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Abstract— The design of a high-performance Dielectrically Modulated Field Effect Transistor (DMFET) with smaller
device dimension (channel length £ 100nm) has recently drawn significant research attention for point-of-care (POC)
diagenesis applications. Driven by this paradigm, a Hetero-Gate Metal Dielectrically Modulated Junction-Less
Nanotube Field Effect Transistor (DM-JLNFET) architecture is introduced and systematically investigated for label-free
electrochemical biosensing application with the help of extensive numerical device simulations. The DM-JLNFET is
carefully designed to exploit the advantages of superior gate control over channel electrostatics and electron
injection component as well as strong immunity towards the short channel effects that lead to a notably high sensing
performance compared to its conventional counterparts. In this context, the underlying physics of the transduction
mechanism is analyzed in detail based on the device electrostatics and the carrier transport mechanism. The sensing
performance of the proposed biosensor is quantified in terms of the drain current and threshold voltage sensitivities,
which represents the relative modulations in these parameters with biomolecule conjugation. Typically, the DM-
JLNFET exhibits a drain current and threshold voltage sensitivities as high as 1x10*? and 0.70, respectively, for
biomolecule dielectric constant above 2. Furthermore, the sensing performance demonstrates strong immunities
towards non-uniform cavity occupancy. Finally, extensive comparative performance analysis with Dielectrically
Modulated Nanowire Field Effect Transistor (DM-NWFET) is performed. The results exhibit that the proposed DM-
JLNFET can offer more than 100% and eight orders of magnitude improvements in the threshold voltage and drain
current sensitivities, respectively, for a range of small biomolecule dielectric constants.

Index Terms— Biosensors, Dielectric Modulation, Nanotube, Junction-Less FET, MOSFET, TCAD, Sensitivity.

attention from the biosensor research community. The interest
in this class of biosensors is due to their ability to detect both
charge-neutral and charged biomolecules [8-10]. The DMFET
biosensors structures are designed with a thicker gate insulator
region, wherein a nano-gap cavity is introduced and
functionalized with appropriate bio-receptors that have a
specific affinity towards target biomolecules (analyte).
Consequently, after incubation, the analyte selectively binds
itself with the receptors in the cavity region, leading to a
modulations in the effective dielectric constant and surface
charge density of this region. This results in a change in gate
electrostatic coupling with the channel region and thereby the
terminal currents of DMFET for detection and quantifications

|. Introduction

he recent developments in the field-effect transistors

(FET) based electrochemical biosensor has demonstrated
substantial potential for label-free detection of different
biomolecules based on their charge states [1-3]. The
compatibility with complementary metal-oxide-semiconductor
process flow and the scope of on-chip integration of FET
biosensors are considered highly encouraging for the lab-on-
chip (LOC) based point-of-care (POC) diagnosis applications
[2-4]. Furthermore, the integration of different emerging
nanostructures for such FET-based biosensor design leads to
significant improvement in the sensitivity and limit of
detection (LOD) [5-7]. In this context, the dielectrically

modulated FET (DMFET) architectures draw more and more
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of target biomolecules. Similar to charge-modulated biosensor
design, different nanostructures including nanowires [11-12],
nanosheets [13-14], nanotubes [15-16], and bio-tubes [17] are
being actively explored to realize robust and high-performance
DMFET designs. Typically, unlike nanowires/nanosheets
structures, nanotubes' inner and outer surfaces are available for
interactions with target biomolecules, which results in a
superior sensing performance in nanotube FET-based
biosensors [15-16]. However, the successful synthesis and
sensor device fabrication using nanomaterials such as
Graphene, Silicene, Phosphorene, and transition metal di-
chalcogenides nanotubes are technologically challenging and
often suffer from the lack of stability in the environment [18-
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19]. This motivated the exploration of conventional Silicon
(Si) based nanotube-based FET, which exploits its superior
gate electrostatics for different applications [20-21]. In Si
nanotube-based DMFET architecture, the channel is wrapped
around an inner gate terminal, and an outer gate terminal
further surrounds the channel region. The nano-gap cavity
regions are introduced by carefully etching the thick insulator
regions around the gate terminals [22, 15-16]. The target
biomolecules can selectively bind with the specific bio-
receptors in the cavities, which leads to a measurable change
in the device's terminal current and threshold voltage, which is
exploited for biomolecule detection [22].

On the other side, it has been observed that the performance
of conventional DMFET gets considerably degraded with
channel length scaling [23]. Such degradation can be
attributed to the higher drain-induced barrier lowering (DIBL)
effects in DMFET due to the relatively weaker gate capacitive
coupling in the presence of thick nano-gap cavity regions [23-
24]. In this context, the junction-less (JL) FET architecture can
effectively reduce the DIBL by introducing uniformly doped
source, channel, and drain regions. Consequently, the
junction-less (JL) DMFET structures are actively explored for
biosensing applications [25-26]. In this line, a JL
charge/dielectrically modulated bio-tube architecture has been
proposed recently. However, the design suffers from a
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relatively smaller sensitivity towards charged and charge-
neutral biomolecules [17]. However, to the best of the authors'
knowledge, no attempts have been made to assimilate the
advantages of JL-DMFET with nanotube architecture for high-
performance sensor device design.

In this work, a novel Dielectrically Modulated Junction-
Less Nanotube Field Effect Transistor (DM-JLNFET)
architecture has been proposed, and the design is carefully
optimized to achieve a significantly superior sensing
performance over a range of biomolecule sample
specifications. The proposed design exploits both the
inherently superior gate control over channel electrostatics in
nanotube architecture as well as the favorable carrier injection
and strong immunity towards short channel effects in junction-
less architecture in favor of transduction. The work
comprehensively analyses the essential physics of DM-
JLNFET based on source/channel junction electrostatics and
thermionic emission at this junction. Subsequently, the
influence of applied biasing conditions on the transduction
efficiency is studied, and the optimum biasing range of
operations is identified. Furthermore, detailed design
optimization is performed by tuning the relevant structural
parameters. Finally, an extensive comparative performance
study is undertaken between Dielectrically Modulated
Nanowire Field Effect Transistor (DM-NWFET) and reported
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Fig. 1. The Schematic representation and two dimensional cross-sectional views of: (a) Proposed Dielectrically Modulated Junction Less
Nanotube FET (DM-JLNFET) biosensors, (b) Conversional Dielectrically Modulated Nanowire FET (DM-NWFET) biosensors including the
structural and material specification adopted for simulation in this work, and schematic representation of: (c) biomolecule conjugation in the cavity
region and subsequent alteration of effective dielectric constant in the cavity region.
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Dielectrically Modulated Field Effect Transistor (DM-FET),
which conclusively demonstrates the superiority of the
proposed DM-JLNFET architecture for label-free biosensing
applications.

Il. DEVICE STRUCTURE AND SIMULATION SETUP

A.Device Structure and Specifications

The three-dimensional (3D) schematics and the two-
dimensional (2D) cross-sectional view of the proposed DM-
JLNFET and Dielectrically Modulated Nanowire Field Effect
Transistor (DM-NWFET) are illustrated in Fig.1 (a), and (b),
respectively. In this work, the gate all around (GAA)
architecture is considered to exploit its superior electrostatics
integrity in favor of dielectric/charge modulation [20, 27]. The
thickness of inner gate and outer gate cavity regions has been
considered as 10 nm, according to previous numerical
simulation-based reports on dielectrically modulated
biosensors [28-30]. Furthermore, 1 nm thin insulator (SiO)
regions are introduced in the inner and outer cavity regions to
ensure effective electrical isolation between the active region
of the device and the biomolecules [16, 22, 31]. However, it is
worth mentioning that in the experimental condition, the
electrical isolation may be realized by using a thicker high-k
insulating material keeping the effective oxide thickness near
1nm. The detailed structural specifications of DM-JLNFET
and DM-NWFET are illustrated in Table. I.

Table. |. Structural Specifications of DMFETs

Structural Specifications DM-JLNFET DM-NWFET
Channel Length 100 nm 100 nm
Source/Drain Length 50 nm 50 nm
Channel thickness 10 nm 10 nm
Channel Doping (uniform) 1x10% cm3 1x10% cm3
(n-type) (p-type)
Source Doping (uniform) 1x10% cm 1x10%° cm®
(n-type) (n-type)
Drain Doping (uniform) 1x10% cm3 1x10% cm3
(n-type) (n-type)
Inner-gate cavity thickness 10 nm -
Outer-gate cavity thickness 10 nm 10 nm
Inner-gate cavity length 150 nm -
Outer-gate cavity length 100 nm 100 nm
Inner-gate Metal Work- 4.1eV -
function (Aluminum)
Outer-gate Metal Work- 5.6 eV (Palladium) 5.6 eV (Palladium)
function

B.Simulation Framework

The numerical device simulations are performed using
commercially available Sentaurus TCAD from Synopsys [33].
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Fig. 2. Calibration plot of experimentally reported [32] and TCAD
simulated transfer characteristics of Silicon NWFET (having 10 nm
gate length, 10 nm nanowire diameter, 1x10*® c¢cm® p-type channel
doping, and 1.9 nm effective gate oxide thickness) for Vps = 1.0 V.

The carrier transport mechanism is incorporated using the
drift-diffusion model [33]. The Fermi-Dirac carrier
distribution is considered with the doping-dependent band-gap
narrowing and the mobility degradation models to capture the
complete effects of high doping concentrations on the
electrical characteristics [33]. The normal electric field-
dependent mobility degradation models are also incorporated
to reliably manifest the influence of applied gate bias on the
electrical conductivity [33]. Furthermore, the Augur and
Schottky-Read-Hall (SRH) generation and recombination
models are considered in the simulation [33]. Finally, the
simulation setup of this work is calibrated with experimentally
reported Silicon NWFET, which results in a reasonable
agreement between TCAD simulated and experimentally
reported I-V characteristics, as shown in Fig. 2 [32].

Next, in accordance with the previous numerical device
simulation based reports on dielectrically modulated
biosensors, a suitable insulating material is considered in the
cavity regions [8, 12, 23-28]. Furthermore, the dielectric
constant (k) and surface charge density (p) of this insulating
material is tuned accordingly, which represent the effects of
charge/dielectric modulations over the device electrostatics
and carrier transport mechanism [12-16, 23-28]. Such a
simplified simulation approach is widely used in numerical
device simulation-based reports as it offers satisfactory
qualitative agreement with experimental results for
dielectrically modulated biosensors [8-9, 34]. In this work, the
absence of biomolecules in the cavity is represented by an air
environment (k = 1, p = 0). Also, unless otherwise stated, the
biomolecule conjugation is represented by the dielectric
constant of 2.1 (p = 0) throughout the cavity regions. This
specification manifests the presence of the streptavidin/biotin
binding system in the cavity, which is one of the strongest
known non-covalent binding [8]. In this context, different
biomolecule specifications including low-hydrated proteins (k
= 5), glucose oxidase (k = 3.64), 3-aminopropyltriethoxysilan
(k = 3.57), cholesterol oxidase (k = 3.28), streptavidin/biotin
(k = 2.1), and silica-binding proteins/ avian influenza (k = 1.9)
are considered in this work [35-36]. On the other hand, surface
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Fig. 3. Plots of: (a) electrostatic potential contour at the middle of the
channel from vertical cross-sectional view (b) lateral surface electric
field profiles, (c) lateral energy band profiles, at Vgs = -1.5 V (d)
maximum electric field, and (e) maximum electric field sensitivity (Sg)
variation with gate bias, for Vps = 0.5 V DM-JLNFET.

charge density from p = 1x10'! cm? to p= 1x10% cm? is
considered to represent the effects of DNA hybridization of
different concentrations in the cavity [37-39].

I1l.  RESULTS AND DISCUSSION

A.Device Electrostatics Analysis

Being a JL-FET, the DM-JLNFET architecture incorporates
uniform n-type doping concentrations in source, channel, and
drain regions [25-26]. The n-type channel doping corresponds
to a large electron concentration and thereby high electron
conductivity in the channel without any applied gate bias
(Ves) [20]. Consequently, the channel conductivity can be
significantly reduced by depleting the channel regions by
simultaneously applying a negative potential in the inner and
outer gate terminals [20, 25-26].

The electrostatic potential contours at the vertical cross-
section of the channel region before (k = 1, p = 0) and after (k
= 2.1, p = 0) biomolecule conjugation is illustrated in Fig. 3
(@). In the absence of biomolecules, the denser equipotential

Authorized licensed use limited to: Tsinghua University. Downloaded on November 10,2022 at 1

lines in the inner and outer cavities indicate that the
electrostatic potential drop is at the maximum, which is in
agreement with the transduction mechanism of dielectrically
modulated biosensors [28-30]. Whereas the potential drop in
the cavities significantly reduces after biomolecule
conjugation, resulting in increasing magnitude (negative) of
the channel's surface potentials. The effects of channel surface
potential modulation on the carrier transport mechanism have
been analyzed from the energy band profiles and surface
electric field across the transport direction, and are illustrated
in Fig. 3 (b) and (c), respectively. Fig. 3(b) indicates that in
the absence of biomolecules, the smaller surface potential at
the channel leads to a lower potential barrier for thermionic
emission of electrons from the source regions to the channel
region, as shown in Fig. 3(c). On the other hand, the presence
of biomolecules in the cavity regions increases the channel
negative surface potential and raises the potential barrier
height at the source/channel junction [12]. Consequently, a
smaller and larger electric field at the source/channel junction
can be observed before and after biomolecule conjugation,
respectively, as depicted in Fig. 3(d). The plot suggests that
the electron injection flux is strongly correlated with the
source/channel junction maximum electric field, as can be
observed in other DMFETs [23]. Therefore, the maximum
electric field is considered before and after biomolecule
conjugation for different applied gate biases in Fig. 3(d). The
magnitude of electric field modulation with biomolecule
conjugation strongly depends on applied gate bias. In this
context, the influence of biomolecule conjugation on the
thermionic emission mechanism of electrons can be quantified
by electric field sensitivity (Sg) at any applied biasing
condition, which is defined as:

S, = Ebio - Enofbio
E Eno_bio (1)

Eno bio and Epio are the maximum surface electric fields at
the source/channel junction before and after biomolecule
conjugation, respectively. Subsequently, the Sg is considered
for a range of Vgs and is depicted in Fig. 3(e). Interestingly,
the optimum Sg can be observed in the sub-threshold regime of
operation for the proposed sensor device, which is usually
attributed to the reduced electrostatic screening effects at the
channel for FET biosensors [7, 23]. This indicates a significant
reduction in electron injection flux and terminal current after
biomolecule conjugation in the sub-threshold regime.

B. Electrical and Sensing Characteristics

For any FET-based electrochemical sensor, the transduction
efficiency depends on the applied gate and drain bias.
Therefore, to identify the suitable biasing conditions, the
transfer and output characteristics of DM-JLNFET are
considered under biomolecule conjugation and are shown in
Fig. 4 (a) and (b), respectively. Furthermore, the transduction
efficiency of any FET-based sensor is usually quantified by
relative variation in the terminal currents and the threshold
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Fig. 4. Plots of: (a) transfer characteristics Vps = 0.5 V (b) output
characteristics for Vgs = -1.5 V, and maximum drain current sensitivity
variation with (c) gate bias for Vps = 0.5 V (d) drain bias for Vgs = -1.5
V for DM-JLNFET.

voltages [5-9]. Subsequently, the sensing performances of
DM-JLNFET is estimated in terms of drain current sensitivity
(Sio) and threshold voltage sensitivity (Svr) as follows [36,
40]:

_ ID_no_bio - ID_bio (2)
SID - I
D bio
_ VT?nofbio B VT?bio 3)
SVT - V.
T_no_bio
Where, Ip_nobio (V1nobio) and Ipnio (V7o) are the

maximum drain current (threshold voltage) before and after
biomolecule conjugation, respectively. The threshold voltages
of the sensor devices are considered at the drain current level
of 107 A. It is apparent that the higher the magnitude of these
sensitivities, the higher will be the transduction efficiency,
which ultimately indicates superiority in dielectrically
modulated biosensors design [29-30]. It should be further
noted that the dB scale definition of current sensitivity [12],
should lead to similar performance traits as predicted by the
conventional sensitivity definition in Eqn. (2) for the proposed
biosensor. The Sp as a function of both gate and drain bias is
depicted in Fig. 4 (c) and (d), respectively. However, since the
Svr is considered at specific biasing conditions, no such plots
are incorporated in this case.

Fig. 4 (a) depicts that after biomolecule conjugation, the
transfer characteristics experience a large shift towards the
origin, which can be quantified from significant threshold
voltage reduction. Such a large shift in threshold voltage
results in a drain current modulation in the order of the on-
state/off-state current ratio for a suitably applied gate bias in
the sub-threshold regime of operation for any dielectrically
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modulated FET biosensors [28]. The significant drain current
modulation with biomolecule conjugation is retained for
different applied drain biases, as shown in Fig. 4 (b).
Consequently, the maximum Sip appears at the sub-threshold
operation regime, which is a characteristic trait of DMFETSs
[17, 20]. Furthermore, the Sp profile gets flattened around this
maximum value, as depicted by Fig. 4 (c). On the other side,
Fig. 4(d) represents a quasi-saturation in Sip for small to
moderate drain biases, which is also consistent with the
previous reports on DMFET [12]. This relatively lesser
sensitive nature of Sip around its maxima suggests superior
stability in the sensing performance of DM-JLNFET.

C.Effects of Structural Parameters Variations

The effects of different structural parameter variations on
the transduction efficiency of the DM-JLNFET architecture
are comprehensively analyzed and are indicated in Fig. 5.
Typically, device doping, gate work-function, and device
thickness are identified as the critical design parameters for
this study.

The increasing channel doping increases the source/channel
junction potential barrier for electron injection in any FET [12,
23]. Consequently, after biomolecule conjugation, the
electrostatic modulation in the cavity region significantly
influences this component leading to a sharp enhancement in
Sip, as shown in Fig. 5(a). However, the increased threshold
voltage magnitude with channel doping reduces Svr, which is
also consistent with the observation of the previous reports on
DMFETs [12].

Fig. 5(b) indicates marginal and considerable improvements
in Sip and Sy, respectively, with increasing outer gate work-
function. This can be attributed to the decreasing threshold
voltage magnitude with increasing outer gate work-function
[12]. It should be noted that increasing inner gate work-
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Fig. 5. Plots of maximum drain current sensitivity and threshold voltage
sensitivity variation with (a) device doping, (b) outer gate work function,
and (c) channel doping for Vps = 0.5 V in DM-JLNFET.
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Fig. 6. Plots of: (a) maximum drain current sensitivity and (b) threshold
voltage sensitivity variation with partial occupancy of cavity in DM-
JLNFET.

function leads to a similar trend with considerably lesser
modulations in Sip and Syr, indicating the superior influence of
the outer cavity region on the channel electrostatics.

The increasing channel thickness decreases the surface-to-
volume ratio, leading to a degradation of gate control over the
channel electrostatics in FET [5, 7]. Thus, Fig. 5(c) represents
a gradual reduction in both Sip and Syt with increasing channel
thickness.

In any practical scenario, the spatial distribution of
biomolecules inside the cavity regions is usually non-uniform
due to surface functionality, binding probability, and steric
hindrance effects [41]. Consequently, the effects of partially
filled cavities on the overall sensing performance of DM-
JLNFET are considered, which is illustrated in Fig. 6.

The results indicate that both Sip and Syr are significantly
influenced by the spatial distribution of the biomolecules in
the cavity region. Typically, the sensing performance remains
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Fig. 7. Comparative plots of: (a) maximum drain current sensitivity and
(b) threshold voltage sensitivity variation with biomolecule dielectric
constant variation, () maximum drain current sensitivity and (d)
threshold voltage sensitivity variation with biomolecule charge density
variation in DM-JLNFET and DM-NWFET.
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Fig. 8. Plots of: (a) maximum drain current sensitivity and (b) threshold
voltage sensitivity in proposed DM-JLNFET and reported DM-FET and
DM-NTFET for different biomolecule dielectric constant.

effectively immune to partial cavity occupancy for the inner
cavity alone. The trend suggests the outer cavity electrostatics
predominate the overall electrical characteristics of the
proposed DM-JLNFET architecture. This also corroborates the
previously observed superior influence of outer gate work
function dependence on sensing performance. In the context of
the spatial distribution of biomolecules within the cavity
region, the sensing performance is marginally affected within
a 50% to 100% partial outer cavity occupancy from the source
side. This trend can be correlated with the fact that the
electrons are injected into the channel from the source/channel
junction. Subsequently, the channel/drain junction has a
marginal influence on the overall sensing performance [36,
41]. However, the performance drastically degrades below
50% outer cavity occupancy.

D.Comparative Performance Analysis

Finally, a detailed comparative performance study of the
proposed DM-JLNFET is performed with the DM-NWFET of
similar structural/material specifications, as shown in Fig.1
(b). Two distinct transduction mechanisms, namely dielectric
and charge modulations, are associated with any dielectrically
modulated biosensors. Therefore, to gain a clear understanding
of the relative merit/demerit of the proposed biosensors, these
transduction mechanisms are decoupled by considering only
dielectric constant (keeping p = 0) and charge density (keeping
k = 1) modulations at a time, as reported in [36]. In this
context, Fig. 7 indicates the effects of biomolecule
specification variations on the S;p and Syr of DM-JLNFET and
DM-NWFET.

The results demonstrate that the stronger gate control over
the channel electrostatics in DM-JLNFET than DM-NWFET
eventually leads to significantly superior sensing performance
in the former biosensor for dielectric modulation.
Interestingly, the DM-JLNFET slightly underperforms for
charge modulation compared to its DM-NWFET counterpart.
These findings can be attributed to the larger electrostatic
screening at the channel due to higher channel doping in DM-
JLNFET, limiting the electrostatic influence of surface charge
density modulation in its cavity region. However, it is worth
mentioning that a finite change in dielectric constant and
charge density are usually associated with any charged
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biomolecule conjugation [9]. Therefore, even for charged
biomolecule detection, the slight variation in dielectric
constant should ultimately ensure a higher Sip and Syt in DM-
JLNFET [40].

Finally, to assess the complete merit of the proposed design,
the maximum S;p of DM-JLNFET is compared with the
existing numerical device simulations based on reports of
DM-FETs and Dielectrically Modulated Nanotube Tunnel
FET (DM-NTFET) for different biomolecule dielectric
constants and is depicted in Fig. 8. The DM-JLNFET is found
to surpass the sensing performance of all of the reported DM-
FETs and DM-NTFETs considered in this study, which
strongly suggests the inherent superiority of the proposed
design for label-free biomolecule detection.

IV. CONCLUSION

In this work, for the first time, a Hetero-Gate Material
Dielectrically Modulated Junction-Less Nanotube Field Effect
Transistor (DM-JLNFET) architecture is proposed and
comprehensively studied for dielectrically modulated label-
free biosensing applications. The work demonstrated that the
proposed DM-JLNFET design could assimilate the superior
electrostatic integrity of the nanotube architecture, as well as
highly gate bias sensitive electron injection component and
immunity against short-channel effects in junction-less
architecture, which leads to a substantial sensing performance
improvement in the proposed sensor designed over their
reported DMFET and DM-NT-TFET counterparts.
Furthermore, the work introduced a suitable gate metal work
function difference in the inner and outer cavity regions for
optimizing the channel electrostatics and thereby sensing the
performance of the proposed DM-JLNFET device. The
comparative performance analysis exhibits that the DM-
JLNFET is widely surpassing the sensing performance of their
previously reported DMFET counterparts. This eventually
leads to a distinctly high drain current (threshold voltage)
sensitivity of 2x10'2 (0.71) to 3x10'® (0.98) for a small
biomolecule dielectric constant over the range of 2.1 to 3.64.
In DM-JLNFET, over four orders of drain current sensitivity
and more than 30% threshold voltage sensitivity
improvements are observed over the conventional DM-
NWFET for lower biomolecule dielectric constant.
Furthermore, at least an order of magnitude drain current
sensitivity and 40% threshold voltage sensitivity
improvements are observed over some of the reported
DMFETs and DM-NT-TFET architectures. In essence, the
work presents detailed theoretical and design insights for the
junction-less nanotube FET structures for dielectrically
modulated bio-sensing application, which is exploited to
systematically optimize the transduction efficiency and
ultimately realizing an innovative and highly promising
biosensor design.
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