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Nanoscale CMOS and Si-based beyond-CMOS nanodevices

The lecture presents new concepts, novel materials and technologies, innovative device
architectures needed to overcome the number of challenges for N+4 technology nodes and
beyond for CMOS and post-CMOS Nanoelectronics.

The main recent advances on new channel materials (strained layers on bulk and insulator,
SiGe, Ge, etc.), novel source-drain architectures, advanced gate stacks and innovative
nanodevices (multi-gates, nanowires, nanotubes, etc.) will be presented.
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Multiple Gates for SOl MOSFETs: Two, Three or Four ?

The nano-size multiple-gate SOl MOS transistor is the ideal candidate for the microelectrol
future, including the transition from micro- to nano-electronics. The MOSFET scaling is intrinsig
easier in SOl than in bulk Si, where it is becoming a desperate issue. The key condition is to ut
ultra-thin bodies and to open the SOI family to any kind of semiconductor, strained or not, on
type of dielectric.

The aim of this presentation is to illustrate the improvement of the electrostatic control achieveq
the association of several gates. Two, three or four gates can collaborate for enabling enhan
performance, functionality, flexibility and scaling. Several device architectures (planar or verl
double gates, Q or [l topologies, 4-gate and gate-all-around ftransistors) will be discussed
comparing their merits and feasibility. Since the device operation is governed by 3-D effects, we
describe the typical coupling mechanisms along the longitudinal, lateral and vertical directions.
These devices with multiple addressable gates open a new paradigm in circuit design.
Preliminary examples of innovative reconfigurable circuits will be proposed.
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Selected Characterization Techniques for SOI Materials and Devices

Short abstract

SOl is a necessary technology, with multiple facets that need to be correctly captured and
understood. The goal of this tutorial is to offer a comprehensive view of the general strategy and
dedicated methods for electrical characterization. It is not aimed to provide an exhaustive
catalogue of techniques, instead it is designed to be practical and provide helpful quiding for
conducting proper measurements.

The evaluation of SOI structures is hampered by several problems: thinness of the film,
presence of the BOX, stacked interfaces, typical defects, strain, etc. The electrical properties
are of uppermost interest as they directly impact on the design and performance of integrated
circuits. A number of conventional methods can be borrowed from bulk Si and adapted to SO/
whereas other methods are no longer applicable in thin films. Fortunately novel techniques,
such as the pseudo-MQOS ftransistor can be conceived and implemented. The ingredients of the
pseudo-MOSFET will be described, based on examples demonstrating why it became a
successful and efficient routine technique for SOl material evaluation at the wafer level. Several
alternatives (Hg-FET, Hall effect, etc) will be addressed.

We will next see how to manipulate single-gate and multiple-gate MOSFETs in order to reveal,
from their static and dynamic characteristics, key parameters like carrier mobility and lifetime,
threshold voltage, self-heating, leakage currents, etc. Various parameter extraction methods for
the evaluation of the series resistance, interface traps and oxide defects will be explicited and
critically compared. A direct application is the monitoring of radiation-induced damage and hot-
carrier reliability effects. More sophisticated techniques like split-CV, geometric
magnetoresistance and lowtemperature transport are very successful for universal mobility
characterization in very advanced MOSFETs. The charge pumping, transient currents, and
noise spectroscopy will also be evoked. We will see the appropriate treatment for multiple
channels. Independently, each channel informs on the quality of the nearby interface. The multi-
channel coupling effects are more complex and basically have a two-fold impact: they alter the
measurement signature but, in turn, they can be taken advantage of for detailed analysis of the
physics mechanisms.
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Characterization of transport in ultra short field-effect transistors

Carrier mobility is the parameter that is used to characterize transport in long channel field-
effect transistors. However, as gate length reaches the 10nm range, its extraction raises
conceptual and experimental difficulties. New architectures, such as double-gate MOSFETs or
FinFETs raise new characterization challenges too, since several channels may be involved. In
this talk, we will discuss the validity of the mobility concept in ultra short transistors. We wiill
show the potential of some transport characterization methods, with new improvements aiming
at handling ultra short channels, as well as techniques that study the influence of additional
parameters such as strain or magnetic field. The discussion will be illustrated by recent
examples obtained on ultra short transistors with advanced architectures (ultra-thin body FD-
SOl transistors, double-gate transistors, strained channel devices, etc).
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Strained layer materials and device properties
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Epitaxial growth of strained layers
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Epitaxial growth of silicon based layers
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High frequency device technology

This lecture deals with ultimate device scaling with respect to high frequency performance of
advanced silicon devices. State of the art processing modules are examined as well as
electrical performance of devices. Aspects of low frequency noise are treated. Lecture is
planned for one hour.
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Silicides in microelectronics

This lecture will treat the aspects of utilizing metal silicides in the micro and nanoelectronics
device technology. Fundamental aspects of silicide formation including kinetics, formation
mechanisms are given. Integration schemes will be discussed and numerous examples of
technical solutions are discussed. Lecture is about one hour.
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Overview of Schottky barrier MOSFETSs

This lecture reviews the latest developments in MOSFETs with Schottky barrier contacts. Key
advancements in technology such as choice of metals, dopant segregation and integration will
be covered. Potential and status of state-of-the-art Schottky barrier MOSFETs will be described.
Lecture is planned for one hour.
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Silicon Nitride — based FLASH Memory devices

FLASH Memory scaling is facing increasing difficulties and new cell concepts may be needed to
replace the conventional Floating Gate architecture beyond the 32nm technology node. Among the
proposed new concepts, cells which replace the Floating Gate with a localized trapping material
(e.g. silicon nitride) are attracting increasing attention. This lecture focuses on silicon nitride based
NVM cell concepts (e.g. SONOS, TANOS) with emphasis on the operating principles, the program
erase and retention mechanisms, the pros and cons w.r.t. conventional floating gate technology.
Characterization, modeling and simulation issues of these promising devices will be discussed
based on examples from recent research activities in the field.
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Reliability issues in advanced non-volatile memories

Scaled non-volatile memories are facing new reliability issues related to the reduction of their
physical dimensions and of the number of electrons used to represent the stored bits. For
example, random telegraph noise coupled to random dopant fluctuations, fluctuations in the
number of injected electrons, anomalous programming and erasing are new mechanisms which
must be accounted for, beyond the traditional concern for SILC and retention issues related to
the oxide damage after cycling. The lecture addresses the different concerns for NOR and
NAND technologies, and the possibilities offered by innovative concepts for storage.
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Transport in advanced CMOS transistors

The high-K gate dielectrics, the crystal orientation and the strain for silicon MOSFETs as well as
the use of alternative channel materials have become important design knobs in CMOS
technologies, that need being studied and engineered to continue the scaling process.

In this framework, the role of physically based modeling is very relevant to steer the technology
towards the most promising options. The best crystal orientation and strain configuration, for
example, are not the same for the nMOS and pMOS devices, and the understanding of these
differences and of their practical implications require again an insight into the way the above
design options affect the transport in the channel of the transistors. The lecturer can address
different topics concerning the transport modeling in this generalized scaling scenario, at the aim
fo create a link between the available experimental data, the predictive capabilities of the models
and the resulting projections about the device performance and optimization.
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Noise in nanoelectronic transistors

Noise has an increasing role in the operation of nanoscale transistors for two main reasons:
First, as device size shrinks, the operation of transistors involves an ever smaller number of
electrons, which implies a smaller signal to noise ratio. Second, transistor operation is very
sensitive to the presence of single defects. In this talk we will review the specific properties of
noise in nanoscale transistors, considering both more moore devices, i.e. aggressively scaled
planar and ultrathin body devices, and beyond CMOS devices, such as those base on silicon
nanowires and carbon materials.
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Perspectives of multigate transistor architectures for logic and memory

In this talk we will critically review the perspectives of multiple gate MOSFETs for logic and for
non-volatile memories. As far as devices for logic are concerned we will evaluate multigate
architectures in terms of i) short channel effects ij) maximum operating frequency iii) intrinsic
gain iv) noise properties v) variability vi) packing density.As far as memories are concerned, we
will focus on multigate discrete storage memories, such as SONOS and TANQOS, focusing on
the efficiency of program/erase operation, retention, and packing density.
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Physical insights into the performance of transistors based on silicon nanowires, carbon
nanotubes, or graphene nanostripes

We use three-dimensional simulations of the coupled electrostatics and transport equations to
gain insights into the perspective performance of FETs based on silicon nanowires, carbon
nanotubes, and graphene nanostripes. Multigate devices ensure very good control of the
electrostatics, and therefore open the possibility of channel length scaling in the few nm regime.
However, transport properties in quasi-1D channels are extremely sensitive to single defects
and rough interfaces. Energy gap variability is also to be expected in particular for the carbon
channels, since fabrication or synthesis technology is still very far from precision down to the
single atom. We evaluate from the quantitative point of view the impact of defects and variability
on the transport properties by using a mix of codes based in the continuum (effective mass
approximation) and on an atomistic description (tight-binding hamiltonian).
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Perspectives and limits of Carbon Electronics

Carbon material is nowadays offering the possibility of exploring one-dimensional systems and
relativistic condensed matter physics, and is gaining the limelight in the nanoelectronic field
because of its potential to meet ITRS requirements. However, it is still unclear what part such a
new material will actually take in the semiconductor industry. The lecturer will address
perspectives and limits of carbon devices, focusing the attention on carbon nanotubes, graphene
nanoribbon as well as on graphene bilayer field effect transistors.

To this purpose, ideal devices will be investigated in order to outline the best performance to be
expected for the different channel materials, while the inclusion of possible source of non-idealities
will provide information concerning the sensitivity of carbon based devices to process variations
and undesired factors like ionized impurities, defects and line edge roughness in nanoribbons.
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Novel ultra-low-power CMOS design techniques for analog, digital and memory

functions. Implementations in SOI technology

On request
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SOI CMOS analog : device performance assessment and modelling, circuit design
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Wideband characterization of advanced SOl materials and devices: issues and

technological solutions

Based on the extraction of a wideband equivalent small-signal circuit, various MOS
technologies will be fairly compared and models with increased validity domain established.
Microwave performance of thin-film partially-depleted, fully-depleted SOl MOSFETs as well as
multiple gate MOS (MuG) will be assessed. The present limitations of silicon substrates to
provide high quality integrated passive elements as well as to reduce the crosstalk and non-
linearity generation in mixed-mode IC's will be explained and technological solutions will be
exposed. Based on the characterization and modeling of passive and active devices,
performance of a few RF circuits such as LNAs, oscillators and RF switches will be presented.
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Substrate effects on the dynamic response in SOl MOSFETSs, Silicon-on-Nothing devices
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and FinFETs : measurements, simulations and modelling

Any active or passive device integrated into a SOl technology basically lies on a oxide layer
(named BOX for Buried OXide) on top of a silicon substrate. This bilayered structure (BOX-
silicon substrate) being underneath each integrated device and circuit, its electrical analysis is
of first importance. Moreover, with todays technology downscaling, the coupling through the
substrate becomes an important limiting factor for the performance of mixed-mode high-
frequency integrated circuits, filters, convertors, transmission lines and even single MOSFETSs.
This lectrue summarizes the original researches on coupling through the substrate in SOl
MOSFETs performed during the last decade at the Université catholique de Louvain (UCL). The
influence of technology downscaling on the parasitic substrate coupling is particularly
emphasized. Silicon-on-Nothing (SON) and FinFET device architectures are described as
efficient engineering solutions, which allow suppressing the substrate-related degradation in the
device behaviour. A new alternative technological approach for “true” SON fabrication based on
the Si layer transfer over the pre-defined cavities developed at UCL is presented.
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Specific features of advanced SOl technologies for high-temperature applications

One of the main markets for silicon-on-insulator (SOI) devices is high-temperature application.
In the last decade, the technology advances to deep submicron era to improve device
performance, lower power consumption, reduce occupied area, etc. This unavoidably results in
the appearance of new phenomena or significant changes to existing ones. The question to be
addressed is “how the progress in MOSFET technology affects the high-temperature behavior
of the devices?” Indeed, progress in technology does not mean simply device shortening, which
is directly related to gate oxide thinning, doping level change, introduction of highK/metal gate
stacks, but in the same time requests an introduction of new solutions for the control of short-
channel effects, as e.g. channel engineering (additional HALO or pocket implantation) and
various multiple-gates device architectures. This lecture summarizes our experimental and
simulation results obtained on different advanced technologies. We start from FD and PD
advanced SOl technologies and finish with multiple-gate MOSFETs. The main attention is
focused on temperature dependence of two major MOSFET parameters as threshold voltage
and subthreshold slope and its evolution with technology advance. Some exotic effects in
advanced devices and their temperature dependences is also briefly shown. It is demonstrated
that advanced devices appear to have a great potential for future high temperature application
and are worth of further detailed investigations of their high-temperature stability and reliability.
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New concepts and new devices for microelectronics:

Quantum transport and Coulomb blockade in silicon nanodevices

This 5 hours lecture covers the field of interference and charge effects appearing in quantum
mesoscopic physics, with a particular emphasis on silicon nanodevices. It is illustrated with
experimental results by the author in devices obtained through collaboration with LETI and ST.
Interference effect and electronic localization, Landauer formulae, Resonant tunneling, ballistic
and diffusive transport, Coulomb Blockade (orthodox theory and quantum confinement effects)
are discussed. This lecture is given jointly with Dr. Jacques Gautier (CEALETI) which covers
applications of quantum mechanics and Single electron charging effect in silicon devices (4
hours). The audience is typically PhD students in micro and nanoelectronics.
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Among the main difficulties to overcome toward the 10 nm gate length MOSFET, many
challenges are associated to the source/drain (S/D) extensions. The tight constraints of dopant
activation to achieve very highly doped junctions, extremely steep lateral profiling, low contact
specific resistance have motivated a renewed interest in MOSFETSs architectures that integrate
metallic Schottky S/D. Based on that background, metallic Schottky-Barrier-like MOSFETs offer
the potential to solve critical problems associated to the source/drain architecture and more
specifically due to the specific contact resistance at the metal (or silicide) to silicon interface. In
this lecture, specific requirements associated to the S/D module of deeply scaled MOSFETs will
be first emphasized. As improved performance of SB-MOSFETs are expected from a tight
control of the Schottky interface to produce sub 0.1 eV barriers, a special focus will be put on
material considerations, including basic modeling of the Schottky junction, transport modelling
and associated extraction methodology of low Schottky barriers. Barrier modulation methods
will be reviewed to point out the most appropriate technique based on low temperature dopant
segregation. Constraints associated to silicide integration in a practical MOSFET S/D module
will be outlined. Finally, results of device integration will be discussed and electrical
performance will be benchmarked against state-of-the-art bulk and SOl technologies.
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Process simulation for advanced stress and junction engineering

For CMOS devices downscaling, sharp requirements have been defined by the International
Technology Roadmap for Semiconductors (ITRS) in terms of drive and off state current and
power density, making the geometric scaling a challenging task. The new vector largely
adopted to extend Moore's law is the mobility enhancement through the introduction of stress by
several techniques (Stress Liner, eSiGe embedded stressor, stress memorization). On the other
side, a challenging experimental trade-off is being made on jonction processing to meet the
sharp requirements in terms of resistance, abruptness and depth. Standard techniques
(implantation and rapid thermal annealing) are being pushed to their limits whereas alternative
techniques such as preamorphization, solid phase epitaxy (SPE), laser annealing and plasma
doping are being optimized. As will be shown in this tutorial, many challenges are being faced
by characterisation methods and metrology to support all of this intense research competition.
TCAD more generally, and process simulation in particular, have a complementary role to play
to identify trade-off and evaluate the scalability.
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High mobility channel materials

Fabrication of sSOI, structural and electrical properties,
stressor methods
sSOl devices.
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Modeling of noise and quantum corrections for device simulations
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Material scaling now accompanies the dimension scaling which drives Moore’s law. An
essential component of material scaling into the nanometer regime is given by silicon based
heterostructures. Molecular beam epitaxy is a versatile research tool to realize different types of
heterostructures with vertical dimensions down to 1 nm.

The different topics concern handling of lattice mismatched heterostructures and their
application in high frequency and optoelectronics/ microelectronics integration.
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Ordering of Si nanocrystals in 2-D layers for nanodot memory devices

Semiconductor nanocrystals memories (NCMs) are composed of a two-dimensional nanocrystal
layer embedded within the gate dielectric of a MOSFET structure. Their static and dynamic
properties are strongly related with the size and density of the nanocrystals in the nanocrystal
layer.

Lateral ordering of the arrays of dots in the two-dimensional dots layer shows important
advantages compared with the case of non-ordered structures, which are related with the
influence of dots size and density on the electrical characteristics of the memory.

A technology has been developed at IMEL for growing laterally ordered Si nanocrystals
embedded in SiO2 thin layers by using very low energy ion implantation through anodically
grown alumina films an oxidized Si substrate.
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SOI Technology

SOl Materials, the SOl MOSFET, Multigate SOl MOSFETSs, Radiation and temperature effects,
SOl circuits.
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Compact modeling of SOl and Multiple Gate MOS devices
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This lecture presents and explains compact modeling techniques which have been applied for
different types of SOI and multiple-gate MOSFETs (Double-Gate MOSFETs, Gate All Around
MOSFETs, FinFETs). Long channel models are obtained by deriving a unified charge control
model from the solution the 1-D Poisson’s equation in the direction perpendicular to the
channel, and using an appropriate transport model. Several techniques have been proposed to
incorporate short-channel effects to this unified model. These techniques are based in
considering the electrostatic potential as the sum of two contributions: the solution of the 1-D
Poisson’s equation and a solution of the remaining 2-D or 3-D equation, which is solved, with
several approximations, using different methods. Finally, using the active transmission line
approach, the compact models are extended to the high frequency operation, in order to study
the RF performance, including noise.
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Mobility in multigate MOSFETs

We analyze the behavior of electron and hole mobility in different multigate structures
comprising double gate transistors, FIinFETs, and silicon nanowires, with different
crystallographic orientations and channel materials. The effect of technological parameters on
carrier mobility is broadly analyzed, and its behaviour physically explained. Our main goal is to
show how mobility in multiple gate devices compares to that in single gate devices and to study
different approaches to improving the mobility in these devices, such as different
crystallographic orientations, strained Si channels, Ge channels, etc. We considered two kinds
of multiple gate devices: quantum-well based devices, and quantum-wire based devices. The
first part is devoted to the first group of devices, where carriers are confined in only one
dimension but can move freely in the other two dimensions. The second part focuses on
multigate silicon nanowires, where carrier confinement is produced in two dimensions. In this
case, carriers are drifted in the other dimension. The different nature of these two types of
device led us to develop different approaches to study the electrostatics and transport in each
device.




Legal name: Short name: | Department/Faculty/etc.: Partner number:

Chalmers tekniska Chalmers Microtechnology and 22

hogskola Nanoscience

First name: Olof

Olof E-mail address:

Name:

Engstrom olof.engstrom@mc2.chalmers.se

Searching for the High-k-Grail

Navigation in the periodic system to find the final high-k-solution
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High-k/silicon interfaces

The nature of charge carrier energy states and traps at the interface between high-k-dielectrics
and silicon.
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This lecture particularly addresses the challenges and opportunities offered by nanoelectronic
switches with subthreshold swing better than 60mV/decade, in terms of power savings and new
functionality. It focuses on new device principles and their illustration, as it follows: (i) solid-state
abrupt switches such as tunnel-FET, impact ionization MOS transistor (IMOS) and
punchthrough impact ionization MOS transistor (PIMOS) and (ii) non-pure electronic devices
combining micro/nano-mechanical movable parts and semiconductor device principles, such as
Suspended Gate — FET or Movable Body FET and (iii) ferroelectric FETs. The basic principles
are discussed and the state of the art in the field is reviewed. Particular attention is provided to
the analysis of true benefits at circuit and system levels resulting from the use of small swing
devices and the need for accompanying the technology and device effort by adapted design
and/or new system architectures. Some examples concerning power management schemes
based on abrupt switches are detailed.
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Quantum Simulation of Silicon Nanowires

Silicon nanowires are perspective core components of future integrated circuits. The feasibility
of Si nanowire FETs has been demonstrated by several groups. TCAD-oriented simulation tools
can accompany the sophisticated fabrication process, providing aid for performance
improvement, supporting the basic understanding, and facilitating the development of new
structures. Nanowire FETs with small cross sections and ultra-short gates call for a three-
dimensional quantum mechanical treatment of carrier transport beyond the effective mass
approximation (EMA). As long as inelastic scattering is neglected, a Wave Function approach is
the method of choice due to its numerical advantage over the Non-Equilibrium Green’s Function
technique. However, the computational burden does not allow to treat important effects like
phonon scattering and gate tunneling on a full-band (FB) level. These phenomena still require
the EMA. We describe a FB quantum transport simulator and show FB and EMA simulation
results for quantum-ballistic currents in Si nanowire FETs focusing on the effects of channel
orientation, surface roughness, strain, and direct gate tunneling leakage.
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Bulk pMOSFET performance enhancement by combinations of SiGe pockets, compressively
stressed cap liner and (110) surface orientation is investigated by mechanical stress and Monte
Carlo device simulation. In agreement with recent measurements, the on-current gain by a (110)
surface orientation of the 45 nm pMOSFET with a 3 GPa compressive cap lineiner is 32 % and
16 % without and with the presence of Si_0.8 Ge_0.2 pockets, respectively. However, the
performance enhancement by a (110)surface orientation strongly decreases upon scaling and
for increasing liner stress. This suggests that the enhanced mobility for (110) surface

orientation may loose its advantage in the limit of further scaling and increasing stress.
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Simulation of statistical variability in nano CMOS devices

Intrinsic parameter fluctuations associated with discreteness of charge and atomicity of matter
are now one of the major factors limiting scaling, integration and the reduction of supply
voltages and power consumption. The lectures will present recent advances in the simulations
atomic scale variability fluctuations in nano CMQOS devices using Drift Diffusion (DD), Monte
Carlo (MC) and Quantum Transport (QT) techniques.
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Oxidation for sub 100nm technology

The aim of this module is to provide delegates with a description of the electronic properties of
dielectrics and their on the properties of MOS and other semiconductor devices. It includes
discussions of growth methods and kinetics, scaling, reliability and techniques for the study of
insulating films as they influence the performance of MOS bulk and SOl devices

On successful completion of this module delegates will have gained an appreciation of the
fundamental mechanisms controlling the formation of oxides; an understanding of the
measurement of thickness and such electrical properties as density of interface states; a
knowledge of conduction properties and trapping effects within the film; a knowledge of ion
migration and the relationship to degradation; an in depth appreciation of the relationship of
dielectric physical and electrical properties to real integrated devices; an overview of future
trends of gate oxides for decananometer CMOS processes including high-K replacements for
silicon dioxide.
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Doping kinetics in Si and Ge
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