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Preface

The continuous progress in modern power device technology is increasingly
supported by power-specific modeling methodologies and dedicated simulation
tools. These enable the detailed analysis of operational principles on the the device
and on the system level; in particular, they allow the designer to perform trade-
off studies by investigating the operation of competing design variants in a very
early stage of the development process. Furthermore, using predictive computer
simulation makes it possible to analyze the device and system behavior not only
under regular operating conditions, but also at the rim of the safe-operating area and
beyond of it, where destructive processes occur that limit the lifetime of a power
system. Thus, virtual experimentation and virtual test by computer simulations have
become an integral part of the design methodology for electronic power devices,
modules, and entire components and systems in order to achieve cost-efficient and
time-economizing development cycles. This is, in particular, relevant with a view
to satisfying all requirements concerning robustness against harsh and exceptional
operating conditions (“ruggedness”), long-term reliability, energy efficiency, and
cost reduction by increasing integration of multiple functionality in one module.

A successful strategy for “virtual prototyping” of power systems requires mod-
eling methodologies on different levels of abstraction and computational expense.
This monography addresses the most important aspects to be focussed on in seven
chapters contributed by world-known experts in their field. In the first and fifth
chapter state-of-the-art high-voltage device models on the continuous field level and
their implementation in numerical simulation are discussed, with emphasis on the
consistent treatment of electro-thermally coupled fields and coupled domains. This
kind of physically-based modeling is the indispensable prerequisite for predictive
“high-fidelity” computer simulations, but computationally very expensive or even
prohibitive, so that they cannot be used in a top-down/bottom-up design optimiza-
tion loop.

It is therefore that over the past decades “order-reduced” compact models have
been developed, which are simplified to an extent that the computational cost be-
comes affordable, but are still phyics-based and, hence, scalable and predictive.

The major part of this book deals with alternative approaches to accurate and
efficient high-voltage device compact models as developed during the past years
at renowned institutions around the world. While unipolar transport in power
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MOSFETs is addressed in Chapters 2—4, distributed macromodels for bipolar trans-
port in IGBTSs are presented in Chapter 6.

The book concludes with an example of a modern web-based simulation platform
ready for the easy-to-use implementation of the above-discussed compact modeling
methodologies.

| feel that this monography may serve as a “catalytic link” between the commu-
nities of power device technologists, power electronic engineers, and IC designers
in order to produce new synergies in the R&D of power systems, a field with a
prosperous future in our high-tech societies.

Technische Universitaet Muenchen Prof. Dr. Gerhard Wachutka
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Introduction

Wladek Grabinski and Thomas Gneiting

Semiconductor power electronics plays a dominant role due its increased efficiency
and high reliability in various domains including the medium and high electrical
drives, automotive and aircraft applications, electrical power conversion, etc. Our
book will cover a very extensive range of topics related to the development and
characterization of power/high voltage (HV) semiconductor technologies as well
as modeling and simulations of the power/HV devices and smart power integrated
circuits (ICs). Emphasis is placed on the practical applications of the advanced semi-
conductor technologies and the device level compact/SPICE modeling. Our book is
intended to provide reference information by selected, leading authorities in their
domain of expertise. They are representing both academia and industry. All of them
have been chosen because of their intimate knowledge of their subjects as well as
their ability to present them in an easily understandable manner.

This book is aimed at power/HVMOS integrated circuit designers, computer-
aided design (CAD) engineers, semiconductor physics students as well as wafer fab
process engineers working on device, SPICE/compact level. We could summarize
the goals of the book as follows:

— Introduce the reader in a consistent manner to the main steps of the com-
pact model developments, including advanced 2/3D process and device TCAD
simulations, consistent and accurate MOSFET modeling founded on the physi-
cal concepts of the surface potential and charge-based modeling coherent with
related electrical devices’ characterization.

— To illustrate the impact of the device level modeling on the IC designs using
selected examples supported by corresponding TCAD and CAD, SPICE level,
simulation solutions.

We have structured this book to address the key aspects of the compact model devel-
opments, showing well structured flow of the power/HVMOS models implantation
and dissimilation as well as its standardization tasks. Following that organization
the book is divided into subsequent chapters:

In the first chapter of this book, Oliver Triebl and Tibor Grasser are introduc-
ing the TCAD simulation tools for device modeling and recommending how they
can be used for advanced modeling tasks. Selected simulations examples show the
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influence of fundamental physical models and demonstrate how TCAD gives the
device engineer an insight into the device behavior and analyze that information for
further device optimization using the valid drift—diffusion framework. Moreover, ad-
vanced transport models such as energy-transport, six moment models, and Monte
Carlo simulation which have gained some interest during the last decade are briefly
summarized as well.

Bulk CMOS models make up the main stream of the compact models. Next three
chapters discuss leading concepts of the physics based models for advanced CMOS
technologies.

H.J. Mattausch et al. are discussing modeling concepts of HiSIM_HYV, the
surface-potential-based HiSIM (Hiroshima-university STARC IGFET Model)
model for conventional bulk MOSFETs. The HiSIM_HV modeling concept is
valid for modeling both, a laterally-diffused asymmetrical structure, known as
LDMOS structure as well as a symmetrical structure with extended drift regions at
both source and drain, which are distinguished by referring to it as HYMOS, more
generalized modeling case. The HiSIM core model is then extended and enhanced
by number of the modular additions to construct the HiSIM-HV model. New ex-
tensions are mainly capturing very specific properties of drift regions added to the
MOSFET core to obtain the high-voltage capabilities including the self-heating
effect essential for modeling of the semiconductor device power dissipation of a
high-voltage MOSFET device during its operation. The HiSIM_HV model has been
submitted and is evaluated by the Compact Modeling Council (CMC) as a candidate
for standardization.

A.C.T. Aarts and A. Tajic are presenting the MOS Model 20 (MMZ20), which is
an advanced public-domain compact LDMOS model used for circuit simulation of
high-voltage 1C-designs. The MM20 model combines the MOSFET channel region
under the thin gate oxide with the drift region of an LDMOS device preserving the
effect of the gate extending over the drift region as well as quasi-saturation intrin-
sic model description. To maintain the model accuracy MM20 has been developed
using a surface potential formulations and the internal device potentials are solved
numerically inside the model core. This allows the MM20 to serve as the basis build-
ing block for all kind of LDMOS devices, for a wide range of supply-voltages. It is
important to mention that the MM20 source code as well as the complete documen-
tation including the parameter extraction strategy of the MM20 is available in the
public domain.

Y.S. Chauhan et al. are introducing a modeling strategy for HYMOS transis-
tors (HV-EKV) based on the scalable drift resistance and the use of charge based
EKV2.6 MOSFET model as the core for the intrinsic MOS channel. The model
is stable and robust in the entire bias range useful for circuit design purpose. Used
modeling strategy is optimized according to the fast convergence and good accuracy
criteria. It should be noted that the general HV-EKV model has scalable physical and
electrical parameters allowing correct modeling of quasi-saturation and self-heating
effect. The model is validated on the measured characteristics of two widely used
industrial high voltage devices’ types (LDMOS and VDMOS) and implemented into
number of the commercial circuit simulators supporting the Verilog-A standard.
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A. Napieralski et al. analyze problems encountered in the compact model-
ing of the unipolar high power semiconductor devices. After a short introduction
to traditional and novel concepts of power device modeling and simulation, the
authors discuss a new distributed model of power diode which can be directly inte-
grated into a standard SPICE-based simulation tools. Main analyzed power devices
parameters are: voltage blocking capability, or breakdown voltage, current capa-
bility and switching performance. Available power MOSFET macromodels and
presented approach can facilitate the design process of power electronic circuits
by adding distributed models for the IGBT and BJT devices also for the SiC tech-
nologies at the later stage of the developments.

P. Austin and J.-L. Sanchez present the physical basis of the new insulated-gate
bipolar transistor (IGBT) modeling approach and its implementation. The authors
describe the IGBT device and its original modeling method. Presented concept relies
on a specific solution to the ambipolar diffusion equation which allows describing
the distributed nature of the carrier dynamics occurring in the base region of the
IGBT device. These models use physical, geometrical and electrical characteristics
derived principally from the methods relying on reverse engineering or electrical
measures. To highlight the results, two examples of application are given. The first
one deals with the DC/AC voltage inverter while the second addresses the low loss
architecture issue.

The final chapter by A. Napieralski et al. introduces the DMCS-SPICE web
based tool which gives access to a SPICE-based simulation engine where a new
distributed model of the PIN power diode has been implemented. Available model
yields both accurate description of power PIN diode and relatively short simulation
times, thanks to its distributed nature The DMCS-SPICE is a first step towards a
widely accessible simulation environment with high power semiconductor device
support, allowing the user to perform reliable simulation of a complete circuit in a
reasonable time. That modular web based tool has three features that can make the
project successful: it is free, it is widely accessible, and it is based on the well-known
SPICE core.

From this summary of the compact modeling book contents, the reader can see
that a broad overview of the compact modeling techniques in the power/[HVMOS
arena is described by selected group of leading authorities in their domain of
expertise. It is a unique collection of the contributions regarding the best com-
pact modeling practice which are complemented with equally good work regarding
advanced TCAD and CAD simulation techniques as well as electrical characteriza-
tion of the power/HVMOS semiconductor devices. In addition, a number of selected
topics on silicon and alternative semiconductor high voltage possessing as well as
introduction of the Verilog-A, hardware behavioral description language, as a com-
pact modeling standardization platform further increases the usefulness of our book.

This book is also an indirect result of ongoing efforts of the MOS-AK Compact
Modeling Group which allowed bringing together such a notable group of the
authors. The MOS-AK Group is celebration the 20 years of enabling compact
modeling R&D exchange in Europe this year. With initiative of one of the book
editors, W. Grabinski, the MOS-AK Group and the Global Semiconductor Alliance
(GSA) created the alliance as the next step in addressing the complex issues of



Xii W. Grabinski and T. Gneiting

the entire compact modeling ecosystem. The MOS-AK/GSA initiative will come
to fruition by encouraging interaction and sharing all information related to com-
pact modeling at all levels of the device and circuit characterization, modeling and
simulations; conducting regular meetings with industry players and academia to
exchange information on the strengths and weaknesses of the industrialization of
compact models; and providing comprehensive reports and reference papers as well
as further modeling books to accelerate the transfer of advanced compact modeling
methodologies and its standardization to the semiconductor industry.

The editors would like to deeply acknowledge all authors for their valuable
contributions as well as the publishing team, in particular, Cindy Zitter, Springer
SBM NL, for smooth management of our modeling book project.

GMC Suisse, Commugny Wladek Grabinski
AdMOS, Frickenhausen Thomas Gneiting
October 2009



Chapter 1
Numerical Power/HV Device Modeling

Oliver Triebl and Tibor Grasser

Abstract Modern semiconductor devices have to fulfill many requirements in
terms of performance, reliability, and costs. The structures have become very com-
plex and have undergone major optimizations compared to the original proposals
half a century ago. This complexity almost always requires Computer Aided De-
sign (CAD) tools for the design of electric and electronic units. Usually different
engineering levels have to be considered in the design process. At the circuit level
CAD tools like SPICE can be used to adjust and test electronic circuits. Analysis of
a device itself can be considered one step down on the engineering hierarchy lev-
els. Dopant and carrier distributions become important and the spatial distribution
of quantities has to be considered. Software tools supporting the design of devices
at this level are known as Technology Computer Aided Design (TCAD) tools. This
chapter will give an introduction in the drift-diffusion method which is probably the
most important carrier transport model used in TCAD. Modeling of mobility and
of generation and recombination will also be considered. Finally, a discussion on
numerical considerations on solving the problems will be given.

Keywords Tcad - Device simulation - High-voltage - Drift-diffusion - Mobility
modeling

1 Introduction

Modern semiconductor devices have to fulfill many requirements in terms of
performance, reliability, and costs. Structures have become very complex and have
undergone major optimizations compared to the semiconductor structures originally
proposed half a century ago. This complexity almost always requires Computer
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Aided Design (CAD) tools for the design of electric and electronic units. Different
engineering levels are considered in the design process. At the circuit level CAD
tools like SPICE can be used to adjust and test electronic circuits. Here, the single
devices are commonly simulated using calibrated compact models. Analysis of the
device itself can be considered one step down on the engineering hierarchy levels.
Dopant and carrier distributions become important and the spatial distribution of
quantities has to be considered. Software tools supporting the design of devices at
this level are known as Technology Computer Aided Design (TCAD) tools.

This chapter gives an introduction on how TCAD tools for device simula-
tion work and how they can be used. The basic equations needed to perform
drift—diffusion simulations are presented together with some mobility and gener-
ation/recombination estimations. Sample simulations show the influence of crucial
physical models and demonstrate how TCAD gives the device engineer an insight
into the device behavior and how that information can be used for further device
optimization. Some considerations on solving the equation systems by applying dis-
cretization schemes and using iterative solution techniques will be given.

As the focus of this introductive chapter is on the modeling and simulation of
high-voltage devices, the validity of drift-diffusion framework will be assumed.
These drift—diffusion equations are also the starting point for the derivation of most
compact models. More advanced and computationally demanding transport models
such as energy-transport, six moment models, and Monte Carlo simulation have
gained some interest during the last decade and are briefly summarized.

1.1 TCAD - Technology Computer Aided Design

Tools used to simulate semiconductor manufacturing processes and semiconductor
device behavior belong to the group of TCAD tools. These tools aim to reproduce
and especially predict the physical mechanisms and to determine the resulting de-
vice structure and device behavior. For this, models describing the best physical
phenomena are required. Proper models have to be found and have to be included
in the simulation tools resulting in differential equation systems. Since the resulting
mathematical problem generally cannot be solved explicitly, numerical techniques
are applied. Solutions can be found using statistical methods, the Monte Carlo
method for example, or iterative techniques. For efficient computation in engineer-
ing environments, most often simplified models have to be used.

1.2 Benefits of Numerical Modeling

In numerical device simulation the structure of a device is represented using dis-
tributed quantities. With distributed we mean that in the most general case important
quantities such as the electrostatic potential s and the carrier concentrations n and
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p are calculated in the three-dimensional space r = (x, y,z). Since the physical
processes in the semiconductor device are modeled as realistically as possible, the
device behavior directly results from the simulation. This is fundamentally differ-
ent compared to compact modeling. There, every type of device requires its own
compact model, whereas in device simulation proper modeling of semiconductor
physics delivers results for all types of devices. This implies that the geometry and
the doping profile of the real device are considered implicitly in the simulation as
accurately as required. On the other hand, one has to consider that the use of any
of the physically based approaches addressed in this chapter requires a considerable
computational effort compared to compact modeling. For an LDMOS structure, for
example, it might be required to calculate quantities on 10,000 or even more mesh
points. Application of the drift—diffusion model with three unknown quantities for
each point results for a two-dimensional problem in an equation system with more
than 30,000 unknowns which has to be solved for every step in the iterative solution
process.

Nevertheless, numerical device simulation gives the device engineer the possi-
bility to understand and analyze the inner life of the device which is completely
hidden in compact modeling. The insight helps to find possible failure mechanisms.
Failures in real world devices can be reproduced in the simulation and solutions can
be derived and tested. This gives the possibility to reduce the number of test devices
that have to be fabricated to a minimum.

TCAD tools also allow to estimate the performance of completely new structures
which is especially helpful to predict any parasitic effects in integrated circuits. Pos-
sible failures due to parasitic transistors can be discovered by analyzing two or more
neighboring devices together in a single simulation. This has also become important
for high-voltage and power devices, since integration with other technologies as is
used in so called SMART power devices, has become popular and introduces many
potential failures. Reliability demands and lifetime predictions are also important
for many applications. The analysis of aging and degradation can be supported us-
ing numerical modeling approaches.

1.3 Sample Device

For all simulations performed in this chapter the device simulation tool MINIMOS-
NT [1] has been used. The sample device used is based on a high-voltage sample
device fabricated by austriamicrosystems [2]. It is an n-channel lateral DMOSFET
with a gate oxide thickness of 7 nm, fabricated in a 0.35 um CMOS-based technol-
ogy. The gate length is 0.5 um, the width is 40 um, and the specified application
voltage is 50 V. The doping profile and the geometry depicted in Fig. 1.1 were
simulated using the Synopsys process simulation tools. The domain used for simu-
lation has a depth of 15 um, while most figures depict only the upper 3.5 um of the
device.
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Fig. 1.1 Structure of the sample n-channel LDMOSFET used for simulations in this chapter. The
transitions between n- and p-doped regions are marked with dashed lines and the absolute value of
the net doping concentration is shown in 1/cm?. The simulated structure of the device continues
into a depth of 15 um, while only the upper part is depicted

2 Device Modeling

TCAD simulations require appropriate physical and mathematical models describ-
ing the device behavior in a self consistent way. The fundamental equations needed
to model semiconductor device structures are the Poisson equation, the continuity,
and transport equations, which in their simplest form have become known as the
drift—diffusion model [3]. In the following sections, models for different physical
properties relevant to high-voltage devices are presented. The high fields particularly
influence the mobility within the device leading to high differences of the mobility
in the drift and the channel region. These mobility variations strongly depend on the
operating point. The peaks of the electric field require the consideration of impact
ionization, whereas Shockley—Read—Hall generation and recombination dominates
the currents in space charge regions for lower fields. Due to the thick oxides used in
high-voltage devices quantum-mechanical tunneling currents are normally of minor
importance. Also, consideration of quantum confinement is usually not required for
the relatively thick oxides used in these devices. Thermal modeling definitely plays
an important role. Since changes of the device temperature due to power dissipation
have a strong impact on nearly all device properties.

2.1 Semiconductor Equations

In macroscopic semiconductor device modeling, Poisson’s equation and the con-
tinuity equations play a fundamental role. Poisson’s equation, one of the basic
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equations in electrostatics, is derived from the Maxwell equation V- D = p and
the material relation D = €E. Using the electrostatic potential ¢ with E = -V,
Poisson’s equation reads

V- (@Vy) = —p. (1.1)

Since even for high frequencies the wavelength is typically much smaller than the
device dimension, the quasi stationary approximation used to derive Poisson’s equa-
tion are justified. In semiconductors the charge density p is commonly split into
fixed charges which are in particular ionized acceptors N, and donors N and into
free charges which are electrons n and holes p. The permittivity tensor € is con-
sidered time invariant in the derivation of Poisson’s equation. In isotropic materials
like silicon the permittivity can be additionally approximated by the scalar value e.
Furthermore the permittivity is often considered to be constant within a material
segment, therefore Poisson’s equation used in device simulation tools looks like

V2y — —g(n—p+N;—ND+). (1.2)

The second important equation, the continuity equation, can also be derived from

Maxwell’s equations and reads

dp

V-J+ —=0. 1.3

5 (1.3)
The current density J is split into J,, and J,, for the contributing carrier types » and
p, respectively. By introducing the recombination rate R, two separate continuity
equations, one for each carrier type, can be written as

V-3, - q%—’: = +(gR and (1.4)
3
V.J,+ qa—’; — _gR. (L5)

Alternatively, Egs. 1.4 and 1.5 can be derived from the Boltzmann transport equa-
tion using the method of moments [4]. The separation into two equations allows
independent transport modeling of the carrier types. Generation and recombination
rates of electrons and holes are expressed using physically or empirically based re-
combination models [3], some of which are described in Section 2.3. The rate R
represents the net rate only, which is zero in thermal equilibrium where generation
and recombination are balanced.

2.2 Carrier Transport Equations

A semiclassical description of carrier transport is given by Boltzmann’s transport
equation (BTE) which describes the evolution of the distribution function in the six-
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dimensional phase space (x, y, z, px, py, p:). Unfortunately, analytical solutions
exist only for very simple configurations. One popular approach for solving the
BTE is the Monte Carlo method [5] which is highly accurate but also very time
consuming.

Simulation on an engineering level requires simpler transport equations which
can be solved for complex structures within reasonable time. One method to per-
form this simplification is to consider only moments of the distribution function
[6]. Depending on the number of moments considered for the model, different
transport equations can be evaluated. Use of the first two moments results in the
drift—diffusion model, a widely applied approach for modeling carrier transport.

2.2.1 The Drift-Diffusion Model

The drift—diffusion current equation can be derived from the BTE using the method
of moments [3] or, alternatively, from the basic principles of irreversible thermo-
dynamics [7]. The resulting electron and hole current relations contain at least two
components caused by carrier drift and carrier diffusion. Inclusion of the driving
force caused by the lattice temperature gradient (V7)) [8] leads to

Jn = quuaE 4+ qD,Vn + quDI VT, (1.6)
Jp =ApuyE—qD,Vp—qpD]VTL. 1.7)

Wy (v stands for n and p) represents the carrier mobility, DT the thermal diffu-
sion coefficients, and D, the diffusivity which is often expressed via the mobility
invoking the Einstein relation

Dy = 1, kBqTL, (1.8)

where Kg is the Boltzmann constant. The Einstein relation is strictly valid only in
equilibrium [9].

The Egs. 1.6 and 1.7 together with (1.4), (1.5), and (1.2) form the drift—diffusion
model which was first presented by Van Roosbroeck in [10]. Rigorous derivations
from the BTE show that many simplifications are required to obtain the drift—
diffusion equations as shown. Simplifications are, for example, the single parabolic
band structure or the cold Maxwellian carrier distribution function which assumes
the carrier temperature equal to the lattice temperature. Nevertheless, due to its
simplicity and excellent numerical properties, the drift—diffusion equations have be-
come the workhorse for most TCAD applications. It also forms the basis for the
bulk of compact models.

The following example illustrates that the drift—diffusion model as presented
above can be directly applied to semiconductor devices. In this first approach the
example LDMOSFET in Fig. 1.1 was simulated, where the recombination rate R
was neglected and the mobility assumed to be constant. Note that these are standard
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Fig. 1.2 Simulation of output (left) and transfer (right) characteristic of the sample device using
the drift—diffusion model only. Generation and recombination were neglected and the mobility was
assumed to be constant

assumptions for the derivation of compact models. This basic simulation gives the
output characteristics shown in Fig. 1.2, no other models are required. Despite
these simplifications, the basic characteristic of MOSFET devices can already be
seen. However, neglecting all generation and recombination effects and assuming a
constant mobility is a strong oversimplification resulting in quantitative and qual-
itative errors. However, the spatial variation of the mobility can be easily included
in TCAD simulations since the mobility and other distributed parameters can be
evaluated individually for every position within the device. The device geometry
and the doping profiles are therefore considered implicitly and directly influence
the device behavior.

2.2.2 Higher-Order Transport Models

To obtain a better approximation of the BTE, higher-order transport models can
be derived using the method of moments, for example. The most prominent mod-
els beside the drift—diffusion model are the energy-transport/hydrodynamic models
which use three or four moments. These models are based on the work of Stratton
[11] and Blgtekjeer [12], a detailed review is given in [4]. In addition to the quantities
used in the drift-diffusion model, the energy flux and the carrier temperatures with
corresponding equations are introduced, which require additional transport parame-
ters. Modeling of carrier mobility and impact-ionization benefits from more accurate
models based on the carrier temperatures rather than the electric field. This advan-
tage is caused by the non-local behavior of the average energy with respect to the
electric field and becomes especially relevant for small device structures (Fig. 1.3
left). However, it shows that describing the energy distribution function using only
the carrier concentration and the average carrier temperature is still not sufficient for
specific problems depending on high energy tails (Fig. 1.3 right). Hot carrier mod-
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Fig. 1.3 Electron temperature (left) and distribution functions (right) of comparable nt —n—n=
structures with varying channel lengths L¢. The spatial coordinates have been normalized to get
an overlapping electric field. It can be seen that the local electric field approach is sufficient for
larger structures but gives poor results for small structures. The distribution functions on the right
are shown for Lc = 200 nm at the positions A to D. Note that the average energies at the points
A and C are the same, whereas the distribution function looks completely different. Also note the
high-energy tail at point D where the carrier temperature is already close to the lattice temperature
with a value of 370 K [13]

eling in small structures, for example, which is based on accurate modeling of the
high-energy part of the distribution function would require more complex models.
The six moments method [14] is one possibility to improve the approximation of
the distribution function.

Due to their better approximation of the BTE, higher-order transport mod-
els often give better results than the drift—diffusion model [15]. This effect is
especially relevant for small structures where non-local effects gain importance
(Fig. 1.3). However, since high-voltage device structures are relatively large, the
drift—diffusion model is usually sufficient. The drawbacks of using more complex
transport equations are the higher computation time and the increase of numeri-
cal instabilities and convergence issues. This issue is even more relevant for a high
number of mesh points which are necessary for large devices. If required, different
transport equations can be used within one device. This allows to model critical ar-
eas using higher-order transport models whereas the drift-diffusion model is used
for the rest of the device. Areas of interest might be the channel area of an MOS
device or areas having spatially strongly varying electric fields.

2.3 Parameter Modeling

The semiconductor equations discussed in the former section show the basic rela-
tions between carrier distribution and the electrostatic potential. Two parameters,
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the mobility and the recombination rate were introduced, which require appropriate
modeling. The physical phenomena influencing these parameters are manifold and
will be discussed in the following.

2.3.1 Mobility

The derivation of the mobility originates from carrier relaxation times. The mobility
is influenced by the lattice and its thermal vibrations, impurity atoms, surfaces
and interfaces to neighboring materials, the carriers themselves, the energy of the
carriers, and other effects like lattice defects. Mobility models are used to make an
estimation considering these effects and make simulations in continuous systems
possible. Since exact derivations are too complex or just do not exist, empirical
approaches are often used. Some of the commonly used approaches will be dis-
cussed here.

A common method for modeling the mobility is the hierarchically encapsulation
of the physical mechanisms. In this approach, the most fundamental mechanism is
considered to be the lattice scattering dependence (u') followed by the ionized im-
purity dependence (1'). Especially in MOS devices, a surface correction (15) is of
special importance. These three contributions classify the low-field mobility mod-
els. Modeling of high-field effects is introduced with a field dependence model (u.").
These contributions may be combined as it is for example done in the MINIMOS
mobility model [16] which looks like

pLISF — LIS (MLIS (MLI (ML))) _ 1.9

The individual mechanisms are assumed to be independent of each other. All val-
ues resulting from mobility calculations are obviously different for electrons and
holes. To demonstrate the impact of lattice, impurity, and surface scattering on the
mobility, the electron mobility distribution in the sample device is shown in Fig. 1.4.
In contrast to the encapsulation approach (1.9) for the mobility calculation used
in the MINIMOS model, the Lombardi model [17] combines three carrier mobil-
ity components using Matthiessen’s rule. The components are derived from surface
acoustic phonon scattering, from bulk carrier mobility, and from surface-roughness
scattering. A similar expression has been used by Agostinelli [18] for holes, addi-
tionally accounting for interface charge and screened Coulomb scattering (1.10).
1 1 1 1
Fzﬁ—i_ﬂ_ﬂ—‘rﬂ_g (1.10)
Here, the phonon scattering component ;,LBh combines scattering with bulk phonons,
surface phonons, and fixed interface charges. x5 includes the dependence of the
surface-roughness scattering on the electric field orthogonal to the interface and
1S models the screened Coulomb scattering. Modeling the influence of inter-
face charges is of special interest in reliability modeling. Effects like negative
bias temperature instability [19] or hot carrier degradation [20] generate interface
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Fig. 1.4 Electron mobility distribution (in cm?/Vs) in the sample device taking into account the
lattice, impurity, and surface scattering models

traps leading to interface charges. The prediction of this device degradation is
of crucial interest for semiconductor manufactures. Other mobility models based
on Matthiessen’s rule have been developed, for example, by Darwish [21] or
Neinhis [22], the latter additionally includes quantum confinement influences on
the mobility.

A universal dependence of the effective minority carrier mobility in inversion
channels on the effective vertical field (£ et) has been shown in [23]. The effective
vertical field in the inversion layer is modeled using the bulk (depletion) Qf and
mobile (inversion) Q| charge layer densities,

1 i l /
EJ_,eff = - (QB + —Q|) , (1-11)
€ 2
and the effective mobility can be approximated using the empirical fit [24]
Ec \©
pen(ELe) = o () (112)
1 eff

In this model, fixed oxide charges and the channel doping are used to model the
maximum effective mobility jLmax as well as the quantities E¢ and C;. This concept
has been used among others by Huang [25], to derive a mobility model. Here, the
surface-roughness and phonon scattering mobility contributions are modeled using
the effective field (1.11). For the calculation of the mobility, the charges Qf and
Q] have to be extracted. This cannot be included into the TCAD concept straight
forwardly, since for the calculation of Qg and Qj, integration of the charge along
the normal direction to the interface is necessary. The estimated minority carrier
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mobility is the same along this cut. Apart from the necessity of an additional prepro-
cessing step to extract the charges, the ability of estimating the mobility for every
location independently is lost. This approach also results in numerical difficulties
since the integration introduces a lot of dependencies in the equation system, which
leads to a poor solver performance. Approaches based on the effective vertical field
are therefore used rather for compact modeling than for device simulation.

Up to this point, the discussion on mobility did not consider the electric field
in the direction of the current flow and are therefore also called low-field mobility
models. However, the carrier mobility strongly depends on the distribution function.
Since the distribution function used in the transport models is strongly simplified
and the detailed shape is not available, models have to be based on other quanti-
ties. In the case of the drift—diffusion model the electric field is commonly used
and models are therefore called high-field mobility models. Simulation tools often
differ between low- and high-field mobility and let the user select the models inde-
pendently. Modeling of the high-field mobility dependence is often accomplished
using the approach presented by Caughey and Thomas [26]. A slightly different
version, suggested by Jaggi [27, 28], is used in the MINIMOS model:

Lis
LISF _ 21 (1.13)

v 1/Bv "
2151\
T+ |1+ | —E—

sat
Vv

F, describes the driving force, which is the gradient of the quasi-Fermi level, v3
is the saturation velocity, and the coefficient 8, is 1 for holes and 2 for electrons.
The impact of this field dependence can be seen in the mobility distribution of the
sample device shown in Fig. 1.5.

Fig. 1.5 Electron mobility
distribution (in cm?/Vs) in
the sample device considering
additionally to the lattice,
impurity, and surface
scattering models a field
dependence model
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Fig. 1.6 Output L B B S
characteristic of the sample
device for different gate
voltages using a constant
mobility, a low-field mobility,
and a high-field mobility
model (1.13). For
visualization the curves were
scaled along the current axis
so that the output for the gate
voltage of 1.5V overlaps
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Fig. 1.7 Carriers traversing an abruptly changing electric field do not gain the resulting energy
immediately and the carrier temperature therefore increases with a delay (left). High-field mobility
models for drift—diffusion are based on the electric field and therefore react instantly to changes of
the electric field while models based on the carrier temperature capture that delay (center). As a
consequence the velocity overshoot (v = wE) cannot be observed in drift—diffusion (right)

To illustrate the impact of the high-field mobility a comparison of simulation
results with and without active high-field mobility are shown in Fig. 1.6. Qualitative
and quantitative differences can be seen. Both the constant mobility and the low-
field mobility model only depend on fixed quantities so that the mobility does not
change with the operating point which results in a similar transconductance. The
fact that the low-field dependent model shown has spacial varying mobility values
leads to the change of the shape of the output characteristic compared to the constant
mobility model. The high-field mobility model leads to a considerable reduction of
the mobility with increasing fields and therefore to a substantial reduction of the
output current for increasing gate voltages.

Carrier mobility modeling has been investigated since the beginning of semicon-
ductor engineering and there are still new models published. However, all models
in drift—diffusion incorporating the influence of carriers that are not in thermal equi-
librium basically rely on the electric field. Changes in the electric field therefore
directly change the calculated mobility (see Fig. 1.7), whereas the carrier temper-
ature does not increase immediately. Mobility models in energy-transport which
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are based on the carrier temperature capture this effect. As a consequence velocity
overshoot can be observed. In larger device structures, such as the high-voltage
devices discussed here, this effect is normally unimportant and can be neglected.

2.3.2 Carrier Generation and Recombination

The recombination rate R was formally introduced in the drift-diffusion equations
by splitting the continuity equation into two individual equations for electrons and
holes. From a physical point of view this term includes the generation and the re-
combination of electron-hole pairs. In thermal equilibrium carrier generation and
recombination are balanced and the carrier concentrations are given by their equilib-
rium values ng and pg (19 po = n,.z). The net recombination rate therefore vanishes.
An excess number of carriers leads to an increased recombination, a low carrier
concentration leads to an increased generation. The generation and recombination
processes contributing to the total effective net generation rate are based on dif-
ferent physical effects which are modeled independently. Each model is evaluated
separately and the total net recombination rate is calculated by adding the individual
rates. The resulting rate is used to complete the continuity equations (1.4) and (1.5).

One important generation/recombination process is the well-known Shockley—
Read-Hall (SRH) mechanism [29,30] which describes a two-step phonon transition.
One trap level which is energetically located within the band-gap is utilized. There
are four partial processes considered: the capture and the emission of both, electrons
and holes, on the trap level. Balance equations can be formulated for the trap occu-
pancy function. In the stationary case the rates for electrons and holes are equal.
The trap occupancy function can be eliminated and the SRH generation rate can be
calculated using

RSRH — np —ni . (1.14)
Tp(n+n1) + 15 (p + p1)
ny and p; are auxiliary concentrations depending on the energy level of the traps,
7, and t,, are carrier lifetimes for electrons and holes.

In MOS devices SRH generation especially influences the bulk current. In an
n-channel device, for example, holes generated at the pn-junction are attracted by
the low bulk potential which leads to an increased bulk current. This can be easily
observed in device simulation since models can be switched on or off allowing to
deactivate SRH. Figure 1.8 shows the hole current flow and the SRH generation rate
in the sample device and in Fig. 1.9 the current components on the bulk contact are
compared with and without SRH enabled.

The SRH model is not restricted to the description of capture and emission
of carriers in the bulk, it can also be extended to determine the occupancy of
interface traps [31]. Modeling of interface states is especially important for reli-
ability modeling in MOS devices. Simulations of charge pumping measurements
[32], for example, which are used to determine interface trap distributions, require
appropriate modeling of trapping and de-trapping effects of carriers in interface
traps. A simulation replicates the measurement procedure, by performing a transient
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Fig. 1.8 SRH generation rate (in s~! cm™3) in the sample device with a drain voltage of 50 V and
a gate voltage of 2 V. The arrows show the hole current flow

Fig. 1.9 Bulk current for the
sample device using a gate
voltage of 2V with and
without the SRH model
activated. While the electron
current stays the same, the
hole current increases due to
the SRH generated holes in
the space charge region
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simulation for every gate pulse level (Fig. 1.10). In contrast to the stationary SRH
formulation shown in (1.14), time dependent simulations require to capture the tran-
sient behavior of the occupancy function [33]. The charge pumping curve can be
constructed by extracting the mean current of the simulations for every single gate

pulse (Fig. 1.11).
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Fig. 1.10 Bulk current
during two different gate
voltage pulses. The mean
currents are the charge
pumping currents which are
transferred to the charge
pumping curve in Fig. 1.11

— 40V -05V
--- 40V -13V

Fig. 1.11 Charge pumping
curve of the sample device
using gate pulses with
constant low level of —4V
and changing high level.
Values taken from Fig. 1.10
are highlighted
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Beside the two-particle SRH mechanism there are two important three-particle
generation/recombination mechanisms to mention: the Auger and the impact-
ionization process, whereas the latter is a pure generation process. There, the
energy required for generation is delivered by a third high-energetic electron or
hole. The excess energy available after a recombination process is transferred to a
third electron or hole. Modeling of this process can be achieved by defining rates
for each partial process. Assuming a stationary case the rate evaluates to [3]

RAC = (nCpY® + pCPY®) (np —n}). (1.15)

The coefficients ;Y and C;V® have only a weak dependence on the tempera-
ture [34] and are therefore often assumed to be constant, however, also temperature
dependent models have been suggested [35].

The second three-particle mechanism mentioned, the impact-ionization carrier
generation, describes electrons or holes which gain high energy from the electric
field when traveling through the semiconductor. A scattering event between such
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a high-energetic carrier and an electron or hole in the valence or conduction band,
respectively, creates a new electron-hole pair. Impact-ionization is a pure generation
process. Since there is no information on the carrier energy in the drift-diffusion
model, as a compromise modeling is usually based on the current densities and on
ionization coefficients which depend on the electric field. Many different approaches
to model the coefficients have been proposed. Most device simulation tools [1, 36]
include variations of the proposal of Chynoweth [37]:

13, 13,1

G" = —an(E)T —a,(E) : (1.16)

A commonly used formulation applies as parameter the electric field in the direction
of the current flow (1.17).

crit By
a,(E, J,) = a%° exp (— (EE—\L”) ) (1.17)

ag® is the temperature dependent maximum generation rate for high-fields. TCAD
simulations using this model help to locate areas with high generation rates, see
Fig. 1.12, and show the impact on the output characteristics Fig. 1.13.

Lower impact ionization rates have been observed for surface near currents [38]
and models have been developed describing the transition between surface and bulk
impact ionization [39]. However, Monte Carlo simulations have shown that there
are no or only minor differences between surface and bulk impact ionization [40].

Fig. 1.12 Impact ionization generation rate in the sample device with a drain voltage of 40 V and
a gate voltage of 2V
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This means that there is no physical evidence of different rates near the surface and
that these models are based on artifacts resulting from the approximate ionization
rates based on the electric field.

Concerning the impact-ionization model presented, one has to note that carriers
do not gain the energy from the electric field instantly. From a physical point of
view the dependence of the impact-ionization rate on the local electric field is there-
fore not correct and only valid under homogenous conditions. A rigorous modeling
should be based on the energy distribution function of the carriers, since only the
high energetic carriers are relevant for impact-ionization [41]. Modeling of this high
energy tail requires higher order transport models like the six moments model (see
Fig. 1.3). Since the average carrier temperature which is available in the hydrody-
namic model gives no information on the shape of the high energy tail, models based
on this average temperature often overestimate the actual rate (compare Fig. 1.14).
However, for larger structures the electric field based approximations give good
results and can be used in the drift-diffusion model. As empirical alternatives to
models based on the high energy tail, non-local impact-ionization models for the
drift—diffusion model have been suggested [42].

Beside the generation and recombination mechanisms discussed here, many
additional mechanisms are possible, which are more important for other device
types. Some of the typical mechanisms considered in modeling include direct re-
combination which is important for direct bandgap semiconductors, direct [44]
and trap assisted [45] band-to-band tunneling in high field regions, and optical
generation [3].

2.4 Thermal Modeling

Physical properties of semiconductor devices strongly depend on the lattice tem-
perature. Due to self-heating effects in the devices and due to changing ambient
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Fig. 1.14 Impact ionization rates in two comparable nT-n-n* structures with a channel length
of 200 nm (left) and 50 nm (right) [43]. The rates are calculated using the drift-diffusion (DD),
hydrodynamic (HD), and six moments (SM) models. The Monte Carlo (MC) date serves as ref-
erence solution. Above 200 nm channel length the empirical drift—diffusion approximation fits
reasonably well, whereas the hydrodynamic solution overestimates the generation rate. Only the
six moments model is able to reproduce the impact-ionization rate in short channel devices

temperatures, the temperature distribution within a device is needed to estimate
the device behavior at operating conditions. Modeling of the temperature requires
some reference temperature, which might be a heat sink or the ambient temperature.
The boundary condition for the temperature is commonly modeled with a thermal
resistance to this fixed reference temperature. An important issue in thermal simula-
tions is the size of the simulation domain. The heat flow in a semiconductor device
extends to areas that are electrically less important and the simulation domain usu-
ally has to be extended compared to iso-thermal simulations.

The lattice temperature distribution 7 is modeled using the heat conduction
equation [7]

o B = V- (VT + (118)
where ¢ is the total heat capacity and ki the total thermal conductivity. Both pa-
rameters include contributions from the lattice, the electron, and the hole subsystem.
The temperature differences in the lattice lead to an additional driving force on the
carriers which has to be considered in the current equations. For a non iso-thermal
simulation, the last terms in (1.6) and (1.7) have to be considered in the solution of
the drift—diffusion model.

Different approaches of modeling the heat generation rate H have been proposed.
The most simple approach considers only the Joule heat J - E [46]. A more complex
model according to Adler [47] describes the generated heat using

E E
H:J,,-VFC—FJP-VFV—FR(EC—EV). (1.19)
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Fig. 1.15 Temperature distribution in Kelvin in the sample device with the gate biased to 2V at
the end of a linearly increase of the drain voltage from 0 to 50 V in 50 ns (left) and 500 ns (right)

Here, the energy dissipation due to recombination is considered. A more rigorous
approach to thermal generation is given by Wachutka [7].

Transient simulations including thermal modeling were performed using the
sample device. The lower bulk contact is linked with a thermal resistance to the
ambient temperature of 300 K. In this simulation, the drain voltage is raised linearly
from 0 to 50 V using two different slopes. The temperature distributions at the end
of the two voltage ramps are depicted in Fig. 1.15. At the end of the 50 ns slope a
rapid increase of the temperature near the birds beak can be observed.

2.5 Additional Physical Effects

In addition to the physical mechanisms addressed so far, there are obviously many
other relevant modeling issues for semiconductor devices. For most of them, well
established approaches are available in TCAD device simulation environments.
Band-structure physics, for example, requires modeling for the bandgap energy and
bandgap narrowing [48]. At low temperatures, incomplete ionization becomes im-
portant [49]. Also, semiconductor-metal contacts require appropriate treatment. The
most common models for that include the well-known ohmic contact model where
charge neutrality and equilibrium are assumed at the electrodes [3] and the Schottky
contact models [50].

Especially in highly down-scaled MOS devices, tunneling and quantum effects
have to be considered. For direct tunneling, which is most interesting for thin ox-
ides, typically the Tsu-Esaki [51] or the Fowler—-Nordheim [52] models are used.
Herrmann and Schenk [53] proposed models for trap assisted tunneling, which has
also been extended to multi-trap assisted tunneling models [54], especially interest-
ing for highly degraded devices.
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The inclusion of quantum confinement effects becomes especially important in
SOI or double gate devices [55]. One modeling proposal is the modified local
density approach [56] which is used in the model of Hansch [57]. Here, a local
correction of the effective density of states near the gate oxide is used to contribute
to the quantum effects. An empirical correction approach has been presented by Van
Dort et al. [58] which models the quantum confinement by increasing the band-gap
near the interface.

3 Numerical Issues

In TCAD environments, the physical properties of a semiconductor device are
described using models based on differential equation systems. Generally, the prob-
lems cannot be solved explicitly and numerical solution techniques are required.
The system is solved at discrete points in space which are represented in terms of
a mesh. The differential equations are then approximated using difference equa-
tions which can be solved using iterative solution techniques, typically based on the
Newton method. Solving the transport equations together with the equations of the
models for the mobility and for generation/recombination in a self-consistent way is
a very complex task and requires considerable computational power. Since also the
accuracy of the solution has to be considered, a proper trade off between accuracy,
solvability, and simulation time has to be found.

3.1 Meshing

The points in space on which solutions for quantities are calculated are represented
using a mesh consisting of nodes, edges, and elements. Quantities like the electro-
static potential or the electron and hole carrier concentrations are assigned to nodes.
Fluxes like the electron or hole current are modeled along edges between the nodes.
The structure of the real device obviously expands in three dimensions. However,
to decrease the complexity of the problem, most applications can be reduced to
a two-dimensional problem by assuming an infinite homogenous extension in the
third dimension, the width of the device. This can be done if the fields and currents
along the omitted dimension can be neglected, which is often possible for MOS
devices. This simplification does not account for inhomogeneities along the width,
effects near corners or changes in the doping profile at the border of the device are
neglected. Considering that the width of the example device in this chapter is much
larger than the length, most border effects are of minor importance. Further reduc-
tion of the problem complexity can be accomplished by utilizing symmetries in the
device as much as possible without loosing information.

The simplest meshes used in device simulation are orthogonal grids that consist
of mesh lines aligned parallel to the rectangular simulation domain (see Fig. 1.16).
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Fig. 1.16 Simple orthogonal
grid of a planar MOS field
effect transistor using a finer
mesh near the channel

Fig. 1.17 Orthogonal grid
with a refinement near the
drain side of the channel. The
number of grid points rises
dramatically

This approach is easy to handle and not much effort is required to generate this type
of mesh. In areas which require a higher spatial resolution a higher density of grid
lines can be inserted. Adding grid lines is straight-forward but since grid lines are
continued throughout the whole device, a high number of unnecessary mesh points
in areas of low interest are created (see Fig. 1.17). This leads to long simulation
times and poor convergence. Additionally, the rectangularly aligned mesh lines do
not permit a smooth representation of non-planar surfaces (see Fig. 1.18), which is
another major disadvantages of orthogonal grids.

Application of rectangular triangular elements allows to overcome the disadvan-
tages mentioned above. The mesh used for the simulations on the sample device
is shown in Fig. 1.19. It was created on the basis of an orthogonal mesh with re-
finements in areas of special interest. However, generation of triangular meshes
suitable for device simulation is a cumbersome task. The box discretization (see
Section 3.2) requires the mesh to fulfill the Delaunay criterion [59]. This criterion
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Fig. 1.18 Modeling of
non-planar surfaces using
orthogonal grids is not
satisfying

Fig. 1.19 The mesh of the sample device is based on an orthogonal grid which is triangulated
and refined. Areas of special interest are the channel and the junction regions which thus require a
denser mesh

describes triangular meshes constructed for a set of points such that no point is
positioned inside the circumcircle of any triangle (see Fig. 1.20). This is always
valid for triangulated rectangular grids but can be difficult to obtain in general.
Other obstacles during mesh generation are the proper representation of borders and
surfaces and the definition of mesh refinement criteria for areas of special interest.
The details of the mesh refinement procedure often have to be specified manually,
since mesh generation tools have no a priori information of the device behavior.
Also the orientation of the elements to the current direction has to be considered,
which is especially relevant in the channel region of MOS devices and additionally
depends on the bias condition. Since fully automatic mesh generation would clearly
simplify the work-flow, considerable efforts have been put into the development of
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Fig. 1.20 A Delaunay mesh is shown at the left and the Voronoi tessellation of that mesh at the
right (created using [61]). The circumcircles of three randomly selected triangles are emphasized.
Every mesh point has an associated volume — every point in the domain has exactly one associated
box volume

methods for automatic mesh generation. One approach applies error estimation al-
gorithms on simulation results [60]. This information is recursively used to optimize
the simulation mesh.

3.2 Discretization

The discretization of the partial differential semiconductor equations in space and
time is needed to obtain difference equations which can be solved using numerical
methods. A common approach for discretization of the differential equations is the
box integration method [62, 63], also known as the finite volume method. For this
the mesh has to fulfill the Delaunay criterion and can therefore be split into boxes
using a Voronoi tessellation [59]. Doing this, every point in the domain is assigned
to its closest mesh point and is therefore inside the box volume of that point (see
Fig. 1.20). The basic method of the box discretization and how it is applied to the
divergence operator is illustrated in the following using Poisson’s equation,

V.D=p, (1.20)

where D = —eVy and € is considered to be a scalar and homogeneous.
The equation can be transformed by integration over a volume V and by
applying Gauss’ law. With the assumption that p is constant inside the volume,
one can write

95 DdA = pV, (1.21)
1%

with A being the outwardly oriented surface area V. The assumption that p is con-
stant is very crude but is often used due to its simplicity [63, 64]. Other approaches
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Fig. 1.21 A triangle aligned
with its hypotenuse along the }
current direction. Due to the -
vanishing Voronoi surface
Ay; there is no contribution
along the current by the
hypotenuse

Fig. 1.22 Voronoi box i of |

mesh point i with S I 2
connections to its neighboring ' ’
mesh points. The flux Dj; ’
from box i to box ; through
the area Aj; is depicted. p is
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estimate p element-wise which results in an implicitly increased resolution and a
more accurate physical representation [65]. Equation 1.21 can be applied to each
Voronoi box in the mesh (see Fig. 1.22). Since the boundary dV is a polygon (in
2D) or polyhedron (in 3D) it can be split into planar surface elements normal to
the edges leading to the neighboring mesh points. For a mesh point i and its box
volume V; which has N; neighboring boxes j, Eq. (1.21) can be approximated to

Z DijAij = pi V;. (1.22)
JEN;

Dijj is the dielectric flux density from box i to box j along the connecting edge
through the common boundary area Ajj. The dielectric flux density Dj; can be ap-
proximated using the directional derivative of the electrostatic potential:

0 i — Vi
Dij=§;-D=—€§;-Vy =—6% %—6%- (1.23)
ij [

&jj is the unit vector pointing from mesh points i to j and djj is the distance between
the two mesh points. Discretization of the current continuity equations (1.4) and

(1.5) is accomplished similarly. In the static case, at the left hand side of the dis-
cretized formulation (1.22) Jj; is used instead of Dj; and at the right hand side the
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charge density p is replaced by the generation rate R. If the drift term dominates over
the diffusion term numerical oscillation can result when a simple finite difference
approach like in (1.23) is used [66]. Very fine meshes would be necessary to stabilize
the system. However, a stable discretization can be obtained using the Scharfetter—
Gummel method [67] instead of finite differences. Here, the drift—diffusion current
equations (1.6) and (1.7) are used to solve the one-dimensional carrier concentra-
tion along the edge. The boundary conditions of the carrier concentration are given
using the known values at the mesh points. The values of J,j and Jy, Ejj, and
Mn and i, are considered constant along the edge. Solving this one-dimensional
differential equation results in

Vi
Jo = M2 T (nB(ag) = niB(-1yp) (1.24)
i
for electrons and
%
Tniy =~ (p B~ piB(Ay) (1.25)

for holes, where Ajj = (¥ — ¥;) / Vr and B is the Bernoulli function.

The box method is used in most device simulation environments as it has proven
to deliver good results and is simple to implement. Problems arise when the Delau-
nay criterion is violated and obtuse elements degenerate the accuracy due to negative
flux areas Ajj [68, 69]. Also, use of the one-dimensional Scharfetter—Gummel dis-
cretization to solve multiple dimensional problems leads to the crosswind diffusion
effect resulting in artificial current components normal to the actual current direc-
tion [70]. The accuracy of the discretization also degrades if triangles are aligned
with the hypotenuse along the current flow. As depicted in Fig. 1.21, a vanishing
boundary area Ay; leads according to (1.22) to a vanishing contribution of the cur-
rent along this edge. A zig-zag characteristic of the discretized current is the result.
There have been many proposals for more accurate discretizations (e.g. Patil in
[68]). Some focus on the extension of the one-dimensional to a two-dimensional
Scharfetter—Gummel current discretization [71, 72]. But none of these extensions is
as universal to use as the box integration method which is dimension independent
and can be used for rectangular and triangular meshes alike.

3.3 Vectors in Discretized Systems

Some physical models such as the impact-ionization rate and the high-field mobility
are approximate in the drift-diffusion framework as depending on vector quantities.
Impact ionization generation models depend on the electric field projected on the
current density vector. Within the box method the discretization of two or three-
dimensional vector quantities is based on the one-dimensional discretization along
the edges (Jij = J-&;;). Since models that are field dependent are especially relevant
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for high-voltage operation conditions, break-down and snap-back simulation results
are influenced by the selected vector discretization approach.

As previously discussed, the calculation of the charge p in the discretized Poisson
equation (1.22) can be calculated per box or per element [64]. The same holds for the
generation rate in the continuity equation where the right hand side reads R; V;. The
rate calculation for the rate per element approach requires discretized field vectors
per element. For a constant electric field in a triangular mesh, this can be accom-
plished exactly by a linear combination of two of the three one-dimensional edge
contributions. However, for non-constant fields or for a non-linear discretization
like the Scharfetter—Gummel discretization, each edge combination delivers a dif-
ferent result and approximations have to be made. There are different approaches
how to calculate the rates and vectors for each element. One approach is the edge
pair method [73], other approaches calculate the rate for every edge in the element
individually [74].

For the box based approach which corresponds to the formulation in (1.22), the
calculation of rates per box requires vector quantities discretized for every box. The
advantage of such an approach is that a single generation rate can be evaluated per
box and the continuity equation can be solved directly as shown in (1.22). A scheme
to estimate vector quantities per box has been presented in [64]. This scheme has
the advantage that the same implementation is suitable for triangular and orthogonal
meshes alike and can thus be used for two and three-dimensional problems.

3.4 Numerical Challenges Related to HV Devices

Application of the box discretization method to the drift-diffusion model and uti-
lizing the Scharfetter-Gummel method for the current equations is an established
method used in most TCAD simulation environments [1, 36, 65]. Together with the
Newton procedure for solving the equation system, a numerically stable simulation
environment can be built.

Numerical challenges usually originate from the models used for the mobility
and for the generation rates. Especially field dependent models, like the high-field
mobility (1.13) or the impact ionization rate (1.17) may lead to convergence dif-
ficulties. The dependence on vector quantities, especially the electric field, results
in couplings to many neighboring mesh points which generate many dependencies
in the Jacobian matrix. The high number of non-zero entries in the system matrix
leads to poor performance or failure of iterative linear solvers [75]. Additionally,
strong non-linear relations, for example the exponential dependence used to model
the impact ionization rate, might lead to poor convergence. Many of the numerically
problematic models are important in high-voltage and power devices and therefore
have to be considered in the simulation.

An approach to overcome convergence issues is to calculate more intermediate
solutions between the initial simulation step (equilibrium) and the desired operating
point. This can be achieved by ramping up the contact potentials step by step until
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the final value is achieved. Results from former steps can be used as initial guesses
for the Newton method in the next step. Decreasing the step size therefore improves
the quality of the initial guess for the next step and finally for the desired operating
point. Obviously a good balance between step size, robustness, and simulation time
has to be found. Other approaches to overcome convergence issues are to tune the
Newton procedure, for example, by changing parameters of the damping algorithm
[76]. This changes the calculation of the Newton update vectors and is often required
to achieve convergence.

Numerical problems are frequently caused by the simulation mesh used. For
mesh design a trade-off between accuracy and numerical stability has to be found.
High convergence rates can be achieved having a moderate number of well shaped
elements [77]. However, smaller elements usually lead to a higher resolution and
therefore to a higher accuracy. On the other hand, the limited numerical accuracy in
computer systems can result in numerical noise [78] which degrades the condition
of the system matrix. For accurate results, a proper alignment of the elements re-
garding the direction of the current flow (see Fig. 1.21) is also important. Near the
channel area this often leads to poorly shaped thin elements having small internal
angles. Creating a mesh for the simulation of high-voltage devices that has good
numerical properties and delivers accurate results is very challenging.

Applications with special demands on the numerics of TCAD simulation tools
are break-down [77], electro-static discharge (ESD) [79], and snap-back simula-
tions. Difficulties arise from the strongly field dependent behavior and the physically
unstable operating points. Physical quantities undergo strong variations near break-
down and snap-back processes as the device changes its operation state. This also
impacts the convergence of the device due to the state transition leading to strong
changes in conductivity, current path, and carrier concentration. The different states
of the devices before and after snap-back additionally result in multivalued I/V
curves. The boundary conditions therefore have to be selected appropriately to
avoid unintentional transitions between the branches of the I/V curve. Special curve-
tracing algorithms have been suggested to deal with these problems [80, 81].

4 Conclusion

TCAD in general and numerical device simulation software in particular can be used
as a very powerful tool for device engineering in academic as well as in industrial
environments. The possibility of obtaining an insight into the device behavior results
in a better understanding of the physics and enables the device designer to tune
the device performance. Consequences of changing the device design can be tested
without the time consuming and expensive fabrication of test devices. To increase
the performance of special parameters, automatic optimization procedures can be
set up. Optimization goals might be the maximum power output, the ratio between
the on- and off-resistance, or the ratio between the maximum blocking voltage and
the on-resistance.
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It is important that the user of TCAD simulation tools has a fundamental knowl-
edge of semiconductor device physics. Many different physical mechanisms have
to be considered and for most of them a variety of models exist. Some models are
derived to accurately describe special operation conditions, others are for multi pur-
pose usage and cover a broad range of different operation conditions. The models
also differ in the complexity leading to different simulation times. It is also impor-
tant to consider that the impact of the individual physical effects are more or less
important for different devices and operation conditions. Together with the under-
standing of how the simulation environment works, the device engineer can select
the proper models and meaningful simulation results can be produced.
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Chapter 2
HiSIM-HV: A Scalable, Surface-Potential-Based
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Abstract The main features of the industry standard compact model HiSIM-HV
for high-voltage MOSFETS are described. The basis of HiSIM-HV is a consistent
physically correct potential determination in the MOSFET core and the surround-
ing drift regions, providing the high-voltage capabilities. Consequently, HiSIM-HV
can accurately calculate the physical potential distribution in the entire asymmetric
LDMOS structure or the symmetric HYMOS structure and determine all electri-
cal and thermal high-voltage MOSFET properties without relying on any form of
macro modeling or sub-circuit formulation. Furthermore, HiSIM-HV’s consistent
potential-based approach enables the reproduction of all structure-dependent scal-
ing properties of high-voltage MOSFET features with a single global parameter set.
The full scaling properties of HiSIM-HV with respect to the MOSFET-core geome-
try parameters of gate length and gate width as well as the drift-region parameters of
drift-region length and drift-region doping are unique among the available compact
high-voltage MOSFET models. Continuous development of HiSIM-HV is carried
out in cooperation with the international semiconductor industry and improved ver-
sions of HiSIM-HV are released 2 times per year through the Compact Modeling
Council (CMC).

Keywords High-voltage MOSFET - LDMOS - HVYMOS - Surface potential - Con-

sistent potential distribution - Drift region - Global parameter set - Scaling proper-
ties - Self-heating - Industry standard - Compact Modeling Council

1 Introduction

In recent years the success of cellular wireless networks, consumer appliances like
digital televisions or digital cameras, mobile computers as well as automotive elec-
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tronics, has resulted in a significant increase of the practical usage of high-voltage
MOSFET devices. Furthermore, advances in one-chip process technologies have
allowed the integration of high-voltage devices in substantial numbers to produce
complex high-voltage circuits on a single chip. Consequently, to enable a more ef-
ficient design of such integrated high-voltage circuits, the requirement for accurate
compact modeling of high-voltage MOSFETSs is increasing.

There are two major types of high-voltage MOSFET structures commonly used
by the semiconductor industry, which have to be covered in the compact model-
ing. The first type is a laterally-diffused asymmetrical structure called commonly
LDMOS structure. The second type is a symmetrical structure with extended drift
regions at both source and drain, which we distinguish by referring to it as HYMOS
because it represents the more generalized case. HiSIM-HV is valid for modeling
both structure types, and has been developed as an extension of the surface-
potential-based HiSIM (Hiroshima-university STARC IGFET Model) model for
conventional bulk MOSFETS [1, 2].

The described practical needs for accurate compact high-voltage MOSFET mod-
eling have also led to an international industrial effort to standardize a compact high-
voltage MOSFET model for high-voltage circuit simulation, which is conducted by
the Compact Model Council (CMC) [3] and recently resulted in the selection
of HiSIM-HV as the international standard compact model for high-voltage
MOSFETSs. Several versions of the HiSIM-HV standard have been already released
by the CMC and this chapter mainly describes the HiSIM-HV102 standard version.
An important reason for the selection of HiSIM-HV as the industry-standard model
has been the fact that it is the only existing model, which can accurately reproduce
the full spectrum of high-voltage-MOSFET behavior, including the effects due to
the scaling of device dimensions, with a single global parameter set and without
relying on a macro-model concept by adding sub-circuits.

2 Modeling Concepts of HiSIM-HV

The high-voltage MOSFET model HiSIM-HV, reported and described in this chap-
ter, uses a modular concept for its construction. The properties of the MOSFET
core in the high-voltage structure are captured by using the advanced bulk-MOSFET
model HiSIM (Hiroshima-university STARC IGFET Model), which is the first com-
plete surface-potential-based MOSFET model for circuit simulation, and which
avoids introducing any explicit-equation approximations for solving the implicit
surface-potential equation of the drift—diffusion theory. The HiSIM core model is
then extended and enhanced by various modular additions to construct the HiSIM-
HV model. These additional modules mainly have the purpose to capture the specific
properties of drift regions added to the MOSFET core for obtaining the high-voltage
capabilities and to include the self-heating effect which becomes indispensable due
to the increased power dissipation of a high-voltage MOSFET device during its
operation.
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2.1 Surface-Potential-Based Bulk-MOSFET Core Model

The HiSIM core model implements the drift—diffusion theory, which was originally
developed by Pao and Sah [4], and makes this theory available in the form of a
compact model for circuit simulation. The most important advantage of the surface-
potential-based modeling is a unified description of the device characteristics for
all bias conditions with a single although non-explicit equation. The physical re-
liability of the drift—diffusion theory has been proved by 2D device simulations
with channel lengths down to well below 0.1 um [5], so that it remains valid for
the most advanced technologies. To obtain analytical solutions for describing de-
vice performances, the charge sheet approximation for the inversion layer with
zero thickness has been introduced (for example [6]). Together with the gradual-
channel approximation all device characteristics are then described analytically by
the channel-surface potentials at the source side (¢sg) and at the drain side (¢si)
(see Fig. 2.1).

These surface potentials are functions of applied voltages on the four terminals;
the gate voltage Vg, the drain voltage Vg, the bulk voltage V4, and the reference poten-
tial at the source V5. The resistance in the contact region causes potential drops and
therefore also affects the surface potential values. Since the surface potentials are
implicit functions of the applied voltages, model-internal iteration procedures are
introduced, but only for calculating the surface potential ¢so at the source end and
¢sL at the end of the inversion channel. These model internal iterations are executed
in addition to the global iteration of the circuit simulator. The potential ¢s(AL),
which appears under the saturation condition at the drain end due to the so-called
channel-length modulation effect and which represents the potential drop in the
pinch-off region (see Fig. 2.3), is calculated from ¢so, ¢si. and Vys involving also a
fitting parameter in the respective equation.

The above described modeling concept constitutes the long-channel basis of the
HiSIM model, and extensions of the model approximations are then done to capture
the properties of advanced MOSFET technologies. All newly appearing phenomena
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such as short-channel or reverse-short-channel effects are included in the surface
potential calculations and cause modifications resulting from the specific features
of these advanced technologies [1].

By choosing the iterative solution in the HiSIM core, we preserve the MOSFET
physics, which is built into the set of implicit equations resulting from the rigorous
application of the drift—diffusion theory. Since an iterative solution is commonly
believed to result in an execution-time penalty for the compact model, specific at-
tention is directed towards calculating the surface potentials with enough accuracy
under the boundary condition of a small CPU run-time. The number of HiSIM-
internal iteration steps could in particular be reduced to an average of two steps
in typical circuit-simulation tasks. Furthermore, with advancing scaled-down fabri-
cation technologies, the necessity of including higher-order phenomena like noise
effects, non-quasi-static (NQS) effects, or non-homogeneous channel doping into
the compact models turned out to be less a burden for HiSIM with its iterative ap-
proach than for other non-iterative approaches. Up to now the validity of HiSIM has
been tested for channel lengths down to 45 nm with CMOS fabrication technologies
using the pocket-implant technology. All theoretical descriptions and equations in
the following sections of this chapter are given for the n-channel MOSFET, but they
are of course also valid for the p-channel case with the appropriate modifications to
account for the exchange of p- and n-doped regions.

2.2 High-Voltage LDMOS Structure

The most important features of LDMOS and HVMOS devices, different from the
conventional MOSFET, are originating from the drift region introduced to achieve
the sustainability of high voltages. By varying the length and the dopant concen-
tration of this drift region as well as the length of the gate-overlap region, various
device types with a variety of operating bias conditions are realized as shown in
Fig. 2.2 for the LDMOS structure, which features a drift region only at its drain
side. In any of these modified cases, the drift region represent a dynamically varying
resistance for the current flow and also induces additional charges, which cause the

L
ﬂ Lgine

Gate ~< >

Source I Drain
>
LoverLD n+
p
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Fig. 2.2 Schematic of the typical LDMOS device structure and the respective structure parameters
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especially unique features of the LDMOS and HVMOS capacitances. Thus accurate
modeling of the drift region is the main task for the construction of the HiSIM-HV
compact model.

A fortunate feature of the HiSIM compact model, which simplifies the physically
consistent capturing of the drift-region properties, is the fact that HiSIM determines
the complete potential distribution along the gate from source to drain contact,
namely the surface potential at the source side ¢sp, the surface potential at the
pinch-off point ¢s| , the potential at the channel/drain junction, ¢s(A L), and the final
potential value at the drain contact ¢so + Vs as shown in simplified from in Fig. 2.3.

For the LDMOS devices it turns out, that the iterative solution for obtaining ac-
curate potentials is the only possible solution to model the specific features of these
devices accurately and in a physically consistent way. In particular, if one aims at
obtaining a scalable compact high-voltage MOSFET model with respect to gate
length, gate width and drift-region length, an iterative solution is unavoidable. The
main reason for this comes from the subtle dependence of the potential at the be-
ginning of the drift region, and therefore of the resistance effect in the drift region,
on the bias conditions as well as on the detailed geometrical LDMOS structure. The
basic modeling method of HiSIM is already suitable for this purpose and can thus
be taken over from the HiSIM2 model for advanced MOSFETSs [7]. Further equa-
tions for capturing the drift-region effects are then included within the framework
of HiSIM’s modeling method. Since the overlap length is, in comparison to the bulk
MOSFET, relatively long for LDMOS devices, accurate surface-potential calcula-
tion for this overlap region as a function of applied voltages is also necessary for
accurate prediction of the capacitances of the high-voltage LDMOS device.

2.3 General High-\Voltage MOSFET Structure

To make the structural definition flexible, the Flag COSYM is introduced in HiSIM-
HYV, as shown in Fig. 2.4. COSYM = 0 refers to the asymmetrical LDMOS case,
where drain-side and source-side parameters are different because the source side
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LDMOS (asymmetrical) HVMOS (symmetrical)
Structural parameters have | | All structural parameter values
to be determined for both of drain side are copied to those
source and drain. of source side.

Fig. 2.4 Selection of LDMOS or HVMOS compact-model cases, including respective model
parameters, in HiSIM-HV by setting the flag COSYM
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Fig. 2.5 Structure parameters asymmetrical and symmetrical structures selectable in HiSIM-HV

does not include a drift region. COSYM = 1 refers to the symmetrical HYMOS
case, and all parameter types of the drain side, especially those related to the drift
region, have to be determined also for the source side.

HiSIM-HV considers the length of the drift region Lgist, the overlap length
Lover, and the impurity concentration of the drift region Noyer explicitly. Schematics
of the general structures for LDMOS and HVMOS are shown in Fig. 2.5 for the
n-channel case. For the LDMOS device, independent structures at the source side
and the drain side can be distinguished, due to the fact that the Ly region is not
present at the source side. In the HYMOS case, the drift-region-related parameter
values for the source side have to be determined, and are copied from the drain-side
parameters, automatically. If the drift-region related parameters are not determined,
default values are taken.

One most significant feature of the LDMOS/HVMOS devices is that the drain
current continues to increase quite steeply even under the saturation condition,
which is referred to as the quasi saturation. Other peculiar features are observed in
the capacitances, showing strong sharp peaks, which significantly change depend-
ing on the structure as well as doping levels. All these phenomena are caused by
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Table 2.1 HiSIM-HV model parameters introduced in Section 2 of this chapter

LOVER Overlap length at source side

LOVERLD Overlap length at drain, and at source, if COSYM = 1

LDRIFT1 Length of lightly doped drift region at drain, and at source, if COSYM =1
LDRIFT2 Length of heavily doped drift region at drain, and at source, if COSYM = 1
NOVER Impurity concentration of LOVERLD at drain, and at source, if COSYM =1
VBSMIN Minimum Vjs voltage applied

the highly resistive drift region, enabling the high-voltage application of MOSFETS.
The structural parameters of the LDMOS/HVMOS devices are explicitly considered
in the resistance modeling, and the resistance effect is considered as a potential drop,
which is determined iteratively within HiSIM-HV.

Consequently, the basic modeling concept of LDMOS/HVMOS devices is kept
the same as in the HiSIM2 model for the conventional MOSFET. HiSIM-HV also
determines the potential distribution between source and drain contacts by solving
the Poisson equation iteratively, but includes the resistance effect in the drift region
and considers the bias dependence of this resistance.

HiSIM-HV limits the minimum value of the applied bulk voltage Vis to
—10.5V. However, this limitation can be changed by adjusting the model parameter
VBSMIN.

The HiSIM-HV model parameters introduced in Section 2 are summarized in
Table 2.1.

3 Implementation of the HiSIM-HV Modeling Concept

As explained in the previous section HiSIM-HV has been developed by building
on the bulk-MOSFET model HiSIM2, which is used as the core part. The specific
effects of a high-voltage MOSFET, due to the added drift regions for providing the
high-voltage blocking and switching capability, are the added in a modular way
by either modifying affected modules for certain phenomena already considered in
HiSIM2 or by adding new modules.

In this section, the main changes of HiSIM2, which were implemented to develop
HiSIM-HV, and which affect the capacitance model, the resistance model, the non-
quasi-static (NQS) model, as well as the implementation of the self-heating effect,
are described in this section in more detail.

3.1 Capacitances

The capacitance model of HiSIM-HV remains conceptually very similar to that of
the bulk-MOSFET model HiSIM2 and mainly covers in addition the increased over-
lap capacitances including their surface-potential dependence.



40 H.J. Mattausch et al.

3.1.1 Intrinsic Capacitances

The intrinsic capacitances are derivatives of the node charges determined as

90,
Cir =86—=
ik =%y,
=—1 for j#k
s=1 for j=k (2.1)

HiSIM-HV uses analytical solutions for all nine independent intrinsic capaci-
tances, derived from the equations for the respective terminal charges [7] as explicit
functions of the surface potentials. Therefore, there are no extra model parameters
required for the intrinsic capacitances.

The lateral electric field along the channel induces a capacitance Cg, which
significantly affects the gate capacitance in saturation [8]. This induced charge as-
sociated with Cg,, is described with the surface potential values as

Vs (2.2)

0, = cabs Ny (P2 Ve “ A (OL)) | KO

XQY L;(a?eYz
introducing XQY, a parameter determining the maximum field at the channel/drain
junction independent of Lgse. For XQY = 0 the charge Qy is fixed to zero. To
compensate the enhanced short-channel effect, determined by the current character-
istics, two model parameters XQY1 and XQY2 are introduced. Under the saturation
condition, Cg,, together with the overlap capacitance dominates the gate-drain ca-
pacitance Cgyq. This effect is more visibly observed as the gate-length reduces.
Therefore, in the Cgqg modeling, Cg,, is added to the conventional components as
depicted in Fig. 2.6 and replaces the so-called inner-fringing field effects which are
conventionally applied [9]. To activate Qy the model parameter CLM1 must be
smaller than unity.

gate
Cov+ Cint+ C(:Qy% TCfring
source /—‘ drain
Fig. 2.6 Modeling of the . AL |

gate-drain capacitance with inversion 'saturation
Co, added to the _ layer region
conventional capacitance

components
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3.1.2 Overlap Capacitances

The overlap charge at the drain side is written as

ngd LOVERLD
= [ Oy @3)
€ 0oX

Thus the surface-potential distribution along the overlap region determines the
charge and the capacitance. The potential increase of ¢s(y) from ¢s(AL) to
¢so + Vgs is modeled by considering the lateral impurity-profile gradient of the drain
contact [10]. However, the influence of the gradient is often negligible, and only the
surface-potential change as a function of the applied voltage is considered here.

The overlap capacitance includes three model options as summarized in Fig. 2.7.
Besides the constant overlap-capacitance option, two bias dependent models are
provided: One considers the surface potential change as a function of Vg and the
other calculates the overlap capacitance with a simplified Vs dependence.

(i) Surface-Potential-Based Model

The surface-potential-based concept for the overlap capacitance is described here
for the drain side. For the source side the same calculation is performed with
Vgs = 0. The calculation of the surface potential in the drain contact region is done
for all possible conditions, from the inversion condition to the accumulation con-
dition. The surface potential ¢s is calculated in the same manner as in the channel
region, and only the polarity is inverted in comparison to the channel. The final
overlap charge equation is written with the calculated ¢g

(a) under the depletion and the accumulation conditions

Qover = Werr - NF - LOVERLD

( 265inIBOVER ﬂ(¢s+Vds)—1)

(2.4)

(b) under the inversion condition

Qover = Wett - NF - LOVERLD - Cox [(Vgs — VFBOVER — ¢5)]  (2.5)

COOVLP=0

constant  Cyy,

Fig. 2.7 Summary of the
HiSIM-HV model options for
the overlap capacitance

| surface - potential-based C, |
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where LOVERLD is the length of the overlap region of the gate over the drain,
NOVER is the impurity concentration in the drain contact region, and VFBOVER
is the flat-band voltage in the overlap region. This model is selected, if NOVER is
not equal to 0.

A smoothing function is introduced with a model parameter QOVSM to achieve
a smooth transition between the depletion region and the inversion region of the
overlap charge.

(i) Simplified Bias-Dependent Model

If LOVER > 0 and the flag COOVLP = 1, the overlap gate charge at the source
side is modeled as

0 gos

— = V4 - LOVER
Wett - NF-Cox =

—OVSLP- (1.2 = (¢hso — Vis)) (2.6)

- (OVMAG + V)

If NOVER is equal to 0, the overlap charge at the drain is also calculated with
the same type of simplified equation as

Q god

—— = (Vgs — Vigs) - LOVERLD
VVeff -NF - Cox ( gs ds)

—OVSLP- (1.2 — (¢s. — Vis)) 27)

x (OVMAG + V)

The overlap capacitance at the source side is calculated by differentiating Q gos.
Whereas the overlap capacitances at the drain side is calculated by differentiating
either Qgod Or Qover OF the overlap charge equations.

In summary these bias-dependent overlap-capacitance models can be selected
using the model flag COOVLP = 1, and require OVSLP and OVMAG or NOVER
and VFBOVER in addition as model parameters. For further model adjustments
LOVER (overlap length) is used.

The default overlap capacitance flag (COOVLP = 0) calculates bias-
independent drain and source overlap capacitances. User-defined values can be
specified using the input parameters CGDO and CGSO. If these values are not
specified, the overlap capacitances are calculated using

€ox

Coy = —
o TOX

LOVER - Wi - NF (2.8)

The gate-to-bulk overlap capacitance Cgpo joc IS calculated only with a user-
defined value CGBO using

Cgbo_loc = —-CGBO - Lgate (2-9)

independent of the model flag COOVLP.
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Table 2.2 HiSIM-HV model parameters introduced in subsection 3.1 of this

chapter

XQY Distance from drain junction to maximum electric field point
*XQY1 Vbs dependence of Qy

*XQY?2 L gare dependence of Qy

VFBOVER Flat-band voltage in overlap region

*QOVSM Smoothing Qver at depletion/inversion transition
OVSLP Coefficient for overlap capacitance

OVMAG Coefficient for overlap capacitance

CGSO Gate-to-source overlap capacitance

CGDO Gate-to-drain overlap capacitance

CGBO Gate-to-bulk overlap capacitance

TPOLY Height of the gate poly-Si

3.1.3 Extrinsic Capacitances
The outer fringing capacitance is modeled as [11]

€ox

Ci=——
f /2

(2.10)

TPOLY
Wgate . NF M In (1 + —)
[0):¢

where TPOLY is the gate-poly thickness. This outer fringing capacitance is bias
independent.

The HiSIM-HV model parameters introduced in Section 3.1 are summarized in
Table 2.2.

3.2 Resistances of the High-Voltage MOSFET

This section describes the equations of the resistance model for the LDMOS case.
In the symmetrical HYMOS case, the resistance at the source side is modeled with
the same equations as for the drain side in the LDMOS case, but without the Vs
dependence.

The source and the drain resistances Rs and Ry are considered by voltage drops
across each of the resistances as:

Vas,ett = Vs — las - Rs (2.11)
Vas,ett = Vs — Ias - (Rs + Rarift) (2.12)
Vbs,eff = Vos — lgs - Rs (2.13)
where
RS
Ry = — + NRS-RSH (2.14)

eff
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Rait = (Rg + Vis - Rovp) | 1 + RDVG11 RDVGIL
drift = d ds DVD RDVG12 gs (2.15)
x (1 — Vis - RDVB)
and
Reo RDS
Ry=—11
‘ Wesr ( * (Wgate - 10% x Lgate : 104)RDSP)
+ RSH - NRD (2.16)
Rgo = (RD + Ryoeemp) /1 f2 (2.17)
o RDVD + Rdvd,temp
DVD —
West
-exp (—~RDVDL x (Lgae - 10*)RPVPLP)
1+ RDVDS
(Wgate . 104 x Lgate . 104)RDVDSP
S fa (2.18)
LDRIFT1
filLgita) = =~ = -RDSLP1 + RDICT1 (2.19)
V8
LDRIFT2
V8
RDOV1l1 LOVERLD
f3(Lover) = 1 + RDOV11 — (2.21)

RDOVI2 ~ Ipm

NRS and NRD are instance parameters describing the number of squares result-
ing from the geometrical layout of the source and the drain diffusions, while RSH
is the sheet resistance of one square of diffusion area. In each of the Egs. 2.14 and
2.16, the first term of the right hand side considers the resistance of the LDD region
and the drift region, and the second term takes account of the diffusion region, which
is layout dependent. LDRIFT1 and LDRIFT2 are model parameters denoting the
length of different parts of the drift region (see Fig. 2.5). The source resistance in
the LDMOS case, for which the above equations are valid, does not include a drift
region and has therefore no drift length parameters.

The voltage drops at the source and the drain resistances are calculated itera-
tively within HiSIM-HV for given terminal voltages to keep consistency among all
device performances. However, Ry and Ryt can also be treated as extrinsic resis-
tances, and can be included in an equivalent circuit applied externally. Consequently,
the parasitic source and drain resistances, Rs and Rg;ig, can be taken account of in
HiSIM-HV by two optional approaches. The first approach is to include them as
external resistances, so that the circuit simulator generates nodes and finds the so-
lution with the source/drain resistances iteratively (Flag: CORSRD = —1). The
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second approach is to include them as internal resistances of HiSIM-HV, so that
HiSIM-HV solves iteratively for the now internal nodes (Flag: CORSRD = 1).
The Flag CORSRD is provided for the selection of one of the altogether four
possible approaches, namely CORSRD = 0,1,2,—1 meaning “no resistance”,
“internal”, “analytical”, and “external” source/drain resistances, respectively. The
selection procedure of the different options by the Flag CORSRD is summarized in
the flow-diagram of Fig. 2.8.

A further flag option CORSRD = 2 was originally introduced to avoid simu-
lation time penalties by providing the possibility of an analytical description of the
resistance effect as

lgs = ———¢— (2.22)

where Iy is the drain current without the resistance effect and where R}, takes
account of the resistance effect in the following simplified form.

1
Ry = — (R} - VP + Vi - RD22) (2.23)
Wesr

Circuit simulator
generates nodes
for RS and RD

=
dseff
v; "y Vbseff
vgseff: Vgs Vdsgseff= Vgs =1+ R
dseff™ 'ds Vasasett=VYas =1 * (Rs+Ryri)
Vbset=Vbs asbsett=Vbs — * Rs

Surface-Potential Calculation
Device-Characteristic Calculation

CORSRD =2 or

yes
lys= lysof (14 lyso (Rl Vgs)

no
—(

Fig. 2.8 Model options provided in HiSIM-HV for the resistance models at source and drain side,
and their selection by the Flag CORSRD
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The magnitude determination of the resistance R includes equations with pa-
rameters introduced to consider the resistance reduction due to the current flow in
the drift region. Further model parameters have the purpose to include the size de-
pendences of the resistance as

R) = RD23 (2.24)
where

RD23 = RD23-exp (—RD23L X (Lagate - 104)RD23LP)

RD23S
! 2.25
( + (Waate - 104 X Lgge - 104)RD235P) (2.25)

For large Vgs, it happens that the resistance effect becomes too strong with the
global parameter set fitted to the whole Vs regime. For covering also this effect
for large Vs in the global parameter set, the Vys dependence has to be included by
the introduction of further model parameters. In HiSIM-HV the equation for R} is
therefore modified to the form

R} = RD24 (Vg5 — RD25) (2.26)

where the modification of R itself is restricted with two boundaries, namely with a
lower boundary defined to be R D23’ and with an upper boundary given by R D23’
multiplied with (1 + RD20) as

RD23' < R, < RD23(1 + RD20) (2.27)

If RD20 = 0, R} reduces to RD23’, meaning that the R, modification is dese-
lected. For the LDMOS case RD21 (see Eq. 2.23) is normally fixed to be unity. Here
it should to be noticed that the described resistance affects only the drain current,
and that the LDMOS capacitances are not influenced.

The accurate approach to consider the resistance effect is to treat it with an in-
ternal node by selecting (CORSRD = 1). However, in cases where it is necessary,
both types of resistance models (internal-node approach and analytical approach)
can be applied with CORSRD = 3 simultaneously.

The approach with external source/drain resistances (CORSRD = —1) leads to
shorter simulation times for circuits with small to medium transistor numbers, while
the approach with internal source/drain resistances leads to shorter simulation times
for circuits with very large transistor numbers. The transistor number, for which both
approaches result in approximately equal simulation times (the switching point for
the choice between the two approximations) is normally between 10,000 and 50,000
transistors.

The gate resistance becomes larger when the gate width increases, and therefore
the gate-resistance effect has to be included in the compact model for correctly sim-
ulating the circuit properties at sufficiently high operating frequencies, a condition
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which applies for the practical operation frequencies of many RF circuits. The ap-
proach for the gate-resistance calculation applied in HiSIM-HV is similar to that
used in BSIM4 [12] and is described by the equation

RSHG - (XGW + Ngﬁ)

Ry =
9™ NGCON - (Lgrawn — XGL) - NF

(2.28)

where the parameter RSHG is the gate’s sheet resistance, while the other parameters
are instance parameters dependent on the layout. The flag CORG is provided for
selecting the inclusion of the gate resistance. The flag settings CORG = 0, 1 mean
“no”, “external” gate resistance, respectively.

Model parameters for the same substrate resistance network as applied in BSIM4
(RBPB, RBPD, RBPS, RBDB, RBSB) are additionally included in the model pa-
rameter list, and these parameters are also treated as instance parameters.

The HiSIM-HV model parameters introduced in Section 3.2 are summarized in
Table 2.3.

3.3 Non-Quasi-Static (NQS) Model

Carriers in the channel and the drift region take time to build-up as opposed to
the quasi-static (QS) approximation. In HiSIM-HV, the carrier formation within the
device is modeled by considering the carrier-delay mechanisms as described in the
following subsections.

3.3.1 Carrier Formation

To consider the non-quasi-static (NQS) phenomenon of carrier delay in HiSIM-HV,
the carrier formation is modeled as [13-15]

q(ti-1) + 2L 0 (1)
1+ 4t

q(n) = (2.29)

where ¢(#;) and Q (%) represent the non-quasi-static (NQS) and the quasi-static (QS)
carrier density at time ¢, respectively, while At = ¢ — ti—; is the time interval pa-
rameter between two sequential time points in the circuit simulation. Equation 2.29
implies that the formation of carriers under the NQS approximation is always de-
layed in comparison to the QS approximation, and therefore captures the basic
physical origin of the NQS effect. The delay in changes of the charge density is
determined by the carrier transit delay = and the time interval A¢ used in the circuit
simulation.
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Table 2.3 HiSIM-HV model parameters introduced in Section 3.2 of this chapter

RS Source-contact resistance of LDD region

RD Drain-contact resistance of LDD region

RSH Source/drain sheet resistance of diffusion region
RSHG Gate sheet resistance

RBPB Substrate resistance network

RBPD Substrate resistance network

RBPS Substrate resistance network

RBDB Substrate resistance network

RBSB Substrate resistance network

#NRS Number of source squares

#NRD Number of drain squares

#XGW Distance from the gate contact to the channel edge
#XGL Offset of the gate length

#NF Number of fingers

#NGCON Number of gate contacts

*RDVG11 Vgs dependence of RD for CORSRD = 1,3
*RDVG12 Vgs dependence of RD for CORSRD = 1,3

RDVD Vs dependence of RD for CORSRD = 1,3

RDVB Vs dependence of RD for CORSRD = 1,3

*RDS Small size dependence of RD for CORSRD = 1,3
*RDSP Small size dependence of RD for CORSRD = 1,3
*RDVDL L gae dependence of RD for CORSRD = 1,3
*RDVDLP Lgate dependence of RD for CORSRD = 1,3
*RDVDS Small size dependence of RD for CORSRD = 1,3
*RDVDSP Small size dependence of RD for CORSRD = 1,3
RDOV11 Lover dependence of resistance for CORSRD = 1,3
RDOV12 Lover dependence of resistance for CORSRD = 1,3
RDSLP1 Lgrifr1 dependence of resistances for CORSRD = 1, 3
RDICT1 Lgrisa. dependence of resistances for CORSRD = 1,3
RDSLP2 Lgrifto dependence of resistances for CORSRD = 1, 3
RDICT2 Lgrifto dependence of resistances for CORSRD = 1, 3
RD20 RD23 boundary for CORSRD = 2,3

RD21 Vs dependence of RD for CORSRD = 2,3

RD22 Vs dependence of RD for CORSRD = 2,3

RD23 Modification of RD for CORSRD = 2,3

*RD23L Lgae dependence of RD21 boundary for CORSRD = 2,3
*RD23LP Lgare dependence of RD21 boundary for CORSRD = 2,3
*RD23S Small size dependence of RD21 for CORSRD = 2,3
*RD23SP Small size dependence of RD21 for CORSRD = 2,3
*RD24 Vs dependence of RD for CORSRD = 2,3

*RD25 Vs dependence of RD for CORSRD = 2,3

#indicates instance parameters and * indicates minor parameters

3.3.2 Delay Mechanisms

Up to the weak inversion regime, the carriers diffuse into the channel and the transit
delay can be approximated by
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Tdiff = DLY1 (2.30)

In the strong inversion regime, there is already conduction due to field-driven
carriers which dominates the carrier movement. The transit delay due to this flow of
conductive carriers is 0

i

Tcond = DLY2 T (2.31)
Igs

where DLY?2 is a constant coefficient. These two delay mechanisms (diffusion and
conduction) are combined in HiSIM-HV by using the Matthiessen rule

1 1 1
=4 (2.32)
T Tdiff Tcond

Carrier delay mechanisms in a switch-on operation of the MOSFET part with a
gate-voltage rise time #, of 20ps are illustrated in Fig. 2.9.

Applying the same approach of a carrier transit delay also for the formation of
bulk carriers, leads to the approximation of the bulk carrier delay as an RC delay in
the form

78 = DLY3: Cox (2.33)

where DLY3 is a constant coefficient and Coy is the oxide capacitance of the gate.

3.3.3 Time-Domain Analysis

The total drain/source/bulk terminal currents in the MOSFET part are derived from
the superposition of the transport current and the charging current. The transport
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Fig. 2.9 Example of the dynamically calculated transit delay times, as incorporated in the NQS
model for the MOSFET part of HiSIM-HYV, in a switch-on simulation
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current is a function of the instantaneous terminal voltages and is approximated
by the steady-state solution. The source/drain/bulk charging currents are the time
derivatives of the associated non-quasi-static (NQS) charges, gs, ¢p, and gg, re-
spectively.

For high-voltage LDMOS/HVMOS devices, the carrier transit delay t in the drift
regions becomes additionally very important, because the considerable length of
these drift regions contributes a strong NQS effect during their charging and dis-
charging. The compact modeling of the NQS effect due to the drift region is done in
a similar way as for the channel region using the following equation.

(LOVERLD + LDRIFT1 + LDRIFT2)?
T =
o DLYDFT - (Vs — s + ¢s0)

(2.34)

The formation delay of the equilibrium charge density for the accumulation
condition is also modeled in HiSIM-HV as

LD = DLYOV . COXO (235)

The HiSIM-HV model parameters described in Section 3.3 are summarized in
Table 2.4.

3.4 Modeling of the Self-Heating Effect

The self-heating effect is modeled in HiSIM-HV according to a conventional ap-
proach with the thermal network shown in Fig. 2.10. The self-heating extension is
completely integrated in the HiSIM-HV model equations and does therefore not
require a subcircuit approach. The flag COSELFHEAT must be set equal to 1 and
RTHO must not be set equal to 0 to activate the self-heating model. The temperature
node is automatically generated in the circuit simulator for each device as it is also
done with other bias nodes. First, the model core (HiSIM.eval) is called to evaluate
device characteristics without heating. Then, the temperature is updated considering
the self-heating effect by creating the temperature node. The model core is then

Table 2.4 HiSIM-HV model parameters introduced in Section 3.3 of this chapter

DLY1 Coefficient for delay due to diffusion of carriers

DLY2 Coefficient for delay due to conduction of carriers

DLY3 Coefficient for RC delay of bulk carriers

LOVERLD Length of the gate-overlap part of the drift region
LDRIFT1 Length of the first lower-doped part of the drift region
LDRIFT2 Length of the second higher-doped part of the drift region
DLYDFT Coefficient for carrier transit delay

DLYOV Coefficient for RC delay of carriers for the accumulation condition
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Fig. 2.10 Thermal Network applied for the self-heating effect

called again to update the device characteristics with the calculated temperature 7.
Under the DC condition the temperature increase is calculated analytically as

T =T+ Ry - Igs- Vs (2-36)

The model parameter RTHO is thermal-resistance related and is fitted to mea-
sured DC data, while the model parameter CTHO is thermal-capacitance related and
is introduced for fitting the thermal behavior under AC operation. Furthermore, as
the self-heating strongly depends on the width of the LDMOS/HVMOS device and
on the number of used fingers NF in the layout, these effects have to be included in
the compact modeling and result in the formulation of the HiSIM-HV equations for
thermal resistance and thermal capacitance as

RTHO 1 RTHOW
R = Wert ) N ERTHONF 1+(Wgate-104)RTHOWP (2.37)

Ciy = CTHO - Wegt (2.38)

An additional model parameter RTHOR is introduced as

RTHOR

2.39
TEMP3 (2:39)

Rriow =

to improve the modeling of the thermal dissipation.
The HiSIM-HV model parameters introduced in Section 3.4 are summarized in
Table 2.5.
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Table 2.5 HiSIM-HV model RTHO Thermal resistance
parameters |ntr0(_juced In CTHO Thermal capacitance
Section 3.4 of this chapter RTHOW Width dependence of thermal
resistance
RTHOWP Width dependence of thermal
resistance
RTHONF Number of finger dependence of
thermal resistance
RTHOR Thermal dissipation

4 OQverview of the Parameter-Extraction Procedure

The parameter extraction has to cover the parameters specific for the MOSFET
part, which is analogous to the bulk-MOSFET model HiSIMZ2, and the parameters
specific for the high-voltage part of the LDMOS/HVMOS device. Model param-
eters categorized as group (1), i.e. conventional MOSFET related parameters, are
extracted first and parameters characterized as group (2), i.e. LDMOS/HVMOS spe-
cific parameters, are extracted afterwards. In this section we discuss the main points
of the HiSIM-HV parameter extraction and point out the differences in comparison
to the normal MOSFET-parameter extraction.

4.1 Conventional MOSFET Part

In the bulk-MOSFET model HiSIM, device characteristics are strongly dependent
on the basic device parameter values, such as the impurity concentration or the
oxide thickness. Therefore, the parameter-value extraction has to be repeated with
measured characteristics of different devices in a specific sequence until extracted
parameter values reproduce all device characteristics consistently and reliably. To
achieve reliable extraction results, it is recommended to start with initial parameter
values according to the recommendations listed in the Table 2.6. Since some of the
model parameters such as T,y are difficult to extract unambiguously with the correct
physical values, their determination is recommended directly by dedicated measure-
ments of the MOSFET-device part. Threshold voltage measurements as a function
of gate length allow the derivation of a rough extraction for the model parameters
referred to as “basic device parameters”. The parameters identified with the symbol
“*” in the model-parameter table are initially fixed to zero and only adjusted in the
final stage of the extraction, if necessary.

The sequence of the MOSFET-channel-size selection for the parameter-
extraction procedure is recommended in four steps:

1. Long-Channel Devices
2. Short-Channel Devices
3. Long-Narrow Devices
4. Short-Narrow Devices
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Table 2.6 Recommendation for initial parameter settings at the beginning of the extraction
procedure

Determined by dedicated measurements Default values used (see [7]) initially for
(not changed during extraction procedure) parameter groups listed below
TOX Basic device parameters (not listed on left side)
Gate leakage
GIDL
Source/bulk and drain/bulk diodes
Noise

Subthreshold swing
Non-quasi-static model
Overlap capacitances

Prior to the detailed extraction, a rough extraction with measured Viy — Lgate Char-
acteristics is recommended to get a rough idea about the basic-parameter values.
These basic parameters are usually important because they give a strong influence
on the accuracy and physical correctness of the total parameter extraction. The pa-
rameter extraction procedure of the conventional MOSFET part is summarized in
the following Table 2.7.

4.2 LDMOS/HVMOS Specific Part

The LDMOS/HVMOS specific model parameters (group (2) parameters) are ex-
tracted, as already mentioned, after the extraction of the intrinsic MOSFET-part
parameters (group (1) parameters) of the high-voltage device. According to this rec-
ommended extraction procedure, namely to perform first group (1) and then group
(2) parameters, the parameter extraction is done in the following sequence:

1. Rough extraction of the MOSFET parameters with measured Vin — Lgate

. Fine extraction with measured subthreshold data for 745 — Vs

. Extraction of mobility parameters with Igs — Vys and Igs — Vis

. Extraction of resistance parameters with /45 — Vgs and Zgs — Vs

. Fine extraction of resistance parameters with channel-conductance and trans-
conductance

6. Capacitance extraction

a b~ wnN

Agreement of the extraction results with measurements after the 3rd step is nor-
mally not sufficient, especially in the high Vg region and in the low Vs region. The
4th step for resistance extraction is therefore focused on the measurement regions
where the quasi-saturation effect of the LDMOS/HVMOS device becomes obvious.
It is recommended to repeat the extraction steps from 3 to 5 because this repetition
leads to better fitting results in most practical cases. The initial extraction steps 1
to 3 are basically the same as in the conventional extraction procedure for the bulk
MOSFET.
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Table 2.7 Summary of the seven steps of the parameter-extraction procedure for the bulk-
MOSFET model HiSIM

Step 1: Initial preparation and rough extraction

1-1. Initialize all parameters to their default values

1-2.  Use the measured gate-oxide thickness for TOX TOX
1-3.  Rough extraction with Vi,-dependence on Ly NSUBC, VFB, SC1, SC2
[Vin — Vis] SC3, NSUBP, LP, SCP1
SCP2, SCP3
NPEXT, LPEXT
1-4.  Quantum and poly-depletion effects [Cgq — Vis] QMEL, QME2, QME3
PGD1, PGD2
Step 2: Extraction with long and wide transistors
2-1.  Fitting of sub-threshold characteristics NSUBC, VFB, MUECBO0
[Zas — Vigs] MUECB1
2-2.  Determination of mobility parameters for low Vs MUEPHO0, MUEPH1
[Zas — Vsl MUESRO, MUESR1
2-3.  Determination of mobility parameters for high Vs NINVPH, NINVSR
[Zas — Vigs] NDEP
Step 3: Extraction with medium/short length and large width transistors
3-1.  Pocket-parameter extraction with medium NSUBP, LP
length transistors [/4s — Vsl SCP1, SCP2, SCP3
NPEXT, LPEXT
3-2.  Short-channel-parameter extraction with SC1, SC2, SC3
short-length transistors [Vin — Lgate] PARL2, XLD

3-3.  Mobility-parameter refinement for low Vy [1gs — Vgs] MUEPHL, MUEPLP

MUESRL, MUESLP
3-4.  Velocity parameter extraction for high Vy [/gs — Vgs]  VMAX, VOVER, VOVERP
3-5.  Parameters for channel-length modulation [74s — Vgs] CLM1, CLM2, CLM3

3-6.  Source/drain resistances [/gs — Vis] RS, RD, RSH, NRS, NRD

Step 4: Extraction of the width dependencies for long transistors

4-1.  Fitting of sub-threshold width dependencies NSUBC, NSUBCW, NSUBCWP
[Zas — Vsl WFC, XWD, WVTHO

4-2.  Fitting of mobility width dependencies [/gs — Vgs] MUEPHW, MUEPWP
MUESRW, MUESWP
Step 5: Extraction of the width dependencies for short transistors

5-1.  Fitting of sub-threshold dependencies [7gs — V] NSUBPO, NSUBWP
Step 6: Extraction of small-geometry effects

6-1.  Effective channel-length corrections WL2, WL2P

6-2.  Mobility and velocity [/4s — Vis] MUEPHS, MUEPSP

VOVERS, VOVERSP
Step 7: Extraction of temperature dependence with long-channel transistors

7-1.  Sub-threshold dependencies [/gs — Vis] BGTMP1, BGTMP2
EGO
7-2.  Mobility and maximum carrier-velocity MUETMP, VTMP

dependencies [/gs — Vgs]
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Fig. 2.11 Parameter extraction flow for resistance parameters of HiSIM-HV, which changes ac-
cording to the resistance-model selection

The extraction of the resistance parameters is done according the selection of the
resistance model as summarized in Fig. 2.11.

If the self-heating effect is activated, all device characteristics will normally
change drastically. Retuning of model parameters is therefore required. The main
affected model parameters, which need this retuning step, are related to the mobility
and the resistance models. The temperature-dependent parameters are normally ex-
tracted without the self-heating effect from temperature-dependent measurements. It
is usually not necessary to modify these initially extracted values of the temperature-
dependent parameters after activating the self-heating effect.

5 Reproduction of High-Voltage MOSFET Characteristics

In this section the basic modeling capabilities of HiSIM-HV are demonstrated for
the device characteristics, which newly appear in high-voltage MOSFETs and which
are known to be difficult to capture by a compact model. Particularly, the anoma-
lies in the capacitances of high-voltage MOSFETS, the quasi-saturation behavior in
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the 1-V characteristics, the scaling properties with drift-region doping and the scal-
ing properties with drift-region length will be analyzed. Two-dimensional device-
simulation results are used to analyze the newly occurring effects and to compare
them to the compact-model results, thus verifying the correct modeling of these
main high-voltage-MOSFET characteristics with HiSIM-HV.

5.1 Capacitances

The wide range of switching operations from a few volts to several hundred volts
is realized in the high-voltage MOSFETS, as mentioned before, with a drift region
of low-impurity concentration, which provides the required high-voltage-blocking
capability. This has been observed to lead to anomalous characteristics for the ca-
pacitances of high-voltage MOSFETSs, which become more pronounced with lower
impurity concentrations of the drift regions. In particular, capacitance peaks ap-
pear in the Cyq capacitances as a function of V. The effect is demonstrated by the
2-dimensional device simulations of Fig. 2.12 for the LDMOS structure, where the
properties of Cyq change completely when the drift-region doping is reduced from
10'7 to 10'6cm™3. The experimentally often observed anomalous, Vgs -dependent
capacitance peaks are seen to appear for the lower impurity concentration.

This anomalous capacitance effect has been modeled in previous approaches
either by introducing an internal node at the channel/drift junction [16] or a re-
sistance added as a sub-circuit in a macro model [17]. The former model solves the
node potential iteratively until channel current and the current in the drift region at
the node becomes equal. However, it is difficult to extract model parameters for both

20 — 6.0 —
Ny = 1017cm=3 Ny = 10%0cm3

Cyq [fF]

057 Vy=6V 0 — 1
Symbol: 2D-Dev. Sim. V =9V e —
Line: HiSIM-HV V =15Ve - -
0.0 .

-15 —10 -5 0 5 10 15
Vg V]

Fig. 2.12 Capacitance comparison between 2D-device simulation (symbols) and HiSIM-HV
(lines) results for the LDMOS structure with different drift-region dopings of 10'7cm™3 (left) and
10'%cm™3 (right)
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Fig. 2.13 Calculated potential distribution along the channel and the drift region of the LDMOS
device with the developed HiSIM-HV model (shown with symbols) for two drift-region concen-
trations of 107cm=3 and 10'°cm™3. Lines are 2-dimensional device simulation results

channel and drift regions with a single set of measured drain currents. The macro
model description used in [17], is not valid for a sufficiently accurate modeling in
the LDMOS case, because the internal node potential, which is determined by a bal-
ance between channel conductivity and the resistivity in the drift region, and which
is responsible for all device features, cannot be correctly calculated.

On the other hand, HiSIM-HV consistently calculates the potential distribution
along the channel and the drift region from the source to the drain contact. The
changes in the potential distribution for different impurity concentrations in the drift
region can therefore be accurately calculated, as demonstrated with the LDMOS
structure in Fig. 2.13 for the drift-region-doping cases of 10'7cm™3 and 10'6cm™3.
Consequently, due to this accurate potential-distribution determination, HiSIM-HV
is able to capture the scaling properties of the high-voltage MOSFET capacitances
with respect to drift-region doping accurately, as verified by the lines in Fig. 2.12.

5.2 1-V Characteristics and Derivatives

Figure 2.14a,b,c shows a comparisons of I — V and gn, characteristics for the LD-
MOS device structure and the two impurity concentrations 10!7cm=3 and 10'6¢cm—3
in the drift region, while keeping the length of the drift region and the other device
parameters the same. Good agreement between the 2-dimensional device-simulation
and HiSIM-HV results is again verified. Furthermore, the quasi-saturation effect can
be clearly seen, in particular for the lower doping concentration, and is reproduced
quantitatively.
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Fig. 2.14 Comparison of / — V and gn characteristics between 2-dimensional device simula-
tor (symbols) and HiSIM-HV (lines) results for the LDMOS structure with different drift-region
dopings of 10'7 cm™3 (left) and 10'® cm™3 (right)

The corresponding Cyg characteristics has been compared in Fig. 2.12 of the
previous section with for the two different drift-region doping values. As discussed,
the anomalies observed as peaks in the Vg dependence of Cyy for reduced drift-
region doping are caused by the increased resistance effect in the drift region due to
this lower impurity concentration. Figure 2.14b verifies that the drastic reduction of
gm as a function of Vs coincides very well with these capacitance peaks.
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5.3 Symmetric Versus Asymmetric Characteristics

Accurate surface-potential-dependent modeling of the overlap charge, Qover, be-
tween the gate oxide and the drift region is already very important for the asymmetri-
cal LDMOS structure. However, since substantial surface-potential-dependent over-
lap capacitances are located at source end as well as drain end for the symmetrical
HVMOS-device structure, their contribution to the operational characteristics of the
symmetrical devices becomes even more important.

For providing sufficient accuracy, the bias dependent surface potentials within
the overlap regions consequently have to be considered in describing the formation
of the accumulation, the depletion as well as the inversion condition underneath the
gate overlap region, which now depend in a complicated way dynamically on the
bias conditions.

These modeling tasks for the overlap region are achieved by solving the Poisson
equation in the same way as in the channel. The overlap charges are determined in
HiSIM-HV from the calculated surface-potential distribution under the simplifying
approximation that the potential variation along the overlap region (see Section 3.1)
is negligible. The surface-potential values are of course a function of the drift-region
doping Ngritt, which determines also the flat-band voltage within the overlap region.
Calculated overlap capacitances with HiSIM-HV are shown in Fig. 2.15 as a func-
tion of Vgs.

Figure 2.16 compares the calculated capacitances for the asymmetrical LDMOS
device and the symmetrical HYMOS device as obtained with HiSIM-HV and a
2-dimensional device simulator. It can be seen that the results agree well for both de-
vice structures. The shoulders in the overall capacitances originate from the overlap
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Fig. 2.15 Calculated overlap capacitance at the drain side with HiSIM-HV at Vs = 0V
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Fig. 2.16 Comparison of capacitances calculated for the asymmetrical LDMOS and symmetrical
HVMOS structure with HiSIM-HV (lines) and a 2-dimensional device simulator (symbols). Again
HiSIM-HV is verified to be in good agreement with the device-simulation results
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capacitances between the gate and the drift regions, which are non-negligible for
high-voltage MOSFETS and have to be modeled under inclusion of their bias de-
pendences.

For modeling of the symmetrical HYMOS device, the resistance model for the
drift region, described in Section 3.2, has to be applied to the source side as well.
Figure 2.17 shows the calculated potential drop within the drift region at the source
end, causing a reduction of the effective gate-source potential of the MOSFET core
from Vs t0 Vgsetr, Which now furthermore depends in a dynamic way on bias con-
ditions. This additional potential drop at the source end results of course also in
a bias-dependent reduction of Vg and V;s as well. Therefore, the influence of the
source resistance in the symmetric HYMOS device on the device characteristics
can be expected to be very drastic.
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Fig. 2.18 Current comparison, (left-hand side) as a function of Vgs and (right-hand side) as a
function of Vds, between LDMOS and HVMOS structures, respectively. Results from HiSIM-HV
(lines) and 2-dimensional device simulation (symbols) are in very good agreement

Figure 2.18a,b compares the calculated I-V characteristics of HiSIM-HV for
the asymmetrical LDMOS and the symmetrical HYMOS with 2-dimensional
device-simulation results. The high resistance effect of the drift region causes a
reduction of the potential increase in the channel, which also results in a drastic
reduction of the drain current. This drain-current reduction is much more enhanced
for the symmetrical HYMOS case due to the potential drop in the drift region at
the source side. On the other hand the LDMOS device shows a more gradually
increasing current due to the dynamic reduction of Rgiz for an increased car-
rier concentration in the drift region. Thus, it is verified that all specific features
of LDMOS and HVMOS devices can be well reproduced with the single model
HiSIM-HV. This is an advantage obtained by the modeling based on the surface
potential, which secures the consistency of the overall model description due to the
consistent potential determination in the complete high-voltage MOSFET device.
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5.4 Scaling Properties

As explained before, HiSIM-HYV is constructed as a modular extension of the bulk-
MOSFET model HiSIM2, which is fully scalable with respect to gate length Lg
and gate width W, enabling the provision of a single global parameter set for the
complete L4-Wy space. Due to the modular extension concept, it becomes possible
to preserve the L4- as well as the Wy-scalability in HiSIM-HV and care is taken
that this task is achieved. It turns out that the L4-scalability can be achieved quite
easily, without taking special measures in the modeling equations. However, the
Wy-scalability is more difficult to achieve because the power dissipation increases
drastically with larger W, while the thermal resistance and thermal capacitance
properties change too. These power-dissipation effects under Wg-scaling are
appropriately taken care of in the scaling properties of the self-heating model,
so that accurate Wy-scaling of HiSIM-HV model is achieved.

Another desirable scaling property of a high-voltage MOSFET model is the cor-
rect scaling with respect to the drift-region parameters, in particular the drift-region
doping Ngige and the drift-region length Lgiix. The correct scaling properties of
HiSIM-HV with respect to Ngrirr have already been demonstrated in Fig. 2.12 for
the capacitances, in Fig. 2.13 for the potential distribution and in Fig. 2.14 for the
I — V characteristics.

Figure 2.19 verifies the scalability of HiSIM-HV with the drift-region length
Lgrist for the case of the I — V' characteristics as a function of the gate-source voltage
Vs with high and also low drain-source voltage Vgs biases.
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Fig. 2.19 Scalability of HiSIM-HV model with drift-region length L. The plots compare the
I4s-Vys characteristics at high and low drain bias for 2-dimensional device simulation (symbols)
and HiSIM-HV (lines)
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In fact HiSIM-HV is the only available high-voltage MOSFET model, which
features the full scalability with MOSFET-core parameters and drift-region param-
eters, therefore being able to provide single global parameter set for high-voltage
MOSFETSs fabricated in a given technology.

6 Conclusion

The compact model HiSIM-HV for high-voltage MOSFETS, whose main features
are described in this chapter, is based on the determination of the surface-potential
distribution in the MOSFET core and the consistent potential extension to the drift
region. Consequently, HiSIM-HV can accurately calculate the potential distribution
in the entire asymmetric LDMOS structure or the symmetric HVMOS structure
and determine all electrical and thermal high-voltage MOSFET properties with-
out relying on any form of macro- or sub-circuit formulation. Furthermore, this
consistent potential-based approach enables HiSIM-HV to reproduce all structure-
dependent scaling properties of high-voltage MOSFET features with a single global
parameter set.

The full scaling properties of HiSIM-HV with respect to the MOSFET-core ge-
ometry parameters Ly and W, as well as the drift-region parameters Lgyirt and Ngrit
is unique among the compact high-voltage MOSFET models available today. As a
result, HiISIM-HV has been selected by the Compact Model Council (CMC) [3] as
the international compact-model standard for high-voltage-MOSFET devices. Con-
tinuously improved versions of the HiSIM-HV standard are released 2 times per
year through the CMC.
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Chapter 3

MM20 HVYMOS Model:

A Surface-Potential-Based LDMOS
Model for Circuit Simulation

Annemarie C.T. Aarts and Alireza Tajic

Abstract MOS Model 20 is an advanced public-domain compact LDMOS model,
to be used for circuit simulation of high-voltage IC-designs. By combining the de-
scription of the MOSFET channel region with that for the drift region of an LDMOS
device, MOS Model 20 includes all specific high-voltage aspects into one model.
This chapter presents the physical background of the model, the model param-
eter extraction strategy, and ends with the verification in comparison to dc- and
ac-measurements.

Keywords Compact model - LDMOS - Surface potential - High-voltage - IC-design

1 Introduction

For the design of Integrated Circuits (ICs) compact models are essential, since they
enable the prediction of the electrical behaviour of the transistors used. In this
way, compact models enhance the productivity of ICs, and they reduce the cycle
time during the design process. In many IC-designs dedicated high-voltage devices
are used, like, for instance, Laterally Double-Diffused MOS (LDMOS) devices.
These LDMOS devices are processed in both bulk- and Silicon-on-Insulator (SOI)
technology [34]. The major characteristic of an LDMOS device is the existence of a
(diffused) MOSFET channel region in combination with a drift region to withstand
the high voltages applied; see Figs. 3.1 and 3.2. For optimal high-voltage 1C-design
compact LDMOS models are thus needed, which describe the electrical behaviour
accurately over a wide range of bias conditions.
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Fig. 3.1 A low-voltage LDMOS device with a MOSFET channel region and a short drift region
completely covered by the gate and its thin-gate oxide. The device is described by MOS Model 20
and an additional diode for the pn-junction between drain and bulk terminal
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Fig. 3.2 A high-voltage LDMOS device with a MOSFET channel region and a long drift region,
covered partly by the gate and its thin-gate oxide, and partly by the thick-field oxide. The device is
described by MOS Model 20 in series with an additional resistor and a diode

A frequently followed approach in high-voltage modeling is to describe the
LDMOS device by a sub-circuit, in which the channel region is described by a
compact MOS model and the drift region by either a resistor or a dedicated drift
region model; see [3,10,11,13,16,17,19, 25,30, 31, 36, 37]. In the sub-circuit ap-
proach the circuit simulator thus solves the potential at the internal drain between
the channel region and the drift region. The disadvantage of a sub-circuit is that the
voltage at the internal drain can not be controlled, so that during circuit simulation
the model may have difficulty to converge, or that simulation time increases due to
the extra circuit node. The advantage, on the other hand, is the flexibility to cover a
broad range of different high-voltage device structures. In the sub-circuit model of
[30], however, only a linear resistance is taken for the drift-region model, while in
[10,16,17,19,31] an empirical, non-physical relation is taken for the bias-dependent
drift-region resistance. In the models of [11, 25] velocity saturation in the drift re-
gion (leading to quasi-saturation [14]) is taken into account, but not the effect of
accumulation due to the gate extending over the drift region.

Another approach in high-voltage modeling is one model for the channel and
drift region together, so that the potential at the internal drain is determined inside
the model, either by means of a numerical iteration procedure [12,18,21], or through
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an analytical, explicit expression for this potential [15, 24]. In order to be able to
determine the potential analytically, in an explicit form, simplifications to the current
descriptions are needed. Therefore, a numerical iteration procedure enables the use
of extensive and sophisticated current expressions, but care should be taken that the
iteration procedure is always converging. What is lacking in the models of [12, 18,
21] is the sub-threshold regime, while in [24] no terminal charge model is present
from which the capacitances can be determined. The model of [15] has been found
to be limited due to poor convergence during circuit simulation.

To account for the specific high-voltage characteristics inside one compact
model, a dedicated LDMOS compact model, called MOS Model 20 (MM20), has
been developed. This model combines the MOSFET channel region under the thin
gate oxide with the drift region of an LDMOS device. Thus, all main characteristics
of an LDMOS device, like the effect of the gate extending over the drift region as
well as quasi-saturation, are covered inside the model. For accuracy purposes, MOS
Model 20 has been developed in terms of surface potential formulations, and the
internal drain potential is solved numerically inside the model.

The use of MOS Model 20 in circuit design is as follows: LDMOS devices
with a short drift region, i.e. LDMOS devices for relatively low supply-voltages
(in the range of approximately 12—24 V), can be described by MOS Model 20 with-
out any additional drift region model; see Fig. 3.1. For LDMOS devices with an
intermediately long drift region, i.e. for medium supply-voltages (in the range of
approximately 24-100 V), MOS Model 20 can be used in series with a simple resis-
tor; see Fig. 3.2. In LDMOS devices with a very long drift region, i.e. for extremely
high supply-voltages (in the range of approximately 100-1000 V), the influence of
the voltage applied at the bulk becomes significant, and MOS Model 20 can be used
in series with a dedicated drift region model, like, for instance, MOS Model 31
for junction-isolated devices, or MOS Model 40 for SOI-LDMOQOS; cf. [3, 4]. Thus,
MOS Model 20 serves as the basis building block for all kind of LDMOS devices,
for a wide range of supply-voltages. It should be noted that MOS Model 20 can also
be used for high-voltage devices that have no diffused doping profile in the channel
region.

In this chapter MOS Model 20 is presented, and a comparison to measurements
is given for both a low-voltage (14 V) and a high-voltage (60 V) LDMOS device. At
present two versions have been released: one with level number 2001, and the latest
version with level number 2002. The major difference between the two versions is
that in level number 2002 the effect of saturation in the drift region (quasi-saturation)
as well as avalanche occurring in the drift region have been added, two phenom-
ena which are lacking in the first version (with level number 2001). Notice that
the first version of MOS Model 20 has been presented in [1, 6], whereas in [2] the
effect of quasi-saturation on the dc-current has been described. In this book, a com-
plete overview of the latest version of the model is given, including its derivation
from the physics, and the comparison to measurements. Finally, we mention that
the source code as well as the full documentation including the parameter extraction
strategy of MOS Model 20 is available in the public domain [4].
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1.1 Model Structure

In MOS Model 20, the currents through the device consist of the dc-current Ipg
from drain to source, and the charging currents at the drain, gate, source and bulk
terminal. Hence, the total current into each terminal is given by

d d
ID=IDs+1DB+%, IG=%,
dQs d0s
Is = -1 —_—, Ig = —1 —_—, 3.1
S Ds + a1 B DB + a1 (3.1)

where Ips is the dc-current due to drift and diffusion, Ipg is the dc-current due to
avalanche, and Qp, Og, Os and Qg are the terminal charges at the terminals. We
have neglected gate leakage currents, which, if necessary, could easily be added ac-
cording to [22]. From the dc-currents the conductances are determined according to

_ d (Ips + Ipg) _ d (Ips + Ips) _ 0 (Ips + Ipe)

, , , 3.2
8gDs Vo m We &mb Ve (3.2)
while from the terminal charges the capacitances are determined according to
00;
Cij = (28;; — 1) & i,j =D.G.S,B, (3.3)
av;

where §;; is the Kronecker delta, equal to 1 if i = j and equal to 0 if i # ;.
Recently, it has been found that for laterally non-uniform devices, like an LDMOS
device is, no terminal drain- and source charge exists from which the corresponding
drain- and source related capacitances can be determined [5]. Only for the gate-
and bulk related capacitances it has been demonstrated that a terminal gate and bulk
charge exist from which the corresponding capacitances can be determined. A sim-
ilar result has been found for a conventional MOSFET in saturation [28], for which
in [7] a capacitance model has been derived. For practical reasons, however, MOS
Model 20 is equipped with a carefully tuned terminal charge model from which
the capacitances are derived according to (3.3). In Section 3 we show that with our
approach the measured capacitances can accurately be modeled over a wide range
of bias conditions.

Finally, MOS Model 20 is equipped with a noise model. This noise model con-
sists of 1/f noise, thermal noise, and gate induced noise. For an overview of the noise
model we refer to [4].

2 The Model

To derive the dc- and charging currents through the LDMOS device, the following
model methodology is used in MOS Model 20. First the device is considered in two
parts: the channel region and the drift region, with the internal drain Di representing
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the point of where the two regions meet, see Figs. 3.1 and 3.2. Next, the current
I through the channel region is determined, in terms of the external gate, source,
and bulk potential Vg, Vs and Vg, and the internal drain potential Vp;. For the drift
region, the current I, is determined in terms of the external gate, drain, and bulk po-
tential Vs, Vp and Vg, and the internal drain potential Vp;. By equating the channel
region current I, to the drift region current Iy, the internal potential Vp; is solved
inside the model. The solution of this potential is obtained through a numerical it-
eration procedure. As the current difference I, — Ig is a monotonically increasing
function of the internal drain potential with exactly one zero, the standard Newton—
Raphson scheme can be used combined with a bisection procedure to speed up the
iteration process and to ensure that the internal drain potential remains between the
source and drain potential. In this way, a robust and fast computation of the internal
drain potential is obtained. This internal potential is subsequently used to deter-
mine the surface-potentials of the channel region and drift region, to set both the
dc-currents Ips and I, as well as the terminal charges Qp, Og, Os, Os.

The equations derived in this section are for an n-channel device. Of course,
MOS Model 20 also contains a p-channel device option. It should be noticed that
MOS Model 20 can also be used if the pn-junction between bulk- and drain terminal
is biased in the forward operation (i.e. for negative drain—source voltages in case of
an n-channel device).

2.1 Model for DC-Currents

To obtain an accurate description of the dc-currents, a charge-sheet MOS model
approach based on surface potentials is taken, for both the channel and drift region.
To that end, the surface potential v in the channel region and the surface potential
9" in the drift region are determined in terms of the quasi-Fermi potentials, which
are known at the terminals of the device.
In the channel region, the surface potential v with respect to the bulk satisfies
the implicit equation obtained from Poisson’s equation and Gauss’ law, according
to (see [22, 26])

* 2
(52 -l 2]
corop[ -t (o0 3] 52-1)

where Vi = Veg — Ves is the effective gate-bulk bias with Veg the flatband volt-
age, Veg (Vs < Ve < Vpj) is the quasi-Fermi potential, and k = /2¢gesiNa/Cox
is the body factor, with Cox = €ox/fox the gate oxide capacitance per unit area,
tox the oxide thickness, ¢ the electronic charge, €s; the permittivity of silicon, eqx
that of oxide, and Na the p-well doping concentration. The potential ¢gg = 2¢F is
taken as model parameter, where the Fermi-potential ¢r of the channel is given by



70 A.C.T. Aarts and A. Tajic

0.8} © numerical implicit solution g
4

=
= 3
2 o
,_}w 0.6 | — explicit solution A -ECJL‘,)
2 04 |
% 2
s 02 “
g 0 )
& 02 o
I
g -0.4 o
8 ]
g -0.6 %
7 -0.8 ©
g
-1 €
-3 -2 -1 0 1 2 3 7

Vs [V] Ves [V]

Fig. 3.3 The surface potentials v and ¥, and the corresponding surface charge densities Qs
and QS‘, for Vsg = Vs = 0V, for channel region parameters Veg = —1.0V, ¢g = 0.81V,
k = 1.58V1/2, and drift region parameters VI5 = —0.21V, ¢3' = 0.76V and k% = 1.0V'/2,
Solutions are obtained by a numerical iteration procedure for Egs. 3.4 and 3.10 (symbols), and the
approximation (solid lines) according to Eq. 3.17 (see [35]) as used in MOS Model 20

¢r = ¢rIn(Na/ni), with n; the intrinsic carrier concentration of silicon and ¢t the
thermal voltage. The first term in the right-hand side of (3.4) accounts for deple-
tion (due to the channel region doping Na), the second term is due to accumulation
(holes), while the third term is due to strong inversion (electrons). In Fig. 3.3 the
surface potential v, obtained by solving (3.4) by means of a numerical iteration
procedure, is plotted versus the gate voltage.

In the channel region the surface charge Qs per unit area is given by

0Os = —Cox (VG*B - l/fs) s (3-5)

which we write as
Qs = Qinv + Qdep + Qacc = —Cox (Vinv - Vdep - Vacc) s (3-6)
to distinguish between the occurrence of accumulation, depletion, and (strong) in-
version. In case Vg < 0, accumulation occurs, and the surface charge Qs is equal
to the (positive) accumulation charge Qacc = CoxVace. In case Vg > 0, depletion

and inversion occurs, and the surface charge Qs is equal to Qgep + Qinv, With the
(negative) depletion charge Qgep given by

Odep = —CoxViep = —Cox k \/ﬁ, 3.7

and the (negative) strong inversion charge Qi,, given by

Qinv = Qs - Qdep = _CoxVinv = _Cox (chs - Ws - k\/ﬁ) . (3-8)
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Notice that in case only depletion occurs (so no strong inversion), the depletion
charge, in terms of Vgep, satisfies

k k\?
Viep = k _§+ (E) +V% (3.9)

in which the right-hand side of (3.9) is equal to k./—vs. In strong inversion the
surface potential v is approximately equal to Veg + ¢g. Hence, strong inversion
occurs if approximately Vog > Vig + ¢ + Ve + k+/és + Ves; cf. Fig. 3.3.

In the drift region, the surface potential ¥" with respect to the channel of that
drift region satisfies the implicit equation obtained from Poisson’s equation and
Gauss’ law, according to (see [33])

Végr — sdr 2 dr sdr
(F5=7) e (o055 )
‘ ; ey .10
+ ¢rexp [— LVCB} (exp [— —5] - 1) ,
ér gy

where Vgg’ = Voc — Vpdé is the effective gate-channel bias of the drift region, with
VF"Br the flatband voltage of the drift region, Veg (Voi < Ve < Vp) is the quasi-Fermi
potential, and k% = /2gesiNp/ Coy is the body factor, with Np the drift region dop-
ing concentration. The potential 8" = —2¢%" is taken as model parameter, where
the Fermi-potential ¢&" of the drift region is given by ¢& = —¢7In(Np/n;). The
first term in the right-hand side of (3.10) accounts for depletion (due to the drift re-
gion doping Np), the second term is due to accumulation (electrons), while the third
term is due to strong inversion (holes) coming from the p-well of the device. Notice
that in case of depletion and strong inversion (i.e. for Vggr < 0), the surface poten-
tial 3" is negative; see Fig. 3.3. In this figure the surface potential 3", obtained
by solving (3.10) by means of a numerical iteration procedure, is plotted versus the
gate voltage.
In the drift region the surface charge Q;" per unit area is given by

&= —Cox (V3" = ¥5"). (3.11)
which we write as
gr = Qacc + Qdep + Qinv = —Cox (Vacc - Vdep - Vinv) , (3-12)

to distinguish between the occurrence of accumulation, depletion, and (strong) in-
version. In case V& > 0, accumulation occurs, and the surface charge Q" is equal
to the accumulation charge QU . Since in that case the surface potential is small
(see Fig. 3.3), the accumulation charge can be approximated by

U = —Cox VI ~ —Cox V3. (3.13)
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In case V*gr < 0, depletion and strong inversion occur, and the surface charge ng

equals ngp + Q?nrv, with the (positive) depletion charge Qggp given by
o = CoxViigy = Cox k™ \/—y/&", (3.14)

and the (positive) inversion charge Q9" given by

inv
o, = 08— 0%, = CodViy = Cox (_Ve*gr + oy — k" \/—vf;") . (315)

In this case, the surface potential sdr is negative; see Fig. 3.3. Notice that if only
depletion occurs (so no strong inversion), then the depletion charge, in terms of Vd"erp,
satisfies

d d kdr kdr 2 d
Vilp =k | =5+ (7) —ygar|, (3.16)

in which the right-hand side of (3.16) is equal to k%" /=", In strong inversion the
surface potential " is approximately equal to —(Veg + ¢3"), hence it occurs if ap-

proximately Vs < Vi — 3" — Veg — k% /3" + Veg; cf. Fig. 3.3. For an LDMOS
device, strong inversion in the drift region only occurs in case the device is switched
off, for sufficiently low gate voltages. Notice that in case of strong inversion in ei-
ther the channel region or the drift region the relation ys = Sdr + Ve + VF"é — Ve
holds between the surface potentials; cf. Fig. 3.3. In that case, the surface charge per
unit area in the drift region and in the channel region are equal.

In order to reduce computation time for solving Egs. 3.4 and 3.10, the explicit yet
accurate relation between the surface potential and the terminal voltages according
to [35] is used. By use of this relation, we write the surface potential s of the
channel region, and wfr of the drift region as

Vs = W ([Ves + ¢ Vdpik], v = -V [Ves + o8, Ve AY],  (3.17)

where W denotes the relation according to [35]. Notice that this relation is valid in
all regimes ranging from accumulation to weak- and strong inversion. In Fig. 3.3 the
comparison is shown between the solutions obtained from solving (3.4) and (3.10)
by a numerical iteration procedure, as well as the explicit relations (3.17) from [35].
We observe that the explicit relations (3.17) yield a very accurate approximation of
the numerical solutions of (3.4) and (3.10).

Due to the p-diffusion from the source side the doping concentration Na, and
thus the body factor k, decreases towards the end of the channel region. Hence, in
contrast to a uniform MOS, the surface potential of an LDMOS device depends on
the position along the channel, not only via the quasi-Fermi potential but also via the
body factor k. With the body factor at the source denoted by kg, an LDMOS device
is thus switched on if the threshold voltage of the channel region at the source side is
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reached, i.e. if approximately Vgs > Vo = Vg + ¢8 + ko +/ds. In MOS Model 20
we take for simplicity an effective body factor k¢ along the whole channel region.
Hence, we write the surface potential at the source as ys, = W [VSB + ¢8. Vig: ko],
and the surface potential at the internal drainas ys, = W [Vbig + ¢s. Vdg: ko |- No-
tice that the surface potential 5, thus depends on the internal quasi-Fermi potential
Vbi, which we determine by equating I, to Ig. Once this internal drain potential
is determined, the surface potentials in the drift region are computed according to
o =~ [Voig + ¢~V K9, and gt = — [Vos + o, —V3g: k9],

SDi

2.1.1 Channel Current

The channel current is given by

Ieh = Wiien (( anv) + ¢TdeV) s (3-18)

where W is the device width, ¢, the electron mobility, and Qjny is the strong inver-
sion charge per unit area, given by (3.8). Integration of (3.18) from source x = 0 to
internal drain x = L (cf. Fig. 3.1) yields

Witeh Cox [ Vsr
==
¥

S0

|nvdWs + ¢T ( invp — invL)) , (3-19)

in which e is assumed to be independent of the channel potential V. Here, Viny,
and Vin, represent the strong inversion charge at the source and internal drain,
respectively. We linearize the inversion charge according to

Vi = Vi invo E(l/fs Wso), (3-20)

1
in which £ = —dVj,,/dys is taken as £ = 1 + EkO/w/Vl + ¥, With V; setto 1V.
Substitution of (3.20) into (3.19) yields

Ih = ——7"— ( invp — EA% + $¢T) Aws, (3-21)

where Ay = 5, — Vs, is the potential drop across the channel.
Mobility reduction due to the horizontal and vertical electrical fields in the chan-
nel are accounted for by taking the mobility wen as

[eff

MUeh = —7——
1+ Meff A 1/’5
LVgy

(3.22)
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with pefr representing the effective electron mobility, and vg; the saturated drift
velocity of electrons; cf. [32, p. 283]. The effective electron mobility depends on
the effective vertical electrical field E¢s according to (see [32, p. 185])

Fo s Foon = 1 4 ag Eety, Eefr = — —ﬁQinv i Qdep
Finob €si

et = . (323

where ag and 5 are constants, with » ideally equal to % for electrons [29] and % for
holes [9]. In MOS Model 20, the effective electrical field is taken equal to the one
at the source side. For ease of parameter extraction, we next replace the depletion
charge Qgep, at the source by Qgep, — Qdep, |Vss=0, and obtain

Frop = 1+ 01 Vg + 62 (\/wso _ \/wSOWSB:o) , (3.24)

where 67 = nagCox/€si and 8, = agkoCox/€si are model parameters. In this way,
we decouple the effect due to a back bias, so that 8, can easily be extracted from
measurements for Vsg > 0. Finally, by replacing peest/ (LVsat) bY 1o/ (LVsar) in the
denominator of (3.22), and substituting (3.23) into the result, we obtain for the chan-
nel mobility
_ Ho

Fiob (1 + 63 Ayss)’

where 65 = uo/(LVsy) is @ model parameter. Substitution of (3.25) into (3.21)
yields for the channel region current

e (3.25)

(V - %sAwS + squ) AV

In =
=P (T 6 AUy

: (3.26)

where 8 = WuoCox/ L is taken as model parameter. Thus, the channel region cur-
rent is expressed in terms of the internal drain potential Vp;s through its relation
(3.17) with the surface potential s, . In strong inversion the potential drop Ay
approximately equals Vpis.

In case of saturation in the channel region, the potential drop Vpis = Vbis,sat IS
determined from 9/ch/dAYs|py, = = 0. By use of (3.26) we obtain

VDiS,sat

2 (Vinwo /€ + ¢7) .
1+ \/1 + 203 (vao/$ + ¢T)

VDiS,sat = (3-27)

Hence, in solving the internal potential Vp; from I, = Iy, we replace in (3.26) the
potential drop Ay by an effective potential drop Vpis efr, Which takes the minimum
of Vpis and Vpis,sat in @ Smooth manner according to [20]

Vbis Vbis, sat
)1/(2m) ’

Vbis,eff = (3.28)

2m 2m
(VDiS + Voi sat
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Here, m is a model parameter, representing the smoothness of the transition from the
linear operating regime to saturation. Finally, the surface potential s, is calculated
by using Vois = Vs + Vbis,efr, Which determines the drain-to-source current /pg
according (3.26).

2.1.2 Drift Region Current

The current Ig through the drift region of width W; is given by

dve
Tor = —Wopar (QI + Qgéc + Qggp) ax (3.29)
with V¢ the quasi-Fermi potential in the drift region, jq; the electron mobility in the
drift region, and Q¥ and Qggp the accumulation- and depletion charge per unit area
of the drift region, given by (3.13) and (3.14), respectively. Furthermore, Q;j is due

to the doping Np of the drift region according to
0= _CoxVoxp = —q Npfsiefr, (3.30)

with fsjefr the effective thickness of the drift region. Integration of (3.29) from inter-
nal drain x = L todrain x = L + Lp (cf. Fig. 3.1) yields

15)
Jgy = o /V (Voxp + Vi — Vdde;,) die, (3.31)
Di

in which we assumed the electron mobility in the drift region independent of
the channel potential V. We linearize the accumulation and depletion charge
qur = Va%rc - Vdderp as

qur = Vg% — Vepi. 0 < Vepi < Vooi, (3.32)

in which ¢ = —dV/dVc is setto 1, and Vol = VLo — Vi with Voo the
accumulation charge at the internal drain (according to (3.13), in case Vgg{ > 0),

and Vdderpoi the depletion charge at the internal drain (according to (3.16), in case

Vg3 < 0). Substitution of (3.32) into (3.31) yields

Iy = WoptaCox (Voxp + Voo — lVDDi) Vbbis (3.33)

Lp 2
in which the effective thickness ts;,, is taken independent of the channel position.
Due to depletion caused by the pn-junction, this effective thickness depends on the
potential drop across the depletion layer. However, the extension of the depletion
layer into the drift region is a two-dimensional effect. Since incorporation of the
two-dimensional depletion effect is too complicated for a compact model, we follow
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a pragmatic approach. We write for ease of parameter extraction the effective drift
region thickness as

ISt = Isilyeg=0 Jiin (3.34)

where fsi|y,, - IS the thickness at Vsg = 0. The function fjin accounts for Vsg > 0
for the reduction of the drift region thickness due to the extension of the depletion
layer into the drift region, according to

A\/¢0+VSB_\/¢_0
Véo '

Here, o = 1 (¢s + ¢J) is the built-in potential of the pn-junction, and 1 is a
model parameter (usually, in the range of 0.1 — 0.4).

Mobility reduction due to the horizontal and vertical electrical fields in the drift
region is accounted for by taking the mobility rq4, analogously as that for the chan-
nel region, as

Jin=1- (3.35)

dr
o = ——eft (3.36)

Ho
1+ Vobi
LpVsat I

with p 3 the effective electron mobility and pd' the zero-field electron mobility in
the drift region. The electron mobility in the drift region is reduced by the vertical
electrical fields, according to

dr
d Ho d
/Lefr-f = ) Fropvace = 1 + ag,acc Eefrfv (3.37)
Fmob,acc
where ag s is a constant, and E% = —Q% /eq represents the effective ver-

tical electrical field in the drift region. To arrive at an expression independent
of the internal drain potential, the effective vertical electrical field is taken as

ngrf = _% (Qgcrc|Vc=Vs + Qgcrc|Vc=VD) /€si, such that
1
Fmob,acc =1+ elacc (E (VGS + VGD) - VFdBr) P (3-38)

for given model parameter O15cc = ag,accCox/€si- Substitution of (3.36) and (3.37)
into (3.33) yields

1
Voxp + Vol — EVDDi) Vi

Ior =B
r e Fmob,acc (1 + 9;" VDDi)

: (3.39)

where Bacc = Woud Cox/Lp and 63" = pd'/(Lpvsa) are taken as model parameter,
and Voyyp is written as

ISig _ Jin R — Lp
= N D — .
Cox RDﬂacc WDMgr qNp tSi|VSB=0

(3.40)
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Here, Rp represents the on-resistance of the drift region, which is taken as model
parameter.

In case of saturation in the drift region (also referred to as quasi-saturation), the
potential drop Vppi = Vopi,sat IS determined from d/q4,/0Vppi = 0. By use of (3.39)
we obtain

2 (Vop + Vo)
L 14268 (Vogp + V)
Hence, in solving the internal potential Vp; from I, = Iy, we replace in (3.39) the

potential drop Vppi by an effective potential drop Vppi etf, Which takes the minimum
of Vppi and Vppi,sat in @ sSmooth manner according to [20]

(3.41)

VDDi,sat =

Vooi Vobi,sat

)1/(2mdr) ) (3.42)

Vopi,eff =
2mygr 2mygr
(VDDi + VDDi,sat

Here, mq; is @ model parameter, representing the smoothness of the transition from
the linear operating regime to quasi-saturation.

2.2 Additional Effects and Avalanche Currents

In the final drain-to-source current Ips calculation, second-order effects like channel
length modulation, drain-induced barrier lowering and static feedback are incorpo-
rated. Also the effect of avalanche occurring in both the channel and drift region are
included. For an overview of the governing equations for channel length modula-
tion, drain-induced barrier lowering, static feedback and avalanche in channel- and
drift region, we refer to [4].

2.3 Terminal Charge Model

To determine the terminal charges Q;, i = D, G, S, B, all different stadia of strong
inversion, depletion and accumulation in both the drift region and the channel region
have to be taken into account. The gate charge Q¢ of the device consists of the
gate charge Qg‘ of the channel region and the gate charge Q"Gr of the drift region,
according to

Q¢ = 0% + 0¢, (3.43)

where

L L+Lp
0 = —W/ Qs dx, ar— —WD[L Idx, (3.44)
0
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with the surface charges, given by (3.5) and (3.11), corresponding to the contribution
due to accumulation, depletion and (strong) inversion; see (3.6) and (3.12).

Recently, it has been found that for laterally non-uniform devices, like an LD-
MOS, no terminal drain- and source charge exists from which the corresponding
drain- and source related capacitances can be determined [5]. For practical reasons,
however, MOS Model 20 is equipped with also a drain- and source charge model,
carefully chosen to incorporate the effect of the non-uniformity due to the two dif-
ferent regions. The charge at the drain- and source terminal is written as

0p = 08 + 0%, 0s = 0% + 07, (3.45)

where Q&' and Qgh represent the contribution due to inversion in the channel region,
while Q% and ng represent the contribution due to accumulation and depletion in
the drift region. To determine how the charge is distributed between the source and
drain terminal two limits are identified. The first limit is for well above threshold
(i.e. for the gate voltage sufficiently large), and the charge is distributed according
to the Ward-Dutton charge partitioning scheme [27] (valid for a uniform MOSFET
without velocity saturation; see [28]), so that

h Eox
O =W inv dx,
b /0 L+ Lp Qinv

., (3.46)
W / 1 ) 0ind
= - inv dx
S A L+1op inv X,
and L+L
D
dr x dr dr
- W [ (0% +0 )dx,
D D acc dep
L L+ Lp (3.47)

d Lo ad d d
r __ r r
s = WD/L (1 - L+LD)( acc T Qdep) dx.

In [7] the deviation from the Ward—Dutton charge partitioning scheme in case of
velocity saturation is shown, which has been found to be relatively small for suffi-
ciently long devices. Hence, in Egs. 3.46 and 3.47 the charges of the channel and
drift region are distributed between the source and drain terminal. The second limit
is for below threshold (i.e. for the gate voltage sufficiently small), and the contribu-
tion due to the drift region is attributed completely to the drain, i.e.

d W Ltlo d d
r_ r r)d ’
D D[L ( acc + Qdep) X (348)

dr __
s =

The second limit is calculated in case Vi, = 0. In the model, the transition from
the first limit (3.47) to the second limit (3.48) has been implemented in a smooth
and continuous way.
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Finally, the bulk charge Qg of the device consists of the sum of the charges at
the drain, gate and source terminal, according to

O =—(Qc+ Qb+ 0Qs). (3.49)

so that charge conservation in the device is satisfied.

For elaboration of the integrals in the channel region, we transform the inte-
gration variable x to v by use of (3.18), and to Vi by use of (3.8). Under the
assumption that £ = —dVi,,/dys is independent of the channel position, these inte-
grals can be expressed in terms of the surface potentials 5, and v, , and inversion
charges Viny, and Vin, . For the channel region contribution to the gate charge we
thus obtain (cf. [22])

F
— Cox| Vi = 5 O +95) + Tygo¥er| . 350
where
— Vi Vi AV
AVt = Vinvg — Viv,,  Ver = w F = ﬁ (3.51)
GT T

For the channel region contribution (3.46) to the drain and source charge we obtain
= FL Qmos gh — mos + (1 _ FL) Qmos (3.52)

where F = L/(L + Lp), and Q§% and Q' represent the terminal drain- and
source charge of a conventional MOS transistor, given by

C — AV F F?
el 22(-5-5)

2 6 2 20
e AV F F? (359
mos Cox [+ GT
- 4 1+ —=—)].
Os 2 [ Tt g ( 3 20)]

Here, Cox = W LCyy is taken as model parameter.
For elaboration of the integrals in the drift region, we transform the integration
variable x to V¢ by use of (3.29), and to V" = V& — Vi by use of (3.13) and

acc de)
(3.16). Under the assumption that { = —dVdr/ch is mdegendent of the channel
position, these integrals can be expressed in terms of the surface potentials wdr and
¥, and accumulation- and depletion charges Vo and V4. For the contribution to
the gate charge we thus obtain

1 Fr
Qgr=COXD[ (VéDi +Vap') = 5 W, + V) + 5 Aqur], (3.54)
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where

dr dr dr

—da  Vypi + Vg AV,

AV = Vol = Vb, Vg = %’ F'= —g——. (355
Ve + Vo

Here, CZ, = WpLpCox is taken as model parameter. For the drift region contribu-
tion (3.47) to the drain and source charge valid for well above threshold, we obtain

gr — Qzli)ccdep + FL Qgccdep’ gr — (1 _ FL) Qgccdep, (3.56)

where, analogously as for the channel region, Q" and Q™™ are given accord-

ing to (3.53) with Cox replaced by C&, Ver by V§, AVsr by AV, and F by
FY_ For the drift region contribution (3.47) to the drain and source charge valid for
below threshold, we obtain

gr — Qgccdep + Qgccdep, gr - 0. (3.57)

2.4 Self-Heating

For high-voltage devices the effect of self-heating is significant. The effect is even
more significant in case of SOI-technology; see [3, 8] and [23]. To account for the
temperature rise due to self-heating MOS Model 20 is equipped with a self-heating
model. In this model the dissipation power Pyjss is determined from the dc-currents
according to

Pyiiss = IpsVps + IpsVps. (3.58)

Subsequently, the temperature rise ATy due to self-heating is determined
according to
dATw AT
+
dt R

as represented in the equivalent circuit depicted in Fig. 3.4. Here, Ry, is the ther-
mal resistance of the device, and Cy, is its thermal capacitance. Notice that the
temperature rise due to self-heating affects the dc-currents, so that the dissipation
power Pgiss also depends on the temperature rise ATy,. The computation of the
temperature rise in MOS Model 20 is thus throughout the consistent solution of the
thermal circuit depicted in Fig. 3.4.

In Fig. 3.5 the effect of self-heating is demonstrated for a high-voltage (60 V)
LDMOS device in SOI-technology. In this figure we observe that for high drain-
and gate voltages the slope of the measured Ips versus Vps curve becomes neg-
ative, which indicates the effect of self-heating. After all, due to self-heating the
temperature inside the device increases, which results in a decrease of, for instance,
the electron mobility, and thus the current (cf. Section 2.5). We also observe that if

Cin

= Pyiss, (3.59)
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Fig. 3.4 The equivalent o ATy,
circuit used in MOS
Model 20 to determine the
temperature rise ATy, due to Cin Pliss
self-heating Rin p— ¢
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Fig. 3.5 The comparison between measurements (symbols) and MOS Model 20 (solid lines)
with self-heating switched off (left) and switched on (right), for a 60 V LDMOS device in SOI-
technology, for Veg = 0V

self-heating is switched off in MOS Model 20 (left picture), the model does not fit
the measurements. If self-heating is switched on (right picture), however, the model
agrees very well with the measurements.

2.5 Scaling

MOS Model 20 is equipped with scaling rules for the model parameters, to be able
to predict the device behaviour at various widths, lengths and temperatures. For an
overview of the model parameters, we refer to the Appendix.

2.5.1 Temperature Scaling
In MOS Model 20 the reference temperature Trt, given as model parameter in °C,
represents the temperature at which the model parameters are extracted. The actual

temperature Tk of the device (in Kelvin) is determined as

Tk = 273.15 + Tamp + ATamp + AT, (3.60)
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Table 3.1 Overview of the temperature scaling rules of the dc- and terminal charge
model parameters

Symbol Unit Model parameter Scaling rule
Ves \% VFB Veg = VFB + STVFB AT
vy \Y VFBD V& = VFBD + STVFBD AT
o8 \Y PHIB ¢ = PHIB + STPHIB AT
dr \% PHIBD 4" = PHIBD + STPHIBD AT
TK . ETABET
B A/NV? BET B = BET (—“*)
K T ETABETACC
Bace AIV? BETACC Bacc = BETACC ( —Xref
T ETKRD
Rp VIA RD Rp =RD (—K)
TKref
TK . ETATHE3
65 v THE3 6; = THE3 (T—'e
I; ETATHE3D
o9 Y THE3D 69" = THE3D (—;fef)
K

in which Ty is the ambient temperature of the device (given in °C), AT,mp is an
additional temperature difference (given as model parameter), and ATy, is the tem-
perature rise due to self-heating. The difference between the reference and actual
temperature is denoted by AT = Tk — Tkyef, With Tkyes = 273.15 + Tret the refer-
ence temperature in Kelvin, and Tr+ that in °C. The parameters of the dc-model and
the terminal charge model of MOS Model 20 are scaled with temperature according
to the rules of Table 3.1. For an overview of the temperature scaling rules for all
model parameters, we refer to [4].

2.5.2 Width Scaling

In MOS Model 20 the reference width Wit is set to 1um. The actual width W of the
channel region is determined from W = W + AW, in which W and AW are model
parameters. Similarly, the actual width Wy of the drift region is determined from
Wb = WD + AWp, in which WD and AWp are model parameters. The parameters
of the dc-model and the terminal charge model of MOS Model 20 are scaled with
width according to the rules of Table 3.2. For an overview of the width scaling rules
for all model parameters, we refer to [4].

2.5.3 Length Scaling

MOS Model 20 is capable of characterizing devices of different lengths. To that
end, the model parameters of MOS Model 20 which include the length L of the
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Table 3.2 Overview of the width scaling rules of the dc- and terminal charge model
parameters

Symbol Unit Model parameter  Scaling rule

ko V12 KOR ko = KOR (1 + W;ff SWKO)
kar V12 KODR kg = KODR( + WrefSWKOD)
B AN BETW B = BETW%
Bacc AN?  BETACCW Basc = BETACCW —= Wrzf
Ro VIA  RDW Rp = RDW WDf

e
0, 1V THEIR 6, = THEIR (1 + SWTHEl)
6, 1V THE2R 6, = THE2R ( + W‘jf SWTHEZ)
05 1V THESR 0y = THE3R (1 4 Vet SWTHE3>
o9 Y THE3DR 6% = THE3DR ( + T SWTHE3D>
Cox F COXW Cox = COXW ”t[e’f
c& F COXDW Cc& = CoOXDw

ref

channel region and/or the length Lp of the drift region need to be adapted accord-
ingly. The major parameters which depend on length are 8, Bacc, Rp, Cox, and Cg;
In Section 3 the results are shown for two LDMOS devices of different length.

3 Results and Parameter Extraction Strategy

In this section results are shown for MOS Model 20 in comparison to measurements.
The measurements have been performed for a low- and a high-voltage LDMOS
device, both in SOI-technology, yielding devices of different length; cf. Figs. 3.1
and 3.2. In this section, also the parameter extraction strategy is briefly discussed,
based on the measurements shown in the plots.

3.1 Dc-Currents

In the following the dc-currents are shown for a high-voltage (60V) LDMOS device
in SOI technology, as depicted in Fig. 3.2. Here, an additional resistor is used for
the extension of the drift region underneath the thick field oxide. To model the
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current through the pn-junction in case it is biased in forward operation, a parasitic
diode is included for this current; see Fig. 3.2. The length of the region underneath
the thin gate oxide is L¢y, + Lp = 2.6 um, while the extension of the drift region
underneath the thick field-oxide is 3.5 wm. The threshold voltage of the device is
approximately 1.4 V.

In Fig. 3.6 the sub-threshold current is plotted versus gate voltage, for various
drain and bulk voltages. In this regime the current is mainly characterized by the gain
factor B, the body factor kg, the potential ¢g at the onset of strong inversion, and the
flatband voltage Vg of the channel region. We observe that the model predicts the
measured current accurately, for all voltages applied. For high drain voltages static
feedback occurs, an effect which is also adequately described by MOS Model 20
(tuned by model parameter og). Notice that the accurate description in the sub-
threshold region is thanks to formulation in terms of surface potentials.

In Fig. 3.7 the dc-current and transconductance are plotted in the linear operating
regime. Here, also the threshold voltage is determined, from the model parameters

Fig. 3.6 The drain—-source 10 ¢
current in the sub-threshold [
regime, simulated by means 1r
of MOS Model 20 (solid 01k
lines) in comparison to = r
measurements (symbols), for 3 0.01F
various drain and bulk < L
voltages Vps and Vg ; 0.001F
T 0.0001 ¢

le-05F

le-06 F

le-07L

0.5 3

20 10
—_ e Vgg=0 «
= = 8F 1.0V =
5 15F E 05v ¥
< = 6f 15V @
=10} < 20V o
= ; 4 MOS Model 20 —
%] ~
- £ 2
MOS Model 20 — o
0. 1 1 1 1 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Vs [V Vs V]

Fig. 3.7 The drain—source current (left picture) and transconductance (right picture) in the lin-
ear operating regime (Vps = 0.25 V), simulated by means of MOS Model 20 (solid lines) in
comparison to measurements (symbols), for various bulk voltages Vsg
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Fig. 3.8 The drain—source current (left picture) and output conductance (right picture), simulated
by means of MOS Model 20 (solid lines) in comparison to measurements (symbols), for Vsg = 0V,
and various gate voltages Vgs

ko, ¢ and Vig. Above threshold, the current is mainly characterized by the channel
region gain factor parameter 8, and the gain factor B, and resistance Rp of the
drift region. For high gate-voltages the effect of gate extending over the drift region
is observed, and electron mobility is reduced due to the high electrical fields, an
effect mainly characterized by 6; and 615c. We observe that the model predicts
the measured current accurately, also for the high-gate voltages. We notice that
although the effect of the diffused doping profile is not covered in MOS Model 20,
the transconductance is quite well described; only around the threshold voltage the
model underestimates the transconductance.

In Fig. 3.8 the dc-current and output conductance are plotted, for relatively low
gate-voltages. For high drain voltages the current saturates, due to the occurrence of
velocity saturation in the channel region. Here, in saturation the current is mainly
characterized by the channel region parameters 8, 6, and 63. We observe that for
Vos = 3.4 and 4.4 V the slope of Ips versus Vps becomes negative, an effect caused
by self-heating; cf. Section 2.4. The output conductance is plotted on a logarithmic
scale, to indicate the accuracy for low Vss. The output conductance is characterized
mainly by the static-feedback and drain-induced-barrier-lowering parameters for the
lowest gate voltages (around threshold), by the channel-length-modulation param-
eters for the intermediate gate-voltage, and by the thermal resistance Ry, and the
avalanche parameters for the channel region for higher gate voltages. We observe
that the model predicts the measured current and output conductance accurately,
including the effect of self-heating.

In Fig. 3.9 the dc-current and output conductance are plotted for relatively high
gate-voltages. For these high gate voltages the current saturates because of velocity
saturation in the drift region (quasi-saturation). In the left picture we observe that if
quasi-saturation is switched off in MOS Model 20 (i.e. egr = 0), only the currents
at the lower gate voltages are accurately described. If quasi-saturation is switched
on in MOS Model 20, on the other hand, we observe in the right picture that also the
currents at the high gate voltages are accurately described. The current at high gate
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Fig. 3.9 The drain—source current in the quasi-saturation regime, simulated by means of MOS
Model 20 (lines) without quasi-saturation (left picture) and including quasi-saturation (right pic-
ture), in comparison to measurements (symbols), for Vsg = 0 V, and gate voltages Vgs = 2.4,
3.4,4.4,6,8,10,and 12 V

voltages is mainly described by the quasi-saturation parameters 9;” and m®, with
the avalanche parameters for the drift region determining the current at the highest
drain voltages.

3.2 Capacitances

For verification of the terminal charge model, high-frequency S-parameter measure-
ments have been carried out, from which the Y -parameters have been determined,
and subsequently the capacitances C;; are determined according to

Im[Y3]

Cij = (28; — 1) “onf

(3.61)
for given frequency f. In MOS Model 20 the capacitances are determined from the
terminal charge model according to (3.3). Due to the resistance of the gate terminal,
the imaginary parts of the Y -parameters of the device are related to the intrinsic
capacitances Cjj and transconductance gy, of MOS Model 20, according to

Im [Yeg] = 27 f Cin,

Im [Yep] = =27/ [Cep + Copo] ,

Im [Yps] = —27f [(Coe + Cepo) + gmRcCin] ,
Im [Ypp] = 27f [Cop + gmRc (Cep + Cepo)]

(3.62)

where Rg represents the resistance of the gate, Cin = Cgs + Copo + Caso is the
input capacitance, and Cgpo and Cgso are the overlap capacitances between gate
and drain, and gate and source, respectively.
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In this section the Y -parameters are shown for a low-voltage (14 V) LDMOS
device in SOI-technology, as depicted in Fig. 3.1. The length of the region under-
neath the thin gate oxide is L¢y + Lp = 5.0 um, and the LDMOS device has a
threshold voltage of around 2.8 V. The bulk and source terminal are tied together,
so that here Vsg = 0 V. The Y -parameters have been measured at /' = 0.1 GHz.

In Fig. 3.10 the imaginary part of Ysg is plotted for various drain- and gate volt-
ages. For Vgs strongly negative, accumulation in the channel region and inversion
in the drift region occur, so that the intrinsic capacitance Csg equals the total capac-
itance Cox + CZy. The model parameters Vi, #3 and k% determine the onset of
inversion in the drift region. For Vs around 0V, depletion occurs in both the channel
and drift region; cf. Fig. 3.3. With the body factor k, of the channel region already
determined from the dc-currents, here only the body factor k9" of the drift region is
set to characterize the total amount of depletion. We observe that the model agrees
well with the measurements over the whole bias range.

In Fig. 3.11 the imaginary part of Ygp is plotted for various drain- and gate
voltages. For Vgs strongly negative, accumulation in the channel region and
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Fig. 3.10 The imaginary part of Ygg, simulated by means of MOS Model 20 (solid lines) in
comparison to measurements (symbols)
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Fig. 3.11 The imaginary part of Ygp, simulated by means of MOS Model 20 (solid lines) in
comparison to measurements (symbols)
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inversion in the drift region occur, so that Cgp becomes zero, and subsequently
IM[Yep]/(2nf) = Copo- For Vis around 0V, we observe the square-root capaci-
tance behaviour due to depletion in both the channel and drift region. Around the
threshold voltage we observe for low drain voltages a peak in Im[Yep]/ (27 f),
which is caused by a redistribution of the charge underneath the oxide when the
transistor is switched on. This peak is due to the diffused doping profile in the chan-
nel region as well as the non-uniformity of the channel region in combination with
the drift region in the LDMOS device itself. We note that only the part of the peak
due to the diffused doping profile (cf. [5]) is not covered by MOS Model 20, an ef-
fect which we observe in Fig. 3.11 to be relatively small. For high gate voltages the
intrinsic capacitance Cgp tends to the value 3[CSy + (C8% + Cox) dVbis/dVbs],
for Vps = 0V. The solution of the internal drain voltage Vpis in the model thus
automatically generates the adequate gate-related capacitances.

In Figs. 3.12 and 3.13 the imaginary parts of Ypg and Ypp are plotted, represent-
ing the drain-related intrinsic capacitances Cpg and Cpp; see (3.62). In these figures
we observe that the modeled drain-related capacitances correspond reasonably
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Fig. 3.12 The imaginary part of Ypg, simulated by means of MOS Model 20 (solid lines) in
comparison to measurements (symbols)
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Fig. 3.13 The imaginary part of Ypp, simulated by means of MOS Model 20 (solid lines) in
comparison to measurements (symbols)



3 MM20 HVMOS Model 89

well with the measurements. We note that in MOS Model 20 the drain-related
capacitances are determined from a modified Ward-Dutton charge partitioning
scheme according to (3.46)—(3.48).

4 Discussion and Conclusion

A surface-potential based compact LDMOS model has been presented, which com-
bines the MOSFET channel region with the drift region of an LDMOS device inside
one model. The model includes all specific high-voltage aspects, like the effect
of the gate extending over the drift region and velocity saturation in the drift re-
gion (quasi-saturation). The numerical iteration procedure implemented inside the
model provides a robust and efficient way to determine the internal drain potential in
all operating regimes. Effects like mobility reduction, velocity saturation, channel-
length-modulation, static-feedback, drain-induced-barrier lowering, and avalanche,
are included. MOS Model 20 is completed with a self-heating model, a terminal
charge model (from which the capacitances are determined), and a noise model
with 1/f-, thermal- and gate-induced noise. A comparison to measurements shows
an excellent agreement for both the dc-currents and the capacitances, ranging from
sub-threshold to strong inversion, in both the linear and saturation operating regime.
By the use of MOS Model 20 for different LDMOS devices and at different operat-
ing temperatures, we found that the model has good width, length- and temperature
scaling rules. Finally, we mention that the model is available in the public domain,
and has been successfully used for the design of high-voltages IC’s.

Acknowledgments The authors would like to thank D.B.M. Klaassen from NXP-TSMC Research
Center for the helpful comments and suggestions.

Appendix: Model Parameters

In this section the model parameters of the electrical model of MOS Model 20, level
number 2002, are given. For an overview of the model parameters of the correspond-
ing geometrical model, we refer to [4]

No. Parameter Symbol Units Meaning

0 LEVEL level - Must be 2002

1 TREF Tref °C Reference temperature

2 VFB Ves \Y Flatband voltage of the channel region, at
reference temperature

3 STVFB ST:Ves V/IK Temperature scaling coefficient for Vig

(continued)
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No.  Parameter Symbol  Units Meaning
4 VFBD vk \% Flatband voltage of the drift region, at reference
temperature
5 STVFBD Srovey VIK Temperature scaling coefficient for Vi
6 KO ko vi/2 Body factor of the channel region
7 KOD kar V12 Body factor of the drift region
8 PHIB o8 \ Surface potential at the onset of strong inversion
in the channel region, at reference
temperature
9 STPHIB ST:8 VIK Temperature scaling coefficient for ¢g
10 PHIBD dr \% Surface potential at the onset of strong inversion
in the drift region, at reference temperature
11 STPHIBD Srig8 V/IK Temperature scaling coefficient for ¢gp
12 BET B AN? Gain factor of the channel region, at reference
temperature
13 ETABET np - Temperature scaling exponent for 8
14 BETACC Bace AN? Gain factor for accumulation in the drift region,
at reference temperature
15 ETABETACC 1, - Temperature scaling exponent for Sacc
16 RD Rp Q On-resistance of the drift region, at reference
temperature
17 ETARD NRp - Temperature scaling exponent for Rp
18 LAMD A - Quotient of the depletion layer thickness of the
drift region for Vsg > 0, to that for
Vsg = OV
19 THE1 0, Ve Mobility reduction coefficient in channel region
due to vertical electrical field caused by
strong inversion
20 THE1ACC Orace \at Mobility reduction coefficient in the drift region
due to the vertical electrical field caused by
accumulation
21 THE2 0, V~1/2 Mobility reduction coefficient at Vsg > 0 in the
channel region due to the vertical electrical
field caused by depletion
22 THE3 05 Ve Mobility reduction coefficient in the channel
region due to the horizontal electrical field
caused by velocity saturation
23 ETATHE3 765 - Temperature scaling exponent for 6;
24 MEXP m - Smoothing factor for transition from linear to
saturation regime
25 THE3D 0% v-! Mobility reduction coefficient in the drift region
due to the horizontal electrical field caused by
velocity saturation
26 ETATHE3D Mg - Temperature scaling exponent for 6_5"
27 MEXPD mgr - Smoothing factor for transition from linear to
quasi-saturation regime
28 ALP o - Factor for channel length modulation

(continued)
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(continued)

No. Parameter Symbol Units Meaning

29 VP Ve \Y Characteristic voltage of channel length
modulation

30 SDIBL Tdibl vz Factor for drain-induced barrier lowering

31 MSDIBL Mgy - Exponent for the drain-induced barrier lowering
dependence on backgate bias

32 MO my \Y Parameter for the (short-channel) sub-threshold
slope

33 SSF Ot \Valve Factor for static feedback

34 A1CH aich - Factor of weak avalanche current in channel
region, at reference temperature

35 STAL1CH STiare K1 Temperature scaling coefficient for a ;¢

36 A2CH Areh \Y Exponent of weak avalanche current in channel
region

37 A3CH A3ch - Factor of internal drain-source voltage above
which weak avalanche in channel region
occurs

38 Al1DR aigr - Factor of weak avalanche current in drift region,
at reference temperature

39 STA1DR STiarg K—! Temperature scaling coefficient for a4

40 A2DR Argr \Y Exponent of weak avalanche current in drift
region

41 A3DR A3gr - Factor of drain—internal drain voltage above
which weak avalanche in drift region occurs

42 COX Cox F Oxide capacitance for the intrinsic channel
region

43 COXD cr F Oxide capacitance for the intrinsic drift region

44 CGDO Cepo F Gate to drain overlap capacitance

45 CGSO Ceso F Gate to source overlap capacitance

46 NT Nt J Coefficient of thermal noise, at reference
temperature

47 NFA Nya V~Im™*  First coefficient of flicker noise

48 NFB Nyg V~!m™2  Second coefficient of flicker noise

49 NFC Nyc V! Third coefficient of flicker noise

50 TOX tox m Thickness of the oxide above the channel region
used in the noise model

51 DTA ATy K Temperature offset to the ambient temperature

52 RTH Rin K/W Thermal resistance

53 CTH Cih JIK Thermal capacitance

54 ATH ah - Thermal coefficient of the thermal resistance

55 MULT M - Number of devices in parallel
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Chapter 4
Modeling of High Voltage MOSFETSs
Based on EKV (HV-EKYV)

Yogesh Singh Chauhan, Francois Krummenacher, and Adrian Mihai lonescu

Abstract The accurate compact modeling of High Voltage (HV) MOS transistors
has always been a great challenge in the device modeling community. This is due
to the fact that the charges and field associated with the drift region and intrinsic
MOS have very complex dependence on the external terminal biases owing to the
asymmetric device architecture. In this chapter, A modeling strategy for HYMOS
transistors (HV-EKV) based on the scalable drift resistance [1, 2] and the use of
charge based EKV2.6 MOSFET model [3] as a core for the intrinsic MOS channel
is presented [4, 5]. The strategy is optimized according to the fast convergence and
good accuracy criteria. The model is stable and robust in the entire bias range useful
for circuit design purpose. An important aspect of this general model is the scal-
ability of the model with physical and electrical parameters along with the correct
modeling of quasi-saturation and self-heating effect. The model is validated on the
measured characteristics of two widely used high voltage devices in the industry i.e.
LDMOS [6] and VDMOS [7] devices, and tested on commercial circuit simulators
like SABER (Synopsys), ELDO (Mentor Graphics), HSpice (Synopsys), Spectre
(Cadence) and UltraSim (Cadence). The model shows good behavior for all capac-
itances which are unique for these devices showing peaks and shift of peaks with
bias variation. Also the model exhibits excellent scalability with transistor width,
drift length, number of fingers and temperature.

The last part of this chapter will explain the importance of modeling of lateral
non-uniform doping in the intrinsic channel [8-11]. It is shown that Cgp & Cpe
capacitances are strong function of lateral doping [11, 12].
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1 Behavior of Surface Potential in the Drift Region

The LDMOS device architecture under study is shown in Fig. 4.2a. The channel
of the LDMOS transistor is obtained by a double diffusion process and not by pho-
tolithographic process. Consequently, this transistor has gradual doping profile in
the channel decreasing from source to the intrinsic drain (V) of the device. The
second part of the device, i.e. the drift zone, sustains the high voltage applied on
the drain terminal of the device. The device presents a gate overlap over both the
channel and the drift region, involving the possibility to obtain operation regions
where the intrinsic channel is inverted and accumulation/depletion may exist in the
drift region under gate.

Figure 4.1 shows the modeling strategy used in this chapter. The HVMOS is
divided into low voltage MOS channel and a drift region. The major issue in HV-
MOS modeling that makes standard low-voltage MOSFET models un-applicable is
the bias dependence of the drift resistance (Rpyi) With both gate and drain volt-
ages. Consequently, the efforts in this chapter will be concentrated on different
solutions to analytically describe the main dependencies of Rpyix, in all operation
regimes using simple analytical expressions. The modeling of the intrinsic MOS
channel is carried out using EKV model [3]. To understand the behavior of drift
region, 2-D numerical device simulation is performed using ISE-DESSIS. The idea
is to separate the device into physically significant regions and then to inspect and
model them independently. The separation boundary between the intrinsic MOS
transistor and the drift region is the metallurgical junction of the PIN diode (see
Vg point in Fig. 4.2b). Figure 4.3 shows the plot of Vi for different gate and
drain voltages. Figure 4.3a, b shows the Vkx vs. Vgs and Vps respectively [13].
The unique behavior of Vx can be explained by considering the variation of the
channel and drift resistance with bias. Initially as Vs increases, most of the drain
voltage drop occurs across intrinsic MOS channel as channel resistance is very high
compared to drift resistance. With increasing Vs, channel resistance drops sharply
compared with drift resistance and at some bias condition, channel resistance be-
comes equal to drift resistance. This is the point, where, the peak in Vg occurs on
Vk — Vgs characteristics (see Fig. 4.3a). Vs keeps on increasing after this point,
Vi keeps on decreasing as drift resistance now dominates compared to channel
resistance. This same explanation can be easily associated with Vg — Vpgs charac-
teristics also (Fig. 4.3b). Please note that the effect of drift resistance is observed
in the linear region only (see Fig. 4.3b). There are two interesting points to note
here. First, the major Vps drop occurs across the drift region in strong inversion,

i

Vg Vb
Fig. 4.1 High voltage v, < Rpm(VoVe)
MOSFET modeling strategy B
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b
Body Source Gate Drain

Intrinsic MOSFET Drift region

NTUB

Fig. 4.2 (a) Schematic representation and (b) device architecture of 40V SOI-LDMOS transistor
from 12T100 AMIS technology. The separation boundary between the intrinsic MOSFET and the
drift region is the metallurgical junction of the PIN diode

a 10 T T T T T T T T b T T T T T T
10.0

7.5

25

00 1 1 1

Fig. 4.3 Behavior of intrinsic drain potential (V) from numerical device simulation: (a) Plot of
Vi vs. Vgs. (b) Plot of Vi vs. Vps
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which is also the desired feature. Second, the Vg behavior is quite different in the
linear region while it saturates or varies slowly at higher drain voltages. This anal-
ysis also points out the importance of the modeling of the drift region in the linear
region.

2 General Drift Resistance Model

Figure 4.4a, b shows the schematics of high voltage VDMOS and LDMOS devices,
respectively. Even though, simple device architectures are shown here, the model
can be used, as described earlier, for any HV device which uses extended drift region
to handle the high voltage applied at the drain terminal e.g. LDMOS with thin or
thick oxide (shown in Fig. 4.2a) etc.

As discussed in the previous chapter, the intrinsic drain voltage (Vx) always re-
mains at low values for entire bias domain [13]. Based on this understanding, we
consider our device divided into an intrinsic MOSFET region and a drift region,
where the intrinsic transistor part is modeled by using low voltage EKV model [3]
described in the next section while modeling of drift region is carried out by using
bias dependent resistance explained below. The motivation to use a resistance to
model the drift region is to get the fast convergence along with excellent accuracy.
The simplest resistance expression could be a constant resistance. Figure 4.5 shows
the transfer characteristics (/ps — Vigs) using constant resistance (dash lines) as drift
resistance. It can be seen that the constant resistance accurately models the low drain
and low to medium gate bias behavior, as at low drain bias, the intrinsic transistor
drives the current while the drift region behaves like a constant resistor. Another in-
teresting remark is that the fixed resistance cannot model the behavior of the device
at low Vps, when high gate voltage is applied. The explanation for this deviation
comes from the accumulation charge sheet, which extends into the drift region with
the increase of the gate voltage and lowers the resistance of the drift part. In order

a Body Source Gate b Body Source Gate Drain

Roritt

Cemmmmmes

mmm--——

Drift Region N-WELL

N-WELL

Drain

Fig. 4.4 Schematic representation of high voltage (a) Vertical DMOS (VDMOS) and (b) Lateral
DMOS (LDMOS) device Architecture
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Fig. 4.5 Ipsvs. Vs for 4 T T T T T T
Vps = 0.1t00.5V for 50V > Measurement

VDMOS transistor. The I Constant resistance

constant resistance along with — Model

the accumulation charge sheet

effect provides excellent 3r

accuracy at low drain bias

to simulate the above described effect, a slight reduction of the drift resistance with
the gate voltage is introduced in the model:

R
Rprift = ——————— (4.1)
1 + Oacc - |Vos|

where R is the constant resistance, facc is the gate bias modulation parameter (effect
of accumulation charge sheet on Rpyirt) and Vs is the applied gate voltage. The
value of R can be obtained by extracting the silicon resistivity and then calculating
the global resistance function of the geometrical dimensions, if the doping con-
centration of the drift zone is known. The model behavior using (4.1) is shown in
Fig. 4.5 by solid lines. It can be observed that the matching between the simula-
tion and measured data is excellent. Thus, it can be concluded that (4.1) correctly
reproduces the physics inside the device. Moreover, this expression proves to be
highly efficient in terms of implementation as it uses the simplest representation
and the minimum number of parameters for the description of the physical phe-
nomenon at low gate and drain bias. Figure 4.6 shows the Ips — Vps characteristics
using drift resistance derived above by dash lines. It is easily observable that even
though above derived expression showed excellent characteristics at low Vps, it is
not working well at higher Vps. It is also important to mention that once the cur-
rent saturates in the intrinsic MOS transistor, the drift part has no influence on the
current. Consequently, the drift part only affects the linear regime of the output
characteristics. Although, this influence seems to be limited, the transition from
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Fig. 4.6 Ips vs. Vps for 50V 25 T T T T T T
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linear to saturation is very sensitive to the drift resistance variation. The delayed
transition between linear and saturation regime at high gate voltages occurs due
to the carrier velocity saturation in the drift and is equivalent to an increase in
the resistance of the drift region. In literature, the carrier velocity saturation ef-
fect on the current is modeled using hyperbolic dependence of the electric field
across the region. It means that this dependence would be linear for the resistance.
Thus, in order to simulate the carrier velocity saturation dependence using the drift
resistance expression, a direct dependence on the field applied in the drift region is

introduced as o
Vos — V vsal
14 DS K
VSAT x* LDR
1 + Oace - |Vas|

Rpiit = R - (4.2)

where VSAT and aysy; are the velocity saturation parameters. L pg is the length of
the drift region. The mobility is considered constant all over the current path and the
electric field uniformly distributed along the length of the drift region. Solid lines in
Fig. 4.6 show the drain current using (4.2), which proves that this expression takes
into account major physical phenomena in the drift region.

The final expression for the drift resistance including geometry and temperature
effects can be written as [1, 2]:

| Vbs — Vk
VSAT % LDR

)avsat
-(I4oaysp-Vsp)-(1+ar-AT) (4.3
P g e |-y Vsn) ) @3

Rprit = Rorifto-
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where Rpyrito IS the value of the drift resistance at low bias voltage defined as

Lpr Nr —1
Rowwo = e | Gy vr | |1 00 = (57w )| 69

Where py,;, 1S the resistivity per unit length at room temperature (7 = 300K). W,
AW and N represent the width, width offset and number of fingers respectively.
Ncrit and kg are the parameters for drift scaling with number of fingers. The aysp
is a parameter used for modeling of drift resistance with body bias. The “+" sign is
used for drain-on-side devices while “—" sign is used for drain-all-around devices.
a7 is the temperature coefficient of the drift region and AT is the difference in
ambient temperature with normal room temperature (7 = 300K).

3 Charge Evaluation Based on EKV Model

The main reason behind using EKV MOSFET model [3] for intrinsic channel is that
EKV model has physical expressions for current and charges, which are continuous
from weak to moderate to strong inversion. Another important characteristic of the
EKV model is that compared with other existing MOS models (e.g. BSIM), it uses
less number of parameters, most of which are all physical. The intrinsic drain-to-
source current (Vg to Vs in our model) in EKV model is given as

Ixs = Is(if —ir) (4.5)

where I is the specific current [3] defined as

Is=2-n-B-U? (4.6)
1
n= y (4.7)
20\ [Ves = Vr + (5 + V/¥o)?
Yo = 2¢F + several Ur (4.8)
w
ﬂzﬂ'cox'f (4.9)

where Uy = XL is the thermal voltage, n is the slope factor, Vz is the threshold volt-
age, y is the body effect parameter and, Coy is the oxide capacitance per unit area.
The normalized forward current i » and normalized reverse current i, are defined as

ir = [ln (1 +eV”z_”)]2, (4.10)

and
Vp—Vi

irz[ln(l—i—e 2 )]2 (4.11)
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wherev, = Z—’T’,vs = %,Vk = g—’; are the normalized pinch-off (Vp = VGSn;VT)
source and intrinsic drain voltage, respectively [3].

The total gate charge is the sum of the charges related to intrinsic-drain (Vk),
source, body and drift. The charges associated with the intrinsic MOS are directly
obtained from EKV model [3].

The Rpyrirt expression (4.3) used above for current modeling does not provide the
correct behavior for intrinsic drain voltage (V) at low-gate/high-drain biases, as
this resistance in actual case should rise to Giga-ohm at low-gate/high-drain biases.
The preceding statement is verified by the fact that at low gate bias, the drift region
is in depletion and most of the voltage drop applied on drain terminal occurs in this
region and the current is very small. But this resistance provides accurate current
prediction because at low-gate/high-drain bias (intrinsic MOS in saturation), the
current is well modeled by the intrinsic MOS part. The impact of the intrinsic drain
potential (Vx) on AC characteristics was shown by Hefyene et al. [14, 15]. The
correct Vg behavior is not only important for the peaks of capacitances which are
very specific to high voltage devices, it is also extremely important for the position
of the peaks with gate and drain bias. Thus it is extremely important to first obtain
the correct Vx behavior with gate and drain bias. In literature, this is obtained using
interpolation between Vk in the linear region and Visy: in the saturation region to
limit the value of Vg to Vksat [16]. In this work, the accurate Vx value, which is
used in the calculation of accumulation charge, can be obtained by backtracking of
K-node charge as given below. The motivation for this strategy is to get the impact
of current saturation on charge and then on V.

The Vi behavior which has great impact on capacitance of high voltage de-
vices [14,15], is obtained by backtracking of K-node charge or current backtracking
[4,17]. The normalized potential vy is expressed as a function of v, and g (nor-
malized inversion charge density at V) as [17]

Vi =Vp — (2- gk + Ingg) (4.12)
where ¢y is expressed as [17]
qr = Vir +0.25-0.5. (4.13)
Thus Vi can be easily expressed as
Vi = Ur - [vp — {2- ( I +025— 0.5) +1n ( i +025— 0.5)}] (4.14)

The intrinsic drain potential (Vx) behavior obtained by this method shows excel-
lent agreement with literature [18] (see Figs. 4.7 and 4.8).
The normalized drift accumulation charge density can be written as

Gdritt = Vg — Vrp_drift — Vs_drift- (4.15)

where V ¢ _grif is the normalized flat-band voltage of drift region and s _qrir; is the
normalized surface potential in the drift region. The total drift accumulation charge
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Fig. 4.7 Intrinsic-drain 2.0
potential Vg vs. Vs for

Vps = 1to 5V in steps of
1V for VDMOS transistor.
The decrease in Vi is caused
by drift region

S
X
>
Fig. 4.8 Intrinsic-drain 3 T T T T T T
potential Vi vs. Vps for —o— Vg=0.5V —v— V=2V
Ves = 0.5to 3V in steps of —o— V=1V —e— V=25V
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Vs (V)

is obtained by integrating the drift charge density over the gate overlap length,
assuming v grie Varies linearly in the drift region also validated from numerical
device simulation.

Thus total gate charge can be written as,

Q¢ = 0s+ 0k + O + Qoritts (4.16)



104 Y.S. Chauhan et al.

where Qs, Qg and Q p are the charges related to source, intrinsic drain and body
node respectively, obtained from EKV MOS model [3].
The capacitances are defined using standard method as

8Q; ..

c_ _8_Vj i #]
v 8& I = /
sv, 7

4 Modeling of Quasi-Saturation and Self-Heating Effects

As discussed in the previous chapter, the high voltage devices show some special
effects due to high electric field inside the device e.g. self-heating, quasi-saturation
and impact ionization effects. In fact some of these effects (self-heating and impact
ionization) are also visible in low voltage MOSFETS as electric field in these devices
also becomes quite high as channel length is decreased. Here we will discuss the
modeling of these effects.

4.1 Quasi-Saturation Effect

The quasi-saturation effect is one of the unique effects observed in HV devices. This
effect originates due to velocity saturation in the drift region when intrinsic MOS is
still not saturated. If drift is velocity saturated and intrinsic MOS is in linear region,
the increase in Vs does not increase current levels significantly and gate bias has
little effect. As our drift resistance already includes the velocity saturation in the
drift, the quasi-saturation effect is easily modeled by this model.

4.2 Self-Heating Effect

The self-heating effect (SHE) represents the heating of the device due to its internal
power dissipation. This effect appears when high levels of power are attained in the
device. The dissipated heat leads to an increase in the internal temperature of the de-
vice. The internal temperature increase influences the device characteristics mainly
by affecting the mobility, threshold voltage and velocity saturation. In the literature,
this effect was mainly studied on the SOI devices and the proposed models for SHE
are distributed or non-distributed models. As expected, better accuracy was obtained
from distributed models, which offer a larger flexibility for the current simulation.
Still, the clear advantage of the non-distributed models over the distributed ones is
the parameter extraction procedure, as non-distributed approach offers a simple and



4 Modeling of High Voltage MOSFETSs Based on EKV (HV-EKV) 105

-O-

Pp H Rep(M) ——Cqy(M

Fig. 4.9 Representation of the electro-thermal circuit for self-heating effect simulation (Power
dissipation Pp = IpsVps, thermal resistance Rty(T) = Rrunom (1 + «AT) and thermal capaci-
tance Cry = f(Ru, Tw)) [19,20]

efficient representation of the problem. Figure 4.9 shows the equivalent sub-circuit
used for the self-heating representation. This classical representation can be used
for the DC, AC or transient simulation of the device in some critical regimes (other
than analog operation).

In our model, the SHE is modeled using standard circuit shown in Fig. 4.9, where
the thermal resistance (Ryw) and thermal capacitance (Cry) varies dynamically with
the device temperature [19,20]. The extraction procedure for Rty and Cry has been
discussed in [19, 20]. The expressions for thermal resistance and capacitance from
[19, 20] are re-written here to complete this discussion.

The thermal resistance is expressed as [19, 20]

Rra = Rrnom(Te) - [1 + o - (T; — Te)] (4.17)

where T,, T; are the ambient and internal device temperatures, respectively and
Rrunowm is also considered a linear function of the ambient temperature as follows:

Rtinom (Te) = Rrunom(300K) - [1 + « - (T — 300K)] (4.18)

One should note that in (4.17), the temperature increase, AT = T; — T, at known
ambient temperature is essentially given by SHE (related to the injected electrical
power Pp), and consequently, Rtynom could be considered as the nominal ther-
mal resistance at zero injected power (at given ambient temperature T,). The thermal
capacitance Cryg = f(Rrg, tw) and temperature coefficient of thermal resistance
« are extracted from Ips — Vps characteristics for different pulse widths z,, [19,20].

4.3 Impact lonization Effect

When the drain bias across the device increases, the electric field in the drift region
also increases as a function drain bias. In this high field zone, the longitudinal elec-
tric field varies linearly and reaches its peak value at the drain junction. The impact
ionization current (or avalanche current) can be expressed as

lag = (M =1)-Ip (4.19)
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Where M is called as Multiplication factor. Rossel et al. [21] developed the
following approximate expression for M from impact ionization integral assum-
ing low multiplication level.

1
M-l~1---=028: 1077%) - Nge - Vi (4.20)

In the model implementation, we combined the constant (2.8 - 10773) with Ngg
and used a single parameter Negg. Thus multiplication factor M can be written as:

M—1= N3¢ Vi (4.21)

5 Model Validation and Results

This model is calibrated on the measured characteristics of a 50V VDMOS and
40V LDMOS devices provided by AMIS and BOSCH [6, 7]. The source and body
are tied to avoid parasitic bipolar transistor for all measurements.

5.1 Case Study 1: VDMOS Transistor

The schematic representation of the VDMOS device (half of the device is shown
as it is symmetrical along the vertical axis) under study is shown in Fig. 4.4a.
Figure 4.10a shows the transfer characteristics for low drain bias, which demon-
strates that the model provides accurate simulation of current and subthreshold
slope. From Fig. 4.10b, it can be observed that the model not only gives accu-
rate values of peak in transconductance and its slope in the subthreshold regime
but also predicts the correct behavior after the peak, which is very important in cir-
cuit design. Figure 4.11 shows the transfer characteristics for medium drain bias
(Vps = 1 =5V insteps of 1V). The drain current at higher gate voltages is heav-
ily affected by the drift region. Figure 4.12a, b shows the output characteristics and
output-conductance, respectively, for different gate bias which show that not only
the transition from linear to saturation regime in Ips is well simulated by the model,
validating correct drift model, it also correctly simulates the self-heating effect in
the output characteristics. The dips in output-conductance are also well predicted
by the model. The first dip in |g4s| originates from self-heating effect, while sec-
ond dip is caused by impact ionization effect. Capacitances Cop and Cgs + Cgp
obtained using this model, are shown in Fig. 4.13a, b, respectively. The special be-
havior of the high voltage capacitances, i.e. the peaks [15,24] in Cgp and Cgs are
well modeled. It can be seen that all the capacitances show good trend for the en-
tire gate and drain bias range. It should be noted that in literature very few models
have been successful in modeling the correct behavior of capacitances of HYMOS
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Fig. 4.10 Transfer characteristics of VDMOS transistor at low drain bias for W = 40 um, L =
0.6umand Np = 2 at T = 30°C: (a) Ips — Vs for Vps = 0.1 — 0.5V in steps of 0.1V. The
current at higher Vgs is heavily affected by drift region. (b) g,, — Vs for Vps = 0.1 — 0.5V in
steps of 0.1 V. The sharp decrease in transconductance at higher gate bias can be explained by the
dominance of drift resistance over channel resistance
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Fig. 4.11 Transfer characteristics at medium drain bias for W = 40um, L = 0.6 umand N =
2atT = 30°C: Ips and g,, — Vs for Vps = 1 — 5V in steps of 1V for VDMOS transistor

devices [1, 2, 8, 24, 25]. Furthermore the accuracy on capacitances can be improved
by modeling the lateral non-uniform doping in the intrinsic MOS channel of high
voltage devices [12, 22, 23]. The modeling of lateral non-uniform doping will be
discussed in the next chapter.
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Fig. 4.12 Output characteristics of VDMOS transistor for W = 40 um, L = 0.6 pumand Ny =2
at T = 30°C (a) Ips vs. Vps for Vgs =

1.2, 1.5, 1.8, 2.1, 2.7 and 3.3 V. Note self-heating

effect (decrease in Ips with increase in Vps) is correctly simulated. The discrepancy in the curves
can be explained by the simultaneous optimization of drift resistance, self-heating effect, impact
ionization effect and velocity saturation in MOSFET at high Vps. (b) |gus| vs. Vps. Note peaks
in output-conductances are correctly matched. The first dip in |gy| originates from self-heating
effect, while second dip is caused by impact ionization effect

LI LI B B | b 12 T T T T T T T T T T
Model ]
— o —Measurement ddopo

7] Model
E — o — Measurement ]

Cep (PF)

V)

GS(

Fig. 4.13 (a) Cgp Vs. Vs and (b) Cgs 4 Cap Vs. Vis of VDMOS transistor for Vps = 0, 1, and
2 V. The sharp decrease in Cgp at higher Vgs is heavily affected by drift region. The discrepancy
in the curves is due to assumption of constant doping in the channel and simplified drift charge
evaluation. The accuracy on capacitances can be improved by modeling the lateral non-uniform
doping present in the intrinsic MOS channel [12, 15,22, 23]
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Fig. 4.14 Demonstration of temperature scaling of VDMOS transistor for W = 40um, L =
0.6umand Np = 2: (@) Ips — Ves and g, — Ves at T = 30°C, 85°C and 130°C. Note, the
change in threshold voltage with temperature and peak in transconductance are correctly modeled.
The ZTC-point [26, 27] is also well simulated. (b) Ips — Vps at T = 30°C, 85°C and 130°C.
Note self-heating effect is very well modeled at different temperatures. The decrease in slope in
the linear region is caused by the increase in drift resistance with temperature

Model Scalability: An important characteristic of any model is the scalability
with physical and electrical parameters. Figure 4.14a shows the Ips and g, — Ves
characteristics for different temperatures. It can be seen that the model correctly
simulates the variation of drain current, transconductance and most importantly
the threshold voltage shift with temperature. An important observation is that ZTC
(Zero-Temperature-Coefficient) point [26-30] is also well modeled in Fig. 4.14a.
Figure 4.14b shows the Ips — Vps curves for different temperatures, which demon-
strates that the SHE is correctly modeled for entire temperature range. The scaling
of the model is also tested for different device geometries. The transfer and out-
put characteristics shown in Fig. 4.15a, b, respectively, demonstrate that the model
scales well with different transistor widths. Note that the self-heating effect is more
prominent for higher widths due to increased power dissipation. The variation of ON
resistance (Ron) with number of fingers (Nr) is modeled using krq and Ncgit pa-
rameters in (4.3). Figure 4.16a shows that the Roy scaling with Nz is well modeled
for different widths for drain-all-around device. The decrease of Ron With number
of fingers for drain-all-around device is caused by current spreading at the finger
edges. Figure 4.16b shows the Ry scaling with Ng for drain-on-side device. The
increase in Rony With number of fingers for drain-on-side device is caused by the in-
teraction of depletion regions of the neighborhood fingers. The Roy scalability with
temperature is shown in Fig. 4.17 for different transistor widths. It can be seen that
the increase in Ron with temperature is excellently modeled for different transistor
widths.
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Fig. 4.15 Demonstration of width scaling of VDMOS transistor for W = 20 um, 40 um, 160 um,
L=0.6umand Nr =2atT = 30°C: (a) Ips—Vgs and g,,— Vs for Vps = 0.1 V. (b) Ips—Vps
for Vgs = 2.7 V. The self-heating effect is more prominent for higher widths due to increased
power dissipation
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Fig. 4.16 (@) Ron with Number of fingers (Ng) for W = 40um and W - N = 5000 um
at Vgs = 3.3V and Vpg = 0.5V for drain-all-around VDMOS transistor at 7 = 30°C. The
decrease of Ron With number of fingers for drain-all-around device is caused by current spreading
at the finger edges. (b) Relative On-resistance ﬁ,’;—zl with Number of fingers (Nr) for drain-
on-side VDMOS transistor. The increase in Roy With number of fingers for drain-on-side device
is caused by the interaction of depletion regions of the neighborhood fingers

5.2 Case Study 2: LDMOS Transistor

The LDMOS devices (FND40 and FND100) used for the validation of the model are
obtained from 12T100 AMIS Technology. The schematic representation of the LD-
MOS device under study is shown in Fig. 4.4b while device architecture of FND40
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Fig. 4.18 Transfer characteristics of 40 V LDMOS device (W = 40um, L = 1.2pumand N =
lat T = 30°C): (a) Ips — Vs and (b) g, — Vs for Vps = 0.1 — 0.5V in steps of 0.1V

device is shown in Fig. 4.2. Figure 4.18a, b shows the Ips — Vs and g, — Vs for
Vps = 0.1-0.5V, respectively. Figures 4.19 and 4.20 show the Ips and g, — Vs for
Vps = 1—5V, and Ips — Vps characteristics respectively for 40V LDMQOS, which
demonstrate that the model provides correct simulation of current and transconduc-
tance for different bias conditions. The gate-to-drain and gate-to-gate capacitance
curves shown in Fig. 4.21a, b, respectively demonstrate that the model predicts
correct trend for capacitances. Furthermore the accuracy on capacitances can be
improved by modeling the lateral non-uniform doping in the intrinsic MOS channel
of high voltage devices [12, 22, 23]. The modeling of lateral non-uniform doping
will be discussed in the next chapter.
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Model Scalability: An important issue in any LDMOS model is the scalability
with drift length for different voltage handling capability. Figure 4.22a, b show
the transfer and output characteristics, respectively, of a 100V LDMOS transistor
(FND100 device) on the same technology (as of FND40), which demonstrates that
the model scales well with drift length. It should be noted that not only the self-
heating effect [20] is well modeled in Fig. 4.22b but also the quasi-saturation effect
observed at higher gate biases. The 100V LDMOS transistor (FND100) has longer
drift length, in comparison to 40 V LDMOS transistor (FND40), to handle the higher
drain voltages at drain terminal. The scalability of the model is also tested for Roy
for different widths of LDMOS device. Figure 4.23 shows the Roy versus Vgs for
three different widths of 40V LDMOS device.
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Fig. 4.21 (a) Plot of Cgp versus Vps at Vgs = 0V for 40V Bosch LDMOS device. (b) Plot of
Cgg Vversus Vg at Vps = 0V for 40V Bosch LDMOS device
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Fig. 4.22 Drift scaling (W = 40pum, L = 1.2pumand Np = 1 at T = 30°C): (a) Ips — Vs
and g,, — Vs at Vps = 0.1V, (b) Ips — Vps for Vs = 4, 4.5, 5,6, 9 and 12 V for 100V LDMOS
device

5.3 Case Study 3: SOl — LDMOS Device

Figure 4.24 shows the device architectures of SOI-LDMOS transistor [31] on AMIS
technology.

The proposed model is also validated on the measured characteristics of SOI-
LDMOS transistor from 12T100 AMIS technology. It should be noted that the model
is same for all devices, thus showing the versatility of the model and hence called
general model. Figure 4.25 shows the Ips — Vgs and g, — Vs characteristics for
Vps = 0.1-0.5Vinsteps of 0.1 V. Figure 4.26a, b shows the output characteristics
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Fig. 4.24 Schematic representation of 40V SOI-LDMOS transistor from 12T100 AMIS

technology
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Fig. 4.25 Transfer characteristics of 40V SOI-LDMOS transistor from 127100 AMIS technology
(W =40pm, L = 1.2um): () Ips — Vs and (b) g, — Viss for Vps = 0.1 — 0.5V in steps of
0.1V. Note that, the value and position of the peaks on g,, has been modeled very well
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Fig. 4.26 Output characteristics of 40V SOI-LDMOS transistor on 12T100 AMIS technology
(W =40pm, L = 1.2um): (8)Ips — Vps and, (b) gus — Vps for Vgs = 4 — 13V in steps of 1V

Table 4.1 Main EKV Parameters

Name Description Units
TYPE P-type/N-type -

W Channel Width m

L Channel Length m

Nr Number of fingers -
(610):4 Oxide Capacitance F/m?
VTO Long-channel Threshold Voltage \%

uo Low Field mobility cm?/Vs
GAMMA Body Effect Parameter JV
PHI Bulk Fermi Potential \Y%

EO Mobility Reduction Coefficient V/m
UCRIT Longitudinal Critical Field V/m

LAMBDA Channel Length Modulation -

(Ips — Vps and ggs — Vbs) for Vgs = 4 — 13 V. Note, significant quasi-saturation
effect can be seen on the output characteristics at higher gate voltages. It can be seen
that model shows good behavior across different gate and drain bias region.

6 Parameter Extraction and Model Calibration

Tables 4.1, 4.2 and 4.3 show the list of main parameters used in the model. These
basic parameters are used for modeling of any high voltage device at room temper-
ature. The calibration procedure is described below and also shown in the flowchart
(see Fig. 4.27). First threshold voltage and mobility is extracted using any standard
extraction method [32-36]. Other standard EKV parameters [37] are extracted using
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Table 4.2 Drift parameters

Name Description Units
Lpr Drift length m

Lov Gate overlap in the drift region m
PDrift Drift resistivity V-m/A
VSAT Velocity saturation parameter Vim
Olysat " -

Oace Accumulation charge effect /v
kg Effect of number of fingers -
Nerir " -

or Thermal coefficient of drift resistance 1/K

Table 4.3 Self-heating and impact ionization parameters

Name Description Units
Rtinom Thermal resistance Ks/J
o Temperature coefficient of Rrpnom 1/K
Crh Thermal capacitance J/K
NEFF Effective doping in the drift Y3

methodology proposed in [38]. Once we have all of these parameters, GAMMA and
PHI are tuned for subthreshold slope on Ips — Vs characteristics. E0 is tuned on
Ips — Vs characteristics in strong inversion for mobility degradation due to vertical
field. UCRIT and LAMBDA are tuned on Ips — Vps characteristics for velocity satu-
ration and channel length modulation, respectively. Drift parameters VSAT and oysat
are fitted in the linear region of Ips — Vps characteristics while G is used to lower
the drift resistance on Ips — Vs characteristics at high Vs as described earlier. k.4
and Ncrir parameters are fitted to model the effect of number of fingers on drift
resistance.

The extraction of self-heating parameters requires dedicated measurement setup.
The extraction of thermal resistance and capacitance has been discussed in detail in
[9, 19, 20, 39]. The impact ionization parameter Negpr is used as a fitting parameter
to model the impact ionization in the drift region.

7 Effect of Lateral Non-uniform Doping

Here we will explain, how lateral non-uniform doping affects the small signal capac-
itance behavior of high-voltage MOSFETS [23, 40]. Figure 4.28a shows the device
architecture under study. To see the impact of lateral non-uniform doping on capac-
itances, let’s start with Cgp capacitance. Figure 4.29 shows the Cgp Vs. Vs using
device simulation for different drain voltages. As expected, the Cgp at Vps = 0 for
conventional MOS stays low values for Vgs < Vr (threshold voltage). As Vs starts
to increase beyond V7, the Cgp increases sharply and saturates to %WLCOX. The
situation is completely different for LAMOS. Due to lateral non-uniform doping,
the Cgp starts increasing as soon as Vgs is more than the surface inversion potential
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Fig. 4.27 Flowchart of parameter extraction procedure

at drain side. It means that the inversion at the drain side starts at lower values of
Vss than source side because of the lower doping at the drain end compared to
source end. As Vgs keeps on increasing, the inversion in the channel propagates
from drain towards source and Cgp keeps on rising. Once Vgs is greater than the
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Fig. 4.28 Device architectures of (L., = 2 um): (a) Conventional MOSFET with uniform doping
and LAMOS with lateral doping gradient in the channel. The lateral doping gradient is approxi-
mated by the complementary error function N4(x) = Ng.erfc [k, ()] [12,22,23], where § = o
is the normalized position along the channel, k, is a parameter representing the doping gradient.
The doping level at the source side of the channel (Ny) is highest and decreases towards the drain
in the channel region. Higher k,, means sharp decrease in the doping level from source to drain
and vice-versa. (b) Conventional MOSFET with uniform doping and LAMOS with lateral doping
gradient in the channel and a drift region to sustain high voltage

surface inversion potential at source side (or Vr of LAMOS), the Cgp starts to fall
[32]. This can be explained by the fact that the rise in inversion charge is exponential
for Ves < Vr and after that rise gets slower, ultimately becoming linear function of
Vss. In strong inversion (Vgs > Vr), the Cop saturates to some value equal to or
higher than %WLCOX depending on the doping gradient in the channel [12,23]. The
impact of different doping gradients on capacitances will be explained later in this
section. Increasing drain voltage reduces the peak due to depletion at drain side. For
sufficiently high values of drain voltages, there may not exist any peak in Cep (e.g.
Vbs > 2V in Fig. 4.29).

Another interesting property of LAMOS capacitances is seen on Cgs and Cgg
behavior as shown in Figs. 4.30 and 4.31. The Cgs at Vps = 0 is similar to MOSFET
(except lower values due to low doping in the drain side), where the increase in Cgs
occurs when channel gets inverted (Vs > V7). The situation is quite different for
Vbs > 0. For Vps < Vgs — Vip (threshold voltage corresponding to the doping at
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Fig. 4.29 The gate-to-drain capacitance Cgp Versus Vgs for Vps = 0, 1 and 2V. The lateral
non-uniform doping in LAMOS produces peaks in Cgp capacitances at low drain bias
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Fig. 4.30 The gate-to-source capacitance Cgs versus Vgs for Vps = 0, 1 and 2V. The lateral
non-uniform doping in LAMOS produces peaks in Cgs capacitances around Vgs = Vr

drain), the Cgs is slightly higher than its value at Vps = 0 and behaves similar to
the MOS capacitance. But if Vps > Vgs — Vip, the drain end is depleted. For these
drain voltages, as Vgs increases, there will be small increase in the channel charge
from drain side until Vgs < V7. At Vgs = Vr, there is sudden flow of large amounts
of charges from source end (the small signal resistance seen from any point in the
channel towards the drain will be higher than towards the source and charges choose
the least resistive path, which is source side in this case) and whole of the channel
gets filled up by these charges. This sudden rise in the charge from source side gives
rise to increased peaks in Cgs for higher drain voltages as shown in Fig. 4.30.
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Fig. 4.31 The gate-to-gate capacitance Cgg Vversus Vgs for Vps = 0, 1 and 2'V. The lateral non-
uniform doping in LAMOS produces peaks in Cgg capacitances, when Vgs is around threshold
voltage for small nonzero Vps

It is interesting to note that Cgg also has small peaks for Vps = 1V as shown in
Fig. 4.31, which was also shown in [41] for nonzero small Vps. These peaks in Csg
can be explained by the fact that for Vs < V7, the source end of the channel is still
in weak inversion while drain end is in depletion. Once Vgs reaches close the V7,
there will be sudden flow of charge from source side giving sharp increase in Cge.
This is not the case with the Cgg of conventional MOS, where continuous supply
of charge is maintained from source side due to uniform doping. Also note that for
low drain voltages, there will be large supply in the charge from drain end also once
it comes out of depletion which again helps in increasing the total channel charge.
Note that the peak vanishes as Vgs increases significantly above threshold voltage
as now inversion charge is being supplied from both source and drain, and now
gate charge is a linear function of gate voltage. For high values of drain voltages, no
peak is observed, as charges entering from source end also contributes to removing
the depletion at the drain side. Hence, the peak in Cgg occurs for small nonzero
values of Vps, when Vs is around threshold voltage (source end entering into strong
inversion from weak/moderate inversion). Another note on the Cgg of LAMOS is
that the dip (lowest value) is lower compared to Cge of MOS. This is due to the
lower doping in the drain side which produces sharper and lower dip on Cgg. This
can also be analyzed using segmentation approach, where LAMOS channel can be
divided in several smaller channel length MOS with uniform doping in each channel
but varying across different MOS giving equivalent non-uniform doping also called
graded channel approach [41,42].

The behavior of Cpg capacitances is also quite different for LAMOS [41, 43-45]
as shown in Fig. 4.32. Similar to other capacitances of LAMOS, peaks are also ob-
served on Cpg. The peak in Cpg at Vps = 0 can be explained similar to the peak in
Cop at Vps = 0. As gate voltage increases, the drain end of the channel gets inverted



4 Modeling of High Voltage MOSFETSs Based on EKV (HV-EKV) 121

1.0 — T T T T T T T T T T T T T T
g LAMOS
08 —+— MOSFET
% 0.6
g
g
08 0.4

0.2

0.0
-1 0 1 2 3 4 5 6 7 8 9

Fig. 4.32 The drain-to-gate capacitance Cpg versus Vgs for Vps = 0,1 and 2 V. The lateral non-
uniform doping in LAMOS produces peaks in Cpg capacitances. The peaks in the Cpg can be
higher than W LCox depending on the doping profile and drain voltage [12]. The bias dependent
partitioning scheme [43,44] also explain these peaks

and Cpg starts increasing till source end get inverted and after that it decreases
and saturates. In fact Cgp and Cpg are the exactly the same for Vps = 0. But for
nonzero drain voltages, Cpg has totally different behavior than Cgp. At Vps = 1V,
note that the peak increases because a change in gate voltage induces a change in
the channel potential (the perturbed channel potential becomes negative), which in
turn causes a change in charge distribution and the combined effect increases the
peak [43,44]. To understand why perturbed channel potential can become negative
to increase the small signal charge, consider the situation when the source end is
weakly inverted and drain end is strongly inverted. In this case the transistor can be
thought of as a series combination of two transistors with different threshold volt-
ages, where the one near the source is weakly inverted and near the drain end is
strongly inverted. Now let Q5 and Q p be the charge at the source and drain end
of the strongly inverted transistor. The current flowing through the transistor is pro-
portional to Q§ — Q2D [3,43,44,46]. The weakly inverted transistor in series forces
current to be very small, therefore Qg A Q2D. Now as gate voltage increases both
Qs and QD will change and we have §Qs - Qs ~ 6Qp - O p. As drain end is kept
at a fixed channel potential and is in strong inversion §Q p &~ CoxéVss. SO we have
80s/8Ves = (Qp/0Os)Cox- As QOp > Qg in this situation (because the drain
end has lower doping), we have §Qs/6Vss > Cox, which is only possible if the
channel potential goes negative and aids the gate voltage. Depending on the doping
profile in the channel and drain voltage, the peak in Cpg may even increase above
WLCox in presence of a gate voltage [12,43].

The above analysis was made using single value of doping gradient (k,) in the
channel of LAMOS. If the value of doping gradient (k) is increased giving sharper
doping profile in the channel, the peaks on Cgp increases and value of Cgs decreases
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Fig. 4.33 Effect of different doping gradients (k,) on LAMOS: (a) Normalized Cgp and
(b) normalized Cgs at Vps = 0. Note that the peak in Cgp increases, while Cgs in strong in-
version decreases with increase in doping gradient. The k, = 0 corresponds to uniformly doped
MOSFET

in strong inversion, while the rising slope on both capacitances decreases [12] as
shown in Fig. 4.33a, b. The lateral doping gradient in the channel also affects DC
characteristics of LAMOS. Higher doping gradient increases the saturation voltage
and saturation current on the output characteristics as shown in Fig. 4.34. The pro-
longed linear region in the output characteristics and peaks/slopes on capacitances
can be explained by the fact that doping gradient changes the surface potential re-
quired for the inversion across the channel decreasing from source to drain.
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8 Conclusion

A general High Voltage MOSFET model based on the EKV model as a core (called
HV-EKV) and a bias-dependent drift resistance were presented. The main model pa-
rameters are physical and can be experimentally extracted from standard |-V plots.
The drift resistance includes all major physical effects originating from the drift re-
gion of high-voltage devices such as quasi-saturation and accumulation in the gate
overlapped drift region. The impact ionization effect was modeled for both intrinsic
MOSFET and the drift regions; from our analysis it appears that impact ionization
in the intrinsic MOSFET dominates at low to medium gate voltages while at higher
gate voltages (and high drain voltages) impact ionization in the drift region is dom-
inant. The self-heating effect was incorporated using a sub-circuit approach. The
thermal resistance and capacitance used in the sub-circuit are dynamically vary-
ing with the temperature inside the device. The accuracy of the model is better
with a temperature-dependent thermal resistance compared to a constant thermal
resistance.

The HV-EKV model performance was demonstrated against experimental data
for three industrial devices: (i) VDMOS, (ii) bulk-LDMOS and (iii) SOI-LDMOS.
The model was able to reproduce the special effects of these high voltage devices
like the quasi-saturation and self-heating effect, and is scalable with all physical and
electrical parameters such as transistor width, drift length, number of fingers and
temperature. In addition to other works in HV device modeling, the model scalabil-
ity with the drift length in LDMOS transistor is clearly demonstrated in HV-EKV
model. The model shows very good accuracy for the entire DC bias range and good
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behavior for capacitances, especially the peaks and shift of these peaks with bias.
The model provides excellent trade-off between speed, convergence and accuracy,
being suitable for circuit simulation in any operation regime of HV MOSFETS. The
model has been implemented in Verilog-A and tested on SABER (Synopsys), ELDO
(Mentor Graphics), HSpice (Synopsys) and Cadence’s Virtuoso Spectre circuit sim-
ulator and Virtuoso UltraSim fast-Spice simulator for industrial use.

It is worth noting that the reported model was evaluated according to the Com-
pact Modeling Council (CMC) benchmarking procedure. Below we present a short
discussion of model’s main features according to such industrial compact model
standards.

1. Capable for analog and RF IC simulations, which requires:

(a) Accurate modeling of DC/AC behavior as well as the derivatives of terminal
currents and node charges with respect to node voltages for all working
modes (off, linear, saturation regions and reverse modes). Charge model
has to be charge conservative, and intrinsic charge model has to take into
account the effects of voltage drop across the source and drain resistances.

(b) Accurate modeling of drain extension (drift region) region resistance in-
cluding velocity saturation.

(c) Accurate modeling of gate/drain overlap region bias dependent capacitance
and resistance.

(d) Accurate modeling of parasitic effects (gate, source and drain, and substrate
resistances, and source/drain-body junction diodes).

2. Capable of modeling accurately with power supplies up to 200 V and tempera-
ture ranges from —50°C to 200°C.

3. Capable of modeling self-heating effects accurately and efficiently, which
requires scalable temperature-dependence modeling.

4. Capable of modeling accurately quasi-saturation effects and gm fall-off in the
saturation region, namely, the channel current compressions at higher VVgs when
Vds is greater than Vdsat.

5. Capable of modeling accurately Cgd drop at higher external VVgs biases.

6. Capable of accurate modeling of the true asymmetry of the source and drain
resistances and the source and drain junctions in IV and CV.

7. Capable of modeling substrate current behavior correctly including the impact
ionization taking place in the drain drift extension regions.

8. Capable of handling scalability over a wide range of geometries, biases, and
temperatures with one set of global model parameter set to cover the entire
device matrix provided for model extraction. Provides drain drift region length
as an instance parameter.

9. Capable of handling of p-type devices as well as n-type devices.

10. Good convergence in reasonable scale circuit simulation.
11. Capable of modeling accurately a wide array of HV-MOSFET process tech-
nologies and device structures, which would include LDMOS and EDMOS
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(Extended Drain), both symmetrical and asymmetrical, and other drain drift
extension structures including, but not limited to, those of various RESURF
flavors.

Capable of modeling accurately the long-channel DIBL and Rout degradation
for drain extended devices.

Capable of modeling layout dependent characteristics including multifinger
device structures that have separate, merged, and shared source and drain con-
nections, and point and wide source/drain contacts.

Capable of modeling body bias dependency of DC and AC characteristics, as
well as Vds-dependence of the body bias effects.

Capable of providing optional temperature node for thermal electrical coupling
simulation.

. Capable of modeling parasitic BJT effects.

The authors would like to thank C. Anghel, R. Gillon, B. Desoete, C. Maier,

Andre Baguenier Desormeaux and CMC members for interesting discussions and
feedback in the model development.
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Chapter 5
Power Devices

Andrzej Napieralski, Matgorzata Napieralska, and tukasz Starzak

Abstract Main problems encountered in modelling of high power semiconductor
devices are discussed in this paper. Unipolar and bipolar device properties are com-
pared and the problems introduced by high time constant values related to carrier
diffusion phenomena in the large base are explained. Traditional and novel concepts
of power device modelling and simulation are presented.

A new distributed model of power diode that can be integrated into a SPICE-
based circuit simulator is described. Together with the existing power MOSFET
macromodel, the presented approach can facilitate the design process of power elec-
tronic circuits. In the future, distributed models for IGBT and BJT will be added.

Keywords Power semiconductor devices - Modelling - MOSFET - PIN diode
- IGBT - Silicon carbide

1 Introduction

Traditional models of semiconductor devices implemented in widely spread cir-
cuit simulators such as SPICE are very often insufficient for professional design of
power electronic circuits. This is due to the fact that they are based on built-in quasi-
static lumped models which were developed for low power devices. While justified
for low power, the quasi-static and lumped simplifications are not acceptable in the
case of high power electronic devices.

Power semiconductor devices must contain a long lightly doped layer that can
exceed 100 wm and enables them to support high voltages [1, 2]. The negative con-
sequence, however, is that introduction of excess carriers into this region in the
on-state may be necessary in order to maintain low voltage drop and thus reduce
power loss. In conjunction with the large layer dimension this implies storage of an
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important amount of charge whose behaviour is determined by physical phenomena
of distributed nature. This has a great impact on device dynamics.

The importance of accurate simulation of transitory states is high and still
increasing because power semiconductor devices are normally used as switches and
their working frequency is constantly raised. Therefore, semiconductor switch dy-
namics is visibly influencing the overall performance of power electronic systems
[3,4].

2 Power Device Modelling

The main parameters of power semiconductor devices are:

e \ltage blocking capability, or breakdown voltage

e Current capability, or maximum rated current, which is a function of on-state
voltage drop and maximum power dissipation

e Switching performance, or maximum switching frequency, which results from
switching times

The extreme values for basic parameters of modern power devices are presented
in Table 5.1, where Vp is the maximum rated off-state voltage, V4, is the on-state
voltage, I7 is the maximum rated on-state current, 7o, and o are the minimum
turn-on and turn-off times, and f; is the maximum switching frequency (dynamic
power loss not being taken into account). As can be seen, the unipolar VDMOS
(\Vertical Double-Diffused MOSFET) has very good switching performance but its
current capability and maximum blocking voltage are much smaller than those of
bipolar devices (GTO [5,6] and GCT thyristors). The IGBT (Insulated Gate Bipolar
Transistor) combines the best properties of unipolar and bipolar devices. Its voltage
and current ratings are much better than those of VDMOS and switching properties
are much better than those of GTO and GCT.

Figure 5.1 presents the product of rated voltage and current for different power
semiconductor devices. The solid lines represent the present state and the dashed
lines show future trends in power semiconductor device development.

For all types of power devices the blocking capability is a function of the
large base width and its doping concentration. Equation 5.1 gives the value of

Table 5.1 Performance limits of the most commonly applied modern
power devices (commercially available)

VDMOS IGBT GTO GCT
Vb (V) Max 1,200 6,500 6,500 6,500
It (A) Max 350 3,500 3,000 3,000
Von (V) Type Very high Low Very low Low
ton(1LS) Min 0.005 0.02 3 5
Lot (JLS) Min 0.008 0.1 12 3

f.(kHz)  Max 10,000 400 5 10
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Fig. 5.1 Product of rated voltage and current as function of maximum switching frequency

maximum blocking voltage Vg (breakdown voltage) as a function of base doping
concentration:

1016 3/4

Vp = 60 x (—)

Np

(5.1)

with Np in cm™3 and V3 in volts.

Equation 5.2 gives the minimum necessary value of large base width W as a
function of maximum blocking voltage and doping concentration without taking
into account the punch-through effect. It is equal to the space charge region thick-
ness when maximum blocking voltage is applied:

2e (@ + V] 2eV]
W= e (P + Vp) . |2%VB (5.2)
qNp qNp

where @ is the diffusion potential, much smaller than the breakdown voltage, ¢ is
the silicon permittivity, and ¢ is the elementary charge.

The conclusion from these two expressions is that in order to obtain a high value
of maximum blocking voltage, semiconductor devices must have a low doping level
and a large width of the base.

The minimum necessary base width values have been calculated from expres-
sions 5.1 and 5.2 for three different values of large base doping concentration and
have been presented in Table 5.2 together with corresponding maximum blocking
voltage values.

The most important observation that can be made is that for the high power semi-
conductor devices voltage must be supported in a large base. Therefore the charge
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Table 5.2 Maximum blocking voltage and minimum neces-
sary base width for three different values of large base doping
concentration

Device no. Np(cm™3) Vg (V) W(um)
1 1.25 x 10' 1,600 125
2 1.0 x 10 1,895 157
3 1.0 x 1013 10,700 1,175
Fig. 5.2 Illustration of the Von
on-state resistance calculation -<
in the case of an n-type
unipolar device In
E—

Np=1.25x10%

A
\

w

transport through the base cannot be treated as instantaneous and the voltage drop
across cannot be neglected.

Let’s now consider two power devices of different types: a unipolar and a
bipolar one.

In the case of the unipolar device the current capability or, in other terms, the
on-state resistance R, can be found from a very simple consideration depicted in
Fig.5.2.

According to Table 5.2, for a given value of the large base doping concentration,
the corresponding maximum blocking voltage Vz and the necessary base width can
be determined. In the case presented in Fig. 5.2, the value of Np is 1.25x10'*cm™3,
which corresponds to a maximum blocking voltage of 1,600 V and a minimum base
width of 125 um. Current density in the case of an n-type unipolar device is equal
to the electron drift current density:

VOI’I

J=J, =qunnE =qusNp W

(5.3)

where E is the electric field, n is the carrier concentration (equal to Np), and u,, is
the electron mobility.

Taking into account Fig. 5.2, the on-state resistance for a unipolar device with a
cross-section area of 1 cm? can be found as:

Von w
on,CM J x1em?  qu,Np x lcm?

In the considered case, this will be equal to 0.46 2. Even for a relatively low current
of 10 A, the voltage drop will be as high as 4.6 V and for higher currents it would be-
come unacceptable. We can conclude that unipolar devices cannot be applied in the
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very high voltage and very high current range. This conclusion stays in accordance
with the real maximum device ratings presented in Table 5.1 and Fig. 5.1.

In the case of the bipolar device the situation is completely different. Two
mechanisms, drift and diffusion, are responsible for the current density. Using one-
dimension approximation and taking the displacement current into account they can
be described with the following set of equations:

a
Jo = qunnE + an£ (5.5a)
dp
Jp = qupPE —qua (5.5b)
oE
J=Jn+.]p+8¥ (55C)

where p and i, are the hole concentration and mobility, respectively, D, and D,
are the electron and hole diffusion constants, respectively, ¢ is time and x is the
position along current path.

As can be seen from Eqg. 5, the current capability in the case of bipolar devices is
higher than in the previous case. Thanks to diffusion the maximum current density
is much higher and consequently the corresponding voltage drop is much lower
than in the case of unipolar devices. Additionally, in bipolar structures some effects
resulting from effective base doping changes can appear, e.g. the base widening
effect, and the thyristor effect, rendering in an additional current capability.

We will now analyze how the mechanism of charge transport through the large
base influences the switching performance of the device.

According to Fig. 5.2 the charge transit time through the large base for the unipo-
lar device can be expressed as:

—_ (5.6)

Vnsat

where vpsy; IS the saturation velocity of the electrons in a given temperature 7'

cm T —0.87
Vnsat = 107 "— x | —— 7
nsat 0 S X(3OOK) (5.7)

In the case of power devices one can assume that the electric field is strong enough
for all the charge carriers to attain their maximum speed. For the temperature of
300K, the transit time through the large base can be easily calculated. In Table 5.3
transit times for three values of large base width are presented. As can be seen, in
the case of unipolar devices even for a very large base the transit time remains very

Table 5.3 Electron transit Device no. W(m) 1,(ns)
time through the large base 1 125 125
for a unipolar device for three )

2 157 157

different values of large
base width 3 1,175 11.75
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'I_'able 5.4 Electron transit Deviceno.  W(um) Tp(ns)
time through the large base 1 T D
for a bipolar device for three :
different values of large base 2 157 1.76
width 3 1,175 98.62

short and, in the majority of cases, the internal time constant of the device can be
neglected as compared to the time constant of the external circuit.

Again the situation is different in the case of the bipolar device. As a first order
simplification, we can assume that the transit time of minority carriers through the
large base can be expressed with [1]

w2 w2
~ 2D ~ 4D,

™D (5.8)

where D is the diffusion constant equal 2.D,, under high carrier injection condition.

In Table 5.4 transit times for three values of large base width are presented. In this
case the transit time through the base is very long and the internal time constant of a
bipolar device can be much larger than time constants of the external circuit. In such
a case, a simple lumped model cannot be used any longer. For bipolar devices it is
necessary to take carrier diffusion inside the structure into account and a distributed
model should be applied. Until now such a model has not been built in the standard
circuit simulators.

3 The Contemporary Methods of Power Device Simulation

Because of the problems mentioned above, correct power device simulation is not
possible yet in standard simulation programs. The first question is, why specific
power device models are necessary? Their main areas of application are as follows:

o Power integration—simulation of power functionality in integrated circuits [7]

e Correct prediction of power dissipation inside power semiconductor devices
(with special emphasis on power loss during device turn-on and turn-off)

e Computation of temperature distribution inside the semiconductor structure

e Correct cooling environment design

e Thermal breakdown prediction

In the case of unipolar devices such as the VDMOS power MOSFET (see Fig. 5.3)
in the normal mode of operation majority carriers are responsible for current con-
duction. Therefore, it is possible to build a relatively simple macromodel taking into
account all the elements of the structure.

Such a macromodel developed for SPICE-like simulators is presented in Fig. 5.4
[8-15]. In the case when the body diode Dyogy is not conducting (VDMOS is not
reverse biased), this model is sufficiently accurate and can be applied for simulation
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Source
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Fig. 5.3 Cross-section of an elementary cell of the VDMOS power transistor with the main
structure elements

Fig.54 VDMOS D
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of all types of circuits. The situation is different when the body diode Dyoqy Starts to
conduct current and consideration of diffusion phenomena becomes necessary.

In Fig. 5.5 a half-bridge circuit and in Fig. 5.6 simulation and measurement re-
sults obtained for this circuit are presented. The voltage and current waveforms are
in good agreement with the experiment, and even power dissipation inside the struc-
ture can be correctly predicted.

As a conclusion from the above considerations, we state that in the case of unipo-
lar devices:

e There is no problem with diffusion phenomena (majority carriers only)

e Very good accuracy and fast simulation are both achieved with lumped models
e Model parameters have a clear geometrical or physical interpretation

o Distributed models are necessary only for modelling of the body diode

Such a simple approach cannot be applied to a bipolar structure such as PIN diode,
thyristor or IGBT. In Fig. 5.7, the cross-section of an elementary IGBT cell is pre-
sented. All the important phenomena occur in the large base (in this case in the N~
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layer). In this punch-through IGBT transistor, the large base is relatively short, but
even in this case, one can not neglect the minority carrier transport phenomena.

In order to take into account the distributed nature of these phenomena, the
charge carrier transport (current continuity and drift-diffusion) and electric field
(Poisson’s) equations must be solved for every point inside the structure [16-20]
The most commonly adopted approach is to apply the finite element, the finite dif-
ference or the finite box method.

In Fig. 5.8 the discretisation mesh of one IGBT cell for two-dimension simula-
tion is presented. The application of such models enables not only correct current
and voltage response simulation but also evaluation of current density and voltage
potential inside the structure as well as calculation of dissipated power density and
overall dissipated power and energy.

As a simulation example, collector—emitter voltage and collector current as well
as dissipated power and energy during IGBT switching are presented in Figs. 5.9
and 5.10.

Application of an additional thermal model [21-26] enables computation of tem-
perature rise inside the semiconductor structure. This additional thermal model has
to be a three-dimension one. In Fig. 5.11, time waveforms of total dissipated power
and maximum temperature rise inside the studied IGBT structure are presented.

The main drawback of such an approach is a very long simulation time and dif-
ficulty in simulating more than one or two power devices in the same circuit. The
power circuit designers need relatively simple models which can be applied in stan-
dard SPICE-like circuit simulation programs combining very short simulation time
and possibility of realistic high power circuit analysis. In the next section a new
approach to this problem will be presented.

4 Developing the New Type of Bipolar Power Device Model

In all SPICE-like simulators lumped semiconductor device models are applied. As
explained in Section 2, such models can be used in the case of low power devices,
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Fig. 5.6 Measurement and simulation results for the half-bridge with VDMOS transistors [14]

where the base is relatively short and any device internal time constants are much
lower than time constants of the external circuit.

In order to enable simulation of circuits containing bipolar power semiconductor
devices, we will try to develop separate device models taking into account the dis-
tributed nature of phenomena that occur in these devices and determine their
dynamic response. In this section, a model of PIN diode will be presented [27, 28].
Its development is the key point for future design of such models for BJT, IGBT or
thyristors as they all rely on carrier diffusion in a large lightly doped base.
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Fig. 5.7 Cross-section of an
elementary cell of the
PT-IGBT power transistor
[17]

Doping [log cm™3]

Collector

In order to simplify the modelling procedure and the model itself, the so-called
modular approach [29-31] has been applied. In the considered semiconductor
structure several regions of different physical and/or electrical nature have been
distinguished. Then a simplified sub-model has been assigned to each of them. This
approach allows a considerable decrease in simulation time without any important
loss of accuracy provided that the important phenomena are identified and described
properly.

It has been shown in Section 2 that in the case of power semiconductor devices
the most important is the large base region which assures high voltage blocking
capability in the off-state and where excess carriers are stored in the on-state. The
simplest device in which one can consider all the important physical phenomena is
the PIN diode shown in Fig. 5.12. The one-dimension Benda-Spenke model [33]
has been adopted for this purpose. The behaviour of stored charge carriers is there
described by means of the ambipolar diffusion equation:

Pplx.t) 1 (p(x,t) N 3p(x,t)) _0

dx2 D, Thi ot (59)
where p is the hole concentration (equal to the electron concentration n under high
injection condition), D, is the ambipolar diffusion constant and zy; is the common
electron and hole lifetime under high injection.

The partial differential equation (5.9) cannot be solved analytically, therefore
many different approaches based on numerical methods have been presented in the
literature. The proposed model is based on the algorithmic approach, i.e. the solution
is obtained with a numerical algorithm. Discretisation of Eq. 5.9 leads to [28, 29]

p(xi.tj) = Cy [p(xi—1,tj-1) + p(xit1.1j-1)] — C2p(xi, 1j—1) (5.10)

where x; and ¢; are discrete position and time, respectively, and C, and C, are
constants dependent primarily on the large base properties. Equation 5.10 is used
to obtain a new carrier concentration distribution in the storage region as well as
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Fig. 5.8 Discretisation mesh used during 2D analysis of an IGBT structure [20]

new storage region boundaries. Figure 5.13 shows an exemplary result of carrier
concentration evolution/during diode turn-off.

After a solution of Eq. 5.9 is obtained for a given time point ¢;, the nega-
tive voltage drop in the space charge region can be calculated from the Poisson’s
equation:

IE(x) _ plx)

5.11
ox & ( )
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Fig. 5.9 IGBT collector-emitter voltage and collector current waveforms during switching [20]
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Fig. 5.10 Instantaneous dissipated power and dissipated energy during IGBT switching [20]

where p is the local charge density.

In order to solve this non-linear equation, the Newton—-Raphson method has been
applied [27]. The total voltage drop across the device is the sum of voltage drops
across the charge storage region, the space charge region, the ohmic drift region and
the two junctions. The expressions for the latter three voltage drops are straightfor-
ward [29].

Implementation of the model into a SPICE-based circuit simulator [32] will be
described in a more detailed way in Chapter 8.
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Fig. 5.11 Instantaneous dissipated power and maximum temperature rise inside the IGBT struc-
ture during switching [20]
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Fig. 5.12 The modular modelling concept and its application to the PIN diode (an exemplary
charge carrier concentration distribution inside the large base is shown) [32]

Results of PIN diode simulation using the above-described model are presented
in Fig. 5.14 and compared with an accurate 2D model and the lumped built-in SPICE
diode model. It becomes clear that the built-in model developed for a low power
device is unable to describe the real behaviour of a power diode during transitory
state because the charge model in the form of a capacitor is no longer valid.

Moreover, Fig. 5.15 shows that the lumped model cannot be used to estimate,
even roughly, the power dissipation in the device (0.05mJ total turn-off energy loss
vs 1.91mJ obtained with the accurate 2D model) whereas the distributed model
provides a very good estimation as compared to 2D simulations (1.82 mJ total turn-
off energy loss), however, in a considerably shorter time.
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Fig. 5.13 Evolution of carrier concentration distribution in the large base of a PIN diode during
turn-off—simulation results obtained with the described model [32]
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Fig. 5.14 Simulation of PIN diode turn-off with inductive load (solid — distributed model, dotted —
2D model, dashed — built-in model)

5 Recent Power Devices

Recent advances in power semiconductor devices may be grouped into two
categories:

e Improvement of existing silicon structures
¢ Introduction of new materials and structures
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Fig. 5.15 Instantaneous dissipated power and dissipated energy during PIN diode turn-off (solid —
distributed model, dotted — 2D model, dashed — built-in model)
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Fig. 5.16 Cross-section of one cell of the CoolMOS power transistor

After VDMOS, many new power MOSFET structures have been proposed [34] such
as RESURF, CoolMOS, AccuFET and FLIMOS. As unipolar device switching per-
formance is already outstanding, the basic aim of research work is to lower the ratio
of on-state resistance to breakdown voltage.

Some of the above structures have been successfully introduced into commercial
device manufacturing, with CoolMOS [35] (vertical superjunction MOSFET, see
Fig. 5.16) in first place. This resulted in a need for proper simulation models. These
new structures basically may be considered as LDMOS (Lateral DMOS) or VD-
MOS maodifications. Therefore, current conduction is unipolar and there is no need
for modelling concepts other than presented in Section 3 for the VDMOS structure.
Even if important modifications to model topology and parameters must have been
made, it has been proved that lumped models are sufficient to obtain good simulation
accuracy [36] still with the exception of the integral diode [37].
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Also, temperature dependence of new unipolar device characteristics may be
described with lumped electrical models accurately enough to support the circuit
design engineer [38]. Still 3-D models are necessary when optimising structures
and investigating failure mechanisms.

In the field of bipolar power devices the greatest advances have been made in
IGBT and GTO technology. However, charge carrier behaviour still remains the
main problem for modelling of these devices and the same modelling approaches
continue to be applied [39, 40].

The second group of recent power devices emerged thanks to introduction of
new semiconductor materials. Modern applications such as automotive, aviation,
mining, space exploration etc. make it necessary for electronic circuits to work in
temperatures exceeding 200°C or — the opposite — in cryogenic temperatures. At the
same time, thermal issues are known to be an important cause of electronic equip-
ment failures and a major factor limiting the safe operation area of semiconductor
devices [1]. Cooling systems are costly and increase overall system size and weight.

Analysis of silicon semiconductor devices has led to the conclusion that further
improvements in their thermal characteristics are greatly limited by physical prop-
erties of silicon. Therefore, efforts are made in order to introduce semi-conducting
materials with better thermal properties, including GaAs, InP, GaN, SiC, diamond,
or to make use of SOI technology [41]. In the last years silicon carbide technology
has been improved to the extent enabling commercial device manufacturing.

Silicon carbide power diodes are now well established on the market so field
engineers must be provided with simulation models. Thanks to the higher maximal
electrical field, silicon carbide devices need shorter base to withstand a high voltage
as compared to silicon ones. This means that unipolar devices may be used even for
high blocking voltages, as voltage drop across a short base is still acceptable.

This explains why Schottky Barrier Diodes (SBD, see Fig. 5.17) are the only SiC
power devices commercially available now, reaching as high ratings as 1,200V and
20 A. This also makes device modelling easier because dynamic behaviour of SiC
SBD may be modelled using lumped models. It is common to represent the SBD
turn-off charge by means of a lumped voltage-dependent capacitance [42,43] How-
ever, some authors suggest that 1D distributed models should be used [44] similar
to the those used for silicon PIN diodes.

It is estimated that first SiC power transistors will be released to the market in
2010 [45]. Most probably they will be MOSFETSs or JFETs which are already man-
ufactured in laboratories. Again the unipolar device type and the short base make it
possible to avoid modelling problems typical for silicon PIN diode, BJT, IGBT, and
GTO, and to use lumped device models [46].

N~ N*
Anode I Drift Region Substrate Cathode

Fig. 5.17 SiC Schottky Barrier Diode (SBD) structure
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In conclusion, as opposed to silicon power semiconductor devices, silicon
carbide ones are easier to model as far as charge transport in transitory states
is considered. On the other hand, another problem arises. It is assumed that the
maximum operating temperature for SiC approaches 600°C. Modelling of material
properties in such a wide temperature range is a complex issue that falls beyond
the scope of this chapter. Several works have been published concerning physical
phenomena identification and mathematical description [47, 48] as well as device
model development and parameter extraction [49, 50].

Apart from temperature, another silicon carbide-specific phenomena must
also be considered and modelled. This concerns e.g. the high carrier mobility
anisotropy [51].

6 Conclusion

In this paper the most important phenomena in power semiconductor devices have
been discussed. Unipolar devices such as power MOSFET are much more complex
than their low power counterparts which makes it necessary to develop separate
models. The good news, however, is that for unipolar devices this can be done by
means of equivalent circuits which may be large but are composed of low power
device models.

On the other hand, for bipolar power devices we found that:

There is a problem with excess carrier diffusion modelling

The accuracy of lumped models is very poor and insufficient in this case
Therefore, for correct simulation distributed models are necessary

New compact models [52] are very welcome as they combine proper carrier dy-
namics modelling, good accuracy and relatively short simulation times

In order to make it possible to easily simulate electronic circuits containing power
semiconductor devices, a new type of the PIN diode model has been proposed. The
results obtained seem to be very promising as far as accuracy and simulation time
are concerned.

Recent power devices, both commercially available as the SiC SBD and expected
in the nearest future, have introduced modelling problems of different nature. They
are no longer connected with charge storage but rather with the wide operating tem-
perature range and specific properties not encountered in silicon.
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Chapter 6
Distributed Modeling Approach
Applied to the IGBT

Patrick Austin and Jean-Louis Sanchez

Abstract The carrier diffusion equation which retains the distributed nature of
charge dynamics in power bipolar devices can be solved by means of an electri-
cal analogy. This chapter presents the physical basis of the new modelling approach
thus allowed, and its implementation in the case of IGBTS.

Keywords Power bipolar device modelling - IGBT

1 Introduction

At present, the demand for power electronics keeps rising as low power applications
expand. This trend is certainly to be envisaged within the framework of a “sustain-
able development” approach. It calls for a better management of the energy source
and for a permanent availability of systems. Thus, in the field of power electronics,
design is based on such notions as yield and reliability. As a result, performance,
reliability and integration requirements become increasingly important and corre-
spond to the ongoing concerns of the research community. Power semiconductor
devices must therefore remain efficient not only during normal operating condi-
tions but also under extreme conditions. These are unusual operating conditions like
transient overload, short circuit regime, electromagnetic field (EMF), system mal-
functioning, high dl/dt and dV/dt. In these types of operation, devices are forced to
operate to the limit leading to failures that may in turn bring about the destruction
of the device or even, in the most serious cases, complete system breakdown.

To meet these constraints in the best possible way, the use of power systems
computer-aided (CAD) design tools is essential. In this context, simulation is needed
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during the various phases of design of a new product. Virtual prototyping is now
utilised to save time and costs. Models addressing all the events governing the op-
eration of the different elements that make up the system, are needed.

Thus, the design and optimization of integrated power systems require the most
realistic knowledge and modeling of semiconductor devices and of the different
interactions occurring between the elements that compose the electric circuit per-
forming the desired function. Taking into account the physical phenomena and
nonlinearities involved in the power monolithic structures turns out to be essential.

The approach used to model the active devices (or structures) of power elec-
tronics is, therefore, crucial since it will condition the performance of design tools.
Only a physical approach can enable us to reach an “ambitious” goal in terms of
waveform prediction irrespective of the operating conditions and of the material en-
vironment at hand. This is our assigned objective with respect to the modeling of
bipolar type power electronic devices and structures.

Power devices may be considered as an assembly of several physical or electrical
regions. Thus, there are emitters, depleted zones, accumulation regions, etc.

For power devices, the voltage ranges involved require a vertical layout and low
doping of the N~ type drift region. Generally, this region is referred to as base re-
gion. In terms of physical modeling, the main difficulty lies in taking into account
the phenomena caused by carriers stored in this region which is naturally subject
to high injection. This stored charge dynamics is inter alia the cause of the current
delay relative to voltage during firing. The stored carrier dynamics in this region
is described by the ambipolar diffusion equation. To solve this equation, two ap-
proaches giving rise to two types of models can be contemplated. The first type is
referred to as the localised constant model while the other one is distributed. Dis-
tributed modeling leads to highly realistic results for voltage and current waveforms,
irrespective of the applications envisaged and of the conditions of use.

The power bipolar device model described in this chapter, relies on a specific
solution to the ambipolar diffusion equation allowing us to describe the distributed
nature of the carrier dynamics occurring in the base region. The principle used is
based on the fact that the solution p(x,¢) to the ambipolar diffusion equation can
be regarded as a cosine decomposition of the Fourier series. This approach, which
is similar to an analog method, can easily be embedded into all pieces of software
dealing with circuit type simulation.

This chapter first describes an original method as well as the modeling of the
different regions likely to be involved in a power structure. Then, IGBT-type device
models are presented. At the end of this section, two straightforward examples of
circuit are given to show the possibilities offered by this modeling. Bibliographic
references are also given to enable the most interested readers to get further insights
into this topic.
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2 General Principles

2.1 Bipolar Device Problematic

To illustrate the issue raised by bipolar power devices, we rely on the insulated
Gate Bipolar Transistor IGBT whose operating principle will be qualitatively de-
tailed. At present, several IGBT technologies are commercially available. Here,
“Non Punch-Through” (NPT) and “Punch-Through” (PT) structures that are the
most commonly found and that support an academic presentation of the modeling
principle for bipolar-type distributed devices will be reviewed. For information’s
sake, Field Stop IGBT (FS IGBT) [1], Stop Punch-Through IGBT (SPT IGBT) [2],
High Conductivity IGBT (HiGT) [3] and the Trench IGBT [4] are also mentioned.
For the latter technology, a distributed model has been developed [5] as well as PIN
diode models [6].

IGBT is a triode type structure with two power electrodes (anode and cathode)
and a control electrode (the gate). Therefore, it is a transistor whose switching is
driven by the voltage applied to the gate. The design involves multiple cells and
is similar to that of a power VDMOS. The only major difference between the two
structures lies in the P type emitting region on the anode contact. Figure 6.1 shows
a basic NPT-type IGBT assembly with the corresponding electrical equivalent cir-
cuit. Section 5.1 details the differing behaviours of the two structures NPT and PT.
There are five different semiconductor regions: P+ and NT emitters, N~ type re-
gion, the P type well and the MOS section. Note that the N~ region is usually
referred to as ‘base’. It corresponds to the PIN diode intrinsic region, to the base
of the thyristors and to the bipolar transistor collector region. In the case of the PT
IGBT, there exists an N layer sandwiched between the P anode and the N~ base.

b Cathode Q@
a Cathode Gate
R
P* Well —]
1A /7 G |
f—i Parasitic = Gate
Space-charge QPN 1
@ v
& Carrier Storage region
> A \
J, PNP
® v P* Emitter ® /V
Anode
O Anode

Fig. 6.1 (a) IGBT cell structure with carrier flowpath indicated and mains electrical regions.
(b) Equivalent circuit of the IGBT
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These semi-conducting regions highlight NPN and PNP bipolar transistors, an Rp
resistance and an N channel MOSFET structure. The metallic short between the N*
emitter and the P well allows the emitter/base junction of the NPN bipolar transistor
to be ‘desensitized’.

Under blocking conditions, it is the forward face junction (J; junction in Fig. 6.1)
which is reverse-biased (Vax < 0). The space charge zone stretches towards the N~
base region. Thus, the deeper and more less lowly-doped this region, the higher
the holding voltage becomes. At on-state (Vak > 0), minority carriers (holes)
are mainly injected by the P anode emitter and the electrons (majority carriers)
by the MOS channel. This mechanism provides electronic neutrality in the centre
N~ base region. As a result, a storage zone appears in the N~ region. This stored
charge allows the on-state resistance to be decreased thereby decreasing as well the
voltage drop (Von). Given the low doping level of the N~ region, it undergoes high
injection: the (p) hole concentration is equal to the () electron concentration, and
crossover can only take place through a complete removal of carriers in the base
region. Modeling this dynamic behaviour is key as it accounts for the switching
losses.

Thus, in bipolar type devices, the N~ region plays a key role with respect to
the blocking voltage capability, on-state waste voltage and dynamic performances.
In other words, this region may be regarded as the “‘core’ of electrical mechanisms
for static and dynamic modes. Other regions surrounding the base are destined to
extract or inject from it the holes and electrons needed for conduction purposes.
Usually, these different regions are much thinner (and more highly doped than the
base region. For these two reasons, excess carriers could be disregarded relative
to those in the base. The latter with a width W can then be divided into different
electrical zones. One mainly gets the storage zone for excess carriers and the more
or less depleted space charge zones. According to the type of base and the bias
direction, it may be either a ‘depleted’ space charge zone or a drift zone in which
carriers move mainly through conduction. The storage zone may thoroughly invade
the base region as in the saturation mode. During switching modes, it decreases to
the point of completely disappearing.

Figure 6.2 shows the carrier distribution in the base region of an NPT-IGBT at
different times of a turn-off blocking switching transient. It highlights the (Q ) car-
rier storage phenomenon and equally underlines two major behavioural aspects of
the storage zone during switching. The first aspect is the distributed nature of elec-
tric phenomena and the second, the floating nature of the boundaries in the storage
zone. Indeed, under saturation conditions, the boundaries coincide with the metal-
lurgical junctions. However, during the desaturation phase, the space charge zone
supporting the voltage drop extends towards the base. The boundaries of the storage
zone of the excess carriers move from the metallurgical junctions towards positions
(xg) and (xz) which maintain the holding voltage drop. The current /ak crosses
the structure and reaches zero when the charge (Qs) has been fully deleted through
recombinations.

The distributed nature of carriers p(x) and the floating character of the borders
in the storage zone are the main problems posed by bipolar device modeling. If
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Fig. 6.2 Evolution of the carrier concentration distribution at turn-off in the N~ base’s IGBT

modeling turns out to fairly easy to carry out for emitters, as well as the MOS sec-
tion, the P well and the space charge zone through use of a conventional procedure,
the task is not so easy when it comes to the storage zone which requires much more
careful consideration.

2.2 What Modeling Approach Should Be Retained?

Within the framework of the development of simulation tools, three modeling ap-
proaches may be considered. The first one, referred to as behavioural modeling
is particularly well-suited to a system perspective aiming to design quickly the
electrical template of a function. Physical models allow for a particularly accurate
description of the internal operation and are used to assess the impact of physical and
geometrical parameters on the static and dynamic behaviour of the device. The last
modeling approach corresponds to the so-called finite elements method. Although
more cumbersome in terms of implementation, it enables us to validate ideas about
structures and to determine new electrical interactions between different semicon-
ductor regions of the device that might be taken advantage of in the crystal. Only
the first two approaches can be used in circuit-type simulators.

At present, more than 150 models have been devised for the main power de-
vices. The interested reader will find comparative studies of the main models in the
literature [7-9].

Given the problematics of bipolar structures, only those models based on the
internal physics of semiconductors can be considered. The first assumption deals
with the (1D) nature of the carrier transport between terminal contacts. Following
fundamental work by Shockley, Ebers, Mol and Spenke, etc., physical modeling
of semiconducting structures has been organized around a local approach. This is
the second assumption. Devices can be considered as different regions with steep
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borders from which a number of approximations about fundamental charge transport
equations can be made. The different regions can be physical (highly-doped
emitters, MOS gates, buffer layers, etc.,) or electrical (space charge region, storage
region, accumulation region, ...). These two modeling assumptions are retained
within the framework of power bipolar devices.

Carrier distribution in the storage region is governed by the ambipolar diffusion
equation (Eqg. 6.1). This equation is quite conventional and can easily be derived
from the expressions of current densities regarding holes and electrons.

2
op(e.t) | px.t) _ 87 p(x.1)
ot T dx2

(6.1)

_ 2D,D,
where D = DniDy

in the base region.

Boundary conditions that apply to the ambipolar diffusion equation change ac-
cording to the structures studied and the operating conditions. Usually, they address
carrier densities at the boundary or most often the concentration carrier gradient (see
Fig. 6.3). The latter case will be used in this chapter. Concentration gradients are di-
rectly linked to the current densities at the boundary of the storage zone as shown in
the equations given in Eq. 6.2 where D, and D, are the hole and electron diffusion
constants in the N~ region and the active section S. (Jng, Jpa) and (Jng, Jpg) are the
electron and hole current density couples flowing in and out of the base region (see
Fig. 6.3). The latter are derived from the physical phenomena of the region adjacent
to the storage region.

is the ambipolar diffusion constant, and < the carrier lifetime

fuly = LD = (e )
ox Xg 2gS \ Dy Dp (6.2)
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ox xa ZqS D, Dp
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Fig. 6.3 Schematic view of stored carriers distributed in the base layer for a static condition (a)
and during turn-off transient (b)
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The solution to Eq. 6.1 is well-known for the static regime and allows us to get the
analytical expressions of densities of electrons J,(x) and holes J,(x) moving in
the base region as a function of the total current Jak (With Jax = Jn(x) + Jp(x)).
For example, for the holes one gets:

peCh |:_W—x pach al

 Dpu D"¢ «/Dt]_ 4 [«/DJ

T~ 5 o Ty T Sh[ W ] (63)
VDt

Unfortunately, there is no analytical solution allowing us to give the function p(x, t)
for the dynamic regime. The main difficulty in the physical modeling of power bipo-
lar structures is, therefore, due to carrier dynamics in the storage zone.

The first approach used to overcome this difficulty corresponds to what had been
historically utilised within the framework of the modeling of macroelectronic de-
vices dedicated to signal and information processing. This approach consists of
integrating Eq. 6.1 over the base region. Thus, given the high injection regime,
the integral leads to the differential, linear and first-order expression referred to as
“charge control equation” (Eq. 6.4).

Y
Ind = Jng = Jpg — Jpd = TS + 3ts

(6.4)

where QO = ¢ [ pdx stands for the stored charge in the base region.
X

This approacgh allows charge transport partial derivative equations to be re-
duced to regular differential equations, by deleting the state variable of position
(x) through the variable Q;. This approach holds as long as the variation of the
charge stored according to time occurs quickly relative to the carrier lifetime (z).
This is the case of signal processing devices since bases are generally extremely
narrow. In the models based on this approach, the evolution of the stored charge QO
is taken into account as a whole without considering the real distribution of carriers
p(x) in the base. The current in the base region is then considered simply as pro-
portional to the stored charge. In these conditions, the impact of the stored charge
zone extension, and therefore, of voltage cannot be taken into account realistically.
It is worth noting that the models developed according to this principle are called
“quasi-static approximations” using, therefore, localised constants. However, unlike
conventional microelectronic devices, and given the fact that transit times of power
structures are of the order of magnitudes of the excitation periods (switching times),
it follows that all the intricacies of interactions between the power device and the
circuit cannot be reproduced by this type of model.

To try to improve the realism of quasi-static approximation models for bipolar
structures, various solutions have been proposed. They are mainly based on breaking
down the storage region into ‘n’ zones in which the aspect of the carrier distribution
is considered as known and assimilated to affine straight lines or exponentials. Most
frequently, the number of zones “n” seldom exceeds three for convergence reasons.
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Nonetheless, the limitations of these enhanced quasi-static models are those inherent
in the charge control models. However, power structures have been devised and are
still in use today. The most famous example is the IGBT model developed by Hefner
[10] which is currently held as the reference by the scientific community.

As a result, physical modeling must be supplemented by models taking into ac-
count more realistically the distributed aspects of the physical phenomena in this
storage region. Therefore, an original method accounting for the distributed nature
of carriers in the storage region has been developed. It relies principally on finding
an analog solution to the ambipolar diffusion equation based on a Fourier’s series
decomposition of the carriers in the base [11]. Section 3 deals with the description
of this original approach.

3 Principle Used for Solving the Ambipolar Diffusion Equation
in the Base Region

In this section, we describe the method used to transform the ambipolar diffusion
equation into a first-order, finite differential equation system. The latter can be
considered as an equivalent electrical circuit of the RC type with time-varying pa-
rameters. The distributed effects of the stored charge can then be taken into account
since this is equivalent to an analog method. This method which is easy to imple-
ment in a circuit type simulator, could be used to simulate specific power electronic
circuits.

3.1 Discreet Transform of the Diffusion Equation

The approach assumes that the solution to the ambipolar diffusion equation (Eg. 6.1)
can be written in the form of a cosine Fourier’s series:

oo
kn(x —x
plx,t) = Vo(t) + Z Vi (t) cos (H) (6.5)
k=1 d g
where:
Xq
- To(t) = Xdixgx p(x, t)dx mean value of p(x,¢) attime ¢
g
Vie(t) = —2 7 1) cos (X =x2)) g4y harmonic of rank k
- k()_xd_x"'x p(x.1) a—xe ) OX '

g
— xg4 and x, the floating borders of the storage zone

Introducing Eqg. 6.5 as solution p(x,t) in the ambipolar diffusion equation
(Eq. 6.1) and integrating onto the storage region between the floating borders x,
and x4, one gets the equality given by Eq. 6.6.
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sz(x t) [nn(x —xg))] _ "|: (mr(x —xg)) ap(x, t)i|
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A B
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Following computations of A, B and C, the ambipolar diffusion equation reduces
to an infinite system of first-order equations given by the equation system 6.7. The
solution to this system leads to determining the amplitudes V;,(¢) of the Fourier’s
series decomposition yielding the carrier distribution p(x, ).

(xa = xg) (242 + 2O) = D[ £4(6) = f(0)]
- Z Vi (1) [ng (—1)“3—;1] forn =0
@ {% + V(@) [% + (xzzn—zxz)2 ta (dz’(_f B d‘)’(_f)]}

=D [(—1)”fd(t)— fe @]

+ Z o Ve [ 5 = (18] forn £ 0

k#n

Equation system
(6.7)

3.2 Analogy with RC Lines

Looking at how the equation system 6.7 is expressed, it appears that it can be rep-
resented as a line of RC cells. Indeed, for a given rank n, the expressions are of the
same form as that of Eq. 6.8 whose equivalent representation in terms of electric
circuit is given by Fig. 6.4. Equation 6.8 describes the behaviour of a cell RCy
bridged by an inverse current I, and supplied by an excitation current .

Vi

|9CD Rk :%k GDI“

Fig. 6.4 Electrical diagram
of an elementary cell of rank
n and corresponding equation = =
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Table 6.1 Expressions of coefficients R,,, C,, I,(¢) and ¢, (¢) for rank n

Forrank n =0 For ranks n
lool0) = DUfa(6) = f,0) lonlt) = D1 ) = /0]
w0 = 3 10 [% - 0% ] M”=éﬁéﬂwﬂ%‘“wﬂ%]
Co = x4 — x, C, = %
Ro = X{,ixg R, = X{,ixg fl+().’:/212v£)2-:_%(d:7‘(’_d§75)

Thus the complete identification of the equation system 6.7, for all ranks n, leads
to the determination of the expressions of terms R, C,,, I and lgx.n. Expressions
are listed in Table 6.1 where fg(¢) and f;(¢) are given by Eq. 6.2.

d
D & ) =110 - 1) ©8

le = excitation current
I = line inverse current

It is found that the excitation current I, reverses as a function of the parity of
rank n. To be able to maintain a representation per line RC in a circuit type simu-
lator, one has to make a distinction in an RC line between odd and even rank cells.
Excitation current are then given by the following analytical relations:

lnp(1) = D[fa(®) = f¢ ()]  foroddn

pourn # 0 :
lni(t) = =D[fa(t) — fg(1)] forevenn
Under saturated conditions, borders x, and x, are fixed. This is expressed mathe-
matically by the following equation:

dxg  dxg

=4 _9
dt dt

The current generators In(¢) of rank “n” cells are then equal to zero. In this case,
there exists an independence of cells relative to each other. For floating borders
(desaturation regime), cells are interdependent.

The simulation of odd and even rank RC lines permits to determine the ampli-
tudes V;,(z) of harmonics in the Fourier’s series decomposition of p(x,t). For the
desaturation regime, concentrations p, and p4 at the borders x, and x, are close
to the intrinsic concentration n;. A control system will be implemented to maintain
them at this level and enable the space charge zones to spread freely. This control
system is detailed in the next paragraph.

Of course, one cannot consider an infinite number of cells. As a result, we must
truncate the lines starting from a given rank N considered adequate for the accuracy
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A Ieven (t) A odd(t)

277 A4

Fig. 6.5 Representation in the form of RC lines

desired (number of harmonics retained in the representation of p(x,7)). On each
line a truncature resistance is added. These resistances given by Egs. 6.9 and 6.10,
are determined in order to find the exact analytical solution to p(x) for the static
regime since it exists. Finally, RC lines which are included in the circuit-type simu-
lator are given in Fig. 6.5.

Xg — X4
1 + cosh (g—) N
1 /
Reven = —‘/L bt J _ Z Rx (6.9)
2V D inn (—x" _Xg) (=0
\/D_'L' k even
Xg — X4
cosh ( £ -1 N
1 T D1 )
Rogd = =+/ — — R 6.10
oid = 5/ ; k (6.10)

. Xd — Xg
sinh (ﬁ) £
Itis then possible to retrieve the carrier concentrations (p¢ and p4) at the boundaries
of the storage zone, the stored charge Qs (¢) and the mean concentration of ppase

carriers present in the storage zone. These magnitudes are given by the following
analytical relationships:

N N

pa = p(xa.t) = Vo) + D Vi) = Y Vi(0) (6.11)
k];ven odd

pg = plxg, 1) = Vo() + Y Va(0) (6.12)

k=1
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Fig. 6.6 Implementation of the control mechanism for carriers p, and py

0,(1) = q [ P 1)dX = ¢(xq — xg) V(D) (6.13)
Pbase = 0s (6.14)

pa(t) — pg(t)

3.3 Evolution of the Boundaries Position with the Aid
of a Control Mechanism on the Carrier Concentration

The borders of the storage zone are fixed if the base is fully immersed into the
carriers (saturation regime). They become mobile when the base operates under
desaturation conditions. The control system shown in Fig. 6.6 is a good illustration
of this.

In the case of the saturation regime, carrier concentrations pg(x, = 0) and
pa(xqg = W) are positive and largely in excess of the intrinsic concentration n;
(see Fig. 6.3a). The x-axes of the border positions coincide with the metallurgical
junctions defining the storage zone. The D diodes are then operating under on-state
conditions and the voltages across their terminals, which reflect the orders of mag-
nitude x¢ (¢) and (W — x4 (¢)), are considered as zero.

The desaturation regime occurs precisely when a carrier depleted zone is formed
on either side of the storage zone (see Fig. 6.3b). The moving position x-axes xg
and x4 of the borders allow the p, and p, carrier concentrations to be kept close to
zero. Diodes D are blocked and voltages across the terminals reflect the evolution of
the depleted zones whilst maintaining the border concentrations close to zero. The
diode parameters are selected to be as ideal as possible.

4 Modeling the Other Electrical Regions

Using the charge dynamics in the base region derived from the behaviour of the RC
lines, power device modelling can be achieved through the assembly of the physical
and electrical regions involved in the operation of the structure. For the IGBT, in
addition to the carrier storage region, one gets:
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The depleted space charge zone
P+ and NT emitters

The MOS section

The PT well

This paragraph deals with the modeling of these four regions. One part also will be
devoted to the way in which the thermosensitive parameters are taken into account.
Finally, the different electric potential drops across the terminals will be considered
in Section 4.6.

4.1 Modeling the Space Charge Zones

Two types of space charge zones must be considered: the so-called “drift” zones
and the depleted regions. In the space charge zones, carriers move mainly through
conduction. The depleted area corresponds to a conventional reverse-biased junction
transition zone (see Fig. 6.7a) whereas the drift zone corresponds to an electronic
conduction whose behaviour is quasi-ohmic (see Fig. 6.7b).

The variation of the electrical field E causes a variation of the storage zone width.
This is due to the extraction of holes or electrons from the storage zone. This trig-
gers a displacement current Jqep Which overlays the already existing currents. The
displacement current expressions are obtained by integrating the Poisson’s equation
over the space charge regions considered. Thus, Egs. 6.15 and 6.16 show the integra-
tion boundaries of the displacement current in a depleted region and in a drift region,
respectively. It is worth pointing out that in the case of a reverse-biased IGBT, there
exists a depleted zone on the P* anode side in lieu of the drift zone.

Xg
0FE max d
Ijep = &S —— = —S— [ p(x)dx (6.15)
ot dt
0
0 d T
Emax
Tgep = &siS =—-S— [ p(x)dx (6.16)
ot dt
xq
a PO . b Oa
P* Emitter|Depleted zone| L= L Laey b= Lt ' Drift zone |N* Emitter
! |
E ! 1= Dot 5= Lo Laey | E
Lyt 1, <+ Ing v r ! Ing < I B
> T | ) = 10 —> —-> Lik= Ity
X) = n(x) ) =
T | P! p(x) = n(x) | s N
b ! Lyl 1,
| :
<H : Storage region Storage region : >
> >
0 Xg X X4 W X

Fig. 6.7 Transport mechanisms in a depleted region (a) and in a drift region (b)



162 P. Austin and J.-L. Sanchez

If one considers that the carriers move at their limit velocity (vpiim for holes and Vpjim
for electrons), then the total charge density is given by:

[Jn] |Jp|
=q-|NF - + 6.17
p=1 ( b q *Vnlim 4 -Vplim ( )

where J, and J,, are the electron and hole currents flowing in the space charge zone
and Np ™ the positive ion concentration of the base region.

To compute the displacement currents, one only needs to consider the additional
carriers linked to the variation of the field E in the transient phases. Thus, for the
depleted space charge zone, the charge density to be considered is given by Eq. 6.18.

Jp|
=q- N++—| L 6.18
p=d ( b q - Vplim ( )

For the drift zones, the influence of carriers in transit can be taken into account if
the density of current flowing through the zone is in excess of a certain critical value
|Jcrmque| = ¢.Ng.Vuiim. The density of the charges in this zone can then be given
by the following formula:

[Jn] )
=q-|Nf - 2 6.19
p=d ( b q - Vnlim ( )

4.2 Modeling Emitters

Usually, the role of an emitter is to act either as an ON-state junction for majority
carriers and blocking junction for minority carriers. The parameter accounting for
this particular situation is referred to as emitter surface recombination parameter.
Denoted 4, it is used to compute the minority current (Inin) that flows into the junc-
tion between two semi-conducting regions. In this case, the emitter is regarded as a
recombinant surface. The diagram below depicts the charge transport mechanisms
at the junction between the emitting PT region and an N~ region (storage region) as
shown in Fig. 6.8a. Figure 6.8b shows the particular case of an emitter with a buffer
layer in a PT-IGBT.

The use of this formalism % enables us to account for the behaviour of emitters
through Eq. 6.20 which yields the minority current Ijn:

IminZQ'h'S'[(p'n)_niz] (6.20)
As reported in [12, 13] parameter & acts as a typical constant depending on the

physical parameters of the two juxtaposed regions. An expression of this parameter
h is given below in the case of a P™ type emitter:
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Fig. 6.8 Charge transport mechanisms at the simple emitting junction (a) and at the emitting
junction with a buffer layer (b)

ni*|p

v e e ()]
h=—-. . -coth | —— 6.21
N4 ni?|n Dy -ty Dy -t (©.21)

where Wp, Na, Dy, and t, stand for depth, concentration, diffusion constant and
lifetime of electrons in the P emitter.
According to the technology used, three categories of emitters can be found:

Conventional, highly-doped emitters. These structures are not much affected by
temperature and exhibit doping concentrations in excess of 10'8 cm=3. Thus, re-
combination coefficient may vary from 10714 to 3.10714 cm*/s.

Thin, highly-doped emitters are known as semi-transparent. They feature concen-
trations between 1016 and 10'8 cm=3. Their depth is less than 2 um. They allow
for the injection to be limited in the base of IGBTSs or fast diodes. The value of &
is much more elevated than in conventional emitters and may vary from 10~!! to
10713 cm?/s.

Emitters associated with a buffer layer as in the case of PT-IGBTs. The inclusion
of this additional, moderately-doped N layer is used to reduce the thickness
of the wide lowly-doped base while maintaining a high avalanche breakdown
voltage. Thus, injection and, therefore, the computation of the electron current
are carried out at the interface between the N* buffer layer and the N~ base.
This minority current defines the boundary conditions for the storage zone. This
minority current is the sum of the conventional emitter recombination current and
the buffer layer recombination current (Eg. 6.22). In the following expressions,
parameters with superscript (+) are specific to the buffer layer.

+ d +
=aq-h-S NF-py+ 24 % (6.22)
T t

The charge stored in the buffer layer, O+, and hole concentration p; at the buffer
layer boundary on the P+ emitter are given for Eqgs. 6.23 and 6.24, respectively.
L™, is the hole diffusion length, DT, the diffusion constant, W * the buffer layer
width and 7T, the hole lifetime.
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szq.S.L;r.p/'Jr—pé’[ch(W_Jr)_l} (6.23)

"(%)
Tak PE b
/s +4q o sh<ﬂ)

+
Lp

pj=
’ q- %.Coth wt +q.h.N+
oW LE d

The assumption used to establish these equations is based on the space charge trans-
port equations under a static behaviour. For a dynamic state, they can nevertheless
be utilised when the charge Q™ stored by the minority carriers in the N* emitter
is negligible relative to the stored charge Q; in the storage zone. This is definitely
the case for power structures.

and

(6.24)

4.3 Modeling the MOS Section

The model used for the MOS section is directly linked to the theory of VDMOS
transistors [14,15]. The VDMOS model can be adapted by linking the Drain part to
the carrier storage region.

Like any MOS type structures, a distinction must be made between three types
of operating modes under static conditions. First, the ohmic type is triggered when
the gate voltage exceeds the threshold voltage 14, and for a drain voltage less than
the Punch-Through voltage Vp. The second type, the saturated state, corresponds to
a situation where the gate voltage exceeds the threshold voltage V4, while the drain
voltage exceeds the Punch-Through voltage Vp. The third case is that of a gate
voltage less than the threshold voltage. These regimes are expressed as follows:

[ V2 .
Imos = Kp - | (Vos — Vin) Vs — %] if Vos > Vinand Vps < Vp  (6.25)
- V2 .
Imos = Kp - | (Vas — Vin) VP — TP] if Vos > Vinand Vps > Vp  (6.26)

t

[ — W .
Iinos = Tsno - exp( 'UDS|) - 1] if Vas < Vin (6.27)
where K, stands for the form factor given by:

VA
Kp=pn-Coux-— (6.28)

L
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Fig. 6.9 Locations of the different MOS capacitances as a function of the gate and drain voltages

V,, is the Punch Through voltage given by:

Vp = Yxref - |:\/1 +2-V6 - VT)/WXref N 1i| (6.29)

where uy is the electron mobility in the channel, Coy the gate oxide capacitance,
Z the channel width developed and L the channel length. Reference voltages ¥xret
and vyrer are used to assess the effects of reduced carrier mobility in the channel
due to the longitudinal and transverse electric fields, respectively. The current lgqg is
setto 1.10712 A,

Dynamic behaviour is governed by the capacitances’ storage and depletion mech-
anisms as shown in Fig. 6.9. The gate source capacitance (Cgs) can be separated
into two capacitances (Cgs1) and (Cgs2). The first one, corresponding to the over-
flow capacitance of the gate zone on the source diffusion, and the second, to the
capacitance defined by the thick oxide between the source metallization and the
gate electrode. These capacitances are classically computed by using the geometric
size of the oxide and are unrelated to the voltage across the terminals of the MOS
section.

The dynamic gate/drain capacitance (Cgp) corresponds to the series connection
of an oxide capacitance (Cgpo) and a space charge capacitance (Cgp1) that develops
with the voltage increase. It accounts in particular for Miller’s effect and offers a
constant value (Cgpg) as long as the drain voltage remains less than the voltage
applied to the gate. Then, it develops in accordance with a law directly derived
from that which gives the transition capacitance of a diode operating under reverse
conditions:

Cepo

B V1+ (Vp —Vg) /Pep

Cop (6.30)

with
Sr? q-Np-esr

$op = > > (6.31)
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where S stands for the total intercell surface of the device, g is the permittivity of
silicon, Vp and Vg the potentials applied to the drain and gate.

As long as Vp < Vg, the capacitance (Cgp) reduces almost to the intercell ox-
ide capacitance (Cgpo). When Vp > Vg, the then-depleted space charge exhibits a
thickness which increases significantly as the square root of voltage. For high volt-
ages Vp, the gate/drain capacitance (Cgp) is one with the space charge capacitance.

The source/drain capacitance (Cps) corresponds to the transition capacitance of
the drain junction. The latter is nonlinear and depends on the drain voltage Vps and
on capacitance (Cpsz). Its differential value (Cps) is, as a first analysis, given by the
following formula:

C
— ___ ~bso (6.32)

Cbs =
V' 1+ Vbs/dps

where ¢ps is the diffusion voltage of the box/base region junction.

4.4 Modeling the P/P* Well [16]

The P well of IGBTs undergoes a number of phenomenathat greatly affect electrical
behaviour. Indeed, it is within this well that the hole current I,y flows laterally. This
causes thyristor parasitic triggering of the IGBT (latch-up phenomenon).

Figure 6.10 shows the topology of a basic cell’s P well. Electrically, it can be as-
similated to a transverse resistance known as gate/cathode resistance Rgkceni- The
cathode and P well are connected directly through a surface short. At a certain
current level Iy, the voltage across the terminals of this resistance exceeds the
threshold voltage of the junction (J3) and the latter operates in a direct bias mode.
The NPN transistor becomes active and supplies the basic current to the PNP tran-
sistor which in turn supplies the base of the PNP transistor. The parasitic thyristor
becomes effective and the IGBT can no longer be controlled. Equation 6.33 yields
the expression of resistance Rekcen

1 Lp

: (6.33)
q-ip-Ng Pp-We

Rekeen =

Cathode Gate

Fig. 6.10 Lateral current ‘ _______ )
flow in the P* well inducing /7 N Base /
“latch-up” e e
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where Lp, Pp and Wy are respectively, the length, depth and width of the P well
of a basic cell.  p stands for the mobility of holes in the P well and N4 is the mean
well concentration.

4.5 Temperature Dependence of the Parameters

The operation of power structures systematically gives rise to a temperature varia-
tion in the system. This directly impacts thermosensitive parameters like intrinsic
concentration, carrier lifetime and mobility. Therefore, to model the dynamic and
static behaviours as accurately as possible, one must take into account the varia-
tion of thermosensitive parameters [17, 18]. By way of example, a number of these
parameters used in the models are presented below.

4.5.1 Intrinsic Concentration n;

The empiric formulation has been retained for intrinsic concentration:

(6.34)

—0,603
ni (T) =3,1.10'°- T3/ 2 exp (—)

kT

with k, Boltzmann’s constant (1.380, 662 x 10723 J . K™1),

4.5.2 Carrier Lifetime

Without going into all the intricacies of recombination mechanisms, it is commonly
admitted that the lifetime variation is fairly sensitive to the temperature effects. This
variation can be assessed with the following equation:

T \**
T=T0" (ﬁ) (635)

where 1y is the carrier lifetime at 300 K. Coefficient a; depends mainly on the nature
of the recombinant centres used to control lifetime. Gold or platinum doping and
irradiation by electrons or protons are the two techniques used to control lifetime.
In the first case, a typical value of «; is 2 to 2.5 whereas in the second «, will be
equal to 1.5 on the whole.

4.5.3 Carrier Mobility u

Carrier mobility results from the interactions between carriers themselves and
with the lattice network and doping impurities. Each interaction is governed by a
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temperature-dependent law. With respect to lowly-doped semiconductors, carrier
mobility is mainly limited by their interactions with the network. However, for more
important dopings, interactions due to ionized impurities present in the network are
taken into account. With respect to carrier interactions (carrier—carrier scattering),
the concentrations of the modeled regions are not sufficiently high to take them into
account. The following relationship is used to model the hole and electron mobility
variation of these two types of interactions.

. T \Ba.D
T ) A.D 12,4 - (550) (6.36)

MAD = My p- (ﬁ 1+ Na.p

Ney p -(%)M‘D

with N4, p being the concentration of the region considered.

4.5.4 Carrier Limit Velocity

When an electric field is created in a semiconductive region, carriers accelerate.
Their velocity is a function of the electric field value and differs between electrons
and holes. For field values in excess of 10> V//cm, this velocity is saturated by the
interactions between carriers and with the lattice network. The saturation rate cor-
responds to 1.7 x 107 cm/s for electrons (Vnsat o) and 0.834 x 107 cm/s for holes
(Vpsat 0). The velocity variation is a function of temperature for electrons and holes
and given by Eqgs. 6.37 and 6.38 respectively.

T —0,87

Vi sat = Vi sato- (%) (6-37)
T —0,52

Vpsat = Vpsato- (%) (6.38)

4.6 Total Voltage Drop Across the Terminals of an Assembly

Total voltage drop across the terminals of an assembly is the summation of differ-
ent voltage drops across the terminals of the various regions. The total current 7ax
flowing through the structure is computed so that the voltage drop Vak across the
terminals of the device complies with its internal equations and the operating con-
ditions imposed by the surrounding environment. This method is said to be implicit
and only a circuit-type simulator can implement it.

Four types of voltage drops can be found in a structure according to the nature of
the region considered:

— \oltage V; of a direct-bias P/N junction
— \oltage drop Vpase across the terminals of the storage zone
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— \oltage Vzce supported by the space charge zone
— \oltage Vyrire sSupported by a drift region
46.1 \oltageV,

The voltage drop of a direct bias P/N junction is classically computed using the
regular “Boltzmann” equation:

4

V) ~ Ur-In ((pn)J)

6.39
. (6.39)
where (pn) ; is the product of concentrations at the metallurgical junction and U, the
thermodynamic voltage. It is worth pointing out that under reverse bias conditions,
voltage drop across the terminals of the junction corresponds to that obtained across
the terminals of a space charge structure.

4.6.2 Voltage Vpase

The storage region can be assimilated to a conductivity modulated resistance. The
voltage drop Vpase Can be expressed as a function of the carrier densities n(x), p(x)
and hole and electron current components J,(x), J,(x). Classically, this voltage
drop can be formulated as follows:

Xd Xd
J, J
Vhase & f S —; - f — P dx (6.40)
q-Hn-n q-Hp-P
Xg Xg

By disregarding the electric field in the regular expressions yielding current densities
on electrons (J,) and holes (J,), one gets the conventional equation (Eq. 6.41).
Starting from this equation and considering, on the one hand, the high injection
base region and, on the other, that Jax = J, + J,, Eq. 6.40 can be written in the
form given by Eq. 6.42.

o Ty _3(pn)

_aplr _ 6.41
Py "D, =1 (6.41)
e e 3(pn)
J dx -
Vbaseﬂ / + Ur '/a—de (6.42)
q tn - Np + (up + tin) - n.(p+n.%L)
Xg Xg P

It appears that Viase is the sum of a purely ohmic voltage V; and a so-called
“Dember” voltage Vyemper- These voltages are given by Eqgs. 6.43 and 6.44, all com-
putations being made.
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Vg = I YD TG (6.43)

g n-Np+ (Mn + ,up) * Pbase

and

Vdember =2-Ur- P_di| (6-44)

—p .

Dn + Dy |:Pg
where ppase Stands for the mean value of excess carriers in the storage zone given
by Eqg. 6.14.

4.6.3 \oltages Voce

The voltage supported by the depleted space charge zone can be regularly computed
by integrating Poisson’s equation. This integral is solved by considering, on the one
hand, the approximation of steep boundaries and, on the other, that carriers transit at
their maximum velocity Visar and Vipsat. In addition, as the doping levels of junctions
are highly dissymmetric, all the space charge supported develops in the N~ base
region. Equation 6.45 stands for the voltage supported by a space charge zone which
develops on the left of the storage zone. Equation 6.45 corresponds to a possible
space charge on the left of the storage zone and Eq. 6.46 on the right. The charge
density is given by Eq. 6.17.

Vaceg = f]gp ;su) (6.45)
and
Vaces = / [ 20y (6.46)
AR

Similarly, since the drift zones correspond to purely resistive regions, the voltage
drops in these zones can be computed directly using Egs. 6.47 and 6.48.

Xg
dx
Varitg = J,, - 6.47
driftg n /C],unND ( )
0
and
v d
X
Varitd = Jn [ (6.48)

qunNp
d
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5 Modeling PT-IGBT

5.1 Construction of IGBT Model

Figure 6.11 is a cross-sectional view of a half IGBT-NPT on which the convention
used for the currents of the various regions is added. The complete IGBT model
is therefore established from the assembly of the regions that make it up. This as-
sembly is achieved by taking into account the continuity between adjacent regions.
These continuities relate to:

— The carrier concentration product (pn) at the boundaries
— Current densities taking into account the displacement current item associated
with space charge variations

For the NPT-IGBT, P* and N type emitters supply the current pairs (Zngp, Ipep)
and (Jnen, Ipen), the left and right space charge zones, particularly for displacement
currents Jgepg and /gepd, the MOS section whose channel current is denoted /inos and
the P/PJr well involving the lateral current 7, and currents /. and I provided by
the Pwen /N~ base junction. By way of example, Table 6.2 lists the equations derived
from the assembly rules for the NPT-IGBT.

The PT-IGBT, allow us to obtain lower on-state voltage drops than for NPT-IGBT
while preserving identical break-down voltage. Indeed, the addition of a buffer layer
reduces the thickness of the base region leading as well to a reduction of the appar-
ent resistance during the conduction phase. In this type of device, the electrical field

Cathode Gate
Vi A
Space
J
Tl Loex U1 py mos charge
VPW(’” 4 pt Well ‘]m‘
VzcEa JP‘ ! TJdepd
‘]pd | i
T Carrier storage
Vbase Tak region
Jpgl} 2 g
| |
Ve Toip A Jeps N Space-charge
+_ | + i
v, =0 | P™ Emitter
Anode
‘]AKT

Fig. 6.11 NPT-IGBT half-cell with current convention and voltage drop
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Table 6.2 Current continuity equations and voltage summation for a NPT-IGBT model

Current continuity \oltage summation

Jng = Jnep + Jaepg Vak = Viceg + Viced + Vbase + Vewen + Vin+
= — J| X2

J;?g Ia Jng dx, 1 d Vzceg = I/Jg - (q‘ND‘-‘r‘!/p—Tigm" fs'

with Jdepg=_4‘ND'T_W.§()C8‘|JP9|) [T

Jnd = Jne + Jmos + Jdepd Viced = —Vaa + (q.ND.+Vp':im - w_)

Jod = Jak — Jnd . xg?

: — X, 1 d Csi

v ]dfpd ; qNDd_{I + Vplim “dt (Xd.|de|) Vig = 2(;:'"1 (p—Q)
_m'ﬁ(xd‘l(-,nc'i'-]mos”) 9 i

Joe = Jak + Jpen Vg =2-Ur-In (%)

Jne = Jnen Vewen = Rverticalwell‘(]nEN + ]pEN)

Jak = Jpd + Jaepd — JpEN Vi3 = Riateraiwell* lat

distribution is no longer triangular as in the case of the NPT-IGBT, but assumes a
trapeze shape. In these conditions, the base depth can be one-half ratio while main-
taining a breakdown voltage of the same order of magnitude. The second benefit
of the buffer layer is the lower efficiency of the P anode injection. With these two
effects, i.e., reduced thickness of the base region and injection efficiency, the charge
stored is diminished, thereby leading to a gain in terms of firing time relative to
NPT-IGBT. Nevertheless, for very high breakdown voltage, the latter technology is
preferred. The PT-IGBT model is identical to that of the NPT-IGBT except for the
modifications of injected currents in the anode side base. These modifications are
carried out by adding the (N*) buffer layer through the buffer emitter which delivers
the current 1,, given by the Eq. 6.22.

5.2 Simulation Results

Simulation results have been obtained by using commercially available IGBT struc-
tures. The values of model parameters can be found on datasheets provided by man-
ufacturers and by means of inverse engineering processes. Two types of simulation
are carried out, one dealing with the static state, the other with the dynamic state.

5.2.1 Static Regime

Figure 6.12a and b show the output characteristic networks Iax = f(Vax) for tem-
peratures of 300 and 400K, respectively. Figure 6.13a shows the breakdown volt-
age, corresponding to the avalanche breakdown modeled by the Miller’s empirical
Eqg. 6.49.

2,
BV =2,93.10>. N, (6.49)

where Np is the doping value of the base region.
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Fig. 6.12 Simulated static characteristics for: (a) T = 300K, and (b) T = 400K
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Fig. 6.13 (a) Simulated IGBT avalanche characteristic and (b) simulated IGBT Latch up
characteristic

The latch-up phenomenon corresponds to the firing of the parasitic thyristor. This
one is very much dependent on the mean P/P™ well concentration which sets the
value of the resistance Rgkeen given by Eq. 6.33. Figure 6.13b shows temperature-
dependent firing for a given P-well doping.

5.2.2 Dynamic Regime

The circuit used for the dynamic regime is given in Fig. 6.14. This type of circuit is
highly popular among manufacturers to evaluate the various dynamic performances.
The free wheel diode utilised for simulation purposes is ideal (zero recovery time,
under direct and reverse conditions). Inductance L is high and behaves as an ideal
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Fig. 6.14 Circuit used for
simulated the dynamic regime IGBT

=D _

—— E =600V

current source. The control circuit and the charge feature no parasitic elements.
Switched current is 50 A and maximum voltage 600V. The gate control source
delivers trapeze-shaped waves of +15V with rise and fall fronts of 10 ns. The gate
resistance is 222 and simulations are performed at 300 K.

5.2.3 Simulation of the Turn-On Dynamic

The diagrams shown in Fig. 6.15 give the simulation results obtained during the
turn-on phase. Figure 6.15a shows the evolution of the gate voltage, Fig. 6.15b the
evolution of Vak voltage and Iak currentand Fig. 6.15c gives the dynamic of carriers
in the base region.

The turn-on period can be broken down into three phases. The first one is ini-
tiated when the gate voltage reaches the threshold voltage (Vr = 5 V). The free
wheel diode D imposes the whole electromotive force supplied by the circuit to the
device. The drain/source voltage (Vps) applied to the MOS is therefore much higher
than the punch-through voltage (Vp) (see Eq. 6.29). The channel current Ir,os then
corresponds to its saturation value (see Eq. 6.26). The increased Iak current is only
linked to this current. The bipolar component of the current lags slightly due to the
charge time constant of the gate circuit.

The second phase is started when the current reaches the value imposed by the
charge inductance L y. The free-wheeling diode D gets blocked and the voltage
across the terminals starts to decrease. This results in the creation of displacement
currents. The latter’s effect is designed to compensate for MOS through the bipolar
component. The gate voltage gets stabilized (see Fig. 6.15b) on the Miller plateau.
This is due to the gate current drift in the capacitance Cgp.

The last phase is initiated when the drain voltage Vps of the MOS structure
becomes less than the channel Punch Through voltage (Vp). The channel then un-
dergoes desaturation and the current /s is once again determined by voltages Vps
and Vgs. The quickly-decreasing phase of the anode voltage is then ended. The car-
rier distribution (Fig. 6.15c) shows that the base is not fully invaded by carriers. As
a result the modulation of the base region resistance (Rpase) has not yet reached the
value corresponding to the conduction regime of the IGBT. After a short while of
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Fig. 6.15 (a) Evolution of the gate voltage at turn-on, (b) 7ak current and Vak voltage evolutions
at turn-on, and (c) carrier concentration evolution in the base region of a NPT-IGBT

the order of 10 s, a permanent regime is reached allowing for carriers to be present
in the base. Then the voltage reaches its lowest level, corresponding to the on-state
voltage drop (Von).

5.2.4 Simulation of the Turn-Off Dynamic

The diagrams of Fig. 6.16 give the simulation results during the turn-off phase. The
latter can be broken down into three subphases.

The first one is initiated when the decreasing gate voltage fails to impact the
channel current lyos. On the other hand, it causes an increase in internal drain volt-
age up to the Punch Through voltage (Vp). At that moment, the channel current
is determined by the instantaneous gate voltage only. As in the case of turn-on,
the Miller effect occurs. Now, the current resulting from the gate/drain capacitance
charge substitutes for the gate/source capacitance discharge. This provides continu-
ity of the current spent by the gate control circuit.

With the onset of the depleted space charge, the second subphase is initiated. It
occurs along with the increase in the absolute value of the concentration gradient at
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Fig. 6.16 (a) Evolution of the gate voltage at turn-off, (b) Zak current and Vak voltage evolutions
at turn-off, and (c) carrier concentration evolution in the base region of a NPT-IGBT

the very right end of the storage zone (Eq. 6.2). Then, an increase in the number of
collected hole current takes place. The anode current remains constant. When the
gate voltage becomes less than the threshold voltage (V7 ), the channel current Zimgs
diminishes and cancels. At that particular moment, only the bipolar current remains.

The conduction of the free wheel diode D occurs while the anode voltage gets
fully re-established and marks the beginning of the third subphase. The opening
transient is then identical to that of a zero base current bipolar transistor. The initially
sharp current decrease is due to the carrier recombination. The final current decrease
asymptotically tends towards a value equal to the carrier lifetime. This concludes the
IGBT turn-off operation.

6 Examples of Power Electronics Simulation Circuits

The use of physical models for the study of device/circuit interactions is essential
in power electronics. This section is designed to show that physical models can be
used for the design and analysis of power electronics circuits. Two examples of
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study of circuits are presented. The first simulated circuit is regular since it consists
of a bridge AC-DC supplied by a resistive inductance. The second circuit deals with
the connection in parallel of IGBT’s to obtain a low loss macro-device. In this case,
the study shall tackle the evolution of energy losses as a function of frequency, the
cycle ratio and the surface recombination of the P anode.

6.1 Voltage DC/AC \Voltage Inverter [19]

Voltage AC-DC converters are known as “direct current voltage” devices supplied
with a direct voltage source. Usually, they are current-reversible. In turn, they can be
used to supply under alternating voltage, charges with a current source behaviour.
They consist of two switching cells. Figure 6.17 shows the DC/AC converter circuit
where the four switches must operate jointly to avoid a short-circuit of the current
source and to allow firing of the current source. The current source I is a sine wave-
form and each switch corresponds to the association of an IGBT with antiparallel
free-wheel diode. Voltage source E is direct and exhibits a value of 300 V. Gate re-
sistance values are equal to 20 2. The charge used is a variable value inductance and
a resistance whose value is set to 2 Q. The signal across the charge terminals is a
function of electric values assigned to it and of the control signals from the different
switches. Two values are successively attributed to the charge inductance: 10 mH
and 1 wH. Figure 6.18 shows the current flowing in the inductance for these two
values. For the former value, the output signal obtained is a square signal. The latter
value involves a slower energy storage dynamics leading to a triangular signal.

Fig. 6.17 Circuit used for the DC/AC voltage inverter simulations
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Fig. 6.18 Waveform of the current flowing in the charge for L = 10mH and L = 1 mH

6.2 Low Losses Structure

IGBT type devices act as a switch in the power electronic circuits. They must exhibit
a low voltage drop during on-state (Vo) and low losses during switching phases.
This is achieved by modulating the wide base, lowly-doped region conductivity
though a bipolar injection. This modulation increases the charges in this region
thereby diminishing the on-state resistance. However, this method implemented to
decrease Von causes the onset of a tail current during turn-on which may last for a
while according to the quantity of charge to be evacuated. Therefore, it is essential
to control the level of charge stored to arrive at a trade-off between on-state voltage
drop and current tail duration (causing switching losses).

Given the state of the art (monolithic or hybrid integration), systems approaches
may be contemplated to improve the trade-off between on-state voltage and switch-
ing losses beyond what is currently available. One possible approach lies in associ-
ating in parallel a fast IGBT and a slow IGBT (as depicted in Fig. 6.19) [20]. The
fast device is intended for switching (short lifetime or low injection of the anode in
the base region) and the slow one for the conduction phase (high lifetime or high
injection in the base region).

In this configuration, both IGBTs are simultaneously controlled upon turn-on
since switching times are almost identical. During this conduction phase, the current
is distributed according to the apparent resistivity of each IGBT. On the other hand,
during the turn-on phase, the slow IGBT is first controlled. After a certain time
corresponding to the current tail duration of the slow structure (about 80 s in our
example), the fast IGBT is controlled during firing. The main benefit of this control
cycle is that the IGBT in charge of conduction will switch to the off-state under a
low voltage corresponding to the on-state voltage drop of the fast IGBT. Switching
losses upon firing are thus minimized.

To highlight the advantages of this association, three series of simulation are car-
ried out. The first uses two slow IGBTS, the second two fast IGBTs and the third
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Fig. 6.19 Simulation circuit for the low loss association
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Fig. 6.20 \oltage waveforms and current distribution during the turn-on phase

a slow IGBT (assigned to conduction) associated with a fast device (assigned to
switching). Individual losses incurred by these two IGBTs (fast and slow) were pre-
viously simulated as a function of the frequency and of the cyclic control ratio. The
values obtained are used a posteriori to justify the benefit of the parallel connection.
The silicon surface occupied by each IGBT is the same, that is, the parallel asso-
ciation will occupy a space twice the size used by a single IGBT. This is the only
constraint imposed by this method.

Figure 6.20 shows an example of current distribution across the terminals of two
IGBTSs during a turn-on phase. The slow IGBT current transfer toward the fast IGBT
is well depicted in this figure. All simulation results are given in Fig. 6.21a—c. The
energy loss is computed over a complete switching cycle. Simulations are conducted
for three values of the cyclic ratio 1/4, 1/2 and 3/4 and for four different frequency
values 2 kHz, 1kHz, 500 kHz and 100 Hz. The gate control cycle Vg is frequency-
dependent and the rise-fall times have been set to 20 ns.
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The analysis of the simulation results clearly show that the connection in parallel
of two IGBTs (configuration 3) leads to less energy losses over a switching cycle
relative to the use of asingle IGBT or two identical IGBTs connected in parallel. For
given IGBTS, the impact of the working frequency and the cyclic ratio are essentials
in respect of the pertinence of such an association.

The maximum working frequency can be determined first by the duration of the
slow IGBT current tail duration and by using the cyclic ratio which the application
contemplates. Therefore, the gain brought about by the association during the con-
duction phase must be greater than the losses generated by the switching phase. The
duration of the conduction period must be sufficiently long (by including the slow
IGBT current tail duration) for the association (slow IGBT-fast IGBT) to be viable.

For this type of setup, one has to consider the conduction duration and not only
the working frequency. The optimal conduction duration, associated with the desired
cyclic ratio shall determine the maximum frequency. Simulation results show that
the maximum working frequency of configuration 3 is set to 2kHz (slow IGBT
tail current duration equal to 60 ps) for a cyclic ratio of 1/2. With respect to lower
frequencies, the study shows that the association brings about a gain in terms of
energy of about 5-32% for cyclic ratios between 1/4 and 3/4.
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7 Conclusion

The development of energy control and conversion systems in power electronics
becomes increasingly important in a world where energy resources become a major
concern. Thus, to be able to design new, efficient switching functions and to opti-
mize the power systems so as to decrease losses, the use of simulation tools becomes
particularly important. Analytical models which account for precise physical phe-
nomena within the highly complex power electronics circuits are part and parcel of
this approach.

Modeling bipolar type power devices requires taking into account the distributed
nature of the charges present in the wide, lowly-doped base region. The so-called
analog solution to the ambipolar diffusion equation based on simple RC lines along
with controlled sources are the foundations for the modeling presented in this
chapter. The other electrical or physical regions rely on much more conventional
approaches. Thus, we have described all the simplifications that have been intro-
duced, along with the principle of the method for solving the ambipolar diffusion
equation and the modeling of the other regions.

Also the construction of the model in accordance with the NPT type IGBT
method has been presented along with the static and dynamic behaviour simula-
tions. To highlight all the benefits that may be derived from this method for power
electronic circuits, two examples of application have been given. The first one deals
with the DC/AC voltage inverter while the second addresses the low loss architec-
ture issue. The objective of the last example was to associate in parallel the IGBTs
whose intrinsic characteristics are used to lower the global losses on a switching
cycle.

These models use physical, geometrical and electrical characteristics derived
principally from the methods relying on reverse engineering or electrical measures.
As in any modeling, the main difficulty is to grasp sufficiently clearly all the param-
eters that the models need. Therefore, the characterization rules for such devices as
well as a parameter extraction methodology will be essential steps in the future.
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Chapter 7
Web-Based Modelling Tools

Andrzej Napieralski, L ukasz Starzak, Bartlomiej Swiercz,
and Mariusz Zubert

Abstract High prices and hardware requirements considerably limit the access to
modern CAD tools and device models while free versions usually have too se-
rious limitations. In order to overcome this problem and to make accurate and
modern semiconductor device models widely accessible, a web-based circuit sim-
ulation environment has been developed and made available to Internet users. The
DMCS-SPICE web site gives access to a SPICE-based simulation engine where a
new distributed model of the PIN power diode has been implemented. It is a first
step towards a widely accessible simulation environment with high power semi-
conductor device support, providing the user with reliable simulation results for a
complete circuit in a reasonable time. Additional features make the environment
well suited for electronics education. Two approaches to web applications are pre-
sented and discussed. It is argued that the rich client technology, on which Genersi —
the new version of DMCS-SPICE - is based, is much more advantageous. It enables
development of generic simulation environments providing portability, support for
multiple simulation engines, and a user-friendly advanced graphical user interface.

Keywords Genersi - DMCS-SPICE - SPICE - CAD - WEB-Simulator - PIN diode

1 Introduction to Web-Based Simulation Tools

The dynamic development of microelectronics and power electronics results in more
complex semiconductor device structures and makes it necessary to use modern
simulation software for circuit design. However, high prices and hardware require-
ments limit the access to professional CAD tools by some educational institutions,
students, or small enterprises. Free versions of commercial software are unable to
solve this problem because of their limited functionality and lack of well imple-
mented numerical algorithms and device models. This issue will be addressed in
Section 3.
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This is especially true when power electronics is concerned because — as has
been shown in Chapter 5 — it requires advanced device models to obtain reliable
simulation results. Such models are not available with free simulation environments.

The increasing popularity of the Internet can help to solve this problem.
Wilamowski, Malinowski, and Regnier [1] were probably the first to see the possi-
bility of performing circuit simulations over the Internet by means of dedicated web
applications. Simulation software may run on remote servers and results may be
sent to the user in the form of numeric data or graphics. With the constant increase
of network bandwidths, time needed to receive data becomes less important.

However, Wilamowski [2] has put special emphasis on pay-per-use access to sim-
ulation software and platform-independent user interface provided by a web page.
In this paper it is proposed to take advantage of free simulation software to de-
velop a free simulation environment with new numerical algorithms implemented
and modern device models included.

There are two main approaches to development of web-based distributed applica-
tions. The thin client technology is the most common. In this case all the operations
performed on data are realised on the server side and the client is only responsi-
ble for providing a user interface. The thin client approach has been used in a first
version of the DMCS-SPICE portal that will be described in Section 2.

The other approach is called the rich client technology. The main feature of rich
client applications is the ability to process data stored on the server. This technology
has been used to develop Genersi — the new version of DMCS-SPICE portal, which
will be described in Section 4.

2 Thin-Client DMCS-SPICE Portal

The DMCS-SPICE portal [3, 4] has been developed to give Internet users access
to modern electronic device models and circuit simulation tools. According to the
chosen thin client approach, the simulation software runs on a network server and
the user interface is ensured by means of a web page providing data entry point and
result presentation.

It should be thoroughly considered what operations to perform on the client side
and on the server side [1]. Current server performances and network bandwidths
enable to perform all operations on the server side. The user receives simulation
results in the form he requests and all he needs to use the developed simulation
environmentis a web browser. This makes the proposed solution maximally portable
and platform-independent, which can ease the cooperation between different users.
However, in some situations it may be more suitable to do some data processing on
the client side. This issue will be addressed in more detail in Section 4.

The developed simulation environment comprises four main modules as il-
lustrated in Fig.7.1. Computational resources are provided through the Apache
server running under Linux operating system. Nevertheless, the code is portable
to Windows and Unix operating systems. Circuit analysis is performed with a
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batch-executed simulator (SPICE3F5). Simulation results are processed with
GNUPIot [5], providing graphical data representation. Finally, graphical user in-
terface functions (circuit description and simulation parameters entry point as well
as results visualization) have been implemented in PHP code that dynamically
generates HTML pages rendered by the user’s web browser (see Figs. 7.2 and 7.3).

Thanks to the proposed solution, simulation and data processing can be per-
formed on dedicated servers, thus not engaging the end-users’ computers. Another
advantage is that no additional software has to be installed on the end-user side. In
order to ensure free access to the environment, it has been based on open source and
GNU-licensed software.

It was decided that the circuit simulation core should be based on SPICE be-
cause of high popularity and strong position of SPICE-like simulators. This choice
ensures wide accessibility and easy usage of the environment, as an average elec-
tronic engineer or student has at least basic knowledge of SPICE circuit description
format.

When it comes to the selection of a specific simulator, Berkeley SPICE3F5 [6]
has been chosen for two reasons:

e Open licensing, which enabled the developed environment to be publicly and
freely accessible

e Open sourcing, which gave the possibility of customizing the core to meet the
project demands

An important idea behind the portal was to make modern power device models avail-
able. This also includes model testing and parameter adjustment to fit characteristics
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Fig. 7.2 Entry point page for circuit description and simulation options

and waveforms of a specific device. For this purpose, it is possible to upload mea-
surement data in a text file and plot them together with simulation results as shown
inFig.7.4.

3 Integration of Novel Power Device Models
with SPICE3 Engine

CAD programs developed for microelectronics, such as many SPICE-based sim-
ulators, have been successfully applied to circuit analysis. However, for power
electronic engineers they have some significant drawbacks.
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Fig. 7.3 Simulation results graphical presentation page

For instance, simulation of systems with multiple stages, feedback loops, sev-
eral levels of complexity involving different time constants etc. is very troublesome.
This has partially led to opting for other simulation environments such as The Math-
Works’ Matlab/Simulink or Mentor’s SystemVision for system-level simulation.

On the other hand, device-level simulation capability of standard CAD software
is also insufficient because of the lack of reliable power semiconductor device and
passive element models.

It has been shown in Chapter 5 that distributed models of power semiconduc-
tor devices should be used if realistic simulation results are needed. Such models,
however, were until now available only in specialized simulators [7] most of all
multidimensional ones, that were hard to use for an average engineer and needed
large computational resources. Moreover, 3-D or 2-D simulations take an impor-
tant amount of time and it is difficult to analyze devices together with their external
circuits.
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Fig. 7.4 Device modelling with DMCS-SPICE - simulated IGBT characteristics (lines) together
with measurement data (crosses)

In order to solve these problems, it has been proposed to integrate power device
models of a new type with a standard circuit simulator. As already demonstrated in
Chapter 5, such models combine good accuracy and short simulation times. To-
gether with the usage simplicity of standard CAD software, this can yield new
possibilities of power electronic circuit simulation.

In order to prove this feasible, a new model of the PIN power diode [8] de-
scribed in Chapter 5 has been implemented in the DMCS-SPICE portal presented
in Section 2 [9]. Thanks to SPICE3F5 being an open source simulator, it has been
possible to insert the new model into the simulation core. An additional code has
been added to the one describing the standard diode in SPICE. A new model param-
eter — called LEVEL by analogy to MOSFET models — enables the choice between
the standard lumped model (LEVEL = 1) and the new PIN diode distributed model
(LEVEL = 2).

As described in Chapter 5, in the developed model, the voltage across the diode
v is calculated as a sum of voltage drops in the particular diode regions:

V= Vjp + Vs¢ + Vs + Vg + Vjn (7.2)

where (see Fig.5.12) vj, corresponds to the PYN™ junction, vs corresponds to the
space charge region, v corresponds to the charge storage region, v; corresponds to
the drift region, and vj, corresponds to the N™N junction.

Each of the above voltage drops depends on the diode current i. This espe-
cially concerns the voltage drop across the charge storage region where the charge
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Fig. 7.5 Distributed model Anode
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carrier concentration is strongly dependent on the current. The current dependence
is included in boundary conditions (concentration gradients at both ends of the stor-
age region) that complement Eq. 5.10.

Therefore, the model has been implemented in the form of a voltage source ey
with a series non-linear conductance g4 as shown in Fig. 7.5. It is also possible to
specify a constant series resistance R, as an additional model parameter.

The value of g4 results from numerical linearisation of the model. The original
linearisation algorithms implemented in SPICE3F5 are unable to assure numerical
convergence during simulation of circuits containing such highly nonlinear elements
as the developed diode model. Thus, a better-suited algorithm has been proposed and
included in the developed software.

In the new linearisation algorithm g4 in each k-th iteration is calculated based on
two points from the closest neighborhood of the present operating point, as demon-
strated in Fig. 7.6:

d T V@0 ® 1 51) —v@ (i ® i)

(7.2)

where v (i) is the voltage calculated in the k-th iteration for a given current value
i according to Eq. 7.1 and &i is given by

) |l(k)—l(k_1)| |l(k)‘
di = m|n< 2 10 ) (7.3)

The voltage source voltage is then calculated according to

i ()

k .
g =vO®) - - (7.4)
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Fig. 7.6 New linearisation y
algorithm for the distributed
PIN diode model (the
quasi-static characteristic is
shown for easier jk=1)
understanding)
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T
ed(k) V(k)(,(k))

The new algorithm has permitted to decrease the number of v calculations per time
point, especially in transitory states. If numerical problems occur or g4 is too close
to zero, the simulator tries to find a solution with a simplified algorithm where:

i(k) _ j(k—1)
g = (75)
VB (100 — B ;D)
0 _ ket hr),  PETD
e; =V (i )— © (7.6)
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The DMCS-SPICE portal with an accurate, distributed power diode model imple-
mented constitutes an important step towards a simulation environment providing
reliable results for power semiconductor devices. Additionally, thanks to simulation
times being much shorter than in the case of multidimensional simulation software,
it enables realistic simulation of power electronic systems at least at stage or cir-
cuit level. As stated earlier, this could not be achieved (with both reasonable speed
and accuracy) with multidimensional simulators because of the high computational
complexity, nor with standard circuit and system simulators because of the lack of
appropriate device models.

Based on the distributed PIN diode model it may be demonstrated that the
presented approach to circuit simulator development has its advantages for edu-
cation, too.

Operation of power semiconductor devices is hard to understand for many stu-
dents because of many complex physical phenomena occurring simultaneously. A
‘static’ lecture is often insufficient to develop a profound understanding of these
issues.

In order to help in solving this problem, the above described model has been
enhanced by adding the possibility of creating extra output data comprising charge
carrier concentration and voltage potential distributions. Then a module has been
added to the DMCS-SPICE portal enabling graphical presentation of these data for
a chosen time point [9].

Through tracking the evolution of both distributions jointly with waveforms of
external electrical quantities (current, voltage, and dissipated power) students get an
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insight into device operation and develop understanding of relationships that con-
nect microscale and macroscale phenomena.

In Fig. 7.7 exemplary results of PIN diode switching simulation are shown for
four consecutive instants at different stages of the switching process. Students start
with the low voltage drop at full conduction (a), negative voltage is appearing to-
gether with the space charge after charge carriers are swept off from this region
during diode turn-off (b), peak negative voltage drop and space charge extension
are attained (c), and during turn-on, a high positive voltage drop is observed due to
the still low excess carrier concentration (d).

In the Power Semiconductor Devices laboratory at the Technical University of
Lodz, the DMCS-SPICE portal has been used for several years now [10, 11]. It
proved useful both for introducing students to bipolar power semiconductor device
issues and for investigating their operation in a more detailed way.

4 New DMCS-SPICE Portal Based on JAVA Web
Start Technology

A rich client (also known as fat client) runs as a standalone application. As for Java
Enterprise Edition [12] (J2EE) solutions, rich clients are normally written in Java
but it is not an absolute requirement. A rich client application [13] provides user
with two key benefits: high speed (responsiveness) and standard application look-
and-feel. Such an application is fast because it keeps all the presentational code on
the client side and only connects to the server to request data.

The two main drawbacks of rich clients are: the problem with centralised con-
figuration and keeping all clients up-to-date, and the requirement of Java Virtual
Machine (JVM) being installed on all the client machines (for Java-based rich clients
but other frameworks also require their own interpreters or libraries). Especially the
second disadvantage makes Java rich clients unpopular because most of standard
machines do not have Java installed by default or the installed version is incompat-
ible with the application’s requirements. The second issue can be solved using Java
Network Launching Protocol [14] (JNLP) that is able to upgrade JVM automatically
to the required version.

On the contrary, thin clients run completely in a web browser. They use a mix-
ture of HTML code and JavaScript for simple client-side processing. All the real
processing is done on the server side, and it is on the server side that all the contents
of the application view are generated. Web browsers are ubiquitous what makes thin
client a ‘zero configuration solution’ as far as the client side is concerned. Because
all the client code is generated on the fly on the server side, thin client applications
are simple to configure and update in one, central place. Those two features paved
the way to success for thin clients in enterprise applications.

Thin clients are not free of problems, though. The first one is responsiveness and
speed. A thin client application downloads both data and presentational code from
the server at each request and repaints the whole page. Usually the presentational
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Fig. 7.7 Education support with DMCS-SPICE - investigating PIN power diode operation in
transitory states: carrier concentration distribution (left) and voltage potential distribution (right)
along the large base (detailed description provided in the text)
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code uses more than half of the bandwidth and it is repeated in all the consecutive
requests. This makes thin clients slow and often gives the impression of the applica-
tion freezing. HTML pages are also very limited in presentation of forms, validating
input data, and user interaction (lack of context menus or drag-and-drop). What is
worse, the implementation of HTML standards differs between browsers, and is es-
pecially poor in the case of the most popular browser, Internet Explorer 6. As a
result, designing a really cross-platform thin client GUI requires much more time
and knowledge than it should in theory.

Unfortunately, there is no ideal solution for the client application platform. What
we would need is a common, widespread platform, preinstalled on all, or most of,
machines, with automatic update and configuration features, and capable of dis-
playing the GUI with all the user-interaction features characteristic for desktop
applications. But there is no such a platform. There are, however, some solutions
going in this direction.

The most popular and well known one is Ajax (Asynchronous JavaScript and
XML) [15] Ajax, in principle, resembles rich clients in the way it handles server data
retrieval. Ajax applications can reduce the amount of downloaded presentational
code to the minimum by requesting pure data contents from the server. They do not
use page refreshing, instead they replace only part of the GUI with new data, much
as rich clients do. Ajax applications also often use advanced HTML/JavaScript li-
braries for rendering dynamic and interactive components, imitating such features
as drag-and-drop and context menus thus further improving user perception. Suc-
cessful Ajax examples, like Google Maps of GMail, show that Ajax is an approach
that is always worth considering. The price to pay is often high complexity of the
application source code.

Another solution is Flash/Flex [16]. Flash was designed from beginning as pre-
sentational layer for dynamic, application-like content. Flex is a way to develop
Flash applications by programming. It includes a declarative XML language called
MXML for laying out user interfaces and a programming language called Action-
Script. Flex applications compile directly into Flash binaries (SWFs).

Java-based rich application clients are not very popular but they are still used and
their market share can even grow thanks to improvements in user interface rendering
in newer JVM. Java-based rich clients can use JINLP implementations like Java Web
Start for solving the problem of centralised updates and configuration. This is the
way in which NetBeans platform [12] clients can be used. Still, the main restriction
for Javarich clients is the lack of JVM on most machines. However, due to the recent
open-sourcing of Java, the number of machines with preinstalled JVM should grow
in the nearest future.

Based on the above considerations and after determining the drawbacks of the
thin-client DMCS-SPICE portal, a generic simulation tool project called Genersi
(GENERic SImulator) has been started [17].

The Genersi project is aimed at creating a common, modular framework for de-
ploying simulation engines and developing their clients. Engines and client plug-ins
should be deployed and managed (and possibly distributed) centrally and the control
over access to restricted resources (plug-in administration, scripts database) is also
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Fig. 7.8 Block scheme of Genersi

required. At the same time, some of the requirements for client functionality (such
as displaying interactive graphs) suggested using the client-server architecture with
rich clients as an application front-end.

Java EE 5 has been chosen as the answer to those needs, and the NetBeans plat-
form as the base for the client application. The simplified block diagram of Genersi
is shown in Fig. 7.8.

Simulation engines are accessible via central Java EE server that maintains the
registry of all installed engines together with all information necessary to use them
or uninstall them. Clients can use any of the available engines for simulation.

Clients communicate with the server through the simulation web service. This
allows using the client even behind a firewall. The server also exposes a second ser-
vice for storing user simulation scripts and data in the central database. The client
application is based on the NetBeans platform framework, which makes it inher-
ently modular. A dedicated server-side, web-based application is also provided for
plug-ins management such as listing, installing and uninstalling. The designed so-
lution contains the Genersi framework implementation and one simulation engine
(SPICE3F5) with its client application plug-in for performing circuit simulations.

Genersi has been derived from the thin-client DMCS-SPICE portal. The main
idea behind Genersi was to eliminate the disadvantages of the thin-client solution:

Limited functionality (only SPICE3F5 engine allowed)

Only a simple plot image as presentation of simulation results

Tight coupling — difficult to change or extend

Lack of session support and no user data persistence (users cannot store scripts
or results on the server for future usage)
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The goal of the project has therefore been to create a universal, extendable tool for
performing engineering simulations using the client-server architecture, having the
following features:

Support for many simulation engines

Script files edition and management

Ability to create, modify and delete script files in different formats

Remote simulation as in the thin-client DMCS-SPICE portal

Simulation result presentation using an interactive chart (ability to zoom in/out
selected sections of the graph, change the graph options, and export it to a
file etc.)

e Database for storage of scripts, simulation results and user information

e Automated check for new versions, download and installation of updates

e Portability of the client application between different platforms and operating
systems

In the simplest case Genersi is installed only on one server machine, containing the
application server (project home page, access to client applications, plug-in man-
ager, web services), simulation engines, and the database. Separate machines for
the engines and the database are optional. They are not used in SPICE engine de-
fault implementation but may be used for other engines and configurations.

On the server side Genersi uses Sun Java System Application Server Platform
Edition 9 (GlassFish V1) but it is not tightly coupled to this particular implementa-
tion. It may use any application server that supports Servlet 2.5, JAX-WS 2.0 and
JPA 1.0 APIs, and that handles JNLP files properly (sets the proper MIME header).
The servlet container is the only public access point that must be visible for all the
clients so it should listen on a commonly accessible port such as the default port
80 for WWW. The other two services, i.e. the database and the simulation one, are
exposed as web services.

SPICE engine client plug-in (see Fig.7.9) is a NetBeans platform module that
assures support for SPICE script files recognition and edition, circuit simulation
and presentation of simulation results. It is installed by default but it is an optional
module and can be uninstalled using the Plug-in Administrator tool. It also requires
that the SPICE engine library be installed on the server.

The SPICE editor is registered as the default editor for SPICE scripts. The editor
allows parsing scripts and dividing them into four parts: circuit description, traces
to be plotted, plot (axis) description, and simulation type and parameters. The editor
is capable of parsing the circuit description on-the-fly and automatically finding the
set of traces that can be plotted; the user can simply select them from a list (see
Figs. 7.9 and 7.10). The user can also manually create own traces (e.g. a difference
or a sum of basic traces).

The client application with the appropriate plug-in enable running the simulation
by means of a script that is generated based on data inputed by the user into the
editor. The client connects to the SPICE engine service, passes the data received in
response and converts them to PlotML format understood by the Client Base module
that is responsible for plotting the results.
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Fig. 7.9 SPICE script editor in the Genersi client application

Fig. 7.10 Genersi client’s graphical user interface split between the SPICE editor and the plot
window

User interface comparison shows that the JNLP version based on the NetBeans
platform looks in a more natural way (a standard menu, toolbars) than the HTML
(thin-client) version. It also provides much more functionality. For instance, the



7 Web-Based Modelling Tools 197

user can split the main window between several internal windows to see the editor
and the plot concurrently, as shown in Fig. 7.10. Windows can also be moved and
minimized separately. In the thin-client portal, the plot was simply an image so
no user interaction was possible. In the Genersi rich client, the user can zoom in
and zoom out the graphic, change the plot settings (e.g. assign different symbols to
different traces, which is very useful for printing plots on a monochrome printer),
and export the plot to a file.

5 Conclusion

The DMCS-SPICE simulation environment presented in this paper gives the ac-
cess to semiconductor device and electronic circuit simulation software by means
of the Internet or Local Area Network. The package has three features that can make
the project successful: it is free, it is widely accessible, and it is based on the well-
known SPICE core. It is worth noting that the Internet is not only a data transmission
medium but also an environment for sharing, spreading, and improving modern de-
vice models and simulation tools thanks to international cooperation of users.

Thanks to its being based on free code and the client-server architecture, the
presented framework is well suited for education including distance learning.

A modern PIN power diode model has been implemented in the simulation core
of DMCS-SPICE. It is visible to the user as another level of the built-in diode model.
Thus, its usage is straightforward to an average engineer familiar with any SPICE-
based popular simulator, which is the opposite of other distributed — and usually
multidimensional — models.

The implemented model yields both accurate description of power PIN diode and
relatively short simulation times, thanks to its distributed nature on the one hand and
the modular approach with one-dimension approximation on the other. This enables
reliable simulation of power electronic circuits at a higher level than that of a single
device in a reasonable time. Additionally, the Internet is an excellent medium to
promote and test this new modelling approach.

The PIN diode example shows that the adopted approach has additional advan-
tages for education. By means of supplementary model features and web portal
modules, power electronics can be taught in a more illustrative and thus effi-
cient way.

The recent version of DMCS-SPICE portal, Genersi, is a next step towards a
flexible simulation environment. While retaining the portability of the previous thin-
client approach, it yields the possibility of using different simulation engines, user
and session management, centralised configuration and updates. Moreover, the rich
client technology together with the NetBeans platform enabled the client application
to be much more user-friendly. The modular client structure makes it possible to
develop specific user interfaces for different simulator engines and facilitates future
enhancements of the GUI.
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