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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 dstatic power dissipation increasingly limit further
miniaturization, and motivate researchers to find new materia 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-mode reliability, and edge-

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

The present study begins with a density functiona theory-based analysis of the GS
AGNREFET, in which the gate-stack architecture reduces the off-state current by nearly 73%
and improve the switching ratio (SR) by afactor of approximately 213 over the conventional
GNRFET. A temperature-dependent analysisfrom 250 K to 350 K reveal s 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 (13" group element) reduces the bandgap and raise the density of states near the

Fermi level and reduces the off-state current by ~7.8 x 10° times, enhances the on-state

viii
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current by ~139 times, and improving the SR from ~7.1 x 103 to ~1.45 x 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 showsthat the GS T/AGNR (N = 4) FET exhibitsthe largest bandgap
of approximately 1.98 eV, suppressed density of states near the Fermi level, and superior
gate control. Also, GS [1 AGNRFET shows improved transfer qvoss7o~iz over al other

DO 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 Huckel (EH)
modd with self-consistent iteration within the NEGF formalism is then employed. The
comparison between the AGNR (N = 4) and AGNR (N = 7) as achannel material in device
configurations using EH model shows that widening the channel from N =4to 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 13" 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 [JAGNRFET (Al-AGNRFET) shows improved results in terms
of on-state current (rise from 1.06 pA to 18.4 pA ), reduction of the off-state current, and
improvement in SR. Also, transconductance, device efficiency, transmission probability,
and transfer characteristics analysis highlights Al TAGNRFET and Ga [ passivated GS [
AGNRFET are suitable candidates for highlspeed logic, lowpower memory devices,
guantum computing in space exploration, and neuromorphic computing applications. Lasty,
the proposed Al JAGNRFET isanaysed as ananoscal e gas sensor for the detection of toxic
gases like NO. and NH3 using a two-step methodol ogy 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 x 10~ sfor NO, and 1.1 x 10"7%% for NH3. The sensitivity values of 736% for
XY %A 7>+ %2 XR % Al AGNR, which are 3.36 and 6.60 times higher than the P-
AGNR, respectively. At device level, ~vs %iiliows %7tvoz %dz0ous Yvw=%t %6476%8 %Ar %o
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+0.15 V under NHsz and NO. exposure, along with an on-current-based selectivity
coefficient of 12.12, confirm that the proposed Al - AGNRFET deviceis suitbale to detect
and distinct between the two gases.

Overadl, the proposed GS-AGNRFET device is optimised through gate-stack architecture,
channel - width tuning, computational model reliability and | cosagens edge passivation, and
shows high switching ratio, reduced off-state current, reliable performance at low
temperature and selectively detect NO. 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 nanoel ectronics areas.

D 1
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N4 Chapter 1: Introduction

CHAPTER

| ntroduction

* 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 SOl MOSFET, TFET, and
CNTFET, as documented in different research publications, for reducing the short-channel
effects.

e

%

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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Chapter 1: Introduction

1.1

BACKGROUND

.@ The reduction in size of the glectronic components has been one of the biggest drivers of the

modern semiconductor industry. The development of the integrated circuit (1C) 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

#4507 A AWsT %'s %z qod AW . A2 B v Yoot VS AG TisT T b %s WASOT . g Adt IV 6675 (2%

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

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

morethan five decades and has served asthe main driving force for the progressin IC performance,

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

computers to improved biomedical instruments[3].
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Figure1.1: Log plot of transistor counts per microprocessor against calendar years[3]

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

M etal -Oxide-Semiconductor Field-Effect Transistor (MOSFET)s to graphene nanoribbon (GNR)-
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Chapter 1: Introduction

based nanoel ectronics. The text below describes the detailed analysis of Figure 1.2. The MOSFET

was the basic building block of the ICsin 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 [1based MOSFET was scaled down via

technology generations. Early Si [1based 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 (% 1 will keep the internal electric field constant while

enhancing performance.
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Figure 1.2: Evolution of semiconductor technology from conventional silicon-based MOSFETsto
graphene nanoribbon (GNR)-based nanoelectronics [4 [120]
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Chapter 1: Introduction

However, as channel lengths have been pushed below the 100 nm node, and more critically below
the 7 nm node, Si - based MOSFETSs 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 (SCESs) such as drain-induced barrier lowering (DIBL) and
threshold voltage (V) 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, severa 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 materias for silicon replacement is a graphene.

Graphene is the two-dimensional alotrope of carbon. It was experimentally discovered by Geim
and Novoselov in 2004 and they are awarded with the Nobel Prize in Physicsin 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 B 8%%%6 %~ (3 %67 pozanw %o Ati6A26wW v WGorAR AAis ST 4O AtoEY—wgv A 265~ wozZ %
thin structure for efficient electrostatic control and great thermal conductivity . H6666% ~ [TU1/
[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 restrictsits direct applications
in electronics applications [17]. Researchers are attempting to creaie 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 nanoel ectronics technology. Graphene nanoribbons are possible
aternatives 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), wherep isthe
positive integer [20]. Among thethree 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 nanoel ectronics 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, specificaly the Slater[Koster tight-binding model and the Extended Huckel
formalism, integrated with the Non-O". wp#Av~ %Q7s A20P. Ao A%XOQP/%6# oo~ 4k vs %o
proposed device uses agate-stack dielectric architecture to achieve better electrostatic control and

leakage suppression. Overal, 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 lcosagens 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 GNRFETSs as a possible solution.

1.2.1 Scalingin Conventional MOSFETSs

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 statesthat if al device dimensions
0Ar %06 70us %67 %4qosT %0—A%” WAUnqRH 26t Ye I8 24/s Whes 0Pz sz Yo ilps %o owdeowhst %
constant. The advantage of thisis that the transistor density doubles every generation, the speed
5] g oS 10" 0GR A6t %o POAr %ws Yia0—s 76 2hs—wis 7o 11490 %6%0qro 26t %2, The benefit of this
approach isthat transistor density doubles with each generation and the transistors speed improves
P YDA ¥id—s 7% s —vgs ¥ s 0L 145 Yol Ak v wHARGWI S Yoo —s U8 o~ HrduFA Y 7D . uvy's TB6=Y6
oAr 006424y o~ %t~s AGozat %rs %oz s A%t V667 [29%o0—[21]. During this era, the lengths
of gate (Lg) decreased from tens of micrometers in the early 1970s to below by 1 um 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,
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as L g crossed below 100 nm, the assumptions of Dennard scaling started to break down. Thereason
is that the supply voltage could not be scaled proportionally because of Boltzmann statistics
governing carrier transport, which led to asharp risein power density. Also, asgate oxide thickness
was reduced to maintain electrostatic control over the channel, quantum mechanical tunneling
through the dielectric became a dominant |eakage 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-
devicevariability [25]. These aforementioned limitations madeit clear that continued down scaling
of silicon MOSFETSs could not go on indefinitely, and new solutions in materials and device

architecture were required.

1.2.2 Short-Channdl Effects

As channel length of the MOSFET is reduced to the nanoscale, the gate over the channel |osesits
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.

1.22.1 Drain-Induced Barrier Lowering

DIBL occurs when the drain electric field penetrates into the channel and |owers 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 depl etion 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 Vs is applied). This increases the lof 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].

VTR e e

P P

Figure1.3: 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
inthe MOSFET s having shorter channel [27]. When the carriers arein 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 severa 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. Thereduction in carrier mobility directly lowers

the drive current and switching speed of the transistor.

S G D

Figure 1.4: Surface Scattering [27]
(] 47) 1.2.2.3 Threshold Voltage Roll-off

Threshold voltage roll-off is the reduction in the value of Vi as the length of the channel in
MOSFET is reduced. In along-channel device, the gate has good control of the channel and Vi is

«Q® steady. However, at the nanoscale regime the source and drain el ectric fields begin to share the

.@ control of the channel potential with the gate [29]. Thisresultsin alower threshold voltage for the
short-channel device compared to the long-channel one. A lower Vi, turnsthetransistor on earlier,
which increases the subthreshold |eakage and decreases the circuit performance. Mathematically,
Vi roll-off isthe difference between the threshold voltage of ashort-channel MOSFET and along-
channel MOSFET [§].

1.2.2.4 Impact lonization

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-qozasr %o 6~%oAs# [8]. These heated carriers smash

with the atomsin 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 asubstrate 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:

> I ncreased leakage current: Unwanted current due to the creation of extracharge carriers.
> Hot carrier injection: Damage to the gate oxide as high-energy carriers are injected into

it.
> Device réliability issues. Long-term degradation of the MOSFET.
Impact ionization becomes more significant as MOSFETSs are scaled-down and electric fields

intensify.

Figure 1.5: Impact lonization [27]
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1.2.25 Hot-Carrier Effects

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

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

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

charges dlter the local electrostatics of the device, causing a shift in Vi and degradation of
subthreshold swing over time. Hot carriers can also create interface states at the Si-aw (%6 Ar 0 2%
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].

4
L4
-

B e -

y

D
|

B

Figure1.6: Hot Carrier Effectsin NMOS[27]
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1.3 WAYSTO 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 topol ogies.

Ways to
Overcome SCEs

Gate
Engineering

k e A E
Engineering

SO K7
MOSFETs

Tunneling
FETs

Carbon
Nanotube FETs

Figure 1.7: Different waysto overcome SCEsin nano-scale MOSFET

1.3.1 Typesof 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-njunction in the channel region asshownin Figure 1.8 [32]. InaJLFET, the entire
.a .@evi ce source, channel, and drain are uniformly doped with the same type of dopant (either p [
type or n Citype). The gate controls current flow by modulating the depletion or accumulation of
«® carriersin this uniformly doped body. \When apositive gate voltageis applied, carriers accumul ate
.@ 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 eimination of p-n
junctions simplifies the fabrication process, lowers contact resistance variability, and reduces
SCEs like DIBL and Vi roll-off that are worsened by the steep doping gradients of conventional

junctions[33].

- L -
Gate
* p-type Polysilicon
tax f:#ﬁfﬁ:
n+ Source n+ Channel n+ Drain

-

p-type Polysilicon

Gate

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

Gate engineering includes changes to the gate structure or gate material to provide better
«-Q® electrostatic control over the channel. One of the most commonly investigated methodsisthe Dual

Material Gate (DMG) MOSFET proposed by Long et a. in 1999, In this structure the gate is
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O 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 thedrain, as shown in Figure 1.9

[ 33) [34]. Thiswill result in'astep in the channel potential profile screening the source from the/drain

electricfield, which further minimizing the DIBL and hot-carrier effects. The asymmetric potential
distribution also enhances the efficiency of carrier transmission. Thereason isthat it improvesthe

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

Gate
L1 L2

S E
e d L

Source | Gate Material 1 | Gate Material2 | Drain

T Gate Oxide T

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

[ T174) either side of the gate electrode as shown in Figure 1.10 [35]. A high-6wz qeAuieliogs r A% %o

WAAS 24w s 2Gai-ts %D %NS %058 245 % Avo s %s % 0rs (2% R 1m0~k Z s Ags %6 —s 24vs v oAl 26 Ar %o

®0 suppress the SCES. A |ow- [ %6s7zs (rAg% qvGwY [3stsT %A% s %. ~s7%w s BT . s %8s Torotwe Yo

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 Vi roll-off and DIBL, while also reducing the parasitic capacitances that slow

down the circuit.

Metal {contactivia) T

Lo, A L8,

Figure 1.10: Schematic FinFET structurewith 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

C T102) Silicon-on-Insulator (SOI) technology uses a thin lactive silicon layer separated from the bulk

[ T15s) 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 Vi 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 aso 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 Vin

variability in ultra-scaled bulk devices.
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Back Interface

Figure 1.11: Schematic structure of FD-SOI MOSFET [36]

1.3.2.2 Tunneling Field Effect Transistor

TFETscontrol thedrain 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 MOSFETSs. This
enables the TFETSs 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.

Gate -

Source Telectri Drain

p-type intrinsic "\ n-type
semiconductor wafer

Figure 1.12: Schematic lateral structureof TFET [37]
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e ® 1.3.2.3 Carbon Nanotube Field Effect Transistor
Carbon nanotubes field effect transistor (CNTFETS) use carbon nanotubes as the conducting
channel material, asportrayed in Figure 1.13[39]. The CNTshave carrier mobilitiesfar 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
s“qsst W%7 6 AR 6—s—s72%vs %0 At zar %8 Aevs 2w/ot YMX b 22wy Yo %siis g Ve v wozaw’, 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].

Cate

: . Drain Contact
Source Contact

Semiconducting
CNT
(Doped Region)

Dent

-----------

Piteh

Semiconducting
CNT
{Undoped Region)

Gate Oxide

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 MOSFETSs 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
compl ete solution below the sub-5 nm regime, which makes the need for alternative channel

materias 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 CNTSs, with their width-
dependent bandgap tunability and compatibility with planar fabrication. However, the
performance of GNRFETSs 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.

e  Therdliability of GNRFETs under varying temperature conditions, whichiscritical 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 GNRFETSs. 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.

1.5POSSIBLE SOLUTION - GRAPHENE NANORIBBON FET

The research gaps identified above point clearly toward GNRFETS as a promising solution for
next-generation nanoel ectronics. 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 el ectrostatic 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 paralel 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

L @ 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
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N = 3p+2 AGNRsare metallic. Thefirst 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 4.
[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 devicesfabricated on a 200nm SiO, subsirate. The widths of the
GNRsfrom 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

Schrédinger equations within the NEGF formalism, the authors confirms that the ideal MOS-type
GNRFET showed ~50% increasein |on, ~80% higher euit-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

Anshul 20



.ﬂ turnitin  Page 71 of 249 - Integrity Submission Submission ID  trn:0id::29334:140635931

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 ssmulation of GNRFET-based ICs. This work confirmed
that GNRFETSs offer either lower delay or lower power than equivalent Si-CMOS, depending on
the operating condition.

Figure 1.15: MOStype GNRFET with doped sour ce and drain extensions [43]

1.5.2 Experimental Evidence of GNRFET

The practical fabrication feasibility of GNRFET has been demonstrated through severa
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].
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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 QX] %67 %vs A%foAtts#sr %A %%is lio=s s %W 5 Wiv vii %60 w1 %% Auss A%

back-uos %goiiiisr %-wy%6%=4=% R Y (AW AR S s720Ar % 7= %Wy Hhozzor w %0 Acoqr2967s %o
formed using electron beam lithography to complete the device, as shown in Figure 1.17. The
fabricated AGNR (N = 9) FET show p-typé behavior With'an'|on exceeding 1A and an 'SR of
~10% 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
Or 1 A%t 8267 6%~ BZY [%Aqoii+ =6 (stiotited using atomic layer deposition,
after which the devices are shown to operate stably for several thousand cycles without any
Ads~ms opzs Yos uor 0 Al vs s 00 A%y 0-%y s Y (%" s 7960 2078 2%'s 940 Ao %% s~026Ar %gvoAAs 2%
surface from environmental exposure, which prevents oxidation and water absorption at the Pd-
GNR interface. These experimental results clearly confirm that GNR-FETSs can be practically
fabricated with reliable long-term operation, which strengthens the feasibility of GNR-based

devices for future nanoel ectronics applications.

Anshul 22



H turnitin  Page 73 of 249- Integrity Submission Submission ID  trn:0id::29334:140635931

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.

153.1 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 [IGNRFET is depicted in Figure 1.18. Also, in SB-GNRFETS, the fabrication process
issimplified 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

@@  pats, infirst part the injection regions at the ends of the GNR, and in second part, amiddle region

Anshul 23

H turnitin  Page 73 of 249 - Integrity Submission Submission 1D trn:oid:::29334:140635931



.ﬂ turnitin  Page 74 0f 249 - Integrity Submission Submission ID  trn:0id::29334:140635931

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.

Ribbon spacing Channel Width

- Channel Length

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

1532 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, alightly doped transition areas are introduced between the intrinsic GNR

channel and the strongly doped source and drain contacts, as shownin Figure 1.19. Theintroduction
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.

SiO:
T ————
SiO:

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

1.5.3.4 Single Gate GNRFET (SG-GNRFET)
@@  TheSG-GNRFET usesasingle 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].

Gate

Intrinsic
GHNR

Figure 1.20: Schematic view of SG -GNRFET [41]

Souwrce Drain
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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 architectureisshown 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 géate 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-GNRFETSs are suitable for high-frequency and digital

applications.

Top Gate

Si0:

. o? ‘
e
o‘o‘-’o‘g"‘:

Source ’20‘0‘0‘0‘0‘0‘. Drain
e
Si0:

Bottom Gate

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

1.5.3.6. Dual Material Gate GNRFET (DM G-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 apotential
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 aso 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.

Figure1.22: Diagrammatic illustration of the DM G -GNRFET [41, 47]

15.3.7. Two Different GateInsulators 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-[% o= Av26A%s %5 . 7qs %w s At %66 %6 05 AvABAY o
the drain side is used in this architecture. The high-% osAv2/As 07%ws %0 . s Yo TiA—s2608 %
electrostatic control and suppresses SCEs, while the low-% os 026 A%vs % Fow%4w s %61 . qs2%
i Ogoiioqwolqs196Ar Yaw wetevs % 7owh 2%t 7. s Ags %6 A%vs %qvoAlsz [48]. Overdl, the TDI-
GNRFET shows improved SR and reduced DIBL compared to single-dielectric GNRFET

structures.
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Gate
Kieer =16 Gate Oxide Keonr = 3.9
Doped Source GNR Doped Drain
L,=10 nm Loy ke ™ 1000 L,=10 nm
Kierr= 16 Gate Oxide Koo = 39

Gate

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 asimpler aternative 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]. Thereason for this asymmetric placement is that the gate voltage has only amild 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.

. |
Source t, Drain
Oy GNR Channel

Figure 1.24: Asymmetric gate graphene nanoribbon field effect transistor [41, 49]
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1.5.3.9. Electrically Activated Source Extenson GNRFET
®0 In this device configuration, the metal gate is divided into two parts, @ main gate which regulates

the channel potential and aside gate which works as an electrically operated source extension [50].
The pictorial representation of the ESE [IGNRFET s 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. Thisdesign is based on the fact that the screening effect at the source
extension lowers the change of the potentia 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.

Intrinsic
GNR

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

Source Drain

1.5.3.10. Extra Peak Electric Field GNRFET (EPF-GNRFET)
®O The EPF-GNRFET is another dual-gate device that uses an origina gate (OG) and a virtual gate

(VG) with afixed control voltage (VVCS) 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. Thisis 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
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potential under the V¢ 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 apromising candidate for
ultra-low-power applications.

Ves

|
Virtual Gate |

- =
[ s
m—

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

Drigin:ll Gato

1.5.4. GNRFET Operation
( T133) The basic structure of a GNRFET is comparable to astandard 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> Vi, Vad(IDI( T (at a constant value)

When the value of gate voltage is higher than the V1, it creates a capacitive coupling between the
gate and GNR channel resulting in the attraction of minority carrierstowards the gate. Thisinduces
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: Vg < 0V, Vgs = [DI( [(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 ahigh 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 astrong candidate for future generation nanoelectronics. These benefits
are listed below:

High carrier mobility: Graphene has the highest carrier mobility with values up to 2 x 10°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 GNRSs.
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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 GNRFETSs due to the one-atom-
thick channel, which improves the overall electrostatic performance of the device.

L ow leakage current: Thethin channel of AGNR isstrongly controlled by the gate, which reduces
the off-state leakage of GNRFETSs 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-[(n [T IIIITYThe 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-%
gate dielectrics such as HfO2, LaAlOz and Al20s. The reason isthat GNR lacks with the interface
trap density as observed at the silicon-oxide contact. The use of high-%dielectric materia 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™K-! at room

temperature, which is much higher than silicon (~150 Wm™K1). GNRFETs also have better heat
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dissipation, which is critical for high-density 1Cs 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 magjor
practical benefit over alternative beyond-CMOS options, which need entirely new fabrication

[processes.

(119 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
GNRFETSs require lower supply voltage, which leads to lower |eakage 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, optoel ectronic 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 GNRFETSs 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 adramatic 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. LineEdgeRoughness (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.

_1112] 3. Edge Passivation: The dangling bonds at the edges of GNRs are chemically active and can

generate el ectronic statesthat 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.

L] @ 4. Contact Resistance: The formation of |ow resi stance ohmic connections between the metallic

source/drain el ectrodes and the GNR channel still remains a challenge. The Schottky barrier at
the metal-GNR interface in SB-GNRFETSs limits the drive current and switching speed. At the
nanoscale, atechnical challenge arisesin obtaining substantial doping of source and drain GNR
areas to form ohmic contacts for MOS-GNRFETSs.

5. Controlled doping: The precise doping of the GNRs at the nanoscaleis 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-[(n Mt DY Although the GNR surface has no out-of-plane dangling
bonds, still the uniform and defect-free deposition of high-[%“ws+%dike HfO., LaAlO3) on

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

Density Functional Theory isone of the most used quantum mechanical approachesto explorethe
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 Schrodinger equation for many-electron systems [52]. The Schrodinger 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 Schrodinger
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-el ectron wave function. The reason isthat 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 materia 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. L ater, the Kohn and Sham [54] proposed a practical scheme

that made DFT usable for the actual calculations. The working of DFT schemeis based on abasic
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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 isexpressed
as afunctional of the electron density. Then, the el ectron density isiteratively 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 astotal 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 Hartreel Fock and post-Hartree Fock techniques, DFT
requiresfar less computer resources yet still achieves credible findingsfor 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 redlistic
nanoscale materials and semiconductor devices. DFT allows scientists and researchers to predict
the properties of novel materias 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 alarge 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 thisthesis, 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 aw [5VoK<zY [%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. THESISOBJECTIVES

The entire work in the present thesis is divided into seven chapters based on the following
objectives listed below:
1. To invegtigate 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.
- G 2. To anayze 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 TTAGNRFET for low-power applications.
L @ 4. To study the impact of Semi [Jempirical 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.
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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 thisregard, the different
engineering schemes and the advanced FET structures, such as SOl 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 potentia 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-KQX] POb %~ iz whu%%wn” s724 W [SVoK ZY [% 7 qAR 0V WS G 75 %626
proposed and benchmarked against conventional GNRFET, demonstrating a~73% suppressionin
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
uS, confirming superior electrostatic control and amplification capability over conventional
GNRFET. Then, the temperature-dependent analysis of proposed GS [JAGNRFET within 2500
350 K reveasthat rising temperature causes ~48% reduction in lon, ~98% degradation in SR, and

~56% increasein SS, with DIBL increasing ~138 times, establishing the device as best suited for
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low-temperature and low-power applications. The novel empirical exponentia fitting functions
for lon and loff @s 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 13" group element Boron and 15" 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 | off p” %AB%%%6 (%o
times and increases lon by ~139 times compared to pristine AGNR FET, yielding an exceptional
£ wgv A %06 %t % 74 =%%56 (BB~ liossT %% Aw. #0~6 A2k -AGNR FET demonstrates the
optimal balance between bandgap (1.48 eV), PDOS enhancement, and |eakage control, confirming
its strong candidacy for ultra-low-power and high-performance nanoscal e el ectronic 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 el ectronic and quantum transport properties for the bulk configuration of AGNRs
with varied number of carbon atoms along AGNRs width (N) are investigated. The semi-empirica
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 channe materia to anadyse the
performance of field-effect transistors with Gate Stack architecture. The GS-AGNR (N = 4) FET
demongtrates significantly reduced off-state current and a markedly improved switching ratio
compared to wider ribbons having N = 7, 10 and 13. Overal, this chapter establishes channel width
as acritical design parameter and highlights GS - AGNR (N = 4) FET as promising candidates for

low-power and nanoscal e el ectronic applications.
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Chapter 4. Rdiability performance analysis of Gate-Stack Armchair Graphene
Nanoribbon FET using Extended Hiickel DFT model

The Extended Hiickel model with SCF iterations is employed in this chapter to investigate the
reliability and performance of the GSSAGNRFET. The EH model demonstrates strong agreement
with benchmark first-principles DFT methods including PBE, HSE06, DFTY%, 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 metricsincluding lon, lotf, SR, Vi, 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 inthe A7 device. Overall, the A7 device achievesaremarkably low static
16—s 726t 4B Y86 1% 24wy %edm Ao As?” %%—s 7% 0A%s %K : %bs—ws %S 4—%786 1% /%Ar %o
substantially lower than al previously reported GNRFET configurations availablein 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 | cosagens edge passivation

The EH model with SCF iterations is employed in this chapter to investigate the effect of edge
passivation by lIcosagens elements (B, Al, Ga, and In) in the channel materia of GS - AGNRFET.
The passivation of |cosagen group el ements at the edge of bulk-configured PLAGNR decreases the

bandgap, and the DOS analysis confirmsthat passivated AGNRS provide more accessible statesfor
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electrons in the conduction band as compared to PCAGNR. It is aso observed that the passivation
of Al, Ga, and In at the edges of AGNR (N = 7) results in complete bandgap closure (Eg = 0 V),
making it metallic in nature and unsuitable for transistor operation. Therefore, AGNR (N = 4) is
selected as the channel materia for the present chapter. The effect of Icosagen group element
passivation in the channel material of GSSAGNRFET shows a significant increase in lon from 1.06
(K% 7Bt %K %Kz AGNRFET, areduced value of | t#~ %4 O 176 TIPK % %4 976 [T Xho%s %o
INCKQX] POb 26Ar % =s7%0z s %t %] A~ %ANT [176 %6 %D=176 (A7 howosr TKQX] POb %1%
compared with PLAGNRFET. The transconductance and device efficiency anaysis shows the
higher value of gm and DE in AICAGNRFET and GalAGNRFET, 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 AILAGNRFET and Gal
AGNRFET as compared with other passivated AGNRFETS.
Chapter 6.  Aluminium-passivated Gate-Stack Armchair Graphene Nanoribbon FET asa
gas sensor for toxic gases

In this chapter, the AI-AGNRFET isinvestigated as a nanoscal e sensor for toxic gas molecules,
HisqwwgozZ’ %~ ~ 6 Aw%XR [7%6Ar Bwidus Abvo ws%XY [/. A two-step simulation methodology is
employed in the present study, the linear combination of atomic orbitals framework with
generaized gradient approximation is used for bulk configured analysis, while the Extended
Huickel model with NEGF formalism under a self-consistent field framework is used for device-

level ssimulation. The bulk configured analysis demonstrates that AI-AGNR exhibits stable

D@ v woARD Al 20 Ain ARAs Fuw %6t %64-8 Hd %6Ar %647 8% AOAXK Y (%A IKR (2 Gres 2 4o

b vs%s At W %07 54967 249>+ AH2KY [%6Ar 7>+ A67AKR [2ovwgy s D >%6Ar %6%v s1%6WVS 7o

than the pristine AGNR. The device anaysis of the proposed AI-AGNRFET shows lon-based
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sengitivities of 85.14% for NO2 and 7.03% for NH3, and SR-based sensitivities of 99.86% for NO:
and 99.47% for NHs. Also, the proposed device also shows opposite Vi shifts of +0.15 V and
[6476% %6AK Y2 and NHs, respectively, which further confirms the selectivity response of the
device. Moreover, the selectivity coefficient is calculated using lon-based sensitivity that reaches
12.12 when NO: is treated as the target gas, which confirms the strong selective detection of NO>
in the presence of NH3z. Owing to these results, the proposed AI-AGNRFET is a promising
candidate for applications in environmental air quality monitoring, industrial safety systems,
~ ST WOZps 0V Aowou AS 2. 2= 02K R (% 6 AW AR YGAr 6. 7D~ 6~wes %o v A0 Aoz

Chapter 7. Conclusion, Social Impact and Future Scope

- ° This chapter summarizesthe overall research work illustrated in thisthesis, a ong 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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CHAPTER

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

0 In this chapter, the GSThi maYo( Bueyy {(—(—Ze-7%(n% -Tg [( & “3(
architecture is proposed and benchmarked against conventional GNRFET,
demonstrating a ~73% suppression in off current and a ~46 times improvement in
switching ratio.

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

0 Temperature-dependent analysis of proposed GS [1 AGNRFET within 2500850 K
reveal sthat rising temper ature causes ~48% reduction in lon, ~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.

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

0 Edge passivation of the AGNR channel is performed using 13" group element Boron
and 15™ group element Nitrogen to investigate their impact on electronic structure and
transport properties of the proposed GSAGNRFET. Boron edge passivation of the
AGNR channel reduces the l ot {1 ((YBAL(PB "y "y “4’— 7 the lon by ~139 times
compared to pristine AGNR FET, yielding an exceptional switching ratio of ~1.45 x
BAY

0 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 2%w: s Asi At 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 L aw4tvs %/667s [29%60—Y%o~s+% o~the number
of transistors on an integrated circuit doubles approximately every two years [1]. This
remarkabl e 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

CN113) as SCEs. Among these, DIBL reduces the gate's ability to control the channel potentia 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-dimensiona 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 atomicaly thin

structure for optimal electrostatic control, and excellent thermal conductivity [5]. For transistor

a7
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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 isknown to exhibit the largest bandgaps, which makes them particularly attractive
for applications in nanoel ectronics 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 nanoribbonsisonly theinitial 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, isequally crucial in influencing transistor performance [14]. Conventional SIO> layer
shows challenges at ultra-thin dimensions due to the direct tunneling of e ectrons through the
oxide layer. The high [ %w= rAgnaterials (like LaAlOz . [%?36/ provide a solution to this
challenge [15]. By employing a material with a high [ [value, the gate oxide capacitance
increases which can improve the performance of transistor but r ws qros 16w A%t WoK 2Y (%%
ahigh-"Yowzs qeagivs s Axt%s—s702% Ar o~ s AoBdvozs Aus+[ 16] 460K 2Y [y vis %t ts A Saskomty %o
T W A G0 Ao A6 Y6996/ 2idtrs Ak s AU~ %002 A 0qs Yo. 0o %ovs Asiowst Hows 2 %o
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, al of which negatively impact device performance. Additionaly, the
1 SUO2we A0 qs HASFNOK ZY (Ao A% or % WL, s1% qv It +rozak 05 A9 —s 7% ~ lis 70~ #6126
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
110] a thin low-C9%8W [%ks A oqw@® s 2ps~ss A%s (GvoAAs 26 Ar 6 %wav- L I6Wa A s s 2%, qvIetYo
0AV0A ~ Y%z ~ Whos % VoK ZY 126 AXH6/ 2evs Yo Yzoqy Yew . 20As6. 472° % owkeovktY6%mA1s %o
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 operationa
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

O device operation. For better reliability, it is essential to investigate the impact of temperature
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variation on performance of the proposed device. Severa 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 K800 K) due to weak electronphonon interactions.
I[larionov et al. [22] reported strong thermal stability and minimal hysteresisup to 448 K, while
Wang et a. [23] demonstrated consistent performance from 4.2 K to 300 K. Overal, both
graphene-based devices and conventional FINnFET/NCFET technologies tend to perform better
at lower temperatures. However, the effect of temperature on GNRFET at atomic scaleis 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 pivota 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 edgesin
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 conventiona 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, V 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 physica
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 DEVICEDESIGNANDPHYSICAL MODELS

The proposed device, Gate-Stack Armchair Graphene Nanoribbon Field-Effect
Transistor architectureisdepicted in Figure 2.1. It consists of asemiconducting 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 al device
configurations studied in this thesis, with variations in channel width, edge passivation
chemistry, and oxide thickness. The deviceis schematically organized into three distinct spatial
regions: the source electrode, the central scattering region (which containsthe channel and the
gate stack), and the drain electrode. The Pristine AGNR (P [TAGNR with N =4) isused asa
channel materia in the proposed device and the conventional GNRFET to compare the

electrical characteristics of both devices.
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Figure 2.1: Cross sectional view of proposed GS UAGNRFET [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 13" group element
Boron and the 15" group element Nitrogen, yielding the Boron-passivated AGNR (B-AGNR)
and Nitrogen-passivated AGNR (N-AGNR), respectively, as illustrated in Figure 2.2 (alC).
These passivated AGNRSs 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).

*' = Carbon atom @ - Nitrogen atom

() = Hydrogen atom  — Boron atom

E (b) ¢ (c)

(a)

C C

P-AGNR N -AGNR B - AGNR

Figure2.2: Atomicview of (a) P JAGNR, (b) N JAGNR, and (c) B [JAGNR [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 (Ncn) maintained at
3x10'® e/cm?® and the doping concentration of the source and drain region (Nyd) maintained at
5x10'® elcmP2oAL. Aku%y 0-%us %02t Ubs—wis [(22s7A 67 0Ags % Tid—sr % %—s AR %S o
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 layersin al device configurations. As
the uos %6~ Ao 126%G7 Qw7 %hhs s 7 Wikl %6%s —wgs (2% GARoZAGY 070 s AEREZGAr %
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 (Lyg) 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. Whilethe conventional GNRFET employsonly asingledielectric layer,
the GS - AGNRFET implements a gate stack architecture comprising alow-%%wz grAq%” s 7%
of silicon dioxide (SiO22%"247 %40 —wqvst %ps=—ss A%ys %ewv- A 0A ~ %z ~ whos % %%
(LaAlO2/6%96/ %A %s QX %GvoAds 24vs+s %ys %y As-Hs 4%t %y s %W 2 and LaAl Oz layers
are each 0.25 nm. The motivation behind adopting the GS configuration arises from the
fundamental trade-off between the high-[% wz qeAgao AzoAYeAr Y%6%: wops YpoAr uoii%6-%
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
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1 turmitin Page 103 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931

53



-
Fy ] ‘t rn |tjr§ Page 104 of 249 - Integrity Submission Submission ID  trn:0id:::29334:140635931

Chapter 2: Gate [n® oYy X3 " *3y xJo " u’*—5*" (Y= @]

s @ the high-% osAezt Also, the tox iSinversely related to the gate oxide capacitance (Cox), i€,
L] ° reducing tox will increase the Cox, Which provides better control of the gate over the channel as
avs %io~s Ao e 11 % A%0s % “ws % 1ox) decreases. Further, the parameters can be co-related by

amathematical expression as follows [15]:

2
(2.11)
2.12)

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

’7 r 17|
g (2.13)

2L [?]

1 gate oxide potential

1 surface charge density

By [ thickness of the oxide layer
] gate oxide capacitance

1 permeability coefficient

1 thedielectric 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 modelsin the Linear Combination of Atomic Orbitals basisisused to carried out

al the ssimulations [29]. The tight-binding model employed throughout this work is the Slater-
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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 caculator 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 characteristicsfor GNR devicesto alevel of accuracy
that is fully adequate for the device engineering comparisons carried out in this work. Also,
this work is extended using Extended Hiickel model in the ATK [1a O%%vsqy%s %s—wgs (%
reliability with different DFT modelsin Chapter 4.

The Slater-Koster tight-binding model, originally formulated by J. C. Slater and G. F.
Koster in their semina 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|ocalized at eachlatomic site. In QuantumATK, the LCAO basis
functions are written as products of aradial function R and areal spherical harmonic Y ime;
I.e., Chim@m = Ram + Yime; where n, |, 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, 2py, 2py, and 2p, atomic orbitals. The full tight-binding Hamiltonian

of the device is then constructed from the on-site energies (L) and the inter-site hopping

': 'turnltjnA
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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
(I, m, n) of the inter-atomic bond vector, independently of any third atom. The Hamiltonian
and overlap matrix elements between basis functions on sitesi and j are evaluated from these
tables as functions of the inter-atomic distance |R [ °Rj|, following the standard Slater-K oster
transformation rules. The equation for the matrix elements of the tight-binding Hamiltonian in

the Slater-Koster model is given as [30]:

Pl B @ g By PP, By (2.14)
where,
. 1 matrix element of the Hamiltonian between atomsi and

Bha Mm@ [ Slater-Koster transfer integral

ﬂ [ creation operators for atomic orbitals
By [ annihilation operator for atomic orbitals

In QuantumATK, the band structure is computed using a9 x 9 x 1 k-point sampling with the
for bulk configuration analysis for edge passivated structures, and a 1 x 1 x 100 k-point
sampling aong 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 calculationsin

which the AGNR channel is sandwiched between two ZGNR eectrodes held at different

O electrochemical potentials by the applied drain voltage (Vas), the Non-Equilibrium Green's
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Function (NEGF) formalism is employed. The NEGF method is the natural and rigorous
guantum 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 isimplemented in the SE cal culator, which couples the SK Hamiltonian of the central
scattering region (the channel) to the self-energies of the source and drain electrode regions.
bvsZKOQPY%s” Y. oA %24 Uoa). 207 %7s U0 st Qs s A2t Aqid Aotd+%ws Ugs Astods uv Ao
Using Hamiltonian from equation 2.1: %Ar %—s7iiiivhu% o0~AY 24s %Q7ss A2%. Aqmi A%
NEGF is mathematically expressed as [32]:
B (@ ,PREE (@ 2 e (2.15)

where,
[ o st Qs A% Ao A

71 infinitesimal positive number
1 Overlapping matrix
1 Hamiltonian matrix

1 sef-energiesfor the left electrode

"1 sef-energiesfor 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-NBow=6 A%
equations using the Slater-Koster model with NEGF method and it can be mathematically

expressed as[33]:

RIRTZIEIZRE 1 P2y, 212 17 P 72 212, 212 ) (2.16)
where,

[1  transmission coefficient

S7
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« @ - o st QA A Ao A
~ or—oAgsr Qs A% Agi A%
- broadening function of the left electrode
~ broadening function of the right electrode
BB = | (Byp - Bpp

The drain current is calculated after the calculation of T(E) and mathematically expressed by

Landauer-Buttiker Formalism as [34]:

% E‘aﬁ E‘ﬂ (l" lIl’IIIIl’IIIl’IIIIl’IIIIl’IHﬂlﬂﬂﬂh’lﬂﬂh’ﬂhﬂ

where,
2] £ drain current
Ph 2 Fermi-Dirac distribution
(N 1] 7 chemical potential of the left electrode
£ chemical potentia of the right electrode

Further, these simulations models are calibrated with the previous findings in the literature in

next section 2.3.

Anshul 58

I '
Fu 1t urn |t]n Page 108 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931



-
Fy ] ‘t rn |tjn Page 109 of 249 - Integrity Submission Submission ID  trn:0id:::29334:140635931

2.

Chapter 2: Gate [in™“a(Yy %" o =" (Y= "% 9

3 MODEL CALIBRATION
10
-8 Reference |35)
105} =@ Simulated

Vs =05V

N =12 AGNR
I_.g=I5||m

tox = L5 nm

Drain current, log Ig (A)

0.0 02 04 06 08 1.0
Gate Voltage, Vag (V)

Figure 2.3: Transfer characteristics calibration of smulated and reference data [35]
The simulations models are validated by previously reported research findingsin the literature
[35]. To calibrate the ssmulation models, the MOSFET has been designed using AGNR (N =
12) materia 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 SiO: . %647 %6260~ % “w's %
as shown in reference [35]. The NEGF approach with a self-consistent tight-binding function
is used to solve the Schrédinger equation to obtain device characteristics for MOSFET. Figure
2.3 depicts the transfer characteristics at Vs = 0.5 V, of the extracted data from the reference
[35] and results obtained from the simulations. Figure 2.3 shows the change in |4 on the
logarithmic scale with gate voltage (Vgs). The logarithmic scale of 1q with Vgs depicts |eakage
current (loff) 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.

,:i'turnltjnAn
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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 TTAGNRFET device [36]

@@  Theprocessflow|chart for the fabrication process BfIGS - AGNRFET iSidisplayed 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
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Step 2, these £ Acvs st %X 197 %o Adt s 41 %AD AN ~hu% pstoss % qvIGAW [Ysthu%o
dry or wet transfer techniques [39]. The substrate selection significantly affects device
performance, as epitaxial graphene on SIC substrate shows much lower residual potential
tz g~ 0 ALY5-78% sd /%6940~ liossT % ww oAt s#4T Uolivs As BAAW (%-—=C 77 meV), which
supports conventiona 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 el ectron-beam resist
L] @ and has been demonstrated to produce GNR channel widths down to ~10 nm, with edge
roughnesslessthan ~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- [ %wz A% qvioK ZY [%BAARX] % pafors 190A0 - Sowvat £ —eA 26 or 28 %0 67%%
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
_1159] s %07 %' W s WAL 2D IRVRAWY [ 4 oqwo 2 S AGAT %TWoK ZY s high-[orow s An B s 406
bvs% W (%" s20q2%6426%qv s~ WjozZ %ropzs Yaotw-06 A%Ar YA qzs 056 AV s 2 0-%0quenos 1%
. Ao WK 2Y [%s 165w A4 1 . qs1%ys s Abw’ %t %hes # 0qs %08 2264 % owheowhtfd%40 Ao A%
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]. Finaly, 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
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consistent with fabrication approaches reported in the literature. This fabrication feasibility

flow chart summary confirms that GSSAGNRFET is practically feasible.

2.5 RESULTSAND 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
L @ (iii) theimpact 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 (I4) of the GNRFET and GS-
- e - @GNREI—‘I’ with gate voltage (V¢s) varying from0to 1V at Vgs = 0.5 V. The smulations are
performed on the same dimension, and results are compared within the output obtained from
numerically varied layer parameters. The main challenge in nanoscale devicesisthe high value
of lotr. 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 areduction in off
current (lof) from 3.26 to 0.91 pA as compared with conventional GNRFET. Also, the on
current (lon) increases from 6.39 to 8.34 pA in the case of GS - AGNRFET. The use of gate
stacking reduced the loff by 72% and gave an increment in lon by 30%. Also, the switching ratio
for both devices is showsin 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
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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 x10° for GS [/AGNRFET, and for GNRFET it is 1.46
x10°. 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 I« is that the high-k

s3] 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 |« has

been achieved, which cause increment in SR.

{a] Lg =7 nm, tgx = 0.5 nm, Lyg =5 nm, Vg =05V i (b) 9.3
10° kT
— = k=]
< 10" -
e (T ) & — -
= ! 8.0x10 E’ % 80F
o 10 = E
E -
- 10 1602100 < @
7! 10 z ,r' aok
g 10? E 8
= {a0x10° = &
S lo-HI ﬁ :‘n 40 L
= 10" s = B
£ {200 & 2
g 107 ~@~GNRFET a & 20 1.96
== G5-AGNRFET = 4
0.0 0.2 0.4 0.6 0.8 1.0 | L 1
Gate Voltage, Vgs (V) GNRFET GS-AGNRFET

Figure 2.5: (a) Transfer characteristics of conventional GNRFET and proposed GS [
AGNRFET, (b) switchingratio for GNRFET and GS UAGNRFET [41]

Figure 2.6 (a) illustrates the comparison of both devices in terms of peak transconductance
(gm) a Vgs=0.75 V. The gm of a device describes its ability to ater the barrier height in the
saturation mode using the applied gate voltage [41]. It is observed that the value of peak
conductanceincreased from 24.71t0 27.76 uSin GS - AGNRFET. Thetransistor 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 |4 increases with gate stacking and significantly improves the

Om. Mathematically, gm can be expressed as [17]:
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2.18
) (218)
e
where,
®0 mE, | changeindrain current
Phy [ changein gate voltage
30 1.0 I3
. ~ | —GS-AGNRFET Ef!
?l;;_ Vas=05V (a) & |—GNRFET f| (b)
E2BF V=075V 27.76 =08t |
i : :
3 3 |
£ 2%} = 0.6} 3
E 24.71 S :
EE / S04} |
S 24} ;
E zo2f
x 221 £
i =
(-9 0.0
20 S 4 3 -2 -1 0 1 2 3 4 5
GNRFET GS - AGNRFET Energy, E (eV)

Figure2.6: (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
®O0 energy (E), is shown in Figure 2.6 (b). The T(E) has been calculated using Eq. (2.16). The
value of E hasbeen 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 isgreater than GNREFT. Dueto the electric field generated by the V4s 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 Er which leads more electron transport, better
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conductivity and higher current as compared to the conventional GNRFET. Further, the
analysisled to aconclusion that the proposed device GS [TAGNRFET showsimproved results
in terms of lon, loff, SR, peak transconductance and T(E) as compared with the conventiona

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 lon, loff, 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 adevice, from sightly 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 currentsin GNRFETS. Figure 2.7(a) depicts
the lqg -Vgs characteristics curves for GS - AGNRFET at different temperatures. As, the

temperature increases, the value of the lon decreases, which is shown in Figure 2.7(b). Also,

- @ the loff increases with an increase in temperature. The reason is that the stronger control of the

gate voltage on the channel near the source at |ow temperatures results in a higher emission of

thermal current.
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Figure 2.7: (a) l1q4-Vgs characteristics curves for GS - AGNRFET at varied temperatures (b)
Changein lo, and | o With a range of temperatures[41]

It is observed that |on has an exponential decay with temperature, and ot shows an exponential

increase with temperature as shown in Figure 2.7 (b). Based on the behaviour of lon and loff

currents at varied temperatures, novel empirical fitting exponential functions have been

proposed in the present chapter. These parameters can be mathematically expressed asfollows:

Bin (2.19)
Bhen (2.20)
where, [{( {1 7and [Tare empirical fitting parameters as given below:
Gp ] oncurrent
] 7 8.3409
] ] 5x10°
O 0 1x10718
] 10452
T [ temperature
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The above empirical equations provide a simple way how the value of |4 changes with
temperature. Also, using these equations we can find out estimated values of |4 without
performing further simulations. Further, these empirical equations can be useful in circuit

modeling and design.

—~ 0.26 85 _
a 0.25 (a) _s0f (b) -o-S?\'itching Ratio . %
= e -0- Subthreshold Swing 180 g
> 024} % =
g ® 1752
- - =
) = n
= ~ 30} {70 2
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B - | P
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= m 204 e
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2 020 Z {60 2
& = 10f g
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= s 77 - L) > : . & @

250 275 300 325 350 250 275 300 325 so
Temperature (K) Temperature (K)

Figure2.8: (a) Threshold voltagevariation with temper atur e (b) switchingratio and subthreshold
swing at different temperatures[41]

Figure 2.8(a) portrays the change in Vi with temperature. The Vi is the lowest value of Vgs
required to create conduction between the source and drain terminas. The value of Vi
decreased from 0.25 to 0.20 V as the temperature increased from 250 to 350 K. Thereason is
that at higher temperature the intrinsic carrier concentration increases, so lower value of Vgsis
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 s mulated results,
we analyzed that the value of SR decreases with an increase in temperature depending on the
behavior of lon and lot. An important variable in transistor miniaturization is the SS The SS
signifies how much value of Vg required to increase the | by one decade in the subthreshold

region. It can be mathematically expressed in terms of temperature as [42]:
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PRG2

(2.21)

From Eq. (2.21), with arise 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 lon/lorf and SS at

@@  different temperatures aretabulated in Table 2.1

Values of Switching Ratio @nd Subthreshold Swing [41]

250 52.62
275 314 58.41
300 9.13 67.88
325 3.72 73.99
350 0.49 82.31

DIBL (mV/V)
= 2 = 3

-
=

275
Temperature, (K)

Jog

315

as0

Figure 2.9: Dependence of DIBL at varioustemperatures [41]

Figure 2.9 depicts the dependence of DIBL for arange of temperatures adopted in the present

study. DIBL isashort-channel effect that occursin transistors. A higher value of Vgsincreases

®0 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 bartieris reduced, allowing
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electrons to pass between the source and drain: This phenomenon has been referred to as DIBL
[43]. Itiscaculated at Vs (high) = 1.0V, Vgs (low) = 0.1V, using the mathematical formula
[43]:

PEFREEE (2.22)

PRI IR 2] (2 PRI

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 isreliable 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 13" group element Boron and the
15" 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 materia of the proposed Gate Stacked pristine AGNR-FET (P [TAGNR FET).
Moreover, parameterslike loff, Vin, and lon have been cal culated from the lq [V characteristics
of all proposed device configurations. Also, the tox is taken 1 nm for this study. Bar plot of the
bandgap isshown in Figure 2.10. Figure 2.10 shows that the value of bandgap after passivation

at edgesin P TJ/AGNR issignificantly reduced from 1.77 to 0.34 €V. The bandgap is basically
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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].

1.6
; 1.4
212
% 1.0
g 0.8
oy L6
0.4
“Il [
0.0

P - AGNR B - AGNR N - AGNR

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 reducesto 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 lon, but it simultaneously poses the
risk of raising the lotf, 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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®O Figure 2.11: Projected Density of states analysis of (&) P "AGNR, (b) B JAGNR, 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,

( T144) PDOS shows the density of states|in the energy range, an increased number of states at the
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Fermi level signifiesagreater availability of electronsfor 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
W ofs %% S BN'Y a % ouAve 1. s % %iiiid“ we 082’ %6%d 126240~ tioFst % %po . ~MB%d [1%A% s
P [JAGNR as shown in Figure 2.11 (b). The reason is that B belongs to the 13" group element
and electron deficient element, which generates acceptor like states VB. From Figure 2.11 (c),
in the N-AGNR, nitrogen, as an eectron-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, 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 isless than the SR of B-AGNRFET.

(a) Lg=7nm, Lyg=5nm, tox=1nm, Vgg=0.5V (b)2.04 il B - AGNR Pm.i EL R
136
= |
£ 0.00 |
] " - ——
S 093 [N - AGNRFET ,
g
2 0.62
= 131
2
= cd ; 06 08 L0 2
'E 10_12 IF/_I Gate Voltage, Vg (V) E s
a 108 o O-P-AGNR FET £ 075
104 OB - AGNR FET &
<>N - AGNR FET
10_15 M i i i Il 0.25
0.0 0.2 0.4 0.6 0.8 1.0 |
0.00. 49 5 0 5 10
Gate Voltage, Vgg (V) Energy, E (eV)

Figure2.12: (a) lq4 [1V4characteristicsfor the proposed devicesand (b Transmission spectrum
analysis of proposed devices [26]
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Figure 2.12 (a) depictsthe Iq [1Vg characteristicsfor P [JAGNR FET, B [/AGNR FET, and N
"JAGNR FET. From the Iq [ 1V g characteristics, it is observed that the I« of B - AGNR FET is
reduced by 7.8 x 10° times as compared to the P [J/AGNR FET, which improved the SR for
the B [IJAGNRFET. 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 lofr. Also, the value of lon in B [JAGNRFET is 139 times
better than P-AGNR FETSs due to the higher DOS by boron passivation, which is evident in
the PDOS analysis. The increase in lon and decrease in loif iIn B [ AGNRFET provides
significant increment in SR. All values of lon, loff 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 x
10° 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 lon, loff, and SR for the proposed devices[26]

P-AGNRFET BIAGNRFET N TAGNRFET
lon 1.02 x 10 2.54x 10 8.37x 10°
Lo 1.49 x1010 1.74x 10 9.13x 1083
SR 7.11 % 10° 1.45 x 10° 9.16 x 10°

Figure 2.12 (b) depicts the transmission spectrum analysis for al proposed devices. As
discussed in section 2.2, NEGF formalism is used to determine the T(E), which signifies the
guantum 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 isobserved
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 T/AGNRFET. However, N [/AGNRFET
has inferior edge passivation efficiency relative to B results in a lower peak transmission
compared to the B-AGNR FET.
lan (PA)
& P-AGNRFET

& M- AGNRFET
& B AGNE FET

L6 150

LAY I imAd

Figure 2.13: Variation of lon, lof @and Vi, for P JAGNR FET, N JAGNR FET, and B JAGNR
FET [26]

The parameterslike loff, Vin, and lon are calculated from the lq4 11V ¢ 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 Vi and lon as compared with the P [T AGNR FET. The vaue of lon
increased in B [JAGNR FET by 139 times to the P [JAGNR FET. From the Vi analysisin
Figure 2.13, the authors concluded that the passivation of B atoms at the edges of P JAGNR
increased the value of Vi 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
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structure and carrier mobility, both of which have an impact on V. Overall, the enhanced
results in terms of PDOS, TS, lon, loff and SR for B [TAGNR 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-[%awW [Srwiv-[94/0KZzY [% Wz GAqYa0~ pwhoso A%
analyzed, demonstrating significant suppression of |t 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 |eakage 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 lon, 2 ~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. Additionaly, the performance enhancement is achieved through edge passivation
engineering of AGNR channel with 13 and 15" group elements. Boron passivation reduces
the bandgap significantly and increases the PDOS near the Fermi level, resulting ina~ 7.8 x
76[%w s+2%461 . o A% and an exceptional ~139 times increase in lon compared to P -

AGNRFET2MDALs™ . s A 2ssvs Ye—wv i %o Vv Tid—s 4%~ %o AT % 3 6 %% 74 =% 36 2%
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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 anaysis, and edge passivation play a crucia 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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CHAPTER

Impact of Channel Width Engineering on Electronic and
Quantum Transport Properties of Gate-Stack Armchair
Graphene Nanoribbon FET

0 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.

- @ 0 The Semi-empirical Density Functional Theory based approach is used to calculate the

band structure, DOS, and transmission spectrum for the bulk configuration of AGNRSs.

0 The AGNRs (N = 4, 7, 10 and 13) are used in channel material to analyse the
performance of field-effect transistors with Gate Sack architecture.

0 TheGSAGNR (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.

0 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
nanoscal e el ectronic 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 Vg, 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 deviceswould be reduced [1]. The scaling down in ICswill 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 aternative materials and device architectures that can offer superior
performance, energy efficiency, and scalability [3]. The GNRFETSs have emerged as potential
candidates for revolutionizing I1C 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
mechanica 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 arethree 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- %z qraw%dd Ao 67 s st st %6 7%'s %o Abasd7%%
gate oxide to upgrade the performance of nanoscale transistors and prevent SCEs [11]. While
choosing a high-%wz grag% os ARZ26%or s-off must be made between the high- 6wz q=Ag%
and an appropriate bandgap for a transistor. There is an adverse relationship between the
bandgap and dielectric constant. Implementing a high-%wz qsan%” s 726A% s KQX] %4voAls 2%
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

SO, . [P %02%hs s A%oAr —wvst s =—ss A%ys Sowrv- [ U s A B s 7268 %s R X] %voAlsz

54 [13]. The narrow SiO; layer in GS stabilizes the high-Lbwa geAg’VoK 7Y 3) layer and AGNR

£ pisios Yo w0 . 236t ts qrvhu%ys s —wis (2%t ts qrwes % ws Wrwy AsE| The high- 6wz qsAg%ioQa %
will permit theincreasein physical oxidethicknessto prevent gate tunneling and thusimproves
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
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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 remainsinsufficiently 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 Functiona 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 areshown inthe Figure3.1. An AGNR layer of 50 A is used as channel material
considering the fact of scaling down. Thevalue of N inthe AGNR variesfor different types of
device configurations. From the above Figure 3.1(c-f), it can be observed that the periodic

direction of al widthsis kept the same. The highlighted box in Figure 3.1(c-f) shows one atom

': 'turnltjnA
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W 7 1A% A, ~ ps76t o~ 1968 A QX] Y%wvaB. Avs2%sKQX] Wh~osr 6 %%
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 A. 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
1) configuration having a concentration of 3 x 10'® in the channel region and 5 x 10*® in the
source and drain region. Gate potential plays an important role in calculating the electronic
properties of a device, and hence, ametallic gate is employed over the dielectric layers. Here,
the tox is taken as 1 nm (0.50 nm LaAlOz layer + 0.50 nm SiOz layer). The tox is inversely
.° related to the Coy, i.€.,, reducing tox Will increase the Cox, Which provides better control of the

gate over the channel as the potential drop on gate oxide decreases.

{a' v ' 3 ie) AGNR (N =4) () AGNR(N=T)
LIRS e | = -
[} E' #— Carhan atom EL ‘:;
' = £ 1 H
T Wetal pate £ | o— myarogenam | 64 g
:

I H P I
- - ]

i 1 P .

i k i S H Fd 34 54 i
Fa F4

Periodic direction Periodic direction
()] AGNR (N = 1)

]

AGNR(N=13)

z 1. B
g 8 Carteun atom - & —= Carbon atom

O— Hydrogen atom

+ Hydrogen stom

ol carbon atoms (N)

Periodic direction Periodic direction

Figure3.1: (a) Front view, (b) rotated view of the proposed devicetaken from the ATK Simulator,
and (c-f), optimized atomic structure of AGNR having different number of atomsalongitswidth

used as channel material in proposed device [13]
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3.3 SIMULATION METHODOLOGY

The Quantum ATK tool is used to carry out all the ssimulations. The SE calculator uses the
Slater-Koster model with the DFTB parameter group in ATK to perform al the analyses in
thischapter. The Slater-K oster model isfrequently used to create the tight-binding Hamiltonian
- e 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 atwo-
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 1x1x100. 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, al structures are optimized using the Brenner_CH_2002 with
aforce tolerance of 0.05 eV/A! Further, the electrical properties of afully 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.
O 34 RESULTSAND 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 materia in GS- AGNR FET with the varied number of carbon atoms along
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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 eectronic properties of AGNR with
different values of N
In this section, the band structure, DOS and TSfor AGNR (N =4, 7, 10, 13) isanalyzed. The
band structure and DOS for AGNR (N = 4, 7, 10, 13) is depicted in Figure 3.2. The band
- n 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, ¢, e, and g). High symmetric k-points, are
L @ plotted on the x-axis, and energy (eV) is plotted on the y-axisto 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 achannel 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]:
(3.11)
where,
- width of AGNR
Pleag - 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.
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The number of available electronic states (both occupied and unoccupied) that are accessible
for electronsto fill at agiven energy level determinesthe DOS, asillustrated 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

176 to band structure. The semiconducting nature of the AGNR is verified by the fact that thereis

no peak at the Fermi level in DOS. Further, the number of DOS peaks increases as the value
of width (Waenr) increases. In AGNR (N = 4), the DOS peaksin the CB are observed at 1.46
eV andinthe VB at -0.68, -1.68 eV. In AGNR (N = 7), the peaks in CB are at 0.80 and 1.30
eV, whilein 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 pesks are
observed at -1.74 and -1.48 €V. From the above analysis, the authors observed that asthe 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 isgiven by [19]:

— (312)
where,
D (E) - The density of states for the available energy range
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Figure 3.2: Quantum transport propertiesfor 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, (¢)
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 isillustrated 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. |t Is observed from Figure
3.3 that the peaks of the transmission spectrum increased asthevalue 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 peaksin
the energy range of - 0.5to + 1.5 gV, which describes that an el ectron 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.
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Figure 3.3: Transmission spectrum for varied N in the AGNRs [13]
3.4.2 Performanceanalysisof theproposed devicesusingthe DFT approach
From the DFT analysisof AGNR, asdiscussed 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 Vgs 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

®O self-consistent solution of the Schrodinger lequation and 3-NZowe0 A% . 00 AL o-+whu %S %o

Slater-K oster model with NEGF method as discussed in Eq. 2.16. The value of Vs 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 edgesis the
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primary distinction between the various spectra calculated from the parameters | (E) and

"R(E). The terms EL and Er in Figure 3.4 denote the shift in the Fermi level corresponding to

theleft and right electrodes, respectively. From Figure 3.4(a), it isobserved that the GS-AGNR

(N =4) FET at 0V shows aminimum 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 0.5V, 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 voltagesOV, 0.5V, and 1V for (a) GS-AGNR (N =
4) FET, (b) GSAGNR (N =7) FET, (c) GSAGNR (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 0.5V in
GS-AGNR (N =4) FET is greater than the other device configurations at this voltage (0.5 V).
Also, inFigure 3.4(a) at 0.5V, thereis no peak present in the barrier of E. and Er, which points
out the higher possibility of conductance as compared to the transmission spectrum, as shown
in Figure (b-d). Thevaluesof T(E) at0V and 0 eV are 1.09in GS-AGNR (N = 7) FET, which
is higher than in other device configurations. When the drain voltages changefromQOto 1V, 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),
thevaluesof T(E) a0V and 0 eV are0.76 and 0.97. Also, asthe V4s changefrom0to 0.5V,
the resonance peak value decreases. Further, the authors observed that the variation of the

transmission spectrum for GSSAGNR (N) FET having different values of N in channel material
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shows the transport of electrons and its dependence on externa 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) FETswith different values of N are shown in Figure 3.5 (a).
Thedrain 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-
Buttiker Formalism asdisussed in Eq. 2.17.

The Eq. 2.17 depicts the dependence of Ilqon T (E). Also, the GS-AGNR (N = 4) FET shows
improved value of |l as compared to other device configurations. The vaue of | changed
from 1.75 nA to 5.42 pA for GS-AGNR (N = 4) FET and GS-AGNR (N = 13) FET. The
narrower width of AGNR shows improved results in terms of |cff, 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 GSSAGNR (N
= 4) FET. From the transfer characteristics, the switching ratio and the off current are

caculated.
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Figure 3.5: (a) Transfer characteristics of GSSAGNR (N) FETswith different values of N in the
channel material, and (b) Variation in off current and switching ratio for GSSAGNRFET [13]

Thevariation in loff and SR ratio for al purposed device configurationsisillustrated in Figure
3.5(b). The switching ratio is an important factor that determines the performance of adevice.
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 ahigher
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 statesfor (a) GS-AGNR (N = 4) FET, (b) GSAGNR (N =
7) FET, (6) 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 al

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 istypically represented as afunction 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) variesfrom -0.03 to 238

eVl
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(a) GS-AGNR (N=4) FET (b) GS-AGNR (N=7) FET

T

-
E——

Figure 3.7: Electrostatic differ ence potential profilefor (a) GSSAGNR (N =4) FET, (b) GSAGNR
(N=7) FET, (c) GSSAGNR (N = 10) FET, and (d) GS-AGNR (N = 13) FET [13]

The contour plots of electrostatic difference potential in Figure 3.7 show crucia insights into
the distribution of electric charges within different device configurations. The contour plots
Qs 072 %os~ 6 Adstors %o-v's 7 %s AR UGy 0715 19675 %40 Ags Astors T 96 Ar %0—%rs™ %t ts p%s s —wgs (2%
overal performance. The blue color contour depicts the electronic distribution near the
electrodes, whose magnitude ranges from 0.015 to [15.2 x 10 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 FETSs. 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 [JAGNR (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

GNRFETSs. Thevariation of N from 4t0 13in GS-AGNR (N) FETs brings down the magnitude

of the on current (9.14 pA to 0.21 pA) and increases the off current (1.75 X103 to 5.4 pA).

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 x 102 corresponding to bandgap in the range of 0.68 to

1.98eV.
Table3.1
COMPARISON AMONG PROPOSED GS-AGNR(N)FETsWITH PREVIOUSL Y
REPORTED GNRFETS [13]
O Vo |t , I ERERRER|
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3.5 SUMMARY

This chapter investigates the influence of channel width engineering on the electronic and
guantum transport properties GS-AGNR FET using asemi-empirical density functional theory
framework combined with Slater [1Koster 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 GSSAGNR (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 nanoscal e electronic applications.

Following a comprehensive analysis of the gate-stack engineering, temperature-
dependent analysis, and edge passivation of the GNRFET devicein Chapter 2, it isimperative
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 crucia to
explore its device modelling with different ssimulation approaches and the SCF iteration

methods, which will be the primary focus area of the next chapter.

98

| nshul o Submici i .
mlt Lrmieiry Page 148 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931



-
Fy ] 't Lrn |t 1] Page 149 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931

Chapter 3: Impact of Channel Width Engineeringl’

3.6 REFERENCES

[1] T. Radsar, H. Khalesi, and V. Ghods, "Graphene nanoribbon field effect transistors
analysis and applications,” Superlattices and Microstructures, vol. 153, pp. 106869,
2021.

[2] B. Hoefflinger, "Irdsl] international roadmap for devices and systems, rebooting
computing, s3s,” NANO-CHIPS2030: On-Chip Al for an Efficient Data-Driven World,
pp. 9-17, 2020.

[3] B. Kumar and R. Chaujar, "Numerica simulation of analog metrics and parasitic
capacitances of GaAs GS-GAA FnFET for ULSI switching applications,” The
European Physical Journal Plus, vol. 137, no. 1, pp. 110, 2022.

[4] Y.-Y. Chen et al., "A SPICE-compatible model of MOS-type graphene nano-ribbon
field-effect transistors enabling gate-and circuit-level delay and power analysis under
process variation," |EEE Transactions on Nanotechnology, vol. 14, no. 6, pp. 1068-
1082, 2015.

[5] K. S. Novoselov et al., "Electric field effect in atomically thin carbon films," science,
vol. 306, no. 5696, pp. 666-669, 2004.

[6] H. Shen, Y. Shi, and X. Wang, "Synthesis, charge transport and device applications of
graphene nanoribbons,” Synthetic Metals, vol. 210, pp. 109-122, 2015.

[7] A. Hazra and S. Basu, "Graphene nanoribbon as potential on-chip interconnect
material [ A review," C, val. 4, no. 3, pp. 49, 2018.

[8] F. Schwierz, "Graphene transistors,” Nature nanotechnology, vol. 5, no. 7, pp. 487-
496, 2010.

[9] F. Schwierz, "Graphene and beyond: two-dimensional materials for transistor
applications,”, SPIE, vol. 9467pp. 144-152, 2015.

[10] J. H.Choi, J. Lee, M. Byeon, T. E. Hong, H. Park, and C. Y. Lee, "Graphene-based gas
sensors with high sensitivity and minimal sensor-to-sensor variation,” ACS Applied
Nano Materials, vol. 3, no. 3, pp. 2257-2265, 2020.

[11] B.Kumar, M. Sharma, and R. Chaujar, "Junctionl ess-accumul ation-mode stacked gate
GAA FinFET with dual-k spacer for reliable RFIC design,” Microelectronics Journal,
vol. 139, p. 105910, 2023.

[12] N. Gupta and R. Chaujar, "Optimization of high-k and gate metal workfunction for
improved analog and intermodul ation performance of Gate Stack (GS)-GEWE-SINW
MOSFET," Superlattices and Microstructures, vol. 97, pp. 630-641, 2016.

[13] Anshul and R. Chaujar, "Semi-empirical dft based investigation of eectronic and
guantum transport properties of novel gs-agnr (n) fet,” IEEE Transactions on
Nanotechnology, vol. 23, pp. 400-407, 2024.

99

- Anshul
1 turmitin Page 149 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931



-
Fy ] ‘t rn |tjr:| Page 150 of 249 - Integrity Submission Submission ID  trn:0id:::29334:140635931

Chapter 3: Impact of Channel Width Engineering(

[14] S.Vaasa S. Tayd, L. R. Thoutam, J. Ajayan, and S. Bhattacharya, "A critical review
on performance, reliability, and fabrication challenges in nanosheet FET for future
analog/digital 1C applications,” Micro and Nanostructures, vol. 170, pp. 207374, 2022.

[15] B. H. Lee, J. Oh, H. H. Tseng, R. Jammy, and H. Huff, "Gate stack technology for
nanoscale devices," materials today, vol. 9, no. 6, pp. 32-40, 2006.

[16] K. Stokbro, D. E. Petersen, S. Smidstrup, A. Blom, M. Ipsen, and K. Kaasbjerg,
"Semiempiricdl model for nanoscale device simulations,” Physical Review B[]
Condensed Matter and Materials Physics, vol. 82, no. 7, pp. 075420, 2010.

[17] D. A. Papaconstantopoulos and M. J. Mehl, "The Slater Koster tight-binding method:
a computationally efficient and accurate approach,” Journal of Physics: Condensed
Matter, vol. 15, no. 10, pp. R413-R440, 2003.

[18] D. Gunlycke and C. T. White, "Tight-binding energy dispersions of armchair-edge
graphene nanostrips,” Physical Review B[] Condensed Matter and Materials Physics,
vol. 77, no. 11, pp. 115116, 2008.

[19] R. Jyoti, M. Chauhan, B. C. Choudhary, and R. K. Sharma, "Density functional theory
study of manganese doped armchair graphene nanoribbon for effective carbon dioxide
gas sensing," ES Energy and Environment, vol. 18, no. 9, pp. 47-55, 2022.

[20] M. Gholipour, N. Masoumi, Y.-Y. C. Chen, D. Chen, and M. Pourfath, "Asymmetric
gate Schottky-barrier graphene nanoribbon FETs for low-power design,” IEEE
Transactions on Electron Devices, vol. 61, no. 12, pp. 4000-4006, 2014.

[21] A. Naderi, "Theoretical analysis of anovel dua gate metal Lgraphene nanoribbon field
effect transistor,” Materials Science in Semiconductor Processing, vol. 31, pp. 223-
228, 2015.

[22] H. Sarvari and R. Ghayour, "Design of GNRFET using different doping profiles near
the source and drain contacts,” International Journal of Electronics, vol. 99, no. 5, pp.
673-682, 2012.

100

| nshul o Submici i .
=1t LIrmniItiry Page 150 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931



—_
Fy ] 't Lrn |t 1] Page 151 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931

Chapter 4. Reliability performance analysis of Gate-Stack.[] &'

CHAPTER

Reliability performance analysis of Gate-Stack Armchair
Graphene Nanoribbon FET using Extended Hickel DFT
model

0 The Extended Hickel model is employed in this chapter to investigate the reliability
and performance of GSAGNRFET, offering a more physically complete treatment of
device el ectrostatics compared to the non-self-consistent Sater-Koster approach used
in Chapters 2 and 3.

0 The Extended Hickel model demonstrates strong agreement with benchmark first-
principles DFT methods including PBE, HSE06, DFTY%, 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.

0 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
lon, loff, SR, Vin, DIBL, device efficiency (DE), and static power dissipation under the
EH-SCF framework.

0 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.

O o (TH™ 3" (=1 " 3((*'f ~a—el (g2 (**““(up: "*(n-BFT (YBATLs T> ' (*(
Ty elfen: Oy (1 (TECT T GCFHUBATS 4y "=y el oz ("' =y (e
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
caculator. As electronic devices continue to shrink to atomic dimensions, it is crucial to
consider theimpact of individual atomsin 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 e ectron-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 @

model with adjustable parameters fitted to experiments or first-principles calculations, and ab
initio methods, which cal cul ate the electronic structure of the system. Semi-empirica methods
include SK and Extended Hiickel models to calculate the el ectronic 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 anaysis, and
edge passivation wereinvestigated 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

isimportant to note that in Chapter 2 and 3, all simulations were carried out using a without
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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 biasis not fully accounted for. Asaresult, 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. Additionaly, 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 Hiickel 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 computationa intensity, the EH method solves for
electronic structure and transport properties using parametrized Hamiltonian basis sets and the
NEGF formalism with aself-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

L) @ DE, TP, and static leakage power. A significant difference that motivates the use of the

Extended Hickel model over the SlaterlKoster tight-binding model in proposed device
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simulationsistheir underlying spatial parametrization in Hamiltonian matrix. In the SK model,
the overlap and Hamiltonian matrix elements are represented as numerical, pairwise tabular
functions dsiis Ar s AsA%MAs 7075~ W%ow0Aqs XeXe2dvzom Ao A wodd~ pwho~ Add/e 2424 /
[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 tablesfor each el emental
tiow26Au. 2% O~ s Ax ~ %0~ pwhoi A26Ar % lis %ot U oiitiviu Yies uz020 26 2690 A +. 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 physicaly grounded Slater orbital overlap integrals
through a closed-form analytical expression, which needs merely four adjustable parameters
is20Au. 224vs Z2%is 26 75~ s A% L1246 T2M2MIYs6r r v A%6%vs Y. 0% 75~ s Axlevel
Wolfsberg Hel~ vz %6 Aro AYaPovwvietes ™ . s A7 %lws #4077 Uw Ast %6%07. 5%t A=A~
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 mechanica 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 Hi;
(Hamiltonian matrix element) and S; (overlap matrix element) via the Wolfsberg-Helmholz
relation [14, 16]. This algebraic proportionality between Hj; and S; 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 Hickel model is a Slater(
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Koster model as well, but with a unique fitting procedure for the Hamiltonian matrix
elements, [lindicating that the EH model serves asaphysically constrained, parameter-efficient

specialization of the SK framework [13]. Furthermore, in this chapter the EH model has been

_J156) validated against benchmark first-principles DFT methods, including the PerdewBurke’

Ernzerhof (PBE) functional, Heyd[ Scuseria’ Ernzerhof (HSEO6) functional, Tight Binding
(TB) method, and DFT-%2 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 13" 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

- e systematically compared in terms of performance and reliability metrics. This chapter is

organized as follows: Section 4.2 presents the device design and physica models, Section 4.3

discusses the results and analysis, and finally, Section 4.4 concludes the findings of the study.
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4.2 DEVICE DESIGN AND PHYSICAL MODELS
[ T11s) The cross-sectional view of the proposed A4 device iSillustrated 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, aGS architecture is employed below ametallic gate to overcomethe
®0 SCEs. The device design is already discussed in Chapter 2 and 3 in detail. All the device
parameters used for sSimulation are tabulated in Table 4.1

L,

L!.’d
L L-I. H.-lll.i: if H I.-L I-‘: H. Hi H- Hr i.
Source [L{ 4 2 0 H B B W H | Dirain
o o 'HHHHﬂHHr,“-L
O H-‘-h H RO H s/l

AGNR (N = 4) channel material
Figure 4.1: Cross-sectional view of the proposed A4 device [17]

Table4.1
Proposed device parametersfor the present chapter [1

A7
N 4 7
Gatelength, Lg (nm) 5 5
Oxide layer thickness, tox (nmM) il 1
Source and drain length, Lgd (nm) 5 5
The concentration of doping in the 18 16
channel region, Nc, (e/lcm?®) o 3<10
The concentration of doping in source s 18
and drain regions, Nyq (6/cm?®) 2l 5<10
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As previously discussed in previous chapters, the Quantum ATK tool is used to carry out al

the simulations. In the previous chapters the SE calculator uses the Slater-K oster model with

the non [ISCF iterations in ATK to perform all the analysis. In this chapter, the tight-binding

Hamiltonian matrix approach with the EH model is employed inthe 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 ssimulation

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.

Table4.2

Simulation parameters used for the present work [17]

Simulation tool

Quantum ATK 2019.12

Computational model

Extended Hiickel model

Basis set

Hoffmann

Fitted parameters

Huckel Hamiltonian parameterization

Temperature and Fermil[Dirac
broadening

300 K

Boundary conditions

Multigrid( type Poisson solver with
Periodic xPeriodic x Dirichlet boundary conditions

K point sampling

1x1x100

Energy cut off

40 Hartree

Contact self-energies

calculated using the direct self-energy method
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Define initial
potentials for
both
electrodes

Computation
incomplete

Figure4.2: 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
[ T100) 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 abias voltage Vy, is applied. Mathematically the density matrix is given as [18]:

, PR1® PRIy, T2, P ) (Rl 2R P PRI, P12y, T2 Gﬂ.

RRITIIR]

where
QO - partial spectral density of statesin the eft electrode
7 partial spectral density of states inthe right electrode
- external biasvoltage
[ thechemical potential of the left electrode
By [ thechemical potential of theright electrode
The partial spectral densities with the NEGF method discussed in Eq. 4.11 are given as [3]:
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o™ 2P, 2P G 8 I, ™ 222 I, (4.12)
Where
A"™  spectra densities of statesin the left and right electrodes

[ #A~orsr QA AT A A
@"® [ broadening function
C or—oAgsr Qs A% A A%

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
gpatial distribution of electrons throughout the device. Mathematically, the real-space density

isgivenas[3]:

@ (4.13)
PRGER B G Y88 5P EP2n @By

where
71 induced electron density at position r
71 Mulliken population
71 width of the Gaussian orbital
T 6w Ads qro%6t XD~ %ol

Once the real-space density matrix is calculated, the Hartree potential is calculated by solving

Zow0 A% . 0 Aty vs R ot s %bdms Asedwdbws A% [3]:

,:i'turnltjnAn
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PRI, (4.14)
where
s @ . spatially dependent dielectric constant

[ Hartree potentia

T 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 Hickel Hamiltonian equation. The diagonal
elements (i=)) represent the on-site energy of each orbital corrected by the local Hartree
potential. The off-r wudAo2sz~ s At%wx Vs iizs s Adsvs Yaks 7o Alps=—ss AVds wvpoAdu Yo
orbital 245~ pwhwhu%s %Ap woAs A% s wvsT % %A% X 220p 7 o0~ 58 2IMAr %S s 7011 %
matrix S, corrected by the average Hartree potentia at both atomic sites. Mathematically this
isgiven as[14]:

@, [ L@ (4.15)

Pl B GAR
PP, P2 Py PEEIGGE (
? ?

i T1 Hamiltonian matrix element between atomic orbitalsi and
' Orbital energy

§ ] Wolfsherg-Helmholtz constant typicaly set to a value of 1.75 in the

standard Htickel approximation

1 Hartree potential corresponds to the induced electron density on the atoms
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B [ overlap matrix element between atomic orbitalsi and |

X 1) 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 aready been discussed in detail in

Chapter 2 and are represented by Eq. 2.16 and Eq. 2.17 respectively.

N 2 4.3 RESULTSAND 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 materia in GS- AGNR FET with the varied number of carbon atoms along

®O 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

(a) 5 AGNR (N = 4) Bandstructure (b) 5 AGNR (N =7) Bandstructure
1 1 —
% 1.77 eV % |
& JTe = |
1.09 eV
a O e + omm  m m  m 4  + e + a 0 P ko _e ________________
@ @ !
s C —— —
w w = —
-1 ==t ——— ———.
—:= Fermi Level = —-= Fermi Level =
B —— = 8 =
2I' Z 2[' Z

Figure 4.3: Bandgap analysis of bulk-configured (a) AGNR (N =4) and (b) AGNR (N =7) [17]
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- n Figure 4.3 shows the bandgap analysis of bulk-configured AGNRs for different valuesof N =
4 and 7 using the EH model. The band gap, which displaysthe total number of possible energy
levels for an electron, is calculated using band structure! The high symmetry k-iiowt%%Ar %%
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

L @ (N=7)ael.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 adirect 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 Huickel 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.

P. Avs72%/515 K QX] %-wyiwis7 A0z 5%t YN (967 Yats %22GvoARs Rh 0 ARRERGAH102sT %

devicesA4 and A7.
K
Sl
S
A
@Y ) g";
& SR
el P
5
1.09AYV
R 120 «\;'\\h’_@? ’ AGNR (N=7)
= 100 | S/ A
' s N ,?' ~
> 80F Y
= 60 F CLTAY RAA
8 wf . AGNR (N = 4)
a2 20F E/ /
0 1 ] 1 2

3 2 1 0 1 2 3
Energy, E (eV)

Figure4.4: DOS analysisfor bulk-configured AGNR (N = 4) and AGNR (N =7) [17]
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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. Thisequation
demonstrates the interrelation between DOS and energy. Theresults of aDOS study on AGNR
(N =4) and AGNR (N =7) areillustrated in Figure 4.4. From Figure 4.4, it is observed that
DOS resemblesthe bandgap. The absence of apeak around the Er signifies the semiconducting
nature of both AGNRs which is consistent with their band structure analysis. In AGNR (N =
4), the DOS peak valuein the CB is 37.73 eV! at an energy value of 2.26 eV. When the value
Ot YN [%e2%Gvolust %~ %% AN GNR, the DOS peak value in CB shifted to 83.57 eV at an
s As1” %07 5%t %%A7="%d D vs v orus Kk s %oz s %t YN bw:s1%has % % 's Tbs 0y %0z, s1%t Y a %o
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).

=
B

’.ri CIAGNR (N =4)
. EJAGNR(N=T)

—_—
=
-

LB

-2 '.l ]
Energy, E (eV)

Transmission coefficient, T(E)

! -
1 2

Figure4.5: Transmission spectrum analysisfor 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

'-T 'tL.lFI'IItJHA
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channel under applied gate bias, which is expected to contribute to improved lon 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 e ectrons 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 AGNRSs, as the value
Ot %N [ ots 24's Y0 Ar 1011 %S G 05424 or Wi %8 36 % WA s %o A~ w3 Aibs oy 19615 2% %0
the Fermi level. From Figure 4.5, it can be observed that for AGNR (N = 7), transmission peaks
shift closer to Er, and the value of T(E) is higher than that of AGNR (N = 4). A smaller
bandgap, more availability of statesin 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
% method, and HSEO6 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 datain Table 4.3 suggest that the value of Eg and T(E) for al the
~ O 5 2% 75 025 196Ar Ahqs 0ts 1245 4is rws 2° Dty 's %0z 5 %t YN [ Wi Ots 1t~ %0% %Al vs1s %o
findings confirm the reliability of the EH model used in calculating the bandgap and T(E).

Although the EH model dightly underestimates Eq compared to PBE and HSEOG6, while the
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trend and range are consistent with TB and DFT % results, supporting the physical credibility

of our EH model for device modeling.

Table4.3
Comparison table of the EH model with other DFT models [17]

Models Parameters AGNRs configurations
N=4 N=7

EH Ey (eV) 1.77 1.09

T (E) 1.99 4.99
PBE Ey (eV) 2.38 1.47
T(E) 3.99 6.99

HSE (106 Eq (V) 3.05 191

T (E) - -

DFT % method Ey (eV) 2.25 1.38
T(E) 2.99 6.99

B Ey (eV) 1.98 121
T(E) 0.99 1.97

Additionally, we have calculated and compared the DOS using EH model with other DFT

134 methods such as PBE, HSE06, TB, and DFT %2 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 %2
methods shows no peaksin the energy range of + 1.15and + 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,
HSEO6 displays awider no-peak energy range of + 1.51 eV, which indicates abandgap of 3.05
eV. The TB method shows peaks that are narrower and slightly shifted compared to PBE, with
an energy rangeof + 1.28 eV. The DOS suggests abandgap closeto 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 abandgap of 1.77 eV. From Figure 4.6(b), we can observe that as the width
increasesto n = 7, the DOS peaks move closer to the Er, resulting in a reduced bandgap for all
the models. The EH model shows no peaks for energy range + 0.66 eV, which indicates a

decreaseinthe Egfor AGNR (N =7) with avalue of 1.09 eV. The PBE method shows abroader

115

- Anshul
1 turmitin Page 165 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931



(o | S
I_-| ] ‘t rn |tjn Page 166 of 249 - Integrity Submission Submission ID  trn:0id:::29334:140635931

Chapter 4. Reliability performance analysis of Gate-Stack.[] &'

zero DOS peaks range from about + 0.71 eV (Eg (274 A%d /246~vws %s Ba 06>% Or s 24w 6—=%6%
wider gap from + 0.99 eV (Eg (74 7%d /Mhvs WP %l % svor Yowz 1%4946-peak region between
+ 0.67 eV (Eg (73DB%d /26Ar %s% L% 0r s 2bwHiz”1%s %~ 07240570 %s 0y % uvs At~ %Yo
0.61 eV (Eg [7B387%d /@ vs% ~ ~ s~ %A %o w~y %t %s Yos 75 I Y a %ias oy+94 uvd ALOq£42672
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.
2 [ai hleNE | M= 4) i ihj ALNKE 1™ =7]
sk — EH pmusded = EH il
et 1] 8 N ap b — IFET B2
dir -
FHE FEE
P || - = diik — TIk
Tt — HsE "
- -
z s Zauk (]
£ 0} o
= s} Z np
o 1]
5 |
¢ -1 ] 1 | L] -A -3 -1 ] 1 vl 1
Energy. E (¢4 Energy. E {eV)

Figure 4.6: Density of state analysis comparison of EH model with other DFT modelsfor (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 (1.0971.77 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 optoel ectronic applications.
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Table4.4

Comparison of band gaps of the present work with other compounds based on DFT approaches
availablein theliterature[17]

MaterialCompounds Simulation models Reported bandgap value | Referenc
(eVv) es
AGNR EH model 177 present
(N=4 work
AGNR EH model 1.09 Present
(N=7) work
3C-SC Genera Gradient 25 [19]
Approximation (GGA)

4C - SIC GGA method 3.58 [19]

Graphene DFT with FP [ILAPW 0 [20]
formalism

8.33% Sildoped DFT with FP [ILAPW 1.022 [20]
graphene formalism

12.50% Sildoped DFT with FP [ILAPW 1.35 [20]
graphene formalism

25% Sildoped DFT with FP [ILAPW 1.95 [20]
graphene formalism

50 % Sil doped DFT with FP [ILAPW 251 [20]
graphene formalism

BaHfO3 GGA 59 [21]

MnsGaC Monte Carlo simulations 0 [22]

Chalcogens doped LDA method 6.07 [23]

SHO
Hydrogen boride PBE method 0 [24]
AICMns 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 lon, loff,

SR, Vw, 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 lon, lotf, and
SR. TheVgsvariesfromOto 1V at aconstant Vs = 0.5V for the transfer characteristics of the

devices. From the transfer characteristics, the parameters lon, loff, and SR are calcul ated.
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Figure4.7: (a) Variation in I on, loff, and SR for proposed devicesand (b) Variation in Vy, and
DIBL for proposed devices [17]
From Figure 4.7 (a), it is observed that the A7 device showsimproved value of |on and reduced

value of loff, 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 deviceisthat the AGNR (N = 7) hasasmaller bandgap, which
improvesitselectrical conductivity. Also, in AGNR (N =7), theincreased avail ability 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 aso
calculated the SCEs parameters like Vi, and DIBL. The variation of Vi, and DIBL is depicted
in Figure 4.7 (b). The Vi, 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 Vi reduces by
27.59% in the A7 device compared with the A4 device. The DIBL isan 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 Vgs. 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 lon, loff, SR, Vin, and
DIBL are tabulated in Table 4.5. From Figure 4.7 (b), it can be observed that the A7 device
has alower 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.
Table4.5
Comparison tablefor proposed devices[17]
Parameters Proposed Devices
A4 device A7 device
lon (A) 0.664 x 106 3.86 x 10
lott (A) 451 x 1010 3.16x 1013
SR (x 10°) 0.0145 122
Vin (V) 0.58 0.42
DIBL (mV/V) 150 125
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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 atransistor converts Vg modulation into lg, reflecting the

r s—wgs [2%As A1 %t twgw Aq”. Mathematically, DE is given as:

7
((t’t't't’t’t’t't’t’t’t't’t’t’t’t't’Il’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’l’lll'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'l'llIIIIl’IIIl’IIh’lllﬂlﬂﬂﬂh’ﬂi PI?] |m

where
- transconductance
2] - 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, gn 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 lowpower applications.
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Figure 4.9: Device density of statesanalysisfor A4 and A7 devices[17]

- n Figure 4.9 depicts the variation of DDOS in both devices a V4s = 0.5 V. The DDOS presents
the total number of el ectronic states that are obtainable (occupied + unoccupied), how they are
L] o 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 Oto 2 eV) are
the two main sections that make the DDOS curve. From Figure 4.9, it is observed that the A4
1 s—Ws Y6 “ Vipwtwivs 24is oy VNN Y a %o oudwe 1.s Y6t Yoiilizd “w 082’ % =6%d [1%0~ liosst %d%
olilizd “w 082’ %86%d [1%06A%e A7 device. However, it is important to note that the absolute

magnitude of the DDOS alone does not determine the device transport performance. The
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critical parameter to understand the device operation isthe energy position of the DDOS peaks
relative to the Er (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, inthe A7 device, the smaller bandgap of 1.09 eV positionsthefirst 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 1o, observed in the A7 device compared to the A4 device.

PLDOS of A7 device

PLDOS of A4 device (a) 2.0

Left Fermi Level
~ -+ Right Fermi Level

Energy (eV)
1]
Energy (eV)
o
=)

Length (nm) length (nm)

Figure 4.10: Projected local density of states analysisfor (a) A4 and (b) A7 device [17]

Figure 4.10 showsthe PLDOS plot at applied Vgs = 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 Er. Color gradientsindicate the availability of the
NYa %%0%As A1 % — 28 v's %GO D20 7%s UK : %os—ws %0 Aus 2241 % Uo=4=A%d (1% vis %D

s B Al —ws X8 oqvs1244-6=%d [P wiowhu that the absolute local DOS magnitudeis higher
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in the A4 device. However, the spatial and energetic distribution of states within the transport

SAS?-‘U”O

0—%t%8%5 % 8%d %66 Ar %vs s~ Wis—s 2 —s 02:%6% 07 %" Hw0zZ” % solvhut. 2%

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 [12 to + 2 eV for

A4 device whereas in case of A7 device there exist pink and blue colored regions within the

energy range of (12 to + 2 eV as shown in Figure 4.10(b). These findings indicate that the

availability of the DOS for the conduction electronsisvery high in case of A7 device compared

to A4 which can be the reason behind the observed lower It and better switching ratio for the

A7 device.
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Figure4.11: Transmission spectrum analysisfor (a) A4 and (b) A7 deviceat different Vgs[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 Er
shift at the VB and CB edges is the primary distinction between the various spectra cal cul ated
from the parameters [y (E) and [s (E). The terms EL and Erin 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 a Vg4s = 0 V, the A4 device exhibits few and weak transmission
peaks in VB, particularly around the Er = 0 eV, indicating an absence of transport channels
which leadsto greater resistance. From Figure4.11 (b), for Vgs= 0V, the value of transmission
coefficient at Er 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 =0eV, allowing for greater carrier injection and alower threshold for conduction,
as shown in Figure 4.11(b). Further, at Vgs = 0.5 V, the trend remains similar, with the A7
device still showing ahigher 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 V¢s = 0.5 V exhibits better transport
performance, lower resistance, and higher output current. However, as Vgsincreases to 1V,
both devices exhibit a vanishing T (E) between E. and Eg, 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 spatia

characteristics of electron transport, the transmission pathways were analyzed at Vgs= 0.5 V.
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The transmission coefficient, T(E), is divided into local bond contributions, Tij, through the
®0O analysis option known as TP. The TP is correlated with the possibility of an electron tunneling

from the source el ectrode to the drain electrode in the FET device.

Transmission Pathways in A4 Device Transmission Pathways in A7 Device

Angle (radians) Angle (radians)
B - RS ||| .
0 0.63 13 19 2.5 310 0.79 16 2.4 3.1

Figure4.12: Transmission pathwaysin (a) A4 deviceand (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
€lectron 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
®O A4, the yellow color shows the right direction, and the other color shows the | eft 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 (@) 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 ahigher TP than the A4 device, indicating

stronger conductance, faster switching.
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Electron Difference Density of A4 Device Electron Difference Density of A7 Device

(b)

Difference density (A?)

Figure 4.13: Contour plot of EDD in (a) A4 deviceand (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

®O or decreased el ectron density within the devices. From Figure4.13(a) and (b), the highest value

of EDD for the A4 deviceis4.1 x 10%, while for the A7 device, the valueis 3.2 x 10! along
the channel regions. The EDD analysis indicates that the A4 device demonstrates a greater
s 75 A Adowt s 7 Aqs Yas At %t %A %76 [ 1% [12as compared to 9B%I6 (1% [1%7%'s K AXs—wgs Do
The higher EDD value in the A4 device signifies a higher and less regul ated 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 valuein the A7 device indicates more accurate and regul ated 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 leadsto 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 (Ieakage power) of adevice plays
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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 adevice. A lower value of static power signifies

low power consumption and long battery life for adevice. Mathematically, it is given as [26]:

PRI ﬂ (44 % a (i gl |E

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 avallable in the literature, From Table 4. 6, it can be observed that the A7

L a device has avery low val ue of static power (1.58 x 10*° 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 availablein the
literature [17]
Device Vgs | Channe | Bandgap | lon (A) | loi (A) SR Ps (W) | Referen
(V) | AGNR (eV) ce
(N)
A4 device 05| N=4 1.77 0.664 x | 451 x 1.47 x 2.55x% | Propose
10 1010 10° 1010 d work
A7 device 05| N=7 1.09 3.86x 3.16 x 1.22 x 158 x | Propose
10° 108 107 1013 d work
SB-GNRFET | 0.5 | N=12 - 1.77 % 5.51 x 2.77 x [27]
10t 10?1 141.01 101
MOS 05| N=12 - 7.79 x 2.07 x 3.76x | 1.035x [27]
GNRFET 10t 103 10* 103
S [ICMOS | 0.9 - - 6.67 x 1.40 x 4.76 x 1.26 x [27]
(LP) 10t 10° 10° 10°
AG- 05| N=12 - - - 304 - [28]
GNRFET
DMG- 06| N=13 - - 5823 - [29]
GNRFET i
SLD- 04| N=12 - 3.66 157x | 23x10% | 6.28x [30]
GNRFET 1010 104
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44 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 systematicaly compared in terms of performance and
reliability metrics using the EH model. The band structure and DOS analysisfor AGNRs (N =
4, 7) indwjoss % 0°%s Bii 1 7%~ W %t QX ] 1% N %07z S3%etd~ Yo% %675 Us~ wio Ar . g%
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

1.0971.77 eV highlights the potential of AGNRs for optoelectronic and low-power

*©® olitizwgo~vo At vs Ay s %t ts p%et %oAsT YN (96 the channel material for the performance of GS-

AQX] POb %4 r.wr B vs %volus %h%ys %oz s %t YIN e~ %% %A% lio—s=%n by 481 times,

L a reduces loff Dy 99. 92%, improves the SR, reduces Vi 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
signifiesthat the A7 device requires low voltage to achieve significant current modulation and
high reliable for lowpower 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
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availability in the A7 device, explaining its lower lqf, 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
QX] POb % wvauv~22vs YK A% s—wgs (3% wopww’ %6020—power applications, making it an
excellent candidate for use in energy-efficient electronics, biomedical devices, signal
amplification, and sensors. Overal, 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-K oster
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
governsdevice behavior. In Chapter 4, using the Extended Hiickel model with SCF iterations,
AGNR (N = 7) shows better performance across al reiability 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 Hiickel model with self-

consistent field formalism will be the primary focus of the next chapter.
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CHAPTER

Performance enhancement of Gate-Stack Armchair
Graphene Nanoribbon FET through Icosagens edge
passivation

0 The Extended Hickel model with self-consistent field iterations is employed in this
chapter to investigate the effect of edge passivation by |cosagens elements (B, Al, Ga,
and In) in the channel material of GS- AGNRFET.

0 The passivation of Icosagen group elements at the edge of bulk-configured PTAGNR
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 PCAGNR. 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.

0 The effect of Icosagen group element passivation in the channe material of GS
AGNRFET shows a significant increase in on current 45 (BUQ T(n(Bl (| T (% (Te
AGNRFET, a reduced value of off current <f (BEK \BAT(T (n(FED BAT(T(in the
INCAGNRFET, and a better value of switching ratio 4 (A4BLIBAL (% (ADF 1BA(n*(
passivated AGNRFETSs as compared with PCAGNRFET.

0 The transconductance and device efficiency analysis shows the higher value of gm and
DE in AITAGNRFET and Gar 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
AICAGNRFET and GalAGNRFET 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, smply 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 overal 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 1gap will reduce the effective
bandgap and switching performance of the FETSs. 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 [J/AGNR). However, P [JAGNR 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 ater 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 aters the bandgap. Their research
demonstrated that single nitrogen doping introduces an extra el ectronic state that overlapswith
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 FETSs 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 adistinctive 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 ater 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
B2+ 20NN B 76 (%ev st . i AXAGyr and an exceptional ~139 times increase
in lon 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 | cosagens group elements namely Al, Gaand
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 [TAGNR in
L o terms of electronic and transport properties analysis. The subsequent sections of this chapter
are organized asfollows: 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 schemeatic representation of the boron-passivated GS - AGNRFET
(B DAGNRFET). Figure 5.1(a) depicts the 3D visual of the gate stack architecture in the
proposed device consisting of ametal gate, LaAlOz 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 x 10 e/cmq. The channel of B

= ® DAGNR (N = : /%% 0T %655% 0ys Wi¥is s ke 4 0qs %oy 4 . Ags WAr Yorowhlirs o1 2kpiero—A%
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inFigure5.1 (b). A metal gate isused over the dielectric layers. All the device parameters used

for ssimulation are tabulated in Table 5.1.

Ly

R T
N Metal gute
] 3 .
R N
-
'I . ] . \
P ILLELEIEF LA TILEL,

A ALAAAAAAAALAAL L LA AL

Pt b

RS E N AR GOEe R e ann sl ( )
Drain

BTN Source
R

Figure 5.1: Schematic representation of (a) proposed device ar chitecture with Boron passivated
channel in 3D visuals, and (b) geometrical structures of drain, source, and channel in the
proposed the B [JAGNRFET device [11]

Table5.1
Proiosed device iarametersfor the ir&ent chiiter |11|

No. of carbon atoms along AGNR width in the N 4

channel

No. of carbon atoms along ZGNR width in N 6

source and drain

Oxide thickness tox | nm

Gate length Lg 7 nm
| Source length L 5 nm

Drain length Lq 5 nm

The Quantum ATK tool isused to carry out all the simulations. Thetight-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
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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

DO discussed in Section 4.2 in Chapter 4.

5.3 RESULTSAND DISCUSSIONS

5.3.1 Electronic and transport properties analysis of bulk [ configured
| cosagens group passivated AGNRs

Figure 5.2 depicts the comparative analysis of pristine AGNR with |cosagens group passivated
AGNRs in terms of atomic structure, bandgap, and density of states. Figure 5.2 (a - €) shows
the atomic structure of P [JAGNR, B [JAGNR, Al [JAGNR, Ga [JAGNR, and In [TAGNR
respectively. Comprehending atomic structure is essential for device fabrication and modeling
electronic properties. From Figure 5.2 (a [1€), we can observe that the passivation of the
Icosagen element at the edge of AGNR changes the CT'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 resultsin 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 isthat the strain and buckling
effect in heavier cosagens (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 Iength of around 1.09

DO A [12-14]. Thisis significantly shorter than the CIC bond |ength of 1.42 A within the ribbon.

This tightly bonded edge profile makes the ribbon physically stable and symmetrical, with no
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distortion out of the plane. From Figure5.2 (b), in BCAGNR, boron atoms repl ace the hydrogen
atoms at the ribbon edges. However, boron combines more naturally with carbon. The reason
isthat boron has the smallest atomic radius (87 pm) and the closest electronegativity (2.04) to
carbon (2.55) among al studied Icosagen el ements, which resultsin a stable and less distorted

AGNR structure with a CLB bond length of approximately 1.56 A [12]. From Figure 5.2(c), in

C(125) AILAGNR, auminum atoms passivate the ribbon edges with a CLAI bond length of

approximately 1.97 A Due to the larger atomic radius (118 pm) and reduced el ectronegativity
(1.61) of @uminum as compared to boron. The AITAGNR shows moderate edge distortion,
which introduces a slight widening of the edge bond angle without significantly disrupting the
overal planar geometry of the ribbon. From Figure 5.2(d), the gallium atoms passivate the
ribbon edges with a CCGa bond length of approximately 1.96 A. The larger atomic radius of
gallium (136 pm) causes noticeable strain at the ribbon edges, resulting in aminor out-of-plane
buckling of the edge atoms [12]. The reason for this buckling is that the larger Ga atom
displaces dightly 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 CL1n bond length of approximately 2.15 A. 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 -iizAs % . qyzhu%6-2% s %ppd A% us+2k-vWv s —s 72 Y%wet 1i=2%7s %o 6 A% s =647 % Ar %%

responsible for the significant bandgap reduction to 0.93 eV in the INCAGNR.
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Figure 5.2: (al&) Atomic structure of pristine and |cosagens group passivated AGNRs, (f[j)
calculated band structur e of pristine and passivated AGNRs, and (k[L0) density of states analysis
of pristineand passivated AGNRs[11]

Figure 5.2 (f [Jj) depicts the calculated band structure for all devices. The range of energy that

.Q 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
is1.77,0.73,1.34, 1.75, and 0.93 eV for P-AGNR, B- AGNR, Al [JAGNR, Ga['AGNR, and
In CAGNR, respectively. From Fig. 5 (f [Jj), we can observe that the bandgap of P JAGNR
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 [JAGNR 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

s 7oqrt%-w %s %o7p 6 A%As =67y and pulling the conduction band edge closer to the Er and
causing the largest bandgap reduction among all passivated AGNRs. The bandgap AI-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 sp? hybridization with the carbon edge
00~ 2Dk Or 7087 Yas 7 A%y s YolBs =67y Yo w0 . ~%s % A%, interaction like the boron.
From Figure 5.2(i), the GaeAGNR has bandgap of 1.75 eV, which is very close to that of P-
KQX] %74AN%d /8 vs %6 020 A2 0:%0z2w ~ %60296%G0~ i~ 2 Yowzst %R %vs 20t [T 2%~vwqv %o
Wz 26e%0-02 Ags % 1% wWoztYe#~ Ve tts rwsZ’ Yawkes ZoqribuYo—wy Yevs Yaop 0 A% Vs =64
Additionally, the structural buckling introduced by Ga at the ribbon edges is symmetric, which
lizs2s£-52%¥5 %960 Ax 1050 A% Au~2%Ar % owheovht?6%s o 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 |cosagen elements, which introduces the maximum
lattice distortion and strain at the ribbon edges. This severe structura distortion significantly
1 W 1% 9o 0 A% 9s =64y 24 ducing 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 AGNRSs is not governed ssimply by atomic size, but by the
combined effect of orbital interaction strength, d-shell shielding, and structura distortion at
the ribbon edges. Figure 5.2(kL0) illustrates the DOS analysis of pristine and | cosagens group

passivated AGNRs. The number of statesthat are accessiblefor 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 Er, confirming its
semiconducting nature with a bandgap of 1.77 €V. The sharp Van Hove singularity peaks are
observed at (0.54, 1.00 eV) and (1.40, 2.63 €V) 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

CN121) divergence of DOS at sub band onsets. The absence of any DOS &t the Fermi level confirms

the semiconducting nature of P-AGNR in the absence of gate modulation. From Figure 5.2(1),
B-AGNR exhibits a narrower bandgap and a sharp DOS peak very close to the conduction
band edge. The reason is that the empty p, orbital of boron pulls the CB edge toward the Er,
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 peaksat (6.91, -0.55eV), (7.91, -1.35 V), and (15.48, -3.27 €V)
These peaks reflecting a rich electronic structure arising from sp? hybridization between
aluminum and carbon edge atoms, which is directly consistent with the highest 1on value of
7B %K %ps#£-sr %A%l uminium passivated AGNRFET (Al DAGNRFET). From Figure 5.2
(n), GaAGNR 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 €V). The reason for the
moderate DOS valuesis that the filled 3d shell of gallium shieldsits valence 4p orbitals from
155 AnZ” Wbes Foqru Yo %s do7p 6 A%As twork, which limits the introduction of new electronic
states. However, the CB peak close to 0.65 eV from the Er contributes to the high lon of 17.6

[K%ps#-sr %hgallium passivated AGNRFET (Ga-GNRFET). From Figure 5.2(0), the In-
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AGNR shows a bandgap of 0.93 eV with a CB peak at (3.27, 2.13 €V) and VB peak at (2.50,
-2.13eV). The symmetric positioning of peaks around the Er confirmsthat 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 el ements at the edge of AGNR provides more accessible states
for electrons in the conduction band as compared to P-AGNR. The AI-AGNR and Ga-AGNR
demonstrating the most favorable DOS profiles, which directly contributes to their superior

switching performance in the proposed passivated AGNRFETS.

T ransmission Cevlfaciend, TIE)
= o= e e de R R
Ll

-1 ] 1 1 3 4
Energy, E (e¥)

.
o

Figure5.3: 3D visual of transmission spectrum analysisfor pristine and passivated AGNRs[11]
Figure 5.3 depicts the 3D visuals of the transmission spectrum analysis for P [JAGNR and
.e passivated AGNRs. The transmission coefficient represents the probability of electron
transmission through the channel at agiven energy level. A higher value of T(E) near the Fermi

level indicates a greater number of open transmission channels, which directly contributes to
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enhanced electron transport. From Figure 5.3, it can be observed that the PTAGNR shows a
zero T(E) region around the Er, 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 del ocalized 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 PLAGNR. From Figure 5.3, the BLAGNR 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 placesthe CB edge closest to the Fermi level, making more transmission channels available
at lower energies, and also indicates that multiple transmission channels are ssmultaneously
active near the band edge. From Figure 5.3, the value of T(E) is higher in AITAGNR and Gal'!
AGNR as compared to PTAGNR and INCAGNR 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
overal transmission probability. In GarKQX] 247s %-soy %o Ar whu%ps=—ss A%vs %y 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, INCAGNR shows the
lowest maximum T(E) of approximately 0.39 among all passivated AGNRs. The reason isthat
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.
Thisconfirmsthat bandgap reduction al one 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 PLAGNR, with AICAGNR and Ga_’AGNR shows the most
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favorable transmission profiles, which isdirectly consistent with the superior lon and switching
performance observed in AILGNRFET and Gal GNRFET as discussed in the subsequent

sections.
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Figure5.4: (ae) Atomic structure of pristine and | cosagens group passivated AGNRswith 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 achannel material for |cosagen-passivated GNRFETS.

From the DOS analysis of |cosagen-passivated AGNR (N = 7), asillustrated in Figure 5.4 (f[
]), it can be observed that the passivation of Al, Ga, and In at the edges of AGNR (N = 7)

resultsin acomplete closure of the bandgap, with Eg=0eV for AITAGNR (N =7), Ga’ AGNR

146 (N =7), and INCAGNR (N = 7). This is confirmed by the presence of DOS peaks &t 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 isthat the P- AGNR (N =7) hasa
smaller bandgap of 1.09 eV as compared to P - AGNR (N = 4) (1.77 €V) as shown in Figure
5.4 (f). The smaller bandgap means P [IAGNR (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 BCLAGNR (N =7), areduced
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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Figure5.4(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 1cosagen group elements at its edges give rise to the metallic
nature for Al, Ga, and In. This metallic natureis unsuitable as a channel material for | cosagen-
passivated GNRFETSs. Therefore, AGNR (N = 4) is selected as the channel materia for the
present chapter, as it retains a well-defined semiconducting bandgap across all 1cosagen

passivation cases, which is the fundamental requirement for AGNRFET operation.

5.3.2 Switching performance and Analog Characteristics of Pristine and
| cosagen-Passivated AGNRFETSs

L= 7 nm; iy = 1 nmy Ly = 5 mam, Wiy = 0.5 Y
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Figure5.5: 14 [1V g characteristics of pristine and passivated AGNRFETs[11]
Figure 5.5 depicts the 14 [1Vgs characteristics of all proposed devices. The left side of Figure
5.5 illustrates the variation in the 14 on a logarithmic scale relative to Vgs, whereas the right
.a side of Figure 5.5 presents the linear relationship between 14 and Vgs. The logarithmic

representation of Iq against Vgs illustrates the loff In the device, which is used to calculate the
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SR, wheresas the linear variation of 14 with Vgs determines the lon and V. From the lq [1Vgs
characteristics, we can observe that the passivation of the Icosagens group improvesthe lo, and
decreases the lof. The reason is that the Icosagens group element passivation decreases the

bandgap, which facilitates the passage of electrons and holes between energy levels and

®0 increasesthe l4. Also, the passivation of the | cosagens group e ement increases the electrostatic

control of the gate over the channel, allowing for amore efficient transition from OFF to ON
states. From the lg [1 Vgs characteristics, we have caculated the important performance
parameters for proposed devices, including lon, loff, SR, and V. The variation in lon, lot, SR,

and Vi, parametersisillustrated in Figure 5.6 using a spider chart.

&P - AGNRFET lon (HA)
- =B« AGNRFET 20
~@— Al - AGNRFET
“ %= Gi - AGNRFET
~p= la - AGNRFE1

SR

Figure5.6: Comparative spider chart analysis of P JAGNRFET and passivated GNRFETSs. This

chart depictsimportant performance parametersfor devices, including l on, lof, SR, and Vi, [11]

From Figure 5.6, it can be observed that the value of lon is higher in the Al [TAGNRFET and
Ga ['/AGNRFET as compared with others. The higher value of lon is 18.4 and 17.6 pA for Al
1 AGNRFET and Ga [1 AGNRFET, respectively, as compared with other device

configurations. Also, the value of o reduced from 10-1° A to 10 A and 106 A for Al [
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AGNRFET, Ga [JAGNRFET, and indium passivated GS [JAGNRFET (In [JAGNRFET) as
compared with P - AGNRFET. The improved value of 1on and reduced value of lq 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 I of
and increases energy efficiency [17]. A lower value of SR shows a weaker state distinction,
which leads to increased lorf and poor switching performance [18]. A higher value of SR is
observed in passivated AGNRFETSs than in P [JAGNRFET. From Figure 5.6, we can observe
that the Al JAGNRFET, Ga [JAGNRFET, and In [JAGNRFET show higher values of SR as
compared with P [TAGNRFET. 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 V, which defines the lowest value of Vgs needed to turn on
the device. The higher value of Vi signifiesthe 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 alower value of Vi, but power efficiency may suffer due to increased lott. From

_155) Figure 5.6, it is observed that the value of V» ishigher in In [IGNRFET with a value of 0.84

V as compared with other passivated AGNRFETS. From the spider chart, it is observed that
the Al JAGNRFET and Ga [JAGNRFET show improved results in terms of lon, loff, SR, and

Vin, While In JAGNRFET shows improved results in terms of ot and SR.
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Figure5.7: gm versusVganalysisof AGNRFETs[11]

Figure 5.7 depicts the transconductance (gm) as afunction of Vs for al 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, gmis derived from the
derivative of the I4-Vgs curve. From Figure 5.7, it can be observed that Al [J/AGNRFET and
Ga [AGNRFET exhibit the highest transconductance values, particularly in the 0.6 [11.0 V
range of Vs, suggesting that these devices have superior carrier transport characteristics and
stronger electrostatic control. Thisis because Al passivation adds several available conduction

band subbands near to the Fermi level, which isverified by the two unique DOS peaks at (2.39,

79] 1.25eV) and (3.20, 1.66 €V) in the DOS study of AITAGNR. Thisincreases the rate of change

of the drain current with the gate voltage which leads to a greater value of gm. In Ga-
AQX] POb 24vs %-s0y% %0 A whuops=—ss A%y s %y orbital of gallium and py orbital of carbon

opens an extraparallel conduction path at the borders of the ribbon. Thislowers edge scattering

151

) . Anshul . . . .
Fu 1t urn |t]n age 201 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931



m .
Fll| ‘t rn |tjn Page 202 of 249 - Integrity Submission Submission ID  trn:0id:::29334:140635931

Chapter 5: Performance enhancement of Gate-n® o1 [] (1] []

and increases the number of open transmission channels. It can be observed from the gm
analysisthat AITAGNRFET and Ga' AGNRFET exhibit better carrier transport properties and
electrostatic control than other device topologies. These results are in direct agreement with
the higher lon —oz s26t%3B4 %K %Ar 78 A% K %Ar %s ps~=s 2ot~ witvo Adiis s ~ %+ 72%

reported in AICAGNRFET and Gal AGNRFET respectively, as discussed in the preceding

section 5.3.3.
500 | =il | . -'I.[.:H.Hl-i': I

2 —a— B - AGNRFET
L —m— Al- AGNRFET
o T —a—a - AGNRFET
= = In - AGNRFET

2 3

£

=

£ 20

=

-

£ 100

=

e

0.0 02 LR 0.6 L8 1.0
Gaate voltage, Vag (V)

Figure 5.8: Device efficiency analysis of P JAGNRFET and passivated AGNRFETs[11]

Figure 5.8 showsthe deviceefficiency anaysisof P TAGNRFET and passivated AGNRFETSs.
DE is a critical parameter that assesses the efficacy with which a transistor transforms Vgs
modulation into Iq, 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
a alower 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 INCAGNRFET switches ON at alower gate voltage.
From the spider chart analysis discussed in the Figure 5.6, the value of Vi voltage of In(]

GNRFET is0.84 V, which is the highest among all passivated AGNRFETSs. This higher value

152

- nshul N - :
Fa 1t LIrmniItiry Page 202 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931



': ‘t rn |tjr:| Page 203 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931
Chapter 5: Performance enhancement of Gate-n® o1 [] (1] []

of Vi in the INCAGNRFET requires the highest gate voltage to turn ON as compared to other
device configurations. The reason for the apparent high DE a ~0.4 V is that DE is
mathematically expressed as DE = gm/lq, and in the subthreshold region where the value of 14
is exponentially small, even a small value of gm produces a large gn/lq 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
deviceinits ON state. Further, PPAGNRFET shows the lowest value of DE among all device
configurations. Thereason isthat PLAGNR hasthe largest bandgap of 1.77 eV, which requires
a higher gate voltage before significant drain current flows, resulting in a slower 14 Vgs
transition and therefore alower gn/lq ratio across the entire Vgs range. The AITAGNRFET and
Ga AGNRFET shows dlightly lower peak of DE as compared to INCAGNRFET. Also, Al [
AGNRFET and Ga- AGNRFET shows high value of DE from 0.6 [11.0 V of Vs

5.3.3 Quantum Transport Properties Analyss of AGNRFETs:

Transmission Spectrum, PLDOS, and Transmission Pathways under
applied Bias

As discussed earlier, we have observed that Al [TAGNRFET and Ga [1AGNRFET show
improved results. In this section, we have examined the quantum transport properties analysis
for the proposed devices. These analyses provide crucia insight into device performance.

Figure 5.9 depicts the transmission spectrum analysisfor all proposed devicesat Vas =0V and

- o 0.5 V. The T(E) represents the probability of electron transmission through the channel a 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.

(ﬂ) TSat Vgs=0V

- 0,13

issionCoefficient

~0.26} |
i | ;
Fn_uum ~L S m_

S 0.9 Ga-. (;Mu-‘l-‘.'l‘l
0.6 :
03} |

030 [CJin - AGNRFETIE o

0.00
0.96 [[_1P- AGNRFET
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4 3 2 -1 0 1 2 3 4
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(b) TS at Vg = 0.5V
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0.48 e the
=024 1.3
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0.96 F|_|Ga - AGNRFET

s N M

0.96 FIRI Al - AGNRFET] |

Transmission coefficient,
=
£

,4-3-2-1;];23 4
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Figure5.9: Transmission spectrum analysisfor all proposed devicesat (a) Vas=0V and
(b) Vgs=0.5V [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 Vgs = 0 V. However, a distinction is observed in the proximity of
transmission peaksto the Fermi level among different device configurations. In PTAGNRFET,
AITAGNRFET, and Gar AGNRFET, thefirst 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 Er. In BCTAGNRFET and INCAGNRFET, 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 Er as compared to other device configurations. This closer proximity of transmission
peaks to Er in BCIAGNRFET and INCAGNRFET 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 Vgsisvaried from0to 0.5V, thereis
ashift in Er corresponding to the left and right electrodes, denoted as E. and Er respectively.
From Figure 5.9(b), it can be observed that there is no transmission peak available for All]
AGNRFET, Ga_AGNRFET, and INnCAGNRFET intherange of EL. and Er at V4s=0.5V. 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 AITAGNRFET, Ga ' AGNRFET, and In[]
AGNRFET as compared to PLAGNRFET. The reason is that the passivation of heavier
| cosagen el ements 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 channelsin 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 PTAGNRFET.
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Figure 5.10: Projected density of statesanalysisat Vgs=0and 0.5V for (a, b) P - AGNRFET, (c,
d) B [JAGNRFET, (e, f) Al TAGNRFET, (g, h) Ga J/AGNRFET, and (i, j) In JAGNRFET [11]

Figure 5.10 shows the contour plot of the PLDOS at V4s = 0 and 0.5 V. The contour plot of
PLDOSat varied V gs provides crucial insightsinto the transport properties of proposed devices.
The PLDOS isgenerally depicted asafunction of energy and position withinthe GNR. PLDOS
is used to illustrate the contribution of various orbitals to the density of states. Each contour
linein Figure 5.10 represents a distinct energy level, whereas the intensity or color gradient of
the contour lines indicates the density of electronic staies at that energy level. From Figure
5.10(a), we can observe that at Vgs = 0 V, P [TAGNRFET shows a uniform distribution of

PLDOSinasingle color (blue color), indicating minimal perturbation in the energy levels and

'-T 'tL.lFI'IItJHA
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a balanced system. Also, the EL and Er are aligned on the same level at 0 eV. Further, when
theVgsarevaried from0to 0.5V, thereisashift in EL and Er, which evident the redistribution
of electric charge asillustrated in Figure 5.10(b). The shiftin EL and Er at V4s=0.5V isequd
for al device configurations asit 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
(©), (e), (g), and (i), we can observerthat at V4s= 0V, 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 [J
AGNRFET (- 0.5eV and + 0.5 eV, respectively), as observed in Figure 5.10(f). the reason is
that the stronger gate coupling arising from sp? hybridization between aluminum and carbon
edge atoms. This shift makesit evident that the redistribution of electric chargeis higher in Al
- AGNRFET. Moreover, in Figure 5.10 (h) and (j), it can be observed that the In TAGNRFET
has uniform PLDOS distribution, whilein Ga [TAGNRFET, the contour plot of PLDOSreveals
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 Vgs.
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(a) Transmission Pathways of P— AGNRFET
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Figure5.11: Transmission pathways analysis of (a) P [/AGNRFET, (b) B [/AGNRFET, (c) Al [

AGNRFET, (d) Ga /AGNRFET, and (€) In [JAGNRFET [11]

Transmission Pathways is an analysis that divides the transmission coefficient into local bond

®0 contributions, Tij. The TP is correlated with the possibility of an electron tunneling from the
source el ectrode to the drain electrode in the GNRFET device. Also, TP analysisis a crucia

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
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the TP, while the color indicates the direction of TP asillustrated in Figure 5.11. In the Figure
5.11(a), for the P [IAGNRFET 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 TPislower in P [JAGNRFET. From Figure 5.11 (b - €),
it can observe that the passivation of |cosagens 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 TAGNRFET and Ga [TAGNRFET 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 INCAGNRFET 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 GSAGNRFET

configurationsin thisthesiswork
Table 5.2 presents the comparative performance summary of all proposed GS-AGNRFET
configurations studied across Chapters2to 5intermsof Lg, tox, AGNR channel material (N),

edge passivation atom, on-current, off-current, and switching ratio.
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Table5.2

Compar ative Performance Summary of All Proposed GSSAGNRFET Configurationsin this
thesiswork (Chapter 2 [15)

Propaosed

Devices

AGNR
Lg to«  Channel
(nm) (nm) Material

Edge
Passivating
Atom

I on

P
AGNRFET | 5 | 1 | N=4 | Hydrogen 1j0<2 74)>AD7 6% _5xqp
(Ch.2)
B U 2.54 | 7417601
AGNRFET | 5 | 1 | N=4 | Boron > N & (76
(Ch.2)
N 8.37
AGNRFET | 5 | 1 | N=4 | Nitrogen | © 9.13x 10 | 9.16 x 10°
X
(Ch. 2)
GS-AGNR 014
(N=)FET | 5 | 1 | N=4 | Hydrogen | 7 |74(761°A | 5.22x10°
X
(Ch.3)
GS-AGNR (N 011
=7)FET 5 1 N=7 Hydrogen K 6BCG%K 37
(Ch.3)
GS-AGNR (N 012
=1)FET | 5 | 1 | N=10 | Hydrogen | —° | 8&:%K 48
(Ch.3)
GS-AGNR (N 021
=13)FET | 5 | 1 | N=13 | Hydrogen | o | =48%K 3.9
N=13 (Ch.3)
A4 Device _ 0.66 | : 47076
(Ch.4) 5 1 N=4 Hydrogen K A 1.47x10°
A7 Device _ 3.86 | 94/>[176[11%
(Ch.4) 5 1 N=7 Hydrogen K A 788760
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AGNR

Proposed Lg tox  Channe E_dge.
Devices (nm) (nm) Material Passivating | len
Atom
P 1.06 | 1.49 x 7612
AGNRFET 7 1 N=4 Hydrogen ) ' 0.71 x 10*
'K A
(Ch.5)
BIAGNRFET _ 2.54 1.74 x16(11%
(Ch.5) 7 1 N=4 Boron X A 1.45 % 108
ALl | 0.77x10°
AGNRFET | 7 | 1 | N=4 | Aluminium 1&4 e ; =
(Ch.5)
Gal!
AGNRFET 7 1 N=4 Gallium 1:7['<6 1'36;761:& 1.29 x10%°
(Ch.5)
Int? 1.93 |5.43x 76019
AGNRFET | 7 | 1 | N=4 | Indium Sl R 0. 35 x 101
(Ch.5)

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 al proposed device
configurations across Chapters 2 to 5, the AITAGNRFET demonstrates the highest value of
lon 6t 7034 Yok % An %o dom AvgoA?” U6 r . gst %orr Of 2.37x10™°A and aSR of 0.77x10'Also,
the GarAGNRFET closely follows with an lon 6t%A%K 26yt 6t%H>[176 MK 26 %] %t%

TRC 766 vs BATAGNRFET shows the lowest value of 1o 6t%4 9776 %K %ut the value of
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lon 1S 6t749%K is relatively lower than AITAGNRFET and Gal 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 el ectrostatic 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

AITAGNRFET emerges as the most balanced and promising device configuration in terms of
the lon, loff, SR, transconductance and improved quantum transport properties. The improved
findings of Al TAGNRFET makes it asuitable choiceto use as atoxic gas sensor. The reason
isthat a gas sensor requires a high value of lon, avery low value of 1o, and a higher value of
SR to ensure alarge 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 JAGNRFET is used as a toxic gas sensor to extend

thiswork as an application of gas sensor in the Chapter 6.

54 SUMMARY

- @ In this chapter, the EH model with SCF iterationsis employed to investigate the effect of edge
passivation by Icosagens elementsin the channel material of GS -AGNRFET. The passivation
of Icosagens elements at the edge of bulkconfigured P [1 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 electronsin

the CB and VB. Additionally, transmission spectrum analysis demonstrated that Al, Ga, and
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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 elementslike
Al, Ga, and In makes AGNR (N = 7) metdlic in nature which constraints its use in
semiconducting applications. Further, the effect of |cosagens group element passivation in the
channel material of the GS - AGNRFET with AGNR (N = 4) shows significantly increase in
lon (from 1.06 pA to 18.4 pA in Al [JAGNRFET), reduced o (from 1.49 x 10° A t0 5.43 x
10 A in In [JAGNRFET), and better value of SR (from 0.71 x 10* to 0. 35 x 109 for
passivated AGNRFETSs as compared with P [JAGNRFET. The analysis of transconductance
and device efficiency shows the higher value of gm and DE in passivation with heavier
| cosagens group elements (Al, Ga), which signifiesthat Al [TAGNRFET and Ga [JAGNRFET
have stronger electrostatic control and better electron transport. The quantum transport
properties analysis in terms of TS and PLDOS at varied Vgs provides a unique idea for
analyzing device performance. Further, the PLDOS contour plot anaysis 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 eectron tunneling from source to drain is higher. Owing
to fast switching, low loff, and improved parameters like gm, DE, PLDOS, TP, and TS, Al [
GNRFET and Ga [IGNRFET are suitable candidatesfor highspeed 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 [J
AGNRFET shows improved resultsin terms of lon, loff in Al JAGNRFET And SR. Following
a comprehensive analysis of all proposed device configurations, it is necessary to address the
gas sensing application using the AITAGNRFET device. Therefore, to investigate the gas
sensor application suitability, the present work will be extended to develop atoxic gas sensor,

which will be the primary focus of the next chapter.
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CHAPTER

Aluminium-passivated Gate-Stack Armchair Graphene
Nanoribbon FET as a gas sensor for toxic gases

0 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.

0 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 smulation.

0 The bulk configured analysis shows that the Al-AGNR exhibits stable physisorption
2 ETE Ty Cy R A AF A r y (CABA r (' ey T e TP e Qo U (
L (D) (' -y "(BBA) (G ¢ (T DDAy (G
higher than the P - AGNR.

0 The device analysis of the proposed Al-AGNRFET shows Ion-based sensitivities of
85.14% for NO2and 7.03% for NH3, and SR-based sensitivities of 99.86% for NO- and
99.47% for NHa3. Also, the proposed device also shows opposite Vi shifts of +0.15 V
—y "(TIABA(r (m*(i j 2 and NHa, respectively, which further confirms the selectivity
response of the device.

0 Moreover, the selectivity coefficient is calculated using lon-based sensitivity that
reaches 12.12 when NO: is treated as the target gas, which confirms the strong
selective detection of NO2 in the presence of NHa.
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6.1 INTRODUCTION

The Foiiw %k . A=A02v 050 A2 #A0AwoH A%Ar %. B~ Wob AT 07 (2% 0% 024w Ao A %
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 NO- is areddish-brown gas. It is mainly
produced through combustion processes [3]. The short- and long-term exposure to NO> can
damages the cardiovascular and respiratory systems [4]. The NHs 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 e ectrochemical
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 trandlate surface charge

modulation directly into measurable variations in threshold voltage and drain current, enabling
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enhanced detection performance at low concentrations. With the advancement of
nanotechnology, low-dimensional materials such as carbon nanotubes (CNTSs), 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
JJAGNR. In our previous Chapter 5, the Al JAGNRFET exhibits higher value of on current,
significant reduction in off current, and better switching ratio among all 1cosagens-passivated
configurations [13]. The improved findings of Al JAGNRFET makes it a suitable choice to
use as atoxic gas sensor. The reason isthat agas sensor requires ahigh value of lon, avery low
value of I, 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 JAGNRFET as a nanoscal e 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

170
Anshul

—
= turmitin Page 220 of 249 - Integrity Submission Submission ID  trn:oid:::29334:140635931



—_
Fy ] ‘t Lrn |tjr:| Page 221 of 249 - Integrity Submission Submission ID  trn:0id:::29334:140635931

Chapter 6: Aluminium-passivated Gate-n® ‘o[ 1[] 9

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, l4 [1Vgs
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 AI-AGNRFET as a toxic
uot%4s AH2em A% Yevs % 0557 4L g %6t %KY %A YXR 20% 65q. %68 Yevswo
interaction with the AI-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 AI-AGNR (N = 4) channel region of the proposed device. The
bulk configured AGNRswas modelled by repeating the unit cell 4 timesaong thez Cidirection.
A vacuum layer of 20 A was applied along the z [ direction in order to prevent from the
interlayer interactions. Thetop inset view of Figure 6.1 r stivt%s %0~ W% g~ A%t %7s KY Yo
~ 053q. BAKY %0 Abart%t %As Bwdus A5~ U0 Ar st % ww%—6% " us A%Y /%~ + The bottom
inset of Figure 6.7% siivg=%ws %5~ WAL g~ #4%t%vs %X R % 65q. PXR 960 Atwr9%t% As %o
nitrogen atom bonded with three hydrogen (H) atoms in a pyramidal configuration. The Al -
AGNR (N =4) isused asthe 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 x 108 e/lcm3. Further, the AI-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 aLaAlOs high- %% s72/4 %%
30) and aSiO, whsAoqws” 2% %A Mvs %W 2 layer maintainsthe effective oxide thickness
and improves device stability. The total oxide thicknessis 1 nm. The gate length (Lg) is7 nm
and the length of source/drain length is5 nm each. Overall, the Figure 6.1 shows the schematic
representation of the proposed AI-AGNRFET gas sensor along with the graphical illustration

of gas molecule interaction in the channel.

Tuteraction of NO, in the o
T channel of the proposed deviee i Priveime Al AGNRFET
‘ Propose ‘ [/ad 3 :-.\I-A:wiu'r.l with ML i @9 2010
FOQ0tp e A-AGNRFLT witnoy S s
o & =
= Wr - = it
Toxic gases release x 1 157107 »
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osed device
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Figure6.1: Schematicillustration of the proposed AI-AGNRFET as a nanoscale sensor for NO:

and NHs toxic gas detection
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6.3 SSIMULATIONMETHODOLOGY

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 cdculator 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 [TAGNR and its interactions with NO2 and NHs. The reason is that
s YdQ#Aw ~ sMPb - N9 9%0ys A%As %40 Abw s 70750 A% %qq0 . A%y s W ander Waals interactions
between the gas molecules and the targeted sensing material [14]. Also, all geometries with
gases are optimized using LCAO [1PBE with Grimme DFT [1D3 model. The parameters that

used in the LCAO-GGA framework are tabulated in Table 6.1.

Table6.1
Computational Parametersfor 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 1x1x100
Maximum Steps 100
Step Size 0.01

In the second part, to perform the device-based analysis Extended Hickel 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 caculations 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 istabulated in Table 6.2.

Table6.2
Computational Parametersfor Proposed Device Configuration

Computational model Extended Huickel model
Basis set Hoffmann
Fitted parameters Huckel Hamiltonian parameterization
Temperature and Fermi [ Dirac broadening 300 K
Boundary conditions MultigridLtype Poisson solver
K Lpoint sampling 1x1x100

6.4 RESULTSAND DISCUSSIONS

In this section, the sensing performance of the proposed AI-AGNRFET deviceis 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 AI-AGNR is
performed. This includes the comparison of total free energy, adsorption energy, recovery
time, bandgap, conductivity, and sensitivity upon NO2 and NHz adsorption. Based on these
results, it is concluded that the AI-AGNR shows superior sensing performance compared to
the P-AGNR. Then, the AI-AGNR is used as the channel materia in the proposed GS-
AGNRFET device. The device-level andysis is performed in terms of 14-Vgs transfer
characteristics, transconductance, and projected local density of states, sensitivity and
selectivity analysisin the other two subsections.

6.4.1 Comparison of bulk configured P -AGNR and Al — AGNR for NO-
and NH3 gas detection
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Thetotal free energy of all bulk configured AGNRsistabulated inthe Table 6.3. To investigate
the interaction between NOz, 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 NHz and NO; are adsorbed
at adistance of 2.17 and 2.67 A, respectively from, the edge site. The most stable arrangements
of gas molecules adsorbed on a materia 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 vaue of
free energy indicate that all the adsorbed systems are thermodynamically stable. Based on the
comparison, we have found that the Al JAGNR is more thermodynamically stable than the P
JAGNR.

Table 6.3
Total Free energy of all the systems

P TTAGNR -5478.26991
NO: -1179.01151
NHs -330.41409
P TAGNR + NO: -6655.81461
P JAGNR + NHs -5805.33081
Al TAGNR -21902.55453
Al TTAGNR + NO; -23082.086042
Al TJAGNR + NHs -22233.09111

Further, in order to determine the strength of the interaction between the gasand Al [/AGNR,

P [TAGNR, we have calculated the adsorption energy (Eads) using Eq. (6.11). The adsorption
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energy isthe amount of energy that is released or absorbed when a gas molecul e contacts with

the surface of a sensing material [17]. Mathematically, the Exgs is given as[18]:

Eads = Ematerial with gas ~ Ematerial without gas™ Egas (6-11)

where,

- total free energy of material in presence of gas molecule

Ematerial with gas

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 Eags suggested that the adsorption of NO. and NH3z onto the P [TTAGNR was
chemisorption, whereas the adsorption of NO> and NHsz onto the Al 1 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 [TAGNR rather than the P TTAGNR. Also,
the Al -AGNR with NO shows strong adsorption rather than the Al [1 AGNR with NHs.
Kr r wiid Aoz2” 245 %505 %0 . A % . 2%vs % qo—s 7 Yo s Ud7%4vs Yaots b vs % qO—s 2 Yaw s %l /%%
defined as the time required for the gas molecule to desorb from the surface of the sensing
material after the source of gasisremoved. It is calculated using the transition state theory and

d oAZ=Hoff CArrhenius equation, as follows [17]:

—E 6.12
T= vo_lexp( kBaY("iS) (6.12)
where,
Vot - 10 s, attempt frequency
kg - Boltzmann constant, 8.617 x 10° 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 - KQX] %84 %36 T2%4%627KY [%Ar 9947 % %36 I4%07A7KR [124-~vwqv b wos 1%V 4072’ %
unrealistic values. This confirms that no stable adsorption of gas molecules occurs on the P -
AGNR surface. However, the values of recovery timesin the Al-KQX] %4 %26 [ 1%62XY %
0Ar V47 %756 1242452 R (1266 At vt~ sopzs Kehes 700rw A%t %602% 675 q. 2% A%s%. #0gs %t K24
KQX] 2K z624s % q0—s 2 %w s %t %4 %76 [H62KY (% soA%0%he Al-AGNR based sensor
can be operate stably for a measurable duration, which is suitable for practical gas detection.

Table6.4
Adsor ption energy and Recovery time of all systems

2.4 % 10°%

+3.35 3.1x10%
-0.52 5.4 x 104
-0.12 1.1x10%

b vs %000 A% s YpoAr uoli 260 Ar . qrw W % 1 26Ar Us Aswivw Ya /%t %s %% 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 NO- adsorption,
the bandgap decreasesto 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 increasesto 0.18 eV with
NHa. Thisis due to the donor nature of NHs, which adds electrons to the P- AGNR. The Al-
AGNR shows a bandgap of 0.31 €V. The NO> adsorption in the Al [JAGNR deceases the
bandgap to 0.20 eV and with NHz adsorption, it becomes 0.27 eV. The bandgap directly
governs the conductivity of the AGNR materia through the mathematical relation as follows

[19]:
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—E 6.13

e (.7) o
Bandgap (eV)
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Figure 6.2; Spider chart for bandgap, conductivity and sensitivity analysisfor all systems
From Eqg. (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 agas
sensor is the ability of the sensing material to produce a measurable change in its electrical
properties when in contact with atarget 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
sengitivity of a gas sensor is shown to be directly dependent on the change in electrical
conductivity of the detecting materia following adsorption of gas. Thisis 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]:

(0 - 0’) (6.14)
S= — ) x 100%
o
where,
0 - Conductivity of system in presence of gas molecule
o+ - Conductivity of system in absence of gas molecule

Also from Figure 6.2, we can observe that the value of sensitivity of P-KQX] %%7C+ %KY %
olr DA %S5KR (4R 6—s—s72%7s Kz K QX Uvo—=26%s At w? %Gt 49>+ AHRKY [%6Ar 787>+ Y%
t677KR (@b vss %0z 5% BD>%Ar %t Yaw s1%wivs 24 0AVZ-AGNR, respectively. From the
above bulk configured analysis, the authors observed that the AI-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 AI-AGNR is
selected as the channel materia for the proposed GS-AGNRFET device. In the next section,
the gas molecules of NO. and NH3 are adsorbed at the edge sites of the AI-AGNR channel

material to analyse the device-level sensing performance.
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6.4.2 Devicecharacteristicsanalysis. AI-AGNRFET as a Gas Sensor

10 F :
L == Al - AGNRFET withowt gas
I F =a= Al-AGNRFET with MH3

’-'}-ﬁ i Al - ALNHEET widh S0p2

1’

20107

15107

10107

Drain current, Ig (A)

5010

Drain current, log 14 (A)

0.0 0.2 .4 .6 .8 1.0
Gate voltage, \““5 (V)

Figure6.3: Transfer characteristics of the AI-AGNRFET without gas and with NO:, and NH:
gasesat Vgs=0.5V

Thetransfer characteristics of the AI-AGNRFET without and with gas molecul es are depicted
in Figure 6.3. The Vgsisvaried from0to 1V at constant Vgs = 0.5 V. The left y-axis shows
the logarithmic scale of Iq and the right y-axis shows the linear scale. The channel of the
proposed device is an intrinsic (undoped) AI-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 1on WoAB=2%%6 1%
A, the lorr w289 A%6 TUK 26Ar %rs %] %264ABY% 786 142K 2% AGNRFET without gas. The
significance of the I4-V gs characteristic curveisthat 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 14-Vgs curve indicates a change in the Vi, which is the primary
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sensing mechanism of the proposed device. From Figure 6.3, the authors cal culated the shift

in the Vi value.

0.20 ¢

Change in Vi (V)

= =2 =2 = =
= = = -
h = h = A

=
=

-0.15

+0.15Y¥

-0.10'Y

Al - AGNRFET with NOz  Al- AGNRFET with NHjy

Figure 6.4: Changein the Vi, value after NO2 and NH3 gas adsor ption

The changein the Vi isillustrated in Figure 6.4. From the Figure 6.4, the value of V', 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 Vin w%vs %0 0280~ 4%t KR 26 vs AR [%2%r t67pst %A%y s Wl K zAGNR

channel, it donates electrons to the channel material. Thisincreases 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 ~ AA%A%s Y —wgs A v %'s i 2041~ A%t K Y (%A% s % 2%A GNR channel material,

increase the value of Vinto 0.70 V by a shift of + 0.15V in V. The reason for the change in

V ith W% 0~%s %r 101~ A%t K Y (%A% s Sheahiw’K zAGNR 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
voltageto turn on the device. The opposite shiftsin the value of Vi confirms the dual-direction

sensing response of the device.

7108
== Al - AGNRFET without gas
= Al - AGNRFET with NOy

== Al - AGNRFET with NHjy

=8
b4
-
b
]

5:4]“'5

4x107

3«10

=10

Transconductance, g, (5)

il

]

0.0 0.2 0.4 0.6 0.8 1.0
Gate voltage, Vag (V)

Figure 6.5: Transconductance analysis of the AI-AGNRFET without gas and with NO-, and
NH; gases
Figure 6.5 depicts the transconductance analysis for AI-KQX] POb %wd. 24094 %-wy XY 2o

oAr YXR [Yhiots /b 70Atqo Ar . qroAqs % stwhs1%%6vs % s—wis 2Ygotiopvew’ %66 %o~ izt Yew Aozt %6 Ar %o
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 AI-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 NO. 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 NHs
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dightly 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 AI-AGNRFET. Figure 6.6 depicts the projected local
density of states (PLDOS) analysis of the AI-AGNRFET (a) without gas, (b) with NHz and ()

with NOz at Vgs=0.5V.

(a) Al-AGNRFET without gas

20 A
~ Left Fermi Level
Right Fermi Level qo 004429

10.003358

0.002432

0.001653

. ev-1)
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0.000533

0.000192

~0.000002

0.01269

+0.00986

0.00740

10.00528 o

-ev-

-0.00352

Energy (eV)

0.00211

LDOS (A3

0.00105
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(¢) Al-AGNRFET with NO,

.0 01382
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o 0.00806
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-ev
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Energy (eV)
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-0.00001
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Figure 6.6: Projected local density of statesanalysis of the AI-AGNRFET (@) without gas, (b)
with NH3z and (c) with NOz at Vgs= 0.5V

The contour plot of PLDOS at V¢s = 0.5 V offers the important information on the transport
properties of the proposed device and itsinteraction with gas molecules. The PLDOS isusually
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, especidly at the Fermi level. From Figure 6.6 (b) and (c),
theintensity of color becomes stronger and al so the magnitude of LDOS increases. This change
inthe color intensity and the LDOS signifiesthat the Al TAGNRFET deviceishighly 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 AI-AGNRFET demonstrates superior gas sensing

{is#6£ 0Ags %OApO~vKY A TR [Ho-%s~s v A4

6.4.3 Senditivity and Selectivity analysisof the Al - AGNRFET

In this section, the sensing performance of the proposed AI-AGNRFET eval uated through three
sengitivity metrics defined in terms of the Vi, lon, 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]:

(6.15)

X, . - X, .
S — ( (with gas) (w1th0utgas)> % 100%

X(without gas)
Rs#4 245 % - %E [%%%s %s—wgs %070~ 55 2% #- 2%t % tn, lon, OF SR. From Figure 6.7, we can

observe that the values of Sy, Sgon), and Ssr) for NO2 are 27.27%, 85.14%, and 99.86%,

respectively.

I S,

= £ E

-

Sensitivity, 5 { in %)
=

7

0
Al- AGNRFET with NH3 Al - AGNRFET with NO2

Figure6.7: Bar plot representation of sensitivity analysisin terms of Vin, lon, and SR for NO-
and NH3 gasadsorption at Vgs=0.5V
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The reason for high Syon) and Sisr) is the acceptor nature of NO2, which withdraws asignificant
number of electrons from the AI-AGNR channel and reduces the carrier density. This causes a
large drop in lon and a corresponding change in the SR. While in case of NH3 adsorption, the
values of Swith), Sqion), and Ssr) are 18.18%, 7.03%, and 99.47%, respectively. The reason for
low value of Sqon) is the donor nature of NH3 gas. It donates electrons into the channel and
slightly increases lon as compared to its baseline value (without gas), resulting in only a minor
change in lon. It is to be noted that the lo-based sensitivity is not included in the present
analysis. The reason is that the value of Il changes by two orders of magnitude upon gas
adsorption (from 2.37 x 10 '® A t0 2.58 x 1014 A for NO, and 4.14 x 10 1* A for NHs), which
gives unphysically large sensitivity values exceeding 10000% for both gases. From the above
analysis, the authors observed that the lon-based sensitivity shows the largest contrast between
NO2 and NHs, while the SR-based sensitivity saturates near 100% for both gases due to the

dominant variation in value of lqf.

=l Kgc (NO7 as target gas)
1.6 =@~ Kgc (NH3 as target gas)

SR - based 1.2 lon - based

Figure 6.8: Selectivity analysisfor NO, and NH3 gas adsor ption
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Further, the selectivity of a gas sensor that defines the ability of the sensor to distinguish a
target gasfrom an interfering gasis 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) t0 that of the interfering gas (Sinterfering gas) [23, 24]. The value of Ksc > 1 confirms
that the device sel ectively detectsthe target gas over theinterfering gas, while Ksc = 1 indicates
no selectivity between the two gases [23]. The selectivity anaysis in the present work is
performed only for Vi, lon, and SR-based sensitivities as shown in Figure 6.8. From the Figure
6.8, we can observe that when NO: is treated as the target gas, the values of Ksc are 1.50,
12.12, and 1.00 for Vi, lon, and SR-based sensitivities, respectively. The highest value of Ksc
is obtained for lon-based sensitivity, which means that the proposed AI-AGNRFET is 12.12
times more sensitive to NO, than NHz in terms of on current variation. Thereason for thislarge
value of Ksc isthe opposite nature of charge transfer between NO. and NH3z with the AI-AGNR
channel. The NO2 withdraws electrons from the channel and reduces lon drastically, while the
NH3 donates electrons to the channel and keeps the value of lon close to its baseline. This
opposite effect on lon forms the physical basis of the selectivity. While in case of NH3z as the
target gas, the values of Ksc are 0.67, 0.08, and 1.00 for Vi, lon, 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 NHz 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 thetwo gases.

From the above analysis, the authors observed that the lon-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 NO- gas. From the above comprehensive analysis, the
authors observed that the proposed Al-KQX] POb %vo—=% iisAb7%ss o A%t K'Y [%-s2KR (%
oqH26724s A% oro~ s DY —whu %5 % s % v 2w AT AWt XY [%-w %or 20%) 0.52 eV),
higher bulk sensitivity (736%), larger positive threshold voltage shift (+0.15 V), higher lon-
based sensitivity (85.14%), reduction in peak value of transconductance, and the lon-based
selectivity coefficient of 12.12. These results confirms that the AI-AGNRFET as a highly
155w s %0 Ar %s Atvns VR0 Ad+qozs Vs At74027K Y (% s i A%y s Yizs s Ags %6t VX R [%6226A%
interfering gas.

6.5 SUMMARY

This chapter investigates the performance of the proposed AI-AGNRFET as a nanoscale gas
15 A6 7% s Yos s v A%t %KY [%Ar KR (2 this chapter, the two-step simulation methodol ogy
isemployed, the LCAO-GGA for bulk configured analysis and the EH model with NEGF-SCF
formalism for device-level simulation isused. The bulk configured analysis confirmed that the
P-AGNR shows chemisorption with positive or 46i~% A% AsA1w%6t % 74 A%d %0AXY [%Ar %
199=%d %7K R [y v w1077 YLt 0w s G057 %ove 4%t Bk Y6 [TIASGAr B YoTh6 [T1%Y/o
respectively. This confirms that P-AGNR is not suitable for practical gas sensing. In contrast,
the Al-KQX] %vO—2240pz %y 1w A1~ A% v %8s uomwwes %6r 20741~ A% As A1w=19%t % 64-8%d %57
XY %A %647 8%d %SA2KR (Do wy %oy 1m022” % s 0AwAIL . A qO—s7 %o s2%t %t %976 T6A T %o
[ O%6 [ 11%24siis s 2”4 vs %s Atwww %0z S296t 80>+ AHAKY [2%6Ar 7>+ AHAKR [%o-vwgv s Yo
3.36 and 6.6 times higher than the P-AGNR, respectively. Based on these superior bulk

configured results, AI-AGNR is selected as the channel material for the proposed GS-
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AGNRFET device. In the device-level analysis, the intrinsic AI-AGNR channel of the
proposed GS-KQX] POb %vo—=%% wswhqrds Atwhn 9% 116 Ats %116 A% o1%r 26i~6 A vs VX R (%o
adsorption causes a left shift in the 14-Vgs curve with Vi, decreasing from 0.55 V to 0.45 V.
bvsKY [%ir A1 A%o. 45 2%y w%w%b thincreasing to 0.70 V. These opposite threshold
—dz0us UV W%t % 64769 %A % 641=9d %0 Atwk- %vs% . ozdirection sensing response of the
proposed device. The lon-based sensitivity is 85.14% for NO. and 7.03% for NH3, while the
SR-based sensitivity is99.86% for NO. and 99.47% for NHa3. The value of Ksc using lon-based
sensitivity reaches 12.12 with NO> as the target gas, which confirms that the device responds
12.12 times more strongly to NO. than to NHsz in terms of on current. Further, the
~oAq0 Ar . qroAgs %oz 2wy 6—=2% 0-ZK R [%hqis os1%'s Y (1S 0y Xed~ HABYaTh0 [1%% PA=%16 1%
a Povs VXY (% FodswozZ” YT . qs AN %6111 W 0587’ %d 5% Va6 1% 4b vs YEVNY a %07 +4%%
qo At vt 19670 VX R (% Awd#- 72 Yows2%6vs YevoARs ZVNY a %66 %64 78>C% [18d [126—~vws XY Y%
introduces a new localized acceptor band at approxw 057’ %64 =%d %-wwANY a %t%4H79B8%
! [Isd @K% s—ws-level results are fully consistent with each other and with the bulk
configured analysis. The opposite response of the AI-AGNRFET to NO. and NH3 across all
sensing parameters along with the high lon-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 AI-AGNRFET is a highly
sensitive, selective, and reliable nalb1qozs %s AtH2467% s ¥~ g0 A%t K'Y [%Ar KR [toxic gases
at room temperature. Overdl, this chapter establishes the AI-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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CHAPTER

Conclusion, Social I mpact and Future scope

0 Thischapter summarizes the research contributions discussed in the previous chapters
of thisthesis.

0 Also, the societal implications and practical importance of the proposed devices and
gas sensors are explored.

0 Finally, thischapter describesthe 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 area 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 thisregard,
the different engineering schemes and the advanced FET structures, such as SOl MOSFET,
TFETsand 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 afactor of about
213 over conventional GNRFET. When the temperature is raised from 250 K to 350 K, lon
reduced by ~48 %, SR degrades by 98 %, SSrisesby ~ 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 13" and 15" group
elements. Boron passivation reduces the bandgap and raises the PDOS near the Fermi level,
loff reduced by ~ 7.8 x 10° times and Ion goes up by ~ 139 times relative to P-AGNRFET, and
the SR improves from ~ 7.1 x 10° to ~ 1.45 x 108 Overal, Chapter 2 systematically
demonstrated that gate stack dielectric engineering, temperature-dependent analysis, and edge
passivation play acrucia rolein governing the el ectrostatic 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 materia is analyzed in Chapter 3. The Chapter 3 investigates the influence of
channel width engineering on the electronic and quantum transport properties GSSAGNR FET
using a semi-empirical density functional theory framework combined with Slater [1Koster
DFT based model. AGNRs belonging to the 3p+1 family (N = 4, 7, 10, and 13) are
systematically analyzed. The resultsreveal astrong inverse relationship between AGNR width
and bandgap, with the narrowest ribbon (N = 4) exhibiting the largest bandgap (~1.98 €V),
suppressed DOS near the Fermi level, and enhanced transmission control. When the AGNR
(N = 4) implemented as the channel materia in a gate-stack architecture, the GSSAGNR (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 spectraunder varying
drain bias, along with PLDOS and el ectrostatic potential profiles, further confirm superior gate

control and reduced leakage for narrower channels. Overal, 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
W 70~ AN WGV olims AP Vs 75 17 240 At 75 %s Yos—wgs (2% Zwop v ZEEEG: QW% iz %Yo
device modelling with different ssmulation 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
020~ 1. A AozZ” Bt twpws Acddzrs Ao~wes P vs APy s i ts rdit %o %X (447 s W oAks 24 ors Ao
for the performance of GS-KQX] POb %245 r.wr £ vs %voAus Wh%4s %0z s %t %X e~ %% %3
improves lon by 481 times, reduces los by 99. 92%, improves the SR, reduces Vi 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
~vs I A¥s—wgs (1% wopwew’ ¥67246—power applications, making it an excellent candidate for use
in energy-efficient electronics, biomedical devices, signal amplification, and sensors. Overal,
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 el ements, namely Al, Gaand In, in the context of GS-
AGNRFET edge passivation remains unexplored in the literature. To addressthis research gap,
the performance investigation of all Icosagens group elements using the Extended Huickel
model are investigated in Chapter 5. The passivation of Icosagens elements at the edge of
bulkconfigured P [JAGNR significantly enhances electronic and transport properties. This
includes a decrease in bandgap and improved DOS anaysis. Additionaly, TS analysis
demonstrated that Al, Ga, and In passivated GNRFETs have higher electron tunneling
probability, further enhancing device performance. Also, the effect of Icosagensisanayzedin
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 constraintsits usein semiconducting applications. Further, the effect of |cosagens group
element passivation in the channel material of the GS - AGNRFET with AGNR (N = 4) shows
significantly increasein lon (from 1.06 pA to 18.4 pA in Al [JAGNRFET), reduced loff (from
1.49 x 10° A t0 5.43 x 10'%® A in In CAGNRFET), and better value of SR (from 0.71 x 10*
to 0. 35 x 10') for passivated AGNRFETSs as compared with P AGNRFET. Owing to fast
switching, low lqf, and improved parameters like gm, DE, PLDOS, TP, and TS, Al []
AGNRFET and Ga [JAGNRFET are suitable candidates for highspeed logic, low[power
memory devices, quantum computing in space exploration, and neuromorphic computing
applications. Additionally, on comparing all proposed devices from Chapter 2to 5, the Al [
AGNRFET showsimproved resultsintermsof lon, l0ff in Al TAGNRFET And SR. Following

a comprehensive analysis of al proposed device configurations, it is necessary to address the
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gas sensing application that isthe final objective of the thesis using the AICAGNRFET 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-
KQX] POb %:96°80A5-q0zs Asot24s A2t 74%7s %s s e A%t Y [%6Ar KR [ B8A% 2y oiims 727575 %o
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
s AsAwA%5t %74 A% %KY (%A %9D=%d YK R [ 2hvw By 13072 %els 02w GO —5 2 % $1%
Ot%4 %736 [IHGA %47 %756 11424 His ctively. This confirms that P-AGNR is not suitable for
practical gas sensing. In contrast, the AI-AGNR shows stable physisorption with negative
or 20AI A%As Arw 126t % 64-8%d AHAKY [2%6Ar %6478%d UHAKR (2o wviv twozZ’ % soAvhut . 2%
recovery times of 5.4 x 76 I%406Ar Y47 %56 %P4 His qrwes 2Bt vs %s At we’ %0z s1%6t B9+ %
t6AXY [Y%0h %9 7>+ %6AXR [YovwvYers 9D>% A %-4>0 times higher than the P-AGNR,
respectively. Further, tvs%XR [Yor 201~ A%0. As4%6%a t-94vw2hlevs %8V gs curve with Vin
I S G 0w A~ %6A—"0 %6 %t =% B vs KY [%r 20A1~ A%o. As196%n V-4 w%wv % tn increasing
U698 B vs s %iilio1ws %78 1O 7 %edzous Y Wit %647 6% %6Ar %6 41=98 %4 At wk- %s %. oz-
direction sensing response of the proposed device. The lon-based sensitivity is 85.14% for NO>
and 7.03% for NH3, while the SR-based sensitivity is 99.86% for NO, and 99.47% for NHa.
The value of Ksc using lon-based sensitivity reaches 12.12 with NO; as the target gas, which
confirms that the device responds 12.12 times more strongly to NO- than to NH3z in terms of
on current. The opposite response of the AI-AGNRFET to NO. and NH3z across al sensing
parameters along with the high lon-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 AI-AGNRFET is a highly sensitive,
1575 s 26Ar % 2wp s 20 A5 1q07s % At AO A% %os s b A%t KY [%6Ar KR (% W0t 22650~ %o
temperature. Overall, this chapter establishes the AI-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:

e Health and Environment: The proposed Al JAGNRFET device as atoxic gas sensor
in Chapter 6 hasadirect impact in health and environment areas. The proposed device
works at room temperature, shows selectivity between two gases (NO2 and NHs),
which makes this device can be used for medical breath diagnostics, wearable health
monitors, industrial leak detection and automotive emission control systems.

e 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.

e Energy Cefficient Nanoelectronics: The proposed device configurations operate at a
low supply voltage (V¢s = 0.5 V) and showsimprovement in lon, loff 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 [1power
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
nanoel ectronics circuits.

2. To develop Nano sensors for monitoring plant health with proposed device.

3. Dua-gate (DG) and Lightly doped Drain and Source (LDDS) engineering can be
implemented on proposed device to improve the SCEs and ambipolar conduction.

4. Duetoitsfavorablelow-temperature performance, the proposed device can be explored
for cryogenic eectronics, 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 Hexagona Boron Nitride or Transition Metal
Dichalcogenides) to further tune electronic properties and explore novel device

functionalities beyond conventional transistor applications.
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