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Abstract
We have developed and analyzed an analytical model of a double-gate graphene nanoribbon field-effect transistor (GNR-
FET), which is subsequently evaluated through numerical simulations, to investigate its potential as an ammonia (NH3) gas 
sensor. Using lanthanum aluminate (LaAlO3), known for its high dielectric constant (K = 30), serves as a gate dielectric in 
the configuration of GNRFET gas sensors to minimize short-channel effects and leakage current. The study investigates the 
static characteristics of the device both in the presence and absence of ammonia gas, providing insights into its potential for 
gas detection. Following the determination of the device structure, the drain current is calculated as a function of gate and 
drain bias voltages. The general current equation is enhanced by incorporating expressions that account for the influence of 
NH3 gas and temperature variations. These mathematical formulations are then utilized to develop a comprehensive simula-
tion program. The simulation is conducted on GNRFET devices with gate lengths ranging from 100 nm to 300 nm, and NH3 
gas concentrations from 300 ppm to 500 ppm. The simulation results provide insight into how various parameters affect the 
performance of GNRFETs. Our findings demonstrate that GNRFETs exhibit significant potential as high-quality NH3 gas 
sensors, highlighting their applicability in environmental monitoring and sensor technology.
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Introduction

Graphene, a monolayer of carbon atoms arranged in a hex-
agonal lattice, is heralded as a groundbreaking material 
in the realm of electronics and optoelectronics. Its unique 

properties stem from its two-dimensional (2D) structure, 
which not only contributes to its strength but also signifi-
cantly influences its electrical characteristics. One of the 
most remarkable features of graphene is its exceptional elec-
trical conductivity, attributed to the presence of π-bonds that 
allow for high electron mobility. This means that electrons 
can move through graphene more freely than they can in 
conventional semiconductor materials, resulting in superior 
performance in electronic applications. In the context of 
field-effect transistors (FETs), graphene serves as an ideal 
conductive channel. Unlike traditional semiconductor mate-
rials such as silicon, which can be limited by their intrin-
sic charge carrier mobility, graphene boasts charge mobil-
ity values that can exceed 20,000 cm2/V s under optimal 
conditions.1–3 This high mobility not only enables quicker 
response times in electronic circuits but also supports the 
development of high-frequency and high-speed devices. 
Moreover, graphene’s physical properties provide addi-
tional advantages for FETs.4 Additionally, graphene exhibits 
a linear energy band structure near the Dirac point, which 
allows for a high ON/OFF current ratio, making it suitable 
for analog and digital applications alike. Graphene is also 
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noteworthy for its thermal conductivity, which is among the 
highest of any known material. This characteristic is advan-
tageous in managing heat generation in electronic devices, 
further contributing to their reliability and performance.5 
The combination of high charge mobility, excellent thermal 
properties, and a versatile platform for integration with other 
materials positions graphene as a frontrunner in the next 
generation of electronic and optoelectronic devices.6,7

Due to its nearly negligible effective mass, graphene 
exhibits strong carrier mobility, significant current density, 
high saturation velocity, and high cut-off frequency, which 
are all measured in units of 2.75 × 105 cm2/V−s, 2 × 108 A/
cm2, 5.5 × 107 cm/s, and 100 GHz, respectively.8 This sub-
stance has a zero-bandgap, although, when it is at the nano-
metric scale, lateral quantum confinement causes a bandgap 
to open up. Graphene nanoribbons (GNRs), which are thin 
graphene strips with a width of less than 100 nm, have lim-
ited energy.9,10 The outstanding current carrying capacity 
of GNRs is higher than 108 A/cm2 for widths as small as 
16 nm. The breakdown voltage is also predicted to be 2.5 V 
for GNRs that are 22 nm in width.11–14 GNRs are utilized 
as channel material in transistors, and graphene nanorib-
bon field-effect transistors (GNRFETs) are GNR-based 
transistors that are experimentally and conceptually viable 
alternatives to complementary metal–oxide–semiconductor 
(CMOS) devices.15

Two-dimensional (2D) materials have attracted sig-
nificant attention for gas-sensing applications due to their 
atomic thickness, high surface-to-volume ratio, and tunable 
electronic properties, which enable enhanced sensitivity and 
fast response times at room temperature,16,17 encompassing 
graphene, black phosphorus, transition metal chalcogenides, 
and layered metal oxides.18 Transition metal dichalcogenides 
such as MoS2 and WS2 have demonstrated remarkable gas-
sensing performance, especially when functionalized with 
catalytic nanoparticles or combined in heterostructures that 
improve charge transfer and selectivity.16–19 For example, 
Pt-functionalized MoS2 sensors have achieved sub-ppm 
detection limits for ammonia (NH3) with rapid response and 
recovery, illustrating the potential of surface functionaliza-
tion strategies.16

Similarly, MXenes—2D transition metal carbides and 
nitrides—have emerged as promising candidates for gas sen-
sors due to their metallic conductivity, hydrophilic surfaces, 
and rich surface chemistry. Ti3C2Tx MXene composites with 
conductive polymers such as polyaniline have demonstrated 
ultra-low detection limits and excellent cycling stability for 
toxic gases like NO2, highlighting their potential for practi-
cal applications.19 The ability to tune surface terminations 
in MXenes further enhances their selectivity and sensitivity.

Despite these advances, challenges remain in balancing 
sensitivity, selectivity, and long-term stability, particularly 
as many 2D sensors rely on chemical functionalization 

that may degrade over time.17 In contrast, GNRFETs offer 
intrinsic advantages by leveraging electrostatic gating and 
quantum confinement effects, enabling highly tunable and 
reproducible sensing responses without extensive surface 
modification.16,17 The gate-controlled modulation of carrier 
density in GNR channels allows dynamic adjustment of elec-
tronic properties in response to gas adsorption, providing an 
alternative pathway to enhance selectivity and sensitivity.

Graphene as a 2D material has emerged as a promis-
ing class of gas-sensing material. Its distinctive properties, 
including a large surface-to-volume ratio, high surface reac-
tion activity, and excellent gas adsorption performance, have 
made it an attractive option for various sensing applications. 
The atomically thin and flat surface of 2D materials provides 
a large surface area for gas interaction, enhancing the sen-
sitivity and selectivity of the sensing process.20 Graphene 
can detect even a single gas molecule nearby because of its 
extremely low intrinsic electrical noise.21

Graphene transistors typically have sensitivity ranges 
between parts per billion (ppb) and parts per million 
(ppm),22–24 and, with this sensitivity compared to solid-state 
sensors, graphene transistors have the potential to be a con-
tender for the detection of a variety of chemicals, hazardous 
substances, biomolecules, and gases. Using sensitive devices 
is essential for detecting and monitoring gaseous threats that 
are difficult to perceive through our own senses or the naked 
eye. Among these various types of gases, ammonia (NH3) 
is a toxic and hazardous gas that requires close monitoring 
in industrial, medical, and residential settings. Due to its 
harmful nature, the presence of ammonia must be closely 
tracked and managed across a variety of environments where 
human health and safety could be impacted.25 In order to 
develop highly effective ammonia (NH3) sensors capable of 
operating at room temperature, scientific researchers have 
explored a diverse array of materials for NH3 gas detection. 
These materials include conducting polymers, metal oxides, 
carbon nanotubes, graphene, transition metal sulfides, and 
others.26,27

In terms of chemical properties, graphene also shows very 
high chemical stability, low power consumption, high speed 
response time (sensor response in less than 10 s), and short 
recovery time.28 In addition, experimental research has indi-
cated that the graphene sensor detects various gas molecules, 
such as CO, NO2, H2O, and NH3 at room temperature.29–31

Drawing on previously developed analytical models of 
GNRFET characteristics,28,32 this work presents a novel 
application of lanthanum aluminate (LaAlO3) as a high-κ 
dielectric in GNRFETs, focusing on ammonia (NH3) gas 
sensing. Although high-κ dielectrics such as HfO2 are widely 
used in FETs, the integration of LaAlO3 in GNRFET-based 
sensors remains underexplored. LaAlO3 offers superior 
electrostatic control and enhanced device performance. The 
study further distinguishes itself by employing a double-gate 
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architecture, which, combined with LaAlO3, significantly 
improves NH3 sensitivity. This integrated approach system-
atically correlates device geometry and dielectric selection 
with gas-sensing performance, addressing limitations in 
prior studies that often considered these factors separately 
or targeted digital logic applications. By integrating double-
gate engineering, high-κ dielectric materials, and sensing 
functionality within a unified platform, this work proposes 
a comprehensive design strategy to optimize sensor perfor-
mance. Furthermore, the focused investigation of NH3 detec-
tion fills a notable gap in GNRFET applications, extending 
their utility beyond conventional electronic devices. Collec-
tively, these contributions represent a significant advance-
ment in graphene-based sensor technology.

A rigorous numerical analysis of a double-gate GNRFET 
architecture, incorporating both top and back gates, has been 
conducted to achieve enhanced electrostatic channel con-
trol, thereby optimizing sensitivity and dynamic response. A 
comprehensive analytical model for the drain-source current 
has been developed, capturing intrinsic device behavior and 
perturbations induced by NH3 exposure.

The electrostatic potential profile along the channel is 
obtained via a  self-consistent solution of the 2D Poisson 
equation, explicitly accounting for short-channel effects and 
carrier distributions at the source and drain contacts. Cur-
rent–voltage (I–V) characteristics have been derived over 
multiple operational regimes, initially excluding and sub-
sequently incorporating the effects of gas adsorption and 
temperature variations to accurately reflect their impact on 
device performance.

The results systematically explore the modulation of drain 
current by gate and drain biases under both baseline and 
NH3-exposed conditions. The influence of back-gate volt-
age, gate dielectric thickness, and gas concentration on the 
device’s I–V response has been elucidated. Additionally, the 
effects of gate voltage, gate length, and dielectric permittiv-
ity on the Ion/Ioff ratio were thoroughly examined, providing 
critical insights into the design and optimization of high-
performance GNRFET-based gas sensors.

FET‑Based Structure

As shown in Fig. 1, the suggested GNRFET's structure is 
relatively similar to that of a typical metal–oxide–semicon-
ductor field–effect transistor (MOSFET) with double gates. 
It consists of source and drain electrodes connected by a 
graphene channel and a top-gate electrode that controls the 
carrier flow within the channel. A dielectric layer separates 
the top gate from the channel; in order to optimize elec-
trostatic control and reduce short-channel effects, the gate 
partially covers the channel. The gate’s primary function 
in a gas sensor is modulating channel conductivity, not an 

absorbing gas.33 Materials like LaAlO3 are used for the 
gate to enhance gas attraction to the channel, even though 
the gate partially covers it.

In the presented structure, a dielectric layer separates 
the gate and the channel and a silicon back gate to increase 
carrier density or adapt the threshold voltage.1–3 For low-
power and high-transconductance applications, a high-k 
dielectric material, lanthanum aluminate, LaAlO3 , with a 
dielectric constant (k) of 30, is employed, due to its unique 
advantages, and, compared to HfO2 and Al2O3 , it offers 
excellent interface quality with graphene, reducing charge 
traps that can degrade sensor performance. Furthermore, 
LaAlO3 can potentially reduce leakage currents better than 
other materials and improve the overall performance of the 
GNRFET gas sensor.34

The asymmetric double-gate structures in GNRFET gas 
sensors offer several advantages. Varying the gate insu-
lator thicknesses provides enhanced electrostatic control 
over the channel, improving performance, particularly in 
the sensitive subthreshold regime. Also, the thicker insula-
tor helps to reduce the short-channel effects, minimizing 
leakage and improving stability. Thus, this design allows 
for optimized sensitivity and faster response times by fine-
tuning the electric field distribution for different target 
gases.35

To detect ammonia gas, the device operates by exposing 
the regions between the source and gate, as well as the drain 
and gate, to the ambient air. This exposure allows the gas 
molecules to adsorb onto the graphene surface, which alters 
the concentration of charge carriers within the graphene. 
This alteration in charge carrier concentration translates 
directly into a measurable change in the drain–source cur-
rent. The change in electrical current empowers the GNR-
FET device to function as a sensitive gas sensor.

Fig. 1   Schematic of GNRFET structure.
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Current Model

In this study, the electron gas within the channel is assumed 
to be non-degenerate, a simplification that is well founded 
under room temperature operation and moderate doping con-
centrations characteristic of the GNRFET device. However, 
under conditions of elevated doping or reduced temperature, 
the electron gas may transition into a degenerate regime. 
Accurately modeling this degenerate behavior is imperative 
to improve the fidelity of performance predictions and to 
extend the applicability of the model across a broader range 
of operating conditions.

Accordingly, the electron and hole distribution functions 
within the sub-bands near the source and drain electrodes 
are expressed as36:

Our device architecture utilizes a double-gate GNRFET 
with a 2.06-nm-wide nanoribbon channel (d = 2.06 nm), 
yielding a bandgap of 0.72 eV, as shown in Fig. 2. While 
this calculated bandgap corresponds to an ideal, defect-free 
GNR, it is important to acknowledge that practical fabri-
cation processes introduce edge roughness, atomic-scale 
defects, and variability that can significantly influence the 
electronic properties of GNRs. Edge roughness and defects 
act as scattering centers and localized states, which may 
cause fluctuations in the bandgap, degrade carrier mobil-
ity, and lead to variability in device performance, includ-
ing reduced ON/OFF current ratios and increased noise. 
Experimental investigations have reported these effects, 
highlighting the challenges in achieving uniform and reliable 
GNR devices. To mitigate these issues, advanced fabrica-
tion techniques such as bottom–up chemical synthesis and 

(1)�−1
p,n

= ±v

√
P2 + (�ℏ∕d)2

high-resolution lithographic patterning have been developed, 
enabling the production of GNRs with smoother edges and 
fewer defects. Incorporating these fabrication considerations 
provides a more comprehensive understanding of the prac-
tical limitations and guides future efforts toward realizing 
high-performance GNR-based devices.

The electronic transport is characterized by the param-
eters: charge carrier velocity, v = 108 cm/s, momentum along 
the nanoribbon (P), and the reduced Planck constant ( ℏ ). 
This configuration enables precise modeling of NH3 gas-
sensing mechanisms through charge transfer interactions at 
the graphene surface.

The proposed model establishes a relationship between 
the current, gas concentration, and temperature, expressed 
as:

where Iwg represents the device current in the absence of gas 
exposure, incorporating the influence of the device’s geo-
metric parameters, IgT denotes the temperature-dependent 
variation in the current and IgF represents the modulation of 
the device current as a function of varying gas concentration, 
evaluated under constant temperature conditions. This term 
captures the influence of gas adsorption on carrier density 
and transport properties, thereby affecting the overall con-
duction behavior of the device.

The conductivity of the gas sensor varies as a function 
of both ammonia (NH3) concentration and temperature, as 
reported in Refs. 37, 38.

The conventional top gate is substituted by the active 
region of the GNRFET, which is geometrically defined as 

where Lg denotes the length of the top gate along the 
nanoribbon axis (nm) (x-direction), which is an important 
parameter for short channel effect and carrier transport in 
GNRFETs, and Wb represents the thickness of the dielec-
tric layer between the graphene channel and the back gate 
(nm) (z-direction) which is responsible for modulating the 
channel potential from below the substrate. Here, the x-axis 
is directed along the nanoribbons, whereas the z-axis is 
directed perpendicular to the nanoribbons and gate planes. 
This spatial domain corresponds to the portion of the device 
channel directly modulated by the gate potential, governing 
the carrier transport characteristics within the GNRFET.

To determine the potential distribution along the channel, 
the 2D Poisson equation is employed, expressed as36:

(2)IGAS - GNR = Iwg + IgT + IgF

Lg∕2 ≤ x ≤ Lg, 0 ≤ z ≤ Wb,
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Fig. 2   Energy band structure of the GNR used in our structure.
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where φ denotes the electrostatic potential distributed along 
the channel, Σ− and Σ+ denote the electron and hole densi-
ties within the graphene channel, respectively, representing 
the concentration of negative and positive charge carriers 
contributing to conduction, e refers to a single electron car-
rying the elementary charge of an electron (Coulombs), a 
fundamental constant representing the magnitude of electric 
charge, æ refers to the dielectric constant of the material 
separating the graphene channel from the back gate (F/m), 
characterizing the material’s ability to store electrical energy 
in an electric field, and g represents the thickness of the insu-
lating layer between the graphene channel and the top gate 
(nm), which influences the capacitive coupling and electro-
static control of the channel.

Electrostatic Modeling and Boundary Conditions 
in GNRFET

In our GNRFET simulations, the electrostatic potential dis-
tribution within the GNR channel is obtained by solving the 
two-dimensional (2D) Poisson equation 

where � is the electrostatic potential, � is the dielectric per-
mittivity, and � is the net charge density in channel.39

Boundary Conditions

Source and Drain Contacts (Dirichlet Conditions):

The nanoribbon segments adjacent to the source and drain 
contacts are highly conductive and effectively act as ideal 
electron reservoirs. Therefore, the electrostatic potential at 
the source and drain edges of the channel (boundary condi-
tions) is fixed as 

where Lg is the gate length and VD is the applied drain volt-
age. This boundary condition ensures consistent alignment 
of the potential with the applied bias and sets the Fermi 
levels at the contacts.40

The nanoribbon segments adjacent to the source and drain 
contacts exhibit high conductivity and function effectively 
as conducting pads. Consequently, the electrostatic potential 
in these regions is fixed at φ = 0 near the source and φ = Vd 
near the drain terminal.

Lateral Edges of the Nanoribbon (Neumann Conditions)

Along the width of the graphene nanoribbon, Neumann 
boundary conditions are applied assuming a zero normal 
electric field 

∇ ⋅ (�∇�) = −�,

�|x=−Lg∕2 = 0 (Source),�|x=Lg∕2 = Vd (Drain) ,

reflecting the physical confinement and absence of charge 
flow perpendicular to the channel edges.39

Gate Interfaces (Dirichlet or Mixed Conditions)

The top- and back-gate dielectrics impose fixed potentials 
corresponding to the applied gate voltages. These are incor-
porated as boundary conditions at the dielectric interfaces, 
enabling electrostatic control of the channel potential.41

Self‑Consistent Calculation of Charge Densities 6+ 
and 6−

The electron ( Σ+ ) and hole ( Σ− ) sheet charge densities in 
the GNR channel are computed self-consistently with the 
electrostatic potential. They depend on the local potential 
�(x, y) and the Fermi energies at the contacts EF,S and EF,D , 
which are set by the source and drain voltages.

Specifically, Σ+ and Σ− are calculated by integrating 
the graphene nanoribbon density of states weighted by the 
Fermi–Dirac distribution 

where D(E) is the energy-dependent density of states of the 
GNR, and

accounts for local band bending due to the electrostatic 
potential.40,42

Electrostatics Near the Contacts

At the source and drain contacts, the Fermi levels are pinned 
by the metal–GNR interface, and the potential is fixed by 
applied bias. The carrier injection and extraction are mod-
eled by setting the boundary potentials as described above. 
The charge densities Σ± transition sharply near the contacts, 
consistent with quantum transport simulations, ensuring 
accurate representation of contact electrostatics.40

Equation 3 governs the electric potential distribution 
within the device. This formulation facilitates analytical 
examination of non-uniform potential profiles across the 
GNRFET channel and enables rigorous assessment of short-
channel effects. The electron densities at the source and 
drain regions are explicitly related to Fermi energies, local 
electrostatic potential, and fundamental physical parameters 
through:

��

�y

||||edges = 0,

Σ±(x, y) = ∫ D(E)f
(
E − EF(x, y)

)
dE,

EF(x, y) = EF,contact − q�(x, y)



	 H. Laouar et al.

where the corresponding value of the energy bandgap is 
defined as Δ = 4πℏ/d.

Assuming that the potential barrier formed at the inter-
face between the electrodes and the GNR predominantly 
governs charge transport, the current per unit channel length 
can be expressed by36:

where

where vp denotes the electron velocity corresponding to 
momentum p within the conduction band of the graphene 
nanoribbon, and the distribution functions f d

p
 and f s

p
 a rep-

resent the Fermi–Dirac occupation probabilities at the drain 
and source contacts, respectively, with their Fermi energies 
referenced relative to the mid-gap energy level.

Integration of Eq. 5 leads directly to the result presented 
in36:

where Λ = 
√(

Wb∕3
)
 denotes the effective screening length.

The Current with Gas Exposure

The parameters IgT and IgF can be correlated and expressed 
as a single interdependent parameter, as described in30:

(4)
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where η = (EF − EG)/kBT and x = (E − EG)/kBT are the nor-
malized Fermi energy. Numerical resolution of this equation 
is performed using the partial integration method.38,43

Accordingly, the general current model for this com-
ponent of the graphene-based gas sensor can be derived 
analogously to the silicon-based model introduced by Gun-
lycke et al.44:

where ξ − 1/2 is the Fermi–Dirac integral of order (− ½) 
which plays a significant role in the modeling of a semicon-
ductor’s behavior, and EG strongly influences the gas sensor 
conductance because it depends on gas concentration and its 
temperature, 37  which can be expressed as45:

where the temperature-controlling parameter is denoted 
by δ, representing the sensitivity of the energy bandgap to 
temperature changes, λ is the gas concentration-monitoring 
parameter, representing the modulation of the energy band-
gap due to gas adsorption, while F denotes the gas con-
centration, quantifying the amount of gas interacting with 
the graphene nanoribbon. These parameters describe the 

dependence of the energy bandgap on temperature and gas 
concentration, respectively. They were originally introduced 
and derived in earlier studies on carbon nanotube field-effect 
transistors (CNTFETs), which share similar physical princi-
ples with GNRFETs. A notable example is the semi-empir-
ical modeling approach presented by Marani and Perri,46 
where the temperature dependence of the energy bandgap 

(8)

IGas = IgT + IgF =
2e

�ℏd

(
∫

(
x−2
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x−2
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(9)IGas =
2e
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(
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EF − EG

KBT
+ �−1∕2
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KBT

)
Vgs
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is incorporated into the I–V characteristics of CNTFETs. 
The iteration method is used to acquire these parameters.47

Flowchart of the Iterative Extraction Process
The gas sensor current model has been derived from 

Eqs 9 and 10 and is expressed as:

By combining Eqs. 7 and 10 and applying the relevant 
equations, a general expression for the source-drain current 
is derived based on the top-gate voltage, channel length, gas 
concentration, and temperature.

This comprehensive formulation enables a detailed anal-
ysis of the performance of the graphene-based gas sensor 
FET across diverse operational conditions, offering valu-
able insights into the influence of key parameters on sensor 
efficiency and responsiveness:

To assess the performance of graphene-based gas sen-
sor FET devices, a specific equation derived from the I–V 
characteristics has been employed. By monitoring the top-
gate voltage, which varies in response to gas exposure, the 
drain–source current can be effectively controlled.

Our model functions analogously to conventional MOS-
FET devices, operating within both the ohmic and satura-
tion regimes. This framework highlights the versatility of 
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graphene as a material for improving gas sensor perfor-
mance. However, while the assumption of a non-degenerate 
electron gas simplifies the analysis of GNRFET-based gas 
sensors, it may not fully capture the complex electronic 
behavior inherent to graphene under all conditions.

This model exhibits limitations under conditions of high 
doping concentrations and low temperatures. Nevertheless, 
it remains valid and provides accurate predictions when the 
GNRFET operates at room temperature with moderate dop-
ing levels, where the electron gas can be reasonably approx-
imated as non-degenerate. This assumption enables more 
straightforward analytical and numerical modeling, provid-
ing valuable insights into general trends without excessive 
computational complexity. Therefore, while simplifying 
analysis, the non-degenerate electron gas assumption's limi-
tations at high doping levels or low temperatures must be 
considered for accurate performance predictions.43,48,49

Simulation Framework and Numerical 
Implementation:

The electrostatic potential distribution was obtained by 
solving the 2D Poisson equation using the finite difference 
method on a uniform spatial grid. An iterative successive 
over-relaxation technique was employed to accelerate con-
vergence, with the relaxation factor optimized around 1.8. 
The convergence criterion was set to a relative residual 
below 10−6, ensuring numerical accuracy. As the simulations 
consider steady-state conditions, time-dependent integration 
was not involved.

All the simulations were performed using MATLAB 
R2023a. The computational framework relies primarily on 
built-in MATLAB functions, without the need for special-
ized toolboxes, while custom-developed scripts were imple-
mented for discretization, matrix assembly, and iterative 
solution of the governing equations.

Boundary conditions were carefully imposed as follows. 

Dirichlet boundary conditions fixed the electrostatic poten-
tial at the source and drain contacts to the applied bias volt-
ages. The gate voltage was incorporated via a fixed potential 
boundary at the gate dielectric interface. Neumann bound-
ary conditions (zero normal derivative) were applied at the 
lateral edges of the simulation domain, representing insu-
lating boundaries and preserving charge neutrality. These 
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boundary conditions are consistent with established quantum 
transport modeling approaches for GNRFETs.

A uniform mesh grid with a spatial discretization of 
0.1 nm along both the channel length and width directions 
was employed. This fine mesh resolution was selected to 
accurately capture quantum confinement effects and poten-
tial variations within the GNR channel.

Results and Discussion

This section presents the simulation results for the GNRFET. 
The I–V characteristics are systematically analyzed to elu-
cidate the impact of key parameters on device performance.

These findings offer critical insights into the operational 
behavior of the GNRFET under varying conditions, under-
scoring its promising potential for applications in gas sens-
ing and related technological domains.

Figure 3 presents the I–V characteristics of the sim-
ulated GNRFET device, with specified dimensions of 
Lg = 100 nm, Wg = 30 nm, and Wb = 70 nm, both in the 
presence and absence of NH3 gas exposure. The curves 
were measured for several gate voltages (Vgs = 0.72 V, 
0.74 V, 0.76 V, 0.74 V, and 0.80 V). The observed behavior 
is characteristic of conventional FET transistors, wherein 
the drain current (Ids) increases with the drain voltage 
(Vds), eventually stabilizing at higher voltages. Notably, 
as the gate voltage increases, there is a corresponding 
enhancement in the drain current, indicating improved 
channel conductivity. Upon exposure to NH3 gas at a con-
centration of 300 ppm, a significant increase in the drain 
current was observed across the various gate voltages 
tested. This increase can be attributed to the interactions 
between the NH3 molecules and the graphene channel. 

Specifically, NH3 acts as an electron donor, resulting in an 
elevated electron concentration within the device's active 
region. This enhancement in electron density leads to a 
marked increase in conductivity, facilitating a rise in the 
drain current from 10−7 A to 10−5 A. These findings high-
light the efficacy of GNRFET transistors as high-quality 
NH3 detectors. The observed substantial increase in drain 
current upon exposure to NH3 gas quantitatively under-
scores the high sensitivity of the GNRFET, demonstrating 
its capacity to reliably transduce even minute variations 
in ambient NH3 concentration. This robust response posi-
tions the GNRFET as a compelling candidate for high-
performance gas sensing applications, notably in critical 
domains such as environmental surveillance, industrial 
process control, and advanced safety systems. Consistent 
results have been reported in prior studies.50,51

The sensitivity of the GNRFET is quantified by the per-
centage change in current upon exposure to the target gas, 
which can be calculated through:

where Ig is the drain current measured with gas exposure, 
and Iwg is the baseline drain current without gas expo-
sure. This formulation provides a normalized and intuitive 
measure of sensor response, a  definition that is consistent 
with approaches commonly used in graphene- and carbon 
nanotube-based sensor literature, 52–54 where sensitivity is 
expressed as a normalized change in an electrical parameter 
to facilitate comparison across different sensor platforms.

As shown in Fig. 4, the results indicate that, upon expo-
sure to 450 ppm NH3, the sensitivity increased by 120% at 
Vg = 0.8 and T = 300 K.

(12)S =

(
Ig − Iwg

)
× 100

Iwg

Fig. 3   I–V characteristics: (a) without NH3 exposure, and (b) with NH3 exposure where NH3 concentration F = 300 ppm.
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The sensor's sensitivity demonstrates almost linear 
behavior, which may be attributed to the significant trans-
formation of the Schottky junctions formed between the 
GNR and the electrodes.

Notably, our structure achieves a sensitivity of approxi-
mately 120% at 450 ppm, exhibiting enhanced sensitivity 
relative to basic GNRFET gas sensor designs that achieves 
only 55% at 450 ppm, thus demonstrating superior sensitiv-
ity to NH3. The CNT/ rGO-Am sensor50 also exhibits an 
excellent sensitivity to NH3. This comparison underscores 
the superiority of nanomaterial-based sensors for high-sen-
sitivity applications.

Figure 5 depicts the I–V characteristics of the GNR-
FET device measured at room temperature (300 K) with 
a fixed gate bias of 0.7 V, following exposure to varying 

concentrations of ammonia (NH3) gas (300 ppm, 350 ppm, 
400 ppm, 450 ppm, and 500 ppm). The data reveal a system-
atic and concentration-dependent increase in the drain cur-
rent upon NH3 exposure, indicative of enhanced charge car-
rier modulation within the GNR channel. This pronounced 
response underscores the device’s high sensitivity and 
effective transduction mechanism for NH3 detection, attrib-
utable to charge transfer interactions that alter the channel 
conductivity. The observed trends confirm the potential of 
the GNRFET as a robust platform for selective and sensi-
tive gas-sensing applications. This enhancement in device 
performance can be attributed to charge transfer interactions 
between the adsorbed NH3 molecules and the graphene 
channel. Specifically, NH3 functions as an electron donor, 
leading to an increase in electron concentration within 
the n-type GNR. Consequently, as the NH3 concentration 
increases, a greater number of electrons are transferred to the 
channel, thereby augmenting its conductivity and modulat-
ing the transistor’s electrical response. Consequently, this 
increased charge carrier density leads to a marked increase 
in the drain current (Ids), demonstrating the phenomenon of 
chemical doping facilitated by gas molecules.55

The results demonstrate that the GNRFET transistor 
exhibits a clear and consistent response to varying concen-
trations of NH3 gas, as evidenced by the measurable changes 
in current. This pronounced sensitivity across the tested 
concentration range highlights the transistor’s capability 
to effectively detect NH3, indicating its strong potential for 
applications in environmental monitoring and gas-sensing 
technologies. The observed current modulation with increas-
ing NH3 levels confirms the device’s suitability for reliable 
and sensitive gas detection. The present study focuses on 
NH3 concentrations in the range of 300–500 ppm to effec-
tively capture the fundamental charge transfer and transport 
mechanisms governing the device response. This concen-
tration window aligns with prior theoretical and simula-
tion investigations, such as those by Tamersit et al.50and 
Mahmoudi et al.51 , enabling direct comparison and valida-
tion of our findings. While detection at lower concentra-
tions, particularly in the ppb range, is essential for many 
practical applications, modeling sensor behavior at these 
levels involves additional complexities. These include weak 
physisorption interactions, stochastic adsorption–desorption 
kinetics, and intrinsic device noise, which require advanced 
multi-scale modeling beyond the scope of the current work. 
Future efforts will focus on extending the simulation frame-
work to incorporate these effects, thereby enabling explo-
ration of the sensor’s detection limits and sensitivity at 
lower NH3 concentrations. Such advancements will further 
enhance the practical applicability of GNRFET-based gas 
sensors in real-world scenarios (Tables I, II,  and III).

This makes GNRFET an effective tool for real-time 
sensing of NH3, which is crucial for applications in various 

Fig. 4   Effect of NH3 concentration on sensitivity.

Fig. 5   Ids vs. Vds characteristics of GNRFET transistor for different 
NH3 gas concentrations at room temperature T = 300 K.
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industries, including agriculture and environmental sci-
ence, 56 noting that the prolonged exposure to ammonia can 
adversely affect the long-term stability and structural integ-
rity of GNRFET sensors through strong adsorption, slow 
recovery times, irreversible changes in electrical properties, 
and potential mechanical degradation. Ongoing research into 
passivation techniques and material modifications is essen-
tial for improving the resilience of these sensors in real-
world applications.57,58

Figure 6 illustrates the I–V characteristics for various 
back-gate voltages (Vb = 1 V, 2 V, and 3 V) at room tempera-
ture, specifically under an ammonia (NH3) concentration of 
F = 300 ppm. The data reveal a clear trend: as the drain volt-
age (Vds) increases, the source–drain current (Ids) also rises 
across all back-gate voltage settings, which can be attributed 

to the enhanced electron density within the graphene chan-
nel, induced by the application of the back-gate voltage. As 
the back gate voltage increases, it effectively modulates the 
electrostatic potential, increasing the charge carrier concen-
tration in the channel. This enhanced electron density allows 
for a more substantial flow of electrical current when a drain 
voltage is applied, illustrating a direct positive correlation 
between the drain current and the back-gate voltage.

The gate-dependent response profiles reveal a critical 
decoupling of electrostatic control from adsorption sensi-
tivity. Figure 6 demonstrates that, while the back-gate volt-
age (Vb) enhances baseline conductivity through global 
carrier density modulation, its negligible impact on sensi-
tivity arises from the fundamentally different mechanisms 
governing gate electrostatics, and gas adsorption. Specifi-
cally, the back gate serves primarily for baseline electro-
static tuning across the channel, whereas NH3 sensitivity 
is dictated by localized surface interactions on the exposed 
graphene region. As a result, the uniform electrostatic influ-
ence of Vb does not alter the charge transfer efficiency per 
adsorbed molecule, leading to a consistent relative current 
response across different gate voltages. In contrast, the top 
gate, although capable of strong electrostatic control, is fully 
encapsulated and thus remains decoupled from gas adsorp-
tion processes. This mechanistic separation informs the sen-
sor design paradigm where surface engineering, not gate 
biasing, governs sensitivity optimization.

These results corroborate prior studies demonstrating the 
efficacy of GNRFETs as sensitive detectors for gases such 
as ammonia (NH3). Notably, a sensitivity of approximately 
2.7% has been reported following exposure to 1 ppm NH3,51 
underscoring the capability of GNRFETs to transduce gas 
adsorption events into measurable electrical signals. This 
sensitivity is attributed to charge transfer interactions 
between NH3 molecules and the GNR channel, modulat-
ing the device conductance. Although the influence of the 
back gate on sensor sensitivity is minimal, operating the 
GNRFET in the subthreshold regime can further enhance 
detection performance. Collectively, these findings highlight 
the promising potential of GNRFET-based architecture for 
low-power, high-sensitivity, gas-sensing applications.

Previous investigations have substantially deepened our 
understanding of the correlation between gate voltage and 
current in FETs. However, a critical factor has often been 

Table I   Electrical parameters of our GNRFET structure

Parameter Description

Σ
S∕D
±

The electron densities (electron/hole flux) at 
source/drain contacts (cm−2)

�
S∕D

f
Fermi energy levels at source/drain contacts

� Electrostatic potential in the channel (V)
Vd Drain voltage bias (V)
Δ Energy bandgap of graphene nanoribbon (eV)
� Carrier velocity or attempt frequency (cm/s)
Kb Boltzmann constant (m2 kg−2 K−1)
ℏ The reduced Planck constant
e Elementary charge (Coulombs)
T Absolute temperature (Kelvin (K))

Table II   Necessary parameters for the suggested structure's design

Device parameters Value

GNR type Armchair
GNR bandgap energy 0.72 eV
Graphene channel width 2.06 nm
Gate length (Lg) 100 nm
Thickness of the top-gate dielectric (Wg) 30 nm
Thickness of the back-gate dielectric (Wb) 70 nm
Dielectric constant (k) 30
Temperature (T) 300

Table III   Comparing the 
sensitivity of our GNRFET 
gas sensors with other similar 
structures

Sensor type Gas type Concentration 
(ppm)

Sensitivity (%) References

Our GNRFET gas sensor NH3 450 120 This study
GNRFET NH3 1 2.7 51

GNRFET NH3 450 55 51

CNT/rGO-Am sensor NH3 400 115 85
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neglected: the influence of the insulating layer thickness 
separating graphene from the gate electrodes specifically, the 
top gate (Wg) and back gate (Wb). This oversight is signifi-
cant, as the dielectric layer’s characteristics critically affect 
the electrostatic modulation of the channel, thereby directly 
impacting the drain current (Ids). Figure 7 addresses this gap 
by depicting the variation of the drain current (Ids) as a func-
tion of the drain voltage (Vds). Specifically, Fig. a examines 
the influence of the insulating layer thickness between gra-
phene and the top gate, while Fig. 7b focuses on the cor-
responding effect of the layer thickness between graphene 
and the back gate. The device was subjected to continuous 
exposure of NH3 gas at a concentration of 300 ppm under 
ambient temperature conditions (T = 300 K), thereby pro-
viding a practical framework for evaluating its gas-sensing 
capabilities in realistic operational environments.

As the thickness of the back-gate insulation increases, 
there is a corresponding increase in the drain–source cur-
rent (Ids). This behavior can be attributed to the greater 
capacitance provided by a thicker insulating layer, which 
improves the electrostatic coupling between the back gate 
and the graphene channel. This enhanced coupling allows 
for better modulation of the charge carrier density in the 
graphene, leading to an increase in current flow. Con-
versely, increasing the thickness of the top-gate insula-
tion results in a decrease in Ids. This trend suggests that a 
thicker insulating layer weakens the electrostatic influence 
of the top gate on the graphene channel. Consequently, as 
the gate thickness increases, the ability of the gate voltage 
to effectively control the channel’s carrier concentration 
diminishes, leading to reduced current conduction. This 
inverse relationship emphasizes the importance of gate 
design and material choice in optimizing device perfor-
mance. Furthermore, the study also examined the effect 
of some parameters on the Ion/Ioff ratio.

The effect of gate length on the Ion/Ioff ratio was inves-
tigated, as shown in Fig. 8. This analysis was conducted 
on a GNRFET characterized by a permittivity of k = 30, 
a body width of Wb = 70 nm, and a gate width of Wg = 20 
nm at a temperature of 300 K. The back-gate voltage (Vb) 
has been evaluated at two levels: 0.3 V and 0.7 V, while 
the drain voltage (Vds) was maintained at a constant 0.4 V. 
The top-gate voltage varied between 0.72 V and 1.0 V. 
From Fig. 8, it can be observed that the current density 
exhibits an inverse relationship with respect to the back-
gate voltage for fixed channel lengths. Specifically, as the 
back-gate voltage increases, the current density decreases. 
This behavior may be attributed to enhanced electrostatic 
control of the channel by the gate, which modulates carrier 
density and mobility. Moreover, with a specific back-gate 
voltage, there is a clear trend in which the current density 

Fig. 6   I–V characteristics for different values of back-gate voltage.

Fig. 7   Variation of Ids versus Vds for different thicknesses of the layer between graphene and (a) the top gate and (b) the back gate.
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decreases as the channel length increases. This inverse 
correlation highlights the importance of gate length in 
determining device performance; longer channel lengths 
lead to increased channel resistance, which results in 
reduced current flow.

Figure 9 shows the variation of the Ion/Ioff ratio as a func-
tion of the back-gate voltage (Vb) in the  GNRFET  gas sen-
sor. In our analysis, the back-gate voltage (Vb ) was varied 
systematically over the range of values of 0.3 V, 0.5 V, 0.7 V, 
0.9 V, and 1.0 V, while maintaining a fixed drain–source 
voltage, Vds = 0.4 V This range of Vb values was chosen to 
comprehensively investigate the influence of the back-gate 
bias on the device characteristics, including the modulation 
of channel conductivity and the resulting Ion/Ioff ratio. By 
exploring multiple back-gate voltages at a constant Vds, we 
ensured a detailed understanding of the electrostatic control 

exerted by the back gate under typical operating conditions. 
Also, it was observed that the Ion/Ioff ratio increased signifi-
cantly with rising Vb. This enhancement can be attributed to 
the improved electrostatic control exerted by the back gate 
over the channel potential. As Vb increases, the gate-induced 
electric field more effectively modulates the carrier concen-
tration in the GNR, shifting the Fermi level and altering the 
channel conductivity.

In particular, the off-state current (Ioff) decreases due to 
a stronger depletion of carriers, which raises the potential 
barrier and suppresses leakage currents. Concurrently, the 
on-state current (Ion) increases as the channel becomes more 
conductive under higher gate bias, facilitating enhanced car-
rier injection and transport. The combined effect of reduced 
Ioff and increased Ion leads to a pronounced improvement in 
the Ion/Ioff ratio, which is critical for achieving high sensor 
sensitivity and low power operation.

This behavior is consistent with theoretical and experi-
mental studies on GNRFETs, where enhanced gate control 
via back-gate biasing improves switching characteristics and 
amplifies the sensor response to adsorbed gas molecules. 
The increased Ion/Ioff ratio under higher Vb conditions thus 
not only reflects better device performance but also con-
tributes to improved detection capabilities by increasing the 
signal-to-noise ratio in the presence of gas analytes.

Figure  10a and b demonstrates the relationship between 
the on-state current, Ion and the Ion/Ioff ratio as functions 
of gate dielectric permittivity at three distinct tempera-
tures (T = 200 K, 300 K, and 400 K). The Ion values were 
measured with a gate–source voltage (Vgs) of 0.7 V and a 
drain–source voltage (Vds) of 0.4 V, while Ioff was defined 
as the current measured at Vgs = 0 V and Vds = 0.4 V. An 
increase in gate dielectric permittivity correlates with a rise 
in the Ion/Ioff ratio. This trend can be attributed to improved 
gate control over the channel, which facilitates more effec-
tive current modulation which means the changes in the elec-
trical current flowing through the device. Specifically, higher 
permittivity enhances the electrostatic coupling between the 
gate and the channel, leading to an increase in  Ion relative to 
Ioff. Furthermore, temperature significantly influences both 
gate dielectric permittivity and the Ion/Ioff ratio. As the tem-
perature increases, the dielectric properties of the material 
may change, resulting in a higher Ion/Ioff ratio at elevated 
temperatures. This observation indicates that thermal effects 
are critical for enhancing transistor performance, emphasiz-
ing the necessity of optimizing device parameters for vary-
ing operational conditions. However, temperature affects the 
CNTFET transistor inversely in the absence of NH3.59 At 
elevated temperatures, thermal energy facilitates the transfer 
of charge carriers between gas molecules and the GNRFET. 
When gas molecules adsorb onto the graphene surface, they 
can donate electrons to the GNRFET, altering its conductiv-
ity and increasing the drain current, thereby enhancing the 

Fig. 8   Variation of Ion/Ioff ratio as a function of gate length.

Fig. 9   Variation of the Ion/Ioff ratio as a function of back-gate voltage 
(Vb).
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sensitivity of the device. The present simulations focus on 
intrinsic GNRs operating near room temperature. Accord-
ingly, the non-degenerate electron gas approximation applied 
here is appropriate and consistent with the physical regime 
under study. Our model employs a self-consistent solution 
of the 2D Poisson equation coupled with carrier transport 
equations, accurately capturing the spatial distribution of 
electrostatic potential and charge density within the device 
channel. This framework inherently accounts for electrostat-
ics without explicitly requiring treatment of electron degen-
eracy effects. While this approach is valid for the moderate 
doping and temperature conditions considered, extensions 
to regimes involving high doping concentrations or low tem-
peratures would necessitate incorporation of Fermi–Dirac 
statistics to properly describe degenerate carrier popula-
tions. Future work will address these aspects to broaden the 
model’s applicability. Clarifying these assumptions provides 
a clear understanding of the model’s scope and limitations.

Figure 11 shows the drain current (Ids) as a function of 
drain–source voltage (Vds) for three temperatures: 300 K, 
350 K, and 400 K, at a fixed gate voltage Vgs = 0.7 V and 
NH3 gas concentration F  =  300  ppm. As temperature 
increases, the drain current systematically rises for all values 
of Vds. This increase in Ids with temperature can be attributed 
primarily to enhanced carrier transport mechanisms in the 
GNR channel. Elevated temperature leads to increased ther-
mal energy, which promotes carrier excitation and reduces 
the effective scattering from impurities and defects, thereby 
increasing carrier mobility in the channel.60,61 Addition-
ally, thermally activated processes can increase the intrin-
sic carrier concentration, contributing to a higher baseline 
conductivity.

The observed behavior aligns with prior studies on gra-
phene FETs, where temperature elevation enhances the drain 

current due to increased carrier density and mobility before 
self-heating effects become dominant.61 In our device, 
the temperature range  up to 400 K remains below criti-
cal thresholds where significant self-heating or degradation 
occurs, ensuring that the current increase is dominated by 
intrinsic transport improvements rather than device damage.

Furthermore, the gas concentration of F = 300 ppm 
introduces NH3 adsorption effects that modulate the local 
carrier density through charge transfer. While the adsorp-
tion-induced doping remains constant in this comparison, 
the temperature rise amplifies the overall conductivity, 
effectively increasing the measured Ids, indicating that sen-
sor operation at elevated temperatures could improve signal 

Fig. 10   (a) Variation of Ion as a function of gate dielectric permittivity, (b) variation of Ion/Ioff ratio as a function of gate dielectric permittivity.

Fig. 11   Drain current Ids variation with drain–source voltage (Vds) at 
different temperatures (T).
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levels, potentially enhancing detection sensitivity and the 
signal-to-noise ratio.

It is also notable that the slope of the Ids–Vds curves 
increases with temperature, indicating improved channel 
conductance and reduced resistance. This behavior sug-
gests that, at higher temperatures, the channel approaches 
more linear transport characteristics over the measured volt-
age range, consistent with reduced carrier scattering and 
enhanced mobility.

In summary, the temperature-dependent increase of 
Ids under fixed gate bias and gas concentration highlights 
the critical role of thermal effects on carrier transport in 
GNRFET sensors. These findings suggest that the operating 
temperature is an important parameter for optimizing sen-
sor performance, balancing enhanced conductivity against 
potential thermal degradation at higher temperatures.

Figure 12 illustrates the variation of drain current density 
as a function of gate length, specifically examining two dif-
ferent top-gate thicknesses (Wg = 10 nm and 20 nm) for both 
ON and OFF states, labeled as (a) for  Ion and (b) for Ioff. 
It is evident that the drain’s current density (Jd) decreases 
exponentially as the gate length increases. For instance, at 
gate lengths of 50 nm, 70 nm, and 100 nm, the observed cur-
rent densities are 3 × 103 mA/cm2, 4 × 10−1 mA/cm2, and 
3 × 10−3 mA/cm2, respectively. This trend indicates a clear 
inverse correlation between current density (Jd) and gate 
length (Lg), underscoring that, as the gate length increases, 
the current density significantly diminishes.

Figure  12 demonstrates that the current density 
increases as the thickness of the insulating layer between 
graphene and the gate electrode is increased, indicating 
a direct correlation between layer thickness and device 
current performance, Wg = 20 nm, Jd gives higher val-
ues than Wg = 10 nm. The carrier density in a transistor 

is the number of charge carriers per unit area. When the 
gate width is increased, the number of charge carriers 
in the channel also increased. This is because the wider 
gate allows for more charge carriers to flow through the 
channel. This increased carrier density leads to a higher 
drain current and a higher current density. In contrast to 
the influence of gate length on current density, where an 
increase in gate length results in a decrease in current den-
sity, the relationship between gate length and the ON/OFF 
current ratio (Ion/Ioff) exhibits a different trend. As illus-
trated in Fig. 10, increasing the gate length enhances the 
Ion/Ioff ratio. Specifically, at a gate length (Lg) of 50 nm, the 
(Ion/Ioff) ratio is observed to be 103 for a gate width (Wg) of 
10 nm, while it increases significantly to 3 × 102 for a gate 
width of 20 nm. This demonstrates that optimizing the gate 
length can effectively improve the switching performance 
of the device by boosting the Ion/Ioff ratio, which is crucial 
for achieving better device performance in applications.

In FETs such as MOSFETs, CNTFETs, and GNRFETs, 
transconductance (denoted as gm) is a critical parameter that 
measures the device's ability to control the drain current 
through variations in the gate–source voltage. A higher gm 
indicates improved current control, which is particularly 
important for amplifying changes in the drain current, espe-
cially when the device operates under the influence of exter-
nal factors such as ammonia gas.

As illustrated in Fig. 13, increasing the dielectric constant 
leads to a substantial increase in the ON-state current, which 
consequently enhances the transconductance (gm). LaAlO3 
was selected as the gate dielectric due to its superior inter-
face quality with graphene, forming a clean and abrupt inter-
face that minimizes charge traps and preserves graphene’s 
high carrier mobility.62 Compared to HfO2 and Al2O3, 
LaAlO3 offers enhanced dielectric reliability, attributed 

Fig. 12   Drain current density versus gate length for different thickness (Wg = 10 nm and 20 nm); (a) Ion and (b) Ioff.
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to its high dielectric constant (~ 30), larger band offset 
with graphene, and robust breakdown characteristics.63,64 
Experimentally, graphene FETs with LaAlO3 demonstrate 
higher ON/Off ratios, improved subthreshold swing, and 
enhanced thermal stability compared to devices using HfO2 
or Al2O3.63,65

LaAlO3 enabling ultrathin equivalent oxide thickness 
(EOT) down to 0.31 nm without forming an interfacial 
SiO2 layer, which commonly occurs with HfO2 and Al2O3. 
This direct LaAlO3/Si interface results in significantly 
lower interface trap densities and improved thermal sta-
bility, as we mentioned before, by suppressing interfacial 
layer growth that degrades device performance. Leak-
age current measurements show that LaAlO3 gate stacks 
achieve leakage currents at least one order of magnitude 
lower than Hf-based dielectrics at similar EOTs, and up 
to six orders of magnitude lower than SiO2, due to larger 
conduction and valence band offsets (ΔEc ≈ 1.9 eV, ΔEv ≈ 
2.2 eV) that reduce carrier tunneling. LaAlO3 also exhibits 
robust thermal stability, allowing low-temperature fabri-
cation compatible with advanced device architectures 
without degrading the dielectric properties. In contrast, 
HfO2 and Al2O3 often require additional passivation lay-
ers to control interface traps and suffer from higher leak-
age and less stable effective work functions under thermal 

annealing. LaAlO3 stable effective work function and tun-
able threshold voltage through La/(La + Al) ratio adjust-
ment further enhance device design flexibility. Overall, 
LaAlO3 offers quantitatively superior interface quality, 
lower leakage, higher dielectric constant, and better ther-
mal stability than HfO2 and Al2O3, making it the optimal 
high-k dielectric for high-performance, scaled CMOS 
devices.66–73 Theoretical studies further confirm that 
LaAlO3 preserves graphene’s linear Dirac cone dispersion 
with minimal perturbation, unlike some other dielectrics 
that may induce bandgap opening or Fermi-level pinning, 
which degrade device performance.74 These combined 
advantages make LaAlO3 the preferred dielectric for our 
study. The incorporation of lanthanum aluminate (LaAlO3) 
as the gate dielectric material in the GNRFET leads to 
improved transconductance, yielding a value of 88.5 μS. 
In contrast, when silicon dioxide (SiO2) is employed as the 
gate dielectric, the transconductance drops to 55 μS. Vari-
ous dielectric materials were used for comparison with 
lanthanum aluminate, this comparison underscoring the 
significant role that the choice of dielectric material plays 
in optimizing the performance of GNRFETs, particularly 
in improving their transconductive properties. A higher 
dielectric constant leads to a larger gate capacitance, 
which in turn results in a higher transconductance. This 

Fig. 13   The transconductance, gm , at V DS = 0.4 V and VGS = 0.7 V versus the dielectric constant k.
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increased transconductance means a larger change in drain 
current for a given change in gate voltage, improving the 
sensor's sensitivity to changes in the channel conductance 
induced by gas adsorption.75,76 All parameters examined 
in this study have been selected with careful consideration, 
owing to their significant influence on the characteristics 
of GNRFET gas sensors

Practical Feasibility and Experimental Validation 
and Benchmarking of I–V Characteristics

While the present study focuses on theoretical modeling and 
simulation, it is important to consider the practical feasibil-
ity of fabricating the proposed GNRFET structures. Recent 
advances in nanofabrication have demonstrated the viabil-
ity of constructing GNRFETs with channel lengths below 
20 nm and integrating high-κ dielectrics such as LaAlO3 
79, 80, 81 . Techniques including bottom–up synthesis, trans-
fer-free integration, and advanced lithography have enabled 
the production of GNRFETs with excellent electrical char-
acteristics and scalability78,, 80).

For example, Wang et al.73 reported the fabrication of 
all-semiconducting sub-10-nm GNRFETs with high ON/
OFF ratios and robust performance at room temperature. 
Similarly, Cai et al.78 and Kolmer et al.79 achieved atomi-
cally precise GNRs and demonstrated their integration into 
device architectures compatible with large-scale produc-
tion. These experimental achievements closely align with 
the device parameters and performance metrics predicted 
in our theoretical analysis. The successful implementation 
of high-κ dielectrics, including LaAlO3, further supports the 
practical relevance and scalability of our proposed sensor 
design 81, 82). Thus, our findings are not only theoretically 
robust but also experimentally attainable, paving the way 
for future development of high-performance GNRFET-based 
sensors.

To validate the accuracy and reliability of our GNRFET 
gas sensor model, particularly its current voltage (I–V) char-
acteristics, we benchmarked our simulation results against 
existing empirical data and advanced simulation studies 
reported in the literature.

Mahmoudi et  al.51 presented detailed simulations of 
GNRFET gas sensors exposed to ammonia, analyzing the 
output I–V characteristics using a model that incorporated 
the Poisson equation and quantum transport effects. Their 
results showed a sensitivity of approximately 2.7% at 1 ppm 
NH3 concentration, with clear modulation of the drain cur-
rent upon gas exposure.

Our simulations demonstrate similar trends, including 
shifts in the I–V curves corresponding to varying ammonia 
concentrations, confirming the model capability to capture 
the essential sensing physics.

Further, a study by Kheirabadi et al.83 experimentally 
investigated bilayer armchair GNRs and reported selective 
gas-sensing behavior, where changes in conductance were 
linked to gas adsorption. Although their focus was on differ-
ent gases, the observed modulation of electronic transport 
aligns qualitatively with our I–V characteristic shifts under 
ammonia exposure.

Moreover, the work by Rashid et al.21 simulated GNR-
FET devices under varying gate voltages and gas molecule 
adsorption, showing that the presence of target gases sig-
nificantly alters the I–V curves due to charge transfer effects. 
This supports our approach of modeling the gate voltage 
dependence of current modulation, which enhances the sen-
sor selectivity and sensitivity.

Importantly, the double-gate GNRFET architecture simu-
lated by Tamersit et al.75 using the nonequilibrium Green 
function  formalism demonstrated that operating the sensor 
in the subthreshold regime maximizes the sensitivity, with 
pronounced changes in I–V characteristics upon gas adsorp-
tion. Our model similarly predicts enhanced sensitivity and 
sharper I–V modulation in this regime, validating the choice 
of device architecture and operating conditions.

On the experimental front, vertical graphene FETs  
reported by Song et al.84 exhibited significant I–V modula-
tion upon ammonia exposure, with detection limits as low as 
86 ppb and ON/OFF current ratios up to 103. While device 
structures differ, the underlying mechanism of current modu-
lation by adsorbed gas molecules parallels our GNRFET 
model, reinforcing its practical relevance.

Collectively, these empirical and simulation benchmarks 
confirm that our GNRFET gas sensor model accurately 
reproduces key I–V characteristic behaviors observed in 
state-of-the-art devices. This validation supports the model 
utility for optimizing sensor design and predicting per-
formance under various gas concentrations and operating 
conditions.

Conclusions

We have developed a rigorous simulation framework based 
on a robust analytical model implemented in MATLAB 
to investigate the current–voltage (I–V) characteristics of 
graphene nanoribbon field-effect transistors (GNRFETs). 
The results demonstrate a significant modulation of the 
drain current upon exposure to ammonia (NH3), with an 
increase of two orders of magnitude from 10−7 A to 10−5 A 
at a concentration of 300 ppm. This pronounced enhance-
ment confirms the high sensitivity of GNRFETs to NH3 
and underscores their potential as effective gas-sensing 
platforms. These findings provide valuable insights into the 
charge transfer mechanisms influencing device response and 
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establish a foundation for the design and optimization of 
graphene-based gas sensors for environmental and industrial 
applications.

A systematic analysis was performed to investigate the 
effects of temperature, gate length, and dual oxide layer 
thickness on key device performance parameters, and the 
results indicate a positive correlation between drain current 
(Ids) and both top-gate oxide thickness and ambient tem-
perature, whereas an inverse relationship was observed with 
channel length and back-gate oxide thickness. Moreover, the 
study has highlighted the significant impact of GNR widths 
(10 nm and 20 nm) on electronic properties, attributable to 
quantum confinement effects. Utilizing lanthanum aluminate 
(LaAlO3) as the gate dielectric, critical correlations were 
established that enhance the understanding of drain current 
sensitivity, thereby informing the optimization of GNRFETs 
for gas-sensing applications.

This study provides valuable insights and design guide-
lines for optimizing GNRFET configurations to enhance gas-
sensing performance, thereby reinforcing their applicabil-
ity in advanced electronic systems. The findings contribute 
to the broader field of gas sensor technology and lay the 
groundwork for future developments in sensitive and effi-
cient detection platforms. Understanding the effects of pro-
longed ammonia (NH3) exposure and doping on transistor 
properties is essential for assessing device stability and per-
formance. Future work will focus on investigating the impact 
of extended NH3 exposure on the electrical characteristics 
and reliability of GNRFETs, as well as examining the influ-
ence of various doping strategies. Additionally, subsequent 
studies will address the roles of thermal noise and scattering 
mechanisms, which are critical factors for optimizing device 
operation and improving sensor sensitivity. These topics will 
be explored in detail in forthcoming publications.
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