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Abstract

This paper represents the electrical properties such as threshold voltage, drain current, etc., of charge plasma-based doping-
less transistor for the detection of biomolecules. In this context, an optimistic biosensor is proposed for the very first time that
has the potential capability of detecting a biomolecule and offers higher performance in terms of sensitivity. For immobilizing
the biological molecules, a nanogap is implanted in the gate insulator regime. However, gathering of biological molecules
in nanogap increases the capacitance that is responsible for enhancing the drain current. Hence, the increase in dielectric
constant alters the threshold voltage, drain current, and therefore, the sensitivity of the biosensor. The drain current sensitivity
obtained are 576.96%, 248.98% and 112.12% at 0.7V for biomolecules such as protein (k=8), 3-aminopropyltriethoxysilane
(k=3.57) and streptavidin (k=2.1), respectively. It is shown that a highest degree of sensitivity for the biosensor can be
obtained by the absorption of high-k biomolecules in the nanogap. Here, the biomolecule with high dielectric constant, i.e.,
protein (k= 8) demonstrates the maximum sensitivity. Also, the effects of positive as well as negatively charged biomolecules

have been investigated for the analysis of extremely approachable biosensor.

1 Introduction

In the era of nanotechnology, the dimension of MOSFETs is
perpetually bringing down to the nanoscale to take advan-
tage of their enhancement properties such as lighter weight,
higher packaging density, and better conductivity. How-
ever, short-channel effect is the significant concern to the
nanoscale devices because it degrades the device perfor-
mance [1, 2]. To reduce the short-channel effect and enhance
the performance of such device, multi-gate structures are
reported that make better gate control over the channel [3,
4]. Due to better gate controllability and the size of the
nanostructure approaching the size of biomolecules, the
carrier concentration of entire volume of silicon thin film
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is influenced by the biomolecules [5]. The absorption of
biological molecules in the nanogap improves the coupling
capacitance between gate and channel that increase the flow
of current. Therefore, the global biosensor technique has
grown rapidly towards the detection of biomolecules. Due
to its capability to directly detect the physical properties
of biomolecules, field effect transistor (FET)-based biosen-
sor plays a vital role in the applications of biosensor [6, 7].
There are two types of conventional FET biosensors deliber-
ate up to now. One is a label-free detection which has shown
considerable interest for its potential of label-free recogni-
tion of biomolecules [8—10]. This method is used for the
real-time application [5]. The other is the label technique
where the change in the electrical characteristics can be
observed when the channel is exposed to target molecules.
In this study, the targeted biomolecules are streptavidin,
3-aminopropyltriethoxysilane (APTES) and protein whose
dielectric constants are k=2.1, k=3.57 and k=8, respec-
tively [11].

The charged plasma-based dielectrically modulated
doping-less transistor as an optimistic biosensor is pro-
posed in which the channel capability of doping-less
field effect transistor is affected by the charge of bio-
molecules that ties up with the channel that is separated
from the gate electrode [12]. For junctionless MOSFET
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[13-16], a similar type of doping concentration profile for
the source, drain, and the channel is followed. Since the
entire silicon film is intrinsic in this proposed device, the
process of fabrication is quite simple and requires a low
thermal budget. As the device is charge plasma-based,
drain and source are created with appropriate metal work
function instead of doping and hence called doping-less
device [17, 18]. Here the source/drain metallic contact is
having the work function of ggysp=3.9 eV (Hafnium)
which is less than the work function of silicon body
[¢n <xsi+ (Eg/2)] where Eg=Dband-gap of silicon and
Xsi=4.17 eV is the electron affinity. The silicon thickness
T,; should be less than that of Debye length L= \/(55i
Vi/qN) where €, V1, g, and N is permittivity of silicon,
thermal voltage, electron charge and carrier concentra-
tion, respectively [19].

This paper takes the benefits of junctionless as well
as doping-less MOSFETs to design a highly sensitive
biosensor. The dielectrically modulated charge plasma-
based doping-less transistor (CP-DLT) is manifested as an
important perspective for the detection of biomolecules
because dielectric constant modulates the gate capaci-
tance upon which the threshold voltage depends. Thus,
increase in dielectric constant of biomolecules enhances
the threshold voltage and hence the sensitivity of the bio-
sensor. The electrical properties of the proposed device
are simulated and investigated using ATLAS simulator
[19].

Fig.1 a A schematic of doping-
less dielectrically modulated
junctionless MOSFET. b Cross
section of proposed device
containing biomolecules

Biomolecules

2 Device structure and parameters

The schematic of the dielectrically modulated charge
plasma-based doping-less transistor (CP-DLT) is illus-
trated in Fig. 1. Since the device is doping-less, electron
clouds are formed using appropriate metal work function.
In this device, hafnium (WF=3.9 eV) is used to induce the
electrons for the generation of N +region at the source and
drain side and intrinsic channel region with carrier con-
centration of n,=1x10'5 cm~? is exerted. The effects of
absorption of streptavidin (k=2.1), 3-aminopropyltriethox-
ysilane (APTES, k=3.57) and protein (k=8) biomolecules
in nanogap have been studied [11]. The work function of
ruthenium (WF=4.7 eV) is used to introduce the gates. The
channel length of the device is 40 nm, whereas cavity length
is taken to be 35 nm and thickness of silicon and cavity is 5
and 10 nm, respectively, that is discussed in Table 1

The results of CP-DLT are verified using the ATLAS
simulator [19]. In this study, the concentration-dependent
Shockley Read Hall (SRH) model, vertical electric field
and temperature-dependent carrier mobility are taken into
account.

3 Results and discussion
The operation of the proposed N-MOSFET is based on

the principle that the difference in workfunction of chan-
nel and gate in OFF-state mode depletes the electrons that

Biomolecules
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Table1 The structural parameters used for the simulation of pro-
posed device

Device parameters Values
Silicon thickness 5 nm
Channel length 40 nm
Cavity length 35 nm
Cavity thickness (T + T};,) 10 nm
Secondary gate oxide thickness (T5g0) 10 nm
Relative permittivity of Tggq 50

Source/drain doping 1.0x10% cm™

Channel doping 1.0x10% ecm™3
Gate workfunction (gatel and 2) 4.7eV
Workfunction at source/drain 39eV

resist the flow of current. On the other side, the positive
voltage supply minimizes the width of the depletion region
and the carriers shift across the conducting channel. The
nanogap between the gate and channel filled by air (k=1)
and biomolecules having different dielectric constant such
as streptavidin (k=2.1), 3-aminopropyltriethoxysilane
(APTES, k=3.57), protein (k=38) tends to increase the
gate capacitance. However, the relationship between the
capacitance and potential, i.e., C = Q/V represents that the
increase in capacitance degrades the channel potential that
is shown in Fig. 2a, and increases the charge, therefore,
on-state current is enhanced which is shown in Fig. 2b.

As seen from Fig. 2, the biomolecule having a larger
value of k (protein, k =8) results decrease in the minimum
channel potential Fig. 2a, and as a result, the OFF-state
current decreases but the OFF-state current is significantly
large when the cavity is filled with air (k=1) as shown in
Fig. 2b. Protein biomolecule with k=8 is having mini-
mum [ 4 is because channel becomes more sensitive and
depleted that allows the large change in its threshold volt-
age. Therefore, the sensitivity of the potential profile and
drain current is modulated when a biomolecule encounter
in the cavity. As the gate voltage increases, the sensitivity
also increases as shown in Fig. 2c because absorption of
biomolecules in the nanogap increases the gate capaci-
tance that enhances the drain current, and the biomolecule
with high-k shows better sensitivity. Hence, the sensitivity
of the drain current is directly proportional to the drain
current after the absorption of biomolecules, as illustrated
in the following equation [7].

Ippio) = Ipi
Sensitivity of drain current = D0blo) Dan

1
1 D(air) ( )

Thus, depending on the biomolecules, the sensitiv-
ity of the device is getting affected. This change in the
electrical characteristics of the device helps to detect the
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Fig.2 The characteristics of CP-DLT after the accumulation of dif-
ferent biomolecules at V=50 mV. a Potential versus channel posi-
tion. b Drain current versus gate voltage. ¢ Drain current sensitivity
with respect to gate voltage

presence and absence of the biomolecule and also the type
of biomolecules.

Furthermore, the carrier concentration of the whole sili-
con film is altered by the absorption of APTES (k=3.57)
biomolecule. This represents the better gate controllability
of the device. The absorption of such biological molecule
in the gate insulator region makes better capacitive cou-
pling between gate and the channel. However, the increase
of electron concentration enhances the positive charge that
tends to increase the channel potential, as the charge is
proportional to the potential (g =cv)as shown in Fig. 3a.
Although, increase in positive charges also increases the
drain current as seen in Fig. 3b, whereas the negative
charge decreases the current [10]. Figure 3b shows the
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transfer characteristics with the variation of charge when
3-aminopropyltriethoxysilane (APTES) biomolecule hav-
ing the dielectric constant (k=3.75) accumulated in the
nanogap. Here, the drain voltage is kept to be 50 mV to
achieve low power biosensor. The transfer curve demon-
strates the on-current as well as OFF current which are
controlled by the gate voltage. Here, the threshold volt-
age is an important parameter because it is that minimum
amount of voltage which is required to build a conduct-
ing path between the drain and source terminals, so the
increase in positive charge of the biomolecule decreases
the threshold voltage, and therefore, OFF current abruptly
increases, hence channel potential is enhanced as shown
in Fig. 4a. Figure 4b also shows the impact of positive
as well as negative charges of the biomolecule (APTES,
k=23.57) where the cavity thickness is fixed to 5 nm. Here,
the similar effect of positive and negative charged bio-
molecule is absorbed as shown in Fig. 3b. Furthermore,
absorption of high k£ biomolecule in the cavity enhances
the gate capacitance that decreases the threshold voltage

@ Springer

Gate Voltage (V)

which is responsible to suddenly increase the OFF current.
Therefore, the potential across the channel enhanced as
shown in Fig. 4a but the sensitivity of the device is less in
this case. Hence, it is clear that the absorption of biomol-
ecule APTES(k=3.57) in the whole cavity (10 nm) shown
in Fig. 3 gives better ON current as well as potential as
compared to the accumulation of biomolecule when the
cavity thickness is fixed to 5 nm that is shown in Fig. 4.
Furthermore, due to larger cavity length, the gate capac-
itance reduced by the air gap (k=1) that affects the gate
controllability across the channel. The thickness of the air
increases from O to 10 nm that means the cavity is fully filled
with air and there are no biomolecules inside the cavity and
hence threshold voltage goes down that suddenly increases
the OFF current and hence the channel potential that is
clearly shown in the Fig. 5a. On the other side, increase
in thickness of air decreases the capacitance that tends to
decrease the current as shown in Fig. 5b. Hence, the increase
in channel potential means that it forces the number of elec-
trons to move across the conducting channel and as a result
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Fig.4 a The potential versus
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of it, the channel becomes less depleted, and therefore, the
OFF-current slightly increases [2, 18].

When there are no biomolecules in the nanogap, the
increase in thickness of air brings down the threshold volt-
age and increases the subthreshold slope as illustrated in
Fig. 6a. As the biomolecules are not filled in the cavity, the
capacitance across the channel gets reduced that produces
minimum ON current. However, OFF current increases
when we increase the thickness of air cavity due to a reduc-
tion in threshold voltage hence the ratio of I, and I will
obviously decline that is clearly shown in Fig. 6b. The inset
of Fig. 6b shows the exaggerated view of I /I g ratio where
it clearly shows that when cavity is entirely filled with air,
i.e., in the absence of biomolecules, ratio get worst. This
change in the ratio implies the sensitivity of the device to
detect biomolecules. As the switching speed of the device
depends on the subthreshold slope, it must be low and the
ratio of [ and I ; will ultimately increase that is essential
for any transistor. It is possible to reduce the subthreshold
slope by introducing biomolecules in the nanogap.

Hence, the air-filled nanogap shows low sensitivity than
the biomolecule-filled nanogap as it reduces the subthresh-
old slope and increases the threshold voltage [6] which is
the necessary requirement for the highly responsive bio-
sensor. The accumulation of biomolecules increases the
gate capacitance that enhances the threshold voltage. Here
threshold voltage is an important parameter because it has
a sensing capability to detect the sensitivity of the device
when biomolecules are accumulated in the nanogap. Hence,
the biosensor sensitivity in terms of the threshold voltage is
defined as AVth = (threshold voltage when the biomolecules
are accumulated in the nanogap)-(threshold voltage when
the cavity is filled with air). The more the dielectric constant
of the biomolecules, more the threshold voltage and hence
more will be the sensing capability of the biosensor.

Figure 7 illustrates the impact of charges on the current,
threshold voltage and the subthreshold slope. Here, the
effects of both positive and negative charged biomolecules
are observed. Figure 7a shows that negatively charged bio-
molecules enlarge the threshold voltage while positively
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charged biomolecules reduce the threshold voltage as the
capacitance across the channel increases due to the accu-
mulation of biomolecules in the whole cavity. This accu-
mulation of biomolecules results in reduction of the channel
potential and device becomes more depleted [18]. As a result
of this, the threshold value is large in that case. Further-
more, the subthreshold slope is a significant specification to
determine the ON—OFF current ratio for a highly responsive
biosensor. To achieve high ON-OFF current ratio, the sub-
threshold slope must be low. Hence, the low subthreshold
slope will give the highly sensitive biosensor. FromFig. 7b,
it is clearly shown that the subthreshold slope is low and
the accumulation of negative charge biomolecule is more
responsible to increase the ON—OFF ratio due to decrement
in subthreshold slope.

Moreover, the gate controllability throughout the channel
gets reduced in case of air (k= 1), that is shown in Fig. 8a,
when the height of the nanogap is fixed to 5 nm. It is pos-
sible to increase the gate capacitance using high-k biological
molecules such as streptavidin (k=2.1), APTES (k=3.57),
protein (k=28), that will also reduce the drawback of posi-
tive charge as the positively charged biomolecules minimize
the width of the depletion region. The increase in positively
charged biomolecules enlarges the OFF current while nega-
tively charged biomolecules decrease the OFF current as

(a) 95 0.8
- —A—SS
3 90 ¢ L 06
§ —o—VT
£ 85 =
= o4 3
@ &
< 80 =t
=% =l
5 -02 ~
75 4 -
Z 75 4
3 Z
-
£ 70 - =)
=
& 65 0.2

]

60 . 0.4
-1.00E+12 0.00E+00 1.00E+12
Charges
1.0E-01 ¢ oft | 1.0E410
E 10603 - —@—Ratio =
2: | 10E+08 =

05 - -
< 1.0E-05 z
= =
£ 10E-07 - - 1.0E+06 ;
= S
5 E
S 1.0-09 | H]
e - 10E+04 3
z g
& LOE-11 - o’|=
© L 1.0E+02
1.0E-13 -
]
y
1.0E-15 . 1.0E+00
-1.00E+12 0.00E+00 1.00E+12
Charges

Fig. 7 a Subthreshold slope (SS) and threshold voltage, b OFF-state
current (I,z) and the ON-OFF current ratio (I,,/I ), while varying
the charge of the biomolecule and for a fixed cavity thickness
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illustrated in Fig. 8b, but the absorption of high-k biomol-
ecules gives better ON—OFF ratio over the air-filled cavity.

4 Conclusion

In this paper, charge plasma-based doping-less transistor
(CP-DLT), as an optimistic biosensor, has been deliber-
ated. The electrical attributes of the proposed device are
altogether investigated for the detection of biomolecules. It
is seen that in terms of sensitivity, this device offers a high
performance. The drain current sensitivity has been analyzed
and it is concluded that the maximum sensing capability of
the device can be obtained by the absorption of high-k bio-
molecules in the nanogap. In this study, the protein biomol-
ecule (k=8) shows higher sensitivity up to 576.96% in com-
parison with streptavidin (k=2.1) and APTES (k=3.57).

Therefore, the developed biosensor has a great potential to
detect the presence and absence of biomolecules and also
the type of biomolecules. In addition, considering most
extreme length for the completely involved cavity helps the
affectability of biosensors even for biomolecules with low
dielectric constant. Simulation comes about uncover that for
acquiring an attractive estimation of sensitivity for the bio-
sensors, exceptionally charged biomolecules are essential.
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