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Abstract

Graphene-based transistors are being explored extensively, and are now considered as a

promising candidate for post-silicon electronics. Due to its high carrier mobility, high

saturation velocity, high current densities and single atomic thickness, graphene field-effect

transistor (G-FET) can be scaled to shorter channel lengths without encountering the

adverse short channel effects that restrict the performance of existing devices. However, the

absence of the energy gap in graphene sheet is proved to be a major limitation for FETs, as it

causes poor ON/OFF current ratio for digital electronics and poor intrinsic gain for analog

electronics. Many approaches, like lateral carrier constriction in nanoribbons (GNRs),

vertical inversion symmetry breaking in bilayer graphene (BLG), and the combination of

both in bilayer graphene nanoribbons (BLGNRs), have been suggested to open up an energy

gap into the graphene.

The main objective of this work is to develop a quantum transport model for graphene-

based field-effect transistors. For accurate analysis, quantum simulations are performed

by solving ballistic non-equilibrium Green’s function formalism (NEGF) self-consistently

with 2-D Poisson’s equation. Initially, a 1-D real-space transport model with analytically

defined transverse modes is developed, and it can be easily extended to simulations of

graphene, nanoribbons (BLGNRs), bilayer graphene (BLG), and bilayer graphene nanorib-

bons (BLGNRs) FETs. This 1-D transport assumption allows accurate results in a reason-

able amount of time, which is essential for any quantum simulation.

A study on various forms of graphene-based field effect transistors is carried out to find

their suitability for digital and/or analog/RF applications. Firstly, a study on graphene

tunnel field-effect transistor (T-GFET) is carried out and it was found more suitable over

G-FET for analog/RF applications. Further, two different FET structures are examined

for BLGNR. A dual gate structure with chemically abrupt doped junctions is explored for

digital applications, whereas a dual gate structure with electrostatically doped by back

 TH-1608_11610201



gate is investigated for analog/RF applications. Finally, a BLGNR-TFET is explored for

both low voltage digital and high-frequency RF applications. The device analysis has been

carried out with respect to the oxide thickness, gate underlap, gate overlap, doping, device

width, etc., to further improve the transistor performance.

In summary, in this thesis, a 1-D quantum transport model was developed for graphene-

based FETs, and three specific graphene-based devices such as T-GFET, BLGNR-FET,

and BLGNR-TFET were explored.
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1. Introduction

1.1 Motivation

Use of electronics has become an integral part of modern life, and we hardly think of the world

without it. Everything from personal computer to coffee machine is full of electronic components and

more specifically, integrated circuits (IC). In many ways, the most important element of IC is the

field-effect transistor. Among the many task of transistors, the main works are to either act as a

switch or act as an amplifier. Currently, the most common transistors are silicon-based metal oxide

semiconductor field-effect transistors (MOSFETs), and more specifically complementary metal-oxide-

semiconductor (CMOS) technology in which a n-type and p-type MOSFETs are connected together to

form an inverter.

Aggressive scaling of CMOS technology has been a main key for continuous progress in silicon based

technology because it leads to extraordinary improvements in the switching speed, density, functionality

and cost of microprocessors. After five decades of fulfilling the Moore’s law by continuously doubling

transistor density in every 18 to 24 months, the industry is now manufacturing integrated circuits with

transistors, which are of 20-nm or 14-nm channel length. As the present technology has entered into

deep nanoscale regime, it becomes more and more difficult to further scale down the device dimension

and simultaneously achieved best device performance. Currently, CMOS technology is facing two

major challenges that results in high power consumption [6]: 1) stopping the rising leakage current

due to adverse short channel effects (SCEs), and 2) increasing difficulty in further reducing the supply

voltage due to the fundamental thermionic limitation of the steepness of turn-on characteristics, or

subthreshold swing.

Over the past decade, considerable efforts have been made to extend the life of Si-MOSFET by

introducing new fabrication steps or by making some improvement in the existing technology. An

early development was started with strain engineering, adding germanium to silicon to alter the crystal

properties, which had boosted speed and enabled the performance improvement with the scaling down

of the device dimensions. The next challenge to the continues scaling was the rising issue of heat

dissipation, but this problem was overcome by reducing the clock frequency and clever designing of

microprocessor architectures (several parallel CPUs). However, these solutions may not carry the

CMOS technology scaling much further into the future. New solutions, which give a new life to the

MOSFET, have been developed to boost the effectiveness of gate control by creating a device with

a thin layer of silicon, built on an insulating layer, which is called fully depleted silicon-on-insulator
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(SOI), and by creating a conduction channel with a thin silicon "fin", which is called FinFET or Tri-

Gate MOSFET [7]. While these architectures help for the moment, but achieving physical dimensions

near the ’deeper nanoscale’ regime of beyond 20 nm is a challenge for existing technologies [8]. The

chip makers have moved from 20-nm to 14-nm, but the continued performance improvements comes

to a gradual end [9] due to: 1) no economic advantage, 2) require extra circuitry to track and adapt

performance variations, and 3) the density improvement is closer to 1.6× rather than 2×. Therefore, for

the grow of semiconductor industry, incorporations of new materials or completely different transistor

architectures are needed.

The International Technology Roadmap for Semiconductors (ITRS) refers the future transistor

scenarios as ’More-Moore’, ’More-than-Moore’ and ’Beyond-CMOS’ [10]. The first scenario is the

expansion of the CMOS platform by conventional dimensional and functional scaling. More-than-

Moore scenario is to allow the non-digital functionalities into the chip which do not necessarily scale

according to "Moore’s Law", but provide additional value in different ways to migrate from the system

board-level into the package or onto the chip. Lastly, beyond-CMOS scenario refers to new information

processing devices and architectures. Graphene transistors are a prime example of beyond-CMOS

devices.

The outstanding electronic properties make graphene a promising material for post-silicon elec-

tronics. Carriers in graphene move faster than silicon, even though it has zero energy gap. Graphene

has offered great potential of making devices with extremely thin channel, which would allow field-

effect transistors in shorter channel lengths with higher speed. Within a period of ten years, GFET

has grown from a single transistor in the lab to an integrated circuit. Despite the rapid progress in

graphene transistors, there are still many issues that need to be solved before they gain commercial

potential.

1.2 Graphene for Electronics

Graphene is a monolayer of carbon atoms arranged in a 2-D honeycomb lattice and is the mother

of well known carbon materials, such as graphite, carbon nanotube (CNT) and fullerene. Since the

discovery [11], graphene is being explored very extensively and several unique electronic properties has

reported, such as 1) the highest room temperature carrier mobility and highest carrier saturation veloc-

ity of all known materials [1], 2) ballistic transport across the distances of several hundred nanometers
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at low bias [12], 3) symmetric valance and conduction bands, 4) excels in thermal conductivity and

mechanical stiffness, 5) sustain current density higher than the most conductive metals, etc.

These outstanding properties of graphene have attracted intense research activities to take ad-

vantage of this new material for improving existing electronic applications and inventing new ones.

Some of the target applications of graphene includes digital electronics [13], radio-frequency (RF) elec-

tronics, [14], advanced sensors [15], semitransparent electronics [16], low power switches [17], solar

cells [18], and battery energy storage [19]. While the absence of an energy gap in graphene imposes

serious limitations on its application for digital electronics [1], many RF circuits have shown promising

operating frequency with a low ON/OFF current ratio transistors [20]. Currently, graphene-based

transistors are pushed closer to state-of-the-art in semiconductor radio-frequency transistors. More-

over, graphene’s strong phonon interaction, process compatibility and electrochemical stability offer a

possibility to add more functions to silicon-based CMOS devices, such as radio-frequency switches and

optical modulators and photo-detectors.

The first fabricated graphene transistor was a back gate structure using exfoliated graphene on

the top of a highly doped silicon wafer in which SiO2 acting as gate oxide [11]. Since then, graphene

transistor has been developed very rapidly and nowadays the fabrication has been reached wafer-scale

level by using chemical vapor deposition (CVD) [21] and epitaxial SiC-graphene [22]. While most of the

research works with graphene have focused on replacing the silicon channel, some groups have come up

with several ideas to induce an energy gap in graphene, such as the formation of nanoribbon [23], bilayer

graphene [24], chemical modified graphene [25] and single electron transistor [26]. However, some of

these approaches have been unable to open an energy gap wider than 360 meV [27,28], which limits its

ON/OFF current ratio. Moreover, they lead to the degradation of inherent electronic properties, like

carrier moblity, of graphene [1]. On the other hand, to enhance ON/OFF current ratio, some groups

have come up with different ideas for transistors, such as graphene transistors named BiSFET (bilayer

pseudospin field-effect transistor) [29], SymFET (symmetric tunneling field effect transistor) [30] and

GBT (graphene base hot-electron transistor) [31]. Except GBT, most of these devices are purely

theoretical and have not been experimentally realized yet because of stringent requirement for device

fabrication.

Specially, when the fabrication technologies are in the early stage of development for graphene,

modeling can be a very powerful tool to evaluate different technology options and different device
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structures. An understanding of the underlying physics aids in the optimization in both materials and

architecture levels and can lower development costs by reducing the time and effort between design

and fabrication of working prototypes. Therefore, in this work, the quantum transport modeling

has been used to address issues and to evaluate different options for improving the performance in

graphene-based MOSFETs.

1.3 Transistor Figure of Merits and Trade-off

Two major applications of semiconductor devices are in digital and radio-frequency (RF) ICs. The

digital IC consists of logic gates, for example NAND and NOR, in which basically n-type and p-type

transistors are connected together to perform a certain logic operation. The gate control enables the

use of transistor as switch, which conducts high current when it is on, and very low current when it is

off. On the other hand, in radio-frequency IC, transistor operates always operates in ON-state and the

small-signals are superimposed on dc gate-to-source voltage that are to be amplified. With so many

diverse expectations, it is sometime useful to have some Figure of merits (FOMs) that captures some

key aspects of transistor performance. These FOMs also give the requirements and challenges that

must be met to incorporate graphene into semiconducting devices.

■ The gate voltage on the channel is enabled to use FET as switch, which requires high value of

current in the ON-state and low value of current in OFF-state. The large ON current allows

quick charging of a capacitive load which typically includes the gates of one or more subsequent

transistors, while low OFF current provides low leakage current which mainly decides the static

power dissipation. The ON/OFF current ratio is a very important FOM of digital switches, and a

larger value is better. As per International roadmap for semiconductor (ITRS) 2011 requirement,

17 nm multigate MOSFET require ON current of 1628 µA/µm and ON/OFF current ratio in

between 104 − 107 for high performance logic applications [32]. This value of ON/OFF ratio can

only be achieved if the transistor channel is semiconducting and has a wide enough energy gap.

■ Another important FOM to assess switching behavior is the subthreshold slope (SS). It represents

the rate of increase of the current below the threshold voltage (i.e., VGS < VTh for n-FETs).

SS =
dVG

d(log10(IDS))
(1.1)

The subthreshold slope is expressed in millivolts per decade of current (mV/dec). A steepness of

5

 TH-1608_11610201



1. Introduction

subthreshold slope exhibits a faster transition between OFF-state and ON-state. SS should be

as small as possible and its lower limit is 60 mV/dec for conventional Si MOSFETs.

■ The important performance metric for RF transistor is the unity current gain frequency or cutoff

frequency (fT ), which represents the maximum operating frequency at which a transistor might

prove useful. It is also the most common measure of transistor speed. The intrinsic cutoff

frequency defined as:

fT =
gm

2π(Cgs + Cgd)
(1.2)

Where, Cgs is the gate to source capacitance, Cgd is the gate to drain capacitance and gm is the

transconductance. To achieve high fT , the transistor transconductance (gm) should be high and

all other elements of the equivalent circuit elements should be as small as possible.

■ The intrinsic gain (AV 0) is also an important performance metrics of RF transistor, which is a

measure of the maximum possible low-frequency small-signal voltage gain it can provide. The

intrinsic gain is given as:

AV 0 =
gm
gds

(1.3)

The voltage gain of a transistor is generally maximized by lowering output conductance (gds)

and hence operating it in the deep saturation mode.

■ Another important parameter for RF transistor is the maximum oscillation frequency or unit

power gain frequency (fmax). It represents how fast the channel power transmission is modulated

by the gate voltage. The fmax is defined [20] as:

fmax =
fT

2
√

gds(Rg +Rs) + 2πfTRgCg

(1.4)

Where, Rg and Rs are the resistance of the gate and source terminals, respectively, and Cg is the

gate capacitance. The low output conductance (gds) is also one of the key factor in increasing the

fmax. Thereby, a high fmax can be attained when the transistor is driven into deep saturation.

There are many key performance indicators for transistor: material specific parameters, such as

energy gap, mobility and saturation velocity; digital circuit specific parameters, such as gate delay

and dynamic switching energy; and analog circuit specific parameters, such as 3-dB bandwidth, GBW

and noise. In this work, the focus is on the potential use of graphene as logic and analog transistors
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and therefore the discussion is limited to parameters at device level and not much at circuit level

or at the application level. In analog transistors, the choice of some parameters mostly depends on

the application. For example, an amplifier simultaneously requires high fT and AV 0, while frequency

multiplier and mixer need high fT and fmax. Importantly, fmax and AV 0 are closely related to each

other, and the peak in both parameters can be achieved when the transistor drives into good current

saturation. In this work, the intrinsic gain and cutoff frequency are widely preferred to estimate

analog/RF performance of graphene-based transistors.

1.4 State-of-art of Graphene-based MOSFETs

Graphene has attracted considerable interest among the electron-device community. Until now,

most of the work on graphene devices has been related to field-effect transistor. In the following

section, the current status of graphene-based FETs and the most critical problems that remain to be

resolved for digital and analog applications are discussed.

1.4.1 Digital Electronics Applications

Source Drain

Back gate

(a)

Oxide

Top gate
Source Drain

Back gate

Oxide

Oxide

Graphene

Back gated MOSFET Top gated MOSFET(b)

Fig. 1.1: Schematic of different graphene MOSFET type, used in fabrication.

Fig. 1.1(a) shows the first demonstrated graphene MOSFET concept in 2004. By mechanical

exfoliation of graphite, single graphene layers are formed and it was transferred to a 300 nm SiO2

which has grown over a doped silicon that served as a back gate [11]. This device structure has been

good for proof of concept, but not suitable for realistic applications due to larger parasitics capacitances

and poor gate control. In 2007, the first top-gated graphene MOSFET was reported [(Fig. 1.1(b)] and

it represents the preferred option for practical applications [33]. Since then, the graphene transistors

have been developed intensively and reached to the wafer scale fabrication. In particular, natural
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graphene is gapless and the absence of the energy gap causes a larger OFF current. Therefore, the

ON/OFF current ratios for graphene transistor are about 7-10 [34, 35], which is much lower than the

104 − 106 range required for logic applications.

Armchair edge

d)

W
>

1
µ
m

Armchair edge

W
<

1
0
n
m

a) Large-area Graphene Graphene Nanoribbonb)

Bilayer Graphenec)
Bilayer Graphene Nanoribbon

W
>

1
µ
m

W
<

1
0
n
m

Fig. 1.2: Schematic of different graphene-based structures to induce energy gap. (a) large-area graphene, (b)
armchair graphene nanoribbon (GNR), (c) bilayer graphene, and (d) armchair bilayer graphene nanoribbon
(BLGNR).

However, there are many ways to modify the band structure and induce an energy gap in graphene.

The two widely preferred approaches in transistors are (1) confining the large-area graphene in lateral

direction to form graphene nanoribbon [Fig. 1.2(b)], and (2) vertical inversion symmetry breaking in

bilayer graphene [Fig. 1.2(c)]. It has been found that graphene nanoribbons (GNRs) of sub-10 nm

width are semiconducting due to lateral confinement of the electron wave function in the transverse

direction and edge disorder induced Anderson localization [23, 36–38]. In particular, the energy gap

opening in GNRs is inversely proportional to ribbon width and thus very narrow ribbon can induce
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a significant energy gap for transistor operation. However, theoretical studies indicate that edge

roughness can significantly degrade the performance of GNR-FETs [27,39] and cause device-to-device

variation. So far, the highest ON/OFF current ratios between 105 − 106 have been reported at 6 K

in FET with GNRs produced using chemically synthesized by phase derived method to achieve ultra-

smooth edges [37], while the ON/OFF current ratio of 104 has been achieved at room temperature

in FET with GNRs fabricated using edge narrowing methods [40]. Even though the most recent

advancements allow the large-scale fabrication of GNR with controlled alignment and smooth edges

[41,42], very narrow ribbon width significantly reduces carrier mobility and hence the current density,

which significantly lower the performance of GNR MOSFET compared to Si MOSFET [1]. Table 1.1

compares the graphene-based devices with Si MOSFET from a digital application point of view.

Second strategy is to apply the transverse electric field across bilayer graphene (BLG) that breaks

inversion symmetry and induce an energy gap. Theoretical studies have shown that the energy gap of

200-250 meV can be reached with a vertical electric field of 1-3×107 V/cm [24,43]. The experimental

studies in BLG-FETs have reported an energy gap of 200-250 meV and maximum ON/OFF current

ratio of about 100, which is significantly smaller for switching requirement [28, 44], as shown in Table

1.1. The challenges persists with BLG-FETs is that the field-induced energy gap is considerably smaller

for logic transistor.

An alternate strategy to open a significant energy gap is by combining both bilayer graphene and

GNRs to form bilayer graphene nanoribbon (BLGNRs) [Fig. 1.2(d)]. Recent experimental and theo-

retical studies have confirmed the energy gap opening in BLGNR by quantum confinement and vertical

electric field [45–48]. Interestingly, recent experimental work with BLGNR-FET has demonstrated an

ION/IOFF ratio of over 3000 at room temperature for width wider than 40 nm [49] by applying a

vertical electric field . This ON/OFF current ratio of BLGNR-FET has been 30 fold higher than the

highest value reported for BLG-FET [43]. Until now, BLGNR-FETs have small ON/OFF current ratio

for switching requirement, but they have shown significant energy gap at very narrow width. Therefore,

further fabrication advancements are required to produce smooth edge BLGNR with narrow width in

order to improve the device performance.

In MOSFETs, the charge carriers are thermally injected over the channel barrier, as shown in Fig.

1.3(left). A gate voltage reduces the energy barrier and increases the amount of charge carriers. This

simple barrier-lowering strategy is the most widely used current-control mechanism in semiconductor
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Table 1.1: Performance comparison of graphene-based MOSFETs with Si MOSFET from digital
applications point of view.

Material Device
Type

Eg

(eV)
Lg

(nm)
ION

(µA/µm)
ION/IOFF Remarks

Si FinFET 1.12 20 nm 1200 103 [50]

Graphene Top-gated 0 2,500 40 7-10 Experimental
[34, 35]

GNR Top-gated 0.1-1.8 20 >0.01 105-106

(>6k)Θ

104 (RT)♠

Experimental
and Simula-
tion [37, 42, 51]

BLG Top-gated 0.2-
0.25

1,600 <1 100 (RT)
2000 (20K)

Experimental
and Simula-
tion [28, 52]

BLGNR Top-gated 0.1-1.5‡ 1,500 >1 3000φ Experimental
[49]

Θ: GNR of width W < 5 nm and fabricated using E-beam lithography; ♠: GNR of
W < 5 nm and fabricated using Edge-narrowing; ‡: Energy gap is theoretical [4, 47]; φ:
BLGNR of width around 40 nm. GNR: nanoribbon; BLG: bilayer graphene; BLGNR:
bilayer graphene nanoribbon.

SS DDChChannell

Fig. 1.3: Schematic showing the physical transport mechanisms in MOSFET (left) and Tunnel FET (right).
MOSFETs operate through thermionic emission over the barrier to the channel and thus have a fundamental
limit in the steepness of switching. Tunnel FET operates through charge carriers transfer from one energy band
into another and hence have potential to overcome this limitation.

electronics. At room temperature, the current flowing over the barrier increases by a factor of 10

when the energy barrier is lowered by 60 millivolts; in other words, every "decade" of current change

requires a change of 60 mV. The current leakage occurs below the device’s threshold voltage, which

is the voltage needed for the transistor to turn ON. To keep power consumption down, subthreshold

swing should be kept as low as possible. Then, the device will need less voltage to be switched ON,
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Top gate

Source Drain

Back gate

P+-Gr N+-GrI-Gr

Oxide

Si SiO2 BN Gr BN BNGr

Gr

Gr

Insulator

Insulator

Insulator

Vg,p Vp

VnVn,p

(a) (b) (c)

Oxide

Planar TFET
Vertical heterostructure

TFET
BisFET or SymFET

In-plane tunneling Out-plane tunneling

Fig. 1.4: Schematics of graphene-based TFET types: (a) planar geometry, (b) vertical heterostructure, and
(c) BisFET or SymFET.

and it will leak less current when it’s OFF.

Alternately, a transistor architecture that block the carrier flow at the OFF-state can be developed.

A Tunnel FET, in which charge carriers transfer from one energy band into another is controlled by

gate voltage [1.3(right)], should be able to switch with a much smaller voltage swing. This function

can be realized in a reverse-biased p-i-n structure, as shown in Fig. 1.4(a). It has the same basic

configuration of source, drain, and gate with similar electrical behavior when wired into circuits and

therefore the CMOS fabrication strategy need not to be changed drastically. It turns out that silicon

and germanium are not great for tunneling due to their indirect energy gap. The low ON-state current

is a major limitation with Si and Ge-based TFETs.

The dominance of BTBT current with a small carrier effective mass and direct energy gap make

graphene a most suitable material for TFET, which offers low OFF current and small subthreshold

swing (SS). Due to 2-D nature, research groups have developed TFET with graphene based on in-plane

and out-plane tunneling principle, as shown in Fig. 1.4. In plane TFETs based on nanoribbons [53–55]

and bilayer graphene [44,56] have shown promising performance for logic applications [Table 1.2], but

GNR-TFETs suffer from low ON current problem and BLG-TFET requires very high gate voltage

supplies. Out plane TFETs with graphene, such as vertical heterostructures [57], BiSFET [29] and

SymFET [30], have also explored, which is based on tunneling through graphene-insulator-graphene

junction, as shown in Fig. 1.4. These proposed structures are very suitable for digital applications

with a higher ON/OFF current ratio, but they suffer from large parasitic capacitances, may severely

degrade the performance metrics in real circuits. Moreover, experimental realization of these devices is

very difficult with present semiconductor processing methods as they require extremely thin and high
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quality dielectrics, high-quality graphene and low contact resistance. In summary, graphene is well

suited for use in high-performance TFET because of ultra-body thickness, but many challenges exist

for the experimental realization of graphene-based TFET.

Table 1.2: Performance of graphene-based TFET for digital applications.

Material Lg (nm) VDS

(nm)
ION

(µA/µm)
ION/IOFF SS

(mV/dec)
Remarks

GNR 40 0.2 225 6080 12 [27]

BLG 40 0.2 67 2910 35 [44, 56]

Vertical hetrostructure
with GNR

– 1.5 >104 600-104♦ <170 [58]

♦: For device width of 5-1.3 nm;

1.4.2 Analog Electronics Applications

b

D
ra

in
 c

u
rr

en
t

Drain–source voltage

V GS,top

Region I

Region II

Region III
(second linear region)

Zero gm

Inflection point
VDS = VDS,crit

Fig. 1.5: Qualitative shape of the output characteristics of a large-area graphene MOSFET with an n-type
graphene channel, for different values of the top gate voltage, VGS,top. The very narrow saturation region can
be seen for moderate value of drain-to-source volatges [1].

In contrast to digital electronics, graphene-based transistors have shown better performance for

analog electronics. The high carrier mobility and high saturation velocity in graphene would allow high

device transconductance (gm) and high cutoff frequency (fT ) [59]. The first radio-frequency graphene

transistors has been demonstrated by IBM Group that exhibits fT equal to 26 GHz for channel length
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1.4 State-of-art of Graphene-based MOSFETs

of 150 nm after de-embedding the signal-ground pad parasitic [60]. Since then, the performance of high

frequency graphene transistors has been quickly improved by using different substrates and fabrication

methods [61–65]. So far, the highest fT measured is about 1.4 THz for a gate length of 45-nm with

self-aligned nanowire gate using exfoliated graphene [5]. Table 1.3 shows that the cutoff frequency of

graphene transistor is higher than the maximum fT measured in conventional Si MOSFET and III-V

HEMTs, while the estimated fmax and AV 0 in GFET are considerably smaller than that for short

channel Si and InP MOSFETs. The reason for small fmax and AV 0 is the weak current saturation

or second linear region the output characteristics, as shown in Fig. 1.5. The weak saturation in long

channel device has been attributed to velocity saturation [66,67], while their short channel counterparts

has shown same behavior due to BTBT current [68, 69]. To achieve high AV 0 and fmax, the output

conductance (gds) should be minimized without degrading gm value, and it can only be achieved by

improving the current saturation without lowering current values in GFETs.

GNR-FETs are not very popular for RF applications due to low ON current that may degrade

the cutoff frequency. The theoretical investigations done so far show that wide GNR-FETs have

cutoff frequency at THz range, but the AV 0 not very significant [70, 71]. Further, BLG-FET has

found a promising device for high frequency applications. An experimental work on BLG-FET has

demonstrated that an intrinsic gain of 35 dB is possible with the channel length of 2 µm [72], while

theoretical works have reported an intrinsic gain of 20 dB with a cutoff frequency of 1.4 THz for 40

nm channel length [73,74]. However, BLG-FET requires very high-voltage gate supplies, which is very

difficult to attain in IC.

As conventional GFET suffers from weak current saturation, new device architecture can be ex-

plored. Although TFETs are particularly suitable for digital applications because of steeper subthresh-

old slope [79,80], some of the TFET architectures have shown promising RF performance metrics and

they can be considered as a strong candidate for analog/RF applications [81, 82]. Early works on

graphene based tunnel field effect transistors have particularly focused on the lateral and vertical het-

erostructures [30,83]. These proposed structures are suitable for digital applications due to their high

on/off ratio, but they are certainly not useful for analog/RF applications because of very narrow cur-

rent saturation region and larger parasitic capacitances. The progress in fabricating high-performance

RF GFETs has been very rapid during recent years and the prospect of using GFETs in embedded

RF circuit, such as low-noise amplifier, mixers, frequency multipliers and resonator, is bright. Further-
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Table 1.3: Performance comparison of graphene-based MOSFETs with Si MOSFET from analog/RF applica-
tions point of view.

Material Device
Type

Lg

(nm)
gm
(mS/µm)

fT
(GHz)

fmax

(GHz)
AV 0 Remarks

ITRS 2014 MOSFET 18 – 480 540 – [75]

Silicon MOSFET 29 1.3 485 – 20 dB [76]

InP – <50 1.2 385 >1,100 15 dB [77]

Graphene Top-gate
MOSFET

– <2 1,400♦ 42Θ 10 dB⋆ Experimental
[5, 63]

Graphene Doule-
gated

20 0.8 >1,000 690 1 V/V Simulation [68,
78]

BLG Top-gated 40 8 1,500 3,000 20 dB Simulation [73,
74]

♦: For Lg = 45 nm; Θ: For Lg = 140 nm; ⋆: For Lg = 300 nm.

more, if fmax and AV 0 can be improved without degrading fT , its usage will extend to all RF circuity,

including all power-sensitive blocks. In summary, the main challenge with graphene transistors for

analog/RF applications is to improve the saturation behavior in their output characteristics without

significantly degrading its current levels.

1.5 Modeling of Nanoscale Devices

The transport models as per their applicability and origin are categorized in Table 1.4. In the case

of semi-classical formalism, the transport models for all limits are obtained from the simplification of

Boltzmann transport equation (BTE) equation. In the classical limit, hydrodynamic, drift-diffusion

and six moments equations are obtained from the moments of the Boltzmann transport equation

(BTE), while BTE should be solved by the Monte Carlo method or the direct method to obtain the

distribution function for quasi-ballistic channel description. These semiclassical models are usually

developed by taking ensemble average of the particle motion, which are no longer capable of describing

the carrier transport in nanoscale transistor. The transports in the nanoscale transistor are usually

contributed by the quantum effects, such as 1) interference effects, 2) quantum mechanical tunneling,

and 3) quantization in the inversion layer [84]. There are many quantum correction terms available

to catch the essence of quantum behavior of electrons in the BTE equation, but the outcome of

these models is very specific to particular condition and will not be able to capture the full quantum
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transport effects [85]. For an example, the Wentzel-Kramer-Brillouin (WKB) approximation is widely

used to incorporate tunneling through potential barriers of irregular shapes. The major drawback of

this approximation is that it assumes well defined energy-momentum relation in device like the BTE

does, whereas this is not true when the device lacks of translational symmetry in transport direction,

especially at non-equilibrium condition.

Table 1.4: Classifications of transport models

Formalism Classical limit Quasi-ballistic limit Ballistic limit

Semiclassical -drift-diffusion
-hydrodynamic
-six moments
equation

-MC∗ simulation
-direct calculation

-analytic solution
-moment equation

Quantum-
Mechanical

-density-gradient
-effective potential

-NEGF∗∗

-Winger function
Pauli master equa-
tion

-ballistic NEGF
-Schrödinger equa-
tion

∗: Monte-carlo;∗∗ Non-equilibrium Green’s function.

The full quantum simulation can be developed by direct solving of Schrödinger equation self-

consistently with Poisson equation. However, this approach is either poorly efficient from the compu-

tational point of view or only valid for idealized and simplified structures. A more efficient and simple

way is to develop the quantum transport by solving the Schrodinger equation within non-equilibrium

Green’s function formalism (NEGF). The NEGF essentially solves Schrödinger equation with open

boundary conditions and provides a sound basis for quantum-mechanical simulations that is needed

for nanoscale devices. The NEGF is a very powerful technique to treat the quantum law of motion

(tunneling and interface) by simply solving Green function and the dissipative scattering process by in-

troducing Buttiker probes. Moreover, the computational time requirement for solving NEGF equation

depends on the size of the device, rather than the whole system which is practically unsolvable.

The NEGF formalism was independently developed by Keldysh [86] and Kadanoff-Baym [87] to

solve the non-equilibrium problems in statistical physics and it is based on the contour-ordered Green

function, which was first introduced by Martin and Schwinger [88]. The NEGF approach is based on

rigorous many body approach and is derived from the main assumptions: 1) a single particle approach

and 2) a mean-field approximation. Therefore, NEGF approach cannot properly describe strongly

correlated transport in the devices. NEGF theory has demonstrated its usefulness for simulating

nanoscale transistors from conventional Si MOSFETs [89], MOSFETs with novel channel materials,
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such as CNT [90], nanowire [91], graphene [92], molecular transistors [93], etc. The objective of NEGF

is to get many several one-particle Green functions. In the steady-state condition, the governing

equations for the retarded (Gr), lesser (G<) and greater (G>) Green’s functions can be written [94] as

[E −H(r1)]G
r(r1, r2;E) −

∫

drΣr(r1, r;E)Gr(r, r2;E) = δ(r1 − r2), (1.5)

G>/<(r1, r2;E) =

∫

dr

∫

dr′Gr(r1, r;E)Σ>/<Ga(r2, r
′;E), (1.6)

where, H(r) is the single electron Hamiltonian, Ga is the advance Green’s function, which is the

Hermitian conjugate of retarded Green’s function, Σ> and Σ< are the self-energy functions related to

interactions. The main parameters of interest for transport is to obtain the retarded Green function

from equation 1.5, which contains the information on the propagation of the electron wave function

excited by the delta function source in space-time.

In the numerical solution, the matrix representation of the Green’s functions is used. The dis-

cretization in real space basis is done by representing r1 and r2 with row and column indices of the

matrices. The governing key equations describing non-equilibrium transport within a semiconductor

device are presented in matrix form as follows

Gr(E) = [EI −H(E)− Σ(E)]−1, (1.7)

G<(E) = Gr(E)Σ<(E)Ga(E), G>(E) = Gr(E)Σ>(E)Ga(E) (1.8)

In these equations, G< and G> are correlation functions specifying electron and hole density spec-

tra, respectively. Σ< and Σ> are the in-scattering and out-scattering self energies for electron and hole

distribution functions. After the self-consistent solutions are obtained for the correlation functions, the

electron and hole density spectrums, and the terminal current density spectrum can be evaluated as

n(r) = −i

∫

dE

2π
G<(E), p(r) = i

∫

dE

2π
G>(E) (1.9)

Ir(E) =
q

h
Trace[Σ(r,E)<G(r,E)> − Σ(r,E)>G(r,E)<] (1.10)

Where, q is the elementary charge constant, and h is the Plank constant. In the ballistic simulation,

both source and drain contacts are assumed to be in equilibrium state, but maintained at two different

chemical potentials. The electron-electron interaction and electron defection from defects are incor-

porated by adding potential in the single electron Hamiltonian matrix, H(r), while the interactions
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between the contact reservoirs and the transport carrier system are measured by self-energy matrices

,Σ. On the other hand, in dissipative transport consideration, the carrier scattering are treated by

introducing Büttiker probes in the channel region. The Büttiker probes are treated as reservoirs, Σ,

similar to the source and drain. The chemical potential have to be computed self-consistently, to ensure

that current at the scattering contacts is zero. On the other hand, the phonon-electron scattering is

treated by Born approximation, and only the self-energies involving one phonon processes (absorption

or emission) are included as higher order processes contribute less to the interaction.

Since the main purpose of this thesis is to make a reliable simulation framework for the nano-scale

graphene-based FETs, NEGF formalism is used. As considered device has channel length smaller the

electron mean free path and operated at low voltages, we are concentrating on the ballistic NEGF

formalism in this work.

1.6 Problem Definition

Graphene has great potential as a new generation electronic device; however many technological

challenges are still unsolved. As a molecular scale material, the intrinsic physical properties of graphene

can be easily impacted by these material integration, device fabrication, and processing steps. There are

many major challenges yet to be resolved before graphene can be successfully integrated into commercial

devices, such as minimizing defect and impurity, lowering the graphene-metal contact resistance and

reducing the parasitic effects. However, the rapid improvement in the material synthesis and device

fabrication technology in the past few years has been a promising sign of the future, in which the ideal

device can be realized. The current scope of this research is motivated by overcoming the challenges

of ideal graphene device. The work in this thesis aims to address the following specific aspects of

graphene transistors from a numerical modeling and applications aspects:

■ Development of accurate and unified transport model for GFET, GNR-FETs, BLG-FET and

BLGNR-FETs.

■ Improvement of the current saturation without significantly degrading the current values for

superior analog/RF performance.

■ Investigation of the performance potential for novel bilayer graphene nanoribbon (BLGNR).
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■ Investigation of new device structure structure to improve the ON/OFF current ratio and the

intrinsic gain.

■ Investigation of device design parameters to achieve to best device performance.

■ Investigation of graphene-based devices performance for digital circuit perspectives and compar-

ison with existing devices.

1.7 Outline of Thesis

The thesis is organized into six chapters. The brief descriptions of each chapters are as follows.

Chapter 1 briefly describes about the motivation, problem definition, and the outline of the thesis.

Chapter 2 gives a brief brief summary of the NEGF simulation procedure for ballistic device. Firstly,

NEGF treatment of the quantum transport for smooth edge GNR-FET and G-FET using a single 1-D

tight-binding Hamiltonian matrix is presented. Subsequently, the differences in the transport equation

for BLG-FET and BLGNR-FET is discussed. Finally, the developed transport models are verified with

the previous simulation and experimental results.

Chapter 3 discusses the analysis of graphene tunnel FET (T-GFET) for analog/RF applications.

It is mainly focused on the extraction of the intrinsic analog/RF performance metrics of T-GFET, in

particular the intrinsic gain and cutoff frequency. Firstly, the saturation behavior in output character-

istics of T-GFET is analyzed in detail. Then, the device parameters, such as gate oxide thickness, gate

misalignment (drain underlap and drain overlap) and doping profile, are investigated systematically to

engineer current saturation. Lastly, the analog performance metrics between G-FET and T-GFET are

compared, and their dependence on the channel length is also presented.

Chapter 4 presents the performance analysis of BLGNR-FET structure with abrupt doped junctions

for digital applications, while the electrostatically doped geometry is investigated for analog applica-

tions. Firstly, the important digital performance metrics of BLGNR-FET are analyzed for different

widths and different bias voltages, and the results are compared with MLGNR-FET and BLG-FET

transistors. Subsequently, the output characteristics of narrow and wide width BLGNR-FETs are stud-

ied in detail and the important device parameters are investigated to improve the analog performance.

Furthermore, the gate voltage dependency of intrinsic current gain and intrinsic cutoff frequency has

been discussed.
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Chapter 5 presents the analysis and design of BLGNR-TFET for low voltage digital and high-

frequency RF applications. It mainly focuses on the device physics and interplay of key device pa-

rameters, rather than estimation on the ultimate performance limits. Firstly, it presents the impact

of device parameters and bias voltages on the transfer characteristics of narrow width BLGNR-TFET.

Further, it presents the BLGNR-TFET performance metric from a circuit perspective, and compared

the results with its counterpart MLGNR-TFET. Then, it discusses the output characteristics of two

different width BLGNR-TFET devices and important analog performance metrics. Furthermore, RF

figure of merits are investigated in the presence of external parasitics.

Chapter 6 mainly includes the conclusion of the current research and outlines a few directions for

future work from a modeling prospective.
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2. Quantum Transport in Ballistic Graphene-based Transistors

2.1 Introduction

Due to unique band structure and excellent electronic properties, graphene and its counterparts,

such as graphene nanoribbons (GNRs), bilayer graphene (BLG) and bilayer graphene nanoribbon

(BLGNRs), are very promising materials for nanoelectronic applications. Graphene-based transistor

has been developed rapidly and many details about the potential performance of these devices in

real applications remain unclear. Especially, when the fabrication technology is in early stage of

development for graphene, modeling can be a very powerful tool to: (i) estimate performance, (ii)

compare their performance with CMOS devices, (iii) evaluate different device structures, (iv) check the

feasible technology options, and (v) forecast process tolerance and defect related issues. The theoretical

and simulation studies not only provide a fast and effective way to explore complex experimental design

space, but also it provides important insights into the device physics and material aspects.

The operation and performance of device can be explored by simple analytical models and detailed

numerical simulations. The analytical models for graphene and graphene-based MOSFETs have been

developed by many groups [48, 95–99], and have become very useful for predicting the upper-limit

performance. These models provide a qualitative understanding of device performance, but some of

them have neglected quantum effects and some of them have missed important material properties.

As the present device has channel length shorter than 30 nm and as graphene has long mean free path

exceeding 1 µm [12,100], the current is mostly contributed by ballistic electrons rather than scattering

process. Therefore, nanoscale graphene-based devices need proper a TCAD (Technology Computer

Aided Design) tool, which can take into account the ballistic transport, quantum confinement in the

channel, and multidimensional tunneling combined with the essential physics of the respective material.

The full quantum simulation can be developed by directly solving Schrödinger equation self-

consistently with Poisson equation. However, such approach is either poorly efficient from the compu-

tational point of view or only valid for idealized and simplified structures. The more efficient and simple

way is to develop the quantum transport by solving the Schrodinger equation within non-equilibrium

Green’s function formalism (NEGF) [101]. The main and important parameter for efficient and accu-

rate modeling of charge transport within NEGF is the Hamiltonian matrix that can be expressed in two

possible ways: 1) real-space basis (atomistic basis) and 2) mode-space basis. The real-space basis easily

fits to any kind of geometry, but it produces a matrix whose size is the total number of atoms, which

is computationally intensive. On the other hand, the mode-space approach is developed by exploiting
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energy subbands into convenient subset of the transverse modes as basis functions. The mode-space

approach largely reduces the computational burden and is widely adapted with tight-binding Hamil-

tonian matrix for simulating nanoscale graphene FET (G-FET) [92, 102], GNR-FET [103, 104] and

BLG-FET [52,105].

While simulating the graphene and its counterparts, the Hamiltonian matrix will be varied from

material to material, so will be the solutions of self-energy and NEGF equations. Therefore, in this

work, the 1-D real space transport model with analytically defined transverse modes is developed

that can be applied equally well to simulations of graphene and its counterparts. Firstly, the tight-

binding Hamiltonian matrix proposed in [106] is simplified for armchair edged GNR-FETs. Then,

the same transport model is extended for G-FET by changing transverse wave vector (ky) values.

With respected to [106], our approach provides simplified solution of self-energy matrices and retarded

Green’s function, which reduces the computational cost without compromising the accuracy. Further,

BLG and BLGNR is expressed by the two single layer GNR Hamiltonian matrices, coupled by the

hopping parameters corresponding to the overlaying atoms along the z direction. This allows to model

BLGNR-FETs and BLG-FET by same transport equations as GNR-FETs and G-FET with only small

modifications. The transport model for BLG-FET is same as in [105]; however, this approach helps to

describe the electrical behavior of BLGNR-FET.

2.2 NEGF Treatment of Quantum Transport

2D Equation Poisson

Transport Equation
(NEGF)

H, U
SC

, Σ
S
, Σ

D
→ n(r)

n(r) → U
SC

(r)

[H+USC]µS µD

Channel

Σ
S

Σ
D

DrainSource

(a) (b)

Fig. 2.1: Schematic of (a) device coupled with two contacts, and (b) self-consistent procedure for device
modeling. Where, H is the device Hamiltonian and USC is the self-consistent potential of the device, ΣS and
ΣD is the self-energy matrices for source and drain contacts, respectively, n(r) is the electron density, and IDS

is the drain-to-source current. The µS and µD are the contacts Fermi levels, which are equal at equilibrium and
differ by qV amount when a V bias applied across contacts.
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In this section, we give a brief summary of the NEGF simulation procedure for any ballistic device.

The more detailed description of this technique can be found in [101, 107]. Fig. 2.1(a) shows the

schematic of transistor with device channel connected with source and drain contacts. The device is

described by the Hamiltonian matrix and self-consistent potential energy (H +USC), while the source

and drain contacts are identified by their respective Fermi levels µS and µD. When VS and VD biases

applied to the source and drain contacts, the Fermi levels are given as µS = Ef−qVS µD = Ef −qVD,

where Ef is the common Fermi energy in equilibrium. Fig. 2.1(b) shows the general concept of quantum

transport simulation for ballistic device that is performed by self-consistent solving the transport

equation and Poisson equation. The transport equation calculates the charge density, n(r), and current,

IDS, while the Poisson equation calculates the effective potential inside the device due to electron-

electron interaction and external perturbation.

In particular, the transport equation is widely solved through NEGF as it provides a simplistic way

to incorporate complex structure and more efficient from computational point of view. For simulation

through NEGF, the detail of device is accounted by same [H + USC ], but the coupling between the

active device and the S/D contacts is described by the self-energy matrices, ΣS/ ΣD. Having gathered

all the information (H, USC , ΣS, ΣD, µS and µD), the NEGF formalism provides clear and well

defined relation that can be used to obtain the charge density and current. For more accurate analysis

of transport in the device, it is necessary to self-consistently solve the charge distribution inside the

device with corresponding electrostatic potential. The self-consistent potential energy includes the

effect of the charge transfer into or out of the device form the source and the drain contacts as well as

the effect of the electric field lines that penetrate into or inject out of the device from the gate contact.

Based on the discussion above, the overall simulation procedure through NEGF consists of following

steps:

(i) The first step is to select an appropriate method from among the choices that are i.e., (i) to dis-

cretize all the operators, whether by finite-difference approach or finite-element approach, (ii) to

describe the electron dynamic in the device, whether by effective mass approach or tight binding

approach and (iii) to express matrices, whether by real-space or mode-space. We chose finite

difference method for discretization, tight binding approach for electronic dynamic description,

and real space approach for atomistic description of material.

(ii) The next and important step is to write down a suitable tight binding Hamiltonian matrix (H)
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2.2 NEGF Treatment of Quantum Transport

for a specific geometry that describes the bandstructure of device. If the Hamiltonian matrix

size is the total number of atoms in the device, then the solution of the NEGF equations are

computationally extensive. Therefore, it is important to identify an appropriate unit cell and a

set of atomistic orbitals per atoms, which is adequate to describe the essential physics of material.

(iii) Having obtained an atomistic description of channel, the next step is to include the effect of

source and drain contacts. The coupling of source and drain to the device is accounted by

self-energy matrices (ΣS and ΣD), which basically describe the open boundary conditions for

the Schrodinger equation. The self-energy involves the computation of surface Green’s function,

which is a computational demanding step, but a significant cost saving can be achieved by using

Sancho-Rubio algorithm [108].

(iv) To begin the self-consistent procedure, an initial guess for self-consistent potential energy, USC(
−→r ),

is required. A better guess value may be obtained from a semiclassical solution of carrier statistics

(e.g. ballistic BTE).

(v) After having all these information, the next task is to determine the retarded Green’s function,

Gr(E), which describes the channel connection with contacts. This retarded Green’s function

can be used to obtain charge density, n(r), on atomic sites.

(vi) Using charge density, a Poisson equation is solved to obtain the self-consistent potential profile

of the device.

(vii) Step iii to Step vi are iterated until the difference in self-consistent potential energy is reached

within a particular convergence criterion.

(viii) When convergence achieved, the current in the device can be computed by Launder formula [101].

The computationally extensive part of NEGF simulation is the solution of the retarded Green’s

function, which requires the inversion of a matrix for each energy grid point. In the ballistic limit, the

computation burden is reduced because only a few columns of the Greens’s function are needed for

charge density computation. Nevertheless, reducing the size of the Hamiltonian matrix and developing

computationally efficient approaches are of great importance for an atomistic simulation.
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2.3 Ballistic Transport in Graphene-based Transistors

The aim of this thesis is to develop unified transport model for four graphene-based devices: (i)

GNR-FETs, (ii) G-FET, (iii) BLGNR-FETs and (iv) BLG-FET. Our main focus is in the reduction

of the computational effort in arriving at numerical convergence, so one can perform simulation in a

reasonable amount of time for large-scale applications. The solution of NEGF equations are categorized

into two groups. Firstly the NEGF equations are solved for GNR-FET and G-FET, then differences

in these equations for BLGNR-FET and BLG-FET are presented. Lastly, the solution of Poisson’s

equation is discussed for 2-D MOSFET geometry.

2.3.1 NEGF Treatment of Electronic Transport in GNR-FETs and G-FET

Armchair edge

Length

W
id
t
h

t

t
†
y

t

ty

Elementary cell of GNR

t

a)

b)

1 2

3 4

5 6

C atom

Fig. 2.2: Schematic of (a) N9 armchair edge GNR with the elementary cell (highlighted region), (b) 1-D unit
cell with corresponding binding energy. Where, N denotes number of dimer lines or number of elementary cells
along the width direction.

There are four orbitals in the outer electron shell of a carbon atom (s, px, py, and pz). However, it

has found that one pz orbital per atom is sufficient for description of graphene bandstructure because

the bands due to others orbital (s, px, py) are far from Fermi level and therefore not are significant

for the electron transport. Fig. 2.2(a) shows the schematic of N=9 armchair edge GNR. To reduce

the computation cost, we identify an elementary cell in GNR, which is repeating along the width, as

shown by a box region in Fig. 2.2(a). In the graphene honeycomb lattice of carbon atoms, the charge

transport can be described well by a simple nearest-neighbor tight binding model. Fig. 2.2(b) shows
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2.3 Ballistic Transport in Graphene-based Transistors

the six atoms of elementary cell with nearest neighbor hopping energy. Low et al. has proposed the

tight-binding Hamiltonian matrix for elementary cell with 2×2 coupling matrices [106]; however, their

Hamiltonian matrix can be further simplified by using 1×1 coupling matrices. The Hamiltonian matrix

with 1×1 coupling matrices from Fig. 2.2(b) can be constructed as

H(ky) =

































[U1] [t]

[t] [U2]
[

t+y
]

[ty] [U3] [t]

[t] [U4] [ty]
[

t+y
]

[U5] [t]

[t] [U6]

































Nx×Nx

(2.1)

Where, Ui(x) is the self-consistent potential energy on the atomic sites, obtained from Poisson equation.

The Nx is the total number of carbon atoms in the unit cell of device, t=2.7 eV is the nearest neighbor

hopping between atoms on the same plan, and ty is the nearest neighbor hoping between atoms on the

different plan. The ty is given as

ty = t+ teiky∆

Where, ∆ =
√
3acc is the lattice parameter, acc = 1.42

◦

A is the C-C bond distance and ky is the

transverse wave vector. In particular, the transport along the width is described in term of transverse

modes and the ky is used to define modes that is elaborated in last paragraph of this section.

t
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Fig. 2.3: Schematic of 1-D elementary cell model of device having infinite contacts length.

The coupling of source and drain contacts to the device is described by source and drain self-energy

matrices (ΣS and ΣD). Fig. 2.3 shows the elementary cell of entire device, where elementary cell are
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divided into a left contact region (unit cells 0,−1,−2,...), a channel region (unit cells 1, 2,....,M − 1,M)

and a right contact region (unit cells M+ 1,M+ 2,...). It is observed that only the carbon atoms on

the first and last rings of the device are coupled to the contacts. Thus, non-zero block for source self-

energy matrix is the first 1×1 entry and drain self-energy matrix is the last 1×1 entry. The derivation

of self-energy matrix is available in literature [101,107]. Here, this concept is applied directly and the

non-zero entries in the source and drain self-energy matrices is given as

Σ1,1
S (ky) = ty

+g0ty ΣNx,Nx

d (ky) = t+y gM+1ty (2.2)

Where, g0 and gM+1 are the surface Green’s function for source and drain contacts. The surface Green’s

functions are the main elements required to solve equation 2.2. Due to strong periodicity of graphene

lattice and small size of coupling matrices, the recursive algorithm can provide the close form solution

for surface Green’s functions. The recursive relation relates the surface Green’s functions inside the

source contact can be written as

g0(ky) =
[

(E + i0+)I − U0 − tg−1t
]−1

,

g−1(ky) =
[

(E + i0+)I − U−1 − tyg−2t
+
y

]−1
,

g−2(ky) =
[

(E + i0+)I − U−2 − tg−3t
]−1

,

g−3(ky) =
[

(E + i0+)I − U−3 − t+y g−4ty
]−1

(2.3)

The potential inside the source contact is constant, so U0 = U−1 = U−2 = U−3. Thus, g0 = g−2 and

g−1 = g−3 due to the periodicity of the graphene lattice. Using these relations, equation 2.3 can be

represented in closed form as

g0(ky) =
−(E − U0)

2 + t2 − tyt
+
y ±

√

[

(E − U0)
2 − t2 − tyt

+
y

]2

− 4(E − U0)
2 × tyt

+
y

2(E − U0)× tyt
+
y

(2.4)

Similarly, the closed form solution can be obtained for drain surface Green’s function. For elementary

cell shown in Fig. 2.3, the surface Green’s function for drain self-energy is same as computed in

equation 2.4. Subsequently, the retarded Green’s function, Gr(E, ky), in the ballistic limit can be

calculated as

Gr(E, ky) = [EI −H(ky)− ΣS(ky)− ΣD(ky)]
−1 (2.5)

Where, E is the energy, I is the identity matrix. The straightforward way to compute Gr(E, ky) is by
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inversion of matrix size Nx×Nx, but it is a computationally expensive approach. Several methods have

developed in the literature to reduce the computations exist with inversion of a full matrix, such as

Recursive Green’s Function algorithm [109], Contact Block Reduction (CBR) method [110] and Gauss

Elimination (GE) method [111]. For the case of ballistic device, Gauss Elimination (GE) method is

particularly efficient because only the few columns of Gr(E, ky) are needed. The column of interest

in the Gr(E, ky) is determined by non-zero elements in the self-energy matrices. The local-density-of-

states (LDOS) due to source and drain contacts can be obtained as

DS = GΓSG
+ and DD = GΓDG

+ (2.6)

Where, ΓS/D = i(ΣS/D − Σ+
S/D) is the energy level broadening by the source/drain contacts. In

general, only diagonal entries of LDOS functions are important as they represent the density on the

lattice sites. The non-zero energy in the ΓS/D is the first and last elements, so the first and last column

of retarded Green’s function is important for LDOS computation. Therefore, the relevant columns

from the Green’s function is determined using Gauss elimination approach that can be given as

GS = G(E, ky)\IS and GD = G(E, ky)\ID (2.7)

Where, IS and ID are given by

IS =


















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0

0

0


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












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
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
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
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











Nx

(2.8)

Subsequently, the source and drain local density-of-states (LDOS) can be obtained from reduced

Green’s matrices as

DS = GSΓ
1,1
S G+

S and DD = GDΓ
Nx,Nx

D G+
D (2.9)

The charge density on lattice sites is calculated as

Q(x) = (−q)

∫ +∞

−∞

dE ×
∑

ky

[DS(E, x, ky)× fS(E)

+DD(E, x, ky)× fD(E)]

(2.10)

Where, q is the electron charge, and fS/D(E) is the source/drain Fermi-Dirac distribution function
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that given as fS/D(E) = 1/(1 + exp((E − µS/D)/kBT )), kB is the Boltzmann constant, T is the

absolute temperature. This charge density is self-consistently solved with 2-D Poisson equation for a

particular convergence criteria. When the convergence is achieved, the drain-to-source current density

is computed as

IDS =
2q

hW

∫

dE
∑

ky

Tky(E)[fS(E)− fD(E)] (2.11)

Where, h is the plank constant, W is the device width and the T is the transmission coefficient

that can be computed as T = trace [ΓSDD].

Coming to transverse wave vector (ky), the geometry along the width is described by quantizing the

transverse wave vector with appropriate boundary conditions. In case of GNR, the device width is finite

and therefore Box boundary condition can justify the transport along the width. In particular, the

armchair edge geometry has shown much better semiconducting properties than zig-zag edge geometry.

Therefore, to define the arm-chair edge configuration, the ky is quantized by imposing the box boundary

condition in the Dirac equation [112] as

ky =
2π

3∆
+

2πp

2W +∆
± 2π

3∆
(2.12)

Where p is an integer and W denotes the bilayer ribbon width. The last term accounts the momentum

of Dirac points, where positive/negative sign is employed when p is even/odd, respectively.

In the case of graphene, an atomistic arrangement is same as the GNR, but the width is much

larger than the channel length. Therefore, a periodic boundary condition can justify the transport

along the width. The Hamiltonian matrix of GNR is fitted well for bulk graphene, but ky values is

obtained by imposing Bloch periodic boundary condition with period equal to ∆ =
√
3acc. The ky is

quantized as

ky =
2πv

∆y
, andv = ±1,±2,±3... ± n. (2.13)

A significant computational saving can be achieved by defining ky in a limited region of the Brillouin

zone. It is found that the ky values near to dirac point, kF = 2π/3∆, are significant to reproduce

bandstructure of graphene. In this work, the simulation is performed on 64 equidistant points for an

interval suggested by Fiori in NANOTCAD Vides tool [92]. The computation of NEGF equations for

G-FET remains the same as for GNR-FET case. Instead of a finite channel width, the device is infinite

here, so that sums over modes are replaced by integrals over the transverse wave vector. Thus, the
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charge density for G-FET can be obtained as

Q(x) = (−q)

∫

BZ

dky

∫ +∞

−∞

dE × [DS(E, x, ky)×fS(E)

+DD(E, x, ky)× fD(E)]

(2.14)

Similarly, the drain-to-source current density for G-FET can be computed as

IDS =
2q

hW

∫

BZ

dky

∫

dE × Tky(E)[fS(E) − fD(E)] (2.15)

Our approach essentially translates 2-D graphene and GNR domian into several decoupled 1-D real-

space lattice. The 1-D assumption is suited well for G-FET, while, for GNR-FET, this assumption

is limited to the smooth edge case. Further, transport model of GNR-FET can be improved to take

into account of edge bond relaxation and mode coupling for more realistic simulation. Subsequently,

the NEGF equations are solved for BLGNR-FET and BLG-FET. In the following section, we present

only, the differences in the NEGF equations, though entire model is developed for GNR-FET.

2.3.2 NEGF Treatment of Electronic Transport in BLG-FET and BLGNR-FET
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Fig. 2.4: Schematic of (a) N=9 (W4) armchair edge BLGNR, where top and bottom layers represent by solid
and dash lines, respectively, and (b) 1-D elementary cell with binding energy.

Fig. 2.4(a) shows the schematic of n=9 armchair edge bilayer graphene nanoribbon (BLGNR). The

considered BLGNR is composed of two A-B stacking of armchair edged GNRs. Similar to GNR, we

identify the elementary cell, as highlighted in Fig. 2.4(b). The elementary cell of BLGNR consists of
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two GNR elementary cells with the coupling in correspondence of overlaying atoms in the Z-direction.

Therefore, Hamiltonian matrix of BLGNR can be expressed by adding hopping parameter tp = 0.35

eV to the two GNR Hamiltonian matrices. Fig. 2.4(b) shows the elementary cell with the nearest

neighbor hopping and Hamiltonian matrix from that can be constructed [105] as

H(ky) =


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






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Nx×Nx

(2.16)

Where, Nx is the number of carbon atoms in the unit cell of BLGNR, α is the on-site coupling matrix,

and β1, β2, β3 are the coupling matrices between nearest neighbor carbon atoms. The coupling matrices

are computed as

αi =







Uib 0

0 Uit






, β1 =







t 0

0 t






,

β2 =




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t+y 0

tp ty






and β3 =







ty 0

tp t+y







(2.17)

Where, Uib and Uit are the self-consistent potential energy on the bottom and top atomic sites,

respectively. Due to weak periodicity of BLGNR lattice and 2×2 size of coupling matrices, the compu-

tation of surface Green’s function using recursive algorithm is computationally intensive. Thereby, the

surface Green’s function for source and drain contacts are computed using the Sancho-Rubio iteration

algorithm. The derivation of this algorithm for BLGNR is described in detail in Appendix A. Because

the non-zero entry in self energy matrices is 2×2, first two and the last two columns of retarded Green’s

function are only required for calculating charge density and current at the ballistic limit. The relevant

columns of the Green’s function can be determined using Gauss elimination approach as

GS = G(E, ky)\IS and GD = G(E, ky)\ID (2.18)
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Where, IS and ID are given by

IS =
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(2.19)

The charge density and current from reduced Green’s function matrices can be computed same way as

discussed for case of GNR-FET. This 1-D assumption is suited well for bilayer ribbon with hydrogen

passivated edges, as the electron-electron interaction at the edges of layers diminishes the edge bond

relaxation [113].

BLG is basically composed of two A-B (Bernal) stacking of graphene sheet. Similar to GNR and

graphene case, an atomistic arrangement in BLG is same as the BLGNR, but the width is much

larger than the channel length. Thus, BLG-FET can be modeled by using the Hamiltonian matrix of

BLGNR, but the ky of G-FET is needed. Further, the charge and current densities can be computed

as the same way as done for G-FET. This consideration of 1-D transport in BLG based transistors

reduces the computation time, but when solving integral along the ky, in which we preferred 64 k

values, computation is still very demanding. The 1-D transport model of BLG-FET is the same as

one developed by Fiori and Iannaccone [105]. The only difference is that the transport equations

are modeled by solving NEGF, rather than directly solving Schrödinger equation in [105]. On the

other hand, this 1-D transport assumption has proven to be useful in understanding operations of

BLGNR-FETs, which is not yet available in the literature.

2.3.3 2-D Electrostatics

Appropriate treatment of electrostatic is necessary for accurately analyzing the device character-

istics. For a given charge density, the Poisson equation is solved to obtain the electrostatic potential

profile in the devices. Next, this computed potential profile is used as the input for the NEGF transport

equation, and an improved estimate for the charge density is obtained. Since 1-D transport assumption

in graphene-based devices limits the charge density and potential to constant values along the device

width (y-axis), the Poisson equation is essentially became a 2-D problem along the length (x-axis) and

the height of the device (z-axis). The Poisson equation for 2-D geometry shown in Fig. 2.5 can be
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Fig. 2.5: 2D Simulation domain of double gate MOSFET. The channel is intrinsic and the gate length equals the
channel length. The source and drain are the extension of channel and doped heavily. The dashed rectangular
shows the element used to discretize the Poisson equation at (m,n). Uniformly spaced grids are used in both
x and z directions, spatial constants are a and b respectively. An air spacer of 0.5 nm is assumed between
the plane connecting the centers of carbon atoms and the interface of the oxide region to perform atomistic
simulation.

written as

∇.[ε∇USC(x, z)] = qQ(x) (2.20)

Where, ε is the dielectric constant, q is the charge of electron and Q(x) is the charge density on the

graphene surface that can be given as.

Q(x) = (p− n+ND −NA) (2.21)

Where, p/n is the holes/electrons concentrations, respectively, and ND/NA is the donors/aceptors

concentrations, respectively. The derivative function of Poisson equation is discretized at the internal

nodes using forward difference approximation. The discretized equation for an element at the grid

point (m,n) in graphene and dielectric interface can be written as

(

εgr + εins
2

)(

b

a

)

(Um+1,n + Um−1,n)− 2

(

εgr + εins
2

)(

b

a
+

a

b

)

Um,n + (εins)
(a

b

)

Um,n+1

+(εgr)
(a

b

)

Um,n−1 = ab×Q(x)

(2.22)
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Where, a and b are mesh spacings in the x and z directions, εgr is the dielectric constant of graphene

and εins is the dielectric constant of insulator. For the grid points on the graphene/insulator, the

graphene/insulator surface, εgr/εins is replaced with εins/εgr in equation 2.22.

We now look the Poisson equation at the boundary nodes. For the nodes on boundaries with

constant potential, the Dirichlet boundary conditions are imposed, whereas for other node boundaries,

the Neumann boundary conditions are considered. At the gate contacts, the Dirichlet boundary condi-

tions are imposed, which means U= -qVG. The gate vacuum potential VG is determined from the gate

bias voltage and work-function difference between gate metal and graphene. The Neumann boundary

conditions are considered by assuming the zero electric field in the direction normal to the boundary,

−→n .
−→∇U = 0 . At the corner nodes, the same zero boundary condition is set [114].

Equation 2.22 is linear and easier to solve, but convergence of this equation is very poor, when

the charge density from NEGF is inserted. To improve the convergence, a nonlinear inner loop, which

takes quantum charge density and converts this charge into a quasi-Fermi level through a dummy

function, is used. This nonlinear inner loop provides damping mechanism to update the potential

energy, which helps to avoid larger change in the potential energy in successive iterations and therefore

making coupled equation to converge efficiently and stably. The dummy function should be very close

to the physical relation determined by carrier transport equation as possible for better convergence.

Typically, semiclassical equilibrium carrier statistics with a dummy quasi-Fermi level are used as the

dummy function [115]. The carrier statistics are used for simulating the all the four devices presented

in Appendix B. Since the resulting Poisson equation is nonlinear, it is solved by an inner Newton-

Raphson loop [114]. The Newton-Raphson approach provides quadratic convergence that will result

in smaller the number of iterations.

2.4 Results

The purpose of this section is to show by some simple examples that the developed transport

models are valid. The transport model for GNR-FET is verified by comparing simulation results with

Low’s approach [106] and Zhao’s RS/MS approach [103], while the transport model for graphene-FET

(G-FET) is only verified with Low’s et al. approach [106]. Further, the transport model for BLGNR-

FETs is verified by comparing the energy gap openings with previously reported theoretical works for

BLGNRs [4, 47]. In the case of BLG-FET, Hamiltonian matrix and ky are the same as developed
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by Fiori and Iannaccone [52, 105]. The only difference with [52, 105] is that our simulation solves

NEGF equation instead of direct Schrödinger equation and it would not make big difference in results.

However, the energy gap opening with the gate voltage in BLG-FET is presented for understanding

transport properties.

To simulate devices, the double gate geometry depicted in Fig. 2.5 is used. The channel is intrinsic

with a length of 20 nm. The source and the drain regions are 20 nm long and doped to n-type with a

molar fraction of fd = 5× 10−3. The SiO2 having a dielectric constant of 3.9 and thickness of 1.5 nm

is considered as top and bottom gate dielectrics.

2.4.1 Simulation of GNR-FET
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Fig. 2.6: Bandstructure of A-GNR as a function of k vector obtained from our calculations (solid lines) and
from real-space approach (red triangles) [2] for (a) W12 (3p), (b) W13 (3p+1) and (c) W14 (3p+2) widths,
where p is the integer and W12, W13 and W14 represent the widths of 1.46 nm, 1.62 and 1.74 nm. Where
da=3ac is the 1-D unit cell distance along length.

In this work, GNR is classified using 1-D unit cell along the width direction. For examples, W12,

W13, and W14 represent the numbers of elementary cells along width with ribbon widths of 1.46 nm,

1.62 and 1.74 nm, respectively. To show the difference in the three class of armchair edged GNRs

(A-GNRs), we have computed the bandstructure from 1-D tight-binding Hamiltonian by using eigen

states algorithm in [116]. Fig. 2.6 shows the conduction and valence subbands pairs for W12, W13,
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Fig. 2.7: The variation of band gaps of A-GNRs as a function of width obtained (a) from our approach and
(b) from DFT approach [3]. Our results are not matching with DFT results because the edge bond relaxation
is not considered in simulation.

and W14 A-GNRs, from our approach and real-space approach [2]. Further, the bandgap as a function

of ribbon widths is shown in Fig. 2.7. Fig. 2.6 shows that the energy gap is strongly dependent on the

number of elementary cells along the width. The W14 (3p+2) ribbon is shown semi-metallic behavior,

whereas the energy gap in W12 (3p) A-GNR is higher than that of W13 (3p+1) A-GNR, where p is

an integer. It is observed that our 1-D real-space approach gives an almost exact reproduction of the

conduction and valence minima with the full real-space approach. It is observed from Fig. 2.7(a) that

the energy gaps are closely related for 3p and 3p+1 classes of A-GNRs. This energy dependency on

ribbon widths are in good agreement with reported full real-space tight-binding [2] and first-principle

(DFT) [3, 112] calculations for smooth edge ribbons.

Since A-GNRs are geometrically terminated single graphene layers, their electronic structures are

crucially influenced by edge configurations. In particular, the hydrogen atoms are used to terminate

dangling bonds that results in about 12% increase of the binding energy between carbon atoms at

the edges. In Fig. 2.7(b), we show the energy gap of A-GNRs with the presence of edge bond

relaxation from DFT calculation [3]. When the edge bond relaxation is considered, there are no

metallic nanoribbons and furthermore, the energy gaps are well separated into three different groups.
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2. Quantum Transport in Ballistic Graphene-based Transistors

It is observed by comparing Fig. 2.7(a) and (b) that the energy gap opening from our approach are

not agreed with DFT results. For 3p class A-GNR, our energy gap is higher than that DFT approach,

while, for 3p+1 and 3p+2 classes of A-GNR, our energy gap is smaller than DFT results. The reason

is that the edge bond relaxation is not considered in our simulation.

We find that it is very difficult to include the edge bond relaxation in our case as the Hamiltonian

matrix is formulated by translating 2-D geometry into the 1-D cell to reduce computational time for

quantum simulation. The reported work with edge bond relaxation are either based on full real-space

approach [2,103,117] or full mode space approach [103], but we have simplified 1-D real-space approach

for Hamiltonian construction to develop unified transport model for graphene sheet and nanoribbon

devices. Therefore, the incorporation of edge bond relaxation is still challenging task in our simulation

of nanoribbon devices.
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Fig. 2.8: (a) Transfer characteristics of W12 AGNR-FET from our approach (solid lines) and Low’s approach
(circles). (b) Output characteristics of AGNR-FET from our approach (solid line), Low’s approach (circles) and
Zhao’s real-space/mode space approach (dash line), at VGS = 0.5 V.

Fig. 2.8(a) compared the transfer characteristics of AGNR-FET from our approach and Low’s

approach. It is observed that two methods give nearly identical results for all bias voltages. It is also

become important to compare our 1-D real-space transport assumption with full real-space and mode-
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space results. To ease the comparison, we have benchmarked device with smooth edge W12 AGNR-FET

proposed by Zhao and Guo [103]. This geometry is very similar to our simulation geometry, expect that

the channel, source and drain lengths are scaled to 10 nm. Fig. 2.8(b) shows the output characteristics

of W12 AGNR-FET from our approach, Low’s approach [106] and Zhao’s real-space/mode space

approach, at VGS = 0.5 V. It is observed that our approach excellently reproduces the results both

from Zhao’s real-space/mode-space results. The good agreement between our approach and real-space

approach results from the constant potential around the width.

2.4.2 Simulation of G-FET
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Fig. 2.9: Potential profile (left) and corresponding current spectra (right) of G-FET at VGS = −0.1 V and
VDS = 0.5 V from our approach (solid lines) and Low’s approach (circles).

Fig. 2.9 shows the device potential profile and corresponding transmission spectra of G-FET from

our approach and Low’s approach at VGS = −0.1 V and VDS = 0.5 V. It is observed that our approach

agrees well with Low’s approach [106]. Fig. 2.9(b) shows that the transport regime at OFF-state

is the sum of three contributions: I is the thermionic current regime, II is source-channel the chiral

band to band tunneling current regime (S-C chiral BTBT) and III is the drain-channel band to band

tunneling (C-D BTBT) current regime. These tunneling regimes play an important role in the electrical

characteristics of G-FET. The transmission is non-zero for all energies which indicates that the energy
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Fig. 2.10: Transfer and output characteristics of G-FET from our approach (solid lines) and Low’s approach
(circles).

gap is zero, but there are transmission valleys, which separates the regimes in the transmission spectra.

The transmission valley is a consequence of the ky-dependent pseudo-energy gap due to the influence of

electron states on both sides of the gated region. The deepness of the transmission valley is dependent

on the gate length. This current regimes and pseudo-energy gap are in good agreement with transport

model based on Fourier transform of operators by Alacron et al. [118].

The accuracy of our approach is tested under different conditions. The transfer characteristics and

the output characteristics of G-FET are compared with Low’s approach, as shown in Fig. 2.10. It

can be noticed that the our approach agrees well Low’s approach for all bias voltages. The ambipolar

behavior is observed in transfer characteristics and the max(IDS)/min(IDS) ratio for graphene FET

is about 3-6. In output characteristics, the quasi linear behavior is appeared for positive VGS values,

while negative differential resistance (NDR) is exhibited for negative VGS values. This behaviors in

the output characteristics are matched well with other simulation studies for short channel graphene-

FET [68, 119, 120], while the agreement with experiments [66, 121] is only qualitative due to the gap

between the conditions considered in the simulation (20-nm channel length and ballistic transport in

ideal graphene) and the limitations of the present graphene technology (e.g., contact resistance and
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interface effects). The above investigations show that the parameters and assumptions considered in

this simulation are acceptable.

Table 2.1: Minimum error criterion of current calculation and the total simulation time for our
approach and Low’s approach. The simulation time is included the Poisson equation solving, when
VGS = 0.5 V and VDS increases from 0 to 0.5 V by 0.05 V per step (shown in Fig. 2.8). The simulation
were run on a four core 3.2 GHz CPU using parfor loop in MATLAB.

Low’s approach Our approach

Error Criterion >0.001 >0.001

Simulation time for W12 GNR-FET 13.62 mins 2.13 mins

Simulation time for G-FET 150.6 mins 19.03 mins

To see the advantages of our approach, Table 2.1 compare the computed simulation time for charge

and current calculation, when VGS = 0.5 V and VDS increases from 0 to 0.5 V by 0.05 V per step (shown

in Fig. 2.8) with Low’s approach. The comparison shows that our approach reduces the computational

time by about one order of magnitude for both GNR-FET and G-FET. Using proposed approach, one

can perform simulations in a reasonable amount of time, which is essential for large-scale applications

and device optimizations. Our approach is highly advantageous in reducing the computational burden,

and it is valid when the potential variation around the ribbon is much smaller and subbands are

uncoupled.

2.4.3 Simulation of BLGNR-FET

Similar to GNR, BLGNR is also classified using 1-D unit cell along the width direction. The W12,

W13, and W14 represent bilayer ribbon widths of 1.46 nm, 1.62 and 1.74 nm, respectively. Fig. 2.11

shows the confinement induced energy gap of three different armchair edged BLGNR widths. It is

observed, by comparing Fig. 2.6 and Fig. 2.11, that the confinement-induced energy gap in BLGNRs

is considerably smaller than that of GNRs because of the interlayer coupling. However, BLGNRs offer

more low energy bands than GNRs for the same width due to their small effective mass. The more

low energy bands promise the better ON current with BLGNR devices.

Fig. 2.12 shows energy gaps of armchair BLGNRs as a function of width obtained from our 1-D

real-space calculation and DFT calculation with edge effect [4,113]. It is observed that the energy gap

for smooth edged A-BLGNR is agreed with DFT results with the edge effects for width is over W18

(2.4 nm). The reason for that there exists an electron-electron interaction between the layers at the
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Fig. 2.11: Bandstructure of BLGNR as a function of k vector for (a) W12 (3p), (b) W13 (3p+1) and (c) W14
(3p+2) widths, where p is an integer and W12, W13 and W14 represent ribbon widths of 1.46 nm, 1.62 and
1.74 nm, respectively. Where da=3ac is the 1-D unit cell distance along length.

edges that diminish the edge effects as compared to single layer GNR narrow widths. However, the

difference in energy gap between our approach and DFT calculation is smaller as compared to single

layer GNR for width smaller than W18. Therefore, our simulation study for BLGNR-FETs can be

closed to a real device.

Fig. 2.13 shows the energy gap opening with differential gate voltages (Vdiff = VGS2 − VGS1) for

W30 (3.74 nm) and W15 (1.87 nm) BLGNR devices. It is observed from Fig.2.13 that the energy

gap for wide bilayer ribbon is consistently increased with increasing the gate electric field, while the

energy gap for narrow bilayer ribbon is first decreased and then increased. Previous theoretical works

have found a critical energy gap of around 0.21 eV [4, 47, 48]. For bilayer ribbon width having the

energy gap above/below the critical value, the vertical electric field decreases/increases the energy

gap, respectively. Our results follow similar electric field dependency with respect to the critical

energy gap. It shows that the parameters and edge approximation considered in this simulation are

acceptable. Therefore, the energy gap is determined by confinement in narrow BLGNR width and by

the gate voltage in wide BLGNR width.
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2.5 Summary

The 1-D real-space transport model with analytically defined transverse modes was developed. This

model can be applied equally well to the simulations of G-FET, GNR-FET, BLG-FET and BLGNR-

FET with only small modifications. A significant computational saving can be achieved for G-FET

and GNR-FET simulations by using 1×1 coupling matrices. The BLG and BLGNR were expressed by

the two single layer GNR Hamiltonian matrices, coupled by the hopping parameters corresponding to

the overlaying atoms along the z direction. This was allowed to model BLGNR-FET and BLG-FET

by same transport equations as GNR-FET and G-FET with only small modifications. Devices based

on graphene are in the development stage, and the quantum simulator proposed can be a powerful tool

to evaluate various technology options and device structures.
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3. Analysis of Graphene Tunnel Field-Effect Transistor

3.1 Introduction

Graphene has been considered as one of the promising material for analog/RF applications due to its

excellent electronic properties such as higher carrier mobility and higher saturation velocity that would

allow high device transconductance (gm) and high device cutoff frequency (fT ) [11,20,65]. However, the

absence of bandgap in graphene leads to quasi-saturation and negative differential resistance (NDR)

in the output characteristics of long channel and short channel devices [66, 69]. This produces larger

output conductance (gds) compared to transconductance and consequently, reduces the intrinsic gain

and the oscillation frequency. Thus, the main challenge with graphene field-effect transistors (GFETs)

for analog applications is to improve the saturation behavior in their output characteristics without

significantly degrading its current levels.

It has been reported that transport in GFET is largely contributed by the band to band tunneling

(BTBT) up to channel lengths of 50 nm [78]. Also, Alarcon et al. have recently observed that the

source to channel (S-C) BTBT is responsible for the onset of current saturation in conventional GFET

(C-GFET), while the channel to drain (C-D) BTBT and thermionic current dominance suppresses

saturation behavior [118]. Interestingly, Ganapathi et al. have recently proposed that the current sat-

uration in GFET can be improved by p-type doping in the drain underlap region to enhance the BTBT

tunneling current dominance [68]. These observations suggest that the BTBT is the dominant current

component in GFET, and also the one that determines the behavior in their output characteristics.

Therefore, a tunnel field-effect transistor (TFET), in which the S-C BTBT current is controlled by

gate voltage, can be a viable option in graphene devices to achieve better current saturation without

significantly degrading its current levels. Moreover, graphene tunnel field-effect transistor (T-GFET)

can be a more promising candidate for good gate electrostatic control because graphene device in gen-

eral has smaller quantum capacitance than Si-TFET, and TFET geometry offers even smaller quantum

capacitance compared to MOSFET geometry in the case of larger VDS, [122, 123].

Early works on graphene based tunnel field effect transistors have particularly focused on the out-

plane tunneling, such as lateral [83], vertical heterostructures [57], BisFET [29] and SymFET [30].

These proposed structures are suitable for digital applications due to their high on/off ratio, but

they are certainly not useful for analog/RF applications because of very narrow current saturation

region and larger parasitic capacitances. Therefore, this work considers a planner p-i-n T-GFET

with MOSFET like operation, for analog/RF applications. Our main focus is on the extraction of
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the intrinsic analog/RF performance metrics of T-GFET, in particular the intrinsic gain and cutoff

frequency.

3.2 Device Geometry and Performance Metrics

Al2O3

X

Z

LG = 25nm

0.5nm air

tox = 1.5nm

LD = 25nmLS = 25nm

VGS
VDS

P−Graphene N−GrapheneI−Graphene

VGS

Al2O3

Fig. 3.1: Simulated tunnel graphene field effect transistor (T-GFET) geometry.

The simulated double gate (DG) p-i-n T-GFET geometry is shown in Fig. 3.1. The intrinsic 2-D

graphene sheet is served as a channel, having a length of 25 nm. The source and drain regions of

length 25 nm are the extension of the channel and are doped to p-type and n-type, respectively with

a doping concentration of 4 × 1013 cm−2. When n-i-n C-GFET is used for performance comparison,

all the simulation parameters are kept identical except that the source region doping is changed to

n-type. The Al2O3 serves both as top and bottom gate oxides having a physical thickness of 1.5 nm

and dielectric constant of 10. This 1.5 nm physical thickness of Al2O3 is equivalent to an effective

oxide thickness (EOT) of 0.6 nm. Atomistic simulation for graphene layer and a continuum simulation

for the oxide regions (with a given dielectric constant) is performed. In this connection, an air spacer

of 0.5 nm is assumed between the plane connecting the centers of carbon atoms and the interface of

the oxide region, otherwise the graphene atoms merge with dielectric atoms, which is practically never

feasible. The air spacer of 0.5nm is a reasonable value and it is approximately equal to the atomic

distance. This air spacer is only a simulation consideration and it is not an intended step during the

device fabrication. In particular, DG geometry is employed in the simulation because it reduces short

47

 TH-1608_11610201



3. Analysis of Graphene Tunnel Field-Effect Transistor

channel effects and provides larger on current. Initially, both the gate are perfectly aligned, when the

gate misalignment is considered in the later simulations, both the gates are misaligned equally.

The usual quasi-static approximation is used to evaluate high frequency performance of T-GFETs

[78,97]. The intrinsic performance metrics are computed by running the self-consistent DC simulations,

as discussed in Chapter 2 for G-FET. In particular, intrinsic gate capacitance (Cg), the transconduc-

tance (gm) and the output conductance (gds) are calculated as

Cg =
∂Qch

∂VGS

∣

∣

∣

∣

VDS

, gm =
∂IDS

∂VGS

∣

∣

∣

∣

VDS

, and gds =
∂IDS

∂VDS

∣

∣

∣

∣

VGS

(3.1)

Where, Qch is the average charge in the channel. Subsequently, the intrinsic gain (AV 0) and the

intrinsic cut-off frequency (fT ) can be computed as

AV 0 =
gm
gds

fT =
gm

2πCg
(3.2)

3.3 Results

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 11
0

10

20

30

40

V
DS

 (V)

I D
S
 (

m
A

/µ
m

)

 

 

V
GS

= 0.2V

V
GS

= 0.4V

V
GS

= 0.6V

Fig. 3.2: Output characteristics of nominal T-GFET for different positive VGS .

Fig. 3.2 shows the output characteristics of nominal T-GFET, at room temperature, for positive

gate voltages. The current saturation is possible only for intermediate VDS, at the larger gate voltages.

While, at small gate voltages, the quasi-linear increment in the current density is appeared for all VDS.

The output characteristics of T-GFET is similar to previous reports of short channel GFET [68, 118]
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as well as experimentally obtained for long channel GFET [66,124].
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Fig. 3.3: (Left) T-GFET potential energy profile along the transport direction and (right) corresponding
current spectra at VGS = 0.4 V for VDS = 0.3 V (dash line) and VDS = 0.6 V (solid line). The current spectra
shows the source-channel (S-C) tunneling regime and the channel-drain (C-D) tunneling regime separated in
the energy axis. Where EFS and EFD are Fermi levels at the source and drain regions respectively, and Ekch

is Dirac point energy in the channel.

The physical origin of quasi-saturation and quasi-linear behavior can be better understood by

observing the contribution of tunneling current components in drain current [Fig. 3.3] and analyzing

their distribution with VDS [Fig. 3.4]. The Fig. 3.3 shows the self-consistent potential energy profile

of T-GFET along the transport direction and the corresponding current spectra, at VGS = 0.4 V, for

two different VDS values. For VDS = 0.3 V (dash lines), the current spectra is only due to the source-

channel (S-C) tunneling from the hole states at the source region to the electron states at the channel

region. However, for VDS = 0.6 V (solid lines), the current spectra contains additional channel-drain

(C-D) tunneling component from the hole states at the channel region to the electron states at the

drain region. This C-D tunneling current causes accumulation of holes in the channel region, as these

holes do not contribute to the current flow. Consequently, it lowers the channel potential energy and

brings increment in the S-C tunneling current, as shown in Fig. 3.3. For VGS = 0.6 V, a transmission

valley separates current regimes in the current spectra and it is due to the pseudoenergy gap by ky

states around the channel potential energy.

Fig. 3.4 shows the distribution of the S-C and the C-D tunneling currents in the output character-
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Fig. 3.4: The contribution of S-C and C-D tunneling currents in T-GFET for different VDS , at (a) VGS = 0.2
V, and (b) VGS = 0.6 V.

istics for (a) VGS = 0.2 V, and (b) VGS = 0.6 V. It is observed for VGS = 0.2 V that, because of the

small gate induced barrier in the channel, the C-D tunneling current becomes significant even from

small VDS . This leads to linear increment to the total current for all VDS values [region I, region II

and region III in Fig. 3.4(a)]. On the other hand, for VGS = 0.6 V, the current density is only due to

the S-C tunneling at small VDS values [region I in Fig. 3.4(b)]. For intermediate values of VDS, this

S-C tunneling current saturates because of the pseudoenergy gap around the channel potential energy

and causes saturation in the total current [region II in Fig. 3.4(b)]. At larger VDS , the C-D tunneling

current contribution becomes significant, which linearly increases the total current, and it is called the

second linear region [region III in Fig. 3.4(b)].

In summary, the current saturation in the output characteristics of T-GFET is possible when the

C-D tunneling current becomes negligible. Subsequently, we examine that whether the contribution

of C-D tunneling current can be reduced by the right choice of device parameters, such as gate oxide

thickness, drain underlap and drain overlap, and doping profile.
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Fig. 3.5: (a) Output characteristics of T-GFET for different equivalent oxide thickness (EOT) at VGS = 0.4
V, and (b) Corresponding potential energy profile in the channel region at VDS = 0.6 V.

3.3.1 Impact of Oxide Thickness

Fig. 3.5(a) shows the output characteristics for three different EOT, which represents three different

physical thickness of Al2O3. It is observed from Fig. 3.5(a) that a decrease of EOT enhances the quasi-

saturation and second linear region in the output characteristics. This can be understood by analyzing

the device potential energy in the channel region for different EOT, as shown in Fig. 3.5(b). The

Cox/Cq becomes smaller with the decreasing the oxide thickness, which makes barrier thinner and

results in steeper source- channel and drain-channel junctions. A narrow S-C barrier width results in

larger S-C tunneling current, and improves the onset of current saturation. Moreover, thinner C-D

tunneling barrier width results in larger C-D tunneling current, and makes the second linear region

more pronounced. Therefore, the smallest possible EOT can be an optimal choice in T-GFET to

enhance onset of current saturation.

3.3.2 Impact of Drain Underlap and Drain Overlap Lengths

Fig. 3.6(b) shows that a larger drain underlap length cause low DOS section at the C-D junction

for larger VDS, which widens the C-D barrier width. Thus, an increase in the underlap length decreases

the C-D tunneling current and reduces the current dependence in the second linear region, as observed
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in Fig. 3.6(a). In contrast, at small VDS , the current density is only due to the S-C tunneling, it

is unaffected by the drain underlap length. It is also observed from Fig. 3.6 that an increase of

drain overlap length does not significantly affect the device output characteristics. This is because the

change in the potential energy by the drain overlap is the outside of the transmission energy window

[EFS, EFD] (here EFS=0 and EFD = VDS). In summary, the drain underlap, which is present in all

experimental graphene transistors, can be a suitable parameter in T-GFET to reduce the second linear

region.

3.3.3 Impact of Channel and Drain Doping Concentrations

With the recent advancement of the doping engineering in the graphene transistors [63,125], doping

control can be one of the most preferable choice for device performance optimization. If the doping in

the drain region is decreased and channel region is lightly doped to n-type, the C-D tunneling current

can be significantly suppressed because of the widening of tunneling barrier width for a gradual doping

profile at the C-D junction. Consequently, the S-C component of current also increases because of the

narrowing of the tunneling barrier width with an abrupt doping profile at the S-C junction. Therefore,
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Modified channel doping concentration is NC = 8×1011 cm−2 and drain doping concentration is ND = 4×1012

cm−2.

a better drain region doping concentration will be 10× smaller than the source region, and the channel

region is doped to n-type with the doping concentration 5× smaller than the drain region. Fig. 3.7

compares the output characteristics between nominal T-GFET and modified doped (MD) T-GFET,

for three different gate voltages. It is observed that the suggested doping concentrations effectively

enhances the current saturation as well increases the current levels. The reason for improved current

saturation in MD T-GFET can be understood by examining the device potential energy profiles for

different VDS , as shown in Fig. 3.8. The observations from potential energy profile and corresponding

effects on the output characteristics are as follows:

■ When sufficient positive gate voltage is applied, the carrier concentration in the channel becomes

comparable to the drain. Therefore, the increase in VDS from 0V to 0.3 V, appears across the C-D

junction, which in turn increases channel-drain junction depletion region width. The increment in

the channel depletion width lowers the channel potential energy corresponding to VDS changes,

as observed in Fig. 3.8. This increases the S-C junction electric field and leads to a gradual

increase in the S-C BTBT current with VDS . As a result, the current density increases gradually

in this VDS range.
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■ For increasing VDS beyond 0.3 V, the electron concentration in the channel becomes smaller

because of the larger depletion region. This reduces the drain voltage effects on the channel

potential energy, and consequently saturates the S-C tunneling current. However, at high VDS , a

small C-D component of current is still present that weakens the current saturation by preventing

the saturation of the channel potential energy.

■ To further minimize the C-D tunneling current, the drain doping concentration can be decreased,

but it may bring an early device breakdown for high drain voltages. Therefore, for a particular

VDS , the desirable drain doping concentration is such that EKD,VDS
> EFD,VDS

, where EKD is

the drain region Dirac point energy and EFD is the drain region Fermi energy level, at same VDS

(here, EFD = VDS).

Hence, modified doping concentrations in the channel and the drain are capable of partially sup-

pressing the C-D tunneling current, and reducing the holes accumulation for high VGS. However, the

current saturation is not improved for small VGS values. This is because the S-C tunneling current

is still smaller compared to the C-D tunneling current. The gate voltage range, in which the current

saturation is possible, can be altered by tailoring the channel doping concentrations.
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3.3.4 Impact of Underlap and Overlap Lengths in a MD T-GFET
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Fig. 3.9: (a) Output characteristic of MD T-GFET for three cases: 8nm drain underlap, no underlap and
overlap, and 8-nm drain overlap, at VGS = 0.4 V. (b) Corresponding potential energy profiles in the channel
and drain regions at VDS = 0.3 V and VDS = 0.8 V.

Having appreciated with the effect of underlap on the saturation behavior of a nominal T-GFET, it

might seem that drain underlap and overlap in MD-TFET should further suppress the C-D tunneling

current. It is observed in Fig. 3.9(a) that a larger drain overlap length in MD T-GFET further

enhances the current saturation, while a larger drain underlap length degrades the saturation behavior.

To understand this further, the corresponding device potential profile along the transport direction is

plotted in Fig. 3.9(b) at two different VDS values for three cases: 8 nm underlap, no underlap and

overlap, and 8 nm overlap. For the case of underlap, the S-C tunneling current decreases at small

VDS because the rise of the potential energy in the underlap region, while the S-C tunneling tunneling

current increases at high VDS because the increases of the drain field effect into the channel. As a

result, the current density is marginally decreased for small VDS values and marginally increased for

high VDS values. On the other hand, for the case of overlap, a larger drain overlap in MD T-GFET

decreases the C-D tunneling current because the increase of the band bending distance at C-D junction

for high VDS values. In contrast, the S-C tunneling current is insensitive to the drain overlap length,

the current density is unchanged for small VDS .
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Therefore, the drain overlap along with appropriate channel and the drain doping concentrations

is an effective design strategy to enhance VDS window for the current saturation. Subsequently, the

effectiveness of the saturation region in all the above described structures is analyzed by estimating

their output resistance and intrinsic gain.

3.3.5 Output Resistance and Intrinsic Gain
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Fig. 3.10: Comparison of four different device structures: nominal T-GFET, T-GFET with 8-nm drain under-
lap, MD T-GFET, and MD T-GFET with 8-nm overlap at VGS = 0.4 V. (a) Output resistance at VDS = 0.3 V
and VDS = 0.7 V, and (b) Intrinsic gain at VDS = 0.3 V and VDS = 0.7 V.

Fig. 3.10 shows the comparison of the output resistance and the intrinsic voltage gain, at VGS = 0.4

V, in four different architectures: nominal T-GFET, T-GFET with 8-nm drain underlap, MD T-GFET,

and MD T-GFET with 8-nm overlap. It is observed that peak intrinsic gain for MD T-GFET with

8-nm overlap is about 1.3× higher than nominal T-GFET at VDS = 0.3 V. Whereas, at VDS = 0.7 V,

MD T-GFET with 8-nm overlap lead to a factor of 2.2× improvement in the output resistance, 3.6×

improvement in gm (not shown) and that results in 8× improvement in intrinsic gain.

Hence, the appropriate drain overlap with control channel and drain doping concentrations in

T-GFET increases the peak intrinsic gain and also reduces VDS dependency of maximum intrinsic

gain. This reduced VDS dependency of intrinsic gain improves T-GFET linearity and stability for high

frequency applications. It makes T-GFET a promising device for high frequency multiplier and RF

mixer circuits. On the other hand, T-GFET peak intrinsic gain still needs to be improved to build RF
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amplifiers and oscillators. However, it should be noted that the drain doping reduction may increase

the drain series resistance and the drain overlap may increase the drain capacitance. This might cause

deterioration in the RF performance parameters. The relative benefits of T-GFET over C-GFET

geometry are investigated by comparing analog/RF performance parameters, in the following section.

3.3.6 C-GFET versus T-GFET
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Fig. 3.11: Comparison between C-GFET and T-GFET obtained at VDS = 0.5 V. (a) Transconductance (gm),
(b) Output resistance (1/g0), (c) Intrinsic gain (AV 0), and (d) Cutoff frequency (fT ).

The T-GFET has smaller current values and hence smaller the transconductance compared to a

C-GFET, as shown in Fig. 3.11(a). Both C-GFET and T-GFET show the linear increment of the

transconductance for moderate values of VGS. For larger VGS, both the devices show the transconduc-

tance peaks, when the BTBT leakage current (S-C tunneling in C-GEFT or C-D tunneling in T-GFET)

becomes negligible. It is observed from Fig. 3.11(b) and Fig. 3.11(c) that the extent of current satura-

tion with respect to VDS in T-GFET increases the output resistance and brings in 1.2× higher intrinsic

gain compared to C-GFET at the expense of marginal reduction in the cutoff frequencies, as seen in

Fig. 3.11(d).
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3.3.7 Impact of Channel Length on Intrinsic Gain and Cutoff Frequency
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Fig. 3.12: (a) Peak intrinsic gain versus channel length obtained at VDS = 0.5 V, and (b)Peak cutoff frequency
versus channel length obtained at VDS = 0.5 V. The experimental results are based on self-aligned nanowire
GFET [5].

Fig. 3.12(a) shows that the intrinsic gain of T-GFET becomes independent of the channel length

beyond 40-nm. T-GFET has larger degradation in the intrinsic gain compared to C-GFET for channel

lengths below 40-nm. The intrinsic gains of both C-GFET and T-GFET are greatly reduced at 10-nm

channel, which is in agreement with graphene nanoribbon findings [126]. In Fig. 3.12(b), the intrinsic

cutoff frequencies of both C-GFET and T-GFET devices show 1/Lchannel dependence for channel

lengths ranging from 20-nm to 80-nm. This scaling trend of intrinsic cutoff frequency for C-GFET

is in good agreement with experimental result [62] and other simulated results [68, 78]. Besides, the

simulated cutoff frequencies of ballistic C-GFET are higher as compared to the experimentally obtained

values of GFET [5] for same channel lengths. These differences may be due to the assumption of ballistic

transport and neglecting of the parasitic effects and interface effects, in the simulation.

3.4 Summary

T-GFET has shown marginally higher (20%) intrinsic gain compared to C-GFET. It has found that

an appropriate selection of device parameters in T-GFET can significantly suppress the C-D tunneling
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current and improve the current saturation. In particular, an 8-nm overlap with suitable doping profile

leads to 2.2× improvement in the output resistance, 3.6× improvement in gm, and 8× improvement in

intrinsic gain, especially at larger VDS. Therefore, a planar TFET with graphene offers several benefits

and is expected to be an alternative candidate to C-GFET for analog/RF applications.
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4. Analysis of Bilayer Graphene Nanoribbon Field-Effect Transistors

4.1 Introduction

The cutting of graphene into nanoribbons (GNRs) and the applying vertical electric field across

bilayer graphene (BLG) are two widely preferred strategies to induce an energy gap, but each alone is

insufficient to achieve better device performance both for digital and analog applications. The combi-

nation of both BLG and GNR to form bilayer graphene nanoribbon (BLGNR) has offered the potential

to induce a significant energy gap [4, 47]. Recent experimental study on 40 nm wide BLGNR-FET

has reported an ON/OFF current ratio of about 3000 at room temperature [49], which is 30 fold

higher than the highest value reported for BLG-FET [43]. This ON/OFF current ratio with BLGNR-

FET is smaller for switching requirement, but the fabrication advancements to produce smooth edge

BLGNR with narrow width can significantly improve the ON/OFF ratio. Apart from logic applica-

tions, BLGNR-FETs can also be a strong candidate for analog/RF applications as they offer strong

suppression for both 1/f and phase noises [127]. The major advantage with BLGNR is that the energy

gap is less sensitive to edge disorders compared to GNRs, and therefore these materials do not need to

highly precise lithography [113,128].

In this chapter, a systematic study of BLGNR-FET is carried out by an in-house developed quantum

simulator (Chapter 2), which incorporates the physical properties of BLGNR and structural aspects

of FET. Our main focus is on the characterizations of BLGNR-FET with different device widths and

other key drivers behind those characteristics, rather than the estimation of ultimate performance

limits of these devices. The digital performance of BLGNR-FET is evaluated in double gate device

structure with chemically doped source and drain regions to achieve better gate electrostatic control,

while an electrostatically doped device geometry by a back gate is preferred for analog/RF performance

evaluation as it simple for fabrication and serve advantage for wide BLGNR.

4.2 Digital Performance

It could be inferred from Fig. 2.13 that the energy gap in BLGNR strongly depends on the width

and the gate electric field. Therefore, BLGNR of different widths is considered here for digital perfor-

mance evaluation. Especially, bilayer widths of 3M family are used as they have better semiconducting

properties than two other families (3M+1 and 3M+2) of BLGNR [4], where M is a positive integer.

62

 TH-1608_11610201



4.2 Digital Performance

Al2O3

x

z

LG = 20 nm
tox = 2 nm

LD = 20 nmLS = 20 nm

VGS1
VDS

VGS2

Al2O3

0.335 nm

Bilayer GNR

0.5 nm

0.5 nm

Air spacer

Air spacer

Fig. 4.1: Schematic of simulated bilayer graphene nanoribbon FET (BLGNR) device.

4.2.1 Device Geometry and Performance Metrics

Fig. 4.1 shows the schematic of considered DG BLGNR-FET for digital performance metric eval-

uation. The BLGNR is composed of two A-B (Bernal) stacking of armchair-edged GNRs, and the

dangling bonds at the edges are assumed to be saturated by hydrogen atoms. The interlayer distance

is considered to be the equilibrium value of 0.335 nm. The intrinsic BLGNR is used as a channel,

having a length of 20 nm. The source and the drain regions are 20 nm long and doped to n-type with

a molar fraction of fd = 3 × 10−3. The Al2O3 having a dielectric constant of 10 and thickness of 2

nm is considered as top and bottom gate dielectrics, to obtain an equivalent oxide thickness of 0.78

nm. Similar to Fig. 2.5, an air spacer of 0.5 nm is assumed between the plane connecting the center

of carbon atoms and the interface of the oxide region, but it is not shown in the schematic. BLGNR is

classified using 1-D unit cell along the width direction. For an example, W15 and W30 represent the

numbers of elementary cells along width direction with widths of 1.87 nm and 3.74 nm, respectively.

The scaling of bilayer ribbon width is realized by varying the numbers of elementary cells.

The conventional way of computing ON current (ION ) is IDS(VGS = VDD, VDS = VDD) and OFF

current (IOFF ) is IDS(VGS = 0, VDS = VDD). For bilayer devices, this definition results in very small

ON/OFF current ratio, which is insignificant for performance comparison with other graphene-based

transistors. Therefore, experimental groups [28, 43, 49] define ION and IOFF as a maximum IDS and
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minimum of IDS, respectively, and the same definition is employed in this work. In the simulation, the

difference of bottom and top gate voltage Vdiff = VGS2−VGS1 is used for characterization to visualize

the effect of confinement-induced energy gap at Vdiff = 0 V and the effect of field-induced energy gap

at Vdiff 6= 0 V.
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Fig. 4.2: Transfer characteristics of (a) bilayer graphene (BLG) FET, and (b) W60 width , (c) W30 width,
and (d) W15 width BLGNR-FETs, at VDS = 0.2 V. Where, Vdiff = VGS2−VGS1 and Vmin = (VGS2 −VGS1)/2.

4.2.2 ON-state and OFF-state Performance

It is observed from Fig. 4.2(a) that the ON current of BLG-FET is higher than that of Si

(0.35 mA/µm) and III-V compound (0.55 mA/µm) MOSFETs for same channel length [129], but

the ON/OFF current ratios are smaller than 40. Because, the field-induced energy gap is within few

hundred millielectron volts, and it causes larger BTBT current in the OFF-state. It could be inferred

from Fig. 4.2(b) to (d) and Table 4.1 that the ON current (method 1) of BLGNR-FET for all the

widths is nearly same with that of BLG-FET and interestingly the ON/OFF current ratios of BLGNR-
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FET increases significantly with decreasing width. The reasons for small OFF current and significant

ON current in BLGNR-FETs are as follows.

Table 4.1: ON current and ON/OFF current ratio of BLGNR-FETs according to two defi-
nitions, at Vdiff = 0 V and VDD = 0.2 V.

ION (µA/µm) ION/IOFF

Width Method 1a Method 2b Method 1a Method 2b

BLG 1×104 3.5×103 8 2.6

W60 (7.4 nm) 1.3×104 3.8×103 6 2

W30 (3.74 nm) 1×104 2.7×103 23 6

W18 (2.24 nm) 6.1×103 1×103 751 83

W15 (1.87 nm) 4.7×103 139 1.4×104 318

W12 (1.49 nm) 4×103 2.4 1.5×106 892

W9 (1.12 nm) 1.5×103 1.2 7.4×1011 4.4×103

a Method 1: [ION , IOFF ] = [max(IDS),min(IDS)].
b Method 2: [ION , IOFF ] = [IDS(VGS1 = Vmin + VDD), IDS(VGS1 = Vmin)], at VDS =
VDD.

■ For bilayer ribbons having energy gap below critical value, narrowing the width (till critical energy

gap of ribbon) attributes to small increase in the energy gap. This increment reduces the source-

channel BTBT tunneling current, which in turn improves the gate electrostatic control. The

improved gate control results in larger field-induced energy gap opening for narrower BLGNR-

FET. It is evident from Fig. 4.3 that, at Vdiff = 1 V, the energy gap opening for W30 BLGNR-

FET is larger than that of W60 BLGNR-FET and BLG-FET. A larger energy gap decreases

OFF current and hence increases ON/OFF current ratio for narrowing the device width, as

shown in Fig. 4.2(b) and (c). However, for bilayer ribbons having energy gap above critical

value, narrowing the width (lesser than W30) leads to significant confinement-induced energy

gap, which results in much smaller OFF current compared to wider width devices [Fig. 4.2(d)].

Besides, the applying differential gate voltage across such widths decreases the energy gap, which

increases the OFF current as well as the ON current and overall decreases ON/OFF current ratio.

■ Smaller effective mass materials result in more energy separation from the quantum confinement

[107]. Therefore, wider BLGNR has more energy subbands within the same energy range than
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that of BLG and GNR. This is evident from the magnitude of transmission coefficient of BLGNR

and BLG, as shown in Fig. 4.3. The increase in energy bands provides more energy states in the

conduction band (CB) and the valance band (VB). The availability of additional energy states in

both CB and VB leads to larger current components values. As a result, ON current for BLGNR

devices is comparable to that of BLG device. However, for narrow BLGNR device, the increased

effective mass restricts energy separation [48], but improved gate control leads to a comparable

ON current in BLG-FET.

Table 4.1 compares the ON current and ON/OFF current ratio of BLGNR devices according to

two definitions. It is observed from that the significant ON/OFF current ratio with BLGNR-FETs can

be achieved for very narrow width. With the recent experimental progress in obtaining smooth edge

GNR devices with very narrow width [41,42] suggests that narrow BLGNR devices may ultimately be

feasible.

4.2.3 BLGNR-FET versus MLGNR-FET

The advantages of BLGNR-FETs over MLGNR-FETs can be better investigated by comparing

transmission spectra, ON current and ON/OFF current ratio. Figure 4.4 shows the energy-resolved

transmission spectra of BLGNR and MLGNR devices for W60 and W15 widths, at VDS = 0.2 V. In

particular, the transmission spectra for W15 MGNR device is plotted at VGS1 = −1 V and VGS2 = 0

V to highlight the associated energy gap value. The following observations are made by comparing the

transmission spectra of BLGNR and MLGNR devices.

■ The confinement-induced energy gap in MLGNR is relatively higher than BLGNR for same

ribbon width. This difference in energy gap arises because of interlayer coupling in BLGNR.

However, for wider width, it is observed that a larger gate electric field in BLGNR significantly

higher the energy gap than the MLGNR.

■ For the same energy window, the transmission coefficient of BLGNR is about 2× higher than

MLGNR-FET for the same width condition. This is because the reduced energy gap accompanied

by smaller carrier effect mass in BLGNR results in more low energy states. This high transmission

coefficient promises better ON-state performance with BLGNR-FET.

Fig. 4.5 shows ON current and ON/OFF current ratio between BLGNR and MLGNR devices at

Vdiff = 0 V (confinement-induced energy gap case) and Vdiff = 1 V (field-induced energy gap case).
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It is observed that, at Vdiff = 0 V, the ON/OFF current ratio of BLGNR devices is smaller than

MLGNR devices, even though BLGNR devices have around 2× higher ON current. This is because

the reduced energy gap results in higher OFF current. However, for Vdiff = 1 V, BLGNR of devices

width wider than W42 have marginally higher ON/OFF current ratio with approximately 2× higher

ON current compared to MLGNR devices. The reason is that the field-induced energy gap in BLGNR

devices is marginally higher than the confinement induced energy gap in MLGNR at this gate voltage

[Fig. 4.3]. Such results are in good agreement with experimentally obtained results for BLGNR and

MLGNR devices [49]. Therefore, at wide width, BLGNR devices can give better performance than

MLGNR at high differential gate voltage. However, achieving high gate voltage is difficult in IC and

it also increases wiring problem. For very narrow ribbon, BLGNR devices have significantly higher
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ON current than MLGNR devices, but their ON/OFF current ratio are considerably smaller compared

to MLGNR-FET because of considerably smaller energy gap. Therefore, at narrow width, BLGNR

devices fail to produce advantage over MLGNR.
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4.3 Analog/RF Performance

The main demand with graphene based transistor for analog/RF applications is to obtain current

saturation in the output characteristics without lowering the current values. To observe the impact

of energy gap on the current saturation, we have investigated W15 and W30 BLGNR devices as both

devices have opposite electric field-dependency [Fig. 2.13]. Furthermore, MLGNR devices are not used

here for performance comparison as they are not very popular for RF applications due to their low ON

current.

4.3.1 Device Geometry and Performance Metrics

Fig. 4.6 shows the schematic of the simulated dual gate BLGNR-FET, which is identical to device

structures used in the experiments of graphene [66, 73], but aggressively scaled to reduce the compu-
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Fig. 4.6: Schematic of simulated BLGNR-FET. The back gate is used to electrostatically doped the source
and the drain regions. The zero voltage on the source terminal is taken as a reference.

tational cost. This structure is most widely employed in experiments due to its simplicity. However,

it is certainly not ideal for RF applications as the back gate dielectric may introduce larger parasitic

capacitance. The intrinsic BLGNR with interlayer spacing of 0.335 nm is used as the channel, the

source and the drain. The BLGNR is basically composed of two Bernal (A-B) stacking of armchair

edged nanoribbon, and the unsaturated bonds at the edges are assumed to be passivated by hydrogen

atoms. In particular, the edge bond relaxation in BLGNR, which arises from the hydrogen passivation

of edge states, is diminished by the electron-electron interaction at the edges [113]. Therefore, simula-

tion study of BLGNR-FET can be very close to a realistic device. The BLGNR is placed on SiO2 of

physical thickness of 2 nm, which serves as a back gate oxide. The back gate serves two purposes: 1)

create doping in the device and 2) enhance the energy gap for wider devices. The Al2O3 of dielectric

constant 10 is taken as a top gate oxide with physical thickness of 2 nm (EOT= 0.78 nm), which is

the main gate for channel charge modulation. The high-frequency performance of BLGNR devices is

assessed by evaluating the small signal parameters from the obtained source to drain current density

and channel charge density (Qch) values, as discussed in Chapter 3.

70

 TH-1608_11610201



4.3 Analog/RF Performance

0 0.2 0.4 0.6
0

1

2

3

4

5

6

7

V
DS

 (V)

I D
S
 (

m
A

/µ
m

)

 

 

0 0.2 0.4 0.6 0.8 1
−0.8

−0.6

−0.4

−0.2

0

0.2

J
spec

 (a.u.)

E
 (

eV
)

 

 

0 0.2 0.4 0.6
0

2

4

6

8

10

12

14

V
DS

 (V)

I D
S
 (

m
A

/µ
m

)

 

 

0 0.5 1 1.5 2 2.5
−0.8

−0.6

−0.4

−0.2

0

0.2

J
spec

 (a.u.)

E
(e

V
)

 

 

V
GS1

= 0V

V
GS1

= −0.2V

V
GS1

= −0.4V

V
GS1

= −0.6V

V
GS1

= 0V

V
GS1

= −0.2V

V
GS1

= −0.4V

V
GS1

= −0.6V

V
DS

=0.2V

V
DS

=0.4V

V
DS

=0.6V

V
DS

=0.2V

V
DS

=0.4V

V
DS

=0.6V

(b)

(d)(c)

Thermonic current

V
GS1

= −0.2 V

Thermonic current

(a)

C−D tunneling

V
GS1

= −0.2 V

W15

W30

W15

W30
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4.3.2 Output Characteristics and Intrinsic Gain

Fig. 4.7(a) and (c) show the output characteristics of W15 and W30 devices, respectively at

Vbias = 1.2 V for different top gate voltages. At high VDS, the weak current saturation is observed for

both the devices. Such behavior in the output characteristics is very common in the case of graphene-

based FETs [66, 68, 118, 121]. Despite having significant difference in the confinement-induced energy

gap, both the devices show quite similar behavior in the output characteristics: the current saturation

71

 TH-1608_11610201



4. Analysis of Bilayer Graphene Nanoribbon Field-Effect Transistors

is exhibited for moderate VDS and quasi-linear increases is appeared for high VDS values. The physics

behind for this behavior can be better understood by analyzing the contribution of current components

at different VDS values.

Fig. 4.7(b) and 4.7(d) show the current spectra of W15 and W30 devices, respectively at VGS1 =

−0.2 V and Vbias = 1.2 V for three different VDS values. It is observed from Fig. 4.7(b) that the

current for W15 device is essentially due to thermionic current component for all VDS , however the

contribution of thermionic current increases gradually with VDS. The reason is that the drain field

weakly screens the channel and source electric field due to relatively small concentration of carriers.

This in turn lowers the channel and source region potential energy profile, which leads to gradual

increases in the thermionic current components. Therefore, the weak saturation for W15 device is due

to usual short channel effect, especially drain-induced barrier lowering (DIBL).

It is observed from Fig. 4.7(d) that the current for W30 device is due to thermionic emission for

low VDS, while the current is included additional channel-to-drain tunneling (C-D tunneling) current

component at high VDS . The contribution of the C-D tunneling increases linearly with VDS , which

causes pile-up of holes in the channel as these holes do not contribute to the current flow. Consequently,

it lowers the channel potential energy and leads to linear increase in the thermionic current with VDS.

Besides, the drain field lowers the channel potential energy at high VDS . Therefore, the screening from

drain field and the contribution of the C-D tunneling for W30 device result in quasi-linear increase in

the current at high VDS . At more negative VGS values, the conduction band of the channel is pushed

above the EFS that increases the contribution of the C-D tunneling from moderate VDS . This in turn

narrows the VDS window for current saturation with decreasing VGS values. Subsequently, the extent

of current saturation among W15 and W30 devices is examined by investigating VDS dependency on

the intrinsic gain.

Fig. 4.8 shows transconductance (gm), output resistance (ro), and the intrinsic gain (AV 0) as a

function of VDS at VGS1 = −0.2 V and Vbias = 1.2 V. It is observed from Fig. 4.8(a) that gm of W15

device is decreased gradually with increasing VDS . However, gm of W30 device is first decreased due to

DIBL, then it is increased due to gradual increases in the C-D tunneling current contribution. It could

be inferred from Fig. 4.8(b) that better current saturation with W15 device provides higher peak output

resistance than that of W30 device. Despite W15 device has lower gm, a higher output resistance brings

in higher peak intrinsic gain compared to W30 device. More importantly, it is observed from Fig.4.8(c)
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that the intrinsic gain of BLGNR devices are varied sgnificantly with VDS. These variations in the

intrinsic gain might produce distortions in the amplification or reduce the effective gain. Subsequently,

we have examined that whether the VDS window for saturation can be effectively engineered by the

right choice of device design parameters, such as bias voltage and underlap over the source and the

drain regions.

4.3.2.1 Effect of Bias Voltage

Fig. 4.9(a) and (b) show the output characteristics and intrinsic gain, respectively of W30 device at

VGS1 = −0.2 V for various bias voltages (VBS). It is observed that an increase of bias voltage increases
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Fig. 4.9: Impact of bias voltage on BLGNR-FET. (a) drain current (IDS) and (b) intrinsic gain (AV 0) as
function of VDS for different bias voltages, at VGS = −0.2 V and Vbias = 1.2 V.

the current density, but weakens the current saturation. This is because a larger VBS increases the

doping density in the device and hence increases the field in the drain region. Consequently, it causes

DIBL even with early VDS values. Fig. 4.9(b) shows that the weak current saturation reduces the

peak intrinsic gain and shift the maximum gain point to high VDS . Therefore, a moderate VBS can be

an optimal choice in T-GFET to enhance the peak intrinsic gain with sufficient current values. The

current values are very important because they mainly decide the RF metrics.

4.3.2.2 Effect of Underlap

Until now, some underlap is always present in all experimental graphene transistors and controlling

its dimensions is also easier. Fig. 4.10(a) and (b) show the output characteristics and the intrinsic

gain, respectively for different underlap lengths on the source and drain sides with a fixed channel

length of 20 nm, at VGS1 = −0.2 V and Vbias = 1.2 V. It is observed that the underlap is not a critical

design parameter as this geometry is more strongly coupled with the top and bottom gates, rather
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than with the lateral source and drain contacts. However, a larger underlap reduces the drain voltage

effect in the channel region, which improve the current saturation for moderate VDS values. This in

turn marginally increases the peak intrinsic gain, as observed in Fig. 4.10(b).
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4.3.3 Intrinsic RF Performance Metrics

Fig. 4.11 (a) and (b) shows the transconductance (gm) and the cutoff frequency (fT ) as a function

of VGS1 for N15 and N30 devices, at VDS = 0.3 V. The intrinsic cutoff frequency (fT = gm/2πCg)

is an important RF performance metric that corresponds to maximum operating device frequency. It

is observed from Fig. 4.11(a) that gm of both the devices increases linearly with VGS. This shows

that the devices are operated in perfect quantum capacitance limit (QCL), COX >> CQ, where COX

is the oxide capacitance and CQ is the quantum capacitance. Fig. 4.11(b) shows that the cutoff

frequency of W15 device is higher than that of W30 device even though it has smaller gm. The reason

for that a lower DOS in W15 device results in much smaller quantum capacitance compared to W30

device. Since the device operating under QCL, a smaller quantum capacitance results in smaller gate
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capacitance and consequently higher cutoff frequency. It is also observed that the difference in gm and

the cutoff frequency between W15 and W30 devices become smaller for more negative VGS1 values.

This is because the gate modulation of channel potential energy becomes slower for W15 device due

to larger contribution of tunneling current (S-C tunneling).

4.4 Summary

This work has explored the possibility of realizing MOSFET by using the tunable-gap property

of BLGNRs. The results show that both field and confinement tuning of energy gap are not a very

promising technique for achieving appropriate switching characteristics. However, BLGNR-FETs have

found more suitable compared to BLG-FET as they offer higher ON/OFF current without considerably

degrading the maximum ON current values. Moreover, BLGNR-FETs can overcome the small ON

current problem of MLGNR-FETs, but they require much narrower ribbon widths than MLGNR-

FETs to achieve substantial ON/OFF current ratio. BLGNR-FETs have shown limited applicability

for digital applications, but they can be promising candidate for high frequency RF application with

intrinsic gain greater than 20 dB and cutoff frequency in terahertz (THz) range for width smaller
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than W30. Further, the exploration in the design space, such as new structure, can be done to boost

switching characteristics and reduces VDS dependency of the intrinsic gain.
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5.1 Introduction

Tunnel FET (TFET) is a promising device for next-generation low-power digital applications, but

the low ON current of Si-TFETs is proved to be a serious limitation. Graphene is a very appealing

material for TFET as it can provide high ON current with a small carrier effective mass. However, the

absence of an energy gap makes large-area graphene device unable to switch OFF properly. Besides,

TFETs based on counterparts of graphene, such as monolayer nanoribbon (MLGNRs) and bilayer

graphene (BLG), have shown promising ON/OFF current ratio and subthreshold swing (SS) for logic

applications [27, 44, 53, 56], but GNR-TFETs suffer from low ON current problem and BLG-TFET

requires very high gate voltage supplies. On the other hand, the interlayer TFET based on graphene

such as vertical heterostructures [57], BiSFET [29] and SymFET [30] have also found very suitable

for digital applications with high ON current and ON/OFF current ratio, but they suffer from large

parasitic capacitances, which may severely degrade the performance metrics in real circuits.

The study in previous chapter has shown that BLGNR-FETs have high ON current, but their

ON/OFF current ratio are insufficient for switching requirement. TFET with BLGNR can allow

smaller OFF current, while a moderate energy gap and small effective mass with BLGNR can maintain

high ON current. Therefore, TFET with BLGNR can be a strong candidate for low voltage digital

applications. Even though TFETs are particularly suitable for digital applications because of steeper

subthreshold slope [79, 80], some of the TFET architectures have shown promising RF performance

metrics and they can be considered as a strong candidate for analog/RF applications [81,82]. Therefore,

BLGNR-TFET can also be used for high frequency RF applications. Even, they can be more desirable

candidate for RF applications as BLGNR devices offer strong suppression for both 1/f and phase

noises [127]. Moreover, the successful fabrication of metal contact induced doping in graphene devices

suggests that nanoscale production of BLGNR-TFET with CMOS compatible process may be feasible

in near future [56, 130].

The performance of BLGNR-TFET is evaluated by developed quantum-mechanical simulation

(chapter 2), which includes the essential physics of BLGNR and the electrostatics of TFET. The

aim of this work is to design and optimize the BLGNR-TFET for low voltage digital and analog

applications. The main objective of this chapter is to characterize BLGNR-TFET with different width

and investigate drivers behind those characteristics, rather than estimate the ultimate performance

limits.
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Fig. 5.1: Schematic of simulated BLGNR-TFET.

The designed p-i-n type double gated BLGNR-TFET is shown in Fig. 1, where the intrinsic

BLGNR of length 20 nm is used as a channel. The considered BLGNR is Bernal (A-B) stacking of two

armchair-edged GNR. The source and drain regions of length 15 nm are the extensions of channel, and

are doped with a molar fraction of fs = fd = 5×10−3 to obtain p-type and n-type regions, respectively.

The 2 nm Al2O3 is considered as top and bottom gate oxides, which is equivalent to a SiO2 thickness

of 0.78 nm. Similar to Fig. 2.5, an air spacer of 0.5 nm is assumed between the plane connecting

the center of carbon atoms and the interface of the oxide region, but it is not shown in the schematic

of BLGNR-TFET. Like in previous chapter, BLGNR is classified using 1-D unit cell along the width

direction. The scaling of bilayer ribbon width is realized by varying the numbers of elementary cells.

The OFF current (IOFF ) and ON current (ION ) are extracted by scanning the transfer charac-

teristics with a constant VDD = 0.2 V window [131] as [IOFF , ION ] = [IDS(VGS = VGSmin, VDS =

VDD), IDS(VGS = VGSmin+VDD, VDS = VDD)], where VGSmin is the gate voltage for minimum current

density. The average subthreshold swing (SS) is computed by taking average of SS within the VDD

window, where the IOFF and ION have been determined. A quasi-static approximation is considered

for projecting the high frequency performance of BLGNR devices. The intrinsic gain (AV 0) and in-
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trinsic cutoff frequency (fT ) are calculated from the acquired dc drain-to-source current density and

quantum charge density, as discussed in chapter 3.

5.3 Digital Performance

Due to the narrow energy gap, TFET with BLGNR can enable high performance at low supply

voltage. Fig. 2.13 shows that a vertical electric field is increased the energy gap for bilayer ribbon

having energy gap below the critical value (around 0.21 eV), whereas for bilayer ribbon having energy

gap above the critical value, the energy gap is first decreased and then decreased with the vertical

electric field. The use of wide BLGNR will require multiple high voltage supplies to achieve significant

energy gaps; therefore, in this study, narrow bilayer ribbon, especially W15 device having a width of

1.87 nm, is preferred for initial performance analysis and optimization. Later, narrow bilayer widths

of 3M family [W9, W12, W18 and W21 represent the width of 1.12 nm, 1.49 nm, 2.24 nm and 2.61

nm, respectively.] are used in performance comparison as they have better semiconducting properties

than two other families (3M+1 and 3M+2) of BLGNR, where M is a positive integer [4].

5.3.1 ON-state and OFF-state Performance
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Fig. 5.2: Influence of gate voltages on W15 (1.87 nm wide) BLGNR-TFET operation. (a) Transfer character-
istics, and (b) the energy resolved current spectra at OFF-state for different Vdiff , where, Vdiff = VGS2−VGS1,
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The impact of different gate voltage (Vdiff ) on the transfer characteristics of W15 BLGNR-TFET

at VDS = 0.2 V is shown in Fig. 5.2(a). As Vdiff increases, the reduction in the energy gap increases

OFF current (IOFF ) more prominent as compared to ON current (ION ). This in turn deteriorates

the ON/OFF current (ION/IOFF ) ratio. It is also observed that, even at Vdiff = 0 V, the ON/OFF

current ratio of W15 is insufficient for international roadmap for semiconductors (ITRS) switching

requirement.

To understand reason for small ON/OFF current ratio and to explore the effect of Vdiff , Fig. 5.2(b)

plots the current spectra at the OFF-state for three Vdiff . It is evident that the OFF-state current is

contributed by two current components: 1) the source to channel BTBT (S-C tunneling), and 2) the

channel to drain BTBT (C-D tunneling). The S-C tunneling current is controlled by gate voltage, but

the C-D tunneling current is due to the limited energy gap opening, which causes the valance band

edge of the channel region elevated higher than the conduction band edge of the drain region. This

contribution of the C-D tunneling under OFF-state increases the OFF current and hence reduces the

ON/OFF current ratio. Moreover, the presence of the C-D tunneling current under OFF-state reduces

the gate electrostatic control, and thus degrades subthreshold swing (SS). On the other hand, a larger

Vdiff allows more C-D tunneling current as well as S-C tunneling current under OFF-state, which

further degrades the ON/OFF current ratio. Therefore, we have preferred a Vdiff = 0 V, and explored

other device design parameters to boost ON/OFF current ratio.

Fig. 5.3(a) shows that decreasing of VDS is one way to improve the ON/OFF current ratio. A

lower VDS lift up the conduction band edges (CB) of the drain above the valance band edges (VB)

of the channel, which reduces the contribution of the C-D tunneling current and hence significantly

decreases the OFF current. In contrast, the ON current is unaffected with decreasing of VDS as it is

only due to the S-C tunneling current. The reduction in the C-D tunneling current with VDS also leads

to symmetric currents both for positive and negative VGS . It makes BLGNR-TFET a better ambipolar

device with a same threshold voltage both for p-mode and n-mode. A TFET can only provide a steep

inverse substhreshold slope if the band gaps in source and channel act as band pass filter. This can

be obtained only in the case of a large band gap materials in source and drain regions. Otherwise, the

carriers are tunnel between the conduction and valence band and this is the main source for leakage.

So any means to lower leakage needs to work on the band gap in source and drain. A smaller Vds can

only mitigate the impact of a small band gap in the channel.
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Fig. 5.3: Impact of drain voltage and channel width on device operation. (a) Transfer characteristics of W15
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bilayer ribbon widths at VDS = 0.2 V.

An alternate way to boost ON/OFF current ratio is by decreasing the bilayer ribbon width. The

previous studies on MLGNR devices have shown significant improvement in the ON/OFF current ratio

with reducing the ribbon width [53, 126]. Fig. 5.3(b) shows the transfer characteristics for 3M family

of BLGNR devices. With decreasing the bilayer ribbon width (W), the IOFF is decreased significantly

due to an increase of the energy gap, while the ION is also decreased due to reduce in the low-energy

subbands. The more prominent decrease in the OFF current compared to the ON current, largely

increases the ON/OFF current ratio. It may be noted that the ON/OFF current and minimum SS

for smallest device width (W9 channel) are about 1.735×109 and 11 mV/dec, but the ON current

is merely 3.5 nA/µm. It is also found that the ON/OFF current ratio in BLGNR devices change

appreciably with channel width due to larger variation in the energy gap. Therefore, BLGNR devices

require careful selection of channel width, and very narrow width cannot be a better choice for digital

circuits due to low ON current.

Subsequently, we have examined that an appropriate selection of device parameters, such as drain

underlap, drain overlap and doping profile, can be an efficient way to achieve lower OFF current

without considerably degrading ON current. Importantly, these particular device parameters can be

controlled easily with present semiconductor processing methods. The underlap or overlap is always
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present in all fabricated graphene devices and controlling their dimensions is also easier. Besides, the

substitutional doping on the reactive edges of nanoribbon is an efficient method to achieve the desired

doping in nanoribbon based devices [42].

Fig. 5.4 shows the transfer characteristics and corresponding band profile at VGS1 = VGS2 = 0.1 V

for six different BLGNR-TFET structures: 1) nominal device (ND), 2) ND with 5-nm drain underlap

(UL), 3) ND with 5-nm drain overlap (OL), 4) modified doping (MD) fractions, 5) MD fractions device

with 5-nm underlap (MD+UL), and 6) MD fractions with 5-nm overlap (MD+OL). Correspondingly,

Table 5.1 summarizes the important performance parameters for all six structures. To study the impact

of underlap, the gate length is fixed at 20 nm, but the channel length is increased to 25 nm. Similarly,

the drain region length is extended to 20 nm for the case of drain overlap.
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Fig. 5.4: Influence of device design parameters on W15 (1.87 nm wide) BLGNR-TFET operation. (a) The
transfer characteristics at VDS = 0.2 V and (b) corresponding band profile at the channel and drain region at
VGS1 = VGS2 = 0.1V for six different structures: 1) nominal device (ND), 2) device with 5-nm drain underlap
(UL), 3) device with 5-nm drain overlap (OL), 4) device with modified doping (MD) fractions, 5) MD fractions
device with 5-nm underlap (MD+UL), and 6) MD fractions device with 5-nm overlap (MD+OL).

It is observed from Fig. 5.4(b) that both the drain side underlap and overlap over the nominal

device increase the band-bending distance at channel-drain (C-D) junction, which in turn widens the

C-D junction barrier width. The wider barrier width leads to exponential decrease in the C-D tunneling

current. This in turn decreases OFF current without affecting ON current and hence increases ON/OFF
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Table 5.1: Performance comparison of Six different device structures, at VDS = 0.2 V.

Structures ION(µA/µm) ION/IOFF SSmin(mV/dec) SSavg(mV/dec)

ND 404 293 61 81

UL 422 488 58 74

OL 353 496 52 74

MD 45 2707 48 58

MD+UL 45 3619 49 56

MD+OL 45 5180 48 53

ND: nominal device, UL: 5-nm drain underlap, OL: 5-nm drain overlap, and
MD:Modified doping fractions.

current ratio. Besides, the drain overlap more effectively pin the potential energy in overlap region of

the drain, which largely suppress the C-D tunneling. As a result, ON/OFF current and SS for overlap

case is better than underlap case, as shown in Table 5.1.

The tunneling barrier at the C-D junction can be widened effectively by designing the channel and

drain region doping level such that the conduction band edge of the drain is located above the valance

band edge of the channel. This type of band profile is achieved by decreasing the drain doping and

by lightly doping the channel region with same dopant type as that of the drain region. Therefore,

an appropriate drain doping fraction can be [fd = fs/8], and the channel region can be doped to

n-type with a doping fraction [fch = fs/80], where fs the source doping fraction. It is observed from

Fig. 5.4(a) and (b) that modifying doping fractions (MD) considerably increases band-bending at

channel-drain (C-D) junction and leads to an extraordinary ON/OFF current ratio of 2707 with an

minimum SS of 48 mV/dec. Although the S-C tunneling current is unaffected by MD, the ON current

is decreased due to the left-side shift of VGSmin, where the OFF state has minimum contribution of

the S-C tunneling current.

Having made an improvement by a suitable MD, it is also shown that 5-nm drain underlap and

overlap upon an MD device is further reduced the C-D tunneling current from OFF state, which

improves the ON/OFF current ratio without affecting the SS. The impact of overlap and underlap in

MD is very similar to that observed in nominal device case. Therefore, modified doping fraction with

drain overlap can be an effective design strategy to boost ON/OFF ratio and reduce SS in any material

TFET.

The performance improvement with MD+OL scheme over the nominal device is examined by
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Fig. 5.5: Performance comparison of MD+OL (dash line) with nominal device (solid line), at VDS = 0.2 V.
(a) ION/IOFF and average subthreshold swing (SS), and (b) ION as a function bilayer ribbon width.

comparing the ON/OFF current ratio, average SS and ON current for various device widths, in Fig.

5.5. For W≤12, MD+OL scheme is significantly higher ON/OFF current ratio and lower SS, but their

ON current are lower than that of the nominal device. However, MD+OL scheme provides advantage

for 12<W< 18. For such widths, MD+OL scheme brings in ION/IOFF > 103 and an SSavg < 80

mV/dec, where the nominal device has poor performance due to the very small energy gap. However,

the performance improvement with MD+OL scheme is not significant for ribbons wider than W21.

This is because the confinement-induced energy gaps are considerably smaller for such widths (Table

??).

Subsequently, the benefits of BLGNR-TFET over MLGNR-TFET for logic applications can be

better estimated by comparing the ON current, intrinsic speed and switching energy as a function of

ON/OFF current ratio.

5.3.2 BLGNR-TFET Versus MLGNR-TFET

Fig. 5.6 shows the ON current, intrinsic delay time and power-delay product (PDP) as a function of

ON/OFF current ratio among BLGNR-TFET and MLGNR-TFET for different ribbon widths. These

results are divided into two groups: 1) narrow widths (left side): W21, W18 and W15, which having
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Fig. 5.6: Performance comparison between BLGNR-TFET and MLGNR-TFET at VDS = 0.2 V. (a)-(b) ION

versus ION/IOFF , (c)-(d) Intrinsic device delay (τ) versus ION/IOFF , and (e)-(f) Power delay product (PDP)
versus ION/IOFF for W21, W18 and W15 (left side) and W12 and W9 (right side). These parameters are
calculated only for n-type branch of transfer characteristics.
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moderate ON/OFF current ratios, and 2) very narrow widths (right side): W12 and W9, which having

significant ON/OFF current ratios. The ON and OFF currents for each BLGNR device are obtained

from the transfer characteristics in Fig. 5.3(b) by sweeping a constant VGS = VDD window with 0.05

V for n-type branch. Similar procedure is adopted for the case of MLGNR-TFET.

It is observed from Fig. 5.6(a) that narrow BLGNR devices have higher ON current compared

to MLGNR devices at small ON/OFF current ratio. Surprisingly, the ON current of W15 BLGNR is

comparable to that of W21 and W18 MLGNR devices, even though MLGNRs have larger the ON/OFF

current ratio at the same ON current. At narrow width, BLGNR fails to produce an advantage over

MLGNR, in term of ON current. However, BLGNR devices have produce advantage over MLGNR for

very narrow width, as shown in Fig. 5.6(b). At very narrow width, BLGNR devices have provided

about 2-8× higher ON current with the same ON/OFF current ratio than that of MLGNR devices.

The reason for better ON current is that the reduced energy gap accompanied by smaller carrier effect

mass in BLGNR results in more low energy states, which allows higher tunneling efficiency.

The intrinsic device delay, which measures the switching speed of a device, is computed as τ =

(QON −QOFF )/ION , where QON and QOFF are the overall charges induced in the device at the ON-

state and OFF-state, respectively [122]. It is observed from Fig. 5.6(c) and (d) that the BLGNR has

smaller intrinsic device delay time compared to MLGNR at same channel width. The τ vs ION/IOFF

curve inversely follows the ION vs ION/IOFF curve (Fig. 5.6(a) and(b)), even the differences in delay

between BLGNR and MLGNR devices are nearly equal to their differences in ON current for same

ON/OFF current ratio.

The PDP, which estimates the switching energy of the device, is calculated as PDP = (QON −

QOFF )VDD [122]. It is observed from Fig. 5.6(e) and (f) that BLGNR devices have around 1-5× higher

switching energy than that of MLGNR devices at same channel width. This is because the amount of

charge induced in switching operation of BLGNR is marginally higher than MLGNR. When moving

from lower ON/OFF to higher ON/OFF current ratio, PDP decreases because the charge density

reduces in ON to OFF state transition. Therefore, at very narrow channel widths, BLGNR can be a

better device over MLGNR for digital applications with higher ON current and higher intrinsic speed.

The parasitic capacitances and resistances are neglected in our simulation, but in the real device,

these will further degrade the τ and PDP. To get an approximate estimation of the extrinsic τ and

PDP, an enhancement factor of 1.3-1.6× can be applied to BLGNR-TFET as ITRS 2009 estimated
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similar enhancement factor to the total capacitance for multigate MOSFET [53].

5.4 Analog/RF Performance

The main demand with graphene based transistor for analog/RF applications is to realize good

saturation in the output characteristics without lowering the current values. To observe the impact

of energy gap on the current saturation, we have investigated W15 and W30 BLGNR devices, where

W15 and W30 represent the width of 1.87 and 3.74 nm. Instead of large different gate voltage, we

selected Vdiff = 0V for performance analysis and optimization, so the C-D tunneling contribution is

minimum. Furthermore, MLGNR devices are not used here for performance comparison as they are

not very popular for RF applications due to their low ON current.

5.4.1 Output Characteristics

Fig. 5.7 shows the output characteristics of W15 and W30 devices for various positive VGS , where

VGS = VGS1 = VGS2. Unlike large-area graphene TFET (Fig. 3.2), BLGNR-TFETs have exhibited

better current saturation for intermediate VDS values. It is observed that W15 device has wider

saturation region than that of W30 for intermediate VDS , while the quasi-linear increment in the

current is exhibited in both devices at high VDS . The underlying physics behind this behavior can

be understood by observing the contribution of current components at different VDS . Fig. 5.7(b) and

5.7(d) show the current spectra for W15 device and W30 device, respectively at VGS = 0.4 V for

different VDS. It is observed that the current saturation is possible for VDS values where the current

is essentially due to the S-C tunneling current, whereas the weak saturation or quasi-linear behavior

is appeared for VDS values where the contribution of C-D tunneling current becomes significant. The

contribution of the C-D tunneling increases linearly with VDS , which causes pile-up of holes in the

channel as these holes do not contribute to the current flow. Consequently, it gives rise to quantum

capacitance of form CQ = 2/h×
√

8m∗/(Ech − EFD) [132], where Ech is the channel potential energy

and EFD is the drain Fermi level. When CQ becomes comparable to Cox, it lowers channel potential

energy and leads to linear increase in the S-C tunneling current with VDS , as shown in Fig. 5.7(d). As

a result, the overall current increases linearly at high VDS . Due to a small energy gap in W30 device,

the contribution of the C-D tunneling becomes significant even from low VDS, which narrows the VDS

window for current saturation.

The quasi-linear increment in the current may result in larger variations in the intrinsic gain with
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respect to VDS. These variations in the intrinsic gain might produce distortions in the amplification

or even reduce the effective gain. We have examined that if the proposed modified doping with 5-nm

drain overlap (MD+OL) design strategy in digital section (section 5.3) can also be significant to extent

the VDS window for saturation.

Fig. 5.8(a) and (b) show the output characteristics of W15 and W30 devices, respectively for

nominal and MD+OL cases at different positive VGS . It is observed from Fig. 5.8(a) that MD+OL for

W15 device considerably suppresses the C-D tunneling current, and reduces the quasi-linear increment

at larger VDS . It is seen from Fig. 5.8(b) that MD+OL scheme for W30 device enhances the current

saturation at moderate VDS, but the quasi-linear increment is still present. It is more pronounced

at larger VGS that MD+OL decreases the current density slope at low VDS values and marginally

increases the current density at moderate VDS . At low VDS and high VGS , the conduction band edge

of the drain region is lifted above the conduction band edge of the channel region because of relatively
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low doping concentration in the drain region. This condition in turn decreases the contribution of

S-C current and hence reduces the current density. At moderate VDS, the doping in both the regions

becomes comparable, which causes the drain voltage to drop across the C-D junction. This case in

turn increases the contribution of S-C tunneling current and hence increases the overall current density.

At larger VDS the drop across the channel region becomes smaller, because of relatively low doping

concentration in the channel region. This in turn improves the saturation in the output characteristics.

However, due to a small energy gap in W30 device, the C-D component of current is still present at

high VDS, and it weakens the current saturation.
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Fig. 5.8: Output characteristics of nominal device (ND) and modified doped device with 5-nm drain overlap
(MD+OL) for (a) W15 BLGNR and (b) W30 BLGNR, where VGS = VGS1 = VGS2.

Therefore, proper designing of doping profile with a suitable drain overlap is also a useful design

strategy to improve the analog performance metrics of any TFET. It is noted that the drain overlap may

increase the drain capacitance, which might degrade the extrinsic RF performance of BLGNR-TFET.

5.4.2 Intrinsic Analog/RF Performance Metrics

The VGS dependency on transconductance (gm), output conductance (gds), intrinsic gain (AV 0)

and cutoff frequency (fT ) is presented in Fig. 5.9. It is observed from Fig. 5.9 that the gm − VGS

curve has negative values for larger positive gate voltage range. This is because larger contribution of

C-D tunneling current is shifted the VGS,min towards more positive gate voltage. In a nominal device,
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Fig. 5.9: Impact of VGS on the intrinsic analog performance metrics, at VDS = 0.4 V. (a) transconductance
(gm), (b) output conductance (gds), (c) intrinsic gain (AV 0), and (d) intrinsic cutoff frequency (fT ) as function
of VGS .

the VGS,min is generally occurred at VGS,min = VDD/2. However, the peak in gm of W15 device is

appeared, when the S-C tunneling contribution becomes significant. Fig. 5.9(b) shows that the output

conductance (gds) is inversely followed the gm curve.

It is seen that a higher drive current with W30 device results in approximately 2× higher gm than

that of W15 device, but the weak saturation with W30 device causes considerably smaller gds than that

of W15 device. The smaller gds with W15 device results in nearly 7× smaller peak intrinsic gain than

that of W30 device. Surprisingly, the cutoff frequencies of W15 device are also considerably higher

than that of W30 device. The reason larger cutoff frequency is that gate capacitance of W15 device
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is considerably smaller than that of W30 device. The lower density-of-states (DOS) in W15 device

brings in small quantum capacitance. As a device is operating under the quantum capacitance limit

(COX >> CQ), the smaller quantum capacitance (CQ) produces lower gate capacitance.

8 12 16 20 24 28 32 36
4

6

8

10

12

14

16

18

20

22

W

P
ea

k 
f T

 (
T

H
z)

8 12 16 20 24 28 32 36
0

20

40

60

80

100

120

W

P
ea

k 
A

V
0(V

/V
)

(a) (b)

V
DS

= 0.4V

V
DS

= 0.4V

Fig. 5.10: Impact of channel width on intrinsic analog/RF performance metrics. (a) The peak intrinsic gain
and (b) the peak cutoff frequency as a function of bilayer ribbon width (W), at VDS = 0.4 V.

Fig. 5.10(a) and (b) show the peak intrinsic gain and peak cutoff frequency, respectively, as a

function of channel widths (W), at VDS = 0.4 V. With the decreasing the bilayer ribbon width, the

peak intrinsic gain increases largely due to the improved current saturation. However, the peak cutoff

frequency is first increased with respect to a decreasing bilayer ribbon width, then it is decreased

for very narrow widths. This behavior is because, the gm becomes comparatively smaller than gate

capacitance at very narrow widths. This can attribute from IDS −VGS curve shown for different W in

Fig. 5.3(b) that the drive current becomes much smaller for W9 and W12 devices compared to other

devices. Such trend in fT with ribbon widths is opposite to that finds in vertical GNR tunnel FET,

where the cutoff frequency shows consistently improvement with decreasing the ribbon width [58].

Therefore, it can be noted that the channel width of BLGNR-TFET has the more dominant effect

on the analog and digital performance metrics, and selecting the optimum width with proper device

parameters would bring substantial advantages.
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Having estimated the intrinsic analog/RF performance metrics, it is became important to analyze

the RF performance metric associated with the parasitic capacitances and resistances. This will give

a rough estimation of RF performance in the realistic device.

5.4.3 RF Performance with Parasitics

RS

RDRG

gmVgs

Cgs+Cint

1/gds

Drain
Gate

Source

Cgd+Cint

Cext

Cext Cext

Fig. 5.11: The small-signal equivalent circuit model used to explore the impact of additional external parasitics
on the RF performance metrics of BLGNR-TFETs.

Table 5.2: Extrinsic RF Figure of Merits for W15 and W30 BLGNR-TFETs at internal VDS = 0.4 V and
VGS = 0.4 V.

Attribute
RS = RD = 100 Ω-µm, Rg = 0 Ω-µm,

Cint = Cext = 0 fF/µm
RS = RD = 100 Ω-µm, Rg = 4Ω-µm,

Cint = Cext = 0 fF/µm
RS = RD = 100 Ω-µm, Rg = 4Ω-µm,

Cint = Cext = 0.1 fF/µm

W15 W30 W15 W30 W15 W30

GBW
(THz)

75 7.5 72 7 4.4 2.5

fT (THz) 16 2.3 16 2.3 1.6 0.951

fmax

(THz)
40 6.8 37 6.8 6.6 4

We now investigate the impact of external parasitic capacitances and resistances on the RF per-

formance metrics, such as unity current gain frequency or cutoff frequency (fT ), unity power gain

frequency or maximum oscillation frequency (fmax) and gain-bandwidth product (GBW). Fig. 5.11

presents the small-signal model under usual quasi-static approximation, which is widely used to ex-

plore the high frequency performance of MOSFET [133]. The electrode resistance are taken account by

introducing source and drain series resistances (RS and RD) , and the gate resistance (RG) . The extra
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Fig. 5.12: Impact of parasitics on RF figure of merits. Plot of short circuit current gain (|H21|), maximum
available gain (MAG), and voltage gain with open circuit load (Av) in the presence of parasitics for (a) W15
device and (b) W30 device. Devices are biased at VGS = 0.4V and VDS = 0.4V, which is the maximum AV 0

and fT bias point in Fig. 5.10 for W15 device. The sold lines are obtained with RS = RD = 100 Ω-µm, Rg = 0
Ω-µm, Cint = Cext = 0 fF/µm and the dash lines are obtained with RS = RD = 100 Ω-µm, Rg = 4Ω-µm,
Cint = Cext = 0.1 fF/µm.

parasitic capacitances between the internal and the external terminals of the gate and the source/drain

electrodes are given by Cint and Cext, respectively. The external parasitic capacitances and resistances

values are taken to be the minimum values possible for graphene-based transistors [97, 120, 134]. The

gm and gds are calculated from the obtained DC current values, while the Cgs and Cds are computed

by separating the charge contribution relative to injection from source/drain of the ballistic transport

model. To compute extrinsic RF performance metrics of BLGNR-TFETs, Y-parameters are derived

from the small signal model.

Fig. 5.10 shows the short circuit current gain H21 = |Y12/Y11|, maximum available gain (MAG)

[135], and voltage gain with open circuit load AV = |Y21/Y22| as a function of frequency without

parasitic capacitances (solid line) and with (dash line) parasitic capacitances at VGS = VDS = 0.4V

for (a) W15 device and (b) W30 device. Table 5.2 further summarize the frequency figure of merits

of W15 and W30 devices for different parasitic conditions, which are obtained by extrapolating the

magnitude of curves in Fig. 5.12 to unity (0 dB). It is observed that the RF figure of merits for W15
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and W30 devices are well above 1 THz even with the parasitic conditions included, except the fT of

W30 device is nearly about 1 THz for worst case parasitic values. The fT is insensitive to the gate

resistance, but fmax and GBW are degraded in the presence of gate resistance. It is observed that

RF performance metrics of W15 device is strongly degraded in the presence of the parasitic values

compared to the W30 device. The reason is because the internal capacitance values in W15 device

becomes comparatively smaller than the external capacitance values. The intrinsic RF figure of merits

for W15 device is considerably higher than W30 device; however, they become comparable to that of

W30 device for worst case parasitic values. All reported values of fmax for both devices are higher

than that obtained values in the fabricated (40-70 GHz) [136] and simulated (1.5-3 THz) graphene

transistors [120] as well as the carbon nanotube FET [97]. Therefore, considered BLGNR-TFETs have

offered the potential to achieve intrinsic and extrinsic device operation in THz range and attaining

such frequency limits is essentially depended on the experimental advancement of these devices.

5.5 Summary

The intrinsic performance potential of BLGNR-TFETs has evaluated using the atomistic quantum

simulations for analog and digital applications. At very narrow ribbon widths, BLGNR-TFET has

found advantageous than MLGNR-TFET as it can deliver higher ON currents, lower intrinsic device

delay, nearly same ON/OFF current ratio at the cost of marginally higher switching energy. It has

found that the narrow width BLGNR-TFETs are limited by their moderate energy gaps; however, an

appropriate selection of the channel and the drain doping fractions with drain overlap can offer an

ION/IOFF > 103 and SSavg < 90 mV/dec at VDD = 0.2 V. The analysis of BLGNR-TFET has shown

considerably higher intrinsic gain for smaller channel widths, whereas the cutoff frequency decreases at

very narrow widths. The narrow width BLGNR-TFET promises potential characteristics for ultra-low

power digital and analog integrated circuits operating at terahertz (THz) frequencies.
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6. Conclusions and Future Directions

6.1 Conclusion

As the devices based on graphene are in the development stage, this work has contributed in a

numerous way to the field of device modeling, and their applications. The purposes of this work are

to a develop simulation tool for graphene-based devices, and to use that tool to understand device

behavior and to explore device optimization strategies. The major contributions and the respective

conclusions are as follows.

■ The initial work involves the development of a quantum transport model that reduces the com-

putational burden without losing accuracy.

– The 1-D elementary cell assumption has led to the development of a unique tight-binding

Hamiltonian matrix for graphene-based materials, which allows one to use the same trans-

port equations for all graphene-based transistors with only small modifications and thus

easier implementation of NEGF equations for graphene-based FETs.

– Simplification of coupling matrices with 1×1 size provides easy solution for self-energy ma-

trices and Green’s function such that it largely reduces the computational time for quantum-

transport simulation of G-FET and GNR-FET. This allows the use of the developed quan-

tum transport model for device optimization and exploration of circuit performance param-

eters.

■ The dominance of BTBT current with a small carrier effective mass and direct energy gap makes

graphene a most suitable material for use in tunnel FET (TFET). As conventional graphene

field-effect transistor (C-GFET) suffers from weak current saturation, a planar graphene tunnel

field-effect transistor (T-GFET) is explored for analog/RF applications.

– T-GFET has shown 20% higher peak intrinsic gain without significantly degrading the cutoff

frequency compared to C-GFET, as shown in Table 6.1.

– T-GFET has weak current saturation similar to C-GFET, but an appropriate selection

of device parameters, like oxide thickness or drain overlaps or channel & drain doping

concentrations, significantly enhances the current saturation and consequently reduces the

VDS dependency of intrinsic gain. The optimized (Modified doping with drain overlap)

T-GFET is expected to be a promising device for high frequency multiplier and RF mixer
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circuits; however it needs further performance improvement to build RF amplifiers and

oscillators.

– T-GFET offers several advantages, and is expected to be an alternative candidate to C-

GFET for analog/RF applications.

Table 6.1: Comparison of graphene-based MOSFETs with Si-MOSFET and ITRS 2014 prediction

Attribute ITRS
2014
[75]

Si-
MOSFET
[76]

C-
GFET

T-
GFET♦

BLG-
FET
[74]

BLGNR-
FET⋆

BLGNR-
TFET⋆

Lch (nm) 18 29 25 40 25 20 20

gm (mS/µm) – 1.3 30 25 8 10 10

AV 0 (µA/µm) – 20 dB 1 dB 3 dB 20 dB 25 dB 38 dB

fT (GHz) 480 485 4,000Θ 3,500Θ 1,500 20,000 Θ 1,600

fmax (GHz) 540 – – – – – 6.6

♦: Proposed Work; ⋆: Proposed work with W15 device; Θ: Intrinsic value;

■ Due to significant energy gap opening by the confinement and vertical symmetry breaking, FET

with BLGNRs is evaluated for digital and analog applications.

– The BLG-FET with chemically doped source and drain regions has shown promising ON

current even at very narrow width, but the ON/OFF current ratio has only become signifi-

cant at very narrow ribbon width. The BLGNR-FETs can overcome the small ON current

problem of the MLGNR-FETs; however, they require much narrower ribbon width to achieve

substantial ON/OFF current ratio.

– An electrostatically doped BLGNR-FETs through a back gate is found to be a promising

candidate for high frequency RF application with intrinsic gain greater than 20 dB and the

intrinsic cutoff frequency in THz range.

■ Motivated by the BLGNR-FET performance, a Tunnel FET with BLGNR is explored for low

voltage digital and high frequency RF operations.

– BLGNR-TFET exhibits good characteristics for ultra-low power digital and analog inte-

grated circuits operating at terahertz (THz) frequencies.

– Table 6.2 benchmarks the digital performance of BLGNR-TFETs with other material TFETs.

The intrinsic delay and PDP are computed by traditional equations as τ = CgVDD/ION and
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Table 6.2: Digital Performance comparison of BLGNR-TFET with other material TFETs operating under 0.5
V.

Attribute Ge-Si [79] BLGΘ [56] MLGNR♦ BLGNR⋆ MD+OL
BLGNR†

Lch (nm) 20 40 20 20 20

VDS (V) 0.4 0.2 0.2 0.2 0.2

ION (µA/µm) 400 67 0.4761 33.373 0.7819

ION/IOFF 4×105 2910 4×104 8790 1×109

SSmin (mV/dec) 80 35 15 44 16

CG (fF/µm) 0.69 0.32 0.015 0.043 0.057

τ (fs) 690 955 3477 257 14580

PDP (fJ/µm) 0.11 0.013 0.0006 0.0017 0.0023

Θ: Bilayer graphene (BLG);
♦: W12 device; ⋆: Proposed work with W12 device;
†: W12 device with modified doping concentration and 5-nm drain overlap (MD+OL).

PDP = CgV
2
V DD, respectively. For logic applications, BLGNR-TFET showed better perfor-

mance of higher intrinsic speed (τ) and smaller switching energy (PDP) than other TFETs,

except MLGNR-TFET. Moreover, optimized (MD+OL) device provides higher ON/OFF

current ratio and nearly the same switching energy as compared to nominal BLGNR-TFET;

however, it has considerably lower ON current, which reduces the device speed.

– For analog/RF electronics, BLGNR-TFET offered a peak intrinsic gain of around 38 dB

and a cutoff frequency of about 18 THz. Table 6.1 shows that intrinsic gain and cutoff

frequency of BLGNR-TFET are significantly higher than other graphene-based devices.

Simulations developed in this study can not be directly applied to practical use as the present devices

suffer from defect and impurity, larger graphene-metal contact resistance and hence larger parasitic

effects. The simulation is presented for ideal graphene-based transistors and obtained parameters are

indicators only. The very rapid progress made by experimentalists would finaly decide whether these

devices will be available in the near future.

6.2 Future Directions

Some of the future research scope is inspired by the following challenges arise out of the numerical

modeling, device structures and circuit applications.
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■ Device Modeling: The transport models are developed by self-consistently solving 1-D trans-

port equation and 2-D Poisson equation. Significant improvement is required at the modeling

level to incorporate additional features.

– To obtain more accurate electrostatic and to incorporate complex device structures, it is

important to develop a 3-D Poisson solver, which runs efficiently and couples with the

transport solver nicely.

– Even though the fabrication of smooth edge is easier with recent advancement, real nanorib-

bons are always seriously affected by edge roughness, due to the difficulties in achieving edge

control with atomic precision. Therefore, transport model of GNR-FET can be improved to

take into account of edge bond relaxation and mode coupling for more realistic simulation.

– The electronic properties in the experimental graphene-based devices influence by scattering

due to impurity, defects, substrate interactions etc [137, 138]. Therefore, future studies

should focus on understanding the interplay of these scattering mechanisms. The impact of

electron-phonon scattering in graphene-FET and GNR-FET has done in previous literature

[139–141]; however this analysis can be carried out in bilayer devices. The scattering analysis

can also be done in TFET structure of graphene-based materials.

■ Device Performance:

– In the experiments reported so far, multiple nanoribbons devices are often fabricated as

array with wide contacts. The simulation of an array field effect transistors with BLGNR

can be a future study.

– The developed self-consistent quantum transport simulation enables the extraction of intrin-

sic circuit elements of the device. To estimate the digital and analog performance metrics

in realistic device, the extrinsic parasitic capacitances and resistance of device are to be in-

corporated, but accurate values of parasitic capacitances and resistance are not available in

literature for bilayer devices. The open structure simulation of array field effect transistors

with monolayer nanoribbon or BLGNR can be done using the CAD tools, such as COMSOL

Multiphysics, ANSYS, etc to extract exact parasitic capacitance for these devices.

– The gate tunneling current can be included in the simulation by adding the self-energy for

the gate [142].
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– The effect of strain, which are practically important nowadays, can also be included. The

strain in bilayer devices may be exploited to enhance the performance of the transistors [143].

■ Circuit Performance: After achieving understanding of a single transistor, it is important

to think about how to put many graphene-based transistors together and assess their circuit

performance.

– The developed model for graphene-FET and GNR-FETs enables fast simulation, so it can

be used to investigate the performance such as delay and power for simple graphene-based

digital and analog circuits. However, the quantum simulation for bilayer devices is computa-

tionally expensive. Therefore, a SPICE model, which describes the behavior of experimental

transistors, needs to be developed and applied to investigate the circuit performance.

– As BLGNR-TFET has shown promising performance for digital and analog applications,

an inverter or ring oscillator can be designed to evaluate their dynamic performance, while

common source amplifier and operational transconductance amplifier (OTA) can designed

to verify their circuit performance for analog/RF applications.
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A.1 Sancho-Rubio Algorithm for BLGNR-FET
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Fig. A.1: Schematic of BLGNR elementary cell in the source and the channel interface. The gi is the surface
Green’s function for the i-th carbon ring inside the drain. The α is on-site energy, β1, β2 and β3 are the first,
second and third kind coupling matrix between neighboring rings, as described in section 2.3.2.

When the lattice has weak neighbourhood singularities, simple iterative scheme for calculating the

surface Green’s function may need hundreds of iterations in order to get an accurate result. Sancho

and Rubio [108] have developed an iterative scheme for solving the surface and bulk Green’s function

that converges much faster than iterative scheme. This method involves replacing the original chain

by an effective one with twice the lattice constant, meaning each layer plus its two nearest neighbours

in the original chain are replaced by an effective layer in the new chain. After n iterations, 2n unit

cells are taken into account instead of n unit cells. The original Sancho-Rubio iterative scheme only

included the Hamiltonian matrix, while the overlap matrix S is assumed to be an identity matrix. We

present below, as an example how this method is developed for the source contact of BLGNR shown

in Fig. A.1.

We start with the definition of Green’s function. The Green’s function for source (left) contact is

ALLgL = I and it can be written in matrix form using Fig. A.1 as

































EI − α β1

β+
1 EI − α β3

β+
3 EI − α β1

β+
1 EI − α β2

β+
2 EI − α β1

β+
1 EI − α

































































• • • • • •

• • • • • g−4,0

• • • • • g−3,0

• • • • g−2,−1 g−2,0

• • • • g−1,−1 g−1,0

• • • • g0,−1 g0,0

































= I(A.1)

The quantity of interest in equation A.1 is g0,0, which can be obtained by taking the block matrix
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multiplication of ALL and the last column of gL as
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(A.2)

The equations from matrix can be written as

(EI − α)g0,0 = I − β+
1 g−1,0,

(EI − α)g−1,0 = −β+
2 g−2,0 − β1g0,0,

(EI − α)g−2,0 = −β+
1 g−3,0 − β2g−1,0,

(EI − α)g−3,0 = −β+
3 g−4,0 − β1g−2,0,

(EI − α)g−4,0 = −β+
1 g−5,0 − β3g−3,0

(A.3)

Using u1 = (EI − α)−1β1, u2 = (EI − α)−1β2, u3 = (EI − α)−1β3, v1 = (EI − α)−1β+
1 ,

v2 = (EI − α)−2β+
1 and v3 = (EI − α)−1β+

3 , equation A.3 can be written after the substitutions of

surface Greens’s functions as

g−2,0 = v1(v3g−4,0 + u1g−2,0) + u2(v2g−2,0 + u1g0,0) (A.4)

(I − v1u1 − u2v2)g−2,0 = v1v3g−4,0 + u2u1g0,0

The other terms can be defined in similar manner as

(I − v1u1 − u3v3)g−4,0 = v1v2g−6,0 + u3v1g−2,0, (A.5)

(I − v1u1 − u2v2)g−6,0 = v1v3g−8,0 + u2u1g−2,0 (A.6)

Using u21 = (I − v1u1 − u2v2)
−1u2u1, u31 = (I − v1u1 − u3v3)

−1u3u1, v13 = (I − v1u1 − u2v2)
−1v1v3

and v12 = (I − v1u1 − u3v3)
−1v1v2, equation A.4 is simplified as

g−2,0 = v13g−4,0 + u21g0,0,

g−4,0 = v12g−6,0 + u31g−2,0,

g−6,0 = v13g−8,0 + u21g−4,0

(A.7)
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Substituting the high order surface Green’s function into lower order, equation A.7 can be simplified

as

g−4,0 = vg−8,0 + ug0,0

g−8,0 = vg−12,0 + ug−4,0

(A.8)

Now, the general expression for equation A.8 can be written as

g−4n,0 = vg−4n−4,0 + ug−4n+4,0 (A.9)

Where, n= 1,2,3..N-4, u = (I − v21u21 − u31v13)
−1u31u21 and v = (I − v21u21 − u31v13)

−1v12v13.

The process of substituting Green’s function can be repeated until magnitude of higher order surface

Green’s function terms become approximately zero. After inserting higher order terms into equation

A.3, the chain of equation can be obtained as

g−1,0 = (u1 + v2u12 + v2u13u+ ...)g0,0 + (v2u13v)g−8,0 (A.10)

With θ = u1+ v2u12+ v2u13u+ ... and η = v2u13v, the process of substitution is repeated until η < δ

in which δ is arbitrarily small. Then, equation A.10 can be expressed as

g−1,0 = θg0,0 (A.11)

By substituting g−1,0 in the first equation of A.3, the surface Green’s function of left contact can be

obtained as

g0,0 = (EI − α− β+
2 θ)

−1 (A.12)

Similar approach can be used to obtain the surface Green’s function of drain contact.
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B.1 Carrier Statistics of Graphene, GNR, BLG and BLGNR

To improve the convergence of Poisson’s equation with quantum charge density, a nonlinear inner

loop, which takes quantum charge density and converts this charge into a quasi-Fermi level through a

dummy function, is used. A semiclassical equilibrium carrier statistics with a dummy quasi-Fermi level

is employed as the dummy function for better convergence. Herein, the analytical expression of carrier

statistics for graphene, GNR, BLG and BLGNR is presented. The general expression of electron and

hole densities is

n =

∫ ∞

0

dEρ(E)f(E) p =

∫ ∞

0

dEρ(E) × (1− f(E)) (B.1)

Where, E is the energy, f(E) is the Fermi-Dirac distribution function. The ρ is the density of states

(DOS), which depends on material geometry. The DOS for 2-D graphene sheet is given [123] as

ρ
GR

(E) =
gsgv

2π(~vf )
2
|E| (B.2)

Where, gs = 2 is the spin degeneracy, gv = 2 is the valley degeneracy, ~ is the reduced Planck’s

constant, vf = 108 cm/s is the Fermi velocity of carriers in graphene, and E is the energy. The

situation changes when GNRs are cut from infinite graphene sheets. Consider a GNR of width W.

In the case of GNR, the electron wave vector in the transverse direction (y-direction) is quantized by

hard-wall boundary conditions to be ky = nπ/W (n = ±1,±2, ..). By inserting this ky into the energy

dispersion relation of graphene, the DOS relation for GNRs can be obtained as discussed in [123]. The

total DOS relation for GNR is given as by

ρ
GNR

(n,E) =
∑

n

gsgv
π~vf

E
√

E2 − E2
n

Θ(E − En) (B.3)

where, Θ(...) is the Heaviside unit step function and En = nπ~vf/W = nEg/2.

The DOS for bilayer graphene (BLG) is obtained by solving Dirac equation in [144]. The analytical

expression can be given as

ρ
BLG

(E) =
gsgv

4π(~vf )
2
|tp + 2E| (B.4)

Where, tp = 0.35 eV is the interlayer coupling energy. Similar to GNR case, the total DOS for BLGNR

is derived by inserting quantized ky into BLG energy dispersion relation. The total DOS for BLGNR
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is given as

ρ
BLGNR

(n,E) =
∑

n

gsgv
2π~vf

(2E + tp)
√

E2 − E2
n − tpE

Θ(E − En) (B.5)
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