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FOREWORD

Among many great inventions made in the 20th century, electronic circuits,
which later evolved into integrated circuits, are probably the biggest, when
considering their contribution to human society. Entering the 21st century, the
importance of integrated circuits has increased even more. In fact, without the
help of integrated circuits, recent high-technology society with the internet,
cellular phone, car navigation, digital camera, and robot would never have
been realized. Nowadays, integrated circuits are indispensable for almost every
activity of our society.

One of the critical issues for the fabrication of integrated circuits has been
the precise design of the high—speed or high-frequency operation of circuits with
huge number of components. It is quite natural to predict the circuit operation
by computer calculation, and there have been three waves for this, at 15-year
intervals. The first wave came at the beginning of the 1970s when LSIs (Large
Scale Integrated circuits) with more than 1000 components had just been intro-
duced into the market. A mainframe computer was used for the simulation, and
each semiconductor company used its own proprietary simulators and device
models. However, the capability of the computer and accuracy of the model
were far from satisfactory, and there are many cases of the necessity of circuit
re-design after evaluation of the first chip.

The second wave hit us in the middle of 1980s, when the EWS (Engineer-
ing Work Station) was introduced for use by designers. At that time, most of
the simulation tools were already provided by software vendors and standard
device models for public use were being established. The simulation of cir-
cuits became considerably more accurate and the amount of re-design was
significantly reduced. The third wave started to flood us at the beginning of
this century, when the PC provided sufficiently high performance for circuit
simulation. We are facing the front of the third wave now.

The situation for device models for circuits has changed very much during
the past 20 years. Ten years ago, the model was kept in strict secrecy within each
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semiconductor company, in most cases. Now the semiconductor companies
adopt open public standard models or even common model parameters in order
to provide a familiar design environment to their customers. Recently, very
accurate and complex models have been required to cope with the need to design
extremely high-speed logic circuits with ultra-small transistors — sometimes
even with an SOI substrate. The characteristics of ultra-small CMOS devices
are quite different from those of older larger transistors and the models become
very complicated. Also, the macroscopic treatment of large number of logic
devices with hardware description languages such as VHDL-AMS or Verilog-A
becomes very important, with tremendous increases in integration.

Another aspect is that the market for RF integrated circuits has become very
large, and there are strong demands for an accurate RF model for CMOS and
HBTs. Traditionally, modeling of RF devices was very difficult, because of the
accuracy required not only for the first derivative of the I-V characteristics, but
also for the third derivative. In addition, an accurate three-dimensional model
of the substrate is essential for precise RF simulation of active and also passive
components. The substrate model is also important for noise simulation, which
is a key element in RF devices. Corresponding to the accuracy and complexity
of the model required, the expression of the model has wide variety; empiri-
cal expression, analytical expression, table look-up expression, and numerical
expression obtained by numerical simulation.

The importance of compact modeling for circuits is becoming bigger and
bigger in the third wave, and we expect to see great progress. This book includes
some of the recent important advances in compact modeling. It is our hope that
this book will be useful for designers and modeling scientists facing the front
of the third wave.

Hiroshi Iwai
Tokyo Institute of Technology

December 1, 2005



INTRODUCTION
Wladek Grabinski, Bart Nauwelaers and Dominique Schreurs

The accuracy of the integrated circuit analysis performed in contemporary
design flows is directly correlated to the quality of its fundamental components —
the models. To ensure on-time delivery of these models, characterization and
model generation must be rapid and precise. To be able to take full advan-
tage of the new semiconductor technologies, the designers have to update their
CAD tools regularly with precise definitions of the new device models that
can be implemented into circuit simulators and design flows. The models must
preferably be physics-based to account for complex dependences of the device
properties on dimensions and other process variables. The model parameters
are derived from measurements and characterization of the devices. For RF
CMOS (bulk and SOI) and compound technologies, both modeling and char-
acterization are challenging tasks that will be especially emphasized in this
book. '

This book is aimed at radio frequency (RF)/analog and mixed-signal inte-
grated circuit (IC) designers, computer-aided design (CAD) engineers, semi-
conductor physics students, as well as wafer fab process engineers working
on device, compact model level. We can summarize the goals of the book as
follow:

— to give the reader a consistent introduction to the main steps of com-
pact model developments, including advanced 2/3D process and device
simulations, consistent and accurate MOSFET modeling founded on
the physical concepts of the surface potential, charge-based model-
ing, empirical modeling of small and large signal device behavior, and
modeling approaches that are based on linear as well as non-linear
measurements;

— to illustrate the impact of device-level modeling on IC design using
selected examples; '
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— to provide a detailed insight into modeling and design flow automa-
tion based on high-level behavioral languages, i.e. VHDL-AMS and
Verilog-A.

We have structured this book to cover the key aspects of compact model
developments, showing consistent flow of the implementation and dissimilation
as well as its standardization tasks. Following that organization, the book is
divided into ten main chapters:

In the first chapter of this book, D. Donoval et al. introduce 2/3D process and
device simulation as an effective tool for better understanding of the internal
behavior of semiconductor structures. Process simulations are used to create a
virtual device with geometry and properties identical to the real structure, and
such basic technology steps as ion implantation, diffusion, epitaxial growth,
oxidation, deposition and etching are presented. Then numerical 2/3D device
simulations are performed. The complete simulation flow is illustrated by three
advanced examples: a bipolar transistor, a CMOS inverter structure and a power
vertical DMOS transistor multi-cell structure. These kinds of virtual device
structures created by 2/3D process and device simulations are often used as
initial inputs for compact model development and validation.

Bulk CMOS models make up the main stream of the compact models. Next,
two chapters discuss two concepts of the physics-based models for CMOS
devices.

R. van Langevelde et al. present PSP: an advanced surface-potential-based
MOSFET. The PSP compact model jointly developed by Philips Research and
Pennsylvania State University is based on fundamental physics (the surface
potential approach) over the entire MOSFET device operating regime. Such
effects as gate leakage, noise, non-quasistatic (NQS) and quantum-mechanical
effects, which become increasingly important with the downscaling of CMOS
technology, are physically modeled within PSP and have been verified experi-
mentally. The model also provides a better description of high-frequency behav-
ior. The PSP model enables improved simulations of a wide class of circuits
including analog/RF modules that are important in the mobile communication
technology and other advanced designs. The PSP compact model is supported
by professional software environments, including Verilog-A, which allow it
to be directly coupled to many popular circuit simulators. The PSP model
has been submitted to the Compact Model Council (CMC) as a candidate for
standardization.

M. Bucher et al. present EKV3.0: an advanced charge-based MOSFET tran-
sistor model which is design-oriented towards next-generation CMOS tech-
nologies and IC designs. Historically, the development of the EKV model
is driven by the needs of analog IC designers. This chapter presents the
physical foundation of the EKV charge model, which is itself based on a
surface-potential analysis. The basic charge modeling approach allows not only
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physically consistent and accurate modeling of current, terminal charges and
noise, but also offers a unique set of suitable expressions for hand-calculation
of analog/RF circuits. The fully-featured EKV3.0 compact MOST model for
circuit simulation is presented and validated using advanced RF application
examples down to sub-100nm CMOS technologies. Finally, the parameter
extraction procedure and implementation in the Verilog-A language are briefly
discussed. )

The next two chapters describe empirical models, and also include infor-
mation on measurement techniques used for model extraction or creation.

Reliable measurements are a prerequisite for any sensible device modeling
work, in particular for RF applications where the silicon or III-V compound
material-based device models are required to predict their subtlest behavior.
D. Schreurs focuses on MOSFET modeling using direct high-frequency mea-
surements. After explaining the theoretical background of two high-frequency
modeling approaches, the author discusses the main characterization steps,
i.e. linear and non-linear vector measurements and the importance of de-
embedding, as well as equivalent circuit and behavioral modeling. Both linear
and non-linear measurement-based modeling approaches are explained and
their different implementations are illustrated by examples.

I. Angelov discusses empirical FET models. Experimental static current,
S-parameter and capacitance characteristics are linked with small and con-
sistent large signal equivalent circuit modeling, leading to an empirical FET
model. This creates a basis for reviewing Standard and Extended Curtice Mod-
els, the Materka-Kacprzak Model, the Triquint Model, the EESOF Model, and
the Chalmers FET Model. The author also shows an extended empirical model
to incorporate physical phenomena such as thermal effects and dispersion.

The following three chapters bring some specific physical aspects into the
modelling arena: SOI with its special substrate build-up, effects of very small
dimension MOSFETSs, and quantum effects that are observable in some circuits.

Silicon-on-insulator (SOI) CMOS technologies offer exceptional advan-
tages not only for digital designs but also for RF, low-GHz telecommunication
and microwave IC designs. B. Parvais and A. Siligaris present an empirical
approach to modeling the SOI MOSFET nonlinearities. The analytical model
is introduced to describe the nonlinear behavior of the SOI device from DC
to RF coherently, and to account for the dispersive character of some physical
phenomena, such as floating body (FB) effects in the SOI device. The simu-
lations of a new model were validated by measurements and explained by a
simple analytical model, based on the Volterra series approach.

Some of the models might not properly describe some physical effects
presented in aggressively down-scaled CMOS technologies. As the MOSFET
models are critical for reliable RF designs, new physical effects must be incor-
porated and alternative modeling techniques must be proposed. N. Itoh focuses
on and describes some insufficiently modeled phenomena in the recent small
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geometry MOSFETS, i.e. mobility degradation due to STT stress and channel
noise enhancement due to hot carrier effects. His model accounts for physical
effects associated with STI stress, scalable parasitic components and channel
thermal noise allowing the reduction of both the cost and design period of
advanced RF/analog IC design.

F. Felgenhauer et al. discuss incorporation of parasitic quantum effects in
classical circuit simulations. The performance of a state-of-art CMOS device is
influenced by an increasing number of parasitic effects associated with recent
down-scaling of integrated semiconductor devices. Beside semi-classical par-
asitic effects and leakage currents such as sub-threshold current, DIBL and
GIBL, further parasitic effects of quantum mechanical origin must be included
in device modeling. The discussion covers the physics and the simulation of
coherent charge transport with a successful attempt to include quantum effects
in high-level circuit simulations such as SPICE. The simulation model devel-
opments are illustrated by three different circuit examples, which explicitly
exhibit the influence of quantum effects on circuit functionality.

The two final chapters provide detailed insight into how modeling and
design flow automation can be supported and enhanced by analog hardware
description languages (AHDLs) such as VHDL-AMS and Verilog-A.

C. Lallement et al. present the capabilities of the VHDL-AMS hardware
description language for compact model development. The chapter is a case
study and shows that VHDL-AMS can be successful used for implementation
of such models as EKV 2.6 and MM11 MOSFETs. The authors also show that
the basic models can be easily enhanced to include major physical effects like
self-heating, extrinsic aspects and quantum effects, since the VHDL-AMS lan-
guage naturally supports multi-domain. VHDL-AMS is not limited to single
device compact modelling but also can be used to describe innovative integrated
devices, like Micro-Opto-Electro-Mechanical Systems (MOEMS) integrating
different application-field parts on the very same chip (e.g. mechanical, elec-
trical, thermal, and fluidic parts). Similarly to Verilog-A, discussed in the next
chapter, application of VHDL-AMS to compact modeling is an attempt to stan-
dardize the compact modeling development environment.

B. Troyanovsky et al. present Verilog-A, a behavioral language for com-
pact modeling of MOSFET developments, as a platform-independent software
tool. The authors introduce Verilog-A, a general-purpose modeling language,
by examples guiding the reader through language elements, operators, func-
tions and structure, with particular emphasis on the constructs important to the
compact model developer. The recent Verilog-A release of the language stan-
dard has added several features of interest to compact model developers. The
main language extensions are discussed in the chapter. It is important to note
that several academic and industrial model development groups, i.e. PSP and
EKYV teams, now use Verilog-A as a main and a platform-independent language
of their development methodology.



Introduction X

From this summary of the contents of the book, the reader can see that
a broad overview of modelling techniques in the MOS arena is described by
a select group of authors. Very fine contributions regarding the best compact
models are complemented with equally good work regarding measurement-
based modeling. Additionally a number of specific topics on SOI, small devices,
quantum effects and hardware description languages (VHDL-AMS, Verilog-A)
further increase the usefulness of this book.

Bringing together such a notable group of authors is a very visible result
of the ongoing effort of the MOS-AK group, behind which one of the edi-
tors, W. Grabinski, is a driving force, to bring all European researchers in
the advanced MOS field together and to keep them talking about their mutual
research interests, and more specifically about the modeling aspects of MOS
devices and circuits. '

It was just after the MOS-AK workshop organized in September 2004 at
the University of Leuven that the co-operation between the publisher and the
editors to create this book was initiated. The editors would like to thank the
authors of the various chapters and the publishers’ staff for bringing this project
to a successful conclusion.
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Chapter 1
2/3-D PROCESS AND DEVICE SIMULATION

An effective tool for better understanding of internal
behavior of semiconductor structures

Daniel Donoval', Andrej Vrbicky', Ales Chvala!, and Peter Beno?

1Departmem‘ of Microelectronics FEI, Slovak University of Technology in Bratislava,
llkovicova 3, 812 19 Bratislava, Slovakia

E-mail: daniel.donoval @stuba.sk

2ON Semiconductor Slovakia

Abstract:

2/3-D numerical process and device simulation is presented as an extremely
useful tool for the analysis and characterization of fabrication processes and cor-
responding electro-thermal behavior of semiconductor structures and devices
standing alone and/or coupled in integrated circuits. In the introductory part of
this chapter, a brief description is given of the basic features, processes, and struc-
tures implemented in the numerical process and device simulation. Visualization
of the internal properties (electrical, thermal, optical, magnetic, and mechanical)
allows comprehensive analysis of the critical regions and weak points of the
analyzed structures. The presented examples illustrate the potential, power and
beauty of numerical simulation of processes and devices for the identification
and analysis of the behavior of parasitic devices that exist as inevitable parts of
active devices and which degrade the normal operation and reliability of inte-
grated circuits. Commercially available TCAD process and device simulators
with verified calibrated complex electro-physical models, advanced numerical
solvers securing stable calculations, and user friendly interactive environment
provide a unique insight into the internal operation of the analyzed structure.
They can be efficiently used for comprehensive physical interpretation of exper-
imentally obtained results and/or particularly for prediction of the properties
and behavior of new semiconductor structures and devices as well as for further
development and optimization of new technologies and fabrication steps.

W. Grabinski, B. Nauwelaers and D. Schreurs (eds.),
Transistor Level Modeling for Analog/RF IC Design, 1-27.
© 2006 Springer. Printed in the Netherlands.



