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Foreword
Special Issue on Simulation and Modeling
of Nanoelectronics Devices

HIS SPECIAL Issue is devoted to research activities

in the field of simulation and modeling of nanoscale
electronic devices. According to the 2006 update of the In-
ternational Technology Roadmap for Semiconductors (ITRS),
microprocessing units with physical gate lengths of 18, 10,
and 6 nm will be produced in 2010, 2015, and 2020, respec-
tively. New device architectures will be required to reach the
performance of the future technology generations that the ITRS
prescribes. In addition, control of gate leakage current requires
the introduction of gate insulators with high dielectric con-
stants, and the need for increased carrier mobility pushes the use
of unconventional channel materials and processing to induce
appropriate stresses. Finally, in the longer term, the traditional
MOSFET concept might be replaced by other structures like
nanowire MOSFETSs and/or carbon nanotubes (CNTs).

In order to steer the above developments, the availability of
advanced models and simulation tools is of utmost importance
for the following:

1) Early evaluations of the most promising device architec-
tures and materials in terms of performance and potential
for continued scaling.

2) Assessments of processing and design strategies.

3) Reductions of cycle time and of R&D costs. Measure-
ments and tests at the nanoscale tend to be much more
expensive than at the microscale and macroscale.

If models and simulation tools are to be suitable for the
analysis of future-generation CMOS and post-CMOS devices,
such models and tools will have to cope with important issues
that are presently recognized as difficult challenges by the
Modeling and Simulation section of the ITRS. In view of the
rapid technological changes in the CMOS and “beyond CMOS”
areas that involve novel device structures and materials, the
aim of this Special Issue is to bring together the advances
in the topic of “Simulation and Modeling of Nanoscale De-
vices” to a device-oriented academic and industrial community
represented by the readers of the IEEE TRANSACTIONS ON
ELECTRON DEVICES. This Special Issue consists of 25 care-
fully selected papers, 5 of which are invited and 20 of which
are contributed, that discuss topics like process modeling,
device modeling, and atomistic modeling, and address issues
like reliability, manufacturability, and variability. The Special
Issue starts with the five invited papers. In the first paper,
entitled “Atomistic Simulation of Realistically Sized Nanode-
vices Using NEMO 3-D—Part I: Models and Benchmarks,”
Klimeck et al. discuss the essential components of the atomistic

Digital Object Identifier 10.1109/TED.2007.905342

simulator called NEMO and demonstrate its successful use
in the calculations of single-particle electronic states of self-
assembled quantum dots, stacked quantum dot systems used
in quantum cascade lasers, SiGe quantum wells for quantum
computation, and SiGe nanowires. Using the nonequilibrium
Green’s function (NEGF) method to model nanotransistors,
Anantram et al. review recent work in the next paper entitled
“Multidimensional Modeling of Nanotransistors.” After giving
a motivation for the need for quantum mechanical modeling, the
authors give an account of the equations and implementation
for both 1-D and 2-D modeling, and illustrate examples on the
use of the developed models. They highlight possible future
directions in the quantum mechanical modeling of transport in
nanotransistors and summarize the computational challenges.
In the third paper, which is entitled “Theoretical Study of Some
Physical Aspects of Electronic Transport in nMOSFETs at the
10-nm Gate-Length,” Fischetti et al. discuss selected aspects
of the physics of electronic transport in MOSFETSs at the
10-nm scale, such as long-range Coulomb interactions, scat-
tering with high-x insulator interfacial modes, and use of a
high-mobility substrate that is accompanied by the detrimental
effect of a limited density of states. The fourth paper by
Birner et al., which is entitled “nextnano: General Purpose 3-D
Simulations,” presents several applications that highlight the
capabilities of the Nextnano simulation software. Nextnano is
a versatile software package for the simulation of nanometer-
scale semiconductor quantum structures that focuses on nano-
structures where quantum mechanical effects such as electronic
band structures, optical matrix elements, magnetic field effects,
or tunneling effects play a vital role. In the last invited paper,
which is entitled “Recent Issues in Negative-Bias Temperature
Instability: Initial Degradation, Field Dependence of Interface
Trap Generation, Hole Trapping Effects, and Relaxation,” Is-
lam et al. discuss recent advances in measurement techniques,
availability of new data, and refinements in the modeling ap-
proach that allow the authors to provide a systematic analysis
of experimental data based on a comprehensive theoretical
foundation of negative-bias temperature instability degradation.

Next, there are 20 contributed papers included in this Special
Issue. The first one, which is entitled “Predictive Simulation
of Advanced Nano-CMOS Devices Based on kMC Process
Simulation” by Mok et al., deals with process simulation.
In this paper, accurate and advanced CMOS process and de-
vice simulations based on an atomistic kinetic Monte Carlo
(kMC) process simulator are presented. First, the methodology
used to predict continuum 2-D/3-D doping profiles from 3-D
atomistic distribution that can be directly transferred from
process to device simulator is described. Then, a comparison

0018-9383/$25.00 © 2007 IEEE
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with a wide range of electrical device characteristics shows that
the experimental results were remarkably well reproduced by
the simulations.

The next five papers cover new model developments with
the first one by De Michielis et al., which is entitled “A
Semi-analytical Description of the Hole Band Structure in
Inversion Layers for the Physically Based Modeling of pMOS
Transistors,” which presents a new semi-analytical model for
the energy dispersion of holes in the inversion layer of pMOS
transistors. In the next paper, which is entitled “Physics-Based
Modeling of Hole Inversion Layer Mobility in Strained SiGe on
Insulator,” Pham et al. model the hole inversion layer mobility
of strained SiGe on the insulator in ultrathin-body hetero-
structure MOSFETSs by a microscopic approach that takes into
account the subband structure of the 2-D hole gas and three
important scattering mechanisms, i.e., optical and acoustic
phonons, and surface roughness. The third paper, which is
entitled “The Effect of General Strain on Band Structure and
Electron Mobility of Silicon” by Ungersboeck et al., presents
a model that captures the effect of general strain on the elec-
tron effective masses and band edge energies of the lowest
conduction band of silicon (Si). The model includes analytical
expressions for the effective mass change induced by shear
strain and valley shift splitting, which is obtained using a de-
generate k-p-theory at the zone boundary X point. In the fourth
paper, which is entitled “Modeling of Surface-Roughness Scat-
tering in Ultrathin-Body SOI MOSFETSs,” Jin et al. present
a rigorous surface roughness scattering model for ultrathin-
body silicon-on-insulator (SOI) MOSFETs, which reduces to
the well-known Ando’s model in case of bulk MOSFETs.
The last paper of this group, which is entitled “Low-Field
Electron Mobility Model for Ultrathin-Body SOI and Double-
Gate MOSFETs With Extremely Small Silicon Thicknesses”
by Reggiani et al., presents a compact model for mobility
that is suited for implementation in device simulators, which
accurately predicts the low-field mobility in SOI single- and
double-gate MOSFETs with Si thickness down to 2.48 nm.

Next, four papers dealing with modeling approaches fol-
low. The first paper of this group, which is entitled “A
Self-Consistent Full 3-D Real-Space NEGF Simulator for
Studying Nonperturbative Effects in Nano-MOSFETs” by
Martinez et al., presents a full 3-D real-space quantum transport
simulator based on the Green’s function formalism that is devel-
oped to study the nonperturbative effects in nanotransistors in
the ballistic transport approximation. In the next paper, which is
entitled “Scaling Behaviors of Graphene Nanoribbon FETs: A
Three-Dimensional Quantum Simulation Study,” Ouyang et al.
study the scaling behavior of Graphene nanoribbon Schottky
barrier FET by using the NEGF approach in an atomistic basis
set self-consistently with a 3-D Poisson equation. The third
paper of this group, which is entitled “On the Ability of the
Particle Monte Carlo Technique to Include Quantum Effects
in Nano-MOSFET Simulation” by Querlioz et al., reports on
the possibility to use particle-based Monte-Carlo techniques to
incorporate all relevant quantum effects in the simulation of
semiconductor nanotransistors. Starting from the conventional
Monte-Carlo approach within the semiclassical Boltzmann ap-
proximation, the authors develop a multi-subband description

2073

of transport to include quantization in ultrathin-body devices.
This technique is then extended to the particle simulation of
quantum transport within the Wigner formulation. In the last
paper of this group, which is entitled “Band-Structure Effects
in Ultrascaled Silicon Nanowires,” Gnani et al. investigate
the effects of the full-band structure on the transport proper-
ties of ultrascaled silicon nanowire FETs operating under the
quantum-ballistic limit assumption.

The final ten papers cover various applications. The first
paper, which is entitled “Scaling Limits of Double-Gate and
Surround-Gate Z-RAM Cells” by Butt ef al., evaluates the scal-
ing limits of capacitorless single-transistor DRAM cells having
surrounded gate and double-gate structures. The paper shows
that the scaling is limited for both structures to the channel
length of 25 nm due to the combined effects of short channel,
quantum confinement of carriers in the body, and band-to-band
tunneling at the source/drain to body junctions. In the next
paper, which is entitled “Low-Power High-Performance Asym-
metrical Double-Gate Circuits Using Back-Gate-Controlled
Wide-Tunable-Range Diode Voltage,” Kim et al. present a new
power reduction scheme using a back-gate-controlled asym-
metrical double-gate device for high-performance logic/SRAM
power gating or variable/dynamic supply applications. Numer-
ical mix-mode device/circuit simulations confirm that the pro-
posed scheme can be applied for low-power high-performance
circuit applications in the 65-nm technology node and beyond.
In the third paper, which is entitled “Extraction of Substrate
Resistance in Multifinger Bulk FinFETs Using Shorted
Source/Drain Configuration” by Jung et al., the substrate resis-
tances of highly scaled bulk FinFETs are extracted by using a
new RF equivalent circuit verified by 3-D device simulations.
The proposed method shows frequency-independent substrate
resistances in highly scaled devices and has been verified up
to 50 GHz in devices operating in the saturation region. In the
fourth paper, which is entitled “Empirically Verified Thermo-
dynamic Model of Gate Capacitance and Threshold Voltage of
Nanoelectronic MOS Devices With Applications to HfO, and
ZrO5 Gate Insulators” by Hamadeh et al., a thermodynamic
variational model derived from minimizing the Helmholtz free
energy of the MOS device is presented. The model incorporates
an anisotropic permittivity tensor and accommodates a correc-
tion for quantum mechanical charge confinement at the dielec-
tric/substrate interface. The model is verified using empirical
and TCAD capacitance—voltage data obtained on MOS devices
with ZrO,, HfO,, and SiO5 gate insulators. In the fifth paper
by Eminente et al., which is entitled “Small-Signal Analysis of
Decananometer Bulk and SOI MOSFETs for Analog/Mixed-
Signal and RF Applications Using the Time-Dependent Monte
Carlo Approach,” a state-of-the-art Monte Carlo simulator
is applied to the investigation of RF performance of bulk
and ultrathin-body single-gate SOI MOSFETs designed for
analog and mixed-signal applications. A comparison with
a standard drift diffusion approach is presented in order to
discuss the main differences between the two transport models
in terms of high-frequency ac analysis. In the next paper,
which is entitled “An Analytic Potential-Based Model for
Undoped Nanoscale Surrounding-Gate MOSFETSs,” He et al.
present a complete potential-based analytic model of the
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undoped nanoscale surrounding-gate MOSFETs derived from
a fully self-consistent physical description between potential,
charge, and current formulations. The derivation is based on the
rigorous Poisson equation solution and drain current procedure
equivalent to the Pao-Sah current double integral formulation.
The validity of the analytic model has been verified by com-
parison with TCAD simulations. The seventh paper, which
is entitled “A Simulation Study of the Switching times of
22- and 17-nm Gate-Length SOI nFETs on High Mobility
Substrates and Si” by Laux, reports the analysis of the switch-
ing times of ultrathin-body SOI nFETs with 22- and 17-nm
gate lengths, and compares the results obtained for four high-
mobility substrates (Ge, GaAs, InP, and In0.53Ga0.47As) to Si.
From the extrinsic device results, it is found that at a 22-nm gate
length, the switching times for the considered semiconductors
vary at most by a factor of 2, while at 17 nm, they vary
by at most a factor of 2.5. In both cases, In0.53Ga0.47As
provides the best and Si the worst switching times. In the
next paper, which is entitled “Modeling of Strained CMOS
on Diposable SiGe Dots: Strain Impacts on Devices’ Electri-
cal Characteristics,” Fregonese et al. propose a novel CMOS
device concept formed on a disposable SiGe dot structure, in
which the degree of local strain effect on the performance of
both NMOS and PMOS can be optimized by incorporating
with silicon-on-nothing technology. Verified from a detailed
simulation study including a dual stress liner process, the paper
demonstrates a step to the next-generation CMOS performance
to be taken without reducing channel lengths. In the ninth pa-
per, which is entitled “Simulation of Ultrasubmicrometer-Gate
In0,52A10.48As/In0.75Ga0.25As/In0,52A10.48As/InP Pseudomor-
phic HEMTs Using a Full-Band Monte Carlo Simulator,”
Ayubi-Moak et al. model pseudomorphic delta-doped 0.07-pm-
gate HEMTs using a full-band cellular Monte-Carlo simulator.
A peak transconductance of 1679 mS/mm is extracted from
simulation results, and an f7T' of 212 GHz is estimated from
the gate capacitance, which shows excellent agreement with
recent device measurements. In the next paper, which is enti-
tled “Nonequilibrium Green’s Function Treatment of Phonon
Scattering in Carbon-Nanotube Transistors,” Koswatta et al.
explore the dissipative quality of quantum transport in carbon
nanotube FETs. They find that the effect of phonon scattering
on device performance has a bias dependence. Up to moderate
gate biases device current is reduced due to elastic back-
scattering by acoustic phonons and low-energy radial breathing
mode phonons. At large gate biases the current degradation is
mainly due to high-energy optical phonon scattering. In the
last paper of this Special Issue, which is entitled “Simulation
of Carbon Nanotube FETs Including Hot-Phonon and Self-
Heating Effects,” Hasan et al. study the effects of nonequi-
librium population of optical phonon (hot-phonon effect) and
acoustic phonon (self-heating effect) on the dc performance
of CNT MOSFET by solving coupled, semiclassical elec-
tron, and phonon transport equations. Full-band electron and
phonon Boltzmann transport equations are solved to simulate
the electron and phonon transports. The results of this paper
show that the dc ballisticity of a CNT MOSFET degrades by
approximately 10% due to hot-phonon effects.
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