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ABSTRACT

Electromagnetic physical modeling (global modeling) is the accurate approach to
model today’s high frequency active devices. The technique couples the device physics
and electromagnetics into a single package. There are many challenges in the
implementations of the global modeling techniques. The most prominent ones are CPU-
time requirements, stability, and accuracy. Accordingly, global modeling techniques
should be based on efficient computer aided design (CAD) tools.

In this dissertation, a complete description of the global modeling technique is
provided, with an emphasis on a hydrodynamic model (HD) coupled with Maxwell’s
equations. Moreover, electromagnetic physical modeling is carried out for complex
microwave structures. This includes closely packed microwave transistors and
multifinger transistors.

The second part of this dissertation deals with introducing new numerical
techniques to efficiently perform the global modeling approach. The new numerical
techniques are based on wavelets and genetic algorithms (GAs).

A genetic algorithm is employed to solve the equations that describe the
semiconductor transport physics in conjunction with Poisson’s equation. An objective
function is formulated, and most of the GA parameters are recommended to change
during the simulation. Furthermore, the effect of different GA parameters is analyzed.
The technique is validated by simulating a submicrometer field effect transistor (FET),
and then compared to successive over relaxation (SOR); showing the same degree of

accuracy along with a moderate speed of convergence.
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Also in this dissertation, a new wavelet-based time-domain simulation approach
for large-signal physical modeling of high frequency semiconductor devices is presented.
The proposed approach solves the complete hydrodynamic model and Maxwell’s
equations on nonuninform multiresolution self-adaptive grids. The nonuniform grids are
obtained by applying wavelet transforms followed by hard thresholding. A general
criterion is mathematically defined for grid updating within the simulation. In addition,
an efficient thresholding formula is proposed and verified. Different numerical examples
are presented along with illustrative comparison graphs showing more than 75%
reduction in CPU time, while maintaining the same degree of accuracy achieved using a

uniform grid case.
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Chapter 1

Introduction

1.1 Motivations and Objective of This Study

The quest for high-power, lightweight, compact-size millimeter-wave components
is becoming more demanding. Fig. (1.1) shows a comparison of power levels of various
tube devices and solid-state devices. It is noteworthy to say that tubes produce high-
power at millimeter-wave frequencies. However, they are becoming less desirable
because of their reliability, bulky-size, and the need for high-voltage DC power supplies.

As the millimeter-wave components evolve, new modeling techniques should be
developed to accurately design and optimized these devices. As the frequency increases,
the wave-length of the operating frequency becomes comparable to device dimensions.
Moreover, the time-period of the operating frequency becomes comparable to electron
relaxation times. This forces us to address topics such as the electromagnetics and device
physics on more than an individual basis. This is achieved by developing coupled
electromagnetic-physics-based simulators or global modeling simulators [2].

Electromagnetic physical simulation is carried out by solving Maxwell’s
equations in conjunction with a physical device model. There are different physical
models with different range of validity and CPU-time requirements. For instance, the
hydrodynamic model (HD) and the drift-diffusion model (DD) are both derived from the
Boltzman transport equation (BTE) with different truncation order of moments and are
considered fluid-based physical models. The DD model is an approximation for the HD

model, which can be employed only if hot-electron and velocity overshoot phenomena do



2
not take place. On the other hand, Monte Carlo simulations of the BTE are considered
particle-based models, which are much more accurate than fluid-based models. BTE
simulations are implemented for ultra small devices, where the assumptions to model
electrons as fluids break down. It is thus imperative to carefully choose each of these
physical models depending on the problem under consideration. It is not optimum to
employ, for instance, BTE simulations for devices where HD models are still valid and
accurate. The reason is BTE simulations need more CPU-time compared to HD models.

From the above, one can conclude that modeling is a very powerful tool that
should be used to design and optimize microwave devices and circuits. Accordingly, new
numerical modeling techniques should be developed to efficiently model today’s
microwave components and chips. The issues of stability, accuracy, and CPU-time of the
new numerical techniques should be carefully addressed and maintained.

In this dissertation, efficient numerical techniques have been developed and
successfully applied to Maxwell’s equations and the highly nonlinear HD model. The
numerical techniques are based on wavelets and genetic algorithms.

A genetic algorithm has been developed and successfully applied to solve
Poisson’s equations in conjunction with the HD model. The proposed technique solves
the equations that describe the semiconductor transport physics in conjunction with
Poisson’s equation, employing an adaptive real-coded GA. An objective function is
formulated, and most of the GA parameters are recommended to change during the
simulation. In addition, different methods for describing the way the GA parameters

change are developed and studied. The effect of GA parameters including mutation value,



3
number of crossover points, selection criteria, size of population, and probability of
mutation is analyzed. The technique is validated by simulating a submicrometer field
effect transistor (FET), and then compared to successive over relaxation (SOR); showing
the same degree of accuracy along with a moderate speed of convergence. The purpose
of this study was to introduce a new vision for a genetic algorithm capable of optimizing
real value functions with a considerably large number of variables. This study also
represents a fundamental step toward applying GAs to Maxwell’s equations in
conjunction with the hydrodynamic model (HDM), aiming to develop an optimized and

unconditionally stable global-modeling simulator
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Fig.1.1. Output power versus frequency of millimeter-wave devices: solid lines, tubes;
dashed line, solid-state devices. After Sleger et al. [1].
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Wavelets have been applied, for the first time in literature, to the HD model along
with extending it to Maxwell’s equations. This has achieved the ultimate goal by
developing a fast and unified modeling approach for FDTD and physical simulations
suitable for the global modeling technique. The developed approach solves the partial
differential equations PDEs of either the HD model or Maxwell’s equations on
nonuniform multiresolution self-adaptive grids obtained using wavelets. A CPU-time
reduction of 80% is achieved while maintaining the same degree of accuracy obtained
using the original techniques.

Finally, this dissertation also represents electromagnetic physical modeling results
of complex microwave structures. This includes closely packed millimeter-wave
transistors simulated simultaneously. In additions, electromagnetic-physical modeling of
high-power and frequency multifinger transistors has been carried out and the

preliminary results are given based on ad-hoc optimizations.
1.2 Dissertation Overview

This dissertation is organized as follows:

Chapter two presents global modeling results of complex microwave structures
along with an overview of the details of how global modeling is performed. The chapter
begins with an introduction followed by a comparison between circuit and physics-based
models. Then, the HD model equations are presented in details including the
implementation of single gas and relaxation-time approximations. Transport parameter
estimation is also provided. Different discretization schemes employed for the HD model

are conferred along with boundary condition implementation. Elements of the full-wave



6
physical simulation are also described. Implementation of the different boundary
conditions for FDTD simulation is provided. Stability and accuracy are discussed. The
coupling between the FDTD model and physical model is then explained. The second
part of chapter two presents full-wave physical simulations of complex microwave
structures. This includes two closely packed millimeter-wave transistors simulated
simultaneously and multifinger transistors. This chapter also presents the results of the
characteristics of high-frequency transistors including attenuation, phase-velocity, and

effective-dielectric constant. The chapter is then wrapped up with a summary.

Chapter three presents an approach for global modeling of microwave devices and
circuits using genetic algorithms. The chapter begins with an introduction and an
overview of genetic algorithms. The details of the proposed genetic-based algorithm are
provided. Complete set of results along with their discussions are given. Different
numerical examples are presented to study the effect of various algorithm parameters.
Finally, chapter summary is provided.

Chapter four presents a new time-domain simulation approach for large-signal
physical modeling of high frequency semiconductor devices, using wavelets. The
proposed approach solves the complete hydrodynamic model and Maxwell’s equations
on nonuniform multi-resolution self-adaptive grids. The nonuniform grids are conceived
by applying wavelet transforms followed by hard thresholding. Chapter four begins with
an introduction followed by an overview of the multiresolution time-domain (MRTD)
techniques. Then, the problem under consideration is described. Details of algorithm

implementation for both the HD model and FDTD simulation are also presented. A
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comprehensive set of results is included along with illustrative comparison graphs.
Chapter summary is then provided.

Chapter five gives the overall conclusions of this dissertation. Future work and

possible research extensions are also provided.
1.3 Original Contributions

The research work presented in this dissertation has led to the following
contributions:

A complete genetic-based software package to optimize functions with a large
number of unknowns has been developed. An entirely new concept, namely fitness-
dependent GA parameters, has been introduced and implemented. A novel vision for
formulating the objective function is also provided. Two versions of the software
package were developed using C/C++ and Fortran programming languages. This
research represents a fundamental contribution in which GAs can be employed to
optimize functions with a large number of unknowns or to solve problems that have
stability constraints in order to have unconditionally stable algorithm. Genetic algorithms
are also superior over traditional gradient-based algorithms in that they do not get stuck
in local minima. Thus, genetic algorithms are suitable of finding a global solution for
problems with multiple extreme.

A wavelet-based algorithm has been developed from the scratch. The algorithm
solves the hydrodynamic partial differential equations on nonuniform self-adaptive grids
obtained using wavelets. This is the first time in literature to introduce a wavelet-based

HD model simulator. Moreover, an efficient grid-updating criterion has been introduced.
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The algorithm is general and independent of the problem and equations under
consideration, which is found suitable to solve a wide range of problems. The developed
software package is implemented in Fortran. An 80% reduction in CPU-time has been
achieved using the proposed algorithm. The reason is the proposed wavelet-based
algorithm removes the redundancies of the original formulations.

The same wavelet-based algorithm developed for the HD model is extended to
three-dimensional (3-D) FDTD simulation. The developed algorithm is general that it
can be applied to any type of problem including inhomogeneous and anisotropy media.
This is in contrast of the developed MRTD approaches available today. These
approaches require careful formulation for each type of problem along with being very
difficult to be extended to 3-D problems. This underlines the generality and versatility of
the proposed technique. Fortran is used to develop the software package of the
algorithm.

Electromagnetic physical modeling of complex microwave structures is presented
in this dissertation. For the first time in literature, two closely packed millimeter-wave
transistors are simulated simultaneously employing a coupled electromagnetic-physical
model. The results show that EM-wave propagation effects should be considered, not
only inside the device, but around it as well. This study is a fundamental step toward
electromagnetic physical modeling of several microwave components simultaneously.

Electromagnetic physical modeling of high-power and frequency multifinger
transistors is presented in this dissertation. The preliminary results of this dissertation

show that at very high frequency, several phenomena with strong impact on the device
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behavior start to emerge, such as phase velocity mismatches, electron-wave interaction,
and attenuation. The results suggest that contemporary microwave devices should be
optimized to minimize these effects or possibly take advantage of in favor of improved
device characteristics. The results also recommend multifinger transistors as potential
alternatives to conventional transistors. This is achieved by using multiple-finger gates of
less width instead of a single-gate device. Furthermore, this dissertation underlines the
enhanced microwave characteristics of multifinger transistors attributable to reducing

attenuation and EM-wave propagation effects along the device width.
1.4 Publications
The work associated with this dissertation resulted in the following publications [2]-[17]:

® Y. A. Hussein, M. Wali, and S. M. El-Ghazaly,” Efficient Simulators and Design
Techniques for Global Modeling of High-Frequency Active Devices,” in Advances in
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Chapter 2

Global Modeling of Complex Microwave Structures

2.1 Introduction

Modeling is a very powerful tool since it is very helpful to know the device
characteristics before fabrication. This would save us time and money because fabrication
will be carried out at the end of the design cycle. Accordingly, optimization and design of
microwave devices should be based on modeling techniques that incorporate every aspect
including the physics of the device as well as electromagnetic-wave propagation effects.

Modern high performance electronics are based on technologies such as

monolithic microwave integrated circuits (MMICs), with a large number of closely
packed passive and active structures, and several levels of transmission lines and
-discontinuities. These devices operate at high speeds, frequencies, and often over very
broad bandwidths. It is thus perceptible that the design of MMICs should be based on
robust design tools that would simulate all the circuit elements simultaneously. The
possibility of achieving this type of modeling is addressed by global circuit modeling that
has been demonstrated in [18]-[45].

Device Models can be classified into two main categories: physical device models
and equivalent circuit models. Each model has its own advantages and disadvantages.
The choice of each approach depends on the problem under consideration. Generally
speaking, circuit models are more suitable for large-scale circuit design and optimization.
On the other hand, physics-based models are used for device development, optimization,

and characterization. However, the increase of the operating frequency along with the
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small size of today’s chips have led to the importance to employ physical models for the
design and optimizations of MMICs.

In the following sections, an overview of both models, namely the physical and
equivalent circuit models, will be provided. Accuracy and range of validity of each model

will also be given.
2.2 Equivalent Circuit Models

Equivalent circuit models are based on the electrical performance of the device at
its terminals. The elements of the equivalent circuit models can be extracted either by
measurements or by simulation using physics-based models. One of the advantages of
equivalent circuit models is that they are easy to implement. Thus, they are suitable for
large-scale design and optimization. Furthermore, equivalent circuit models are very
efficient in terms of CPU-time, i.e., computationally efficient. However, at very high
frequency, circuit models cannot obtain the correct device characteristics. The reason is
circuit models elements are extracted at a specific operating condition. This includes,
biasing, operating frequency, power, and temperature. Another limitation of circuit
models is they do not relate circuit element values to the physical and process parameters,
such as doping profile, device geometry, mobility, and effective mass. The equivalent
circuit models also break down for high-frequency devices for the following reasons [46]:

® Device dimensions become very small and comparable to the operating frequency
wavelength. The distributed effects become very important and must be modeled.

This is achieved by electromagnetic simulation, i.e., full-wave simulations.
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e The electron transit and relaxation times become comparable to the operating
frequency time period. Accordingly, the coupling between the electromagnetic

wave and the physics of the device becomes very significant.

e For high power application, in which time-varying fields are comparable to the
dc bias fields, the EM-wave and electron interactions become highly nonlinear
with several harmonics. This can be accounted for by employing a coupled

electromagnetic-physics-based simulator.
23 Physics-Based Models

Physical models provide insight to the device operation and able to accurately
obtain the device characteristics at different operating conditions. The physical models
provide the important link between the physical and process parameters (doping profile,
gate length, mobility, etc.) and electrical performance parameters (dc characteristics, RF
tranconductance, resistances, capacitances, etc.). From the above-mentioned reasons,
physics-based models are very suitable to model and optimize today’s devices and
circuits over a wide-band of frequencies.

Physics-based models can be classified into two categories: particle-based models
and fluid-based models. The first category is represented by the Monte-Carlo technique.
On the other hand, the second category is based on a set of conservation equations
obtained by estimating the different moments of the Boltzmann’s Transport Equation
(BTE). These models usually involve several approximations, from the more complex to
the simplest, they are: Full-Hydrodynamic models, Energy models, and Drift-Diffusion

models.
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The drift-diffusion model includes a drift velocity controlled by the electric field
and diffusion down carrier density gradients. In a homogeneous system, the drift-
diffusion model is reduced to Ohm’s law. This assumes that the microscopic distribution
of momentum and energy over the charge carriers at any time and location equals to that
found in a large sample with a DC field equals to the local instantaneous field. This
assumption breaks down for submicron devices, where carrier transport is predominantly
non-stationary. For submicron devices, non-stationary effects such as hot electron effect
and velocity overshoot start to emerge and should be accounted for in device modeling.
Semi-classical device models have been developed to include energy and
momentum relaxation effects at the same time provide CPU-time efficient models. These
models deal with charge carriers as classical particles, which are derived from quantum
models.
In the next section, a complete description of the Full-hydrodynamic model (HD)
will be provided. The HD is accurate for devices with gate length less than 0.5
micrometer and larger than 0.1 micrometer. The HD is a semi-classical model because
the descriptions used for the band structure and scattering processes are generated by

quantum mechanics.
24 The Hydrodynamic Model (HD)

The transistor model used in this chapter is a two-dimensional (2-D) full-
hydrodynamic large-signal physical model [47]. The active device model is based on the
moments of the Boltzmann’s Transport Equation obtained by integrating over the

momentum space. The integration results in a strongly coupled highly nonlinear set of
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partial differential equations, called the conservation equations or the HD. These
equations provide a time-dependent self-consistent solution for carrier density, carrier
energy, and carrier momentum, which are given as follows [48]-[50].

® current continuity
—+V.(nv)=0. :
ot

® energy conservation

d(ns)

+qnu.E +V.(w(e+K,T)) = —E(EZL)O) 2.3)

€
® Xx-momentum conservation

o(np,)
ot

n(p, — Po)
T (€)

+gqnk_ + gx—(npxox +nKpT)=- 24

In the above equations, # is the electron concentration, v is the electron velocity,

E is the electric field, ¢ is the electron energy, ¢, is the equilibrium thermal energy,

and p is the electron momentum. The energy and momentum relaxation times are given

by 7, and 7, respectively. Similar expression is obtained for the y-direction momentum.

The current density J is estimated from the FHD using (2.5).

J(t) = —qno(t). (2.5)

The low field mobility is given by the empirical relation [51]:

8000 cm’ _
1+(N,-1077) Vs

Ho = (2.6)
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The above model accurately describes all the non-stationary transport effects by
incorporating energy dependence into all the transport parameters such as effective mass

and relaxation times.
241 Hydrodynamic Model Limitations

It is very crucial to choose the appropriate semiconductor device model to
accurately and efficiently model ultrasmall semiconductor devices. The reason is each
model has its own range of validity and CPU-time requirements. In general,
semiconductor device modeling can be categorized into four approaches: classical
transport, semi-classical transport, quantum transport, and atomic-level transport [51].
The classical transport is valid for devices of 1 um-scale where all transport phenomena
are assumed to change more slowly than the carrier energy relaxation and the electron
temperature is assumed to be equal to the lattice temperature. The drift-diffusion model is
an example of a classical transport modeling approach. On the other hand, semi-classical
transport models are employed for devices of scale between 0.1 um and 1 um. These
models include some phenomena that take place in ultrasmall devices such as hot
electron and velocity overshoot. The hydrodynamic model and Monte Carlo method are
considered semi-classical transport approaches and are derived from Boltzmann’s
transport equation (BTE). They are semi-classical because scattering processes and
descriptions of energy bands are generated using quantum mechanics. However, for
devices of scale less than 0.1 pm where the device size approaches the coherent length of
electrons, semi-classical transport models will no longer be valid. Accordingly, quantum

transport models (QT) should be employed to accurately model such devices. These



18
models perfectly capture quantum interference effects such as tunneling and energy
quantization. Furthermore, since the electron’s flight time across the device region
becomes extremely short, the uncertainty relation in terms of energy and time are also
included in QT models. Transmission coefficient, Wigner function, and Green’s function
are examples of quantum transport modeling approaches. Further downscaling of devices

requires employing Atomic-level transport modeling approaches. These are valid for

devices of scale less than 10 A°. It is noteworthy to say that quantum correction terms
can be added to the HD model and BTE to have a CPU-time efficient model that includes
quantum transport. These models are quantum hydrodynamic (QHD) or BTE with

quantum corrections [51]-[53].

The HD model presented in this dissertation is a semi-classical model approximation to
many particle quantum-mechanical problems. The HD model is an approximation for

BTE, which is valid only under the following assumptions [54]:

® The free carriers in the device are considered as point particles, with well-defined
position and momentum. This is contrary to the quantum first exclusion principle.
Quantum effects are included implicitly in the effective mass and other properties

in the scattering rates.

® The number of carriers in the device is large enough that a statistical description is

appropriate.

® The carriers can be considered uncorrelated and thus the n-particle distribution

function can be written as a product of n single-particle distribution functions.






