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Abstract
Through this paper, we discuss how Tunnel Field Effect Transistors can be utilized for the detection of biomaterials hence acting
as a biosensor. The device proposed is a 3-D Doping less Nanotube Tunnel Field Effect Transistor (DL-NT-TFET) device with a
wrap-around gate or a Gate all around to provide maximum control over the charge carriers as surface control increases. The
source (p+) and drain (n+) are shaped by utilizing Charge Plasma Technique in which Hafnium metal with work 3.9ev is utilized
at the drain side and Platinum metal with work function 5.93 eV is utilized at the source side. This technique is used for
simplification in the fabrication as there is no requirement for Doping. For introducing Biomaterial, a cavity is introduced under
the gate at the source side. Different dielectric values ranging from k = 1, 2.9, 3.57 ,5,8,12,16,20 is analysed to study the variation
in parameters like ID -VGS characteristics, subthreshold slope, electric field, carrier concentration etc. as a part of the results. The
objective of our work is to propose a device with the least difficulty in fabrication and improved characteristics like high Ion, low
subthreshold slope, high Ion/I off ratio etc.
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1 Introduction

Biosensors are devices which can detect proteins, bio mole-
cules, DNA, glucose etc. and convert it into an electrical signal
by exploiting the change in current with change in gate dielec-
tric property of the TFET. Biosensors are an emerging tool in
fields like clinical diagnosis [1], medical research, food con-
trol, environment monitoring [2] and detection of crime [3]. In
FETs, the electrical field is a factor in controlling the conduc-
tivity of the channel. The gate dielectric plays a crucial role in
sensitivity and Ion. FETs as Biosensor exploit this property by
altering the gate dielectric because of deposition of different k
biomaterials hence modifying the capacitance and therefore
the Ion. FET based biosensors or Bio-FETs are simpler to

fabricate, efficient and more sensitive as compared to other
devices used for the same purpose. In the past numerous de-
vices based on FETs, like Ion sensitive FET (ISFET) [4] in
which charged molecules are present between the gate dielec-
tric and ionic solution [5] and Dielectrically modulated FET
(DMFET) in which the presence of charged particles
immobilized in a cavity created between gate and channel
cause change in electrical properties like capacitance, conduc-
tivity, Drain current, Ion/I off ratio etc. and hence were suit-
able to use as a biosensor [6]. But due to drawbacks like short
channel effects, power supply when scaling down, MOSFETs
as biosensors were explored. It was realized that the charac-
teristics like drain current improved but still the issue of high
leakage current and subthreshold slope not under
60mv/decade existed [7].

TFETs however appear to be more promising because of
the Band-to-Band Tunnelling (BTBT) at the source channel
interface and the charge flow fromDrain to Source. In Band to
Band Tunnelling the valence band of the p region and the
conduction band of the intrinsic region get aligned together
and the electrons flow from drain to source side through
tunnelling [8]. On applying Gate voltage, VGS this gap is
decreased and flow of the current is increased hence On cur-
rent increases. BTBT depends on the Tunnelling gap of the
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material, Band gap of the source side metal and effective mass
of the device. FETs are p-I-n structures having comparatively
high On current to Off current (Ion /Ioff) ratio, low threshold
voltage which is important for constant field scaling and are
highly functional for low-power applications [9]. This paper
proposes a Doping less Nanotube TFET (DLNT-TFET), a 3-
D device, in which charge plasma technique is used to make
drain and source regions without doping by using suitable
work functions [10], platinum 5.93 eV at the source side and
Hafnium 3.9 eV at the drain side. The charge plasma tech-
nique helps overcome the problem of uniform doping and
makes the fabrication much simpler. Since one of the draw-
backs of a Tunnel Field Effect Transistor (TFET) is low On
current, to improve that various techniques can be applied,
one of which is using a low energy gap material at the
source side so that Tunnelling is easier as energy band
gap gets reduced. In our device, we have incorporated this
technique by taking Si0.5Ge0.5 [11] which has low band gap
as compared to pure Si [12]. Nanotube is basically a thin,
hollow cylindrical structure or tube which can carry a cur-
rent up to 10 9 A/cm2 in the cross-section and has advan-
tages like increased gate control, ease in fabrication, good
scale down properties, higher drain current, low leakage
current. For application as a biosensor, a cavity has been
made under the gate metal as shown in Fig. 2. In this work
we study neutral biomaterials with different k values rang-
ing from 1, 2.9, 3.57, 5, 8, 12, 16, and 20. The adjustment in
dielectric is directly proportional to change in capacitance
which is directly proportional to change in current flow.
The results are observed and plotted for two devices, one
without the cavity and the other with cavity to understand
the changes when biomaterials are introduced.

2 Device Structure and Parameters

The 2-D device structures with and without cavity have been
shown in Fig. 1(a) and (b) respectively. The 3-D architecture
of the device has been represented in the Fig. 2. The

parameters have been exhibited in Table 1. The device is made
in a vertical nanotube fashion and is doping less. The total
length of the structure is 60nm and the width of the structure
is 13 nm. The source channel and drain are made on 5nm
Silicon body. Source side is made up of a low band-gap ma-
terial Si0.5Ge0.5.[12] Use of charge plasma technique is done
to create source and drain. Platinum with work function
5.93 eV is used at the source side and Hafnium with work
function 3.9 eV is implemented at the drain side. The use of
higher metal work function accumulates positive charge car-
riers (holes) at the source side and a lower work functionmetal
accumulates electrons (i.e., negatively charged particles) at the
drain side. As we know for charge plasma technique, the
width of the silicon body should be less than the Debye’s
length [13], i.e., LD = [(εSi.Vt)/ (qN)]1/2, where, VT is the
threshold voltage and εSi and N are the dielectric constant
and the intrinsic carrier concentration of the bulk silicon.
The device parameters like thickness and choice of metal
electrodes allow us to use charge plasma technique. The de-
vice has an intrinsic channel region with Silicon body. The
metal used at the gate is Aluminium with 4.2 eV as work
function. Metal electrodes contribute in reducing ambipolar
or leakage current. The gate is an all-around structure in a
tube manner to enhance the control over the device [14].
The gate is been mounted upon a layer of SiO2.The thick-
ness of gate oxide is 1.5nm and SiO2 is used as the gate
oxide. The electrodes are surrounded by SiO2 in the shell&
the core. The top right area adjacent to source region has a
dielectric constant of air (i.e. k = 1) [15]. The spacer length
taken is 5nm both at the shell& the core side. The length of
the channel is 20nm and the width of the channel is 5nm.
The small source spacer length helps keep low gate –source
capacitance coupling and is used as a technique to improve
the results. The small spacer length reduces the thickness of
the depletion layer& develops a high electric field at the
source – channel interface hence improving Ion. The
Mole fraction for SiGe is taken to be 0.5 for maximum
performance. For bio sensing application, a cavity of length
10nm and width 3.5nm has been created the gate at the

Fig. 1 2-D Device structure (a) Without cavity (b) With cavity
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source channel interface. For Si0.5Ge0.5, the tunnelling
masses me. Tunnel = 0.19 mh.tunnel = 0.167 and for Si,
me. Tunnel = 0.22 and mh. tunnel = 0.12.

3 Materials and Methods

We have used Lombardi mobility model at 300 K to cal-
culate at constant voltage and temperature. Shockley–
Read–Hall (SRH) generation-recombination model is used
to include the leakage current and effect because of mo-
bility in device. Non local band to band tunnelling model
is used to incorporate the spatial movement of charge
carriers. We the calculations based on Newton trap meth-
od. Since the channel width is 5nm we have used
Quantum models. The technique implemented in our
work to detect bio molecules is label detection technique.
We have used SILVACO ATLAS for design & simulation
of our device. We used ORIGINEPRO to plot our graphs
for our graphed results [16].

4 Results and Discussion

The parameters like ON state current, capacitance, carrier
concentration, electric field have been discussed in this

section. The results have been calculated for both devices,
including and noy including the cavity and compared at
end.

4.1 Results of Proposed Device

In this proposed article we are going to examine the results of
our Silicon Germanium source-based Nanotube Tunnel FET
Biosensor. In our device first let’s examine the tunnelling
property of our proposed device. Tunnelling property is ex-
amined by Wentzel-Kramer-Brillouin (WKB) approximation
[17].

TWKB � exp � 4λ
ffiffiffiffiffiffiffiffiffi
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From this formula Eg is considered as energy band gap.
Where E.g., decreases tunnelling probability increases. λ is
the screening length of the device, and effective mass is
described as m*. the potential difference of channel con-
duction band and source valence band is represented as
ΔΦ. From Eq. (1) we can note that as effective mass and
screening length decreases the tunnelling probability in-
creases [18].
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Since we are using tunnel FET the tunnelling probability
should be accurate and efficient enough. So, λ can be sup-
pressed by using high dielectric material ’k’ as gate oxide in
the devise which leads to greater capacitance around the
channel. The electrostatic conditions of our device, in terms
of Energy band, electric field and the transfer characteris-
tics is shown in the form of graphs and discussed in this
section.

The graph of the Energy band (in both ON and OFF state)
is shown in Fig. 3(a) when our proposed device is taken under

(a)

Pla�num

Source Si(0.5)Ge(0.5)

Bio cavity

Channel (Si)
Gate (Al)

Drain (Si)

Hafnium
SiO2

(b)

Fig. 2 (a) Crosssection view of
3D structure of the Biosensor. (b)
Angled view of 3D structure

Table. 1 Parameters
used for simulation of
proposed device

Parameters of the device Values in nm

Total Length 60 nm

Total Width 13 nm

Length of channel 20 nm

Width of channel 5 nm

Length of cavity 10 nm

Width of cavity 3.5 nm

Length of Gate Oxide 20 nm

Width of Gate Oxide 1.5 nm
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consideration in the OFF state (VGS = 0 V,VDS = 1 V), we can
note that the space between the valence band and conduction
band at the position where the source and the channel of our
device are meeting i.e., at 10 nm, so it is difficult for the
electrons (e−) to the tunnel. But when we consider our device
at ON state( VGS = 1.0 V, VDS = 1 V), the gap at 10nm is less
compared to off state’s gap and the tunnelling of the electron
is done, we can conclude this by looking at the carrier con-
centration of our proposed device which is represented in
Fig. 3(b) In the OFF state the electron concentration at drain(
30nm -40nm) is from 10− 10 cm3 – 1020 cm3 and electron
concentration at the source is 105 to 1020 cm3 this is because
of charge plasma induction at the source side, so there might
be some minority charge carriers when we compare it to the
ON state, the concentration levels of the device increases as
we can observe it in Fig. 3(b) the concentration of electrons
(e−) remains constant i.e. at 1020 cm3 at the channel and drain,
Since we observed the change in the concentrations of elec-
trons and holes we can also observe the changes in Electric
fields at different gate voltages i.e. in Fig. 3(c). At VGS =

0.1 V, 0.3 V, 0.7 V, 1 V and we can note that the electric field
at channel is higher at VDS =0.1vand decreases gradually as
VDS increases [19].

Fig. 3 (a) Energy Band Diagram (b) Carrier concentration (c) Electric Fields along the length of our device at OFF state (VGS = 0 V,VDS = 1 V) and at
ON state (VGS = 1.0 V, VDS = 1 V)

Fig. 4 Transfer Characteristics of Silicon Germanium core-shell Doping
less Nanotube Tunnel FET



Now let’s observe how the transfer Characteristics of our
device is obtained as shown in Fig. 4. It displays the compar-
ison between Gate voltage and drain current these results are
calculated atVGS = 1 V and VDS at = 1 V. On the linear scale
we obtain the drain current of 10− 5 A/ µm. These results are
collated with the reference work [20]. It is noted that our
device which we proposed has less complexity in fabrication
without any compromise in ID (Drain current) in fact we can
attain higher drain current as we introduced charge plasma
technique and changed the effective mass of the electrons
and holes by changing the source to SiGe.

Now let’s look at the results of various parameters of the
device like switching rate of our device (sub-threshold slope)
by changing the work function of gate, source and ON state
current and Ion/I off ratio of our proposed device as shown in
Fig. 5(a), (b) and (c). When we vary the work function of the
gate from 4.2 eV to 4.9 eV we can see that Average sub
threshold increasing as we increase the work function but
when we observe the ON state current, it is decreasing as
the gate work function is increasing. We can observe that
sweet spot of our device is at approx. 4.5 eV of the gate
work function, so it is obvious that the gate work function
of our proposed device is approx. 4.5 eV as you can see in
Fig. 5(a). Now considering sensitivity of the device with
channel length and Avg SS (Average Sub threshold-
Slope), as the length of the channel increases the sensitivity
of the devise is increasing and the Avg SS is decreasing so
we chose the channel length of our device to be at 20nm for
reducing the complexity of the fabrication, as shown in
Fig. 5(b). Now looking at work function of the source and
comparing it to Avg SS and ON-state current we can see that
at the source work function 5.9 eV is the sweet spot where
Avg SS and on state current are in balance so we chose the
work function of our source metal to be 5.9 eV. Average
Sub threshold of the device is calculated by using (1) [21].

AverageSS ¼ Vt � VOFF

LogVt � LogVOFF
ð3Þ

In the equation the threshold voltage is calculated by using
constant current method. And we can note that the Avg sub
threshold slope is less 60mV/decade [22].

4.2 Results of Proposed Device With Bio-cavity

In this part of the paper let’s discuss the Energy band gap,
Transfer Characteristics Electric field of our proposed de-
vice with varying k values of the Biomolecules and filling
the cavity at different levels i.e. 10 %, 25 %, 50 %, 75
%,90 %. In Fig. 6(a) we can notice that Energy bands vary
as the dielectric changes in ON state and we can see that the
band changes as the dielectric increases& the band gap

remains almost same for the change in the dielectric. The
chemica l s used wi th die lec t r i c K = 3.57 i s 3 -
aminopropyltriethoxysilane, K = 1 is air, K = 8 is for
proteins and the biomolecules filled the cavity at 100 %.
Now considering the Transfer Characteristics of our pro-
posed Biosensor ant taking two different K values
(1,3.57) the drain current increases as dielectric constant
increases, since as k increases the capacitance increases as
shown in the formula (3) and as capacitance increases the
drain current increases.

C ¼ Q=V

Now considering the Electric field across our device we
can see that as dielectric increases, the Electric field intencity
increases as shown in Fig. 6(c) As a result the drain current
increases.Which helps us differentiate different biomolecules,
which the planed intention of the Biosensor. Now let’s discuss
the different Transfer Characteristics of the Biosensor at 50 %
filled cavity as shown in Fig. 7 and from this graph we can
observe that as dielectric (k) increases the drain current in-
creases constantly as k changes, for example let’s consider at
K = 1 and 2.9 at Gate voltage 1 V increases constantly as the
value of ID (Drain current) increases from K = 16 and 20 at
Vg(Gate Voltage)1 V.Now considering the ID -VGS curve
characteristics our proposed biosensor at the uniform dielec-
tric k = 12 but filing the cavity at different levels i.e. at 10 %,
25 %, 50 %, 75 %, 90 % and from the observation we can see
that as the cavity is filled with biomolecules is increased the
drain current increases which is based on the same principle as
Eq. 3 i.e. as capacitance increases the drain current increases
automatically. In this device the channel length remains un-
changed and there is no change in gate work function and
source work function.

As we observe from Fig. 8, at VGS = 1v and dielectric(k) =
12, with increase in percentage of the cavity filled from 10 to
90 %, the drain current increases. We observe the maximum

drain current is when the cavity is 90 % filled i.e., ID � 6

�10�7Amp and the min ID (Drain current ) is when the cavity

is 10 % filled i.e. ID � 0:8� 10�7Am p.
The sensitivity of a device is considered to be a crucial

factor while measuring the performance of any device. So,
for this biosensor we used drain current sensitivity to measure
the performance of the biosensor.

Sensitivity ¼ ID bioð Þ � ID airð Þ
ID airð Þ

The sensitivity of the device is given by the ratio between
ID(drain current) of our device when the cavity filled with air
to the difference between the drain currents when the cavity
filled with bio molecules and cavity filled air respectively.

Silicon (2022) 14:5951–5959 5955



Where ID (bio) = drain current with biomolecules and ID (air)
= drain current without biomolecules.

To explain about Fig. 9 it is generally the plot between the
channel length (X nm) and the Electric filed (V/cm) along
with these we have also included the behaviour of the
Electric filed with IF charges present across the channel
length, so as we observe as the plots of Fig. 9 as the channel
length increases the electric field decreases based on the posi-
tions on source, channel, drain since the source will be the
region where electrons are generated and manage, hence the
electric field is higher at initial stages of channel length, con-
sidering the source being towards the left of the channel (i.e.
before 0nm of X). When IF charge is included at the channel
the electric filed stays almost inversely proportional that is all
channel length increases electric field decreases. We also plot-
ted the behaviour of electric field by using different IF charge
values.

Figure 10 shows the drain current sensitivity characteristics
of the biosensor of channel length 40 nm at dielectric at the
cavity being 3.57 and 2.1 and air is taken into consideration.
The sensitivity increases as the drain current linked with di-
electric value; it is seen that the sensitivity increases as the
drain current increases. The drain current sensitivity of the
bio sensor is direct relationship to the ability of the our sensor
to sense the biomolecules

5 Conclusion

In this article, we proposed Silicon Germanium source -based
core-shell Gate All Around Doping less Nanotube Tunnel
Field Effect Transistor and it is been analysed, examined,
referred. The analysed readings reveal the procedure and re-
ducing the complication of the device manufacturing and

5956 Silicon (2022) 14:5951–5959

Fig. 5 (a) Gate Work function from 4.2 eV to 4.9 eV with respect to average SS and On state current, (b) channel length with respect to average SS and
Ion/I off, (c) work function of the source w.r.t average SS and On state current



obtain the optimal drain current 10− 5 A/ µm and used suitable
channel length and feasible work functions of the gate, drain
metal and source metal which makes the fabrication easier

without compromising the cons of the biosensor. We tested
this device on neutral biomolecules only.

The proposed device can work at any level of the cavity
filled with biomolecules. With this we can conclude that the
device suitable for its need as a Biosensor.

Fig. 7 Transfer Characteristics of the proposed Biosensor at different
dielectrics (k) at 50 % cavity filled

Fig. 8 Transfer characteristics of the proposed Biosensor at cavity filled
at various percentages and the dielectric remaining constant at k = 12

Silicon (2022) 14:5951–5959 5957

Fig. 6 (a) Energy band diagrams of the biosensor proposed at various K values (1,3.75,8), (b) Transfer characteristics of biosensor proposed at different
k values (1, 3.57), (c) Electric fields of the biosensor proposed at different k values (1,3.57,5,8)
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