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Abstract

In this work, the performance of a Sij sGe 5 sourced dual electrode doping-less Tunnel FET (DEDLTFET) biosensor using
dielectric modulation is studied for different cavity length, thickness (Ty;,) and charge densities (QF). The use of silicon-
germanium (SiGe) based source also shows an improvement in the performance of the charge plasma Tunnel FET because of
its enhanced drain current. Biomolecules are introduced inside the cavity region and their impact on the drain current has been
investigated to design the biosensor. The sensitivity factor of the biosensor depends upon the drain current obtained which is
proportional to the dielectric constant (k) and the charge density of the biomolecules. The proposed biosensor achieves a
maximum drain current sensitivity of 7.7 x 10% at a cavity length of 25 nm and 2.7 x 10° at a cavity length of 30 nm. When
compared with the conventional TFET biosensors, it is observed that Siy sGeg 5 sourced doping-less TFET biosensor provides
better drain current sensitivity.

Keywords Band-to-band tunneling (BTBT) - Dielectric modulation - Charge plasma - Biosensor - SiGe sourced TFET -
Biomolecule sensitivity

1 Introduction were introduced underneath the gate through a cavity which
was formed inside the insulator region [5]. It leads to the

Nowadays, biosensors have a number of applications in the  immobilization of biomolecules and the resultant effects were

fields of medicine [1], agriculture and environment. FET
based biosensors were first considered due to their low cost,
on-chip integration and their compatibility with a wide range
of biomolecules [2, 3]. However, a disadvantage of the FET
based biosensors was their inability to detect neutrally charged
biomolecules. For further improvement in performance,
dielectrically modulated FETs were studied for detecting both
charged and non-charged biomolecules [4]. Biomolecules
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determined on the basis of the dielectric constant (k) and
charge density of biomolecules. Furthermore, MOSFETs were
introduced into the biosensing field. Unlike FETs, they poses
the ability to detect the charged, non-charged as well as neu-
trally charged biomolecules [6, 7]. MOSFET based biosensors
provide better performance because they result in higher drain
current. However, in need to achieve a nanoscale device, the
continuous scaling down of the channel length has led to short
channel effects which has degraded the performance of the
device. Also, it has limited the value of the subthreshold slope
to a maximum of 60 mV/dec [8, 9].

Presently, Tunnel field effect transistors (TFETs) have be-
come a promising device because of their ability of label free
detection of biomolecules [10]. They are considered as the
best possible alternative to MOSFETs because they achieve
a lower subthreshold slope than 60 mV/dec and a lower leak-
age current. In a TFET, the flow of currents is based on Band-
to-Band tunneling [11] which results in a desirable drain cur-
rent which enhances the drain current sensitivity factor of the
biosensor. Dielectrically modulated TFETs are even more ef-
ficient in achieving surpassing outcomes for drain current
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Fig. 1 2D structure of SiGe
sourced DEDLTFET biosensor

Intrinsic Si

sensitivity in comparison to the conventional TFET based
biosensor. Inspite of achieving a lower subthreshold slope
value, TFETs result in lower drain current values as compared
to MOSFETs. Several techniques have been adopted to over-
come this issue such as using a high-k gate dielectric
material [12], gate stacking [13], dual material gate
[14], etc. Beside these techniques, the use of a low
bandgap material, SiGe, also enhances the drain current.
As a result of the wide energy band gap of silicon, the
conventional silicon sourced TFETs have lesser drain
current than MOSFETs. The drain current of the
TFETs can be improved by increasing the probability
of tunneling on the source side. Hence, the low bandgap ma-
terial is used at the source side to achieve a high drain current
value while a high band gap material is used at the drain side
to obtain a low leakage current value.

Achieving uniform doping in nanoscale devices is chal-
lenging [14]. TFET requires abrupt source-channel and
drain-channel junctions which can be developed by applying
the charge plasma technique [15]. In this technique, source
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Fig. 2 Transfer characteristics of SiGe sourced DEDLTFET with
different values of dielectric constant (k) for cavity length 25 nm
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and drain regions are created in the silicon substrate by using
metals of suitable work functions.

We have proposed a SiGe sourced DEDLTFET [16, 17]
based biosensor. The sensitivity of a biosensor is proportional
to its drain current value. Higher the value of drain current,
better will be the drain current sensitivity. Biosensors detect
the biological elements by converting the biological response
into electrical signals. Cavities are introduced towards the
source side under the metal gate to allow the entry of biomol-
ecules which are introduced in terms of dielectric constants (k)
[5]. The presence of biomolecules, either positive or negative,
modulates the electrical parameters of the device which result
in the detection of biomolecules. The double gate metals helps
in providing better control of the device [18]. The high-k
material used as insulator between gate and substrate will
improve the drain current because the value of drain current
is proportional to the dielectric constant. Therefore, HfO,, a
high-k material has been used as the dielectric [12].

This paper focuses on label free sensing [10, 19] by inves-
tigating the response of different biomolecules on the perfor-
mance of the device. The outcomes for different cavity lengths
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Fig. 3 Energy band diagram for SiGe sourced DEDLTFET with different
values of dielectric constant (k) for cavity length 25 nm
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and thicknesses are observed. The impact of different charge
densities, both positive and negative, has also been studied
and discussed in the results section in detail.

2 Device Structure

The device specifications of SiGe sourced DEDLTFET bio-
sensor are as follows: the thickness of the silicon substrate
(Tgp) is 10 nm, the channel length (L) is 50 nm and the gate
oxide thickness (t,y) is 5 nm and has an intrinsic carrier con-
centration (n;) of 1x 10" atoms cm . The source and the
drain regions are developed by using suitable metal work
functions on the source and drain sides for a charge plasma
based TFET. The P* region at the source side is formed by
introducing a platinum electrode (WF =5.93 eV) while a haf-
nium electrode (WF =3.9 eV) is used at the drain side to form
the N* region. The germanium content in the SiGe compound
is 50% which enables an acquisition of an energy band gap
(Eg) 0f 0.94 eV. Whereas silicon has an energy band gap (Eg)
of 1.12 eV which is greater than that of Siy sGey 5. Cavities are
formed underneath the gates afterwards and these, in turn, are
introduced with different biomolecules to get the device elec-
trically modulated to detect the biomolecules. Figure 1 shows
the SiGe sourced DEDLTFET biosensor where the regions
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Fig.4 a Drain Current and b Electric Field for SiGe sourced DEDLTFET

with cavity length 25 nm and dielectric constant (k) = 7 for different
positive charge densities
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Fig.5 a Drain Current and b Electric Field for SiGe sourced DEDLTFET
with cavity length 25 nm and dielectric constant (k) =7 for different
negative charge densities

underneath the gate metals are divided into two sections.
Cavity is introduced at the source side with its length varying
between 25 and 30 nm and the gate oxide (HfO,) is introduced
at the drain side whose length varies between 20 and 25 nm.
The work function of the metals over both the gates is 4.4 eV.
The gap between the gate and source metal (L) is kept as
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Fig. 6 Transfer characteristics of SiGe sourced DEDLTFET with
different values of dielectric constant (k) for cavity length 30 nm
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Fig. 7 Energy band diagram for SiGe sourced DEDLTFET with different
values of dielectric constant (k) for cavity length 30 nm

3 nm and between gate and drain metal (L) is taken to be as
15 nm [20]. As shown in Fig. 1, Ly is lesser than Ly4. This has
been designed as such because Ly is the determining factor in
the electron tunneling probability from source to channel. A
0.5 nm thick layer of silicon dioxide is introduced between the
source electrode and the SiGe source to avoid the formation of
silicide. Also, a 3 nm thick layer of silicon dioxide is
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Fig. 8 a Drain Current and b Electric Field for SiGe sourced DEDLTFET
with cavity length 30 nm and dielectric constant (k) =7 for different
positive charge densities
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introduced between the silicon substrate and drain electrode
for the same reason [21].

The simulation results were achieved by using Silvaco
TCAD Atlas tool [22]. In the simulations, drift- diffusion cur-
rent transport model is proposed for the tunneling of
electrons and holes. The concentration dependent
Shockley-Read-Hall recombination, Lombardi mobility
(CVT) model and generation model account for the ef-
fects of leakage current and the mobility of electrons.
Non-local BTBT model is considered to account for the sep-
aration of holes generated in the valence band and electrons
originated in the conduction band.

3 Results and Discussion

The drain current of DEDLTFET depends upon the Band-to-
band tunneling of electrons from valence band of source to the
conduction band of channel. Higher the tunneling probability,
more will be the drain current. The low bandgap material
Sip.5Geg.s used at the source side increases the probability of
tunnelling T(E) that is given by Eq. 1.
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Fig. 9 a Drain Current and b Electric Field for SiGe sourced DEDLTFET
with cavity length 30 nm and dielectric constant (k)=7 for different
negative charge densities
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Screening length, A =

The tunneling probability is inversely proportional to the
screening length (). It can be downsized by using a high-k
gate oxide material or by lowering the thickness of the gate
oxide. The role of biomolecules in the BTBT process is at the
source-channel junction. The immobilization of the biomole-
cules accelerates the flow of electrons with different dielectric
constants (k) and charge densities of biomolecules. The use of
Siy.5Geg.5 at source side improves the drain current and also
lowers the value of the leakage current because of its low
energy bandgap.

The lengths of the cavity are set as 25 nm and 30 nm during
simulations. Figure 2 shows the Ip-Vgg characteristics during
the immobilization of the biomolecules with different dielec-
tric constants (k) for cavity length 25 nm at Vpg=1.5 V. It is
noticed that with an increase in the permittivity of the dielec-
tric constant of the biomolecules, the drain current increases
simultaneously. The cavity introduced under the gate
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Fig. 10 a Drain Current and b Electron current density for SiGe sourced
DEDLTFET with cavity length 30 nm and dielectric constant (k) =7 for
different cavity thickness

increases the tunneling barrier which leads to a low probability
of electron tunneling. The introduction of SiGe results in a
lowered barrier between the valence band of the source and
the conduction band of the channel. With an addition of the
biomolecules with some dielectric constant, the barrier width
reduces whereas the leakage current remains minimum as
shown in Fig. 3. Therefore, there is a sudden increment in
the drain current to leakage current ratio (I,,/I,¢), thus improv-
ing the subthreshold slope that is given by Eq. 2.

Vi=Vorr

e o 2
log I,,~log I opr 2)

The detection of neutrally charged biomolecules is based
on the dielectric constant while that of the charged ones is
based on the dielectric constant (k) as well as on the charge
density of the biomolecules. In Fig. 4(a), a biomolecule with
different positive charge densities (QF) are immobilized. We
know that ¢ = cv and the charge density is proportional to the
current. An increase in the charge density increases the drain
current because it reduces the band gap between the valence
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Fig. 11 a Drain Current and b Electric field for SiGe sourced
DEDLTFET with cavity length 30 nm and dielectric constant (k) =7 for
different work functions

@ Springer



2306

Silicon (2020) 12:2301-2308

(a) 3.1E+08 A

6.2E+06 4
1.3E+05 A

2.5E+03 A

Drain current sensitivity (mV)

5.0E+01 A

1.0E+00

0 0.5 1 1.5
Gate Voltage (V)

(b)

3.1E+08
6.2E+06 1
1.3E+05

2.5E+03 A

Drain current sensitivity (mV)

5.0E+01 A

1.0E+00

0 0.5 1 1.5
Gate Voltage (V)

Fig. 12 Drain current sensitivity plots of SiGe sourced DEDLTFET for
cavity length a 25 nm and b 30 nm

band of source and the conduction band of channel. It is ob-
served that with an increase in the charge density, the drain
current also increases. Figure 4(b) shows the electric field plot
for the positive charge density. It justifies the increment in
drain current as the value of the electric field increases.
Electric field is inversely proportional to the cavity length
which indicates an increase in the tunneling of electrons.
Figure 5(a) shows the negative charge densities with di-
electric constant k=7 that result in similar observations as
discussed previously. Although the value of drain current is
less as compared to the positive charge densities due to the

low charge density, an increment in the charge densities leads
to an increment in the drain current. Figure 5(b) shows the
electric field produced by the negative charge densities.
Similar to the positive charge densities, it justifies the raise
in drain current value as the value of the charge densities
increases. A high electric field value indicates an improve-
ment in the tunneling of electrons which leads to a higher
drain current value.

Figure 6 shows the Ip-Vgg characteristics during the im-
mobilization of the biomolecules with different dielectric con-
stants for cavity length of 30 nm at Vpg = 1.5 V. It is observed
that because of an increment in the cavity length, there is a
slight decrement in the drain current. It occurred as a result of
an increase in the channel length that widened the energy
bandgap which resulted in decreased tunneling of electrons.
With an increase in the cavity length, the capacitance between
the gate-channel region decreases because C=cA/! . Thus, an
increase in the cavity length affects the drain current. In Fig. 7,
energy bands for biomolecules with different dielectric con-
stants shows that the biomolecules with higher dielectric con-
stants have lower bandgap. The introduction of Siy sGeg 5 con-
tracts the band gap and with the addition of biomolecules, the
band gap continues to lower which also results in greater elec-
tron tunneling.

In Fig. 8(a), a biomolecule with varying positive charge
densities are immobilized for cavity of length 30 nm and hav-
ing a dielectric constant of 7. As discussed eatlier, it poses the
same explanation as in the case of cavity length of 25 nm
besides the slight decrement observed in the drain current
value. Since, charge density is proportional to the current, an
increase in the charge density promotes the drain current.
Figure 8(b) depicts the electric field for the positive charge
densities for cavity of length 30 nm. It explains the increment
in the value of the drain current observed for the increment
observed in the value of electric field.

Figure 9(a) shows the variation in drain current for a bio-
molecule with negative charge densities for a cavity length of
30 nm and dielectric constant 7. The value of the drain current
obtained in this case is less as compared to that in the case of
the positive charge densities due to a low charge density.
However, the drain current still shows an improvement with

Table 1 Comparative analysis of

different proposed devices Reference Year Material Ion (A/pm) Lon Mo Sensitivity
Proposed work - SiGe 169 2.77x 10" 243 %108

Source (k=10)
Sing D et.at. [23] 2017 Si 0.12 9.42x10° 9.48x10°

(k=10)
Noor SL et.at. [24] 2007 Si 6.44 1 5.05x 10" 4.82 %107

(Aptes)
Shafi N et.at. [25] 2017 SiGe 0.05 1 5.71%107 0.66 % 10°

Source (k=5)
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an increase in the value of charge densities. Figure 9(b) rep-
resents the electric field formed by the negative charge densi-
ties. Similar to the previous discussions, it explains the raise in
the drain current value which is proportional to the increasing
charge densities. Higher value of electric field implies better
tunneling of electrons which leads to better results.

Figure 10(a) represents the outcomes of varying the cavity
thickness (Ty;,) on drain current. It is observed that with an
increase in the cavity thickness, there is a drop in the drain
current. It happens because increasing the cavity thickness
results in a wider tunneling barrier at the source-channel inter-
face, which lowers the probability of tunneling. It is also no-
ticed that for a cavity thickness of 5 nm, drain current achieves
its maximum value. Figure 10(b) shows the electron current
density obtained when tunneling of electrons at different cav-
ity thicknesses takes place.

In Fig. 11(a), drain current is observed for different metal
work function (WF) values when the dielectric constant and
the cavity length have been fixed. The work function of the
metal is inversely proportional to the drain current. As the
work function increases, the concentration of holes rises and
the flow of electrons reduces which results in the low-
ering of drain current value. The values of electric field
with respect to different work functions is shown in
Fig. 11(b). It is clear that more electric field is induced
within the device as the tunneling barrier becomes
smaller. Also, with an increase in the metal work func-
tion, the electric field declines proportionally.

Drain current sensitivity is detected by analyzing the dif-
ference between drain current induced by the immobilized
biomolecules (I (bio)) with respect to drain current induced
by air (I4 (air)) in a biosensor as shown in Eq. 3 [21, 23, 24].

1,(bio)—14(air)

14(air) (3)

Sensitivity =

Figure 12 shows the relevant drain current sensitivity plots
for different cavity lengths for varying dielectric constants. In
Fig. 12(a), the sensitivity plot for the cavity length of 25 nm is
shown and Fig. 12(b) shows the sensitivity plot for the cavity
length of 30 nm. With an increase in the dielectric constant,
the drain current increases which simultaneously, also, results
in an increment in the drain current sensitivity of the device.
Whenever there is a moderate change in the dielectric con-
stant, the drain current sensitivity factor is observed to have
been escalated. The introduction of SiGe in the source region
of the DEDLTFET provides better drain current than the con-
ventional DEDLTFET. Higher the drain current, more will be
the drain current sensitivity of the device.

A comparative analysis of the proposed device with other
biosensor devices has been done and given in Table 1. It is
observed that the SiGe sourced DEDLTFET provides better
drain current (I,,) value and the I,,/I ¢ ratio is also

significantly higher. The maximum sensitivity attained by
the proposed devices has also been compared.

4 Conclusion

In this paper, we observed that Sij sGe, s sourced DEDLTFET
provides a superior performance in terms of drain current than
Si based DEDLTFET for both cavity lengths - 25 nm and
30 nm. The immobilization of biomolecules following the
incorporation of SiysGey 5 at the source side offers several
advantages in terms of drain current sensitivity of the device.
Based on the results, it is observed that the biosensor with
cavity lengths 25 nm and 30 nm has a very little difference
in the calculated parameters. Since 25 nm cavity length pro-
vides marginally higher drain current, it is proposed to be
more beneficial. Biosensors are highly dependent on the sen-
sitivity factor. Higher the drain current, higher will be the drain
current sensitivity. The SigsGeys sourced DEDLTFET with
cavity length 25 nm acquires the ability to meet the require-
ments of an efficient biosensor. Thus, taking the different cav-
ity lengths, their thicknesses (Ty;,), charge densities (QF) and
dielectric constants (k) into consideration, it can be concluded
that Sij 5Geg 5 sourced DEDLTFET based biosensor exhibits a
better performance as compared to the Si based DEDLTFET
biosensor. Moreover, the leakage current of the proposed de-
vice remains at its minimum throughout, thus making it more
desirable.
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