Louisiana State University

LSU Digital Commons

LSU Doctoral Dissertations Graduate School

2016

Physical Modeling of Graphene Nanoribbon Field
Effect Transistor Using Non-Equilibrium Green
Function Approach for Integrated Circuit Design

Yaser Mohammadi Banadaki
Louisiana State University and Agricultural and Mechanical College, ymoham8@lsu.edu

Follow this and additional works at: https://digitalcommons.Isu.edu/gradschool dissertations

b Part of the Electrical and Computer Engineering Commons

Recommended Citation

Mohammadi Banadaki, Yaser, "Physical Modeling of Graphene Nanoribbon Field Effect Transistor Using Non-Equilibrium Green
Function Approach for Integrated Circuit Design" (2016). LSU Doctoral Dissertations. 1052.
https://digitalcommons.lsu.edu/gradschool_dissertations/1052

This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in

LSU Doctoral Dissertations by an authorized graduate school editor of LSU Digital Commons. For more information, please contactgradetd@lsu.edu.


https://digitalcommons.lsu.edu?utm_source=digitalcommons.lsu.edu%2Fgradschool_dissertations%2F1052&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool_dissertations?utm_source=digitalcommons.lsu.edu%2Fgradschool_dissertations%2F1052&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool?utm_source=digitalcommons.lsu.edu%2Fgradschool_dissertations%2F1052&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool_dissertations?utm_source=digitalcommons.lsu.edu%2Fgradschool_dissertations%2F1052&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=digitalcommons.lsu.edu%2Fgradschool_dissertations%2F1052&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool_dissertations/1052?utm_source=digitalcommons.lsu.edu%2Fgradschool_dissertations%2F1052&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:gradetd@lsu.edu

PHYSICAL MODELING OF GRAPHENE NANORIBBON FIELD EFFECT TRANSISTOR
USING NON-EQUILIBRIUM GREEN FUNCTION APPROACH
FOR INTEGRATED CIRCUIT DESIGN

A Dissertation

Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

in

The Division of Electrical and Computer Engineering

by
Yaser Mohammadi Banadaki
B.S., Azad University, Tehran, Iran, 2006
M.S., Shahid Beheshti University, Tehran, Iran, 2009
M.S., Louisiana State University, Baton Rouge, LA 70803, U.S.A, 2016
May 2016



To my loving wife,
Safura,
for inspiration, support and encouragement

&
To my wonderful daughter,

Persia
for being relief and awesome




ACKNOWLEDGEMENTS

First of all, 1 would like to express my gratitude to my research advisor and mentor,
Professor Ashok Srivastava, for sharing his wealth of experience and knowledge to further my
education. This research would not have been possible without his guidance, suggestions, and
support.

My appreciation also extends to Professor Pratul K. Ajmera, Professor Jonathan P.
Dowling, and Professor Kidong Park for providing valued advice and serving as members in my
dissertation advisory committee.

Thanks also to fellow students and good friends, K.M. Mohsin and M.D. Fahad, for their

collaboration and discussion.



TABLE OF CONTENTS

ACKNOWLEDGEMENT S . e e e e iii
LIST OF FIGURES ... e e e e Vi
LIST OF ABBREVIATIONS ... e xii
AB S T R A CT .o e e e e Xiv
CHAPTER 1  INTRODUCTION ...t e e e 1
1.1  Silicon Electronics and Scaling Challenges.................cocooviiiiiiin, 1
1.2 Prospects of Carbon-based Electronics ...............ccooiiiiiiiiiinan 3
1.3 Graphene Superlative ..........cooiiiiii 5
1.4 Fabrication of Graphene Nanoribbon ..., 8
1.5 Modeling of Graphene Nanoribbon Field Effect Transistors ................ 11
1.6 Outline of DiSSErtation .............ouiiiriniiiiiiie e, 15

CHAPTER 2 GRAPHENE NANORIBBON FIELD EFFECT TRANSISTOR (GNRFET).. 17

CHAPTER 3 CARRIER TRANSPORT MODEL ......ccoiiiiiiiiiiiiiiec e, 30
3.1 Simulation Algorithm ... ... 30
3.2 Quantum Capacitance in GNRFET ...........ccooiiiiiiiiiii e, 40
3.3 Computational Time ......o.oieiiii e 44

CHAPTER 4 SCALING EFFECTS ON STATIC METRICS AND SWITCHING

ATTRIBUTE OF GNRFET ...ttt e e 47
4.1 GNRFET StrucCture .....c.ooiiiiii i e 48

4.2  Results and DiSCUSSION ........ouuiiiriiiit it ee e, 50

4.2.1 Scaling Effects on Static Metric of GNRFET ...................... 52

4.2.2 Scaling Effects on Switching Attributes of GNRFET ............ 63

CHAPTER5 WIDTH-DEPENDENT PERFORMANCE OF GNRFET ..................... 71
51 GNRFET StruCture .......oouviiitii it e e 73

5.2 Results and DISCUSSION ........ouiuitieiieteee e, 75

5.2.1 Width-dependent Static Metrics of GNRFET ....................... 80

5.2.2  Width-dependent Switching Attribute of GNRFET ............... 90



CHAPTER 6 CONCLUSION AND FUTUREWORK.......c.coiiiiiiiiiieieeeeeea
6.1  ResUlts SUMMArY ..o
6.1.1 Scaling down the channel length of GNRFET .....................
6.1.2 Width-dependent performance of GNRFET........................
6.2  Recommendation for Future Works..............coooiiiiiiiiiiiii,
REFERENCES. ... oottt e e e
APPENDIX A. MATLAB CODES FOR GNRFET NEGF MODEL ...............ccecvea.e.
APPENDIX B. LETTER OF PERMISSION FOR FIGURE 2.3(C) ....cvoviviiiiiieiiiin
VT A e e e e e



Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 1.4:

Figure 2.1:

Figure 2.2:

Figure 2.3:

LIST OF FIGURES

Integrated Circuit scaling history and projection [6] .............cc.ooiiinin,

Three Carbon allotropes, (a) buckyball, discovered in 1985 [8], (b) carbon
nanotube, discovered in 1991 [9] and graphene discovered in 2004 [10]......

Logic potential solution reported by ITRS 2013 [3]......cceeviiviiiiiiiieean

(a) Diffusive carrier transport in long channel device and ballistic carrier
transport in short channel device and (b) energy-position-resolved local
density of states of a typical GNRFET simulated with NEGF formalism,
showing three possible regions for carrier transport: (1) thermionic emission
of carriers over the channel potential barrier, (2) direct tunneling of carriers
through channel potential barrier, and (3) band-to-band-tunneling of
electrons from conduction band in the drain side to the hole states in the
Channel Te@ION. ... ...t

(@) Two dimensional honeycomb lattice of graphene, which consists of two
triangular sub-lattices A and B. (b) Unit cell and lattice vectors in the
lattice. (c) Graphene band structure and first Brillouin zone in momentum
space. Note: The position of Dirac points, K, K’ and reciprocal lattice
vectors are also shown underneath of the graphene band structure. (d)
Linear band near Dirac point and the position of Fermi level...................

(@) Schematic of a field-effect transistor (FET) and symbol of graphene
FET. (b) Large-area graphene with zero bandgap. Three Fermi levels are
shown in E-k diagram and the corresponding gate voltages are also shown
in its current-voltage characteristic. (¢) Graphene nanoribbon with opened
bandgap. Similarly, three Fermi levels are shown in E-k diagram and the
corresponding gate voltages are also shown in its current-voltage
characteristic. Note: Two graphs in (b) and (c) are sketched to convey the
concept, i.e. the importance of bandgap in transfer characteristics, and are
not in actual, exact scale with each other ......................ooiin,

(@) Unfolding carbon nanotube with armchair edge results in graphene
nanoribbon with zigzag edge. (b) Cuts along two directions of a graphene
sheet to produce zigzag (red) and armchair (green, blue) termination of the
GNRs. (c) Optical image of the graphene sheet (left) and a lattice resolution
AFM image (right) to identify the graphene crystalline orientation.
Superimposing the hexagons onto the optical image, the crystallographic
orientation of the edges I (zigzag) and Il (armchair) are shown. The figure is
adopted by permission from [109]. Permission letter is attached. (d)
Discretized transverse wavevector of armchair and zigzag graphene
nanoribbons due to the confinement in transverse direction......................

Vi

13

18

20



Figure 2.4:

Figure 2.5:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

(@) Schematic of a zigzag GNR and the corresponding energy dispersion
graphs. (b) Bandgap energy of three GNR families of armchair GNR versus
GNR index. p is an arbitrary integer larger than 2. The inset shows the
schematic of an armchair GNR and the description of number of dimer
lines. (c) Energy dlspersmn relation of GNR(12 0) GNR(13 0) and
(@) 3D schematic of all-graphene circuit for an example of inverter chains,
in which both GNR-based devices and interconnects concurrently fabricated
by monolithically patterning a single sheet of graphene [113]. Note: The
corresponding circuit schematic including the graphene and metallic
interconnects along with contact resistors are also shown. N, represents the
number of parallel GNRs for a GNRFET. (b) Graphene lattice must be
patterned considering the GNR width and angle such that armchair and
zigzag edge nanoribbon have been used as channel material and local
interconnects, respectively. (c) 3D view of a GNRFET with one ribbon of
armchair GNR(N,0) as channel material. Note: The doped extensions of
source and drain regions have the same length as the channel length..........

(a) Self-consistent calculation between electrostatic (Poisson equation) and
transport (NEGF formalism) solutions, (b) conceptual sketch of the
armchair edge GNR channel including the quantities used in the NEGF
formulism, (c) an example of 3D potential distribution calculated by solving
3D Poisson equation, and (d) flowchart for the self-consistent algorithm as
described in step | through step VII in the text. Note: The value of
convergence condition & in step VI has been set 0.001...............ccoevnnnn.

(@) Schematic cross-section of an armchair GNR(13,0) and the
corresponding slab used in TB calculation in transverse direction. (b)
Bandgap energy of three GNR families versus GNR index. Note: the
calculated bandgap energy in this work has been compared with those of

Band structure of two members of semiconducting families (a)
GNR(3p+1,0) and (b) GNR(3p,0) near charge neutrality point along with
the curves of non-parabolic effective mass model and constant (parabolic)
effective mass model. The blue line is the energy obtained from tight-
binding CalCUIAtioN. .......cvoiiic

(@) An example of 1D Potential profile (right axis) and the charge density
per unit length as a function of position along the longitudinal direction,
computed for GNR(13,0) at Vps = 0.5 V and Vgs = 0.2 V. (b) Series
configuration of electrostatic capacitance and quantum capacitance. (c)
Density of states vs. energy for 1D, 2D, and 3D semiconductors. (d)
Channel charge and (e) corresponding quantum capacitance versus gate

vii

26

28

32

33

36



Figure 3.5:

Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

voltage for GNR(6,0) and GNR(10,0). Note: Lcy = 10 nm, Vps = 0.5V, and
the dielectric layer is assumed aluminum nitride (AIN) with the relative
dielectric permittivity k = 9. (f) and (g) show the energy dispersion and
density of states of two members of GNR families (3p,0) and (3p+1,0) with
approximately same bandgap close to Eg=1.1eV.......ccoviiiiiiiiiinnnnnn...

Contribution of subbands in (a) charge density in the channel, (b) drain
current for GNRFET with four GNRs of (7,0), (13,0), (19,0) and (25,0) and
(c) tight binding computational time versus GNR width for energy grid
equal t0 0.00L BV ... e

(a) Vertical cross-section of a double gate GNRFET and (b) 3D schematic
of double gate GNRFET StrUCtUIe. ........cooviiriiii e

(@) Ips — Ves and (b) Ips — Vps of GNR(7,0) with Lg = 5 nm. The test
device parameters are given in Section 4.1...............cooiiiiiiiii

Transfer characteristics of (a) GNR(7,0) and (b) GNR(13,0) channels for
different channel lengths at Vps = 0.5V. Inside graph shows the
corresponding transconductance of GNR(13,0) versus gate voltages. Note:
Same legend as in (a) are considered for (b). The test device parameters are
QIVEN IN SeCtiON 4. 1. ... nt ittt e

(@) Off-current versus channel-length, (b) lon/lore ratio versus channel
length for GNRFET with channel of GNR(7,0) and GNR(13,0). Note: Off-
current of GNRFET with GNR channel (13,0) has been obtained at Vps =
0.5V and for Vgs close to charge neutrality point, assuming 0.4 eV work
function difference between metal gate and graphene. lon/lore ratio is
obtained referring to on-current at Vgs = Vorr + 0.8 V. The test device
parameters are given in SeCtion 4.1............coviiiiiiiiiii

(@) Subthreshold swing and (b) DIBL versus channel length for GNRFET
with channel of GNR(7,0) and GNR(13,0). Note: Subthreshold swing is
obtained at Vps = 0.5V and DIBL is calculated for the change in threshold
voltage for drain voltages of 0.1V and 0.5V. The test device parameters are
QIVEN IN SECHION 4. 1. ... e e

Local density of states of GNR(7,0) FET for electrons in the conduction
band with the gate lengths equal to (a) 15nm and (b) 2.5nm. The first two
subbands are considered in the transport calculation. The solid lines indicate
the band diagram of the first subband (conduction band) and the

corresponding current spectrums T (E)[ fs(E)— f5(E)] at two drain voltages
of Vps = 0.1V and 0.6V (0.3V) are shown in the figure. Note: The color bar
shows the number of electrons per unit energy (on /JE) in correspondence

with the density of states (DOS). The test device parameters are given in
viii

41

45

49

51

53

54

57



Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

Figure 4.12:

SO ION 4. L. .o,

(@) Local density of states of GNR(18,0) channel. Note: The positions of
four subbands as well as the conduction and valence bands are shown in
figure. (b) Ips-Vps characteristics of GNR(18,0) channel. Note: The color
bar shows the number of electrons and holes per unit energy. The other
parameters of the test device are given in Section4.1................c.cooeenne.

(a) Voltage transfer characteristics of GNR-based inverter for the proposed
GNRFET structure with variation of GNR width, gate length and dielectric
constant. Note: Charge neutrality point is shifted to Vs = 0 by assuming the
design with the proper choice of gate work function. Inset conceptually
explains the calculation of the noise margin and voltage gain using VTC of
an inverter. (b) Noise margin and (c) maximum gain of GNRFET-based
inverters versus scaled supply voltage Vpp for the 5 nm channel length of
GNR(7,0), GNR(13,0) and GNR(18,0). The other parameters of the test
device are given iN SECLION 4.1...........oiiiiiiiieieieene e

Gate capacitance versus gate voltage at Vps = 0.5V for different channel
lengths of (a) GNR(7,0) and (b) GNR(13,0), respectively. The other
parameters of the test device are given in Section4.1................c.ceoenennt.

Intrinsic cut-off frequency versus gate voltage for different channel lengths
of (a) GNR(7,0) and (b) GNR(13,0), respectively. Note: The inset shows the
intrinsic cut-off frequency of two GNRs versus channel length for the gate
voltages of 0.4V and 0.7V. The other parameters of the test device are given
N SECHION 4. L. .

Intrinsic gate-delay time versus the lon/lorr ratio corresponding to scaling
of the channel length of GNR(7,0) and GNR(13,0) at three different gate
voltages. Note: The arrows show the channel scaling (CS) and voltage
scaling (VS). The projection of gate-delay time reported for low-power and
high-performance designs by ITRS are shown as well. CS: Channel Scaling,
VS: Voltage Scaling, LP: Low Power, HP: High
Performance. ..........ooviiiiii

Power-delay product versus channel length for GNR(13,0) and GNR(7,0)
channels at three different gate voltages. The other parameters of the test
device are given in Section 4.1.........coiiiiiiiiiiiii

58

60

62

64

66

68

70



Figure 5.1:

Figure 5.2:

Figure 5.3:

Figure 5.4:

Figure 5.5:

Figure 5.6:

Figure 5.7:

Figure 5.8:

(a) Vertical cross-section of a double gate GNRFET and (b) 3D schematic
of the proposed DG GNRFET. Note: The armchair GNR channel under the
gate area is un-doped and the source and drain regions are n-type doped.
Simulation domain which contains the source, gate, and drain regions in
longitudinal direction are shown with the dashed line. The top view of GNR
sandwiched between two h-BN layers is also shown.............................

Energy of first four subbands at charge neutrality point versus GNR width..

Effective mass of the first four subbands obtained by TB calculation for (a)
GNR group (3p+1,0) and (b) GNR group (3p,0). Note: The arrow shows the
value from [85].... ..o

Drain current as a function of negative and positive voltage at gate and
drain terminals for the GNRFET with the channel of armchair GNR(13,0).
Note: The channel length, width of metal gate and gate dielectric thickness
are 7.5 nm, 1.48 nm, and 1.2 nm, respectively. The other parameters of the
test device are given in Section 5.1. The dielectric constant of HfO,
insulator layer and h-BN buffer layer are 24 and 4, respectively. Arrow
indicates the passing through mid-gap energy corresponding to the charge
Neutrality POINt.. ... ..o

Output characteristics for two families (a) GNRs (3p+1,0) and (b) GNRs
(3p,0). The parameters of the test device are given in Section 5.1..............

Transfer characteristics for two families (a) GNRs (3p,0) and (b) GNRs
(3p+1,0) at Vps = 0.5V. The parameters of the test device are given in
SECtION 5. L.

Local density of states in (a) GNR(9,0) and (b) GNR(24,0) calculated with
the non-parabolic effective mass (NPEM) model considering first two
subbands at Vgs = 0.1 V and Vps = 0.4 V. Note: The conduction and
valence bands as well as source and drain Fermi levels are shown in the
figure. The parameters of the test device are given in Section 5.1..............

(a) Off-state current and (b) lon/lorr ratio of GNRFET for two GNR
families (3p+1,0) and (3p,0) versus GNR width. Note: For comparison with
NPEM model, the CEM model is shown with dotted line in (a). The effect
of induced bandgap of h-BN insulator layer equal to AEpgny = 50 meV is
shown with dashed line. The off-current criterions and lon/lorg ratio is also
shown. LP: low power and HP: high performance. Two GNRs (12,0) and
(19,0) with the same bandgap of 0.6 eV are shown in (a). The parameters of
the test device are givenin Section 5.1...........c.ooiiiiiiiiiiii i

X

74

76

78

79

81

83

84

86



Figure 5.9:

Figure 5.10:

Figure 5.11:

Figure 5.12:

Figure 5.13:

Figure 5.14:

Width dependence of subthreshold swing for two GNR families (3p+1,0)
and (3p,0) at Vps = 0.5 V. The parameters of the test device are given in
SBCHION 5.0 ¢ it ae s

(@) Extrapolation of threshold voltages from transfer characteristic. (b)
Threshold Voltage versus GNR Width for two GNR families (3p+1,0) and
(3p,0). The parameters of the test device are given in Section 5.1..............

Transconductance versus (a) gate voltage, (b) drain current for seven
members of GNR(3p+1,0). Transconductance versus (c) gate voltage and
(d) drain current for seven members of GNRs (3p,0). The parameters of the
test device are given in Section 5.1..........ooiiiii i

Gate capacitance as a function of gate voltage for seven members of (a)
GNR(3p+1,0) and (d) GNR(3p,0). Density of states for the families of (b)
GNR(3p+1,0) and (e) GNR(3p,0) converted to the color bar schematics.
The conventional DOS of (¢) GNR(25,0) and (f) GNR(24,0) for
comparison. The parameters of the test device are given in Section 5.1.......

Intrinsic cut-off frequency versus drain current for seven members of (a)
GNR(3p+1,0) and (b) GNR(3p,0). The inset shows the intrinsic cut-off
frequency versus gate voltage. Note: Vps = Vpp. The parameters of the test
device are given in SeCtion 5.1.........ooiiiiiiii

Intrinsic gate-delay time versus lon/lore ratio and GNR width for two
families GNRs (3p+1,0) and GNRs (3p,0) at Vps = 0.5Vand Vgs = 0.7V.
The parameters of the test device are given in Section 5.1.......................

Xi

89

91

92

94

96

97



GNR
FET
GNRFET
CNP
NEGF
CNT
QCL
SCF
MFP
SCE
CMOS
MOSFET
MWCNTSs
T8
NPEM
DIBL
BTBT
VTC

NM

SS

PDP

LIST OF ABBREVIATIONS
Graphene Nanoribbon
Field Effect Transistor
Graphene Nanoribbon Field Effect Transistor
Charge Neutrality Point
Non-Equilibrium Green’s Function
Carbon Nanotube
Quantum Capacitance Limit
Self-Consistent Field
Mean Free Path
Short Channel Effects
Complementary Metal Oxide Semiconductor
Metal Oxide Semiconductor Field Effect Transistor
Multi-Walled Carbon Nanotubes
Tight Binding
Non-Parabolic Effective Mass
Drain-Induced Barrier Lowering
Band-To-Band-Tunneling
Voltage Transfer Characteristic
Noise Margin
Subthreshold Swing

Power-Delay Product

xii



LDOS Local Density of States

DG Double Gate

h-BN hexagonal Boron Nitride

AIN Aluminum Nitride

ITRS International Technology Roadmap for Semiconductors
CvD Chemical Vapor Deposition

HOPG Highly Oriented Pyrolytic Graphite
ST™M Scanning Tunneling Microscopy
AFM Atomic Force Microscopy

STS Scanning Tunneling Spectroscopy
3D Three-Dimensional

2D Two-Dimensional

1D One-Dimensional

IC Integrated Circuits

VLSI Very Large Scale Integrated circuits
THz Tera Hertz

nm Nanometer

Xiii



ABSTRACT

The driving engine for the exponential growth of digital information processing systems
is scaling down the transistor dimensions. For decades, this has enhanced the device performance
and density. However, the International Technology Roadmap for Semiconductors (ITRS) states
the end of Moore’s law in the next decade due to the scaling challenges of silicon-based CMOS
electronics, e.g. extremely high power density. The forward-looking solutions are the utilization
of emerging materials and devices for integrated circuits. The Ph.D. dissertation focuses on
graphene, one atomic layer of carbon sheet, experimentally discovered in 2004. Since fabrication
technology of emerging materials is still in early stages, transistor modeling has been playing an
important role for evaluating futuristic graphene-based devices and circuits.

The graphene nanoribbon field effect transistors (GNRFETSs) has been simulated by
solving a numerical quantum transport model based on self-consistent solution of the three-
dimensional (3D) Poisson equation and 1D Schrédinger equations within the non-equilibrium
Green’s function (NEGF) formalism. The quantum transport model fully treats short channel-
length electrostatic effects and the quantum tunneling effects, leading to the technology
exploration of GNRFETS for the future. A comprehensive study of static metrics and switching
attributes of GNRFETs has been presented including the performance dependence of device
characteristics to the GNR width and the scaling of its channel length down to 2.5 nm.

It has been found that increasing the GNR width deteriorate the off-state performance of
the GNRFET, such that, narrower armchair GNRs improved the device robustness to short
channel effects, leading to better off-state performance considering smaller off-current, larger
lon/lorr ratio, smaller subthreshold swing and smaller drain-induced barrier-lowering. The wider

armchair GNRs allow the scaling of channel length and supply voltage resulting in better on-

Xiv



state performance such as higher drive current, smaller intrinsic gate-delay time and smaller
power-delay product. In addition, the width-dependent characteristics of GNRFETSs is
investigated for two GNR semiconducting families (3p,0) and (3p+1,0). It has been found that
the GNRs(3p+1,0) demonstrate superior off-state performance, while, on the other hand,
GNRs(3p,0) show superior on-state performance. Thus, GNRs(3p+1,0) are promising for low-
power design, while GNRs(3p,0) indicate a more preferable attribute for high frequency

applications.
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CHAPTER 1
INTRODUCTION

1.1 Silicon Electronics and Scaling Challenges

The evolution of integrated circuits has been largely governed by Moore’s law, which
was postulated in 1965 [1] by Gordon Moore, co-founder of Intel Corporation. Moore’s law
states that the number of transistors on a single chip doubles approximately every 18 months.
The exponential trend in scaling silicon transistors has enhanced the device performance and
density, satisfying the prediction of Moore’s law for decades. Scaling down in each new
generation has approximately doubled logic circuit density and increased performance by about
40% while the memory capacity has increased by four times. While we celebrate the
50" anniversary of Moore’s law, there are a number of factors which needs to be taken under
consideration with continued MOSFET scaling that present challenges for the future and,
ultimately, fundamental limits. In sub-10 nm channel length, the drain-source leakage current
significantly increases due to short channel effects. The leakage current is contributed from
reverse-biased p-n junction current, weak inversion and drain induced barrier lowering (DIBL)
[2]. Increased power density and the corresponding dissipated heat in nanometer dimension has
imposed also several fundamental physical challenges for silicon [3, 4], seriously affecting the
performance of the chip.

The International Technology Roadmap for Semiconductors (ITRS) [5] states the end of
Moore’s law in next decade. Scaling of MOS structure can be divided into three intervals as
shown in Figure 1.1 [2]. While pure lithography could accomplish the task of scaling until 2002,
scaling alone by advancing the lithography technology is not sufficient and innovation was

required since then. More complex device geometries, e.g. multi-gate or nanowire transistor
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Figure 1.1: Integrated circuit scaling history and projection [6].



structure, were the natural evolution to enhance the electrostatic control of the channel by the
gate and consequently increase the device robustness to short channel effects. However, more
forward-looking solutions for scaling challenges of silicon electronics are the utilization of
alternate channel materials such that they can be likely solved by the genesis of new materials for
integrated circuit [2].

1.2 Prospects of Carbon-based Electronics

A large group of emerging materials and devices is being extensively studied to replace
silicon due to its scaling limit in sight [3]. Germanium has been substituted by silicon roughly
half a century ago by moving up on the group IV of periodic table. Interestingly, moving up one
more block, we reach to carbon, which has been widely tipped as substitute for next-generation
electronics due to its impressive crystal structures, or allotropes. Although, silicon and carbon
have similar chemical properties due to the same number of electrons in the outermost electronic
shell, they have different Coulomb interactions and consequently different size of the electronic
wave functions. Thus, the corresponding energies of respective electron systems vary
significantly leading to different electronic behavior in most carbon allotropes.

The hybridized s and p orbitals form strong directional covalent bonds leading to a large
number of different allotropes. The most important allotropes of pure carbon are shown in Figure
1.2. The nature of these allotropes was first understood by Linus Pauling in his book titled “The
Nature of the Chemical Bond” [7], as all have the same basic motif, namely, the benzene ring.
The building block of all these allotropes is carbon atoms in two-dimensional (2D) honeycomb
lattice structure, called graphene, such that graphite can be looked upon as stacked graphene,
nanotubes are rolled graphene. Fullerenes are wrapped graphene. Fullerenes were discovered in

the 1985 [8], nanotubes in 1991 [9] and graphene was discovered in 2004 [10]. Among carbon



(a) Buckyball

(c) Graphene

Figure 1.2: Three Carbon allotropes, (a) buckyball, discovered in 1985 [8], (b) carbon nanotube,
discovered in 1991 [9] and graphene discovered in 2004 [10].



allotropes, carbon nanotube (CNT) and graphene [11] are the two carbon allotropes, which have
become prominent contenders to substitute silicon in post-CMOS technology [10, 12-14] as
shown in ITRS prediction in Figure 1.3. This figure provides the projected years of device
development and improvement, together with introduction of new materials as a potential
solution by the year 2028. Though, engineers still need to devise methods for mass production of
large, uniform sheets of pure, single-planed graphene, thereby, ITRS expects that graphene can
possibly enter this phase of development by 2023.
1.3 Graphene Superlative

Graphene is one atomic layer of carbon sheet in a honeycomb lattice, which may
outperform state-of-the-art silicon in many applications [15, 16] due to its exceptional properties
such as large carrier motility, high carrier concentration, high thermal conductivity and
atomically thin planar structure [17, 18]. Graphene was discovered by Andre Geim and
Konstatin Novoselov in 2004, however, the history of this material goes back much further to
year 1947 when Wallace [19] first described it by calculating the band structure of a single layer
of carbon atoms arranged in a hexagonal 2D lattice. The name “graphene” for single carbon
layers of the graphitic structure was introduced in 1994 [20] only 10 years before its discovery.
The groundbreaking experiments regarding the first observation of stable 2D material opened up
a new field of research, which led to the award of the Nobel Prize in Physics in 2010 [21].

Graphene shows exotic electronic properties. The carrier transport in graphene is similar
to the transport of massless particles since 2D electron gas in graphene [22] provides both high
carrier velocity and high carrier concentration, resulting in large carrier mobility and
consequently its faster switching capability [17]. While the bottleneck of scaling silicon channel

is in heat removal of dissipated power, graphene has excellent thermal conductivity due to strong
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Figure 1.3: Logic potential solution reported by ITRS 2013 [3].



carbon-carbon bonding [18]. Atomically thin structure of monolayer graphene results in better
gate control over the channel and the planar structure is compatible with current CMOS
fabrication processes introducing the potential production of wafer-scale integrated circuits [23].
Graphene and related 2D materials could be utilized in heterostructures to create light emitting
devices for the next-generation of thin, flexible and transparent electronics [24, 25]. Graphene
shows some interesting properties in sensing applications as its planar geometry of graphene
with one carbon atom thickness maximizes the active sensing area [26]. As large-area graphene
is bendable and printable, the deposition of graphene on flexible substrates opens the door to
high-frequency low-voltage flexible applications [27].

However, the application of large-area graphene is limited for integrated circuits due to
lack of bandgap and the need for only narrow stripes of graphene. The latter are known as
graphene nanoribbons (GNRs), which are promising alternative as replacement of transistor
channels [28, 29] for next-generation integrated circuits. In principle, the GNRs can be produced
by patterning large-area graphene using more standard fabrication methods with much more
controllability than CNTs, whose chiralities are statistically predetermined during the
manufacture process. While CNTSs requires a different set of processing techniques, the younger
counterpart, graphene shares a similar set of processing techniques currently used for silicon.
GNR can be fabricated from large-area graphene using high-resolution lithography like e-beam
lithography. GNRs share many of the fascinating electrical [30], mechanical [31], and thermal
[18, 32] properties of CNTs such as large carrier mobility and thermal conductivity [33]. The
mean free path (MFP) of electron in GNRs with smooth edge is comparable with CNT and can
reach to micrometer range [34]. In addition, GNR has a very large current conduction capacity

(1000 times larger than Cu) with extraordinary mechanical strength and thermal conductivity.



1.4 Fabrication of Graphene Nanoribbon

There are several limitations and challenges to implement graphene nanoribbons in
current technology. In the first place, wafer-scale high quality graphene is required to be
synthesized on arbitrary substrates, which is suitable for patterning in the form of GNR channels.
A variety of methods have been introduced for graphene production such as epitaxial growth on
a silicon wafer [35], direct CVD epitaxy on metal substrates [36], chemical oxidation [37],
mechanical exfoliation [11], solvent exfoliation from highly oriented pyrolytic graphite (HOPG)
[38] and silicon sublimation from SiC [39]. Although the mobility of suspended and annealed
graphene can exceed 200,000 cm?/V-s and demonstrate an exceptional material with highest
mobility record [40, 41], it reduces to 40,000 cm?®/V-s [42] for supported graphene devices at
room temperature due to trapped charges in the substrate [43]. High quality graphene on silicon
can be produced by mechanical exfoliation method [44]. However, the mass production and
selective placement of graphene at a specific location are almost impossible and thereby the
method is not currently suitable for integrated circuits. Few atomic layers of graphene with
millimeter size can be produced by silicon sublimation method, in which thin layer of SiC
deposited on Si substrate followed by silicon evaporation [45]. Although this method results in
the carrier mobility as high as 25,000 cm?/V-s, it needs annealing temperature of at least 1200°C
in H, ambient condition [34] which makes it incompatible with some of the subsequent
fabrication processes in manufacturing integrated circuits. The growth of large scale graphene
can be achieved by ambient pressure CVD on metallic substrates such as nickel [46] and copper
[23] to be transferred on arbitrary substrates by etching the metallic substrate [36], which can
result in graphene flake with mobilities and sheet resistances in the range of 3700 cm%V-s and

280 Q/o [36], respectively. Graphene can be produced from exfoliation of HOPG. However, the



method is limited by the choice of solvent with proper surface energy thermodynamics [38] and
required a chemical reduction step to recover original electronic properties similar to graphene
obtained by mechanical exfoliation. Also, it usually produces monolayer graphene with low
mobility in the range of 10 and 1,000 cm?/V-s [47].

Graphene requires to be patterned in the form of GNR, which can lead to the introduction
of dangling bonds at the edges. The edge roughness is a key issue in fabrication of GNR
interconnects and has crucial effects in shortening the mean free path (MFP) of electrons in GNR
such that it can eliminate the attractive electron transport properties of graphene [48]. It increases
the backscattering probability of electrons due to side wall scattering and thereby decreases the
ratio of longitudinal to transverse velocity of electrons in GNRs. Yang and Murali [49]
experimentally observed the linewidth-dependent mobility of electrons in GNR, showing that
electron mobility degrades by decreasing the GNR width below 60 nm. Edge roughness is
increased by scaling down the minimum feature size due to increase in manufacturing variants of
lithography and dry etching processes [50]. Thus, the efforts of most current research are to
fabricate smooth-edged GNRs to preserve the superior electronic quality of graphene. Yu et al.
[51] dissolved carbon atoms on nickel substrate at high temperatures and covered it with a
silicon film, such that it can be patterned for GNR interconnects and transistors after removing
nickel substrate. Wang et al. [52] produced smoother GNRs down to 5 nm using conventional
lithography in conjunction with gas-phase etching. Dai et al. [53] showed a simple solution-
based method to produce GNRs with widths down to sub-10 nm.

Another approach for the production of high quality ribbons with low disorder and
smooth edge is based on unzipping the oxidized MWCNT through mechanical sonication, which

can result in GNRs with approximately 20 nm length and mobility as high as 1500 cm?/V-s [54].



Kim et al. [55] produced 45 nm width GNRs by a controlled thermally induced unwrapping of
MWCNTSs. Li Xie et al. [56] produced GNRs with widths between 10 nm to 30 nm by sono-
chemical unzipping of MWCNT. An accurate control over the edge roughness of graphene
nanoribbon can be achieved by bottom-up approach, in which the one-dimensional chains of
poly-aromatic carbon precursor have been developed [57]. GNR with precisely defined width
can be produced by the scalable bottom-up approach beyond the precision limit of modern
lithographic approach [58]. The width and edge periphery of GNRs can be defined by the
structure of precursor. However, bottom-up approaches are usually limited to some specific
substrates (e.g. Au (111)) and might not be applicable for large scale production of interconnect
in current technology process.

Sprinkle et al. [59] produced graphene on a template SiC substrate using a self-organized
growth method and then narrowed to 40 nm width GNRs using lithography. Recently,
Baringhaus et al. [60] showed that electrons in 40 nm wide GNR can have ballistic transport at
room temperature for up to 16 pum length by controlling substrate geometry. GNRs are
epitaxially grown on the edges of three-dimensional structures etched into silicon carbide wafers
in order to produce perfectly smooth edges. As electrons flowing at the edges don’t have
interaction with electrons in the bulk portion of the nanoribbons, they can contribute much better
than other electrons traveling in the middle and act similar to optical waveguides in optical fiber
which transmits without scattering. It has been announced [61] that electron mobility reached to
one million with a sheet resistance of 1 ohm per square meter (€/o), which are two orders of
magnitude lower than two-dimensional graphene and ten times smaller than the best theoretical
predictions for graphene because the production of GNR with smooth edge activates the ballistic

transport of those electrons. However, the challenge comes from growing GNR on conventional
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substrates such as silicon and silicon oxide as SiC substrate is expensive and thereby not
applicable for cost efficient integrated circuit fabrication. In addition, the growth of thin
graphene films requires single crystal SiC substrate, which is not suitable for interconnects as
required growth over dielectric materials. Furthermore, the back-end thermal budget in the
fabrication of integrated circuits is low and thus the required high temperature in these
techniques makes these not proper for producing GNRs. Beside the quality and grain size of
graphene produced by CVD method, the growth temperature is subject of research efforts to
lower the temperature below the tolerable level (~ 400°C).

Jin et al. [62] claimed that the use of graphene oxide can create a small bandgap in
graphene. Deformation of the graphene layer by bending or physical strain is another possibility
to open bandgap [63]. Chemical doping can also open a small bandgap in graphene [64, 65]. Yan
et al. [66] showed that a stable bandgap can be opened by doping via CVD methods with dopants
like gold, sulphur, boron and nitrogen [64]. A random pattern of boron nitride atoms upon the
graphene surface is capable of opening a bandgap in graphene [67]. However, this leads to a
structural defect, and thus decreases the graphene mobility [67, 68]. Unlike bilayer graphene
FET, opening bandgap with electrical field normal to the graphene plane cannot work with
monolayer graphene.

1.5  Modeling of Graphene Nanoribbon Field Effect Transistors

The significant progress in experiments is accompanied with substantial achievements in
theoretical work based on analytical approaches and numerical simulation techniques. Three
approaches based on classical, semi-classical and quantum mechanics can be used for the study
of current transport in devices. The classical approaches are based on Newton’s law [69, 70], like

charge-collection equations [30] or drift-diffusion equations, which can be employed to model
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transistors of large dimensions, but is not suitable for the physical modeling of sub-nanometer
channel length of MOSFET types due to quantum effects. The traditional approach usually
focuses on scattering effects inside the channel as a result of diffusive motions of carriers, whose
length is much longer than the mean free path of carriers as shown in Figure 1.4(a).

Figure 1.4(b) shows the energy-position-resolved local density of states (LDOS) of a
typical graphene nanoribbon field effect transistors (GNRFET), which is numerically simulated
by quantum-based model [71]. LDOS is a physical quantity that describes the density of states,
but at different points in space, and is then a function of energy and position. The similar results
as computational methods can be obtained by scanning tunneling spectroscopy (STS), which is
capable of imaging electron densities of states as a function of energy at a given location in the
sample. In the figure, the bandgap with quite low local density of states (dark black region) and
the channel potential barriers can be easily identified. The quantum interference pattern due to
incident and reflected electron waves in the generated quantum well in valence band of the
channel is also apparent. It can be seen that the carrier transport can associated with three
mechanisms, (1) thermionic current for electrons emission above the channel potential barrier,
(2) direct source-to-drain tunneling current through channel potential barrier and (3) band-to-
band electron tunneling from the channel to the drain regions.

For an emerging device such as graphene nanoribbon field effect transistor (GNRFET),
the channel length needs to be 10 nm or less and the mean free path can reach to a few micro
meters. Thus, the transport can be interpreted as ballistic motion of carriers in short channel
devices while the discrete energies of GNR channel can be tuned by the gate electrostatic
potential, leading to important effects of quantum tunneling on carrier transport. It is shown in

Figure 1.4(b) that the direct source-to-drain tunneling and band-to-band tunneling from drain to
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Figure 1.4: (a) Diffusive carrier transport in long channel device and ballistic carrier transport in
short channel device and (b) energy-position-resolved local density of states of a
typical GNRFET simulated with NEGF formalism, showing three possible regions
for carrier transport: (1) thermionic emission of carriers over the channel potential
barrier, (2) direct tunneling of carriers through channel potential barrier, and (3)
band-to-band-tunneling of electrons from valence band in the channel region to the
empty states in the drain side.
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channel can be significant by scaling down the channel length and width of graphene
nanoribbon, respectively. While semi-classical models [72-74] can be modified to incorporate
band-to-band tunneling current, the models cannot be used for GNRFET with channel length
below 10 nm since the direct carrier tunneling from source to drain regions can be an important
component in calculating drain to source current. Thus, by scaling down the channel length, the
atomistic quantum-based models [75, 76] which can take into consideration the tunneling effects
in short channel GNRFET need to be used in order to investigate the GNRFET performance.

Quantum-based simulation is the most computationally demanding approach as the
quantum effects become more and more important by scaling down the channel length. The most
accurate quantum-based method for bottom-up device simulation is non-equilibrium Green’s
function (NEGF) approach, where Schrodinger equation is solved under non-equilibrium
condition. NEGF formalism provides the atomistic description of channel material as well as the
effects of contacts and scattering on carriers transport in the channel. The discretization of device
Hamiltonian provides two alternative approaches for applying NEGF formalism: real space
formulation [77] which can be used directly for any geometry and mode space formulation [78]
which splits up the device simulation into a set of 1D problems over subbands. Mode-space
approach can be applied for simulation of GNRFET by assuming smooth edges and negligible
potential variation in transverse direction. It has been successfully applied for simulating a
variety of nanometer channel materials such as carbon nanotube [79, 80], silicon MOS FET [81]
and graphene nanoribbon [82, 83].

There is not much reported work on the scaling of GNRFETS, especially below 10 nm
channel length, in which direct tunneling through channel potential barrier can be significant.

Yoon et al. [84] investigates the scaling behavior of graphene-based transistors by performing
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quantum transport simulations, but limited the scaling down to 30 nm channel length. With the
same simulation approach, Ouyang et al. [75] performed a comprehensive study on the scaling
behavior of GNRFETs down to 10 nm. Similarly, research on the width-dependent study of
GNRFET with respect to GNR index is also limited. Ouyang et al. [75] showed the scaling
behavior of GNRFETSs considering only one semiconducting family of armchair GNRs. Raza
and Kau [85] classified armchair GNRs into three families but considered only the bandgap and
effective mass of first subband. Sako et al. [86] investigated the effects of edge bond relaxation
in GNRFET with 10 nm channel length by considering only the effective mass of first subband
in top-of-the barrier model. Kliros [87] studied the effect of width-dependent performance of
GNRFETSs using an analytical model. However, performance studies of armchair GNR families
with channel length below 10 nm is to be researched and a more comprehensive investigation is
thus warranted based on more sophisticated approaches. A full quantum transport model based
on NEGF formalism is developed for the simulation of GNRFET [88, 89], where the energy-
position dependent Hamiltonian is employed using non-parabolic effective mass model [90]. The
existence of mismatch between the parabolic band approximation and the exact dispersion
relation in analytical models [87], top-of-the-barrier model [74] or semi-analytical model [91]
may not correctly estimate the actual concentration of carriers in the channel. The quantum
transport model of GNRFETSs has been developed and used for investigating the scaling of its
channel length down to 2.5 nm, as well as the width-dependence performance of GNRFETs with
respect to GNR index.
1.6 Outline of Dissertation

In this dissertation, organization of the work which has been carried out is as follows. In

Chapter 2, the structure of graphene and its electronic properties are discussed in context of basic
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graphene-based field effect transistor. The physical model of carrier transport based on non-
equilibrium Green function (NEGF) formalism is described in Chapter 3. The carrier transport in
graphene nanoribbon field effect transistor (GNRFET) is simulated by NEGF formalism, in
which the device structure has double gate with high-k dielectric materials in order to reduce the
short channel effects (SCE) and prevent an undesirable increase in leakage current. The proposed
GNRFET forms the basis of following chapters as described. In Chapter 4, scaling effects on
statics metric and switching attributes are presented. Width dependent performance of GNRFET
is studied in Chapter 5, followed by conclusion and future scope of work in Chapter 6. The
MATLAB code for NEGF function with energy-position dependent Hamiltonian is summarized

in Appendix A.
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CHAPTER 2
GRAPHENE NANORIBBON FIELD EFFECT TRANSISTOR (GNRFET)

Graphene is a 2D material made of carbon atoms in a honeycomb-like hexagonal lattice
as shown in Figure 2.1(a). The carbon atoms form strong o covalent bonds by three in-plane sp?
hybridized orbitals, whereas the fourth bond is a @ bond in z-direction [92]. The electron in this
bond can move freely in the delocalized n-electronic system referred as the n-band and n*-bands
[93]. The lattice structure of graphene made out of two interpenetrating triangular lattices results
in a unit cell consisting of two atoms as shown in Figure 2.1(b). The lattice vectors can be

written as follows:
a=2(3\3) , a,=2(3-3) (2.1)
2 2
where a_ =1.42 A is the carbon-carbon distance and (p,q) implies vector px+qy, where x and

y are unit vectors along x and y directions. Since electronic transport can be two-dimensional in

a graphene lattice, the dispersion relation for graphene has also two dimensions. The reciprocal

lattice vectors can be obtained as follows:
522_”(1,@) | 522_”(1,-@ (2.2)
3a,,

Due to honey-comb lattice structure, there are two sets of three cone-like points K and

K'on the edge of the Brillouin zone named Dirac points, where the conduction and valence

bands meet each other in momentum space [92] as follows:

K — 2_7r 2 K = 2_7r’_ 27 2.3)
3a,, '33a, 33, 3\3a,

The behavior of charge carriers near Dirac points resembles the Dirac spectrum for

massless fermions [17] and can be described by linear dispersion relation as follows:
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Figure 2.1: (a) Two dimensional honeycomb lattice of graphene, which consists of two triangular

sub-lattices. (b) Bravais lattice and reciprocal lattice of graphene. (c) Graphene band
structure and first Brillouin zone in momentum space. Note: The position of Dirac
points, K, K’ and reciprocal lattice vectors are also shown underneath of the
graphene band structure. (d) Linear band near Dirac point and the position of Fermi
level.
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E(K')=+hve K

(2.4)

where k' is the momentum near the Dirac point, 7 is reduced Planck constant and v, is the

Fermi velocity. Charge carriers near Dirac points behave like relativistic particles ideally
transporting with Fermi velocity, which is theoretically 300 times smaller than the speed of light
[17]. Assuming the first nearest neighbor interaction, the close form of dispersion relation near

Dirac points can be obtained [92] as follow:

- k,a k,a
Ek) = it\/1+ 4cos x/§k2XaCC cos y2°° +4 cos® % (2.5)

where a, is the carbon-carbon atomic distance, k, and k, are wave vectors in x and y

directions, and t = -2.7 eV is the nearest neighbor hopping energy. Minus and plus signs
correspond to the conduction and valence bands, respectively. Graphene band structure has 2D
Brillouin zone in momentum space as shown in Figure 2.1(c). From Figure 2.1(d), it can be seen
that the energy dispersion around the band edges of graphene is linear instead of quadratic [94].
A field effect transistor (FET) consists of four terminals, gate, source, drain and substrate
together with insulating dielectric over a conducting channel as shown in Figure 2.2(a). The
Fermi energy of carriers in the channel will rise in the presence of an applied electric field
corresponding to the applied gate voltage and needs to be placed in the middle of bandgap to turn
the device off because it can minimize both the electrons in conduction band and holes in
valence band and thereby minimizes the contribution of electrons and holes in leakage current.
Figure 2.2(b) shows the three Fermi levels in correspondence with three gate voltages applied to

a graphene with zero bandgap. At positive Vgsi1, the Fermi level (E.,) is near or inside

conduction band and electrons contribute to current transport. Decreasing the gate voltage shifts
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Figure 2.2: (a) Schematic of a field-effect transistor (FET) and symbol of graphene FET. (b)
Large-area graphene with zero bandgap. Three Fermi levels are shown in E-k
diagram and the corresponding gate voltages are also shown in its current-voltage
characteristic. (c) Graphene nanoribbon with opened bandgap. Similarly, three Fermi
levels are shown in E-k diagram and the corresponding gate voltages are also shown
in its current-voltage characteristic. Note: Two graphs in (b) and (c) are sketched to
convey the concept, i.e. the importance of bandgap in transfer characteristics, and are

not in actual, exact scale with each other.
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the Fermi level toward the valence band, the total carrier in the channel decreases and
consequently minimizes at Vgs, corresponding to charge neutrality point (CNP), where the
electron density is equal to the hole density. The equal densities of electrons and holes
correspond to the equal contributions of electrons and holes to the total drain-source current due
to the same effective mass of conduction and valence bands. The populations of carriers in
conduction and valence bands follow the Fermi-Dirac distribution function and can be significant
due to the lack of bandgap and thereby the transistor cannot be fully off by placing the Fermi
level in the middle of conduction and valence bands. While this is not an issue for analog
applications and graphene has still potential due to very high mobility [95], this limits its
application as logic transistors [96, 97]. Semi-metallic nature of graphene with overlapping
bandgap is clearly an obstacle with regards to its application in semiconducting devices as it
cannot be fully switched off by tuning the Fermi level at the energy that conduction and valence

bands touch each other [98]. Most gated graphene FETs on various substrates showed |, /1 oq¢

ratios less than 50 while it needs to be between 10* and 10’ to compete with what is currently
required in traditional silicon MOSFETS [3].

In order to turn-off a FET device with graphene channel, a bandgap of several hundred
meV is required and thus, opening the bandgap is the most important task in making the
graphene transistor become a practical channel material. Patterning large-area graphene into
nanoribbon strips can split up 2D energy dispersion into multiple 1D modes due to quantum
confinement of carriers in one-dimensional graphene, called graphene nanoribbon (GNR) [97,
99]. Producing graphene nanoribbons as a way to induce a band gap is widely considered to be
the most elegant and useful methodology due to the fact that keeping device dimensions at the

nanoscale dimension urged by the scaling trend of silicon as well. As can be seen in Figure
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2.2(c), Fermi level can be placed in the middle of bandgap where the total number of electrons in
conduction band and holes in valence band are minimized leading to very small leakage current.
A GNRFET can be used in logic circuits in much the same way as in CMOS logic [14].

Width confinement of graphene down to the sub-10 nm scale is essential to open a
bandgap that is sufficient for room temperature transistor operation. The size of the induced
energy gap is a direct function of the nanoribbon width, such that decreasing the width increases
the bandgap [100, 101]. For exfoliated GNR with width of 15 nm, the bandgap of 0.3 eV was
first measured in 2007 [102]. The induced bandgap in excess of 1 eV can be opened for a GNR
with a width below 2 nm [103]. Several experimental methods have been already proposed for
narrowing width by etching down GNR to 4 nm [52] and chemical synthesis down to 2 nm [53].
Other lithography methods based on Atomic Force Microscopy (AFM) [104] and Scanning
Tunneling Microscopy (STM) [105] have been proposed for the fabrication of GNRs. Graphene
nanoribbons with few nanometer width can be produced by unzipping carbon nanotubes with
bottom-up chemical approach [56]. This method can reduce the edge roughness induced by e-
beam lithography and recover zigzag or armchair edges of GNRs [106]. Mass production of
GNRs can be made possible by using multi-walled CNTs (MWCNTS) as precursors such that the
GNR widths can be controlled by controlling the size of the starting MWCNTs and the
conditions of dry etching [107] or solution-based oxidative process [108].

The ribbon width is not the only factor and the nano-cutting of large-area graphene needs
special attention on the type of edge boundary (or chiral angle) as it can determine whether the
GNRs are metallic or semiconducting. The chiral angle represents the crystallographic direction

of the axis of the GNR and comes from theoretical studies of CNTs corresponding to chiral

vector, C, =na, +ma,, and CNT indices: CNT(n,m), where & and &, are the unit vectors for the
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graphene hexagonal structure, n and m are the integer coefficients along the &, and &, directions,

as shown in Figure 2.3(a). This unique notation of an individual CNT traces the CNT around its
circumference from one carbon atom (called the reference point) back to itself. Atomistic
structure of GNRs can be considered as the unfolded of the corresponding CNTs with the desired
width to adopt the same terminology for the GNRs. Among all the possible chiral angles (or
CNT indices) special attention is payed to the zigzag GNRs (n, n), and armchair GNRs (n, 0).
For example, the circumference edge of CNT(n,n) is along armchair direction and thereby
unzipping this CNT results in the zigzag edge GNR(n,n). Figure 2.3(b) shows the different nano-
cutting directions of graphene lattice for producing nanoribbons with armchair and zigzag edges.
The angles between zigzag and armchair edges are multiples of 30 degrees, such that GNRs with
either zigzag or armchair edges can be chosen by changing the direction of nano-cutting by 30
degrees. Figure 2.3(c), adopted from [109], shows the optical and AFM images of the graphene
sheet. It can be seen that crystalline orientations of the graphene sheet as well as zigzag and
armchair edges can be identified from AFM image.

The electronic structure of a GNR can be obtained from that of infinite graphene. Zigzag
and armchair GNRs can be produced from an infinite graphene sheet by cutting in the (10) and
(11) directions, respectively, in a 2D space. In the reciprocal space these directions correspond to
the I'-M and I'-K paths in the Brillion zone for zigzag and armchair terminations, respectively.

The wavevector in the transverse direction, k;, becomes quantized, whereas the longitudinal
wavevector, k . remains continuous for a GNR of infinite length as shown in Figure 2.3(d).

Thus, the energy bands consist of a set of one-dimensional energy dispersion relations which are
cross sections of those for infinite graphene. The energy dispersion relations of two-dimensional

graphene are shifted from OO’ by discretized reciprocal vector nk; (n =1, 2,..., N-1) in parallel
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Figure 2.3: (a) Unfolding carbon nanotube with armchair edge results in graphene nanoribbon

with zigzag edge. (b) Cuts along two directions of a graphene sheet to produce
zigzag (red) and armchair (green, blue) termination of the GNRs. (c) Optical image
of the graphene sheet (left) and a lattice resolution AFM image (right) to identify the
graphene crystalline orientation. Superimposing the hexagons onto the optical image,
the crystallographic orientation of the edges | (zigzag) and Il (armchair) are shown.
The figure is adopted by permission from [109]. Permission letter is attached. (d)
Discretized transverse wavevector of armchair and zigzag graphene nanoribbons due
to the confinement in transverse direction.
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with k_, resulting in N pairs of 1D energy dispersion curves corresponding to the cross sections

of the 2D energy dispersion surface. If the cutting line passes through the Dirac point of the 2D
Brillouin zone, where the conduction and the valence energy bands of pristine graphene touch
each other, the one-dimensional energy spectra have a zero energy gap [110]. This corresponds
to zigzag GNRs with conducting behavior as shown in Figure 2.4(a).

The armchair GNR can either yield conducting or semiconducting characteristics
depending on the number of atoms in transverse direction. The electronic structure of armchair
GNRs is closely related to that of zigzag CNTs and needs to be classified into three groups as
their bandgap changes with a period-three modulation depending on the number of atoms in
confined transverse direction. For an arbitrary integer p, two thirds of armchair GNRs, (3p,0) and
(3p+1,0), are semiconducting while the third subclass, (3p+2,0), has a very small bandgap
showing metallic behavior. The first principle calculation can be used to obtain the electronic
structure of graphene nanoribbon. It can be solved either by Dirac’s equation of massless
particles with an effective speed of light [111] or simple tight-binding approximation [100, 112].
Figure 2.4(b) shows the bandgap of each GNR group versus the number of dimer lines in
transverse direction. Figure 2.4(c) shows the calculated dispersion relations of GNR(12,0),
GNR(13,0) and GNR(14,0) as a representative of three GNR families (N,0) = (3p,0), (3p+1,0)
and (3p+2,0), respectively, where p is an arbitrary integer. It can be seen that removing or adding
one edge atom along the nanoribbon can significantly change the bandgap energy of the GNR.

The all-graphene architecture [113] has been recently proposed, in which both GNR-
based devices and interconnects can be concurrently patterned to capture the possibility of
bandgap engineering in graphene for integrated circuit design. It is a promising design for the

graphene applications in both low-power and high-performance circuits as the GNR interconnect
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Figure 2.4: (a) Schematic of a zigzag GNR and the corresponding energy dispersion graphs. (b)
Bandgap energy of three GNR families of armchair GNR versus GNR index. p is an
arbitrary integer larger than 2. The inset shows the schematic of an armchair GNR
and the description of number of dimer lines. (c) Energy dispersion relation of
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(c)

GNR(12,0), GNR(13,0) and GNR(14,0).
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is extremely short and there is minimum connections to conventional metal contacts.
Figure 2.5(a) shows the 3D schematic of all-graphene circuit for an example of inverter chains,
in which both GNR-based devices and interconnects concurrently fabricated by monolithically
patterning a single sheet of graphene. Unlike conventional technology, the material for producing
devices and interconnects are graphene, which would bring some release from the contact
resistance of metal-to-graphene contacts [10, 34]. The structure can potentially reduce the
complex fabrication process for local interconnect in nanoscale dimensions, leading to ultra-
dense and thin integrated circuits [113]. It is not possible to completely get rid of metal contacts
and interconnects since the gate and source/drain electrodes cannot share the same graphene
sheet. While a modern day CMOS circuit has approximately 10 interconnect layers, using
graphene can reduce the number of intra-layer local interconnects for gate-level designs, in
which transistors can be mapped in a planar topology. In all-graphene logic gates, both the width
and the bending type of GNR are critically important for using GNR as channel material and
local interconnects as shown in Figure 2.5(b). The band gap of graphene can be adjusted for
GNR interconnects by pattering it with larger width and different orientation since zigzag edge
GNRs have metallic behavior with very small bandgap and GNRs with armchair edges can
exhibit semiconducting behavior [71].

In conventional MOSFET, the bandgap of silicon is fixed and thereby the choice of gate
electrode material, dielectric constant and thickness of oxide layer and substrate doping are
common method to tune its threshold voltage and the corresponding supply voltage, while that of
GNRFET can be tuned by the bandgap engineering of GNR, such that GNRs with wider width
can operate under scaled supply voltages. In conventional CMOS logic, the responses of pull-up

and pull-down networks are different due to the difference between electron and hole mobilities,
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= Graphene w— Metal

GNR Interconnerct

N
Armchair GNR (N,0)

Figure 2.5: (a) 3D schematic of all-graphene circuit for an example of inverter chains, in which
both GNR-based devices and interconnects concurrently fabricated by monolithically
patterning a single sheet of graphene [113]. Note: The corresponding circuit
schematic including the graphene and metallic interconnects along with contact
resistors are also shown. N, represents the number of parallel GNRs for a GNRFET.
(b) Graphene lattice must be patterned considering the GNR width and angle such
that armchair and zigzag edge nanoribbon have been used as channel material and
local interconnects, respectively. (c) 3D view of a GNRFET with one ribbon of
armchair GNR(N,0) as channel material. Note: The doped extensions of source and
drain regions have the same length as the channel length.
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and thereby the physical channel width of the p-type FETSs in the pull-up network needs to be
larger to compensate the asymmetric electron and hole effective mass. In GNRFET, the effective
masses of electrons and holes are symmetric and thus the p-type GNRFET has equal and
opposite response, which makes the design of GNRFET logic circuit easier than conventional Si-
CMOS logic circuits [114]. The 3D view of a GNRFET with one GNR channel is shown in
Figure 2.5(c), where the ribbon of armchair chirality GNR is the channel material in MOSFET-
like structure. This structure is expected to demonstrate a higher 1., /1o ratio, outperforming
the GNR FET with Schottky barriers in logic application [115]. The GNRFET structure has
been simulated using a quantum transport model (Chapter 3) to study the scaling of its channel
length down to 2.5 nm (Chapter 4) as well as the width-dependence performance of the device

(Chapter 5).
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CHAPTER 3
CARRIER TRANSPORT MODEL

3.1 Simulation Algorithm

To evaluate the performance of GNRFETS, different carrier transport models can be used
including either simplified semi-classical transport models [72, 73, 86] or quantum transport
models [75, 82]. The former methods cannot treat short gate-length electrostatic effects and
quantum tunneling effects such as direct source-to-drain tunneling in short channel GNRFET or
band-to-band tunneling at the source and drain junctions [116]. In addition, the existence of
mismatch between the parabolic band approximation and the exact dispersion relation in
analytical models [87], top-of-the-barrier model [74] or semi-analytical model [91] may not
correctly estimate the actual concentration of carriers in the channel. Thus, the quantum-based
transport simulation is the most computationally efficient approach as the quantum effects
become more and more significant by scaling down the channel length. The most accurate
quantum-based method for bottom-up device simulation is non-equilibrium Green’s function
(NEGF) approach, where Schrodinger equation is solved under non-equilibrium condition.
NEGF formalism provides the atomistic description of channel material as well as the effects of
contacts on carriers transport in the channel, leading to accurate results and physical insight into
investigating GNRFET performance in sub-10 nm channel length.

The traditional approach is not suitable as the assumption of significant scattering inside
the channel is not valid for short-channel length as the mean-free-path (MFP) for carriers is
much smaller than the channel length [117]. The mean-free-path in smooth-edge nanoribbons is
around hundreds of nanometers at room temperature due to weak electron-phonon interaction

[15]. In principle, there are two alternative approaches for applying NEGF formalism: the real
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space formalism which is directly applicable to any geometry and the mode space formalism
which splits-up 2D GNR into a set of 1D problems corresponding to the generated subbands due
to structural confinement in transverse direction as explained in Chapter 2. The mode-space
approach can be applied for the GNRFET by assuming smooth edges and negligible potential
variation in transverse direction, resulting in a considerable computational advantage while
maintaining the accuracy of device simulation.

Figure 3.1(a) shows iterative procedure between electrostatic and transport solutions, in
which calculating potential profile depends on the carrier density and calculating carrier density
needs the potential profile along the device. As such, before calculating drain-to-source current
for a bias condition, the potential profile and charge density needs to be obtained by constructing
a self-consistent calculation between Poisson equation and transport equations. Figures 3.1(b)
and 3.1(c) show the overview of NEGF simulation and an example of Poisson solution in a
transistor, respectively, which are discussed later in this section. Figure 3.1(d) illustrates a
flowchart for the detail of self-consistent algorithm, which has been explained in following seven
steps.

Step I: For a given width, the effective masses of the lowest subbands have been extracted by
tight-binding calculation for a slab with zero potential in order to use in the successive transport
calculations of the self-consistent loop.

For obtaining GNR dispersion relation, tight-binding (TB) calculation can be employed
based on nearest neighbor orthogonal p, orbitals as basis functions. One p, orbital is enough for
the atomistic physical description of graphene since energy levels of s, py, and py orbitals are far

from the Fermi level and do not play important roles for carrier transport. Figure 3.2(a) shows
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Figure 3.1: (a) Self-consistent calculation between electrostatic (Poisson equation) and transport
(NEGF formalism) solutions, (b) conceptual sketch of the armchair edge GNR
channel including the quantities used in the NEGF formulism, (c) an example of 3D
potential distribution calculated by solving 3D Poisson equation, and (d) flowchart
for the self-consistent algorithm as described in step | through step VII in the text.
Note: The value of convergence condition & in step VI has been set 0.001.
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Figure 3.2: (a) Schematic cross-section of an armchair GNR(13,0) and the corresponding slab
used in TB calculation in transverse direction. (b) Bandgap energy of three GNR
families versus GNR index. Note: the calculated bandgap energy in this work has

been compared with those of [86].
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the atomic view of armchair-edged GNR(N, ,0), where ribbon index N,=13 is the number of
dimer lines in transverse direction. The GNR width is commonly defined as

W, = (N, —1)</3a, /2, where a_ is carbon-carbon bonding length. Calculating TB inside the
slabs with the length of 3a,c and 2N, atoms can give the required information of GNR subbands

[118] for the transport calculation. The matrix element of the Hamiltonian between the o™ atom

within the n™ slab and the g™ atom within the m™ slab is written as follows:

H =H’ +5 U (3.1)

ne,mg ~ ' 'na,mpg ne,mpB " na
where d,, s 1S the Kronecker delta and U, is the electrostatic potential energy at the (n,or) atom

site. H® s equal to the nearest neighbor hopping energy, t = - 2.7 eV if the atoms (n,a) and

e mp
(m,B) are first nearest neighbors and equal to zero otherwise. The graphene lattice has been
abruptly terminated at the edge and occupied by hydrogen atoms, which can be modeled if the
hopping energy for pairs of atoms along the edges of the GNR is assumed #(1+y) for the
correction factor of y = 0.12 [100]. The TB model of edge bond relaxation has been verified by
the first principle calculations showing the identical results for the band structure of GNR near
the Fermi level [90]. The edge bond relaxation has a significant effect on both the bandgap
energy and effective mass of GNR subbands [100]. Figure 3.2(b) shows the close agreement of
the calculated bandgap energy in this work with those of [86]. The quantum confinement of
carriers in one-dimension can open the bandgap at the expense of reducing the electron velocity
and degrading the band linearity near the Dirac point. The non-linearity can be corrected for each

subband using an effective mass model given by [90],

E(k)_E_§ 1 ER|_P
2 20 B ) 2m (32)
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where Eg is the energy gap, E,(k)is the energy and m, is the effective mass for a subband

index b. The TB band diagram, the non-parabolic effective mass (NPEM) model and the constant
effective mass model of GNR(7,0), GNR(25,0), GNR(6,0) and GNR(24,0) are shown in Figure
3.3. It can be seen that the difference between the two models is increased by increasing the

GNR width.

Step I1. Considering an initial potential distribution U”" , the extrema energies E°(x) and E"(x)
as well as wavefunction, ¢’ (x) for subband index b are obtained as a function of longitudinal
direction by repeating tight-binding calculation for every slab of the ribbon only at k = 0.

Step Ill. The Hamiltonian Matrix H,(E), Green’s function G,(E), contacts self-energies
¥2,(E) and the corresponding level broadening function T2, (E) have been obtained for a

given subband, b, where E is electron energy.
The transport equations based on NEGF formalism has a Hamiltonian similar to TB case

with the 1D discretization step equal to the slab width AX =3a,_, in which the non-parabolic

band diagram has been corrected by constructing a position-energy dependent effective mass

model as follows [90]:

m, 1+$€b(x) if E>EP(X)
Eg ()
mxE)=1 - - (3.3)
m |1+ BB e ey
Ey ()

where EP(x) is a mid-gap energy and m; is the effective mass for a subband index b calculated

from Equation (3.2). Based on the obtained Hamiltonian, the retarded Green’s function is

constructed as follows:
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G,(E) =[El -H, -Z¢ - ]" (34)
where E is energy, | is identity matrix, =2 and X2 are the self-energy matrices of source and

drain contacts as shown in Figure 3.1(b), which incorporates the effect of the contacts on channel
subbands. The self-energy matrices have the same dimension as Hamiltonian N x N, where N is
the number of slabs in longitudinal direction. For the Hamiltonian with scalar elements, the only

non-null elements of the matrices are *2(1,1) and =2 (N, N), which have been obtained using

the piecewise equation in [119] as follows:

(x-D+x*-2x -—0<x<0
YLD/t = (x-1)—iv2x—x* 0<x<2 (3.5)
(x—1)—Vx* —2x 2<Xx<o

where x=(E-E"())/2t if E>EP() and otherwise x=(E{(1)—E)/2t. t and EP(1) is the
nearest neighbor hopping energy and mid-gap energy at the first slab on the source side,

respectively. The Hamiltonian H, depends on energy through the position-dependent effective

mass in Equation (3.3).

Before connecting the GNR channel to source and drain contacts, the density of states
(DOS) of GNR channel consists of sharp levels at the subband minimum energies due to
qguantum confinement while there is a continuous distribution of states in source and drain
contacts. Coupling the discretized states in the channel to the continuous states in the contacts,
part of the sharp states in the channel spreads into contacts and part of the contact states spread
into the channel. As such, the initial sharp structures of DOS of GNR channel spread out over a

range of energies and broaden around the initial sharp levels. The level broadening quantities I's
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and I'p for a subband b can be calculated as follows:
s =i(Z5 -%57) (36)
Ty =i(Zp —2p")
where i and superscript + refer to the imaginary unit and the Hermitian transpose operator,
respectively.
Step IV: Calculate the source and drain correlation functions G, (E) and G, (E) as well as the
corresponding electron number, n,, and hole number, p,, .
The electron and hole correlation functions can be calculated by,
G; (E) =G, (E)[£:"(E) + 25" (E)IG; (E) (3.7
G, (E) =G, (E)[Z:(E)+ 2y (E)IG,; (E)
where =2+ (E) is the inflow of carriers from the source and drain contacts into the channel
region for subband, b, as shown in Figure 3.1(b). Similarly, X2 (E) is the outflow of carriers

from the channel region into the source and drain contacts for subband, b. These quantities
depend on the condition in the contacts (Fermi levels) and the channel coupling to the contacts

(level broadening), which can be obtained as follows:
3o (E) =il 5 fs/n(E) (3.8)
Zgo(E) =iTgp[l—fsp (E)] 3.9)
where f,, (E) is the Fermi functions of source and drain contacts as follows:

E-E
fS/D (E) = [1+ eXp(TFS/D)]il (3.10)
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In Equation (3.10), k is Boltzmann constant, E; =E; and E. =E;—qV,, are Fermi

levels of the source and drain contacts, respectively, as shown in Figure 3.1(b). Ef is the
reference Fermi level of GNR and Vps is the applied drain-to-source voltage. The electron and
hole numbers at (n,c) atom site, where a is the index of atom in the n™ slab, can be achieved by

summations over all subbands as follows:

’ T 2ics;(n, n; E)dE] (3.12)

EP(x)

b
P

Ny = _ZiZ[

EP (x)
| 2ic;g(n, n; E)dE] (3.12)

—0

2

b
Prea

P =21 [

Step V: Insert the electron/hole numbers into the Poisson equation to obtain a new potential
energy U, .

The actual potential inside the channel in response to the voltages applied to the external
electrodes is required to calculate full current-voltage characteristics. In order to obtain the

electrostatic potential energy U, () and use it as the diagonal entry of the TB Hamiltonian

matrices in Step |1, the three-dimensional Poisson equation is solved as follows:
V.[e(F)VU,, ()] =9Q(r) (3.13)

where £(F) is the permittivity of dielectric materials, q is electron charge and Q(r)is the net

charge density distribution determined by the doping profile and the calculated electron and hole
numbers of GNR channel. Considering the profile of charge density and the potentials at
electrodes, the Poisson equation is solved using the finite difference method by considering

Drichlet boundary condition [120] at the metallic gate electrodes U = Vs and Neumann boundary
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condition [120] at the remaining boundaries, e.g. dielectric materials, where the electric field
perpendicular to the boundary is assumed to be zero.

Step VI: Check the convergence condition: {U,  —U 2"

<& . If yes, go to the next step; otherwise

replace U by the calculated U, and go to step 1.
Step VII: Determine the transmission function T(E) and evaluate the corresponding drain-

source current, Ips.

Finally, the total current can be calculated as follows:

2 ®
los =% | Zb::iR{Hb(n,n+1; E)G; (n+Ln;E)} dE (3.14)

where h is the Planck constant and symbol R indicates real part. Considering coherent transport,

the equation can be reduced to Landauer formalism [119] as follows:

2 o0
los =° 1 [ TEM TS (E)~ o (ENIGE (3.15)
where T(E)=ZTb(E) Is the total transmission coefficient with T, (E) being the transmission
b

coefficient of the b™ subband described by,

T,(E) =Trace[I"2G, I G;,'] (3.16)
G" is the advanced Green’s function.
3.2  Quantum Capacitance in GNRFET
The total charge density Q can be obtained by summing the electron and hole densities in
the channel from Equation (3.11) and (3.12). Figure 3.4(a) shows an example of charge density

and the corresponding 1D potential profile as a function of position along the longitudinal
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Figure 3.4: (a) An example of 1D Potential profile (right axis) and the charge density per unit
length as a function of position along the longitudinal direction, computed for
GNR(13,0) at Vps = 0.5 V and Vs = 0.2 V. (b) Series configuration of electrostatic
capacitance and quantum capacitance. (c) Density of states vs. energy for 1D, 2D,
and 3D semiconductors. (d) Channel charge and (e) corresponding quantum
capacitance versus gate voltage for GNR(6,0) and GNR(10,0). Note: Lcy = 10 nm,
Vps = 0.5V, and the dielectric layer is assumed aluminum nitride (AIN) with the
relative dielectric permittivity k = 9. (f) and (g) show the energy dispersion and
density of states of two members of GNR families (3p,0) and (3p+1,0) with
approximately same bandgap close to Eq = 1.1 eV.
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direction, which has been simulated using NEGF formalism. As edge states are small in armchair
GNRs and consequently charge distribution in the transverse direction is uniform, the
electrostatic potential on the GNR and voltage drop over the gate oxide are also uniform [121].
Thus, the gate voltage, V¢ is simply the summation of the voltage drop over the gate oxide, Vo

and the electrostatic potential on the GNR, Vs, leading to the expression in Equation (3.17).

dv, _dv, dv, (3.17)
dQ dQ dQ

By defining the quantum capacitance as C, =dQ/dV, and the gate insulator capacitance

per unit area as C,, =dQ/dV,, , the total gate-to-source capacitance, Cg, can be obtained as

follows:
1 1,1 (3.18)
CG CQ Cins
where C,is given by,
C,. = N.kg, (Vk +a) (3.19)

ins

where Ng is the number of gates, equal to 2 for the DG geometry, « is the relative dielectric

constant of the insulator material, tiys is the gate insulator thickness, W, is the width of gate
metal contact set equal to the GNR width, W, in the simulation and « =1 is a dimensionless

fitting parameter due to the electrostatic edge effect. The gate insulator capacitance increases
linearly with GNR width due to the increase in the area of GNR [121]. The effective gate-to-
source capacitance is obtained by the series combination of insulator capacitance and quantum
capacitance as shown in Figure 3.4(b). In order to have the same gate electrostatic control on the

channel by scaling down the gate length, the strategy was to scale down the insulator thickness
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for decades [122]. In typical silicon MOSFETS, the gate insulator capacitance is smaller and
thereby it is the dominant factor in calculating the equivalent gate-to-source capacitance.

For nanostructures like GNR, the carriers exhibit a 1D transport and the corresponding
density of state is very low (see Figure 3.4(c)) because it is atomically thin in vertical direction
and quantum mechanically confined in the transverse direction. Thus, the quantum capacitance
of GNRFET can be very small, such that the total gate-to-source capacitance of a GNRFET is
dominantly determined by the quantum capacitance of GNR. Hence, increasing insulator
capacitance cannot make significant increase in equivalent gate-to-source capacitance of
GNRFET at quantum capacitance limit (QCL). In fact, the application of high-k gate dielectrics

and high-geometry gate for GNRFET together with vertical scaling of insulator thickness

increase the insulator (geometrical) capacitance, C. , strongly promote the device operation

close to QCL [123]. The assumption of QCL and neglecting Cins is exclusively correct for long
channel GNRFET as the channel potential energy is dominantly controlled by the gate electrode
and a simple analytical closed-form model can be developed [124]. By scaling the channel,
however, the drain and source voltages can change the potential profile and the corresponding
charges in the channel, especially when the quantum capacitance is increased at on-state. Thus,
the full dominance of quantum capacitance may not be an accurate assumption. In addition, the
density of state of GNR and the corresponding quantum capacitance as a function of gate voltage
can be also altered by scaling the width of GNR in GNRFET [87]. Thus, the numerical
simulation is required for the accurate investigation of GNRFET performance [75]. In QCL
regime, the density of states of a graphene nanoribbon is an important factor, which can alter the

channel charge and the corresponding quantum capacitance depending on the relative location of
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the Fermi level and the position of GNR subbands in energy. For instance, the channel charge
and the quantum capacitance of GNR(6,0) and GNR(10,0) are shown in Figure 3.4(d) and
3.4(e), respectively. While both of GNRs have the same bandgap energy of E; = 1.1eV, they
exhibit different quantum capacitance due to the location of upper subbands and the difference in
their density of states as shown in Figure 3.4(f) and 3.4(g). GNR(6,0) has larger quantum
capacitance with steeper increase with increasing gate voltage because the second subband of
GNR(10,0) is close to the first subband and both subbands have larger effective masses than the
first subband of GNR(6,0).
3.3 Computational Time

Accurate results and deeper physical insight can be achieved by atomistic quantum
transport models at the expense of long computational time. Yet, a considerable computational
advantage and relatively accurate results can be achieved by solving the self-consistent NEGF
formalism in mode space basis as has been already employed for the simulation of conventional
MOS FETs [120, 125], carbon nanotube FETs [18, 126] and GNRFETSs [78, 88]. The transverse
confinement of GNR converts the transport problem into a few 1D subbands, allowing us to
obtain further computational advantage by incorporating only a few lowest subbands which
participate in carrier transport within the energy interval under investigation. As can be seen
from the charge density and the drain current of four GNRs in Figure 3.5(a) and (b), the third and
fourth subbands contribute mostly in charge density calculation of wider GNRs and need to be
considered in the self-consistent loop. While these have minor effects on the amount of the drain
current and charge density of the narrower GNRs, which can be neglected at a range of bias

voltage in the width study, leading to a large computational advantage.
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Figure 3.5: Contribution of subbands in (a) charge density in the channel, (b) drain current for
GNRFET with four GNRs of (7,0), (13,0), (19,0) and (25,0) and (c) tight binding
computational time versus GNR width for energy grid equal to 0.001 eV.
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The tight binding computational time is increased by increasing GNR width as shown in
Figure 3.5(c). The TB calculation can be very computationally intensive [127] as it needs to be
repeated for every slab of the ribbon to extract the subband energies and the square moduli of the
eigenfunction as a function of longitudinal direction, leading to TB calculation equal to

L, /3a,times in a self-consistent loop. Thus, for only one bias condition, the required time for
TB routine is equal to TBCT x (L /3a,)x N, where Ng. is number of self-consistent loop

repetitions and TBCT is tight binding computational time. Using the non-parabolic effective
mass model, the effective masses of the lowest subbands have been extracted by only one TB
calculation for a slab with zero potential in order to use in the successive self-consistent
calculations. Then, in self-consistent field (SCF) loop, the transverse wave functions and the
energy profile of subbands as a function of longitudinal direction have been obtained for every
slab of the ribbon only at wave vector k = 0, leading to the computational time equal to

TBCT +TBCT x (L /3a,)xNg. / Nz, where N is the number of energy discretization. By

increasing GNR index, this can dramatically increase the computational time with respect to TB
model as more subbands are required to be considered in transport calculation by decreasing
bandgap. Consequently the computational time can be very intensive depending on the energy
discretization and the bias conditions. The non-parabolic effective mass (NPEM) model can lead
to roughly two orders of magnitude saving in computational time for GNRFET simulation with

0.001 eV energy grid.
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CHAPTER 4
SCALING EFFECTS ON STATIC METRICS AND
SWITCHING ATTRIBUTE OF GNRFET

International Technology Roadmap of Semiconductors (ITRS 2013) has specified the
emerging application of alternate channel materials in order to continue the production of a
switching transistor for the two categories of high-performance and low-power digital integrated
circuits. The performance improvement has been achieved by shortening the gate length by
decreasing the capacitance and supply voltage, Vpp, together with increasing on-current, which
characterized by the transistor intrinsic speed as a guiding metric of roadmap projection in
emerging technology [3].

There is not much reported work on the scaling of GNRFETs below 10 nm channel
length. Yoon et al. [84] investigates the scaling behavior of graphene-based transistors by
performing self-consistent atomistic quantum transport simulations down to 30 nm channel
length. With the same simulation approach, Ouyang et al. [75] performed a comprehensive study
on the scaling behaviors of GNRFETs down to 10 nm. In this chapter, the performance and
limitation of GNRFETS are investigated by reducing the channel length down to 2.5 nm when
the vertical scaling of oxide thickness become less important by approaching quantum
capacitance limit. The GNRFET structure has been simulated by self-consistent solution of the
3D Poisson equation and 1D Schrddinger equation within the non-equilibrium Green’s function
(NEGF) formalism in mode space as discussed in Chapter 3. The model can fully treat short
channel-length electrostatic effects and contacts effects on the carriers transport in GNR channel
along with the quantum tunneling effects such as direct source-to-drain tunneling in short
channel GNRFET and band-to-band tunneling at the channel-drain junctions in small bandgap

GNRs [28, 116].
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4.1 GNRFET Structure

The double gate GNRFET structure used in investigating scaling effects is shown in
Figure 4.1. In this structure, the armchair GNR is sandwiched between two thin aluminum nitride
(AIN) insulator layers with the relative dielectric permittivity x =9 and the oxide thickness ti,s =
1 nm in a double metal gate topology. The large-scale and cost-efficient production of thin AIN
dielectric layer with good reproducibility and uniformity [128, 129] can result in small
equivalent oxide thickness (EOT) while reducing phonon scattering in epitaxial graphene,
enabling near ballistic carrier transport in short channel GNRFET [130]. The double gate
geometry with high-k dielectric constant offers large gate electrostatic control and consequently
large insulator capacitance, which lead to the operation of the GNRFET close to quantum
capacitance limit (QCL), (e.g. Cins > 10 Cq). While two metals for the source and drain contacts
can be directly connected to both sides of an intrinsic GNR channel in a Schottky barrier
graphene nanoribbon field effect transistor (SB-GNRFET), in MOSFET type GNRFET, the
extensions of GNR on both sides of the intrinsic channel are needed to be doped in order to tune
the carrier injection from the source (drain) reservoirs to the GNR channel [75]. In GNRFETS,
drain and source contacts are assumed to be ohmic similar to contacts in conventional
MOSFETSs. The current is modulated by varying the height of the channel barrier due to the
electrostatic potential induced by the applied voltage at the gate. This structure is expected to

demonstrate a high 1, /I, ratio, outperforming the SB-GNRFET for logic applications [115].

The extension of source and drain regions with the length of Ls and L are heavily doped with
the concentration of 0.01 n-type dopants per carbon atom and are kept equal to the length of
intrinsic GNR channel in our simulation. The channel between two metallic gates is an intrinsic

GNR whose length and width are same as the top and bottom gates in the simulation.
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Figure 4.1: (a) Vertical cross-section of a double gate GNRFET and (b) 3D schematic of double gate GNRFET structure.
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4.2 Results and Disscusion

Figure 4.2(a) shows transfer characteristics Ips - Vs for different drain voltages of the
GNRFET geometry in Figure 4.1. For a given drain voltage, a minimum current occurred at the
charge neutrality point (CNP), where the hole concentration is equal to the electron concentration
and the charge carriers are changed due to the induced electrostatic potential of the gate voltage
on subbands in the channel. Since the hole mobility is equal to the electron mobility as a result of
the symmetric conduction and valence subbands, the contribution of electrons and holes in

minimum currents is also same, | =1

»=l,=1.,,/2. The ambipolar transport is partially recovered
with regard to GNR bandgap as demonstrated experimentally for the GNR with the reduced
impurity similar to large-area graphene [118]. The minimum current is increased and shifted by
increasing the drain voltage because the accumulation of holes in the channel is increased as a
result of the band-to-band tunneling from the source contact to channel together with DIBL
effect in short channel devices. The Ips versus Vps for different Vgs values of the armchair
GNR(7,0) is shown in Figure 4.2(b), which shows strong saturation region in even the short
channel length Lg = 5 nm, indicating good MOSFET type device behavior. It is expected by
ITRS that saturation drive current of n-MOSFET with channel lengths below 10 nm drops
because of the Vpp scaling and significant source-drain tunneling [3]. In GNRFET, the saturation
slope mainly depends on GNR width because increasing Vps in wider GNR can increase the
depletion of electrons in the valence band and therefore the accumulation of positive charges in

the GNR channel, which can lead to non-dependence of saturation region to decreasing channel

length [3].
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Figure 4.2: (a) Ips — Vs and (b) Ips — Vps of GNR(7,0) with Lg =5 nm. The test device
parameters are given in Section 4.1.
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Figure 4.3(a) and (b) shows the transfer characteristics of GNRFET for different GNR
channel length of GNR(7,0) and GNR(13,0), respectively. The band gaps of GNR(7,0) and
GNR(13,0) have been calculated using TB method, which result in Eg= 1.53 eV and E; = 0.86
eV, respectively. The transconductance curves of GNRFETSs are shown inside the Figure 4.3(b),
which indicates the linear dependence to gate voltage after threshold voltage. Down-scaling of
the channel length decreases the gate control on GNR channel due to short channel effects, but
more significant factor is GNR width as it can change the size of bandgap, the effective mass of
carriers and the number of available conducting subbands in an energy range. This drastically
alters band-to-band tunneling at off-state and the equivalent gate-to-source capacitance of short
channel device at QCL. By scaling the gate length, there is a shift of the gate voltage at charge
neutrality point, which is experimentally interpreted [131] as the signatures of short channel

effects in graphene device.

4.2.1 Scaling Effects on Static Metric of GNRFET

Off-current as the main indicator of low-power design is increased by scaling down the
gate length for a given GNR width. Both the height and width of channel potential barrier are
decreased in the short channel GNRFET, which increase both the thermionic emission of carriers
passing over the channel barrier and the direct tunneling of carriers through the potential barrier

[75]. As it can be seen in Figure 4.4(a), the off-current per channel width of the FET with
GNR(7,0) channel is changed from 2.2x10° pA/um to 4.8x10”° uA/um, and that of GNR(13,0)
channel has higher minimum current changing from 2.6x10" pA/um to 1.2x10™
pA/um for scaling the GNR channel length from 15 nm down to 2.5 nm. Therefore,

GNR(13,0) not only shows larger off-current than GNR(7,0) by scaling the channel length but
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Figure 4.3: Transfer characteristics of (a) GNR(7,0) and (b) GNR(13,0) channels for different
channel lengths at Vps = 0.5V. Inside graph shows the corresponding
transconductance of GNR(13,0) versus gate voltages. Note: Same legend as in (a) are
considered for (b). The test device parameters are given in Section 4.1.
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Figure 4.4. (a) Off-current versus channel-length, (b) lon/lorr ratio versus channel length for
GNRFET with channel of GNR(7,0) and GNR(13,0). Note: Off-current of GNRFET
with GNR channel (13,0) has been obtained at Vps = 0.5V and for Vgs close to
charge neutrality point, assuming 0.4 eV work function difference between metal
gate and graphene. lon/logr ratio is obtained referring to on-current at Vgs = Vorr +
0.8 V. The test device parameters are given in Section 4.1.
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also has higher increasing trend in off-current by scaling the channel length, resulting in
GNRFET with reduced robustness to short channel effects. For GNRFET with wider GNR, e.g.
GNR(13,0), the bandgap is smaller and the carriers has lighter effective mass, which increase the
band-to-band tunneling between the hole states in the channel and the electron states in the drain
to some extent, degrading the off-state device performance of wider GNR channel. The OFF-
current of narrow GNR channel is promising, comparing with the design criterions of silicon-
based channels, 100 nA/um and 10 nA/um for high-performance and low power digital
integrated circuits (1Cs).

Both on- and off- currents are increased by decreasing channel length and increasing the
GNR width, however, the off-current is increased more by tunneling effects, which lead to a

significant change in lon/lore ratio as shown in Figure 4.4(b). For instance, six times shrinking
the channel length from 15 nm to 2.5 nm decreases the lon/lorr of 15 nm GNR(7,0) from 9x10™
to 1.1x10°, approximately three orders of magnitude, while scaling up the channel width

approximately twice to GNR(13,0) can deteriorate it more to 6.7x10". In an effort to improve
lon/lorr ratio, a novel GNRFET structure composed of two side metal gates with smaller work-
function has been presented [88], which suppresses short channel effects in GNRFETs by
inducing the inversion layers next to drain and source regions. As can be seen, lon/lore Of
GNR(13,0) can only meet the criterion of high-performance design and cannot be a proper
channel material for low-power design.

One of the important figures of merit for the standby power dissipation of FET in
integrated circuits is subthreshold swing (SS), which has the fundamental limit of 60 mV/decade

at 300K due to the thermal emission of carriers over the channel potential barrier. In the same
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scenario as leakage current, the subthreshold slope of GNR(7,0) is sharper than GNR(13,0).
Scaling down the channel length from 15 nm to 2.5 nm increases the subthreshold slope of
GNR(7,0) from 65 mV/decade to 72 mV/decade while that of GNR(13,0) increases from 88
mV/decade to 128 mV/decade as shown in Figure 4.5(a). The subthreshold slopes of narrower
GNR, i.e. GNR(7,0), are smaller than 90 mV/decade and 125 mV/decade reported for a 10 nm-
scaled Si MOSFET and double-gate FInFET, respectively [132]. This indicates the advantage of
bandgap engineering in reducing leakage current, together with better gate control on the
monolayer GNR channel compared to silicon-based MOSFETSs.

The short channel effects degrade the controllability of the gate voltage to drain current,
which mainly arises from the barrier lowering at the beginning of the channel due to the change
in drain voltage, known as the drain-induced barrier lowering (DIBL). DIBL is a less important
performance factor for high performance logic design [3], but it can be important for low power
IC design. As shown in Figure 4.5(b), the DIBL of 15 nm channel length of GNR(7,0) is very
small, ~ 7 mV/V while significantly increasing by channel length scaling to ~ 200 mV/V for 2.5
nm gate length.

The local density of states and current spectrums of GNR(7,0) channel for two gate
lengths of 15 nm and 2.5 nm are shown in Figure 4.6. It is apparent from the energy-position-
resolved local density of states of the device, LDOS(x,E), that the channel potential barrier is
decreased by the drain voltage in 2.5 nm gate length, leading to significant increase in the
thermionic emission of carriers passing over the channel barrier and the direct tunneling of
carriers through the potential barrier. For a given channel length, DIBL of GNR(13,0) channel is

larger due to the increase in the contribution of subbands in drain current, which leads to
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Figure 4.6. Local density of states of GNR(7,0) FET for electrons in the conduction band with
the gate lengths equal to (a) 15nm and (b) 2.5nm. The first two subbands are
considered in the transport calculation. The solid lines indicate the band diagram of
the first subband (conduction band) and the corresponding current spectrums
T(E)[fs(E)— f,(E)] at two drain voltages of Vps= 0.1V and 0.6V (0.3V) are shown
in the figure. Note: The color bar shows the number of electrons per unit energy
(on/O6E) in correspondence with the density of states (DOS). The test device
parameters are given in Section 4.1.
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decrease in the gate electrostatic ability to control the increase in current with increasing drain
voltage at a given gate length.

Further increase of GNR width (smaller bandgap) and the large band bending generated
by drain voltage at low gate voltage (smaller gate electrostatic) can increase the band-to-band-
tunneling (BTBT) in the drain-side of the GNR channel, where the electrons in the valence band
of the GNR channel are almost in equilibrium with the Fermi level in drain region. The
phenomena can be observed from LDOS(x,E) of GNR(18,0) FET with 10 nm gate length in
Figure 4.7(a). In Fig 4.7(a), the bandgap with small LDOS (approximately zero), the source and
drain barriers and the quantum interference pattern due to the incident and reflected waves in the
generated quantum well in the valence band of the channel can be easily identified. The Ips —
Vps is shown in Fig 4.7(b), which has no saturation region and not suitable for logic operation

due to high output conductance (g, =0lys/0Vps ). Thus, after on-set of BTBT tunneling

(depending on GNR width and bias voltage), the reduction in device performance is not due to
the short channel effects anymore (DIBL and effective channel length modulation) and thereby,
there is no benefit for long channel length. Otherwise, this can increase the number of localized
states and consequently the positive charge accumulation in the channel, leading to the static
feedback and further reduction of the potential energy barrier [133].

In addition to the bandgap requirement for low power design, the complementary
operation (normally-off and normally-on devices) is required for digital logic applications. A
complementary logic inverter can be designed as one of the main building blocks by integrating
two complementary GNRFETS if transistors operate at two sides of their Dirac points [134]. In

GNRFET, the effective masses of electrons and holes are symmetric and thereby the response of
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Figure 4.7: (a) Local density of states of GNR(18,0) channel. Note: The positions of four
subbands as well as the conduction and valence bands are shown in figure. (b) Ips-
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electrons and holes per unit energy. The other parameters of the test device are given
in Section 4.1.
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pull-up and pull-down networks is equal and opposite while the asymmetric electron and hole
effective mass in conventional silicon CMOS logic needs to be compensated by scaling the
physical channel width of the p-type FETSs in the pull-up network. Thus, the design of GNRFET
logic circuit is easier than conventional Si-CMOS circuits, e.g. the switching threshold voltage of
GNRFET-based inverter is in the middle of voltage transfer characteristic (VTC) close to Vpp/2
[114].

The maximum voltage gain of inverter (Ajny) and noise margin (NM) are two functional
criteria of an inverter which relate to the maximum possible value of a superimposed noise on a
digital signal without causing a malfunction of an inversion operation. The maximum voltage
gain of inverter, Ajny can be defined by the maximum slope of VTC in the transition region and

NM can be calculated as (V,,-V,,)/ Vo Where V,,, and V,, are the output and input at the unity

gain as shown conceptually inside Figure 4.8(a). The VTC of several GNRFET inverters are
shown in Figure 4.8(a). It can be seen that GNR(7,0) with 5 nm gate length exhibits clear voltage
inversion with Ajyy = 4.6 and an ideal rail-to-rail output voltage behavior with NM = 33%Vpp.
Replacing the channel with GNR(13,0) degrades the Ajny and NM of VTC to 4.1 and 29%Vpp,
respectively due to the increase in BTBT. Increasing the dielectric constant to « =24 (HfO,)
cannot lead to a significant increase in the gate control at QCL regime, consequently, there is no
benefit to use insulator material with larger dielectric permittivity. By shrinking the length of
GNR(13,0) channel to 2.5 nm, the increase in direct tunneling current through the channel
potential barrier results in further degradation of Ay and NM to 3.7 and 24%Vpp, respectively.
By increasing the GNR width in GNRFET-based circuits, the narrow bandgap increases the

BTBT leakage current and prevents the pull-down and pull-up networks from completely turning
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Figure 4.8: (a) Voltage transfer characteristics of GNR-based inverter for the proposed GNRFET
structure with variation of GNR width, gate length and dielectric constant. Note:
Charge neutrality point is shifted to Vs = 0 by assuming the design with the proper
choice of gate work function. Inset conceptually explains the calculation of the noise
margin and voltage gain using VTC of an inverter. (b) Noise margin and (c)
maximum gain of GNRFET-based inverters versus scaled supply voltage Vpp for the
5 nm channel length of GNR(7,0), GNR(13,0) and GNR(18,0). The other parameters
of the test device are given in Section 4.1.
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off when its complement network is active. It can be seen that the VTC of GNRFET with
GNR(18,0) channel is significantly deteriorated such that the output voltage swing Vos and
gain Ay are decreased to 0.48V and 1.6, respectively, and the noise margin regions are nearly
diminished. Figure 4.8(b) shows the NM degradation of GNRFET inverters by scaling down
the supply voltage Vpp for the 5nm channel length of GNR(7,0) and GNR(13,0). It can
be seen that GNR(7,0) shows larger NM than GNR(13,0) by scaling Vpp such that its NM is
above the typical functional criterion of 30%Vpp in CMOS logic for scaling down the Vpp down
to 0.4V. In the same scenario, GNR(7,0) shows larger maximum inverter gain than GNR(13,0)
as shown in Figure 4.8(c). It can be seen that GNR(18,0) has been already deteriorated by BTBT
leakage current and its Ajny is almost constant close to unity regardless of the value of scaled
supply voltage.
4.2.2 Scaling Effects on Switching Attributes of GNRFET

As a result of the exceptional properties of graphene, including the mobility, thermal
conductivity and mechanical strength, research is also focused on understanding the switching
capabilities of graphene for post-silicon logic applications. The capacitance-voltage (C-V)

characteristics are required in order to investigate the GNR intrinsic speed (1,5/CgV ) as an
important speed metric, where C, is the gate-to-source capacitance. In QCL, the gate-to-source

capacitance is mainly determined by the small density of states of GNR, enforced by the particle
in a box boundary condition in the transverse direction, resulting estimation and comparison for
the upper limit performance of the GNRFETSs. Figures 4.9(a) and (b) show the gate-to-source
capacitance versus gate voltage for different channel lengths of GNR(7,0) and GNR(13,0),

respectively. It is apparent that the amount of gate-to-source capacitance is decreased by gate
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length scaling while its behavior versus gate voltage remains same for all channel lengths. The
gate-to-source capacitance becomes very small by approaching charge neutrality point due to
small charge in the channel, where the density of states in the energy range created by drain
voltage is negligible. It is increased away from charge neutrality point corresponding to its small
density of states and maximized after reaching threshold voltage as the most of higher subbands
get populated.

It is apparent from Figure 4.3 that the trend of voltage supply scaling by scaling channel
length is different for GNR(7,0) and GNR(13,0), such that the voltage supply of wider GNR can
be scaled much more than the narrow one. For instance, considering the ON current of 1.5 pA as
the criterion, the gate voltage can scale down from 0.83V to 0.67V for scaling the channel length
of GNR(7,0) from 10 nm to 2.5 nm while the gate voltage of GNR(13,0) channel can reduce
from 0.62V to 0.1V for the same channel length scaling. This may not be attractive for digital
design as the wider GNR has higher leakage current, but it can be used to the advantage of low
voltage design with very short channel GNRFET. It is predicted that increase of current density
with the difficulty of scaling Vpp results in the enhancement of dynamic power density (CV?)
with channel-length scaling [3], while GNRFET with short channel length can provide high
current density and reach to on-region of operation with small supply voltage together with the
other advantages at QCL [135].

Figure 4.10 shows the intrinsic cut-off frequency f,=g_/(2zC,), versus gate voltage for

different channel lengths of GNR(7,0) and GNR(13,0), where Cg is gate-to-source capacitance.
The intrinsic cut-off frequency for all channel lengths has reached to THz range in on-state, but

GNR(13,0) has larger cut-off frequency than GNR(7,0) as the threshold voltage and the impact
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Figure 4.10: Intrinsic cut-off frequency versus gate voltage for different channel lengths of (a)
GNR(7,0) and (b) GNR(13,0), respectively. Note: The inset shows the intrinsic cut-
off frequency of two GNRs versus channel length for the gate voltages of 0.4V and
0.7V. The other parameters of the test device are given in Section 4.1.
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of density of states are shifted to smaller gate voltages by increasing the GNR width. Decreasing
the GNR width opens bandgap and suppresses the band-to-band tunneling in GNRFET, which is
achieved at the expense of reducing the electron velocity and degrading the band linearity near
Dirac points. The curve inside of Figure 4.10(b) depicts the intrinsic cut-off frequency of two
GNRs versus channel length for the gate voltages of 0.4V and 0.7V. It can be seen, for a given
channel length below 7.5 nm, the down scaling of voltage supply can be done for GNR(13,0)
channel without significant drop in the intrinsic cut-off frequency while GNR(7,0) channel
results in much lower values by down-scaling of the voltage supply with reducing the channel
length. It should be noticed that the THz operation range is due to the assumption of purely
ballistic transport, no external series resistance and negligible parasitic capacitances in order to
provide a comparison of the intrinsic upper limit of GNRFET performance, e.g. intrinsic cut-off
frequency, intrinsic gate-delay time and power-delay product. It is worth mentioning that
terahertz operation of graphene transistor with sub-10 nm gate length has been already
demonstrated both theoretically [136] and experimentally [137].

Figure 4.11 shows the intrinsic gate-delay time [3], r = C.V4 /I, for scaling the
channel length of GNR(7,0) and GNR(13,0) at three different gate voltages versus the 1, / I

ratio for comparison. It is obvious that GNR(13,0) has smaller intrinsic gate-delay time along

with smaller 1., /1, ratio than GNR(7,0) as upper subbands can get highly populated for

smaller band gap and also subbands of GNR(13,0) have lighter effective masses and
consequently larger carrier injection velocity, which result in higher drive currents at lower

supply voltage. The objective is to keep the slope of intrinsic gate-delay time versus 1, /|,

ratio as low as possible while scaling down the supply voltage for the sake of decreasing
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Figure 4.11: Intrinsic gate-delay time versus the lon/logr ratio corresponding to scaling of the
channel length of GNR(7,0) and GNR(13,0) at three different gate voltages. The
other parameters of the test device are given in Section 4.1. Note: The arrows show
the channel scaling (CS) and voltage scaling (VS). The projection of gate-delay
time reported for low-power and high-performance designs by ITRS are shown as
well. CS: Channel Scaling, VS: Voltage Scaling, LP: Low Power, HP: High
Performance. The other parameters of the test device are given in Section 4.1.
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switching power consumption. Thus, improved transistor operation can be achieved if the
difference between ON and OFF currents and the switching speed between these states can be
maximized while the supply voltage can be scaled down at the same time. As shown in the figure
by arrows, the slopes of the curves can be kept approximately constant for three scaling
transitions of channel length from 10 nm to 7.5 nm, from 7.5 nm to 5 nm and from 5 nm to 2.5
nm while the corresponding gate voltages are scaled down from 0.9V to 0.8V and then 0.7V. In
other words, when the GNRFET operates at saturation region, the slopes of both GNR(7,0) and
GNR(13,0) are approximately same for all three transitions of channel scaling. However, for a
given channel length, the intrinsic gate-delay time of GNR(7,0) is increased more by voltage
scaling (VS) than that of GNR(13,0). It has been predicted by ITRS that such materials can
continue the improvement of switching speed at the same time with much lower switching power
consumption [3]. It can be seen in the figure that both GNR(7,0) and GNR(13,0) can outperform
the projection of silicon MOS FET for low-power and high performance designs predicted by
ITRS, such that GNR(13,0) have about 50 times smaller gate-delay time than scaled MOS FET
with 5 nm channel length in the year 2028.

The energy required for switching a device can be calculated by the power-delay product
(PDP), Pz = jQ dVv, where @ is magnitude of charge in the GNR channel. Chin et al. [138] have
shown that GNRFET-based logic shows smaller PDP than Si-MOSFET by scaling the channel
length as higher carrier velocity of GNR results in higher drive current and thereby smaller delay
at the same time with smaller leakage current due to the possibility of bandgap engineering and

better control of gate electrostatic on the monolayer GNR channel. Figure 4.12 shows that the

power-delay product is decreased by scaling the channel length for both GNR(13,0) and
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GNR(7,0), while the static power is increased by scaling the channel length corresponding to the
off-current in Figure 4.4(a). The trend in reducing PDP by scaling the channel length is more
significant at higher gate voltage. GNR(13,0) has smaller PDP at Vs = 0.9V for all the channel
lengths below 15 nm, which remains lower than GNR(7,0) by scaling down both the channel
length and supply voltage. The power-delay product is expected by ITRS to reduce from current

value of ~0.8(fJ/um), reaching to ~0.37(fJ/um)in year 2025 for the channel length
L, =7.5nm and supply voltage V,, =0.7V . GNR(7,0) and GNR(13,0) show approximately

~0.45(fJ / um)and ~0.18(fJ / um) for the same channel length and supply voltage. GNR(13,0)

has smaller power-delay product but larger power dissipation for stand-by mode due to the

higher logr, demonstrating better switching behavior.
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Figure 4.12: Power-delay product versus channel length for GNR(13,0) and GNR(7,0) channels
at three different gate voltages. The other parameters of the test device are given in
Section 4.1.
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CHAPTER 5
WIDTH-DEPENDENT PERFORMANCE OF GNRFET

The electronic structure of GNR is very sensitive to the channel width due to its
extremely low dimensionality of quasi-1D channel. The quantum confinement of graphene sheet
in the form of one-dimensional (1D) nanoribbon with very narrow width (~1-3 nm) provides the
energy gap of several hundred meV required for FET operation in digital applications [97, 99].
However, the precise control of the ribbon width down to the nanometer size as an important
technical problem in the experimental characterization of GNRFET [17] since GNR width can
significantly change the bandgap by removing or adding one edge atom along the nanoribbon.
Thus, a precise simulation study is required to explore theoretical performance and limitation of
GNRFETS for future integrated circuits.

There is not much reported work on the width-dependent study of GNRFET with respect
to GNR index. In 2007, Ouyang et al. [75] showed the scaling behavior of GNRFETSs
considering only one semiconducting family of armchair GNRs. In 2008, Raza and Kau [85]
extracted analytical expressions for bandgap and effective mass of first subband versus GNR
width by categorizing them into three families. In 2011, Sako et al. [86] investigated the effects
of edge bond relaxation in device performance using top-of-the barrier model for the 10 nm gate
length by incorporating the effective mass of first subband. More recently, in 2013, Kliros [87]
studied the effect of width-dependent performance of GNRFETs using an analytical model.
However, performance studies of armchair GNR families with channel length below 10 nm is to
be researched and a more comprehensive investigation is thus warranted based on more

sophisticated approaches.
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In recent years, hexagonal boron nitride (h-BN) with 2D atomic structure similar to
graphene has been proposed as a promising complementary insulator layer [139-142]. As atomic
thick graphene is susceptible to environmental conditions of growth, h-BN promotes the growth
of uniform and charge trapping free high-k gate insulator [89, 143]. It has large surface optical
phonon modes and consequently the lowest remote phonon scattering in thin insulators [144].
This increases the high-temperature and high-electric field performance of graphene on h-BN

substrate. The h-BN has the same dielectric constant (¢=4) and breakdown voltage
(Vg=0.7 V/nm) as SiO, insulator layer. However, it has smaller band gap than SiO;
(Byen =5-9€V) and atomically smoother surface with similar lattice constant close to ~ 1.7 per

cent that is free of dangling bonds and charge traps [145]. Epitaxial growth of graphene on SiC
substrate is also promising as it allows the mass production and increases the effective van der
Waal distance due to the existence of an intermediate dead layer between graphene and SiC
substrate. However, the growth of epitaxial graphene on SiC substrate is still a high cost process
[146]. In addition, the carrier motilities of epitaxial graphene on SiC substrate are smaller than
exfoliated graphene on SiO; substrates [34].

First principle method predicts that the difference in interaction energy between the
carbon-nitrogen and carbon—boron can open the bandgap of 50 meV [147], however, there is no
experimental evidence of such a bandgap due to lack of control on crystallographic alignment
[143]. The effect of such induced bandgap on static performance of GNRFET has been studied in
this work considering the fact that the h-BN buffer layer can make the ballistic transport

assumption more accurate than SiO, dielectric layer in earlier studies. In Equation (3.2), the
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equivalent band-gap is used as E; = EJ®™ + AE;,, where E)°™ is the bandgap energy of

GNR for a subband b and AE,;, is the induced bandgap due to the h-BN layer.

In this chapter, we have made an attempt to provide a comprehensive study on the width-
dependent static metrics and switching attributes of two semiconducting families of armchair
GNRs (3p,0) and (3p+1,0) by solving quantum transport equation with self-consistent
electrostatics in mode space. The direct source-to-drain tunneling in short channel GNRFET and
band-to-band tunneling at the source and drain junctions of wider GNR(small band gap) can be
captured using the proposed quantum transport model. The effect of non-parabolic band structure
of GNRFET is incorporated using an energy-position effective mass correction in quantum
transport model (Equation 3.2), which can be important in determining the subthreshold current,
especially by increasing the GNR width as it increases the mismatch between parabolic band and
the exact dispersion relation. This discrepancy can lead to approximately three orders of
magnitude underestimation of leakage current for wider GNRs. Regarding induced bandgap due
to h-BN insulator layer, we have assumed that the induced bandgap of h-BN layer is equal to
zero in our simulation, unless stated otherwise. As both bandgap and band linearity are altered by
GNR width, the importance of non-parabolic correction in static characteristics can be revealed
by comparing with h-BN induced bandgap AE,;, =50meV.

5.1 GNRFET Structure

The double gate GNRFET structure used in our simulation is shown in Figure 5.1. In this
structure, the GNR is sandwiched between two thin insulator layers in a double metal gate
topology in order to maximize the electrostatic control of the gate electrode over the GNR

channel. A h-BN layer has been used as a buffer layer [148], which results in high-k gate
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Figure 5.1: (a) Vertical cross-section of a double gate GNRFET and (b) 3D schematic of the
proposed DG GNRFET. Note: The armchair GNR channel under the gate area is un-
doped and the source and drain regions are n-type doped. Simulation domain which
contains the source, gate, and drain regions in longitudinal direction are shown with
the dashed line. The top view of GNR sandwiched between two h-BN layers is also
shown.
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insulator free from charge trapping and thereby protection to GNR against environmental
influence [89]. The proposed GNRFET has the HfO, dielectric layer with the relative dielectric
permittivity € = 24 and the oxide thickness tox = 1.2 nm, while the dielectric permittivity of h-BN
layers is € = 4 and the interlayer spacing between graphene and h-BN layers is assumed 0.3 nm
[149]. Thus, the insulator combination of h-BN and HfO, dielectrics results in an approximate
equivalent silicon oxide thickness (EOT) of 0.5 nm (5 A), leading to ultimate gate control over
the GNR channel [150], which fulfills the criterion of ITRS. In addition, the length of intrinsic
GNR channel, Ls = 7.5 nm and power supply voltage is based on scaling criteria as in ITRS for
commercial high-performance and low power FET for digital integrated circuits. Similar to
Section 4.1, the symmetric regions of GNR channel is heavily doped with the concentration of
0.01 n-type dopants per carbon atom as extensions of source and drain regions and connected to
two large metallic contacts.
5.2  Results and Discussion

Figure 5.2 shows the energy of the first four subbands at charge neutrality point versus
GNR width. It can be seen that the higher subbands also follow their own repeating pattern with
reduced values in energies by increasing the width of GNRs. The GNR family (3p+1,0) has
larger bandgap than its neighbor GNR family (3p,0). The second subband of GNRs (3p+1,0) has
energy close to the first subband energy, which can significantly contribute to carrier transport.
Two GNRs (6,0) and (10,0) with the same bandgap Eq4= 0.6 eV have been compared in reference
[86] using a semi-classical model considering only the energy and effective mass of first subband
while we demonstrate that the second subband of GNRs (3p+1,0) can contribute largely in

carrier transport.
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Figure 5.2: Energy of first four subbands at charge neutrality point versus GNR width.
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The effective masses of the first four subbands at charge neutrality point for different
members of two GNR groups are shown in Figure 5.3. The effective masses and energies of
second subband can be important for the off-state current calculation of GNR group (3p+1,0) as
it can contribute in carrier transport even in low bias condition due to the small energy
difference with first subbands. The effective mass of first subband adopted from [85]
demonstrates a close agreement with our results as shown in Figure 5.3. It can be seen that the
effective mass of the narrow GNR is very sensitive to the width, such that the effective mass of
the first subband crosses the second one and the third subband crosses the fourth one for GNR
group (3p+1,0). Likewise effective mass of the second subband crosses the third one for the
GNR group (3p,0). Thus, the accurate TB calculation is required to obtain effective mass and
correspondingly correct the non-parabolic band diagram of GNR for width smaller than 3 nm.

Figure 5.4 shows the drain current as a function of negative and positive voltage at the
gate and drain terminals of the proposed GNRFET in Figure 5.1. For a given drain voltage, a
minimum current occurs at the charge neutrality point (CNP), where the hole current is equal to
electron current and the charge carriers are changed due to induced electrostatic potential of the
gate voltage on subbands in the channel. Increasing the drain voltage to positive values leads to
the accumulation of holes in the channel due to the increase in band-to-band tunneling from the
source contact to channel together with DIBL effect in a short channel device. This increases the
minimum current value and shifts it to positive gate voltage. In similar scenario, an increase in
the drain voltage to negative values can lead to the band-to-band tunneling from the drain contact
to channel, increasing and shifting the minimum current at CNP to negative gate voltages.

Increasing (decreasing) gate voltage increases the electron (hole) carriers in the GNR channel by
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shifting the Fermi energy toward the conduction (valence) subbands. The ambipolar transport is
partially recovered with regard to subthreshold region created due to generated bandgap of GNR.
This has been already demonstrated experimentally for the GNR with the reduced impurity

similar to that of large-area graphene [118].

5.2.1 Width-dependent Static Metrics of GNRFET

In order to investigate the static characteristics of the GNRFET as a function of GNR
width, the armchair GNRs needs to be classified in two groups of (3p+1,0) and (3p,0) as their
band structure is different and can be altered differently by changing the GNR width. The Ips
versus Vps characteristics for two GNR groups of (3p+1,0) and (3p,0) are shown in Figure 5.5
for the test structure in Figure 5.1. The strong saturation region for even the short channel length
Lc = 7.5 nm, indicates good MOS FET type behavior. On the other hand, the saturation drive
current of a typical silicon MOSFET with channel lengths below 10 nm drops due to Vpp scaling
and significant source-drain tunneling [3]. In addition to short channel effects, the saturation
slope depends on GNR width, such that increasing Vps in a wide GNR can significantly increase
the depletion of electrons in the valence band which corresponds to the accumulation of holes in
the GNR channel.

Thus, the degradation of subthreshold swing for a short channel GNRFET with a wide
GNR is mostly associated with band-to-band-tunneling and to some extend the direct source-to-
drain tunneling, which decreases the dependence of saturation slope to short channel effects
[133]. As predicted by ITRS, high mobility and light effective masses of carriers in graphene
results in high drive currents at low supply voltage, which can continue the improvement of both

the switching speed and low switching power consumption at the same time [3]. Both GNR
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Figure 5.5: Output characteristics for two families (a) GNRs (3p+1,0) and (b) GNRs (3p,0). The
parameters of the test device are given in Section 5.1.
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families can provide approximately an order of magnitude higher drive current than the projected
silicon MOS FETs [5]. As can be seen, GNRs (3p,0) can have about two times higher drive
current than GNRs (3p+1,0) because more subbands can get populated for smaller band gap
under the same bias condition. In order to increase the drive strength of GNRFET with narrow
GNR, multiple ribbons can be implemented in parallel, which can be connected to two wider
contacts [52].

The transfer characteristics Ips-Vgs for two GNR groups are shown in Figure 5.6. For fair
comparison between different curves of transfer characteristics, the off-voltage of GNRFET,
Ve min, has been shifted to Vg = 0 as the CNP of GNRs can be tuned by properly designing the
gate work function [75]. In general, increasing GNR width shifts the curve to the smaller gate
voltage, leading to smaller threshold voltage for wider GNRs. For GNR group (3p,0), the drain
current is larger and the threshold voltage can be lower than those of GNR group (3p+1,0). As
can be seen, both on- and off- currents are increased by increasing the width of GNR due to a
smaller band gap and higher number of available conducting subbands at a given bias condition.

The first and the narrowest member of GNR family (3p+1,0) has the off-current close to

~2.5x10"° A, 5 orders of magnitude lower than the corresponding first member of GNR family
(3p,0). Significant drain current is due to the thermionic transport of electrons with energies
above the potential barrier, however, decreasing the band gap and effective mass of wider GNRs
results in an increase of the band-to-band tunneling the electrons in the channel into the drain
region as shown in Figure 5.7. This BTBT current is still small compare to the thermionic current
component. Figure 5.7 shows the energy-position-resolved local density of states of two GNRs

(9,0) and (24,0), respectively. The bandgap with quite low local density of states and the source

82



o Armchair GNR(3p.0)

10 70
60
10°
= , 50
8 10° 60 g
= -~ mV/decade 40 =
E £
_rj -10| E
= 1 / 30 =
E 4 th
. .
10" AE
e
110
107
= - 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Gate Voltage Vis(V)

(a)

Armchair GNR (3p+1.0)

Drain Current I (A)

(wr) 39 waunp uredcy

0 "0l 02 03 04 05 06 07
Gate Voltage Vs (V)

(b)

Figure 5.6: Transfer characteristics for two families (a) GNRs (3p,0) and (b) GNRs (3p+1,0) at
Vps = 0.5V. The parameters of the test device are given in Section 5.1.
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Figure 5.7: Local density of states in (a) GNR(9,0) and (b) GNR(24,0) calculated with the non-
parabolic effective mass (NPEM) model considering first two subbands at Vs = 0.1
V and Vps = 0.4 V. Note: The conduction and valence bands as well as source and
drain Fermi levels are shown in the figure. The parameters of the test device are
given in Section 5.1.

84



and drain barriers can be easily identified. The quantum interference pattern due to incident and
reflected waves in the generated quantum well in valence band of the channel is also apparent,
which has significant contribution at subthreshold regions for the wide GNRs. This can also
increase the leakage current of GNRFET, leading to the operation of the FET like a conductor
rather than a transistor.

In a typical MOSFET, the off-state current is mostly due to the thermionic emission of
carriers from over the channel barrier in a longer channel, while in a short channel device, the
decrease in both height and width of potential barrier in the channel increases the direct
tunneling of carriers through the barrier [75]. In GNRFET, the band gap and effective mass
depends on the type of GNRs, such that the off-state current is increased by increasing GNR
width as shown in Figure 5.8(a). The off-state current of GNRs (3p,0) is larger than GNRs
(3p+1,0) as it has smaller bandgap, which provides more available subbands to contribute in
band-to-band tunneling from drain contact to channel. In addition, the effective mass and the
energy position of upper subbands are different for two GNR families which can significantly
change their off-state current. As can be seen in Figure 5.8(a), GNR(19,0) and GNR(12,0) have
different off-state characteristics while they have approximately the same bandgap close to Eg =
0.6 eV. GNR(19,0) has larger effective mass equal to 0.075my and 0.085m, for the first and
second subbands than that of GNR(12,0) equal to 0.055mq, which results in smaller off-state
current close to ~ 4.9 pA/um compared with ~ 11 pA/um for GNR(19,0). This reveals the
importance of non-parabolic correction of GNR band structure, which becomes more important
by increasing the GNR width due to increase in band linearity near the CNP as shown in Figure

5.8. For a given GNR width, the parabolic assumption leads to smaller off-state current as shown
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in Figure 5.8(a). The difference between the non-parabolic effective mass (NPEM) model and
constant effective mass (CEM) model is increased by increasing GNR width as the wider GNRs
have smaller effective mass and the parabolic assumption can be more erroneous.

The off-current is one of the design criterions of MOS FET, as predicted (for the year
2025 [3]) to be 100 nA/um and 30 pA/um for high-performance and low-power digital ICs,
respectively. It can be seen that the first three members of GNRs (3p+1,0) and the first member
of GNRs (3p,0) have smaller off-current than the scaled MOS transistor, promising lower energy
consumption of GNRFET-based circuits in the off-state. The linearity of GNR energy dispersion
is increased by increasing the GNR width, which increases the importance of non-parabolic
correction in determining off-state current. In other word, wider GNRs have lighter effective
mass of carriers which can result in higher leakage current, thus requiring the non-parabolic
correction. The effect of possible induced bandgap of h-BN layer has been shown to be a
function of GNR width. In the same scenario, the bandgap of GNR is decreased by increasing
GNR width making AEngy an important portion of equivalent bandgap energy such that the
leakage current of wide GNR is decreased more than narrow GNRs. Though, the effect of non-
parabolic band in increasing the off-current cannot be possibly reduced by the induced bandgap
of h-BN layer.

lon / loge ratio is decreased by increasing GNR width, following the same trend as the
band gap dependence of GNR width as shown in Figure 5.8(b). The narrowest ribbon in GNRs
(3p+1,0) has the highest Ion/logr ratio ~ 4.5x10° which is about 350 times and five orders of

magnitude larger than the target lon/lorr ratio for low power and high performance designs,

respectively. However, the fifth member of GNRs (3p+1,0) and the third member of GNRs
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(3p,0) have smaller 1, /1, ratio. In an effort to improve I, /I ratio, a GNRFET structure

composed of two side metal gates with smaller work-function has been presented in [88], which
suppresses short channel effects in GNRFETS by inducing the inversion layers next to drain and
source regions. While the h-BN layer decreases both the off-current and on-current, the lon/lore
ratio can be increased due to the increase in the bandgap of GNRs.

The subthreshold swing is an important off-state figure of merit for FETs, which
corresponds to the standby power dissipation in integrated circuits. The subthreshold has

physical limits and cannot be below n(k,T/q)In(0) =60 mV/dec due to the thermal emission of

carriers over channel barrier, where n is subthreshold slope factor. While thermionic current is
the dominant current for the gate voltage away from CNP, the band-to-band tunneling current
can strongly contribute to sub-threshold current. It can be seen from Figure 5.6 that the
subthreshold slope is decreased by GNR width as decreasing bandgap increases the contribution
of BTBT current. Figure 5.9 shows the width dependence of subthreshold swing for two GNR
families (3p+1,0) and (3p,0). As the GNRs (3p+1,0) has larger bandgap than GNRs (3p,0), it
demonstrates smaller subthreshold swing such that the range and trend of subthreshold of GNR
group (3p,0) are more sensitive to width than that of group (3p+1,0). The first member of GNRs
(3p,0) has the subthreshold swing (SS) equal to 90 mV/dec while the first member of GNRs
(3p+1,0) with SS = 67 mV/dec can have superior subthreshold performance close to the physical
limit of 60 mV/dec for MOS transistors. This value is much smaller than 125 mV/dec and 90
mV/dec reported [132] for a 10 nm scaled double gate Fin-FET and MOSFET, respectively. It
shows the advantage of bandgap engineering of GNRFET as well as better control of gate

electrostatic over atomically thin GNR channel in reducing subthreshold slope. The range and

88



300

150

100

Subthreshold Swing (mV/decade)

"'I """""" (10.0) 60 mV/decade
| ] | |

0.5 1 1.5 2 Z.
GNR width (nm

Lh
ad

Figure 5.9: Width dependence of subthreshold swing for two GNR families (3p+1,0) and (3p,0) at Vps = 0.5 V. The parameters of the
test device are given in Section 5.1.
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trend of subthreshold curves indicate that the GNRs in group (3p,0) are more sensitive to width
variation than group (3p+1,0).
5.2.2 Width-dependent Switching Attribute of GNRFET

In this section, we continue the width-dependent performance of GNRFET for two
semiconducting families of armchair GNRs (3p,0) and (3p+1,0), focusing on its switching
attributes such as threshold voltage, transconductance, gate-to-source capacitance, intrinsic cut-
off frequency and intrinsic gate-delay time. From transfer characteristics, the threshold voltage
of GNRFET with different widths can be extrapolated as shown in Figure 5.10(a). The increase
in GNR width results in smaller bandgap and thereby decreases the threshold voltage for both
GNR families as shown in Figure 5.10(b). For a GNR with smaller bandgap, higher number of
carriers can be induced in conduction and valence bands by gate potential leading to smaller
threshold voltage. In the same scenario, threshold voltages of GNR(3p,0) are smaller than
GNR(3p+1,0) for approximately same GNR widths as the former has smaller bandgap. For
example, the width of GNR(24,0) and (25,0) are 3.07 nm and 3.19 nm, respectively, with the
width difference of only one carbon atom. However, the threshold voltage of GNR(25,0) is
approximately 0.3 V while that of GNR(24,0) is close to 0.2 V. In addition, the drain current of
GNR(25,0) at Vgs= 0.4 V is approximately 5.6 pA while that of GNR(24,0) is close to 18 pA.

The transconductance versus gate bias is shown in Figure 5.11(a) and 5.11(c). It can be
seen that there is a linear dependence to gate voltage around threshold voltage, followed by a
maximum plateau region. For approximately same GNR width, GNR(3p,0) has larger
transconductance than GNR(3p+1,0) as the formers smaller bandgap results in higher
contribution of subbands in carrier conduction, showing an inverse trend between

transconductance and bandgap. From Figure 5.11(b) and 5.11(d), it can be seen that the higher
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Figure 5.10: (a) Extrapolation of threshold voltages from transfer characteristic. (b) Threshold
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parameters of the test device are given in Section 5.1.
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transconductance of GNR(3p,0) comes with higher drive current for approximately the same
GNR width. For instance, the transconductance and drive current of GNR(24,0) at Vgs = 0.45 V
are approximately 82 pS and 22 pA, respectively, while these are approximately 62 uS and 8 pA
for GNR(25,0).

The gate-to-source capacitances of GNRFETSs in two armchair GNR families are shown
in Figure 5.12(a) and (d). As explained in Figure 3.4, the gate-to-source capacitance of
GNRFETSs becomes very small by approaching zero gate voltage, which corresponds to shift of
the Fermi level to mid-bandgap energy of GNRs and small charge inside the channel. The
maximum peak followed by a minimum plateau corresponds to the condition in which fermi
level passes a peak in the density of state of GNRs. The local maximum of gate-to-source
capacitance of GNRFET decreases in value and shifts to smaller gate voltage by increasing the
GNR width in both GNR families. In order to explain the different behaviors of the GNR
capacitances versus gate voltage, the conventional sketch of DOS, similar to Figure 5.12(c) and
5.12(f), has been converted to color bar versus vertical energy axis for two GNR families as
shown in Figure 5.12(b) and 5.12(e). The blue areas correspond to bandgap energy of GNRs with
very small DOS while red areas have highest DOS (peaks) corresponding to the location of
minimum energies of subbands. Shifting the Fermi level in the channel from mid-energy of
bandgap toward higher energies, the first subband of GNR(25,0) is the first subbands that gets
populated around Er; = 0.2 eV and results in the corresponding peak in the curve of gate-to-
source capacitance versus gate voltage. As explained in Section 3.2, the quantum capacitance is
dominant in the equivalent capacitance of GNRs and thus the gate-to-source capacitance is

related to the derivative of channel charge as follows: C; =C, =0Q/dV (< on/dE) . Thus, with
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regard to the location of first subband in energy, the peak of GNRs with wider bandgaps occurs
at higher gate voltage, such that GNR(7,0) with largest bandgap in this study has a peak in its
gate-to-source capacitance around the gate voltage of 0.8V corresponding to locating the channel
Fermi level around its first subband, 0.8eV (see Eg, in Figure 5.12(b)). In the same scenario, the
behavior of GNR families (3p,0) in Figure 5.12(d) can be interpreted using the DOS of GNRs
versus energy in Figure 5.12(e). By comparing the peaks and plateaus of the gate-to-source
capacitances for two GNR families in Figure 5.12(a) and 5.12(d), it can be seen that GNR(3p,0)
has slightly smaller gate-to-source capacitances than (3p+1,0) for approximately same GNR
width and they also occur at smaller gate voltages. This can be interpreted by comparing the
Fermi levels Er; in Figure 5.12(b) and 5.12(e) with regard to the first subband of GNR(25,0) and
that of GNR(24,0). The GNR(25,0) has the second subband near the first subband that can
increase the carrier density in the channel, resulting in higher gate-to-source capacitance for
GNR(25,0). These two subbands are located at higher energies than the first subband of
GNR(24,0), which leads to a shift in the behavior of gate-to-source capacitance of GNR(25,0) to
the higher gate voltages.

The intrinsic cut-off frequency versus gate voltage and drain current of two GNR groups
are shown in Figure 5.13. In general, the wider GNR corresponds to lower band gap, which leads
to observation of higher cut-off frequency at smaller gate bias. It can be seen that GNR(3p,0) has
larger intrinsic cut-off frequency by approximately twice as of GNR(3p+1,0). The peak of
intrinsic cut-off frequency is increased and shifted to lower gate voltages by increasing GNR
width, such that GNR(3p,0) has not only higher peak of cut-off frequency but also it occurs at

lower gate voltage and higher drain current. For instance, GNR(25,0) has the cut-off frequency,
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fr = 255 THz at Vgs = 0.5 V and Ip = 11.5 pA while its counterpart, GNR(24,0), in another
group with approximately the same width has higher cut-off frequency, fr = 55 THz at Vgs =
0.35V and Ip = 14 pA. It should be noticed that extremely short channel length, Lg = 7.5 nm and
the assumption of ballistic transport and negligible parasitic capacitances provide an estimation
for upper limit of the device performance metrics. Figure 5.14 shows the intrinsic gate-delay
time. The Intrinsic gate-delay time is increased by decreasing GNR width, corresponding to
increase in lon/lorr ratio. GNR(3p,0) has approximately an order of magnitude smaller intrinsic
gate-delay time for approximately the same width since their smaller band gap and effective

mass can lead to more populated upper subband and larger average carrier injection velocity.
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Figure 5.14: Intrinsic gate-delay time versus lon/lore ratio and GNR width for two families

GNRs (3p+1,0) and GNRs (3p,0) at Vps = 0.5Vand Vgs = 0.7V. The parameters of
the test device are given in Section 5.1.
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CHAPTER 6
CONCLUSION AND FUTURE WORK

6.1  Results Summary

Although aggressive scaling of transistor dimensions and increasing chip complexity has
satisfied the demand for increasing the performance of integrated circuits (IC), the drain-source
leakage current and corresponding power density significantly increase in sub-10 nm channel
length and thus the well-known Moore’s law will be approaching to an end in next decade. There
is increasing efforts in search of new materials such as carbon nanotubes (CNT) and graphene
possibly substituting silicon in integrated circuits. While, graphene has exceptional properties
such as large carrier motility, high carrier concentration, high thermal conductivity and
atomically thin planar structure, it doesn’t have the required bandgap for logic application and
cannot be fully switched off. Patterning large-area graphene into nanoribbon strips is widely
considered to be the most elegant and useful methodology to induce a band gap in graphene.

As the fabrication of a transistor with reduced dimensionality is not experimentally
available, optimization and prediction of the device characteristics need to be performed by
modeling and simulation based on quantum mechanics in order to capture the effects of quantum
tunneling on carrier transport in sub-10 nm dimension. The quantum-based transport simulation
can effectively treat short gate-length electrostatic effects and quantum tunneling effects such as
direct source-to-drain tunneling in short channel GNRFET or band-to-band tunneling at the
source and drain junctions. An accurate quantum-based method for bottom-up device simulation
is non-equilibrium Green’s function (NEGF) approach, where Schrodinger equation is solved

under non-equilibrium condition. This carrier transport model provides the atomistic description
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of channel material, a comprehensive understanding of tunneling effects, as well as the effects of
contacts on carriers transport in the channel.

Major part of this research work involves the simulation of GNRFET based on NEGF
approach and presents a study on the GNRFET characteristics at the nanoscale channel length for
emerging technology. An accurate and relatively fast numerical algorithm has been presented
based on NEGF formalism to evaluate the scaling effects and the width-dependent of graphene
nanoribbon on static metrics and switching attributes of the double gate GNRFETSs with high-k
dielectric materials. The double gate GNRFET has been simulated by solving quantum transport
equation with self-consistent electrostatics in mode space, where the non-parabolic band
structure of GNRFET is incorporated by energy-position effective mass Hamiltonian. This non-
parabolic correction can be important in determining the subthreshold current, especially by
increasing the GNR width as it increases the mismatch between parabolic band and the exact
dispersion relation. This discrepancy can lead to approximately three orders of magnitude
underestimation of leakage current for wider GNRs. The direct source-to-drain tunneling in short
channel GNRFET and band-to-band tunneling at the source and drain junctions of wider GNR
(small band gap) can be captured in the current model while reducing the computational time
with respect to tight-binding model.

The ultimate gate electrostatic control over the channel of a GNRFET is achieved by
approaching quantum capacitance limit, such that the scaling of oxide thickness can no longer
result in significant improvement in the GNRFET robustness to short channel effects. Thus, the
focus of this research has been on studying off- and on-state performance and limitation of
GNRFETs by down scaling of two dimensions, channel length and GNR width as the vertical

scaling of oxide thickness become less important by approaching quantum capacitance limit
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(QCL). Potential application of GNRFET has been explored for low-power and high-
performance integrated circuit designs.
6.1.1. Scaling down the channel length of GNRFET

By scaling the gate length, the potential and the corresponding charge in the channel is
not only controlled by gate electrostatic but also the drain and source contacts, which can
degrade the static performance due to short channel effects and change the strength of quantum
capacitance limit at on-state, showing the importance of self-consistent solution for channel
length study of GNRFET. In addition, scaling the GNR width can change both the static
performance by increase in band-to-band tunneling current and the on-state performance as the
insulator capacitance and quantum capacitance of GNR as a function of gate voltage can be
altered depending on the GNR width.

The static device metrics and switching attributes of test GNRFET structure in Section
4.1 have been investigated for scaling down the channel length from 15 nm to 2.5 nm, focusing
on off-current, lon/lorr ratio, subthreshold swing, drain-induced barrier lowering (DIBL),
intrinsic frequency and gate-delay time as well as power-delay product. By scaling the channel
length, the GNR FET with narrower armchair GNR channel shows superior static performance
than wider armchair GNRs, indicating a more preferable attribute for low power IC design. Scaling
down the channel length of GNR(7,0) from 15 nm to 2.5 nm decreases off-current from 1.7x10®

At03.7x10™A, I, / I ratio decreases from 9x10™ to 1.1x10°, subthreshold swing increases

from 65 meV/decade to 72 meV/decade and DIBL increases from 7 mV/V to 200 mV/V. For the
same change in the length of GNR(13,0) channel, off-current increases from 3.8x10° A to 1.8

x10"0 A, Iy, /Iy ratio decreases from 7x10’ to 5x10*, subthreshold swing increases from 87
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meV/decade to 126 meV/decade and DIBL increases from 30 mV/V to 280 mV/V. As such, the
bandgap engineering by scaling the GNR width allows us to compensate the degradation due to
down- scaling of the channel, improving the device robustness to short channel effects.

To the contrary, GNRFET with wider GNR channel shows better on-state performance
by scaling the channel length and supply voltage, indicating a more preferable behavior for low
power IC design. Scaling down the channel length of GNR channel from 15 nm to 2.5 nm results
in significant decrease in the intrinsic gate-delay times, such that both GNR(7,0) and GNR(13,0)
can outperform the ITRS projection of silicon MOSFET for low-power and high performance
designs. For instance, GNR(13,0) have about 50 times smaller gate-delay time than scaled
MOSFET with 5 nm channel length in the year 2028.

The power-delay product (PDP) is decreased by scaling the channel length for both A-
GNR(13,0) and A-GNR(7,0), while A-GNR(13,0) shows smaller power-delay product by scaling
both the channel length and supply voltage. GNRFET shows smaller PDP than conventional
MOSFET by scaling the channel length as higher carrier velocity of GNR results in higher drive
current and thereby smaller delay. The power-delay product is expected by ITRS to reduce from
current value of ~ 0.8 fJ/um, reaching to ~ 0.37 fJ/um in year 2025 for the channel length

L,=7.5nm and supply voltage V,,=0.7V. The PDP of GNR(7,0) and GNR(13,0) are

approximately ~ 0.45 fJ/um and ~ 0.18 fJ/um for the same scaled channel length and supply
voltage. Thus, GNR(13,0) have a promising power-delay product, but larger power dissipation
for stand-by mode due to the higher lorr, demonstrating better switching behavior.
6.1.2. Width-dependent performance of GNRFET

This study has been provided the systematic investigation and optimization of GNR

width in order to reveal the potential benefits and limitation of GNR FETs in future VLSI
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technology. Increasing the GNR width can improve the on-state device performance, but to some
extent since the band-to-band tunneling of the electrons from the valence band of GNR channel
into the empty states in the drain region can be occurred for a wide GNR, e.g. GNR(18,0). This
tunneling current deteriorates the voltage gain due to lack of current saturation at on-state and
also degrades the static performance of GNR FET, much more important than the increase in
direct tunneling due to short channel effects. Though, by scaling the channel length, the bandgap
engineering of GNRFET-based circuits provides another degree of freedom for IC designers in
order to use GNRFETs with wide and narrow GNR channels for high-performance switching
and low-power transistors in integrated circuits.

An accurate investigation of the static and switching attributes of GNRFETs are
performed for two semiconducting families of armchair GNRs (3p,0) and (3p+1,0), focusing on
off-current, lon/lore ratio, subthreshold swing, DIBL, transconductance, quantum capacitance,
intrinsic cut-off frequency and intrinsic gate-delay time. It is found that by increasing the GNR
width in both GNR families, the leakage current, subthreshold swing, transconductance and

maximum cut-off frequency are increased while 1, /I, ratio, maximum gate-to-source

capacitance and intrinsic gate-delay time are decreased. In this scenario, the larger bandgaps of
GNRs(3p+1,0) results in superior off-state performance including smaller subthreshold swing, 5
order of magnetite lower off-current and approximately 50 times higher lon/logr ratio. To the
contrary, GNRs(3p,0) has smaller bandgap and effective masses, which leads to superior on-state
performance such as approximately an order of magnitude smaller intrinsic gate-delay time,
larger drain current and more than twice higher intrinsic cut-off frequency at lower gate voltages.

Removing or adding one edge atom along the nanoribbon can significantly change the

bandgap energy of the GNR. For example, the width of GNR(24,0) and (25,0) are 3.07 nm and
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3.19 nm, respectively, with the width difference of only one carbon atom, but significant
difference of switching attributes: The threshold voltage of GNR(25,0) is approximately 0.32 V,
while that of GNR(24,0) is close to 0.19 V; The drive current of GNR(25,0) at Vgs=0.45 V is
approximately 8 pA, while that of GNR(24,0) is close to 22 pA; The transconductance of
GNR(25,0) at Vgs = 0.45 V are approximately 62 puS, while that of GNR(24,0) are
approximately 82 pS; The maximum intrinsic cut-off frequency of GNR(25,0) is 25.5 THz at
Vs = 0.5V, while that of GNR(24,0) is 55 THz at Vgs=0.35 V.

The effect of non-parabolic band structure of GNRFET is investigated in determining its
static performance. Increasing the GNR width increases the mismatch between the assumption of
parabolic band and the exact dispersion relation, leading to an erroneous underestimation of
leakage current for wider GNRs. The difference between the non-parabolic effective mass
(NPEM) model and constant effective mass (CEM) model is increased by increasing GNR width,
such that, GNR(24,0) and GNR(25,0) show two and three orders of magnitude erroneous
underestimation of off-current, respectively.

It has been found that the first and the narrowest three members of GNRs (3p+1,0) and
the first member of GNRs (3p,0) have smaller off-current than the design criterions of
MOSFET projected by ITRS (100 nA/um for high-performance digital ICs in the year 2025),
showing narrower GNRFETS as promising alternatives with lower energy consumption in the
off-state. In addition, the effect of the possible induced bandgap due to the h-BN layer has been
studied for both GNR groups. It has found that this effect can possibly decrease the large leakage
current of wider GNRs, leading to approximately an order of magnitude reduction in their off-

current.
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6.2 Recommendation for Future Works

Atomically thin structure of monolayer graphene in GNRFETSs results in better gate
control over the channel, which can be fabricated as an individual GNR or multiple GNRs in an
array connected to the same wide GNRs as shown in Fig. 2.5. As the nanometer-wide GNR has
small drive current, the fabrication of multiple parallel GNRs as the channels can increase the
drive current of a GNRFET. While the number of GNR channel represents the corresponding
integer increment of W/L in conventional CMOS, the GNR width is another degree of freedom in
designing GNRFET-based circuits as the bandgap of GNRs can be inversely changed by the
ribbon width.

While the bottom-up approaches or unzipping the MWCNT can be used for producing a
GNRFET with one GNR channel, the fabrication of a GNRFET with multi-GNR channels
connected to a zigzag GNR as source and drain region as well as interconnect in all-graphene
architecture can be produced by atomic precision control, which is beyond the precision limit of
modern lithographic approach. Thus, patterning a graphene flake in the form of multi-GNR
channels can lead to the introduction of dangling bonds at the edges. The edge roughness is a key
issue has crucial effects in shortening the mean free path (MFP) of electrons in GNR such that it
can eliminate the attractive electron transport properties of graphene. It increases the
backscattering probability of electrons due to side wall scattering and thereby decreases the ratio
of longitudinal to transverse velocity of electrons in GNRs. The edge roughness generates edge
states in the bandgap, which can significantly enhance the leakage current and reduce the drive
current.

Further work is needed to develop an edge roughness model and simulate the multi-GNR

channel device. This is very useful to examine the effect of process variation on circuit
104



performance of GNR FET. The dispersion of the electrical characteristics due to random edge
defects in realistic nanoribbons can be precisely evaluated by statistical analysis at the device-
level, based on the atomistic quantum transport simulations of large ensembles of randomly-
generated GNRs. In this dissertation, the ideal smooth-edge GNR FETs with one GNR channel
has been simulated, which gives an estimation of the upper bound performance. However,
incorporating the line-edge roughness needs to be considered for practical GNR FETs which can

deteriorate the GNRFET performance.
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APPENDIX A
MATLAB CODES FOR GNRFET NEGF MODEL

PRI R R R R R R LR AR R R R R LR R SRR AR AR AR AR R R R

€lear =11 jeclcy close s11

<
epai = B.BHE48-12:%
a = 1.602e-19;:% =
kB = 1.38e-23;
mbar = 1.8558—3%;%
mi =98 1%1a-3%1; %
ase 1-42e=318; £ ©
Voo = =3.0%8% 2
al = 3=ace; ¥
az = acc/2; 3
Te = 388
kTg = k_B*Te/fg;
phiBHR = 4.6; ¥ &
phim = 4.6; ¥ Main
Vgs = 8 - Hga = 68; %
= 0.0; ¥ D e
8.2; ¥

E

Convergsncs 15e=3;
Conv_atep = 0.033;
E 1eE SET

H yacom = 7; %
Hgm = 12; % Hgm =
Lg = Nam*3*jee; Inn L

51z

Vo _ax = [B.6};

H x = 3I*Ngm ; dx = 3%ace;: # =f grids in I I dirsccien (X)

xax = linapace (< (N x*dx/le—3)/Z, (N x*dx/1e—3) /2 N x|;

{Width, SaiEcl, Ecl,Baifc?, Ec2, SaiEcd, Ecd, Saikcd, Ecd, Eq,k_vector,Egraphens]=GNR T8 (0,1,N_yatom);
[mstar ei,mstar £2,mstar_c3,mgtar c4]= GNR_NP_EM(N_yatom,Eci,Ec2,Ec3,Ecd,k vector,Egraphens) :l
Id=zeros (length (Vg ax)  length(¥d ax)):

o=

Vgm =-Vg ax{33) — (phim-phiGNR) + VgO:
=T Tensthibvd nd)

For

Vad = — vd ax(3) + vdD;
changs = 1; pp=i;

%% Start: Seif-Consistapt Solution
Cl whils (change>Convargence)

& Subbends fzon
& (TN
=
i
% MEGF Irsnsport-Charge: [n0,n0]=F 2) Ev{2) [ mstar,vad)
[n subl4,p subl3] = GHR Green Function (U+4Ecl,U-Ecl,mstar ci,Vdd):% For Subband 15 and 14
[z sublS;p =subll] -GNR ‘Green Function(U+Ec2, U-Ec2,matar c©2,Vdd) ;% For Subband 12 and 15
3 {n sublé,p sub = GNR Green Function(U+Ec3,U-Ec3,mStar £3,7dd)s: For Subband 13 and 14
£ [n Sub = GNR en Fun <Ecd msrar | vad) % For Subhend 12 and 15

n = GMR Product Sai npln subl4, SaiEcl,n sublb,SaiEc2);
p =GR Product Sai np{p subl3,Szifci,p subl?,Saifcl?);
3 3D Poissen Solucion )
[Unewl,V graphene,H z,Ep] = GHR FCISSCH 5D (n,p,Vom,Vdd, Vgs,H . x,Hom, Hgs, t B¥~1e-10,t HighK+*le-10,ep HighK,Widch):
U =1U 4+ Cony step®({lUnewl-U); ) ) .
3
To = pp+l:
if pp »= 500

break
&nd
change = max(abs (Unewl—=T0}):
fprincf(l, '* Convergence = ¥,5T *\n',change): % Report
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if change < 10<Convergence
Conv_stap = 0.023;
=Ygaif changs < 4*Convergsnce
Cony_scep = 4, 11}
end
snd. 3 End: SsSif-Consiscant

&%
[I_subl,E1,DDsubl,Di,Ti,Tel,fs 1,fd 1,66p1,66n1] — GNR Current GF (UtEcl,U-Ecl,mstar cl,Vdd);3:
[I_subi,E2,DDaub?,D2,T2,Te2,fa 7,fd 2,66p2,G6n?] = GNR Current GF (UtEcZ,U-EcZ,mscar cZ,Vdd):s

e

cr Subbagnd I3
z

E [I =ub3 E3,DD3ub3, D3,T3,1=3,F35 3, ,fd 3,GER3,GEn3] = GNR Curr E(O+ESd, -Ea3 mat =3, Vvhd) s Sublrand I
E] ] £ Di=okd DE T4, 5 4 fd 4 GOp4,G6H8] = GMR Corr=nat | Wi Sukk=nd 3
D = I _subl+f sub? ; 3+I sun3+l sub

Td(idsa) = In:

Tigura(s) ;plot(—Vdd, ID; '—ko'") ;hold on

#lapai'{'Dratn-Soures Voltags (V) ') rylabal ('Dratn-Soures Curr=nat (B) ")

Eigure (6) ;plas (Vo_ax(33),ID, ' ——ka') shald oo '

z1lgbel ['Gate—Scurce Voltage (V) ');ylabel['Dra:n—Source Cuzrent (R)')

Tigura(3s) s plot)(xax, HEc, 'B' ) hold aon ; ¥label('Fotsntisl')grid anl

pause {0.1)

snd * for vad

—end 3 for Vam

gave ID I1g30 Natom? =pd toxid Id

Eiguze (7);
plot|(k wector,Egraphens);
#Zlapai {'Wav=vactor' ) rylabal {'En=rgy (=V) ')

% axis({-0.5 0.5 -0.5 2.5})

F 'Flotc LDCS

figure(8) rhoid on

Total corolation=(abs (GGnl-GEn2+GGpi+GG02) ) ;
poolor (xax, E1,Total corclation);

shading dincsrpl

#lapsl{'Position (mm) ', 'FemtSiz=', 13);
¥iabel ["Enosrgy (V) 's
wizke [ 'TD0S (x,E) 5
hold aonj
bary
caxis([0 10});

plot (xax, T+Eel, ‘', xax,U-Eel, 'w',
axiz|[min(xax) , max (xax) , min(EL1) , max(E1) ])

B -

anemzdth;1):

3 Flot 105 ond Current
Figura(3)

DSt = mean(ra2zl (DD=abl') |+meanraal (DD=ak2 ")) f2;
Ident = (reallTe1")dreal(Te2"))/2;

#iEl = ¥ane (BOSL,El, 'Coler', 'k } ;

% hiz = fd 3-1g 1))

Joet, ke

yiabel [ *Enexgy (V) ')

agig([min(DOSt) , max (DOST) , min(E1) , max (E1)])
ag? = ages|'Tosici

hi3 = Xine (Tdeng;EL; 'Color'; 'x'; 'Porent " ax2):
axia ([min (Tdsnt) ,max (Ident) ,min (E1) ,max (EL)]):

$333 Povenzal
[Fosition,V_position] = GNR_3D Fig(n,p,Vom,Vdd,Vgs,N x,N z,Hom, Hgs, Ep, Widch);
Eigurs (19)

Seatter3(Position(:,1),Positian(:,2),Position(:,3),30,V padition, 'Tellad’)
axis eguali;xlabel ('K [;m)')iylabel ('Y |[om)')izlabelf’
colorbar:

view|{1,1,-1])

fmmp )

% For Showing Fatential an Graphens

3 f:igure

% ¥ ax = IZnaspaca{0,Widch;13):

% surffy axvi=@ xaw+i=% ¥V graph=n=)

% xizh=1 ('Y (om)'):;ylab=1('X [mm)');zlzb=1('Valtagzs (V) ')
% hold on
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Functions:

%3 Program: Tight Binding Calculation
$3T333TTnpUCEE ISR

% width @ Graphene Hamoriboon Widch

T kSal
$ kr=x 1 MEximum WaveEvVEcte
33333333 33333333

: To have subband wavefu

5aiEcl and SaiEc2

at cutput kk and

]
&

in conduction band at k=0

W

f second subband at kSaz

of Second subband in conduction band at =0

o
[
o

Sandgap En=rgy (=¥)
¥k : Wave Vactar |

[ Hand Diagram (T
|-} funcrion [Widch,3aiFcl,Ecl,3aifc2,Fc2,5aiFc2,Fc2,3aiFc4,Ecd, Eg, kk,E] = GHR_TE (kSai, kmax,H yatom)
f=1.6e-19;

Vop—2.7%g;

acc=1.,42e-10;

Widch = (sqre(3)*acc/2)* (N yacom-1):

§ = 2N yatom;

Eik——Emax 0,01 kma¥;
Por = O*gtones (I,H):

Er=zeros (101,H);

[]for ii=1:length (ick)

=kk(ii);

%t Hi=sparse (H,H):

eei=Vppexp (-1i*k#*pi) ce2=Vpprexp (1i*k*pi):
at1=Vpp*anes (1,N-1) ;abl=Vpp*ones (1,8-1);

& far 33=1:4:(H-1) -

&%l (2;33)=fel:

&bl (1,33)=t=2;

o
Ll

2 Ddagram)

end
at=11.12%pp,at1(1,3i8-1),1.12%Vnn];
ab=[1,12+Vpp, abl (1,3:8-1),1,12*Vopl:
bri=z=roa (i,8-3)bbi=z=roa (1,8-3])

[} For §9=1:4:(N-3)

Brifl, 33)=te2;
Bbi(I,33)=g=1z

end

= far 33=3:4:(H-3)
bl (1,33)=Vee:
EBbI(1,33)=Vep:
end
Hi=diag (Pot,0)+diag |at, 1) +diag (ab,-1) +diag (btl, 3) +diag (Bb1,-3) ;
[phi,e]=eig(HI):
Ee (ii,:)=disg (=} fq:
if T—kSaz
SaiEcl=|abis(phi|:, H/2#1))) .2}
Saifs2=(abs (phi(:,H/242))) . 2:
Saifc3= (abs (phi (:,H/243))) . "2;
Saifc4=(abs (phi (i, H/244))) .72;
=04 .
-end
ko=fix (l=ngth (Kk) /2)+1:
=hift = ((Et (&0, 14H/2)4E (&0, H/2) ) )/2;
E = Eg - shifc;
Eod=(E (k0,H/244)):
Ec3=(E (k0,H/2+3)):
Ec2=(E (kD,N/2+2) ) :
Ecl=(E(kD,H/2+1));
- Eg=E (k0, 141/2) - (3, 1/2) :
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2% Program: Extracted Bifective Mass of (FEs osing NPEM Mode])

Hfunction
hbax =
a = 1.602=-319;
md e & o I
acel = 1.42=-170;
switol N oystoml
ggae 6

matar ¢1=0.035;
mstar. c2=3, T785;
magey cI=0:2607
matar £4=3.0;
case -7
‘mstar cl=0.215;
magey cI=0:1355;
mataEr £3=0.260;
matar cd4=8.07
cane %
magazy e1=0:87;
matar £2=0.38;
matar c3I=0.215;
‘mstar. c4=9.267
case 19
mataEr £1=0.34;
metar c2=0.125;
mstar c¥=0.230;
magazy c4=1.45;
gdae 13
mstar cl=0.855;
mstar c2=0.255;

magax £3=0:1390;
myter c4=0.3;
casge 13

matar cl=9.1080;
magax £l2=0:108;
myteEr c3=0.2;
matar c4=0.85;
case 15
magay el=0:045;
myter c2=0.2;
matar c3=0.185;
‘matar c4=0 . 98;
case 16
magazy el=0;083;
matar £2=0.092;
matar c3=0.318:
mstar c4=0.48;
case 18
mItEr e1=0. 031}
matar c2=0.1358:
matar c3=0,.145;
magay c4=0:&;
cdae 19
matar ¢1=0.074;
‘mstar cl=0.08;
macax c3=0.1E5;
myter c4=0.36;
case 21
matar cl=9 035;
macax oZ=0:13;
myteEr e3=0.13:
metar c4=0.45;
caze 22
magax e1=0.058;
matar c2=0.07;
mATar c3=0.28;
matar c4=0,15;
case 24
matar c1=0.08;
macar c2=0.185;7
matar ci=D,12;
matexy c4=0:35;
Edae 25
metar cl=0.856;
matar c2=%,.0686;
magay_c3=0:21;
matar c4=0.19;
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N wvatom = N vatdml;

NE=10%;

E maasi=linspace{Eci, 2.0,NE);
L mass2=linspace (EcZ,3.8,ME) ;
E m=ss3=Iinspacs(Ec3, 3.0, HE);
£ messé=linspace (Ec4,3.0,NE) ;

Egb1=2*Eci:
Eoh2=2+FEc2;
Egb3=2+Ec3:
Egh4=2*Ecd:

£OT_ci=(hbar2)/ (Z*mstar clem0+ (acsl2) #g);
tit. g2=(hbar"2)/ (Z*mgtar c2*m0* (Rcci*2) rg) s
Tt c3={hbar"2)/ (24metar c3IMO* (accl™2)4q) ;s
t0t c4={hbar”2)/(2%matar c4Am0* (acel™2) ¥q) ;

ka2 cl=zeras(l,HE);
ka3 ci=zercs(i,NE):
kaZ pZ=zeroa(l,NE);
ka3 cr=zeros(l,NE);
kal ci=zeras(1,.NE);
ka3 c3=zeros (i, NE):
kaZ cid=zeros{l,NE):
kal ci=zeros(1,NE)

& kal{k)=acoa (i k) =Eg/2) {2~ })skalds-the aame definition
kaZ ci(k)=sgrt((1/t0t el) = (E massi (k)-Egbl/2)):

ka3 ol (kj=sgre((1/edt ol)« (E messl (k) -Egbl/2) ~ (0.54E massl (k) /Egbl)) ;
kaZ o2 (kj=sqre((i/cit_c2)* (E mass2(k)-Eob2/2));

ka3 o2 (kj=sgrc((1/c0t c2)* (E maasZ (k) -Egb2/2) * (0.5+E massz (k) /Egb2))
ka2 o3 (k)=sqgrt((1/c0c_£3)* (E mass3(k)-Egb3/2)):

ka3 c3(kj=sqre|((1/tdt_c3) « (E_maas3 (k) —Egb3/2) ~ (0.5+E maa=3 (k) /Egb3)) ;
ka2 ct{k)=sqre({(l/clt c4)* [E. masat{k) —Eoh4/2))

ka3 o4 (kj=sqre((1/c0t c4)* (E massd (k) -Egbd/2) * (0.5+E masad (k) /Egbd)) ;
end:

figure{l);

hold on

socele ci=56;

scale c2=50:

piot(ked 1, P massl, 'r= ', ‘LineRWidcs’, 3) 7

plot (ka2. ci, ¥ massl, 'g--', 'LinsWidcs’, 2);

plot l#k_vecr.az {agale ©1:1290) ,—Egraphene{scale cit120,N yateom), "Linsladth', 2y

plot{-ksd cl,E massl, 'r—, ', "Linekidsn’', )
plot (~ka? ci E massi, 'g--', " 'LineWidch’, 2)
plot (k. vestor{scale ci:123) ,Fgraphene(scale ci:123.N yetom), 'Tin=ladih', 2}

piot(ked 2, mass?, 'r=. ', 'TineRidcs’, 3)
plot (ka2 . c2,F massd, 'g--', "LinsWidcs', 2) ¢
plot l#k_vecr.az {agale ©2:1290) ,—Egraphene{scale c2:120,N yatem-1), 'LimeWadth',2):

plot[—kad £23,E masg?, ' v e tldneRiden! , )
plot(~ka? c3, E -massld,'g--', "LineWidch’ , 2)
plot (k. vestoz{sgale ©2:123) ,—Fgraphene(acale <2:128,N yetom-1j), "TinaWadth', 2):

r

scale c3=80;
scsle ci=80;

plot (ka3 c3,E mass3, 's
plot(ke2 £3,E magsd, 'g—', "Linekidesn', 2);
plot (-k wecter|acale c3 :lﬁb_} —Egraphene{gcale c3:150,N yauom-2), 'LineWidch', 2);

' ' EAssdiden? S3)

plot{-ka3: c3,E #ass3, 'r— ' 'Tinedideh’ 3)
plot(~ke2 c3,F massd, 'g—', "LineWidcs', 2)

plot (k vecter{scale c3: Zﬁi}_) r—Egraphene|acale c3 z1an N yatom-2) , "LineWideh’ , 2)

plot (ka3 c4,E masss, '=—.' Lipediden” ,3)
plot(ke2 o4, X maged, 'g—', "Linekidesn',2);
plot (-k wecter|icale ci :lﬁb_} —Egraphene{gcale c4:150,N yatom-3), 'LineWidch', 2);

plot({-ka3 c4 L massd, 'r
plot[~ke2 c4,F massd,
plot (k vecter{scale c
zlabel("WaveV:
vlisbel ("Ess
-LEgend{E

sEWideh? 3)
1 IdneWiden! ,2)

a%) ,~Egraphene(acale c4:150,H yatom-3) , "LineWidch', 2);

=Tab
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3% Program: 3D Poisson [

[ifunetion [U,V grephene.N z.Zp] = EHR-_POESQN_SB{nl,pl,\{gm;vq,i.rgs,N_x,L\_Tg!_n,l\]g_a,L_Bﬁ,t_}]j.ghll,eps_ﬂfcz,wid:h]

epsf. = B_@54e—12;
a = 1.6028-19;
acc = J=42s-18"
= 1e=10;
2; %
S 3 ;
ige: Ge H = should be odd
= limspace(0,Width, N ay = ¥ ex(2)-¥ ax{l);
it = I*@oer
Veff = 1.%;

Vdd = Vd+Voff:
Vas = Voff;

Ha = Hg= + Hgm + Hg=:

% Dislsc

H High® t High®/dz: & Eg H = 5,82
€ 5102 = Qe-10;

eps 5i02 = 3.87

W_sio2 = 5.5;
eps BH = 4:

N BH

€ gra: = 2e=10:

eps gra = 2.57 ¥ 2.

N ogra = t gre/dz;

%

tz = Z*(t HighR+t Si02+E BN) L gras

Mod = 2= (N HighF+N 5102+ BN+N gra):
z. &= linspace(Q; =N d):
N z = N d-1f

X Melect
Sharpness
V2 = sgrc(eps- HICZ2-eps 5102) *Sharpness; V3 = sgrc(eps HICZ-eps- BN) *Sharpnasa;V4e = sgrc(eps BH-eps- gra) *Sharpnass;

Epsilen = eps HI02+(eps S5i02-eps HI02) " (I+tanh{{z d-(t -HighK))/V2))}/2 + ...
{eps. BH-epa. Si02) * (L+tanhl(z d-(t HighR+t 5i02))/V3))/2 + .
(eps- gra=eps BN) * (13tanh( (2. d—{t HighR+t SI024L BN))/V4))/2 +
(epa BN-epa gra) * (1+canh | (z 4~ |t HighKéc 5102+ BN+t gra))/V4))/2 +
{eps 5i02-eps -BN) ~ (l+tanh{ (z. d- l:_H.Lgh.Zé—t_EiOI+L_BN-:—t_g::e+L_ﬂN} WEBHN2EE s
{eps. BEC2-epa 5i02) * (Litanh( (2 d-(t HighB+t S5i02+L BN+t grasL BN:t 5i02))/v2))/2;

Ei============ For- THEL ==

Ep = zerod (N x:l N =1 W yi3) s

[l for kz = LiN z+1

Epl:,k=z; 1) = Epsilon(kz) *ones (N =+1.N vii):

eriE £

re: Foarason Ego——————u

a
B xy' = zeros (N .y, N z¥N x);
Elfor k=1:N ¢
axy = zeros(N =z, N x);
] Tor 3=iaN =
& x=zeros({l,N =z-1);
for i=2:N x
2 x(i-1) = (Ep(i,3,%) $ED(L, 343, k) +ER (4,3, k+1) +Ep (L, 345, k1)) /4

T

axy{f,:) = [a = 0];
end
a zy(k,:) = reshapsiazy’', N.2*N =x,1);
end
B xyz'= rashaps(s x¥', N ¥*N z¥N x,1);
diagl = (B xyz(l:N y=N z=3 x-1));

& xyl=zeros (N y,N z*N =):

(for =1:N.¥

| sxyi=zeros (N z-1,H x);

for =2:N ¥
& y=zsroa (1,N a):
far i=1:N =

& yii) = (Epili,d, ) +Eplisd, 5, k) +Eplasl, 5, esd) FEpid, 5, k1) ) f4r

end
axy2(31-3;:) = & ¥r

end:
Bxyl = reshape({pxyd', [N z-1)*N x,1);
8 xyi(k,:) = [axyl' zeros{i N x)}:
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a xyzl = reshape (a xyi', H y*H =2*H =&, 3
diag Hx = a xyzl(1:N y"N z-H x-H x);
axyd=z=ros (0 y-1,0H z°H x);
Cifor k=210 ¥
axyi=zeros (B _z,H _x):
Tor 3=1:NZ
a r=zsros(1,H x);
H =z
a_z(1] = (Ep(i,3,%)+Ep (1, 341, 4Ep (141, 3,0 +ED (141, 341, %) 1 /43

for I=

and
ax¥3{3, ) = a_=z;
=nd
axy4(k-1,:) = zeshape(axy3', N z"F x,1):
end
diag Hyfix = | reshap=2(axvs', (W y1)"H z=H %,1) )

R=N _x=H_z-H_y:

BB=zargos (N, 6)

BB (1:1=ngth (diag Nylx),1)= diag HyNx:

BB (1:iength (diag Nx),2)= diag Hx;
BB(1:length(diagl),3)= diagl:

BB (2:1engrhi(diagl)+1,4)= diagl;

BB(H zil:length(diag Hx)+H %,5)= diag Hx;

BB (N _x=H_z+liiengch(diag NyHz)+W =<H 2,6)= diag Hylx:

a4 = [N x*N z,~N x,~1,1, 0 x,N x*N z];
BA = gpdiags (BB,d,H,H);

D= zerog (1, length (Ad) ) 2
[B=] = =pdizgs(AR);

“ifor ii=1:i=ngth (Ad)
D(Ii)=—sum|Ba (I1,4)):

rowl Hz=[zeros (i, (B z-Hg)/2),o
gre=[1 zeros (1,8 x-2) 1]1:
Surfli=[rowl Nz,zaros)(i,N x*(N =z-3)/2),gra,zazos (1, N x* (N 2-3)/2),Towl Nz];

ccS=zerns (H x=H 2,H y);

-ifor 13=1:H ¥

el 1, Li)=3urf1i]

2nd

initial diag = - reshape [cSS.1,01);
DD = D+ imivial diag;

55 = spdisgs|(DD',0,H,H)

AA = (SSeAR);

i

il

n = zZeros (N y,H x=);
p = zeroa(H_y,H_x)z
for i13=1:N x
nl:,i3) = (B13i3))=ones (1,0 w)s
Blieid) = (pl(33))=ones (1,0 v);

HD = (Hd/2)=fon=s(H vy, (H ¥-Ng)/2),zeroz|(H v, Hg),on==(H v, (H %x-Hg)/2)}:
rho TB = [ (p—n+HD)*g};

rho sheet = rho I3 ((dx=dy)/(((27agzT/(3))/4) Tlace™2) )0z

¥rho = \((zho_sheet) [ (=pa0rd=) )

T fig ot (Veho (1,:))
g={zerns (1, (H x-Hg)/2), [Vos)*ones (1,Hgs), (Vom) *ones (1,Hom) . (Vos) *ones :1,E'gsj rZerns (1, (H x-Hg)/2)1;
ccs=zaros (N _&*N 2,N ¥):
ifor 33=1:H ¥

gra_pot={VEho (33,1)+Vdd, VEho (33,138 =-2),Veho (33,8 x)+Vssi;

cg3(:,11)=[g,zexoa (1,H == (H_z-2) J2) sGra_pot,zeros(1,H x"(N_z-3) i3 P o
|-end
inigial pgrential= reshaps(ecs,1,11)7

v = mldivide (sparse(AA) ;inizial potential'):

oy J3=0:N -1
V_graphens(:, 1i41)=v((1i*N x*N_z+N_x* (N _z-1) /241) 0 (154N =N 24N x* (N z-1) /24N x),1):

=nd

o o b

"W = V_gzraphene(:, (N y-1)/2);
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Minimum Ensrgy of a =ubband (C ion)

Jubkand (Valsnea)

By

Hele Density

funotion [r0,p0]=GNR Green Function(Ec sub,

q =-1.802=-1%; % 2i=ctron b

kB = 1.38e-23: % Seltzmann conata
TIe =-300;

kTa =k BATe/g;

Efs = Efd =Vdd; Nkt = 2<kIq:

Emax=max (max (Ec_sul) ,maxtEis,Efd} ) HNEL; YEnergy .orid
Emin=min{min(Ev_sub),min(Efs, Efd))-Nkt;

NE = 1601} % B= o ‘b= 1001

E = lingpace (Emin,Emax, NE);

dE = E(2}-E(1):

Hz = length(Ec sub):

3igl = Zereca(Nz); 3igh = zerca(Nz);

a disg — zeroa(l.Nz); m 2 = zerea(l Mz);
nd = zerod (Nz,;1); pl = zeros (Hz,1):

Ei = (Ec sub + Ev sub)/2;

Eg = (Ec_sub'= E¥ 3ub);}

“lfor k=l:l=ngth(E} 3

= for 3 = 1:¥z ¥ mp. of 3iab

if E{k)}> Ei(3)
¥ for Conduction Band
m Z(3) = metar” (1+(E{k)-Ec aub(3))/Eg(3));
= diag(j) = E(k)-Ec_sub(3);

elae
¥ for Valshss Band
m Z(3)= metar (1+({Ev sub(3)-E(k})/Eg(i));
2 diag(j) = Ev_ sub(j)-E{k});

end
‘end
3 Conatruct P cn-Depgendent EM Hamiltonian — Condoc
B = GNE_PDEM Hamiltonian(m Z}:
% Sigl
el =3[k, 1) /2; F Coupling Paramstary at =tom 1

if Elk)> EL(1)
3 for Cenduction Sanpd
X = (E(k})-Ec_ sub(1})/ (27€1};

eise

3 Valsnce ‘Hand

¥ = (Ev_sab(l)-E(k))/(27cl):
=nd
[s1g1(1,1)}] = GNR_Seif Energy(X,tl):
* SigY B

TH = H(Hz, Nz)/2: ¥ Counling Fazamszer at atom N
1if E(k}> Ei(Nz}

‘3 for Condu an Band

X = (E(kj-Ec_sub(¥z) )/ (2%H):
else

3 for Valence
X = (Ev sub(Nz)-E(k))/(2*TN):

and

=nd
[3ighi (Hz, ¥Nz)] = SR Self Energy(X,th):
3 Gregn Funcrion — Condoction -Band

fci] (diagla diag}) - H = sigl - sigh):
‘G = mldivide (3spacse (G3),2ye(#@z})): ¥ T
e (Conductian Band)

inver:
% Fermi/Sigin —
£1=1/ (1+exp( (E (k) -Ef3)/kTq)):
gaml=1i* (sigl-sigl'}:
Figinl=Ffi~gami; .
sigouti=(1-f1) =gami:
A Fermi/Sigin — Dr
I2=1/ (1+exp ((E(k)y-Efd} /kTq}):
gEmZ=I13i" (IigN-=igN’'};
sigin2=f2=gam2;
zigoun 1-£2) wgam2:
3 ‘To Caleusiate Elsctron Der
Go= (G (iginl+miging) *5' ) ;
Sp=(C* (3igonTl+aigour2}=C'):
= for '3 = %:Nz 3 po. of alabs
if Efk)> Eif3)

A0 (3}=n0 (J)+=9E=z=al ((Bn (3, 3}/ (2%E3}) }:
else

PO (3}=p0 (3}+dE*real (Bp(3,3)/ (2%pi});

(Conduction Band)

end
=nd

Leng
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¥ To find Sdigua : S=1f En=ray

[ function [Sigma] = GNR_Self Energy(X,t0)
if X <=0

Sigma = v0*((XK-1)+sqrt (K 2-2+X));
elseil X >=2

Sigma = tO=( (X-1)-sqrt(X"2-2%X)):
else

Sigma = t0*((X-1)-li*sgro{2=X-X~2));:

—Dependent Effective M
Zlfuncticn [HO] = GNR PDEM Hamilconian(m 2)
Constant = G,2101; ¥|hbac~2)/(2*m0+(=1*2) *g)

Hz = length(m Z):
me = ([0m Z}+im Z O})/2:
t ¢ = (Comstant)=(l./m c{Z:Nz)); ¥ -1 =nit 1

c smm c = [G 5 Gl+{t & 6}

0

F‘: Program: Hon-Eguilibriom Green Fonction (Corrent Fonction)- 6/10/2013

Input
£
*
3
3
$ ¥
* 0
23555333
=
5
*
5D
3T 2 Iransfsr Function of Transport Egquations
[l function {i,E, DDsub, Daub, Tsub, Te?, £11,£22, 66p, 66n]—GNR Cufrent GF (Ec sub,Fv. sub, mstar, Vad)
q = 1.6028-19; = =, C1
Tc_'B = 1.382-23; N CEN3TET
Te = 300;
kTg =k BATe/q:
Bbar = 1.0552-34; % (b bar) Blank='s copstant, J%3

Efs =0; Efd = Vdd; ¥kt =-10%kTq;

ZEnergy orid

Emax=max (max (Ec_sub) ,max (Efs,Efd) ) +Hku;
Emin=min (min (E¥ Sub),min (Efs, Efd) )Nk}
NE' =:2001; § be
E = linspace(Emin,Emax,NE);

dE —E{(2)-E{1):

333333333333 3333333333233 3323333333333
Hz = length (Ec_ subj;

3 2plun = 11 53

=igl = zeros{Nz}; =sigH = zeros(Nz);

s diag = zaros(l,Nz) ; m.Z = zeros(l,Nz);
3 = zerosEEsHz)-:

Dsub = zeros (NE,Nz);

Dhsub=zeros (NE Nz} ;

Iz = geros(1,NE); I=2 = zeras(i,NE):

T = zeros(1,ME); Tsub = zeros(HE,Hz):
GEn=zeros (NE,Nz);

GEp—zeros(HE,Nz)

£i1 = zeros(1,NE}; £22 = zeras(1,NE};

Ei = |([Ec_sub + Ev_sub)/2;

Eg = (E:_auh = Ev_‘auh] :

ez ;5o be: 100L

_-I:lfur k=1:length(E) 3 no. of snergies
for 3§ = 1:i¥z % no. of slahs
3if Elk)> EilE)
% for Conduciion Band
m Z(3}) =-mstar® (1+(E(k}-Ec_sub(3)1/Eq(3}};
a_diag(i) = E(k)-Ec sub(d);
‘else
¥ For Valence Hand
m Z{j)=-mstars [I+(Ev sub {5)-E (k) 1/Ea{5)}:
a diag(j) = Ev_ sub(J)-E(k):
‘end

end
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sitien-Pepsndent

GRR BDEM Hamiltonianm Z}:

¥ for Valence ‘Band

¥ = [Ev sub[1)-E(k})/(27Tl)
end
f3igl(1,1)) = GHR Seif Enexgy(X;til):
35 H
tH = H{Nz Nz} /2: %
if Ef(ki> Zi(Nz)

= for € diiction

X = [E(k)-Ez sub(Nz})/(2%tH) :
slse

E for Vaisnce Band

X = [Ev_3ub (Nz)=E (k) )}/ [2%TH} :

g Parameter &% atom

and

[51gN Nz Nz} ] = GFR Self Fnergy(X,tN):
E Gresn Function - Conduction Band

Es = Iéﬁaqla_diaq] —H —3igl— 3igH}:
G = mldivide (sparse (E=),&ye(N2)): % T
i Fermi/Sag
fi=1/ (I4emp( (E(k}-Efs)/ETq) )
£11 (ky=f1:

gami=Jie (sigl-3igl'):

fad
i

n — Sourece (Conduyc

Figinl=F1*gaml;
asigouti={i-fi)~gami:

3 Ferm fSigEn — Drain (Conduction Eand)

£2=1/ (1+exn [ [E (k) —EEd) /KTa) ) =
£22 (k}=£2:

gam2=31ie (3igH-=igH'}:
SiginZ=f£2~gam?;
FigoutZ={1-—£2) *game;
£ Toc Calouiate Electrgl
Gn=G* (piginl+5igin2) “G
GG (sigoutlésigout2) *G':

GEn (k. 1)=diag(Gn) :

GEp (k, 1}=diag(Gp);

= D0 v E v Z

D=Ide (G

Daub (k,1)}=diag (D)7

Dh=ub (k; s}={-i/pi*trace{ (G-6")/ [(2F1i))):

= Currsac ‘va E

I=(kj=-real (trace(sigin2*D)-tracs (gam2*Gn}) :
Lt Tranapission funct
T(k}=craces(gaml*"E gami*E')
Taub (k)= (Tlk})):

T=2 (ey=T (k) « (£2-£1)

o

i Density

-end

IE={g*q}/ (2*pi*hbar);
T=4*TE~dEfmm [Ts) 7

*

Hnd Siqgmy : 31 En=vray
|- funecion [Sagmaj = GNR Self Energy(X,td)
if X0
Sigma = td* ( (K—1)¥sgre (X72-27X) }:
=lseif ¥ 3=2
Saigma = ©O® ((M-1)-sqro (X72-24X))
eige
Sigma = to* | [(K-1)—Iiesgrt[2~X-X72)}:
~end
L Construct P Bependent Effective Mass Hamiltonsan
[ funcrien [#8] = &R PDEM Hamituonian(m Z)
Constant = 0021017 = (hbar"2} /(Z2¢mi* [a1"2} *q)

Nz = lenothim Zj:
moc= ([0 7 +Hm Z §])/2;
t.c'= [Conatant}® (k:/m-c({2:Hz)); & -1 anda 1 Diag

taum c= [0 t cli[c c G]F
£ diag & = [2%C sum (1) © sum e(2:iNz-1) 2%t sum c{Nz}]; % o Diag
“HO = (diag(t diag ¢)-diag(-t ¢ 1)-diag(-t &,-1}}:

2 [@rel 0 o o 5|
z B uaad
= 0 ...}
3 o ...
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SELTLTLLLSLLLRL AL 90%S
itl

functien in subband} = GHR Praduct Sai op :nisn‘li_l, 5511, uﬁsn.!i‘l, 5aid)

S GMR Froduet Sai np.m

¥ zub : Subbanid aumber

% n sub : (1,Bx) - Cerrier Densin ssition 6L slabs slong ribbhon

% n gubband 3 (1,8np) = whe positicon of atoms slong ribbon

Ehi=zercs (4, Hx) ;

for 1i=1

% Add Ssi of peinw

HE+ (

=Sgilzodk, 2

i

ra)=ERL (1,

SHEi (2, ¢)=SRi {2, ) + S2{L,:):
-*523(L,:); ¥ o of zobband on
- *5E2 (2 % n of subband on
«*3Ri:(3 % o of subband oo
-~E584 (%, ¥ o ef subbanidl en

n_sgubband=zercs (i, Bnpl;

Hx ¥ Teo me
o _subksnil (43

for

n sobband (4

o_subband
n_subband($*3)

L A O R R I O )

aliphe = 1;

n subband = alpha® (mean(Sail}*n subkl + mean(S2i2)*n sub?}
c3) *n_sublE + mean(SsiEcd) = n_3ubld) ;

E+ mean (SE1E

%% Program: To draw the 3D 'E'otantla_l.l

L

|function [Fosition,V position] = GNR_3D Fig|(=ni,pl,Vam,Vd,Vos,N x,N_z, Nom,Ngs,Ep,Width)

ep=0 = f.854e-12;
a = 1.8602e-19;
ace = 1.4Ze-107

Nd = 7e-3; % source and drsin doping

direccien

¥ Hye=nd E 2 should bes odd
y_ax = linspace(0,Widen,N y); dy = y_ax|(2)-y_ax(i);

dx = 3nacer

Vdd = Va+Voif;

Wss = Voff;

Hg = NHgs + Hogm + Hgs;

% ————————5tartc Sclve Posi=son Eg.
& xy = zeros (N v,N_z*H x);

for =1:H_y . .

axy zexos (N_z,H_x):

tH_z

& _x=zergs (1N x-1);

for I=2:H x

end

axv |

r end o
a xy(k,:) = reshape(axy', H z*N x,1):

end

8_xyz = reshap=(a xv', N v*N_z*N _x,1);

diagl = (a_xyz li‘-;N_y'E_’z'H_x—‘.i ¥ .

a_xyl=zerod(N_y,N z*N x);

Hlfor &=1:N ¥

ros (N z-1,H x);

= for 3=2:H =

end
axyl = reshape(axyZ', (H z-1)*H x,1);
a_xyilk,:) = [azyl' zezos(1,H x)]1:

end

tric constant of vacuum,

128

¥/m

a_x(i=1) = (Ep(i,3,%)+Ep/(1,3+1,:k) +Ep (i, 3,5+ +Ep (1, 341, kF1) ) /45

[ a_y=zerod(i1,N x);
=l for i=1:N x
& w(T) = (Ep(Z,3.k)+ED{T+2,3, k) +ED (T+1, 3, k+1) +Ep (T,3,k+1) ) /4;
end
axy2ii-1,:) = 2 v;



& xv=zl = reshape lﬂ_xyl' e N w*H z*N x,1);
diag Bx = & xyzi (1:H y*H z*8 x-H x);

axyi=zeros (¥ v-1,H z*N x):
[ fox x=2iN. ¥

eros (0 z, 0 %)
Wz

‘ a z=zero= (1, M x);

[ for i=1:N x

i) = (Ep(i 5.0 +EplL, 5+1, K) ¥Ep(i+L, 5, 1) +ER (141, 541, B)) /4

a =
end
axyd (3, :) = a =z

end
axy4(k-1,:) = reshape(axy3', N z*H x,1);
-end
diag Nyl = [ reshape(axys', (N w-1)<N z=*N »x,1) ):

W=H x*W z*N yi

BB=zezos(W,8)

BB (1:length(diag NyHx),1)= diag NyNx:
Bﬂtl:lﬂlgté;tdiag_ﬂx! r21= diag Hx;
B8(1:length(diagl), 3)= diag
BB{2:length(diagl)+1,4)= diagl;

BB (N x+1l:length(diag Nx}+M x;,5}= diag Nx:

BB (N _x*N_z+1:lsagth(disg Hylx) =N x*N z,6)= diag Hylix;

d = [-W x*W 2z, W x,-1,1,0 %8 x*0 z];
A% = spdiag=s(BB,.d,H,H):

D = zeroa(l,length(EA)):
[Bs] = spdiags{ihj:
Flfor ii=l:length{AR)
Pliz)y=-sum{Ba iz, :))

end

£

Edit Diagonsl

3 elements for m cantact,——

rawl Ne=[zeros |1, (N .%-Ng)/2),cnes(1,Ng), zexas (1, (N x-Ng) /2)1:
zeros (1,0 %-2) 1
Surfli=[rowl Hz,zeros(l,W x==(W_=2-3)/2),0ra,zexos (1,0 x= (0 _2-3)/2) zou

cei=zeros (N x*H =z, N ¥);

El'for ii:
ech(:

end

initial diag = — reshape(ccs, 1, [}
DD = P + initial diag:
spdiagsa{DD’, 0, N, N);

N = |S5enA);

t
]
(]

% Dafine 1 1 pote
n = zerca(N v, x);

p = zerca (N v, N x);

2 7 ij= =

ND = [Nd)* [enes(N_v, (N _x-Ng)/2),zeroz {0 y,Ng),cn=s(N v, (N x-Ng)/2)];

rhAo TB = [ (p—6H:WD) ~q);

rhn sheer = rho TB+ { (dx*dy)/(({3=agrc(8))/4) = (ace2)));

Wrhe = ((rho sheet)/ (epad*dx) )

=)

g=[zerca(l, {H x-Ng)/2), (Vga) "ones (1,Hga), (Vom) "ones (1, Hgm) , (Vga) "ones (1,Hga) ,zeroa(l, (N x-Ng)/2)}:

cch=zeros (N x*¥ z,N v):
[[Ear ii=1:N w
gra pot=[Vrha(iz, 1) +Vdd, Voho (i3, 1:0 x-2) ,Voho (iz, N x)+Vaa];
ceo (i, iiy=[g,zeroa{l, N x* (N z-8)/2) ,ora pot,zeros(l,N x* (N z-8)/2),0}1:
end
i

vicial pocential= reshapeleec5; 1, [1)7

v = mldivide(sparae(BR),initial povential');

¥_graphene=zerca(l x,N v);

Elfor =N v-1

V. graphene [, ii+l}=v (11N x*N z+N x* [N =z-1)/2+1) (114N x*N =z+N x* (N =z-1)/2=H =), 1)
end

U = V_graphene(:, (N.¥-1)/2);

a2

Fositian

=13
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for 1219 y
for 183=1:4 z

A x
Basition (i, 1
Position(i,2)=12;
Position(i,3)

end
end
=nd
Voff =0:
% for Source contact
"y
Position (N x<H y<i z+31,1) =-0;

“lfor 3

Position (M x=H y*M.2+31,2) =31
Position (Hox*H y*H z+31,3) = (B z+1)/2:
-end

Vo =-zeros (¥ vy, 1)}+Voff:

Posivion (¥ x*H y*H =z+§ w+31,1)
Dosition Bl x<N y*N z:8 y+i1,2)
Position (H x*H y*H z+H yi31,3)

= (@.z¢1)/2:
-end

V& = -Vdd#ones (¥_y, 1)+Voff;

75, (Hys+Hgm+1) : (2=Hgs=gm) |

Ji=a:H'y
Position(® x~H y"H z+2+*H y+i, 1) = (B x-Hg)/2+il;
Posivion [N x%H y*H z+29 y+i,2) =-51:
Position (W x*H y*H Z+7+0 y+i,3) = ki:
i=3+1;
end
&nd
=nd
Vg0 = -0.0;

V_gs = -Vgs*opes (¥ y+4x¥ga,1) +Val:

10 (" z+1)]

11=((H_x-Nom)/2+1) : ( (H_x-Nem)/2+Ngm)

for J1=L:H ¥
Posicion (N %N y*N_ z+2+N yiN y*4*Nge+i,1) = 11;
Position (8 x*H y*3 z+2%3 y+H y*4*¥gs+i,2) = 31
Position(H x*N_y*N z+2%N y+N y*s$*Ngs+i,3) = kI;
d=i+1;

V gm = —Vgm~ones (N _y~2~Hom, 1)+Vgl;

-V_position = [viVsiva:
+

FgsiV_gm];
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