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The dissertation presents author‟s simulation work on graphene nanoribbon (GNR) 

and GNR filed effect transistors (GNRFET). The dissertation divides into 5 chapters. 

Chapter 1 reviews the experimental and theoretic progresses on carbon based 

materials and nanoscale electronics. Chapter 2 explores the performance limits of multi-

layer GNRFETs. Motivated by the experiments of deriving multi-layer GNR through 

unzipping multi-walled carbon nanotubes (CNT), the performance limits of FETs with 

multi-layer GNR channels are evaluated by a semi-classic ballistic transistor model. The 

effects of the number of layers, interlayer coupling strength and optical phonon (OP) 

scattering are investigated. The simulations show that a large number of layers, zero 

interlayer coupling and large gate capacitance are desired to optimize device 

performance. Chapter 3 studies the effects of edge doping in GNRs on the carrier 

mobility. Specific perturbations due to nitrogen and boron dopants are calculated by ab-

initio density functional theory (DFT) simulations and parameterized for tight-binding 

Hamiltonian. The resonant scattering plays an important role in the dependence of 

doping-limited mobility on the channel width, edge doping concentration, and 2D carrier 

density. The doping-limited mobility approximately scales linearly with width when it is 
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larger than 4nm. The mobility is roughly proportional to inverse of doping concentration. 

For small channel widths, the mobility increases as carrier density increases whereas 

the mobility shows non-monotonic behavior for large channel widths.  Chapter 4 

investigates the transport properties of GNRFETs based on a recent experiment work. 

The simulations shows the experiment devices operate at 50% of ballistic limit. The 

important role of metal contacts on the number of transport modes, asymmetrical output 

characteristics, and on-state performance are studied. The performance degradation of 

the experiment devices is found due to charge impurities and structural defects. Effect 

of phonon scattering is negligible. Transport phenomena at cryogenic temperature such 

as Coulomb Blockade and Fabry-Perot oscillations are also explored. The simulation 

results agree well with the experiment measurements, indicating the high quality of 

GNR channels in the experiment devices. Chapter 5 explores the scaling behavior of 

GNRFETs with different gate structures. The low dimensionality of GNR channels, 

which leads to small density-of-states, plays an important role in device scaling. Ballistic 

transport simulations predict the intrinsic performance of GNR can be better than Si 

MOSFET. However the scaling limit of GNRFET is shorter than the one predicted for Si 

MOSFET. 
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CHAPTER 1 
INTRODUCTION 

The carbon based materials, carbon nanotubes, graphene and graphene 

nanoribbons, have received extensive attentions for their importance in fundamental 

physics and potential applications in many areas such as electronics, mechanics and 

medicine [1-4]. A monolayer graphene is composed of a single layer of carbon atoms in 

honeycomb structure. A single layer GNR can be obtained by pattern graphene into 

strips. And a single walled CNT (SWNT) can be conceptually viewed by rolling up a 

graphene sheet seamlessly. A particular way of patterning GNRs or rolling up CNT is 

called chirality. Both CNTs and GNRs are carbon based quasi-1D materials. They share 

some similarities. For a complete survey of carbon based electronics and a better 

understanding of the technologies evolve, the introduction on carbon nanotube and 

carbon nanotube electronics is presented below. 

Carbon Nanotube and Carbon Nanotube Electronics 

CNT was first experimentally observed by using transmission electron microscopy 

(TEM) in 1991 although people have long speculated its existence in the products of 

carbon fiber synthesis [1]. Because of its diameter can be made in the order of 

nanometer, it is a nearly ideal example of quasi-1D system. Depending on the chirality, 

it can be metallic or semiconducting [5]. Predicted by electronic bandstructure 

calculation in pz orbital tight binding basis set, One third of SWNTs are metallic and the 

other two thirds are semiconducting [6]. The prediction is observed experimentally [7]. 

CNT can be multi-walled as well [1]. They are almost metallic which can be useful for 

interconnect applications. Semiconducting CNT can be used for transistor channel due 

to its excellent electrical properties. First it has high mobility. The bandstructure limited 
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velocity (group velocity of Bloch electrons) is high even at low energy range. The mean 

free path of acoustic phonon scattering (AP) is in micrometer range [8], [9]. Near 

ballistic transport can be achieved in low bias range. The energy of optical phonon is 

large ~ 0.18 eV, which makes OP scattering effective at relatively high bias regime [10]. 

Second the conduction bandstructures and valence bandstructures are almost 

symmetrical (In simplest TB, they are perfectly symmetrical), which makes them good 

for CMOS applications [6]. In 1998 the first CNT field effect transistor (CNTFET) was 

demonstrated [11], [12]. Since then significant experimental progress has been 

achieved in refining CNTFET [13], [14]. The channel length (tube length) is shortened 

from tens of micrometers to tens of nanometers. To reduce contact resistance, people 

studied various types of metal-CNT contacts and fabrication process. The earliest and 

easy-to-fabricate devices are the Schottky barrier FET (SBFET). Then MOSFET like 

devices which have heavily doped source and drain were developed, in which contact 

resistance is significant lowered compared to SBFET and ambipolar I-V characteristic is 

greatly suppressed. The gating technology has also been improved. While simple 

experimental devices typically have a bottom gate with an oxide thickness of several 

hundred nanometers, the best solid state gating technology can make a top gate of 

several nanometer high-  materials [15]. Although CNT has no dangling bonds and thus 

supposedly to work well in contact with high-  material, in reality adverse effects are 

indeed observed and people developed DNA shied to protect carbon channel and wrap-

around gating technology which further increases the gate electrostatic control [16]. The 

current delivered per tube in short channel devices, which can be as large as 60 uA, 

well exceeds the saturation current ~20 uA limited by OP (scattering) [13]. The on-off 
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current ratio and subthreshold slope are decent if not better than the state of the art Si 

MOSFET. In fact the on-current density per active device width (tube diameter) is much 

larger than any commercial transistors in use. The metallic CNTs can be used for 

interconnect applications due to its high current delivery capacity per tube [17].  

However the major drawbacks of CNT are also obvious. First it has a low 

dimensionality. Although the current per tube is high, the CNTFETs and CNT 

interconnect can only compete with Si MOSFET and copper lines if they can be packed 

dense enough. Second the possible formation of metallic SWNT can totally destroy the 

functionality of a CNTFET. Third the fabrication process is not compatible with Si 

MOSFET because the synthesis of CNT requires a temperature well in excess of 500 C 

which will damage the Si transistors and interconnects. Experimentalists have tried hard 

to tackle those drawbacks. Significant progress has been achieved in a relatively short 

period although the match to Si MOSFETs, which has evolved for about half century, is 

not there yet. Almost perfectly aligned CNT array has been fabricated [18]. People can 

eliminate the metallic tubes by pumping large amount of current through the tubes or 

using plasma etching which selectively eliminates metallic tubes in a certain diameter 

range [18], [19]. To overcome the difference in temperature between the CNT and 

CMOS fabrication process, the SWNTs are fabricated separately, introduced to the 

CMOS fabrication process and assembled by electric field manipulation method such as 

dielectrophoretic (DEP) [20]. Alternatively people fabricate micro-thermal plates at 

specific locations of a chip [21]. Those locations are heated over 500 C to grow SWNT 

while other parts of the chip are kept cool and damage to Si devices is avoided.  
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Transistor applications require good control of CNT position and orientation. It is 

much less demanding in process to fabricate a CNT thin film, which is essentially a 

random CNT network. Such device has several applications. First due to its large ratio 

of surface area to volume, it is advantageous for absorbing molecules and potentially 

can be used for sensor application. Second the CNT thin film, which has many 

openings, is much more transparent to light and electrical field than a metal thin film 

while a decent electrical conductivity is preserved. This property makes it very suitable 

for electrodes in vertical FET (VFET) in low cost large area display application, in which 

the gate electrode plane is below the source electrode plane made of CNT thin film and 

the electrical field has to penetrate the source plane to modulate the channel. CNT also 

has potential applications in microelectrical-mechanic systems (MEMS) due to its 

excellent mechanic properties. 

Graphene and Graphene Nanoribbon Electronics 

Monolayer graphene was successfully isolated in 2005 and experimentally 

characterized to have large mobility ~1e5 cm2/V∙s. The monolayer or few-layer 

graphene of the best transport quality is obtained by mechanically exfoliation of 

graphite. Much progress has been achieved to exfoliate a large area of graphene and 

transfer it to wafers for further processing. On the other hand, synthesis of graphene on 

silicon-carbide substrate is also developed. But the mobility of the graphene grown on 

substrate is inferior to exfoliated graphene. Graphene is important in fundamental 

physics due to its linear E-k relation around charge neutral level which can be used to 

study Dirac fermions and Barry phase [3]. Its high conductivity and mobility are also 

attractive for electronics applications. Similar to CNT thin film, it can be used for 

electrodes in light emitting device due to its high optical transparency. Its high mobility 
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makes it promising for RF and transistor applications. However monolayer graphene is 

a semimetal which lacks of bandgap. In order to create a bandgap in this 2D material, 

potential difference between A and B sublattices is needed. This can be achieved by 

placing graphene layer on the surface of a crystal that has approximately the same 

lattice constant and structures but with intrinsic potential difference between two 

sublattices. Experimentally a bandgap of as large as 200 meV is observed. But such 

intimate contacting between the graphene film and the substrate may degrade the 

mobility. Alternatively an electrical gate can be used to produce potential difference 

between sublattices but this cannot work with monolayer graphene. Instead a bilayer 

graphene with electrical field normal to the plane can have a bandgap. There is self-

consistency relationship between the charge density on the two layers and the induced 

bandgap. Therefore this bandgap is not constant as the device works in different 

regimes. Also a sufficient bandgap for practical applications is very demanding on the 

gating technology to induce large enough charge density 

Due to the difficulty in generating a bandgap in 2D graphene, people turn to the 

quasi-1 dimension material, GNR. As the graphene is planar material, CMOS fabrication 

process can be used to pattern graphene into GNR. As limited by the thickness of 

photoresist in lithography, the ribbon width cannot be smaller than 15 nm otherwise the 

ribbon will be broken into pieces. The theoretic calculation shows a sub-10 nm channel 

width is required to open a large enough bandgap in room temperature. The early 

fabricated GNR only shows a factor of about 10 in gate modulated channel conductance 

at room temperature and about several hundred in cryogenic experiments [22]. But 

even at extremely low temperature, a large source-drain bias will destroy the on-off 
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current or conductance ratio. Later people use a wet process, which involves expansion 

and sonication of graphite, to obtain sub-10 nm wide GNR channels with ultra-smooth 

edges. The Raman spectroscopy confirmed the ribbon geometry. The FET built on the 

nanometer wide GNR shows an on-off ratio up to 1e5 under a large source-drain bias. 

And the on-current is as large as 7 uA per ribbon under a 10 nm SiO2 bottom gate. The 

on-current is expected to be even larger when a high-  gate is used. The phonon 

scattering in perfect GNR (all hydrogen terminated edges and regular shape) is similar 

to CNT. The AP scattering mfp is expected to be in micrometer range and OP scattering 

happened at relatively high gate voltage. But unlike CNT, a GNR has edges. The 

atomistic structure irregularity at edges can scatter electrons and degrade current. 

While ohmic contact can be consistently made for metal and CNT, the experimentally 

characterized contact resistance for GNR is much larger which indicates the existence 

of strong elastic scattering. Although GNR suffers from edge scattering, the chemically 

reactive edges can be utilized to functionalize the channel. An important application is 

channel doping which is crucial for complementary logic applications. Experimentally n-

type GNRFET has been demonstrated by using ammonia plasma etching of the 

channel [23]. Another advantage of GNR compared to CNT is the all semiconducting 

channels for sub-10 nm width. However the wet process for fabricating narrow GNRs is 

even less compatible with CMOS fabrication compared to the fabrication of CNT. 

Recently a new method of obtaining sub-10 nm wide GNR has been developed [24]. 

This method uses plasma to etch CNT and “unrolls” the tube into GNR. In this process 

multi-layer GNR can be obtained by etching multi-walled CNT and the number of layers 

is larger than the number of layers obtained from wet process, which is usually 1 or 2 
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layers. This natural stacking of GNR channels can help to remedy the low on-current 

per single-layer GNR.  

Modeling and Simulation of Carbon-Based Materials and Devices 

The significant progress in experiments is accompanied with substantial 

achievements in theoretic work, which help people to understand the device physics in 

the carbon based materials, evaluate and optimize device performance and predict the 

characteristics of the devices that are not experimentally available. Most of those works 

should be categorized into applied physics or science since the fundamentals of solid 

state physics, quantum mechanics and semiconductor physics have been there long 

time ago but now reappear under some new scenarios such as exotic materials and 

reduced dimensionality. Nonetheless the nature of applying fundamental physics does 

not degrade the importance of these theoretic works at all. On the contrary they bring 

the science to the experimental works otherwise the experiments are no difference than 

secrete cooking recipes. There are indeed a few breakthroughs in fundamental physics 

that are of great value to condense matter community and device physicists. For 

example the new type of hybrid functional HSE used in density functional theory 

simulations, which solves the bandgap underestimation problem in DFT simulations in 

many cases if not to all [25]. The simulation works on carrier transport falls into three 

large categories, material property simulations, device simulations and circuit 

simulations.  

Among material property simulations the lowest level is based on ab-initio 

quantum chemistry methods. In this simulation all material properties such as relaxed 

atomistic structure, electronic structure, phonon structures, mass density, elastic 

modulus and so forth are all computed from the basic physical constants. But the 
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computational cost is extremely high. Among the ab initio methods, DFT is probably the 

computationally cheapest but very inaccurate method. However in many cases DFT 

simulations can give sufficient qualitative and quantitative descriptions. The matrix 

elements and full electronic bandstructures can be used to calculate carrier scattering 

rate thus the mobility through Fermi‟s golden rule or Kubo formalism. For example 

people use this strategy to study the mobility degradation in graphene when some 

carbon atoms are substituted by dopants. The bandstructures can be parameterized by 

simpler basis set such as empirical tight binding and effective mass for efficient 

computations. The pz tight binding prescription of CNT, GNR and graphene is obtained 

from ab initio simulation. The scattering rate/mobility calculation can be calculated in 

simple basis as well. Another source of scattering is lattice vibration, of which the 

harmonic component is called phonon. By deriving the Hessian matrix (second 

derivative of the total energy with regard to displacement) one can obtain the force 

constant matrix. Then the phonon modes and normal modes amplitude can be 

calculated using Newton‟s law. With deformation potential (first derivative of total energy 

to displacement) one can obtain the perturbation potential or matrix element. The optical 

spectrum of a material is a scattering rate calculation in essence in which the quasi-

particles emitted and absorbed during the electron transitions are the quantities of 

interest. 

As a device, the geometrical size along transport direction is finite despite that on 

other directions the size may be treated as infinitely large. This is major difference from 

material property simulation although some materials like small molecules have a finite 

size. But isolated molecules do not have electronic transport properties. The device 
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boundaries are treated in simulation explicitly or implicitly. Equations of motions for 

device simulation basically have three types, classic, semi-classic and quantum 

mechanic. The classic equations of motion are Newton‟s laws without considering 

quantum states, which is rarely used in device simulation. The semiclassic equation of 

motion is the Boltzmann transport equation (BTE), which take the quantum states into 

consideration. Therefore the bandstructure effect is included and bandstructure is 

usually unchanged in simulation. A distribution function of particles at a given position, 

momentum and time, a point in phase space, is solved. The phase space is limited by 

all available quantum/microscopic states. For fermions, the Pauli exclusion principle is 

already included, for example, the use of Fermi distribution function. A particularly 

simple but useful model is the top-of-barrier nano-transistor model which is suitable for 

evaluation of performance limits [26].  What BTE is not included is the wave 

characteristics of particles and thus is unable to solve tunneling and interference 

problems. In conventional devices, the phase relaxation length is usually much smaller 

than device dimensions and thus electrons are treated as classic particles. The drift-

diffusion theory in semiconductor physics can be viewed as derived from BTE with a lot 

assumptions and simplifications. When the device feature size is comparable to the 

phase relaxation length or tunneling is important, quantum equation of motion is 

required. WKB approximation is widely used to solve tunneling problem through 

potential barriers of irregular shapes. Cares must be taken for the phase evolution of 

wave functions near tunneling points. One important drawback is that it assumes a well 

defined E-k relation in device just as BTE does. However this is not true when the 

device lacks of translational symmetry in transport direction, for example, at non-
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equilibrium condition. The non-equilibrium Green‟s function formalism is able to solve 

the barrier tunneling problem and transport through device with translational symmetry 

breaking. But NEGF is not necessary when the transport is coherent since there is well 

defined scattering state across the channel. A numerical solution of Schrodinger 

equation can give the same results. The powerfulness of NEGF formalism lies in the 

ability to treat incoherent transport in which there is phase relaxation and sometimes 

energy relaxation as well. Phenomenological scattering process such as Buttiker probes 

and microscopic scattering process can both treated in NEGF. The elegance of NEGF 

is the ability of focusing on device of interest and incorporating the effects of outer 

sources such as contacts and phonon bath through a quantity called self-energy. The 

size of problem is the same as the device rather than the whole system which is 

practically unsolvable. The major shortage of NEGF compared to drift diffusion model is 

the computational cost. In NEGF the Green‟s function (operator) is the quantity to solve 

which is a matrix. Usually only the tri-diagonal elements of this matrix are needed. 

Despite of the efficient recursive algorithm to solve the matrix elements, which is 

equivalent to Gaussian elimination, the computation cost can still be very expensive 

depending on the size of the principal layers (PL) and size of Hamiltonian basis in use.  

Therefore one needs to carefully examine the problem and then decides whether a full 

quantum transport simulation is necessary or a semiclassic transport simulation will 

suffice. In the device simulations by technology CAD, quantum transport is not largely 

used as additional corrections for inversion charges at surface channel, tunneling 

through SB barriers at contacts, band-to-band tunneling and tunneling into oxide or 

floating gate as in memory applications.  
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The circuit simulation is the simulation of a system or network composed of many 

interconnected devices. To make the computational cost affordable, the model for each 

device must be further simplified from the device simulation, which is called compact 

modeling. The soundness of results and simplicity in arithmetic are more important than 

being rigorous in physics. Therefore a lot of phenomenological parameters are 

introduced such as in BSIM. The soundness of results is checked by comparisons with 

device simulation and experiments. The compact modeling of CNT circuitry has been 

developed despite CNTFET is still in the experimental phase [27]. 
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CHAPTER 2 
MULTILAYER GRAPHENE NANORIBBON AS TRANSISTOR CHANNEL MATERIAL 

Monolayer and Multi-layer Graphene Nanoribbons 

Graphene [2], [3], [28] is a monolayer of carbon atoms packed into a honeycomb 

lattice, which possesses atomically thin body and an area scale orders of magnitude 

greater, making it an ideal two-dimensional (2D) system. A 2D graphene is a semimetal 

without a bandgap, but a bandgap opens if a field-effect transistor (FET) channel is built 

on a nanometer-wide graphene nanoribbon (GNR) due to the width direction 

confinement [29], which leads to subband formation as well [30].The high mobility (up to 

200,000 cm2/Vs for suspended graphene at low temperature and 10,000 cm2/Vs for 

substrate-supported graphene at room temperature  ) and carrier velocity (~108 cm/s) 

demonstrated in 2D graphene have stimulated strong interests on graphene electronics 

[2]. The transport properties of GNRs in experiments have been so far hindered by 

imperfect edges [31], [32], but excellent transport properties have been theoretically 

predicted for structurally perfect GNRs [33]. The GNRFET, however, suffers from the 

problem of a low on-current due to its nanometer-wide channel, and it has been shown 

previously that the ballistic performance limits of a monolayer GNRFET are not better 

than a CNTFET in terms of the on-current and on-off current ratio [34]. 

In this study we assess the performance limits of GNRFETs and CNTFETs using a 

well established ballistic transistor model, which has been applied to various two-

dimensional and one-dimensional channel transistors before [26]. The performance 

limits of a transistor are achieved when the contacts are ideal and the channel is 

ballistic (no scattering). Schottky barriers can play an important role in CNTFETs [35] 

and GNRFETs. The Schottky barrier is known to lower the on-current and increase the 
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off-current due to ambipolar I-V characteristics. These detrimental effects in the 

Schottky barrier CNTFETs, however, can be eliminated by using a metal-oxide-

semiconductor (MOS) FET device structure [36], which has heavily doped source and 

drain extensions as shown in Fig. 2-1a. The performance limits are therefore assessed 

for a ballistic MOSFET structure with semi-infinite source and drain extensions. In this 

condition, the simple semiclassical model agrees with detailed quantum mechanical 

transistor simulations for a channel length down to about 10 nm [26], as long as the 

direct source-drain tunneling current is relatively small compared to the total source-

drain current.  

Multilayer GNR were demonstrated in recent experiments [24], [37]. We show that 

the modeled ballistic performance limits of a multilayer GNRFET can be significantly 

better than its corresponding CNTFET in terms of the on-current and on-off current 

ratio. The advantage becomes even bigger in the presence of optical phonon scattering, 

which is known to be strong in graphene-derived nanostructures. The important role of 

gating technology and interlayer coupling are investigated for achieving the 

performance advantage of multilayer GNRFETs over CNTFETs. We found that weak 

interlayer coupling, which is accessible through incommensurate non-AB stacking, is 

desired for high performance multilayer GNRFET. 

Modeling Method 

The modeled graphene nanoribbon and carbon nanotube have similar bandgaps 

for a fair comparison. The (20, 0) zigzag CNT is semiconducting, which results in a 

diameter of dCNT1.6 nm and a bandgap of Eg0.50 eV. The n=22 armchair edge GNR 

(where n denotes the number of carbon dimmer lines [38]) is also semiconducting, 
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which results in a width of WGNR2.7 nm and a bandgap of Eg0.52 eV for a monolayer 

GNR. Both transistors have doped source and drain extensions, as schematically 

shown in Fig. 2-1a. For the GNRFET, a wrapped-around gate is used as shown in Fig. 

2-1b. For the CNTFET, a coaxial gate is used as shown in Fig. 2-1c. The nominal gate 

insulator is a 3-nm-thick ZrO2, which has a relative dielectric constant of 25. A power 

supply voltage of VDD=0.5 V is used.  

The bandstructures of the CNT and GNR channels are required as an input to the 

transistor model. A nearest-neighbor pz tight binding approach was used. The hopping 

integral is taken as tcc=-2.7 eV. The edge effect plays an important role in the GNR, and 

a factor of 1.12 is used for the hopping parameter between two edge carbon atoms to 

count the edge relaxation effect [39]. For the AB-stacking structure of the multilayer 

graphene as shown in Fig. 2-2, an interlayer coupling of 0.3 eV is set only for vertically 

aligned two atoms in two neighboring layers [40]. The nominal device has an interlayer 

coupling of zero, which is the lower limit of interlayer coupling. Weak interlayer coupling 

could be achieved by incommensurate non-AB-stacking structures, and it is most 

preferable for better device performance as discussed below. The nominal value is also 

varied to examine the effect of interlayer coupling strength on the device performance. 

A “top-of-barrier” transistor model is used to assess the performance limits of the 

multilayer GNRFETs. The model fills the +k states at the top of the barrier with the 

source Fermi level EFS and the –k states with the drain Fermi level EFD as shown in Fig. 

2-3a. Self-consistent electrostatics is treated by a simple capacitance model, in which 

the gate insulator capacitance value is computed by a numerical Poisson solver and 

source- (drain-) channel capacitance is ignored for simplicity. The optical phonon 
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scattering in carbon nanotubes [10] or graphene nanoribbons has a short mean free 

path of ~10 nm, which could play an important role even for transistors with a sub-100 

nm channel length. We also consider the transistor performance in the presence of the 

OP scattering by setting an effective Fermi level at '

FE =EFS-     , which determines the 

population of the -k states in the presence of OP scattering, as shown in Fig. 2-3b. 

     0.18 eV is the optical phonon energy in CNTs and GNRs 

Simulation Results 

Because the transistor performance strongly depends on the bandstructure of the 

channel material, we first examine the bandstructures of the multilayer GNRs. The 

upper left panel of Fig. 2-4a plots the bandstructure of the monolayer n=22 AGNR, 

which has a width of WGNR2.7 nm and a band gap of Eg516 meV. Compared to a 

CNT in which a periodic boundary condition applies in the circumferential direction of 

the CNT and a valley degeneracy factor of 2 exists for each band, the monolayer AGNR 

does not have valley degeneracy due to a different quantization boundary condition in 

the width direction of the GNR. At the limit of zero interlayer coupling, an m-layer GNR 

has the same bandstructure as the monolayer, but each bands becomes a factor of m 

degenerated due to m uncoupled layers. The interlayer coupling lifts the subband 

degeneracy. Figure 2-4a also shows the bandstructure s of 2-, 5- and 10- layer 

multilayer GNRs with an AB stacking structure. As the number of the layer increases, 

the subband spacing reduces, and the upper subbands should become more accessible 

for carrier transport.  Furthermore, as the layer number increases from 1 to 10, the 

bandgap decreases from 516 meV to 197 meV. We also examined the dependence of 

the bandgap on the interlayer coupling strength for the multilayer GNRs as shown in 
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Fig. 2-4b. As the interlayer coupling strength increases from the zero limit to the value 

for the AB stacking structure, the bandgap monotonically decreases regardless of the 

number of the GNR layers. The decrease is more significant for a multilayer GNR with a 

larger number of layers. 

Next, we examine the effect of various gating on transistor performance by varying 

the SiO2 gate oxide thickness oxt  from 0.23 nm to 20 nm, as shown in Fig. 2-5. A 

common off-current of 10 nA is specified for all transistors. The lower limit of the 

simulated SiO2 thickness is an equivalent case of a 3-nm-thick ZrO2 gate for the 

modeled gating structure as shown in Fig. 2-1, which results in the same gate insulator 

capacitance. The on-current increases only slightly by 12% as the number of the layers 

increases from 1 to 10 at tox=20 nm as shown in Fig. 2-5a. The transistor on-current is 

determined by the product of the charge density and the average carrier velocity at the 

top of the channel potential barrier. The relatively small improvement is largely due to a 

small increase in carrier density as the number of layers increases. The gate to channel 

capacitance Cg is a serial combination of insulator capacitance Cins and the quantum 

capacitance Cq, and it is limited by Cins since it is much smaller than Cq. A larger number 

of layers results in a slightly larger Cins and thereby slightly larger Cg due to a thicker 

channel. For thick oxide, the advantage of using a multilayer GNR channel in terms of 

the on-current is insignificant. 

In contrast, the advantage of the multilayer GNR channel in terms of the on-

current becomes more significant as tox decreases, as shown in Fig. 2-5a. Table 2-1 

compares the performance of various channels with a high-  3 nm ZrO2. For a common 

off-current of 10 nA, the monolayer GNR channel has a slightly larger gate insulator 
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capacitance, however a 13% smaller on-current than the CNT channel, because of the 

lack of valley degeneracy in the monolayer GNR. As the number of the layer increases, 

the on-current surpasses that of the CNT. For a 5-layer GNR, the on-current is 97% 

larger than that of the CNT, and for a 10-layer GNR, the on-current is 180% larger than 

that of the CNT. For a similar gating technology, the ballistic on-current of the multilayer 

GNR can be significantly larger than the CNT with a similar bandgap. 

In order to understand the factors that contribute to the increase of the on-current, 

we also computed the gate insulator capacitance and the average carrier velocity as 

shown in Tab. 2-1. The average carrier velocity decreases from 71028.4  cm/s to 

71050.3  cm/s as the number of GNR layers m increases from 1 to 10 because more 

carriers populate closer to the bottom of the m-fold degenerate lowest subbands where 

the band-structure-limited velocity is low. The on-current, however, increases by a factor 

of 3.2 due to the increase of the gate capacitance Cg by a factor of 3.9. It is also 

interesting to notice that the increase of the gate capacitance significantly outpaces the 

increase of the gate insulator capacitance stemming from a thicker GNR body as the 

number of the GNR layer increases, because of the proportional increase of the 

quantum capacitance as a function of the number of the layers. Furthermore, for the 

modeled thin high- gate insulator, the quantum capacitance and the gate insulator 

capacitance becomes comparable, and both of them play a role in determining the gate 

capacitance. 

The improvement of on-current is even more significant in the presence of OP 

scattering. As shown in Tab. 2-2, the on-current increases even more significantly as 

the number of layers increases in the presence of OP scattering. The on-current of the 
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10-layer GNR channel is 260% larger than that of the CNT. In addition, the average 

carrier velocity is also larger, which is different from the case of the ballistic channel as 

shown in Tab. 2-1. For a CNTFET, the OP scattering results in a saturation current 

close to   Ahe OP  28)4( 2   , where the OP energy 180OP meV when only the 

1st subband conducts the current, which is the case for the CNTFET because 

 1EEFS 216 meV is smaller than the spacing between the 1st and the 2nd subbands 

 12 EE 226 meV. The OP scattering results in considerably increased population of 

the –k states, which also lowers the average carrier velocity at the top of the barrier 

from 71061.4  cm/s to 71072.2  cm/s. In contrast, the effect of OP scattering on the 10-

layer GNRFET is small, because the value of 1201  EEFS  meV is smaller than the OP 

energy. In a multilayer GNR, more subbands are responsible for delivering the on-

current, and therefore, the EFS-E1 value is smaller. As a result, the OP scattering only 

has a small effect on the on-current and average carrier velocity of the 10-layer 

GNRFET. Different from the case of the ballistic channel, the average carrier velocity of 

the 10-layer GNRFET is also about 20% larger than that of the CNTFET in the presence 

of OP scattering, which promises faster intrinsic transistor speed. 

Finally, we examine the dependence of the on-current on the interlayer coupling. 

As shown in Fig. 2-6, the largest on-current is achieved at the zero interlayer coupling 

and the on-current decreases as the interlayer coupling increases. The ballistic on-

current monotonically decreases from 51 μA to 36 μA for 2 layers and from 77 μA to 58 

μA for 5 layers as the interlayer coupling increases to the value of AB stacking. The 

reason is that increase of the interlayer coupling increases the spacing between the 

subbands, which makes the higher subbands more difficult to be accessed for delivering 
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the on-current. In addition, the increase of interlayer coupling also decreases the 

bandgap, as shown in Fig. 2-4. As the bandgap decreases, the band-to-band tunneling 

can be turned on, which can significantly increase the off-current. (Modeling the band-

to-band tunneling current is beyond the capability of the semiclassical model used 

here.) Non-AB-stacking multilayer structures have been recently observed in 

experiments for both GNRs unzipped from CNTs [24] and CVD-grown multilayer 

graphene structures. Weakening the interlayer coupling by non-AB-stacking structures, 

such as the randomly stacking structures, should be pursued for boosting the 

performance of the multilayer GNRFETs. 

Discussions  

The performance of the multilayer GNR MOSFETs can also be compared to that of 

the silicon MOSFETs. Such comparison is clouded by the different dimensionality of the 

channel material, and we simply discuss how dense a GNR array channel needs to be 

to meet the performance goal at the end of the ITRS roadmap [41]. The ITRS roadmap 

calls for an on-current of about 2700 μA/μm and an off-current of 0.60 μA/μm at a power 

supply voltage of 0.65 V for the technology nodes near year 2020. To reach the on-

current of 2700 μA/μm, a 10-layer array GNRFET with 26 GNRs per μm is needed for 

the on-current as shown in Tab. 2-2. The array has an off-current of 0.26 μA/μm, which 

is less than a half of the ITRS goal, although the power supply used in the GNRFET 

simulation is only 0.5 V. A recent experimental study characterized the mobility 

degradation of monolayer graphene on a SiO2 substrate [42]. Another experimental 

study showed that the multilayer graphene transistor is more immune to the noise 

compared to the monolayer graphene transistor [43], whose one-atom-thick body is 

susceptible to the charge impurities and oxide traps near the transistor channel. 
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Therefore the multilayer GNRFET is expected to have a better immunity to the adverse 

effects from substrates than the monolayer GNRFET. 

The bandstructure of a multilayer GNR is assumed to be gate-voltage-independent 

in this study. Large electric field and a significant potential drop between the layers, 

however, can alter the bandstructure of a multilayer GNR. For the simulated gate-all-

around structure and the low applied voltage below 0.5V, the electric field between the 

layers and its resulting potential drop between the layers is small (which is less than 30 

meV as computed by a separate self-consistent atomistic simulation as described in 

Ref. [44], [45]). Its effect on the transistor I-V characteristics is negligible for the 

modeled gating structure and power supply voltage. 

In summary, we have shown the important role of developing good gating 

technology and weakening the interlayer coupling for improving the performance of 

multilayer GNRFETs. The thin high- gate insulator is already in production for Intel 

45nm transistor, and its application to GNRFETs remains to be developed. Weakening 

the interlayer coupling could be experimentally achieved in non-AB-stacking multilayer 

graphene. The performance limit of a well-designed multilayer GNRFET can 

significantly outperform its CNT counterpart with a similar gate and bandgap in terms of 

the on-current, at either the ballistic limit or in the presence of OP scattering. 
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Table 2-1. Comparison of the (20, 0) CNTFET to 1-, 5-, and 10-layer n=22 GNRFETs at 
the ballistic performance limits. 

 IOFF (nA) Cins   

(F/m) 
ION (uA) EFS-E1 (eV) ION/IOFF )0(  cm/s 

CNT 10 8.42e-10 39.9 0.233 3900 4.28e7 
1-layer GNR 10 8.98e-10 34.1 0.279 3400 4.61e7 
5-layer GNR 10 1.27e-9 77.3 0.155 7700 3.69e7 

10-layer GNR 10 1.73e-9 109.6 0.120 11000 3.50e7 

The transistor structures are shown in Fig. 2-1. The gate insulator thickness is 3 nm and 
the dielectric constant is 25 (for ZrO2). The off-current (IOFF), gate insulator capacitance 
(Cins), on-current (ION), the spacing between the source Fermi level and the top of the 1st 
subband barrier (EFS-E1), the on-off current ratio (ION/IOFF), and the average carrier 
velocity at the top of the barrier (<v(0)>) are compared. For the modeled 1-layer GNR, 
the spacing between the 1st and 2nd subband is E2- E1= 0.121 eV. For the modeled 
CNT, E2- E1= 0.226 eV. 

 

Table 2-2. The same comparison as Tab.2-1 in the presence of OP scattering 

With OP  Ioff (nA) Cins   (F/m) ION (uA) EFS-EI(eV) ION/IOFF )0(  cm/s 

CNT  10  8.42e-10   29.3  0.216 2900 2.72e7 
1-layer GNR 10  8.98e-10   24.4 0.260 2400 2.69e7 
5-layer GNR 10  1.27e-9    71.0  0.151 7100 3.30e7 
10-layer GNR 10  1.73e-9    105.4  0.118 10500 3.33e7  

 

 

Figure 2-1. The schematic structures of the modeled multilayer GNRFET and the 
CNTFET. (a) The MOSFET has an intrinsic channel and heavily doped 
source and drain extensions. (b) The cross section of the wrapped-around 
gate GNRFET. (c) The cross section of the CNTFET with the coaxial gate. 
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Figure 2-2. The atomistic structure of an AB-stacking multi-layer GNR. (a) Top view of 
GNR. The z direction is defined along the GNR transport direction, x direction 
along the width direction, and y direction along the thickness direction. (b) 
Side view of GNR. „A‟ or „B‟ denotes the atoms in A or B sublattice, 
respectively. And the subscripts denote the layer indices in a multilayer GNR. 
The modeled multilayer GNR has armchair edges. 

 

Figure 2-3. Schematics of the top of the barrier transistor model. (a) Ballistic transport. 
The +k states are filled according to the source Fermi level EFS whereas the –
k states are filled according to the drain Fermi level EFD. (b) Transport In the 
presence of OP scattering. The –k states are filled according to an effective 

Fermi level   
          . 
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Figure 2-4. Electronic structures of multilayer GNRs. (a) The bandstructures of 1-, 2-, 
5- and 10-layer n=22 multi-layer AGNRs with an interlayer coupling of 0.30 
eV. The bandgap is 0.52 eV for 1-layer, 0.30 eV for 2-layer, 0.21 eV for 5-
layer and 0.20 eV for 10-layer. (b) The bandgap as a function of interlayer 
coupling for 2-layer and 5-layer and 10-layer n=22 AGNRs. 

 
Figure 2-5. Effect of the gate insulator thickness on on-current for GNRFETs of zero 

interlayer coupling and CNTFETs. (a) The on-current as a function of the gate 
oxide thickness at the ballistic limit. (b) In presence of OP scattering. The 
multilayer n=22 AGNRs of zero interlayer coupling have a similar bandgap as 
the simulated (20, 0) for a fair comparison. The insulator dielectric constant is 

SiO2 3.9. The smallest value of the oxide thickness, tox0.23 nm is 

equivalent to a 3-nm thick ZrO2 with a dielectric constant of 25, which 
results in the same gate insulator capacitance. 
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Figure 2-6. Effect of interlayer coupling on on-current. The on-current as a function of 
the interlayer coupling is computed for the 5-layer GNRFET (dashed lines) 
and the 2-layer GNRFET (solid lines). A 3-nm-thick ZrO2 gate insulator is 
used. The lines without symbols are computed for ballistic transport and the 
lines with symbols are for transport with OP scattering. 
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CHAPTER 3 
EFFECTS OF EDGE CHEMISTRY DOPING ON GRAPHENE NANORIBBON 

MOBILITY 

Edge Doping of Graphene Nanoribbons 

The strong interest in graphene electronics was driven by its high mobility for 

potential electronics applications [2], [3], [28]. Graphene nanoribbons (GNR) are derived 

by patterning graphene into narrow strips. A significant bandgap can be opened due to 

the quantum confinement along channel width [29], [31]. The chemically active edges 

can be engineered for various functionalities. A recent work has shown that nitrogen 

and oxygen atoms can be used to dope GNR for n-type and p-type transistor channels 

through substitution of the edge atoms [23]. The impact of edge dopants on the 

electronic transport such as carrier mobility, however, is not yet clear. In this work we 

exclusively studied on the edge-doping-limited mobility which is not covered by previous 

studies on GNR mobility [46], [47].  

The chemistry of different dopants is captured by using ab initio density functional 

theory simulations. For n-type doping, the substitution of nitrogen atoms for the edge 

carbon atoms is considered. For p-type doping, the passivation of edge carbon atoms 

by oxygen atoms is considered. The quantum transport equation is solved in non-

equilibrium Green‟s function (NEGF) formalism with Hamiltonians in tight binding (TB) 

bases parameterized from ab-initio Hamiltonian and overlap matrices [48]. The 

dependences of the edge-doping-limited mobility on the dopant species, doping 

concentration, GNR channel width, and carrier density are investigated. For narrow 

GNRs (1-10 nm), the doping-limited mobility is found to be approximately proportional to 

the channel width, and inversely proportional to the edge doping concentration. The 

mobility is a non-monotonic function of 2D carrier density. The study shows that the 
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quasi-1D channel and resonant scattering are important in determining the doping-

limited GNR mobility.  

Ab Initio Simulation and Tight Binding Parameterization 

The specific perturbation caused by one dopant (one nitrogen or one oxygen 

atom) at an edge to the electronic structure and transport properties of a perfect GNR is 

simulated by using the ab-initio transport program SMEAGOL [49], which combines 

density functional theory (DFT) method and NEGF method. The doped channel 

structures which are essentially super-cells have 5 unit cells with one dopant at the 

edge of the middle unit cell as shown in Fig. 3-1. The channel super-cells and a GNR 

unit cell are relaxed separately by usual SIESTA DFT simulations [50]. Due to the short 

range of the dopant perturbation (one can conceptually think of a Gaussian profile), the 

Hamiltonians of the two unit cells at the two ends of a super cell approximately recover 

to that of a perfect GNR unit cell. A double zeta polarized basis set is used. The energy 

cut-off is 200 Ryd. Local density approximation is used. For armchair GNR a spin 

restricted simulation is sufficient. For zigzag GNR whose edge states can cause spin 

polarization [51], a spin unrestricted simulation is needed. The convergence criterion for 

structure relaxation is 0.04 eV/Angs. Based on the relaxed channel and GNR unit cell 

atomic structures, SMEAGOL self-consistently calculates the transmission through the 

channel (with a dopant) connected to two semi-infinite leads using NEGF method. At 

the end of a SMEAGOL simulation, one can obtain the electronic transmission which is 

used for resistance calculation later and the Hamiltonian/overlap matrices of the 

channel and leads in the representation of the pseudo atomic orbital (PAO) basis, i.e. 

DZP basis. In DZP basis set for each hydrogen atom, there are 5 orbitals and for each 

carbon, nitrogen, or oxygen atom, there are 13 orbitals.  
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To calculate the doping-limited mobility, the ensemble averaged resistance of a 

GNR with a given channel length, channel width and doping concentration needs to be 

calculated (more details on the calculation are given later). The large number of 

simulation runs for ensemble averaged quantities and the large GNR channel sizes to 

simulate make the ab initio simulations impractical. Therefore a tight binding 

parameterization is needed to reduce the size of the original Hamiltonian and overlap 

matrices (a large size non-orthogonal TB basis) used in ab-initio simulations. An 

orthogonal pz orbital TB prescription (one orbital per carbon atom, and we call it the 

orthogonal pz TB in this section) has been successfully applied in simulating CNT and 

GNR electronic structures at low energy [5], [39]. For GNR a correction to Hamiltonian 

elements because of edge bond relaxation is necessary to obtain a good agreement 

between the band structures calculated by the orthogonal pz TB and ab-initio 

simulations [39]. After including the dopant, the bandstructure is neither a useful nor a 

meaningful criterion to test whether a TB parameterization is good or not due to the 

translational symmetry breaking in a doped channel (not a periodic super-cell structure). 

Therefore the transmission through a doped channel connected to two semi-infinite 

GNR leads can be used as the criterion of judging TB parameterization in presence of 

the dopants [52]. It has been shown that an on-site perturbation (the perturbation to the 

diagonal elements of a Hamiltonian) can be extracted for the orthogonal pz TB basis in 

the previous study of doping of CNT [52]. We found that this method works well for 

nitrogen edge doping in GNR as shown in Fig. 3-2a. However for oxygen edge doping, 

the orthogonal pz TB with on-site perturbations does not produce transmissions close 

enough to those calculated by SMEAGOL, possibly due to the fact that an oxygen atom 
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passivates an edge carbon atom (substitutes for a hydrogen atom) rather than 

substitutes for an edge carbon atom. Instead we found that the 1st zeta pz orbital of the 

DZP basis set used in DFT simulations is able to produce transmissions reasonably 

close to those by SMEAGOL simulations as shown in Fig. 3-2b. The Hamiltonian and 

overlap matrices in the 1st zeta pz orbital basis are essentially a subset of the original 

ab-initio basis set. Thus this pz basis is non-orthogonal and has coupling between 

atoms beyond first nearest neighbors. We keep the non-orthogonality and limit the 

interaction up to the third nearest neighbors. Perturbations to both on-site elements and 

hopping elements are included.  Despite the complexity in the TB parameterization for 

oxygen doping, the size of the non-orthogonal basis, one orbital per atom (hydrogen 

atoms are not in the Hamiltonian anymore), is the same as the orthogonal pz TB for 

nitrogen doping. One thing to note is that oxygen atoms are included in the 

parameterized TB basis.  

With the TB bases of a drastically reduced size, we can compute the 

transmissions of the channel structures of a size far beyond the capacity of ab-initio 

simulations. However cautions must be taken when the configurations of multiple 

dopants are randomly generated. The TB bases are derived from ab-initio simulations of 

a single dopant. When there are multiple dopants, it is assumed that each dopant 

causes a perturbation as the single dopant in ab-initio simulations and the total 

perturbation is a superimposition of individual perturbations. Therefore the channel 

Hamiltonian can only be reasonably approximated by performing superimposition of 

individual perturbations if the dopants are not too close to each other and a liner 

superimposition of perturbations can hold. In this study any two of the dopants are not 
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allowed at the same edge if they are in one unit cell or in two neighboring unit cells. The 

examples of allowed and prohibited dopant configurations are shown in Fig. 3-3a and 3-

3b. 

After constructing the channel Hamiltonian, the retarded Green‟s function of the 

channel at energy E is calculated as, 

1
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  HIiEEG                                    (3-1)  

where H is the Hamiltonian matrix in orthogonal (non-orthogonal)  pz TB basis for 

nitrogen (oxygen) doped channel, and Σ1 (Σ2) is the self-energy due to the semi-infinite 

dopant-free source (drain) lead. The electronic transmission per spin through the 

channel is calculated as  
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where Γ1,2=-2Im(Σ1,2) is the broadening function of source/drain lead and G+ is the 

advanced Green‟s function. NEGF formalism can rigorously treat the transport through 

the channel with translational symmetry breaking (e.g. by random dopants). Other non-

idealities for transport such as phonon scattering and structural defects are neglected 

since this study focuses on the doping-limited mobility. With the transmission, the 

resistance can be computed as, 
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where G is the conductance and f is the Fermi distribution which is a function of energy, 

Fermi energy µ and temperature T. The factor of 2 counts the spin degeneracy. A 

proper Fermi energy µ is chosen to give a desired 2D carrier density. For a given 
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channel length, width, edge doping concentration, and 2D carrier density, 300 trial 

simulations with randomly generated dopant configurations are performed to obtain the 

ensemble averaged resistance, <R>. Apparently not all of the resistance comes from 

the doped channel. Part of the resistance is the contact resistance, R0, or called ballistic 

resistance because it will exist even if the transport in the channel is ballistic. The 

resistance due to doping, defined as channel resistance, is <Rch>=<R>-R0. Then the 

channel length is changed to another value while other settings, such as the channel 

width, edge doping concentration, and 2D carrier density are fixed. Another 300 trial 

simulations are carried out and another <Rch> can be obtained. Finally with enough 

points collected, a <Rch> vs. Lch curve can be plotted. A linear fitting can be done and 

the slope of the fitting line is the channel resistivity. The (electron) mobility is calculated 

as 
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where n2D is the 2D electron density. The hole mobility is obtained by changing n2D to 

p2D, the 2D hole density.  

The linear scaling of channel resistance with regard to the channel length is not 

guaranteed. The reason is that the transport simulation is phase-coherent since the 

scatters (dopants) in the channel are rigid scatters. If the channel length is much larger 

than the localization length, Lc=ML0, where M is the number of modes in conduction and 

L0 is in the order of the momentum relaxation length, then the resistance scales 

exponentially with the channel length. The transport is thus in the strong localization 

regime.  Therefore the extraction of channel resistivity should be performed in the linear 

regime of the R vs. Lch curve to avoid the onset of strong localization because at room 
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temperature operation, the phase relaxation processes (such as phonon scattering) 

ensure that the transport in the channel is not in the strong localization regime and only 

the linearly-scaled resistance matters to the carrier mobility [53]. The linear 

extrapolation of R-vs.-Lch at zero channel length should give the ballistic resistance. As 

shown in Fig. 3-4, the extrapolated resistance is approximately equal to the ballistic 

resistance of the channel. 

Simulation Results  

  First we show the transmission spectra of the structures in Fig. 3-1 calculated by 

ab-initio simulations and parameterized TB simulations. An energy range from -0.7eV to 

0.7eV with regard to the charge neutral point (the middle of the bandgap) is chosen, 

which is relevant to electronics applications. The transmissions for nitrogen edge doping 

are displayed in Fig. 3-2a and 2b. The almost metallic GNRs in Fig. 3-2a have a small 

bandgap and a width index n=3q+2.  The semiconducting GNRs in Fig. 3-2b have a 

relatively large bandgap and a width index n=3q. The n=3q+1 group is semiconducting 

and is similar to the n=3q+2 group. Generally the dopants cause the transmissions 

degradation at almost all energy levels (the perfect transmissions are step-wise and 

have integer number values per spin). However there is qualitative difference between 

the transmissions of valence subbands and conduction subbands. In both Fig. 3-2a and 

3-2b, oscillations (peaks and dips) appear in the transmissions of the conduction 

subbands whereas the transmissions of the valence subbands monotonically increase 

as |E| increases. As the channel width becomes smaller, the transmission peaks and 

dips occur at larger energies due to the larger energy spacing between subbands. For 

example the first dip of n=9 GNR does not show in the energy range due to its large 

bandgap. Qualitatively the transmissions of the n=3q group and n=3q+2 are similar. 
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Quantitatively the valence-subband transmissions of the n=3q+2 group is less degraded 

than those of the n=3q group.  

For oxygen edge doping, oscillations of transmission similar to nitrogen edge 

doping are observed as well except that the conduction and valence subbands are 

switched. There are oscillations in the transmissions of valence subbands (the 

transmission dip of n=9 does not show in the energy range again) whereas the 

transmissions of conduction subbands monotonically increase as energy increases. The 

transmission oscillations can be qualitatively explained by a simple model. With a single 

parabolic band, a free electron (E>0) will be scattered by a square potential well (U<0) 

and the transmission as a function of E shows oscillations due to resonant scattering. 

For nitrogen edge doping, the ionized dopants (positively charged) induce a potential 

well for electrons and thus oscillations are observed in the transmissions of the 

conduction subbands. For oxygen edge doping, the ionized dopants (negatively 

charged) induce a potential well for holes and oscillations are observed in the 

transmissions of the valence subbands. Despite of the complications from the coupled 

subbands, non-square potential wells, and non-parabolic dispersions the fundamental 

physics is similar to the simple model. The shape of potential wells (profiles of on-site 

perturbations) can be conceptually thought of as a Gaussian distribution centered at a 

dopant but this is a very rough approximation. The magnitude of the potential well 

center is about 4 eV for nitrogen doping and 1eV for oxygen doping. This is possibly 

because an oxygen atom passivates a carbon atom while a nitrogen atom substitutes 

for a carbon atom. The magnitude difference in perturbations is the direct cause of that , 

as we will see later, the hole mobility in oxygen doped channel is consistently larger 
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than the electron mobility in nitrogen doped channel with the same channel width, 

doping concentration and carrier density.  

The electronic structure of GNR is very sensitive to the channel width due to its 

extremely low dimensionality of quasi-1D channel. Therefore the mobility is expected to 

have a strong dependence on channel width. The channel width dependence of doping 

limited mobility is studied with a 2D carrier density of 1×1013 m-2 and an edge doping 

concentration of 2%. The edge doping concentration is defined as the ratio of the 

number of dopants to the number of edge carbon atoms. In Fig. 3-5a and 3-5b the 

mobility-vs.-channel-width curves are plotted for nitrogen doping and oxygen doping 

respectively. For each dopant specie, 2 curves for the n=3q and n=3q+2 groups are 

presented. The general trend is very understandable that as the channel width 

increases, the doping limited mobility increases. This is because as the channel width 

increases, the overlap between the carrier wave function and dopants decreases and 

the propagation of carriers is less perturbed.  

There is a roughly linear dependence of mobility on the channel width in the range 

of 4-10 nm. Below 4 nm, non-monotonic behaviors are observed which can be 

explained by the position of the Fermi energy with regard to the transmission dips and 

peaks caused by resonant scattering. With a fixed 2D carrier density of 1×1013 cm-2, the 

Fermi energy is about 0.3 eV above (below) the charge neutral point for electron (hole) 

conduction regardless of the channel width. Let us first check the curve for the n=3q+2 

group for nitrogen doping. The Fermi energy µ~0.3 eV is near the first transmission 

peak of the small channel width (e.g., n=8). As the channel width increases, the position 

of first transmission dip is shifted toward µ. The transmission at µ decreases and 



 

48 

reaches the minimum value when µ is right aligned with the dip. As the channel width 

further increases, the first dip moves away from µ while the second transmission peak 

moves toward µ which causes the transmission at µ to increase. Thus a non-monotonic 

behavior of the mobility is observed due to the non-monotonic behavior of the 

conductance related to the transmission through Eq. 3-4. Although we are using the 

transmission by a single dopant (Fig. 3-2) to explain the non-monotonic behavior, the 

transmissions by multiple randomly generated dopants are qualitatively similar to that of 

a single dopant in terms of the positions of resonant peaks and dips. One may expect at 

large channel width, non-monotonic behavior in the mobility-vs.-channel width curves 

can still exist since there are a series of transmission peaks and dips in the conduction 

subbands and µ will keep sweep through them as the channel width increases. 

However except that the dip in the lowest subband can reduce the transmission to zero, 

the dips in higher subbands are much shallower and narrower which can be understood 

from the solution to the simple potential well problem. From Eq. 4-4 the thermal 

broadening (T=300 K) prevents the conductance and thus mobility to oscillate with the 

transmission peaks and dips of higher subbands. Using the same arguments, the non-

monotonic behavior of the curve of the n=3q group with oxygen doping can be 

explained. The n=3q+2 group of oxygen edge doping does not have the non-monotonic 

behavior because the transmission peak in the lowest valence subband is very low and 

narrow. When the transmission peak moves toward and then away from µ as the 

channel width decreases, the thermal broadening again makes the conductance 

insensitive to the small peak. Thus the mobility is a smooth and monotonic function of 
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the channel width rather than oscillating as the transmissions. At low temperature, the 

non-monotonic behavior is expected to be stronger. 

Next we investigate the dependence of the doping-limited mobility on the doping 

concentration (the ratio of the number of dopants to the number of edge carbon atoms) 

at a fixed 2D carrier density of 1×1013 cm-2. As the doping concentration increases, the 

density of dopants increases and the carriers get more frequently backscattered so the 

mobility decreases as shown by the solid lines in Fig. 3-6a and 3-6b for nitrogen and 

oxygen doping respectively. The dashed lines are fitting lines proportional to 1/NA,D 

where NA /ND is the acceptor/donor concentration. The 1/NA,D is the dependence of the 

doping limited mobility on the doping concentration in silicon [17]. The doping-limited 

mobility in GNRs basically follows a similar dependence for both the narrow (n=15, 

W=1.7 nm) and relatively wide (n=66, 8.1 nm) GNRs. The narrow ribbon (n=15) with 

nitrogen doping has extremely low mobility (~10 cm2/Vs at 1% doping concentration) as 

the doping concentration is larger than 1% whereas the mobility of oxygen doping is 

larger by one order of magnitude (~500 cm2/Vs at 1% doping concentration) for the 

same channel width and doping concentration, which is the result of the larger 

perturbation induced by nitrogen atoms than the oxygen atoms. In Fig. 3-6b for oxygen 

doping, the curve of n=15 GNR is very close to that of n=30 GNR in log scales. This is 

because the 2D hole density in use results a Fermi energy aligned to the first 

transmission dip of n=30 whereas the transmission dip of n=15 is away from the Fermi 

energy. It is the same reason that the mobility of n=30 (W=3.6 nm) GNR is the dip of the 

curve for the n=3q group in Fig. 3-5b. Typically with the same doping specie, the 
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mobility-vs.-concentration curve for a larger channel width is on top of the curve for a 

smaller cannel width as shown in Fig. 3-6a.  

In the study of the channel width dependence of doping limited mobility, it has 

been shown that the position of the Fermi energy with regard to the transmission dips 

and peaks are very important. The Fermi energy can be shifted by modulating the 

carrier density in the channel. The doping limited mobility as a function of 2D carrier 

density is plotted for several channel widths for nitrogen and oxygen doping in Fig. 3-7a 

and b respectively. The 2D carrier density is varied from 1×1012 to 2×1013cm-2 and the 

upper limit of the magnitude of the Fermi energy is |µ|~0.5 eV regardless of channel 

widths. For a small channel width, n=15 of oxygen doping for example, the mobility 

increases as the carrier density increases. This is because the transmission dip in the 

lowest subband occurs far below E=-0.5 eV shown in Fig. 3-3b. As the Fermi energy 

moves downward (more negative) from a little above the valence subband edge into 

first subband (shown in Fig. 3-8a by the vertical lines), the transmission and thus 

conductance increases. More importantly, the increase of the conductance is faster than 

the increase of 2D carrier density and according to Eq. 4-5 the mobility increases. As 

the channel width increases, the transmission dips move to energies larger than -0.5eV 

as shown in Fig. 3-8b. As the hole density increases, the Fermi energy passes the 

transmission dip which can cause the mobility to decrease since the carrier density 

increases whereas the conductance decreases. However a transmission dip does not 

necessarily reduce the mobility if it is very shallow and sharp. Another mechanism that 

can cause the doping limited mobility to decrease as the Fermi energy (carrier density) 

increases is the flat transmission. Because with a relatively flat transmission (the 
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transmission around EF2 in Fig. 3-8b), the conductance does not increase or increases 

too slow to keep mobility increasing as the Fermi energy moves down and carrier 

density increases. Therefore the mobility-vs.-carrier density curves show non-monotonic 

behavior for large channel widths.   

Conclusions 

We have presented a simulation study of the edge-doping-limited mobility.  The 

edge chemistry of different dopant species is captured by ab-initio DFT simulations. A 

parameterized TB basis is obtained by calibrating transmissions calculated with the TB 

basis set to those calculated with large-size PAO basis set used in DFT simulations. 

The small size of parameterized TB basis (one orbital per atom) enables the 

construction of GNR channels of sizes beyond the ab-inito simulation capacity.  

The nitrogen doping induces oscillations in the conduction subband transmissions 

whereas the oxygen doping induces oscillations in the valence subband transmissions. 

The oscillations are due to resonant scattering and can be explained by a simple 

potential well model. The resonant scattering plays an important role in the dependence 

of doping-limited mobility on the channel width, edge doping concentration, and 2D 

carrier density. The doping-limited mobility approximately scales as W-WC for W>WC, 

where WC=4nm. For W<4 nm, the mobility is small and is not a monotonic function of 

the channel width. The doping concentration dependence is similar to silicon, i.e., 

roughly proportional to 1/NA,D. For small channel widths, the mobility increases as 2D 

carrier density increases whereas the mobility shows non-monotonic behavior for large 

channel widths.  
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Figure 3-1. Atomic structures of n=15 AGNR super-cells with a single dopant. (a) 

Nitrogen edge doping by substitution for an edge carbon atom. (b) Oxygen 
edge doping by substitution for a hydrogen atom. There are five unit cells in a 
super-cell. 

 

Figure 3-2. Transmission as a function of energy. Results are computed by ab initio 
transport simulations (solid lines) and the parameterized TB bases (dashed 
lines) for doped GNR segments shown in Fig. 3-1 of different channel widths. 
Nitrogen doping for (a) n=3q+2 group and (b) n=3q group. Oxygen doping for 
(c) n=3q+2 group and (d) n=3q group.  
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Figure 3-3. Configurations of multiple nitrogen dopants. (a) Prohibited configurations 
because there are dopants too close to each other. (b) Allowed 
configurations. The GNR axis is rotated by 90 degree from Fig. 3-1.  

 

Figure 3-4. Resistance as a function of the channel length for n=66 nitrogen doped 
GNR with a doping concentration of 2%.  The dashed curve is the linear fitting 
of the data points marked by blue circles. The red square shows the ballistic 
resistance and agrees well with the extrapolated resistance from the linear 
fitting at zero channel length.  
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Figure 3-5. Edge-doping-limited mobility as a function of the GNR width. (a) n-type 

edge doping and for (b) p-type edge doping at a 2D carrier density of 1×

1013cm-2 and a doping concentration of 2%.   

 

 

Figure 3-6. Edge-doping-limited mobility as a function of the doping concentration (a) 
nitrogen edge doping and (b) oxygen edge doping with a 2D carrier density of 

1×1013cm-2. The doping concentration is defined as the ratio of the number of 

dopants to the number of edge carbon atoms. 
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Figure 3-7. Edge-doping-limited mobility as a function of the carrier density. (a) 
Nitrogen edge doping and (b) oxygen edge doping at a doping concentration 
of 2%. The triangular and square symbols are marked at the carrier density of 
1×1012, 1×1013, and 2×1013 cm-2 which correspond to the Fermi energies 
labeled as EF1, EF2, and EF3 in Fig. 3-8 respectively.  

 

 

Figure 3-8. Electronic transmissions of (a) n=15 and (b) n=66 GNRs for oxygen edge 
doping. The red dashed curves are the step-wise perfect transmissions. The 

vertical lines labeled as    ,    , and     indicate the Fermi energies for the  
carrier density 1×1012, 1×1013, and 2×1013cm-2  respectively. 

 



 

56 

CHAPTER 4 
SIMULATION OF GRAPHENE NANORIBBON TRANSISTORS WITH CARRIER 

SCATTERING  

Scattering Mechanisms in Graphene Nanoribbons 

The high mobility of graphene, which is a monolayer of carbon atoms packed into a 

two-dimensional (2D) honeycomb lattice, has stimulated strong interest not only in 

fundamental physics but also in potential technological applications due to its high 

carrier mobility [1-3]. A monolayer graphene sheet is a semimetal which does not have 

a bandgap. The graphene field effect transistors (FET) suffer a small on-off current (or 

conductance) ratio at room temperature. By patterning graphene into narrow strips, i.e., 

graphene nanoribbons (GNR), a bandgap, however, can be opened by quantum 

confinement in the width direction of a GNR [4-7]. With a channel width less than 5nm, 

GNRFETs are able to provide an on-off current ratio of ~104 [31]. However with such a 

small channel width, the device perforce is very sensitive to structural defects and 

impurities. The on-current and carrier mobility are thus degraded. The characterized 

field effect mobility is less than 300 cm2/Vs. A recent work has demonstrated high 

quality GNRs derived from unzipping carbon nanotubes (CNT) [54]. The GNR width is 

around 14 to 17 nm which is about 4 times wider than previously reported ultra-narrow 

GNRs [31]. The bandgap for channel widths of this order is less than 100 meV. But 

even the moderately improved on-off current ratio by the small bandgap can 

significantly reduce the off-state power consumption because graphene FETs are very 

leaky at off-state. More importantly with such a small channel width of ~14 nm, the GNR 

FET maintains a strikingly high field effect mobility of 1200 cm2/Vs with a channel length 

less than 90 nm at room temperature. This GNR mobility is much higher than those of 

previously reported GNRs with similar widths and the deep sub-micron Si MOSFETs of 
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which the typical mobility value is around 100 cm2/Vs [22], [29]. Therefore the high 

carrier mobility and improved on-off current ratio make the demonstrated high quality 

GNRFETs with channels derived from unzipping CNTs very promising for high speed 

applications. Understanding the transport characteristics including the role of metal 

contacts and the scattering mechanism is vital to optimize device design and 

performance.  

In Chapter 4 we model the experiment devices by solving the quantum transport 

equation. Unlike in Chapter 2 where ballistic performance is evaluated and scattering is 

treated in the semi-classic transport equation, scattering is included in quantum 

transport simulations to explain the observed conductance (Gd vs. Vg) characteristics. 

The major findings from simulating experiment devices are briefed as follows. More 

details on the underlying physics and simulation method will be given in the following 

subsections.  

We found the metal contacts play an important role in the transport characteristics. 

They shift the Dirac point in the GNR leads (i.e., GNR sections right underneath metal 

source/drain contacts) and cause the non-symmetrical conductance vs. gate voltage 

characteristics (with regard to Dirac voltage) [55]. The shift of the Dirac point is 

accompanied with a charge transfer from the metal contacts to GNR leads, which 

results doping of GNR leads. The doped GNR leads limit the number of subbands 

contributing to transport at on-state. By solving a 2D Poisson equation (details are given 

later), we found there are 4 to 5 subbands (spin degenerate) contributing to conduction 

at on-state which agrees well to the number of conductance steps in low temperature 

(~50K) Gd-Vg curves. The ballisticity (the ratio of measured on-state conductance to the 
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ballistic limit~M×2 e2/h, where M is the number of conducting subbands) of the 

GNRFETs is about 0.5. Due to the low density of states (DOS) around Dirac point, the 

Schottky barrier (SB) height is variable as the gate voltage changes. Including the 

change of SB height in simulations is necessary to obtain quantitative and qualitative 

agreement between simulations and experiments on the non-symmetrical Gd-Vg 

characteristics.  

Carrier scattering due to structural defects and charge impurities is treated, which 

causes ripples to the Gd-Vg curves as observed experimentally.  The magnitude of 

current degradation (i.e. rate of backscattering) is not the same for the two scattering 

mechanisms. The charge impurity scattering only slightly decreases the current with a 

typical impurity density of ~1012 cm-2 in graphene. The scattering due to structural 

defects such as edge roughness and vacancy can reduce the current to 50% of the 

ballistic limit when the defect sites are about 4% of total atoms in the channel. Phonon 

scattering is found not important in these short-channel GNR devices because theory-

predicted phonon scattering mfp is comparable or larger than the channel length and 

the measured on-state conductance does not decrease as temperature lowers.  

The off-state conductance strongly depends on temperature.  However the 

dependence is not similar to the case of a Si Schottky diode which has a much larger 

bandgap. Therefore the bandgap of GNRFETs cannot be extracted by the way of 

extracting SB heights of Schottky diodes. The simulations capture the qualitative 

features of the measured off-state conductance as a function of temperature. By best 

fitting to experiments, we are able to extract the bandgaps from simulations. The 
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extracted bandgaps are very close to the values given by a widely used pz orbital tight 

binding schemes.  

At low cryogenic temperature (T<5 K), the GNRFET comes into the regime of 

Coulomb blockade or single electron charging near the off-state, where NEGF ( a mean 

field theory) is no longer applicable [56]. To simulate GNRFETs in this regime, a master 

equation based on the multi-electron picture is solved. The simulated diamond patters in 

2D conductance (conductance as a function of gate and drain biases) agrees well with 

experiment. By mapping measured conductance patterns to simulated results, one can 

identify the origin of the excited states, i.e., which two single particle levels contribute to 

an excited state line in 2D conductance plot. The excited states can be fitted by the 

single particle levels derived from the electronic structure based on the tight binding 

calculation with quantized transport wave vectors (a particle-in-box problem). At high 

gate biases where the devices are not in Coulomb blockade regime, Fabry-Perot 

oscillations of conductance is observed in experiment. The transport is simulated by 

using the transmission matrix method [57]. The simulation shows the irregular patterns 

in 2D conductance plot emanating from multi-subband transport and scattering sites. By 

fitting to experiment, we identify that there are 2 scatters respectively located at 1/3L 

and 2/3L along the channel where L is the channel length. 

  The next 4 sections are organized as follows. Section 2 presents the self-

consistent NEGF simulation method and results, which cover the conductance over 

entire gate voltage range and temperature above 100K. Section 3 shows the Fabry-

Perot simulation results based on transmission matrix method at high gate biases and 

cryogenic temperature (T<5K). Section 4 gives the transport simulations at low gate 
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biases and cryogenic temperature where the devices are operated in Coulomb 

blockade. 

Transport Simulations Based on NEGF 

The experimental device structure is schematically shown in Fig. 4-1. The channel 

material is primarily identified as monolayer graphene by experiment means but 

possibility of bilayer is not totally excluded. We did simulations for bilayer channels and 

the fitting to experiment is much worse than the fitting by simulations based on 

monolayer channels. Theory has predicted that the two layers of bilayer graphene can 

be quite insulating to each other if there is a rotation between two layers [58]. Hence it‟s 

possible that even the experimental channel is bilayer graphene, the lower layer 

graphene is acting like an insulator and the channel is essentially monolayer. Therefore 

throughout Chapter 4 all simulations are performed for monolayer channels. There are 

two representative experiment devices. The channel sizes (length by width) are 86×14 

nm2 and 140×17 nm2. The back gate has a SiO2 thickness of 300 nm. The height of 

source/drain metal contacts is 20 nm. The simulation domain which is decided by the 

Poisson solver is 400 nm wide and L+100 nm long (that is a contact length of 50 nm on 

each side, source and drain) is included. 

The quantum transport equation is solved in the non-equilibrium Green‟s function 

formalism. The retarded Green‟s function of the contact structure at energy E is 

calculated as [12], 

1
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  UHIiEEG                                    (4-1)  

where H is the total Hamiltonian matrix of the contact structure, Σ1 (Σ2) is the self-

energy of the semi-infinite GNR lead at source (drain) with a broadening of 10 meV, I is 
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the identity matrix and U is the self-consistent potential solved from a Poisson solver. 

The electronic transmission per spin through the channel is calculated as  

)]()()()(Tr[Γ)( 21 EGEEGEETe

                                      (4-2) 

where )()( 2,12,12,1

 iE  is the broadening function of the leads and G+ is the 

advanced Green‟s function. The conductance G is computed through the Landau 

formula,  
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where f is the Fermi distribution which is a function of energy E, Fermi energy EF 

and temperature T. The factor of 2 counts the spin degeneracy. The transmission and 

conductance of the end-contacts are calculated in a similar way. Above equations are 

quite generic and work for any basis sets.  

The channel Hamiltonian can be modeled by two methods. One is to use the 

nearest pZ orbital tight binding basis set as Chapter 2 and 3. For the channel size of 

experiment devices, the number of atoms can be larger than 50,000. By partitioning the 

channel into many principal layers (PL) the Hamiltonian is organized into a tri-diagonal 

block form, which means one PL is coupled to only one neighboring PL on its right and 

one on its left. Inverting of a matrix in this form as in Eq. 4-1 can be efficiently done by 

applying the recursive Green‟s algorithm [49]. In real space each PL of minimum size P 

is about 60 by 60 (60 orbitals) for a width of 14 nm. In order to reduce the computational 

load, a mode space approach can be used.  Then Equation 4-2 is modified to  
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where k is the subband index and the size of PL for each mode is just 1. The number of 

subbands, M, allowed in the GNR parts underneath contacts is 4~5. Hence only the 

lowest M 1D-subbands are needed in transport simulation if the mode space approach 

is applicable. However the condition to apply mode space approach is that the potential 

in width direction does not change or only varies a little [44]. This is basically satisfied 

for perfect AGNRs free of charge impurities. If charge impurities are present, there will 

be potential ripples corresponding to induced hole or electron puddles. At a given 

position along channel, potential variation can as large as 1 eV for impurities very close 

(~1 nm) to channel surfaces (computation details will be given later).   The potential 

variation in width direction mixes transverse modes. To overcome this problem, we can 

solve the transport equation with coupled modes instead of solving 5 uncoupled modes 

[59]. The transport equation is modified to, 
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Where the subscript s means the quantity is a subspace of matrices in mode space 

representation. The potential matrix is now in the form of block-diagonal. A block is of 

size of M×M and is computed as 

isiiisiis UU ,,,            (4-6) 

Where Uii is the potential matrix block of size P×P at ith PL in real space, and is,

is the subset of transformation matrix of size P×M at ith PL. If there is no potential 

variation in width direction, Uii is a diagonal matrix with constant elements and after 

transformation the result is still diagonal. The computational load is much smaller than 

solving in real space but it is larger than uncoupled mode space. Strictly speaking there 

are more than M modes that are coupled to each other. For relatively slow potential 
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variation as induced by charge impurity, the coupling between the lowest M modes and 

other (P-M) modes are very small. This is analogous to the Fourier transformation of 

slow varying signals. 

There are two ways to model the Hamiltonian with structural defects. One way is 

to remove the matrix elements corresponding to the defect sites. The other way is to 

add a very large potential (several hundred eV) at the defect sites. Apparently the 

coupled mode space approach is not applicable to the first one since there are no 

consistently defined transverse modes at PLs of different sizes due to removal of atoms. 

The latter one can work with coupled modes approach in principle because the size of 

Hamiltonian is the same as the perfect channel. However the number of modes needed 

is so large (M~P) that the coupled mode space does not provide much computational 

savings. Thus simulations with structural defects are performed in the real space 

presentation.  

The charge density is calculated semi-classically by using the equilibrium DOS of 

GNR as, 
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Where n(r) is the charge density at position r, D0(E) is the equilibrium 2D DOS of 

GNR channel, EN(r) is the charge neutral energy, i.e. the Dirac point, at position r, and f 

is the Fermi distribution with a position-independent Fermi level because we are 

interested in the equilibrium or near equilibrium conductance. 

The quantum transport equation is self-consistently solved with a three-

dimensional (3D) Poisson equation for treating self-consistent potential on the channel. 
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The technique of method of moments (MoM) is used to solve the 3D Poisson equation 

[12]. The integral equation of MoM writes as, 

)'()',(')( 3 rnrrGrdr D


           (4-8)  

where )(r


  is the potential at r, n3D(r’) is the 3D charge density at r’, and G(r, r’) is the 

Green‟s function for the Laplace operator. The physical meaning of the Green‟s function 

is the potential at point r produced by a point charge )'( rr   at r’. Following Ref. [12], 

the channel and surfaces of the electrodes, where charge can reside, are divided into 

2D grids (the GNR channel is treated as a rectangular sheet of zero thickness). The 

Green‟s function for grid nodes is obtained analytically by applying the Coulomb law and 

method of image charge. The integral equation is therefore discretized into a set of 

linear equations suitable for numerical implementation, 
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where r and r‟ are geometrical centers of grids, D  and B  are the potentials on the 

grids of channel and boundaries, i.e. the surfaces of the metal source, drain, and gate 

respectively, nD (nB) is the charge (not charge density) at the grids of the device 

(boundaries), and A, B, C, and D are sub matrices of the Green‟s function in matrix 

version. The potentials on the source, drain, and gate, B , are the known quantities 

which are decided by applied source-drain and source-gate biases. Thus nB can be 

eliminated by replacing it with B . After some algebra, the channel potential can be 

related to the charge density on the channel and the potential boundary conditions 

through 

BDD BDnCBDA   11 )(        (4-10) 
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The charge impurities can be included straightforwardly into the MoM solver by 

treading them similar to the grids of the channel (i.e., charge on the grids is known but 

not the potential). The difference is that the charge on these grids does not depend on 

the potential of the grids.   

 The above is good for solving the potential on the channel but not accurate for 

the potential on the GNR leads which are under the metal contacts as shown in Fig. 4-2, 

despite that the GNR leads only enter the transport equation through the self-energies. 

The potential at the two ends of the channel from MoM is not the potential on the leads. 

The grids at two ends are not right under the contacts. In addition the potential of a grid 

on the channel is the average potential over an area of a grid (2×2 nm2) whereas the 

distance between a GNR lead and the metal contact above is only 0.34 Angs. Thus the 

potential at two ends is not a good approximation to the potential on the leads. The 

potential on the leads determines the non-symmetrical conductance characteristics and 

maximum conductance. An accurate evaluation is needed. In principle one can 

discretize the contact surfaces and GNR into grids as small as ~0.3×0.3 Angs2 to obtain 

accurate result but this will impose enormous computational load to the 3D MoM 

Poisson solver. Instead we consider a 2D Poisson problem as shown in Fig. 4-3. It is 

essentially a MOS structure with the metal contact served as a top gate with tox=0.34 

Angs and   =1. The applied voltage between the GNR lead and metal contact is the 

work function difference. Again equilibrium DOS of GNR is used to determine the self-

consistent potential on the leads. Ideally the change of potential on the GNR lead 

should be negligible (a fixed SB height) as the gate voltage varies since the back gate is 

far away (tox=300 nm). However the numerical result in Fig. 4-4 indicates that the 
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potential can change about 100 meV as the gate voltage is swept from -40V to 40V. 

The reason is that the bottom dioxide has a dielectric constant of 3.9 and the fringe field 

causes the capacitance several times larger than the simple estimation     /tox. 

Considering the maximum potential is about 280 meV, 100 meV is not very small. It 

affects the shape of the non-symmetrical conductance curve which will be shown later.  

This 2D treatment assumes the third dimensionality (GNR axis) is homogeneous. 

This is not true for the part of leads near the contact edges. But at the position about 

3tox (~1nm) from the edge this 2D treatment becomes a reasonable approximation.  The 

transition region (~1nm) is much shorter than GNR leads. Therefore the self-energies 

are computed using the potential solved from the 2D Poisson equation. 

The work function difference is set to 460 meV as derived from the work functions 

of graphite and palladium. First we check experiment data at T=290K and compare 

them to simulations for the device of a channel length of 86 nm and a width of 14 nm 

(called as device 1 hereafter) in Fig. 4-5. The gate-channel capacitance computed by 

MoM is 0.41aF. The peak field effect mobility gg dVdGCL //2  is 1600 cm2/Vs. This 

value includes the quantum resistance due to the finite number of modes. To exclude 

the effects of ballistic resistance, G is changed to G‟=MG0/(MG0-G), where G0=2q2/h is 

the conductance quanta and M is number of transport modes. This expression is 

physical as 'G  when G=MG0 implying the channel is a perfect conductor. In Fig. 4-

5 the ballistic conductance is about 2 times larger than the experiment value. So the 

channel mobility is about 3000 cm2/Vs. To fit the experiment curve, the ballistic 

conductance is multiplied by a gate voltage-independent factor α (α<1, ~0.5 for device 

1) to count scattering inside the channel. The fitting agrees well to experiment despite 
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that the approach is simply phenomenological. The non-symmetrical curve is caused by 

the polarity of carriers at different gate biases. At positive biases, electrons are induced 

in the channel whereas the carriers in the GNR leads are holes. Thus the band-to-band 

(BTB) tunneling causes extra resistance and the n-branch conductance is smaller than 

that of p-branch where no BTB occurs [55]. Conductance characteristics of similar 

qualitative features are also obtained for the device with L=140nm and W=17nm (called 

as device 2 hereafter) as shown in Fig. 4-6. Good fitting is obtained by scaling the 

ballistic conductance with α=0.5 and a parasitic resistance of 3 kΩ. Compared to the 

conductance curves with fixed lead potential, the variable potential on the GNR leads 

has little effect on the conductance curve of device 1 whereas it enhances the curve‟s 

non-symmetry for device 2 as shown in Fig. 4-7. The reason is that at very negative 

gate voltages, the potential on the leads is increased. Hence the number of allowed 

transport modes inside the GNR leads increases. If the channel is the transport 

bottleneck, more conducting modes in the leads will not help boost the conductance as 

for device 1 because the potential in the channel is hard to increase due to the small Cg 

per length (small channel width). On the other hand the GNR leads are the transport 

bottleneck for device 2 which has a larger Cg per length and thus is more conducting 

modes at on-state. The slight increase (decrease) of lead potential at very positive 

(negative) biases increases (reduces) conductance.  

Next we show the comparison of the experiment data and simulations for device 

one at T=50K in Fig. 4-8. The scaled ballistic conductance by a factor of 0.5 basically 

agrees with the experiment curve, especially in terms of the number of conductance 

steps in p-branch but it missies some features. The scaled ballistic conductance is 
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smoother than the experiment curve, does not have small dips in p-branch (i.e. 

conductance never decrease as |Vg| increases). This means the method to treat 

scattering by phenomenological scaling is no longer a good approximation at low 

temperature. Instead we need to treat the scattering realistically to better fit experiment. 

The maximum value of on-state conductance does not increase as temperature drops, 

which is indicative of negligible phonon scattering. Then a possible cause is charge 

impurities which are also important in graphene. The conductance curve with a 

particular configuration of charge impurities has dips in p-branch, which better fits the 

experiment data than the simple scaling as shown by Fig. 4-9.  In this particular impurity 

configuration (Fig. 4-10), there are 5 impurities with a charge of 1q each, located in a 

plane 1nm above the channel. The corresponding 2D impurity density is about 

4×1011/cm2, which is similar to the impurity density found in graphene. However we find 

that the conductance degradation due to charge impurity scattering is very small (about 

10%). A scaling factor is still needed to fit experiment for the curves in Fig. 4-9.  

Next we investigate the effects of structural defects. This is done by adding a very 

large potential at defect sites. The dominant structural defects are edge roughness for 

narrow GNRs. In Fig. 4-11, we show the simulated conductance curves with different 

percentages of edge roughness (the ratio of defect sites to the number of edge carbon 

atoms in the perfect structure). Edge roughness scattering introduces strong oscillations 

(dips and peaks) in conductance. With edge roughness of 4% the ballistic conductance 

is reduced by about 50%, close to the experiment. Thus we conclude edge roughness is 

the dominant cause for the conductance degradation. Just as charge impurity 

scattering, a particular defect configuration for edge roughness is need to fit the 
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experiment data more closely. The effects of charge impurities and edge roughness 

cannot be deconvoluted by simulations. At high temperature the detail of defect 

configurations is not important because large energy range for transport and strong 

phase relaxation will smooth conductance curves and only the ensemble average 

values are meaningful. This is possibly the reason that the simple scaling of ballistic 

conductance works so well at high temperature.  

In conclusion of this section, the electrostatics simulation of GNR under metal 

contacts indicates the SB height is variable as gate voltage changes. Transport 

simulations including this mechanism can better fit the experiment data. The simulation 

also tells that the finite doping of GNR leads under metal contacts can be the transport 

bottleneck. Thus increasing the doping of GNR lead is as important as improving the 

gate efficiency. Transport simulations width carrier scattering show that improving edge 

quality can significantly boost the device performance.  

Extraction of Bandgaps 

It has been suggested that the energy gap appeared in narrow GNRs is actually 

not a pure bandgap. It is a transport [60]. There are still localized gap states in the gap 

region which does not deliver current. Transport gaps with localized gap states are not 

desired because they decrease carrier mobility. For these high quality GNRs which 

operate at the 50% of the ballistic limit, the transport gap is expected to be caused 

largely by the bandgap from width confinement rather than by scattering due to gap 

states.  The bandgap can be characterized by conductance measurement as a function 

of gate and drain biases at cryogenic temperature as illustrated in Fig. 4-12a [61]. The 

idea is briefed as follows. With a proper gate voltage, the source and drain Fermi levels 

can respectively align to the conductance and valence band edges simultaneously with 
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a source-drain bias equal to the bandgap. At this particular gate voltage, conductance is 

very small when the drain bias is less than the bandgap and becomes much larger 

when the drain bias is larger than the bandgap. Therefore the largest |Vd| value of an 

area (usually of a diamond shape) of very small conductance in the 2D differential 

conductance plot (Fig. 4-12b) gives the transport gap. However this method only works 

exactly for flat bands. The value yielded by this method may not be accurate due to 

band bending as explained in Fig. 4-13. With downward bending (Fig. 4-13) the change 

of conductance is gradual as the drain Fermi level moves around the valence band 

edge at the middle of channel due to the continuous change of tunneling distance dt. In 

contrast, with flat bands the tunneling distance for carrier decreases from the whole 

channel length to zero as the drain Fermi level moves across the valence band edge, 

which results in a abrupt change of conductance.  Similarly a gradual change of 

conductance occurs as the source Fermi level moves around the conductance band 

edge due to BTB. The gradual change of conductance introduces large uncertainty in 

identifying maximum |Vd| and hence the bandgap. For the reasons stated above, the 

relation )2/exp()( TkETI Bgoff   where Ioff is the off-state current and kB is the 

Boltzmann constant, cannot be used to extract the transport gap either because it only 

works for flat bands and mid-gap SB.  

First we inspect the experiment curve of ln(Gd,off) vs. 1/T for device 1 in Fig. 4-14. 

Before using NEGF transport simulations which rigorously treat both thermionic and 

tunneling currents, to extract bandgaps. Apparently the curve is not linear, indicating 

that the Gd,off is not a simple exponential function of Eg/kBT. The slope of the curve 

increases as temperature increases. The slope is related to certain energy barrier 
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height, which is similar to the relation between the reverse saturation current and SB 

height in diodes.  The relevant energy barrier here is the thermal barrier as shown in 

Fig. 4-15a, which is defined as the spacing between the Fermi level and the lowest 

valence band edge for p-type doped leads. In Fig. 4-15b the thermal barrier height is 

plotted as a function of SB height for holes at off-state (minimum conductance) for 

different temperatures. The thermal barrier height is equal to SB height only for mid-gap 

devices. At a given temperature, the thermal barrier height increases as SB height 

decreases. This is because as hole SB height decreases from Eg/2, i.e. the middle gap 

device, the transmission at energies above Fermi level decreases due to the blocking 

by the band bending near source/drain ends. The middle part of the bands can thus be 

further lowered to block more transmission at energies below the Fermi level, which 

leads to the increase of thermal barrier. For a given SB height (<Eg/2), the thermionic 

conduction dominates at energies below the Fermi level at off-state. As temperature 

increases, this part of conduction increases faster than the conduction above the Fermi 

level, where tunneling transport dominates. In order to minimize the conductance, the 

middle part of the bands is lowered to block more thermionic conduction. Hence the 

thermal barrier height increase as temperature increases and so is the slope of the 

curve. However there is no definite proportionality between the slope and thermal 

barrier height. 

The procedure of extracting bandgaps is as follows. The minimum conductance for 

a given bandgap is found for each temperature point (in the range of 70 K to 290 K) by 

the self-consistent NEGF simulation. The scattering is included by scaling the ballistic 

conductance as discussed above. The scaling factor is both gate-voltage and 
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temperature independent. A root mean square (RMS) error is defined as σ=(<[G(T)-

Gexp(T)/Gexp(T)]2>)1/2, where G(T) and Gexp(T) are the simulated and experimental 

conductance at T, respectively, and the average is taken over temperature.  We found 

that the slope of the log(G) vs. -1/T curve is dominantly determined by the bandgap for 

negative SB heights, and it is independent of the scaling factor. After a group of curves 

of different bandgaps are simulated, the best fitting bandgap, i.e., the extracted 

bandgap, is given by the curve that has the smallest RMS error, σmin. For device 1 and 

2, the extracted bandgaps are Eg=72meV, and Eg=60meV respectively as shown in Fig. 

4-16. By allowing a fitting error of 2σmin, the extracted Eg of the devices can be varied by 

±18meV, ±17meV, from their best fitting values.   

Fabry-Perot Simulation 

At cryogenic temperature (T<5K) the carrier phase relaxation length is large and 

electron wave function interference can be manifested via transport properties. At very 

negative gate biases the potential profile in the channel is relatively flat as the GNR 

leads are p-type doped. With contact resistance at two ends the GNR channel is thus 

like a Fabry-Perot interferometer for holes. In metallic CNT it has been observed that 

the differential conductance oscillates periodically with gate biases [62]. However the 

differential conductance pattern of the high quality GNRFETs at high gate biases is not 

periodic. To understand this phenomenon we simulate the GNR using scattering matrix 

method by assuming uniform potential profile in the channel. In principle NEGF 

simulations can give all the results from scattering matrix method. However the 2D 

differential conductance plot requires a lot of simulation runs at different biases. The 

scattering matrix method assuming a uniform potential profile is much cheaper then 

NEGF since it works with plane waves rather than atomic orbitals.  
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The transmission spectrum is computed by coherently combining a number of 

scattering matrices [57]. The computational details are given in the Appendix. Here we 

give a brief description. The size of the scattering matrices is determined by the number 

of (spin-degenerate) conducting modes at a particular carrier energy level. The two 

contacts and impurities are described by the scattering matrices that can cause intra- 

and inter-mode scattering, i.e., having non-zero off-diagonal elements. The perfect 

channel segments sandwiched between the contacts or impurities are represented by 

the diagonalized scattering matrices, [exp(ikx,nD)]nn, where the wave vector kn (along 

GNR axis) at carrier energy E is found from a Dirac E-k with the quantized transverse 

wave vector ky,n and D is the length of a segment. After obtaining the transmission 

spectrum we can calculate the differential conductance through Landau formula. The 

Fermi energy εF is modulated by the gate. The gate voltage is related to the Fermi 

energy through serial combination of the gate insulator capacitance Cg and the quantum 

capacitance of the GNR device whichis proportional to the density-of-states (DOS) at 

Fermi energy at low temperature. For hole conduction at cryogenic temperature, the 

gate voltage eCdgeV Fgg
F

//)(
0





  , where ε0 is the valence band edge, and g(ε) is 

DOS. The bias is applied to the source and drain as εF-V/2 and εF+V/2 respectively.  

In Fig. 4-17 simulated Gd vs. Vg at Vd=0 for device 1 is compared to experiment 

data. The simulation involves 4 conducting modes in the displayed gate voltage range 

and 2 scatters located at 1/3L and 2/3L (the impurity configuration in Fig. 4-10 can be 

viewed as 3 scatters), where L is the channel length. The 2-scatter configuration results 

in conductance ripples that are similar to the experiment (small peaks come in pair to 

form a large peak). The F-P pattern is more complicated than that of metallic single 
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walled carbon nanotubes where the fluctuation is almost periodic. The difference is 

primarily caused by the multi-subband transport in the GNR. One can show that for one 

subband transport (spin degenerate or valley degenerate or both), the gate voltage 

period for the conductance peaks is constant no matter the channel is metallic or 

semiconducting because the group velocity v(E) times DOS is constant at all energies. 

For multi-subband transport, the group velocity of each subband times the total DOS is 

no longer a constant and the pattern will not show constant gate voltage periods for the 

conductance peaks. In Fig. 4-18 the 2D differential conductance is shown. Patterns of 

diamond shapes are observed. The size of a pattern along the drain bias axis is defined 

as the distance between a conductance minimum and a nearest conductance maximum 

at same gate voltage, which is directly related to the carrier energy at certain transverse 

mode. For example the carriers (holes) in the lowest subband have a almost constant 

carrier velocity~ 0

F  around Vg~-28V. Therefore the pattern size is VC=h 0

F /2Le~21mV as 

one can observe there is a conductance peak at the point of Vg=-28 V and Vd=21 mV. 

However this peak is not clear cut since other subbands also results in patterns of 

different sizes (The higher subband has a smaller pattern). When those patterns are 

added up, the corners of resultant diamond pattern are blurred.  In conclusion the multi-

subband transport in the GNRs results in an irregular F-P pattern of conductance. 

Transport in Coulomb Blockade Regime 

Coulomb blockade happens when the single electron charging energy U0 is much 

larger than both kBT and γ, where γ is the broadening due to source/drain leads to the 

channel. U0 is defined as U0=q/CE, where CE is the total electrostatic capacitance from 

all electrodes [56]. For device 2 the channel-gate capacitance calculated by MoM is 
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1.1aF and channel-source (drain) capacitance is 2.3 aF. The computed U0 is 28.1meV, 

much larger than kBT for T<5K. Around off-state, the small channel conductance 

indicates a small γ, thus the transport could be in the Coulomb blockade regime. The 

measured 2D differential conductance is shown in Fig. 4-19. The diamond patterns in 

the figure are caused by single electron charging effect rather than the F-P oscillations 

discussed in last section. There several reasons. First the magnitude of the peak 

conductance is very small, in the order of 0.01G0, where G0=2q2/h is the conductance 

quanta. If it were F-P oscillation the peak conductance should be around 0.5G0. At zero 

drain voltage, the conductance as a function of the gate voltage does not have a 

sinusoidal shape as the F-P pattern. Rather the conductance is close to zero 

everywhere except at some gate biases there are peaks of very narrow width. Lastly the 

size of F-P pattern (half height of a diamond) corresponds to a wave vector increment 

that equals to 2π/L for constructive interference. On the other hand the size of Coulomb 

blockade pattern is equal to the single electron charging energy plus difference between 

single particle levels. The size shown in Fig. 4-19 is obviously too large for F-P 

oscillation of the lowest subband. Therefore the diamond patters in Fig. 4-19 are a 

manifest of transport in Coulomb blockade regime.  

First we address the factors that determine the shape and size of the diamond 

patterns in the 2D differential conductance plot. A two-single-particle-level system 

(ε↑=ε↓=0, spin degenerate ) is used to illustrate the points and one of the two states, say 

ε1,↑, is populated at Vd=0 and Vg=0. The conductance peaks are due to changing of 

number of electrons in the system as shown in Fig. 4-20. To fill in another electron at 

Vd=0, the gate voltage has to change by an amount equals to q/Cg. Another 
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interpretation is like this. Due to the presence of one electron, the one-particle energy of 

the down spin state is raised by an amount of single electron charging energy. To fill 

one electron in ε↓ at VD=0, the gate electrode has to lower the energy of the down spin 

to zero. The change of energy is given by 
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With dε=U0 and U0=q/CE, the change of gate voltage is simply q/Cg. At Vg=V1 

(0<V1 but V1<<q/Cg) and VD=0 the conductance is ~0 as depicted in Fig. 4-19a because 

the source and drain Fermi levels are positioned in the middle of the two levels shown 

by Fig. 4-20a. By increasing the drain voltage with Vg fixed, a conductance peak occurs 

at V2 as shown in Fig. 4-20a. This conductance peak corresponds to removing one 

electron from the device.   By lowering the drain Fermi energy (increasing VD) to the 

energy of occupied state, the electron in that state exits to the drain contact and results 

in a conductance peak as illustrated in Fig. 4-20b. Hence we have the equation, 
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This leads to the slope V2/V1=Cg/(CE-Cd). If VD is decreased then the energy of 

occupied state will be increased. As the energy reaches zero at VD=-V2, equal to the 

source Fermi level, the electron exits to the source and a conductance peak occurs as 

shown in Fig. 4-20c. By this argument, a similar equation to Eq. 4-9 writes 
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And the slope is -V2/V1=-Cg/Cd. For a device of symmetrical source and drain, 

Cd=Cs. Therefore the magnitudes of the slopes are not the same since CE-
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Cd=Cs+Cg>Cd. This explains why the diamonds formed by conductance peaks are 

“tilted” in the conductance plot. From the diamond due to filling two electrons to a spin-

degenerate state (ε↑ and ε↓) one can extract the capacitances between the electrodes 

and channel. If the diamond emanates from filling two non-spin-degenerate states 

(ε1,↑≠ε0,↓), then the diamond size is larger than that in the spin-degenerate case by ε1- ε0 

along drain bias axis and (ε1- ε0)CE/Cg in gate bias axis. Above analysis is for electron 

conduction and is straightforward to adapt for hole conduction.  

With the coupling capacitances between the electrodes and channel, single 

electron levels, and source/drain broadening, we can model the GNRFET in Coulomb 

blockade regime by solving the many-particle Fock space master equation. For a 

system of N single particle levels (spin non-degenerate), the number of many-body 

states is 2N. The weak coupling to the source and drain contacts causes the transition 

from one many-body state to another, which generates the current flow. The initial and 

final many-body states can only different by one single level (one less or more). If the 

final state β has one more or one less electron in the single level εi than the initial state 

α, then the transition rate is, 
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where γ1 (γ2) is the coupling strength between the source (drain) contact and channel, 

f1(f2) is the source (drain) Fermi function at the single level εi, and EF1 (EF2) is the source 

(drain) Fermi level. The single particle level εi depends on other single particle levels in 
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the many-body state that has εi, and the external electric field exerted by the electrodes. 

The equation for εi is, 
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where 0

i  is the single level energy when voltages on electrodes are all zero, N is the 

number of electron in the many-body state (the initial or final many-body state). At 

steady state there is no net in-flow or out-flow for any many-body state. Hence we have 

following equation for a particular state α,  

 






 PRPR          (4-17) 

where Pα is the steady state probability that the system is in many-body state α. It states 

that the rate at which other states are scattered into α is equal to the scattering rate of α 

into other states, i.e. no net flow. Together with the normalization condition for 

probability, the probability at each state can be solved. A terminal current is the flow 

caused by a coupled electrode (source/drain). The output of the simulation is the 

conductance as a function of the drain and gate voltages. Due to the small energy 

scales, a high resolution scan of conductance (Fig. 4-21) is used to check the validity of 

the simulation shown in Fig. 4-22. The simulation captures Coulomb diamond shapes 

and sizes, as well as the excited state lines. By comparing the simulation with 

experiments, one can clearly identify where each excited state line comes from as 

labeled in the simulated conductance figure (Fig. 4-23). These excited state lines can 

come from adjacent (in energy scale) single particle levels (e.g. ε1-ε0) as well as non-

adjacent energy levels (e.g. ε3-ε0). One can also extract capacitances and single particle 

levels by best fitting of the simulated results to experimental measurements. 
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For device 2, the gate capacitance is estimated as Cg~0.87 aF from the gate 

voltage periods of conductance peaks at V=0. The drain capacitance Cd~2.13 aF is 

found by the slope of the diamond boundary (the one that has negative slope). From 

single electron charging energy total capacitance can be computed, and source 

capacitance Cs~2.70 aF is obtained. From the experiment data (Fig. 4-20), we can 

establish following mappings between single particle levels and energy values: ε3-

ε0=Δε30~19.44 meV, ε2-ε0=Δε20~10.08 meV and ε1-ε0=Δε10~2.52 or 3.6 meV (εi is a spin-

degenerate level). We use a simple hyperbolic E-k model, which is a good 

approximation to the E-k by tight binding at low energy, to compute the single particle 

levels due to quantization in longitudinal direction and to fit the level differences. The 

hyperbolic E-k for the lowest subband is of the form [63], 

  2222
2/)( kvEkE Fg          (4-18) 

where Eg is the bandgap, k is the transport wave vector, vF is the Fermi velocity, and   

is the reduced Plank constant. The k values that gives rise to the single particle levels 

are kn=nπ/L (n=1,2,…). With Eg=60 meV and L=135 nm, the corresponding differences 

between single particle levels are 30 ~20.02 meV, 20 ~10.15 meV and 10 ~2.83 

meV (Fig. 4-22), which are in good agreement with the experiment observation in Fig. 4-

21. In the low resolution scan shown in Fig. 4-19, we are also able to assign all the 

observed excited states to the expected level spacings (Table 4-1). We note that in the 

scan shown in Fig. 4-19, not all the expected levels (such as     ) showed up possibly 

due to the low resolution of the experiment data.  

 In conclusion at ultra low cryogenic temperature the GNRFETs operate in the 

Coulomb blockade regime when gate voltages are small. The simulation based on the 
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many-electron picture is able to explain the experiment data qualitatively and 

quantitatively. The simulation tells the origins of the excited state lines in the experiment 

and hence makes the fitting to the single particle levels possible.  We find that the GNR 

E-k with longitudinal confinement can produce the single particle levels of which the 

level spacings agrees well with the experiment. It suggests that the GNRs of experiment 

devices are likely of high quality and the transport properties are dominated by the 

intrinsic electronic structure of GNR and contacts rather than the impurities and defects.  
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Table 4-1. The energy spacings from experiments and computed by the E-k relation in 
Eq. 4-14 

 

 

 

 

Figure 4-1. Schematics of the experiment device structures. The channel size (length 
times width) is 86×14 nm2 for device 1 and 140×17 nm2 for device 2. The 
metal source/drain 20 nm high and 1 um wide (in simulation we use a width of 
400 nm). The oxide (SiO2) thickness is 300 nm.  

 

  

Level spacings (meV)                                    

Experiment (from 
excited states) 

2.56, 
3.6 

9.12, 
10.08 

20.16, 
19.44, 
19.8 

5.76,  16.32 
16.8  

9.6, 
10.56, 
11.52, 
12.96 

20.62, 
19.68 

Experiment (from Eadd of 
even-odd diamonds) 

1.68 6.24 17.28 4.56 15.6 11.04 N/A 

Calculation using the E-
k model (Eg=60meV, 
L=140nm) 

2.64 9.51 18.86 6.87 16.22 9.35 20.02 

Simulation to fit the 
experiment (Eg=60meV, 
L=135nm,Cg=0.87aF 

2.83 10.15 20.02 7.32 17.19 9.87 19.89 
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Figure 4-2. Side-view of the source contact with the section plane normal to the width 
direction. The GNR under the metal (lead) is not included in the Poisson 
solver because the small distance between the GNR and metal if properly 
treated will impose too large computational burden. Due to the large grid size 
(2 nm) the potential at end node is not a good approximation to the potential 
in the lead.  

 

 

 

Figure 4-3. Schematic for 2D Poisson problem. The plane is normal to the GNR axis.  
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Figure 4-4. Energy difference between the Fermi level and the Dirac point inside the 
lead. The SB height for holes is equal to the value plus half band gap. It is 
calculated by a self-consistent 2D Poisson solver. The work function 
difference between the channel and metal is 0.46 eV. 

 

Figure 4-5. Gd-vs-Vg at T=290K for device 1 (L=86 nm). To fit experiment data (solid 
curve) the simulated ballistic conductance (dashed curve) is scaled by a 
factor of ½ to produce the best fitting (circles). The SB height inside GNR 
leads is varied self-consistently as gate voltage changes. 
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Figure 4-6. Gd-vs-Vg at T=290K for L=140 nm device (device 2). To fit experiment 
data (solid curve) the simulated ballistic conductance (dashed curve) is first 
scaled by a factor of ½. Then a parasitic resistance of 3 kΩ is included to 
produce the best fitting (circles). The SB height inside GNR leads is varied 
self-consistently as gate voltage changes. 

 

Figure 4-7. Gd-vs-Vg simulated with variable SB heights (solid curves) and fixed SB 
(dashed curves).  A) Device 1 and B) Device 2. For device 1 the difference 
between two curves is small because the channel is the bottleneck of 
transport. For device 2 the difference is large at high gate biases as the leads 
under metal contacts become the bottleneck.  
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Figure 4-8.  Gd-vs-Vg at T=50K for device 1 by scaling transmission. Simulated curve 
is obtained by scaling the ballistic conductance with a factor of 0.5 as used in 
Fig. 4-5 and Fig. 4-6.  The simulated curve is smoother than the experiment 
data. 

 

Figure 4-9. Gd-vs-Vg at T=50 K for device 1 with charge impurity and transmission 
scaling. Simulated curve is obtained by including chare impurity scattering 
and a conductance scaling factor of 0.55. It shows that the conductance 
degradation due to charge impurity scattering alone is only about 10%. The 
configuration of the charge impurities used in the simulation is shown in Fig. 
4-10. 
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Figure 4-10.  Charge impurity configuration used to generate the curve in Fig. 4-9. (a) 
The impurity positions projected to the channel plane and (b) 2D potential 
profile on the channel due to impurities. The dashed lines partition the 
channel length and width into grids of even sizes. Each impurity has a charge 
of +1q and is 1 nm above the channel plane.  

 

Figure 4-11. Gd-vs-Vg at T=50K for device 1 including various scattering mechanisms. 
The percentage of edge roughness is 3%. Now scaling factor is needed after 
including structural defects, i.e. edge roughness.  
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Figure 4-12. Schematics showing transport gap measurement at cryogenic 
temperature (a) A schematic of flat bands with the source/drain Fermi levels 
aligned to band edges and (b) corresponding 2D differential conductance plot. 
The show area indicates low conductance. The size of the largest pattern 
gives the bandgap 

 

 

 

Figure 4-13. Schematic shows the bands bending causes uncertainty in bandgap 
measurement in Fig. 4-12. The tunneling distance dt continuously changes 
across the band edges. The transition from low to high conductance is thus 
blurred which results in large uncertainty in band gap estimation. 
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Figure 4-14. Experiment ln(Goff(T)) vs -1/T. Clearly the experiment data do not form 
straight lines.  

 

 

Figure 4-15. Relation between the SB height and thermal barrier height at off-state. (a) 
A self-consistent band diagram at showing the definitions of electron SB 
height and thermal barrier height. (b) Thermal barrier height as a function of 
SB height at different temperatures at off-state. It shows only for mid-gap 
devices (        ) the thermal barrier height is equal to half of the 

bandgap and                         can hold. 

 

(b) (a) 
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Figure 4-16. Log scale conductance as a function of temperature in the range of 70K to 
290K. The dashed curves are simulated by NEGF. The solid curves are 
experiment data. 

 

 

Figure 4-17. Conductance as a function of gate voltage at zero source-drain bias for 
device 1 at T=2K. Dashed curve is simulated using scattering matrix method. 
Solid curve is experiment data. Subband-dependent phases, and 
transmissions and reflection coefficients are used in the simulation.  The gate 
electrostatics is treated by a capacitor model with the equilibrium GNR DOS. 
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Figure 4-18. 2D differential conductance plot for device 1 at T=2K. (a) Experiment data 
(b) Simulated conductance by scattering matrix method.  

 

 

Figure 4-19. Experiment 2D differential conductance at T=2K and small gate voltages. 
The diamond patterns and excited state lines are signatures of Coulomb 
blockade.  

 

(a) 

(b) 
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Figure 4-20. Energy level diagrams for single electron charging process (a) Energy 
level diagram corresponding to the circled conductance peak at Vd=0 axis. 
The dark lines present high conductance in 2D plot. The lowest single particle 
level is aligned to both Fermi levels, which leads to a conductance peak. (b) 
At Vd=0 as Vg increases the conductance decreases to zero (c) Increasing Vd 
lowers the single particle level to the drain Fermi level, leading to a 
conductance peak. (d) Decreasing Vd increases the single particle level to the 
source Fermi level Energy level and a conductance peak occurs. 
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Figure 4-21. Experiment data: high resolution scan of conductance plot for a small 
range of biases 

 

Figure 4-22. Simulated 2D differential conductance plot for Fig. 4-21. 
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Figure 4-23. Simulated 2D differential conductance plot for Fig. 4-19 
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CHAPTER 5 
SCALING BEHAVIORS OF GRAPHENE NANORIBBON FETS: A THREE 

DIMENSIONAL QUANTUM SIMULATION STUDY 

Graphene Nanoribbons for Transistor Applications 

The continuous scaling of silicon transistors has been the driving engine for the 

exponential growth of digital information processing systems over the last decades. The 

Si transistor in production today is below the 100 nm scale and has entered the 

nanoelectronics regime. With the scaling limit of Si FETs in sight, a large group of 

emerging research devices are being extensively studied [41]. Among them, carbon-

based nanostructure FETs are the forerunners due to their exceptionally excellent 

carrier transport properties [64]. Carbon nanotube (CNT) FETs with excellent device 

performance have been demonstrated [65]. With promising progress on fabricating and 

patterning a graphene layer recently, graphene electronics has been a topic of strong 

research interests [2-4]. A narrow strip of graphene, graphene nanoribbon (GNR), can 

be either metallic or semiconducting, depending on its structure [38]. The 

semiconducting GNR is being intensively explored for potential transistor applications. 

The channel geometry of a GNRFET can be defined by lithography, which offers 

potentially better control over a CNTFET. The concept of all graphene circuits, in which 

GNRFETs are connected by metallic GNR interconnects, has been proposed [4], [28]. 

An exceptionally high mobility (~10,000 cm2/Vs) of graphene and GNRs has been 

demonstrated experimentally [2] and theoretically [66], which leads to the promise of 

near ballistic transport in a nanoscale GNRFET. A recent theoretical study assessed the 

performance limits of GNRFETs, but it is based on a semiclassical transport model 

coupled to a simple treatment of self-consistent electrostatics [67]. Quantum effects and 



 

95 

electrostatic short channel effects are not treated, which makes it difficult to explore 

scaling behaviors and ultimate scaling limits of GNRFETs. 

In this work, a comprehensive study on the scaling behaviors of GNRFETs is 

performed by solving an atomistic quantum transport equation based on the non-

equilibrium Green‟s function (NEGF) formalism self-consistently with a three-

dimensional (3D) Poisson equation. The dependence of the I-V characteristics, 

transconductance, subthreshold swing, DIBL on the channel length are studied and 

compared for the single gate (SG), double gate (DG), and wrapped around gate (WG) 

geometries. The scaling characteristics of the gate insulator thickness and dielectric 

constant are explored. The roles of the contact size and Schottky barrier height are 

examined. The intrinsic delay of the GNRFET is simulated and compared to that 

projected for the Si FETs at the end of the roadmap.  

Transistors with different device structures can operate in different ways. For a 

conventional MOSFET with heavily doped source and drain extensions, the gate 

modulates the channel conductance. If the heavily doped semiconductor source and 

drain are replaced by metal source and drain, Schottky barriers (SBs) form between the 

contacts and the channel and a SBFET is obtained. The transistor behavior above the 

threshold is achieved by modulating the tunneling current through the SBs at the two 

ends of the channel. For CNTs and GNRs, the fabrication process of the SBFET 

structure is simpler because it does not require doping of a monolayer of carbon atoms. 

Many CNTFETs demonstrated to date operate as a SBFET [68]. In this study, we focus 

our attention on GNR SBFETs with metal source and drain contacts. GNR MOSFETs 

with doped source and drain extensions will be the topic of a future study. 
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Simulation Approach 

We simulated GNRFETs with three different gate geometries at room temperature 

(T=300 K) to explore the effect of gate geometry on the performances of GNRFETs. 

Figure 5-1a shows SG GNRFET, which has the advantage of easy fabrication but is not 

optimized for good gate control and suppression of short channel effects. Figure 5-1b is 

DG GNRFET, which sandwiches a graphene ribbon between two gates. Figure 5-1c 

shows the cross section of a WG GNRFET (in the plane normal to the channel 

direction), and the GNR is surrounded by the gate. The WG GNRFET is most 

challenging for fabrication, but it offers ideal gate control. The nominal device 

parameters are as follows. The SiO2 gate oxide thickness is tox=2 nm and the relative 

dielectric constant is εr=4. The GNR channel has armchair edges, as shown in Fig. 5-2. 

The ribbon index N denotes the number of carbon atom dimmer lines, following the 

definition in Ref. [38]. The N=12 armchair edge GNR channel has a width of ~13.5Å, 

which results in a bandgap of Eg≈0.83 eV. The channel length is Lch=20 nm. The metal 

source/drain is directly attached to the GNR channel and the Schottky barrier height 

between the source/drain and the channel is a half of the GNR band gap, 

2/gBpBn E . The flat-band voltage is zero. A power supply voltage of VDD=0.5 V 

is used. The nominal device parameters are varied to explore different scaling issues.  

The DC characteristics of ballistic GNRFETs are simulated by solving the 

Schrödinger equation using the non-equilibrium Green‟s function (NEGF) formalism 

self-consistently with a 3D Poisson equation [56]. Ballistic transport is assumed. A tight 

binding Hamiltonian with a pz orbital basis set is used to describe an atomistic physical 

observation of the GNR channel. One pz orbital is enough for the atomistic physical 
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description since s, px, and py levels are far from the Fermi level and do not play 

important roles for carrier transport. A pz orbital coupling parameter of 3 eV is used and 

only the nearest neighbor coupling is considered. The retarded Green‟s function of the 

device is computed as,  

 1

1 ])0[()( 



  UHiiEEG ,      (5-1) 

where  H is the tight binding Hamiltonian matrix of the GNR channel, U is the self-

consistent potential matrix determined by the solution of the Poisson equation, and 1  

and 2  are the self-energies of the metal source and drain contacts, as shown in Fig. 5-

2. The charge density can be computed as, 
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where q is the electron charge, 



sgn(E)  is the sign function, 2,1 FFE  is the source (drain) 

Fermi level, and ),(2,1 xED is the local density of states due to the source (drain) contact, 

which is computed by the NEGF method.  The charge neutrality level [69], )(xEN , is at 

the middle of band gap because the conduction band and the valence band of the GNR 

are symmetric. 

The self-consistent potential is computed from the charge density and the 

electrode potentials using the Poisson equation, 

    rqQrU


           (5-3) 

where  rU


 is the electron potential energy which determines the diagonal entry of the 

potential energy matrix in Eq. 5-1,   is the dielectric constant, and  rQ


 is the charge 

density. Because the electric field varies in all dimensions for the simulated device 
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structure, a 3D Poisson equation is numerically solved using the finite element method 

(FEM). The FEM has the advantage to treat complex device geometries and boundaries 

between different dielectric materials. 

The source-drain current is computed using the NEGF method once the self-

consistency between the NEGF transport equation and the Poisson equation is 

achieved. The on-current, off-current, and minimal leakage current can be extracted 

from the simulated I-V characteristics. We compute the intrinsic delay as 

( ) /on off onQ Q I   , where Qon and Qoff are the total charge in the channel at on state and 

off state respectively, and Ion is the on-current [70]. The total charge in the channel is 

calculated by dxxQQ
chL

ich  0
)( , where Qi(x) is the charge density as a function of 

channel position. The off state is chosen as the state at which a GNRFET delivers the 

minimum source-drain current, VG=VD/2, as discussed later. It can be shifted to 0GV if 

a proper gate work function (and therefore, the threshold voltage) could be achieved. 

The calculation of the intrinsic delay assumes zero parasitic capacitance. The parasitic 

capacitance between electrodes impairs the performance of nanoscale transistors in 

practice. The intrinsic delay, therefore, indicates the upper limit of the switching speed. 

Simulation Results  

We first compare the switching on and switching off characteristics of GNRFETs 

with different gate geometries. The switching on characteristics are described by 

simulating the transconductance, and the switching off performance and the immunity of 

the short channel effects are studied by simulating the subthreshold swing and DIBL in 

Fig. 5-4. Figure 5-3 plots the transconductance, /m D Gg I V   , which is the ratio of 

current variation to the gate voltage variation at on state, as a function of the channel 
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length for three types of gate geometries with nominal device parameters. The following 

observations were made. First, the transconductance remains approximately constant 

for Lch>10 nm. The reason is that the current does not depend on the channel length in 

the ballistic transport regime, which is different from the diffusive transport regime. 

Second, the transconductances of all GNRFETs decrease for Lch<10 nm because the 

gate has a worse control of the channel due to electrostatic short channel effects. Third, 

the transconductances of DG and WG GNRFET are 35% and 55% larger than that of 

SG GNRFET at Lch=20 nm. Using a DG structure increases the transconductance but 

does not double transconductance. In contrast, DG Si FETs have been actively studied 

for the promise of the on-current advantage over their SG counterpart. The reason is 

that for a transistor operating at the conventional MOSFET limit (in which the 

semiconductor capacitance is much larger than the gate insulator capacitance), a 

double gate structure leads to a two times larger gate insulator capacitance, and 

therefore, two times larger total gate capacitance and transconductance. For a 

transistor operating at the quantum capacitance limit (in which the gate insulator 

capacitance is much larger than the semiconductor capacitance of the channel) [26], 

[71], the total gate capacitance is limited by the semiconductor capacitance and is 

independent of the gate insulator capacitance. A double gate geometry does not lead to 

an improvement of the total gate capacitance and the transconductance. The GNRFET 

has a one-dimensional channel with a monolayer of carbon atoms. Its small 

semiconductor capacitance (due to a low density of states) makes it operate closer to 

the quantum capacitance limit than Si FETs. The advantage of using multiple gate 

structures, therefore, is smaller. 



 

100 

Figure 5-4a shows the variation of subthreshold swing with different channel 

length. The subthreshold swing, S, is calculated by                             at 

subthreshold region. With 10 nm GNR channel, the gate electrostatic control is not 

sufficiently good to keep the subthreshold swing and DIBL approximately the same as 

the longer channel devices. The subthreshold swing, however, remains approximately 

constant beyond Lch=15 nm for all gate geometries. The gate geometry dependence of 

the subthreshold swing for the nominal device with Lch=20 nm is not strong, and the 

variation of S is less than 15%. The advantage of multiple gate geometry for the 

immunity to the short channel effects, however, is more obvious at a shorter channel 

length. If we choose S=100 mV/decade as the criterion (the dotted line in Fig. 5-4a), the 

subthreshold swing of SG GNRFET at Lch=10 nm does not meet it. The criterion, 

however, can be met by using a DG geometry (S~94 mV/decade) or a WG geometry 

(~87 mV/decade).  

Fig. 5-4b shows DIBL vs. channel length. DIBL is a feature of short channel effects 

and can quantitatively be expressed as /t DV V  , where Vt is the threshold voltage. At a 

channel length of 10 nm, the short channel effect is severe and drain voltage affects the 

barrier at the beginning of the channel a lot. When channel length increases, DIBL, 

however, decreases drastically and it remains approximately constant beyond Lch=20 

nm. For the nominal device with Lch=20 nm, DIBL has nearly no difference among all 

three gate geometries. If we specify 100 mV/V as the criterion (the dotted line in Fig. 5-

4b), at Lch=10 nm, DIBL of SG GNRFET is much larger than the criterion, whereas that 

of DG and WG GNRFET is less than the criterion, which means GNRFETs with multiple 
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gate geometries can extend the channel length scaling down more than SG GNRFET. 

The observation is consistent with that of Fig. 5-4a.  

We next study the effect of power supply voltages. The ID vs. VG characteristics for 

the SG nominal device is plotted in Fig. 5-5a. As the Schottky barrier height is half of the 

bandgap, the minimum currents occur approximately at a gate voltage of VG,min=1/2VD, 

at which the conduction band bending at the source end of the channel is symmetric to 

the valence band bending at the drain end of the channel, and the electron current is 

equal to the hole current. The condition of achieving the minimal leakage current is the 

same as CNT SBFET with middle gap SBs [72].  Increasing the drain voltage leads to 

an exponential increase of the minimal leakage current, which indicates the importance 

of properly designing the power supply voltage for achieving sufficiently small leakage 

current. 

The minimal leakage bias point can be shifted to VG≈0 in order to achieve a small 

off current (at VG=0) by properly designing the transistor threshold voltage (e.g., by gate 

work function design). We, therefore, obtain the off state characteristics at VG,min=VDD/2 

and the on state characteristics at VG=VG,min+VDD from the I-V simulated for GNRFETs 

with a zero flat band voltage. The output characteristics in Fig. 5-5b show typical linear 

and saturation regimes. When VG is increased, saturation current is increased due to a 

larger voltage drop between the gate and the source contact and a larger energy range 

for carrier injection from the source into the channel.  

The effect of channel length scaling on SG GNRFET I-V characteristic is explored 

in Fig. 5-6. At VD=0.5 V, both the off-current and on-current are increased when channel 

length decreases to a small value. For a channel length of 5 nm, direct tunneling from 
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the source to drain leads to a large leakage current, and the gate voltage can hardly 

modulate the current. The transistor is too leaky to have appreciable difference between 

on and off states. For channel length of 10 nm, the on-off current ratio is greatly 

improved to near 600.  Increasing the channel length to 15 nm, the on-off current ratio is 

further increased to about 3500 due to decreased tunneling current at off state. 

However, after channel length exceeds 15 nm, the increase in on-off current ratio is not 

significant. This is because the device is simulated at ballistic limit. (The state-of-the-art 

short channel CNTFETs already operate close to ballistic limit [65]) Further increasing 

the channel length hardly changes the on-current or off-current, nor does the on-off 

current ratio while for conventional MOSFET, increasing the channel length will cause 

the channel resistance to increase proportionally. 

The ID-VD characteristics in Fig. 5-6b confirm the results in Fig. 5-6a. For 5 nm and 

10 nm long channels, direct tunneling from the source to drain and electrostatic short 

channel effects are severe, so that no decent saturation of ID-VD characteristics is 

observed. The devices with extremely short channel operate more like a conductor 

rather than a transistor at VG=0.75 V. For channel length of 15 to 25 nm, typical 

transistor ID-VD curves can be obtained and the difference in length results in only a little 

change in ID-VD curves. For DG and WG devices, the qualitative results are similar. 

Compared to single gate device, the channel length can be scaled to a little bit shorter 

before significant on-off current ratio is lost. 

The scaling of channel width is achieved by changing the index N of the armchair 

edge GNR channel. Similar to the CNTs, there are semiconducting and metallic GNRs 

and only semiconducting ribbons are relevant here. In Fig. 5-7a, the ID-VG 
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characteristics for different channel widths are plotted. As the channel width is 

increased, both the off-current and on-current increase. A GNR with a larger channel 

width has a smaller bandgap [38], which results in a smaller Schottky barrier height in 

our simulation and consequently the current is increased. There is a trade-off between 

on-off current ratio and on-current. For an N=9 channel, the on-off current ratio is over 

one hundred thousand while the on-current is less than 1 μA. For an N=24 armchair 

edge ribbon channel, although the on-current is 22 μA, the on-off current ratio is only 

11.8. But unlike the channel length scaling, where extremely short channel device with 

small on-off current ratio behaves like a conductor, the wide channel device with small 

on-off current ratio has ID-VD characteristics with clear linear regime and saturation 

regime as shown in Fig. 5-7b.This is because the channel length here is 20 nm, the 

gate, therefore, has good electrostatic control over the channel potential profile, and 

direct tunneling from source to drain in the band gap energy range is negligible. 

The effect of gate oxide dielectric constant is explored. The subthreshold swing 

and transconductance versus gate oxide dielectric constant are shown in Fig. 5-8. The 

increase of gate oxide dielectric constant does not affect much the subthreshold swing 

and the transconductance. In this study, electrostatic potential in the channel region is 

carefully calculated by solving the Poisson equation with the Laplace solution combined 

with particular solution. The Laplace solution for the simulated devices is totally 

determined by the device geometry and boundary condition, whereas the particular 

solution is affected by the gate insulator capacitance with its thickness and dielectric 

constant. The effect of gate dielectric constant on total electrostatic potential is 

applicable only in the particular solution, but it does not affect much on total electrostatic 
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potential since the magnitude of the particular solution is very small compared to 

Laplace solution at the quantum capacitance limit [73]. The subthreshold swing and the 

transconductance, therefore, do not change a lot in the simulated channel length region. 

The scaling of the gate oxide thickness is studied next. Fig. 5-9 shows the 

subthreshold swing and transconductance versus the gate oxide thickness. The 

increase of the gate oxide thickness results in worse gate electrostatic control, and 

hence larger subthreshold swing. A thinner oxide, therefore, is desirable for a larger on-

current (due to a larger transconductance) and a larger maximum on-off current ratio 

(due to a smaller subthreshold swing). As the oxide thickness increases, the role of gate 

geometry is more important. For example, gm of the WG GNRFET is about 25% larger 

than that of a SG GNRFET for tox=1 nm, but the improvement is 60% at tox=2.5 nm. 

Figure 5-10 shows the IG-VG characteristics of GNR transistor with different 

Schottky barrier heights. As discussed above, at VD=0.5 V, the minimal leakage current 

occurs at VG=0.25 V for the Schottky barrier height equal to one half of the bandgap, 

and the I-V characteristic is ambipolar. Because the ambipolar characteristic increases 

the leakage current and is not preferred for CMOS applications, it is interesting to ask 

whether the ambipolar characteristic can be suppressed by designing the SB heights. 

For example, it could be expected that electron transport would be preferred when the 

SB height for electrons decreases, and the hole transport would be preferred if the SB 

height for electrons increases. The simulated I-V characteristics in Fig. 5-10, however, 

indicate that engineering the SB height does not change the qualitative ambipolar 

feature of the I-V characteristics when the gate oxide is thin.  The reason is that the gate 

electrode can screen the field from the source and drain effectively for a thin gate oxide. 
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The Schottky barrier, whose thickness is approximately the same as the gate insulator 

thickness [74], is nearly transparent. Engineering the SB height, therefore, only has a 

small effect on the qualitative feature of the ID-VG characteristics. A similar phenomenon 

has been previously noticed and verified in CNT SBFETs. 

The effect of the size of source and drain contacts on transistor I-V is studied in 

Fig. 5-11. In Fig. 5-11a, it shows both off-current and on-current decrease as the width 

of source/drain contact is increased from 1.4 nm to 4.8 nm while the on-off current ratio 

keeps approximately constant. To understand the ID-VG curves, the conduction band 

profiles at on state (VD=0.5 V and VG=0.75 V) in transport direction are plotted in Fig. 5-

11b. Because the simulation shows little potential variation in the transverse direction of 

the channel, the potential is obtained by averaging the potentials of the atom sites in the 

channel width direction. It clearly shows the thickness of Schottky barrier at source end 

is decreased when the width of contacts is decreased. This is due to the fact that 

scaling down the width of the contacts can decrease the fringe field from gate to source 

contact and the penetration length of source electrical field is decreased. The Fig. 5-11c 

and Fig. 5-11d show how the height of contacts affects the transistor‟s ID-VG 

characteristics. It shows the same trend when the contact height is decreased. The DG 

and WG transistors basically follow the same qualitative conclusions. Compared to the 

SG FET, the contact size has smaller effect on the DG and WG GNRFETs because the 

GNR channel is sandwiched or wrapped around by the gate, the field lines from the 

source and drain contacts are better screened by the gate electrodes, and the source 

and drain contact geometry has less impact. Generally, small size and low dimensional 

contacts not only improve the DC performance by increasing the on-current, but also 
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improve the AC performance by decreasing the parasitic capacitance between the 

contacts, which leads to higher operation speed. The intrinsic delay indicates how fast a 

transistor can switch. In Fig. 5-12, the intrinsic delays of a GNRFET and a Si MOSFE 

are compared. The intrinsic delay of the Si MOSFET is projected by ITRS to year 2020 

and the channel length will be shrunk down to 14 nm [41]. The delay data ( IVCg / ) in 

the ITRS roadmap are computed using the total gate capacitance gC  that includes the 

parasitic capacitance, as shown by the dashed line with circles in Fig. 5-12. In order to 

perform a fair comparison to the intrinsic delay of the nominal SG GNRFETs (which 

does not treat the parasitic capacitance), we also compute the intrinsic delay of Si 

MOSFETs by using the ideal gate capacitance values provided by the ITRS roadmap 

instead of the total gate capacitance values, as shown by the dashed line. The results 

indicate that the intrinsic delay of GNRFET is approximately a factor of 3 smaller than 

that of Si MOSFETs. The major reason is that the GNR has a larger band-structure 

limited velocity for the first subband, which contributes dominantly to the conduction in 

low voltage operation.  

Comparison to Si MOSFET 

A comprehensive study on the scaling characteristics of GNR SBFET is performed 

using self-consistent atomistic simulations. Because both GNR and CNT are one-

dimensional nanostructures derived from graphene (with a bandgap created by 

quantum confinement in the width or circumferential direction), the scaling 

characteristics of GNR SBFETs show similarities with CNT SBFETs. Potentially better 

control of channel material properties than CNT FETs, however, could be achieved. The 

bandgap of the GNR channel strongly depends on its width, which significantly affects 
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the on-current and off-current. The ambipolar I-V characteristics cannot be suppressed 

by engineering the Schottky barrier height when the gate insulator is thin (below about 

10 nm). Reducing the gate insulator thickness and the contact size results in thinner 

Schottky barriers, and therefore, larger on-current. The intrinsic speed of the GNRFETs 

is several times faster than Si FETs due to its large carrier velocity and near ballistic 

transport, and reducing parasitics is essential for benefiting from the fast intrinsic speed. 

As a new type of transistor, GNRFET, however, is still governed by transistor 

electrostatics and quantum effects, which imposes a similar ultimate scaling limit as for 

Si MOSFETs [75].  
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Figure 5-1.  Simulated device structures with different gate geometries (a) single gate 
(SG), (b) double gate (DG), and (c) wrapped around gate (WG) graphene 
nanoribbon (GNR) FET. The channel materials are GNRs. Source and drain 
contacts are metals and the Schottky barrier height is a half band gap of the 
channel material.  

 

 

 

 

 

 

Figure 5-2. The schematic sketch of an armchair edge N=12 GNR channel with the 
source and drain contacts. The quantities used in the NEGF formalism are 
also shown. 
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Figure 5-3. The gate transconductance vs. channel length. Solid line is for SG, 
dashed line with crosses is for DG, and dash-dot line with squares is for WG 
GNRFET. A better gate control results in larger transconductance. 

 

Figure 5-4. Channel length dependence of (a) S and (b) DIBL. Solid line is for SG, 
dashed line with crosses is for DG, and dash-dot line with squares is for WG 
GNRFET. The multiple gate geometries can extend the scaling down of 
channel length below 10 nm. 
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Figure 5-5. I-V characteristics of the single gate GNRFET (a) The ID vs. VG 

characteristics for nominal single gate device at different source-drain 
voltages. (b) The ID vs. VD characteristics for nominal single gate device at 
different gate voltages. 

 

Figure 5-6. I-V characteristics of GNRFETs with different channel lengths (a) The ID 

vs. VG characteristics for single gate device with different channel lengths at 
VD=0.5 V. (b) The ID vs. VD characteristics for single gate device with different 
channel lengths at VG=0.75 V (The curve with crosses is for Lch =5 nm; the 
curve with circles is for Lch =10 nm; the curve with stars is for Lch =15 nm; the 
curve without marks is for Lch =20 nm; the dashed one is for Lch =25 nm). 
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Figure 5-7. I-V characteristics of GNRFETs with different channel widths (a) The ID vs. 
VG characteristics for single gate device with different channel widths at 
VD=0.5 V. (b) The ID vs. VD characteristics for single gate device with different 
channel widths at VG=0.75 V.  (The curves with crosses, circles, stars and 
without marks are for N=9, N=18, N=24 and N=12 armchair edge GNR 
respectively. The channel length is 20 nm in all cases). 

 

Figure 5-8. Gate oxide dielectric constant dependence of (a) S and (b) gm. Solid line is 
for SG, dashed line with crosses is for DG, and dash-dot line with squares is 
for WG GNRFET. 
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Figure 5-9. Gate oxide thickness dependence of (a) S and (b) gm. Solid line is for SG, 
dashed line with crosses is for DG, and dash-dot line with squares is for WG 
GNRFET. A better gate control results in smaller subthreshold swing and 
larger transconductance. 

 

Figure 5-10. The ID vs. VG characteristics for single gate device with different Schottky 
barrier heights (The curves with triangles, stars, circles, crosses and without 
marks are for Schottky barrier height equal to 0, 1/8 Eg, 1/4 Eg, 3/8 Eg and 1/2 
Eg respectively).  
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Figure 5-11. Effects of contact width and height (a) The ID vs. VG characteristics for 
single gate device with contact width equal to 1.4 nm, 3 nm, and 4.8 nm, 
respectively. (b) The conduction band profiles in transport direction for 
source/drain contact width equal to 4.8 nm, 3 nm and 1.4 nm. EFS and EFD 
indicate source and drain Fermi levels respectively. (c) The ID vs. VG 

characteristics for single gate device with contact height equal to 1 nm, 2 nm 
and 8 nm, respectively. (d) The conduction band profiles in transport direction 
for source/drain contact height equal to 1 nm, 2nm and 8 nm. 

  



 

114 

 

Figure 5-12. The intrinsic delay vs. channel length for a GNRFET (the solid line) and a 
Si MOSFET (the dashed line). The line with circles is the ITRS‟ long-term 
projection on transistor delay with parasitic capacitance and the dashed line is 
recomputed by using ideal gate capacitance without parasitic capacitance for 
a fair comparison of the intrinsic delay. 
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NOTES ON FABRY-PEROT SIMULATIONS 

 
Self-consistent electrostatics is captured by a simple MOS capacitor model. The 

bias dependent quantum capacitance of GNR channel is taken care of. The 

conductance peaks happen at the wave vectors that give 2nπ phase shift for a round 

trip in the channel. From E-k the energies of this wave vectors can be found and related 

to the gate voltages by equating Fermi energy to this carrier energy. At these gate 

voltages conductance has the peak values. This simple argument is only true when only 

one subband is conducting in channel.  

To obtain the whole conductance-vs.-gate-voltage curve, the transmission as a 

function of carrier energy is computed using the scattering matrix method as described 

below. Subband-dependent parameters are used and they are the contact reflection 

coefficients, initial phases and transmission scaling factors. The voltages for 

conductance peaks for single subband transport exactly match those derived from the 

simple method above. When there are multi-subbands in conduction, the total 

transmission is the summation of the transmissions from each subbands. The number 

of peaks in total transmission curve is less than the sum of the peak numbers of all 

subbands because some small peaks are washed away in the summation.   

Modeling of Channels: The source, drain and channel are modeled by three 

scattering matrices respectively, 

3,2,1,)( iES i                                                                           (A-1) 

Ballistic transport is assumed in channel. The notations follow Ref. [57].  

ininoutout vESv  2)( , note that it is the flux amplitude (wave function amplitude 

times square root of velocity) that are related with scattering matrix elements 
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N is the number of modes in the channel and the scattering matrices are of a size of 2N 

by 2N.The number of modes N and phase shift i  are determined as follows. The 

number of modes is equal to branches crossed by the horizontal line Phase is equal to 

channel length times the wave vector k at the energy.  

Modeling of Scatterers: Intra-mode reflection is treated as follow, 
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Si  is exactly unitary by using ])[exp( aiSi  . This will ensure that an incident wave 

is partially transmitted to an outgoing wave of the same mode on the other port and 

partially reflected to the same mode at the same port.  

Inter-mode scattering is treated as,  
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])[exp( biSi   

N

Nbi

2

1)2exp( 
          A-5 

Si has a size of 2N by 2N. The physical meaning is that the an incident wave of 

mode v is transmitted to a outgoing wave on v at the other port with 1-(2N-1)|β|2 

probability, and |β|2 to other N-1 outgoing waves at the other port and |β|2 to N reflected 

waves at the same port. 

The final form of the scattering matrices of two contacts: ])[][exp( biaiSi  , larger 

[a] elements will enhance the sharpness of the resonance peaks.  

Mode-dependent parameters: Initial phases: 0

' )( iii LEk   , which can be used 

to shift the FP resonance peaks in subband i. Reflection amplitudes:  [a] and [b] in 

contact S matrices. Transmission scaling factors {αi}: iii

N

j

ijiiii tttTT ][||
1

2

0





   . 

The effects of these parameters on the conductance characteristics are shown in Fig. A-

3.  

 

Figure A-1. The schematics of the multi-mode conduction in GNR channel. The plus 
sign indicates the right-going modes whereas the minus sign indicates the 
left-going modes.  
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Figure A-2. Schematics of the E-k with positive group velocity for phase calculation.  

 

Figure A-3. Conductance as a function of Fermi energy for different set of mode 
parameters 
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