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Preface

High-speed heterostructure devices is a textbook on modern high-speed semiconductor
devices intended for both graduate students and practising engineers. This book is
concerned with the physics and processes involved in the devices’ operation as well
as some of the most recent techniques for modeling and simulating these devices.
Emphasis is placed on the heterostructure devices of the immediate future: namely
the MODFET, HBT and RTD. The principle of operation of other devices such as
the Bloch oscillator, RITD, Gunn diode, quantum cascade laser and SOI and LD
MOSFETs is also introduced.

This text was initially developed for a graduate course taught at The Ohio State
University and comes with a complete set of homework problems. MATLAB*
programs are also available for supporting the lecture material. They can be used
to regenerate a number of the pictures in the book and to assist the reader with some
of the homework assignments.

This book should also prove useful to researchers and engineers, as it presents
research material which is disseminated throughout the research literature and has
never before been presented together in a book.

This text starts with two chapters reviewing the semiclassical theory of het-
erostructure devices. Five chapters are dedicated to presenting a realistic picture
of heterostructures, introducing quantum devices and developing practical tools for
analyzing quantum transport in these devices in the presence of scattering, and at high
frequencies. One chapter is focused on the Boltzmann equation and its application to
the derivation of moment equations for high-field transport. Five chapters are dedi-
cated to reviewing the modeling of long- and short-channel FETs, including charge
control, DC and high-frequency characteristics and the electrothermal modeling of
FETs. This is followed by four chapters providing advanced DC and microwave
modeling techniques, including a detailed analysis of parasitics in these devices.
Finally the book concludes with two chapters dedicated to HBTs. A number of the
chapters also provide practical design examples.

* MATLAB is a registered trademark of the MathWorks, Inc.

Xix
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XX Preface

Required background

This text is intended for graduate students who have been introduced to semiconductor
devices by a textbook of the level of Streetman’s Solid State Electronic Devices. A
more advanced introduction to quantum mechanics, thermodynamics, band structure,
phonons and devices is not assumed, as it is not realistic to request that the reader be
familiar with all these theories. Our strategy is therefore to start from an undergraduate
level and construct a more advanced theory of electronic heterostructure devices on
this basis. However, there are a few concepts that we have not derived. The Boltzmann,
Fermi-Dirac and Bose—Einstein distributions are postulated without a derivation from
more fundamental principles. The results of the harmonic oscillator are also presented
without a derivation. It is hoped that those graduate students not familiar with
these topics will be motivated to take additional courses in classical thermodynamics,
quantum theory, and semiconductor theory to enhance their understanding of those
topics. But again this book is sufficiently self-contained that this is not a requirement.

Outline for the reader

Chapter 1 gives an overview of the device concepts introduced in all the chapters and
motivates the need for these studies. This chapter also introduces MBE technology and
its application to the growth of materials (alloys, pseudomorphic, modulation doped)
for new device structures. The chapter concludes with a review of the cubic crystal
structure and its reciprocal lattice.

Chapter 2 introduces the concept of heterostructures. Both gradually varying
semiconductors (alloys) and abrupt heterojunctions are analyzed using the Anderson
band-diagram model, and dipole correction effects are considered. The generalized
low-field transport equations which apply to heterostructures are reviewed including
the drift-diffusion and thermionic-diffusion models. A phenomenological model of
ballistic electron launching is also presented. The principle of the heterojunction
bipolar transistor is then introduced.

Chapter 3 presents a rigorous introduction to the concept of spatially-varying band
structure using the generalized Wannier picture. Following a derivation of the Bloch
theorem, the Wannier functions are introduced as the Fourier coefficients of the Bloch
states and the Wannier recurrence equation is derived. For abrupt heterojunctions,
the matrix elements of the heterojunction Hamiltonians are derived in the limit of
the maximally transparent heterojunction. A multi-band density of states based on
the impulse response is also introduced for the spatial identification of quantum
resonances. The principal advantages of using the Wannier picture lie in: (1) its
inherent capability to account rigorously for both the spatial variation of the band
structure and its periodicity in k space, and (2) its representation in terms of difference
equations which are easily amenable to numerical solution.
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XXi Preface

Chapter 4 presents some fundamental one-dimensional quantum devices realizable
using semiconductor heterostructures. The first class of devices discussed is that
involving an accelerated electron in a band structure subjected to an applied electric
field. Topics covered include the Wannier ladder and the Zener resonant tunneling
effect, the Houston state and the acceleration theorem and finally wave-packets and
squeezed states. The second class of devices considered is quantum wells. Topics cov-
ered include rectangular and triangular wells and the formation of a two-dimensional
electron gas and subbands. The third class of devices considered is resonant tunneling
and resonant interband tunneling diodes. Finally the fourth class of devices discussed
focuses on superlattices, including the formation of minibands, wave-function local-
ization in random superlattices and the fractal spectrum in Fibonacci superlattices.

Chapter 5 introduces the major scattering processes which limit the performance
of quantum devices. Both elastic and inelastic scattering are considered. First
the spectrum of lattice vibrations is presented and a semiclassical phonon model is
introduced. The general form of the electron—phonon interaction Hamiltonian is then
derived and the specific matrix elements for polar, acoustic, and intervalley phonon
scattering processes evaluated. Next interface roughness scattering is analyzed using a
model of uncorrelated terraces with a Gaussian distribution in size, and alloy scattering
is analyzed using the virtual-crystal model. The chapter finishes with a discussion of
electron—electron scattering.

Chapter 6 presents a realistic treatment of the impact of scattering upon tunneling-
based devices using a direct three-dimensional ensemble-average solution of the
Schrédinger equation. The importance of a three-dimensional analysis is first demon-
strated. Next the scattering-assisted tunneling theory is shown to lead to a system of
coupled Wannier recurrence equations enforcing current conservation. The formalism
is then generalized to handle multiple sequential scattering processes and the Pauli
exclusion effect with the introduction of the self-energy and the impulse response.
Results for various resonant tunneling diodes (RTDs) are then presented for each
scattering process, both individually and combined.

Chapter 7 studies tunneling in the presence of a time-varying interaction potential.
The problem of an accelerated electron in a band subjected to both uniform DC
and AC fields is solved exactly. A general rigorous analysis in terms of Fourier
series is then given. The importance of self-consistently solving the Poisson and
Schrodinger equations for calculating the current is demonstrated. Calculated small-
and large-signal device impedances are presented for RTDs and an equivalent circuit
is developed for their microwave simulation. The chapter concludes by studying how
infrared radiation is coupled to ballistic quantum transport, and presents the principles
of operation and recent results for the quantum cascade mid-infrared (10 um) laser.

Chapter 8 covers the problem of the calculation of the 2DEG concentration in
both gated and ungated MODFET capacitors. The self-consistent solution of the
Schrodinger and Poisson equations is discussed, and an approximate analytic solution
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based on the triangular well approximation is presented. The control of the 2DEG by
a Schottky barrier, its high-frequency response and the MODFET capacitance are then
modeled or analyzed. The chapter finishes with the modeling of the Schottky-barrier
gate under forward bias.

Chapter 9 introduces simple transport models applicable to the MODFET and HBT.
Transport in the electron gas is discussed using the Boltzmann equation. Approximate
solutions are obtained for both small and large electric fields using the assumption
of a drifted and heated Maxwell-Boltzmann distribution, and they are used to derive a
generalized drift-diffusion current equation and its associated energy balance equation.
These equations are solved to obtain the velocity—field relation in bulk silicon and
GaA:s, to analyze the Gunn effect, and to discuss transient and stationary overshoot in
short-channel MOSFETs and MODFETs.

Chapter 10 is concerned with the /-V modeling of the MOSFET/MODEFET. The
I-V characteristic MOSFET/MODFET is studied using a simple charge control model
and transport model. Emphasis is placed on studying short-channel effects and velocity
saturation, and the threshold for their occurence. A discussion of the two-dimensional
field effects and their impact on the drain conductance is presented. For this analysis
the Grebene—Ghandhi model, the channel opening model, and a full two-dimensional
solution are compared.

Chapter 11 develops and solves the long-channel MOSFET/MODFET wave-
equation. An optimal non-quasi-static equivalent circuit and a large-signal model
approximating the large-signal MODFET wave-equations are then presented. The
large-signal state equations are shown to conserve charge, and a charge-based rep-
resentation suited for a circuit simulator is presented.

In Chapter 12 the velocity-saturated MODFET wave-equation is developed and
solved for the short-channel MODFET. An optimal non-quasi-static equivalent circuit
is presented and compared with the exact solutions. The long- and short-channel model
topologies are also compared. Finally a charge-based large-signal model is presented
for the short-channel MODFET.

Chapter 13 is concerned with the table-based electrothermal modeling of FETs
for use in microwave circuit simulation. This chapter covers various topics such
as device physics and model topology, measurement and characterization, parameter
extraction and data presentation algorithms, and finally circuit design and simulation.
The FET model topology introduced in Chapter 11 is augmented to account for
the low-frequency dispersions associated with self-heating and the parasitic bipolar
transistor. The need for and application of isothermal and pulsed DC and RF
measurement techniques are reviewed. These concepts and modeling techniques
are illustrated with examples from two major technologies: SOI for low-power RF
CMOS and LDMOS for high-power linear amplification. However, the material
presented is general enough that the techniques discussed can be applied to other
devices.
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Chapter 14 develops an accurate analytical model for the DC characteristics of
MODFETs designed in industry for ultimate performance in high-speed communica-
tion and instrument applications. A thorough motivation for the approximate treatment
is given. An overview of materials issues and evolution follows. The high doping and
short gates used for these devices require a refined treatment of the charge control and
transport, respectively. A quasi-two-dimensional model that includes mixed gate and
drain charge control in regions internal and external to the gate is developed. -V
characteristics and the internal field distribution are obtained. These allow prediction
of basic breakdown characteristics, which, in turn, affect the reliability of the devices,
as is discussed.

Chapter 15 continues the analysis of cutting-edge MODFETs, but switches gear
from DC to AC performance. The equivalent circuit is developed based on the theory
in Chapter 11, and includes some important effects which occur in a velocity-saturated
MODFET. These are studied with classical electrostatic approaches. In addition to
standard capacitances, interesting effects are induced by transit delays in the device.
The output conductance, a notoriously elusive parameter, is analyzed and predicted.
The chapter concludes with an almost-complete extrinsic equivalent circuit. What is
left for later is the inclusion of the distributed gate metalization resistance. First, an
important topic that requires its own chapter has to be covered.

Chapter 16 focuses on an effect that requires a rather deep and different detour
into semiconductor physics. The effect is the interfacial gate resistance which is
of significant importance for device performance and scaling. In its purest form
it is also of interest in the context of Schottky-barrier formation, a topic that has
inspired a plethora of models, several of which are reviewed. Theories for dispersion
and tunneling at the gate—semiconductor interface are developed. These require, in
addition to familiar device and circuit analyses, a quantum mechanical treatment
of a rather complex nature. Bardeen’s powerful view of tunneling is reviewed.
The overlapping metal and semiconductor wave-functions are derived and motivated,
respectively. The tunneling resistance is then derived. The various Schottky-barrier
models can be accommodated by the model to produce theoretical values for the
interfacial gate resistance. These are compared with the typical range of experimental
values. After a summary and discussion of the results, the final extrinsic equivalent
circuit for the velocity-saturated MODFET is arrived at.

After a brief overview of some high-frequency measurement issues, Chapter 17
uses the analytical physics-based MODFET equivalent circuit to predict and optimize
the gain and noise. Two fundamental power gains and their cut-off frequencies
are reviewed, as are three commonly used FET noise models. A general thermal
noise model that accommodates the full extrinsic equivalent circuit is formulated
and exercised. Some process and manufacturability issues affecting performance,
yield, cost, and reliability are discussed. A very brief discussion on reverse modeling
concludes this chapter on high-performance MODFETS.
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Chapter 18 focuses on the modeling of the heterojuction bipolar transistor (HBT).
Compact models for HBTs are developed with the intention of providing tractable
equations for predicting the DC, small-signal AC, and large-signal properties of
high-frequency and high-power devices. The models are connected to fundamental
theory by appealing to results from a microscopic theory of transport based on a direct
solution of the Boltzmann transport equation.

Chapter 19, our last chapter, gives the reader an in-depth look at examples of
the device physics issues that must be faced in realizing the HBT devices described
theoretically in Chapter 18. It covers the application of arsenide and phosphide
compound semiconductor material systems to HBTs in detail. The main device-design
problems for high-speed HBTs, and their interaction with fabrication, are described.
An example of the problems posed by practical III-V surfaces is provided by an
examination of the emitter—base saddle-point effect in AlGaAs/GaAs HBTs. The
effect of material choice on the important area of thermal properties is described.
Finally, this chapter examines long-term device degradation, using beryllium diffusion
as an example to study the defect chemistry behind the problem.

Recommendations for the instructor

This book is best suited for a semester course. By focusing on device concepts rather
than mathematical derivations during the lecture it is possible to cover one chapter
a week. The mastery of the mathematical techniques presented is then acquired by
the students when they complete the homework problems. These homework problems
indeed usually motivate a careful reading of the derivations presented in each chapter.

New graduate students are generally sufficiently prepared by conventional under-
graduate textbooks/courses to take this graduate course. An exception, however, is
the concept of Brillouin zone and k space which is not often well mastered if it has
been covered at all. To address this problem a review of the cubic crystal structure
and its reciprocal lattice is included in Chapter 1. The concept of k space is also
heuristically introduced in Chapter 1 before being rigorously derived in Section 3.2.2
for one dimension and in Section 3.2.4 for three dimensions using the translation
operator.

We have found it to be of critical importance to provide the students with simple
MATLAB* programs implementing the techniques presented. These MATLAB*
programs serve multiple purposes. First they allow many of the figures in the text to
be regenerated. The students can then vary the parameters and do simple experiments.
Sometimes these tools are also used in exercises to verify the validity of analytic
calculations. This is particularly important for the quantum calculations which can be
quite abstract until the students start reproducing the results themselves. This literally

* MATLAB is a registered trademark of the MathWorks, Inc.
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brings this material to life. A special web site is available from Cambridge University
Press or from http://eewww.eng.ohio-state.edu/~roblin/cupbook for downloading these
MATLAB' programs. We will keep adding new problems and programs to support
this text. A correction set for most of the homework problems can also be downloaded
by instructors from the same web site.

For the MATLAB product information, please contact

The MathWorks Inc.

3 Apple Hill Drive,

Natick, MA, 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7101

E-mail: info@mathworks.com
Web: www.mathworks.com

T MATLAB is a registered trademark of the MathWorks, Inc.
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Introduction

It is the trend in the silicon and compound microelectronic technology to continuously
develop semiconductor circuits which are faster, smaller, and consume less power
for a similar level of integration. This has been recently fueled in part by the rapid
growth of digital wireless communication, which relies on both low-power high-speed
digital and high-frequency analog electronics. As part of this trend, microwave, RF
and IF analog and digital circuits are being integrated in ‘mixed-signal’ circuits for
wireless applications. Both silicon and compound state-of-the-art integrated circuits
presently rely on high-speed state-of-the-art submicron devices. However, research
in microelectronic technology is always expanding its frontier; new heterostructure
semiconductor materials and devices are continuously being developed or improved in
a process often referred to as bandgap engineering. These heterostructure devices, in
particular, and high-speed devices, in general, constitute the subject of this book. In
this book we take the readers on a journey providing them with an understanding
of both fundamental and advanced device-physics concepts as well as introducing
them to the development of realistic device models which can be used for the design,
simulation and modeling of high-speed electronics.

The journey in this book takes the reader from the fundamental physical processes
taking place in heterostructures to the practical issues involved in designing high-
performance heterostructure devices.

Ever shrinking high-speed devices

It is a basic requirement that high-speed devices must be small. Reducing the device
reduces the transit-time and the capacitances in devices. The operating voltage is
also reduced, and this helps with the reduction of the power dissipation. There are
a few exceptions, i.e., devices which do not rely on the transit-time principle, but
essentially this principle holds so far for the field-effect and bipolar transistors which
are the engine of today’s microelectronics. The shrinking of the device is occuring
both horizontally, as defined by lithography, and vertically, as defined by growth and
processing techniques. For example MOSFETs and MODFETs of 0.085 pm or 850 A
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gate length are becoming very common. Even more striking are the modern growth
techniques which have made possible the vertical growth of new semiconductor
devices with unprecedented control. One of the most versatile growth techniques
available for research is molecular beam epitaxy (MBE) which permits one to deposit
one atomic layer at a time while abruptly or gradually changing the semiconductor
material and doping type. The capability of MBE growth techniques will be reviewed
in Chapter 1.

Quantum effects

In Chapter 2 we will explore the semiclassical modeling of heterostructures by review-
ing how the bulk and junction theory has been extended to deal with them. However, as
the device size keeps shrinking, quantum effects clearly become important and must be
considered. This occurs when the device dimension compares with the mean free path
of the electrons. In fact many fundamental questions are raised when dealing with very
small devices. Traditionally semiconductors are theoretically introduced as crystals
which are by definition periodic structures repeating indefinitely. But how can a band
structure now be rigorously defined in spatially-varying semiconductors? To address
this question we will introduce in Chapter 3 a special quantum picture, the generalized
Wannier representation, which will describe the formation of the bands at the lattice
level. In fact we shall see that it takes typically about ten lattice parameters for the
band structure to be well defined away from an interface or surface. The generalized
Wannier representation will also permit us to discuss in Chapter 4 transport problems
such as the Bloch oscillations which have long both fascinated and challenged device
physicists.

Quantum devices

Quantum devices are devices which directly exploit quantum effects. Various types
of quantum devices have been conceived, including quantum wells, superlattices and
resonant tunneling diodes (RTDs). Superlattices are periodic heterostructures forming
a synthesized one-dimensional crystal. Superlattices can be used, for example, to
generate the elusive Bloch oscillations. The study of random superlattices will permit
us to gain insight into the conductor—insulator transition which takes place when the
superlattice periodicity is destroyed.

With a couple of periods of a superlattice we can form a double-barrier potential
system, which is transparent to electrons when the barrier separation corresponds
to a multiple of half their wavelength. This effect is the basis for the RTD which
exhibits a negative differential up to terahertz. The RTD, which is the fastest active
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semiconductor diode available so far, is a very important test device, as it is based on
a quantum effect and yet operates at room temperature. It also finds applications in
high-speed digital and microwave circuits.

Finally, one of the key quantum effects we shall study is the creation of a two-
dimensional electron gas (2DEG) by quantum confinement. The 2DEG is of particular
importance as it is used as the channel of the fastest FET developed: the MODFET.
Chapter 8 will therefore be dedicated to studying how we can control this 2DEG with
a gate voltage at both DC and high frequency.

From quantum transport to Boltzmann equation

To the first order, transport in quantum devices is typically ballistic. That is the
electrons travel with out being scattered. However, even in quantum devices the
ballistic transport approximation is not realistic, and scattering processes must be
accounted for. How do we solve the Schrodinger equation in the presence of phase-
breaking scattering processes? We shall address this subject in Chapter 6 and develop
a realistic theory bridging the gap between the ideal ballistic transport model and the
semiclassical Boltzmann transport theory. As we shall see, the electron wave-functions
are effectively attenuated in their propagation as they spawn new scattered waves
through various possible scattering processes. The exploitation of quantum effects in
quantum devices is therefore only possible when the spatial variation device structure
is smaller than the mean free path. Indeed, it is only when the electron wave-function
has a well-defined phase that interferences, which are a requirement of quantum wave
effects, can effectively take place.

Ballistic transport versus drift-diffusion transport

Even when quantum effects are negligible we will find it necessary to identify whether
or not ballistic transport or/and drift-diffusion is taking place. These are indeed the two
fundamentally different regimes of transport which can both take place, sometimes
simultaneously, inside a device.

Consider the simple pastoral scene of a lake with a waterfall on one side and a small
creek on the other. There is clearly a continuous flow of water from the waterfall,
through the lake and into the creek. However, if the lake is very wide, the water
drift might not even be perceptible to a fisherman on its bank fishing for trout. But a
fly-fisherman fishing in the creek will see his dry fly quickly drift away and will need
to recast his line often. If a red dye or some kind of liquid trout food is poured into
the lake at one spot we expect it to slowly diffuse and spread throughout the lake. A
drift-diffusion model therefore applies well to the lake area. On the other hand, no
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