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Abstract: In this paper, a new junctionless graphene nanoribbon tunnel field-effect transistor (JLGNR
TFET) is proposed as a multi-gas nanosensor. The nanosensor has been computationally assessed
using a quantum simulation based on the self-consistent solutions of the mode space non-equilibrium
Green'’s function (NEGF) formalism coupled with the Poisson’s equation considering ballistic trans-
port conditions. The proposed multi-gas nanosensor is endowed with two top gates ensuring both
reservoirs’ doping and multi-gas sensing. The investigations have included the Ipg-Vg transfer
characteristics, the gas-induced electrostatic modulations, subthreshold swing, and sensitivity. The
order of change in drain current has been considered as a sensitivity metric. The underlying physics
of the proposed JLGNR TFET-based multi-gas nanosensor has also been studied through the anal-
ysis of the band diagrams behavior and the energy-position-resolved current spectrum. It has
been found that the gas-induced work function modulation of the source (drain) gate affects the
n-type (p-type) conduction branch by modulating the band-to-band tunneling (BTBT) while the
p-type (n-type) conduction branch still unaffected forming a kind of high selectivity from operating
regime point of view. The high sensitivity has been recorded in subthermionic subthreshold swing
(S5 < 60 mV /dec) regime considering small gas-induced gate work function modulation. In addi-
tion, advanced simulations have been performed for the detection of two different types of gases
separately and simultaneously, where high-performance has been recorded in terms of sensitivity,
selectivity, and electrical behavior. The proposed detection approach, which is viable, innovative,
simple, and efficient, can be applied using other types of junctionless tunneling field-effect transistors
with emerging channel nanomaterials such as the transition metal dichalcogenides materials. The
proposed JLGNRTFET-based multi-gas nanosensor is not limited to two specific gases but can also
detect other gases by employing appropriate gate materials in terms of selectivity.

Keywords: Graphene nanoribbon (GNR); tunnel field-effect transistors (TFETs); junctionless (JL);
quantum simulation; band-to-band tunneling (BTBT); work function (WF); gas sensors; electrostatics;
nanoscale
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1. Introduction

In today’s world, gas detection has become increasingly vital across a broad spectrum
of applications, including biomedicine, security, environmental monitoring, and the phar-
maceutical industry. Particularly noteworthy is the measurement and monitoring of gas
emissions arising from micro and nanosystems (e.g., synthesis and processing of nanopar-
ticles and nanomaterials, fabrication and operation of nanoelectronic devices, chemical
reactions in medical nanodevices, etc.). This aspect is of paramount importance, necessitat-
ing the advancement of miniature gas sensors, namely the micro- and nano-sensors [1-5].
Among the most intriguing micro- and nano-sensors for gases, field-effect transistors (FETs)
stand out. In practical terms, field-effect transistors can serve as gas sensors when one of
their components is sensitive to a specific gas and is utilized as a sensing element. In the
literature, various studies have explored nanoscale field-effect transistors with sensitive
source and drain electrodes, some with the bare channel itself acting as the sensing element,
and others with a sensitive metal gate. Note that the use of the bare channel as a gas
sensing element can lead to the overlap of several mechanisms and phenomena, which
complicates the thorough understanding of the behavior of FET-based gas sensors [6-10].
Particularly, gas-induced gate work function (WF) modulation in FETs-based gas sensors
has proven to be an effective, non-destructive, complementary metal-oxide-semiconductor
(CMOS)-compatible, and high-performance approach for gas sensing applications [11-15].
Its adaptability across a range of field-effect transistor sizes, from micro-scale to nanoscale,
makes it versatile and attractive [16-22]. In fact, enhancing the performance of FET-based
gas sensors with sensitive gates can be achieved through two primary approaches. The first
approach involves developing new sensing gate based on high-selective and ultra-sensitive
materials to gas measurands [11-14,23-25]. In literature, many sensing materials have
been proposed and investigated in the framework of the gas-induced gate work function
modulation, among other we cite the metals such as palladium (Pd) and platinum (Pt),
and the organic conducting polymers, which can be employed to sense specific target
gas molecules selectively, such as polyaniline (PANI) and poly-pyrrole-tetrafluoroborate
(PPTFB) for ammonia (NH3) and CH3OH (MeOH) detection, respectively [26]. The second
approach focuses on developing new transduction mechanisms to improve sensing figures
of merit, we cite among others the use of new sensing regimes (e.g., band-to-band tunneling
regime in carbon nanotube/ribbons FETs [27-29]), emerging field-effect transistors (e.g.,
tunnel field-effect transistors [30-32]), and electrostatic control-based improvement ap-
proaches (e.g., the dual gate configuration approach [33]), etc. In this context, tunneling
field-effect transistors (TFETs) have been extensively investigated while exploiting the
subthermionic subthreshold swing (SS < 60 mVdec) that can exhibit [26,30-32,34-36]. This
approach can be understood by the fact that the subthreshold swing of field-effect transis-
tors can be defined by the required gate voltage that can change the drain current by about
one order of magnitude [37,38], and since the gas-induced gate work function modulation
can be considered as an implicit amount of gate voltage [23], field-effect transistors with
steep slope characteristics are highly desired for an ultra-high sensitivity to gate work
function modulations in terms of drain current change [26]. However, the elaboration of
tunnel FETs devices require the realization of abrupt doping junctions [39,40], which is not
easy-to-make, especially in ultrascaled regime [41]. In this context, some reported works
have proposed the junctionless tunnel field-effect transistor as gas sensor while ensuring
the TFET doping profile via the electrostatic doping techniques [30].

Actually, the ambipolar behavior in tunnel field-effect transistors is a well-known
phenomenon in TFET transfer characteristics, and it is unsuitable for switching applications
due to the possible record of high off-state current. Leveraging the ambipolar behavior for
multi-gas sensing, utilizing junctionless fabrication and electrostatic engineering techniques
for fabrication facility, and exploiting the TFET subthermionic subthreshold swing for ultra-
high sensitivity form an innovative idea that can provide a new push to the field. In our
work, we propose a highly sensitive and selective multi-gas nanosensor by leveraging the
gas-induced gate WF modulation principle. We incorporate the subthermionic subthresh-
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old swing in GNR TFETs to enhance drain-current sensitivity, along with the junctionless
paradigm and electrostatic doping to avoid abrupt junctions required for TFET operation.
We also make use of the ambipolar behavior in junctionless tunnel field-effect transistors
and employ doping gates as gas sensing elements for multi-gas detection. The compu-
tational method used to simulate the suggested multi-gas nanosensor involves solving
the mode-space non-equilibrium Green'’s function in a self-consistent manner with a two-
dimensional Poisson equation considering the ballistic limit while taking into consideration
the gas-induced change in gate work function in the nanodevice electrostatics [42]. Our
investigation covers Ipg-Vgs transfer characteristics, sensitivity, selectivity via n-type and
p-type conduction branches, band diagrams, energy-position-resolved current spectra, and
multi-gas sensing. The proposed sensor demonstrates high-sensitivity in the subthreshold
regime, capable of detecting two different gases separately or simultaneously.

The subsequent sections of this paper are organized as follows: Section 2 meticulously
unfolds the nanosensor structure and its operational principles, concurrently offering a
comprehensive elucidation of the proposed multiple gas sensing approach. In Section 3,
we delve into a detailed exposition of the quantum mechanical approach employed for
simulation and analysis, specifically grounded in the solutions of the NEGF-Poisson com-
putational couple within the ballistic limit. Section 4 takes center stage by presenting
and thoroughly discussing the numerical results, providing valuable insights into the
underlying physics. The concluding section not only synthesizes our findings but also
delivers conclusions and offers perspectives for future exploration. The manuscript is com-
plemented by an appendix detailing the computational approach used, thereby providing
a comprehensive closure to the overall computational work.

2. Nanosensor Structure and Multi-Gas Sensing Principle

Figure 1a illustrates the 2D descriptive structure of the commonly investigated work
function-modulated (T)FET-based gas sensor. The majority of reported WF-modulated FET-
based gas sensors utilize a multi-functional main gate for both control and sensing, with
various channel materials, configurations, and gate geometries [15]. It is noteworthy that,
to the best of our knowledge, no WF modulated JL tunnel FET-based multi-gas nanosensor
endowed with auxiliary gates for both doping and gas sensing, has been reported. Figure 1b
shows the proposed multi-gas nanosensor, which is based on a junctionless graphene
nanoribbon tunnel field-effect transistor (JL GNRTFET) endowed with source and drain
doping gates acting as sensing elements. A heavily n-type doped junctionless armchair-
edge GNR has been considered as channel material while avoiding the sharp abrupt
junctions [43], which are disadvantageous in terms of facility of fabrication, reliability, and
manufacturing cost. The required channel doping for tunnel field-effect transistor (TFET)
operation (i.e., p-i-n or p-n [44,45]), has been ensured via an electrostatic doping using top
source gate (at the left) and top drain gate (at the right) while applying the appropriate
voltage. Note that these two gates act also as gas sensing elements, which distinguishes the
proposed device in terms of multi-gas sensing. It is worth mentioning that the control gate
has been taken to be placed at the bottom of the device (i.e., back gate configuration), in
order to ensure the separation of the sensing face (gaseous environment) while avoiding
any eventual gas-induced modulation. All gates are separated from the channel by top and
back hafnium oxide (HfO,) layers, which are taken to have the same thickness (tox-t(s))-
The parameters Lg and Lgp)g denote the control gate length and the length of source
(drain) doping gate. Note that the S/D contacts have been appropriately considered to be
ohmic since the AGNR is heavily n-type doped [46].
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Figure 1. (a) The lengthwise cut view of the conventional structure of a work function-modulated
FET-based gas sensor, commonly investigated in the literature. The elements 1 (2), 3 (4), 5, 6 (7),
and 8 are source (drain) electrode, chemically or electrostatically doped source (drain) reservoir,
channel, oxide (substrate/oxide), and control and sensing gate (e.g., single gate, double gate, gate
all around, or multi-gate, etc.). (b) The lengthwise cut view of the proposed JL GNRTFET-based
multi-gas nanosensor.

The working principle of the proposed sensor is based on the gas-induced modulation
in metal gate work function [11-26]. Our proposed design can detect two different types
of gases by recording a change in p-type (in the case of the first gas type) and n-type (in
the case of the second gas type) conduction branches. Note that the suggested nanosensor
can detect the gases separately or simultaneously. Equivalently, if it is about a unique gas-
induced work function modulation at the level of source (drain) sensing gate, the induced
electrostatic modulation affects the source (drain) band-to-band tunneling, thus the electron
(hole) conduction branch will be modulated, while the hole (electron) conduction branch is
still unaffected; and if two targeted gases are considered, the electron conduction branch
is only affected by one of the two gases, at the same time, the hole conduction branch is
affected by the other gas, which is highly efficient in terms of selectivity.

3. Quantum Simulation Approach

Figure 2a illustrates the application of the non-equilibrium Green’s function formalism
to a generic nanoscale transistor. Figure 2b shows the flowchart of the simulation used
in the assessment of the proposed multi-gas nanosensor. This computational approach
is based on the self-consistent solutions of the non-equilibrium Green’s function (NEGF)
formalism coupled with the two-dimensional (2D) Poisson’s equation considering ballistic
transport conditions [47-50]. The consideration of the 2D Poisson equation is based on
the assumption that the potential in the width direction of the FET-based gas nanosensor
remains constant. As shown in Figure 2b, starting from a potential profile guess, the
mode space NEGF can be solved resulting a charge density output, which is considered
as an input of Poisson’s solver. The latter computational bloc is approximately solved
via the finite difference method (FDM) [33] while feeding back a potential profile to the
NEGEF solver. This coupled matrix calculation stops by a self-consistency in terms of the
current and previous potential profile [42]. Then the nanodevice characteristics can be
drawn from the Poisson’s solver and/or the NEGF solver, as shown in the same figure.
It is worth mentioning that the mode space representation in the NEGF solver has been
employed to avoid the computational burden associated with the real space-based quantum
mechanical approach [42,47]. Note that a good agreement has been recorded between the
two representations [47]. Inspecting the computational drawing of Figure 2b, we can
see that the gas information is embedded in the concerned Dirichlet boundary condition
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(DBC), (i.e., at the top gates level) of the Poisson solver. It is worth noting that the potential at
the top DBC has been fixed as V = Vgg + @5 — (Pgo+ AWFg), where AWF;=®;_cas — Pco.
Note that the parameters Vs, @5, AWFg, and @c_gas(co) denote the gate voltage, the work
function of graphene nanoribbon, the gas-induced change in sensing gate work function,
and the sensing gate work function after (before) the gas exposure, respectively [26].
The positive (negative) AWF; means a gas-induced increase (decrease) in sensing gate
work function [51]. The back DBC has been fixed normally without considering the gas-
induced change in gate work function. For more details regarding the used simulation
approach and the computational consideration of the gas-induced change in sensing gate
work function, we refer to some important previous work including our computational
proposal and numerical studies [23,26,33,51-56]. Note that the Appendix A provides the
most important equations used in the quantum simulation. The simulator source code,
along with all simulations, was implemented using Matlab environment software (version
2023), considering room temperature.

Self-Consistent Solving

[Zs] [Zo] po oo Selteonsistent ol ,
VN

Poisson
Equation

Convergence
PGNR, DeNR, G"(x), LDOS,
Ips, V1, ...etc.

(a) (b)

Figure 2. (a) The non-equilibrium Green’s function formalism for a generic nanoscale ballistic
transistor. (b) The flowchart of the used quantum simulation approach.

4. Results and Discussion

Figure 3a shows a colormap of the two-dimensional electron potential distribution
drawn from the converged solutions of the Poisson’s solver considering a fresh nanosensor
(before gas exposure). It is to Note that the adopted meshing space in the two directions
has been taken to be equal to 1 A [27]. We can clearly observe the electrostatic gating
effects of the top doping gates ensuring the p-type and n-type electrical doping. As
one can see the electrostatic gating of the back gate ensuring the control of the charge
carrier within the channel. Figure 3b shows the Ipg-Vgg transfer characteristic in linear
and logarithmic scale of the fresh nanosensor. The nominal nanosensor parameters are
indicated as inset. We can clearly see the ambipolar behavior of the transfer characteristics,
which is an unsuitable feature in digital applications [57]. Note that many approaches (e.g.,
engineered chemical and electrical doping) have been proposed in literature to mitigate this
detrimental effect [58—62]. It is important to mention that the two observed on-states are
attributed to the band-to-band tunneling for electrons and holes, from the source to channel
and from the drain to the channel, respectively [57]. In our proposed multi-gas sensor,
the ambipolar behavior is exploited as asset in order to detect multiple gases. Inspecting
the same figure, we can also see that the Ipg-Vg transfer characteristic enjoys with a
subthermionic subthreshold swing (SS), (i.e., S5 < 60 mV /dec [63]), of about 7 mV /dec,
which is very beneficial for low power and high sensitivity applications [26]. It is worth
mentioning that the steep swing factor has been found suitable for FET-based sensors
considering measurand-induced change in effective gate voltage [26].
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Figure 3. (a) The two-dimensional electron potential distribution of the proposed multi-gas nanosen-
sor before gas exposure considering a Vpg = Vgg = 0.4 V as biasing conditions. (b) Ipg-Vg transfer
characteristic of the proposed multi-gas nanosensor before gas exposure.

Figure 4a shows the behavior of the nanosensor in terms of the Ipg-Vg transfer charac-
teristics considering two different values of gas-induced change in the source sensing gate
work function (Ad®gi). We can clearly see that the gas-induced positive (negative) A®gg in-
creases (decreases) the drain current (Ipg) of the n-type conduction branch, while the p-type
conduction branch is unaffected because the drain BTBT is not modulated. Figure 4b shows
the Ips-Vs behavior for the same values of the work function modulation considering a
gas-induced change in the drain sensing gate work function (A®pg). We can observe in
this case that the drain current of the p-type conduction branch increases (decreases) due to
the electrostatic gating effect of the negative (positive) A®pg, while the n-type conduction
branch is unaffected since the BTBT at the source side is unaffected. This behavior has been
previously observed using channel doping engineering as improvement approach targeting
the mitigation of the ambipolarity in carbon nanotube TFETs and graphene nanoribbon
TFETs for high-performance and low-power digital applications [57,64]. By comparing the
current trends of the two cases, we can observe that the positive (negative) work function
modulation affects the drain current conversely in the two cases, which can be considered
as a clear selectivity. Thanks to the tunnel field-effect transistor working principle. There-
after, we will explain in detail the observed modulation trends in drain current versus the
gas-induced A®pg and AdPg; using the energy-position-resolved current spectrum.

Figure 5 shows the energy-position-resolved current spectrum of the proposed multi-
gas nanosensor with an active source sensing gate for fresh mode, positive and negative
work function modulations, A®gg. We can see in Figure 5a a clear band-to-band tunneling
current from source to the channel, which is attributed to the alignment of the valence
band edge with the conduction band edge while allowing the tunneling of carrier. In
Figure 5b, when considering a negative amount of gas-induced work function modulation
of the source sensing gate, we can observe that the BTBT current is decreased due to the
misalignment (i.e., lowering of the edge of the source valence band) leading to the pseudo
turning-off while manifesting such current decreasing. However, Figure 5c shows that
the consideration of a positive amount of gas-induced work function modulation of the
source sensing gate increases the source BTBT due to the elevation of the edge of the source
valence band leading to more injection of carrier into the channel. Note that these recorded
behaviors in terms of energy-position-resolved current spectrum are in accordance with
the Ips-V g behavior of Figure 4a.
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Figure 4. (a) The Ips-Vg transfer characteristics of the proposed nanosensor considering the gas-
induced change in the source sensing gate work function of A®gg = —0.05 eV and 0.05 eV. (b) The
Ips-Vs transfer characteristics of the proposed nanosensor considering the gas-induced change in
the drain sensing gate work function of A®pg = —0.05 eV and 0.05 eV.
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Figure 5. Energy-position-resolved current spectrum of the nanosensor with an active source sens-
ing gate considering Vgg = 0.2 V and Vpg = 0.4 V for (a) Fresh nanosensor (before gas exposure,

A®gg =0 eV), (b) Adgg = —0.05 eV, and (c) Adgg = 0.05 eV.

Figure 6 shows the energy-position-resolved current spectrum of the proposed multi-
gas nanosensor with an active drain sensing gate for fresh mode, positive and negative
work function modulations, A®pg. We can see in Figure 6a that the BTBT near the drain is
occurred due to the alignment of the valence band edge of the channel with the conduction
band edge of the drain. By considering a negative (positive) work function modulation,
we can observe that the aforementioned BTBT is increased (decreased) due the lowering
(elevation) of the edge conduction band at the level of drain while boosting (braking) the

BTBT, as shown in Figure 6b (Figure 6c).
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Figure 6. Energy-position-resolved current spectrum of the nanosensor with an active drain sensing
gate considering Vgs = —0.2 V and Vpg = 0.4 V for (a) Fresh nanosensor (before gas exposure,
A(DDG =0 eV), (b) Aq)DG =—0.05 eV, and (C) ACDDG =0.05eV.

Figure 7 shows the sensitivity behavior of the proposed JLGNRTFET-based multi-
gas nanosensor considering positive and negative values of gas-induced change in the
source/drain sensing gate WE. Inspecting Figure 7a (Figure 7b), we can observe that the
sensor manifests a high sensitivity in the steep slope regime (i.e., subthermionic SS) of the
n-type (p-type) conduction branch. This behavior can be explained by the abrupt switching
capability of the JLGNRTFET in presence/absence of BTBT juncture. Considering the
obtained results, we can logically expect that operating the proposed JLGNR TFET-based
multi-gas nanosensor (endowed with two different selective sensing gates) in dual gas
environment allows to detect the concentration of the two gases selectively by tracking
the drain current change in n-type (p-type) conduction branch for the first (second) gas
monitoring, which will be investigated thereafter.
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Figure 7. Sensitivity as a function of gate voltage for (a) the proposed nanosensor considering the
gas-induced change in the source sensing gate work function and (b) considering the gas-induced
change in the drain sensing gate work function of A®p)g = —0.05 eV and 0.05 eV.

In order to simulate the selectivity and sensitivity of the proposed JLGNRTFET-based
multi-gas nanosensor in detecting two different gases, we have considered the palladium
(Pd) as metallic source-sensing-gate, while we have considered the polyaniline (PANI)
as polymer drain-sensing-gate to detect the hydrogen (H;) and ammonia (NHj3) gases,
respectively [26]. The simulated configuration is not limited to these two specific gases but
can also detect other gases by employing appropriate gate materials in terms of selectivity.
The gate metal work function variation is assumed to be predominantly attributed to
exposure to specific gases (i.e., Hy and NH3). It is worth noting that background non-
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specific gases have also been considered in our computations, as detailed in [26]. The
considered gas pressures have been taken to be 1071° Torr of Ammonia while we have
taken 10713 Torr of Hydrogen. These two low gas pressures reflect the low work function
modulations, which is practical in terms of performance projection and assessment. We
can see in Figure 8 that the separate detection (i.e., separately gas sensing) of each gas
can be performed by tracking the drain current in n-type or p-type conduction branch,
depending on the targeted measurand. We can clearly see that the high sensitivity has been
recorded in steep slope drain current region, or equivalently, where the sub-thermionic
subthreshold swing is obtained, in both n-type and p-type conduction branch. Considering
both gases, we can see that each gas only affects the concerned conduction branch without
any modulation of the other conduction branch, which is a smart selectivity through the
proposed sensor working principle and operating regime. It is worth noting that the
proposed tunnel field-effect transistor is fully reconfigurable (electrostatically), where the
gate biasing condition can be varied in order to get low subthreshold swing and ultra-high
sensitivity in n-type and/or p-type conduction branch. From circuitry point of view, the
adoption of advanced readout circuit that can track the drain current in n-type and p-type
conduction branch is essential to well exploit the proposed multi-gas nanosensor. More
importantly, the computational study and assessment of the effect of temperature variation
on the sensing and transducing mechanisms are crucial and can serve as a subject for
advanced investigations. It is worth noting that the temperature effect is beyond the scope
of our current study.

102 ' 10" Torr (PANI-NH,)
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Figure 8. Simulation of the proposed JLGNRTFET-based multi-gas nanosensor in detecting two
different type of gas.

As a prospective avenue for further exploration, the utilization of carbon nanotube
field-effect transistors [65-68] in conjunction with the proposed innovative approach calls
for in-depth investigation. Furthermore, the integration of advanced bio-inspired algo-
rithms, such as particle swarm optimization (PSO), genetic algorithms (GA), ant colony
optimization (ACO), the fireworks algorithm (FWA), etc., and computational intelligence
techniques like artificial neural networks (ANN), deep learning (DL), fuzzy logic (FL),
etc. [69-72], into the simulator source code presents a compelling opportunity. This inte-
gration aims to optimize the multi-gas sensor’s structure, enhance its performance, and
improve power efficiency. Additionally, considering that the gas-induced gate work func-
tion modulation can be perceived as an integral aspect of the gate voltage (i.e., effective
gate voltage), exploiting the negative capacitance of ferroelectric nanomaterials [73-79]
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emerges as a promising strategy. This strategy has the potential to amplify the impact of
gas-induced changes in gate work function on the device electrostatics and characteristics.

5. Conclusions

In conclusion, this paper introduced a novel junctionless graphene nanoribbon tunnel
field-effect transistor JLGNR TFET) as a versatile multi-gas nanosensor. The sensor was
rigorously evaluated through quantum simulations, utilizing a coupled MS NEGF with
2D Poisson’s equation in the ballistic limit. The innovative design featured dual top gates,
serving both source (drain) reservoir doping and multi-gas detection. The control gate has
been placed separately (top and back) from doping and sensing gates to avoid any uninten-
tional gas effect on the control gate while ensuring the nanosensor reliability. The study
revealed that gas-induced modifications to the WF of the source and drain gates selectively
influenced the device’s n-type and p-type conduction branches. The employed sensitivity
was quantified by monitoring changes in drain current, with high sensitivity achieved in
the subthermionic SS regime, particularly when exposed to minor gas-induced gate WF
alterations. A thorough investigation of the underlying physics of the proposed multi-gas
nanosensor has also been performed, utilizing band diagrams and energy-position-resolved
current spectrum analyses. Extensive simulations were conducted, successfully demon-
strating the device’s capability to detect two distinct gas types, both individually and
simultaneously. The results highlighted the sensor’s outstanding performance in terms of
sensitivity, selectivity, and electrical behavior. Importantly, this new multi-gas detection
approach is not limited to graphene nanoribbon TFETs and can be adapted to various types
of tunneling FETs based on traditional or emerging channel nanomaterials.
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Appendix A

This appendix provides a brief overview of the NEGF-based quantum simulation
utilized to assess the proposed JLGNRTFET-based multi-gas nanosensor. The used quan-
tum simulation approach is well-established in the field of computational nanoelectronics,
known for its accuracy, reliability, and ability to predict experimental outcomes. More-
over, it can comprehensively account for various physical phenomena, making it a potent
atomistic simulation approach for proposing and evaluating new nanoscale transistors,
including FET-based nanosensors [42,55].

The computation involves solving the Schrodinger equation through the mode space
NEGE, coupled self-consistently with a two-dimensional Poisson equation under ballistic
conditions while neglecting the scattering mechanisms [47,48]. In fact, the NEGF-based
simulation allows for a rigorous treatment of quantum effects, electrostatics, and atomistic-
scale features [42,55], which is not really within reach using the standard analytical models
based on approximations. Note that this quantum approach has demonstrated a strong
agreement with the experimental results of nanodevices based on carbon nanomaterials
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(i.e., carbon nanotube and graphene nanoribbon) [67,80,81]. Actually, the NEGF method
necessitates the initial derivation of the retarded Green’s function, represented in the matrix
form as follows [55]

G(E)=[(E+ig" )~ Hpz — Y s~ Y ] (A1)

Here, E represents energy, #* is an infinitesimally small number, Hpz denotes the Hamilto-
nian matrix for A-GNR based on the atomistic nearest neighbor pz-orbital tight-binding
(TB) approximation, I is the identity matrix, and Xgp) stands for the self-energy of the
source (drain), respectively. It is noteworthy that, in the MS NEGF, only the first subband
has been considered, ensuring both the necessary accuracy and simulation speed, which is
an important trade-off in the NEGF-based numerical modeling. The computation of the
self-energies and the retarded Green’s function make it possible to calculate the energy
level broadening resulting from the source (drain) contact, denoted as I'sp), as well as the
local density of states for the source (drain), represented by Dgp) [47,48].

Ts(p) = i(Zs(p) — Z(p)) (A2)

and
Dg(p) = GT's(p)G" (A3)

The calculation of the charge density in armchair graphene nanoribbon channel can be
routinely performed using the NEGF quantities mentioned above, as outlined in the
following expression [47]

Q(x) = (—q) [ dE - sgn[E — En(x)] x {Ds(E,x) f(sgn[E — En(x)](E — Ers))  (x g
+Dp(E, x)f(sgn[E — En(x)](E — Erp) )}

In the given context, g represents the electron charge, sgn is the sign function, Ex denotes
the charge neutrality level, f is the Fermi function, and Ergp) corresponds to the Fermi
level of the source (drain). Practically, the computation of mode space NEGF equations
necessitates the determination of the on-site electrostatic potential. This can be derived
from solving the two-dimensional Poisson equation given by:

Top of Form

V2U = %qp (A5)

Here, U represents the electrostatic potential, g denotes the magnitude of the electron
charge, € stands for the dielectric constant, and p corresponds to the distribution of net
charge density, encompassing the doping concentrations. After successfully solving the
Poisson solver using the finite difference method and achieving computational convergence,
or equivalently, self-consistency, as shown in the quantum simulation section above, the
current can be computed through the following integral [33]

1=20 [ 4ET(E)[f(E ~ Ers) — f(E ~ Erp) (A6)

Here, h represents Planck’s constant, and T(E) denotes the transmission coefficient. The
transmission coefficient can be determined by utilizing the issued NEGF parameters as

T(E) = Tr [PSGFDG*] (A7)
Here, Tr signifies the trace operator. For a detailed understanding and view of the numerical

approach employed in this computational study and investigation, we refer to key works
in computational nanoelectronics [42,55,80-85].
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