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Abstract: In this paper, we propose an ultrascaled WS, field-effect transistor equipped with a Pd/Pt
sensitive gate for high-performance and low-power hydrogen gas sensing applications. The proposed
nanosensor is simulated by self-consistently solving a quantum transport equation with electrostatics
at the ballistic limit. The gas sensing principle is based on the gas-induced change in the metal gate
work function. The hydrogen gas nanosensor leverages the high sensitivity of two-dimensional WS2
to its sur-rounding electrostatic environment. The computational investigation encompasses the
nanosensor’s behavior in terms of potential profile, charge density, current spectrum, local density
of states (LDOS), transfer characteristics, and sensitivity. Additionally, the downscaling-sensitivity
trade-off is analyzed by considering the impact of drain-to-source voltage and the electrostatics
parameters on subthreshold performance. The simulation results indicate that the downscaling-
sensitivity trade-off can be optimized through enhancements in electrostatics, such as utilizing high-k
dielectrics and reducing oxide thickness, as well as applying a low drain-to-source voltage, which
also contributes to improved energy efficiency. The proposed nanodevice meets the prerequisites
for cutting-edge gas nanosensors, offering high sensing performance, improved scaling capability,
low power consumption, and complementary metal-oxide—semiconductor compatibility, making it a
compelling candidate for the next generation of ultrascaled FET-based gas nanosensors.

Keywords: work function (WF); hydrogen; tungsten disulfide (WS,); field-effect transistor (FET); gas
nanosensor; quantum simulation; subthreshold; sensitivity; downscaling; low power

1. Introduction

Hydrogen gas sensing has gained significant importance in recent years, particularly
due to its critical role in various nanoscale industrial processes and environmental monitor-
ing [1]. Detecting hydrogen at low concentrations is essential for maintaining safety and
optimizing performance in applications such as fuel cells, chemical manufacturing, and
pharmaceutical production [1-3]. Additionally, with the increasing focus on clean energy
and the growing use of hydrogen as a fuel source, the demand for highly sensitive and
reliable hydrogen sensors has never been greater. This has driven significant advancements
in sensor technology aimed at improving detection capabilities while reducing power con-
sumption and enhancing sensor longevity [1-6]. In fact, there is a wide range of hydrogen
gas sensor families, including metal oxide semiconductor (MOS) gas sensors [6], acoustic
wave gas sensors [7], and optical fiber gas sensors [8]. Each of these sensor types has its own
strengths and is tailored to specific applications, depending on factors such as the target gas,
required sensitivity, operating environment, and cost considerations. Ideally, cutting-edge
gas sensors should possess a combination of key attributes, including high selectivity, low
cost, good scalability, low power consumption, ultra-high sensitivity, low detection limits,
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and compatibility with complementary metal-oxide-semiconductor (CMOS) technolo-
gies [1-8]. To address the challenges associated with these requirements, the integration of
nanoscale field-effect transistor (FET)-based gas sensors utilizing advanced nanomaterials
has emerged as a promising solution [9-12].

In a similar context, yet from another angle, the ongoing drive for miniaturiza-
tion in semiconductor technology has significantly accelerated the development of ul-
trascaled FET-based gas sensors, with the integration of two-dimensional (2D) materials
marking a critical breakthrough in this field [12-15]. Among these materials are car-
bon (e.g., graphene, carbon nanotube, graphene nanoribbon, etc.) and transition metal
dichalcogenide (e.g., MoS,, MoSe,, MoTe,, WS;, WSe;) families [16], which have given
new impulses to the development of electron nanodevices, including many FET-based gas
nanosensors. In addition to their 2D nature, which provides excellent channel control [17],
TMD materials are characterized by a higher effective mass of carriers compared to car-
bon nanomaterials [18]. This quality enhances their immunity to direct source-to-drain
tunneling (DSDT) in the ultrascaled regime (i.e., sub-10 nm) [17,18]. Particularly, tungsten
disulfide (WS,), a member of the TMD family, has garnered significant attention due to its
unique electronic properties, namely, its band gap ranging from 1.3 to 2.05 eV, depending
on the number of layers, good carrier mobility, high crystal quality, and relatively light elec-
tron/hole mass [19]. These characteristics make WS, an ideal candidate for next-generation
nanoscale field-effect transistors (FETs) and their diverse applications [19-22].

The operating principle of gas-induced metal gate work function variation has proven
highly beneficial for the simple functionality of advanced FET-based gas sensors [10,23,24].
Numerous investigations have shown that advanced FETs with a low subthreshold swing
(ideally, subthermionic) could deliver high performance in terms of drain current sensitivity,
electrical performance, and energy efficiency [23,24]. In this context, tunnel field-effect
transistors (TFETs) have emerged as strong candidates for gas nanosensors operating
on the principle of gas-induced changes in metal gate work function, primarily due to
their ability to achieve a subthermionic subthreshold swing (i.e., SS < 60 mV/dec) [23-25].
However, as FET-based transducers, including both MOSFETs and TFETs, are suitable to be
downscaled to the sub-10 nm regime for array configuration purposes, their subthreshold
performance degrades, leading to a higher swing factor and, consequently, poor current
sensitivity [26]. It is important to note that even with tunnel FET-based transducers,
achieving a steep subthreshold current in aggressively scaled regimes remains challenging
due to the dominance of direct source-to-drain tunneling [26-28]. Therefore, there is
an urgent need for innovative nano-transducers based on 2D materials that address the
downscaling sensitivity performance trade-off, making this a critical area for extensive
experimental and computational research.

This computational study focuses on the design and simulation of an ultrascaled
WS, FET tailored for hydrogen gas-sensing applications. The device is equipped with a
palladium/platinum (Pd/Pt) sensitive gate to adopt the gas-induced changes in the metal
gate work function principle [23-25]. The proposed ballistic WS, FET-based hydrogen
gas nanosensors have been studied and evaluated via a powerful quantum simulation
approach [29]. The computational method is based on self-consistently solving the Poisson
equation and the Schrédinger equation within the non-equilibrium Green’s function (NEGF)
formalism while considering ballistic transport conditions [18,29,30]. Key aspects such
as the potential profile, charge density, current spectrum, local density of states (LDOS),
transfer characteristics, and overall sensitivity are analyzed to establish the efficacy of the
WS, FET in hydrogen sensing. Moreover, as semiconductor devices continue to scale down,
a critical trade-off between sensitivity and device dimensions emerges [23]. This study
delves into the downscaling sensitivity trade-off by examining the impact of drain-to-source
voltage and the electrostatic parameters on the subthreshold performance (sensitivity) of
the ultrascaled WS, FETs, which is missing in the literature. The results highlight that
through careful electrostatic optimization, including the use of high-k dielectric materials
and reduced oxide thickness, it is possible to maintain high sensitivity while shrinking
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the gate length to an aggressively scaled regime (sub-5 nm). Additionally, and more im-
portantly, operating the device at a low drain-to-source voltage not only preserves energy
efficiency but also enhances the nanosensor’s scalability-sensitivity trade-off. The proposed
WS,-based gas nanosensor demonstrates a compelling combination of high-performance
sensing capabilities, low power consumption, and robust scalability. These attributes make
it a promising candidate for next-generation gas sensing technologies, particularly in appli-
cations where high sensitivity, nanoscale integration, and energy efficiency are paramount.
In addition, the nanoscale design of the proposed nanosensor, combined with its low energy
consumption and high sensitivity, makes it exceptionally well-suited for integration into
array configurations. This capability allows for enhanced selectivity, scalability, and the
simultaneous detection of multiple gases, making the sensor an ideal choice for advanced
environmental monitoring, industrial safety, and portable detection systems.

The results suggest that the proposed nanosensor can achieve high-performance
gas sensing with low power consumption and excellent scalability, making it a strong
candidate for next-generation hydrogen sensing applications. The distinguishing features
of the proposed gas nanosensor, namely, high sensitivity, low power consumption, and
excellent scaling capability, are critical prerequisites for sensing systems based on array
configurations. These attributes not only enhance the performance of individual sensors but
also allow for the integration of multiple FET-based nanosensors in compact, scalable arrays.

2. Nanosensor Structure and Gas Sensing Principle

Figure 1 illustrates the proposed WS, FET-based hydrogen gas nanosensor. The
nanoscale field-effect transistor features a gate-all-around (GAA) configuration, providing
optimal control over carrier transport. The GAA is composed of either palladium (Pd)
or platinum (Pt), chosen for their ability to detect hydrogen gas through gas molecule-
induced changes in metal gate work function [23,31]. It is worth noting that other sensitive
materials, such as conducting polymers (CP), can be used as the sensitive gate material to
detect different gas molecules based on the principle of gas-induced gate work function
modulation [10-12,32]. As shown in the figure, the source and drain electrodes, the WS,
channel, and the channel reservoirs are clearly depicted. The reservoirs are heavily n-type-
doped with a length Lgp) of 15 nm. The channel beneath the gate is intrinsic, with a length
equal to the gate length L. The gate insulator is HfO,, with a thickness tox of 1 nm and a
high dielectric constant.

Gas Molecules

Drain Electrode

Source Electrode

Sensing Gate : Metal (Pd/Pt)

Figure 1. Three-dimensional (3D) schematic diagram of the proposed nanoscale gate-all-around WS,
FET-based hydrogen gas sensor.
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The sensing principle relies on the dissociation and surface binding of hydrogen
molecules on the gate metal surface, followed by the diffusion of atomic hydrogen into
the sensitive metal [23]. This process leads to the formation of dipoles at the interface,
which leads to WF modulation [10-12,31-33]. This transduction mechanism is referred to as
gas-induced gate work function modulation. It is to be noted that the work function can be
defined as the minimum amount of energy required to remove an electron from the surface
of a solid material, typically a metal or semiconductor, into the vacuum outside the material.
We emphasize that the gate work function is part of the flat band voltage, which is a com-
ponent of the effective gate voltage (Vg-grr) [33]. Consequently, gas-induced modulation
of the gate work function directly affects the electrostatic gating, leading to changes in the
drain current. By monitoring the gas-induced variations in drain current (Ipg), threshold
voltage (Vtn), and/or other related sensing metrics, the presence of the target gas can be
detected, along with information on gas concentration and associated information.

3. Quantum Simulation Approach

Quantum simulation using the Non-Equilibrium Green’s Function (NEGF) formalism
is a powerful computational method for analyzing and predicting the behavior of emerging
nanoscale field-effect transistors (FETs) even without experimental validation [26,34]. This
approach is particularly crucial for understanding the intricate quantum effects that dom-
inate at the nanoscale, such as quantum confinement, tunneling, and electron transport
phenomena, which traditional computational models often overlook [35,36]. By integrating
the Poisson equation, which governs the electrostatic potential, with the Schrodinger equa-
tion, which describes the quantum mechanical behavior, within the NEGF formalism, the
paradigm can provide a comprehensive framework for simulating the electronic properties
of electron nanodevices [37]. This self-consistent solution allows for the accurate prediction
of device characteristics, such as transfer and output curves, under various operating
conditions [38].

One of the key strengths of this computational method is its ability to predict ex-
perimental results for a wide range of emerging nanoscale FETs, including those based
on nanomaterials like TMD and carbon nanotubes and ribbons. These materials, with
their unique electronic properties, offer promising avenues for next-generation transistors,
and the NEGF simulation approach enables the detailed exploration of their potential
performance [34-39].

The proposed WS, FET-based hydrogen gas nanosensor is evaluated using a quantum
simulation approach. This approach self-consistently solves the Poisson equation alongside
the Schrodinger equations via the NEGF formalism. Ballistic transport is considered due
to the ultrascaled channel length (sub-7 nm), allowing for the scattering mechanisms
(Xscar) to be neglected. The monolayer WS, is computationally described by an effective
mass-based Hamiltonian, H, which is part of Green’s function (G), computed as [34]:

G(E)=[(E+i0") [ ~H-Y .~y ] 1)

where E, I, and 07, and XZgp) are the energy, the identity matrix, the infinitesimal positive
value, and the self-energy for the source (drain) contact, respectively.
The local density of states Dg(py can be computed as [37]

Ds(py = GT's(p)G" 2)

where I'sp) = i(Eg(p) — Zg( D)) is the broadening function of the source (drain) contact. It
is to be noted that the transmission can be computed as [37]

T(E) = TH[TsGI'pG'] (3)

where Tr is the trace operator.
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Regarding the electrostatics, we have solved the Poisson equation, which can be
expressed as
V. (&V V) =p/e 4)

where ¢, is the relative permittivity of the materials; V is the electrostatic potential; p is the
charge density, and ¢y is the permittivity of free space.

The Neumann boundary condition is imposed on all external interfaces except at the
nodes of the sensitive gate metal, where the Dirichlet boundary condition is applied. It is
important to note that the gas-induced change in the metal gate work function is computed
as in [23] and treated under the Dirichlet boundary condition. Therefore, the potential at
the gate contact nodes is fixed as [24]

U=Ug+ Prmp — (Pg-rrESH + ADG) (5)

Note that the parameters UG, (DTMDr A(DG = (DG—HYD — <DG—FRESHI and (DG—HYD(FRESH)
denote the gate potential, the work function of TMD material (in our case WS, channel), the
hydrogen-induced change in Pd /Pt gate work function, and the Pd /Pt gate work function
after (before) the hydrogen gas exposure, respectively.

After the convergence of the self-consistent NEGF-Poisson system, the drain current
can be computed as in [30]. All simulations are carried out considering room temperature.
For further details on the NEGF-based quantum simulation approach and the computa-
tion of gas-induced changes in the metal gate work function, we refer to some relevant
computational works [23,34-40].

4. Results and Discussions

Figure 2 shows the absolute value of the hydrogen gas-induced change in the Pd/Pt-
gate work function (AWFpq /p;), as well as the maximum reachable sensitivity, as a function
of a wide range of hydrogen gas pressure in Torr, while neglecting the non-specific back-
ground gases. It is observed that the Pd-gate exhibits a higher hydrogen gas-induced
metal gate work function (WF) modulation, which is advantageous for achieving high
sensitivity. This behavior is attributed to the lower interface concentration of hydrogen
sites and the lower sticking coefficient of Pt compared to Pd. It is worth noting that the
hydrogen gas-induced change in the Pd /Pt-gate work function has been modeled using the
analytical model presented in [23]. Further inspection of the figure reveals the maximum
achievable sensitivity, which corresponds to the steeper subthreshold drain current that
the TMD MOSFET can provide, reaching 60 mV /dec. Further inspection of the figure
reveals the maximum achievable sensitivity, which corresponds to the steeper subthresh-
old drain current that the TMD MOSEFET can provide, reaching 60 mV /dec. The plotted
sensitivity represents the ideal nanosen-sor performance, though this is challenging to
achieve with sensor downscaling. This trade-off issue is successfully addressed in this
computational work.

Figure 3 shows the band profile and charge density as a function of the longitudi-
nal direction of the ultrascaled gate-all-around WS; nanosheet FET before and after the
introduction of hydrogen gas. These two characteristics are typically plotted after the
convergence of the self-consistent computational model. A nanoscale palladium (Pd)-based
sensitive gate has been used for hydrogen gas sensing. It is important to note that a hy-
drogen pressure of 10~!3 Torr was considered, resulting in a work function change of
approximately 50 meV [23]. Regarding the biasing conditions, the gate voltage was set in
the subthreshold regime due to its high sensitivity to any measurand-induced effective
gate voltage modulation [12,23]. In other words, the subthreshold region is more suitable
because of its low subthreshold swing (SS), which can be defined as the amount of gate
voltage required to increase the drain current by one order of magnitude (i.e., by a factor
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of 10) when the nanotransistor is operating in the subthreshold region [41]. Note that the
subthreshold swing can be expressed as

SS = dVs/d(logiolps) ©)
120 T T ! ! 100
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- Square: Pt-gate
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Figure 2. Change in Pd /Pt metal gate work function (left Y-axis) and sensitivity in the subthreshold
region corresponding to 60 mV /dec (right Y-axis) as a function of hydrogen gas pressure.
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Figure 3. Band profile and charge density before and after exposure to hydrogen gas pressure.

As shown, the hydrogen gas-induced decrease in the Pd-gate work function reduces
the potential in the region underneath the gate (i.e., the potential barrier), while the band
profile remains largely unchanged outside the gated region. Consequently, this gas-induced
lowering of the potential barrier leads to a slight increase in electron density, corresponding
to an increase in drain current, which will be discussed later. It is worth emphasizing
that similar behavior is expected when using other transition metal dichalcogenide (TMD)
channels (e.g., MoS;, MoSe;, MoTe,, etc.), with quantitative differences in electron charge
modulation. These differences are linked to the performance of the TMD FETs in controlling
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charge carriers via electrostatic gating, where a steep subthreshold swing is advantageous
in these cases.

To provide a clearer understanding of the impact of hydrogen gas-induced low-
ering of the Pd-gate work function on the nanosheet FET current, Figure 4 presents the
energy-resolved current density of the proposed ultrascaled gas nanosensor before and
after exposure to hydrogen gas. It is evident that the WS2 FET under hydrogen gas
pressure exhibits a higher current spectrum compared to the fresh WS2 field-effect transistor
(i.e., without gas molecules). This behavior is logically attributed to the gas-induced
lowering of the potential barrier, which allows for increased thermionic emission over the
barrier. It is important to note that the recorded currents in both cases are predominantly
due to thermionic emission, with only a slight contribution from direct source-to-drain
tunneling. This highlights the advantage of the relatively high effective mass of carriers in
TMD nanomaterials, which effectively blocks the direct source to drain tunneling in the
ultrascaled regime, thereby achieving high subthreshold performance, an attribute highly
suitable for nanoscale FET-based sensors operating with measurand-induced effective gate
voltage modulation (e.g., light [42], gas [43], pressure [44]).
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Figure 4. Current spectrum of the GAA WS, nanosheet FET-based gas nanosensor before and after
exposure to hydrogen gas pressure.

Figure 5 shows the local density of states (LDOS) of the GAA WS, nanosheet FET-based
hydrogen gas nanosensor before (Figure 5a) and after (Figure 5b) exposure to hydrogen gas.
The considered hydrogen gas pressure is approximately 2 x 10~!! Torr, which corresponds
to a gas-induced work function change of about 100 meV. This value is intentionally
chosen to clearly demonstrate the impact of hydrogen gas on the LDOS behavior and the
underlying physics. A gate-to-source voltage Vg of 0.2 V was intentionally chosen to
investigate the local density of the state’s behavior near the threshold voltage. Note that,
in a field-effect transistor, the threshold voltage (Vry) is defined as the minimum gate-to-
source voltage (Vgg) that is required to create a conductive channel between the source and
drain terminals, allowing for the significant current to flow through the transistor [45,46].

Inspecting the same figure, we can see that the oscillation patterns attributed to quan-
tum mechanical reflections are clearly visible in both figures. Comparing the two LDOS
figures, we observe that the gas-induced lowering of the potential barrier results in the ap-
pearance of line-shaped states over the potential barrier, indicating an increase in thermionic
emission current. As one can see, the shape of the potential barrier is visibly deformed.
Additionally, the WS, nanosheet field-effect transistor demonstrates an ability to block
the direct source to drain tunneling components at a gate length of 5 nm, a capability



Sensors 2024, 24, 6730

8 of 15

not typically achievable in ultrascaled carbon nanotube/ribbon FETs [47-52]. It is also
important to note that the observed behaviors in terms of potential profile, charge density,
local density of states, and current spectrum indicate a hydrogen gas-induced increase in
drain current and a threshold voltage shift toward the negative direction.

0.2

o
—

Energy [eV]
o

Energy [eV]

)
N

0 5 10 15 20 25 30 35
X [nm]
(b)

Figure 5. Local density of states (LDOS) of the WS, nanosheet FET-based gas nanosensor before (a)
and after (b) hydrogen gas exposure at Vpg = 0.05 Vand Vgg =0.2 V.

Figure 6 shows the behavior of the Ipg-Vg characteristics before and after exposure
to hydrogen gas, considering a hydrogen gas pressure of 0.1 pico Torr. A drain-to-source
voltage of 0.05 V was selected to ensure low energy consumption and improved subthresh-
old performance (i.e., low subthreshold current, low swing factor, and high current ratio),
which is crucial for high sensitivity. As clearly shown on the linear scale, the introduction
of hydrogen gas molecules shifts the threshold voltage in the negative direction. This shift
is consistent with the observed behavior, where hydrogen gas-induced lowering of the
potential barrier leads to an increase in the current spectrum.

In the sensitivity analysis section, the sensitivity (Sens) is defined as the ratio of the
drain current after and before gas exposure (i.e., Sens = Ips.gas/Ips-rrEsH)- As shown, the
sensitivity reaches its maximum in the subthreshold region (around Vs = 0.11 V) because
in this region, the drain current exhibits steep variation with respect to the effective gate
voltage, which implicitly includes the gas-induced work function modulation. Therefore,
the subthreshold swing, defined here as the effective gate voltage required to change the
drain current by one order of magnitude should be minimized to achieve high sensitivity
(i.e., 60 mv/dec as ideal SS). It is important to note that tunneling FETs (TFETs) can provide
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subthermionic subthreshold swing (SS) [53], which is highly suitable for high sensitivity.
However, direct source-to-drain tunneling in the sub-5 nm TFET off-state prevents the
achievement of such subthermionic SS due to the ultrascaled gate length. For this reason,
TMD FETs with improved subthreshold performance may be more appropriate than TMD
TFETs in terms of both sensing performance and ease of fabrication (since TFETs require
p-type doping of the source, either chemically or electrostatically [54]).
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Figure 6. The Ips-V g transfer characteristics and sensitivity of the WS, nanosheet FET-based gas
nanosensor before and after the introduction of hydrogen gas molecules.

In our proposed ultrascaled WS, nanosheet FET-based gas sensor, the ultrascaling-
subthreshold performance trade-off is optimized by considering a low Vpg and appropriate
electrostatic control, ensured by the relatively large effective mass of carriers in WS,, the
gate-all-around configuration, and high coupling capacitance (high-k dielectrics and/or
thinner oxide thickness). It is worth noting that relatively high Vpg values (e.g., 0.6 V
according to the IRDS targets [55,56]) are not necessary for sensing applications, providing
a degree of freedom to further improve subthreshold performance.

Figure 7 shows the drain current and sensitivity as a function of hydrogen gas pressure
for two different sensitive gates, namely, Pt and Pd. The nanosensor is biased in the
subthreshold regime, where the highest sensitivity, or equivalently, the lowest subthreshold
swing value, is recorded. Both metal gate types exhibit similar behavior in terms of
drain current modulation and sensitivity, where the hydrogen gas-induced decrease in
metal gate work function (WF) leads to an increase in drain current. However, the WS,
nanosheet FET-based gas nanosensor with a Pd gate demonstrates improved sensitivity
compared to the one with a Pt gate. This behavior is attributed to the lower interface
concentration of hydrogen sites and a lower sticking coefficient for Pt compared to Pd, as
well as the larger work function change observed in the Pd gate under the same hydrogen
pressure [23]. Consequently, the subthreshold current shows a more significant modulation
in the WS, FET with a Pd gate than with a Pt gate. It is to be noted that other sensitive
nanomaterials with improved hydrogen gas-induced WF modulation can be adopted to
boost the performance of the FET-based gas sensor in terms of sensitivity.

It is well known that the subthreshold performance of ultrascaled field-effect transistors
can be significantly improved by setting electrostatic parameters such as oxide thickness,
dielectric type, and channel/gate length. More importantly, since the proposed ultrascaled FET
is intended for sensing applications, it does not require a specific drain-to-source voltage as
specified in the International Roadmap for Devices and Systems (IRDS) targets [55], which are
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designed for specific applications. Therefore, the drain-to-source voltage can also be considered
in this parametric investigation for multi-objective optimization.
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Figure 7. Drain current and sensitivity as a function of hydrogen gas pressure, considering Pd and
Pt gates.

Figure 8 presents informative graphical abacuses that address the downscaling-
sensitivity trade-off along with power consumption, considering two different types of
sensitive metal gates: Pd and Pt. A specific hydrogen gas-induced metal gate work function
variation has been considered to clearly demonstrate the sensitivity-downscaling trade-off.
As shown in both figures (considering Vpg = 0.05 V and Vpg = 0.5 V), for a given targeted
sensitivity, miniaturization (i.e., gate length reduction) of the proposed WS, FET-based gas
nanosensor requires improved electrostatic control over the channel carriers, which can
be achieved through the use of high-k dielectrics and /or thinner oxide layers. Note that
sub-1 nm oxide thickness has not been considered to avoid the gate leakage current issue.
Comparing the two abacuses, we can observe that using a low Vpg enables the achievement
of more aggressive gate lengths for the same sensitivity.

Additionally, the figures show that the nanosensor with a Pd gate exhibits improved
sensitivity compared to the WS, FET with a Pt gate for the same parameter combination.
This behavior is typically attributed to the greater gas-induced work function change
observed with the Pd-sensitive gate compared to the Pt-sensitive gate. In more detail, the
interface concentration of hydrogen sites and the sticking coefficient are lower for platinum
compared to palladium, resulting in smaller changes in the metal gate work function under
the same hydrogen gas pressure [23]. However, other selective elements can be used to
improve the sensor performance in terms of sensitivity and detection limits. It is worth
noting that ultrascaled double-gate monolayer MoS, FET and Si FET have exhibited a
subthreshold swing of 100 mV /dec for 5 nm and 8 nm gate lengths, respectively [29]. This
reflects a sensitivity to a hydrogen gas pressure of 10~1° Torr, with values of 14 and 6 for
Pd- and Pt-sensitive gates, respectively.

The results indicate that using a Pd gate, high-k dielectrics, thinner oxide layers, and a
low drain-to-source voltage enables the development of ultrascaled FET-based gas sensors
(operating with gas-triggered alteration of the work function) with high sensitivity and low
power consumption, which are key prerequisites for cutting-edge FET-based gas sensors.

From a sensing perspective, similar trends are logically expected for any nanosensor
based on TMD FETs that operate with measurand-induced changes in gate voltage (e.g.,
nanoscale field-effect phototransistors [42]). This important observation is based on the
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fact that the metal gate work function modulation induced by gas molecules affects the
effective gate voltage similarly as the flat band voltage shift.
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Figure 8. Graphical abacus illustrating the sensitivity-downscaling trade-off for Pd and Pt gates at
(a) Vps =0.05 V and (b) Vpg =0.5 V.

Table 1 presents the sensing performance, scaling capability, and supply voltage of
various two-dimensional FETs and tunnel FETs in the ultrascaled regime. It can be observed
that even tunnel FETs, which are capable of exhibiting subthermionic sub-threshold swing
(SS), show SS values greater than 60 mV /dec. This is attributed to di-rect tunneling induced
by ultrascaling. The comparison in the table clearly shows that our approach, based on
improved electrostatics and the use of a low supply voltage, achieves high sensitivity using
energy-efficient ultra-small WS, FETs. More im-portantly, we emphasize that the adoption
of low supply voltage not only makes the subthreshold drain current steeper (i.e., lower SS
and implicitly higher sensitivity) but also ensures energy-efficient characteristic. This is a
desirable feature for array config-urations in high-performance gas nanosensors.
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Table 1. Projected Sensitivity Performance of Various Emerging Sub-10 nm 2D FET and TFET-Based
Gas Nanosensor considering [AWF| = 0.1 eV.

Device Type Lg [nm] Vps [V] SS[mV/dec] Sensitivity Ref.
UB Si-FET 8 0.5 100 10 [29]
BP FET 5 0.5 80 17.78 [57]
MoS, FET 5 0.5 100 10 [29]
Stanene TFET 5.6 0.2 190 3.35 [58]
2D InX TFETs 5.1 0.72 >120 <6.81 [59]
ML WTe, TFET 5 0.64 65 34.55 [60]
ML BP TFET 5 0.64 90 12.91 [60]
WS, FET 4.5 0.05 60.6 44.6 This Work

This computational study opens up numerous avenues for future research. Explor-
ing other TMD-based materials and emerging 2D nanomaterials as channel options in
MOSFET and TFET modes [61-63] could be an important avenue for further research to
identify the channel nanomaterial that offers the best performance. Additionally, inte-
grating bio-inspired algorithms (e.g., genetic algorithm, particle swarm optimization, ant
colony optimization, artificial bee colony, simulated annealing, differential evolution, firefly
algorithm, and bat Algorithm) [64,65] with the quantum simulator’s source code could
help identify the optimal combination of parameters, leading to significant improvements
in sensitivity, electrical performance, and scaling capability. It is worth emphasizing that
conducting polymer [10-12] can act as sensing gate (i.e. selector) enabling the detection
of various gases, including methanol, chloroform, dichloromethane, isopropanol, and
hexane. Note that the conducting polymers are highly versatile for gas sensing due to
the ability to tune their initial work function, allowing for enhanced selectivity to specific
gases and making multi-gas detection feasible [10-12]. Research on circuitry and smart
systems designed to work with these advanced nanosensors also represents a critical area
for further investigation [66-69]. More importantly, since the modification of the work
function due to gas interaction is part of the effective gate voltage, leveraging the negative
capacitance in ferroelectric-based compound gates [70-80] to electrostatically amplify the
gas effect can be another area of relevant investigation.

5. Conclusions

The quantum simulation of the ultrascaled WS; field-effect transistor presented in
this study demonstrates its potential as a high-performance and low-power hydrogen
gas sensor. By incorporating a Pd/Pt sensitive gate, the proposed nanosensor effectively
utilizes the gas-triggered alteration of the gate work function. The comprehensive analysis,
which includes potential profile, charge density, current spectrum, local den-sity of states,
and transfer characteristics, confirms that the WS, field-effect transistor exhibits robust
gas sensing capabilities, even at the ballistic limit. Furthermore, the in-vestigation into the
downscaling-sensitivity trade-off reveals that optimizing electro-static parameters, such as
employing high-k dielectrics and reducing oxide thickness, along with maintaining a low
drain-to-source voltage, not only enhances sensitivity but also improves the downscaling
capability (i.e. sub-10 nm) and energy-efficiency. In comparison with other emerging ultra-
scaled 2D FETs, the proposed WS; FET, engi-neered through our improvement strategies,
demonstrates outstanding energy effi-ciency and a well-balanced sensitivity-downscaling
trade-off.

These findings underscore the importance of careful device design and parameter
tuning to achieve a balance between device scaling and sensing performance. Overall, the
proposed WS, FET-based hydrogen gas nanosensor meets the stringent require-ments for
next-generation gas sensing applications, offering a combination of im-proved scaling ca-
pability, high sensitivity, low-power consumption, and compatibility with complementary
metal-oxide-semiconductor technology. This positions the device as a strong candidate for
integration into future hydrogen sensing platforms, paving the way for advances in both
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nanotechnology and environmental monitoring. The evaluation of adopting the junction-
less paradigm to improve the subthreshold per-formance of transition metal dichalcogenide
FETs-based gas nanosensor could be an important area for further investigation.

Funding: This work was supported by the Royal Society through a grant awarded within the
framework of the Royal Society Rising Star Africa Prize—2022.

Data Availability Statement: The data that support the findings of this study are available from the
author upon reasonable request.

Acknowledgments: The author would like to express gratitude to the General Directorate for
Scientific Research and Technological Development (DGRSDT—MESRS) of Algeria.

Conflicts of Interest: The author declares no conflicts of interest.

References

1.  Hibert, T.; Boon-Brett, L.; Black, G.; Banach, U. Hydrogen sensors—A review. Sens. Actuators B Chem. 2011, 157, 329-352.
[CrossRef]

2. Korotcenkov, G.; Han, S.D.; Stetter, ].R. Review of Electrochemical Hydrogen Sensors. Cherm. Rev. 2009, 109, 1402-1433. [CrossRef]
[PubMed]

3. Najjar, Y.S.H. Hydrogen safety: The road toward green technology. Int. ]. Hydrogen Energy 2013, 38, 10716-10728. [CrossRef]

4. Chauhan, P.S.; Bhattacharya, S. Hydrogen gas sensing methods, materials, and approach to achieve parts per billion level
detection: A review. Int. ]. Hydrogen Energy 2019, 44, 26076-26099. [CrossRef]

5. Wang, L.; Song, ]. Review—Recent Progress in the Design of Chemical Hydrogen Sensors. |. Electrochem. Soc. 2024, 171, 017510.
[CrossRef]

6. Sahoo, T.; Kale, P. Work Function-Based Metal-Oxide-Semiconductor Hydrogen Sensor and Its Functionality: A Review. Adv.
Mater. Interfaces 2021, 8, 2100649. [CrossRef]

7. D’Amico, A.; Palma, A.; Verona, E. Surface acoustic wave hydrogen sensor. Sens. Actuators 1982, 3, 31-39. [CrossRef]

8. Zhang, Y.; Peng, H.; Qian, X.; Zhang, Y.; An, G.; Zhao, Y. Recent advancements in optical fiber hydrogen sensors. Sens. Actuators B
Chem. 2017, 244, 393-416. [CrossRef]

9. Yan, G.; Xiao, S. A review on H2 sensors based on FET. Chin. J. Anal. Chem. 2024, 52, 100401. [CrossRef]

10. Janata, J.; Josowicz, M. Conducting polymers in electronic chemical sensors. Nat. Mater. 2003, 2, 19-24. [CrossRef]

11. Janata, J. Principles of Chemical Sensors; Springer: New York, NY, USA, 2009. [CrossRef]

12.  Tamersit, K.; Djeffal, F. Double-Gate Graphene Nanoribbon Field-Effect Transistor for DNA and Gas Sensing Applications:
Simulation Study and Sensitivity Analysis. IEEE Sens. |. 2016, 16, 4180-4191. [CrossRef]

13.  Pham, TK.N.; Brown, ].J]. Hydrogen Sensors Using 2-Dimensional Materials: A Review. Chem. Sel. 2020, 5, 7277-7297. [CrossRef]

14. Bhattacharyya, P. Fabrication strategies and measurement techniques for performance improvement of graphene/graphene
derivative based FET gas sensor devices: A review. IEEE Sens. J. 2021, 21, 10231-10240. [CrossRef]

15. Paghi, A.; Mariani, S.; Barillaro, G. 1D and 2D Field Effect Transistors in Gas Sensing: A Comprehensive Review. Small 2023,
19, 2206100. [CrossRef]

16. Zhang, ].; Liu, L.; Yang, Y,; Huang, Q.; Li, D.; Zeng, D. A review on two-dimensional materials for chemiresistive- and FET-type
gas sensors. Phys. Chem. Chem. Phys. 2021, 23, 15420-15439. [CrossRef]

17.  Fiori, G.; Bonaccorso, F; Iannaccone, G.; Palacios, T.; Neumaier, D.; Seabaugh, A.; Banerjee, S.K.; Colombo, L. Electronics based on
two-dimensional materials. Nat. Nanotechnol. 2014, 9, 768-779. [CrossRef]

18. Majumdar, K.; Hobbs, C.; Kirsch, P.D. Benchmarking Transition Metal Dichalcogenide MOSFET in the Ultimate Physical Scaling
Limit. IEEE Electron Device Lett. 2014, 35, 402-404. [CrossRef]

19. Cui, Y; Xin, R;; Yu, Z; Pan, Y.; Ong, Z.; Wei, X.; Wang, J.; Nan, H.; Ni, Z.; Wu, Y,; et al. High-Performance Monolayer WS,
Field-Effect Transistors on High-« Dielectrics. Adv. Mater. 2015, 27, 5230-5234. [CrossRef]

20. Li, C.; Guo,].; Wang, C.; Ma, D.; Wang, B. Design of MXene contacts for high-performance WS; transistors. Appl. Surf. Sci. 2020,
527,146701. [CrossRef]

21. Chung, C.-H,; Chen, H.-R.; Ho, M.-],; Lin, C.-Y. WS, Transistors with Sulfur Atoms Being Replaced at the Interface: First-Principles
Quantum-Transport Study. ACS Omega 2023, 8, 10419-10425. [CrossRef]

22. Sebastian, A.; Pendurthi, R.; Choudhury, T.H.; Redwing, ].M.; Das, S. Benchmarking monolayer MoS, and WS, field-effect
transistors. Nat. Commun. 2021, 12, 693. [CrossRef] [PubMed]

23. Sarkar, D.; Gossner, H.; Hansch, W.; Banerjee, K. Tunnel-field-effect-transistor based gas-sensor: Introducing gas detection with a
quantum-mechanical transducer. Appl. Phys. Lett. 2013, 102, 023110. [CrossRef]

24. Tamersit, K.; Kouzou, A.; Rodriguez, J.; Abdelrahem, M. Electrostatically Doped Junctionless Graphene Nanoribbon Tunnel

Field-Effect Transistor for High-Performance Gas Sensing Applications: Leveraging Doping Gates for Multi-Gas Detection.
Nanomaterials 2024, 14, 220. [CrossRef] [PubMed]


https://doi.org/10.1016/j.snb.2011.04.070
https://doi.org/10.1021/cr800339k
https://www.ncbi.nlm.nih.gov/pubmed/19222198
https://doi.org/10.1016/j.ijhydene.2013.05.126
https://doi.org/10.1016/j.ijhydene.2019.08.052
https://doi.org/10.1149/1945-7111/ad1ec9
https://doi.org/10.1002/admi.202100649
https://doi.org/10.1016/0250-6874(82)80004-8
https://doi.org/10.1016/j.snb.2017.01.004
https://doi.org/10.1016/j.cjac.2024.100401
https://doi.org/10.1038/nmat768
https://doi.org/10.1007/b136378
https://doi.org/10.1109/JSEN.2016.2550492
https://doi.org/10.1002/slct.202000788
https://doi.org/10.1109/JSEN.2021.3060463
https://doi.org/10.1002/smll.202206100
https://doi.org/10.1039/D1CP01890F
https://doi.org/10.1038/nnano.2014.207
https://doi.org/10.1109/LED.2014.2300013
https://doi.org/10.1002/adma.201502222
https://doi.org/10.1016/j.apsusc.2020.146701
https://doi.org/10.1021/acsomega.2c08275
https://doi.org/10.1038/s41467-020-20732-w
https://www.ncbi.nlm.nih.gov/pubmed/33514710
https://doi.org/10.1063/1.4775358
https://doi.org/10.3390/nano14020220
https://www.ncbi.nlm.nih.gov/pubmed/38276738

Sensors 2024, 24, 6730 14 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

Madan, J.; Chaujar, R. Palladium Gate All Around—Hetero Dielectric-Tunnel FET based highly sensitive Hydrogen Gas Sensor.
Superlattices Microstruct. 2016, 100, 401-408. [CrossRef]

Quhe, R; Xu, L; Liu, S.; Yang, C.; Wang, Y.; Li, H,; Yang, J.; Li, Q.; Shi, B.; Li, Y.; et al. Sub-10 nm two-dimensional transistors:
Theory and experiment. Phys. Rep. 2021, 938, 1-72. [CrossRef]

Tamersit, K. Asymmetric Dual-Gate Junctionless GNR Tunnel FET as a High-Performance Photosensor With an Electrostatically
Improved Photosensitivity: A Quantum Simulation Study. IEEE Sens. |. 2023, 23, 27431-27437. [CrossRef]

Li, H,; Xu, P; Lu, J. Sub-10 nm tunneling field-effect transistors based on monolayer group IV mono-chalcogenides. Nanoscale
2019, 11, 23392-23401. [CrossRef]

Liu, L.; Lu, Y,; Guo, J. On Monolayer MSo, Field-Effect Transistors at the Scaling Limit. IEEE Trans. Electron Devices 2013,
60, 4133-4139. [CrossRef]

Dong, Z.; Guo, J. Assessment of 2-D Transition Metal Dichalcogenide FETs at Sub-5-nm Gate Length Scale. IEEE Trans. Electron
Devices 2017, 64, 622-628. [CrossRef]

Lundstrom, I.; Armgarth, M.; Spetz, A.; Winquist, F. Gas sensors based on catalytic metal-gate field-effect devices. Sens. Actuators
1986, 10, 399-421. [CrossRef]

Tamersit, K. An ultra-sensitive gas nanosensor based on asymmetric dual-gate graphene nanoribbon field-effect transistor:
Proposal and investigation. J. Comput. Electron. 2019, 18, 846-855. [CrossRef]

Gautam, R.; Saxena, M.; Gupta, R.S.; Gupta, M. Gate-All-Around Nanowire MOSFET With Catalytic Metal Gate For Gas Sensing
Applications. IEEE Trans. Nanotechnol. 2013, 12, 939-944. [CrossRef]

Datta, S. Nanoscale device modeling: The Green’s function method. Superlattices Microstruct. 2000, 28, 253-278. [CrossRef]
Datta, S. Quantum Transport: Atom to Transistor; Cambridge Univ. Press: Cambridge, UK, 2005.

Datta, S. Electronic Transport in Mesoscopic Systems; Cambridge Univ. Press: Cambridge, UK, 1995.

Anantram, M.P.,; Lundstrom, M.S.; Nikonov, D.E. Modeling of Nanoscale Devices. Proc. IEEE 2008, 96, 1511-1550. [CrossRef]
Rahman, A.; Guo, J.; Datta, S.; Lundstrom, M.S. Theory of ballistic nanotransistors. IEEE Trans. Electron Devices 2003, 50, 1853-1864.
[CrossRef]

Tamersit, K.; Ramezani, Z.; Amiri, I.S. Improved performance of sub-10-nm band-to-band tunneling n-i-n graphene nanoribbon
field-effect transistors using underlap engineering: A quantum simulation study. J. Phys. Chem. Solids 2022, 160, 110312.
[CrossRef]

Lundstrom, M.S.; Guo, J. Nanoscale Transistors; Springer: Berlin/Heidelberg, Germany, 2006.

Tamersit, K.; Jooq, M.K.Q.; Moaiyeri, M.H. Analog/RF performance assessment of ferroelectric junctionless carbon nanotube
FETs: A quantum simulation study. Phys. E Low-Dimens. Syst. Nanostruct. 2021, 134, 114915. [CrossRef]

Tamersit, K. Energy-Efficient Carbon Nanotube Field-Effect Phototransistors: Quantum Simulation, Device Physics, and Photo-
sensitivity Analysis. IEEE Sens. . 2022, 22, 288-296. [CrossRef]

Janata, J.; Josowicz, M. Chemical Modulation of Work Function as a Transduction Mechanism for Chemical Sensors. Acc. Chem.
Res. 1998, 31, 241-248. [CrossRef]

Wu, S;; Liu, Y,; Tang, Y.; Jiang, X.; Liu, L.; Liu, X; Cao, J.; Liu, Y. Dielectric modulation strategy of carbon nanotube field effect
transistors based pressure sensor: Towards precise monitoring of human pulse. Nanotechnology 2023, 34, 315501. [CrossRef]
Tamersit, K. Dielectric-Modulated Junctionless Carbon Nanotube Field-Effect Transistor as a Label-Free DNA Nanosensor:
Achieving Ultrahigh Sensitivity in the Band-to-Band Tunneling Regime. IEEE Sens. ]. 2024, 24, 2915-2922. [CrossRef]

Tamersit, K.; Kouzou, A.; Rodriguez, J.; Abdelrahem, M. Performance Projection of Vacuum Gate Dielectric Doping-Free Carbon
Nanoribbon/Nanotube Field-Effect Transistors for Radiation-Immune Nanoelectronics. Nanomaterials 2024, 14, 962. [CrossRef]
[PubMed]

Alam, K.; Lake, R. Role of Doping in Carbon Nanotube Transistors With Source/Drain Underlaps. IEEE Trans. Nanotechnol. 2007,
6, 652-658. [CrossRef]

Tamersit, K. New nanoscale band-to-band tunneling junctionless GNRFETs: Potential high-performance devices for the ultrascaled
regime. J. Comput. Electron. 2021, 20, 1147-1156. [CrossRef]

Koswatta, S.O.; Hasan, S.; Lundstrom, M.S.; Anantram, M.P.; Nikonov, D.E. Nonequilibrium Green’s function treatment of
phonon scattering in carbon-nanotube transistors. IEEE Trans. Electron Devices 2007, 54, 2339-2351. [CrossRef]

Tamersit, K.; Kouzou, A.; Bourouba, H.; Kennel, R.; Abdelrahem, M. Synergy of Electrostatic and Chemical Doping to Improve
the Performance of Junctionless Carbon Nanotube Tunneling Field-Effect Transistors: Ultrascaling, Energy-Efficiency, and High
Switching Performance. Nanomaterials 2022, 12, 462. [CrossRef]

Yousefi, R.; Shabani, M.; Arjmandi, M.; Ghoreishi, S. A computational study on electrical characteristics of a novel band-to-band
tunneling graphene nanoribbon FET. Superlattices Microstruct. 2013, 60, 169-178. [CrossRef]

Tamersit, K.; Madan, J.; Kouzou, A.; Pandey, R.; Kennel, R.; Abdelrahem, M. Role of Junctionless Mode in Improving the
Photosensitivity of Sub-10 nm Carbon Nanotube /Nanoribbon Field-Effect Phototransistors: Quantum Simulation, Performance
Assessment, and Comparison. Nanomaterials 2022, 12, 1639. [CrossRef]

Ionescu, A.M.; Riel, H. Tunnel field-effect transistors as energy-efficient electronic switches. Nature 2011, 479, 329-337. [CrossRef]
Seabaugh, A.C.; Zhang, Q. Low-Voltage Tunnel Transistors for Beyond CMOS Logic. Proc. IEEE 2010, 98, 2095-2110. [CrossRef]
Yang, N.; Guo, ]. Performance potential of transistors based on tellurium nanowire arrays: A quantum transport study. Solid-State
Electron. 2024, 213, 108859. [CrossRef]


https://doi.org/10.1016/j.spmi.2016.09.050
https://doi.org/10.1016/j.physrep.2021.07.006
https://doi.org/10.1109/JSEN.2023.3316913
https://doi.org/10.1039/C9NR07590A
https://doi.org/10.1109/TED.2013.2284591
https://doi.org/10.1109/TED.2016.2644719
https://doi.org/10.1016/0250-6874(86)80056-7
https://doi.org/10.1007/s10825-019-01349-9
https://doi.org/10.1109/TNANO.2013.2276394
https://doi.org/10.1006/spmi.2000.0920
https://doi.org/10.1109/JPROC.2008.927355
https://doi.org/10.1109/TED.2003.815366
https://doi.org/10.1016/j.jpcs.2021.110312
https://doi.org/10.1016/j.physe.2021.114915
https://doi.org/10.1109/JSEN.2021.3128704
https://doi.org/10.1021/ar9700668
https://doi.org/10.1088/1361-6528/acd19a
https://doi.org/10.1109/JSEN.2023.3343072
https://doi.org/10.3390/nano14110962
https://www.ncbi.nlm.nih.gov/pubmed/38869587
https://doi.org/10.1109/TNANO.2007.908170
https://doi.org/10.1007/s10825-021-01690-y
https://doi.org/10.1109/TED.2007.902900
https://doi.org/10.3390/nano12030462
https://doi.org/10.1016/j.spmi.2013.05.003
https://doi.org/10.3390/nano12101639
https://doi.org/10.1038/nature10679
https://doi.org/10.1109/JPROC.2010.2070470
https://doi.org/10.1016/j.sse.2024.108859

Sensors 2024, 24, 6730 15 of 15

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

IEEE International Roadmap for Devices and Systems—IEEE IRDSTM [Internet]. Available online: https://irds.ieee.org/
(accessed on 10 October 2024).

Cao, X.; Guo, J. Simulation of Phosphorene Field-Effect Transistor at the Scaling Limit. IEEE Trans. Electron Devices 2015,
62, 659-665. [CrossRef]

Marin, E.G.; Marian, D.; lannaccone, G.; Fiori, G. First principles investigation of tunnel FETs based on nanoribbons from
topological two-dimensional materials. Nanoscale 2017, 9, 19390-19397. [CrossRef] [PubMed]

Lu, J.; Fan, Z.-Q.; Gong, J.; Jiang, X.-W. Ab initio performance predictions of single-layer In-V tunnel field-effect transistors. Phys.
Chem. Chem. Phys. 2017, 19, 20121-20126. [CrossRef]

Li, H.; Shi, B.; Pan, Y.; Li, J.; Xu, L.; Xu, L.; Zhang, Z.; Pan, E; Lu, J. Sub-5 nm monolayer black phosphorene tunneling transistors.
Nanotechnology 2018, 29, 485202. [CrossRef]

Liu, L.; Kumar, S.B.; Ouyang, Y.; Guo, J. Performance Limits of Monolayer Transition Metal Dichalcogenide Transistors. IEEE
Trans. Electron Devices 2011, 58, 3042-3047. [CrossRef]

Lam, K.-T.; Cao, X.; Guo, J. Device Performance of Heterojunction Tunneling Field-Effect Transistors Based on Transition Metal
Dichalcogenide Monolayer. IEEE Electron Device Lett. 2013, 34, 1331-1333. [CrossRef]

Klinkert, C.; Szabé, A.; Stieger, C.; Campi, D.; Marzari, N.; Luisier, M. 2-D Materials for Ultrascaled Field-Effect Transistors: One
Hundred Candidates under the Ab Initio Microscope. ACS Nano 2020, 14, 8605-8615. [CrossRef]

Kar, A K. Bio inspired computing—A review of algorithms and scope of applications. Expert Syst. Appl. 2016, 59, 20-32. [CrossRef]
Wu, T.; Guo, ]. Multiobjective Design of 2-D-Material-Based Field-Effect Transistors With Machine Learning Methods. IEEE Trans.
Electron Devices 2021, 68, 5476-5482. [CrossRef]

Prodromakis, T.; Liu, Y.; Constandinou, T.; Georgiou, P.; Toumazou, C. Exploiting CMOS Technology to Enhance the Performance
of ISFET Sensors. IEEE Electron Device Lett. 2010, 31, 1053-1055. [CrossRef]

Premanode, B.; Silawan, N.; Chan, W.P.; Toumazou, C. A composite ISFET readout circuit employing current feedback. Sens.
Actuators B Chem. 2007, 127, 486—-490. [CrossRef]

Silverio, A.A.; Chung, W.-Y,; Tsai, V.ES.; Cheng, C. Multi-parameter readout chip for interfacing with amperometric, potentiomet-
ric and impedometric sensors for wearable and point-of-care test applications. Microelectron. J. 2020, 100, 104769. [CrossRef]
Moser, N.; Lande, T.S.; Toumazou, C.; Georgiou, P. ISFETs in CMOS and Emergent Trends in Instrumentation: A Review. IEEE
Sens. J. 2016, 16, 6496—6514. [CrossRef]

Salahuddin, S.; Datta, S. Use of Negative Capacitance to Provide Voltage Amplification for Low Power Nanoscale Devices. Narno
Lett. 2007, 8, 405—410. [CrossRef]

Tamersit, K.; Moaiyeri, M.H.; Jooq, M.K.Q. Leveraging negative capacitance ferroelectric materials for performance boosting of
sub-10 nm graphene nanoribbon field-effect transistors: A quantum simulation study. Nanotechnology 2022, 33, 465204. [CrossRef]
Si, M,; Su, C.-].; Jiang, C.; Conrad, N.]J.; Zhou, H.; Maize, K.D.; Qiu, G.; Wu, C.-T.; Shakouri, A.; Alam, M.A; et al. Steep-slope
hysteresis-free negative capacitance MoS, transistors. Nat. Nanotechnol. 2017, 13, 24-28. [CrossRef]

Hoffmann, M.; Slesazeck, S.; Mikolajick, T. Progress and future prospects of negative capacitance electronics: A materials
perspective. APL Mater. 2021, 9, 020902. [CrossRef]

Alam, M.A; Si, M; Ye, PD. A critical review of recent progress on negative capacitance field-effect transistors. Appl. Phys. Lett.
2019, 114, 090401. [CrossRef]

Tamersit, K. Improved Switching Performance of Nanoscale p-i-n Carbon Nanotube Tunneling Field-Effect Transistors Using
Metal-Ferroelectric-Metal Gating Approach. ECS |. Solid State Sci. Technol. 2021, 10, 031004. [CrossRef]

Tu, L.; Wang, X.; Wang, J.; Meng, X.; Chu, J. Ferroelectric Negative Capacitance Field Effect Transistor. Adv. Electron. Mater. 2018,
4,1800231. [CrossRef]

Jiao, H.; Wang, X.; Wu, S.; Chen, Y.; Chu, J.; Wang, J. Ferroelectric field effect transistors for electronics and optoelectronics. Appl.
Phys. Rev. 2023, 10, 011310. [CrossRef]

Xue, H.; Peng, Y.; Jing, Q.; Zhou, J.; Han, G.; Fu, W. Sensing with extended gate negative capacitance ferroelectric field-effect
transistors. Chip 2024, 3, 100074. [CrossRef]

Wu, X; Gao, S.; Xiao, L.; Wang, ]. WSe, Negative Capacitance Field-Effect Transistor for Biosensing Applications. ACS Appl.
Mater. Interfaces 2024, 16, 42597-42607. [CrossRef]

Dixit, A.; Samajdar, D.P,; Chauhan, V. Sensitivity Analysis of a Novel Negative Capacitance FINFET for Label-Free Biosensing.
IEEE Trans. Electron Devices 2021, 68, 5204-5210. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://irds.ieee.org/
https://doi.org/10.1109/TED.2014.2377632
https://doi.org/10.1039/C7NR06015G
https://www.ncbi.nlm.nih.gov/pubmed/29206255
https://doi.org/10.1039/C7CP02695A
https://doi.org/10.1088/1361-6528/aae0cb
https://doi.org/10.1109/TED.2011.2159221
https://doi.org/10.1109/LED.2013.2277918
https://doi.org/10.1021/acsnano.0c02983
https://doi.org/10.1016/j.eswa.2016.04.018
https://doi.org/10.1109/TED.2021.3085701
https://doi.org/10.1109/LED.2010.2052011
https://doi.org/10.1016/j.snb.2007.05.001
https://doi.org/10.1016/j.mejo.2020.104769
https://doi.org/10.1109/JSEN.2016.2585920
https://doi.org/10.1021/nl071804g
https://doi.org/10.1088/1361-6528/ac8883
https://doi.org/10.1038/s41565-017-0010-1
https://doi.org/10.1063/5.0032954
https://doi.org/10.1063/1.5092684
https://doi.org/10.1149/2162-8777/abed9c
https://doi.org/10.1002/aelm.201800231
https://doi.org/10.1063/5.0090120
https://doi.org/10.1016/j.chip.2023.100074
https://doi.org/10.1021/acsami.4c06648
https://doi.org/10.1109/TED.2021.3107368

	Introduction 
	Nanosensor Structure and Gas Sensing Principle 
	Quantum Simulation Approach 
	Results and Discussions 
	Conclusions 
	References

