
Preface

The merging of the concept of introduction of asymmetry of the wave vector space
of the charge carriers in semiconductors with the modern techniques of fabricating
nanostructured materials such as MBE, MOCVD, and FLL in one, two, and three
dimensions (such as UFs, nipi structures, inversion, and accumulation layers,
quantum wire superlattices, carbon nanotubes, nanowires, quantum dots, magneto
inversion and accumulation layers, quantum dot superlattices, etc.) spawns not
only useful quantum effect devices but also unearths new concepts in the realm of
low-dimensional materials science and related disciplines. It is worth remarking
that these semiconductor nanostructures occupy a paramount position in the entire
arena of nanoscience and technology by their own right and find extensive
applications in quantum registers, resonant tunneling diodes and transistors,
quantum switches, quantum sensors, quantum logic gates, hetero-junction field-
effect transistors, quantum well and nanowire transistors, high-speed digital
networks, high-frequency microwave circuits, quantum cascade lasers, high-res-
olution terahertz spectroscopy, superlattice photo-oscillator, advanced integrated
circuits, superlattice photocathodes, thermoelectric devices, superlattice coolers,
intermediate-band solar cells, micro-optical systems, high performance infrared
imaging systems, band-pass filters, thermal sensors, optical modulators, optical
switching systems, single electron/molecule electronics, nanotube-based diodes,
and other nano-electronic devices. Knowledge regarding these quantized structures
may be gained from original research contributions in scientific journals, pro-
ceedings of various international conferences, and different review articles
respectively. Mathematician Simmons rightfully tells us [1] that the mathematical
knowledge is said to be doubling in every 10 years and in this context we can also
envision the extrapolation of the Moore’s law by projecting it in the perspective of
the advancement of new research and analyses, in turn, generating novel concepts
particularly in the area of nanoscience and technology [2]. In this context, it may
be noted that the available books on solid-state and allied sciences cannot afford to
cover even an entire chapter excluding few pages on the Effective Electron Mass
(EEM) in Low-Dimensional Semiconductors.
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The effective mass of the carriers in semiconductors, being connected with the
mobility, is known to be one of the most important physical quantities, used for the
analysis of electron devices under different operating conditions [3]. The carrier
degeneracy in semiconductors influences the effective mass when it is energy
dependent. Under degenerate conditions, only the electrons at the Fermi surface of
n-type semiconductors participate in the conduction process and hence, the
effective mass of the electrons corresponding to the Fermi level would be of
interest in electron transport under such conditions. The Fermi energy is again
determined by the electron energy spectrum and the carrier statistics and therefore,
these two features would determine the dependence of the EEM in degenerate
n-type semiconductors under the degree of carrier degeneracy. In recent years,
various energy wave vector dispersion relations have been proposed [4–10] which
have created the interest in studying the effective mass in such materials under
external conditions. It has, therefore, different values in different materials and
varies with electron concentration, with the magnitude of the reciprocal quantising
magnetic field under magnetic quantization, with the quantizing electric field as in
inversion layers, with the nano-thickness as in UFs and nanowires and with
superlattice period as in the quantum confined superlattices of small gap semi-
conductors with graded interfaces having various carrier energy spectra [11–57].

This book, divided into three parts which contain nine chapters and three
Appendices, is partially based on our ongoing researches on the effective mass
from 1980 and an attempt has been made to present a cross section of the effective
mass for a wide range of low-dimensional semiconductors with varying carrier
energy spectra under various physical conditions. The first part deals with the
influence of quantum confinement on the EEM in non-parabolic semiconductors.
Chapter 1 investigates the EEM in UFs of nonlinear optical materials on the basis
of a generalized electron dispersion law introducing the anisotropies of the
effective electron masses and the spin orbit splitting constants respectively toge-
ther with the inclusion of the crystal field splitting within the framework of the k.p
formalism. The results of III–V (e.g. InAs, InSb, GaAs, etc.), ternary (e.g.
Hg1-xCdxTe), quaternary (e.g. In1-xGaxAs1-yPy lattice matched to InP) com-
pounds form a special case of our generalized analysis under certain limiting
conditions. The EEM in UFs of II–VI, Bi, IV–VI, stressed Kane-type semicon-
ductors, Te, GaP, PtSb2, Bi2Te3, Ge and GaSb compounds have also been
investigated by using the appropriate energy band structures for these materials.
The importance of the aforementioned semiconductors has also been described in
the same chapter. It is well known that the semiconductor superlattices find
extensive applications in avalanche photodiodes, photo-detectors, electro-optic
modulators, etc. In Chap. 2 the EEM in nipi structures of nonlinear optical, III–V,
II–VI, IV–VI, and stressed Kane-type semiconductors has been studied.

In recent years, there has been considerable interest in the study of the inversion
layers which are formed at the surfaces of semiconductors in metal–oxide–semi-
conductor field-effect transistors (MOSFET) under the influence of a sufficiently
strong electric field applied perpendicular to the surface by means of a large gate
bias. In such layers, the carriers form a two-dimensional gas and are free to move
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parallel to the surface while their motion is quantized perpendicular to it leading to
the formation of electric subbands [58]. In Chap. 3, the EEM in n-channel
inversion layers of nonlinear optical, III–V, II–VI, IV–VI stressed Kane-type
semiconductors, Ge and GaSb has been investigated.

The effects of quantizing magnetic field on the band structures of compound
semiconductors are more striking than that of the parabolic one and are easily
observed in experiments. A number of interesting physical features originate from
the significant changes in the basic energy wave vector relation of the carriers
caused by the magnetic field. The valuable information could also be obtained
from experiments under magnetic quantization regarding the important physical
properties such as Fermi energy and effective masses of the carriers, which affect
almost all the transport properties of the electron devices [59–63] of various
materials having different carrier dispersion relations [64]. In Chap. 4, the EEM in
nonlinear optical, III–V. II–VI, Bi. IV–VI, stressed Kane-type semiconductors, Te,
GaP, PtSb2, Bi2Te3, Ge, GaSb and II–V compounds have also been studied under
magnetic quantization. Since Iijima’s discovery [65], carbon nanotubes (CNTs)
have been recognized as fascinating materials with nanometer dimensions
uncovering new phenomena in different areas of nanoscience and technology. The
remarkable physical properties of these quantum materials make them ideal can-
didates to reveal new phenomena in nano-electronics. Chapter 5 contains the study
of the EEM in nanowires of the nonlinear optical, III–V, II–VI, Bi, IV–VI, stressed
Kane-type semiconductors, Te, GaP, PtSb2, Bi2Te3, Ge, GaSb and II–V semi-
conductors together with CNTs respectively.

With the advent of nanophotonics, there has been considerable interest in
studying the optical processes in semiconductors and their nanostructures [66–67].
It appears from the literature that investigations have been carried out on the
assumption that the carrier energy spectra are invariant quantities in the presence
of intense light waves, which is not fundamentally true. The physical properties of
semiconductors in the presence of light waves which change the basic dispersion
relation have been relatively less investigated in the literature [68, 69]. The second
part of this book studies the influence of light waves of the EEM in opto-electronic
semiconductors and Chap. 6 investigates the influence of light waves on the EEM
in quantum confined III–V, ternary, and quaternary semiconductors. Under
external photo excitation the electron dispersion relation changes profoundly and
the EEM has been studied by formulating a new electron dispersion law on the
basis of k.p formalism. In the same chapter the influence of magnetic quantization
on the EEM has been investigated. The same chapter also explores the effect of
light waves on the EEM for 2D systems (e.g. UFs, nipi structures, and inversion
layers), 1D systems (such as quantum wire effective mass superlattices, and
quantum wire superlattices with graded interfaces) and the influence of quantizing
magnetic field on the EEM for effective mass superlattices, and superlattices with
graded interfaces respectively.

With the advent of nanodevices, the inbuilt electric field becomes so large that the
electron energy spectrum changes fundamentally and the single Chap. 7 of the third
part investigates the influence of intense electric field on the EEM in II–V, ternary
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and quaternary semiconductors. The same chapter also explores the influence of
electric field on the 2D systems (e.g. UFs, nipi structures and inversion layers) and 1D
systems (such as, nano wire effective mass superlattices, and nano wire superlattices
with graded interfaces) in this context. Chapter 8 contains the applications and brief
review of experimental results. Chapter 9 contains the conclusion and the scope for
future research.

It may be noted that the influence of crossed electric and quantizing magnetic
fields on the transport properties of semiconductors having various band structures
are relatively less investigated as compared with the corresponding magnetic
quantization, although, the cross-fields are fundamental with respect to the addi-
tion of new physics and the related experimental findings. It is well known that in
the presence of electric field ðEoÞ along x-axis and the quantizing magnetic field
ðBÞ along z-axis, the dispersion relations of the conduction electrons in semi-
conductors become modified and for which the electron moves in both the z and y
directions. The motion along y-direction is purely due to the presence of E0 along
x-axis and in the absence of electric field, the EEM along y-axis tends to infinity
which indicates the fact that the electron motion along y-axis is forbidden. The
EEM of the isotropic, bulk semiconductors having parabolic energy bands exhibits
mass anisotropy in the presence of cross fields and this anisotropy depends on the
electron energy, the magnetic quantum number, the electric and the magnetic
fields respectively, although, the EEM along z-axis is a constant quantity. In 1966,
Zawadzki and Lax [70] formulated the electron dispersion law for III-V semi-
conductors in accordance with the two-band model of Kane under cross fields
configuration which generates the interest to study this particular topic of solid
state science in general [71–77].

Appendix A investigates the EEM under cross field configuration in nonlinear
optical, III–V, II–VI, Bi, IV–VI, and stressed Kane-type semiconductors and ultra
thin films of the aforementioned materials. It is an amazing fact that though
heavily doped semiconductors have been deeply studied in the literature but the
study of the carrier transport in heavily doped materials through proper formula-
tion of the Boltzmann transport equation which needs in turn, the corresponding
heavily doped carrier energy spectra is still one of the open research problems
[78–81]. Appendix B attempts to touch the enormous field of active research with
respect to EEM of heavily doped compound semiconductors in a nutshell.
Appendix C deals with the EEM in III–V, II–VI, IV–VI, HgTe/CdTe, and strained
layer heavily doped superlattices with graded interfaces and effective mass
superlattices of the said constituent materials. In these appendices no graphs
together with results and discussions are being presented since we feel that the
readers will enjoy the complex computer algorithm to investigate the EEM in the
respective case generating new physics and thereby transforming each appendix
into a short monograph by considering various materials having different
dispersion relations. Since there is no existing book devoted totally to the EEM in
low-dimensional semiconductors to the best of our knowledge, we hope that this
book will be a useful reference source for the present and the next generation of
readers and researchers of materials and allied sciences in general. In spite of our
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joint efforts, the production of error-free first edition of any book from every point
of view enjoys permanently the domain of impossibility theorems and the same
stands very true for this monograph also. Various expressions of this book have
been appearing for the first time in printed form. The suggestions of the readers for
the development of this book will be highly appreciated for the purpose of future
edition, if any.

In this book, from Chap. 1 till the end, we have presented 250 open research
problems in this particular topic. The problems presented here are the integral part
of this book and will be useful for the readers to initiate their own contributions on
the effective mass. This aspect is also important for Ph.D. aspirants and
researchers. Each chapter ends with a table containing the main results excluding
the last two and the Appendices.

In this monograph, we have investigated various dispersion relations of
different quantized structures and the corresponding electron statistics to study
effective mass. Our theoretical formulation of the density-of-states effective mass
of tetragonal materials based on our generalized electron dispersion relation agrees
well with the available experimental data as given elsewhere [82]. Thus, in this
book, the readers will get a lot of information regarding quantum confined low-
dimensional materials having different band structures. Although the name of the
book is extremely specific, from the content, one can infer that it should be useful
in graduate courses on materials science, nanoscience and technology, solid-state
science, semiconductor physics, and nanostructured devices in many universities
and institutes. Last but not the least, we do hope that our humble effort will kindle
the desire to delve deeper into this fascinating topic by anyone engaged in
materials research and device development either in academics or in industries.
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