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Abstract

Here in this work, we demonstrate the concept of hybrid biosensor based on embedded cavity gate all around (GAA)
junctionless field effect transistors (JLT) capable of sensing, amplification and noise cancellation simultaneously for the first
time. The disadvantages of low sensitivity and noise in classical concept of single device biosensor system are mitigated
using a hybrid scheme, where sensing is performed by p-type and n-type FETs simultaneously. The proposed hybrid
biosensor is designed by exploiting dielectric modulation property of embedded nanogap cavity biologically sensitive
field effect transistors (DM-FETSs). Lookup table (LUT) based Verilog-A models are developed for p and n type devices
considering various types of biosamples in the embedded nanogap cavity. The developed Verilog-A models are imbibed into
Cadence Virtuoso to perform the circuit simulations. The biomolecules are simulated as dielectric materials with different
permitivities in the embedded nanogap cavity. The proposed hybrid biosensor has been analyzed for different topologies and
performance comparisons have been carried out between junctionless based DM-FET and inversion mode DM-FET based
biosensors. The performance of proposed DM-FET based hybrid biosensor has been evaluated through voltage transfer
characteristics (VTCs) in terms of logic threshold voltage shift (A V1) and gain (Ay). Performance comparisons for different
topologies including resistive load, single stage and cascaded two stage hybrid biosensors have also been analyzed. Cascaded
GAA JLT configured biosensors yields the highest AV, sensitivity of 61.14%. However the results emphasize the superior
all-round performance of cascaded CMOS configuration with AVy; >~ 30% and gain Ay = 55.

Keywords BioFET - Dielectric modulation - Embedded cavity - Gate all around (GAA) - Junctionless transistor (JLT) -
Logic threshold voltage - Sensitivity - Voltage transfer characteristic (VTC).

1 Introduction free detection of biomolecules intended for super-sensitive,
reliable, and low power consuming biomolecule detection

The utilization of novel semiconductor technologies for  devices. The variation in concentration of biomolecules

development of biosensors have created a positive impact
in healthcare, clinical screening and medical diagnosis [1].
The classical methods for biosensing have catered the
demands with varied success rate where the failures in
general are owed to indirect sensing mechanism. One of the
prominent features of nanotechnology is unmediated label
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such as proteins, lipids, nucleic acids etc in human body is
related to presence or development of a disease. Detection
of such biomolecules gives doctors a quantitative basis
for clinical treatment approach [2]. Numerous biosensing
devices based on different techniques have been proposed
including optoelectronic based, piezoelectricity based,
MEMS based, potentiometric based, FET based [3]. In
the midst of listed sensing technologies, semiconductor
biosensors including nanowires and BioFETs have proven
to be efficient candidates for point of care (POC)
testing and diagnosing systems. BioFETs outclass other
sensing techniques due to advantages which include direct
transduction of chemical quantity to equivalent electrical
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quantity for read-out and processing, cost effective due to
mass production and high integration density, and label
free detection [4]. Most of FET based biosensors require
tedious surface functionalization steps for detection leading
to increase in cost, complexity and necessity of skilled
operators [5].

Ion-sensitive field effect transistor (ISFET) is first
of the kind FET biosensors earlier proposed for pH
sensing [6]. The solid-state gate electrode structure was
modified into liquid gate where measurements were carried
using reference electrode. ISFETs was latter modified for
applications in diverse areas outlined by Schoning and
Poghossian [7]. The process of biomolecule immobilization
is accomplished by complete immersion of ISFETs in
electrolyte leading to indeterministic statistical fluctuations
in measurements. ISFETs inherently show unpredictable
operational etiquette which include drift [8], hysteresis [9].
Drift is induced by unstable reference electrode potential
which fluctuates with operational leakage currents and
surrounding temperature fluctuations [10].

Choi et. al. in 2007 modified the conventional silicon
on insulator (SOI) MOSFET structure forming nanogap
cavities by etching part of sacrificial gate metal for lodging
biomolecules. The nanogaps can also be formed by etching
a sufficiently thick (> 5 nm) gate oxide [11]. The formation
of nanogaps elevates the threshold voltage (VT), and on
subsequent occupation by biomolecules, V1 is lowered
according to dielectric constant of biomolecules. Dielectric
modulated FETs have potential advantages of detecting
weakly charged and neutral over ISFETs with comparable
sensitivity, selectivity and linearity [12, 13]. Despite
of being advantageous, DMFET suffers from physical
vulnerability due to partial suspended gate structure. The
other limitations of DMFETs include alignment mismatch.
The dielectric modulated FETs detect biomolecules that
are feebly charged or neutral, hence the sensitivity is
low. The biomolecules when lodged in the nanogap
after functionalization alter the effective gate capacitance,
causing threshold voltage (V1) of the device to shift. The

classical equation (V1 = Vg + 20 + Qdep) holds true for
homogeneous gate oxide device. On cav1ty formatlon Ceft,g
under the cavity changes causing Vt of entire device to shift
as a function of permitivity of biomolecules in the cavity.
The modulation in effective gate capacitance by dielectric
permitivity of biomolecules affects the VT. This controls the
transfer characteristics hence the current of the device [13].

Dielectric modulated BioFETs have a potential of being
used as label-free sensors for rapid detection of bacteria,
protein with sufficiently high sensitivity and small limit
of lower detection . A considerable number of dielectric
modulated BioFETs have been fabricated by different
research groups in recent past and employed for detection
of biomolecules such as biotin-streptavidin [14] , protein
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molecules [11], avian influenza [15], DNA charge [16],
peptide nucleic acid (PNA) [17]. As reported in [18], such
BioFETs shows high sensitivity and selectivity as compared
to other BioFET architectures and also has ability to detect
weakly charged molecules which is a limitation of ISFET.
DM-BioFETs can be fabricated by fabrication scheme
aligned to generic CMOS process.

During recent years, various structural modifications
were reported for DMFET based biosensors for enhancing
the sensing action of discrete transducer components [17,
19]. The strategic structural improvisation of device using
novel junctionless doping profile mechanism throughout
source-channel-drain of the transistor leading to minimiza-
tion of short channel effects has already been reported
[20]. Uniform doping throughout source channel and drain
regions improves subthreshold slope and threshold voltage
roll off. Conventional MOS devices for biosensors are not
giving much promising results at lower technology node
(below 180nm) due to incessant scaling effects. At lower
technology nodes, MOS devices suffer from complexity in
fabrication process and small geometry effects in general
[21]. At device level from technology perspective, junction-
less (JL) devices favor simpler fabrication process when
correlated to conventional inversion mode devices due to
deprivation of abrupt doping profiles [22]. In comparison to
conventional inversion mode (IM) devices, a disparate con-
duction mechanism is perceived in JL devices as the current
for gate voltage less than the threshold voltage (V1) flows
through the central axis of the majorly depleted body while
for a gate voltage higher than flatband voltage (Vgp) cre-
ates an accumulated channel available for conduction [23].
This as a whole upsets the DC performance characteristics
os the device particularly threshold voltage (V) and mobil-
ity (u) [24]. Besides better gate control on channel which
almost ceases the flow of Off current (Iofr), gate all around
junctionless transistors show immunity to low frequency
noise (1/f) noise which is a major reliability concern in FET
biosensors [25]. There are two kinds of noise sources in
junctionless devices: one is due to channel thickness fluc-
tuations in the depletion region and the other is due to
carrier concentration fluctuation at the oxide semiconductor
interface in the accumulation region. Due to a symmetrical
structure with gate wrapped all around junctionless architec-
ture, additional trap and release of charge carriers will take
place with formation of accumulation region in channel at
higher gate bias providing high noise immunity in the pro-
posed device [26]. The junctionless transistors have matured
for analog/RF applications [27], superior subthreshold logic
devices and memory [28], and biosensing applications
[12]. During last decade a variety of FET biosensors have
been fabricated and characterized but due to poor sen-
sitivity or complex process flow, the feasibility is quiet
low.
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On-chip integration and convenient read out circuit for
BioFETs in general is of much importance for real time
sensing and signal processing. However only few articles
are available that have focused on simplifying the detection
circuitry. In this context, very few complex readout circuit
strategies have been proposed for FET based pH and
ion sensing applications making the system bulkier [16,
29]. Thus, such design strategies restrict the ensemble
performances of sensing units and also lead to escalated
complexity in integration with digital micro-fluidic based
lab-on-chip systems, which drives the need for CMOS
compatible simple detection/readout circuitry for pH and
ion sensing applications.

The functionality of embedded cavity DM-FET based
biosensors depends on intonation of threshold voltage
and drain current through the device instigated by the
effect on gate oxide capacitance by biomolecules in the
embedded cavity [11, 15]. This threshold voltage and
current change is incited by the variability in density of
states, activation of surface sites, buffer ionic strength and
ionic composition of biomolecules [30]. In present scenario,
such biosensing device strategies suffer from low yield
that may be revamped by amplification of current change
para mounting the enhancement in figure of merits of
biosensor like limit of lower detection (LOLD), sensitivity,
and linearity [31, 32]. Conventional IM FET biosensors
are limited by poor SNR due to intrinsic fluctuations and
uncontrollability of parameters affiliated to detection [33].
Buitrago et al, have implemented a SOI based junctionless
device of 500nm channel length for ion detection in the
subthreshold region of operation. However to detect lower
concentration of biosamples, device dimensions need to be
scaled down where optimal signal to noise ratio is achieved
[22]. The dielectric modulation effect on drain current is
more dominant over charge modulation property in the
linear mode of operation [18].

1.1 Major Contributions of this work

Herein we propose the scheme for hybrid biosensor based
on dielectric modulation property of embedded cavity
BioFETs. The BioFETs were designed using junctionless
FETs and inversion mode FETs for gate all around
architecture. The major contributions of this work include:

1. The proposed hybrid biosensor is simulated considering
different biomolecules in the nanogap cavity pertaining
different permitivities. Look-up tables (LUTs) are
formed for varied permitivities and the circuit level
analysis are carried out using Verilog-A models formed
using LUTs.

2. The performance evaluation of proposed biosensor
is evaluated in-terms of logic threshold voltage shift

(AVLp) and gain (Avy). Linearity an important figure
merit is investigated and slope, error of straight line
fit is computed for proposed and counterpart hybrid
biosensors.

3. This work also carries out the performance analysis
of proposed hybrid biosensor based on junctionless
DM-FETS and conventional inversion mode FETs.

This paper is organized as follows. Section 2 discusses
the design considerations and simulation and modeling
framework for the proposed work. The subsequent sub-
sections elaborate the concept and implementation. In
Section 3 discusses the implementation and comparative
study of different topologies for proposed concept. The
conclusions from this work are presented in Section 4.

2 Concept, Design and Execution
Methodology

2.1 Proposed Device Architecture and Design
Constraints

Classical ion sensitive BioFETs are based on charge
interaction at sensing membrane therefore are incapable for
detection of weakly charged or neutral biomolecules [34].
Herein we present a improved architecture of a BioFET
where weakly charged or neutral biospecies can be detected
using embedded cavity based BioFET (DMFET). The gate
all around (GAA) structure provides dual functionality
including superior gate control on the channel and more
cavity volume for lodging of biosample [35]. The cavity
is realized by coercing a part of gate oxide or sacrificial
gate metal through the process of etching. However classical
embedded BioFET design suffer from limitations such
as threshold voltage fluctuations, mechanical instability
and thermal budget of doping process [17]. Abrupt
junctions particularly at lower technology nodes are difficult
to fabricate, and lead to significant leakage current
accompanied by drain induced barrier lowering (DIBL). A
junctionless (JL) high doping profile throughout the source-
channel-drain regions yields significant improvements in
subthreshold swing when proper gate material is used with
enhanced drain current [12]. The 3D birds eye view of
proposed device (gate all around embedded cavity dielectric
modulated junctionless BioFET referred as GAA JLT) along
with its cross sectional view is shown in Fig. 1. The
performance of proposed device is compared to a similar
classical doping profile structure (referred as GAA FET)
at same technology node. The physical parameters for
GAA JLT and GAA FET based BioFETs are listed in
Table 1. An abrupt doping profile as a design consideration
is used for conventional GAA FET based BioFET across
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Fig.1 a Three dimensional
architecture schematic view of
proposed dielectric modulated
BioFET. b Corresponding
cross-sectional view
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source-channel and drain-channel junctions to account for
worst case scenario of doping causing band to band
tunneling leading to uncompromisable leakage current
which is even worse for lower technology nodes.

The dimensions of cavity considered has been consid-
ered from fabrication perspective. BioFETs with cavity
dimensions of as low as 15 nm x 200 nm [15] for avian
influenza, 20nm x 2u m [11] for DNA, 50 nm x 50 nm
[17] for biotin, have been fabricated in recent past. The
process for cavity formation falls in wet etch category of
generic CMOS process using buffered oxide etch (BOE;
HF:H20 = 1:6) or chromium etchant solution or selec-
tive vertical etch etc. [14, 15, 17]. Silicon is hydrophobic
in nature but when silicon is exposed to air, a native
oxide (SiO») layer is accumulated on the surface which is
hydrophilic and has a tendency to attract aqueous solutions.

Table 1 Physical parameter specifications of proposed GAA JLT and
GAA FET based DM-BioFETs

Parameter (Symbol) Value

Gate length(Ly) 65 nm

Gate oxide thickness(Tox) 5 nm

Silicon thickness(Ts;) 10 nm

Silicon width(Ts;) 10 nm

Cavity length(Lcavity) 30 nm

Cavity height(Tcavity) 5 nm

Source spacer(Lspac,s) 5 nm

Drain spacer(Lspac,s) 5 nm

S/D length(Ls/Ly) 50 nm

Gate workfunction(¢g (N/P)) 4.1/5.25eV
Channel doping(Ncp) 6 x 10 cm~3
Si Doping (P/N) (JL)(N4/Np) 1 x 10" cm™3
S/D Doping (P/N)(Na/Np) 5% 10'8/5 x 10!7 cm—3
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This oxide layer acts as hydrophilic layer where function-
alization takes place.Neutral biomolecules are non-reactive
to dangling OH bonds of SiO, and effect the gate oxide
capacitance by dielectric modulation property. The struc-
ture is analogous to stacked gate. To ensure that the current
flowing in n type and p type device is equal, two p type
devices were placed in parallel to account for W/L ratios.
The cavity formed by etching is functionalized with spe-
cific biomolecule receptor agent which binds analyte in
introduced sample. The interaction of receptor and target
biomolecule alters the net dielectric constant of the nanogap
[11, 15] . The biospecies lodged in the cavity after function-
alization alter the effective gate capacitance (Cggt), causing
threshold voltage (VT) of the device to shift. The classi-
cal equation (Vtr = Vg + 2® + %) holds true for
homogeneous gate oxide device. On cavivtxy formation, Ceff g
under the cavity changes causing V1 of entire device to
shift as a function of permitivity of biomolecules in the
cavity [34].

The receptor-target binding in the cavity introduces a
net polarization charge density hence the polarization field
in the cavity in presence of the applied gate voltage. The
electric field induced polarization field is different for
neutral and charged biomolecules, but overall modifies the
effective gate electric field and the charge carrier injection
component in the channel. In conventional MOSFET
based BioFET, at higher gate electric field the inversion
charges in channel screen the electrostatic modulation of
cavity due to polarization field from the channel. The
maximum change in the drain current is observed in
subthreshold mode of operation where the screening is
much smaller comparatively. This follows that the desirable
design consideration for BioFET includes less screening
polarization field by the inversion charge density of channel
at relatively higher gate bias [13].
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Fig.2 a A single FET hybrid sensor where the current sensitivity can
be improved by modifying the device architecture [36, 37], Although
the current sensitivity increases yet such design are liable to noise

2.2 Hybrid Biosensor: Design and Working

Classical biosensing strategy which involves a single
detection BioFET has limited VT shift as shown in Fig. 2a.
Although, the VT sensitivity can be improved by modifying
the BioFET design (multi-gate architecture) but the current
sensitivity is still a bottleneck, which limits the output
voltage sensing margin. Figure 2a shows AVou1 = AVour
even if AVpp > AVy,. The increase in threshold voltage
shift while maintaining output voltage same amplifies
noise at the output. We propose a cascaded two stage
biosensor design where sensing is accomplished by a pair of
complimentary p-DMFET and N-DMFET simultaneously.
This stage accomplishes sensing as well as amplification
of the bioresponse (Vour1). The bioresponse from stage-1
(Vour1) is fed to series connected another complimentary
pair which further amplifies the bioresponse and suppresses
noise without mitigating sensitivity of the biosensor. The
complete working diagram of proposed hybrid biosensor
is shown in Fig.2b. The proposed hybrid biosensor system
which comprises of two stages. First stage accomplishes
sensing. The bio-response from first stage can be amplified
using a p-FET loaded n-MOSFET amplifier on the same
chip. This concept has been experimentally demonstrate and
fabricated by generic CMOS aligned process by number of
researchers in recent past for detection of pH, DNA, and
protein [11, 14, 16]. Such hybrid devices are very much
practical and feasible. The primary advantages include that
an amplified bio-response is obtained in the electrical form
from the sensing device itself making the processing very
feasible.

The hybrid biosensor is implemented using proposed
GAA JL-DMFET and performance has been compared
to analogous GAA conventional DMFET. Different bio-
molecules lodged in the functionalized in the nanogap
cavity yield in shifted voltage transfer characteristics
(different AVy() and gain. The shift in VTC and AVyy
is quantified in the form of % a sensing metric for

amplification b Schematic of proposed concept and working of two
stage hybrid biosensor involving bioresponse amplification and noise
cancellation

proposed biosensor. The change in logic threshold voltage
with respect to change in permitivity of biomolecules
(%) is amplified by stage-2. The stage-wise change in
gain is given in Table 2. Noise instigates a specific degree
of uncertainty in detected signals. The indeterministic
fluctuations in output bio-response can be falsely attributed
to sensitivity, especially in cases where biosignal variation
level is compared to level of fluctuations. The dominant
sources of noise in nanodevice biosensors include thermally
generated noise due motion of charge carriers in the
channel, low frequency flicker (1/f) noise [26]. Previous
studies in junctionless transistors especially with gate
all around (GAA) structure show potential for extreme
low noise level due to different charge carrier transport
mechanism of bulk conduction than surface conduction in
inversion mode devices. In junctionless nanowire transistor,
1/f noise is expected to originate due to bulk conduction
fluctuations (Hooge mobility fluctuations) caused due to
carrier scattering in the channel [35]. Due to a symmetrical
structure with gate wrapped all around, additional trap and
release of charge carriers will take place with formation of
accumulation region in channel at higher gate bias [25].

2.3 Simulation Methodology and Framework

The simulation methodology consists of device simulations
carrier out in Atlas device simulator. Quantum transport

Table 2 Output voltage sensitivity of stage-1 and stage-2 for CMOS
hybrid biosensor

First stage

AVour _ AVour AVg AV e}
AK = TAVg " AV © BAK
AV, AV
7A‘l’€“ =Ay;.1. Alél 2)
Second Stage
AVoup — AVour AVou (3)
AK T AVow © BAK

AV, AV,
ARZ =Ava . Avi . Zt @)

AV, AV
AR = Ava . Avi.Zgt (5)
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device simulation have been carried out where Different
models have been incorporated in Atlas device simulator
that account for different phenomena taking place in the
device. Field and concentration dependent mobility models
along with Fermi-Dirac statistics have been used. The band
gap narrowing model (BGN) have been invoked due to
presence of highly doped silicon film. The device and circuit
simulation methodology is shown in Fig. 3. As no standard
SPICE models are available for junctionless devices at
this technology node (65nm), look up table (LUT) based
Verilog-A models have been developed which are latter
employed for circuit simulations. The behavioral Verilog-A
code interpolates the data of specific device for particular
biomolecules from LUT for accurate value of current of
corresponding applied biases.

The dimensions of the proposed DM-BioFET has been
chosen carefully such that the biomolecules considered
can fit in the cavity. The biomolecules considered are less
than Inm in size with APTES (with K=2.63) and Biotin
(with K=3.57) of size 0.9nm and 0.56nm respectively [28].
The experimental research shows that these biomolecules
are feebly charged or neutral hence can be detected using
their dielectric permitivity through dielectric modulation
technique [24].

The current conduction in surrounding gate nanowire
junctionless transistors takes place through the volume
rather than surface conduction mechanism. The electron
concentration in the silicon channel for N-type GAA JL-
DMEFET in depleted and enhanced modes is shown through

contour plots in Fig. 4a and b. The junctionless based
DMEFET provides a more desirable Io,/logr ratio of 107
against 4 x 107 of inversion mode device leading to higher
transconductance (g,,) in JL. based DM-BioFETs as shown
in Fig. 5. The flow of drain current is in direct correlation
with surface potential of silicon channel which is modulated
by effective gate capacitance (Ceff,g) where Cegr g is function
of biomolecule permitivity )K) lodged in the cavity [11].

3 Result and Discussion

In sensing and amplifying stage of proposed biosensor,
when voltage at input (Vg) is less than the logic threshold
voltage (VL) of hybrid DM-FET based hybrid biosensor,
the voltage at output node (Vour) is at higher potential.
For some Vg, the conductivity of N-type device increases
rapidly causing Vour to decrease. Due to dielectric
modulation property of DM-BioFETs, Vi, is largely
dependent on the permitivity (K) of the biomolecules
in the cavity. The complementary pair of BioFETs for
sensing simultaneously provide amplification. For the
proposed hybrid biosensor, the sensitivity analysis is done
for different types of biomolecules simulated by different
dielectric materials for sweeping Vg. At low Vg (i.e. n-
DM-BIioFET is in OFF state), there will be a minimum
discharge of current to the ground. The discharge of current
will be higher in conventional inversion mode device based
biosensor due to higher magnitude order of Off current

Fig.3 Simulation and modeling
methodology of proposed
biosensor

Optimization of structure
or mesh refining
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\_Simulator

“

Development of Verilog-A
models IM and JL devices for [«
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Fig.4 Contour plots for
electron concentration in silicon
for (a). Off condition

(Vgs = 0V), (b). On condition
(Vgs = 1.2V) with K = 3.57
(APTES) in cavity for GAA
JL-DMFET, at Vpg = 1.2V

(Iopr) than junctionless DM-BioFETs. The potential at
output node of stage-1 (Vour) is a function of current
flowing through the devices from Vpp to ground. Higher
transconductance in junctionless dm-BioFET imply larger
Ion/Iorr than conventional inversion mode dm-BioFET as
shown in Fig. 5.

The performance proposed hybrid CMOS biosensor is
characterized by voltage transfer characteristics. We have
compared the performance of proposed junctionless GAA
DM-BioFET based hybrid biosensor to following analogous
configurations:

Single stage resistive load.
Single stage CMOS configured.
Two stage resistive load.

Two stage CMOS configured.

L=

A comparative sensitivity analysis for junctionless based
FETs and conventional inversion mode FETs has been
carried out for above configurations. Biomolecules in the
cavity with higher dielectric constants have their VTC’s
shift to the left on voltage scale. A unique shift in Vp;
VLt = Ve @Voy = V%) is observed for different
biomolecules such as biotin, streptavidin, APTES.

A single stage resistive load hybrid biosensor is designed
using junctionless DM-FET and inversion DM-FET. The
voltage transfer characteristics and gain curves are shown

Electron Conc (/cm3)

148

1
1
74
a7
S1Bs
a

L

5
|

B

in Fig. 6(a-d). The use of a resistive load in single stage
hybrid biosensor where single n-type DM-FET is used as
sensor device shows low noise margins providing lesser gain
at output. The comparative analysis shows improved noise
margins in VTC’s when junctionless DM-FET is used as
sensor device.

A similar single stage biosensor is designed where the
resistive load is replaced with a P-type DM-FET sensor
device. In this configuration a complimentary approach is
used, where sensing is simultaneously accomplished by p
and n type devices. The VTC and gain curves for such
configuration is shown in Fig. 7. The use of junctionless
devices improves gain remarkably. A significant shift in Vi
in case of CMOS configured using junctionless devices for
different biomolecules making it highly sensitive than its
counterpart inversion mode DM-FET based biosensor.

The characteristics for two stage resistive load hybrid
biosensors is shown in Fig. 8, where comparison in
performance has been carried out for junctionless and
inversion mode devices. The noise margin is enhanced
in second stage VTC than the first stage, however the
noise margins are high in hybrid biosensor designed using
junctionless DM-FETs. The reason of better noise margins
shown of junctionless device based configurations is due
to higher gain. Due to high Ip,/log ratio of GAA JL
DM-FETs, a considerable improvement in gain at Vourt2

Fig. 5 a.Ips vs Vgs 2 .
characteristics for n-type 10 '3 994 (13)-1 50 :+ nJLT
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Fig.6 (a-b). VTC and gain for 8 =
GAA-IM DM-FET based single 1.2 —m— Air - (b) —a— Air
st.age resistive load hybrid 1.0 -_ @— Biotin 7 N a— Biotin
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Fig.8 (a-b). VTC and gain for
GAA-IM DM-FET based two 1.2 20 | (b)
stage resistive load configured 10 | i GAA FET
hybrid biosensor (c-d). Gain for B | —_
GAA-JL DM-FET based two ~ 08 | GAA FET — 15 2 B::It-:f]S-éT
stage resistive load configured 2z - —E—-APTES-S1 > i O—APTES-S2
hybrid biosensor, Vpp = 1.2V. - 0.6 - —&—Biotin-$1 $10 B —4A—Biotin-S2
S1 and S2 represent stage-1 and 5 0.4 '_(a) —@—APTES-S2 £
stage-2 respectively o [ —A—Biotin-S2 T 5
> O
0.2 |-
0.0 0
N T | T |
02 03 04 05 0.6 02 03 04 05 0.6
Gate Volatge (V) Gate Volatge (V)
30
1.2 L GAA JLT
1.0 —B—-APTES-S1 25 - (d)
L —@—Biotin-S1 20 -_ .
- 038 |- —@—APTES-S2 —_ | —B—-APTES-S1
S 0.6 i —A—Biotin-S2 <> 15 | —@—Biotin-S1
e T - K —@—APTES-S2
3 N < 10 - —A—Biotin-S2
o 04 =
> L o -
0.2 | 5
0.0 0
03 04 05 06 0.7 02 03 04 05 0.6
Gate Voltage Gate Voltage
Fig.9 (a-b). VTC and gain for
GAA-IM DM-FET based two 1.2 80 N —8— APTES-S1
stage CMOS configured hybrid 1.0 [ —— APTES-S1 25 |- —8—Biotin-S1
biosensor (¢-d). VIC and Gain L —@— Biotin-S1 L —A— APTES-S2
for GAAJL DM-FET based t — | A 20 | i o
s(t):ge CMOS configuregsl?ybr\:f 2 o3 - v QIF::IErféSZZ > B Blatin-5e
biosensor, Vpp = 1.2V. S1 and E 0.6 - s 15 |- GAA FET
S2 represent stage-1 and stage-2 g i GAA FET| £ [
: 0.4 — © 10 [~
respectively B o |
0.2 - 5
0.0 0
04 0.5 0.6 0.7 0.4 0.5 0.6
Gate Voltage (V) Gate Voltage (V)
12 mg  Addbbbbbbbbbbid 50 |- —8— APTES-S1
1.0 —#— APTES-$1 - —8— Biotin-S1
= —@— Biotin-S1 40 - +APTES-32
S 08 +g!’T_Es;2 S0l —¥— Biotin-S2
= 06 r_Soth2] g GAA JLT,
o £ 20
> 04 8
0.2 10
0.0 0

0.3 04 05 06 0.7
Gate Voltage (V)

03 04 05 0.6 0.7
Gate Voltage (V)

@ Springer



2050

Silicon (2021) 13:2041-2052

Table 3 Tabular form of variations in gain (Ay) and logic threshold voltage (V1) for different topologies of hybrid biosensor considering various
biomolecules in the nanogap cavity assuming cavity to be fully occupied. The bottom 4 rows show performance metrics for cascaded two stage

hybrid biosensors

Device GAA IM DM-FET GAA JL DM-FET

Configuration Resistive load PFET load Resistive load PJLT load

Driver NFET NFET NJLT NIJLT

Biomolecule Empty Biotin APTES Empty Biotin APTES Empty Biotin APTES Empty Biotin APTES
K 1 2.1 3.57 1 2.1 3.57 1 2.1 3.57 1 2.1 3.57
Logic Ve(mV) 420 370 260 650 500 420 900 510 320 430 320 270
Gain Ay 4 3.7 7.5 15 19.5 17 4 5.8 6.5 7 15 27.5
AV (mV) - 50 160 - 150 230 - 390 580 - 110 160
% Sensitivity - 11.8 39 - 25 374 - 454 65.4 - 24.45 35.65
Logic VLe(mV) 560 450 320 500 440 410 700 500 300 450 365 300
Gain Ay 15 18 22 29 29 31 19 27 21 54 57 55
AV (mV) - 110 240 - 60 90 - 200 400 - 85 150
% Sensitivity - 21.64 44.85 - 13.5 19.7 - 29.5 61.14 - 21.87 32

is achieved. Apart from such advantages, junctionless
FETs are process voltage temperature(PVT) variation aware
devices that make them immune to short channel effects
effects making them robust for biosensing applications.
The trend of relatively higher noise margin and gain is
maintained for CMOS configured hybrid biosensor than
resistive load configurations that too for both types of
devices (junctionless DM-FETs and inversion mode DM-
FETs). The sensitivity for proposed hybrid biosensor is
computed by observing relative change in logic threshold
voltage (V¢ given by |VL‘(empty\fi:elgl;t\y/’%i"l(;samplC’K)| X
100%. Figure 9 shows the VTC’s for cascaded two stage
CMOS configured hybrid biosensor. This configuration
shows the best DC gain among all configurations. Here
the noise is eliminated in second stage due to CMOS
topology. The observed values of gain (Ay), VLt, AVyy, and
sensitivity is shown in Table 3. A remarkable improvement
in gain is observed in two stage hybrid biosensor compared
to single stage and more importantly hybrid biosensors
based on junctionless DM-FETs have relatively higher
average sensitivity that its counterparts. The proposed
hybrid biosensor offers a drastic sensitivity amplification
of bio-signal response without additional off-chip circuitry.
The high sensitivity shown by the proposed GAA-JL
DMFET based hybrid biosensor supports its applicability to
other biosample detections systems.

For any sensing metric used it is important the
sensing device must yield a uniform or linear change in
detecting electrical quantity for normalized change in the
concentration of sensed biomatter. Linearity at the outset
implies that the sensing metric (here change in logic
threshold voltage) must satisfy the straight line equation

@ Springer

(y = mx+C), where y denotes the change in logic threshold
voltage, m denotes relative sensitivity, and C is the reference
value of change in sensing metric at reference concentration
(here K=1). The proposed architecture shows a good linear
behavior for a dielectric constant range of 1(empty) to
3.57(APTES) as shown in Fig. 10. The linearity of any
BioFET device depends on charge carrier concentration in
silicon nanowire and thickness of the cavity. JL-DMFET
BioFET based hybrid biosensor shows a better linearity
with slope of 23.66 than that of IM-DMFET based hybrid
biosensor with enhanced values of sensitivity.

Symbol: %age Sensitivity
60 | ‘Line: Straignt Line Fit ~H
— .'...
o O
< 40} ..‘°. o
E‘ .-'... .o'....
‘W 20} oo
: ...O ....‘
8 I IM DMFET JL DMFET
e Slope 17.36 23.66
i Error 1.09 1.48
0 [ ¢ 2 [ 2 [ Py
1 2 3

Dielectric Constant (K)

Fig. 10 Linearity for proposed hybrid biosensor based on inversion
mode and junctionless BioFET. The inset table shows the slope and
straight line fit errors for IM and JL DMFET baser hybrid biosensors
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4 Conclusions and Future Work

Ultra sensitive, noise immune biosensors that can be mono-
lithically integrated with amplifier and readout circuitry is
future realm of miniaturized semiconductor biosensors that
have superior performance that include large dynamic sens-
ing range, minimal detection time, low operating voltage,
low limit of lower detection and high integration density on
chip. Such novel concept of hybrid biosensor design can be
used to build autonomous miniaturized diagnostic devices.
The results obtained establish the superiority of proposed
gate all around junctionless DM-FET based hybrid biosen-
sor over the similar configured topologies based on GAA
conventional inversion mode DM-FET through extensive
simulation results. The steeper VTCs of JL-DMFET based
hybrid biosensor in comparison to conventional inversion
mode DM-FET device based hybrid biosensor establish the
superior noise performance of the former configuration.
The performance of proposed concept of hybrid biosens-
ing has been analyzed in terms of percentage shift in logic
threshold voltage (AVL() and gain (Ay) considering the
base case for empty cavity simulated by considering K=1.
The proposed device based hybrid biosensor follows a good
linear behavior with slope of 23.66 implying good sensitiv-
ity and very marginal error of 1.48 in the straight line fit.
The topology of hybrid biosensor which involves two stage
single sensing device with resistive load yields maximum
AV, sensitivity (61.14%) but suffers from poor total gain
owed to passive load element in the pull up network. Gate
all-round junctionless BioFET based hybrid biosensor
yields as superior performance in cascaded CMOS configu-
ration with AV, >~ 30% and gain Ay = 55. Highest gain
is achieved for two stage CMOS topology yielding almost
a noise free output bioresponse. This advanced concept of
hybrid biosensing has the potential of being extended to
different BioFET architectures.
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