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ABSTRACT 

 

 
 

Semi - empirical DFT - based Atomic Scale Modeling of 

Gate-Stack Armchair Graphene Nanoribbon FET for 

Performance Enhancement and Sensor Application 

The continuous downscaling of conventional MOSFETs has reached a point where short-

channel effects, leakage, and static power dissipation increasingly limit further 

miniaturization, and motivate researchers to find new material for channel and device 

architectures that can overcome these limitations. Among the emerging materials, armchair 

graphene nanoribbons (AGNRs) offer tunable bandgaps, atomically smooth edges, and 

quasi-ballistic transport, making them well suited for replacing the silicon channel in next-

generation field-effect transistors. The present thesis develops an atomistic-scale 

investigation of a gate-stack armchair graphene nanoribbon field-effect transistor (GS-

AGNRFET) using Quantum ATK simulation tool and systematically examines dielectric 

engineering, channel-width engineering, computational-model reliability, and edge-

passivation chemistry for the dual for ultra-low-power logic and gas sensing applications. 

The present study begins with a density functional theory-based analysis of the GS-

AGNRFET, in which the gate-stack architecture reduces the off-state current by nearly 73% 

and improve the switching ratio (SR) by a factor of approximately 213 over the conventional 

GNRFET. A temperature-dependent analysis from 250 K to 350 K reveals reduction by 48% 

in on-state current, degradation of SR by 98%, increase in subthreshold swing by 56%, 

which confirms that the proposed device is suitable for low-temperature regimes such as 

cryogenic electronics and biomedical instrumentation. Further, edge passivation of AGNR 

with boron (13th group element) reduces the bandgap and raise the density of states near the 

Fermi level and reduces the off-state current by ~7.8 × 105 times, enhances the on-state 
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current by ~139 times, and improving the SR from ~7.1 × 103 to ~1.45 × 108 relative to the 

pristine AGNRFET. After this, channel-width engineering is subsequently examined for 

AGNRs belonging to the 3p + 1 family (N = 4, 7, 10, 13) using a Slater–Koster DFT 

framework. The study shows that the GS – AGNR (N = 4) FET exhibits the largest bandgap 

of approximately 1.98 eV, suppressed density of states near the Fermi level, and superior 

gate control. Also, GS – AGNRFET shows improved transfer chatterati’s over all other 

configurations, which is further confirmed through transmission spectra analysis, projected 

density of states analysis and electrostatic potential profiles. Further, to analyze the 

reliability of the findings across simulation methodologies, the Extended Hückel (EH) 

model with self-consistent iteration within the NEGF formalism is then employed. The 

comparison between the AGNR (N = 4) and AGNR (N = 7) as a channel material in device 

configurations using EH model shows that widening the channel from N = 4 to N = 7 

increases the on-state current by 481 times, lowers the off-state current by 99.92%, reduces 

the threshold voltage by 27.59%, and improves DIBL by 16%. After that, the study of edge 

passivation using the remaining Icosagens elements ( group 13th elements namely Al, Ga, 

and In ) indicates that passivation of heavier Icosagens atoms on AGNR (N = 7) shows 

metallic bandgap and therefore unsuitable for semiconducting use, whereas the same 

elements substantially enhance the performance of the AGNR (N = 4) channel. The 

aluminium passivated GS – AGNRFET (Al-AGNRFET) shows improved results in terms 

of on-state current (rise from 1.06 µA to 18.4 µA ), reduction of the off-state current, and 

improvement in SR. Also, transconductance, device efficiency, transmission probability, 

and transfer characteristics analysis highlights Al – AGNRFET and Ga – passivated GS – 

AGNRFET are suitable candidates for high–speed logic, low–power memory devices, 

quantum computing in space exploration, and neuromorphic computing applications. Lasty, 

the proposed Al – AGNRFET is analysed as a nanoscale gas sensor for the detection of toxic 

gases like NO2 and NH3 using a two-step methodology that combines Linear Cobination of 

Atomic Orbitals calculator for bulk configurations analysis and EH model for simulation at 

the device level. The pristine AGNR exhibits chemisorption with physically unrealistic 

recovery times, while the Al-passivated ribbon shows stable physisorption with recovery 

times of 5.4 × 10−4 s for NO2 and 1.1 × 10−10 s for NH3. The sensitivity values of 736% for 

NO₂ and 116% for NH₃ in Al – AGNR, which are 3.36 and 6.60 times higher than the P-

AGNR, respectively. At device level, the opposite threshold voltage shifts of −0.10 V and 
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+0.15 V under NH3 and NO2 exposure, along with an on-current-based selectivity 

coefficient of 12.12, confirm that the proposed Al - AGNRFET device is suitbale to detect 

and distinct between the two gases.  

Overall, the proposed GS-AGNRFET device is optimised through gate-stack architecture, 

channel - width tuning, computational model reliability and Icosagens edge passivation, and 

shows high switching ratio, reduced off-state current, reliable performance at low 

temperature and selectively detect NO2 and NH3 gases. Owing to these improvements, the 

proposed device is a suitable candidate for use in low-power logic, toxic gas sensing, bio- 

medical applications and energy- efficient nanoelectronics areas. 
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1 
CHAPTER 

 

Introduction 
 

❖ This chapter presents a thorough background of the research work, emphasizing the 
importance of GNRFET in the contemporary integrated circuit industry.  

❖ The problems related to MOSFET down scaling and the different short-channel effects 
have been comprehensively reviewed in this chapter.   

❖ In addition to these, this chapter encompasses an examination of several engineering 
methods, such as junctionless engineering, gate engineering, and dual-k spacer 
engineering, as well as advanced FET architectures, including SOI MOSFET, TFET, and 
CNTFET, as documented in different research publications, for reducing the short-channel 
effects.  

❖ Furthermore, this chapter discusses GNRFET as a potential approach to address the 
limitations. Then the different architecture of GNRFETs, categorization, basic working 
principles, possible benefits, and challenges confronted by GNRFET technology are 
discussed. 

❖ Finally, the chapter provides an overview of the thesis research objectives, followed by a 
summary of all the chapters. 
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1.1 BACKGROUND 

The reduction in size of the electronic components has been one of the biggest drivers of the 

modern semiconductor industry. The development of the integrated circuit (IC) by Jack Kilby at 

Texas Instruments in 1958 enabled the fabrication of many electronic components on a single 

semiconductor substrate [1]. This fabrication of many electronic components on single IC 

revolutionized the electronics industry. This was further expedited by the introduction of Moore’s 

Law in 1965 by Gordon Moore. This law states that the number of transistors on a chip doubles 

typically after every eighteen months [2]. As illustrated in Figure 1.1 this trend has persisted for 

more than five decades and has served as the main driving force for the progress in IC performance, 

reduction in cost and the mass adoption of electronic products such as smart phones, personal 

computers to improved biomedical instruments [3]. 

 

Figure 1.1: Log plot of transistor counts per microprocessor against calendar years [3] 

 Figure 1.2 depicts the evolution of semiconductor technology from conventional silicon-based 

Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET)s to graphene nanoribbon (GNR)-

19
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based nanoelectronics. The text below describes the detailed analysis of Figure 1.2. The MOSFET 

was the basic building block of the ICs in the 1960s era. The silicon (Si) based MOSFET has been 

invented by Mohamed Atalla and Dawon Kahng at Bell Labs in 1959, which was foundational 

breakthrough for modern electronics [4]. Then, the Si – based MOSFET was scaled down via 

technology generations. Early Si – based devices had gate lengths in tens of micrometers. After 

decades of down scaling in the dimensions of transistors, the industry finds itself presently at the 

sub-5 nm realm [5]. The downscaling of transistors dimensions has given real benefits; less power 

dissipation, fast switching due to the reduction of parasitic capacitances. The criteria for 

downscaling were defined by Dennard et al. [6] in 1974, which states that reducing all device 

dimensions and voltages by a factor of κ > 1 will keep the internal electric field constant while 

enhancing performance. 

 

Figure 1.2: Evolution of semiconductor technology from conventional silicon-based MOSFETs to 

graphene nanoribbon (GNR)-based nanoelectronics [4 – 20] 
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However, as channel lengths have been pushed below the 100 nm node, and more critically below 

the 7 nm node, Si - based MOSFETs have started facing serious physical limitations [7]. These 

include exponentially increasing leakage currents due to quantum mechanical tunneling through 

the gate oxide, short-channel effects (SCEs) such as drain-induced barrier lowering (DIBL) and 

threshold voltage (Vth) roll-off, surface scattering, hot-carrier effects, and excessive power 

dissipation [8, 9]. In addition, the rising cost of advanced lithography below the diffraction limit 

of visible light has further complicated the path forward, as projected by the International 

Technology Roadmap for Semiconductors (ITRS) [10]. 

To overcome these challenges, several alternative device structures and channel materials have 

been proposed by researchers worldwide, such as multi-gate MOSFETs, Silicon-on-Insulator 

(SOI) FETs, Tunnel FETs (TFETs), High Electron Mobility Transistors (HEMTs), Carbon 

Nanotube FETs (CNTFETs) and Nanowire FETs (NWFETs) [11-13]. Among these, carbon-based 

materials have been the most recently studied because of their better electrical, thermal and 

mechanical properties with respect to silicon at the nanoscale. One of the candidates from carbon-

based materials for silicon replacement is a graphene. 

Graphene is the two-dimensional allotrope of carbon. It was experimentally discovered by Geim 

and Novoselov in 2004 and they are awarded with the Nobel Prize in Physics in 2010 [14]. The 

discovery of graphene has emerged as a plausible option for beyond the CMOS silicon transistor 

era [14]. Graphene-based electrical devices have various benefits such as outstanding carrier 

mobility ~ 2 × 10⁵ cm²/Vs for ballistic transport, high carrier speed for fast switching, atomically 

thin structure for efficient electrostatic control and great thermal conductivity (> 5000 Wm⁻¹K⁻¹) 

[15, 16]. These features of graphene have the potential for transistor applications in devices that 

could switch faster, use less power and provide better electrostatic control than Si-based devices. 
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Graphene has great electrical characteristics but absence of bandgap restricts its direct applications 

in electronics applications [17]. Researchers are attempting to create a gap in graphene by 

employing techniques such as quantum confinement in one dimension, resulting in Graphene 

Nanoribbons (GNRs) [18]. Graphene nanoribbons serve as the fundamental component in the 

advancement of graphene-based nanoelectronics technology. Graphene nanoribbons are possible 

alternatives for transistor channels in next-generation integrated circuits. Armchair graphene 

nanoribbons (AGNRs) and zigzag graphene nanoribbons (ZGNRs) are the two primary types of 

graphene nanoribbons, which are classified according to their edge geometry [19]. Previously 

reported study reveals that AGNRs can be categorized into three separate subfamilies depending 

on the number of carbon atoms along AGNR width, N (N = 3p, 3p + 1, and 3p + 2), where p is the 

positive integer [20]. Among the three AGNR families 3p, 3p+1, and 3p+2 family, the 3p and 3p+1 

family is known to exhibit the semiconducting nature, which makes them particularly attractive 

for applications in nanoelectronics where a substantial bandgap is essential [20]. 

However, promising properties and several challenges related to the GNR based device 

performance like edge passivation, temperature sensitivity, reliability, and sensing applications 

remain insufficiently explored in the literature. Also, the simulation of the atomic-scaled graphene 

nanoribbon FETs (GNRFET) devices requires accurate modeling approaches. Further, to address 

these gaps, in this thesis, a systematic atomic-scale investigation of Gate-Stack Armchair 

Graphene Nanoribbon FETs (GS-AGNRFETs) is carried out using Semi-empirical DFT-based 

approaches, specifically the Slater–Koster tight-binding model and the Extended Hückel 

formalism, integrated with the Non-Equilibrium Green’s Function (NEGF) formalism. The 

proposed device uses a gate-stack dielectric architecture to achieve better electrostatic control and 

leakage suppression. Overall, this thesis provides a comprehensive framework for low-power 
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nanoelectronics and sensing applications by addressing various DFT based approaches, width 

engineering, edge passivation using Icosagens group components, temperature-dependent 

reliability analysis, and extension of the proposed device toward toxic gas sensing. 

1.2 LITERATURE SURVEY         

A review of the existing literature is important to understand the context and motivation for the 

present work. The following subsections discuss scaling in conventional MOSFET, the associated 

short-channel effects, the engineering schemes proposed to mitigate them, and the gaps that point 

toward GNRFETs as a possible solution. 

1.2.1 Scaling in Conventional MOSFETs 

The development of MOSFET technology has closely followed the concept of device scaling. In 

1974, Dennard et al. [6] proposed a constant field scaling, which states that if all device dimensions 

and voltages are scaled down by a factor of κ > 1, the internal electric field will be maintained 

constant. The advantage of this is that the transistor density doubles every generation, the speed 

increases by a factor of κ, and the power per device drops by a factor of κ2. The benefit of this 

approach is that transistor density doubles with each generation and the transistors speed improves 

by κ, and power per device decreases by κ². This principle drove steady progress through the 1980s 

and 1990s, what is often called the golden era of Moore’s Law [21]. During this era, the lengths 

of gate (Lg) decreased from tens of micrometers in the early 1970s to below by 1 µm in the late 

1980s, and then further into the deep sub-100 nm regime through the 1990s and 2000s [22, 23]. 

The shift from aluminum to copper gates interconnects in the late 1990s also helped reduce 

resistive losses and improve circuit speed. Each successive technology node reliably delivered 

better performance, higher density, and lower power consumption. However, by the early 2000s, 

5
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as Lg crossed below 100 nm, the assumptions of Dennard scaling started to break down. The reason 

is that the supply voltage could not be scaled proportionally because of Boltzmann statistics 

governing carrier transport, which led to a sharp rise in power density. Also, as gate oxide thickness 

was reduced to maintain electrostatic control over the channel, quantum mechanical tunneling 

through the dielectric became a dominant leakage mechanism [24]. Moreover, the heavy channel 

doping needed to suppress SCEs at short channel lengths degraded carrier mobility due to impurity 

scattering, increased BTBT, and introduced random dopant fluctuations that worsened device-to-

device variability [25]. These aforementioned limitations made it clear that continued down scaling 

of silicon MOSFETs could not go on indefinitely, and new solutions in materials and device 

architecture were required. 

1.2.2 Short-Channel Effects  

As channel length of the MOSFET is reduced to the nanoscale, the gate over the channel loses its 

ability to fully control the channel potential, and the source and drain electric fields start to 

influence the channel. This leads to a group of parasitic effects collectively called SCEs. These 

effects degrade transistor switching performance, increase static power dissipation, and reduce 

device reliability. Five main SCEs are discussed below. 

1.2.2.1 Drain-Induced Barrier Lowering  

DIBL occurs when the drain electric field penetrates into the channel and lowers the source-to-

channel potential barrier, as shown in Figure 1.3 [26, 27]. Ideally, this potential barrier should be 

controlled only by the gate voltage. But when the length of channel in devices becomes shorter, 

the depletion region extends toward the source and reduces this barrier even when the gate voltage 

is below the threshold. As a result, leakage current flows from drain to source even in the OFF 
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state (when no Vgs is applied). This increases the Ioff and degrades the SR ratio. DIBL becomes 

more severe as the channel length shrinks below 10 nm, and it is calculated by the change in 

threshold voltage per unit change in drain-source voltage [28].  

 

 

Figure 1.3: Drain-induced barrier lowering [27] 

 

 

1.2.2.2 Surface Scattering 

Figure 1.4 shows the surface scattering which is a mobility reducing effect and is more dominant 

in the MOSFETs having shorter channel [27]. When the carriers are in transit through the channel, 

the transverse electric field from the gate pulls them toward the semiconductor-oxide contact. The 

roughness of this interface results in several collisions which limits the effective mobility of the 

carriers as opposed to the bulk mobility [26]. As devices are reduced to very small dimensions, the 

gate oxide thickness is reduced in order to maintain gate control. This reduction raises the 
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transverse field and aggravates surface scattering. The reduction in carrier mobility directly lowers 

the drive current and switching speed of the transistor. 

 

Figure 1.4: Surface Scattering [27] 

1.2.2.3 Threshold Voltage Roll-off  

Threshold voltage roll-off is the reduction in the value of Vth as the length of the channel in 

MOSFET is reduced. In a long-channel device, the gate has good control of the channel and Vth is 

steady. However, at the nanoscale regime the source and drain electric fields begin to share the 

control of the channel potential with the gate [29]. This results in a lower threshold voltage for the 

short-channel device compared to the long-channel one. A lower Vth turns the transistor on earlier, 

which increases the subthreshold leakage and decreases the circuit performance. Mathematically, 

Vth roll-off is the difference between the threshold voltage of a short-channel MOSFET and a long-

channel MOSFET [8]. 

1.2.2.4 Impact Ionization 

Impact ionization is related to the significant lateral electric fields inherent in short channel 

devices, as shown in Figure 1.5. These high electric fields accelerate the channel carriers to 
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significant kinetic energies and produce so-called ‘hot’ carriers [8]. These heated carriers smash 

with the atoms in the silicon lattice near the drain with enough energy to break covalent bonds and 

create electron-hole pairs [30]. The produced holes flow to the substrate causing a substrate current 

and the electrons flow to the drain. In extreme circumstances, the holes flowing in the bulk 

resistance can forward bias the source-bulk junction, switching on the parasitic BJT created by the 

source-bulk-drain regions. This may result in a self-sustaining avalanche current that is 

uncontrollable with the gate voltage and may lead to device failure. The magnitude of impact 

ionization is measured by the substrate current. This process results in an increase in current, 

beyond what is controlled by the gate voltage, and can lead to several adverse effects, such as: 

➢ Increased leakage current: Unwanted current due to the creation of extra charge carriers. 

➢ Hot carrier injection: Damage to the gate oxide as high-energy carriers are injected into 

it. 

➢ Device reliability issues: Long-term degradation of the MOSFET. 

Impact ionization becomes more significant as MOSFETs are scaled-down and electric fields 

intensify. 

 

Figure 1.5: Impact Ionization [27] 
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1.2.2.5 Hot-Carrier Effects 

Hot-carrier effects are a long-term reliability concern in short-channel MOSFETs, as shown in 

Figure 1.6 [30]. When carriers are accelerated by the strong lateral electric field near the drain, 

some of them gain enough energy to enter the gate oxide and get trapped in it. These trapped 

charges alter the local electrostatics of the device, causing a shift in Vth and degradation of 

subthreshold swing over time. Hot carriers can also create interface states at the Si-SiO₂ boundary, 

which further reduces carrier mobility and transconductance. To reduce hot-carrier effects, Lightly 

Doped Drain (LDD) implants are used to spread the peak electric field over a larger region near 

the drain [31]. However, this also increases the parasitic source/drain resistance, which has to be 

carefully managed [31].  

 

Figure 1.6: Hot Carrier Effects in NMOS [27] 
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1.3 WAYS TO OVERCOME SHORT-CHANNEL EFFECTS  

The above discussed SCEs are the primary obstacles to continued MOSFET scaling. To preserve 

long-channel electrical behavior in physically short-channel devices, researchers have developed 

various device engineering strategies and new device architectures aimed at improving gate 

electrostatic control and suppressing leakage. As shown in Figure 1.7, these approaches cover gate 

engineering, channel engineering, dielectric engineering, and advanced device topologies. 

 

Figure 1.7: Different ways to overcome SCEs in nano-scale MOSFET 

 

1.3.1 Types of Engineering Schemes 

Researchers have developed various engineering schemes to mitigate the impact of SCEs on 

transistor performance. Here are some types of engineering schemes to address the SCEs.  
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1.3.1.1 Junctionless Engineering 

A Junctionless Field-Effect Transistor (JLFET) is a transistor that operates without any 

conventional p-n junction in the channel region as shown in Figure 1.8 [32]. In a JLFET, the entire 

device source, channel, and drain are uniformly doped with the same type of dopant (either p – 

type or n – type). The gate controls current flow by modulating the depletion or accumulation of 

carriers in this uniformly doped body. When a positive gate voltage is applied, carriers accumulate 

near the gate dielectric interface, forming a conducting path. When the gate voltage is made 

sufficiently negative, the channel is fully depleted and no current flows. The elimination of p-n 

junctions simplifies the fabrication process, lowers contact resistance variability, and reduces 

SCEs like DIBL and Vth roll-off that are worsened by the steep doping gradients of conventional 

junctions [33]. 

 

Figure 1.8: Cross-sectional view of junctionless double gate MOSFET [32] 

1.3.1.2 Gate Engineering  

Gate engineering includes changes to the gate structure or gate material to provide better 

electrostatic control over the channel. One of the most commonly investigated methods is the Dual 

Material Gate (DMG) MOSFET proposed by Long et al. in 1999. In this structure the gate is 
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separated into two parts with distinct work functions. One gate with higher work function is placed 

near the source and one with lower work function is placed near the drain, as shown in Figure 1.9 

[34]. This will result in a step in the channel potential profile screening the source from the drain 

electric field, which further minimizing the DIBL and hot-carrier effects. The asymmetric potential 

distribution also enhances the efficiency of carrier transmission. The reason is that it improves the 

carriers in the source-to-gate region and provides the maximum electric field at the drain. 

 

Figure 1.9: Schematic structure of dual material gate MOSFET [34] 

1.3.1.3 Dual-k Spacer Engineering 

Dual-k spacer engineering uses two gate spacer materials with different dielectric constants on 

either side of the gate electrode as shown in Figure 1.10 [35]. A high-κ dielectric is placed on the 

inner side, close to the gate, to enhance the gate’s electrostatic influence over the channel and 

suppress the SCEs. A low-κ dielectric such as SiO₂ is used on the outer side to reduce the parasitic 

fringing capacitance between the gate and the source/drain contacts, which reduces capacitive 

loading and improves switching speed [35]. The combination of both gives better channel control 
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that suppresses Vth roll-off and DIBL, while also reducing the parasitic capacitances that slow 

down the circuit.  

 

Figure 1.10: Schematic FinFET structure with dual-k underlap spacers [35] 

1.3.2 Device Concepts 

Researchers globally are now working to advance the speed of operation and packing density of 

ICs by developing novel devices. Here are some devices to address SCEs. 

1.3.2.1 Silicon-on-Insulator MOSFET  

Silicon-on-Insulator (SOI) technology uses a thin active silicon layer separated from the bulk 

substrate by a buried oxide (BOX) layer as depicted in Figure 1.11 [36]. The BOX prevents the 

extension of source and drain depletion regions into the substrate, which reduces the charge sharing 

responsible for Vth roll-off and DIBL. In a Fully Depleted SOI (FD-SOI) device, the thin silicon 

body is completely depleted under normal operating conditions, which gives very good gate 

control and a steep subthreshold slope. The BOX also eliminates latch-up, reduces junction 

leakage, and lowers the body-effect coefficient [36]. The reason for its better performance is that 

the reduced body doping minimizes random dopant fluctuation, which is a major source of Vth 

variability in ultra-scaled bulk devices.  
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Figure 1.11: Schematic structure of FD-SOI MOSFET [36] 

 

1.3.2.2 Tunneling Field Effect Transistor 

TFETs control the drain current by quantum mechanical BTBT rather than by thermionic emission. 

The schematic structure of TFET is depicted in Figure 1.12 [37]. Also, the TFETs are not limited 

by the 60 mV/decade subthreshold swing which was the limitation of traditional MOSFETs. This 

enables the TFETs to work at lower supply voltages with reasonable driving currents and hence 

suitable for ultra-low-power applications. However, TFETs have lower ON-state current densities 

compared to MOSFETs which limits their application in high performance circuits [38]. Also, the 

accurate abrupt tunnel connections during fabrication still remains a great issue.  

 

Figure 1.12: Schematic lateral structure of TFET [37] 
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1.3.2.3 Carbon Nanotube Field Effect Transistor 

Carbon nanotubes field effect transistor (CNTFETs) use carbon nanotubes as the conducting 

channel material, as portrayed in Figure 1.13 [39].  The CNTs have carrier mobilities far exceeding 

than silicon, have large current-carrying capacity, and excellent thermal stability up to ~1700°C. 

The bandgap of a semiconducting CNT is inversely proportional to its diameter, which allows 

threshold voltage control. CNTFETs have shown sub-60 mV/decade subthreshold swing and SR 

exceeding 10⁴. However, the controlled synthesis of CNTs with a specific chirality, which 

determines whether a CNT is metallic or semiconducting remains very difficult. Issues related to 

scalability, device-to-device variability, and high contact resistance have limited the practical 

deployment of CNTFETs in large-scale ICs [40]. 

 

Figure 1.13: Schematic structure of CNTFET device [39] 

 

1.4 RESEARCH GAPS 

A detailed review of the existing literature reveals several important gaps that remain unaddressed. 

These gaps are summarized as follows. 
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• The continued miniaturization of silicon-based MOSFETs is fundamentally limited by 

SCEs, quantum tunneling through gate oxides, rising leakage currents, and excessive power 

dissipation. While various engineering schemes have been proposed, none of them offers a 

complete solution below the sub-5 nm regime, which makes the need for alternative channel 

materials very clear. 

• Although CNTs have excellent electronic properties, the difficulty in controlling CNT 

chirality during synthesis results in a mixed population of metallic and semiconducting 

tubes. This severely limits device-to-device uniformity and makes large-scale integration 

unreliable.  

• GNRs have emerged as a promising alternative to both silicon and CNTs, with their width-

dependent bandgap tunability and compatibility with planar fabrication. However, the 

performance of GNRFETs is very sensitive to edge structure, channel width, gate dielectric 

configuration, and temperature. A systematic atomic-scale study of these design parameters 

together remains unexplored in the existing literature.  

• The reliability of GNRFETs under varying temperature conditions, which is critical for real-

world applications, has received very limited attention. A detailed temperature-dependent 

study of DC and analog performance metrics is needed to identify the suitable operating 

range for GNRFET devices. 

• Edge passivation of AGNR channels using group-13 and group-15 elements is a powerful 

but underexplored approach for modifying the electronic structure and transport properties 

of GNRFETs. A systematic study of Icosagens (Boron, Aluminum, Gallium, and Indium) as 
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edge passivation elements and their effect on device performance has not been 

comprehensively reported. 

• Due to their many benefits, GNRFET-based electronic devices are widely utilized as bio-

sensors, gas-sensors, radiation-sensors, etc. With the advancement of technology towards 

compact devices, there is a need for new GNRFET-based gas sensors that cater to different 

specialized applications. 

These gaps together define the scope and motivation of the present research work. 

1.5 POSSIBLE SOLUTION - GRAPHENE NANORIBBON FET  
The research gaps identified above point clearly toward GNRFETs as a promising solution for 

next-generation nanoelectronics. Among the various GNR configurations, AGNRs from the 3p 

and 3p+1 families show semiconducting behavior with a tunable bandgap, making them suitable 

for use as channel materials in nanoscale transistors. Combining AGNRs with a gate-stack 

dielectric architecture improves the electrostatic performance of the device and addresses many of 

the limitations found in conventional MOSFET and GNRFET research. The following subsections 

cover the development of GNRFETs, experimental evidence, operation, classification, advantages, 

and fabrication challenges. 

1.5.1 Development and Prospects of GNRFET 

The idea of GNRFET came from two parallel developments: the experimental discovery of 

graphene by Geim and Novoselov in 2004, and the theoretical understanding that confining 

graphene laterally into narrow ribbons induces a semiconducting bandgap [14]. Early theoretical 

studies in the literature showed that AGNRs from the N = 3p and N = 3p+1 families exhibit 

semiconducting behavior with bandgaps inversely proportional to ribbon width, while ZGNRs and 

51
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N = 3p+2 AGNRs are metallic. The first graphene-based transistor structure to be proposed in both 

theoretically and experimentally ways was the Schottky Barrier type GNRFET (SB-GNRFET), 

where metallic contacts form Schottky barriers with the GNR channel [41]. In 2007 Chen et al. 

[42] experimentally fabricated SB-GNRFETs by designing narrow graphene ribbons between 

metal source and drain contacts, confirming that GNRs can behave as a semiconducting channel 

with a width-dependent bandgap, as illustrated in Figure 1.14. This experimental work 

demonstrated the practical practicality of GNR-based transistors. However, the work moved 

toward MOS-type GNRFETs with doped source and drain reservoirs, which showed much better 

SR and fast switching behavior compared to the SB-GNRFET.  

 

Figure 1.14: SEM picture of GNR devices fabricated on a 200nm SiO2 substrate. The widths of the 

GNRs from top to bottom are 20, 30, 40, 50, 100 and 200nm [42] 

In 2008, Yoon et al. [43] reported the first detailed atomistic simulation study of MOS-type 

GNRFET, where the source and drain are formed by heavily doped GNR extensions instead of 

metal contacts, as depicted in Figure 1.15. Using a self-consistent solution of the 3-D Poisson and 

Schrödinger equations within the NEGF formalism, the authors confirms that the ideal MOS-type 

GNRFET showed ~50% increase in Ion, ~30% higher cut-off frequency, and ~20% faster switching 

speed compared to the SB-GNRFET. The reason is that the SB at the source side of the SB-

GNRFET introduces a tunneling barrier that limits the on current, while the MOS-type device 

transport is governed by the top of the channel barrier. The MOS-type device also showed a much 

3
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higher SR because of the absence of ambipolar conduction. Further, the Yien-Yu Chen et al. [44] 

in 2015 developed the first parameterized SPICE-compatible compact model of MOS-type 

GNRFET, which allowed circuit-level simulation of GNRFET-based ICs. This work confirmed 

that GNRFETs offer either lower delay or lower power than equivalent Si-CMOS, depending on 

the operating condition.  

 

 

Figure 1.15: MOS type GNRFET with doped source and drain extensions [43] 

 

1.5.2 Experimental Evidence of GNRFET 

The practical fabrication feasibility of GNRFET has been demonstrated through several 

experimental works over the past decade. The earliest demonstrations were of the SB-GNRFET 

type in 2007, where graphene ribbons of a few nanometers width were patterned and contacted 

with metal electrodes, as discussed in section 1.5.1. Also, the experimental evidence of the MOS 

type GNRFET mechanism has been provided by Dinh et al. [45], where short-channel field-effect 

transistors are fabricated using AGNR (N = 9) as the channel material. The AGNR (N = 9) are 

synthesized through a bottom-up on-surface synthesis approach using the 3,6-diiodo-1,1:2,1-

terphenyl (DITP) precursor on Au (111)/mica substrate, which yields atomically precise ribbons 

with an average length of ~70 nm and a width of ~0.95 nm as shown in Figure 1.16 [45].  

11
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Figure 1.16: A typical scanning tunneling microscope (STM) image of a AGNR (N = 9) sample 

grown on Au (111) surface [45] 

The synthesized A GNRs are then transferred onto a prepatterned SiO₂/Si chip having a tungsten 

back-gate capped with a ~5.5 nm HfO₂ dielectric layer, and ~15 nm thick palladium contacts are 

formed using electron beam lithography to complete the device, as shown in Figure 1.17. The 

fabricated AGNR (N = 9) FET show p-type behavior with an Ion exceeding 1 µA and an SR of 

~10³ at Vds = -1 V. However, the authors observed that the device performance degrades over 

consecutive measurement cycles, which is attributed to the degradation of contact resistance. To 

address this issue, a ~10 nm Al₂O₃ encapsulation layer is deposited using atomic layer deposition, 

after which the devices are shown to operate stably for several thousand cycles without any 

noticeable degradation. The reason is that the Al₂O₃ layer isolates the contact metal and channel 

surface from environmental exposure, which prevents oxidation and water absorption at the Pd-

GNR interface. These experimental results clearly confirm that GNR-FETs can be practically 

fabricated with reliable long-term operation, which strengthens the feasibility of GNR-based 

devices for future nanoelectronics applications.  

11
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Figure 1.17: Schematic diagram of short-channel AGNR (N=9) FET [45] 

 

1.5.3 GNRFET Classification 

Since the first GNRFET was proposed, many device topologies have been reported in literature. 

Each offers different advantages in terms of electrostatic control, switching performance, 

fabrication complexity, and SCEs suppression. The main types of GNRFET are described below. 

1.5.3.1 Schottky Barrier Type GNRFET 

In SB-GNRFETs, metals contacts are employed instead of doped source and drain contacts, the 

contacts are known as Schottky contacts and GNR is used as channel material [41]. The schematic 

view of SB – GNRFET is depicted in Figure 1.18. Also, in SB-GNRFETs, the fabrication process 

is simplified by the absence of further doping at the contacts. The charge transport is driven by the 

Schottky barrier tunneling phenomenon where the gate voltage regulates the width of the Schottky 

barrier and hence the tunneling probability [43]. This device configuration is composed of two 

parts, in first part the injection regions at the ends of the GNR, and in second part, a middle region 14
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where the ballistic transport occurs. However, the ambipolarity feature of the SB-GNRFETs, where 

both electrons and holes contribute to the current based on the polarity of the gate bias, is a 

significant disadvantage as it hinders total suppression of the OFF-state current. 

 

Figure 1.18: Schematic diagram of SB type GNRFET [41, 43] 

 

1.5.3.2 Metal Oxide Semiconductor Type GNRFET 

In MOS type GNRFET, the source and drain are formed by heavily doped GNR extensions instead 

of metal contacts, as depicted in Figure 1.15. The MOS type GNRFET has several advantages over 

the SB type, such as a greater SR due to the absence of ambipolarity, higher transconductance, 

better saturation behavior and faster switching. However, the MOS-type GNRFET requires doping 

to the source and drain GNR areas, which is technically problematic at nanoscale and increases the 

fabrication complexity [43]. 

1.5.3.3  Lightly Doped Drain and Source GNRFET (LDDS-GNRFET) 

In the LDDS-GNRFET, a lightly doped transition areas are introduced between the intrinsic GNR 

channel and the strongly doped source and drain contacts, as shown in Figure 1.19. The introduction 

of LDDS between the channel and the contacts will reduces the probability of band to band 

tunneling (BTBT) in the OFF state and suppresses the ambipolar conduction [46]. Also, the LDDS 
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architecture has been proven to improve the subthreshold swing, switching ratio and power delay 

product over the standard GNRFETs. 

 

Figure 1.19: Schematic diagram of LDDS-GNRFET [41, 46] 

 

1.5.3.4 Single Gate GNRFET (SG-GNRFET) 

The SG-GNRFET uses a single metal gate electrode on the top side of the GNR channel to control 

the current flow as depicted in Figure 1.20. This device configuration is structurally simpler but has 

less electrostatic control over the channel which means it is employed largely in low frequency 

applications. The gate capacitance is lower, resulting in lower transconductance [41]. 

 

Figure 1.20: Schematic view of SG -GNRFET [41] 
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1.5.3.5. Double Gate GNRFET (DG-GNRFET) 

In the DG-GNRFET, gate electrodes are placed symmetrically on both sides of the GNR channel, 

one on the top and one at the bottom. Both gate metals work functions are identical in this 

configuration. The representation of DG -GNRFET architecture is shown in Figure 1.21 [41]. This 

configuration provides much better electrostatic control over the channel compared to a single 

gate, which significantly suppresses DIBL and improves the subthreshold swing. One gate controls 

carrier injection from the source, and the other gate makes the band edge profile near the drain 

nearly flat, reducing BTBT. The device has a high cut-off frequency and small delay because of 

the very short channel length. The DG-GNRFETs are suitable for high-frequency and digital 

applications. 

 

Figure 1.21: Representation of the DG -GNRFET [41] 

 

1.5.3.6. Dual Material Gate GNRFET (DMG-GNRFET) 

Unlike the DG-GNRFET, the gate in DMG-GNRFET is separated into two parts with different 

work functions as shown in Figure 1.22 [47]. The difference in work function provides a potential 

step in the channel which acts as a barrier to the drain electric field to reach the source and lowers 

DIBL and hot-carrier effects. An extra peak of electric field is also generated at the interface of 

the two gate materials, which extends the lifetime of the device by suppressing the hot-carrier 
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injection near the drain [47]. The DMG-GNRFET exhibits a greater saturation current and a better 

SR than a standard single material gate GNRFET. 

 

Figure 1.22: Diagrammatic illustration of the DMG -GNRFET [41, 47] 

 

 

1.5.3.7. Two Different Gate Insulators GNRFET (TDI-GNRFET) 

The TDI-GNRFET is a dual-gate device with two dielectric materials with different dielectric 

constants, as depicted in Figure 1.23. A high-κ material on the source side and a low-κ material on 

the drain side is used in this architecture. The high-κ material near the source improves gate 

electrostatic control and suppresses SCEs, while the low-κ material on the drain side reduces 

parasitic capacitances and limits the drain’s influence on the channel [48]. Overall, the TDI-

GNRFET shows improved SR and reduced DIBL compared to single-dielectric GNRFET 

structures. 
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Figure 1.23: Structural layout for the TDI -GNRFET [41, 48] 

 

1.5.3.8. Asymmetric Gate GNRFET (AG-GNRFET) 

The AG-GNRFET is proposed as a simpler alternative to the double gate structure for suppressing 

the parasitic tunneling current in the SB-GNRFET. In this device architecture, the gate covers only 

the part of the channel close to the source, instead of the entire channel, as shown in Figure 1.24 

[49]. The reason for this asymmetric placement is that the gate voltage has only a mild effect on the 

Schottky barrier thickness at the drain side, which reduces the hole tunneling through the drain SB. 

As a result, the parasitic carrier current is suppressed without the need to fabricate an extra gate. 

The AG-GNRFET shows a better subthreshold swing and a higher SR ratio compared to the 

conventional SB-GNRFET. Also, this device can be operated as either p-type or n-type by simply 

reversing the polarity of the drain voltage, which adds flexibility in circuit design. 

 

Figure 1.24: Asymmetric gate graphene nanoribbon field effect transistor [41, 49] 
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1.5.3.9. Electrically Activated Source Extension GNRFET  

In this device configuration, the metal gate is divided into two parts, a main gate which regulates 

the channel potential and a side gate which works as an electrically operated source extension [50]. 

The pictorial representation of the ESE – GNRFET is depicted in Figure 1.25. The use of sufficient 

voltage on the side gate, a step in the potential profile is induced, which acts as a source region 

without any physical doping. This design is based on the fact that the screening effect at the source 

extension lowers the change of the potential profile while increasing the drain bias, suppressing 

DIBL and improving SS [50]. Also, the increase in the length of the ESE region will reduces the 

ambipolar conduction. 

 

Figure 1.25: Electrically activated source extension (ESE)- GNRFET [41, 50] 

 

1.5.3.10. Extra Peak Electric Field GNRFET (EPF-GNRFET) 

The EPF-GNRFET is another dual-gate device that uses an original gate (OG) and a virtual gate 

(VG) with a fixed control voltage (VCS) applied between them, as shown in Figure 1.26. The VG 

forms an inversion channel under gate and this leads to an additional peak of electric field in the 

channel. This is an electric field induced source extension. This device configuration is designed 

in such a way that the surface potential under the OG remains consistent, whereas the surface 

3
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potential under the VG declines abruptly, which improves the gate control of the potential barrier 

height [51]. The barrier height is reduced by increasing the VG voltage, which improves the 

thermionic emission and the on current. The carrier flow in EPF-GNRFET is created by three 

transport processes, thermionic emission over the channel barrier, source-to-drain tunneling and 

BTBT between the conduction and valence bands. The EPF-GNRFET has one of the best 

subthreshold swings among all the published GNRFET structures and is a promising candidate for 

ultra-low-power applications. 

 

Figure 1.26: Schematic view of the EPF-GNRFET [41, 51] 

 

1.5.4. GNRFET Operation  

The basic structure of a GNRFET is comparable to a standard MOSFET.  It comprises of a GNR 

channel with metallic source and drain contacts at both ends and a gate dielectric layer and a gate 

electrode to control the carrier density in the channel. In MOS-type GNRFETs, the source and 

drain regions consist of strongly doped GNR sections, providing ohmic contacts and well-defined 

ON and OFF states. The GNRFET has two working conditions as explained below. 
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ON Condition: Vgs > Vth, Vds= ‘+’ ve (at a constant value) 

When the value of gate voltage is higher than the Vth, it creates a capacitive coupling between the 

gate and GNR channel resulting in the attraction of minority carriers towards the gate. This induces 

an inversion layer immediately below the dielectric interface which creates a conducting channel 

between the source and drain through which current can flow from drain to source. The on-state 

performance is superior than silicon MOSFETs primarily because of substantially higher mobility 

in GNRs due to ballistic transport and linear dispersion of Dirac electrons, so higher drive current 

for the same gate overdrive. 

OFF Condition: Vgs < 0V, Vds = ‘+’ ve (at a constant value) 

When the gate voltage is below zero, carriers are repelled from the channel region. Under this 

condition, the device is in the OFF state and no current ideally flows from drain to source. The 

finite bandgap of the AGNR channel provides a potential barrier that suppresses carrier injection 

in the OFF state, which gives a high value of SR that is essential for various applications. 

1.5.5. Advantages of GNRFET  

GNRFET has significant material and device advantages over the regular silicon MOSFET and 

CNTFET which makes it a strong candidate for future generation nanoelectronics. These benefits 

are listed below: 

High carrier mobility: Graphene has the highest carrier mobility with values up to 2 × 105 cm 2 

/Vs. The reason is that the carriers in graphene behave as massless Dirac fermions and propagate 

along the lattice with a long mean free path. This high mobility is often maintained even after 

patterning of graphene into GNRs.  
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Tunable Bandgap: GNRs have a finite bandgap due to lateral quantum confinement, while 

pristine graphene is a zero-bandgap semimetal. For AGNRs, the bandgap is inversely proportional 

to the ribbon width, which makes AGNR to tune the bandgap by adjusting the value of N. Such 

design flexibility is not possible in silicon where the band gap is set and also is problematic in 

CNTFETs because control of the CNT chirality during synthesis requires very high 

technologically. 

Reduced Short-Channel Effects: The atomically thin body of GNR provides better control to the 

metal gate over the channel. In Si - MOSFETs, the downscaling increase the DIBL and threshold 

voltage roll-off. However, this problem is mostly eliminated in GNRFETs due to the one-atom-

thick channel, which improves the overall electrostatic performance of the device. 

Low leakage current: The thin channel of AGNR is strongly controlled by the gate, which reduces 

the off-state leakage of GNRFETs than that of silicon MOSFETs with similar dimensions. This 

ensures high switching ratio even for a small channel length, which is very significant for low 

power digital applications. 

Compatibility with High-κ Dielectrics: The atomically smooth surface of GNR does not have 

any dangling bonds from normal to the basal plane and they can be readily integrated with high-κ 

gate dielectrics such as HfO2, LaAlO3 and Al2O3. The reason is that GNR lacks with the interface 

trap density as observed at the silicon-oxide contact. The use of high-κ dielectric material not only 

enhances the gate capacitance, but also minimizes the effective oxide thickness (EOT), which 

directly improves the switching properties. 

High thermal conductivity: Graphene has a thermal conductivity of ~5000 Wm-1K-1 at room 

temperature, which is much higher than silicon (~150 Wm-1K-1). GNRFETs also have better heat 
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dissipation, which is critical for high-density ICs where self-heating effects can degrade the 

reliability. 

CMOS Process Compatibility: GNR has a flat lattice structure which is compatible with 

traditional wafer scale CMOS production procedures, and GNRFETs may be integrated into the 

current semiconductor manufacturing infrastructure with minor adjustments. This gives a major 

practical benefit over alternative beyond-CMOS options, which need entirely new fabrication 

processes.  

Power Efficiency: The values of Power-Delay Product (PDP) and Energy- Delay Product (EDP) 

of GNRFETs are significantly lower than those of Si-CMOS devices. This signifies the fact that 

GNRFETs require lower supply voltage, which leads to lower leakage current and lower cost of 

energy for the same logic function. 

Wide Application Range: Apart from digital switching, GNRFETs have applications in high 

frequency analog circuits, gas and bio-sensors, optoelectronic devices and flexible electronics due 

to the versatile characteristics of graphene. GNR has excellent surface sensitivity, and this makes 

it particularly effective for sensing applications.  

1.5.6. Challenges Confronted by GNRFET  

However, the GNRFETs shows excellent but there are several manufacturing issues which need 

to be addressed before practical implementation in large scale ICs.  

1. Precise Width Tuning: The bandgap of a GNR is highly sensitive to its width, and sub 

nanometer differences can have a dramatic effect on its electrical properties. The exact value of 

width on an atomic scale during GNR patterning by lithography is extremely challenging, and 

any width variation gives rise to undesired variability in threshold voltage and switching 

performance. 
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2. Line Edge Roughness (LER): If GNRs are derived from bulk graphene, atomic size roughness 

develops at the edges of the ribbon. This LER introduces localized states into the band gap, 

reduces the carrier mean free path and increases the scattering states which degrades the SR. 

The LER is one of the most crucial practical limits of GNRFET performance.  

3. Edge Passivation: The dangling bonds at the edges of GNRs are chemically active and can 

generate electronic states that interfere with the inherent bandgap. The edge passivation of GNR 

using hydrogen or other elements like group 13 or group 15 atoms, is essential for stable and 

predictable electronic properties. 

4. Contact Resistance: The formation of low resistance ohmic connections between the metallic 

source/drain electrodes and the GNR channel still remains a challenge. The Schottky barrier at 

the metal-GNR interface in SB-GNRFETs limits the drive current and switching speed. At the 

nanoscale, a technical challenge arises in obtaining substantial doping of source and drain GNR 

areas to form ohmic contacts for MOS-GNRFETs. 

5. Controlled doping: The precise doping of the GNRs at the nanoscale is extremely challenging 

as compared to silicon, where ions implantation procedures are widely known. The dopant 

variability at the atomic scale causes significant threshold voltage fluctuation. 

6.  High-κ Dielectric Integration: Although the GNR surface has no out-of-plane dangling 

bonds, still the uniform and defect-free deposition of high-κ oxides (like HfO2, LaAlO3) on 

GNR without causing interfacial traps or chemical contamination is still challenging. 
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1.5.7. Role of Density Functional Theory in This Present Work 

Density Functional Theory is one of the most used quantum mechanical approaches to explore the 

electrical structure of materials at the atomic scale [52]. It is widely used in research areas like 

material science, nanotechnology, condensed matter physics, chemistry and semiconductor device, 

due to the ability of giving accurate results with relatively low computational cost. Using the DFT 

scheme, researchers can study the structural, electrical, magnetic, optical and transport properties 

of atoms, molecules, solids and nanoscale devices. DFT was developed because to the limitation 

in solving the Schrödinger equation for many-electron systems [52]. The Schrödinger equation 

gives an accurate theoretical explanation of quantum systems and is very useful for simple single-

electron systems such as the hydrogen atom. In a multi-electron system, all the electrons interact 

with each other through the Coulombic forces. Hence, the accurate solution of the many-body 

wave function is analytically complex and computationally expensive using the Schrödinger 

equation. Also, in the real systems involving hundreds or thousands of atoms, it is practically 

impossible to solve the full many-electron issue using traditional quantum mechanical methods.  

To overcome this limitation, DFT approach was introduced as an alternative approach. The DFT 

based approach used electron density as a central quantity instead of working with the complicated 

many-electron wave function. The reason is that the electron density depends only on three spatial 

coordinates, no matter how many electrons are present in the system. Because of this, the 

complexity of the calculations is significantly reduced. At the same time, the important quantum 

mechanical information of the material is still preserved. The basis of DFT comes from the 

Hohenberg–Kohn theorems [53], which showed that the ground-state properties of a system are 

fully decided by its electron density. Later, the Kohn and Sham [54] proposed a practical scheme 

that made DFT usable for the actual calculations. The working of DFT scheme is based on a basic 
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principle. The problem of many electrons in a system is replaced by a system of noninteracting 

particles moving in an effective potential. In this form, the total energy of the system is expressed 

as a functional of the electron density. Then, the electron density is iteratively updated to arrive at 

the lowest energy state, which is called the ground state. The technique is self-consistent and is 

used to derive various parameters of the material such as total energy, band structure, density of 

states, charge distribution and electron transport behavior. The major advantage of DFT 

approaches is the perfect balance between computational expense and accuracy. Compared to 

wave-function based methods such as Hartree–Fock and post-Hartree–Fock techniques, DFT 

requires far less computer resources yet still achieves credible findings for large systems [52]. This 

is because DFT deals with electron density rather than the whole many electrons wave function 

which reduces the number of variables. This makes DFT very suitable for the study of realistic 

nanoscale materials and semiconductor devices. DFT allows scientists and researchers to predict 

the properties of novel materials before they are experimentally created. Furthermore, DFT also 

helps to understand the physical genesis of experimentally observed phenomena.  In recent years, 

the DFT has been emerged as a significant method for the atomistic modeling in computational 

research. The Quantum ATK simulation tool includes a large set of DFT based methodologies for 

the study of molecules, surfaces, crystalline structures and nanoscale electrical devices [55]. This 

tool provides calculations of electrical, optical, magnetic, thermal and transport properties. In 

addition to the classic DFT methods, Quantum ATK offers semi-empirical and force-field based 

methods for effective treatment of systems with higher number of atoms [55].  

In this thesis, the Semi-empirical DFT-based calculator (ATK-SE) is used to carried out all the 

device-level simulations. The reason for choosing this approach is the size of the proposed GS-

AGNRFET device. The simulated structure contains several hundred of carbon atoms in the 
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AGNR channel, along with the metallic gate, ZGNR source and drain electrodes, and the bilayer 

of SiO₂/LaAlO₃ as dielectric stack. A full first-principles DFT treatment of such a system would 

require very high computational resources and long simulation times. This becomes more difficult 

when multiple parameters like temperature, channel width, and edge passivation need to be 

studied. The semi-empirical approach reduces the computational cost by several orders of 

magnitude. At the same time, it provides accurate quantum effects parameters like tunneling, 

ballistic transport, and band structure modulation. 

1.6. THESIS OBJECTIVES 

The entire work in the present thesis is divided into seven chapters based on the following 

objectives listed below: 

1. To investigate the role of junction-less channel architecture and gate-stack dielectric 

engineering on the electrical characteristics of Armchair Graphene Nanoribbon Field Effect 

Transistors using Semi–empirical DFT-based approach.  

2. To analyze the impact of temperature on the performance of proposed Gate-Stacked 

AGNRFET using Semi-empirical DFT – based approach. 

3. To analyze the effect of edge passivation and width variation of the AGNR channel in the 

proposed GS – AGNRFET for low-power applications. 

4. To study the impact of Semi – empirical DFT based models on the performance of the 

proposed Gate Stacked Armchair Graphene Nanoribbon Field Effect Transistors. 

5. To develop a toxic gas sensor using the proposed device for environment monitoring 

applications. 

17
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1.7. SCHEME OF CHAPTERS 

This thesis is organized into seven chapters to accommodate all the research objectives. Each 

chapter is organized to be fundamentally self-contained. 

Chapter 1. Introduction 

This chapter summarize the basics of nanoscale MOSFET, scaling issues, and short-channel effects. 

After that, the ways to overcome the short-channel effects are discussed. In this regard, the different 

engineering schemes and the advanced FET structures, such as SOI MOSFET, TFETs and 

CNTFET, reported in different research articles, have been presented. Further, the research gaps 

found during the literature survey have been explored. Then, the chapter progresses toward the 

architecture of GNRFET, the basic working principle of GNRFET, and its potential advantages and 

drawbacks. Then, the thesis objective and overall organization of the thesis, and the importance of 

the research work presented in this thesis are discussed. 

Chapter 2. Gate - Stack Engineering, Temperature Effects, and Edge Passivation in 

Graphene Armchair Nanoribbon FET  

In this chapter, the GS-AGNRFET employing a bilayer SiO₂/LaAlO₃ dielectric architecture is 

proposed and benchmarked against conventional GNRFET, demonstrating a ~73% suppression in 

off-state leakage current and a ~46 times improvement in switching ratio. The gate-stack 

configuration enhances on-state current by ~30% and peak transconductance from 24.71 to 27.76 

µS, confirming superior electrostatic control and amplification capability over conventional 

GNRFET. Then, the temperature-dependent analysis of proposed GS – AGNRFET within 250–

350 K reveals that rising temperature causes ~48% reduction in Ion, ~98% degradation in SR, and 

~56% increase in SS, with DIBL increasing ~138 times, establishing the device as best suited for 

32
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low-temperature and low-power applications. The novel empirical exponential fitting functions 

for Ion and Ioff as functions of temperature are proposed, enabling drain current estimation without 

additional simulations and offering utility in compact circuit modelling. Further, the edge 

passivation of the AGNR channel is performed using 13th group element Boron and 15th group 

element Nitrogen to investigate their impact on electronic structure and transport properties of the 

proposed GS-AGNRFET. Boron edge passivation of the AGNR channel reduces Ioff by ~7.8 × 10⁵ 

times and increases Ion by ~139 times compared to pristine AGNR FET, yielding an exceptional 

switching ratio of ~1.45 × 10⁸. Compared to all configurations, B-AGNR FET demonstrates the 

optimal balance between bandgap (1.48 eV), PDOS enhancement, and leakage control, confirming 

its strong candidacy for ultra-low-power and high-performance nanoscale electronic applications. 

Chapter 3. Impact of Channel Width Engineering on Electronic and Quantum Transport 

Properties of Gate-Stack Armchair Graphene Nanoribbon FET  

In this chapter the electronic and quantum transport properties for the bulk configuration of AGNRs 

with varied number of carbon atoms along AGNRs width (N) are investigated. The semi-empirical 

DFT based approach is used to calculate the band structure, DOS, and transmission spectrum for 

the bulk configuration of AGNRs. The AGNRs are used in channel material to analyse the 

performance of field-effect transistors with Gate Stack architecture. The GS-AGNR (N = 4) FET 

demonstrates significantly reduced off-state current and a markedly improved switching ratio 

compared to wider ribbons having N = 7, 10 and 13. Overall, this chapter establishes channel width 

as a critical design parameter and highlights GS - AGNR (N = 4) FET as promising candidates for 

low-power and nanoscale electronic applications. 
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Chapter 4. Reliability performance analysis of Gate-Stack Armchair Graphene 

Nanoribbon FET using Extended Hückel DFT model  

The Extended Hückel model with SCF iterations is employed in this chapter to investigate the 

reliability and performance of the GS-AGNRFET. The EH model demonstrates strong agreement 

with benchmark first-principles DFT methods including PBE, HSE06, DFT½, and tight-binding 

approaches in both bandgap trend and transmission coefficient values for AGNR (N = 4 and 7), 

validating its physical credibility and computational efficiency for nanoscale device modelling. 

The A7 device (GS-AGNRFET with AGNR N = 7 as channel material) demonstrates superior 

performance over the A4 device across all key reliability metrics including Ion, Ioff, SR, Vth, DIBL, 

device efficiency, and static power dissipation under the EH-SCF framework. Advanced transport 

analyses including DDOS, PLDOS, transmission spectrum, transmission pathways, and EDD 

collectively confirm enhanced gate electrostatic control, stronger electron tunneling, and more 

efficient carrier transport in the A7 device. Overall, the A7 device achieves a remarkably low static 

power of 1.58 × 10⁻¹³ W, which is significantly lower than the A4 device (2.55 × 10⁻¹⁰ W) and 

substantially lower than all previously reported GNRFET configurations available in the literature, 

making it highly reliable for low-power applications such as biomedical devices, gas sensors, and 

signal amplification circuits. 

Chapter 5. Performance enhancement of Gate - Stack Armchair Graphene Nanoribbon 

FET through Icosagens edge passivation  

The EH model with SCF iterations is employed in this chapter to investigate the effect of edge 

passivation by Icosagens elements (B, Al, Ga, and In) in the channel material of GS - AGNRFET. 

The passivation of Icosagen group elements at the edge of bulk-configured P–AGNR decreases the 

bandgap, and the DOS analysis confirms that passivated AGNRs provide more accessible states for 

Page 90 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931

Page 90 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931



Chapter 1: Introduction 

 

Anshul  41 
 

electrons in the conduction band as compared to P–AGNR. It is also observed that the passivation 

of Al, Ga, and In at the edges of AGNR (N = 7) results in complete bandgap closure (Eg = 0 eV), 

making it metallic in nature and unsuitable for transistor operation. Therefore, AGNR (N = 4) is 

selected as the channel material for the present chapter.  The effect of Icosagen group element 

passivation in the channel material of GS-AGNRFET shows a significant increase in Ion from 1.06 

μA to 18.4 μA in Al–AGNRFET, a reduced value of Ioff from 1.49×10⁻¹⁰ A to 5.43×10⁻¹⁶ A in the  

In–AGNRFET, and a better value of SR from 0.71×10⁴ to 0.35×10¹⁰ for passivated AGNRFETs as 

compared with P–AGNRFET. The transconductance and device efficiency analysis shows the 

higher value of gm and DE in Al–AGNRFET and Ga–AGNRFET, which signifies stronger 

electrostatic control and better electron transport. The PLDOS and transmission pathway analysis 

further confirms that the possibility of electron tunneling is higher in Al–AGNRFET and Ga–

AGNRFET as compared with other passivated AGNRFETs.   

Chapter 6. Aluminium-passivated Gate-Stack Armchair Graphene Nanoribbon FET as a 

gas sensor for toxic gases  

In this chapter, the Al-AGNRFET is investigated as a nanoscale sensor for toxic gas molecules, 

specifically ammonia (NH₃) and nitrogen dioxide (NO₂). A two-step simulation methodology is 

employed in the present study, the linear combination of atomic orbitals framework with 

generalized gradient approximation is used for bulk configured analysis, while the Extended 

Hückel model with NEGF formalism under a self-consistent field framework is used for device-

level simulation. The bulk configured analysis demonstrates that Al-AGNR exhibits stable 

physisorption with adsorption energies of −0.52 eV and −0.12 eV for NO₂ and NH₃, respectively. 

The sensitivity values are 736% for NO₂ and 116% for NH₃, which are 3.36 and 6.6 times higher 

than the pristine AGNR. The device analysis of the proposed Al-AGNRFET shows Ion-based 
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sensitivities of 85.14% for NO2 and 7.03% for NH3, and SR-based sensitivities of 99.86% for NO2 

and 99.47% for NH3. Also, the proposed device also shows opposite Vth shifts of +0.15 V and 

−0.10 V for NO2 and NH3, respectively, which further confirms the selectivity response of the 

device. Moreover, the selectivity coefficient is calculated using Ion-based sensitivity that reaches 

12.12 when NO2 is treated as the target gas, which confirms the strong selective detection of NO2 

in the presence of NH3. Owing to these results, the proposed Al-AGNRFET is a promising 

candidate for applications in environmental air quality monitoring, industrial safety systems, 

medical breath diagnostics, agricultural NH₃ monitoring and automotive emission control.    

Chapter 7. Conclusion, Social Impact and Future Scope 

This chapter summarizes the overall research work illustrated in this thesis, along with the concrete 

conclusions drawn from the results presented in this thesis. This chapter also discusses the social 

impact and future scope of the present work and how this work can be extended and used in future 

research directions. 
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2 
CHAPTER 

 
Gate - Stack Engineering, Temperature Effects, and Edge 
Passivation in Armchair Graphene Nanoribbon FET 

❖ In this chapter, the GS-AGNRFET employing a bilayer SiO₂/LaAlO₃ dielectric 

architecture is proposed and benchmarked against conventional GNRFET, 
demonstrating a ~73% suppression in off current and a ~46 times improvement in 
switching ratio.  

❖ The gate-stack configuration enhances on-state current by ~30% and peak 
transconductance from 24.71 to 27.76 µS, confirming superior electrostatic control 
and amplification capability over conventional GNRFET. 

❖ Temperature-dependent analysis of proposed GS – AGNRFET within 250–350 K 
reveals that rising temperature causes ~48% reduction in Ion, ~98% degradation in SR, 
and ~56% increase in SS, with DIBL increasing ~138 times, establishing the device as 
best suited for low-temperature and low-power applications.  

❖ Novel empirical exponential fitting functions for Ion and Ioff as functions of temperature 
are proposed, enabling drain current estimation without additional simulations and 
offering utility in compact circuit modelling. 

❖ Edge passivation of the AGNR channel is performed using 13th group element Boron 
and 15th group element Nitrogen to investigate their impact on electronic structure and 
transport properties of the proposed GS-AGNRFET. Boron edge passivation of the 
AGNR channel reduces the Ioff by ~7.8 × 10⁵ times and increases the Ion by ~139 times 
compared to pristine AGNR FET, yielding an exceptional switching ratio of ~1.45 × 
10⁸.  

❖ Compared to all configurations, the B-AGNR FET demonstrates the optimal balance 
between bandgap (1.48 eV), PDOS enhancement, and leakage control, confirming its 
strong candidacy for ultra-low-power and high-performance nanoscale electronic 
applications. 
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2.1 INTRODUCTION 

The rapid miniaturization of semiconductor transistor’s dimensions has been both the engine 

and the emblem of the modern electronics era. For nearly six decades, the guiding principle 

governing this miniaturization has been Moore's Law. The Moore’s Law states that the number 

of transistors on an integrated circuit doubles approximately every two years [1]. This 

remarkable advancement has been maintained through ongoing enhancements in lithographic 

accuracy, materials science, and device design. But as channel lengths decrease below 10 nm, 

the traditional silicon-based CMOS transistors begin to degrade in both fundamental and 

practical aspects [2]. The challenges that emerge at the nanoscale are collectively referred to 

as SCEs. Among these, DIBL reduces the gate's ability to control the channel potential in the 

presence of high drain voltages, threshold voltage roll-off produces unpredictable device-to-

device variability, surface scattering degrades carrier mobility, and hot-carrier effects 

introduce reliability concerns. Perhaps most critically, quantum mechanical tunneling through 

the gate oxide and from drain to source dramatically increases leakage currents. These 

challenges have made it clear that silicon, the material on which the modern electronics 

industry is built, may be approaching the limits of what miniaturization can achieve through 

conventional approaches [3]. Graphene, the two-dimensional allotrope of carbon discovered 

experimentally by Geim and Novoselov in 2004 and recognized with the Nobel Prize in 

Physics in 2010, has emerged as a promising candidate for beyond - CMOS silicon transistor 

era [4]. Graphene-based electronic devices offer several advantages, including exceptional 

mobility for ballistic transport, high carrier speed for rapid switching, an atomically thin 

structure for optimal electrostatic control, and excellent thermal conductivity [5]. For transistor 
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applications, these advantages of graphene promise devices that could switch at higher speeds, 

with lower power consumption, and with better electrostatic control than the silicon-based 

devices. Although graphene has outstanding electrical properties, but lack of bandgap limits 

its application in electronics [6]. However, researchers have reported many bandgap 

engineering approaches so that graphene can be used in electronics. One bandgap engineering 

approach includes the making of graphene nanoribbons by quantum confinement, which 

creates a bandgap in graphene [7]. AGNRs and ZGNRs are the two primary types of graphene 

nanoribbons, which are classified according to their edge geometry [8]. Previously reported 

study reveals that AGNRs can be categorized into three separate subfamilies depending on N 

= 3p, 3p + 1, and 3p + 2 [9]. Among the three AGNR families 3p, 3p+1, and 3p+2 family, the 

3p+1 family is known to exhibit the largest bandgaps, which makes them particularly attractive 

for applications in nanoelectronics where a substantial bandgap is essential [6]. Although N = 

3 and N = 9, which belong to 3p family, these AGNRs also exhibit semiconducting behaviour 

but their bandgaps are smaller than those in the 3p+1 family [10]. AGNR (N = 4) from the 3p 

+ 1 family offers a wider bandgap and stronger electrostatic control, leading to enhanced 

transistor performance metrics such as switching ratio, subthreshold swing, and 

transconductance. Also, it is experimentally feasible through bottom-up synthesis techniques 

[11]. Thus, AGNR (N = 4) stands out as a promising choice for high-performance and low-

power graphene-based FET applications. Without the spin degree of freedom, tight-binding 

computations reveal that ZGNRs and AGNRs with N = 3p+2 show metallic behavior [12]. 

AGNRs electrical properties are heavily influenced by their width and edge structure, making 

them very adaptable to specific applications [13]. Although, developing a transistor using 

graphene nanoribbons is only the initial phase of the engineering challenge. The gate dielectric, 
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the insulating substance that separates the metallic gate electrode from the semiconducting 

channel, is equally crucial in influencing transistor performance [14]. Conventional SiO2 layer 

shows challenges at ultra-thin dimensions due to the direct tunneling of electrons through the 

oxide layer. The high – κ dielectric materials (like LaAlO3 (κ = 30) provide a solution to this 

challenge [15]. By employing a material with a high – κ value, the gate oxide capacitance 

increases which can improve the performance of transistor but direct deposition of LaAlO₃ as 

a high-κ dielectric presents several fundamental challenges [16]. LaAlO₃, while offering a high 

dielectric constant (κ ≈ 30), often suffers from poor interface quality when deposited directly 

on semiconductor channels such as silicon or graphene nanoribbons [17]. This poor interface 

can result in a high density of interfacial defects, increased charge trapping, and degraded 

carrier mobility, all of which negatively impact device performance. Additionally, the 

deposition process for LaAlO₃ can lead to issues such as crystallization at lower temperatures, 

instability in thin film form, and difficulties in achieving uniform, pinhole-free layers over 

large areas. The gate-stack architecture addresses this trade-off elegantly [18]. By combining 

a thin low-κ SiO₂ interfacial layer between the channel and a high-κ dielectric layer such as 

lanthanum aluminate (LaAlO₃, κ = 30), the gate stack simultaneously maintains a large 

effective gate capacitance, preserves a high barrier at the channel-dielectric interface, and 

avoids the direct tunneling limitation of ultra-thin single-layer oxides [19]. This GS approach 

has been validated in conventional MOSFET architectures and, as this chapter demonstrates, 

produces analogous benefits in the conventional GNRFET context. The operational 

environment of a transistor adds another essential aspect to device performance. When the 

device size is less than 20 nm, a high value of temperature can greatly affect or even ruin the 

device operation. For better reliability, it is essential to investigate the impact of temperature 94
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variation on performance of the proposed device. Several studies highlight how temperature 

impacts transistor performance. Eshkalak [20] found that GNRFETs perform best at low 

temperatures. Caridad et al. [21] showed that graphene FETs maintain stable plasmonic 

behavior across a wide range (10 K–300 K) due to weak electron–phonon interactions. 

Illarionov et al. [22] reported strong thermal stability and minimal hysteresis up to 448 K, while 

Wang et al. [23] demonstrated consistent performance from 4.2 K to 300 K. Overall, both 

graphene-based devices and conventional FinFET/NCFET technologies tend to perform better 

at lower temperatures. However, the effect of temperature on GNRFET at atomic scale is still 

elusive in literature. Understanding this temperature sensitivity is especially important for 

applications ranging from biomedical implants operating near body temperature, to space-

based electronics, to industrial systems exposed to elevated thermal stresses. The width and 

edge structure of AGNRs play pivotal roles in determining their electrical characteristics, 

making them highly customizable for specific applications [24]. The literature survey led to 

the observation that most studies focus on passivated ZGNR, while there have been few 

investigations on passivated AGNR [25]. By fine-tuning the width and passivation of edges in 

configuration of AGNRs, researchers aim to unlock their full potential for realizing high-

performance, low-power electronic devices that can transcend the limitations of existing 

semiconductor technologies. Hydrogen passivation is the most studied baseline case. 

Substituting hydrogen with atoms from different chemical groups such as Boron (B, from 

Group 13) or Nitrogen (N, from Group 15) can fundamentally alter the edge electron density, 

the density of states, the bandgap, and ultimately the transistor's on-state conductance and off-

state leakage. To address these issues, this chapter presents a detailed DFT based atomistic 

study of a GS- AGNRFET, examining how the gate-stack design, temperature, and edge 
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passivation influence key performance metrics, with the goal of improving high-performance, 

low-power graphene transistor technology beyond conventional silicon limits. The study 

primarily focuses on the effect of gate stacking in the conventional GNRFET. The electronic 

properties such as drain current, transmission spectrum and peak transconductance are 

analyzed, followed by temperature and edge passivation analysis of proposed GS – AGNRFET  

in terms of switching ratio, off-state current, DIBL, Vth and subthreshold swing. The proposed 

GS architecture effectively mitigates short-channel effects and enhances device performance. 

This chapter is organized as follows: Section 2.2 presents the device design and physical 

models, Section 2.3 describes the model calibration, Section 2.4 discusses the fabrication 

feasibility, Section 2.5 discuss the results obtained from simulations and finally, Section 2.6 

concludes the findings of the current chapter. 

2.2 DEVICE DESIGN AND PHYSICAL MODELS          

The proposed device, Gate-Stack Armchair Graphene Nanoribbon Field-Effect 

Transistor architecture is depicted in Figure 2.1. It consists of a semiconducting AGNR channel 

flanked by metallic ZGNR source and drain contacts, all enclosed by a bilayer gate dielectric 

stack and a metallic gate electrode on top. This basic topology is shared across all device 

configurations studied in this thesis, with variations in channel width, edge passivation 

chemistry, and oxide thickness. The device is schematically organized into three distinct spatial 

regions: the source electrode, the central scattering region (which contains the channel and the 

gate stack), and the drain electrode. The Pristine AGNR (P – AGNR with N = 4) is used as a 

channel material in the proposed device and the conventional GNRFET to compare the 

electrical characteristics of both devices.  

18
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Figure 2.1: Cross sectional view of proposed GS – AGNRFET [26] 

Further, to study the impact of edge passivation on the channel material of proposed 

device, the pristine AGNR channel is independently passivated with the 13th group element 

Boron and the 15th group element Nitrogen, yielding the Boron-passivated AGNR (B-AGNR) 

and Nitrogen-passivated AGNR (N-AGNR), respectively, as illustrated in Figure 2.2 (a–c). 

These passivated AGNRs are subsequently employed as channel materials in a separate set of 

gate-stacked device configurations named as boron passivated GS -AGNRFET (B-AGNR 

FET) and nitrogen passivated GS -AGNRFET (N-AGNR FET).  

 

Figure 2.2: Atomic view of (a) P – AGNR, (b) N – AGNR, and (c) B – AGNR [26] 
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The source and drain contacts are made using the ZGNR configuration with N = 6, as 

ZGNR exhibits metallic behavior due to its zero bandgap, making it suitable for use as a 

metallic contact. To reduce the circuit complexities, the drain, source, and channel regions are 

all n-type doped, with the doping concentration of the channel region (NCh) maintained at 

3×1016 e/cm3 and the doping concentration of the source and drain region (Ns/d) maintained at 

5×1018 e/cm3, ensuring that the proposed device’s performance is improved by lowering the 

parasitic capacitance through heavy n-type doping of the source and drain as compared to the 

channel. A metallic gate is employed over the dielectric layers in all device configurations. As 

the gate potential plays a crucial role in determining a device’s electrical characteristics, and 

metal gates additionally provide several advantages, including excellent thermal stability, high 

purity, and compatibility with CMOS processing [27]. The gate length (Lg) and source/drain 

length (Ls/d) are fixed at 7 and 5 nm, respectively, for all device configurations studied in this 

chapter, and the oxide layer thickness (tox) is maintained at 0.50 nm. The key distinction 

between the conventional GNRFET and the proposed GS - AGNRFET lies in the gate 

dielectric architecture. While the conventional GNRFET employs only a single dielectric layer, 

the GS - AGNRFET implements a gate stack architecture comprising a low-κ dielectric layer 

of silicon dioxide (SiO2, κ = 3.9) sandwiched between the high-κ lanthanum aluminate layer 

(LaAlO3, κ = 30) and the GNR channel, where the thicknesses of the SiO2 and LaAlO3 layers 

are each 0.25 nm. The motivation behind adopting the GS configuration arises from the 

fundamental trade-off between the high-κ dielectric constant and a suitable bandgap for 

transistor applications, where raising the dielectric constant induces a decrease in the bandgap. 

This problem is resolved through GS implementation, which maintains the effective oxide 

thickness while simultaneously benefiting from the improved electrostatic control offered by 

6
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the high-κ material. Also, the tox is inversely related to the gate oxide capacitance (Cox), i.e., 

reducing tox will increase the Cox, which provides better control of the gate over the channel as 

the potential drop on gate oxide (Φox) decreases. Further, the parameters can be co-related by 

a mathematical expression as follows [15]: 

 𝑡𝑜𝑥 =
𝜀0𝜀𝑟

𝐶𝑜𝑥
    (2.11) 

 
𝛷𝑜𝑥 =

𝑄0

𝐶𝑜𝑥
 

             (2.12) 

Now, putting the value of Cox from Eq. (2.11) in Eq. (2.12) 

     𝛷𝑜𝑥 =
𝑄0𝑡𝑜𝑥

𝜀0𝜀𝑟
 

   (2.13) 

 

where, 
𝛷𝑜𝑥 – gate oxide potential 

𝑄0 – surface charge density 

𝑡𝑜𝑥 – thickness of the oxide layer 

𝐶𝑜𝑥 – gate oxide capacitance 

𝜀0 – permeability coefficient 

𝜀𝑟 – the dielectric constant of the gate insulation 
 

 

 

All the electronic properties and quantum transport simulations in this thesis are 

performed using the Quantum Atomistic Toolkit software platform developed by Synopsys, 

which provides an integrated environment for atomic-scale device modeling [28]. In this 

chapter, Semi-empirical (SE) calculator in ATK referred to as ATK-SE which implements 

tight-binding models in the Linear Combination of Atomic Orbitals basis is used to carried out 

all the simulations [29]. The tight-binding model employed throughout this work is the Slater-

6
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Koster (SK) model within the Density-Functional Tight-Binding (DFTB) parametrization 

framework, without the self-consistent field iteration step. The decision to use the SK-based 

ATK-SE calculator rather than a full first-principles DFT approach is deliberately motivated 

by the nature of the proposed device systems [30]. The GNR transistors considered here 

involve simulation cells containing several hundred carbon atoms, a metallic gate, and a 

dielectric stack. A full DFT treatment of such systems at multiple bias points would be 

computationally prohibitive and can be cost effective, whereas the SK model reduces the 

computational cost by several orders of magnitude while retaining the quantum mechanical 

character of electron transport. However, the SK model has been extensively validated for 

carbon-based systems in the literature and has been shown to reproduce DFT-level bandgaps, 

transmission spectra, and current-voltage characteristics for GNR devices to a level of accuracy 

that is fully adequate for the device engineering comparisons carried out in this work. Also, 

this work is extended using Extended Hückel model in the ATK – SE to check the device’s 

reliability with different DFT models in Chapter 4.   

The Slater-Koster tight-binding model, originally formulated by J. C. Slater and G. F. 

Koster in their seminal 1954 Physical Review paper [31]. This model is built on the LCAO 

approximation in which the electronic wavefunction of the crystal is expressed as a linear 

combination of atomic orbitals localized at each atomic site. In QuantumATK, the LCAO basis 

functions are written as products of a radial function Rnl(r) and a real spherical harmonic Ylm(r̂), 

i.e., φnlm(r) = Rnl(r) · Y lm(r̂), where n, l, m are the principal, azimuthal, and magnetic quantum 

numbers respectively [31]. For the AGNRs studied here, the relevant atomic orbitals of the 

carbon atoms are the 2s, 2px, 2py, and 2pz atomic orbitals. The full tight-binding Hamiltonian 

of the device is then constructed from the on-site energies (εi) and the inter-site hopping 

66
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integrals (tij) between neighboring orbitals in which in the SK model are treated through the 

two-center approximation. The Hamiltonian matrix element between any two orbitals on 

neighboring sites depends only on the types of orbitals involved and on the direction cosines 

(l, m, n) of the inter-atomic bond vector, independently of any third atom. The Hamiltonian 

and overlap matrix elements between basis functions on sites i and j are evaluated from these 

tables as functions of the inter-atomic distance |Ri − Rj|, following the standard Slater-Koster 

transformation rules. The equation for the matrix elements of the tight-binding Hamiltonian in 

the Slater-Koster model is given as [30]: 

𝐻𝑖𝑗 =  ∑𝛼𝛽𝑡𝛼𝛽(𝑅𝑖𝑗)𝑐𝑖𝛼
† 𝑐𝑗𝛽                                                                (2.14) 

where, 

𝐻𝑖𝑗 – matrix element of the Hamiltonian between atoms i and j 

𝑡𝛼𝛽(𝑅𝑖𝑗) – Slater-Koster transfer integral  

𝑐𝑖𝛼
†  – creation operators for atomic orbitals 

𝑐𝑗𝛽 – annihilation operator for atomic orbitals 

 

In QuantumATK, the band structure is computed using a 9 × 9 × 1 k-point sampling with the 

for bulk configuration analysis for edge passivated structures, and a 1 × 1 × 100 k-point 

sampling along the periodic transport direction (the C-direction) for device-relevant 

transmission calculations. The Hartree density mesh cutoff is set to 40 Ha throughout, 

providing a sufficiently fine real-space grid to accurately resolve the electrostatic potential 

across the thin dielectric layers of the gate stack. For the device-level transport calculations in 

which the AGNR channel is sandwiched between two ZGNR electrodes held at different 

electrochemical potentials by the applied drain voltage (Vds), the Non-Equilibrium Green's 69
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Function (NEGF) formalism is employed. The NEGF method is the natural and rigorous 

quantum mechanical framework for computing steady-state transport in open systems at the 

nanoscale, where quantum coherence, tunneling, and ballistic transport are dominant and 

classical drift-diffusion equations are no longer applicable. In QuantumATK, the NEGF 

method is implemented in the SE calculator, which couples the SK Hamiltonian of the central 

scattering region (the channel) to the self-energies of the source and drain electrode regions. 

The NEGF key quantity is to calculate the retarded Green’s functions for the central region. 

Using Hamiltonian from equation 2.14 and overlapping matrix, the Green’s function using 

NEGF is mathematically expressed as [32]: 

𝐺(𝐸) =  [(∈  + 𝑖𝛿+)𝑆 − 𝐻 −  ∑𝐿(𝐸) −  ∑𝑅(𝐸)]-1                                          (2.15) 

where, 

𝐺(𝐸) – retarded Green’s function 

𝛿+ – infinitesimal positive number 

𝑆 – Overlapping matrix  

𝐻 – Hamiltonian matrix 

∑𝐿(𝐸) – self-energies for the left electrode 

∑𝑅(𝐸) – self-energies for the right electrode 

After the calculation of G(E), the transmission coefficient for a device configuration is 

obtained by the without self-consistent solution of the Schrodinger equation and 3-D Poisson’s 

equations using the Slater-Koster model with NEGF method and it can be mathematically 

expressed as [33]: 

𝑇(𝐸) = 𝑇𝑟𝑎𝑐𝑒[𝐺(𝐸)𝛤𝐿(𝐸)𝐺†(𝐸)𝛤𝑅(𝐸)]                                               (2.16) 

where, 

𝑇(𝐸) – transmission coefficient 

39
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𝐺(𝐸) – retarded Green’s function  

𝐺†(𝐸) – advanced Green’s function  

𝛤𝐿(𝐸) – broadening function of the left electrode 

𝛤𝑅(𝐸) – broadening function of the right electrode 

𝛤𝐿,𝑅(𝐸) = i (∑𝐿,𝑅 - ∑𝐿,𝑅
† ) 

 

The drain current is calculated after the calculation of T(E) and mathematically expressed by 

Landauer-Büttiker Formalism as [34]: 

𝐼𝑑 =
2𝑒

ℎ
∫ 𝑇(𝐸)[𝑓𝐹𝐷(𝐸 − 𝜇𝐿) − 𝑓𝐹𝐷(𝐸 − 𝜇𝑅)]𝑑𝐸                                                   (2.17)

∞

−∞

 

 where, 

𝐼𝑑  – drain current 

𝑓𝐹𝐷 – Fermi-Dirac distribution 

𝜇𝐿 – chemical potential of the left electrode 

𝜇𝑅 – chemical potential of the right electrode 

Further, these simulations models are calibrated with the previous findings in the literature in 

next section 2.3.   

1
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2.3 MODEL CALIBRATION  

 

Figure 2.3: Transfer characteristics calibration of simulated and reference data [35] 

The simulations models are validated by previously reported research findings in the literature 

[35]. To calibrate the simulation models, the MOSFET has been designed using AGNR (N = 

12) material in the entire channel region and fixed device dimensions (Lg = 15 nm, tox = 1.5 

nm), the source and the drain are doped extensions of GNRs, and SiO2 (κ = 3.9) as gate oxide 

as shown in reference [35]. The NEGF approach with a self-consistent tight-binding function 

is used to solve the Schrödinger equation to obtain device characteristics for MOSFET. Figure 

2.3 depicts the transfer characteristics at Vds = 0.5 V, of the extracted data from the reference 

[35] and results obtained from the simulations. Figure 2.3 shows the change in Id on the 

logarithmic scale with gate voltage (Vgs).  The logarithmic scale of Id with Vgs depicts leakage 

current (Ioff) in the device, aiding in the prediction of subthreshold slope. It can be observed 

from the Figure 2.3 that the results of the simulations are consistent with previous findings. 

1
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The near concordance between the simulated and reference data sets validates the choice of 

simulation models. Once the credibility of the simulation with the approach is established, a 

GS architecture is employed in the conventional GNR-FET. The detailed simulation process 

of the present study for GS-AGNRFET is already discussed in section 2.2. 

2.4 FABRICATION FEASIBILITY  

 

Figure 2.4: Fabrication flow chart for GS – AGNRFET device [36] 

The process flow chart for the fabrication process of GS - AGNRFET is displayed in Figure 

2.4. This flowchart depicts a systematic overview of the fabrication process, emphasizing 

critical fabrication and material deposition phases required to produce a high-performance GS-

AGNRFET [37]. The first step is to synthesis of GNRs using STM lithography. The STM 

lithography provides atomic-level precision in patterning graphene with well-defined widths 

and predetermined crystallographic orientations, which directly determines the edge type, 

armchair or zigzag GNRs and hence the confinement-induced bandgap of the GNR [38] . In 

92
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Step 2, these synthesized GNRs are transferred onto an insulating substrate such as SiO₂ using 

dry or wet transfer techniques [39]. The substrate selection significantly affects device 

performance, as epitaxial graphene on SiC substrate shows much lower residual potential 

fluctuations (~12 meV) as compared with transferred graphene on SiO₂ (~59–77 meV), which 

supports conventional band-transport rather than hopping and localization effects [40]. Next, 

device patterning is performed using photolithography or Electron Beam Lithography (EBL) 

techniques. EBL uses hydrogen silsesquioxane (HSQ) as a negative-tone electron-beam resist 

and has been demonstrated to produce GNR channel widths down to ~10 nm, with edge 

roughness less than ~0.35 nm [40]. In Step 4, the source and drain contacts are deposited using 

electron beam evaporation, typically employing a Cr/Au bilayer that forms ohmic contacts 

with the zero-bandgap two-dimensional graphene regions on either side of the GNR channel. 

In Step 5, a dielectric layer is deposited over the channel. However, the direct deposition of 

high-κ dielectrics such as LaAlO₃ on GNR substrates is not straightforward, as it leads to poor 

interface quality, increased charge trapping, high density of interfacial defects, and degraded 

carrier mobility. To overcome these challenges, GS architecture is adopted in Step 6, where 

the gate oxide is split into a thin SiO₂ interfacial layer and a LaAlO₃ as high-κ dielectric layer. 

The SiO₂ layer acts as a chemically stable passivation and nucleation layer that facilitates 

uniform LaAlO₃ deposition, reduces the density of interface states, and maintains a constant 

EOT [18]. In Step 7, the metal gate electrode is formed using a metal decomposition process, 

completing the top-gate structure of the device [39]. Finally, at Step 8, the GS-AGNRFET is 

fully formed and continues into subsequent processing stages. The fabrication sequence 

discussed above integrates well-established nanofabrication techniques at each step and is 

22
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consistent with fabrication approaches reported in the literature. This fabrication feasibility 

flow chart summary confirms that GS-AGNRFET is practically feasible.  

2.5 RESULTS AND DISCUSSIONS  

This section is divided into three subsections corresponding to the studies that constitute this 

chapter: (i) performance comparison between conventional GNRFET and proposed GS – 

AGNRFET device (ii) effect of temperature variation on the performance of proposed device 

(iii) the impact of Boron and Nitrogen edge passivation on the electronic structure and transport 

properties of the proposed device  

2.5.1 Performance comparison between conventional GNRFET and 
proposed GS -AGNRFET device 

Figure 2.5(a) depicts a comparison between the drain current (Id) of the GNRFET and GS-

AGNREFT with gate voltage (Vgs) varying from 0 to 1 V at Vds = 0.5 V. The simulations are 

performed on the same dimension, and results are compared within the output obtained from 

numerically varied layer parameters. The main challenge in nanoscale devices is the high value 

of Ioff. The high leakage current is raised by carrier tunneling, which causes high power 

dissipation in IC. Hence, it is observed that the use of gate-stacking provides a reduction in off 

current (Ioff) from 3.26 to 0.91 pA as compared with conventional GNRFET. Also, the on 

current (Ion) increases from 6.39 to 8.34 µA in the case of GS - AGNRFET. The use of gate 

stacking reduced the Ioff by 72% and gave an increment in Ion by 30%. Also, the switching ratio 

for both devices is shows in Figure 2.5(b).  The SR is an important factor that determines the 

performance of a device. A high SR ratio indicates that the device can reliably and rapidly 

switch between conducting (on) and non-conducting (off) states, enabling it to amplify and 

6
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process electrical signals with minimal power consumption. From Figure 2.5, it can be 

observed that the value of SR is 91.3 ×106 for GS – AGNRFET, and for GNRFET it is 1.46 

×106. The value of SR for the proposed device is 46 times higher than the conventional 

GNRFET. The higher value of SR in proposed device signifies the high switching speed and 

low power consumption.  The reason for the better SR and, reduction in Ioff is that the high-k 

material in gate stacking helps to improve the strength of fringing electric fields, which 

significantly minimized the height of potential barrier in off state, and a reduction in Ioff has 

been achieved, which cause increment in SR. 

 

Figure 2.5: (a) Transfer characteristics of conventional GNRFET and proposed GS – 
AGNRFET, (b) switching ratio for GNRFET and GS – AGNRFET [41] 

Figure 2.6 (a) illustrates the comparison of both devices in terms of peak transconductance 

(gm) at Vgs = 0.75 V. The gm of a device describes its ability to alter the barrier height in the 

saturation mode using the applied gate voltage [41]. It is observed that the value of peak 

conductance increased from 24.71 to 27.76 µS in GS - AGNRFET. The transistor amplification 

is directly related to the gm. The rise in the gm of a device governs amplification applications. 

The reason is that the value of Id increases with gate stacking and significantly improves the 

gm. Mathematically, gm can be expressed as [17]: 

53
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𝑔𝑚 =

𝛥𝐼𝑑

𝛥𝑉𝑔𝑠
 

(2.18) 

where, 

𝛥𝐼𝑑 – change in drain current 

𝛥𝑉𝑔𝑠 – change in gate voltage 

 

Figure 2.6: (a) Bar plot of peak transconductance of GNRFET and GS - AGNRFET, (b) Variation 
of transmission spectrum with energy for both devices [41] 

The variation of the transmission spectrum in terms of transmission coefficient, T(E) with 

energy (E), is shown in Figure 2.6 (b). The T(E) has been calculated using Eq. (2.16). The 

value of E has been varied from -5 to +5 eV to observe the behavior of T(E). From Figure 2.6, 

it is observed that the number of peaks available for conduction in the valance band (VB) in 

GS-AGNRFET is greater than GNREFT. Due to the electric field generated by the Vgs and the 

device's Z-shaped design, the transmission spectrum of GNRFETs is not anticipated to be 

symmetrical. A higher value of T(E) means that a higher number of electrons can tunnel the 

nanoribbon's energy barrier between its conduction and valance bands. Also, proposed device 

shows stronger and more frequent peaks around Ef which leads more electron transport, better 

36
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conductivity and higher current as compared to the conventional GNRFET. Further, the 

analysis led to a conclusion that the proposed device GS – AGNRFET shows improved results 

in terms of Ion, Ioff, SR, peak transconductance and T(E) as compared with the conventional 

GNRFET.  

2.5.2 Effect of temperature variation on the performance of proposed 
device  

In this section, the effect of temperature on analog parameters like Ion, Ioff, SR, SS, and DIBL 

have been studied. The authors have examined the performance of GS-AGNRFET at five 

different temperatures, T = 250, 275, 300, 325, and 350K. The temperature range of 250 to 350 

K was chosen because it represents realistic working conditions for a device, from slightly low 

temperatures (for cryogenic and space applications) up to moderately high temperatures (for 

automotive and industrial environments), including room temperature (300 K). Studying this 

range helps us clearly understand how temperature affects the device, especially in terms of 

carrier movement, mobility changes, and leakage currents in GNRFETs. Figure 2.7(a) depicts 

the Id -Vgs characteristics curves for GS - AGNRFET at different temperatures. As, the 

temperature increases, the value of the Ion decreases, which is shown in Figure 2.7(b). Also, 

the Ioff increases with an increase in temperature. The reason is that the stronger control of the 

gate voltage on the channel near the source at low temperatures results in a higher emission of 

thermal current. 
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Figure 2.7: (a) Id-Vgs characteristics curves for GS - AGNRFET at varied temperatures (b) 
Change in Ion and Ioff with a range of temperatures [41] 

It is observed that Ion has an exponential decay with temperature, and Ioff shows an exponential 

increase with temperature as shown in Figure 2.7 (b). Based on the behaviour of Ion and Ioff 

currents at varied temperatures, novel empirical fitting exponential functions have been 

proposed in the present chapter. These parameters can be mathematically expressed as follows: 

 𝐼𝑜𝑛 = 𝛼𝑒−𝛽𝑇                                                   (2.19) 
 

 𝐼𝑜𝑓𝑓 = 𝛾𝑒𝜂𝑇                                                  (2.20) 

where, α, β, γ, and η are empirical fitting parameters as given below: 

 𝐼𝑜𝑛  – on current 

α  – 8.3409 

β  – 5×10-5 

γ  – 1×10-18 

η  – 0.452 

T  – temperature  
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The above empirical equations provide a simple way how the value of Id changes with 

temperature. Also, using these equations we can find out estimated values of Id without 

performing further simulations. Further, these empirical equations can be useful in circuit 

modeling and design.  

 

Figure 2.8: (a) Threshold voltage variation with temperature (b) switching ratio and subthreshold 
swing at different temperatures [41] 

Figure 2.8(a) portrays the change in Vth with temperature. The Vth is the lowest value of Vgs 

required to create conduction between the source and drain terminals. The value of Vth 

decreased from 0.25 to 0.20 V as the temperature increased from 250 to 350 K. The reason is 

that at higher temperature the intrinsic carrier concentration increases, so lower value of Vgs is 

required to form the channel. Variation of SR and subthreshold swing (SS)for a range of 

temperature adopted in the present work as shown in Figure 2.8(b). From the simulated results, 

we analyzed that the value of SR decreases with an increase in temperature depending on the 

behavior of Ion and Ioff. An important variable in transistor miniaturization is the SS The SS 

signifies how much value of Vgs required to increase the Id by one decade in the subthreshold 

region. It can be mathematically expressed in terms of temperature as [42]: 
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171

Page 117 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931

Page 117 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931



Chapter 2: Gate – Stack Engineering, Temperature Effects…..… 

 

Anshul             68 
 

 
𝑆𝑆 =

60 × 𝑇

300
 

(2.21) 

 

 From Eq. (2.21), with a rise in temperature, the value of SS increases, which degrades the 

device's performance. The reason is that the rise in temperature increases carrier leakage and 

reduces the effectiveness of gate control over the channel. The values of Ion/Ioff and SS at 

different temperatures are tabulated in Table 2.1. 

TABLE 2.1 

Values of Switching Ratio and Subthreshold Swing  [41] 
Temperature 

(K) 
SR  (× 106) 

SS 
(mV/decade) 

250 47.1 52.62 
275 31.4 58.41 

300 9.13 67.88 

325 3.72 73.99 

350 0.49 82.31 

 

Figure 2.9: Dependence of DIBL at various temperatures [41] 

Figure 2.9 depicts the dependence of DIBL for a range of temperatures adopted in the present 

study. DIBL is a short-channel effect that occurs in transistors. A higher value of Vds increases 

the drain depletion zone as the channel gets shorter, and lowering the potential barrier. Even 

though the Vgs is less than the threshold voltage, the potential barrier is reduced, allowing 

44
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electrons to pass between the source and drain. This phenomenon has been referred to as DIBL 

[43].  It is calculated at Vds (high) = 1.0 V, Vds (low) = 0.1 V, using the mathematical formula 

[43]: 

 
𝐷𝐼𝐵𝐿 =

𝑉𝑡ℎ(ℎ𝑖𝑔ℎ) −  𝑉𝑡ℎ(𝑙𝑜𝑤)

𝑉𝑑𝑠(ℎ𝑖𝑔ℎ) −  𝑉𝑑𝑠(𝑙𝑜𝑤)
 

(2.22) 

From Figure 2.9, it is observed that the value of DIBL is decreasing with temperature. The 

increase in the value of DIBL with rise in temperature signifies that the performance of the 

proposed device degrades with temperature. From the above results, it is concluded that the 

proposed device shows better performance at lower temperature and can be suitable for low – 

power applications. Thus, the temperature analysis shows that our proposed device GS – 

AGNRFET is reliable at low and room temperature.  

2.5.3 Impact of Boron and Nitrogen edge passivation on the electronic 
structure and transport properties of the proposed device  

 

In this section, the edges of AGNRs are passivated with the 13th group element Boron and the 

15th group element Nitrogen. Initially, the electronic properties of bulk passivated AGNR are 

studied in terms of bandgap and projected density of states. Further, the B/N passivation used 

in the channel material of the proposed Gate Stacked pristine AGNR-FET (P – AGNR FET). 

Moreover, parameters like Ioff, Vth, and Ion have been calculated from the Id – Vg characteristics 

of all proposed device configurations. Also, the tox is taken 1 nm for this study. Bar plot of the 

bandgap is shown in Figure 2.10. Figure 2.10 shows that the value of bandgap after passivation 

at edges in P – AGNR is significantly reduced from 1.77 to 0.34 eV. The bandgap is basically 

16
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the energy difference between the VB, where electrons normally reside, and the conduction 

band, where electrons need to reach to produce current [44].  

 

Figure 2.10: Bar plot of bandgap for all three-bulk configured AGNRs [26] 
In the context of present work, the P-AGNR has a bandgap of 1.77 eV, which is quite wide, 

meaning electrons find it relatively harder to jump across and contribute to the on current. 

When we passivate the edges with B and N, this bandgap gets modified, it reduces to 1.48 eV 

for B-AGNR and further down to 0.34 eV for N-AGNR. A reduced value of bandgap does not 

inherently indicate superior performance; it presents a dual challenge. However, it supports 

greater electron participation in conduction and enhances Ion, but it simultaneously poses the 

risk of raising the Ioff, as some electrons may thermally leak across the narrow gap even when 

the device is supposed to be in an off state. The superior performance of B-AGNR over N-

AGNR in switching ratio is attributable to its bandgap of 1.48 eV, which effectively balances 

conduction and leakage control. Further, the analysis of PDOS provides a more detailed, 

microscopic explanation of the behaviour of the bandgap as shown in Figure 2.11.  
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Figure 2.11: Projected Density of states analysis of (a) P – AGNR, (b) B – AGNR, and (c) N – 
AGNR [26] 

The PDOS indicates the quantity of quantum electronic states accessible at each energy level 

within the material, precisely projected onto the relevant atoms or orbitals. In simplest terms, 

PDOS shows the density of states in the energy range, an increased number of states at the 
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Fermi level signifies a greater availability of electrons for conduction, which directly correlates 

with enhanced device performance [45]. From Figure 2.11(a), it can be observed that in P – 

AGNR, the PDOS is very low and minimal dense around fermi level, which is consistent with 

its bandgap value. However, the use of boron at the edge of the AGNR results in a significant 

increase in the PDOS magnitude to approximately 60 eV⁻¹, as compared to about 8 eV⁻¹ in the 

P – AGNR as shown in Figure 2.11 (b). The reason is that B belongs to the 13th group element 

and electron deficient element, which generates acceptor like states VB. From Figure 2.11 (c), 

in the N-AGNR, nitrogen, as an electron-rich element from group 15, donates additional 

electrons, hence elevating states toward the conduction band, resulting in a bandgap reduction 

to 0.34 eV and a PDOS approaching 40 eV-1. Although this may be remarkable but the 

challenge lies in the minimal bandgap, which complicates the complete shutdown of the 

device. Further, the SR of N-AGNRFET despite being superior to that of P-AGNRFET but 

still, it is less than the SR of B-AGNRFET. 

 

Figure 2.12: (a) Id – Vg characteristics for the proposed devices and (b Transmission spectrum 
analysis of proposed devices [26] 
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Figure 2.12 (a) depicts the Id – Vg characteristics for P – AGNR FET, B – AGNR FET, and N 

– AGNR FET. From the Id – Vg characteristics, it is observed that the Ioff of B - AGNR FET is 

reduced by 7.8 × 105 times as compared to the P – AGNR FET, which improved the SR for 

the B – AGNRFET. The reason is that when boron atoms are added to the edges, they can 

passivate the dangling bonds. This reduces defects and edge roughness, which can serve as 

carrier leakage routes and reduce Ioff. Also, the value of Ion in B – AGNRFET is 139 times 

better than P-AGNR FETs due to the higher DOS by boron passivation, which is evident in 

the PDOS analysis.  The increase in Ion and decrease in Ioff in B – AGNRFET provides 

significant increment in SR. All values of Ion, Ioff and SR are tabulated in Table 2.2. In contrast, 

the N-AGNR FET exhibits an intermediate behaviour. Although the value of SR i.e., 9.16 × 

106 is clearly superior to P-AGNR FET, it is unable to match B-AGNR FET. The reason is 

already discussed in bandgap and PDOS analysis.  

 
TABLE- 2.2 

Values of Ion, Ioff, and SR for the proposed devices [26] 

Parameter Proposed devices 

P -AGNRFET B– AGNRFET N – AGNRFET 

Ion 1.02 × 10-6 2.54× 10-6 8.37× 10-6 

Ioff 1.49 ×10-10 1.74× 10-14 9.13× 10-13 

SR 7.11 × 103 1.45 × 108 

 
9.16 × 106 

 
Figure 2.12 (b) depicts the transmission spectrum analysis for all proposed devices. As 

discussed in section 2.2, NEGF formalism is used to determine the T(E), which signifies the 

quantum mechanical probability that an electron at a specific energy E would successfully 

transmit over the channel from the source to the drain. A broader and higher transmission 
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spectrum indicates that a greater number of electrons flow through the channel efficiently, 

which directly correlates with enhanced conductance and improved current flow. It is observed 

from 2.12(b) that the B -AGNRFET shows broader and higher transmission spectrum is as 

compared with other device configurations, which concludes will be the conductance. Also, 

the N- AGNRFET shows better TS as compared to P – AGNRFET. However, N – AGNRFET 

has inferior edge passivation efficiency relative to B results in a lower peak transmission 

compared to the B-AGNR FET. 

 

Figure 2.13: Variation of Ion, Ioff and Vth for P – AGNR FET, N – AGNR FET, and B – AGNR 
FET [26] 

The parameters like Ioff, Vth, and Ion are calculated from the Id – Vg characteristics as displayed 

by the spider chart (Figure 2.13).  From Figure 2.13, it is observed that the passivation of B/N 

enhances the value of Vth and Ion as compared with the P – AGNR FET. The value of Ion 

increased in B – AGNR FET by 139 times to the P – AGNR FET. From the Vth analysis in 

Figure 2.13, the authors concluded that the passivation of B atoms at the edges of P – AGNR 

increased the value of Vth by 15%, whereas the passivation of N atoms at the edges of P – 

AGNR decreased it by 33%. The reason is that B/N atom passivation can alter the electronic 

86
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structure and carrier mobility, both of which have an impact on Vth. Overall, the enhanced 

results in terms of PDOS, TS, Ion, Ioff and SR for B – AGNR FET with B - passivation in the 

channel material confirms its potential for applications in low-power electronics and signal 

amplification areas. 

2.6 SUMMARY 

In this chapter, DFT based atomistic study of a GS- AGNRFET examining how the gate-stack 

design, temperature, and edge passivation influence key performance metrics are studied. First, 

the impact of gate stacking using a low-κ SiO₂/high-κ LaAlO₃ dielectric combination is 

analyzed, demonstrating significant suppression of  Ioff by ~73% , and ~213 times enhancement 

in the SR. Additionally, the improved electrostatic control offered by gate stacking leads to a 

~12% reduction in SS, indicating lower leakage and sharper switching behavior, along with an 

increase in threshold voltage that suppresses short-channel effects. Further, temperature 

dependent analysis of GS - AGNRFET reveals that increasing temperature from 250 K to 350 

K causes a ~ 48% reduction in Ion, a ~98% degradation in SR, and a ~ 56% increase in SS, 

attributed to enhanced phonon scattering and weakened gate control at elevated temperatures. 

Furthermore, DIBL increases by ~138 times, confirming that GS - AGNRFET is best suited 

for low-temperature and low-power applications, such as cryogenic electronics and biomedical 

sensors. Additionally, the performance enhancement is achieved through edge passivation 

engineering of AGNR channel with 13th and 15th group elements. Boron passivation reduces 

the bandgap significantly and increases the PDOS near the Fermi level, resulting in a ~ 7.8 × 

10⁵ times reduction in Ioff and an exceptional ~139 times increase in Ion compared to P - 

AGNRFET. Consequently, the switching ratio improves from ~7.1 × 10³ to ~1.45 × 10⁸, 
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representing an improvement of more than four orders of magnitude, making the B – 

AGNRFET highly promising for ultra-low-power and high-performance nanoelectronics 

applications. 

In summary, this chapter systematically demonstrated that gate stack dielectric 

engineering, temperature-dependent analysis, and edge passivation play a crucial role in 

governing the electrostatic behavior, transport efficiency, and leakage characteristics of 

armchair graphene nanoribbon FET at atomic scale. However, the proposed GS-AGNRFET 

with AGNR (N = 4) demonstrated exceptional switching performance but the systematic 

influence of varying the value of N belongs to 3p + 1 family on the electronic band structure, 

density of states, and quantum transport properties within the GS architecture remains 

unexplored. Therefore, to address this gap. the width engineering in channel material will be 

the primary focus of the next chapter.  
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3 
CHAPTER 

 
Impact of Channel Width Engineering on Electronic and 
Quantum Transport Properties of Gate-Stack Armchair 
Graphene Nanoribbon FET  

❖ In this chapter the electronic and quantum transport properties for the bulk 
configuration of AGNRs with varied number of carbon atoms along AGNRs width are 
investigated.  

❖ The Semi-empirical Density Functional Theory based approach is used to calculate the 
band structure, DOS, and transmission spectrum for the bulk configuration of AGNRs. 

❖ The AGNRs (N = 4, 7, 10 and 13) are used in channel material to analyse the 
performance of field-effect transistors with Gate Stack architecture. 

❖ The GS-AGNR (N = 4) FET demonstrates significantly reduced off-state current and a 
markedly improved switching ratio compared to wider ribbons having N = 7, 10 and 
13.  

❖ Overall, this chapter establishes channel width as a critical design parameter and 
highlights GS - AGNR (N = 4) FET as promising candidates for low-power and 
nanoscale electronic applications. 
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The advantage of the GS architecture with AGNR (N = 4) over the conventional GNRFET is 

discussed in Chapter 2. To further enhance the performance of the proposed device, the effect 

of channel width variation and scaling down in AGNR channel material is explored in this 

chapter. Additionally, the performance analysis is carried out in terms of projected local 

density of states, transmission spectrum at different values of Vds, and electrostatic difference 

potential, which provides a unique approach to analyze the electronic and quantum transport 

characteristics of the proposed device.  

3.1 INTRODUCTION 

As discussed in Chapter 2, to increase the functionality of electronic gadgets the new 

technology tries to shrink more components on IC. The co-founder of Intel, Gordon Moore, in 

1965 predicted that the number of electronic devices would double every 18 months, i.e., the 

size of the devices would be reduced [1]. The scaling down in ICs will bring significant hurdles 

in the electronic industry. The majority of electronic devices are built using silicon technology, 

which has been widely used in the semiconductor industry. According to the International 

Roadmap for Devices and Systems (IRDS), transistor channel lengths will reach 5 nm by 2021 

[2]. However, as the physical limits of silicon transistors are being approached, there is a 

growing demand for alternative materials and device architectures that can offer superior 

performance, energy efficiency, and scalability [3]. The GNRFETs have emerged as potential 

candidates for revolutionizing IC technology in this context. Due to its outstanding electrical 

properties, graphene, a 2D carbon allotrope, has drawn much attention [4]. This unique 

material possesses amazing qualities, including outstanding electrical conductivity, excellent 

mechanical strength, great thermal conductivity, and gas impermeability [5]. As graphene 

possesses exceptional electrical characteristics, the absence of bandgap limits its employment 
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in electronics. However, it is possible to create a bandgap in graphene through quantum 

confinement to make GNRs [6]. The generally utilized edge configurations for GNRs are the 

zigzag and armchair edges. ZGNR shows a near-zero bandgap and exhibit metallic nature [7]. 

In the AGNR category, there are three groups, N = 3p, N = 3p + 1, and N = 3p + 2, where N is 

the number of carbon atoms along AGNR width and p is a positive integer [8]. The 3p+1 and 

3p groups in AGNR exhibit a direct energy gap and are semiconducting in nature, while the 

3p+2 group is metallic in nature [9]. Semiconducting AGNRs are ideal materials for channels 

in GNRFET [10]. The materials with a high-κ dielectric constant are needed for the transistor 

gate oxide to upgrade the performance of nanoscale transistors and prevent SCEs [11]. While 

choosing a high-κ dielectric material, a trade-off must be made between the high-κ dielectric 

and an appropriate bandgap for a transistor. There is an adverse relationship between the 

bandgap and dielectric constant. Implementing a high-κ dielectric layer on the AGNR channel 

can generate undesirably strong fringing fields at the source and drain contacts, which can 

cause various issues like bandgap degradation, threshold voltage instability, and mobility 

degradation [12]. The issues above, like bandgap degradation, threshold voltage instability, 

and mobility degradation, can be overcome using gate stack architecture.  In GS architecture, 

a combination of two dielectric layers has been used. Specifically, a low-dielectric layer of 

SiO2 (κ = 3.9) has been sandwiched between the high-κ dielectric layer and the GNR channel 

[13]. The narrow SiO2 layer in GS stabilizes the high-ĸ dielectric (LaAlO3) layer and AGNR 

substrate without affecting the device’s effective oxide thickness. The high-κ dielectric in GS 

will permit the increase in physical oxide thickness to prevent gate tunneling and thus improves 

the carrier efficiency, reduce off current, and enhance the device performance [14, 15]. 

Although several studies have investigated the electronic properties of AGNRs and their 

2
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application in nanoscale transistors, limited attention has been given to the systematic impact 

of channel width engineering in combination with gate stack architecture using a semi-

empirical DFT framework. In particular, the correlation between AGNR width (N), electronic 

band structure, and quantum transport properties remains insufficiently explored for optimized 

device performance. 

In this chapter, a Gate Stack Armchair Graphene Nanoribbon Field Effect Transistor is 

proposed, where the impact of channel width on the electronic and quantum transport 

properties is systematically investigated using a Semi-empirical Density Functional Theory 

approach. The study primarily focuses on AGNR configurations belonging to the 3p+1 family 

(N = 4, 7, 10, and 13), owing to their superior semiconducting behavior. The electronic 

properties such as band structure, density of states, and transmission spectrum are analyzed, 

followed by device-level performance evaluation in terms of switching ratio, off-state current, 

and transport characteristics using the NEGF formalism. The proposed GS architecture 

effectively mitigates short-channel effects and enhances device performance. This chapter is 

organized as follows: Section 3.2 presents the device design and structural configuration, 

Section 3.3 describes the simulation methodology, Section 3.4 discusses the results and 

analysis, and finally, Section 3.5 concludes the findings of the study. 

3.2 DEVICE DESIGN AND DESCRIPTION  

The simulated proposed device architecture and optimized atomic structure of AGNRs 

with varied N  are shown in the Figure 3.1. An AGNR layer of 50 Å is used as channel material 

considering the fact of scaling down. The value of N in the AGNR varies for different types of 

device configurations. From the above Figure 3.1(c-f), it can be observed that the periodic 

direction of all widths is kept the same. The highlighted box in Figure 3.1(c-f) shows one atom 
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view, including the number of atoms along AGNR width. Further, the AGNR is rotated 30˚to 

make a perfect interface with the ZGNR-type contacts, as shown in Figure 3.1 (b). The length 

of the drain and source is also taken 50 Å. A gate stacking architecture is used after a metallic 

gate. Step-increasing doping profile of n-type is used in all regions to make a junctionless 

configuration having a concentration of 3 × 1016 in the channel region and 5 × 1018 in the 

source and drain region. Gate potential plays an important role in calculating the electronic 

properties of a device, and hence, a metallic gate is employed over the dielectric layers. Here, 

the tox is taken as 1 nm (0.50 nm LaAlO3 layer + 0.50 nm SiO2 layer). The tox is inversely 

related to the Cox, i.e., reducing tox will increase the Cox, which provides better control of the 

gate over the channel as the potential drop on gate oxide decreases. 

 

 

 
 

Figure 3.1: (a) Front view, (b) rotated view of the proposed device taken from the ATK Simulator, 

and (c-f),  optimized atomic structure of AGNR having different number of atoms along its width 

used as channel material in proposed device [13] 

8
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3.3 SIMULATION METHODOLOGY 

The Quantum ATK tool is used to carry out all the simulations. The SE calculator uses the 

Slater-Koster model with the DFTB parameter group in ATK to perform all the analyses in 

this chapter. The Slater-Koster model is frequently used to create the tight-binding Hamiltonian 

matrix for a given system [16]. This includes determining the matrix elements of the 

Hamiltonian between orbitals of atoms [17]. The equation for the matrix elements of the tight-

binding Hamiltonian in the Slater-Koster model is already defined Eq. 2.14 in Chapter 2. The 

NEGF method without a self-consistent tight-binding function is adopted in this chapter. The 

non-self-consistent portion of the tight-binding Hamiltonian is parametrized in SE using a two-

center approximation, meaning that the matrix components are independent of the positions of 

the other atoms and only depend on the distance between two atoms. The Hartree potential is 

kept constant at 40 Ha, and the K-point sampling is taken 1×1×100. The electrode temperature 

is kept at 300 K. Bulk configured AGNR electronic properties are calculated using the Fast 

Fourier Transform Poisson solver, whereas device properties are calculated using the multi-

grid type Poisson solver. Firstly, all structures are optimized using the Brenner_CH_2002 with 

a force tolerance of 0.05 eV/Å. Further, the electrical properties of a fully optimized structure 

are computed using DFT and NEGF formalisms. Also, the simulation models are calibrated 

with the previous findings as discussed in Chapter 2, Section 2.2.  

3.4 RESULTS AND DISCUSSIONS 

In this section, the DFT analysis of AGNR with varied N belonging to the (3p+1) family is 

studied in terms of band structure, DOS, and transmission coefficient. Further, the AGNR is 

used as a channel material in GS- AGNR FET with the varied number of carbon atoms along 

3
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AGNR width, and then the performance analysis of the proposed devices has been carried out 

using the DFT and NEGF approach. 

3.4.1 DFT based Investigation of electronic properties of AGNR with 
different values of N 

In this section, the band structure, DOS and TS for AGNR (N = 4, 7, 10, 13) is analyzed.  The 

band structure and DOS for AGNR (N = 4, 7, 10, 13) is depicted in Figure 3.2. The band 

structure is used to compute the band gap, which shows the number of energy levels that an 

electron can have as illustrated in Figure 3.2 (a, c, e, and g). High symmetric k-points, are 

plotted on the x-axis, and energy (eV) is plotted on the y-axis to represent band structures. The 

values of bandgap are 1.98, 1.21, 0.87, and 0.68 eV for AGNR (N = 4), AGNR (N = 7), AGNR 

(N = 10), and AGNR (N = 13), respectively. From the bandgap analysis, it is observed that the 

3p+1 family of AGNR, i.e., N = 4, 7, 10, and 13 having values of p = 1, 2, 3, and 4, are 

semiconductor in nature and can be used as a channel material in FETs. It is also observed that 

the value of the bandgap decreased as the widths of AGNR increased. The width of AGNR is 

given by [18]: 

   𝑊𝐴𝐺𝑁𝑅 =  
√3𝑎𝑐𝑐 (𝑁 + 1)

2
 

                                                                       (3.11) 

where, 

𝑊𝐴𝐺𝑁𝑅 - width of AGNR  

𝑎𝑐𝑐  - bond length of carbon-carbon atom in AGNR 

N - number of carbon atoms along AGNR width 

The width of AGNR is 1.8, 2.88, 3.96, and 4.2 nm for N = 4, 7, 10, 13 respectively. From the 

bandgap analysis, we observed that Width of AGNR and bandgap have an adverse relationship.  

1

31

87

Page 136 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931

Page 136 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931



 Chapter 3: Impact of Channel Width Engineering… 

 

87 

Anshul 

The number of available electronic states (both occupied and unoccupied) that are accessible 

for electrons to fill at a given energy level determines the DOS, as illustrated in Figure 3.2 (b, 

d, f, and h). From these figures, the authors observed that there is no peak at the Fermi level in 

DOS. Also, in accordance with the energy states that are available, DOS exhibits similarities 

to band structure. The semiconducting nature of the AGNR is verified by the fact that there is 

no peak at the Fermi level in DOS. Further, the number of DOS peaks increases as the value 

of width (WAGNR) increases. In AGNR (N = 4), the DOS peaks in the CB are observed at 1.46 

eV and in the VB at -0.68, -1.68 eV. In AGNR (N = 7), the peaks in CB are at 0.80 and 1.30 

eV, while in VB, peaks are observed at -0.84 and -1.22 eV. In the case of AGNR (N = 10) and 

AGNR (N = 13), DOS peaks in CB are observed at 1.94 and 1.68 eV, and in VB peaks are 

observed at -1.74 and -1.48 eV. From the above analysis, the authors observed that as the value 

of N in AGNR increased, the large number of peaks shifted in CB. Further, an increase in 

electron energy opens more states to occupy an electron in the CB. The relation between DOS 

and energy is given by [19]: 

𝐷 (𝐸) =  
𝑑𝑁 (𝐸)

𝑑𝐸
 

(3.12) 

where, 

D (E) - The density of states for the available energy range  

76
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Figure 3.2: Quantum transport properties for bulk configuration of AGNR with different N that 

are used as a channel material (a) AGNR (N = 4) band structure, (b) AGNR (N = 4) DOS, (c) 

AGNR (N = 7) band structure, (d) AGNR (N = 7) DOS, (e) AGNR (N = 10) band structure, (f) 

AGNR (N = 10) DOS, (g) AGNR (N = 13) band structure and, (h) AGNR (N = 13) DOS [13] 

The analysis of the transmission spectrum for different N in AGNR is illustrated in Figure 3.3. 

The transmission spectrum of a GNR describes how the transmission of electrons changes as 

their energy varies while passing through the nanoribbon. This transmission is affected by the 

GNR structure, which in turn depends on its width and other structural features. The energy 

range for the transmission coefficient is taken from -10 to +10 eV. It is observed from Figure 

3.3 that the peaks of the transmission spectrum increased as the value of N in AGNR increased. 

Also, no peak is observed at Fermi energy (i.e., for E = 0 eV), which points out the 

semiconducting nature. From Figure 3.3, it is observed that the AGNR (N = 4) has no peaks in 

the energy range of - 0.5 to + 1.5 eV, which describes that an electron can easily tunnel through 

VB to CB.  From the above discussions, the authors lead to an observation that the AGNR (N 

= 4) has improved transmission spectrum peaks around Fermi energy and has a better value of 

bandgap. 

142
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Figure 3.3: Transmission spectrum for varied N in the AGNRs [13] 

3.4.2 Performance analysis of the proposed devices using the DFT approach  

From the DFT analysis of AGNR, as discussed in Figure 3.2 and 3.3, it is observed that 

the AGNR (N = 4) shows improved results in terms of band structure and transmission 

spectrum. Further, the transport properties for different device configurations with varying 

values of N in AGNR for the channel material are calculated. The authors have analyzed the 

impact of the Vds on the transmission spectrum for each device configuration as depicted in 

Figure 3.4. The transmission coefficient for a device configuration is obtained by the without 

self-consistent solution of the Schrodinger equation and 3-D Poisson’s equations using the 

Slater-Koster model with NEGF method as discussed in Eq. 2.16. The value of Vds is changed 

from 0 to 1 V in 0.5-step increments. A new without self-consistent calculation needs to 

determine the associated transmission spectrum for every drain voltage. Once the transmission 

spectrum is calculated, it is observed that the Fermi level shift at the VB and CB edges is the 

39
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primary distinction between the various spectra calculated from the parameters ΓL(E) and 

ΓR(E). The terms EL and ER in Figure 3.4 denote the shift in the Fermi level corresponding to 

the left and right electrodes, respectively. From Figure 3.4(a), it is observed that the GS-AGNR 

(N = 4) FET at 0 V shows a minimum resonance peak. The width and electrical characteristics 

of the GNR would determine the number of resonance peaks and their specific positions. The 

reason can be understood by the Fermi levels shift in the left and right electrodes. The Fermi 

level shown in the presented work governs the range of electron transport inside a GS-AGNR 

(N) FET. The electron transmission inside the GNR channel increases with the value of the 

Fermi level range in GNR. It can be clearly observed from Figure 3.4 (a-d) that for 0.5 V, the 

range of Fermi level shift for both electrodes are higher in GS-AGNR (N = 4) FET as compared 

to the other three device configurations. 
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Figure 3.4: Transmission spectrum at input voltages 0 V, 0.5 V, and 1 V for (a) GS-AGNR (N = 

4) FET, (b) GS-AGNR (N = 7) FET, (c) GS-AGNR (N = 10) FET, (d) GS-AGNR (N = 13) FET 

[13] 

It is evident from Figure 3.4(a) that the possibility of electrons tunneling for 0.5 V in 

GS-AGNR (N = 4) FET is greater than the other device configurations at this voltage (0.5 V). 

Also, in Figure 3.4(a) at 0.5 V, there is no peak present in the barrier of EL and ER, which points 

out the higher possibility of conductance as compared to the transmission spectrum, as shown 

in Figure (b-d). The values of T(E) at 0 V and 0 eV are 1.09 in GS-AGNR (N = 7) FET, which 

is higher than in other device configurations. When the drain voltages change from 0 to 1 V, it 

is observed that the value of T(E) decreases, and the area under the curve also decreases. In 

GS-AGNR (N = 10) FET and GS-AGNR (N = 13) FET, as depicted in Figure 3.4(c) and (d), 

the values of T(E) at 0 V and 0 eV are 0.76 and 0.97. Also, as the Vds change from 0 to 0.5 V, 

the resonance peak value decreases. Further, the authors observed that the variation of the 

transmission spectrum for GS-AGNR (N) FET having different values of N in channel material 
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shows the transport of electrons and its dependence on external voltage. Moreover, the DFT 

based analysis of GS-AGNR FET in terms of T(E) gives a unique approach to explain the 

device performance, which can be very useful in many applications. The transfer 

characteristics of GS-AGNR (N) FETs with different values of N are shown in Figure 3.5 (a). 

The drain current is calculated after using the without self-consistent solution of tight-binding 

Hamiltonian matrix after the calculation T(E) and mathematically expressed by Landauer-

Büttiker Formalism as disussed in Eq. 2.17.  

The Eq. 2.17 depicts the dependence of Id on T (E). Also, the GS-AGNR (N = 4) FET shows 

improved value of Ioff as compared to other device configurations. The value of Ioff changed 

from 1.75 nA to 5.42 µA for GS-AGNR (N = 4) FET and GS-AGNR (N = 13) FET. The 

narrower width of AGNR shows improved results in terms of Ioff, switching ratio, and other 

parameters like transmission probability and conductance, which can be easily understood by 

analyzing the transmission spectrum for each device configuration. The transmission spectrum 

and transfer characteristics of a GNRFET are related through the electronic properties of the 

GNR and the operation of the FET. The discussion about the variation of transmission spectrum 

in terms of T(E) for different device configurations led to an observation that the transfer 

characteristics, as shown in Figure 3.5 (a), have been improved significantly for GS-AGNR (N 

= 4) FET. From the transfer characteristics, the switching ratio and the off current are 

calculated. 
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Figure 3.5: (a) Transfer characteristics of GS-AGNR (N) FETs with different values of N in the 

channel material, and (b) Variation in off current and switching ratio for GS-AGNRFET [13] 

The variation in Ioff and SR ratio for all purposed device configurations is illustrated in Figure 

3.5(b). The switching ratio is an important factor that determines the performance of a device. 

A high SR ratio indicates that the device can reliably and rapidly switch between conducting 

(on) and non-conducting (off) states, enabling it to amplify and process electrical signals with 

minimal power consumption. In this present study, the GS-AGNR (N = 4) FET shows a higher 

switching ratio value than other device configurations. Based on the SR parameter, the authors 

have observed that the GS-AGNR (N = 4) FET can be used in high-speed electronics and low-

power integrated IC. 
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Figure 3.6: Projected local density of states for (a) GS-AGNR (N = 4) FET, (b) GS-AGNR (N = 

7) FET, (c) GS-AGNR (N = 10) FET and, (d) GS-AGNR (N = 13) FET [13] 

Figure 3.6 portrays the contour plot of the projected local density of states (PLDOS) for all 

device configurations. These contour plots of PLDOS in GS-AGNR (N) FETs provide crucial 

insights into the electronic structure and behavior of these atomic-scale devices. In Figure 3.6, 

the PLDOS is typically represented as a function of energy and position within the GNR. Each 

contour line in the graph corresponds to a specific energy level, and the intensity or color bar 

of the contour lines reflects the density of electronic states at that energy level. The magnitude 

of these contour lines associated with device density of states (DDOS) varies from -0.03 to 238 

eV-1. 
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Figure 3.7: Electrostatic difference potential profile for (a) GS-AGNR (N = 4) FET, (b) GS-AGNR 

(N = 7) FET, (c) GS-AGNR (N = 10) FET, and (d) GS-AGNR (N = 13) FET [13] 

The contour plots of electrostatic difference potential in Figure 3.7 show crucial insights into 

the distribution of electric charges within different device configurations. The contour plots 

clearly demonstrate where electric charges are concentrated and how they affect the device’s 

overall performance. The blue color contour depicts the electronic distribution near the 

electrodes, whose magnitude ranges from 0.015 to – 5.2 × 10-14 V, while the pink color 

illustrates the distribution of electric charges inside the channel. These contour plots can be 

used by scientists and engineers to improve the design of GNR FETs. They can fine-tune the 

devices having a narrower number of carbon atoms along AGNR width (like N = 4, as 

presented in this work) for certain uses, like high-speed computing or low-power electronics, 

by adjusting the charge distribution and electric field with exact atomic-level modifications. 
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For GS – AGNR (N = 4) FET, both PLDOS and EDD are highly confined within the channel 

region, indicating strong carrier localization and minimal interaction with the source and drain 

regions. This behavior arises due to enhanced quantum confinement and a larger bandgap, 

which restrict the spatial extension of electronic states and charge distribution. Table 3.1 

summarizes the comparison among proposed GS-AGNR(N) FETs with previously reported 

GNRFETs. The variation of N from 4 to 13 in GS-AGNR (N) FETs brings down the magnitude 

of the on current (9.14 µA to 0.21 µA) and increases the off current (1.75 ×10 -3 to 5.4 µA). 

These variations in the on and off currents due to a varied N value in GS-AGNR(N) FETs 

imparts a switching ratio of 3.9 to 5.22 × 103 corresponding to bandgap in the range of 0.68 to 

1.98eV. 

Table 3.1 
COMPARISON AMONG PROPOSED GS-AGNR(N)FETs WITH PREVIOUSLY 

REPORTED GNRFETs [13] 

Device Vds 

(V) 
Channel 

AGNR (N) 
Ion 

(µA) Ioff (µA) Ion/Ioff 
Bandgap 

(eV) 
GS-AGNR (N = 4) 

FET* 
0.5 N = 4 9.14 1.75 ×10-3 

5.22 × 

103 
1.98 

GS-AGNR (N = 7) 

FET* 
0.5 N = 7 0.11 0.295 37 1.21 

GS-AGNR (N = 

10) FET* 
0.5 N = 10 0.12 2.34 4.8 0.87 

GS-AGNR (N = 

13) FET* 
0.5 N = 13 0.21 5.42 3.9 0.68 

SB-GNRFET [4] 0.5 N = 12 - - 33.7 - 

AG-GNRFET  [20] 0.5 N = 12 - - 304 - 

DMG-GNRFET 

[21] 
0.6 N = 13 - - 5823 - 

SLD-GNRFET [22] 0.4 N = 12 3.66 15.7 × 10-4 2.3 × 

103 
- 

*Present work  
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3.5 SUMMARY 

This chapter investigates the influence of channel width engineering on the electronic and 

quantum transport properties GS-AGNR FET using a semi-empirical density functional theory 

framework combined with Slater – Koster DFT based model. AGNRs belonging to the 3p+1 

family (N = 4, 7, 10, and 13) are systematically analyzed to correlate ribbon width with 

bandgap, density of states, transmission spectrum, and device-level transport characteristics. 

The results reveal a strong inverse relationship between AGNR width and bandgap, with the 

narrowest ribbon (N = 4) exhibiting the largest bandgap (~1.98 eV), suppressed density of 

states near the Fermi level, and enhanced transmission control. When the AGNR (N = 4) 

implemented as the channel material in a gate-stack architecture, the GS-AGNR (N = 4) FET 

demonstrates significantly reduced off-state current and a markedly improved switching ratio 

compared to wider ribbons having N = 7, 10 and 13. Transmission spectra under varying drain 

bias, along with projected local density of states and electrostatic potential profiles, further 

confirm superior gate control and reduced leakage for narrower channels. Overall, this chapter 

establishes channel width as a critical design parameter and highlights GS - AGNR (N = 4) 

FET as promising candidates for low-power and nanoscale electronic applications. 

Following a comprehensive analysis of the gate-stack engineering, temperature-

dependent analysis, and edge passivation of the GNRFET device in Chapter 2, it is imperative 

to address the width engineering associated with this proposed device. In this chapter the 

proposed device with width engineering is studied with SK model. The SK model is used with 

non-SCF iteration in this chapter. Therefore, to ensure the device’s reliability, it is crucial to 

explore its device modelling with different simulation approaches and the SCF iteration 

methods, which will be the primary focus area of the next chapter. 
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4 
CHAPTER 

 
Reliability performance analysis of Gate-Stack Armchair 
Graphene Nanoribbon FET using Extended Hückel DFT 
model  

❖ The Extended Hückel model is employed in this chapter to investigate the reliability 
and performance of GS-AGNRFET, offering a more physically complete treatment of 
device electrostatics compared to the non-self-consistent Slater-Koster approach used 
in Chapters 2 and 3.  

❖ The Extended Hückel model demonstrates strong agreement with benchmark first-
principles DFT methods including PBE, HSE06, DFT½, and tight-binding approaches 
in both bandgap trend and transmission coefficient values for AGNR (N = 4 and 7), 
validating its physical credibility and computational efficiency for nanoscale device 
modelling. 

❖ The A7 device (GS-AGNRFET with AGNR N = 7 as channel material) demonstrates 
superior performance over the A4 device across all key reliability metrics including 
Ion, Ioff, SR, Vth, DIBL, device efficiency (DE), and static power dissipation under the 
EH-SCF framework. 

❖ Advanced transport analyses including DDOS, PLDOS, transmission spectrum, 
transmission pathways, and EDD collectively confirm enhanced gate electrostatic 
control, stronger electron tunneling, and more efficient carrier transport in the A7 
device.  

❖ The A7 device achieves a remarkably low static power of 1.58 × 10⁻¹³ W, which is 

significantly lower than the A4 device (2.55 × 10⁻¹⁰ W) and substantially lower than all 

previously reported GNRFET configurations available in the literature, making it 
highly reliable for low-power applications such as biomedical devices, gas sensors, 
and signal amplification circuits. 
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4.1 INTRODUCTION 

As discussed in detail in Chapter 2 and Chapter 3, the proposed GS-AGNRFET was 

systematically analyzed using the SK tight-binding model within a semi-empirical DFT based 

calculator. As electronic devices continue to shrink to atomic dimensions, it is crucial to 

consider the impact of individual atoms in device simulations. Several first-principles methods 

with ab initio and DFT based approaches have been used to investigate the optical, structural, 

and electronic properties of various materials [1, 2]. Also, atomic-scale electron-transport 

simulation methods built on the NEGF formalism have been developed in recent years. The 

methods can be broadly classified into two categories: Semi-empirical methods, which use a 

model with adjustable parameters fitted to experiments or first-principles calculations, and ab 

initio methods, which calculate the electronic structure of the system. Semi-empirical methods 

include SK and Extended Hückel models to calculate the electronic properties of the device [3, 

4]. The advantage of using Semi-empirical methods over an ab initio approach is that their 

application domain allows them to provide extremely precise outcomes. Moreover, the models 

can be fitted to experimental data, which sometimes yields more accurate results than DFT-

based technique [5, 6]. In Chapter 2, GS dielectric engineering, temperature analysis, and 

edge passivation were investigated using SK model to understand the fundamental electrostatic 

and transport characteristics of the proposed device [7-9]. In Chapter 3, this analysis is 

expanded by examining the effects of channel width engineering on AGNRs from the 3p+1 

with N values of 4, 7, 10, and 13.The results demonstrated that the GS-AGNR (N = 4) FET, 

despite exhibiting the largest bandgap (~1.98 eV) and the lowest off-state current, was 

identified as the optimal channel configuration in the SK model-based study [10]. However, it 

is important to note that in Chapter 2 and 3, all simulations were carried out using a without 

13
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self-consistent solution of the tight-binding Hamiltonian matrix. Although this approach is 

computationally efficient and provides a reasonable first approximation of electronic and 

transport properties, it inherently lacks the self-consistent treatment of electrostatic potential, 

which can limit the accuracy of certain device-level parameters [11]. In particular, when the 

Slater–Koster model is used without SCF iterations, the spatial redistribution of charge density 

in response to applied bias is not fully accounted for. As a result, several important parameters 

such as DE, TP, static power dissipation, and the accurate variation of DDOS under applied 

bias cannot be reliably computed or analyzed. Additionally, we attempted to conduct a 

simulation using the SK model with SCF iterations; however, some of the resulting parameters 

are contradictory. These limitations restrict the completeness of the reliability assessment of 

the proposed device. To address this gap, the present chapter used the Extended Hückel model 

with a SCF iteration scheme. The EH method, as implemented in Quantum ATK, employs a 

tight-binding Hamiltonian with parameters that are empirically derived or fitted to first-

principles calculations [3]. This approach provides significant computational efficiency while 

maintaining reasonable accuracy for nanoscale device modelling over other methods. In 

contrast to first-principles DFT, which solves the Kohn-Sham equations and provides 

predictive power at the expense of computational intensity, the EH method solves for 

electronic structure and transport properties using parametrized Hamiltonian basis sets and the 

NEGF formalism with a self-consistent Hartree potential [6, 12]. Unlike the non-SCF approach 

used in Chapter 3, the EH-SCF method iteratively updates the Hamiltonian matrix until 

convergence is achieved. This enables reliable extraction of reliability parameters including 

DE, TP, and static leakage power. A significant difference that motivates the use of the 

Extended Hückel model over the Slater–Koster tight-binding model in proposed device 

157
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simulations is their underlying spatial parametrization in Hamiltonian matrix. In the SK model, 

the overlap and Hamiltonian matrix elements are represented as numerical, pairwise tabular 

functions dependent on interatomic distance d for all significant orbital combinations (l₁, l₂, m) 

[11]. Even though this tabular methodology provides significant numerical flexibility and the 

capacity to accurately replicate complex band structures when precisely fitted, but it needs a 

considerably greater quantity of fitting parameters namely distinct SK tables for each elemental 

pair, angular momentum combination, and type of hopping integral (σ, π, δ bonds). This 

renders the fitting process markedly more complex, computationally demanding, and less 

adaptable across various structural configurations. In contrast, the EH model constructs the 

complete Hamiltonian matrix from the physically grounded Slater orbital overlap integrals 

through a closed-form analytical expression, which needs merely four adjustable parameters 

per angular shell per element (η₁, η₂, C₁, C₂) in addition to the singular element-level 

Wolfsberg–Helmholtz constant β, which is frequently universally assigned a value of 1.75 for 

organic and carbon-based systems [12-14]. Thus, the EH model is far simpler in its 

parameterization and offers greater physical clarity, as each matrix element can be explicitly 

linked to an orbital overlap integral with a distinct quantum mechanical meaning [15]. 

Moreover, the SK model considers the Hamiltonian and overlap matrices as independent 

tabular units, whereas the EH model imposes a direct algebraic proportionality between Hij 

(Hamiltonian matrix element) and Sij (overlap matrix element) via the Wolfsberg–Helmholz 

relation [14, 16]. This algebraic proportionality between Hij and Sij in EH model will help in 

maintaining the fundamental physical relationship between orbital overlap and electron 

hopping, which is crucial to the chemistry of conjugated carbon systems like AGNRs. The 

Quantum ATK documentation clearly states that “the Extended Hückel model is a Slater–
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Koster model as well, but with a unique fitting procedure for the Hamiltonian matrix 

elements,” indicating that the EH model serves as a physically constrained, parameter-efficient 

specialization of the SK framework [13]. Furthermore, in this chapter the EH model has been 

validated against benchmark first-principles DFT methods, including the Perdew–Burke–

Ernzerhof (PBE) functional, Heyd–Scuseria–Ernzerhof (HSE06) functional, Tight Binding 

(TB) method, and DFT-½ approach, confirming its physical credibility and computational 

efficiency for modeling AGNR-based devices. Also, from Chapter 2, it is concluded that B – 

AGNRFET shows better performance when the edges of AGNR are passivated with 13th group 

element boron. Considering the importance of edge effects in determining the performance of 

devices based on GNR, Chapter 5 systematically extends this investigation to the remaining 

elements of the Icosagen group (Al, Ga and In), providing a comprehensive understanding of 

how Group 13 elements edge passivation influences proposed device characteristics.  

In the present chapter, the study focuses specifically on AGNRs with N = 4 and 7, 

both belonging to the semiconducting 3p+1 family of AGNRs. The two proposed device 

configurations, namely the A4 device (GS-AGNRFET with AGNR N = 4 as the channel 

material) and the A7 device (GS-AGNRFET with AGNR N = 7 as the channel material), are 

systematically compared in terms of performance and reliability metrics. This chapter is 

organized as follows: Section 4.2 presents the device design and physical models, Section 4.3 

discusses the results and analysis, and finally, Section 4.4 concludes the findings of the study. 

 

 

 

 

5
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4.2 DEVICE DESIGN AND PHYSICAL MODELS  

The cross-sectional view of the proposed A4 device is illustrated in Figure 4.1. The 

AGNR (N = 4) and AGNR (N = 7) are used as channel material in proposed devices A4 and 

A7, respectively. Further, a GS architecture is employed below a metallic gate to overcome the 

SCEs. The device design is already discussed in Chapter 2 and 3 in detail. All the device 

parameters used for simulation are tabulated in Table 4.1. 

 

Figure 4.1: Cross-sectional view of the proposed A4 device [17] 

Table 4.1 
Proposed device parameters for the present chapter [17] 

Parameters Proposed Devices 
A4 device A7 device 

N 4 7 

Gate length, Lg (nm) 5 5 
Oxide layer thickness, tox (nm) 1 1 

Source and drain length, Ls/d (nm) 5 5 
The concentration of doping in the 

channel region, NCh (e/cm3) 3×1016 3×1016 

The concentration of doping in source 
and drain regions, Ns/d (e/cm3) 5×1018 5×1018 

 

1
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As previously discussed in previous chapters, the Quantum ATK tool is used to carry out all 

the simulations. In the previous chapters the SE calculator uses the Slater-Koster model with 

the non – SCF iterations in ATK to perform all the analysis. In this chapter, the tight-binding 

Hamiltonian matrix approach with the EH model is employed in the SE calculator. To calculate 

spectral densities, we have used the NEGF methods with SCF iteration. The transmission 

spectra and current-voltage characteristics computed under NEGF formalism, used with the 

EH model in the SE calculator, do not consider electron-phonon interactions. All the simulation 

parameters, including the basis set, EH fitted parameters, temperature, k-point sampling, 

energy cut-offs, SCF criteria, and boundary conditions, are tabulated in Table 4.2. Also, the 

summarized process flow chart for the simulation approach is displayed in Figure 4.2.  

Table 4.2 
Simulation parameters used for the present work [17] 

Parameters Value/Description 

Simulation tool Quantum ATK 2019.12 

Computational model Extended Hückel model 

Basis set Hoffmann 

Fitted parameters Hückel Hamiltonian parameterization 

Temperature and Fermi–Dirac 
broadening 

300 K 

Boundary conditions Multigrid–type Poisson solver with 

Periodic ×Periodic × Dirichlet boundary conditions 

K–point sampling 1 × 1 × 100 

Energy cut off 40 Hartree 

Contact self-energies calculated using the direct self-energy method 

 

1

1
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Figure 4.2: Simulation flow chart for the proposed work  [17] 

Firstly, the initial potentials for both electrodes are defined then the density matrix for the 

central region in the device using EH-SCF is calculated. This equation uses the Fermi-Dirac 

distribution to add up the contributions from both the left and right electrodes in the central 

region (channel region), which shows how electrons are spread out in the device energy levels 

when a bias voltage Vb is applied. Mathematically the density matrix is given as [18]: 

D(𝑉𝑏)  =  ∫ [𝑝𝐿(𝜀, 𝑉𝑏)𝑛𝐹(𝜀 −  𝜇𝐿) + 𝑝𝑅(𝜀, 𝑉𝑏)𝑛𝐹(𝜀 − 𝜇𝑅) ]
+∞

−∞

dε                                   (4.11) 

 where  

  𝑝𝐿 – partial spectral density of states in the left electrode  

𝑝𝑅 – partial spectral density of states in the right electrode  

𝑉𝑏 – external bias voltage 

𝜇𝐿 – the chemical potential of the left electrode 

𝜇𝑅 – the chemical potential of the right electrode 

  The partial spectral densities with the NEGF method discussed in Eq. 4.11 are given as [3]: 

1

1
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𝑝𝐿,𝑅(ε, 𝑉𝑏) =  
1

2𝜋
 [G(ε, 𝑉𝑏)Γ𝐿,𝑅(ε)𝐺†(ε, 𝑉𝑏)] 

                    (4.12) 

Where 

 𝑝𝐿,𝑅 – spectral densities of states in the left and right electrodes 

𝐺 – retarted Green’s function 

𝛤𝐿,𝑅 – broadening function  

𝐺† – advanced Green’s function  

From the density matrix and partial spectral densities, the real-space density for the central 

region is calculated. This equation changes the density matrix into real space electron density 

by breaking it down into Gaussian orbitals that are centered on each atom. This shows the 

spatial distribution of electrons throughout the device. Mathematically, the real-space density 

is given as [3]: 

𝛿𝑛 (𝑟) = Σ 𝛿𝑚𝜇  √(
𝛼𝜇

𝜋
)

3/2

𝑒−𝛼𝜇|𝑟−𝑅𝜇|2
 

                                                             (4.13) 

where 

𝛿𝑛 (𝑟) – induced electron density at position r 

  𝑚𝑢 – Mulliken population 

𝛼𝑢 – width of the Gaussian orbital 

𝑅𝜇 – position vector of atom μ 

Once the real-space density matrix is calculated, the Hartree potential is calculated by solving 

Poisson’s equations. The Hartree potential is given by [3]: 

1

Page 159 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931

Page 159 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931



 Chapter 4: Reliability performance analysis of Gate-Stack.…..… 

 

110 

Anshul 

−∇. [𝜀(𝑟)∇𝛿𝑉𝐻(𝑟)] =  𝛿𝑛(𝑟)                                                              (4.14) 

where 

  𝜀(𝑟) – spatially dependent dielectric constant 

𝛿𝑉𝐻(𝑟) – Hartree potential 

𝛿𝑛(𝑟) –  induced electron density 

The Hartree potential is used to solve the one-electron Hamiltonian until a self-consistent 

solution is obtained. This is the core Extended Hückel Hamiltonian equation. The diagonal 

elements (i=j) represent the on-site energy of each orbital corrected by the local Hartree 

potential. The off-diagonal elements (i≠j) represent the interaction between neighboring 

orbitals, combining the orbital energies weighted by an adjustable parameter β and the overlap 

matrix S, corrected by the average Hartree potential at both atomic sites. Mathematically this 

is given as [14]: 

𝐻𝑖𝑗 =  { 
𝐸𝑖 +  𝛿𝑉𝐻(𝑅𝑖)𝑖𝑓 𝑖 = 𝑗

1

4
(𝛽𝑖 + 𝛽𝑗)(𝐸𝑖 + 𝐸𝑗)𝑆𝑖𝑗 +  

1

2
[(𝛿𝑉𝐻(𝑅𝑖) + (𝛿𝑉𝐻(𝑅𝑖))𝑆𝑖𝑗 ] 𝑖𝑓 𝑖 ≠ j

 
(4.15) 

where 

𝐻𝑖𝑗 –  Hamiltonian matrix element between atomic orbitals i and j  

𝐸𝑖 – Orbital energy 

β – Wolfsberg-Helmholtz constant typically set to a value of 1.75 in the 

standard Hückel approximation 

𝛿𝑉𝐻(𝑅𝑖) – Hartree potential corresponds to the induced electron density on the atoms 

1

Page 160 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931

Page 160 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931



 Chapter 4: Reliability performance analysis of Gate-Stack.…..… 

 

111 

Anshul 

𝑆𝑖𝑗  – overlap matrix element between atomic orbitals i and j 

Once the Self-consistent solution of the tight-binding Hamiltonian matrix from Eq. 4.15 is 

obtained, the transmission coefficient and the drain current are calculated. The expressions for 

the transmission coefficient and the drain current  have already been discussed in detail in 

Chapter 2 and are represented by Eq. 2.16 and Eq. 2.17 respectively. 

4.3 RESULTS AND DISCUSSIONS 

In this section, the DFT analysis of AGNR with varied N belonging to the (3p+1) family is 

studied in terms of band structure, DOS, and transmission coefficient. Further, the AGNR is 

used as a channel material in GS- AGNR FET with the varied number of carbon atoms along 

AGNR width, and then the performance analysis of the proposed devices has been carried out 

using the DFT and NEGF approach. 

4.3.1 Investigation of bandgap, DOS and T(E) parameters in bulk-
configured AGNRs using the EH model 

  
Figure 4.3: Bandgap analysis of bulk-configured (a) AGNR (N = 4) and (b) AGNR (N = 7) [17] 

1

31
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Figure 4.3 shows the bandgap analysis of bulk-configured AGNRs for different values of N = 

4 and 7 using the EH model. The band gap, which displays the total number of possible energy 

levels for an electron, is calculated using band structure. The high symmetry k-points Γ and Z 

are plotted on the x-axis, representing the boundaries of the one-dimensional Brillouin zone, 

while energy in eV is plotted on the y-axis. The values of the bandgap for AGNR (N = 4) and 

(N = 7) are 1.77 and 1.09 eV, respectively. The reduction in bandgap from 1.77 eV to 1.09 eV 

as N increases from 4 to 7 is a direct consequence of the reduced quantum confinement in the 

wider ribbon, which brings the conduction band minimum and valence band maximum closer 

together. While a larger bandgap is conventionally associated with better OFF state leakage 

suppression, the self-consistent Extended Hückel framework employed in this work captures 

additional electrostatic effects that influence device performance beyond what bandgap alone 

predicts, as elaborated in the device performance analysis presented in the subsequent sections. 

Further, these AGNRs with different values of ‘N’ are used as channel material in proposed 

devices A4 and A7. 

 

Figure 4.4: DOS analysis for bulk-configured AGNR (N = 4) and AGNR (N = 7) [17] 

1
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A higher DOS value signifies the availability of greater states for occupation. The 

mathematical expression of DOS is already defined with Eq. 3.12 in Chapter 3. This equation 

demonstrates the interrelation between DOS and energy. The results of a DOS study on AGNR 

(N = 4) and AGNR (N = 7) are illustrated in Figure 4.4. From Figure 4.4, it is observed that 

DOS resembles the bandgap. The absence of a peak around the EF signifies the semiconducting 

nature of both AGNRs which is consistent with their band structure analysis. In AGNR (N = 

4), the DOS peak value in the CB is 37.73 eV-1 at an energy value of 2.26 eV. When the value 

of ‘N’ is changed from 4 to 7 in AGNR, the DOS peak value in CB shifted to 83.57 eV-1 at an 

energy value of 2.15 eV. The change in the value of ‘N’ gives rise to the peak values of DOS 

in CB. From this DOS study, it is observed that the bulk configuration of AGNR (N = 7) has 

more availability of states for occupation in CB than AGNR (N = 4).  

 

Figure 4.5: Transmission spectrum analysis for bulk-configured AGNR (N = 4) and  

AGNR (N = 7) [17] 

The greater availability of conducting states combined with the closer proximity of the first 

DOS peak to the Fermi level in AGNR (N = 7) directly enhances electron injection into the 

1
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channel under applied gate bias, which is expected to contribute to improved Ion and DE in the 

A7 device configuration as discussed in the next sections. The transmission spectrum analysis 

for bulk-configured AGNR (N = 4) and AGNR (N = 7) is depicted in Figure 4.5. The 

transmission spectrum of a GNR explains how electrons change energy as they move through 

it. In the transmission spectrum, the number of transmission peaks and their positions are 

directly related to the energy levels of the AGNR. For semiconducting AGNRs, as the value 

of ‘N’ increases, the bandgap decreases, leading to a shift in the transmission peaks closer to 

the Fermi level. From Figure 4.5, it can be observed that for AGNR (N = 7), transmission peaks 

shift closer to EF, and the value of T(E) is higher than that of AGNR (N = 4). A smaller 

bandgap, more availability of states in DOS, and higher transmission spectrum in AGNR (N = 

7) imply that less energy is required to move electrons from the VB to the CB, making the 

material more conductive. These improved parameters suggest that AGNR (N = 7) has 

improved electrical conductivity. 

4.3.2 Comparison of the EH Model with other DFT models  

In this section, we have compared and reported the value of bandgap and T(E) using the EH 

model against benchmark first-principles DFT methods, namely the PBE, TB methods, DFT 

½ method, and HSE06 functionals in Table 4.3. The comparison focuses on parameters like 

the Eg and T(E) for bulk-configured AGNRs with N = 4 and 7, which are used in our device 

configurations. The reported data in Table 4.3 suggest that the value of Eg and T(E) for all the 

models decreases and increases, respectively, as the value of ‘N’ increases from 4 to 7. These 

findings confirm the reliability of the EH model used in calculating the bandgap and T(E). 

Although the EH model slightly underestimates Eg compared to PBE and HSE06, while the 
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trend and range are consistent with TB and DFT ½ results, supporting the physical credibility 

of our EH model for device modeling. 

Table 4.3 
Comparison table of the EH model with other DFT models [17] 

Models Parameters AGNRs configurations 

N = 4 N = 7 

EH Eg (eV) 1.77 1.09 
T (E) 1.99 4.99 

PBE Eg (eV) 2.38 1.47 
T (E) 3.99 6.99 

HSE – 06 Eg (eV) 3.05 1.91 
T (E) -- -- 

DFT ½ method Eg (eV) 2.25 1.38 
T (E) 2.99 6.99 

TB Eg (eV) 1.98 1.21 
T (E) 0.99 1.97 

Additionally, we have calculated and compared the DOS using EH model with other DFT 

methods such as PBE, HSE06, TB, and DFT ½ for AGNRs with N = 4 and 7 as shown in 

Figure 4.6. From Figure 4.6(a), we can observe that for AGNR (N = 4), the PBE and DFT ½ 

methods shows no peaks in the energy range of ± 1.15 and ± 1.12 eV, indicating a bandgap of 

2.38 and 2.25 eV respectively, which aligns with the values reported in Table 4.3. Similarly, 

HSE06 displays a wider no-peak energy range of ± 1.51 eV, which indicates a bandgap of 3.05 

eV. The TB method shows peaks that are narrower and slightly shifted compared to PBE, with 

an energy range of ± 1.28 eV. The DOS suggests a bandgap close to 1.98 eV for the TB method. 

The EH model exhibits sharp and symmetric peaks near ± 1.11eV, corresponding to the VB 

and CB, yielding a bandgap of 1.77 eV. From Figure 4.6(b), we can observe that as the width 

increases to n = 7, the DOS peaks move closer to the EF, resulting in a reduced bandgap for all 

the models.  The EH model shows no peaks for energy range ± 0.66 eV, which indicates a 

decrease in the Eg for AGNR (N = 7) with a value of 1.09 eV. The PBE method shows a broader 

134
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zero DOS peaks range from about ± 0.71 eV (Eg ≈ 1.47 eV), while the HSE06 model shows a 

wider gap from ± 0.99 eV (Eg ≈ 1.91 eV). The DFT ½ method yields a no-peak region between 

± 0.67 eV (Eg ≈ 1.38 eV), and the TB model displays the smallest zero peaks region from ± 

0.61 eV (Eg ≈ 1.21 eV). The symmetry and width of the zero DOS peaks region across all 

models consistently reflect the expected bandgap as tabulated in Table 4.3. Further, the trend 

and estimated band gaps from the DOS plot for AGNR (N = 4 and 7) with the EH model is 

consistent with other DFT models, which confirms the reliability of the EH model used in this 

work. 

 

Figure 4.6: Density of state analysis comparison of EH model with other DFT models for (a) 

AGNR (N = 4) and (b) AGNR (N = 7) [17] 

Also, the authors have tabulated the values of band gaps of the present work with other 

compounds based on DFT approaches available in the literature in Table 4.4. The Table 4.4 

shows a direct comparison between our AGNR results (1.09–1.77 eV, using the EH model) 

and other materials studied using first-principles approaches. The comparison validates that 

the bandgap range of our AGNR configurations is competitive with several materials 

previously reported for optoelectronic applications. 

 

Page 166 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931

Page 166 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931



 Chapter 4: Reliability performance analysis of Gate-Stack.…..… 

 

117 

Anshul 

Table 4.4 
Comparison of band gaps of the present work with other compounds based on DFT approaches 

available in the literature [17] 

Materials/Compounds  Simulation models Reported bandgap value 
(eV) 

Referenc
es 

AGNR 
(N = 4) 

EH model 1.77 present 
work 

AGNR 
(N = 7) 

EH model 1.09 Present 
work 

3C - SiC General Gradient 
Approximation (GGA) 

2.5 [19] 

4C - SiC GGA method 3.58 [19] 

Graphene DFT with FP – LAPW 
formalism 

0 [20] 

8. 33 % Si–doped 
graphene 

DFT with FP – LAPW 
formalism 

1.022 [20] 

12.50% Si–doped 
graphene 

DFT with FP – LAPW 
formalism 

1.35 [20] 

25% Si–doped 
graphene 

DFT with FP – LAPW 
formalism 

1.95 [20] 

50 % Si–doped 
graphene 

DFT with FP – LAPW 
formalism 

2.51 [20] 

BaHfO3 GGA 5.9 [21] 

Mn3GaC Monte Carlo simulations 0 [22] 

Chalcogens doped 
SHO 

LDA method 6.07 [23] 

Hydrogen boride PBE method 0 [24] 

AlCMn3 Monte Carlo simulations 0 [25] 

 

4.3.3 Proposed devices performance analysis using the EH model for low–
power applications  

In this section, we have compared parameters for low-power application analysis like Ion, Ioff, 

SR, Vth, DIBL, DE and other parameters like DDOS, TP, and EDD for both device 

configurations. Figure 4.7 (a) depicts the spider chart variation in the parameters Ion, Ioff, and 

SR. The Vgs varies from 0 to 1 V at a constant Vds = 0.5 V for the transfer characteristics of the 

devices. From the transfer characteristics, the parameters Ion, Ioff, and SR are calculated.   
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Figure 4.7: (a) Variation in Ion, Ioff, and SR for proposed devices and (b) Variation in Vth and 

DIBL for proposed devices  [17] 

From Figure 4.7 (a), it is observed that the A7 device shows improved value of Ion and reduced 

value of Ioff, which significantly improved the SR compared with the A4 device. The better the 

SR, the better the speed of the device and the lower the power consumption. The reason for 

the better performance of the A7 device is that the AGNR (N = 7) has a smaller bandgap, which 

improves its electrical conductivity. Also, in AGNR (N = 7), the increased availability of states 

in the DOS enhances the electron transition, while the higher transmission spectrum ensures 

efficient electron transport across the material.   These factors improve the current flow in A7 

devices as compared with A4 devices. Considering the effect of scaling down, we have also 

calculated the SCEs parameters like Vth and DIBL. The variation of Vth and DIBL is depicted 

in Figure 4.7 (b). The Vth for a device is defined as the minimum amount of Vgs required to 

switch on the device. From Figure 4.7 (b), we can observe that the value of Vth reduces by 

27.59% in the A7 device compared with the A4 device. The DIBL is an SCE observed in FETs 

when the channel length reduces to the nanometer range. It refers to the reduction of the 

potential barrier in the channel near the drain region due to the influence of the Vds. It is an 
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important parameter to check the device performance and power consumption. The higher 

value of DIBL signifies a lesser control of the gate over the channel, which leads to higher 

power consumption and degradation in device performance. The values of parameters 

calculated from the transfer characteristics of proposed devices such as Ion, Ioff, SR, Vth, and 

DIBL are tabulated in Table 4.5.  From Figure 4.7 (b), it can be observed that the A7 device 

has a lower value of DIBL, which signifies lower power consumption over the A4 device. The 

value of DIBL reduces from 150 to 125 mV/V in the case of the A7 device. The reason is that 

the A7 device has a smaller bandgap, lower threshold voltage, and better switching speed, 

which improves the control of the gate over the channel and reduces DIBL value as compared 

with the A4 device. 

Table 4.5 
Comparison table for proposed devices [17] 

Parameters Proposed Devices 
A4 device A7 device 

 Ion (A) 0.664 × 10-6 3.86 × 10-6 

Ioff (A) 4.51 × 10-10               3.16 × 10-13 

SR (× 105) 0.0145 122 

Vth (V) 0.58 0.42 
DIBL (mV/V) 150 125 

 

1

1

1
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Figure 4.8: Device efficiency analysis of A4 and A7 devices [17] 

Figure 4.8 depicts the DE analysis of the proposed A4 and A7 devices. DE is a critical 

parameter that measures how well a transistor converts Vgs modulation into Id, reflecting the 

device’s energy efficiency. Mathematically, DE is given as: 

𝐷𝐸 =      
𝑔𝑚

𝐼𝑑
                                                                                                                              (4.16) 

 where 
𝑔𝑚 - transconductance  

𝐼𝑑 - drain current 
 

From Figure 4.8, it can be observed that the value of DE for the A7 device is higher at lower 

gate voltages as compared with the A4 device (~ 0.5V). The early peak and sharp increase in 

A7 device indicate that it has superior electrostatic control over the channel, gm and enhances 

DE. The higher value of DE for the A7 device signifies that the A7 device operates more 

efficiently, requiring lower voltage to achieve significant current modulation and highly 

reliable in low–power applications.  
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Figure 4.9: Device density of states analysis for A4 and A7 devices [17] 

 

Figure 4.9 depicts the variation of DDOS in both devices at Vds = 0.5 V. The DDOS presents 

the total number of electronic states that are obtainable (occupied + unoccupied), how they are 

distributed in terms of energy, and how important they are to the operation and behavior of the 

device. The VB (energy range from -2 to 0 eV) and the CB (energy range from 0 to 2 eV) are 

the two main sections that make the DDOS curve. From Figure 4.9, it is observed that the A4 

device exhibits higher peak DDOS magnitude of approximately 450 eV⁻¹ compared to 

approximately 20 eV⁻¹ for the A7 device. However, it is important to note that the absolute 

magnitude of the DDOS alone does not determine the device transport performance. The 

1
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critical parameter to understand the device operation is the energy position of the DDOS peaks 

relative to the EF (E = 0 eV). In the A4 device, the larger bandgap of 1.77 eV pushes the first 

DDOS peak further away from the Fermi level, meaning that under a moderate applied gate 

voltage, fewer states fall within the transport window available for electron conduction. In 

contrast, in the A7 device, the smaller bandgap of 1.09 eV positions the first DDOS peak closer 

to the Fermi level, enabling more efficient electron injection into the channel under the same 

applied bias conditions. This energetically favorable positioning of DDOS peaks in the A7 

device, rather than the absolute peak magnitude, is responsible for the improved carrier 

transport and enhanced Ion observed in the A7 device compared to the A4 device. 

  

Figure 4.10: Projected local density of states analysis for (a) A4 and (b) A7 device [17] 

 

Figure 4.10 shows the PLDOS plot at applied Vds = 0.5 V. The PLDOS contour plots represent 

electron propagation through the channel. The horizontal axis typically corresponds to the 

device transport direction along the channel (from source to drain), while the vertical axis 

represents energy, often centered around the EF. Color gradients indicate the availability of the 

DOS at that energy level. The color bar for the A4 device ranges up to 95.57 eV⁻¹ while for 

the A7 device it reaches 7.605 eV⁻¹, indicating that the absolute local DOS magnitude is higher 
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in the A4 device. However, the spatial and energetic distribution of states within the transport 

energy window of −2 to +2 eV around the Fermi level reveals a more physically meaningful 

distinction between the proposed devices. The pink, black and blue colors in the contour plot 

reflect the high, low, and moderate availability of DOS respectively. From Figure 4.10(a), we 

observe that there exists black colored region within the energy range from – 2 to + 2 eV for 

A4 device whereas in case of A7 device there exist pink and blue colored regions within the 

energy range of – 2 to + 2 eV as shown in Figure 4.10(b). These findings indicate that the 

availability of the DOS for the conduction electrons is very high in case of A7 device compared 

to A4 which can be the reason behind the observed lower Ioff and better switching ratio for the 

A7 device.   

  

Figure 4.11: Transmission spectrum analysis for (a) A4 and (b) A7 device at different Vds [17] 
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Figure 4.11 presents the transmission spectrum analysis of A4 and A7 devices at varied drain 

voltages, revealing critical details about energy-dependent electron transport dynamics under 

applied bias. Once the transmission spectrum is calculated, it is observed that the shift in EF 

shift at the VB and CB edges is the primary distinction between the various spectra calculated 

from the parameters Γd (E) and Γs (E). The terms EL and ER in Figure 4.11 denote the shift in 

the Fermi level corresponding to the left and right electrodes, respectively. From Figure 

4.11(a), we can observe that at Vds = 0 V, the A4 device exhibits few and weak transmission 

peaks in VB, particularly around the EF = 0 eV, indicating an absence of transport channels 

which leads to greater resistance. From Figure 4.11 (b), for Vds = 0 V, the value of transmission 

coefficient at EF for the A7 device is found to be 0.54, while for the A4 device, the value of 

T(E) is zero. This confirms that the A7 device has more available conducting channels at the 

Fermi level. Also, the A7 device exhibits more obvious and sharper transmission peaks in the 

CB  near EF = 0 eV, allowing for greater carrier injection and a lower threshold for conduction, 

as shown in Figure 4.11(b). Further, at Vds = 0.5 V, the trend remains similar, with the A7 

device still showing a higher value of T (E) = 0.98, whereas the value of T (E) is zero for the 

A4 device. These findings suggest that the A7 device at Vds = 0.5 V exhibits better transport 

performance, lower resistance, and higher output current. However, as Vds increases to 1V, 

both devices exhibit a vanishing T (E) between EL and ER, indicating a suppression of 

conducting channels under higher bias conditions. Hence, based on our T (E) analysis, we 

observed that the A7 device is suitable for low-power applications, where minimal leakage 

current and fast switching are desirable. The above statement is confirmed by the device 

efficiency analysis, as discussed in Figure 4.8. To examine deeper insight into the spatial 

characteristics of electron transport, the transmission pathways were analyzed at Vds = 0.5 V. 
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The transmission coefficient, T(E), is divided into local bond contributions, Tij, through the 

analysis option known as TP. The TP is correlated with the possibility of an electron tunneling 

from the source electrode to the drain electrode in the FET device. 

 

Figure 4.12: Transmission pathways in (a) A4 device and (b) A7 device  [17] 

The investigation of TP offers information about the conductance, optimization, and quantum 

mechanical effects of the device, which are important parameters in determining the 

performance. In TP analysis, arrows are frequently employed to indicate the direction of 

electron transmission. The volume of the arrow represents the magnitude of the TP, while the 

color indicates the direction of TP as illustrated in Figure 4.12. In Figure 4.12(a) for device 

A4, the yellow color shows the right direction, and the other color shows the left direction of 

electron transmission, while in Figure 4.12 (b), the red color shows the right direction and the 

yellow color shows the left direction of electrons. The inset view of Figure 4.12 (a) and (b) 

clearly shows that the device A7 has longer and thicker arrows, indicating a stronger 

transmission than the A4 device. The A7 device has a higher TP than the A4 device, indicating 

stronger conductance, faster switching. 

8
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Figure 4.13: Contour plot of EDD in (a) A4 device and (b) A7 device [17] 

The applied gate voltage causes a change in electron density, which is represented by the 

electron difference density. Figure 4.13 shows the contour plot of EDD for both proposed 

devices. Due to the applied gate voltage, the contour map will demonstrate areas of increased 

or decreased electron density within the devices. From Figure 4.13(a) and (b), the highest value 

of EDD for the A4 device is 4.1 × 10-20, while for the A7 device, the value is 3.2 × 10-21 along 

the channel regions. The EDD analysis indicates that the A4 device demonstrates a greater 

electron difference density of 4.1 × 10⁻²⁰ Å⁻³, as compared to 3.2 × 10⁻²¹ Å⁻³ for the A7 device. 

The higher EDD value in the A4 device signifies a higher and less regulated redistribution of 

electron density under the applied gate voltage, implying that the gate modulation in A4 results 

that creates a lot of charge variance across the device, but have unlocalized redistribution of 

electrons. The reduced EDD value in the A7 device indicates more accurate and regulated gate 

modulation, resulting in a more uniform and localized redistribution of electron density inside 

the designated channel region. The enhanced gate control of the A7 device leads to diminished 

electron density fluctuations throughout the channel, hence providing superior switching 

performance, a lower threshold voltage, and decreased leakage current relative to the A4 

device. Further, for low-power applications, the static power (leakage power) of a device plays 

29
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an important role. The static power for a device is defined as the amount of power consumed 

by that device in the off state. It is an essential parameter to determine the thermal stability, 

battery life, and total power consumption for a device. A lower value of static power signifies 

low power consumption and long battery life for a device. Mathematically, it is given as [26]: 

𝑆𝑡𝑎𝑡𝑖𝑐 𝑝𝑜𝑤𝑒𝑟(𝑃𝑠) =   𝑉𝑑𝑠 × 𝐼𝑜𝑓𝑓                                                                                            (4.17) 

We have compared the static power of our proposed device with previously reported 

GNRFETs. Table 4.6 summarizes the comparison between the proposed devices and the 

previous devices available in the literature. From Table 4. 6, it can be observed that the A7 

device has a very low value of static power (1.58 × 10-13 watt) as compared with other devices, 

which leads to the conclusion that the A7 device is a reliable device to use in low-power 

applications. 

Table 4.6 
 Comparison table of proposed device configurations with previous devices available in the 

literature  [17] 

 

Device Vds 
(V) 

Channe
l AGNR 

(N) 

Bandgap 
(eV) 

Ion (A) Ioff (A) SR Ps (W) Referen
ce 

A4 device 0.5  N = 4 1.77 0.664 × 
10-6 

4.51 × 
10-10 

1.47 × 
103 

2.55 × 
10-10 

Propose
d work 

A7 device 0.5 N = 7  1.09 3.86× 
10-6 

3.16 × 
10-13 

1.22 × 
107 

1.58 × 
10-13 

Propose
d work 

SB-GNRFET  0.5 N= 12 - 7.77 × 
101 

5.51 × 
10-1 

    
141.01 

2.77 × 
10-1 

[27] 

MOS-
GNRFET 

0.5 N= 12 - 7.79 × 
101 

2.07 × 
10-3 

3.76 × 
104 

1.035 × 
10-3 

[27] 

Si – CMOS 
(LP) 

0.9 - - 6.67 × 
101  

1.40 × 
10-5 

4.76 × 
106 

1.26 × 
10-5 

[27] 

AG-
GNRFET  

0.5 N = 12 - - - 304 - [28] 

DMG-
GNRFET  

0.6 N = 13 - - - 5823 - [29] 

SLD-
GNRFET 

0.4 N = 12 - 3.66 15.7 × 
10-10 

2.3 × 103 6.28 × 
10-4 

[30] 

1
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4.4 SUMMARY 

This chapter provides a comprehensive analysis of the reliability and performance of the GS-

AGNRFET using EH model with the SCF iteration scheme within the NEGF framework. The 

present study focuses specifically on AGNRs with N = 4 and 7, both belonging to the 

semiconducting 3p+1 family of AGNRs. The two proposed device configurations, namely the 

A4 device and the A7 device, are systematically compared in terms of performance and 

reliability metrics using the EH model. The band structure and DOS analysis for AGNRs (N = 

4, 7) indicate that the 3p+1 family of AGNRs with ‘N’ values from 4 to 7 are semiconducting 

in nature and validate their potential as an alternate channel material in FETs. Furthermore, the 

semiconducting characteristics of the AGNR are confirmed by the absence of a peak at the 

Fermi level in the DOS. The EH model demonstrates strong agreement with benchmark DFT 

methods in both bandgap and T (E) for AGNRs (N = 4 and 7), confirming its reliability over 

other models for device-level modeling. The DOS and bandgap comparisons validate the EH 

model as a computationally efficient alternative. Moreover, the obtained bandgap range of 

1.09–1.77 eV highlights the potential of AGNRs for optoelectronic and low-power 

applications. Then, the effect of varied ‘N’ in the channel material for the performance of GS-

AGNRFET is studied. The change in the value of ‘N’ from 4 to 7 improves Ion by 481 times, 

reduces Ioff by 99. 92%, improves the SR, reduces Vth by 27.59%, and reduces DIBL by 16% 

in the A7 device as compared to the A4 device. Also, the higher value of DE for the A7 device 

signifies that the A7 device requires low voltage to achieve significant current modulation and 

high reliable for low–power applications as compared to the A4 device. Moreover, the 

transport properties, namely DDOS, PLDOS, T(E), TP, and EDD, were studied to analyze the 

performance of both devices. The PLDOS analysis reveals significantly higher electron state 

1

1
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availability in the A7 device, explaining its lower Ioff, enhanced switching performance as 

compared with the A4 device. Further, the transmission spectrum analysis confirms that the 

A7 device offers superior transport characteristics with more available conduction channels, 

lower resistance, and higher current output under bias, making it highly suitable for low-power 

and fast-switching applications. Transmission pathway analysis further confirms that the A7 

device has stronger conductance, faster switching, and lower power consumption due to its 

robust electron tunneling. Additionally, electron difference density analysis shows that the A7 

device achieves more effective gate control with reduced electron density variations, leading 

to improved switching behavior. The comparison of static power with previously reported 

GNRFETs highlights the A7 device’s suitability for low-power applications, making it an 

excellent candidate for use in energy-efficient electronics, biomedical devices, signal 

amplification, and sensors. Overall, the A7 device emerges as a highly promising and reliable 

device for advanced electronic applications, combining superior performance with lower 

power consumption. 

The results of Chapter 3 and Chapter 4 highlights that the optimal channel width of 

GS-AGNRFET is model-dependent. In Chapter 3, using the non-self-consistent Slater-Koster 

model, AGNR (N = 4) shows better performance due to its largest bandgap of 1.98 eV which 

suppresses leakage current most effectively within this framework where bandgap alone 

governs device behavior. In Chapter 4, using the Extended Hückel model with SCF iterations, 

AGNR (N = 7) shows better performance across all reliability metrics because the self-

consistent treatment of the Hartree potential properly captures charge redistribution under 

applied bias, revealing that the wider ribbon with its first DDOS peak positioned closer to the 

Fermi level enables more efficient electron injection and superior gate electrostatic control. 
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Therefore, the two chapters are not contradictory but rather complementary, providing a 

complete performance understanding of GS-AGNRFET from both bandgap-dominated and 

charge-transport-dominated computational perspectives. As discussed in Chapter 2, the 

boron-passivated GS-AGNRFET demonstrates significantly improved device performance 

when the edges of P - AGNR are passivated with boron. However, the study of the remaining 

Icosagens group elements, namely Al, Ga and In, in the context of GS-AGNRFET edge 

passivation remains unexplored in the literature. To address this research gap, the performance 

investigation of all Icosagens group elements using the Extended Hückel model with self-

consistent field formalism will be the primary focus of the next chapter.    
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5 
CHAPTER 

 
Performance enhancement of Gate-Stack Armchair 
Graphene Nanoribbon FET through Icosagens edge 
passivation  

❖ The Extended Hückel model with self-consistent field iterations is employed in this 
chapter to investigate the effect of edge passivation by Icosagens elements (B, Al, Ga, 
and In) in the channel material of GS - AGNRFET. 

❖ The passivation of Icosagen group elements at the edge of bulk-configured P–AGNR 
decreases the bandgap, and the density of states analysis confirms that passivated 
AGNRs provide more accessible states for electrons in the conduction band as 
compared to P–AGNR. It is also observed that the passivation of Al, Ga, and In at the 
edges of AGNR (N = 7) results in complete bandgap closure (Eg = 0 eV), making it 
metallic in nature and unsuitable for transistor operation. Therefore, AGNR (N = 4) is 
selected as the channel material for the present chapter.  

❖ The effect of Icosagen group element passivation in the channel material of GS-
AGNRFET shows a significant increase in on current from 1.06 μA to 18.4 μA in Al–

AGNRFET, a reduced value of off current from 1.49×10⁻¹⁰ A to 5.43×10⁻¹⁶ A in the  
In–AGNRFET, and a better value of switching ratio from 0.71×10⁴ to 0.35×10¹⁰ for 

passivated AGNRFETs as compared with P–AGNRFET. 

❖ The transconductance and device efficiency analysis shows the higher value of gm and 
DE in Al–AGNRFET and Ga–AGNRFET, which signifies stronger electrostatic control 
and better electron transport. The projected local density of states and transmission 
pathway analysis further confirms that the possibility of electron tunneling is higher in 
Al–AGNRFET and Ga–AGNRFET as compared with other passivated AGNRFETs.  
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5.1 INTRODUCTION 

The findings of previous chapters highlight the effect of width variation and different 

simulation models reliability. However, simply choosing an appropriate AGNR width is not 

sufficient to realize a high-performance transistor that can truly overcome the challenges 

introduced by device scaling. As channel lengths shrink below 10 nm, the transistor 

performance becomes increasingly sensitive to every atomic detail of the device structure 

including the chemical state of the ribbon edges [1-3]. At this point, edge passivation becomes 

an essential and crucial engineering feature for the scaled GNRFETs. The electrical properties 

of GNRs are largely governed by the particular arrangement of their boundaries, which leads 

to the formation of edge states and localized electronic states that have a substantial impact on 

the overall electronic characteristics, such as conductivity, bandgap, and transport 

characteristics [4]. The carbon atoms at the ribbon boundaries of a fabricated or theoretically 

modelled AGNR have unoccupied dangling bonds which are chemically reactive and 

energetically unstable. If these dangling bonds are not passivated, they create localized mid-

gap states in the AGNR energy bandgap. This localized mid – gap will reduce the effective 

bandgap and switching performance of the FETs. Therefore, passivation of these edges states 

is essential to analyze the performance of proposed GNRFET. The type of edge passivating 

atom and its chemistry are very important in determining exactly how and where electronic 

changes happen in the AGNR channel [5, 6]. The widely used and thoroughly investigated 

edge passivation for GNRs is hydrogen, which establishes the traditional baseline 

configuration. Hydrogen passivation effectively removes dangling bond states, resulting in a 

pristine semiconducting AGNR (P – AGNR). However, P – AGNR offers limited control on 

the bandgap and DOS with variation only in the width of AGNR. To overcome this limit, 
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researchers used other group elements from the periodic table to enhance the performance of 

semiconducting AGNRs. The DFT based investigation in the literature has established that 

edge passivation using elements other than hydrogen can precisely alter the bandgap of 

AGNRs.  Many significant studies have carefully examined edge passivation effects in GNR 

transistors, as mentioned in the available literature. Gupta et al. [7] conducted first-principles 

calculations on a Z-shaped double gate graphene FET, revealing that boron and nitrogen 

doping at the AGNR channel margins substantially alters the bandgap. Their research 

demonstrated that single nitrogen doping introduces an extra electronic state that overlaps with 

the Fermi level, suggesting semi-metallic characteristics. While, single B doping creates a 

dispersive state across the Fermi level owing to charge transfer from carbon to the electron-

deficient boron atom. When B and N are co-doped at opposite edges of the channel ribbon, a 

direct bandgap of 1.84 eV is obtained which is approximately 20% lower than the P - AGNR. 

This arises from symmetry breaking and charge redistribution at the GNRs boundaries. These 

results clearly demonstrate that the electronic behavior of the AGNR is highly sensitive to the 

type, site, and concentration of the passivating atom at the edges. Further, Owlia [8] confirmed 

through studies on defect-engineered GNR FETs that different passivation types produce 

opposite channel conductivity behaviors. The study validates that edge passivation type is a 

critical determinant of the current-voltage characteristics, local density of states, and 

transmission pathways of the device. Kharwar et al. [9] recently investigated the impact of 

cadmium passivation on cove-edge GNRs and discovered a distinctive semiconductor-to-metal 

transition due to the interaction between cadmium atoms and the GNR edges. This led to 

modifications in the band structure and a notable change in conductance characteristics. The 

cadmium passivated devices exhibiting negative differential resistance and remarkably high 
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current ratios [9]. These collective findings from the literature establish a clear and compelling 

narrative that the choice of passivating atoms at the GNR edge can alter both the electronic 

structure and the device functionality of GNR-based transistors [7-9]. Also, from Chapter 2, 

boron passivation reduces the bandgap significantly and increases the PDOS near the Fermi 

level, resulting in a ~ 7.8 × 10⁵ times reduction in Ioff and an exceptional ~139 times increase 

in Ion compared to P - AGNRFET. The boron-passivated GS-AGNRFET demonstrates 

significantly improved device performance when the edges of P - AGNR are passivated with 

boron [10]. However, the study of the remaining Icosagens group elements namely Al, Ga and 

In, in the context of GS-AGNRFET edge passivation remains unexplored in the literature. To 

address this issue the present chapter focuses specifically the study of edge passivation with 

Icosagens group element (B, Al, GA, and, In) at the edge of bulk configured P – AGNR in 

terms of electronic and transport properties analysis. The subsequent sections of this chapter 

are organized as follows: Section 5.2 delineates the device design and physical models utilized, 

Section 5.3 articulates the results accompanied by their analysis and discussion, and Section 

5.4 concludes the findings of the study. 

5.2 DEVICE DESIGN AND PHYSICAL MODELS  

Figure 5.1 shows the schematic representation of the boron-passivated GS - AGNRFET 

(B – AGNRFET). Figure 5.1(a) depicts the 3D visual of the gate stack architecture in the 

proposed device consisting of a metal gate, LaAlO3 layer, and SiO2 layer. Figure 5.1 (b) depicts 

the top view of the proposed device, displaying the source and drain areas coupled via the 

AGNR (N = 4) channel with boron passivation. The source and drain are of ZGNR (N = 6) 

type and are doped with n-type dopant at a concentration of 5 × 1018 e/cm3. The channel of B 

– AGNR (N = 4) is rotated 30˚to make a perfect interface with source and drain areas, as shown 

5
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in Figure 5.1 (b). A metal gate is used over the dielectric layers. All the device parameters used 

for simulation are tabulated in Table 5.1. 

 

Figure 5.1: Schematic representation of (a) proposed device architecture with Boron passivated 

channel in 3D visuals, and (b) geometrical structures of drain, source, and channel in the 

proposed the B – AGNRFET device  [11] 

Table 5.1 
Proposed device parameters for the present chapter [11] 

Parameters Symbols Value Unit  
No. of carbon atoms along AGNR width in the 
channel 

N 4  

No. of carbon atoms along ZGNR width in 
source and drain 

N 6  

Oxide thickness tox 1 nm 
Gate length  Lg 7 nm 
Source length Ls 5 nm 
Drain length  Ld 5 nm 

 

 The Quantum ATK tool is used to carry out all the simulations. The tight-binding Hamiltonian 

matrix approach with the EH model is employed in the semi-empirical calculator. The spectral 

densities are calculated using the NEGF approach with self-consistent Formalism iteration in 

1
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order to prevent the scattering states in the practical computations. The density mesh cut-off 

value is 40 Hartree (Ha), and the K-point sampling is 100 along the C-direction. All the 

simulations are carried out at 300 K temperature. The details of EH simulation model is 

discussed in Section 4.2 in Chapter 4.  

5.3 RESULTS AND DISCUSSIONS 

5.3.1 Electronic and transport properties analysis of bulk–configured 
Icosagens group passivated AGNRs 

Figure 5.2 depicts the comparative analysis of pristine AGNR with Icosagens group passivated 

AGNRs in terms of atomic structure, bandgap, and density of states. Figure 5.2 (a - e) shows 

the atomic structure of P – AGNR, B – AGNR, Al – AGNR, Ga – AGNR, and In – AGNR 

respectively. Comprehending atomic structure is essential for device fabrication and modeling 

electronic properties. From Figure 5.2 (a – e), we can observe that the passivation of the 

Icosagen element at the edge of AGNR changes the C–C bond length at the ribbon edges by 

means of varying atomic radii and electronegativities of the Icosagen atoms. Higher atomic 

radii of heavier Icosagen elements (e.g., Ga, In) cause strain at the edges, which results in a 

minor buckling action in the lattice, while lighter elements like boron combine more naturally 

with the carbon structure and show less deformation. The reason is that the strain and buckling 

effect in heavier Icosagens (Ga, In) occurs due to size mismatch, weaker bonding, and reduced 

electronegativity, resulting in lattice distortions. Figure 5.2 (a) shows that hydrogen atoms 

passivate the dangling bonds at the edges of the ribbon with a C–H bond length of around 1.09 

Å [12-14]. This is significantly shorter than the C–C bond length of 1.42 Å within the ribbon. 

This tightly bonded edge profile makes the ribbon physically stable and symmetrical, with no 

14
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distortion out of the plane. From Figure 5.2 (b), in B–AGNR, boron atoms replace the hydrogen 

atoms at the ribbon edges. However, boron combines more naturally with carbon. The reason 

is that boron has the smallest atomic radius (87 pm) and the closest electronegativity (2.04) to 

carbon (2.55) among all studied Icosagen elements, which results in a stable and less distorted 

AGNR structure with a C–B bond length of approximately 1.56 Å [12]. From Figure 5.2(c), in 

Al–AGNR, aluminum atoms passivate the ribbon edges with a C–Al bond length of 

approximately 1.97 Å. Due to the larger atomic radius (118 pm) and reduced electronegativity 

(1.61) of aluminum as compared to boron. The Al–AGNR shows moderate edge distortion, 

which introduces a slight widening of the edge bond angle without significantly disrupting the 

overall planar geometry of the ribbon. From Figure 5.2(d), the gallium atoms passivate the 

ribbon edges with a C–Ga bond length of approximately 1.96 Å. The larger atomic radius of 

gallium (136 pm) causes noticeable strain at the ribbon edges, resulting in a minor out-of-plane 

buckling of the edge atoms [12]. The reason for this buckling is that the larger Ga atom 

displaces slightly out of the ribbon plane to minimize steric repulsion with the neighboring 

carbon atoms. However, the symmetric distribution of this buckling along both edges partially 

compensates its effect, which explains why Ga–AGNR retains a near-pristine bandgap of 1.75 

eV despite the structural distortion. From Figure 5.2(e), the indium atoms passivate the ribbon 

edges with a C–In bond length of approximately 2.15 Å. Indium has the largest atomic radius 

(167 pm) and the lowest electronegativity (1.78) among all studied Icosagen elements [12]. 

The reason is that this large size mismatch introduces the maximum lattice distortion and out-

of-plane buckling at the ribbon edges, which severely disrupts the carbon π network and is 

responsible for the significant bandgap reduction to 0.93 eV in the In–AGNR. 
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Figure 5.2: (a–e) Atomic structure of pristine and Icosagens group passivated AGNRs, (f–j) 

calculated band structure of pristine and passivated AGNRs, and (k–o) density of states analysis 

of pristine and passivated AGNRs [11] 

Figure 5.2 (f – j) depicts the calculated band structure for all devices. The range of energy that 

an electron can possess is indicated by the bandgap. Band structures are shown by plotting 

energy (eV) on the y-axis and high symmetric k-points on the x-axis. The value of bandgaps 

is 1.77, 0.73, 1.34, 1.75, and 0.93 eV for P -AGNR, B- AGNR, Al – AGNR, Ga – AGNR, and 

In – AGNR, respectively. From Fig. 5 (f – j), we can observe that the bandgap of P – AGNR 

decreased after the passivation of B, Al, Ga, and In at the edges of AGNR. The reason is that 

the passivation with Icosagen elements weakens the orbital hybridization, adding strain effects 

and altering the charge distribution. From the bandgap analysis, the authors conclude that the 
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passivation of Icosagens group elements in P – AGNR is semiconducting in nature and also 

shows non – monochromatic trend of bandgap after passivation. From Figure 5.2(g) the 

bandgap reduces most significantly to 0.73 eV for B - AGNR. The reason is that boron 

possesses an empty pz orbital perpendicular to the ribbon plane. This empty pz orbital actively 

interacts with the carbon π network and pulling the conduction band edge closer to the EF and 

causing the largest bandgap reduction among all passivated AGNRs. The bandgap Al-AGNR 

the bandgap is 1.34 eV, which is intermediate between B-AGNR and P-AGNR as depicted in 

Figure 5.2(h). The reason is that aluminum undergoes sp2 hybridization with the carbon edge 

atoms, moderately perturbing the π network without the strong pz interaction like the boron. 

From Figure 5.2(i), the Ga-AGNR has bandgap of 1.75 eV, which is very close to that of P-

AGNR (1.77 eV). The reason is that gallium has a completely filled 3d shell (3d¹⁰), which 

shields its valence 4p orbitals from effectively interacting with the carbon π network. 

Additionally, the structural buckling introduced by Ga at the ribbon edges is symmetric, which 

preserves the π conjugation length and maintains a near-pristine bandgap. In In-AGNR, the 

value of bandgap reduces to 0.93 eV as shown in Figure 5.2(j). The reason is that indium has 

the largest atomic radius among all studied Icosagen elements, which introduces the maximum 

lattice distortion and strain at the ribbon edges. This severe structural distortion significantly 

disrupts the carbon π network, reducing the bandgap despite the weak orbital interaction of 

indium with carbon. From the bandgap analysis, it can be concluded that the reduction in the 

value of bandgap for passivated AGNRs is not governed simply by atomic size, but by the 

combined effect of orbital interaction strength, d-shell shielding, and structural distortion at 

the ribbon edges. Figure 5.2(k–o) illustrates the DOS analysis of pristine and Icosagens group 

passivated AGNRs. The number of states that are accessible for electrons at a particular energy 
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level defines the DOS [15, 16]. The DOS analysis shows a resemblance to the band structure 

for all devices, which confirms the consistency of the calculated results. From Figure 5.2 (k), 

the DOS of P-AGNR shows a clear zero-DOS region around the EF, confirming its 

semiconducting nature with a bandgap of 1.77 eV. The sharp Van Hove singularity peaks are 

observed at (0.54, 1.00 eV) and (1.40, 2.63 eV) in the CB and at (18.65, -3.19 eV) in the VB. 

These sharp peaks are a characteristic feature of quasi 1D nanostructures, arising from the 

divergence of DOS at sub band onsets. The absence of any DOS at the Fermi level confirms 

the semiconducting nature of P-AGNR in the absence of gate modulation. From Figure 5.2(l), 

B-AGNR exhibits a narrower bandgap and a sharp DOS peak very close to the conduction 

band edge. The reason is that the empty pz orbital of boron pulls the CB edge toward the EF, 

creating a high density of accessible states for electron conduction. From Figure 5.2(m), the 

Al-AGNR shows a bandgap of 1.34 eV with two distinct CB peaks at (2.39, 1.25 eV) and 

(3.20, 1.66 eV), indicating that Al passivation introduces multiple accessible subbands near 

the CB edge and multiple VB peaks at (6.91, -0.55 eV), (7.91, -1.35 eV), and (15.48, -3.27 eV) 

These peaks reflecting a rich electronic structure arising from sp2 hybridization between 

aluminum and carbon edge atoms, which is directly consistent with the highest Ion value of 

18.4 μA observed in aluminium passivated AGNRFET (Al – AGNRFET). From Figure 5.2 

(n), Ga-AGNR shows a bandgap of 1.75 eV with conduction band peaks at (2.91, 0.65 eV) and 

(3.01, 1.56 eV) and VB peaks at (5.41, -0.75 eV) and (6.07, -1.66 eV). The reason for the 

moderate DOS values is that the filled 3d shell of gallium shields its valence 4p orbitals from 

strongly interacting with the carbon π network, which limits the introduction of new electronic 

states. However, the CB peak close to 0.65 eV from the EF contributes to the high Ion of 17.6 

μA observed in gallium passivated AGNRFET (Ga-GNRFET). From Figure 5.2(o), the In-
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AGNR shows a bandgap of 0.93 eV with a CB peak at (3.27, 2.13 eV) and VB peak at (2.50, 

-2.13 eV). The symmetric positioning of peaks around the EF confirms that In passivation shifts 

the band edges symmetrically due to the significant lattice distortion introduced by the large 

atomic radius of indium. Overall, from the DOS analysis it can be concluded that the 

passivation of Icosagens group elements at the edge of AGNR provides more accessible states 

for electrons in the conduction band as compared to P-AGNR. The Al-AGNR and Ga-AGNR 

demonstrating the most favorable DOS profiles, which directly contributes to their superior 

switching performance in the proposed passivated AGNRFETs. 

 

Figure 5.3: 3D visual of transmission spectrum analysis for pristine and passivated AGNRs [11] 

Figure 5.3 depicts the 3D visuals of the transmission spectrum analysis for P – AGNR and 

passivated AGNRs. The transmission coefficient represents the probability of electron 

transmission through the channel at a given energy level. A higher value of T(E) near the Fermi 

level indicates a greater number of open transmission channels, which directly contributes to 

9
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enhanced electron transport. From Figure 5.3, it can be observed that the P–AGNR shows a 

zero T(E) region around the EF, which is consistent with its semiconducting bandgap of 1.77 

eV. The value of T(E) rises to approximately 0.96 just outside the gap region, indicating that 

electron transmission occurs only through the delocalized band states above the CB minimum. 

After the passivation of Icosagen elements at the edge of AGNR, the value of T(E) near the 

Fermi level increases as compared to P–AGNR. From Figure 5.3, the B–AGNR shows the 

highest T(E) value of approximately 2.61 among all studied AGNRs, with a sharp rise in 

transmission very close to the Fermi level. The reason is that the narrowest bandgap of 0.73 

eV places the CB edge closest to the Fermi level, making more transmission channels available 

at lower energies, and also indicates that multiple transmission channels are simultaneously 

active near the band edge. From Figure 5.3, the value of T(E) is higher in Al–AGNR and Ga–

AGNR as compared to P–AGNR and In–AGNR in the CB region. The reason is that Al and 

Ga passivation introduces additional transmission channels through p-orbital hybridization 

with the carbon edge states, which reduces backscattering at the ribbon edges and enhances the 

overall transmission probability. In Ga–AGNR, the weak π bonding between the py orbital of 

gallium and the py orbital of carbon creates an additional parallel transmission pathway, which 

further enhances T(E) in the conduction band region. From Figure 5.3, In–AGNR shows the 

lowest maximum T(E) of approximately 0.39 among all passivated AGNRs. The reason is that 

the lattice distortion introduced by the large atomic radius of indium increases the edge 

scattering, which reduces the transmission probability despite the reduced bandgap of 0.93 eV. 

This confirms that bandgap reduction alone does not guarantee higher transmission probability. 

From the TS analysis, it can be concluded that the passivation of Icosagen group elements 

improves T(E) as compared to P–AGNR, with Al–AGNR and Ga–AGNR shows the most 
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favorable transmission profiles, which is directly consistent with the superior Ion and switching 

performance observed in Al–GNRFET and Ga–GNRFET as discussed in the subsequent 

sections. 

  

  

 

Figure 5.4: (a–e) Atomic structure of pristine and Icosagens group passivated AGNRs with N = 

7, (f–j) calculated DOS of pristine and passivated AGNRs 
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As discussed in Chapter 4, the A7 device (GS-AGNRFET with AGNR N = 7 as channel 

material) demonstrates superior performance over the A4 device under the EH-SCF 

framework. However, it is important to note that the superior performance of AGNR (N = 7) 

in Chapter 4 is evaluated for the pristine hydrogen-passivated configuration. In the present 

chapter, the investigation is extended to examine the effect of Icosagen group element 

passivation at the edges of AGNR (N = 7), and the results reveal a critical limitation that 

prevents the use of AGNR (N = 7) as a channel material for Icosagen-passivated GNRFETs. 

From the DOS analysis of Icosagen-passivated AGNR (N = 7), as illustrated in Figure 5.4 (f–

j), it can be observed that the passivation of Al, Ga, and In at the edges of AGNR (N = 7) 

results in a complete closure of the bandgap, with Eg = 0 eV for Al–AGNR (N = 7), Ga–AGNR 

(N = 7), and In–AGNR (N = 7). This is confirmed by the presence of DOS peaks at the Fermi 

level in all the three cases. This indicates that Al, Ga, and In passivation makes AGNR (N = 

7) metallic in nature, which completely eliminates the semiconducting behavior required for 

transistor operation. The reason for this metallic transition is that the P - AGNR (N = 7)  has a 

smaller bandgap of 1.09 eV as compared to P - AGNR (N = 4) (1.77 eV) as shown in Figure 

5.4 (f). The smaller bandgap means P – AGNR (N = 7) has a weaker quantum confinement 

and a more fragile semiconducting gap. When heavier Icosagen elements with larger atomic 

radii (Al = 118 pm, Ga = 136 pm, In = 167 pm) passivate the edges of this wider ribbon, the 

combined effect of increased lattice distortion, edge strain, and orbital hybridization at the 

ribbon boundaries is sufficient to completely close the low bandgap and push electronic states 

into the gap region, resulting in metallic behavior. In contrast, for B–AGNR (N = 7), a reduced 

but finite bandgap of 0.85 eV is retained due to the smaller atomic radius and closer 

electronegativity of boron to carbon, which introduces less structural distortion as depicted in 
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Figure 5.4(g). From the above analysis, it can be concluded that although AGNR (N = 7) shows 

superior device performance in the pristine configuration under the EH model as discussed in 

Chapter 4, the passivation of Icosagen group elements at its edges give rise to the metallic 

nature for Al, Ga, and In. This metallic nature is unsuitable as a channel material for Icosagen-

passivated GNRFETs. Therefore, AGNR (N = 4) is selected as the channel material for the 

present chapter, as it retains a well-defined semiconducting bandgap across all Icosagen 

passivation cases, which is the fundamental requirement for AGNRFET operation. 

5.3.2 Switching performance and Analog Characteristics of Pristine and 
Icosagen-Passivated AGNRFETs  

 

Figure 5.5: Id – Vgs characteristics of pristine and passivated AGNRFETs [11] 

Figure 5.5 depicts the Id – Vgs characteristics of all proposed devices. The left side of Figure 

5.5 illustrates the variation in the Id on a logarithmic scale relative to Vgs, whereas the right 

side of Figure 5.5 presents the linear relationship between Id and Vgs. The logarithmic 

representation of Id against Vgs illustrates the Ioff in the device, which is used to calculate the 

1
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SR, whereas the linear variation of Id with Vgs determines the Ion and Vth. From the Id – Vgs 

characteristics, we can observe that the passivation of the Icosagens group improves the Ion and 

decreases the Ioff. The reason is that the Icosagens group element passivation decreases the 

bandgap, which facilitates the passage of electrons and holes between energy levels and 

increases the Id. Also, the passivation of the Icosagens group element increases the electrostatic 

control of the gate over the channel, allowing for a more efficient transition from OFF to ON 

states. From the Id – Vgs characteristics, we have calculated the important performance 

parameters for proposed devices, including Ion, Ioff, SR, and Vth. The variation in Ion, Ioff, SR, 

and Vth parameters is illustrated in Figure 5.6 using a spider chart.   

 

Figure 5.6: Comparative spider chart analysis of P – AGNRFET and passivated GNRFETs. This 

chart depicts important performance parameters for devices, including Ion, Ioff, SR, and Vth [11] 

From Figure 5.6, it can be observed that the value of Ion is higher in the Al – AGNRFET and 

Ga – AGNRFET as compared with others. The higher value of Ion is 18.4 and 17.6 µA for Al 

– AGNRFET and Ga – AGNRFET, respectively, as compared with other device 

configurations. Also, the value of Ioff reduced from 10-10 A to 10-15 A and 10-16 A for Al – 
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AGNRFET, Ga – AGNRFET, and indium passivated GS – AGNRFET (In – AGNRFET) as 

compared with P - AGNRFET. The improved value of Ion and reduced value of Ioff provide a 

significant increase in SR. The switching ratio is a crucial transistor performance metric that 

shows how well a device can transition between its ON and OFF states. The higher value of 

SR indicates that the transistor can distinguish between ON and OFF states, which reduces Ioff 

and increases energy efficiency [17]. A lower value of SR shows a weaker state distinction, 

which leads to increased Ioff and poor switching performance [18]. A higher value of SR is 

observed in passivated AGNRFETs than in P – AGNRFET. From Figure 5.6, we can observe 

that the Al – AGNRFET, Ga – AGNRFET, and In – AGNRFET show higher values of SR as 

compared with P – AGNRFET. The reason for the higher value of SR is that the presence of 

these dopants (Al, Ga, In) alters the electronic band structure of the AGNRFET. A key factor 

in transistor performance is the Vth, which defines the lowest value of Vgs needed to turn on 

the device. The higher value of Vth signifies the device requires more voltage to go ON, leading 

to reduced leakage current but slower operation. On the other hand, faster switching is made 

possible by a lower value of Vth, but power efficiency may suffer due to increased Ioff. From 

Figure 5.6, it is observed that the value of Vth is higher in In – GNRFET with a value of 0.84 

V as compared with other passivated AGNRFETs. From the spider chart, it is observed that 

the Al – AGNRFET and Ga – AGNRFET show improved results in terms of Ion, Ioff, SR, and 

Vth, while In – AGNRFET shows improved results in terms of Ioff and SR. 
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Figure 5.7: gm versus Vgs analysis of AGNRFETs [11] 

Figure 5.7 depicts the transconductance (gm) as a function of Vgs for all device configurations. 

Transconductance defines the device's capacity to amplify signals and react to gate voltage 

changes. The higher value of gm indicates better gate control over the channel, leading to 

enhanced current modulation and device efficiency [19, 20]. Further, gm is derived from the 

derivative of the Id-Vgs curve. From Figure 5.7, it can be observed that Al – AGNRFET and 

Ga – AGNRFET exhibit the highest transconductance values, particularly in the 0.6 – 1.0 V 

range of Vgs, suggesting that these devices have superior carrier transport characteristics and 

stronger electrostatic control. This is because Al passivation adds several available conduction 

band subbands near to the Fermi level, which is verified by the two unique DOS peaks at (2.39, 

1.25 eV) and (3.20, 1.66 eV) in the DOS study of Al–AGNR. This increases the rate of change 

of the drain current with the gate voltage which leads to a greater value of gm. In Ga-

AGNRFET, the weak π bonding between the py orbital of gallium and py orbital of carbon 

opens an extra parallel conduction path at the borders of the ribbon. This lowers edge scattering 
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and increases the number of open transmission channels. It can be observed from the gm 

analysis that Al–AGNRFET and Ga–AGNRFET exhibit better carrier transport properties and 

electrostatic control than other device topologies. These results are in direct agreement with 

the higher Ion values of 18.4 μA and 17.6 μA and the better transmission spectrum results 

reported in Al–AGNRFET and Ga–AGNRFET respectively, as discussed in the preceding 

section 5.3.3. 

 

Figure 5.8: Device efficiency analysis of P – AGNRFET and passivated AGNRFETs [11] 

Figure 5.8 shows the device efficiency  analysis of P – AGNRFET and passivated AGNRFETs. 

DE is a critical parameter that assesses the efficacy with which a transistor transforms Vgs 

modulation into Id, reflecting the device's performance regarding energy efficiency [19]. From 

Figure 5.8, it can be observed that the In – AGNRFET exhibits the highest peak value of DE 

at a lower gate voltage (~0.4 V). However, it is important to note that the high value of DE 

value at low Vgs does not indicate that the In–AGNRFET switches ON at a lower gate voltage. 

From the spider chart analysis discussed in the Figure 5.6, the value of Vth voltage of In–

GNRFET is 0.84 V, which is the highest among all passivated AGNRFETs. This higher value 
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of Vth in the In–AGNRFET requires the highest gate voltage to turn ON as compared to other 

device configurations. The reason for the apparent high DE at ~0.4 V is that DE is 

mathematically expressed as DE = gm/Id, and in the subthreshold region where the value of Id 

is exponentially small, even a small value of gm produces a large gm/Id ratio, which results 

increase in the high DE value at low Vgs. This behavior is a well-known characteristic of the 

DE metric in the subthreshold regime and does not reflect the genuine energy efficiency of the 

device in its ON state. Further, P–AGNRFET shows the lowest value of DE among all device 

configurations. The reason is that P–AGNR has the largest bandgap of 1.77 eV, which requires 

a higher gate voltage before significant drain current flows, resulting in a slower Id–Vgs 

transition and therefore a lower gm/Id ratio across the entire Vgs range. The Al–AGNRFET and 

Ga–AGNRFET shows slightly lower peak of DE as compared to In–AGNRFET. Also, Al – 

AGNRFET and Ga- AGNRFET shows high value of DE from 0.6 – 1.0 V of Vgs. 

5.3.3 Quantum Transport Properties Analysis of AGNRFETs: 
Transmission Spectrum, PLDOS, and Transmission Pathways under 
applied Bias  

As discussed earlier, we have observed that Al – AGNRFET and Ga – AGNRFET show 

improved results. In this section, we have examined the quantum transport properties analysis 

for the proposed devices. These analyses provide crucial insight into device performance. 

Figure 5.9 depicts the transmission spectrum analysis for all proposed devices at Vds = 0 V and 

0.5 V. The T(E) represents the probability of electron transmission through the channel at a 

given energy level. A higher value of T(E) near the Fermi level indicates a greater number of 

open transmission channels, which directly contributes to enhanced electron transport. The 

transmission spectra shown in Figure 5.9 are based on a device-level configuration using a 
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finite-length AGNR channel and ZGNR electrodes. The observed transmission spectrum is 

larger than the bulk configured AGNRs due to contact effects, gate modulation, and applied 

bias, as modeled using the NEGF formalism. 

 

Figure 5.9: Transmission spectrum analysis for all proposed devices at (a) Vds = 0 V and 

 (b) Vds = 0.5 V [11] 

From Figure 5.9(a), it can be observed that all proposed devices show zero value of T(E) on 

the Fermi level for Vds = 0 V. However, a distinction is observed in the proximity of 

transmission peaks to the Fermi level among different device configurations. In P–AGNRFET, 

Al–AGNRFET, and Ga–AGNRFET, the first transmission peak appears further away from the 

Fermi level. The reason is that these devices have larger bandgaps of 1.77, 1.34, and 1.75 eV 

respectively, which place the conduction band edge further from the Fermi level, resulting in 

a wider zero T(E) region around EF. In B–AGNRFET and In–AGNRFET, the first 

transmission peak appears very close to the Fermi level. The reason is that the narrower 

bandgaps of 0.73 eV and 0.93 eV respectively place the conduction band edge in much closer 

proximity to the Fermi level, so transmission channels become available at lower energies 
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above EF as compared to other device configurations. This closer proximity of transmission 

peaks to EF in B–AGNRFET and In–AGNRFET indicates that these devices require less 

energy to activate transmission channels, which is directly consistent with their lower bandgap 

values observed in the band structure analysis. When the Vds is varied from 0 to 0.5 V, there is 

a shift in EF corresponding to the left and right electrodes, denoted as EL and ER respectively. 

From Figure 5.9(b), it can be observed that there is no transmission peak available for Al–

AGNRFET, Ga–AGNRFET, and In–AGNRFET in the range of EL and ER at Vds = 0.5 V. The 

reason is that the applied bias window falls within the bandgap region of these devices, 

confirming that current conduction is governed by band-edge transmission channels just 

outside this window rather than mid-gap states. Also, the value of T(E) and the number of 

transmission peaks are higher in the CB in Al–AGNRFET, Ga–AGNRFET, and In–

AGNRFET as compared to P–AGNRFET. The reason is that the passivation of heavier 

Icosagen elements introduces additional transmission channels through p-orbital hybridization 

with the carbon edge states, which reduces backscattering at the ribbon edges and increases the 

number of open transmission channels in the conduction band. From the TS analysis, it can be 

concluded that the passivation of AGNR with Al, Ga, and In improves the transmission 

probability as compared to P–AGNRFET. 
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Figure 5.10: Projected density of states analysis at Vds = 0 and 0.5 V for (a, b) P - AGNRFET, (c, 
d) B – AGNRFET, (e, f) Al – AGNRFET, (g, h) Ga – AGNRFET, and (i, j) In – AGNRFET [11] 

Figure 5.10 shows the contour plot of the PLDOS at Vds = 0 and 0.5 V. The contour plot of 

PLDOS at varied Vds provides crucial insights into the transport properties of proposed devices. 

The PLDOS is generally depicted as a function of energy and position within the GNR. PLDOS 

is used to illustrate the contribution of various orbitals to the density of states. Each contour 

line in Figure 5.10 represents a distinct energy level, whereas the intensity or color gradient of 

the contour lines indicates the density of electronic states at that energy level. From Figure 

5.10(a), we can observe that at Vds = 0 V, P – AGNRFET shows a uniform distribution of 

PLDOS in a single color (blue color), indicating minimal perturbation in the energy levels and 
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a balanced system. Also, the EL and ER are aligned on the same level at 0 eV. Further, when 

the Vds are varied from 0 to 0.5 V, there is a shift in EL and ER, which evident the redistribution 

of electric charge as illustrated in Figure 5.10(b). The shift in EL and ER at Vds = 0.5 V is equal 

for all device configurations as it is determined solely by the applied drain voltage Moreover, 

the contour plot of PLDOS in Figure 5.10(b) reveals a bandgap region with disrupted states, 

suggesting potential barrier formation and charge redistribution. Similarly, from Figure 5.10 

(c), (e), (g), and (i), we can observe that at Vds = 0 V, all passivated device configuration shows 

a uniform distribution of PLDOS, which evidences minimal perturbation in energy levels. 

From Figure 5.10(d), we can observe that the passivation of boron in the channel of AGNRFET 

provides more available states near EL and ER. The shift in EL and ER is higher in Al – 

AGNRFET (- 0.5 eV and + 0.5 eV, respectively), as observed in Figure 5.10(f). the reason is 

that the stronger gate coupling arising from sp2 hybridization between aluminum and carbon 

edge atoms. This shift makes it evident that the redistribution of electric charge is higher in Al 

- AGNRFET. Moreover, in Figure 5.10 (h) and (j), it can be observed that the In – AGNRFET 

has uniform PLDOS distribution, while in Ga – AGNRFET, the contour plot of PLDOS reveals 

potential barrier formation. From Figure 5.10, it has been observed that the contour plot of 

PLDOS explains the basis of device performance at different varied Vds. 
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Figure 5.11: Transmission pathways analysis of (a) P – AGNRFET, (b) B – AGNRFET, (c) Al – 
AGNRFET, (d) Ga – AGNRFET, and (e) In – AGNRFET [11] 

 

Transmission Pathways is an analysis that divides the transmission coefficient into local bond 

contributions, Tij. The TP is correlated with the possibility of an electron tunneling from the 

source electrode to the drain electrode in the GNRFET device. Also, TP analysis is a crucial 

parameter that offers information about the conductance, optimization, and quantum 

mechanical effects of the device. In TP analysis, arrows are frequently employed to indicate 

the direction of electron transmission. The volume of the arrow represents the magnitude of 

8

Page 210 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931

Page 210 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931



Chapter 5: Performance enhancement of Gate-Stack …………… 

 

161 

Anshul 

the TP, while the color indicates the direction of TP as illustrated in Figure 5.11. In the Figure 

5.11(a), for the P – AGNRFET device, the blue color shows the right direction of electron 

transmission while the green color shows the left direction of electron transmission. The inset 

view of Figure 5.11(a) shows that the volume of the blue and green color arrow is thinner, 

which indicates that the magnitude of TP is lower in P – AGNRFET. From Figure 5.11 (b - e), 

it can observe that the passivation of Icosagens group elements increases the volume of TP 

arrows, which evident that the possibility of electron tunneling from source to drain is higher 

in passivated AGNR channel devices. Further, From Figure 5.11(c) and (d), it can be observed 

that Al – AGNRFET and Ga – AGNRFET show higher TP, indicating stronger conductance, 

faster switching, and lower power consumption. The reason is that Al and Ga passivation 

provides an optimal balance between bandgap reduction and structural integrity at the ribbon 

edges which is sufficient to open additional transmission channels without introducing 

excessive backscattering. In contrast, the In–AGNRFET shows lower magnitude of TP despite 

its reduced bandgap, because the maximum lattice distortion introduced by indium's large 

atomic radius increases edge scattering and reduces the net electron tunneling probability from 

source to drain. 

5.3.4 Comparative performance summary of all proposed GS-AGNRFET 
configurations in this thesis work  

Table 5.2 presents the comparative performance summary of all proposed GS-AGNRFET 

configurations studied across Chapters 2 to 5 in terms of Lg, tox, AGNR channel material (N), 

edge passivation atom, on-current, off-current, and switching ratio. 
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Table 5.2 
Comparative Performance Summary of All Proposed GS-AGNRFET Configurations in this 

thesis work (Chapter 2 – 5) 
 

Proposed 
Devices 

Lg 

(nm) 
tox 

(nm) 

AGNR 
Channel 
Material 

(N) 

Edge 
Passivating 

Atom 
Ion Ioff SR 

P –
AGNRFET 

(Ch.2) 
5 1 N = 4 Hydrogen 

1.02 
μA 

1.36×10⁻⁴ 

A 
~5×10² 

B –
AGNRFET 

(Ch.2) 
5 1 N = 4 Boron 

2. 54 
μA 

1.75×10⁻¹⁰ 

A 
~5.24×10⁷ 

N – 
AGNRFET 

(Ch. 2) 
5 1 N = 4 Nitrogen 

8.37 
μA 

9.13× 10-13 9.16 × 106 

GS-AGNR 
(N=4) FET 

(Ch.3) 
5 1 N = 4 Hydrogen 

9.14 
μA 

1.75×10⁻9A 5.22×10³ 

GS-AGNR (N 
= 7) FET 

(Ch.3) 
5 1 N = 7 Hydrogen 

0.11 
μA 

0.295 μA 37 

GS-AGNR (N 
= 10) FET 

(Ch.3) 
5 1 N = 10 Hydrogen 

0.12 
μA 

2.34 μA 4.8 

GS-AGNR (N 
= 13) FET 

N=13 (Ch.3) 
5 1 N = 13 Hydrogen 

0.21 
μA 

5.42 μA 3.9 

A4 Device 
(Ch.4) 

5 1 N = 4 Hydrogen 
0.66 
μA 

4.51×10⁻¹⁰ 

A 
1.47×10³ 

A7 Device 
(Ch.4) 

5 1 N = 7 Hydrogen 
3.86 
μA 

3.16×10⁻¹³ 

A 
1.22×10⁷ 
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Proposed 
Devices 

Lg 

(nm) 
tox 

(nm) 

AGNR 
Channel 
Material 

(N) 

Edge 
Passivating 

Atom 
Ion Ioff SR 

P – 
AGNRFET 

(Ch.5) 
7 1 N = 4 Hydrogen 

1.06 
μA 

1.49 × 10⁻¹⁰ 

A 
0.71 × 104 

B–AGNRFET 
(Ch.5) 

7 1 N = 4 Boron 
2.54 
μA 

1.74 ×10⁻¹³ 

A 
1.45 × 108 

Al–
AGNRFET 

(Ch.5) 
7 1 N = 4 Aluminium 

18.4 
μA 

2.37 × 10-16 

A 

0.77 × 109 

Ga–
AGNRFET 

(Ch.5) 
7 1 N = 4 Gallium 

17.6 
μA 

1.36 ×10⁻¹⁵ 

A 
1.29 ×1010 

In–
AGNRFET 

(Ch.5) 
7 1 N = 4 Indium 

1.93 
μA 

5.43 × 10⁻¹⁶ 

A 
0. 35 × 1010 

 

The proposed device configurations are systematically compared to highlight the progressive 

improvement in device performance achieved through channel width engineering, variation 

in simulation model, and edge passivation optimization across the different chapters. From 

the comparison table 5.2, the most significant performance improvement is observed in the 

present chapter with Icosagen group element passivation. Among all proposed device 

configurations across Chapters 2 to 5, the Al–AGNRFET demonstrates the highest value of 

Ion of 18.4 μA along with a significantly reduced Ioff of 2.37×10⁻¹⁶ A and a SR of 0.77×10⁶Also, 

the Ga–AGNRFET closely follows with an Ion of 17.6 μA, Ioff of 1.36×10⁻¹⁵ A, and SR of 

1.29×10¹⁰. The In–AGNRFET shows the lowest value of Ioff of 5.43×10⁻¹⁶ A but the value of 
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Ion is of 1.93 μA is relatively lower than Al–AGNRFET and Ga–AGNRFET. The reason for 

the superior performance of Icosagen-passivated devices is that the edge passivation with 

Group 13 elements decreases the bandgap, increases the electrostatic control of the gate over 

the channel, and introduces additional conduction-band sub bands near the Fermi level, which 

collectively improve the current switching performance of the proposed GS-AGNRFET. 

However, from the overall comparison of all proposed devices across Chapters 2 to 5, the 

Al–AGNRFET emerges as the most balanced and promising device configuration in terms of 

the Ion, Ioff, SR, transconductance and improved quantum transport properties. The improved 

findings of Al – AGNRFET makes it a suitable choice to use as a toxic gas sensor. The reason 

is that a gas sensor requires a high value of Ion, a very low value of Ioff, and a higher value of 

SR to ensure a large baseline current, a stable OFF-state, and a clear distinction between the 

ON and OFF states before and after gas molecule adsorption, which directly determines the 

sensitivity of the sensor. Further, the Al – AGNRFET is used as a toxic gas sensor to extend 

this work as an application of gas sensor in the Chapter 6. 

 

5.4 SUMMARY 

In this chapter, the EH model with SCF iterations is employed to investigate the effect of edge 

passivation by Icosagens elements in the channel material of GS -AGNRFET. The passivation 

of Icosagens elements at the edge of bulk–configured P – AGNR significantly enhances 

electronic and transport properties. This includes a decrease in bandgap and improved DOS 

analysis that confirms the passivated AGNRs provide more accessible states for electrons in 

the CB and VB. Additionally, transmission spectrum analysis demonstrated that Al, Ga, and 

163
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In passivated GNRFETs have higher electron tunneling probability, further enhancing device 

performance. Also, the effect of Icosagens is analyzed in terms of bandgap and DOS on the 

AGNR (N = 7). The results states that the passivation with the heavier Icosagens elements like 

Al, Ga, and In makes AGNR (N = 7) metallic in nature which constraints its use in 

semiconducting applications.  Further, the effect of Icosagens group element passivation in the 

channel material of the GS - AGNRFET with AGNR (N = 4) shows significantly increase in 

Ion (from 1.06 µA to 18.4 µA in Al – AGNRFET), reduced Ioff (from 1.49 × 10-10 A to 5.43 × 

10-16 A in In – AGNRFET), and better value of SR (from 0.71 × 104 to 0. 35 × 1010) for 

passivated AGNRFETs as compared with P – AGNRFET.  The analysis of transconductance 

and device efficiency shows the higher value of gm and DE in passivation with heavier 

Icosagens group elements (Al, Ga), which signifies that Al – AGNRFET and Ga – AGNRFET 

have stronger electrostatic control and better electron transport. The quantum transport 

properties analysis in terms of TS and PLDOS at varied Vds provides a unique idea for 

analyzing device performance. Further, the PLDOS contour plot analysis confirms that 

passivation of heavier Icosagens group elements shows better performance. Additionally, in 

transmission pathways, the magnitude of the arrow in heavier Icosagens group elements (Al, 

Ga) evidence that the possibility of electron tunneling from source to drain is higher. Owing 

to fast switching, low Ioff, and improved parameters like gm, DE, PLDOS, TP, and TS, Al – 

GNRFET and Ga – GNRFET are suitable candidates for high–speed logic, low–power memory 

devices, quantum computing in space exploration, and neuromorphic computing applications. 

These findings are likely to encourage industry experts to design electronic appliances for 

various applications ranging from space exploration to defense applications.  
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Additionally, on comparing all proposed devices from Chapter 2 to 5, the Al – 

AGNRFET shows improved results in terms of Ion, Ioff in Al – AGNRFET And SR. Following 

a comprehensive analysis of all proposed device configurations, it is necessary to address the 

gas sensing application using the Al–AGNRFET device. Therefore, to investigate the gas 

sensor application suitability, the present work will be extended to develop a toxic gas sensor, 

which will be the primary focus of the next chapter.  
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6 
CHAPTER 

 
Aluminium-passivated Gate-Stack Armchair Graphene 
Nanoribbon FET as a gas sensor for toxic gases 

❖ In this chapter an aluminium-passivated gate stack armchair graphene nanoribbon 
field-effect transistor is used as a nanoscale toxic gas sensor for the detection of 
nitrogen dioxide and ammonia gases.  

❖ A two-step simulation methodology is employed in the present study, the linear 
combination of atomic orbitals framework with generalized gradient approximation is 
used for bulk configured analysis, while the EH model with the NEGF formalism under 
a SCF framework is used for device-level simulation. 

❖ The bulk configured analysis shows that the Al-AGNR exhibits stable physisorption 
with adsorption energies of −0.52 eV and −0.12 eV for NO₂ and NH₃, respectively. The 

sensitivity values are 736% for NO₂ and 116% for NH₃, which are 3.36 and 6.6 times 

higher than the P - AGNR.  

❖ The device analysis of the proposed Al-AGNRFET shows Ion-based sensitivities of 
85.14% for NO2 and 7.03% for NH3, and SR-based sensitivities of 99.86% for NO2 and 
99.47% for NH3. Also, the proposed device also shows opposite Vth shifts of +0.15 V 
and −0.10 V for NO2 and NH3, respectively, which further confirms the selectivity 
response of the device.  

❖ Moreover, the selectivity coefficient is calculated using Ion-based sensitivity that 
reaches 12.12 when NO2 is treated as the target gas, which confirms the strong 
selective detection of NO2 in the presence of NH3. 
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6.1 INTRODUCTION 

The rapid industrialization, urbanization and automization in today’s era has significantly 

increased the emission of toxic and hazardous gases into the environment [1]. Harmful gases 

such as ammonia, nitrogen dioxide, carbon monoxide (CO), and volatile organic compounds 

(VOCs) pose serious risks to human health, industrial safety, and environmental sustainability 

[2]. Even exposure at low concentrations can lead to respiratory disorders, cardiovascular 

complications, and long-term systemic damage. The NO2 is a reddish-brown gas. It is mainly 

produced through combustion processes [3]. The short- and long-term exposure to NO2 can 

damages the cardiovascular and respiratory systems [4]. The NH3 is a colorless gas with a 

pungent odor. It is produced from bacterial and organic processes. The inhalation of NH3 can 

cause throat irritation and respiratory issues. At high blood concentrations, it can lead to brain 

damage and liver failure [5]. Therefore, there is an urgent need to develop the highly sensitive, 

selective, low-power, and miniaturized gas sensors has become a critical research priority. 

While conventional gas sensing technologies including resistive, optical, and electrochemical 

sensors have been demonstrated practical applicability but there are certain limitations with 

them [6]. The limitations include high-power consumption, limited scalability, bulky 

configurations, and reduced compatibility with integrated electronics [7]. On the other hand, 

the field-effect transistor - based gas sensors have emerged as promising alternatives due to 

their superior sensitivity, intrinsic signal amplification, CMOS compatibility, and nanoscale 

integration capability [8]. Unlike resistive sensors, FET-based sensors translate surface charge 

modulation directly into measurable variations in threshold voltage and drain current, enabling 

Page 219 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931

Page 219 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931



Chapter 6: Aluminium-passivated Gate-Stack……. 

 

170 
Anshul 
 

enhanced detection performance at low concentrations. With the advancement of 

nanotechnology, low-dimensional materials such as carbon nanotubes (CNTs), graphene, and 

graphene nanoribbons (GNRs) have gained tremendous attention for sensing applications [9, 

10]. Their high surface-to-volume ratio, exceptional carrier mobility, and tunable electronic 

properties make them ideal candidates for next-generation nano sensors. Among these 

materials, AGNRs are particularly attractive because of their width-dependent bandgap, which 

enables semiconducting behavior suitable for FET-based device architectures [11, 12]. 

However, pristine AGNR structures often exhibit limited sensitivity toward certain toxic gases 

due to weak physisorption interactions. To overcome this limitation, edge passivation 

strategies have been explored to improve the electronic and quantum transport properties of P 

– AGNR. In our previous Chapter 5, the Al – AGNRFET exhibits higher value of on current, 

significant reduction in off current, and better switching ratio among all Icosagens-passivated 

configurations [13]. The improved findings of Al – AGNRFET makes it a suitable choice to 

use as a toxic gas sensor. The reason is that a gas sensor requires a high value of Ion, a very low 

value of Ioff, and a higher value of SR to ensure a large baseline current, a stable OFF-state, 

and a clear distinction between the ON and OFF states before and after gas molecule 

adsorption, which directly determines the sensitivity of the sensor. Taking everything into 

consideration, in this chapter, we have proposed the Al – AGNRFET as a nanoscale toxic gas 

sensor. Aluminium is selected due to its favorable electronic affinity, catalytic characteristics, 

and compatibility with semiconductor processing. The passivation of AGNR with aluminium 

atoms is expected to introduce localized states near the Fermi level as it belongs to the 

Icosagens group which enhances the charge transfer interaction between the adsorbed gas 
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molecules and the channel material. The sensing mechanism of the proposed device is based 

on adsorption-induced charge transfer between toxic gas molecules and the aluminium-

passivated AGNR channel. In the present study, the key performance parameters such as 

adsorption energy, recovery time, bandgap, bulk configured sensitivity, conductivity, Id – Vgs 

response, transconductance and selectivity are analyzed to study the sensing performance. This 

chapter is organized as follows: Section 6.2 presents the device design and structural 

configuration, Section 6.3 describes the simulation methodology, Section 6.4 discusses the 

results and analysis, and finally, Section 6.5 concludes the findings of the study. 

6.2 DEVICE DESIGN AND DESCRIPTION  

Figure 6.1 shows the schematic representation of the proposed Al-AGNRFET as a toxic 

gas sensor along with the molecular structure of NO₂ and NH₃ gas molecules and their 

interaction with the Al-AGNR channel material. It is observed from Figure 6.1 that the toxic 

gas molecules are released from two major sources, namely vehicles and industries. These 

released gases interact with the Al-AGNR (N = 4) channel region of the proposed device. The 

bulk configured AGNRs was modelled by repeating the unit cell 4 times along the z – direction. 

A vacuum layer of 20 Å was applied along the z – direction in order to prevent from the 

interlayer interactions. The top inset view of Figure 6.1 depicts the atomic structure of the NO₂ 

molecule. NO₂ consists of one nitrogen atom bonded with two oxygen (O) atoms. The bottom 

inset of Figure 6.1 depicts the atomic structure of the NH₃ molecule. NH₃ consists of one 

nitrogen atom bonded with three hydrogen (H) atoms in a pyramidal configuration. The Al - 

AGNR (N = 4) is used as the channel material. The source and drain regions are made of ZGNR 

(N = 6). The source and drain contacts are doped with n-type impurities at a concentration of 
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5 × 1018 e/cm3. Further, the Al-AGNR channel is rotated by 30° to form a good interface with 

the source and drain ZGNR regions. The proposed device structure is a gate-stack armchair 

graphene nanoribbon field-effect transistor (GS - AGNRFET) employing an aluminium 

passivated armchair graphene nanoribbon (Al - AGNR) as the channel material. A metal gate 

electrode is placed above a dual-dielectric gate stack. The GS uses a LaAlO3 high-κ layer (κ ≈ 

30) and a SiO2 interfacial layer (κ ≈ 3.9). The SiO2 layer maintains the effective oxide thickness 

and improves device stability. The total oxide thickness is 1 nm. The gate length (Lg) is 7 nm 

and the length of source/drain length is 5 nm each. Overall, the Figure 6.1 shows the schematic 

representation of the proposed Al-AGNRFET gas sensor along with the graphical illustration 

of gas molecule interaction in the channel. 

 

Figure 6.1: Schematic illustration of the proposed Al-AGNRFET as a nanoscale sensor for NO₂ 

and NH₃ toxic gas detection 
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6.3 SIMULATION METHODOLOGY 

All the simulations are carried out in Quantum ATK (2019.12) simulator. The simulation 

methodology is divided into two parts. In the first part, density functional theory (DFT) based 

LCAO calculator with GGA and Perdew–Burke–Ernzerhof (PBE) exchange-correlation 

functional is used to find out the bandgap, adsorption energy, conductivity and recovery time 

for the bulk configured Al – AGNR and its interactions with NO2 and NH3. The reason is that 

the “Grimme DFT- D3” is taken into consideration to account the Vander Waals interactions 

between the gas molecules and the targeted sensing material [14]. Also, all geometries with 

gases are optimized using LCAO – PBE with Grimme DFT – D3 model. The parameters that 

used in the LCAO-GGA framework are tabulated in Table 6.1.  

Table 6.1 
Computational Parameters for Bulk Configured AGNRs 

Parameters Values 
Calculator ATK DFT: LCAO 

Exchange Correlation Function GGA with PBE 

Density Mesh Cut-off 40 Hartree 

Occupation Method Fermi Dirac 

Broadening 100 K 

K-Point Sampling 1×1×100 

Maximum Steps 100 

Step Size 0.01 

In the second part, to perform the device-based analysis Extended Hückel model in Semi – 

empirical calculator is used. These calculations are carried out using the EH model with the 

Non-Equilibrium Green's Function formalism under the SCF framework. The reason for using 

the EH model is that the full device configuration consists of a large number of atoms, 

including the source, drain, gate dielectric, and channel regions [15, 16]. The LCAO-GGA 

based calculations on such a large number of atoms may lead to significantly higher 
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computational cost [15]. Therefore, to overcome this problem we have adopted EH model with 

NEGF. All the parameters used in the EH – based simulator is tabulated in Table 6.2. 

Table 6.2 
Computational Parameters for Proposed Device Configuration 

Parameters Values 

Computational model Extended Hückel model 

Basis set Hoffmann 

Fitted parameters Hückel Hamiltonian parameterization 

Temperature and Fermi–Dirac broadening 300 K 

Boundary conditions Multigrid–type Poisson solver 

K–point sampling 1 × 1 × 100 

6.4 RESULTS AND DISCUSSIONS 

In this section, the sensing performance of the proposed Al-AGNRFET device is analyzed for 

NO2 and NH3 gas detection. The result and discussion are divided into three subsections. In 

the first section, the gas detection analysis for the bulk configured P-AGNR and Al-AGNR is 

performed. This includes the comparison of total free energy, adsorption energy, recovery 

time, bandgap, conductivity, and sensitivity upon NO2 and NH3 adsorption. Based on these 

results, it is concluded that the Al-AGNR shows superior sensing performance compared to 

the P-AGNR. Then, the Al-AGNR is used as the channel material in the proposed GS-

AGNRFET device. The device-level analysis is performed in terms of Id-Vgs transfer 

characteristics, transconductance, and projected local density of states, sensitivity and 

selectivity analysis in the other two subsections. 

6.4.1 Comparison of bulk configured P -AGNR and Al – AGNR for NO2 
and NH3 gas detection 
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The total free energy of all bulk configured AGNRs is tabulated in the Table 6.3. To investigate 

the interaction between NO2, NH3 gases and the AGNRs system, we assessed various 

orientations of these gases at the edge site as the initial geometry for optimization. The edge 

site is identified as the adsorption site owing to the molecular characteristics of gases that 

facilitate fast adsorption at this point. After optimization, the gases NH3 and NO2 are adsorbed 

at a distance of 2.17 and 2.67 Å, respectively from, the edge site. The most stable arrangements 

of gas molecules adsorbed on a material are determined by the minimum total energy of the 

system. The lower value of the total free energy indicates a more thermodynamically stable 

configuration. From Table 6.3, we can observe that the value of total free energy for Al – 

AGNR with gases is significantly lower than the P-AGNR with gases. The negative value of 

free energy indicate that all the adsorbed systems are thermodynamically stable. Based on the 

comparison, we have found that the Al – AGNR is more thermodynamically stable than the P 

– AGNR.  

 Table 6.3 
Total Free energy of all the systems 

 

 

 

 

 

 

Further, in order to determine the strength of the interaction between the gas and Al – AGNR, 

P – AGNR, we have calculated the adsorption energy (Eads) using Eq. (6.11). The adsorption 

System Total Free Energy, E (in eV) 
P – AGNR -5478.26991 

NO2 -1179.01151 
NH3 -330.41409 

P – AGNR + NO2 -6655.81461 
P – AGNR + NH3 -5805.33081 

Al – AGNR  -21902.55453 
Al – AGNR + NO2 -23082.086042 
Al – AGNR + NH3 -22233.09111 

Page 225 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931

Page 225 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931



Chapter 6: Aluminium-passivated Gate-Stack……. 

 

176 
Anshul 
 

energy is the amount of energy that is released or absorbed when a gas molecule contacts with 

the surface of a sensing material [17]. Mathematically, the Eads is given as [18]: 

𝐸𝑎𝑑𝑠 = 𝐸𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑤𝑖𝑡ℎ 𝑔𝑎𝑠 - 𝐸𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑔𝑎𝑠- 𝐸 𝑔𝑎𝑠 (6.11) 

where, 

𝐸𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑤𝑖𝑡ℎ 𝑔𝑎𝑠 - total free energy of material in presence of gas molecule  

𝐸𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑔𝑎𝑠 - total free energy of material in absence of gas molecule 

𝐸 𝑔𝑎𝑠 - total free energy of gas molecule 

The values of adsorption energy and recovery time are tabulated in Table 6.4. The calculated 

positive value of Eads suggested that the adsorption of NO2 and NH3 onto the P – AGNR was 

chemisorption, whereas the adsorption of NO2 and NH3 onto the Al – AGNR was 

physisorption. Based on the comparison of the adsorption energies values, we found that the 

NO2 and NH3 gases preferred to adsorbed on the Al – AGNR rather than the P – AGNR. Also, 

the Al -AGNR with NO2 shows strong adsorption rather than the Al – AGNR with NH3. 

Additionally, we have found out the recovery time for the gases. The recovery time (τ) is 

defined as the time required for the gas molecule to desorb from the surface of the sensing 

material after the source of gas is removed. It is calculated using the transition state theory and 

Van’t-Hoff–Arrhenius equation, as follows [17]: 

τ =  ν₀−1𝑒𝑥𝑝 (
−𝐸𝑎𝑑𝑠

𝑘𝐵𝑇
) 

(6.12) 

where, 

ν₀−1 - 1012 s-1, attempt frequency  

𝑘𝐵  - Boltzmann constant, 8.617 × 10-5 eV 

𝑇 - Temperature (300K) 
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From Table 6.4, we can observe that the values of recovery time are very small in case of the 

P - AGNR (2.4 × 10⁻³⁷ s for NO₂ and 3.1 × 10⁻⁶⁹ s for NH₃), which indicates physically 

unrealistic values. This confirms that no stable adsorption of gas molecules occurs on the P - 

AGNR surface. However, the values of recovery times in the Al-AGNR (5.4 × 10⁻⁴ s for NO₂ 

and 1.1 × 10⁻¹⁰ s for NH₃), confirm stable interaction of gas molecules on the surface of Al - 

AGNR. Also, the recovery time of 5.4 × 10⁻⁴ s for NO₂ means that the Al-AGNR based sensor 

can be operate stably for a measurable duration, which is suitable for practical gas detection. 

Table 6.4 
Adsorption energy and Recovery time of all systems 

System Adsorption Energy, Eads (eV) Recovery Time (s) 

P – AGNR + NO2 + 1.47 2.4 × 10-37 

P – AGNR + NH3 + 3.35 3.1 × 10-69 

Al – AGNR + NO2 - 0.52 5.4 × 10-4 

Al – AGNR + NH3 -0.12 1.1 × 10-10 

 
The variation in the bandgap, conductivity (σ), and sensitivity (S) of the P – AGNR and Al – 

AGNR with NO2 and NH3 gases are illustrated as spider chart in the Figure 6.2. From the 

Figure 6.2, we can observe that the P-AGNR has a bandgap of 0.17 eV. Upon NO2 adsorption, 

the bandgap decreases to 0.11 eV. The reason is the acceptor nature of NO2, which withdraws 

electrons from the AGNR. Also, the value of bandgap for P -AGNR increases to 0.18 eV with 

NH3. This is due to the donor nature of NH3, which adds electrons to the P- AGNR. The Al-

AGNR shows a bandgap of 0.31 eV. The NO2 adsorption in the Al – AGNR deceases the 

bandgap to 0.20 eV and with NH3 adsorption, it becomes 0.27 eV. The bandgap directly 

governs the conductivity of the AGNR material through the mathematical relation as follows 

[19]: 
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σ ∝ 𝑒𝑥𝑝 (
−𝐸𝑔

2𝑘𝐵𝑇
) 

(6.13) 

  

 

Figure 6.2: Spider chart for bandgap, conductivity and sensitivity analysis for all systems   

From Eq. (6.13), we can say that, the small change in bandgap upon gas adsorption leads to 

change in conductivity. Using Eq. (6.13), the sensitivity is calculated. The sensitivity of a gas 

sensor is the ability of the sensing material to produce a measurable change in its electrical 

properties when in contact with a target gas molecule. The high value of sensitivity means that 

the sensing material has a larger change in electrical characteristics after adsorption of gas. 

This facilitates the detection of the target gas molecule even at low concentrations. The 

sensitivity of a gas sensor is shown to be directly dependent on the change in electrical 

conductivity of the detecting material following adsorption of gas. This is because adsorption 

of a gas molecule on the surface of the sensing material alters the electronic structure of the 

substance. This modification leads to a change in the bandgap, which leads to a change in the 
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electrical conductivity of the material. The change in conductivity is utilized to calculate the 

sensitivity of sensor and mathematically it is expressed as [19, 20]: 

S =  (
σ −  σ′

σ′ ) × 100% 
(6.14) 

where, 

σ - Conductivity of system in presence of gas molecule 

σ' - Conductivity of system in absence of gas molecule 

Also from Figure 6.2, we can observe that the value of sensitivity of P-AGNR is 219% for NO₂ 

and 17.7% for NH₃. However, the Al-AGNR shows a sensitivity of 736% for NO₂ and 116% 

for NH₃. These values are 3.36 and 6.6 times higher than P-AGNR, respectively. From the 

above bulk configured analysis, the authors observed that the Al-AGNR performs better than 

the P-AGNR in all key sensing parameters. These include thermodynamic stability, adsorption 

energy, recovery time, bandgap modulation, and sensitivity. Therefore, the Al-AGNR is 

selected as the channel material for the proposed GS-AGNRFET device. In the next section, 

the gas molecules of NO2 and NH3 are adsorbed at the edge sites of the Al-AGNR channel 

material to analyse the device-level sensing performance. 

 

 

 

 

Page 229 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931

Page 229 of 249 - Integrity Submission Submission ID trn:oid:::29334:140635931



Chapter 6: Aluminium-passivated Gate-Stack……. 

 

180 
Anshul 
 

6.4.2 Device characteristics analysis: Al-AGNRFET as a Gas Sensor  

 

Figure 6.3: Transfer characteristics of the Al-AGNRFET without gas and with NO₂, and NH₃ 

gases at Vds = 0.5 V 

The transfer characteristics of the Al-AGNRFET without and with gas molecules are depicted 

in Figure 6.3. The Vgs is varied from 0 to 1 V at constant Vds = 0.5 V. The left y-axis shows 

the logarithmic scale of Id and the right y-axis shows the linear scale. The channel of the 

proposed device is an intrinsic (undoped) Al-AGNR. Therefore, the sensing mechanism is 

based on the modification of the threshold voltage and electrostatic potential of the intrinsic 

channel upon gas adsorption. From Figure 6.3, we observed that the value of Ion is 1.85 × 10⁻⁵ 

A, the Ioff is 2.37 × 10⁻¹⁶ A, and the SR is 0.78 × 10¹¹ for Al – AGNRFET without gas. The 

significance of the Id-Vgs characteristic curve is that it provides direct evidence of how the gas 

molecules modify the threshold voltage of the device. From Figure 6.3, we can observe that 

the value of drain current changed, when gases are interacted with the channel material. 

Further, the change in the Id-Vgs curve indicates a change in the Vth, which is the primary 
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sensing mechanism of the proposed device. From Figure 6.3, the authors calculated the shift 

in the Vth value. 

 

Figure 6.4: Change in the Vth value after NO2 and NH3 gas adsorption  

The change in the Vth is illustrated in Figure 6.4. From the Figure 6.4, the value of Vth changes 

from 0.55 to 0.45 V and shows a shift of - 0.10 V, when NH3 gas is adsorbed. The reason for 

the shift in Vth is the donor nature of NH₃. When NH₃ is adsorbed on the intrinsic Al-AGNR 

channel, it donates electrons to the channel material. This increases the electron density in the 

intrinsic channel and creates a net negative charge in the channel region. This negative charge 

lowers the value of threshold voltage of the device, which means the gate requires a lower 

voltage to turn on the device. While the adsorption of NO₂ on the Al – AGNR channel material, 

increase the value of Vth to 0.70 V by a shift of + 0.15 V in Vth. The reason for the change in 

Vth is that the adsorption of NO₂ on the intrinsic Al-AGNR channel withdraws electrons from 

the channel material. This creates a net positive charge in the channel region. This positive 
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charge increases the threshold voltage of the device, which means the gate requires a higher 

voltage to turn on the device. The opposite shifts in the value of Vth confirms the dual-direction 

sensing response of the device. 

 

Figure 6.5: Transconductance analysis of the Al-AGNRFET without gas and with NO₂, and 

NH₃ gases 

Figure 6.5 depicts the transconductance analysis for Al-AGNRFET without gas and with NO₂, 

and NH₃ gases. Transconductance defines the device's capability to amplify signals and 

respond to gate voltage changes. The higher value of gm indicates better gate control over the 

channel [21]. From Figure 6.5, we can observe that the Al-AGNRFET without gas molecules 

shows the highest value of gm in the Vgs range of 0.6 –1.0 V. The interaction of NO2 gas 

reduces the value of gm significantly. The reason is that NO2 withdraws electrons from the 

channel, reducing the charge carrier density and weakening the gate modulation. While, the 

adsorption of NH3 shows a moderate change in the value the gm. The donor nature of NH3 
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slightly shifts the threshold voltage, which causes a shift in the gm peak. From the above 

analysis, the authors observed that the change in gm upon gas adsorption can also be used as 

an additional sensing parameter in the Al-AGNRFET. Figure 6.6 depicts the projected local 

density of states (PLDOS) analysis of the Al-AGNRFET (a) without gas, (b) with NH3 and (c) 

with NO2 at Vds = 0.5 V. 
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Figure 6.6: Projected local density of states analysis of the Al-AGNRFET (a) without gas, (b) 

with NH3 and (c) with NO2 at Vds = 0.5 V 

The contour plot of PLDOS at Vds = 0.5 V offers the important information on the transport 

properties of the proposed device and its interaction with gas molecules. The PLDOS is usually 

plotted against energy and position in the AGNR. The PLDOS shows the contribution of 

different orbitals to the density of states. Each contour line in Figure 6.6 corresponds to a 

specific energy level, with the intensity or color of the contour lines indicating the density of 

electronic states at that energy level. From Figure 6.6 (a), we can observe that the contour lines 

are light and dispersed without gas, especially at the Fermi level. From Figure 6.6 (b) and (c), 

the intensity of color becomes stronger and also the magnitude of LDOS increases. This change 

in the color intensity and the LDOS signifies that the Al – AGNRFET device is highly sensitive 

to the gas interactions. Also, the PLDOS analysis provides an alternate way to confirm the 

variation in the drain current when the gas is introduced. From the comprehensive analysis 
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presented in this section, the proposed Al-AGNRFET demonstrates superior gas sensing 

performance for both NO₂ and NH₃ gas detection. 

6.4.3 Sensitivity and Selectivity analysis of the Al – AGNRFET 

In this section, the sensing performance of the proposed Al-AGNRFET evaluated through three 

sensitivity metrics defined in terms of the Vth, Ion, and SR, as presented in Figure 6.7. The 

sensitivity of a FET-based gas sensor is the relative change of a device parameter upon gas 

adsorption with respect to its baseline value in the absence of gas. Mathematically, the 

sensitivity is expressed as [22]: 

S =  (
𝑋(𝑤𝑖𝑡ℎ 𝑔𝑎𝑠) −  𝑋(𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑔𝑎𝑠)

𝑋(𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑔𝑎𝑠)
) × 100% 

(6.15) 

Here, the term ‘X’ is the device parameter in terms of Vth, Ion, or SR. From Figure 6.7, we can 

observe that the values of S(Vth), S(Ion), and S(SR) for NO2 are 27.27%, 85.14%, and 99.86%, 

respectively.  

 

Figure 6.7: Bar plot representation of sensitivity analysis in terms of Vth, Ion, and SR for NO2 

and NH3 gas adsorption at Vds = 0.5 V  
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The reason for high S(Ion) and S(SR) is the acceptor nature of NO2, which withdraws a significant 

number of electrons from the Al-AGNR channel and reduces the carrier density. This causes a 

large drop in Ion and a corresponding change in the SR. While in case of NH3 adsorption, the 

values of S(Vth), S(Ion), and S(SR) are 18.18%, 7.03%, and 99.47%, respectively. The reason for 

low value of S(Ion) is the donor nature of NH3 gas. It donates electrons into the channel and 

slightly increases Ion as compared to its baseline value (without gas), resulting in only a minor 

change in Ion. It is to be noted that the Ioff-based sensitivity is not included in the present 

analysis. The reason is that the value of Ioff changes by two orders of magnitude upon gas 

adsorption (from 2.37 × 10−16 A to 2.58 × 10−14 A for NO2 and 4.14 × 10−14 A for NH3), which 

gives unphysically large sensitivity values exceeding 10000% for both gases. From the above 

analysis, the authors observed that the Ion-based sensitivity shows the largest contrast between 

NO2 and NH3, while the SR-based sensitivity saturates near 100% for both gases due to the 

dominant variation in value of Ioff. 

 

Figure 6.8: Selectivity analysis for NO2 and NH3 gas adsorption 
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Further, the selectivity of a gas sensor that defines the ability of the sensor to distinguish a 

target gas from an interfering gas is analyzed. The selectivity is quantified using the selectivity 

coefficient (KSC), which is defined as the ratio of the sensitivity of the sensor to the target gas 

(Starget gas) to that of the interfering gas (Sinterfering gas) [23, 24]. The value of KSC > 1 confirms 

that the device selectively detects the target gas over the interfering gas, while KSC = 1 indicates 

no selectivity between the two gases [23]. The selectivity analysis in the present work is 

performed only for Vth, Ion, and SR-based sensitivities as shown in Figure 6.8. From the Figure 

6.8, we can observe that when NO2 is treated as the target gas, the values of KSC are 1.50, 

12.12, and 1.00 for Vth, Ion, and SR-based sensitivities, respectively. The highest value of KSC 

is obtained for Ion-based sensitivity, which means that the proposed Al-AGNRFET is 12.12 

times more sensitive to NO2 than NH3 in terms of on current variation. The reason for this large 

value of KSC is the opposite nature of charge transfer between NO2 and NH3 with the Al-AGNR 

channel. The NO2 withdraws electrons from the channel and reduces Ion drastically, while the 

NH3 donates electrons to the channel and keeps the value of Ion close to its baseline. This 

opposite effect on Ion forms the physical basis of the selectivity. While in case of NH3 as the 

target gas, the values of KSC are 0.67, 0.08, and 1.00 for Vth, Ion, and SR-based sensitivities, 

respectively. The low value of the KSC of 0.08 in Ion-based sensitivity also confirms that the 

device cannot selectively detect NH3 over NO2 using on current as the selectivity parameter. 

The KSC value of approximately 1.00 in SR-based selectivity for both directions is the 

consequence of the SR saturation behavior reported in the sensitivity analysis. Therefore, the 

SR-based selectivity does not provide useful information about discrimination of the two gases. 

From the above analysis, the authors observed that the Ion-based selectivity coefficient of 
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12.12, along with the opposite threshold voltage shift confirms the strong selective response 

of the proposed Al-AGNRFET towards NO2 gas. From the above comprehensive analysis, the 

authors observed that the proposed Al-AGNRFET shows superior detection of NO₂ over NH₃ 

across all sensing parameters. Owing to the physisorption of NO₂ with Eads = − 0.52 eV), 

higher bulk sensitivity (736%), larger positive threshold voltage shift (+0.15 V), higher Ion- 

based sensitivity (85.14%), reduction in peak value of transconductance, and the Ion-based 

selectivity coefficient of 12.12. These results confirms that the Al-AGNRFET as a highly 

selective and sensitive nanoscale sensor for NO₂ detection in the presence of NH₃ as an 

interfering gas. 

6.5   SUMMARY 

This chapter investigates the performance of the proposed Al-AGNRFET as a nanoscale gas 

sensor for the detection of NO₂ and NH₃. In this chapter, the two-step simulation methodology 

is employed, the LCAO-GGA for bulk configured analysis and the EH model with NEGF-SCF 

formalism for device-level simulation is used. The bulk configured analysis confirmed that the 

P-AGNR shows chemisorption with positive adsorption energies of +1.47 eV for NO₂ and 

+3.35 eV for NH₃, with physically unrealistic recovery times of 2.4 × 10⁻³⁷ s and 3.1 × 10⁻⁶⁹ s, 

respectively. This confirms that P-AGNR is not suitable for practical gas sensing. In contrast, 

the Al-AGNR shows stable physisorption with negative adsorption energies of −0.52 eV for 

NO₂ and −0.12 eV for NH₃, with physically meaningful recovery times of 5.4 × 10⁻⁴ s and 1.1 

× 10⁻¹⁰ s, respectively. The sensitivity values of 736% for NO₂ and 116% for NH₃ which are 

3.36 and 6.6 times higher than the P-AGNR, respectively. Based on these superior bulk 

configured results, Al-AGNR is selected as the channel material for the proposed GS-
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AGNRFET device. In the device-level analysis, the intrinsic Al-AGNR channel of the 

proposed GS-AGNRFET shows a distinct sensing response upon gas adsorption. The NH₃ 

adsorption causes a left shift in the Id-Vgs curve with Vth decreasing from 0.55 V to 0.45 V. 

The NO₂ adsorption causes a right shift with Vth increasing to 0.70 V. These opposite threshold 

voltage shifts of −0.10 V and +0.15 V confirm the dual-direction sensing response of the 

proposed device. The Ion-based sensitivity is 85.14% for NO2 and 7.03% for NH3, while the 

SR-based sensitivity is 99.86% for NO2 and 99.47% for NH3. The value of KSC using Ion-based 

sensitivity reaches 12.12 with NO2 as the target gas, which confirms that the device responds 

12.12 times more strongly to NO2 than to NH3 in terms of on current. Further, the 

transconductance analysis shows that NH₃ increases the gm peak from 5.8 × 10⁻⁵ S to 6.5 × 10⁻⁵ 

S, while NO₂ drastically reduces it to approximately 1.0 × 10⁻⁵ S. The PLDOS analysis 

confirms that NH₃ uniformly raises the channel LDOS to 0.01269 Å⁻³eV⁻¹, while NO₂ 

introduces a new localized acceptor band at approximately −0.45 eV with LDOS of 0.01382 

Å⁻³eV⁻¹. All device-level results are fully consistent with each other and with the bulk 

configured analysis. The opposite response of the Al-AGNRFET to NO2 and NH3 across all 

sensing parameters along with the high Ion-based KSC of 12.12 confirms that the proposed 

device can not only detect both gases but also distinguish between them with high selectivity. 

From the above analysis, the authors conclude that the proposed Al-AGNRFET is a highly 

sensitive, selective, and reliable nanoscale sensor for the detection of NO₂ and NH₃ toxic gases 

at room temperature. Overall, this chapter establishes the Al-AGNRFET as a promising 

candidate for next-generation low-power nanoscale toxic gas sensing applications like 
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environmental air quality monitoring, industrial safety systems, medical breath diagnostics, 

and automotive emission control.  
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7 
CHAPTER 

 
Conclusion, Social Impact and Future scope 

❖ This chapter summarizes the research contributions discussed in the previous chapters 
of this thesis.  

❖ Also, the societal implications and practical importance of the proposed devices and 
gas sensors are explored.  

❖ Finally, this chapter describes the possible future work that could be carried out based 
on this present study. 
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7.1 CONCLUSION  

This thesis presents an atomistic-scale investigation of armchair graphene nanoribbon field-

effect transistors under a gate-stack architecture, with the objective of identifying device 

configurations that are suitable for ultra-low-power logic and toxic gas sensing. The present 

work dielectric engineering, channel-width engineering, computational-model reliability, and 

edge-passivation chemistry. Each chapter builds on the device understanding established 

before it, and the final chapter applies the optimized device to a real sensing problem. 

Chapter 1 summarizes the basics of nanoscale MOSFET, scaling issues, and short-channel 

effects. After that, the ways to overcome the short-channel effects are discussed. In this regard, 

the different engineering schemes and the advanced FET structures, such as SOI MOSFET, 

TFETs and CNTFET, reported in different research articles, have been presented. Further, the 

research gaps found during the literature survey have been explored. Then, the chapter 

progresses toward the architecture of GNRFET, the basic working principle of GNRFET, and 

its potential advantages and drawbacks. Then, the thesis objective and overall organization of 

the thesis, and the importance of the research work presented in this thesis are discussed. 

Chapter 2 carries out a DFT-based atomistic study of a GS-AGNRFET, examining how the 

gate stack itself, ambient temperature, and edge chemistry effect the device performance. With 

GS architecture, the off-state current drops by ~73 % and the SR goes up by a factor of about 

213 over conventional GNRFET. When the temperature is raised from 250 K to 350 K, Ion 

reduced by ~48 %, SR degrades by 98 %, SS rises by ~ 56 %, and DIBL increases by138 times. 

This makes the proposed device is most useful at low temperature applications like cryogenic 

electronics, biomedical sensors applications. Additionally, the performance enhancement is 
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achieved through edge passivation engineering of AGNR channel with 13th and 15th group 

elements. Boron passivation reduces the bandgap and raises the PDOS near the Fermi level, 

Ioff reduced by ~ 7.8 × 105 times and Ion goes up by ~ 139 times relative to P-AGNRFET, and 

the SR improves from ~ 7.1 × 103 to ~ 1.45 × 108. Overall, Chapter 2 systematically 

demonstrated that gate stack dielectric engineering, temperature-dependent analysis, and edge 

passivation play a crucial role in governing the electrostatic behavior, transport efficiency, and 

leakage characteristics of armchair graphene nanoribbon FET at atomic scale. However, the 

proposed GS-AGNRFET with AGNR (N = 4) demonstrated exceptional switching 

performance but the systematic influence of varying the value of N belongs to 3p + 1 family 

on the electronic band structure, density of states, and quantum transport properties within the 

GS architecture remains unexplored. Therefore, to address this gap. the width engineering in 

channel material is analyzed in Chapter 3. The Chapter 3 investigates the influence of 

channel width engineering on the electronic and quantum transport properties GS-AGNR FET 

using a semi-empirical density functional theory framework combined with Slater – Koster 

DFT based model. AGNRs belonging to the 3p+1 family (N = 4, 7, 10, and 13) are 

systematically analyzed. The results reveal a strong inverse relationship between AGNR width 

and bandgap, with the narrowest ribbon (N = 4) exhibiting the largest bandgap (~1.98 eV), 

suppressed DOS near the Fermi level, and enhanced transmission control. When the AGNR 

(N = 4) implemented as the channel material in a gate-stack architecture, the GS-AGNR (N = 

4) FET demonstrates significantly reduced off-state current and a markedly improved SR 

compared to wider ribbons having N = 7, 10 and 13. Also, Transmission spectra under varying 

drain bias, along with PLDOS and electrostatic potential profiles, further confirm superior gate 

control and reduced leakage for narrower channels. Overall, this chapter establishes channel 
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width as a critical design parameter and highlights GS - AGNR (N = 4) FET as promising 

candidates for low-power and nanoscale electronic applications. In this chapter the proposed 

device with width engineering is studied with SK model. The SK model is used with non-SCF 

iteration in this chapter. Therefore, to ensure the device’s reliability, it is crucial to explore its 

device modelling with different simulation approaches and the SCF iteration methods, which 

are studied in Chapter 4. This Chapter 4 provides a comprehensive analysis of the reliability 

and performance of the GS-AGNRFET using EH model with the SCF iteration scheme within 

the NEGF framework. The two proposed device configurations, namely the A4 device and the 

A7 device, are systematically compared in terms of performance and reliability metrics using 

the EH model. The EH model demonstrates strong agreement with benchmark DFT methods 

in both bandgap and T (E) for AGNRs (N = 4 and 7), confirming its reliability over other 

models for device-level modeling. The DOS and bandgap comparisons validate the EH model 

as a computationally efficient alternative. Then, the effect of varied ‘N’ in the channel material 

for the performance of GS-AGNRFET is studied. The change in the value of ‘N’ from 4 to 7 

improves Ion by 481 times, reduces Ioff by 99. 92%, improves the SR, reduces Vth by 27.59%, 

and reduces DIBL by 16% in the A7 device as compared to the A4 device. Also, the higher 

value of DE for the A7 device signifies that the A7 device requires low voltage to achieve 

significant current modulation and high reliable for low–power applications as compared to 

the A4 device. The comparison of static power with previously reported GNRFETs highlights 

the A7 device’s suitability for low-power applications, making it an excellent candidate for use 

in energy-efficient electronics, biomedical devices, signal amplification, and sensors. Overall, 

the A7 device emerges as a highly promising and reliable device for advanced electronic 

applications, combining superior performance with lower power consumption. As discussed 
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in Chapter 2, the boron-passivated GS-AGNRFET demonstrates significantly improved 

device performance when the edges of P - AGNR are passivated with boron. However, the 

study of the remaining Icosagens group elements, namely Al, Ga and In, in the context of GS-

AGNRFET edge passivation remains unexplored in the literature. To address this research gap, 

the performance investigation of all Icosagens group elements using the Extended Hückel 

model are investigated in Chapter 5.  The passivation of Icosagens elements at the edge of 

bulk–configured P – AGNR significantly enhances electronic and transport properties. This 

includes a decrease in bandgap and improved DOS analysis. Additionally, TS analysis 

demonstrated that Al, Ga, and In passivated GNRFETs have higher electron tunneling 

probability, further enhancing device performance. Also, the effect of Icosagens is analyzed in 

terms of bandgap and DOS on the AGNR (N = 7). The results states that the passivation with 

the heavier Icosagens elements like Al, Ga, and In makes AGNR (N = 7) metallic in nature 

which constraints its use in semiconducting applications.  Further, the effect of Icosagens group 

element passivation in the channel material of the GS - AGNRFET with AGNR (N = 4) shows 

significantly increase in Ion (from 1.06 µA to 18.4 µA in Al – AGNRFET), reduced Ioff (from 

1.49 × 10-10 A to 5.43 × 10-16 A in In – AGNRFET), and better value of SR (from 0.71 × 104 

to 0. 35 × 1010) for passivated AGNRFETs as compared with P – AGNRFET. Owing to fast 

switching, low Ioff, and improved parameters like gm, DE, PLDOS, TP, and TS, Al – 

AGNRFET and Ga – AGNRFET are suitable candidates for high–speed logic, low–power 

memory devices, quantum computing in space exploration, and neuromorphic computing 

applications. Additionally, on comparing all proposed devices from Chapter 2 to 5, the Al – 

AGNRFET shows improved results in terms of Ion, Ioff in Al – AGNRFET And SR. Following 

a comprehensive analysis of all proposed device configurations, it is necessary to address the 
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gas sensing application that is the final objective of the thesis using the Al–AGNRFET device. 

Therefore, to investigate the gas sensor application suitability, the Chapter 6 is extended to 

develop a toxic gas sensor. This chapter investigates the performance of the proposed Al-

AGNRFET as a nanoscale gas sensor for the detection of NO₂ and NH₃. In this chapter, the 

two-step simulation methodology is employed, the LCAO-GGA for bulk configured analysis 

and the EH model with NEGF-SCF formalism for device-level simulation is used. The bulk 

configured analysis confirmed that the P-AGNR shows chemisorption with positive adsorption 

energies of +1.47 eV for NO₂ and +3.35 eV for NH₃, with physically unrealistic recovery times 

of 2.4 × 10⁻³⁷ s and 3.1 × 10⁻⁶⁹ s, respectively. This confirms that P-AGNR is not suitable for 

practical gas sensing. In contrast, the Al-AGNR shows stable physisorption with negative 

adsorption energies of −0.52 eV for NO₂ and −0.12 eV for NH₃, with physically meaningful 

recovery times of 5.4 × 10⁻⁴ s and 1.1 × 10⁻¹⁰ s, respectively. The sensitivity values of 736% 

for NO₂ and 116% for NH₃ which are 3.36 and 6.60 times higher than the P-AGNR, 

respectively. Further, the NH₃ adsorption causes a left shift in the Id-Vgs curve with Vth 

decreasing from 0.55 V to 0.45 V. The NO₂ adsorption causes a right shift with Vth increasing 

to 0.70 V. These opposite threshold voltage shifts of −0.10 V and +0.15 V confirm the dual-

direction sensing response of the proposed device. The Ion-based sensitivity is 85.14% for NO2 

and 7.03% for NH3, while the SR-based sensitivity is 99.86% for NO2 and 99.47% for NH3. 

The value of KSC using Ion-based sensitivity reaches 12.12 with NO2 as the target gas, which 

confirms that the device responds 12.12 times more strongly to NO2 than to NH3 in terms of 

on current. The opposite response of the Al-AGNRFET to NO2 and NH3 across all sensing 

parameters along with the high Ion-based KSC of 12.12 confirms that the proposed device can 

not only detect both gases but also distinguish between them with high selectivity. From the 
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above analysis, the authors conclude that the proposed Al-AGNRFET is a highly sensitive, 

selective, and reliable nanoscale sensor for the detection of NO₂ and NH₃ toxic gases at room 

temperature. Overall, this chapter establishes the Al-AGNRFET as a promising candidate for 

next-generation low-power nanoscale toxic gas sensing applications like environmental air 

quality monitoring, industrial safety systems, medical breath diagnostics, and automotive 

emission control. 

7.2  SOCIAL IMPACT  

The social and strategic impact of the Proposed device are as follows: 

• Health and Environment: The proposed Al – AGNRFET device as a toxic gas sensor 

in Chapter 6 has a direct impact in health and environment areas. The proposed device 

works at room temperature, shows selectivity between two gases (NO2 and NH3), 

which makes this device can be used for medical breath diagnostics, wearable health 

monitors, industrial leak detection and automotive emission control systems. 

• Defence: The proposed devices in this thesis work shows fast switching, reduced off 

current and low- static power than the conventional GNRFET devices. These electronic 

characteristics making them suitable for use in high-speed logic and low – power 

memory application in defence electronics and space exploration systems. 

• Energy – efficient Nanoelectronics: The proposed device configurations operate at a 

low supply voltage (Vds = 0.5 V) and shows improvement in Ion, Ioff and switching ratio. 

These improvements are suitable for energy efficient applications in biomedical 

devices, signal amplifiers and sensors.   
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7.3 FUTURE SCOPE  

The present thesis provides a strong atomistic modelling of GS – AGNRFET for low – power 

and toxic gas sensing applications. However, there are some objectives that can be explored in 

future work. 

1. The proposed GS-AGNRFET can be extended to circuit-level implementations, such 

as inverters, logic gates, and low-power arithmetic blocks, to validate device-level 

performance at the system level and assess its suitability for next-generation 

nanoelectronics circuits. 

2. To develop Nano sensors for monitoring plant health with proposed device. 

3. Dual-gate (DG) and Lightly doped Drain and Source (LDDS) engineering can be 

implemented on proposed device to improve the SCEs and ambipolar conduction. 

4. Due to its favorable low-temperature performance, the proposed device can be explored 

for cryogenic electronics, including quantum computing interfaces, space electronics, 

and biomedical instrumentation operating under ultra-low-power conditions. 

5. The proposed device can be extended toward biosensing applications, such as glucose 

monitoring, disease biomarker detection, and wearable health monitoring systems due 

to its high surface sensitivity and low operating power. 

6. The modeling framework can be extended to hybrid AGNR-based heterostructures 

with other 2D materials (such as Hexagonal Boron Nitride or Transition Metal 

Dichalcogenides) to further tune electronic properties and explore novel device 

functionalities beyond conventional transistor applications. 
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