state for both the devices
b Energy band diagram of both devices in the thermal state
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Fig. 3 Effect of dielectric variation on
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Figs. 4a and b show the sensitivity of the biomolecule detector is in
the range of 107'-10° for 1;— Vo5 and same sensitivity variation is
observed in /;,—V, sensitivity.

Now by changing the biomolecules of different charges in the
cavity region, input/output characteristics are carried out. Figs. 5a
and b show the input/output characteristics of C NW TFET biosen-
sor and demonstrates that as the charges in the cavity region
changes, it changes the ON sate current. As the charge changes,
according to their polarity, these charges generate the opposite
charges in the substrate and the changes in the concentration of
charge, hence the changes in electrostatic characteristics of the
device. The sensitivity of C NW TFET biosensor is calculated
from formula (1). Figs. 6a and b show the sensitivity of C NW
TFET biosensor against the variation of charges of biomolecules
in I~V and I~V characteristics. From Fig. 6a, I;—V,, sen-
sitivity is in the range of 107'—10% and from Fig. 6b, it can be
analysed that /;—V,, sensitivity lies between 10" and 107,

3.3. Performance analysis of SE NW TFET biosensor with
dielectric/charge variation in the cavity region: From the above-
mentioned analysis, we can state that C NW TFET biosensor has
sensitivity towards the biomolecules having different charge/dielec-
tric constant. Still, the improvement can be made to upgrade sensi-
tivity and its sensing speed. Thus, to show the improved sensitivity
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and sensing speed various parameters are carried out with the vari-
ation of dielectric/charges of biomolecules in the following section
with the modified structure of NW TFET.

In Fig. 7a, the surface potential of the device is depicted for dif-
ferent biomolecules which distinguishing properties of dielectric
constant. Due to the same reason, the surface potential is low for
the biomolecule which is having low dielectric. As the constant di-
electric increases, the surface potential of the device in the channel
region increases. Further, the impact of charges of biomolecules
which are considered in the cavity is shown in Fig. 7b. From the
above mentioned characteristics, it is understood that as the
surface potential increases band bending must be more for different
dielectric constants at the junction which is depicted in Figs. 8a and
b for different values of charges of biomolecules. As the surface po-
tential increases with increase in dielectric/charges, it pushes the
energy bands of channel region more and more. As the energy
bands at the source/channel junction are pushes downwards and
reduce the tunnelling barrier width, so the tunnelling probability
of the electrons increases which is demonstrated in Fig. 9a. From
the same Fig. 94 (inset), it can be referred that as the electron tun-
nelling rate increases it increases ON state current. The variation in
the electron tunnelling rate concerning biomolecule charges is
shown in Fig. 9b.
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b Effect of charge variation on energy band diagram

32— - 34 -
'-I\E - \.d; 0.5V k=7 k=10 ".‘E 32] \.d‘=ﬂ..'~\. -='.
° o 30] Ve~ 1V B
2 E 28] "
£ 24] g 244 charge denay e’
B : 3 22{ o
g g 20] \
= 20 ; = 18] "
12 3 45 6 7 8 9 10 B T T

dielectric constant, K charge density (p) cm'z
b

a

Fig. 9 For SE NW TFET
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To show the impact more clearly on the electrostatic character-
istics of the device for different dielectric constants of biomole-
cules, Fig. 10a shows the I;—Vg, characteristics. Here it can be
determined that the variations in ON state current (/) are large
enough that can be identified very easily. Large variation in ON
state current shows high sensitivity and higher selectivity. The
variation in the I~V characteristics in Fig. 10a indicates that
the deviation in ON state current of SE NW TFET is large in com-
parison to C NW TFET as different dielectric biomolecules are
present in the cavity. Along with this, I;—V,, characteristics for
different charge biomolecules are shown in Fig. 105.

The impact of different dielectric constant (K) is also depicted on
the output characteristics of the device in Fig. 11a, here it can be seen
that the variation in the output current is large as the dielectric con-
stant varies. The output current shows the variation of seven
decades due to different biomolecules of different dielectric con-
stants. Output characteristics with the variation of charges are
shown in Fig. 115 and it is showing eight decades of variation in
output characteristics, this variation is large enough to identify the
changes which illustrate the high sensitivity towards the charged bio-
molecules. Figs. 12a and b demonstrate the sensitivity for dielectric
and charged biomolecule variations; in this Letter, we have calculated
the sensitivity of different dielectric/charge concerning air present in
the cavity. Biomolecules are having a higher dielectric constant show
10°-10® sensitivity for different values of dielectric constant and
charges. These results show a higher sensitivity of SE NE TFET in
comparison to C NE TFET. Further, Figs. 13a and b show the sen-
sitivity of the output current characteristics, in Fig. 13a the output
current shows 10°~10® times increment for higher values of dielectric
constants (3, 5, 7, 10) in comparison to the current which is in the
presence of the air (K=1). A higher degree of sensitivity shows
the high level of selectivity of biomolecules which is in comparison
to C NW TFET. It means, different types of biomolecules which have
different dielectric/charges can be easily recognised.

Furthermore, for the designing of biomolecule detectors, one
more parameter is very important, which is sensing the speed of
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Fig. 13 Sensitivity of SE NW TFET in terms of 1;-Vas characteristics
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the device. Sensing speed of the device shows that how fast biomo-
lecules can be identified in the cavity region. For this SS of the
device must be as low as possible.

If the SS is low, it is required low voltage variation in input to
change one decade of output current. Therefore, as the surface po-
tential changes in the channel region due to the change in the prop-
erty (dielectric constant/charge) of biomolecules, it shows the
immediate effect over the output current characteristics and illus-
trates the high sensing speed towards the detection of biomolecules.
If SS of the device is higher, then it will require large voltage vari-
ation in the input for changing output current and it will take more
time to show the variation in output current. In SE NW TFET due to
additional electrode source/channel junction is abrupt and provides
low SS which is helpful to achieve higher sensing speed. To show
the speed of the presented structure of the biosensor SS for the dif-
ferent dielectric constant is extracted and depicted in Fig. 14a, here
it can be visualised that as the biomolecules of higher dielectric con-
stant increasing in the cavity region SS of the device is decreasing.
Fig. 14b shows the sensitivity of the device in terms of SS. SS and
SS sensitivity of the device for the differently charged biomolecule
in the cavity are presented in Fig. 15.

Fig. 16a shows the current ratio of /oy and /opr for the confirm-
ation of higher sensitivity of SE NW TFET biosensor, here it can be
noticed that ratio for different dielectric constant is increasing, it
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means, off-state current is constant and on-state current is increasing
significantly. Thus, it can be stated that SE NW TFET shows higher
sensitivity. Similarly, for different charges, the device shows large
variation in current ratio, which is easy can be recognised and
shows the high sensitivity of the device towards the variation of
charges in the cavity region. Further, to show the sensitivity the
changes must be identified on the output parameter of the device.
Therefore, we have presented a plot of maximum output current
for different dielectric constant and maximum output current for
different charges in Figs. 17a and b. From these figures, it can be
recognised that as the biomolecules of higher dielectric constant
increases, the output current will change significantly and show a
high level of sensitivity shown in Fig. 17a (inset). Similarly, the
effect of charge density variation in the cavity region on
maximum current and sensitivity is shown in Fig. 17b.

4. Conclusion: In this Letter, we have proposed a SE NW TFET for
biomolecule detector with a new concept of cavity design for the
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improvement of the selectivity of biomolecules and sensing
speed. By the variation of different dielectric constant/charges
density, it is found that the proposed devices show large variations
in the electrostatic characteristics. The device sensitivity is in the
range of 10°-10° by overcoming the solubility limit of the
silicon. Further, the stretched cavity in the source oxide region
improved sensing speed of SE NW TFET biosensor.
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