Preface

Primary goal of the present volume is to provide a cohesive description of the
vast area of semiconductor quantum devices, with special emphasis on ba-
sic quantum-mechanical phenomena governing the electro-optical response of
new-generation nanomaterials. The book covers within a common theoretical
framework different types of optoelectronic nanodevices, including quantum-
cascade laser sources and detectors, few-electron/exciton quantum devices,
and semiconductor-based quantum logic gates. Distinguished feature of the
present volume is a unified microscopic treatment of quantum-transport and
coherent-optics phenomena on ultrasmall space- and time-scales, as well as of
their semiclassical counterparts.

The book, mainly devoted to graduate students as well as researchers
working in the field, presents a unified theoretical treatment of semiconductor
nanodevices; indeed, the primary goal of this volume is to cover within a com-
mon language two different classes of quantum devices, i.e., systems where the
quantum nature manifests itself in terms of discrete energy spectra but their
dynamics may still be treated within a semiclassical scenario (e.g., infrared
laser sources and detectors) and semiconductor devices whose behavior is en-
tirely governed by electronic quantum coherence (e.g., semiconductor-based
quantum logic gates).

The field of semiconductor quantum devices is so active and extensive that
an exhaustive treatment of the many diverse research areas is nearly impos-
sible; we shall therefore limit ourselves to a discussion of selected theoretical
and experimental issues, including recent developments, which have led to
fundamental new insights as well as to relevant advances in semiconductor
quantum physics and technology. In particular, we shall focus on nonequilib-
rium carrier dynamics in open quantum devices. Furthermore, we shall not
address the vast area of quantum-optics phenomena; the only exception will
be the case of carrier-cavity mode coupling in semiconductor microcavities.

The book is organized into 11 chapters plus 4 appendices. In Chap. 1 we
shall recall the basic concepts and fundamental properties of semiconductor
bulk materials as well as of low-dimensional semiconductor structures like,
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e.g., superlattices, quantum wells, wires, and dots; in addition, we shall dis-
cuss in very general and qualitative terms the link between nanomaterials
and corresponding optoelectronic quantum devices. Chapter 2 will focus on
the basic assumptions of the conventional semiclassical picture, showing that
the latter are not always justified in new-generation semiconductor nanoma-
terials and nanodevices and therefore fully quantum-mechanical treatments
of the problem are imperative. In Chap. 3 we shall recall the fundamentals of
the well-known density-matrix formalism applied to the investigation of the
electro-optical properties of semiconductor nanomaterials and nanodevices,
while in Chap. 4 the same formalism will be extended to quantum systems
with open spatial boundaries, corresponding to the case of a generic quan-
tum device inserted into an electric circuit. Chapter 5 will introduce the basic
concepts as well as key instruments related to the numerical modeling of semi-
conductor nanomaterials and nanodevices. In Chap. 6 we shall discuss in very
general terms the most effective approaches for the study of unipolar transport
in nanodevices; to this end, we shall address separately the low- and the high-
field regimes, and for both regimes we shall provide a semiclassical treatment
of the problem as well as its quantum-mechanical generalization. Chapter 7
will address the basic physical processes as well as open technological prob-
lems related to the design and optimization of new-generation quantum-well
infrared photodetectors, focusing on the development of efficient quantum de-
vices for the terahertz spectral region. In Chap. 8 we shall discuss the basic
features of quantum-cascade coherent-light sources; to this aim, we shall re-
view a few simulated experiments focusing on the microscopic explanation
of the gain regime, both in the mid-infrared and in the far-infrared spectral
regions. Chapter 9 will discuss the basic properties and unique features of
few-electron/exciton quantum systems, namely single and coupled semicon-
ductor macroatoms, pointing out their potential role in designing a completely
new class of optoelectronic quantum devices, like electron-state detectors and
quantum logic gates. In Chap. 10 we shall review a few potential implementa-
tion strategies for the concrete realization of quantum information processing
using specifically designed semiconductor nanostructures, namely quantum
dots and wires. In Chap. 11 we shall briefly address two extremely active and
stimulating research topics, namely molecular and spin-transport electronics,
whose development may lead to completely new paradigms in semiconductor-
based electronic and optoelectronic physics and technology.

This volume is the result of about 20 years of research activity on funda-
mental issues related to quantum-transport as well as coherent-optics phenom-
ena in semiconductor bulk and nanostructures; the latter have been performed
at the University of Modena (Italy), at the Philipps University of Marburg
(Germany), and mostly at the Polytechnic University of Torino (Italy), in-
volving a number of worldwide collaborations with several leading research
groups in the field.

Let me take this unique opportunity to thank a number of people that
in many ways and at different stages have contributed significantly to this
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research effort. First of all, I am grateful to Carlo Jacoboni, the person that
opened my young mind to the magic world of quantum mechanics; his en-
thusiasm, scientific curiosity, and intellectual rigor have strongly influenced
my personal as well as professional life. Let me thank Paolo Lugli and Elisa
Molinari; their innovative viewpoint on scientific research as well as their con-
tinuous help and support played a crucial role during the first stages of my
scientific career. I am grateful to Tilmann Kuhn and Paolo Zanardi; they gave
key contributions in developing many of the ideas on the theoretical descrip-
tion of quantum devices presented in this book. Let me thank Rita Claudia
Totti for her essential role in setting up and developing our current research
group at the Physics Department of the Polytechnic University of Torino,
together with a number of Ph.D. students and researchers, including Eliana
Biolatti, Remo Proietti Zaccaria, Emanuele Ciancio, Irene D’Amico, Ehoud
Pazy, Radu Ionicioiu, Stefano Portolan, Fabrizio Castellano, and David Taj;
she has contributed significantly to a large fraction of the research activity
reviewed in this book. Let me finally thank Traiano Rossi (my father) for his
invaluable help in setting out the manuscript layout. Last but not least, I am
profoundly grateful to my family for their never-ending support and patience.

Torino, August 2010 Fausto Rossi
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