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Abstract

This paper investigates the simulation and performance of Tunnel field effect transistor (TFET) with a nanocavity in it, which
can be used for bio sensing application. The entire simulation is done using the tool Silvaco Atlas TCAD. This paper mainly
aims in comparing the different parameters for few biomolecules which has different dielectric constant values, namely
Streptavidin, Biotin, APTES, Cellulose and DNA. The device structure here consists of a nanocavity near the source end,
which is used to place these biomolecules and hence observe the variation of the Drain current v/s Gate voltage character-
istic graph, these biomolecules that are having unique dielectric constants are placed within this cavity and these graphs
are observed. The energy band diagram of this device is obtained; on top of this various other parameters namely Surface
Potential, Electric field are observed for the above-mentioned Biomolecules. The Length of the cavity of the biosensor is
also varied to observe the difference, in addition to this Ion (ON current) variation is plotted for the change in the dielectric

constant of the biomolecule.
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1 Introduction

Biological monitoring and the processes involving bio-
chemical substances are important for medical applications.
Biosensors that are highly sensitive, cost-effective, and very
specific are in demand since they put up to the realization of
extremely accurate diagnosis of certain medicines. Hence,
various biosensors have been studied extensively because
of inception of first-generation biosensors that utilized glu-
cose oxidase during 1962 [1]. A Biosensor is an analytical
device that produces electrical signals by detecting changes
in biological processes. The basic working principle of the
FET biosensor is the modulation of the bands due to the
change in the effective coupling between the gate and the
channel, owing to the change in the dielectric constant of the
immobilized biomolecule present in the nanogap cavity [2].

A biological process is a term which can be any of the fol-
lowing biological element or material like enzymes, tissues,
microorganisms or cells. Biosensors that are based on FETSs
are in popular use because of their excellence in label-free
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electrical detection, ultra-sensitivity, very less production
cost and, mass manufacturing ability. The flow of current
is controlled by electric field in FETs [3, 4]. FET based
biosensors are used to detect biological species owing to
miniaturization, cost-effectiveness, and label-free detection
[5]. When the nanogaps are occupied by the neutral/charged
biomolecules, they alter the oxide capacitance resulting in
the change in drain current and threshold voltage [6]. The
sensing mechanism of the targeted biomolecule mainly con-
sists of two different stages such as detection of the bio- mol-
ecules and transduction. The detection stage carried out by
analyzing the targeted biomolecules and in the transduction
stage coverts this physiochemical reaction into measurable
electrical which can be further processed [7].

Biosensors that were based on FETs were utilized as Ion
Sensitive Field Effect Transistor (ISFET) in the beginning.
The diagnosis of neutral biomolecules that was difficult for
ISFET was succeeded by using Impact Ionization Junc-
tion less FET (JFET) along with MOSFET (IMOS) which
became the other novel device technologies reported for bio-
sensing applications [8—10]. These devices suffered from
various issues like very high off-state leakage current, low
drive current, random dopant fluctuations which was highly
complex when it came to fabrication. In IMOS, current was
injected in the presence of a high intensity of electric filed in
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to drain end. This process requires a higher drain to source
bias voltage. In addition to this, the manufacturing of this
device is extremely complex which is under sub-40 nm gate
length [11-13]. Consequently, Impact lonization MOSFET
was disregarded for low-power and ultra-sensitive biosen-
sors. Junction FET suffered adversely because it is based
on reverse-biased semiconductor junction and therefore has
some gate leakage current due to the presence of minority
charge carriers [14—16]. This resulted in static power dis-
sipation and low- sensitivity of JFET and affected its appli-
cation in biosensors [17, 18]. One of the most important
and crucial step in DM-TFET process step is to carve the
nanogap cavity which is usually done by selective wet etch-
ing [19]. To detect targeted biomolecules the oxide layer of
the FET is employed with the bio receptors/bio-recognition
element. Once these receptors captured the targeted biomol-
ecules, they have under- gone conjugation process which
generates electrochemical re- actions and these electrochem-
ical reactions lead to the gating effect of the semiconductor
device [20, 21].

This paper focuses on finding the impact of introducing
materials with different dielectrics namely Steptavidin, Bio-
tin, Aminopropyltriethoxysilane (APTES), Cellulose, and
Deoxyribonucleic acid (DNA), and observing its I-V char-
acteristics. The presence of biomolecules is characterized by
the change in dielectric constants and the associated charge
densities, which, in turn, modulates the Schottky barrier
(SB) width at the source-channel (metal/Si) junction, owing
to the formation of an electron-CP in an undoped-Si film
[22]. From carefully analyzing the simulation results, we can
infer that TFET is suitable for biosensing applications. The
device simulation is carried out in Silvaco ATLAS TCAD,
and the graphs are also plotted with the same tool, along
with this MATLAB from Math Works is used to plot few
graphs.

2 Device Structure

Figure 1 shows the structure of the proposed device which
is Tunnel field Effect Transistor (TFET) with a Nano cav-
ity used for biosensing application. It consists of four main
regions namely Source, Drain, and Channel which is yellow,
and oxide region that is indicated by blue color. Along with
this, it consists of two gate electrodes, a source, and a drain
electrode each of which is indicated by a thin blue line that
can be observed in the figure. The major difference observed
here in this structure when compared to the TFET struc-
ture is the nanocavity region which is indicated by the red
color. Here nanocavity plays an important role in which the
molecules with different dielectrics are placed. The source
and drain are 25 nm each, and the length of nanocavity is
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Fig.1 TFET structure with nanocavity

Table 1 Parameters, Symbols and Its values used in Simulation

SI. No Parameter Symbol Values

1 Length of Source L, 25 nm
2 Length of cavity L, 25 nm
3 Length of Drain Lp 0.75 nm
4 Length of Gate Lg 50 nm
5 Work Function of Gate bg 42eV
Material
6 ‘Work Function of b, op  4.2eV
Source and Drain
7 Doping Concentration of Source Ng 1% 10*/cm?®
(N-type)
8 Doping Concentration of Drain Np 1%10"%/cm?
(N-type)
9 Doping Concentration of Channel Ncy 5% 10%8/cm?3
(N-type)

25 nm, the overall channel length is 50 nm. Table 1 listed the
parameters and its value used for simulation.

3 Results and Discussion

Figure 2 indicates energy band diagram with respect to vari-
ous biomolecules of Biosensor of this proposed device struc-
ture for biomolecules having various dielectric constants
shown in Table 2. Electrons need the energy to jump from
a lower energy level to a higher energy level. The dotted
lines in the graph indicate the valence band and solid lines
indicate the conduction band. The bandgap before tunneling
is approximately 1 eV. During tunneling, different energy
levels in valance and conduction band can be observed for
different biomolecules.

Figure 3 indicates variation of Potential for various die-
lectric values, when Vds=1 V and Vgs=0.5 V. Potential
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Fig.2 Energy band diagram with respect to various biomolecules of
Biosensor

Table 2 Biomolecules with their Dielectric Values

SI. No Biomolecules Dielectric
Constant
1 DNA 8.7
2 Cellulose 6.1
3 APTES 3.57
4 Biotin 2.63
5 Streptavidin 2.1
SURFACE POTENTIAL OF DEVICE FOR DIFFERENT BIOMOLECULES
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Fig.3 Plot of Surface potential of TFET Biosensor for various bio-
molecules

is minimum at the Source region and starts increasing
across the channel and further increases in the Drain
region. The potential starts from -0.64 V and saturates
at 1.51 V. For different values of dielectric constant, the
potential of the device changes. From the graph, we can

PLOT OF ELECTRIC FIELD FOR DIFFERENT BIOMOLECULES
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Fig.4 Plot of Electric field of TFET Biosensor for different biomol-
ecules

observe that the steep and high potential is obtained for a
greater value of the dielectric constant.

Figure 4 indicates variation of Electric Field across chan-
nel of this device with Vds=1 V and Vgs=0.5 V. In the
graph, we can observe two peaks since we have two gates
for our device structure. At each point, the electric field is
measured, and the sharp points denote the junction. For
DNA having the dielectric constant K=28.7, the electric field
is 2.28x 10° and 1.0x 10°. For Cellulose having dielectric
constant K=6.1, the electric field is 2.16 x 10° and 1.0x 10°.
For APTES having the dielectric constant K=3.57, the elec-
tric field is 1.97 x 10° and 1.0 x 10°. For Biotin having the
dielectric constant K =2.63, the electric field is 1.87 x 10°
and 1.0x 10°. For Streptavidin having the dielectric constant
K =2.1, the electric field is 1.8 10° and 1.0x 10°. For dif-
ferent values of dielectric constant, the electric field across
the device changes. The electric field is directly proportional
to the dielectric value and from the graph, we can observe
that as we increase the value of dielectric constant the elec-
tric field across the device increases. This is because, when
biomolecules are immobilized in the nano-cavity region, the
dielectric modulation effect modulates the work function.

Figure 5 indicates plot of I-V Characteristics for different
values of dielectric constants by plotting the drain current
(Ip) in linear on the left of Y-axis, Gate voltage (V) in
Volts on the X- axis. This voltage is varied in the steps of
0.05 V. The channel length is kept constant at 50 nm. From
the figure, we observe that drain current increases as gate
voltage increases from 0.1 V to 1 V. For Streptavidin having
the dielectric constant, K=2.1 the value of I, starts increas-
ing from 0.9 V. For biotin having the dielectric constant
K=2.63 the value of I starts increasing from 0.75 V. For
APTES having the dielectric constant of K=3.57 the value
of I, starts increasing from 0.55 V and saturates at drain
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Fig.5 ID v/s VG plot for different Biomolecules

current 4x 10%A and 1 V. For Cellulose having a dielectric
constant of K=6.1 the value of I starts increasing from
0.3 V and saturates at drain current 4x 1078A and 1v. For
DNA having the dielectric constant of K=8.7 the value of I;
starts increasing from 0.15 V and saturates at drain current
4% 1078A and 1 V. Also, the figure shows the plot of I-V
Characteristics for different values of dielectric constants by
plotting the drain current (I;) in logarithmic on the right of
Y-axis, gate voltage (Vg) in Volts on the X-axis. The voltage
is varied in the steps of 0.05 V. The channel length is kept
constant at 50 nm. The Y-axis is in the logarithmic scale. For
Dielectric constant K=2.1 I, is in the range of 10™'?A and
saturates at the range of 1077A, similar characteristics are
observed for all the materials with different dielectric values.
All of these drain current values saturate at the range of 10~/
A as shown in the figure.

Figure 6 shows the analysis of drain current with and
without the presence of biomolecules. The lower drain cur-
rent attains when air as a dielectric value that is without
biomolecule represented as solid line in the figure. When
there is the presence of biomolecules causes a considerable
increase in drain current due to a reduction in tunnelling
barrier width shown in dotted lines. Different biomolecules
like DNA, Cellulose, APTES, Biotin and Streptavidin are
considered for this analysis and used different markers in
the figure.

Figure 7 indicates the plot of I-V Characteristics for dif-
ferent values of cavity lengths by plotting the drain current
(I4) in Amperes on the Y-axis, gate voltage (Vg) in Volts
on the X- axis. The cavity length is increased in the steps
of 5 nm. We have taken APTES Biomolecule of dielectric
constant K=3.5, which is a medium range of dielectric
value. From the graph, we can observe that the value of
I starts increasing from 0.55 V and saturates at drain cur-
rent 4x 10°A and 1 V. The graph illustrates that increasing
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Fig.6 Effect of with and without biomolecule on drain current

cavity length does not result in a substantial change in driv-
ing current. As a result, we may conclude that changing the
cavity length for different cavity thicknesses has no influence
on the drain current [6, 23].

Figure 8 shows the influence of Iy current on this pro-
posed device structure for distinct values of various dielec-
tric constants. Inferring the above figure, we discover the
raise in dielectric constant considerably raises the ON cur-
rent. This is because an increase in k causes the electric cur-
rent at the tunnel junction to increase, resulting in a reduc-
tion in tunnel width.

Figure 9 indicates the variation of Sensitivity with respect
to Dielectric Constant (K) where Sensitivity is plotted along
the Y-axis and Dielectric Constant of the biomolecules is
represented along the X-axis. The figure clearly shows that
for smaller values of Dielectric constant, the sensitivity is
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Fig.9 Sensitivity vs Dielectric Constant of Biomolecules

lower, and the sensitivity increases as we use molecules with
a higher dielectric constant. Thus, we can say that Sensitivity
is directly proportional to dielectric constant.

Figure 10 describes the variation in Subthreshold swing
measured in mv/dec with Dielectric Constant of biomol-
ecules. From the figure, we can observe that for lower values
of Dielectric constant, the Subthreshold swing is higher and
as the Dielectric constant increases, the subthreshold swing
decreases and it is theoretically known that Subthreshold
swing should be minimized when allowed by the applica-
tion. Small subthreshold swing means better channel control,
e.g., improved lon/Ioff, which usually means less leakage,
and less energy. For subthreshold circuits it also means bet-
ter performance.

Finally, the comparison of biosensing parameters for dif-
ferent biomolecules are shown in Table 3. It clearly shows
a the DNA molecule has better ON state drain current
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Fig. 10 Subthreshold swing vs Dielectric constant

Table 3 Comparison of biosensing parameters for different Biomol-
ecules

S1. No Biomolecules Ion Current Sensitivity Subthreshold swing

1 DNA 8x1078A  2x108 51mv/dec
2 Cellulose 5%1078A  1x10’ 64mv/dec
3 APTES I%x107°A  2x10° 85mv/dec
4 Biotin 4%107°A  9x10} 82mv/dec
5 Streptavidin ~ 1x10°A  1x10° 94mv/dec

(8 x 1078A) and higher sensitivity (2 x 10%) which has the
higher dielectric constant compare to other molecules. But
Streptavidin molecule has high subthreshold swing which
has the lower dielectric constant as per available literature.

4 Conclusion

The study and analysis of the biosensor in this paper are
done successfully using TFET with nanocavity. Energy band
diagram of this device is obtained. Biomolecules consisting
of unique dielectrics are placed within the cavity and the
difference in I-V graphs are observed which leads us to a
conclusion that the dielectric of the material placed has a
major impact on I-V characteristics that can be utilized as a
biosensor which detects the material that is placed inside the
biosensor. The Electric field and Surface Potential character-
istics of this biosensor for different biomolecules of varying
dielectrics are compared. In addition to this, other conclu-
sions such as I-V characteristic curve (Drain current v/s Gate
voltage) is independent of cavity length of this proposed
biosensor and on current (Ion) is increased with the increase
in dielectric value of the biomolecule is also concluded.
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