Silicon (2022) 14:11453-11462
https://doi.org/10.1007/512633-022-01865-7

ORIGINAL PAPER

®

Check for
updates

Sensitivity Enhancement of Dual Gate FET Based Biosensor Using
Modulated Dielectric for Covid Detection

Saurabh Kumar'® - R.K. Chauhan’ - Manish Kumar'

Received: 2 December 2021 / Accepted: 31 March 2022 /Published online: 12 April 2022

© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract

This paper presents a dual gate dielectric modulated FET (DGDMFET) biosensor with enhanced sensitivity for covid detection.
In earlier literature, the biosensors are operated using the surface interaction with the virus biomolecules that are reflected through
a channel or gate. The downside of these types of sensors has limited sensitivity. In this paper, we have considered that the change
in the dielectric constant due to virus proteins results in a significant shift in the threshold voltage of FET. Enhancement of
sensitivity is done by using the novel dual metal gate arrangement with different work functions (higher at the source end and
lower at the drain end) and the chromic oxide (Cr,0O5) layer, which is carved out vertically to form nanogap. At the same time,
interface charge density is maintained nearly equal to 1.0 x 10'" cm™? at the Si-SiO, layer. To demonstrate the proposed
biosensor, electrical parameters (electron concentration, surface potential, energy band distribution, and electric field) and the
absolute percentage sensitivity of threshold voltage, subthreshold slope, ON current, and transconductance are evaluated and
compared with related literature. The ATLAS device simulator is used for the simulation of the proposed device.

Keywords Biosensor - Dielectric modulation - Nanogap - Dual gate

1 Introduction

Coronavirus disease 2019 (COVID-19) was declared a pan-
demic on March 13, 2020. In December 2019, a COVID-19
outbreak was reported; it caused the world’s economic reces-
sion and millions of deaths [1, 2]. In the year 20022003,
severe acute respiratory syndrome coronavirus (SARS-CoV)
[3]. In 2012 the Middle East Respiratory Syndrome coronavi-
rus (MERS-CoV) [4]. The recent one is the new type of
SARS, namely SARS-COV-2 is also caused by coronavirus
only [5]. This virus is transmitted through touching a contam-
inated surface that contains a virus, coming in direct contact
with the infected person’s respiratory droplet (generated at the
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time of coughing and sneezing) [6]. The SARS-CoV-2 has
been found in feces samples, so virus transmission can occur
through an unhygienic and unhealthy lifestyle. It has been
observed that in many cases, the virus is transferred through
asymptomatic patients [7, 8]. The complication due to
COVID-19 is coagulopathy, neurologic complications, post-
acute COVID-19 syndrome (PACS). Increased fibrinogen
levels and D-dimer characterize coagulopathy, which causes
venous thromboembolism (VTE), thromboprophylaxis. In
neurologic complications, reported complications include
stroke, encephalitis, meningitis, myalgia/myositis, Guillain-
barre syndrome, acute disseminated encephalomyelitis
(ADEM), acute hemorrhagic necrotizing encephalopathy,
and ataxias [9]. According to WHO, on august 6, 2021the
reported death due to COVID-19 was 4,265,903, which is
enough to horrify the world. No specific drugs or vaccines
against COVID-19 have been available till now. Therefore,
social distancing, personal hygiene, isolation of infected peo-
ple, mass screening of infected ones (with or without symp-
toms), and timely treatment have shown positive responses to
break the chain of community transmission [10]. Along with
the pathological information, the structure of SARS-CoV-2 is
also needed to design the biosensors to detect COVID-19. The
structure of the SARS-CoV-2 virus contains a circular shape
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of a thin membrane, spike proteins, and envelope; this image
is issued by the center for disease control and prevention
(CDC), USA [11], as shown in Fig. 1.

2 Recent Detection Methods of Virus

There are three different diagnosis processes involved in the
detection of SARS-CoV-2, including (1) RNA detection using
real-time reverse transcription-polymerase chain reaction
(RT-PCR) assay [12], (2) fully automatic chemiluminescence
method, lateral flow assays, enzyme-linked immunosorbent
assay (ELISA) for the determination of antibodies [13], (3)
CT scan of the chest along with clinical indications [14].
Nevertheless, a chest CT scan has many drawbacks, like it
does not differentiate whether the infection is caused by
SARS CoV-2 or by any other virus. It requires a well-
trained radiologist to analyze the CT scan images, it is costly
enough for poor people, and also it is only limited to big
hospitals. ELISA is the conventional method to detect the
virus. The associated antibodies in the blood serum of the
patients are observed to detect the virus, not the virus directly
is detected. In the ELISA test, the presence of IgG (immuno-
globulin G) antibodies in human serum indicates that the per-
son was infected with the SARS CoV-2 virus in the past and
has now developed an appropriate immune response to com-
bat the virus in their system. The detection of immunoglobulin
M (IgM) antibodies in human blood serum indicate that the
person is recently infected with the virus. ELISA test for
SARS CoV-2 is performed by fixing the S-protein of the virus
on the testing plate, and the patient’s blood sample (mainly the
serum) is occupied over it. Suppose the antibodies are present
in the patient’s blood sample-like IgG or IgM. In that case, it
attaches with the spike protein of the virus immobile on the

Fig. 1 Covid 19 particle structure

plate of the testing kit, the linkage of the patient’s antibody
and HRB (which is lab manufactured having red color anti-
bodies) make substrate colorless. It indicates that the patients
have been infected with the SARS CoV-2 virus [15, 16].

Advanced and rapid testing kits follow the RT-PCR testing
method; RNA is converted into complementary DNA first.
Then, the DNA signal is amplified by using a real-time poly-
merase chain reaction. In RT-PCR, the probe strand, which
contains two dyes: a quencher and a reporter, binds to a spe-
cific target sequence to virus SARS-CoV-2, placed between
the forward and reverse primer. During the PCR cycle exten-
sion phase, the bound probe is degraded by the polymerase,
which causes the separation of reporter dye from the quencher
dye, due to which the fluorescent signal is increased. At each
amplification cycle, the fluorescent intensity is monitored; as
more copies of DNA are produced, the fluorescence signal
increases, and when it crosses a certain threshold set above
an expected background level. The result is positive, and if the
fluorescence threshold is not reached, the result is then nega-
tive. The RT-PCR test is time-consuming and requires a
trained technician [17]. So, to overcome these disadvantages,
new devices and diagnostic tests for virus detection in clinical
samples that are faster, more precise and reliable, more acces-
sible, and cost-efficient than existing ones are needed.

Ton sensitive field-effect transistors (ISFET) and microelec-
tronic device sensors based on thin-film transistors have been
a low-cost alternative to traditional chemical sensors since the
early 1970s. However, lack of parasitic sensitivity to light and
temperature, instability of sensor parameters and prominent
space on-chip, etc. Make the researchers invent new nano-
devices for sensing applications [18]. FET-based biosensors
known for their widespread sensing capability revolutionize
the health industry and can also be used to maintain our eco-
system. Much research has been made to increase the

Spike

(]

@ Springer

Glycoprotine s

Envelope

M protine

Hemagglutinin-
esterase dimer (HE)
RNA and N
Protine

E protine

Hemagglutinin—
esterase dimer (HE)

w
"~ M protine pike
S Glycoprotine s

ﬁ' = pro::ine

w




Silicon (2022) 14:11453-11462

11455

sensitivity and decrease the power required to operate such
devices [19-22]. Tunnel field-effect transistor (TFET) based
biosensor achieves superior sensitivity and response time than
conventional FET-based biosensor, but TFET suffers from
fabrication complexity [23-25]. Silicon on Insulator (SOI)
has the advantage of better gate control over the channel,
low area of the source, and drain junction. The substrate’s
electrical insulation reduces its static and dynamic power dis-
sipation due to lower leakage current; SOI MOSFET is the
first choice for typical power applications. It can be used to
operate at higher temperatures. The direct adaptation of the
bulk IC design method is allowed for SOI; it requires fewer
photolithography steps [26—28]. The use of chromic oxide as a
gate dielectric material in field-effect transistors provides a
better result as compared to other high K materials because
it shows high oxidation resistance, high melting temperature,
wide bandgap, and low dielectric loss. Due to its properties, it
can also help to increase the sensitivity of FET-based biosen-
sors [29].

In this manuscript, a dual gate FET-based biosensor has
been proposed, which can be used to detect the virus through
the dielectric constant of the Converted-DNA and Spike-
protein of SARS CoV-2. We can sense the virus in two ways,
the first one is S - protein recognition, and the second one is
DNA protein recognition. The DNA dielectric constant ranges
from 1 to 64 [30]. Spike-protein of the SARS Cov-2 virus
consists of glycoprotein; in general, the spike protein of the
virus is similar to proteins like 3-aminopropyltriethoxysilane
(APTES), biotin, and streptavidin, so its dielectric constant
may lie somewhere between 1 to 4 [31-34]. In this paper,
we have checked the sensitivity in both ways of the proposed
DGDMFET.

3 Device Structure and Fabrication Process

The proposed device is a dual gate dielectric modulated field-
effect transistor designed to detect SARS-CoV-2 and other
viruses. It is different than conventional MOSFET because it
consists of nanogap at the edge of the gate dielectric where the
biomolecules are attached for detection purposes. In the tradi-
tional MOSFET, when the gate voltage is applied, it creates an
electric field that affects channel potential through the gate
dielectric in a silicon substrate. In the conventional
MOSFET, when the channel is formed on the silicon sub-
strate, it will start conducting, and it is known to be in an
ON state. The gate voltage at which the channel is formed is
known to be threshold voltage (V;;,). In the proposed sensor
device, the amount of gate voltage is insufficient to turn on the
silicon channel because the electric field is not enough due to
the nanogap formed, which is filled with air (dielectric con-
stant = 1). The threshold voltage (V,;) value for the proposed
sensor device is large as compared to conventional MOSFET

because the dielectric constant of air is 1, while that of SiO2 is
3.9, so when the nanogap is formed, which is filled with air
increases the V, value. When the nanogap is filled with a
biomolecule whose dielectric constant is more than air, the
electric field is strengthened, decreasing the V,;, value. By
monitoring this change in V,;,. The biomolecule-specific bind-
ing is electrically detected without labeling.

Figure 2 shows the proposed sensor structure and its rele-
vant dimension. The gate length of the proposed sensor is
lum, in which the gate one and gate two lengths are 500 nm
and 500 nm, respectively. Gate one is made up of gold (Au),
and gate two consists of tungsten (W). The source or drain
length is 250 nm, the SiO2 (oxide) thickness is 5 nm, and the
Cr,05 thickness is 15 nm. Both the nanogaps are of length
350 nm and thickness is 15 nm which is large enough for
immobilization of biomolecules and their detection. The
thickness of buried oxide is 130 nm, and its length is nearly
equal to the lateral length of the device, which is 1500 nm; the
width of the whole device is 1um.

Figure 3 shows the fabrication process of the proposed
sensor device; for fabricating the proposed sensor device con-
ventional complementary metal-oxide-semiconductor
(CMOS) process is used. Photolithography and ion implanta-
tion after the device isolation step is used for defining the
source and drain region. SiO,, Cr,O;3, and dual gates (Au
and W) are sequentially grown and deposited using thin film.
Fabrication of dual metal gates is done using the interdiffusion
process of one metal on to other [35]. Silicon oxide and Cr,O3
form the gate dielectric of the proposed sensor device. These
three layers, after deposition patterned by a photolithography
process and the subsequent process of etching, lateral wet
etching of Cr,05 is done to form the nanogap.

4 Operation Principle

According to Kim, the threshold voltage of a conventional n-
channel MOSFET is defined by Eq. (1) [30].

Qacp_Yren (1)

Vo=V 2
h B+ 205+ Cox Cox

Vg represents flat band voltage, V, is the threshold volt-
age, @p is the surface-band banding, Oy is the fixed charge
density in the SiO, layer and Q,cp is the depletion charge
density. Cpy is the oxide capacitance of gate dielectric mate-
rial which is SiO,, in the case of conventional n-channel
MOSFET?

Applying the above equation to the proposed sensor struc-
ture, we can get

QdCD B QfCD (2)

Vi =Vig+ 205 +
4 BT P Cprpox Cprpox
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Fig. 2 Proposed device structure
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Fig. 3 Fabrication process flow of proposed biosensor
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The total capacitance of the gate dielectric material is given
by Cpepumrer- Parameters mentioned in eq. (3) are Cpipmores
Thiomotes Kniomote they represent the capacitance, thickness, and
dielectric constant of the biomolecule. C,;,, T,,;- represent the
capacitance and thickness of air. T's;p,, Csi,» Ksip, T€present
the capacitance, thickness, and dielectric constant of silicon
dioxide, i.e., SiOy. T¢r0,, Ccro,, Kor,0, represent the thick-
ness, capacitance, and dielectric constant of Cr,O5.

From the Egs. (2) and (3), it can be clearly analyzed that
Cppox can be altered only by the dielectric constant and
charge of biomolecules. Cr,O5 and SiO, are the dielectric
material apart from the nanogap region, and it can indicate
that V,;, is always lowered in Cr,O; and SiO, region as
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compared to air (nanogap region). Therefore, V;, will respond
more sensitively to the change in the nanogap region dielectric
constant.

According to Egs. (2) and (3), V;, can be estimated when
neutralized DNA is introduced in the nanogap region. V,;, can
be altered when the previously immobilized DNA in the
nanogap region acts as a probe DNA and is hybridized with
the target DNA. The dielectric constant of the biomolecule
layer increases with the increment of the density of the bio-
molecule layer.

5 Simulation Methodology

The proposed sensor device is the extended form of the
actual device [36] with the dual gate and Cr,O; oxide
layer modification. The simulation of the proposed sensor
device is done using a single gate and dual-gate. In the
dual-gate structure, gate one that is nothing but gold (Au)
is attached to the source side, and gate two wolfram (W)
is attached to the drain side. Figure 4 shows a variation of
charge density at the Si-SiO, interface on a single gate
proposed device structure. For dielectric constant (K =
2.1), the percentage V,;, sensitivity decreases as interface
charge density increase beyond 1.0 x 10'' ¢cm™2 and per-
centage V,, sensitivity increases for dielectric constant (K
= 4.1) with an increase in interface charge density.
Therefore, the optimal value of interface charge density
is chosen as 1.0 x 10'"" cm™ for simulation and further
explanation. The percentage sensitivity is calculated using
Eq. (4) adapted from [37].
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Fig.4 Absolute percentage sensitivity variation of threshold voltage with
different interface charge densities for various dielectric constant (K =
2.1,4.1), K = I(air) is taken as reference in the nanogap region)

6 Results and Discussion

Simulation of the proposed DGDMFET with the concep-
tual discussion clearly shows the significance of using a
dual gate. Figure 5(a)-(e) compares the electron concen-
tration, surface potential, energy, transconductance, and
drain current between the proposed device’s single gate
and dual-gate structure. Figure 5(a) shows that the elec-
tron concentration is higher towards the drain side of the
channel due to the lesser work function of gate 2. This
rise in the electron concentration is because of work func-
tion engineering. The increase in surface carrier concen-
tration causes an increase in the surface potential under
gate two, as shown in Fig. 5(b). the influence of work
function engineering and performance of the proposed
sensor is further analyzed by observing the energy band
diagram. In Fig. 5(c), it can be observed that under gate
two, the conduction band and valence band both have a
downshift that indicates a higher electron concentration in
the specific region. Figure 5(d) shows that the high elec-
tron concentration under the gate2 part results in a higher
drain current. The I versus Vgg curve shows that the
drain current is better in the dual gate device structure
than the single gate device structure. Now
transconductance is also investigated of the proposed bio-
sensor device. It indicates a better transconductance in the
case of dual-gate device structure due to better drain cur-
rent in the same case. From gm curve Fig. 5 (e), it can be
concluded that the sensitivity for virus immobilization of
the proposed device with dual gate is higher.

The impact of two metal gates, gate 1 (Au) and gate 2 (W),
have been analyzed in terms of threshold voltage (V) and ON
current (I,,). The graphs confirm the better sensitivity of dual
gates in comparison to the single gate. The graph of V,;, sen-
sitivity indicates a significant increase in sensitivity for dual-
gate, as shown in Fig. 6(a). Figure 6(b) also confirms the better
sensitivity in terms of ON current. The percentage sensitivity
is calculated according to Eq. (4).

6.1 Sensitivity Analysis

Some physical characteristics are investigated to show the
physics and essential working of the proposed sensor device.
We are going to analyze the sensitivity in two cases; in case 1,
we considered the dielectric constant as 2.1 and 4.1 because
the S- protein of the virus has a dielectric constant in the range
between 2 to 4, and in case 2, the dielectric constant consid-
ered is in the range between 1 to 64 (DNA detection of virus).
Until now, the dielectric constant of the SARS-CoV-2 virus
has been unidentified, but it lies in between the range 1 to 64;
that is why we are considering the same range for detection
purposes.
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Fig. 5 Comparison between the
single gate and dual gate structure
of proposed biosensor in terms of
(a) electron concentrations, (b)
ON state surface potential
distribution (¢) Energy band
distribution (EBD), along the
lateral length of the device (d)
transfer characteristics and (e)
transconductance with gate
voltage when K = 1(air) is
considered inside the cavity

6.1.1 Virus Protein Having a Dielectric Constant (K = 2.1, 4.1)
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tivity calculation, and percentage sensitivity for various pa-

rameters is calculated as Eq. 4. [37]

Fig. 6 The comparative plot of
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(a) Vy, and (b) I, for various
dielectric biomolecules
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other than 1 18 the quantity value when dielectric constant K =
2.1 or 4.1 etc. (dielectric constant of virus protein) is filled in
the sensing region. Percentage sensitivity is nothing but sen-
sitivity multiplied by a hundred. Eq. (4) gives the absolute
percentage deviation of sensor electrical parameters to air after
the virus proteins are immobilized in the nanogap region.
Figure 7 represents the physical characteristics along the
total device length for various K (2.1, 4.1). The 7(a) part
shows variation in the valence band and conduction band for
different dielectric constants; it is clearly seen from the figure
that more variations of EBD is under gate 1 (having higher
work function), and abrupt change is observed at the junction
of the dual gate due to different work function. As the dielec-
tric constant increases, the variation in the energy band dia-
gram for different dielectric constant (K) shows the sensitivity
for immobilized protein. The variation in the electric field can
also be observed in Fig. 7(b) with various dielectric constants.
Figure 7(c) and (d) show the electron concentration and

surface potential variation with different dielectric constants.
It is visible that the significant value of electron concentration
shows better sensitivity under the cavity, and surface potential
is higher under the cavity, which is below gate 2 (W), having a
lower work function as compared to gate 1 (Au). Figure 7(e) is
the graph between drain current and gate voltage, indicating a
rise in drain current, and this variation shows sensitivity with
the virus protein’s dielectric constant. Figure 7(f) shows a
small variation in OFF current with an increase in dielectric
constant.

Figure 8 indicates the sensitivity analysis of the proposed
biosensor device. Threshold sensitivity versus dielectric con-
stant is plotted in Fig. 8(a), which indicates an increasing trend
in sensitivity with the increase in dielectric constant. To decide
the sensitivity of the proposed device, one of the critical pa-
rameters is the threshold voltage. In the graph, K = 1 (air) is
taken as a reference, so sensitivity is zero when air is filled in
the cavity. Figure 8(a) also indicates a comparative analysis

Fig. 7 Comparative plot of (a)
EBD along device length, (b)
electric field along device length,
(¢) electron concentration under
the cavity, (d) surface potential
distribution under the cavity, (e)
transfer characteristics, and (f)
OFF current variation for 404
different dielectric biomolecules
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Fig. 8 (a) Comparison of
absolute percentage sensitivity of
V. in between proposed sensor
device and device mentioned in
reference [37]. Variation in
absolute percentage sensitivity of
(b) subthreshold swing (SS), (c)
Ion, and (d) transconductance for
different virus protein dielectric
constant

Fig. 9 (a) Comparison of
absolute percentage sensitivity of
V. in between proposed sensor
device and device mentioned in
reference [37] with respect to
DNA dielectric constant
biomolecules. Variation in
absolute percentage sensitivity of
(b) SS, (¢) Iy, and (d)
transconductance for various
DNA dielectric constant of the
virus
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between two sensor devices. One with a red color line is the
device mentioned in reference [37], and the blue color line is
used for the proposed sensor device. From the graph, it is
clearly observed that the proposed sensor device shows sig-
nificant improvement in sensitivity as compared with the ref-
erence one. Figure 8(b), (c) and (d) represent variation in sen-
sitivity of subthreshold slope on current and transconductance
with the dielectric constant of virus protein (2.1, 4.1). The use
of a Dual metal gate with Cr,O; improves the ON current
sensitivity, which leads to a rise in gm sensitivity, as shown
in Fig. 8(c) and (d)

6.1.2 Dielectric Constant of Virus in the Range from 1 to 64
(DNA Detection)

As discussed in the introduction, the second methodology
used for SARS-CoV-2 virus detection is detecting through
DNA; for this purpose, the DNA of the virus is converted from
RNA. The SARS-CoV-2 dielectric constant is still vague, but
the range of the dielectric constant is 1 to 64 [30]. The param-
eters are examined in terms of the DNA of the virus and found
a great amount of sensitivity.

Figure 9. (a) shows a continuous increase with the DNA of
virus protein; in the same figure, the proposed sensor device
shows far better sensitivity than the reference biosensor de-
vice. Figure 9(b) plot of subthreshold sensitivity with DNA
dielectric of virus protein shows an increasing pattern. After K
= 32, the graph shows a minimal increase for higher K of the
virus. An improved coupling between the channel and the gate
voltage is provided by a high K value, due to which ON
current sensitivity is showing an increasing trend as plotted
in Fig. 9(c). RF parameter gm also indicates an increase in
sensitivity with DNA dielectric of virus protein, as plotted in
Fig. 9(d). The ATLAS device simulator is used for this simu-
lation of the proposed device [38].

7 Conclusion

The sensing ability of the biosensor proposed in this paper is
attained with the conclusive effect of the dual gate and use of
Cr,05 oxide layer by keeping the Si-SiO, interface charge
density around 1.0 x 10'! cm ™2 The removal of the insulating
gate layer from both the source and drain side partially creates
more cavity space for biomolecules immobilization. The in-
ternal physics of the proposed biosensor is given by using
various DC parameters for optimization. An investigation of
the proposed biosensor with the single and dual gate in terms
of DC parameters is analyzed, revealing a better result for the
double gate. The proposed biosensor shows a 12% increase in
threshold sensitivity for the dielectric constant of virus protein
K = 4.1 as compared with the previously reported sensor [37],
which discloses that the proposed biosensor has better

sensitivity than the several previously reported FET biosen-
sors. From the analysis, it can be concluded that the proposed
DGDMEFET biosensor will have the capability to detect vari-
ous protein molecules like cancer markers, DNA, and
antibodies.
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