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Abstract

We propose and investigate a biosensor based on a transparent dielectric-modulated dual-trench gate-engineered metal—
oxide—semiconductor field-effect transistor (DM DT GE-MOSFET) for label-free detection of biomolecules with enhanced
sensitivity and efficiency. Various sensing parameters such as the Ion/Igp ratio and the threshold voltage shift are evaluated
as metrics to validate the proposed sensing device. Additionally, Sy, (the V,;, sensitivity) is also analyzed, considering both
positively and negatively charged biomolecules. In addition, radiofrequency (RF) sensing parameters such as the transcon-
ductance gain and the cutoff frequency are taken into account to provide further insight into the sensitivity of the proposed
device. Furthermore, the linearity, distortion, and noise immunity of the device are evaluated to confirm the overall perfor-
mance of the biosensor at high (GHz) frequency. The results indicate that the proposed biosensor exhibits a Sy, value of 0.68
for positively charged biomolecules at a very low drain bias of 0.2 V. The proposed device can thus be used as an alternative

to conventional FET-based biosensors.

Keywords Transparent gate - Dual-trench cavity - Inner gate - Dielectric modulation - Biosensor - Noise assessment

1 Introduction

The detection and accurate analysis of nanoscale biomol-
ecules is becoming an everyday requirement due to several
recent findings in the field of microbiology. The identifica-
tion of hundreds of proteins, such as DNA, biotin—strepta-
vidin, and S-protein, as well as different kinds of bacteria
and viruses is crucial to understand any type of abnormal
behavior inside living cells. In addition, the pathological
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results related to coronavirus disease 2019 (COVID-19) are
analogous to those reported previously in the severe acute
respiratory syndrome (SARS) and Middle East respiratory
syndrome (MERS) pandemics, and biopsy samples of lung
tissues depict lesions in bilateral diffuse alveolar with cel-
lular fibromyxoid exudates. The importance of designing
more efficient, highly sensitive, and low-cost biosensors has
thus increased drastically.

Among all biosensors, those based on field-effect transis-
tor (FETs) are of great research interest [1], offering several
advantages such as complementary metal-oxide—semicon-
ductor (CMOS) compatibility, high scalability, label-free
detection, and low-cost production. These features make
them promising candidates for use in future biosensor
applications [2, 3]. FET-based biosensors have significant
application potential for label-free detection of charged
bioanalytes [4-7]. The formation of a vertical nanogap
with the biosensor enables the detection of charge-free
molecules as well [7-12]. The modulation of the coupling
between the gate and channel based on different charged/
uncharged bioanalytes with a wide range of permittivity is
the operating principle of dielectric-modulated FET-based
biosensors [13]. To cite a few examples, (3-aminopropyl)
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triethoxysilane (APTES) (K=3.57), streptavidin (K=2.1),
biotin (K=2.63) [14], food proteins such as gluten (K=5),
keratin (K= 10), zenin (K=7), and gelatin (K=12) [15] have
different permittivity values but are uncharged in nature,
whereas example charged bioanalytes include amino acids
such as glutamic acid, aspartic acid, arginine, lysine, and
histidine (K= 11-25) [16]. Moreover, the S-protein of the
SARS-CoV-2 virus usually has glycoproteins in it, and the
dielectric constant of the protein lies in the range of 1-4
[17], similar to the values for biotin or streptavidin. All these
biomolecules have been successfully detected by previously
reported FET-based biosensors. With a focus on dielectric-
modulated biosensing applications, split-gate JL MOSFETs
[18], gate-underlap DG MOSFET [19, 20], and surrounding-
gate MOSFET [21] have been reported.

We propose herein a noise-immune dielectric-modu-
lated dual-trench MOSFET (DM DT GE-MOSFET)-based
biosensor with a split transparent indium-doped tin oxide
(ITO) outer gate structure coupled with an inner gate. This
architecture provides better control over the channel profile
through both the exterior and interior gate arrangements.
The inclusion of the inner gate enhances the device perfor-
mance by forming an additional inversion layer. Its improved
drain current and decent threshold voltage shift make this
device suitable for use in low-power biosensing applications.
The biosensing capabilities of the device are exhibited for
various bioanalytes, including DNA, proteins, etc. as nota-
ble example. The tied-gate symmetric arrangement with
dielectric modulation forms the operating principle of the
structure proposed herein. The cavity is created on the top
and bottom of the device with split gates in between, form-
ing a trench-like architecture. Furthermore, the device shows
impressive results in terms of RF sensing metrics and noise
performance.

2 The device structure, simulation
framework, and calibration methodology

A three-dimensional (3D) schematic and corresponding two-
dimensional (2D) projection (top view) diagram as well as
the possible fabrication steps for the proposed device are
shown in Fig. la—b. Here, the proposed device has a dual-
trench split-gate architecture with an additional “inner” gate
(IG) at the source site. The thickness of the outer gates on
the top and bottom is 2 nm, while that of the IG is 1 nm,
being buried inside the silicon film. The channel length (L)
is 50 nm, whereas the source length (Lg) and drain length
(Lp) are 20 and 30 nm, respectively. A nanocavity is embed-
ded at the top and bottom of the device with intermediate
positioning of the control gates, having a length of 15 nm.
Moreover, the maximum height of the biosensor cavity
(Tcaviry) is 4 nm. For immobilization of biomolecules

@ Springer

within the cavity, a layer of oxide film is included. The oxide
layer is formed by exposure of the silicon surface to the outer
atmosphere, and the thickness of SiO, (T5x) to be grown is
considered to be 1 nm for this analysis. Here, a SiO, layer
is used, outlining the inner gate (IG) to avoid direct connec-
tion with the silicon film. The same external bias is applied
to all the gates in the biosensing analysis. The length of the
gates used for the top and bottom parts is 20 nm, whereas
the length of the inner gate is 25 nm. The source and drain
regions are highly doped with n* dopants (10" cm=3), while
the channel is lightly doped p-type silicon, almost intrinsic.
In addition, ITO with a work function of 4.7 eV is used as
the gate metal to enhance the current in the proposed device.
Also, a gate bias (Vg) of 0.7 V and a drain bias (Vpg) of
0.2 V are considered throughout the analysis of the proposed
device. Furthermore, quantum confinement issues are bound
to affect nanoscale devices, but they do not exhibit a signifi-
cant effect in this case as the thickness of the silicon film is
greater than 7 nm. Hence, they are not included in this work.

In this work, the SILVACO ATLAS technology com-
puter-aided design (TCAD) tool [22] is used as a potential
candidate method to extract the simulation results and values
of the figure of merits. Several physical models are applied,
including the Shockley—Read—Hall model [22] for carrier
recombination and generation. Lombardi’s CVT model is
considered to include the mobilities due to carrier scatter-
ing caused by the parallel and perpendicular electric fields
applied to the device. Also, the bandgap narrowing or BGN
model is also used here. The Fermi-Dirac distribution or sta-
tistical model is used to increase the efficacy. Additionally,
to include information related to the energy (temperature)
of the charge carriers, the energy balance transport (EBT)
model [22] is added. The physical models applied in the
simulation setup are calibrated against experimental results
[23] as shown in Fig. 2.

3 Results and discussion

3.1 The (lateral and vertical) electron concentration
profile of the proposed device

The electron concentration profile of the device for dif-
ferent biomolecules is shown in Fig. 3a, b. It can be seen
that, as the dielectric constant of the biomolecule in the
cavity is increased, the electron concentration in the chan-
nel also increases. This behavior can be attributed to the
increase in the electric field across the oxide layer due
to the higher permittivity, which causes more electrons
to emerge from the bulk and consequently increases the
electron concentration in the channel (Fig. 3a). Moreover,
Fig. 3b exhibits the same trend in the vertical direction, as
can be seen along the channel. Here, the presence of the
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inner gate at the source—channel interface helps to create 3.2 The surface potential characteristics
a sufficient inversion layer throughout the channel region, of the proposed device

thereby reducing the on-resistance of the device. There-

fore, the electron concentration profile of the proposed  Figure 4 shows the surface potential of the DM DT GE-
device reveals that the inclusion of the extra inner gate at ~ MOSFET-based biosensor in the presence of different bio-
the source region forms a second inversion layer and thus ~ molecules. Moreover, immobilization of the biomolecules

reduces the channel resistance drastically.

inside the nanocavity results in a change in the potential due
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to the their different dielectric constant values. Furthermore,
this shift in the surface potential can be used as a sensing
metric to detect different biomolecules trapped inside the
nanocavity region.

3.3 The drain current and the I/l characteristics
of the proposed device:

Figure 5a depicts the variation of the drain current with
the applied gate bias for different dielectric constants at a
constant drain bias of 0.2 V. Note that the increase of the
Ion/Iogg ratio with the variation of the dielectric constants
of the different biomolecules can be used as a potential sens-
ing metric, as shown in Fig. 5b. Here, the effective change
in the Ion/Iop ratio of the device from K=1 (~7x 10%) to
K =10 (~10%) is more than three orders at V53=0.7 V and
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Vps=0.2 V. Thus, the enhancement in the switching ratio
for a particular biomolecule can be used as a key parameter
for its detection/sensing. As seen in Fig. 5a, Ipr changes
by an order of ~2.5-fold when the dielectric constant of the
biomolecule changes from 1 to 10. Therefore, the proposed
device shows impressive performance in terms of the cur-
rent sensitivity metric at an ultralow supply voltage of 0.2 V.

3.4 The threshold voltage and its sensitivity (S,
profile for the proposed device

Figure 6a shows the threshold voltage profile when applying
different biomolecules. It is quite evident that the threshold
voltage of the device increases with an increase of the die-
lectric constant of the biomolecule. Here, the sensitivity of
the DM DT GE-MOSFET-based biosensor in the presence
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Fig.4 The surface potential profile of the DM DT GE-MOSFET-
based biosensor
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Fig.3 The electron concentration profile of the DM DT GE-MOSFET-based biosensor in the a lateral and b vertical direction
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ecules

of different biomolecules in the nanocavity can be defined
in terms of the shift in the threshold voltage as:
Vin(air) — Vi (bio)

Vip(air)

Ve = ey
where V,; (air) and V,;, (bio) are the threshold voltages of
the DM DT GE-MOSFET (measured with the help of con-
stant-current method at I, =10~" A/um) in the absence of
biomolecules in the nanocavity (air filled) and with biomol-
ecules present in the nanocavity, respectively. The maxi-
mum change of the threshold voltage is nearly 100 mV at
K=10 (when filled with keratin) while the minimum change
is 52 mV at K=2 (when filled with streptavidin), as shown
in Fig. 6b. Furthermore, the relative change in the V,; shift

values for keratin and streptavidin is ~92.3%, indicating that
the proposed device is highly sensitive for detecting specific
biomolecules. Additionally, the absolute sensitivity profile
shown in Fig. 6b depicts that the proposed device is capable
of detecting biomolecules at a very low supply voltage and
is thus suitable for low-power sensing applications.

3.5 The threshold voltage sensitivity (S,
for positively and negatively charged
biomolecules

In addition, DM MOSFET-based biosensors can also exhibit
high sensitivity to charged biomolecules, although the device
type (n- or p-type MOSFET) must be changed to effectively
capture the different polarity of the charge depending on

@ Springer
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the ionized biomolecule of interest [24]. These charges are
generally localized at the surface of the gate dielectric layer
and modulate the surface potential of the channel region.

Figure 7a, b depicts the effect of charged biomolecules
on the sensitivity (Sy,) of the DM DT GE-MOSFET-based
biosensor. Note that positively charged biomolecules gener-
ally increase the surface potential, leading to an increased
V. shift and a consequent reduction in the threshold volt-
age. Similarly, negatively charged biomolecules result in an
increased threshold voltage and a reduced Vy, shift. There-
fore, Sy,, increases with the charge density of positively
charged biomolecules at the SiO, surface in the DM DT
GE-MOSFET. The DM DT GE-MOSFET exhibits a sig-
nificantly high sensitivity (Sy,,) of 0.67 when the nanocavity
is filled with keratin (K= 10) at a positive charge density
of 10'2 C/cm?, as shown in Fig. 7b. However, the S, of
the device degrades in the presence of negatively charged
biomolecules inside the nanocavity at a Vg value of 0.2V,
as shown in Fig. 7a.

3.6 The sensitivity of the RF characteristics
of the device

Here, the performance assessment of the proposed device
is extended from an investigation of the direct-current (DC)
sensing metrics to include an analysis of RF sensing met-
rics. The cutoff frequency (f;) and transconductance (g,,)
are the two essential parameters for investigating the RF
performance of any biosensor device. Figure 8a shows an
increment in g,, with increasing dielectric constant of the
biomolecules, reaching the highest gain of 1.5x 10~ S/um
at a gate bias of 0.6 V in the case where the cavity is filled
with keratin (K= 10). Moreover, the proposed device exhib-
its a maximum sensitivity of 270 in terms of g, at K=10, as

Vps=02V

-— VGgs=0.7V
0.00 T T T T
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Charge on Biomolecules x 1012 (Ccm'z)
(a)

shown in Fig. 8b. Also, the relative change in the sensitiv-
ity between K=2 and 10 is nearly 267%. In addition, the
cutoff frequency f; can be considered to be the frequency at
which the current gain is unity in the small-signal model for
a common-source configuration. Thus, f; can be written as

8m

fr= 27(Cyq + Cp)’

(@)

Figure 8c illustrates the change in f; for different biomol-
ecules against the variation of the gate bias. Note here that
[frdecreases with an increase of the dielectric constant of the
biomolecule. When biomolecules with a higher dielectric
constant such as keratin (K= 10) are immobilized inside the
cavity region, the capacitive effect increases and f; reduces
in accordance with Eq. (2). Moreover, the sensitivity in
terms of f increases by 211% from K=2 to 10, as shown
in Fig. 8d.

3.7 Anassessment of the linearity and distortion
profile of the proposed device

Furthermore, the linearity and intermodulation distortion
(IMD) profile are pivotal parameters to analyze for MOS-
FET-based biosensors. To achieve FET-based biosensors
with higher speed and improved sensitivity, less distortion
and improved linearity are required. Besides, nonlinearity
introduces IMD and generates an undesired signal distor-
tion that results in a degradation of the device performance.
Additionally, the parameters used to analyze biosensor per-
formance in terms of its nonlinearity are gm3 (the higher-
order transconductance coefficient), the third-order voltage
intercept point (VIP3), the third-order current intercept point

Svth

Vps =02V
Vgs =07V

0.2 0.4 0.6 0.8 1.0

Charge on Biomolecules x 1012 (Ccm'z)

(b)

Fig. 7 The sensitivity in terms of the threshold voltage shift for a negatively charged and b positively charged bioanalytes
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Fig.8 a g, and b its percentage sensitivity, and ¢ f and d its percentage sensitivity for the proposed device in the presence of different biomol-

ecules

(ITP3), and the third-order IMD (IMD?3) [25]. To achieve lin-
ear behavior, the higher-order transconductance coefficient
gm3 must be as small as possible, as it limits the distortion
level of the device and consequently fixes the DC bias point
for optimal device performance. Figure 9a shows that gm3
has a peak value of 0.11 A/V? and the overall value lies in
the range of —0.09 to 0.11 A/V?. VIP3 signifies the extrapo-
lated voltage, and its peak value should be as high as pos-
sible to achieve less distortion and good linearity [25]. The
variation of VIP3 with the input Vg is shown in Fig. 9b. The
peak of the VIP3 curve is about 1.4 V. Moreover, the point at
which the input signal and the third-order distortion signal
amplitude converge is denoted as I1P3.

Like VIP3, IIP3 should also have a high peak value. Fig-
ure 9c depicts the IIP3 profile, revealing a peak of approxi-
mately 0.00125 dB at a gate bias of 0.65 V. Furthermore,
another critical parameter to analyze device reliability is
IMD3, which indicates the impact of nonlinearity as a poten-
tial issue for linear amplifiers. The intermodulation current
at which the first- and third-order intermodulation harmonic

currents are the same is denoted as IMD3. The IMD3 profile
is shown in Fig. 9d, revealing a peak value of 2.25 dB.

3.8 An analysis of the noise immunity
of the proposed device

Figure 10a—c shows the noise characteristics of the proposed
device. In addition, the presence of any external element or
coupling circuit can sometimes lead to a nonrandom type of
noise, which will have a detrimental effect on the performance
of the biosensor. However, the effect of random noise is con-
sidered here to evaluate the electrical behavior of the device
in the presence of biomolecules. Therefore, to investigate the
noise immunity of the DM DT GE-MOSFET-based biosen-
sor, noise parameters such as the minimum noise figure, the
noise conductance, the output source impedance, etc. must
be analyzed in depth [26]. Moreover, when a biomolecule is
trapped and immobilized inside the nanocavity, all the noise
figures of merit (FOMs) seem to improve at high frequency.
The channel material mostly determines the channel-induced
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Fig.9 a gm3, b VIP3, ¢ IIP3, and d IMD3 profile of the proposed device with keratin (k=10) at Vpg=02V

thermal noise characteristics, resulting in the improved noise
immunity profile of the DM DT GE-MOSFET-based biosen-
sor in the presence of biomolecules. Here, the minimum noise
figure for a cavity filled with keratin (K=10) is 1.8 dB at a
high frequency of 100 GHz, thus it can be said that the pro-
posed device is noise immune. Figure 10c illustrates another
pivotal noise FOM, termed the optimum source impedance,
which is very close to zero at higher frequencies in the case
of an air-filled cavity but gradually increases with increasing
dielectric constant of the biomolecule. This finding therefore
indicates that the proposed device can exhibit very low noise
in the presence of biomolecules and could represent an alterna-
tive for use in biosensing applications.

@ Springer

4 Conclusions

The electrical characteristics of the proposed device are
analyzed in terms of the threshold voltage shift, switching
or Ign/Iopr 1atio, surface potential, RF sensitivity, linearity,
and noise FOMs. The results reveal that the inclusion of
the ITO gate in the nanocavity significantly enhances the
performance of the DM DT GE-MOSFET-based biosen-
sor. Moreover, the proposed device exhibits a maximum Vy,
shift of nearly 100 mV for K= 10. Furthermore, the DM DT
GE-MOSFET-based biosensor also exhibits an impressive
sensitivity profile in terms of its RF sensing characteristics
such as the transconductance gain and cutoff frequency. It
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Fig. 10 a The minimum noise figure, b the noise conductance, and ¢ the optimum source impedance profile of the proposed device for different

biomolecules

is found that the highest sensitivity, observed in the case of
keratin (K= 10), also corresponds to higher noise immunity
at high frequency. Therefore, the DM DT GE-MOSFET-
based biosensor could represent an emerging, highly sensi-
tive and noise-immune device for the detection of biomol-
ecules based on the dielectric-modulation technique at a low
operating voltage.
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