DE GRUYTER

Kamakhya Prasad Ghatak,
Madhuchhanda Mitra

@
g
@
b=
=
a
@
=
Ef
S
&
S
n
Q@
B

orm wi t hout

Bkhya Prasad Ghat ak, Nadhuchha
operties

™



Kamakhya Prasad Ghatak, Madhuchhanda Mitra
Nanomaterials

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Also of interest

printed on 2/13/2023 5:45 PMvia .

Superconductors at the Nanoscale

From Basic Research to Applications

Wordenweber, Moshchalkov, Bending, Tafuri (Eds.), 2017
ISBN 978-3-11-045620-2, e-ISBN 978-3-11-045680-6

Semiconductor Spintronics
Schapers, 2016
ISBN 978-3-11-036167-4, e-ISBN 978-3-11-042544-4

Nanoscience and Nanotechnology

Advances and Developments in Nano-sized Materials
Van de Voorde (Ed.), 2018

ISBN 978-3-11-054720-7, e-ISBN 978-3-11-054722-1

Electrons in Solids

Mesoscopics, Photonics, Quantum Computing, Correlations, Topology
Bluhm, Briickel, Morgenstern, von Plessen, Stampfer, 2018

ISBN 978-3-11-043831-4, e-ISBN 978-3-11-043832-1

Al'l use subject to https://ww.ebsco.confterns-of-use



Kamakhya Prasad Ghatak,
Madhuchhanda Mitra

Nanomaterials

Volume 1: Electronic Properties

DE GRUYTER



Authors

Prof. Kamakhya Prasad Ghatak
University of Engin. & Management
Institute of Engin. & Management
Kolkata and Jaipur

India
kamakhyaghatakcu@gmail.com

Prof. Madhuchhanda Mitra
University of Calcutta

Department of Applied Physics

92 A.P.C. Road

Kolkata-700009

India
madhuchhanda94@rediffmail.com

ISBN 978-3-11-060922-6
e-ISBN (PDF) 978-3-11-061081-9
e-ISBN (EPUB) 978-3-11-060935-6

Library of Congress Control Number: 2018950592

Bibliographic information published by the Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie; detailed
bibliographic data are available on the Internet at http://dnb.dnb.de.

© 2019 Walter de Gruyter GmbH, Berlin/Boston

Typesetting: Integra Software Services Pvt. Ltd.

Printing and binding: CPl books GmbH, Leck

Cover image: Science Photo Library/University of Sydney/Ammrf

www.degruyter.com

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use


mailto:kamakhyaghatakcu@gmail.com
mailto:madhuchhanda94@rediffmail.com
http://dnb.dnb.de
http://www.degruyter.com

To know is to know that to know is not to know and that not to know is to know.

From the desk of the first author:

This book is dedicated to Professor Dr. S. Chakrabarti, the Founding Director of the
Institute of Engineering & Management and Chancellor of the University of
Engineering &Management, an entrepreneur, innovative Mechanical Engineer,
born academician, admirable administrator, a great thinker and above all a great
soul to whom the first author remains ever grateful as a Member of the IEM &UEM
family.

Sir, your inspiration such creativity bring
I must not change my state with the King.

From the desk of the second author:

The second author dedicates this book to her late father Professor Moni Mitra to
whom she is ever grateful in the real sense of the term.

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Preface

Knowledge is proud, he knows too much but the wise is humble, he knows no more.

The creation of Nanomaterials, the subset of the generalized set Nanoscience and

Nanotechnology, is based on following two important concepts:

1. The symmetry of the wave-vector space of the charge carriers in electronic
materials having various band structures is being reduced from a 3D closed
surface to a quantized 2D closed surface, quantized non-parabolas and fully
quantized wave vector space leading to the formation of OD systems such as
ultra thin films (UFs), doping superlattices, inversion and accumulation layers,
quantum wells (QWs), quantum well super-lattices, carbon nano-tubes, nano
wires (NWs), quantum wire super-lattices, magnetic quantization, magneto size
quantization, quantum dots (QDs), magneto inversion and accumulation layers,
magneto quantum well super-lattices, magneto NIPIs, quantum dot super-lat-
tices and other field aided nanostructures.

2. The advent of modern experimental methods namely Fine Line Lithography
(FLL), Metallo-Organic Chemical Vapor Deposition (MOCVD), Molecular Beam
Epitaxy (MBE), etc for fabricating the low-dimensional nanostructured systems.

Nanomaterials have gained much interest in Nanoscience and Nanotechnology
because of their importance to unlock both new scientific revelations and multi-
dimensional all together unheard technological applications. In UFs, the quantiza-
tion of the motion of the carriers in the direction perpendicular to the surface exhibits
the two-dimensional motion of the charge carriers and the third direction is being
quantized. Another one-dimensional structure known as NW has been proposed to
investigate the physical properties in these materials where the carrier gas is quan-
tized in two transverse directions, and they can move only in the longitudinal
direction. As the concept of quantization increases from 1D to 3D, the degree of
freedom of the free carriers decreases drastically and the total density-of-states
(DOS) function changes from Heaviside step function to the Dirac’s delta function
forming QDs which, in turn, depend on the carrier energy spectra in different
materials. An enormous range of important applications of such low-dimensional
structures for modern physics in the quantum regime, along with a rapid increase in
computing power, has generated considerable interest in the study of the optical
properties of quantum effect devices based on various new materials of reduced
dimensionality. Examples of such new applications include quantum switches,
quantum registers, quantum sensors, hetero-junction field-effect, quantum logic
gates, quantum well and quantum wire transistors, quantum cascade lasers, high-
frequency microwave circuits, high-speed digital networks, high-resolution terahertz
spectroscopy, advanced integrated circuits, super-lattice photo-oscillator, super-

https://doi.org/10.1515/9783110610819-201
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lattice photo-cathodes, resonant tunneling diodes and transistors, super-lattice cool-
ers, thermoelectric devices, thin film transistors, micro-optical systems, intermedi-
ate-band solar cells, high performance infrared imaging systems, optical modulators,
optical switching systems, single electron/molecule electronics, nanotube based
diodes, and other nanoelectronic devices [1-14].

In volume one of this book, we shall study few electronic properties of optoelec-
tronic nanomaterials having various band structures under different physical
conditions in the presence of intense photon field with the use of the Heisenberg’s
Uncertainty Principle (HUP).

With the advent of nanophotonics, there has been considerable interest in study-
ing the optical processes in semiconductors and their nanostructures in the presence
of intense light waves [15]. It appears from the literature that the investigations in
the presence of external intense photo-excitation have been carried out on the
assumption that the carrier energy spectra are invariant quantities under
strong external light waves, which is not fundamentally true. The physical
properties of semiconductors in the presence of strong light waves which alter the
basic dispersion relations have relatively been much less investigated in [16-17] as
compared with the cases of other external fields and in optoelectronics the influence
of strong light waves is needed for the characterization of the low-dimensional
optoelectronic devices.

In Chapter 1, we study the carrier contribution to the elastic constants (CEC) of
the nanomaterials, which has been studied in the last 30 years mainly by Ghatak et al.
[18-45] and few others [46-47]. In this regard, we wish to note that the theory for
determining the carrier contributions to the elastic constants in p-type Si already
exists [46]. It has been shown that the carrier contribution of the second- and third-
order elastic constants depends on the density of states function (DOS) [46]. Sreedhar
and Gupta [47] formulated the same for small gap materials whose energy band
structures are defined by the two-band model of Kane. It has therefore different
values in various materials and varies with the electron concentration, with doping,
with the thickness of ultra-thin films and with temperature for semiconductors and
their heterostructures having various carrier energy spectra. The nature of these
variations has been investigated in the literature [18-48]. Some of the significant
features that have emerged from these studies are as follows:

a) The CEC changes monotonically with electron concentration in bulk materials.
b) The nature of the variations is significantly affected by the band non — para-
bolicity.

The said contribution has significantly different values in ultra-thin films.

It is well known that heavy doping and carrier degeneracy are the keys to unlock the
important properties of semiconducting materials, and they are especially instru-
mental in dictating the characteristics of Ohomic contacts and Schottky contacts,
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respectively [49]. It is an amazing fact that although the heavily doped semiconduc-
tors (HDS) have been investigated in the literature, the study of the corresponding
dispersion relations (DRs) of HDS is still one of the open research problems. Our
method is not at all related with the DOS technique as used in the aforementioned
works. From the electron energy spectrum, one can obtain the DOS but the DOS
technique, as used in the literature cannot generate the dispersion laws. Therefore,
our study is more fundamental than those in the existing literature, because the
Boltzmann transport equation, which controls the study of the charge transport
properties of the semiconductor devices, can be solved if and only if the carrier
energy spectra is known.

In Chapter 1, we study the CECs in heavily doped optoelectronic materials
under different physical conditions not by using the difficult density-of-state
function approach but by applying the simplified HUP to formulate the electron
statistics (ES) which, in turn, determines the CECs. In addition, we present the
suggestion for the experimental determination of CECs for materials having
arbitrary dispersion laws. The CECs have different forms for different materials and
changes under one-, two- and three-dimensional quantum confinement of the charge
carriers. In this context, it may be written that the available reports on the said areas
cannot afford to cover even an entire chapter containing the detailed investigations
regarding the CECs in semiconductors and their quantized structures. It is important
to note that the effects of quantizing magnetic field (B) on the band structures of
compound.

Semiconductors are most 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 experi-
ments 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 [15] of various materials having different
carrier dispersion relations [16-17].

It is worth remarking that the effects of crossed electric and quantizing magnetic
fields on the transport properties of semiconductors having various band structures
have relatively been less investigated as compared with the corresponding magnetic
quantization, although the study of the cross fields are of fundamental importance
with respect to the addition of new physics and the related experimental findings in
modern quantum effect devices. It is well known that in the presence of electric field
(Eo) along x-axis and the quantizing magnetic field (B) along z-axis, the dispersion
laws of the carriers in semiconductors become modified and for which the carrier
moves in both the z and y directions, respectively. The motion along y-direction is
purely due to the presence of E, along x-axis and in the absence of electric field, the
effective electron mass along y-axis tends to infinity indicating the fact that the
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electron motion along y-axis is forbidden. The effective electron mass 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 effective electron mass along z- axis is a constant quantity. In 1966,
Zawadzki and Lax [48] derived the expression of the dispersion relation of the
conduction electrons for III-V semiconductors 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 [50].

With the advent of modern experimental techniques of fabricating nanomaterials
as already noted, it is also possible to grow semiconductor super-lattices (SLs)
composed of alternative layers of two different degenerate layers with controlled
thickness [51]. These structures have found wide applications in many new devices:
photodiodes [52], photoresistors [52], transistors [53], light emitters [54], tunneling
devices [55], etc. [56-68]. The investigations of the physical properties of narrow gap
SLs have increased extensively; since they are important for optoelectronic devices
and because of the quality of heterostructures, there is considerable improvement
when involving narrow gap materials. It may be written in this context that the
doping SLs are crystals with a periodic sequence of ultrathin film layers [69, 70] of
the same semiconductor with the intrinsic layer in between together with the oppo-
site sign of doping. All the donors will be positively charged and all the acceptors are
negatively charged. This periodic space charge causes a periodic space charge
potential that quantizes the motions of the carriers in the z-direction together with
the formation of the sub-band energies.

It is well known that the electrons in bulk semiconductors in general have three-
dimensional freedom of motion. When these electrons are confined to a one-dimen-
sional potential well whose width is of the order of the carrier wavelength, the motion
in that particular direction gets quantized while that along the other two directions
remains as free. Thus, the energy spectrum appears in the shape of discrete levels for
the one-dimensional quantization, each of which has a continuum for the two-
dimensional free motion. The transport phenomena of such one-dimensional con-
fined carriers have recently studied [71] with great interest. For the metal-oxide-
semiconductor (MOS) structures, the work functions of the metal and the semicon-
ductor substrate are different and the application of an external voltage at the metal-
gate causes the change in the charge density at the oxide semiconductor interface
leading to a bending of the energy bands of the semiconductor near the surface. As a
result, a one-dimensional potential well is formed at the semiconductor interface.
The spatial variation of the potential profile is so sharp that for considerable large
values of the electric field, the width of the potential well becomes of the order of the
de Broglie wavelength of the carriers. The Fermi energy, which is near the edge of the
conduction band in the bulk, becomes nearer to the edge of the valance band at the
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surface creating inversion layers. The energy levels of the carriers bound within the
potential well get quantized and form electric sub bands. Each of the sub-bands
corresponds to a quantized level in a plane perpendicular to the surface leading to a
quasi-two-dimensional electron gas. Thus, the extreme band bending at low tem-
perature allows us to observe the quantum effects at the surface [71].

It is well known that Keldysh [72] first suggested the fundamental concept of a SL,
although it was successfully experimental realized by Esaki and Tsu [73]. The impor-
tance of SLs in the field of nanoelectronics has already been described in [74-76]. The
most extensively studied III-V SL is the one consisting of alternate layers of GaAs and
Ga; AL As owing to the relative ease of fabrication. The GaAs layer forms quantum
wells and Ga;,AlAs form potential barriers. The III-V SL’s are attractive for the
realization of high speed electronic and optoelectronic devices [77]. In addition to SLs
with usual structure, SLs with more complex structures such as II-VI [78], IV-VI [79]
and HgTe/CdTe [80] SL’s have also been proposed. The IV-VI SLs exhibit quite
different properties as compared to the III-V SL due to the peculiar band structure of
the constituent materials [81]. The epitaxial growth of II-VI SL is a relatively recent
development and the primary motivation for studying the mentioned SLs made of
materials with the large band gap is in their potential for optoelectronic operation in
the blue [81]. HgTe/CdTe SLs have raised a great deal of attention since 1979, when as a
promising new material for long wavelength infrared detectors and other electro-optical
applications [82]. Interest in Hg-based SLs has been further increased as new proper-
ties with potential device applications were revealed [83]. These features arise from the
unique zero band gap material HgTe [84] and the direct band gap semiconductor CdTe
which can be described by the three band mode of Kane [85]. The combination of the
aforementioned materials with specified dispersion relation makes HgTe/CdTe SL very
attractive, especially because of the possibility to tailor the material properties for
various applications by varying the energy band constants of the SLs. In addition to it,
for effective mass SLs, the electronic sub-bands appear continually in real space [86].

We note that all the aforementioned SLs have been proposed with the assumption
that the interfaces between the layers are sharply defined, of zero thickness, that is,
devoid of any interface effects. The SL potential distribution may be then considered as
a one-dimensional array of rectangular potential wells. The aforementioned advanced
experimental techniques may produce SLs with physical interfaces between the two
materials crystallographically abrupt; adjoining their interface will change at least on
an atomic scale. As the potential form changes from a well (barrier) to a barrier (well),
an intermediate potential region exists for the electrons. The influence of finite thick-
ness of the interfaces on the electron dispersion law is very important, since the electron
energy spectrum governs the electron transport in SLs.

In Chapter 1, we further investigate the CEC in the presence of magnetic
quantization, cross-fields configuration, QWs, NWs, QDs, magneto size quanti-
zation, inversion and accumulation layers, magneto inversion and magneto
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accumulation layers, doping SLs, magneto doping SLs, QWHD, NWHD and
QDHD effective mass SLs, magneto QWHD effective mass SLs, magneto HD
effective mass SLs, QWHD, NWHD and QDHD SLs with graded interfaces, mag-
neto QWHD SLs with graded interfaces and magneto HD SLs with graded
interfaces of opto electronic materials, respectively.

In Chapter 2, we shall study the photoemission from optoelectronic nanomater-
ials. It is well known that the Einstein’s photo emission (EP) is a physical phenom-
enon and occupies a singular position in the whole arena of Nanoscience and
Nanotechnology and related disciplines in general and whose importance has
already been established since the inception of Einstein’s photoelectric effect (for
which Einstein won Nobel Prize in 1921), which in recent years finds extensive
applications in modern optoelectronics, characterization and investigation of con-
densed matter systems, photoemission spectroscopy and related aspects in connec-
tion with the investigations of the optical properties of nanostructures [87-91].
Interest in low-dimensional silicon nanostructures also grew up and gained momen-
tum, after the discovery of room temperature photoluminescence and electrolumi-
nescence of silicon nanowires in porous silicon [87]. Work on ultrathin layers of
SiSiO, superlattices resulting into visible light emission at room temperature clearly
exhibited low-dimensional quantum confinement effect [88] and one of the most
popular techniques for analyzing the low-dimensional structures is to employ photo-
emission techniques. Recent observation of room temperature photoluminescence
and electroluminescence in porous silicon has stimulated vigorous research activ-
ities in silicon nanostructures [89].

It is worth remarking that in the methods as given in the literature, the
physics of photoemission has been incorporated in the lower limit of the photo-
emission integral and assuming that the band structure of the bulk materials
becomes an invariant quantity in the presence of photoexcitation necessary for
Einstein’s photoelectric effect. The basic band structure of semiconductors
changes in the presence of intense external light waves in a fundamental way,
which has been incorporated mathematically in Chapter 2, in addition to the
appropriate fixation of the lower limit of the photoemission integral for the
purpose of investigating the EP.

In Chapter 2, we study the EP from the HD optoelectronic materials, under magnetic
quantization and also from quantum well, Nanowire and quantum dots of the said
compounds. In addition, we study the EP from HD effective mass quantum well SLs
under magnetic quantization, HD effective mass nanowire SLs, HD effective mass
quantum box SLs and the magneto EP from HD effective mass SLs of optoelectronic
materials, respectively. Under the conditions of extreme degeneracy, the invariant
band structure concept in the presence of light waves and certain other limiting
constraints all the results of this chapter for the EP assumes the well-known form [93]

J = (2nagem.g,/h) (v -vo)?, (o is the probability of photo emission, e is the magnitude
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of the electron charge, m. is the effective electron mass at the edge of the conduction
band, g, is the valley degeneracy, h is the Planck constant, v is the frequency of the
incident photon and v is the threshold frequency), which indicates the fact current
density is independent of temperature and when the energy of light quantum is much
greater than the work function the material, the condition of extreme degeneracy is
reached.

It is well known that the diffusivity to mobility ratio (DMR) occupies a central
position in the whole field of solid-state device electronics and the related sciences
since the diffusion constant (a quantity very useful for device analysis where exact
experimental determination is rather difficult) can be obtained from this ratio by
knowing the experimental values of the mobility. The classical value of the DMR is
equal to (kgT/le|), ((kg,T, and |e| are Boltzmann’s constant, temperature and the
magnitude of the carrier charge, respectively). This relation in this form was first
introduced by Einstein to study of the diffusion of gas particles and is known as the
Einstein relation [95, 96]. It appears that the DMR increases linearly with increa-
singTand is independent of electron concentration. This relation is applicable for
both types of charge carriers only under nondegenerate carrier concentration,
although its validity has been suggested erroneously for degenerate materials
[97]. Landsberg first pointed out that the DMR for degenerate semiconductors is
essentially determined by their energy band structures [98, 99]. This relation is
useful for semiconductor homostructures [100, 101], semiconductor-semiconductor
heterostructures [102, 103], metalssemiconductor heterostructures [104, 112] and
insulator-semiconductor heterostructures [113-116]. The nature of the variations
of the DMR under different physical conditions has been studied in the literature
[92, 94-96, 98, 99, 105, 117-142, 143].

In Chapter 3, we study the DMR in Optoelectronic nanomaterials in the presence
of intense photon fields under magnetic quantization, cross-fields configurations
and also in quantum wells and nanowires together with bulk specimens respectively.
Chapter 3 presents the suggestion for the experimental determination of DMR
for materials having arbitrary dispersion laws.

It is well known that the screening length (SL) of the carriers in semiconductors is a
very important quantity characterizing the screening of the Coulomb field of the
ionized impurity centers by the free carriers [144]. It affects many of the special features
of modern nanodevices, the carrier mobilities under different mechanisms of scatter-
ing, and the carrier plasmas in semiconductors [145]. The SL is a very good approxima-
tion to the accurate self-consistent screening in presence of band tails and is also used
to illustrate the interaction between the colliding carriers in Auger effect in solids [144].
The classical value of the SL is equal to [esckpT/(€*10)]Y? (€sc, kg, T, €, and n, are the
semiconductor permittivity, the Boltzmann’s constant, the temperature, the magnitude
of the carrier charge, and the electron concentration, respectively) which is valid for
both the carriers. In this conventional form, the DSL decreases with increasing carrier
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concentration at a constant temperature and this relation holds only under the condi-
tion of carrier non-degeneracy. It is interesting to note that the under the condition of

extreme degeneracy, the expression of SL for materials having parabolic energy bands

can be written as Lp = (7%/°h,/&s) (egll,/ 33y 6n3,/ 6 /me) " '(h, m. and g, are Dirac constant,

effective electron mass at the edge of the conduction band and valley degeneracy
respectively). Thus we observed that in this case the result is independent of tempera-
ture, but depends on ng, g, and m.. Besides, the indices of inverse electron variation
changes from half in the former case to one-sixth in the latter case. Since the perfor-
mance of the electron devices at the device terminals and the speed of operation of
modern switching transistors are significantly influence by the degree of carrier
degeneracy present in these devices, the simplest way of analyzing such devices taking
into account of the degeneracy of the band is to use the appropriate SL to express the
performance at the device terminal and switching speed in terms of the carrier con-
centration [146].

In this chapter we shall study the SL in quantum wells and also under magnetic
quantization and cross fields configuration together with bulk specimens of HD
optoelectronic materials under intense photon fields. Chapter 4 presents the sug-
gestion for the experimental determination of SL for materials having arbitrary
dispersion laws.

At field strengths of the order of 108V /m (below the electrical breakdown), the
potential barriers at the surfaces of different materials usually become very thin
resulting in field emission of the electrons due to the tunnel effect. With the advent
of field emission (FE) in 1928 [147], the same has been extensively studied under
various physical conditions with the availability of a wide range of materials and with
the facility for controlling the different energy band constants under different phy-
sical conditions and also finds wide applications in materials and related sciences
[148-156]. In Chapter 5, we study the field emission from HD III-V, ternary and
quaternary materials under magnetic quantization, the HD NWs of the same materi-
als, HD effective mass SLs under magnetic quantization, NWs of the said HD SLs, the
HD SLs with graded interfaces both under magnetic quantization and the NWs of the
said HD SLs, respectively. Chapter 6 presents the conclusion and the future research
as pertinent to this book.

It is needless to say that this monograph is based on the “iceberg principle” [157]
and the rest of which will be explored by the researchers of different appropriate
fields. Since there is no existing report devoted solely to the study of electronic
properties by applying the HUP for HD quantized structures to the best of our
knowledge, and we earnestly hope that this book will be a useful reference source
for the present and the next generation of the readers and the researchers of materials
and allied sciences in general. We have discussed enough regarding electronic
properties in different quantized HD materials, although lots of new computer-
oriented numerical analysis are being left for the purpose of being computed by the
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readers, to generate the new graphs and the inferences from them which all together
is a sea in itself. The production of error-free first edition of any book from every point
of view is a permanent member of impossibility theorems; therefore, despite our joint
concentrated efforts for couple of years together with the seasoned team of De
Gruyter, the same stands very true for this monograph also. Various expressions
and few chapters of this book have been appearing for the first time in printed
form. The suggestions from the readers for the development of the book will be
highly appreciated for the purpose of inclusion in the future edition, if any. We have
presented 200 open research problems for the graduate students, PhD aspir-
ants, researchers and engineers in this pinpointed research topic. We strongly
hope that alert readers of this monograph will not only solve the said problems by
removing all the mathematical approximations and establishing the appropriate
uniqueness conditions, but also will generate new research problems both theore-
tical and experimental and, thereby, transforming this monograph into a solid book.
Incidentally, our readers after reading this book will easily understand that how little
is presented and how much more is yet to be investigated in this exciting topic, which
is the signature of coexistence of new physics, advanced mathematics combined with
the inner fire for performing creative researches in this context.

In this monograph, the readers will get much information regarding the influ-
ence of quantization on the electronic properties in HD low-dimensional materials
having different band structures. Although the name of the book is an example of
extremely high Q-factor, from the content, one can easily infer that it should be useful
in graduate courses on materials science, condensed matter physics, solid states
electronics, nanoscience and technology and solid-state sciences and devices in
many universities and institutions, in addition to both Ph.D. students and research-
ers in the aforementioned fields. Last but not the least, the authors hope that their
combined humble effort will kindle the desire to delve deeper into this fascinating
and deep topic by any one engaged in materials research and quantum effect device
development either in academics or in industries.
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1 Heisenberg’s uncertainty principle (HUP) and
the carrier contribution to the elastic constants
in heavily doped (HD) optoelectronic nanomaterials
in the presence of intense light waves

Time is more valuable than money. You can get more money, but you cannot get more time at all.

1.1 Introduction

In recent years, there has been considerable interest in studying the optical processes
in semiconductors and their nanostructures in the presence of strong external photo-
excitation [1]. It may be noted that the works have been done on the basis of the
fundamental assumption that the carrier energy wave vector dispersion relations are
invariant quantities in the presence of intense light waves, which is not basically true.
The physical properties of nanomaterials in the presence of light waves, which
change the basic E-k E and k are the carrier energy and carrier wave vector,
respectively, relation, have relatively less investigated in the literature [2-5]. In this
chapter, we shall study the CECs in HD III-V, ternary, and quaternary semiconduc-
tors on the basis of newly formulated electron dispersion law under external
photoexcitation.

In Section 1.2, we have formulated the CECs of the conduction electrons of HD
III-V, ternary, and quaternary materials in the presence of light waves whose
unperturbed electron energy spectrum is described by the three-band Kane model
in the absence of band tailing. The III-V compounds find applications in infrared
detectors [6], quantum dot light-emitting diodes [7], quantum cascade lasers [8], QWs
wires [9], optoelectronic sensors [10], high electron mobility transistors [11], and so
on. The electron energy spectrum of III-V semiconductors can be described by the
three- and two-band Kane models [12, 13], together with the models of Stillman et al.
[14], Newson and Karobe [15], and Palik et al. [16], respectively. In this context, it may
be noted that the ternary and quaternary compounds enjoy the singular position in
the entire spectrum of optoelectronic materials. The ternary alloy Hg;_,CdyTe is a
classic narrow gap compound. The band gap of this ternary alloy can be varied to
cover the spectral range from 0.8 to over 30 um [17] by adjusting the alloy composi-
tion. Hg,_,Cd,Te finds extensive applications in infrared detector materials and
photovoltaic detector arrays in the 8—12um wave bands [18]. The aforementioned
uses have generated the Hg;_,Cd,Te technology for the experimental realization of
high-mobility single crystal with specially prepared surfaces. The same compound
has emerged as an optimum choice for illuminating the narrow subband physics
because the relevant material constants can easily be experimentally measured [19].

https://doi.org/10.1515/9783110610819-001

printed on 2/13/2023 5:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use


https://doi.org/10.1515/9783110610819-001

2 —— 1 Heisenberg’s uncertainty principle (HUP) and the carrier contribution

Besides, the quaternary alloy In;_,Ga,As,P; -y lattice matched to InP also finds wide
use in the fabrication of avalanche photodetectors [20], heterojunction lasers [21],
light-emitting diodes [22] and avalanche photodiodes [23], field effect transistors,
detectors, switches, modulators, solar cells, filters, and new types of integrated
optical devices made from the quaternary systems [24].

In the same section, we have studied the CEC for the said HD materials in the
presence of external photoexcitation when the unperturbed energy spectra are
defined by the two-band Kane model and that of parabolic energy bands in the
absence of band tails respectively for the purpose of relative comparison. Section
1.2.2 discusses about the opto-CECs in the said HD materials under magnetic
quantization. Section 1.2.3 describes about the opto-CECs in the presence of
crossed electric and quantizing magnetic fields. In Section 1.2.4, the opto-CECs
in QWs in HD Kane-type semiconductors are discussed. In Section 1.2.5, the CECs
in doping superlattices of HD Kane-type semiconductors in the presence of light
waves are investigated. In Section 1.2.6, the CECs in QDs of HD Kane-type semi-
conductors in the presence of light waves are studied. Section 1.2.7 discusses
about the magneto-CECs in QWs of HD Kane-type semiconductors in the presence
of light waves. In Section 1.2.8, the CECs in accumulation and inversion layers of
Kane-type semiconductors in the presence of light waves are studied. In Section
1.2.9, the CECs in NWs of HD of Kane-type semiconductors in the presence of light
waves are studied. Section 1.2.10 deals with the magneto-CECs in accumulation
and inversion layers of Kane-type semiconductors in the presence of light waves.
Section 1.2.11 describes about the magneto-CECs in doping superlattices of Kane-
type semiconductors in the presence of light waves. Section 1.2.12 discusses about
the CECs in QWHD effective mass superlattices (EMSLs) of Kane-type semicon-
ductors. Section 1.2.13 deals with the CECs in NWHD EMSLs of Kane-type semi-
conductors. Section 1.2.14 provides details regarding the magneto-CECs in HD
EMSLs of Kane-type semiconductors in the presence of light waves. In Section
1.2.15, the magneto-CECs in QWHD EMSLs of Kane-type semiconductors in the
presence of light waves are studied. In Section 1.2.16, the CECs in QWHD super-
lattices of Kane-type semiconductors with graded interfaces in the presence of
light waves are studied. Section 1.2.17 deals with CECs in NWHD superlattices of
Kane-type semiconductors with graded interfaces in the presence of light waves.
In Section 1.2.18, the CECs in quantum dot HD superlattices of Kane-type semi-
conductors with graded interfaces in the presence of light waves are studied. In
Section 1.2.19, the magneto-CECs in HD superlattices of Kane-type semiconductors
with graded interfaces in the presence of light waves are studied. Section 1.2.20
discusses about the magneto-CEC in QWHD superlattices of Kane-type semicon-
ductors with graded interfaces in the presence of light waves. In Section 1.3 the
suggestions of the experimental determination of the CECs are provided. Section
1.4 contains the summary and conclusion of this chapter. Section 1.5 presents
open research problems.
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1.2 Theoretical background

1.2.1 The CEC in the presence of light waves in HD llI-V, ternary,
and quaternary semiconductors

The Hamiltonian (H) of an electron in the presence of light wave characterized by the
vector potential A can be written as follows [3]:185

o

where p is the momentum operator, V(7) is the crystal potential, and m is the free
electron mass. Eq. (1.1) can be expressed as

o+l /2m| +vip) 1)

H=Hy+H (1.2)
where H, = % +V(r)
and
~ o lel - .
H=—A. 1.
2m P (13)

The perturbed Hamiltonian H can be written as

i - (ﬂ) (4.9) (1.4)

2m

wherei=+/-1and p= -ihV
The vector potential (A) of the monochromatic light of plane wave can be
expressed as

A=AoEs cos(Sp.F - wt) (1.5)

where Ag is the amplitude of the light wave, & is the polarization vector, Sy is the
momentum vector of the incident photon, 7 is the position vector, w is the angular
frequency of light wave, and t is the time scale. The matrix element of H',; between
initial state , (g, 7) and final state ¥, (k, 7) in different bands can be written as

., el -1» .
Hnl:%Olk‘A'p

1g) (1.6)

Using egs. (1.4) and (1.5), we can rewrite eq. (1.6). The first matrix element of eq. (1.7)
can be written as
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4 —— 1 Heisenberg’s uncertainty principle (HUP) and the carrier contribution

(nkle®7v1g) = [ elli0-8igus (@, )Py
+ Je("[q*go”;mu;(l_(',?')Vul(ﬁ,?')d3r 1.7)

The functions u,u; and u,u are periodic. The integral over all space can be
divided into the sum over unit cells times an integral over a single unit cell. It is
assumed that the wavelength of the electromagnetic wave is sufficiently large so
that if k and g are within the Brillouin zone, (§+5, - k) is not a reciprocal lattice
vector.

Therefore, we can write eq. (1.8) as

3
<nkle(-7) 15> - [%]{zqa‘(mo—1?>6m+6<a+§o—i?>uzj (I?,F)Vul(éﬂc?r}
cell

3
(zg) }{5@5’0 -E)J H u;<12,?)vu1(a,7)d3r} (L8)

where Q is the volume of the unit cell and fu;(ﬁ, P)uy (g, 7)dPr = 6(g - k)6, = 0, since
n=l.

The delta function expresses the conservation of wave vector in the absorption of
light wave and s, is small compared to the dimension of a typical Brillouin zone and
we set =K.

From egs. (1.7) and (1.8), we can write

N Ao . oo
Ho= 200, (896G ) cos(wn) (19

where py(k) = - ih [u, VPt = [u,(k, )pu(k, F)dr
Therefore, we can write

. elAg., . -
=0 i (110

where £ =& cos wt.

When a photon interacts with a semiconductor, the carriers (i.e., electrons)
are generated in the bands that are followed by the interband transitions. For
example, when the carriers are generated in the valence band, the carriers then
make an interband transition to the conduction band (CB). The transition of the
electrons within the same band, that is, H = (nl? H nl?) is neglected. Because,
in such a case, that is, when the carriers are generated within the same bands,
photons are lost by recombination within the aforementioned band, resulting in
Zero carriers.
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Therefore,

(nk|H'|nk) = 0 (1.11)

With n = ¢ stands for CB and I = v stands for valance band (VB), the energy equation
for the conduction electron can approximately be written as

leldo\? /12 » P
- (;-lk) (5) (B pa®P) )

where I;;(E)=E(aE+1)(bE+1)/(cE+1),a=1/Eg,a=1/Eg, Ego is the unperturbed
band gap, b=1/(Ego +A), c=1/(Ego +2A/3), and (|¢ -f)cv(lz)f)m, represents the aver-
age of the square of the optical matrix element (OME).

For the three-band Kane model, we can write

R R 1/2
£y~ Ee(K) = By () = (EZ, + B’/ m, (113)
where m, is the reduced mass and is given by m, 1=(mc)’1+mv‘ 1 and m, is
the effective mass of the heavy hole at the top of the VB in the absence of any
field.

The doubly degenerate wave functions ul(l_é,?) and uz(E,F) can be expressed
as [16]

a6 7) = . [(35) 1] + i {X';;Y' T} vo 71 (1.14)
and
wo(k,7) = - [(is) 1] = bi- [}% i’] +oe- (2 1] (1.15)

s is the s-type atomic orbital in both unprimed and primed coordinates, and |’
indicates the spin down function in the primed coordinates,

@y =BlEgo — (yors )" (Ego — 8)]"(Ego + )7, B= [(6(Ego +28/3) (Ego +8)) /1],
X = (6E2% + Egol + 40%), &y = Ec(K) — Ey(K) = Ego[1 + 2(1 + mem, ) (E)Ego] %, 8 =
(E;OA) (x)", X', Y’ and Z are the p-type atomic orbitals in the primed coordinates, 1’
indicates the spin-up function in the primed coordinates, by. =pyy.,

p= (402302, ks =tyy,, » and t= [6(Eqo +2A/3)* /x]"2.
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6 =—— 1 Heisenberg’s uncertainty principle (HUP) and the carrier contribution

We can, therefore, write the expression for the OME as
OME = pey (K) = (s (k, F) [plua(k, 7)) (1.16)

Since the photon vector has no interaction in the same band for the study of inter-
band optical transition, we can therefore write

(SIplS) = (X|p|X) = (Y|p|Y) = (Z|p|Z) = O
and
(Xp|Y) = (Y|p|Z) = (Z|p|X) = 0
There are finite interactions between the CB and the VB and we can obtain

(SIp|X) =igp =igP,
(SIp|Y) =jgb = jgpx
(S|p|Z) = kgp = kgp,

where f,}', and k are the unit vectors along x, y, and z axes, respectively.
It is well known [49] that

T | e ®?cos(6/2) €?2sin(6/2) {T]
U'| | —e"/2sin(0/2) €%/2cos(6/2)

From above equation, we can write

X cosfcos¢ cosfOsingg -sinf||X
and| Y |=| -sing cos ¢ 0 Y
VA sinfcos¢ sinfsing cosf | |Z

Besides, the spin vector can be written as

L oh 0 1 0 -i 1 0
S= -0, where, 0y = ,0y= , and 0, =
2 1 0 i 0

Pey(K) = (i (k, ) |plua(k, 1))

_ <{ak+ [GS) 1] + bi, [(X_f;y) T'} o, [Z 1’]}}13\

oo ) ¢ )
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Using aforementioned relations, we obtain

pov(K) = (i (K, PIPhea(K,r) )
- bkj;k* {{@ =) [Blis) (11 1)} + v, a {(Z1PliS)(11 1)}

- B2 (ISP ) ) e e {(SPZ)Y T} 0

We can also write

(& i) [Plis) = ((x)[Plis) - (@) |Plis )

=i Juy. PS— [ ~iuy. Piuc=i(X |Plis) - (Y'|PliS)
From the above relations, for X', Y', and Z’ we get

IX') = cos 6 cos ¢|X) + cos sin p|Y) - sin 0]Z)

Thus, (X'|P|S) = cos 6 cos (X |P|S) + cos fsin ¢ Y|P|S) - sin6(Z|P|S) = P},
where 7, =i¢0s 6 ¢cos ¢ +j cos 8sin ¢ - k sin 6

|Y') = - sin p|X) + cos ¢|Y) +0|2)

Thus, (Y'|P|S) = - sin¢(X|P|S) + cos p(Y|P|S) + 0(Z|P|S) = Pt,
where 7, = —151n¢+]cos¢
so that (X' —iY")|P|S) = (it - 1)
Thus,

ag_by,
7 (X

) PIS)I | 1= B2 =) (1] ) (118)
Now since

(iS|P|(X +1Y")) =i(S|P|X') - (S|P|Y') = P(if1 - 1)
We can write,

Ay, bk

V2

- [ah = P(ity - #,)(1" | 1) (1.19)

2 {usipl+ i1 10} -
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8 —— 1 Heisenberg’s uncertainty principle (HUP) and the carrier contribution

Similarly, we obtain
|Z') = sin @ cos p|X) + sinHsin ¢|Y) + cos 6]Z)

So that, (Z' |P|S ) =i(Z'|P|S) 1P{sm9cos ¢1+ sin Osin ¢j + cos Ok} = iPrs
where 73 =isin 6 cos ¢ +j sin fsin ¢ + kcos @
Thus,

ck,ax_ (Z[P|S)(L" [ 1) =ci, ax_iPrs(l"| 1) (1.20)
similarly, we can write
ci, ai_ (iS|PIZ)(1" [ 1) =ci_aw, iPH5(1 | 1) (1.21)

Therefore, we obtain

ai_ by, VA cy A_bi, (/oo s pyo
%{<(X+1Y)IP5><T 1)} - g { (b)) (1)) .

P (—ai, b (I | Y +ai_bie, (1] 1)) (i - 12)
V2
In addition, we can write

Ck, Qx_ Z\P|18 U1 + e ax, ISIP’Z (11 1) =iP(cr, ax_ +c_ar, )5l | 1)

(1.23)
Combining egs. (1.23) and (1.24), we find
Bev (8) = L= (it~ 22) {(bie, @i )1 11 = (b aie, )L | 1)}
V2 e (124)
+iPrs(cr, ax_ —cr_ci, )(L [ 1) ’
From the aforementioned relations, we obtain
1" =e ®/2cos(8/2) 1 +e$/?sin(6/2) | (125
| =e ®2sin(/2) 1 +e®/2cos(6/2) | .
Therefore,
(V1= = sin(/2) cos(@/2)1 | Ty ve 0@/ 1 Do

~e?sin’(6/2)(1 | 1), + sin(6/2) cos(8/2)(1 | 1),
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1.2 Theoretical background =— 9

But we know from above that

(111520, (L1 )= 3, (L] T)= zand(L | 1),=0

Thus, we get
(U 11),= 3 [e~#cos’(8/2) - esin’(6/2)]

[(cos ¢ - isin p)cos?(6/2) - (cos ¢ +isin ¢)sin®(6/2)]
(1.27)

Nl= NI

[cos @ cos B —isin )
Similarly, we obtain
, 1. . . 1 .
(Iny,= E[ICOS¢+ sing cosBOland(| | 1),= f[_ sin 6]

=1 T3 1), + k]

1)
Therefore

1{(cos@cos¢p-isin ¢)i+ (icos ¢+ sin ¢ cos @)j - sin 912}

=1[{(cos b cos ¢)i+ (sin ¢ cos B)j — sin Ok} +i{ —isin ¢ +jcos ¢}
= % [?1 + UA’z] = - %l[li’l - ?2}
Similarly, we can write
1717V =1[isinOcosp+jsin@sinp+kcosh) =1t and (| | |') = -
2 2

-
213

Using the above results, we can write

Doy (B) = %(ifz—m{(ak_bmm’ ) = a1 | 1))

+i13i’3{(ck+ a_ -ca, )L [ 1)}

= gf’s(ii’l —f'z){ (ak:/bih + bk;/azk* ) } + gfé(i?z —){(cx, ax_ +cr_cr,)}
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10 —— 1 Heisenberg’s uncertainty principle (HUP) and the carrier contribution

Thus,

N>

?;(i?z—?z){ah (% +ck> +a_ <l:% +ck+>} (1.28)

we can write that
1] = |72 = |f2| = 1, and also, P#; =P, sin 6 cos ¢i+l3y sin 6sin ¢j+ﬁ’z cos 0k

pev(k) =

where P=(S|P|X)=(S|P|Y)=(S|P|Z),

<S’PI‘X> = fuZ(O, F)Puvx(o, F)d3r=13(jvx(0)

and (S’ﬁ"Z) = pcvz(O)

Thus, P= Pcvx(o) = Pcyy (0) = Peyz(0) = Pey(0)

where Py (0 = [ug(0,7 ")Puv (0,P)dr=P
For a plane polarlzed light wave, we have the polarization vector & = k, when the
light wave vector travels along the z-axis. Therefore, for a plane polarized light wave,

we consider & = k.
Then, from eq. (1.28) we get

13 o - -
(- pcv(k)) 5 3(iry — 1) [A(k) + B(k)] cos wt (1.29)
and
A(l_(‘) =dj_ (b\lyz: +Ck+>
(1.30)
B(K)=ay, ("5 +a )
Thus,
~ 2
g pey(k) ‘E-—@ |ity — 72 2[A(K) + B(K))? cos wt
(1.31)
% +B(k)] cos’wt

- (2
Hence, the average value of ‘E “Dev (k) ‘ for a plane polarized light wave is given as

yP *lak +B(/<)} (132)
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. . 2
where ]PZ‘Z =) ‘k ~f76,,(0)’
and

2 2 Eg (Eg, +A
P BBy +0) 139

€ PO =, gy - 70)

We can express A(k) and B(k) in terms of constants of the energy spectra as follows:
Substituting ay, , b, , Cx, , and yy,, in A(k) and B(k) in eq. (1.31), we get

A Y 1/2

7 P Eg, 2 2 2 Eg, -6
Alk)=B(t+ — 5 - . 1.34
®) ﬁ( ﬁ){(Eg0+5)y°"* Yok, Yok (Eg0+5 (1.34)

E E, -6\1"
80 _ 2 2 2 S0 — _ (1.35)
) { (Ego -5 ) Yok- ~ Yok, Yok_ (Ego +6> }

Egy -6

> _ SuEg _1|1_ (Esotd _ SiktEg _1q_
where yo., = A +6) 2 {1 <£lk+‘s')} and Yo A +6) 2 {1 (ﬁk*‘s')}

=
=
I
=
—
+
S

Substituting x=¢&,, +6 in Yok, » We can write

o P Eg, 1 _Ego+5/
A(k)—ﬁ(t+ ﬁ){(E—go+6'>2<l ——
1 (B8 (B8 [, Eu-6\1"
4 Eg0+6' x X

- /
Thus, A(K) = & (¢ + %){1_ 2 %}
where ao = (E2 +6°)(Eg, +6) " and a; = (Eg, - 8)°.

After calculation, one can show that

B p 1 11 1 (B +6) ]
K ="2 £ N _ 80
A(k) 2(” ﬁ)(Eg° S)L’lkﬂs’ Eg0+6’} L’lkw'(ggo_a')z} 139

Similarly, from eq. (1.36), we can write

B(E):ﬂ(nﬂ) B \1(y, B8\ 1 (Ee0=8\(, Exo*o
V2) | \Eg, +6 ) 2 x 4 \Eg, +6 x

, 1/2
1+M
X
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12 — 1 Heisenberg’s uncertainty principle (HUP) and the carrier contribution

So that, finally, we get

A PRAT
B(k)= 5 (t+ \/5) <1+ §1k+5’> (1.37)

Using egs. (1.32), (1.33), (1.36), and (1.37), we can write

<|e|A0)2<‘§-f7CV<E) 2>av _ (|eA0>22_n|E.ﬁCV(O)|2%2 (H i)z

2m Ec(k)-Ey (k) 2m ) 3 V2
12 1/2y 2
E, -6 , E, +6
S <1+ 50 ,>+(Eg0—5){ ! ;- ! } ! R 5

&1k S t+6 §u+td  Egy+6 S +6 (Ego—(s')

(1.38)
Following Nag [5], it can be shown that
2

2 A (1.39)

A2-__ "
0" 2m23, [EcEo

where I is the light intensity of wavelength A, &y is the permittivity of free space, and ¢
is the velocity of light. Thus, the simplified electron energy spectrum in III-V,
ternary, and quaternary materials in the presence of light waves can approximately
be written as

=Bo(E,A) (1.40)

Where

Bo(E, A) = [ (E) - 6(E, A)]

lel® IX Eg(Eg, +M)B*(, p\' 1
OO(E’ ) = 2\
96m,mc® \/esc€o (Eg, + 2A) 4 V2) $o(E)

, 1/2 ;o71/2) 2
<1+ Eg, -6 ,>+(Eg0—5')[ 1 o 1 ] { 1 - Eg0+6, 2]
$o(E)+6 $o(E)+6  Eg,+6 $o(E)+6 (Eg —5)
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1.2 Theoretical background =— 13

and

1/2
$o(E) = Ex, (1+2<1 ; 2_) ’Eim)
Thus, under the limiting condition k— 0, from eq. (1.40), we observe that E = 0 and is
positive. Therefore, in the presence of external light waves, the energy of the electron
does not tend to zero when k — 0, whereas for the unperturbed three-band Kane
model, I; (E) = [h?k*/(2m)] where E — O for k — 0. As the CB is taken as the refer-
ence level of energy, the lowest positive value of E for k' — 0 provides the increased
band gap (AEg) of the semiconductor due to photon excitation. The values of the
increased band gap can be obtained by computer iteration processes for various
values of I and A, respectively.
Special cases:
1) For the two-band Kane model, we have A — 0. Under this condition, Ij;(E) —

E(1+aE)= % Since 8 — 1,t — 1,p — O, 8 — 0 for A — 0 from eq. (1.40), we can
write the energy spectrum of III-V, ternary, and quaternary materials in the presence of

external photoexcitation whose unperturbed conduction electrons obey the two-band
Kane model as

K2 k2
2m.

=7o(E, ) (1.41)

Where

To(E,A)=E(1+aE)-Bo(E,A),

Bo(E,A)= 384|7erEBm, \I;\:—i(; ¢1}E) { <1+ ¢§?E)) *Bo {ﬁ ) é} }2’

2 1/2
Me ak(1+ aE)}
m,

¢1(E)5Eg0{1+

For relatively wide band gap semiconductors, one can write a — 0, b — 0, ¢ — 0,
and I;(E) — E Thus, from eq. (1.41), we get

S
e po(E, A) (1.42)
2732 —
Where p,(E,A)=E- WC‘;‘”% [1+ (2mcm,)aE) />

Equations (1.40), (1.41), and (1.42) can approximately be written as
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k2

=UI(E)-P 1.
m, Uil (E) - P, (1.43)
nk>
m =t1/1E+t2/1E2—6A (1.44)
C
and
nk>
om =tpE -6, (1.45)
C
where

Up=(1+6,),6, = Lo (t}( + %) Co= el INEgy gy +h) p° (1+£)2
’ A A) 96mc3my, \/escEo(Egy + 30) 4 ’

2B BC,

(A+8) (A+§)

>

m*
A=Ego,B={1+m—V},G,\=

Cr=[(Egy+8) "+ (Egy +6)(Eg, —6) *J(A+8) "

2(Eg, — 5’)) ’

C
Py= KO]AJA = (Dy +2(Eg, = 8) /i), Dy = <1 " Tare)

fi=

! 2+ - Z_CA )1.1/\:(1-}_3'?16‘“5/1>)a=i
(A+8)"  (Eg,-0) my Eg,

e[ 1A%

= 796"1,77@3\/@ and ty = atiy

It is well known that the band tails are being formed in the forbidden zone of HDS and
can be explained by the overlapping of the impurity band with the CB and VB [25]. Kane
[26] and Bonch Bruevich [27] have independently derived the theory of band tailing for
semiconductors having unperturbed parabolic energy bands. Kane’s model [26] was
used to explain the experimental results on tunneling [28] and the optical absorption
edges [29, 30] in this context. Halperin and Lax [31] developed a model for band tailing
applicable only to the deep tailing states. Although Kane’s concept is often used in the
literature for the investigation of band tailing [32, 33], it may be noted that this model
[26, 34] suffers from serious assumptions in the sense that the local impurity potential
is assumed to be small and slowly varying in space coordinates [33]. In this respect, the
local impurity potential may be assumed to be a constant. To avoid these approxima-
tions, in this book, we have developed the electron energy spectra for HDS for studying
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the CEC based on the concept of the variation of the kinetic energy [25, 33] of the
electron with the local point in space coordinates. This kinetic energy is then averaged
over the entire region of variation using a Gaussian-type potential energy. It may be
noted that a more general treatment of many-body theory for the DOS of HDS merges
with one-electron theory under macroscopic conditions [25]. In addition, the experi-
mental results for the Fermi energy and others are the average effect of this macro-
scopic case. Thus, the present treatment of the one-electron system is more applicable
from experimental point of view and it is also easy to understand the overall effect in
such a case [35]. In an HDS, each impurity atom is surrounded by the electrons,
assuming a regular distribution of atoms, and it is screened independently [32, 34,
36]. The interaction energy between electrons and impurities is known as the impurity
screening potential. This energy is determined by the interimpurity distance and the
screening radius, which is known as the screening length. The screening radius
changes with the electron concentration and the effective mass. Furthermore, these
entities are important for HDS in characterizing semiconductor properties [37, 38] and
modern electronic devices [32, 39].

Based on Kane’s model, the works on Fermi energy and the screening length in
an n-type GaAs have already been initiated [40, 41]. Incidentally, the limitations of
Kane’s model [26, 33], as mentioned earlier, are also present in their studies.

The Gaussian distribution F(V) of the impurity potential is given by [26—27]

F(V) = (mn2) " exp( - v/ (1.46a)

where 1, is the impurity scattering potential. It appears from eq. (1.46a") that the
variance parameter Mg is not equal to zero, but the mean value is zero. Furthermore,
the impurities are assumed to be uncorrelated and the band mixing effect has been
neglected in this simplified theoretical formalism.

Under the condition of HD, using the method of averaging the kinetic energy of
the electron, the HD dispersion relations in this case in the presence of light waves
can be written as

k2
T T1(E, g, A) (1.46b)
k2
T T>(E, ng, A) (1.47)
n’k2
T T5(E, 1, A) (1.48)

where T1(E, ng, A) = [Up[T31(E, n,) +iT52(E, n,)] - Pal,
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T5 (Ev ng) = <1+ET‘;(E/71g))

R e M O G R )

1 b\ 2 N —p*/4) .
- (1 - g) (1 — E) Y exp(—uy) {Z%Slnh@uz)] :

p=1

b_( 1 >C_< 1 )u_l—i—cE
T\E+A) T \E+20) 7T eng

B 2 1 a by va
Ts:(E,mg) = (1 + Erf (E/ng) ) c (1 B E) (1 _E) aexp(—uﬁ).

g

()

YolE 1) = 1 exp(~E>/) (2V7) *+ % (1 + B (E/n,)),

-
eo(E,ng)*zn\gf <E>+ (n% + 2E%)

To(E, 1g, A) = [Unys(E, ng) + (62)2600(E, 1)1 + Erf(E/ng)] ™" — 83

73(E, 'Ig) = [m} Yol(E: rlg)
and T3(E, ng,A) = [tuys(E,ng) — 61
The HUP can be written as
Ap;Ai~Ah (1.49)

where i=x, y, and z,p is the momentum, A’s are the errors in measuring p;, i, h is
Dirac’s constant, and A is the dimensionless constant.
Since p; = hk; where k; is the electron wave vector, from eq. (1.50a) we can write

A3
= 1.50
Mok Ak = (1.50a)

where AV =Ax Ay Az
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The use HUP tells us each electron occupies at least a volume AV and this electron
must exists in either of the two possible spin orientations due to Pauli’s exclusion
principle. If ng3p is the electron statistics (ES) in unit volume, then AV = ﬁ and the
combination of this with eq. (1.50a) leads to

2
Mosp = = (Aky Aky Ak;) where C5p=A° (1.50h)

3D
If ng3p is the valley degeneracy, we can write

2
No3p = % (AkxAkyAkz) (1.50c¢)
3D

For two and one dimensions, we get

- % (AkAk,) (1.50d)
2D
and
2
No1p = % (Aky) (1.51a)
D

where ngyp and ngyp are ES per unit area per subband and per unit length per
subband, respectively, and C,p and Cjp are two dimensionless constants in the
respective cases.

In accordance with HUP

V(EF) = (Aky Ak, Ak;) (1.51b)
Using eq. (1.46b) we get
47 [2m)? 32
V(Epnpr) = 3 [h—;} {Tl (ErmpL, ng/\)} (1.51¢)

where Epgp; is the Fermi energy in this case.
Using egs. (1.50b) and (1.51c), the ES can be written as

_ 8mgy {ch

3/2 32
no = 3Cop | 1 } Real Part of[Tl(EFHDL, nA) (1.51d)

By substituting Csp = (271)3 , eq. (1.51d) assumes the form
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3/2 32
} Real Part of[Tl (ErmpL, ng)l)} (1.51e)

Ny = 8v [zmc

3| B

Equation (1.51e) is the expression of ES in HD III-V, ternary, and quaternary semicon-
ductors in accordance with the three-band Kane model in the presence of intense light
waves under the condition of extreme degeneracy with the formation of band tails
without using the DOS function approach and by directly applying the HUP.

Similarly for perturbed two-band Kane model and for parabolic energy bands, we
can write

Mo = % [%} " [Tz (Errpr, ng/t)r/z (1.51f)
no = 3%_‘[/2 {%} " [T3 (EFnpL, ’Tg/\)} 7 (1.51g)
In the absence of HD, the ES can be written as
no= S (2;’2’) " (o (Er 1] (1.52)
no= S (2;;’) " (B " (1.52b)
no = % (%) " [Po (EFL,/\)]B/ 2 (1.52¢c)

In the absence of HD and photons, the ES in this case can be written as

2m.\ 2
Mo = % (h—;> (I (Er)P (1.53a)
2me\ /2
no= 2% ( n;) [Er(1+ aEp)]* (1.53b)
2m 3/2
Mo = % ( h;) (Ex 2 (1.53¢)

Equations (1.53b) and (1.53c) are well known in the literature [13].
The electronic contribution to the second- and third-order elastic constants for
HD materials can be written as [94-106]
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-G*Z on
ACyuy = — 92 { 9 } 1.54a
“ 9  |0(EFup — Eomp) ( )
and
37 2
ACyss = T2 AL (1.54b)
27 | 0(Ernp — Eonp)

where Gy is the deformation potential constant, Z, = (Real Part)*, Epyp is the Fermi
energy in HD materials in the presence of band tails, and Eopp is obtained from the
corresponding HD dispersion relation under the conditions E = Eyyp when k=0.
Using egs. (1.54a), (1.54b), and (1.51e) and x =1 successively, we can study ACy,
and AC4s¢ for HD materials in the presence of light waves whose energy band
structures in the absence of any field are given by three-band Kane model. Using
eqs. (1.54a), (1.54b), (1.51f), and (1.51g) together with x = 0, we can study the same for
two-band Kane models along with respective parabolic energy bands in this case.
In the absence of band tails, we can write

—G2 arlo
ACyy = —9 | —= 1.
Cuy 9 L)EFJ (1.54¢c)
and
AC,. = 00 {"2”0} (1.54d)
456 27 aEFLz .

where Ep; is the corresponding Fermi energy in this case.

Using egs. (1.54c), (1.54d), (1.52a), (1.52b), and (1.52c) successively, the expres-
sions for AC,, and AC,se for materials in the absence of band tails and in the presence
of light waves whose energy band structures in the absence of any field are given by
three- and two-band Kane models together with parabolic energy bands can, respec-
tively, be written as

- G? Y 3/2 ’

ACuy = T,‘;zg (2,',;) [[[ﬂo<EFL,A)]3/ ’] } (1.55a)
-G Y . 3/2 ’

ACyy = T;_f <2:21 ) H[To (EFLyA)P/Z} } (1.55b)
—-G? Y 3/2 ’

scu= o () (o] | (1.550
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and
ACuss = % <2;’2'C)3/2 H[ﬂo (Epz, V)] 2} } (1.56a)
ACus6 = % (2;’2’6)3/2 H[TO(EFL,/\)]W},} (1.56b)
ACusg = % <2}’1’})3/2 H[pO(EFL,/I)}B/z} } (1.56¢)

where the primes denote the differentiation with respect to Fermi energy.
AC4, and AC4s6 for bulk materials in the absence of any field can be expressed as

—Gé 6n0
and
G3 dzno
ACys6= =2 |— 1.56
456 = > [aEFZ} (1.56e)

where Ef is the corresponding Fermi energy.

Using egs. (1.56d), (1.56e), (1.53a), and (1.53b) successively, the expressions for
AC44 and AC4se for bulk materials in the absence of any field whose energy band
structures in the absence of any field are given by three- and two-band Kane models
can, respectively, be written as

- Gg, (2m.\*? '
ACyy = 27;? ( 2 > H[Ill(EF)]s/z} } (1.57a)
- Gg, 2m,\*"? ’
BCu= 25 ( h;) H[EFumEF)P/Z} } (157b)
and
Gg, /2m.\ > "
ACys6 = 8;)52 ( hzc) |:|:[111(EF)]3/2:| ] (1.58a)
Gg, [2m.\>? :
ACys6 = % ( 2 ) H[EF(l +0fEF)]3/2} } (1.58b)
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Under the conditions A >> E; or A < E, together with the inequality aEr < 1, the
electron concentration in bulk specimens of III-V, ternary, and quaternary semicon-
ductors whose energy band structures are defined by two-band Kane model can be
expressed in the presence of finite temperature as

Mo =N, [Fl () + (15 a[’fB T) F /2()1)] (1.59)

3/2
where N¢ = gv,z(Z””;CZkBT) , = ,fB—FT and Fj(n) is the one parameter Fermi-Dirac inte-

gral of order j, which can be written as [73]

1

Fi(n) = (m) [yas expr-n)tay.jgr-1 (1.60a)
0

where I'(j +1) is the complete Gamma function or for all j, analytically continued as a
complex integral around the negative axis

(0+)
Fi(n) =4 [ Y1+ exp(-y-n) ' dy, (1.60b)

in which 4; = 217;(—_\/%

Using egs. (1.56d), (1.56e), and (1.59), AC44 and ACys under the condition aE < 1
can be written for two-band Kane model at a finite temperature as

- G2 15akpT
AC44 = ﬁNC |:F_ 1/2(7’1) + < 4B )Fl/z(n)] (1613)
G} 15akgT
ACys6 = W;)T)ZNC {Fs/z(n) + ( 43 >F1/2(72)} (1.61b)

Under the condition of nondegeneracy, egs. (1.61a) and (1.61b) assume the form

2

_~bo
AC44 9kBT No (1623)
G (1.62b)
ACys6 = ————n 1.62b
456 27(kB T)z 0

Equations (1.62a) and (1.62b) are well known in the literature.
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1.2.2 The CECs under magnetic quantization in HD Kane-type semiconductors
in the presence of light waves

(i) Using eq. (1.46b), the magnetodispersion law, in the absence of spin, for HD III-
V, ternary, and quaternary semiconductors, in the presence of photoexcitation,
whose unperturbed conduction electrons obey the three-band Kane model, is
given by

272
Ty (E, ng,}l) = <n+ %) hwg + h”’:Z (1.63)

The application of HUP leads to the expression of ES in this case as

4g,eB"max
Mo = éah ZAk (1.64)

where Cy is a constant.
Using eq. (1.56) we can write

n(Ak,)?

m, (1.65)

1
Ti(EpnpL, s A) = (n + 5) hwo +

where Ergyprp is the Fermi energy in the present case.
Using eqgs. (1.64) and (1.65) together with the substitution Cg = 47% lead to the
expression of electron concentration as

Nmax 1/2
Bgv|€\v ¢ Real part of {Z [{TI(EFHDLB,ng,A) - <n+ %) hwo} H (1.66a)
mh

n=0

where Epgpp is the Fermi energy under quantizing magnetic field in the presence of
light waves as measured from the edge of the CB in the vertically upward direction in
the absence of any quantization.

The electronic contribution to the second- and third-order elastic constants for
HD materials can be written as [94-106]

- Gz Zy ano :|
ACyy = —2"%Real Part o 1.66b
e 9 f L) (ErrpL — Eorpgz) ( )
and
3 P
ACysq = 5% Mo , (1.66¢)
2 (Errpr — Eorpgz)
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where Eogpp, is obtained from the corresponding HD dispersion relation under the
conditions E=E_, . when k, =0.

Using egs. (1.66a), (1.66b), and (1.66c) together with x =1 we can study AC4, and
ACys6 in this case.

Using eq. (1.41), the magneto-dispersion law, in the absence of spin and band
tails for III-V, ternary, and quaternary semiconductors, in the presence of photo-
excitation, whose unperturbed conduction electrons obey the two-band Kane model,

is given by

1 ni2
Bo(E; A) = <n+ 5) hwo + 5 - (1.67)
The ES is given by
Bgv\e|\/ Mtmax 1/2
T Z Bo(Ers, A) - (n + hawo (1.68)

where Epp is the Fermi energy under quantizing magnetic field in the presence of
light waves and band tails as measured from the edge of the CB in the vertically
upward direction in the absence of any quantization.

In the absence of band tails we can write

dno
AC 1.6
“= g [aEFLB} (1.69)
and
G3 azno
AC 2 1.70
456 = > |:aE12~"LB:| (1.70)

Using egs. (1.68)—(1.70), we get

GZ B e / Nmax
ACys = gv2| h‘z Z

{Bo (ErL, A) (n+ )hwo}l/z] (1.71)

3 Im Nmax 1/2 "
ACys6 = GoBsilelv2 Z |:{ﬁ0(EFLB: (n+ )hwo} } (1.72)

- umK

In the absence of light waves and HD, the ES can be written as

_Bgyle[v2m: % 1 2
— Z In(Ers) - { n+ 5 | heo (1.73)
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where Erp is the Fermi energy in this case.
In this case AC44 and ACys6 can be written as

—G2 dno
ACyy= —20 |2 1.74
44 5 L)EFB] (1.74)
and
G3 azno
ACyuse = =2 |—— 1.
456 = 5 {aEqu (1.75)

Using egs. (1.73)—(1.75), we get

~ GOBgv|€| /— Nmax 1 1/2 !
AC44 = 9]'[2}"12 Z 111 EFB E h(l)o (176)

G3Bgy|e|v/2m, @ 1 121"
ACys6 = GyBgy|elv2mc Z [{111 Erp) - ( E)hwo} (1.77)

- mK

(ii) Using eq. (1.47), the magneto-dispersion law, in the absence of spin, for HD III-V,
ternary, and quaternary semiconductors, in the presence of photoexcitation,
whose unperturbed conduction electrons obey the two-band Kane model, is
given by

2;2
T (E, ng,A) = (n+ 1)hw0+ Z Ky

Mc

(1.78)

The ES is given by

_ Bgyle|v2m. "“‘Z

R

1 1/2
{Tz (EFHpLBs Mg A) — <n+ 5) ha)o} } (1.79)

Using egs. (1.79), (1.66b), and (1.66¢) together with x = 0 we can study ACy4s and ACysg
in this case.

Using eq. (1.42), the magneto-dispersion law, in the absence of spin and band tails
for III-V, ternary, and quaternary semiconductors, in the presence of photoexcitation,
whose unperturbed conduction electrons obey the two-band Kane model, is given by

1 n’k2
To(E,A) = (n + 5) hwo + 2mj (1.80)
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The ES is given by

Bgv|e|\/ niaf(

R

1/2
{TO(EFLB, (n+ )hwo} :| (1.81)

Using eqs. (1.69)—(1.81) we can write

2 2m Nmax 1/2 ’
AC44 -6 Bgv‘e| Z |:{T0 EFLB, <n+ 1) ha)o} :| (182)

2h2
G3Bgylelv/2me o2 1 e
AC456 27ﬂ2h2 Z [{TO EFLB: (l’l + i) hwo} ] (1.83)

In the absence of light waves and band tails, the ES for two-band Kane model in the
presence of magnetic quantization can be written as

Nmax 1/2
Bgvlit;lhv2 Z HEFB 1+ aEpp) - ( %)hwo} } (1.84)

Using eqs. (1.74), (1.75) and (1.84) we can write

3 /7 Nmax 1/247
AC44 -G Bgv|e| Z |:{EFB 1+aEFB) (n+ %) ha)()} :| (185)

th
G3Blely/2m; = N 1]
AC456 277'[2}12 Z {EFB 1 + CKEFB) (n + > ha)o} (186)

(iii) Using eq. (1.48a), the magneto-dispersion law, in the absence of spin, for HD III-
V, ternary and quaternary semiconductors, in the presence of photo-excitation
whose unperturbed conduction electrons obey the parabolic energy bands is
given by

1 ni2
T3(E, ng, A) = (n+ )hw0+ ij (1.87)
The ES is given by
_ Bg,le]y2m nzmax T5(E A AT 1.88
n2h2 3( FHDLB> Tgs )—|n+ 5 Wo (1.88)
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Using egs. (1.88), (1.66b), and (1.66c) together with x =1 we can study AC,, and ACyse
in this case.

Using eq. (1.43), the magneto-dispersion law, in the absence of spin and band
tails for III-V, ternary, and quaternary semiconductors, in the presence of photo-
excitation whose unperturbed conduction electrons obey the parabolic energy bands

is given by
1 e
pPo(E,A) = <n + 5) hwo + 2m: (1.89)
The ES is given by
_ BgiJely/am, "o AR
ﬂ2h2 Z Po EFLByA) 5 ha)o (1.90)

Using egs. (1.69b), (1.69c¢), and (1.90) we can write

/2 "max 1/2 ’
AC44 = GOBgV|e| Z |:{ EFLBs <n+ %) hwo} :| (191)

 omrl
G} Bgy le|/2m, "o 1 ek
AC456 §;| 2|h2 Z [{po EFLB’ (n + E) hCU()} :| (192)

In the absence of light waves and band tails, the ES for isotropic parabolic energy
bands can be written under magnetic quantization as

Nmax 2
= (gvd;i thzmc) Y [EFB - (n+ %) hwo} (1.93)
n=0

Equation (1.79) is well known in the literature [13].
Using egs. (1.69g), (1.69h), and (1.93) we get

_ 2 Nmax 17
ACuy = (% Vzmc) Y [EFB - (n+ %) hwo} 2} (1.94)

92k’ =
1_n
Gig,eBy2m\ TX 1 2
neo= (S55) 3 | o= (3 )

n=0
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Under the condition aErg < 1, the electron concentration at finite temperature in this
case can be expressed as

Nmax

no = NGB{Z [( —abm) Tl(nBl)+%akBTF%(ﬁBl)H (1.96)

where 0p; = Z;‘;—%, aoi = [1+a(n+ 3)hwo], bor = [[1+a(n+ 3)hwol/an] and iy = Flls;BTbm
The eq. (1.96) is well-known in the literature [13]

The influence of finite temperature leads us to the following expressions of AC,, and
ACys6 for optoelectronic materials whose energy band structures are defined by the two-
band Kane model under magnetic quantization under the condition aE < las

Nmax 1

ACyy = 9kGTN931[';)\/ao_l[<1+§ab01) 3(’131)+ akBTF (’131)” (1.97)

ACys56 = (G {nmi{ [<1+ abm) (’13)+ akBTF 3(1131)” (1.98)

In the absence of light waves and band tails, the electron concentration for isotropic
parabolic energy bands can be written under magnetic quantization at a finite
temperature as

Mtmax - Epg - (n+ HYhw
N =Nc0p: [ Z [F Tl(UB )]} where 75, = % (1.99)
n=0

Using egs. (1.99), (1.51g), and (1.51h) we get

G Nmax
ACyy = oksT N Op1 [ ,;) [ 73(’132)]} (1.100)
G?) Nmax (
ACys6= ———N_0 F_s(n 1.101
T PO ] )

Equation (1.99) is well known in the literature [13].
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1.2.3 The CECs under crossed electric and quantizing magnetic fields
in HD Kane-type semiconductors in the presence of light waves

(i) The electron dispersion law in the present case is given by

1.2
1 hk:(E)?  Eo . [ mEY{Tu(E, i, M) ]
Ti(E, ng, A) =(n + 5) hwo + om. Ehky{Tl(E, Mg A} — B
(1.102)
The electron concentration in this case can be expressed as
_ 2g,B\/2mc may
ng = mRealpart of ,;) [Ml()l (EFBLHDC’ n, Eq, B, /1)} (1.103)

where Epg; unc 18 the Fermi energy in this case,

1 mcE2
M161(n7EFBL7A) = |:[T1(EFBLHDC’ n,Eo,B7A) - (T’l +§> hwo — fzo

302
{T1(Er gy ppes 1 Eo, B, )Y > + |e|EoLy[{Ta(Eryy . 11, Eo, B, /\)},]}

2
mcEO

1 ,
- [Tl(EFBLHDC’ n,Eo,B,A) — (n + 5) hwo — W [{Tl(EFBLHDC’ n,Eo,B,}l)} }2]3/2]

1

7 (1.104a)
{T1(EF gy pes M Eo, B,A) ]

The electronic contribution to the second- and third-order elastic constants for HD
materials can be written as [94-106]

ey d
ACu = —2= Mo (1.104b)
0 (EFBLHDC - EOHDBI)
and
37 2
ACusg = G%" oMo (1.104c)

0 (EFBLHDC - EOHDBl>2

where Eggpg; is obtained from the corresponding HD dispersion relation under the

conditions E=E . whenk,=0 and k,=0.

Using egs. (1.104a)—(1.104c) with x =1 we can study AC4; and ACyse in this case.
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The electron dispersion law in the present case in the absence of band tails is
given by
"2
1 [hk=(E))* _ Eo [ MER{By(E, A} ]
Bo(E,A) = (n+ i)h(uo+ T = g HloABo (B, )} - 4 =55

(1.105)

The electron concentration in this case can be expressed as

2g,B\/2mc &
M= Sp g, 2 Mo Ergc: . Eo B V)L (11062)

where

2
mcEO

1
M1612(nFBL’A) = |:|: O(EFBLC’n’ Eo,B,/l) - (n+ E) h(l)()— W

, 132
{Bo(Bs o B )Y 2+ elEoL (B By o B ) |

1 mcE% " 3/2
= |Bo(Ergyc s Eo, B,A) — (n"' i) hwo - SR [{Bo(EFy;c>ns Eo, B,A)} ] ]
1
[{BO(EFBLC’ n, EO’ B’ A)},}

The electronic contribution to the second- and third-order elastic constants in this
case can be written as [94-106]

—Gz ano
ACyy= —2 1.106b
- {a} (1106b)
and
3 2
ACyse = G0 | 90 (1.106¢)
27 |0E?%,,

AC,4, and ACys6 in this case can, respectively, be expressed as

—2G2g,B\/2mc "B
AChy= —22 ¥~ Mig12(EF,,. ., n, Eo, B,A)]], 1.107
T T I nZ:O [[Mi612(EF ;> 1, Eo, B, A)]'] (1.107)
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2G2g,B\/2mc "3 "
08PV N (Misia (Er gy, Eo B, (1.108)

ACis6=
0 eI HE,

(ii) The electron dispersion law in the present case is given by

A N, [hk.(E)]> E, . Y M {To(E, ng, )} |’
TH(E, ng, A) = nE g ot "R A T2 (E, g, A)} - 2B
(1.109)
The electron concentration in this case can be expressed as
2g,B+/2mc 3%
Np=——— Mgy (E ,n,Eq,B,A)|, 1.110
° 3LHE, ,,Zo M Ercom o, B.A)| (1.110)
where
1 TT[CE2
Mléz(n, EFBLC’/U = |:|:T2(EFBLC’ n, E(), B, A) - (Yl + E) ha)o — 2320

3/2
[{Ta(Eryy o0 1 Eo, B + el EoL[{To(Er oo, Eo, B,A)) 1}

1 mCEg) 792 3/2
- TZ(EFBLC’n’EO’B’A)_ n+§ hw()—W[{Tz(EFBLC,n,EQ,B,A)}]

1
[{TZ(EFBL(:’ n, EO! B’ A)},]

(1111)

Using egs. (1.111), (1.104b), and (1.104c) with x = 0 we can study ACy4 and ACyse in this
case.

The electron dispersion law in the present case in the absence of band tails is
given by

meE3[{7o(E,A)} ]

BB g oy, 1)) - { T} (1112)

To(E, A) = (n+12)hw, + e

The electron concentration in this case can be expressed as

. ZgVB\/ch "max
o= m ; [M1614(EFBLC’ n, Eo, B, A)],
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M1614 (EFBLC’ n, EO’ B9 A) -

1
TO(EFBLC’ n, Eo, B,A) — (n + E) h(l)o

2

I'YICE2 n3/2
+ |e|EOLX [{TO (EFBLC’ n, EO’ B’ A)} ]

—20 {TO(EFBLC’ n, E(), B /1)}

1 Mmc E 32
—|To(EFpp s, Eo, B,A) — <n+§>hwo ——[{TO(EFBLC,n Eo,B,A)} }

1

; (1.113)
[{TO(EFBLC’ n, EO’ B’ A)} ]

Using egs. (1.106b), (1.106c), and (1.113) leads to the expressions of AC,, and ACys6 as

- 2G3g,B+/2mc "B { '
ACy, = —205v2Vame [M E ,n,E,B,/\” 1114
“ = 0L hE, n=20 1614 (EF g, - 0 ) (1.114)

2G3g,By/2me i

ACus =
O BIL I E, =

[[Mmm(EFBLC,n Eo,B A)} :| (1.115)

(iii) The electron dispersion law in the present case is given by

1 hk,(E)]* E :
T (Bt ) = (1 3 o+ P B o (7 m, )

. { m.E2[{Ts(E, ng,/\)}']2 }

2B? (1.116)
The electron concentration in this case can be expressed as
ZgVB\/_ Nmax
3L n2h2E0 Z [ 163(EF gy pp» 1 Eo, B, A)} (1.117)

where

1
M163(n EFBL’/U = |:|: (EFBLHDC’n Eo,B,A) — (n +5)h0}0 — B
. , 3/2
[{T3(EFBLHDC’ n, EOs Ba A)} ] + |e|EOLX[{T3(EFBLHDC’ n, EOaB’ A)} ]:|

n+1 mcE2 32
- TB(EFBLHDC,H,EO,B’A) - ( )h 0 — 2B2 [{T3(EFBLHDC’n EO’B A)}} :|
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! 7 (1.118)
[{ T3 (EFBLHDC’ n, EO) B’ A)} }

Using eqs. (1.117), (1.104b), and (1.104c) with x = 0 we can study AC,4 and ACyse in this
case.

The electron dispersion law in the present case in the absence of band tails is
given by

1) hwg + [k, (E))?

.2
poEA) = <n+§ < mcE3[{po(E, )} ] } (L.119)

- %hky{pow,m'—{ ol

The electron concentration in this case can be expressed as

2g,B/2mc "B [
no= 22V N s (E ,n,E,B,/l}, (1.120)
0= 3LKWE, r;) 1615(EF g, s 1, Eo, B, A)
E2
where Mig15(n, Ery, , A) = [[pO(EFBLC, n, Eo, B,A) - (n+ %)ha)o - %

[{pO(EFBLCa n,Eo, B, A)}l}z + |e|E0LX[{pO(EFBLC7 n, Eo, BvA)}IHB/Z

1 mCE% 112 3/2
- pO(EFBchmEOvaA) - n+§ hwo _W[{pO(EFBchnvEOanA)}}

1
[{pO(EFBLC7 nonanA)},]

Using egs. (1.106b), (1.106c), and (1.113) leads to the expressions of AC,, and ACys¢ as

-2G3g,B\/2mc "f‘j‘

ACyy =
Y aLmRE,

[ [Mlels(EpBLc, n, Eo, B, A)} } (1.121)

2G}g,B+/2me 1 ”
ACys6 = SR ZO HMMS (Erg,c» s Eo, B, A)] ] (1.122)

(iv) In the absence of light waves and HD the dispersion relation in III-V semicon-
ductors whose energy band structures are defined by the three-band Kane model
can be written in the presence of cross fields configuration as

[hk:(E)]’  Eo mcEq [{Iu(E)}T

1 ’
Ill(E) = (n + E) h(l)() + 2mc ghky{lll(E)} - T (1123)

The electron concentration in this case assume the forms
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28,B/2m; "o
n [T4s(n, E 1.124
O S LriE, - Z 3(1, Erp)] (1.124)
where Epp is the Fermi energy in this case.
_ 1 m E2
Tio(n, Erp) = Hm(m) - (1 5 oo e B
_ 7 1
+ |€E0LX[{111(EFB)}I]:| 3/2 _ |:111 (EFB) - (n + E) Flwo
3/2
_ mcEg 1
In(E T e (1.125a)
2B ® [{Iu(Erz)}’] } } I (Bro) V]

The electronic contribution to the second- and third-order elastic constants in this
case can be written as [94-106]

—62 ano
ACyy= —2 | == 1.125b
= [aEFJ (1.125)
and
G | o*
ACys6 = 22 fo} (1.1250)
27 FB
Using egs. (1.125a), (1.125b), and (1.125c) we get
ZgVG B / Nmax
AC, T (n, E 1.126
T nz::o w3(n, Erp))’] (1.126)
28,G3B/2m; %
456 = Sv Z (Tu3(n, Erp))] (1.127)

81L n2h2E0

n=

(a) Under the condition A > Eg, eq. (1.123) assumes the well known from [1]

E(1+ aE)= (n + %) hwo — EoBhk, (1 + 2aE) — m.E22B%(1 + 2aE)?

N [k (E))*

2me

(1.128a)

The expression for ng in this case assumes the form
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26,8/ "
n T n E (1.128b)
o= SLehE, 2 Z 45(1, EFp)]
_ _ _ _ 2
where Ts(n, Epg) = HEFB(I +aEpg) — (n+ })hwo + |e|EoLy(1+ 2aEgg) - m;;

= 3/2 1o = 1 me E 3/2 = .-
(1+2(XEFB)2:| - |:EFB(1+(XEFB)_ (n+ i)hwo— (1+2aEFB) i| i| [1+2aEpB] !

ZBZ

Using egs. (1.125b), (1.125c¢), and (1.128) we get

ngG B Nmax
ACy = (Tus(n, E 1.129
= B S (Tstn v (1129
29,G3B/2m; "
ACyss = STV (7,5 (m, Epg))”] (1.130)

81L ﬂzh Eo n=0

(b) For parbolic energy bands a — 0, and we can write

(.1 [(WE)* 1 (Eo\* Eo
E—<n+§)hwo om imc 3 Fhky (1.131)

The electron concentration in this case can be expressed at a finite temperature as

No = Nc¢gv

kT N2 [Fym) - Fyn)| (1132)
leEoLy, 2 [ 31 )] '

h (E
where ¢ = kw?"’nl kBT L ¢, = [( %)hwo +im (fo) \€|E0Lx},n2— LEp ¢2 and
R |eEoLx}

Equation (1.119) is well known in the literature [74].
Using egs. (1.125b), (1.125¢), and (1.132) we get

_ Gé N.pg, ey
8= =3 it | 2 [P ) ~Fpn)] (1133)
G(B)Ncq-')gv oy
ACuss = gikpTIe|EoLiksT nz [ (M) - 73('72)} (1.134)
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1.2.4 The CECs in QWs of HD Kane-type semiconductors in the presence
of light waves

(i) The 2D DR in QWs of HD III-V, ternary, and quaternary materials, whose unper-
turbed band structure is defined by the three-band Kane model, in the presence of
light waves, can be expressed as

i K (nm\’
—=Z) =Ty(E 11
2m. " 2m, <dz) 1B g ) (1.135)

Using eq. (1.50d) and summing over n, together with the substitution of C,p =1, using
HUP leads to the expression of ES as

nz 2 2
megy max h° [nn,
ng = Realpart o E T (E, ny,,A) - — 1.136
0 (nhz) p fnz=1[ 1(Ep2pLaD, Nz5 ) m, <d2> } ( )

where Ep;pryp is the Fermi energy in the present case as measured from the edge of
the CB in the vertically upward direction in absence of any quantization.

The electronic contribution to the second- and third-order elastic constants for
HD materials can be written as [94-106]

-G3Z on
ACyy = —0X { 9 } 1.137
“ 9 | 9(Erup - Eonp) ( )
and
37 2
ACysg = 20 = 9o . (1.138)
27d; | 9(ErapLap — Eomap)

where Eopgyp is the subband energy in this case.

Using egs. (1.136), (1.137), and (1.138) together with x=1 we can study AC,, and
ACys6 in this case.

The 2D DR in QWs of III-V, ternary, and quaternary materials in the absence of
band tails, whose unperturbed band structure is defined by the three-band Kane
model, in the presence of light waves, can be expressed as

n’i2 N n
2m. 2m.

n,mm

<d—z) =Bo(E, ) (1.139)

The ES can be written as
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~ megy Nzmax ~ hZ @ 2
Np = (ﬂhz ) Z |: O(EFZDL7 nz,/l) ch (dz) :| (1140)

nz=1

where Eppp; is the Fermi energy in the present case as measured from the edge of the
CB in the vertically upward direction in the absence of any quantization.
ACy4 and ACyse in this case can be written as

—G2 ano
ACyy = —2 1.141
= {aEm} (1.141)
and
G3 azno
ACyse = —2 1.142
0= 0 L)Emz] (1142)

Using egs. (1.140), (1.141), and (1.142) we can write

ACyy = <__ Gémcg,,) nzzm?( Bo(E n,A) - h_z (ﬁ)z (1.143)
44 97‘[h2dz — o\LF2DL> I'z, zmc dz .

ACys6 = (G%mcgv) nzzméx B (Eranr, s, A) - n (nnz>2 (1.144)
456 27ﬂh2dz P o\LF2DL> Iz, zmc dZ .

In the absence of band tails and light waves and for isotropic three-band Kane model,
the 2D electron dispersion relation in this case can be written as
i w

+
2m. 2mc

(nymt/d)? = In(E) (1.145)

The carrier concentration assumes the form

Nzmax

m
no= "5 N " [Ty (Eps, ) (1.146)
ﬂh nz=1

where EF; is the Fermi energy in this case and

) 2
Ts53(Eps, n;) = {IH(EFS) — (%) }

2m,

AC44 and ACys6 in this case can be written as
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(1.147)

and

2
Go {a "0} (1.148)

ACus = -0
456 27dz aEFsz

Using eqs. (1.146), (1.147), and (1.148) we can write

_ GZm Mzmax
20T N (T (B, ) (1.149)

ACyy=
T onia, =

G3m Nzmax
- hggav S [Tss(Er,n2))” (1.150)

Z ng=1

ACyse

(ii) The 2D DR in QWs of HD III-V, ternary, and quaternary materials, whose
unperturbed band structure is defined by the two-band Kane model, in the
presence of light waves, can be expressed as

Wi w (nm\’
—— ) =Ty(E,n,,A 1.151
e e () ~TE e a5

The ES can be written as

Nzmax 2 2
_ (M8 _ (.
no = < - ) > {Tz (Er2pLHD, 25 A) m. ( 4 ) ] (1.152)

nz=1

where Epprpp is the Fermi energy in the present case as measured from the edge of
the CB in the vertically upward direction in the absence of any quantization.
Using egs. (1.137), (1.138), and (1.152) we can study AC,4 and ACyse in this case.
The 2D DR in QWs of III-V, ternary, and quaternary materials in the absence of
band tails, whose unperturbed band structure is defined by the two-band Kane
model, in the presence of light waves, can be expressed as

Wiz w (nm\’
om, " om, (d_z> =To(EA) (1153

The ES can be written as
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nz, 2 2
_ (megy Z‘““ _ (.
Np = < r[hz ) |:T() (EFZDL’ n;, /1) zmc < dz ) :| (1154)

nz=1

Using egs. (1.141), (1.142), and (1.154) leads to the expressions of AC44 and ACys¢ as

-Gim amay w (2]
ACys = (076&) Z |:T0(EF2DL,HZ,A) (d—:> (1.155)

> -
9mh dz nz=1 2m,

Gimeg, "max mn,\* ’
ACyse = | =25 V) 7o(Epapi, Nz, A) — h22m (—Z) 1.156
456 (2771712 o nzz::l o(EF2prs Nz, A) \& (1.156)

In the absence of light waves and HD, the 2D electron dispersion relation for isotropic
two-band Kane model can be written as

Wk Rr (nm\’
E(l+aE)= —3 = 1.1
(1+aE) 2mc+2mc(dz> (1.157)
The ES can be written as
NZmax 2 2
megy h* (n.m
= Eps(1+ aEgs) — — 1.158
= " z[< © o) ch<dzﬂ (1158)

Equation (1.158) is well known in the literature [74].
AC4, and ACyse in this case can be expressed as

_GZm g Mzmax
ACyy = —9 <27 1+2akF, 1.159a
“ =, n;( Fs) (1.159a)
2aG3m.g, "Zmax
ACyse = =0V Z 1 (1.159b)

2nk’d, =

Thus, we observe that ACys6 in this case is independent of ES.
The ES at a finite temperature can be written as

meksTg, "
N = %zgv Z [(1 +20Ey,, )Fo (1, ) +20kgTF1 (1, ) (1.160)
nz=1

where My, = (EFS —E,,z3) /kgT.
Equation (1.160) is well known in the literature [74].
Using egs. (1.54c¢), (1.54d), and (1.160) we get
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n
- meg, G} "

Cas= ——=5—— 1+2aEy, )F_ +2akgTF, 1.161
44 Sd,hksT 2 [( nzy JF-1(1, ) BTFo(1y,)] ( )
m g Mzmax
ACys6 = c8v . Z [(1+2aEn, )F-2(1,,) +2akpTF -1(1,, )] (1.162)

27kg sznhz(kB T)? /

(iii) The 2D DR in QWs of HD III-V, ternary, and quaternary materials, whose
unperturbed band structure is defined by the parabolic energy bands in the
presence of light waves, can be expressed as

K2 K (nm\’
2m, i 2m, <d_z) =B ng’A) (1163

The ES can be written as

nz, 2 2
_(mesv) (¥ _h (.
np = (ﬂhz ) Z |:T3(EF2DLHD, T’lz,/() m, < d, > :| (1.164)

nz=1

Using egs. (1.137), (1.138), and (1.164) together with x = 0 we can study AC,; and ACjsg
in this case.

The 2D DR in QWs of III-V, ternary, and quaternary materials in the absence of
band tails, whose unperturbed band structure is defined by the parabolic energy
band in the presence of light waves, can be expressed as

K2 R (nm\’

— | = E 1.1

2m, * 2m, <dz) Po(EA) (1.165)
The ES can be written as
nz, 2 2
megy\ X h (nn,

= E - — 1.1

v () S pomn- S (3] o

Using egs. (1.141), (1.142), and (1.166) AC4, and AC,s5¢ can be expressed as

_GZm g NzZmax 2 mn 2 !
ACyy = M) Eropr, Nz, A ( z> 1.167
444 < ontd, r; Po(Eraprs Nz, A) — m\a ( )
G3m g NZmax hZ ™ 2 "
ACuse = [ 22— V> Empr, Nz, A) - (—Z) 1.168
456 <27nh2 4 r;l Po(Erpr, nz, A) m. \d, ( )
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In the absence of light waves and HD for isotropic parabolic energy band, the 2D
electron dispersion relation can be written as

ke R\’
E=_——5 d 1.16
2m, +2mc(dz) (1.169)
The ES can be written as
Nzmax
mcg;
no = ﬂchzv > [(Ers—En,,,)] (1.170)
nz=1

where Ef; is the Fermi energy in this case
2
_ W2 (ngm
and En., = ome ( dz)

Equation (1.170) is well known in the literature [74].
AC4, and AC,se in this case can be expressed as

_ GZm g Mzmax
ACyy = —952 1 (1.171)
“" onnd, ,,ZZ:I
and
ACys56=0 (1.172a)

Thus, we observe that AC,, for isotropic parabolic energy bands under the condition
of extreme carrier degeneracy is independent of electron concentration and the
corresponding AC,s¢ vanishes.

The ES at a finite temperature can be written as

mckpTg, "
no = %zgv > [Fo(ny,)] (1.172b)

nz=1

where My, = (Eps —Enz33 ) /kgT.

Equation (1.172a) is well known in the literature [74].
Using egs. (1.147), (1.148), and (1.172b) we get

mcvaz Nzmax
AC, 1.172c
44 = 9d hsz T Z [ rlnn ] ( )

nz=1
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NzZmax

m.g,G

AC, E (1.172d)
7 J7kg sznh2 kT)2 20

1.2.5 The CECs in doping superlattices of HD Kane-type semiconductors
in the presence of light waves

(i) The DR in doping superlattices of HD III-V, ternary, and quaternary materials in
the presence of external photoexcitation whose unperturbed electrons are defined
by the three-band Kane model can be expressed as

1 ’k2
T1 (E, I’Ig, A) =N+ = ha)91HD(E, Y[g, A) + s (1.173)
2 2me
h )= (—et )"
where w91HD( 1rlg1 ): SSCTll(E,YIgvaCdO
The electron concentration can be written as
g nlmax
No = ( r[ch )RealPart Of Z H:MZ,OHD (EFZDLHDDy )'lg, A)H (1.1743)
n;=0

and Er prgpp is the Fermi energy in the present case as measured from the edge of the
CB in the vertically upward direction in the absence of any quantization.

-GZ, on
ACyy = — 02X { 0 } 1.174b
“~ " 9d, O(EFaneapp — Eorpa) ( )
and
37 2
ACuss = go - i . (1174c)
7do | (ErapLapp — Eorpa)

where Gy is the deformation potential constant, Z, = (Real Part)*, Epprapp is the
Fermi energy in HD materials in the presence of band tails, and Eqpgp, is obtained
from the corresponding HD dispersion relation under the conditions E=E_, , when
k=0.

Using egs. (1.174a)—(1.174c) together with x =1 we can find AC,, and ACys¢ in this
case.

In the absence of band tails DR in doping superlattices of III-V, ternary, and
quaternary materials in the presence of external photoexcitation whose unperturbed
electrons are defined by the two-band Kane model can be expressed as
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1 n2i2
Bo(E, A) = (ni + 3 hwon (E, A) + 5.5 (1.175)
1/2
where woy; (E, A) = __nole
M )=\ eseB o (E medo
The electron concentration can be written as
m g nimax
o= (") " [Mior (e V) (1.176)
nh "i=0

where Myo1(Eraprp, A, i) = { By (Er2prp, A) — (1 +12)Awo11 (EF2prp, A) }

and Er,pyp is the Fermi energy in the present case as measured from the edge of
the CB in the vertically upward direction in the absence of any quantization.

The electronic contribution to the second- and third-order elastic constants for
HD materials can be written as [55-58]

- GZZ ano
ACyy = —2F (1.177)
“od, {6 (EF2pLD — En1101):|
and
GiZ, o’n
ACys6 = 22~ 2 . (1.178)
27dy
o (EFZDLD - Enum)
where Ey, . can be obtained by substituting ks =0 in the corresponding dispersion
relation.

Using egs. (1.177), (1.178), and (1.176) together with x=1 we can find AC,4, and
ACys6 in this case.

The electron energy spectrum in nipi structures of III-V, ternary, and quaternary
materials can be expressed in the absence of both band tails and light waves as

1 nk2
111 (E) = (ni + 5) ha)g (E) + zmj (1179)

1/2
where wy(E,A) = (ﬁ)

ESCI)ll (E)mcdo
Using eq. (1.179) leads to the expression of the electron concentration as

Mimax

m _
Mo = 20 N [ Ty (Epmys )] (1.180)
nh )‘li =0
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where E Fn; 1S the Fermi energy in this case.

_ _ 1 _
Ts3(Epn;, i) = [111 (Epn;) - <ni + 5) hws(Epn;)

The electronic contribution to the second- and third-order elastic constants for HD
materials can be written as

- G? ano
ACy, = —29Real Part of | —————— (1.181)
“ "9d, f [a (Epn; - Ezm)]
and
3 2
ACys56 = iReal Part of [_a—noz} (1.182)
27d0 (EFni - EZni)

where E,,; can be obtained by substituting ks =0 in the corresponding dispersion
relation.
Using egs. (1.182), (1.181), and (1.180) we can find AC,44 and ACjse in this case.

(ii) The DR in doping superlattices of HD III-V, ternary, and quaternary materials in
the presence of external photoexcitation whose unperturbed electrons are
defined by the two-band Kane model can be expressed as

1 ni2
Tz(E, Ylg,/l) = (n +§ ;’lCl)gzlﬂ)(E7 Tlg,/l) =+ m
C
" (1.183)
where wonp(E, 1,,A) = nolef’
92HD 7rlg7 - gscTIZ(E» rlgaA)mCdO
The electron concentration can be written as
nimax
m
no = ( C%V) Z HMMHD(EFZDLHDD; ng,/\)H (1.184)
ﬂh n;=0

where

1
Musup (Erapiapp, Mg, A, i) = {Tz (Ep2pLHDD; g5 A) = (Yli + 5) hwoap (EF2pLHDD; M5 A)}

and Epprupp is the Fermi in this case.
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Using egs. (1.174b), (1.174c), and (1.184) together with x = 0 we can find AC44 and
ACys6 in this case.

In the absence of band tails, DR in doping superlattices of III-V, ternary, and
quaternary materials in the presence of external photoexcitation whose unperturbed
electrons are defined by the two-band Kane model can be expressed as

To(E A) =(Nn+ 1 ha)glz(E A) + thg (1185)
’ 1 2 ’ zmc
| |2 1/2
nple
wop(E )= | ————— (1.186)
EscTo (E,A)mcdo
The electron concentration can be written as

m nimax
o - ( %) S [Maon (Erapios )] (1187)

T[h ni =0

where,

1
Mi02(Erapip, A, i) = {To (Erpip, A) - (ni + 5) hw912(EF2DLDaA)}

and Ep,pyp is the Fermi energy in this case.

Using egs. (1.177), (1.178), and (1.187) together with x=0 we can find AC4, and
ACys6 in this case.

The electron energy spectrum in nipi structures of III-V, ternary, and quaternary
materials can be expressed in the absence of both band tails and light waves and
whose unperturbed dispersion relation is given by the two-band Kane model as

E(1+aE)= (ni + 1) hwio(E) + L (1.188)
2 2me
where,
, 1/2
wio(E) = (Ssc(lfg'm) (1.189)

From eq. (1.188), we observe that the effective electron mass (EEM) in this case is a
function of the Fermi energy, nipi subband index, and the other material constants,
which is the characteristic feature of nipi structures of III-V, ternary, and quaternary
compounds whose bulk dispersion relations are defined by the three-band Kane model.
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Using eq. (1.188) leads to the expression of the electron concentration as

Mimax

m _
no = "5 N [Tysa(Eryo 1) (1.190)
ﬂh nl- =0

where Tg3(Epn;» 1i) = [Epn, (1+ QEpn,) — (1 + 3) w10 (Epn, )|

and Ey, is the Fermi energy in this case.

Using egs. (1.177), (1.178), and (1.190) together with x=0 we can find AC,4, and
ACys6 in this case.

(iii) The DR in doping superlattices of HD III-V, ternary, and quaternary materials in
the presence of external photoexcitation whose unperturbed electrons are
defined by the parabolic energy bands can be expressed as

1 n’I2
T3(E, Tlg,A)= n; + 5 CU93HD(E, rlg’A)"— m (1191)
C
2
where wospp (E, 1g, A) = (%)Uz
The electron concentration can be written as
m nimax
no = ( ngv) > HMllZHD(EFZDLHDD, 'lg,)l)” (1.192)
nth n=0

where

1
Muonp (EF2pLrpD, Ngs A i) = {T3 (EranLHDD, Ngs A) = (ni + 5) hwosnp (EpapLapD; Mgs A)}

and Epprypp is the Fermi energy in this case.

Using egs. (1.177), (1.178), and (1.192) together with x=0 we can find AC4; and
ACys6 in this case.

In the absence of band tails DR in doping superlattices of III-V, ternary, and
quaternary materials in the presence of external photoexcitation whose unperturbed
electrons are defined by the parabolic energy band can be expressed as

ni2
2m.

po(E,A) = (ni + %) hwoy3(E, A) + (1.193)

h E )= (=)
where woi3(E, A) = escpo (B A)medy

The electron concentration can be written as
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o= (") 3 (Mo oo V] (1.194)

Yli=0

where
1
Mio3(Erapip, A, i) = {Po (Ep2pLps A) = (ni + i) hwo13(Er2prD, A)}

and Eppyp is the Fermi energy in this case.

Using egs. (1.177), (1.178), and (1.194) together with x=0 we can find AC,; and
ACys6 in this case.

The electron energy spectrum in nipi structures of III-V, ternary, and quaternary
materials whose energy band structures are defined by parabolic energy bands can
be expressed in the absence of both band tails and light waves as

1 nk2
E= (n,- + 5) h(ull + 2ms (1195)
C

2\1/2
h — (_nole|
where wy = Esemedy

The use of eq. (1.195) leads to the expression of the electron concentration at a
finite temperature as
n; max -
d Epn. — Eqni
S Follly,) wheren, = % " (1.196)
i i kBT

)‘li=0

1o = mcgkaT
nh?

The electronic contribution to the second- and third-order elastic constants in this
particular case can be expressed as

- GZ ano
AChy= —2 |— 1.197
“ 9d0 |:a(EFni - E4ni):| ( )
and
G} o
ACuse= 2 |— 2™ (1.198)
27do a(EFni - Elmi)

Using eq. (1.197), (1.198), and (1.196) we can find AC,, and AC,sg in this case.
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1.2.6 The CEC of QDs of HD Kane-type semiconductors in the presence of light waves

(i) The DR in QDs of HD III-V, ternary, and quaternary materials in the presence of
external photoexcitation whose unperturbed electrons are defined by the three-
band Kane model can be expressed as

n(n,n/d,)’ . W (nym/d,)’ . R (nemt/dy )’
2me 2m. 2me

=Ti(Ewz,1, Mg, A) (1.199)

where Ej7,; is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

Mxmax "Ymax "zmax
28y

o= ——— Real Part of Z Z ZF_I(M) (1.200)
xUy“z

My=1 Ny=1 Nz=1

where 1,5 = % and Erp is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as [55-58]

ACyy = _—G(z) Real part of [L} (1.201a)
M9 0(Er126 — E17.1) .
and
AC Go Real part of 9 (1.201b)
456 = = - .
27 O(Erize — Er71)°

Using egs. (1.201a), (1.201b), and (1.200) we can find AC,44 and ACyse in this case.
In the absence of band tails, the totally quantized energy Ej;, o in this case is

given by
| /n\? ny 2\
Bo(E17,20,A) = o {(d_x) + (d—y> + (d—z) (1.202)

The electron concentration can be written at a finite temperature as

Mxmax Ymax "Zmax
28

"= dd,d > D0 2 Faaltug) (1.203)

Mx=1 NMy=1 MNz=1

Er1261 ~E17,20

IGT and Ery2¢ is the Fermi energy in this case.

where 17,5, =
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The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

—GZ dno :|
ACyy= —90 | —— 1.204a
“= 9 [a(EFuel) ( )
and
3 2
ACygg=J0 | M0 (1.204b)
27 |9(EF261)

Using eqgs. (1.204a), (1.204b), and (1.203) we can find AC,, and ACys6 in this case.
In the absence of band tails and external light waves, the totally quantized
energy Ei7 201 in this case is given by

e | /n\? [\’ [n,)\?
In(E =— (=) +(Z) +(£ 1.205
11( 17, 201) ch <dx) (dy) <dz> ( )
The electron concentration can be written at a finite temperature as
2g Nxmax "Ymax "zmax
v

Mo = dyd,d, Z Z Z F_1(Ny6)) (1.206)

Mx=1 NMy=1 Nz=1

and Ery»¢; is the Fermi energy in this case.

_ Erer —E17,201
where 17,5, = T

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

_G(Z)

ano
ACyy= — | —— 1.207a
“T 9 L)(Eﬂzsz)} ( )
and
G3 azno
ACysg = =2 | ——— (1.207b)
Nz |:a(EF1262)2:|

Using egs. (1.207a), (1.207b), and (1.206) we can find AC,4 and ACyse in this case.

(ii) The DR in QDs of HD III-V, ternary, and quaternary materials in the presence of
external photoexcitation whose unperturbed electrons are defined by the two-
band Kane model can be expressed as
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W (n,m/d,)? . W (nym/dy) N W (nemt/dy)?
2mc zmc ZmC

=Ty(E7,3, Mg, A) (1.208)

where Ej; 3 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

MXmax "ymax "Zmax
28y

" ded,d; > D > Falmy) (1.209)

Mx=1 My=1 Nz=1

No

where 1, = % and Erpy; is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- Gz ano
ACyy = 0{ } 1.210a
“" 9 O(Ep127 — Er73) ( )
and
3 P
ACyg=J0 | OMo (1.210b)
27 | 0(Ep1a7 — Ev73)

Using egs. (1.291a), (1.291b), and (1.289) we can find AC,44 and ACyse in this case.
In the absence of band tails, the totally quantized energy Ej7 4 in this case is

given by
| )\ )\ )\’
To(Ey, 24, A) = me |:(dx) + (dy) + (dj) (1.211)

The electron concentration can be written at a finite temperature as

MXmax "MYmax "Zmax

Z Z Z F_1(Ne4) (1.212)

Mx=1 NMy=1 Nz=1

_ 28
"= 1d,d;

Ep1264 —E17,24

where 1,5, = and Erye4 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- 62 ano :|
ACyy= —9 | ——— 1.213a
“T 9 L) (EF1264) ( )
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and

G3
ACys6= =2

27 | 0(Erize4)’

2
Mo } (1.213b)

Using egs. (1.213a), (1.213b), and (1.212) we can find AC,, and AC,sg in this case.
In the absence of band tails and light waves, the totally quantized energy Ei7, 205
in this case is given by

| (m\* (m\® [(n)\?
E17,205(1 + @E17,205) = me [(dx) + (dy) + (dj) (1.214)

The electron concentration can be written at a finite temperature as

MXmax "Ymax "Zmax

Z Z Z F_1(M1265) (1.215)

Mx=1 NMy=1 Mz=1

28

"= 4d,d;

E -E . . . .
W and Eryy65 is the Fermi energy in this case.

where 77565 =
The electronic contribution to the second- and third-order elastic constants for

HD materials in this case can be written as

- 62 ano
ACyy = —2 {—] 1.216a
“T 9 0(Er1265) ( )
and
3 2
ACysg= J0 | M0 (1.216b)
27 | 0(EF1265)

Using egs. (1.216a), (1.216b), and (1.215) we can find AC,, and AC,s in this case.

(iii) The DR in QDs of HD III-V, ternary, and quaternary materials in the presence of
external photo-excitation whose unperturbed electrons are defined by the para-
bolic energy bands can be expressed as

W (nn/d;)’ | 1 (nym/dy)’ | P/dy)?
ch zmc 2mC

=T5(E17,5, N> A) (1.217)

where Ej; s is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as
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Mxmax "MYmax "Zmax
2y

dyd,d Z Z ZF*I('Yms) (1.218)

Zny_1 ny_1 nz_q

No =

E, -E . . . .
where 17,5,5 = % and Ery,75 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- G2 ano
ACyy = 0 |: } 1.219a
“T 79 |0(Epzs - Ei7s) ( )
and
3 P
ACygg=J0| Mo (1.219b)
27 | 9(EF1275 — Ev7.5)

Using egs. (1.219a), (1.219b), and (1.218) we can find AC44 and AC,se in this case.
In the absence of band tails, the totally quantized energy Ej7 »s in this case is

given by
| (n\> (> [(n)\?
Po(Er7,25,A) = e [(d) + (dy) + <dj> (1.220)

The electron concentration can be written at a finite temperature as

Nxmax "MYmax "zmax

o=gdz Y X > Foallng) (1.221)

Nx=1 Ny=1 Nz=1

EF1265 ~E17,25
where 1,55 = kgT

and Ery65 is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for

HD materials in this case can be written as

—GZ ano j|
ACupy= —2 | —— 1.222a
“ 9 |:a(EF1265) ( )
and
3 2
ACysq = 20 & (1.222b)
27 (Erzes)”

Using egs. (1.222a), (1.222b), and (1.221) we can find AC,, and AC,se in this case.
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In the absence of band tails and light waves, the totally quantized energy Ei7, 206
in this case is given by

W | (n\° ny 2 m\?
E17,206 = 2—mc |:(d_x) + (d_y> + (d—z) (1.223)

The electron concentration can be written at a finite temperature as

Mxmax ™Ymax "Zmax

Z Z ZF—l(’Tués) (1.224)

Nx=1 MNy=1 Nz=1

_ 2
dyd,d,

No

_ Er66 —E17,206
where 1;5¢4 = T

and Er66 is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for

materials in this case can be written as

- G2 ano :|
ACyy= —9 | ——— 1.225a
“T 9 L)(Emes) ( )
and
G 2
ACys6 = =2 ‘37”02 (1.225b)
27 | 9(EF1266)

Using egs. (1.225a), (1.225b), and (1.224) we can find AC,44 and ACyse in this case.

1.2.7 The magneto-CECs in QWs of HD Kane-type Semiconductors
in the presence of light waves

(i) The magneto-DR in QWs of HD III-V, ternary, and quaternary materials, whose
unperturbed band structure is defined by the three-band Kane model, in the
presence of light waves, can be expressed as

1 w (nm\’
(n + 5) hw + . <diz) = Ty(Ey7,8, g, A) (1.226)

where Ej; s is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as
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n nz,
max max
e

i}g;v Real Part of Z Z F_1(Nps) (1.227)
n=0 ny_g

No =

where 17,4 = % and Erpg is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- G2 6n0
ACy, = —2 Real Part o [7} 1.228a)
4“4~ 94, f O(EF12s — Ev7,8) (
and
3 P
ACys6 = Go Real Part of Mo 5 (1.228b)
27d, (Er12s — E17,8)

Using eqs. (1.228a), (1.228b), and (1.227) we can find AC44 and AC,se in this case.

The magneto-CEC in the absence of band tails in QWs of III-V, ternary, and
quaternary materials, whose unperturbed band structure is defined by the three-
band Kane model, in the presence of light waves can be expressed as

2
(n+ Dhwo + S (7)? = By (Exz,9, A) (1.229)
where Ej7, ¢ is the totally quantized energy in this case

The electron concentration can be written at a finite temperature as

Mmax "Zmax
ny = &8 S Foi(fpe) (1.230)

mh
n=0 ny-1

Eppyo-E . . o
where 17, = % and Ery is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

—Gz arl()
ACus = 20 { } 1.231a
“"9d, |0Er (1.231a)
and
G3 62n0
ACys6 = —2- { } (1.231b)
27d; |02 5

Using egs. (1.231a), (1.231b), and (1.230) we can find AC4; and ACyse in this case.
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The magneto-DR in the absence of band tails in QWs of III-V, ternary, and
quaternary materials, whose unperturbed band structure is defined by the three-
band Kane model, in the presence of light waves can be expressed as

1 W (n,m\’
(n + 5) hwo + — om (dL> = 111 (E17, 10) (1232)
c z

where Ej; 10 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

eB Mmax "Zmax
g” 2D Fili) (1.233)

n=0 ny_1

E, -E s . . .
where 17350 = % and Efy0 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

2 ano
AC 1.234.
“~ "9, |:aEF1210} ( 3)
and
63 azno
AC, 1.234b
o6 27d; L)E%mJ (1.234b)

Using egs. (1.234a), (1.234b), and (1.233) we can find AC,; and ACyse in this case.

(ii) The magneto-DR in QWs of HD III-V, ternary, and quaternary materials, whose
unperturbed band structure is defined by the two-band Kane model, in the
presence of light waves, can be expressed as

1 w (nm\’?
(n + 2) hwo + . (dLZ> =T2(E17,9, Mg> A) (1.235)

where Ej; o is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

eBgv Mmax "zZmax
= Z > F (i) (1.236)

n=0 ny_q

Eppyo -E . . o
where 77,9 = %Tm and Efyy is the Fermi energy in this case.

printed on 2/13/2023 5:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

1.2 Theoretical background =— 55

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- G2 ong ]
Ac, - ~Gb 1.237a
A 9, L)(Eng —Ei79) ( )
and
G} 9’no
ACug= —0 |90 (1.237b)
27d; | 3(Erio - Evzo)°

Using egs. (1.237a), (1.237b), and (1.236) we can find AC,; and ACyse in this case.

The magneto-DR in the absence of band tails in QWs of III-V, ternary, and
quaternary materials, whose unperturbed band structure is defined by the two-
band Kane model, in the presence of light waves, can be expressed as

1 w (nm\’
(n + 5) hwo + . <dLZ> =To(E17,10,4) (1.238)

where Ej7, 10 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

eB Mmax "Zmax
Mo = nflvz S Foi(mo) (1.239)
n=0 ny_q

_ Er210 - E17.10 ; ; : ;
where 1, = v and Erq210 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

_G2 ano :|
ACyy = —2 1.240a
" o, [aEmo ( )
and
63 azno
ACyse = —=2- { } (1.240Db)
27d, aE}271210

Using egs. (1.240a), (1.240Db), and (1.239) we can find AC,, and AC,s in this case.

The magneto-DR in the absence of band tails in QWs of III-V, ternary, and
quaternary materials, whose unperturbed band structure is defined by the two-
band Kane model, in the absence of light waves, can be expressed as
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1 w (nm\’
(n + E) hwo + . (sz) =E7,u(1+aEy,u) (1.241)

where, Ej7 1; is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

eB Mmax "zmax
No = ngv Z Z F_1(Mpn) (1.242)
n=0 ny-1

E -E . . . .
where 17,5, = % and Eryoq; is the Fermi energy in this case.

The electronic contribution to the second- and third- order elastic constants for
HD materials in this case can be written as

—G2 ano
ACyy = 0[ ] 1.243a
“~9d, |0Erm ( )
and
63 62n0
ACyss = 20 [_] (1.243b)
27d, aE1271211

Using egs. (1.243a), (1.243b) and (1.242) we can find AC,44 and ACyse in this case.

(iii) The magneto DR in QWs of HD III-V, ternary and quaternary materials, whose
unperturbed band structure is defined by the parabolic energy bands in the
presence of light waves, can be expressed as

1 n /nm\?
(z)‘”ﬂ(?) =T5(Er7,10, 12 A) (1.244)

where, Ej7, 10 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

eB Mmax "Zmax
Mo = niv YOS Foalm) (1.245)

n=0 ny_1

E -E . . . .
where 17550 = % and Efryyo is the Fermi energy in this case.

The electronic contribution to the second- and third- order elastic constants for
HD materials in this case can be written as
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—G2 ano
ACuy = 0[ } 1.246a
“7 oq, 0(Er1210 — E17.10) ( )
and
3 2
ACyg= S0 | O (1.246b)
27d; | 9(Er1210 — E17.10)

Using eqs. (1.246a), (1.246b) and (1.245) we can find AC44 and ACyse in this case.

The magneto-DR in the absence of band tails in QWs of III-V, ternary, and
quaternary materials, whose unperturbed band structure is defined by the parabolic
energy bands in the presence of light waves, can be expressed as

1 K (nm\’
(n + i) hwo + o (di) =po(E17,11,A) (1.247)
C Z

where Ej7 11 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

eB Mmax "Zmax
no = n}? SN Foangn) (1.248)

n=0 ny_q

_ Eron-Eyn : ; ; ;
where 1,5, = Tand Er11 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

—GZ ano
AC =—°{ } 1.249a
“"9d, |0Erm ( )
and
G3 62n0
ACys6 = —2- { } (1.249Db)
27d; aEzzvuu

Using eqs. (1.249a), (1.249b), and (1.248) we can find AC,44 and ACyse in this case.

The magneto-DR in the absence of band tails in QWs of III-V, ternary, and
quaternary materials, whose unperturbed band structure is defined by the parabolic
energy bands, in the absence of light waves, can be expressed as

1 hz 2
(T’l + 5) hwo + E (n;_n> =E17, 12 (1250)
c z

printed on 2/13/2023 5:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

58 —— 1 Heisenberg’s uncertainty principle (HUP) and the carrier contribution

where Ej7 1; is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

eBg Mmax "Zmax
4 Z > Foa(np) (1.251)

n=0 ny_q

Epppa—E . . . .
where 1,5, = %and Ep12 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

2 ano
ACyy = 1.252
“~ 9d, |:aEF1211:| ( )
and
63 62 No
AC, 1.2
e 27d L)E%mj (1.253)

Using egs. (1.252), (1.253), and (1.251) we can find AC,4 and ACyse in this case.

1.2.8 The CECs in accumulation and inversion layers of Kane-type
Semiconductors in the presence of light waves

(a) In the presence of a surface electric field Fs along z direction and perpendicular to
the surface, eq. (1.46a) assumes the form where, for this section, E represents the
electron energy as measured from the edge of the CB at the surface in the vertically
upward direction.

The quantization rule for inversion layers is given by

Jk dz=2 (5,2 (1.254)
0

where z; is the classical turning point and S; is the zeros of the Airy function
(4i(-S;)=0).

Using egs. (1.254) and (1.46b) under the weak electric field limit, the 2D DR in
accumulation layers of HD III-V, ternary, and quaternary materials, whose unper-
turbed band structure is defined by the three-band Kane model, in the presence of
light waves can be expressed as
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| 1"
232 hle|Fs|T:(E,n,,A)
To(E, o A) = 1K g | s

g 2m, 2m,

(1.255)

Equation (1.255) represents the DR of the 2D electrons in accumulation layers of HD
III-V, ternary, and quaternary materials under the weak electric field limit in the
presence of light waves whose bulk electrons obey the HD three-band Kane model.
Since the DR in accordance with the HD three-band Kane model is complex in nature,
eg. (1.255) will also be complex. The both complexities occur due to the presence of
poles in the finite complex plane of the dispersion relation of the materials in the
presence of band tails.
The surface electron concentration is given by

imax

m ;o 1 (2m\*? 32
ns =g, Real Part of the » _ |:[7T_7’762P3HDL (Eg, 1, Mg /l)} t33 (h—zc) ti {Tl (Ers Ng» A)} }
i-0

(1.256)
, 2/3
hle|Fy[Ty(E 1, ng, A)

where Psppr. (E}L, i, Mg, A)= {Tl (E}L, Ngs A)-S; [T]] , the Fermi energy

in this case Eﬂ that can be expressed as Eﬂ =elV; - 92;’5% + Epp, Vg is the gate voltage,
n; is the surface electron concentration, d, is the thickness of the oxide layer, &,y is
the permittivity of the oxide layer, Fs = %, & is the semiconductor permittivity, and
Epg could be, under the condition extreme degeneracy, determined from the equation

4r 2g, (2mc\>? 3/2
= ?(Zn)B (7) Real Part of [TI(EFB,ng,/\)} (1.257)
and np is the bulk electron concentration, t; = %, Elimax, is the root of the real
part of the equation
m2/3

hle‘FS |:T1 (ELimax’ Ng» A)i|
2m,

0 =Real Part of | T1(ELiax> N> A) (1.258)

~ Yimax

The electronic contribution to the second- and third-order elastic constants for HD
materials in this case can be written as
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- G2 ano
ACyy = —SReal t _ 1.25
w4 = —5 Realpar of 63y - E,“L)} (1.259a)
and
3 2
ACys6 = % Real Part of %} (1.259b)
27 tO(Ep—Eu)

where t; is the thickness.

Thus, using egs. (1.259a), (1.259b), and (1.256) we can find AC44 and ACyse in this
case.

Under the weak electric field limit, the 2D DR in accumulation layers of HD III-V,
ternary, and quaternary materials, whose unperturbed band structure is defined by
the three-band Kane model, in the absence of light waves, can be expressed as

m2/3

i i | hlelF|Ti(Eng)]
Ty(E,1,)= 5 +5; 1.260
1( rlg) zmc i zmc ( )

where Ti(E, n,) = T51(E, 1) +iT5(E, 1)
Equation (1.260) represents the DR of the 2D electrons in accumulation layers of
HD III-V, ternary, and quaternary materials under the weak electric field limit in the
absence of light waves whose bulk electrons obey the HD three-band Kane model.
The surface electron concentration is given by

imax

_ . 1 2m\3? 3/2
ns = g, Real Part of the ; H%PMD (Efl, i, ng>] + 32 (%) t; [Tl (EFBl’ ’Tg)} }

(1.261)

) ) . 2/3
Py (), iy1,) = {Tl (E} . ,lg) -S; {W} ] , E;, is the Fermi energy in this

e2

case, which can be expressed as E}l =eVy - Zf»‘fe" + Erp1, and Egp; could be, under

the condition extreme degeneracy, determined from the equation

_4m 28, (2m 32 _ 3/2
ng= 3 (271)3 ( X ) Real Part of[Tl (EFB, rlg)} (1.262)
where t; = _ Eimax Eimax, is the root of the real part of the equation

eFs(1+imax) ’
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HlelFi [T (Fips e ) | 1"
2m.

0= Real Partof | T, (E,-max, qg) —Sin (1.263)

The electronic contribution to the second- and third-order elastic constants for HD
materials in this case can be written as

2

-G ano
ACy, = —9Real Part of | ————— (1.264a)
“T 9 f La(E N —Em)]

and

3 2
ACys6 = g—;Real Part of [ oMo (1.264b)

tio(E'p - E'in)z

Thus, using egs. (1.264a), (1.264b), and (1.261) we can find AC,, and ACyse in this case.

In the absence of band tails and light waves, the 2D DR in III-V, ternary, and
quaternary materials whose bulk electrons obey the three-band Kane model under
the condition of weak electric field limit assumes the form

= 2/3

k2 hle|F[L, (E

In(E)= —Zm: +5; [7e| sgrlrll( ) :| (1.265)
C

nypy in the present case can be written as

_Z[Pz.w (EFiw, 1)] (1.266)

Where

2/3

i heF; {1 (Eriw)]
Pan(Erier )= § In(Eru) - [M}

2m;

and Ep;, is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as
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- Gz ano

ACyy = —2 (1.267a)

" 9 Lia (EFI'W -E "iwz)

and
3 2

ACys6 = Go|  omo (1.267b)

27 2

t;0(Epiw — En,,,)

Thus, using egs. (1.267a), (1.267b), and (1.266) we can find AC,, and ACyse in this case.

(b) In the presence of a surface electric field Fs along z direction and perpendicular to
the surface, eq. (1.46a) assumes the form

ni>
TZ(E - |e|FsZ, ng’ /1) = z—rnc (1268)
Using eqgs. (1.47) and (1.268) under the weak electric field limit, the 2D DR in
accumulation layers of HD III-V, ternary, and quaternary materials, whose unper-
turbed band structure is defined by the two-band Kane model, in the presence of light
waves can be expressed as

~2/3
e h|eu§[15(5,ng,A)}

i 1.269
2m. om. ( )

To(E, ng, A) =

Equation (1.269) represents the DR of the 2D electrons in accumulation layers of HD
III-V, ternary, and quaternary materials under the weak electric field limit in the
presence of light waves whose bulk electrons obey the HD two-band Kane model.
Since the DR in accordance with the HD two-band Kane model is real in nature, eq.
(1.269) will also be real.

The surface electron concentration is given by

imax

m ;o 1 (2mc\*? 32
ns=g > HﬂhczpsHDLz(Esz, 1, 7g, A)} * 32 ( h;) t; [TZ(EFBL Ylg,/\)} } (1.270)

i=0

Helfs [Ty (E o) 1
where, Psppr. (E}L, i,ng,A)=|Th (E}L, NgsA) =S {%W} } , the Fermi energy
in this case is E}Lz’ which can be expressed as E}LZ =eVy - "’222% + Erpy, , and Egpy

could be, under the condition extreme degeneracy, determined from the equation
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3/2

3/2
_ 4 ng (%) [Tz(Epgz,ng,A)} (1271)

n —_—
HENT AN

ti= _ Erimax , Erimax, i the root of the real part of the equation

eFs(1+imax)

~2/3
h|e|FS [TZ(ELimax’ Ng» /‘)]

2m.

0= | T2(ELimaxs MgsA) = Simax 1.272)

The electronic contribution to the second- and third-order elastic constants for HD
materials in this case can be written as

- GZ ano
ACyy = —2 _ . (1.273a)
“T 9 tio(Ep2—E ile):|
and
3 2
Cusg = 22 anoz} (1.273b)
27 | 60(E'2 - E'ua)

Thus, using egs. (1.273a), (1.273b), and (1.270) we can find AC44 and ACyse in this case.

Under the weak electric field limit, the 2D DR in accumulation layers of HD III-V,
ternary, and quaternary materials, whose unperturbed band structure is defined by
the three-band Kane model, in the absence of light waves, can be expressed as

ra(en)] ]

B K22 hle|Fs| T, E, g

To(Eig) = 5% + S i (1.274)
_ 2

where TZ(E, Tlg)= [m [YO(E’ ng) +IX9()(E, rlg)}

Equation (1.274) represents the DR of the 2D electrons in accumulation layers of
HD III-V, ternary, and quaternary materials under the weak electric field limit in the
absence of light waves whose bulk electrons obey the HD three-band Kane model.
The surface electron concentration is given by

imax 3/2
ns=8y i H:;;Psyu (E}l, i, ng)} + 3—7112 (%) ti [Tz (EFm, ng)} 3/2] (1.275)

i=0
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melEa[Ta(E o) ]
= , . = ’ e s . .
where Pspp (Efl, i, ng) = [Tz (Efl’ ng) -Si [%mcﬂng} }, the Fermi energy in

. . 2
this case E“fl, which can be expressed as E}l =eVy-¢ Zf)fex + Epp1, and Egg, could

be, under the condition extreme degeneracy, determined from the equation

_4m 28, (2m 32 3/2
ng= ? (27[)3 ( h2 > |:T2 (EFB; I’lg):| (1276)

ti= m , Eimax, is the root of the real part of the equation

HlelFs [ T Eimaso ng)}’ ”
2m.

0= | T2 Eines Mg ) = Sinax (1.277)

The electronic contribution to the second- and third-order elastic constants for HD
materials in this case can be written as

- G> dno
ACuy = 0 . . (1.278a)
“T 9 [tia(E n-E m)}
and
3 2
ACyse = Gy & (1.278b)
27 v v 2
to(Ep1—Em)

Thus, using eq. (1.278a), (1.278b), and (1.275) we can find AC,, and ACyse in this case.

In the absence of band tails and light waves, the 2D DR in III-V, ternary, and
quaternary materials whose bulk electrons obey the three-band Kane model under
the condition of weak electric field limit assumes the form

212 2/3

Fo(1+2

E+ab)- 15 L5, {M] (1.279)
2m. 2me
nopy in the present case can be written as

m imax .

o= £ > Pava (Erer )] (1.280)
i-0

Where
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‘ heFy(1+ aEpy,)] %>
Pri(Epiw, 1) = {EFiw(l +aEgw) - S {%}
C

and Ep;, is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- G% ano

ACyy = 9 £0 (EFiw - E"iw24)

(1.281a)

and

3 2
IV | N (12510)

27 t;0 <EFiw - Eniw24)

Thus, using egs. (1.281a), (1.281b), and (1.280) we can find AC,4 and ACyse in this case.

(c) In the presence of a surface electric field F; along z direction and perpendicular to
the surface, eq. (1.48) assumes the form

_RK

T53(E - |e|Fsz, ng, A) = > (1.282)
C

Using egs. (1.254) and (1.282) under the weak electric field limit, the 2D DR in
accumulation layers of HD III-V, ternary, and quaternary materials, whose unper-
turbed band structure is defined by the two-band Kane model, in the presence of light
waves can be expressed as

~2/3
wie | PlelF [T3(E,)1g,)l)}

T3(E, ng,A) = o S — (1.283)
C C

Equation (1.283) represents the DR of the 2D electrons in accumulation layers of HD
III-V, ternary, and quaternary materials under the weak electric field limit in the
presence of light waves whose bulk electrons obey the HD two-band Kane model.
Since the DR in accordance with the HD two-band Kane model is real in nature, eq.
(1.283) will also be real.

The surface electron concentration is given by
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imaX 3/2
mc ’ . 1 /2m, 3/2
= —P Eqys, 1,1, A — | — t;| T3(Erp23, N, A 1.28
ns =8y iE=O Hﬂhz sup123 (Ep 30 1 Mg )] t 3 < 2 > 1[ 3(Erp23, Ng )} } (1.284)

where P3HDL23(E}LB, i, Mg, A) = , E}Lzs is the

’ ~2/3
’ hle|Fy[T3(E 93, g» A)
T5(Efp3, Mg, A) = Si [%}

. . . . , 2
Fermi energy in this case, which can be expressed as Eg ; =eVg - egz% + Eppy; and

Erp,, could be, under the condition extreme degeneracy, determined by the following
equation:

4 2g, (2m, 3/2 3/2
ng= 3 n? < e ) {Ts (ErB23, Ug,/\)} (1.285)
ti= m , ELimax, is the root of the real part of the equation
m2/3
h|e|FS |:T3(ELimax’ rlg’ A)i|
0= T3 (ELimax’ I’Ig, /1) - Simax o (1.286)
C

The electronic contribution to the second- and third-order elastic constants for HD
materials in this case can be written as

2
ACu - =50 _Ono (1.2872)
9 |t0(Efs-Enis)
and
3 2
ACysg = 20 Mo (1.287b)
27 | t0(E s — E i)’
ti0(E'f13 — Eni123)

Thus, using egs. (1.287a), (1.287b), and (1.284) we can find AC,, and AC,s¢ in this case.

Under the weak electric field limit, the 2D DR in accumulation layers of HD III-V,
ternary, and quaternary materials, whose unperturbed band structure is defined by
the three-band Kane model, in the absence of light waves, can be expressed as

I L G

T5(E, 1.288
3( I’lg) 2m, i ch ( )

where T5(E, 1) = [—1 0T, ngn}
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Equation (1.288) represents the DR of the 2D electrons in accumulation layers of
HD III-V, ternary, and quaternary materials under the weak electric field limit in the
absence of light waves whose bulk electrons obey the HD three-band Kane model.
The surface electron concentration is given by

imax 3/2
ns=g, > H%EHLB (E}B, i, ng)} + # (%) t; [7'3 (EFBL% Tlgﬂ 3/2} (1.289)

i=0

2/3

- . _ o, hlelFy T3 (E 113 n¢ )| . .
where P;HDg(EfB,z,ng) = [T3 (EfB, qg) -5 {%} , Eq; is the Fermi

. . . ; 2
energy in this case, which can be expressed as Ej; =eVy - ° ije" + Eppi3, and

Eppi3 could be, under the condition extreme degeneracy, determined by the
following equation:

4m 2g, (2mc 32 3/2
ng= ?W ( w2 ) [T3 (EFBB: T]g)] (1.290)
ti= % , Eimax, is the root of the real part of the equation
m~2/3

S R B LG 0))

2me

(1.291)

The electronic contribution to the second- and third-order elastic constants for HD
materials in this case can be written as

- GZ ano
ACyy= —2 . - (1.292a)
“T 9 [fia(EfB -E i113>:|
and
3 2
ACiss= 20 [#} (1.292b)
27 | t:0(E'p3 - E'n)

Thus, using egs. (1.292a), (1.292b), and (1.289) we can find AC,4 and ACyse in this case.

In the absence of band tails and light waves, the 2D DR in III-V, ternary, and
quaternary materials whose bulk electrons obey the three-band Kane model under
the condition of weak electric field limit assumes the form
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RK2 . [hle|Fs]*?
E= +S; lelFs (1.293)
2m. 2me
The expression of n,p; at a finite temperature can be written as
m-knT lmax
nopi = SNCEL ZFO Nia) (1.294)

2/3
where n;,, = (kgT) -1 [EFW, -S; K/‘;‘"% } , and EFi, is the Fermi energy as measured

from the edge of the CB at the surface.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

2
ACyy = 960 ono (1.295a)
to (EFi44 - Eni45>
and
G} o’
ACiss = 52 | ———— (1.295b)

t;o (EFilm - Eni45)
Thus, using egs. (1.295a), (1.295b), and (1.294) we can find AC,, and ACse in this case.
1.2.9 The CECs in NWs of HD Kane-type semiconductors in the presence of
light waves
(a) The 1D DR in NWs of HD III-V, ternary, and quaternary materials, whose unper-

turbed band structure is defined by the three-band Kane model in the absence of any
field, in the presence of light waves can be expressed as

R(nm/d;)’ I (nym/dy)’ LS
2m. 2m. 2m

=Ty(E, Ngs A) (1.296a)

Using eq. (1.51a) and summing over both n, and n, together with the substitution of
Cip = m, the use of HUP leads to the expression of ES as
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Mymax "Zmax

RealPartof Z Z [Tng(EFIHDNWLl,ny, n, ng,/l)] (1.296b)

ny=1nz=1

where Ty}, (E, ny, nz, 1g, A) = HTI(E, MgsA) - [h (nsn/dz)? | h2(nym/dy)? H m_c} 1/2

2me 2me K2
and Epgpywr is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

2 6n0

ACyy = 4 c(l) Real Part of : (1.297a)
2 0 (EFIHDNWLI -E,; HDNWL1)
and
3 62n0
ACys6 = 5 d d ——>—Realpart of (1.297b)

, 2
) (EFlHDNWLl - E3HDNWL1)

Thus, using egs. (1.297a), (1.297b), and (1.296b) we can find AC44 and ACys6 in this
case.

The 1D DR for NWs of III-V materials whose energy band structures are defined
by the three-band Kane model in the absence of band tailing assumes the form

P(nn/d)' K (nm/d)”  HR
2me 2me sz

n(n,m/d,)? . n (nyﬂ/dy)ZH 2mc} 2

= Bo(E, ) (1.298)

2m. 2m. &

leLl(E, ny,nz,)l)= |:|: O(E,A)— |:

The ES per unit length can be written as

Mymax "zmax
28v

o= —~ Z Z [fior1 (Epivwra, 1y, 1z, A) (1.299)

ny=1nz=1

Rinsn/d? P (mym/dy)’] ] 2m 2
where fior1 (Epivwea, y, 1z, A) = | | Bo (Ervwiz, A) = | =507 + — 55 S| and

Erivwrz is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as
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—Gé

ano :|
ACyy= ——F | —— 1.300a
“ 9d,d, |:aEF1NWL2 ( )
and
G3 azno
ACys6 = —2— [7] (1.300b)
6 27d,d, aE%uvwm

Thus, using egs. (1.300a), (1.300b), and (1.299) we can find AC,, and ACys¢ in this
case.

(b) The 1D DR in NWs of HD III-V, ternary, and quaternary materials, whose unper-
turbed band structure is defined by the two-band Kane model in the absence of any
field, in the presence of light waves can be expressed as

W(nm/d,)? K(nym/d)> IR
( 2m/ ) + ( ;m/ y) + ﬁx =To(E, ng, A) (1.301)
c c ¢

The ES per unit length can be written as

2 Mymax "zmax
v

No = % Z Z [T;Lz (EFtHDNWL2, Ny, Nz, Mg, /l)} (1.302)

ny=1nz=1

The electronic contribution to the second- and third-order elastic constants for HD
materials in this case can be written as

2
ACu = dG; ono : (1.303a)
9dyd, a(EFlHDNWLZ_EsHDNWLZ)
and
G azno
G 1303b
567 27d,d, o

, 2
0 (EFlHDNWLZ - E3HDNWL2)

Thus, using egs. (1.303a), (1.303b), and (1.302) we can find AC44 and ACysg in this case.
The 1D DR, for NWs of III-V materials whose energy band structures are defined
by the two-band Kane model in the absence of band tailing assumes the form

W d)? ” d)  Rh
(n;;/ Z) + (n;/::l/ Y) + WX :TO(E,A) (1304)
C C C
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The ES per unit length can be written as

Mymax "Zmax
_28

Z Z fror2(Epvwzar, 1y, 11z, A) | (1.305)

ny=1nz=

Where

fra2(Epnwior, Ny, Nz, A) =
y

Rnn/d.? K (nyﬂ/dy)ZH ZmC] 2

2m, 2m, K

[To (Ernwran, A) - [

and Epjywior is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

—G2 ano
ACus = 0 {7} 1.306a
“" 9d,d, | OErivwix ( :
and
G3 azno
ACys6 = —2— [7} (1.306b)
27dyd; |0}y

Thus, using egs. (1.306a), (1.306b), and (1.305) we can find AC,, and ACysg in this case.

(c) The 1D DR in NWs of HD III-V, ternary, and quaternary materials, whose unper-
turbed band structure is defined by the parabolic energy bands in the absence of any
field, in the presence of light waves can be expressed as

W (n,m/d;)? N W (nymt/d,)? h2k2

2me me T m. =T5(E, g, A) (1.307)
The ES per unit length can be written as
no = 25 "yzma:x nzm: {TBB(EHHDNWB Mys Mo 1] A)} (1.308)
T s Nys Mz, Mg,

ny=1nz=1
Where

T315(EFtrpNwis, Ny, Nz, g, A)

W (n,m/d,)’ . hz(nyn/dy)ZH ch} V2

= |:|:T3(EF1HDNWL3,’1g’A) - { 2m, 2m, n
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and Epgpywis is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

2
ACus - dci; ong , (1.309a)
9d,d; 6(EF1HDNWL3—E3HDNWL3)
and
G 0’1o (1.309b)
6" 27d,d, |

- 3
0 (EFlHDNWB -E 3HDNWL3)

Thus, using egs. (1.309a), (1. 309b), and (1.308) we can find AC,, and ACjse in this case.
The 1D DR for NWs of III-V materials whose energy band structures are defined
by the parabolic energy bands in the absence of band tailing assumes the form

W(nm/d,)? R (nm/d,)’ KK
(;mﬁ ) + (;mi y) +27m:=p0(E’A) (1.310)

The ES per unit length can be written as

Mymax "zmax

2
no = % > [fas(Ernws, ny, mz, A)] (1.311)

ny=1nz=1

where

W(nm/d,)? K (nm/dy)’]] 2m 2
E, Ny, Ny, A) = E, ,A) - =72y YLy <
fror3(Erinwes, Ny, 1z, A) HPO( FINWL3> A) [ m, m, .
and Epywrs is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

—Gz ano
ACyy = 0 {—} 1.312a
“ 9d,d, |OErinwr3 ( )
and
63 azno
AC =—°{—} (1.312b)
e 27d)’d2 aE12~"1NWL3
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Thus, using egs. (1.312a), (1.312b), and (1.311) we can find AC,,; and ACse in this case.

1.2.10 The magneto-CECs in accumulation and inversion layers of Kane-type
Semiconductors in the presence of light waves

(a) The 2D DR in accumulation layers of HD III-V, ternary, and quaternary materials,
whose unperturbed band structure is defined by the three-band Kane model, in the
presence of light waves under magnetic quantization, can be expressed as

12/3
RlelFs [ Ti(Er, 30, 1 )|

1.313
e (1313)

1
T1(E17,30, Mgs A) = (n + 5) hwg + S;

where Ej7, 30 is the totally quantized energy in this case. Equation (1.313) represents
the magneto-DR of the 2D electrons in accumulation layers of HD III-V, ternary, and
quaternary materials under the weak electric field limit in the presence of light waves
whose bulk electrons obey the HD three-band Kane model. Since the DR in accor-
dance with the HD three-band Kane model is complex in nature, eq. (1.313) will also
be complex in the energy plane. The total energy is quantized since the wave vector
space is totally quantized.
The electron concentration can be written at a finite temperature as

g‘eB Nmax imax
mo= ;rh RealParton ZFfl(nlmo) (1.314)

n=0i=0

Epy7.30 ~E . . -
Where 1,7 50 = 37" and Epy7, 30 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

ACyy = — Go Real Part of { oo } (1.315a)
“= g ti0(EF17,30 — E17,30) '
and
3 2
ACys = 50 Real Part of A - (1.315b)
27 ti0(EF17,30 — E17,30)

Thus, using egs. (1.315a), (1.315b), and (1.314) we can find AC,, and AC,sg in this case.
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In the absence of band tails and in the presence of light waves under the
condition of weak electric field limit, the 2D electron dispersion relation under
magnetic quantization assumes the form

12/3
1 hlel|F. Ei7 51,1
,BO(E17’31,A) =\n+ < hw0+Sl~ ‘ | S[ 0( 17,31 )] (1316)
2 2mc
where Ej7 3 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as
g eB nmax imax
No = ;/Th Z ZF71(7717,31) (1317)

n=0 i=0

Where 1, 3 = and Efy7,3; is the Fermi energy in this case.

Er7,31 - E17,31

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

—G2 ano
ACyy= —9 | ——— 1.318a
A LiaEFﬂ, 31] ( )
and
G| o%n
ACysg = =2 |——— 1.318b
456 27 tiaE,%UJl ( )

Thus, using egs. (1.318a), (1.318b), and (1.317) we can find AC,; and ACys in this case.

(b) The 2D DR in accumulation layers of HD III-V, ternary, and quaternary materials,
whose unperturbed band structure is defined by the two-band Kane model, in the
presence of light waves under magnetic quantization, can be expressed as

q2/3
h‘e|F5 |:T2(E17, 32s rlg, A)i|

1.319
S (1319)

1
T, (Ev7,32 Ng» A) = (Yl + 5) hwo + S;

where Ej; 3, is the totally quantized energy in this case.

Equation (1.319) represents the magneto-DR of the 2D electrons in accumulation
layers of HD III-V, ternary, and quaternary materials under the weak electric field
limit in the presence of light waves whose bulk electrons obey the HD two-band Kane
model. Since the DR in accordance with the HD two-band Kane model is real in
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nature, eq. (1.319) will also be real in the energy plane. The total energy is quantized
since the wave vector space is totally quantized.
The electron concentration can be written at a finite temperature as

n li
gVeB max ‘max

=" DD Foalny,n)- (1.320)
n=0 i=0

E, -E . . . .
where 1,; 5, = W and Epy7 3, is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- GZ arl()
ACus = 0 { } 1.321a
“" 79 |t:0(Ery,32 - Eur.32) ( )
and
G} 2
ACys = 22 Mo 5 (1.321Db)
27 |t;0(EF17,32 - E17,32)

Thus, using egs. (1.321a), (1.321b), and (1.320) we can find AC,, and AC,s in this case.
In the absence of band tails and under the condition of weak electric field limit,
the 2D dispersion relation in the presence of light waves assumes the form

22/3
1 hle|Fs[to(E7,33,A
T()(E17, 33,A) = (T’l + 7) hwo +Si |: |e| S[TO( 17,33 )] :| (1322)
2 2m.
where Ej7, 33 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as
g eB nmax imax
no = Lh SN Fa(nygs) (1.323)

n=0 i=0
Where

Mo Er17,33 - E17,33
R

and Efy7,33 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as
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- G2 ano
ACyy = —2 { } 1.324a
“" 79 |td(Er,3 - E,3) ( )
and
G} o
ACys= 22 o (1.324b)
27 | t:0(EF17,33 — E17,33)

Thus, using egs. (1.324a), (1.324b), and (1.323) we can find AC,4 and ACjse in this case.

(c) The 2D DR in accumulation layers of HD III-V, ternary, and quaternary materials,
whose unperturbed band structure is defined by the parabolic energy bands, in the
presence of light waves under magnetic quantization, can be expressed as

~2/3
1 hle|Fs | T5(Ev7,32, g, A)
T5(E17,323, Mg, A) = (n + 5) hwo + S; (1.325)

2me

where Ej7 353 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

n i
gveB max ‘max

="h D> Falgsn) (1.326)
n=0 i=0

E -E . . . .
where 1y, 53 = 2321238 and Epy, 3. is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

_G(Z)

ano :|
ACyy = (1.327a)
“T 9 Lia(EFU, 33— E17,3:3)
and
3 2
Cisg = 20 Al . (1327h)
27 | ;0(EF17,323 — E17,323)

Thus, using egs. (1.327a), (1. 327b), and (1.326) we can find AC,, and AC,se in this case.
In the absence of band tails and under the condition of weak electric field limit,
the 2D dispersion relation in the presence of light waves assumes the form
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123
hle|Fs[po(E7,333,A)]

1.328
e (1.328)

1
Po(Er7,333,A) = (n + 5) hwo + S;

where Ej7, 333 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

g eB Nmax imax
v

Z > F iy, 53) (1.329)

n=0 i=0

E -E , . o
Where 1, 333 = W and Efy7, 333 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- G2 ano
ACyy = —2 { ] (1.330a)
“~ 79 |ti0(Err, 333 — Evr, 333)
and
G} o
ACus= 22 o (1.330b)
27 | t:0(EF17,333 — E17,333)

Thus, using egs. (1.330a), (1.330b), and (1.329) we can find AC4, and ACse in this case.
1.2.11 The magneto-CECs in doping superlattices of HD Kane-type

Semiconductors in the presence of light waves
(a) The magneto-DR in doping superlattices of HD III-V, ternary, and quaternary

materials in the presence of external photoexcitation whose unperturbed electrons
are defined by the three-band Kane model can be expressed as

1 1
T1(E17,40, Mg> A) = (ni + 5) hwoinp (E17,40, Ng> A) + (n + )hwo (1.331)

where Ei7, 4 is the total energy in this case.
The electron concentration can be expressed at a finite temperature as

Nmax imax

eB
N = 8v = Real part of Z ZF (My7.40) (1.332)
n=0 i=0
where 17 40 = EF”"’,?B# and Ery7, 49 is the Fermi energy in this case.
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The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

-G? on
ACyy, = —2LRealparto, —0] 1.333a
“~ 9d, partof {a(EFN, 40— E17,40) ( )
and
AC Go Real part of o' (1.333b)
456 = 555 .
27do (Er17,40 — Ex7,40)’

Thus, using eqs. (1.333a), (1.333b), and (1.332) we can find AC,4 and ACjse in this case.

(b) The magneto-DR in doping superlattices of HD III-V, ternary, and quaternary
materials in the presence of external photoexcitation whose unperturbed electrons
are defined by the two-band Kane model can be expressed as

1 1
T3 (Erz, 41, Mg, A) = (ni + i) hwoonp (Evz,41, Mg, A) + <n + i) hwo (1.334)

where Ej7, 4 is the total energy in this case.
The electron concentration can be expressed at a finite temperature as

B gveB Nmax imaxF 1335
Mo=- ZZ ~1(1y7,41) (1.335)

n=0 i=0

where 1,7 4, =

Epyy 41— . ) o
% and Ery7 41 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

-G? ong
ACus = 0 [ ] 1.336a
“"9dy |0(Epy7, 41— Evz,1) ( )
and
G o%no
ACys6 = 0 (1.336b)
27dy L (EF17,21 — E17,41)2]

Thus, using egs. (1.336a), (1.336b), and (1.335) we can find AC,4 and ACyse in this case.

(c) The magneto-DR in doping superlattices of HD III-V, ternary, and quaternary
materials in the presence of external phot-excitation whose unperturbed electrons
are defined by the parabolic energy bands can be expressed as
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1 1
T5(Er7,42, Ngs A) = (Yli + 5) hwosup (E17, 42, Ngs A) + (n + E) hwo (1.337)

where Ej7 4, is the total energy in this case.
The electron concentration can be expressed at a finite temperature as

_ gveB Nmax imax
Mo = Z ZF—I(’YU, %) (1.338)
h n=0 i=0

_ Er7.a2-E17,42 ; ; ; ;
where 1y 4, = T and Efy7, 42 is the Fermi energy in this case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

~-G? ong }
e . —G 1339
“ ad, {6(EF17,42—E17, 42) ( )
and
G? o’ny
ACyss = 50 (1.339b)
27do [a (Ep17,42 - E17,42)2:|

Thus, using egs. (1.339a), (1.339b), and (1338) we can find AC4, and AC,se in this case.
1.2.12 The CECs in QWHD EMSLs of Kane-type semiconductors

in the presence of light waves
(a) Following Sasaki [76], the electron dispersion law in HD III-V EMSLs in the
presence of light waves, the dispersion relations of whose constituent materials in

the absence of any perturbation are defined by the three-band Kane model, can be
written as

1 -
K= | 77 {cos ™ (fim (E. ky ko)) 7 K2 (1.340)
0

In which,

fup1(E, ky, kzA) = aip1 cos[aoCiap (E, k1) + boDipp1 (E, k1 )] — azmp1 cos[aoCiupi (E, k1)

- bODlHDl(E, kl)}, kzl = k)2/ + kﬁ, L() =dop+ bo,
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- 2

meReal part of {TI(O, rlgz,/\)]
Hp1 = +1
mgqReal part of {Tl(O, ngl,/\)}
_ 127"
meReal part of{Tl(O, ngz,)l)}
4
meaReal part of {Tl(O, Ne1s /1)}
2
meReal part of[Tl(O, ngz,/\)}
agp1 = | — 1+

me Real part of {Tl(o, Ners /1)}

1/2771

mgReal part of[Tl(O, ngz,ﬂ)}
4
meReal part of [Tl (0, ngl,/\)}

2 1/2
Cinpi (E, k1, A) = K ;r;d) T(E, ’lgl’A)—kﬂ

2m 1/2
and Dy (E, k,,A) = K h;Z) Ty(E,ng ) - ki}

The DR in in QWHD EMSLs of Kane-type semiconductors in the presence of
light waves, the dispersion relations of whose constituent materials in the
absence of any perturbation are defined by the three-band Kane model, can
be written as

N, 2 1 1 2 5
(d ) = L?{cos (fHDl(E,ky,kZ,/l))} -k (1.341)
X 0

The electron concentration per unit area, AC,, and AC4ss have to be evaluated
numerically in this case.

(b) Following Sasaki [76], the electron dispersion law in HD III-V EMSLs in the
presence of light waves, the dispersion relations of whose constituent materials in
the absence of any perturbation are defined by the two-band Kane model, can be
written as

1 _
12 = L—%{cos‘l(me(E,ky,kz)l))} ' (1.342)

in which
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fup2(E, ky, k;A) = aippz cos|aoCiapz (E, k1) + boDippa (E, k1 )]

— azup; €05[ao Cippo (E, k1) = boDippa (E, k1)),

- 2 1/27 1
mes [T2(0,10 )| (mcz (120,12, )] )
Q1Hp = +1 14
I me _Tz(o, ngl’ /l)i| Mcy [T2(Oa rlgl) A)i|
[ Me2 |:T2(0, rng’ A):| 2 (mCZ {TZ(O’ ngZ’ A):| ) " N
WGppr1= | -1+ 4
i me [Tz(o, rlgl’ A)} me; |:T2(O’ rlgl’ A)i|

m, 12
CIHDI(E, ki, A) = |:< P 1) TZ(E: ﬂgly A) - kf_]

and

m 1/2
Dinpi (E, k1, A) = K?Cz) To(E, ng,, A) - ki}

The DR in QWHD EMSLs of Kane-type semiconductors in the presence of light waves,
the dispersion relations of whose constituent materials in the absence of any pertur-
bation are defined by the two-band Kane model, can be written as

n,\ 2 1 2
<dL) = {L—z {cos ™ (fupa(E, ky, kz, A)) } =K. (1.343)
X 0

The electron concentration per unit area, AC4, and ACyse, has to be evaluated
numerically in this case.

(c) Following Sasaki [76], the electron dispersion law in HD III-V EMSLs in the presence
of light waves, the dispersion relations of whose constituent materials in the absence of
any perturbation are defined by the parabolic energy bands, can be written as

1 -
K2 = g{cos-l(ﬁ,m(ls, ky, k) - 13 (1.344)
in which

frp3(E, ky, kzA) = axpps cos[aoCiaps (E, k1) + boDipps (E, k)] = axnps cos|aoCiaps (E, k1)

—boDimp3(E, k1)),
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_ 2 2 -1
Me {T3(0, ngz,/\)} A Mme [T3(0, Tlgz,)l)]
QHD = +
ma |T5(0, ngz,A)} M [ T5(0, Mgy, )]
r 1/27 1
mCZ 0 rIgZ’ 0 rIgZ’/\)
aiap3 = "
mCl 0 ngl’ 0 ngl’/\)
om 112
Ciup1 (E, k1, A) ( hzd) (E,ng,, ) - K%

and

m 1/2
Duss (E, ki, ) = K hd) T3 (E, 1y 0 ) - ki]

The DR in QWHD EMSLs of Kane-type semiconductors in the presence of light
waves, the dispersion relations of whose constituent materials in the absence of
any perturbation are defined by the parabolic energy bands, can be written as

2
("2”) - {Liz {cos™ (fups (E, Ky, kzy ) } - ki} (1.345)
X 0

The electron concentration per unit area,AC4, and ACys6, has to be evaluated numeri-
cally in this case.

1.2.13 The CECs in NWHD EMSLs of Kane-Type semiconductors
in the presence of light waves
(a) The DR in NWHD EMSLs of Kane-type semiconductors in the presence of light

waves, the dispersion relations of whose constituent materials in the absence of
any perturbation are defined by the three-band Kane model, can be written as

- { {eos 1 (i (.27 27, ))}K’;”)("d")ﬂ (1.346)

The electron concentration can be written as

2
ng = p- Real part of
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My max Nzmax 2 2 2
1 { ,1< ( nmT n,m n,m n,m
—qcos” | fup1 | Eri213, —5—> —5—»A (=) +(—=

2 2|z 4" @ 5) (e

(1.347)

1/2

where Ef;,13 is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

—-G? ong
ACyy = ——2 Realpart o [ } 1.348a
“" 9d,d, part of O(Er1.213 — Enstsmpa, ) ( )
and
G 0%no
ACys6 = ———2—Real part of (1.348b)
27d,d, (Er1.213 — Enstspa, )

Thus, using eqs. (1.348a), (1.348b), and (1. 347) we can find AC44 and ACys6 in this
case.

(b) The DR in in NWHD EMSLs of Kane-type semiconductors in the presence of light
waves, the dispersion relations of whose constituent materials in the absence of any
perturbation are defined by the two-band Kane model, can be written as

1 ) . 2 2 . 2
@- [_{ (1 (.27.22) )} - K%) - (2 H 1.349)

The electron concentration can be written as

n n
2 Ymax "zmax
No=—
ny=1 nz=1

1/2

1 _ nyT n,m 2 n,\ 2 n,m\*
g cos l(HDZ (EF1.2.131,5}/,52, ))} - {(éy) +(diz) ] (1.350)

where Ef;131 is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as
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- G> on
ACus = 0[ 0 } 1.351a
" 9dyd; |0(Er1.2.131 — Enstsmps) ( :
and
G} o’ny
ACys56 = —=2 (1.351b)
27dyd; | O(Ep1.2.131 — Enstsmps, )’

Thus, using egs. (1.351a), (1.351b), and (1. 350) we can find AC,, and ACyse in this case.

(c) The DR in NWHD EMSLs of Kane-type semiconductors in the presence of light
waves, the dispersion relations of whose constituent materials in the absence of any
perturbation are defined by the parabolic energy bands, can be written as

2 2 2
[Liz{cosl(ﬁ,m (.27 2 )} - [(’;ﬂ) () H (1352
0 y z y z

The electron concentration can be written as

2 "Ymax zmax | | q nT N, 2 n\% [nm\? 72
No=— - {COS_I(me(EFl.z.Bz, A L,A))} - (L) + <L>
DI PR ) @
(1.353)

where Er;,13; is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- G2 ong
AC,, = — 00 [ } (1.3542)
“" 9d,d; |0(Er1.2.132 — Enststipe)

and

63 02n0
ACys6 = —=2 (1.354b)
27dyd, |:a(EF1.2.132 = EnstsHpe, )2}

Thus, using eqgs. (1.354a), (1.354b), and (1.353) we can find AC,, and ACus¢ in
this case.
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1.2.14 The magneto-CECs in HD EMSLs of Kane-type semiconductors
in the presence of light waves

(a) In the presence of an external magnetic field along x-direction, the simplified
magneto-dispersion law in this case can be written as

ky = [PaHm("’ E, A)} (1.355)
in which

P ) = 3 [eos (B, )]~ { 25 (n+3)

0
frp1(E, n, A) = aipp1 €0s[aoCiapi (E, n, A) + boDiupi (E, n, A)]

-y €0S[aoCippi (E, n, A) = boDipp1 (E, n, A)]

[/ 2m, 2leB,  1\1"*
Ciapn (E, m, A) = (#)TI(E,ngl,/\)—{%(n+§)H

(2 2B/ 1\]"
DunEn = (23 (B - {28 (1) 1]

The electron concentration can be expressed as

and

Nmax

B
0= %Realpart of Z [[pmm(n, EfSLHDB,A)F/Z} (1.356)
“

-0

n

where Efs ppp is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

-G3 0
ACyy = —2LReal part of Mo (1.357a)
O (Ef szupp — Enstsap)
and
G} ?
ACys = =2 Real part of [ 9o 2} (1.357b)
27 (Ef stupB — Enstshp)

Thus, using eqs. (1.357a), (1.357b), and (1.356) we can find AC,4 and ACjse in this case.
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(b) In the presence of an external magnetic field along x-direction, the simplified
magneto-dispersion law in this case can be written as

K= [Purpa (1, E, )] (1.358)
in which
1 2le|B 1
Purpa (N, E, A) = Z [COS_l(fHDz(n,E, A))]z - { % (n + 5) }
0
fup2(E, n, A) = aip, cos|ao Ciup2 (E, n, A) + boDigpa (E, n, A)]
— aup; €05[ao Cippa (E, 1, A) = boDiupz (E, 1, A)]
_|{2ma 2le|B 1\)1Y2
Cumtn) = | (%) )= { 25 (n03) |
and

2 2elB,  1\\1"?
D]HDZ(E,”,A)E |:< rhnzcz) TZ(E!rIgz’A)_{%(n‘FE)}}

The electron concentration can be expressed as

eB Nmax

noz_
2
nhn=0

{ [p4HD2(n’ Efs1upss A)] 1/2} (1.359)

where Egsppp is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- G2 ony
ACyp = — 0 (1.360a)
“= 9 [6 (Ef stapp — En SL5HD2):|
and
3 2
ACys6 = & [ AL 2} (1.360Db)
27| 9 (Ef staipp — Enststp)

Thus, using egs. (1.360a), (1.360b), and (1.359) we can find AC,44 and AC,sg in this case.

(c) In the presence of an external magnetic field along x-direction, the simplified
magneto-dispersion law in this case can be written as
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ke = [Papps (0, E, A)] (1.361)
in which
1 2le|B 1
Parp3 (M, E, A) = 23 [cos ™! (fups(n, E, /1))}2 - {% (n+ §> }
0
fap3(E, n, A) = aigps cos[ao Ciaps3 (E, n, A) + boDipps (E, 1, A)]
— aanp3 €0s[aoCipps (E, n, A) — boDipps (E, n, A)]
2m 2le|B 1\ 17
Cimp3(E, n,A) = K h;l) T5(E, ng,» A) - { % <n+ 5) H
and

2m, 2le|B 1 172
DlHD3(E’ n’A)E [( ’;:22> T3(E9ng2,/1)_{%(n+§)}:|

The electron concentration can be expressed as

eB Nmax

noz_
2
nhn=0

[ [p4HD3 (n, EfstapB, /1)} 1/2] (1.362)

where Ef g ppp is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

—G2 arl()
ACyy= —2 (1.363a)
" L (Ef sLups - nSLSHD3):|

and

GB
ACys6 = 2—;

P
0o 2} (1.363b)
O (EfsLupp — Enstsips)

Thus, using egs. (1.363a), (1.363b,) and (1.362) we can find AC,, and AC,se in this case.
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1.2.15 The magneto-CECs in QWHD EMSLs of Kane-type semiconductors
in the presence of light waves

(a) In the presence of an external magnetic field along x-direction, the simplified
magneto-dispersion law in QWHD III-V EMSLs in the presence of light waves, the
dispersion relations of whose constituent materials in the absence of any perturba-
tion are defined by the three-band Kane model, can be written as

2
n,t
(d > = [Pureor (s Enz.50, )] (1.364)

where E17 5 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

n; ny;
gv eB max max

h Realpartofz Z F_1(My750) (1.365)

n=0 nxy=0

No =

where 1775 = W and Ery7.50 is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

-G? on
ACyy = —2SRealpart o {—0] 1.366a
4“7 94, partof O(EF17.50 = E17.50) ( )
and
AC, Go Real part of o'no (1.366b)
456 = == - .
27d (Eri7.50 — E17.50)°

Thus, using egs. (1.366a), (1.366b), and (1.365) we can find AC,, and AC,s6 in this case.

(b) In the presence of an external magnetic field along x-direction, the simplified
magneto-dispersion law in QWHD III-V EMSLs in the presence of light waves, the
dispersion relations of whose constituent materials in the absence of any perturba-
tion are defined by the two-band Kane model, can be written as

2
n T
(d_) = [Purcp2 (M E7.51,1)] (1.367)

where Ej7 5 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

printed on 2/13/2023 5:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

1.2 Theoretical background =— 89

eB 'max MXmax
g” Y Z F_i(Nps;) (1368)

n=0 ny=

where 17,5, = % and Ery7 5, is the Fermi energy in this case.
Thus, using egs. (1.366a), (1.366b), and (1.368) we can find AC,, and ACyse in this
case.

(c) In the presence of an external magnetic field along x-direction, the simplified
magneto-dispersion law in QWHD III-V EMSLs in the presence of light waves, the
dispersion relations of whose constituent materials in the absence of any perturbation
are defined by the isotropic parabolic energy bands, can be written as

2
Ny T
(d—> = [Pungps (s E7.52, 1) (1.369)

where Ej7 5, is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as

Nmax "Xmax

Z Z F_1(Ny5) (1.370)

n=0 nx=

gveB

where 1,5, % and Ery75, is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

- G2 ong
P { } (1371)
“""9d, |0(Eri7s2- Evrs2)
and
G o’ny
ACug=—0 |90 (1.372)
27dy | (Ep17.5 — Ev7.52)°

Thus, using egs. (1.371), (1.372), and (1.370) we can find AC4; and ACyse in this case.

1.2.16 The CECs in QWHD superlattices of Kane-type semiconductors
with graded interfaces in the presence of light waves

The electron dispersion law in bulk specimens of the heavily doped constituent
materials of III-V SLs whose energy band structures are defined can by expressed as
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Rk ,
M = Vlj(E, rlg]" A, A]', Eng) + lej(E, rlgj’ A, Aj, Eng) (1373)
g

where

J=12, Vy(E, ng, A, b, Egoj) = [UAiTli(E, b, Egj, 1) —PA;}

272 2 Pj |2
Coj BjJy |e[ TA"Egoj (Egj +4)B;"(1+ 75)
Uy = (1+6y), 9/&1‘=ﬁ(t/1}'+17/1]>, C'—[ L],

A; 4 7 | 384mync, 6580 (Egoj + 24)

1/2
2\ (Eej+ 1)1 2 2 a?]"
Bi= |6\ Bsoi+ 38 ) =% |, X;= (6Ego” + 9Egojll + 44%), p;=

X aEa
Aj = Egoj,
ti= | By - G/lj(EgOJ_‘si)} ) 2Bj(Egoj=65) {1 @}
u— ] ’ j = 2 j = s
by (A‘ + 5’-) yj
- ] ]
2B; BiC);
G/Ij - ] _ 1N

(4+ 6',-)3 (4+8))

Cyy= {(Ego,- + 6}) + (EgOi + 5']‘) (EgOf - 5'1') _2} (Ai + 5’;') - Py = %j]/\i’

: 2 Eyoj— 6
Ty = (Dyj+ 2(Egoj =) \/Ei)’DAF (1+ Abg0r=0)) ’)),

(A,- + 6}-)

1 1
fii= + 5 —Ci|» Va(E, ngjs A, By, Egoj) = [UAszf(E, A;, Egj, rlgj)i|

(Aj + 6,}') ’ (Egoj - 5’1‘)

(B0 Egon) = [ —2 ) L (12 %) (1= ) Y ey
and Tz’(E’A”Eg”ngi)_<1+Erf(E/'2gj)> G (1 c;‘) (1 Ci) Cﬂlgiexp( %)

Therefore, the DR in HD III-V SLs with graded interfaces in the presence of light
waves can be expressed as [77a]

k; = Gg +iHs (1.374)

where the notations are given in [77Db].
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The simplified DR of HDQWs of I1I-V superlattices with graded interfaces can be
expressed as

2
("5”) — G +iHs (1.375)

The electron concentration, AC44 and AC4s6, has to be evaluated numerically.

1.2.17 The CECs in NWHD superlattices of Kane-type semiconductors
with graded interfaces in the presence of light waves

The DR in NWHD superlattices of Kane-type semiconductors with graded interfaces
in the presence of light waves can be expressed as

k2= Gg 17,50 +iHs, 17,50 (1.376)

where the notations are given in [77b].
The electron concentration can be written as

Mxmax "Mymax 1/2

Realpart Of Z Z |: Gs 17,50 + ng 17, SOHE Erg.17,51 (1377)

nx=1 ny=1

where Erg 17,51 is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

_2
ACyy = 9d—i§’yReal part of [a ( EF&U:IS Es.17.52)} (1.378a)
and
ACy56 = ——"—Real part of { oM } (1.378b)
27d d (Ers.a7.51 — Es.17.52)°
(Es.17.52) can be written as
[Gs, 17,50 + iHsg, 17, 50) |E:EF8.17, 52} =0 (1.378¢)

Thus, using egs. (1.378a), (1.378b), (1.378c), and (1.377) we can find AC,, and ACyse in
this case.

printed on 2/13/2023 5:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



92 —— 1 Heisenberg’s uncertainty principle (HUP) and the carrier contribution
1.2.18 The CECs in Quantum dot HD superlattices of Kane-type semiconductors
with graded interfaces in the presence of light waves

The DR in QDHD superlattices of Kane-type semiconductors with graded interfaces in
the presence of light waves can be expressed as

lbeyy 5 (1.379)

2
n,m .
=[Gs, 17,50 + iHs, 17, 50]
d;

where Ej7 s5; is the totally quantized energy in this case.
The electron concentration can be expressed at a finite temperature as

Mxmax MYmax "zZmax

-4 d d Realpartof » Y Z Foi(n, ) (1.380)

nx=1ny=1nz=

E -E . . . .
where, N, = % and Ery7.5, is the Fermi energy in this case.
The electronic contribution to the second- and third- order elastic constants for
HD materials in this case can be written as

ACyy = — Go Real part of {L] (1.381a)
“T 9 O(EF17.52— E17.5) '
and
AC Go Real part of ) (1.381b)
456 = o - .
27 O(Epiz.52— Evrs2)°

Thus, using egs. (1.381a), (1.381b) and (1.380) we can find AC,, and AC,s in this case.
1.2.19 The magneto-CECs in HD superlattices of Kane-type Semiconductors
with graded interfaces in the presence of light waves

The magneto DR in HD superlattices of Kane-type semiconductors with graded
interfaces in the presence of light waves can be expressed as

k2= Gg 17,54 + iHg 17,54 (1.382)

where the notations are given in [77b]
The electron concentration can be written as
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n
g eB max ]
Mo = 7‘1/2}1 Real part of HZ(:) HGS, 17,54 + iHg, 17, 54} ‘E:EF8.17’541/2:| (1.383)

where EFg 17,54 is the Fermi energy in this case.
The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

ACys = _—G%Real part of {L} (1.384a)
“- 9 O(EFs.17.54 — E17.55) '
and
AC, Go Real part of oo (1.384h)
456 = o .
27 (Ers.17.54 — E17.55)°

Thus, using eqs. (1.384a), (1.384hb), and (1.383) we can find AC,44 and ACys in this case.
1.2.20 The magneto CEC in QWHD superlattices of Kane-type semiconductors
with graded interfaces in the presence of light waves

The magneto DR in QWHD superlattices of Kane-type semiconductors with graded
interfaces in the presence of light waves can be expressed as

2
n,m .
(dL> =[Gg, 17,54 + 1Hg, 17, 54] (1.385)
z E=Ey7,55
where Ej7, 55 is the totally quantized energy in this case.
The electron concentration can be written at a finite temperature as
Mzmax Nmax
g.eB
no = 7V1h Real part of Z Z F_1(Ny7,55) (1.386)

nz-1 n=0

E, -E . . .
where 1, 55 = %T”’SS and Epy7s5 is the Fermi energy in the present case.

The electronic contribution to the second- and third-order elastic constants for
HD materials in this case can be written as

ACyy =

2 on
O Realparto {—0} (1.387a)
9d, part of O(EF17.55 — E17.55)

and
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3 62
ACys56 = 23; Real part of { Mo

i (1.387b)
O(EF17.55 — E17.55)

4

Epy7,55-F . . .
where 17 55 = =% > and Epyss is the Fermi energy in the present case.

Thus, using egs. (1.387a), (1.387b), and (1.386) we can find AC4,; and ACyse in this
case.

1.3 Suggestion for the experimental determination of CECs

In recent years, with the advent of quantum hall effect [78], there has been consider-
able interest in studying the thermoelectric power under strong magnetic field
(TPSM) in various types of nanostructured materials having quantum confinement
of their charge carriers in one, two, and three dimensions of the respective wave
vector space leading to different carrier energy spectra [79-108]. The classical TPSM
equation G = kg /3e (which is a function of three fundamental constants of nature) is
valid only under the condition of carrier nondegeneracy, being independent of
carrier concentration and reflects the fact that the signature of the band structure
of any material is totally absent in the same.

Zawadzki [84] demonstrated that the TPSM for electronic materials having
degenerate electron concentration is essentially determined by their respective
energy band structures. It has, therefore, different values in different materials and
changes with the doping, magnitude of the reciprocal quantizing magnetic field
under magnetic quantization, quantizing electric field as in inversion layers,
nanothickness as in quantum wells, wires and dots, with superlattice period as in
quantum confined semiconductor superlattices with graded interfaces having var-
ious carrier energy spectra and also in other types of field assisted nanostructured
materials.

The magnitude of the thermoelectric power G can be written as [85]

oo

1
" le|Tno

J (E-Ep)R(E) {— %] dE (1.388)

— oo

where R(E) is the total number of states.
Equation (1.388) can be written under the condition of carrier degeneracy [80] as

_(TGT Y (ong
o~ (S () 1559

For inversion layers and NIPI structures, under the condition of electric quantum
limit, eq. (1.389) assumes the form
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(1.390)

o k3T ONoap
o(

~ 3enoap |9(Epap — Eoap)

where nop, Erp, andEy,p are the surface electron concentration, the Fermi energy,
and the subband energy for the said 2D systems at the electric quantum limit,
respectively.

For heavily doped semiconductors, eq. (1.388) assumes the form

ﬂzkéT { ONonp :| (1.391)

" 3enom O(Egnp — Eonp)

where nop, Epop, and Egyp are the electron concentration, the Fermi energy, and the
band tail energy for the heavily doped semiconductors; here Eyyp could be obtained
from the heavily doped dispersion relation of the semiconductor under the condi-
tions E =Eggp and k=0.

The knowledge of the carrier contribution to the elastic constants is important in
studying the mechanical properties of the materials and has been investigated in the
literature [109-112]. The electronic contribution to the second- and third-order elastic
constants for HD materials can be written as [109-112]

- GZ anOHD :|
ACyy = —2 [ 1.392
“ 9  |0(Erup - Eomp) ( )
and
G o
ACuse= 22 | 210D (1393)
27 | 0(Erup — Eomp)

where Gy is the deformation potential constant. Thus, using egs. (1.391), (1.392), and
(1.393), we can write

= \2
—no(Go) |e|G
ACyy= | — 557+ 1.
“ { (3m2k3T) (1.394)
and
=~ \3
n0|€‘(Go) 62 No oG
ACyso=| ———=— | | 1+ =< 1.
e ( (B3m“k3T) " G ong (1.395)

Therefore, by using eqs. (1.394) and (1.395) we can investigate AC,, and AC,se for all
the cases of this monograph. Besides, the experimental graph of G versus ng allows us
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to determine the electronic contribution to the elastic constants for materials having
arbitrary spectra.

1.4 Results and discussion

Using the appropriate equations we have plotted the normalized AC,4, and AC,s¢ as
functions of electron concentration n, (for a given wave to 1.4 and 1.5 to 1.8 by taking HD
specimens of n-InAs(Eg, =0.36eV, A=0.43eV, m" =0.026my, g, =1, £ =12.25¢, [13]),
n-InSb (Ego =0.2352eV, A=0.81eV, m" = 0.01359my, g, = 1, length where we have con-
sidered red light for which A=660nm and I=1nWm™2) at T=4.2K in Figure 1.1
&sc =15.56¢& [13]), n-Hgy xCdxTe(Eg, = (-0.302+1.93x + 5.35 x 107 4(1-2)T -
0.810x* +0.832¢%)eV, A=(0.63+0.24x—0.27x%)eV, m"=0.1moEg,(eV) ", g, =1 &,
=[20.262 - 14.812x +5.22795x%|¢o [13]) and n-In;_xGacAs,P; -, lattice matched to
InP(Eg,=1.337 (-0.73y+0.13y%)eV, A=(0.114+0.26y—0.22y*)eV, m"=(0.08-
0.039y)mo y=(0.1896 — 0.4052x)/(0.1896 — 0.0123x), g, =1, & = [10.65 + 0.1320y]e,)
[13] in accordance with the perturbed three and two band models of Kane and that of
perturbed parabolic energy bands respectively. In Figures 1.1-1.16 we have plotted the
normalized AC,, and AC,s¢ as functions of I, taking A = 660 nm and ng = 1x 10 m 3 for
the purpose of numerical computations. In Figures 1.17-1.24 we have plotted the normal-
ized AC44 and AC4se as functions of the wavelength. In Figures 1.25 and 1.26, we
have plotted the normalized AC,, and AC,s¢ as functions of alloy composition for
HD n-Hg;.,Cd,Te while Figures 1.27 and 1.28 exhibit the same as functions of y for HD
n-In,_,Ga,As,P,., lattice matched to InP, respectively.

From Figures 1.1-1.4, we observe that both AC,, and AC,s¢ increase with increas-
ing electron concentration and their numerical values in the presence of light waves
for all the materials are large when compared with I=0.

The combined influence of the energy band constants on AC,4 and ACys¢ for HD
n-InAs and HD n- InSb can easily be assessed from Figures 1.1 and 1.2. For the purpose
of relative assessment, all the plots in the absence of light waves have further been
drawn. From Figures 1.10-1.12 and 1.13-1.16, we can see that both AC,, and ACjs
increase with increasing light intensity for all the materials. It appears from
Figures 1.17-1.20 and 1.21-1.24 that AC,, and AC,s5c increase as the wavelength shifts
from red to violet color. The plots of Figures 1.25 and 1.26 are valid for x>0.17, since for
x<0.17 the band gap becomes negative in HD n-Hg; ,Cd,Te, leading to semimetallic
state. The plots of Figures 1.27 and 1.28 exhibit the variation of the normalized AC,, and
AC,s6 with the alloy composition y for HD n-In ;.,Ga,As,P;., lattice matched to InP.

The influence of light is immediately apparent from the plots in Figures 1.9-1.24,
since AC44 and AC,s¢ depend strongly on I and A, which is in direct contrast as
compared with I = 0. The variations of AC,, and AC4s¢ in Figures 1.9-1.24 reflect the
direct signature of the light wave on the electronic, optic, and the other band
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structure-dependent properties of HD semiconducting materials in the presence of
light waves and the photon-assisted transport for the corresponding semiconductor
devices. Although both AC,, and AC,s¢ tend to increase with the intensity and
wavelength, but the rate of increase totally depends on the band structure. Note
that in view of large changes of the elastic constants with n,, detailed experimental
work on second- and third-order elastic constants as functions of n, would be
interesting for this case. It may be suggested that the experiments on the velocity
of sound involving the shear mode as a function of n, may exhibit the carrier
contribution to the elastic constants for materials having arbitrary carrier energy
spectra. This fact again suggests another experimental determination of AC,, and
AC,s5¢ beside the suggested methods of determining them as given by egs. (1.394) and
(1.395), respectively.

From all the Figures of (1.1) to (1.28), we observe that both the elastic constants
increases from the light off case to the light on case, since the value of the Fermi
energy in the presence of light waves becomes larger due to the increase in the carrier
concentration as compared with the same as in the absence of photo-excitation.
Therefore, the numerical magnitude of AC,, and AC,s¢ in the presence of light is
larger when compared with the same in the absence of light for the whole range of the
concentration considered, although the same increases with an increase in carrier
degeneracy.

It is worth mentioning that our basic egs. (1.46b)—(1.48a) cover various materials
having different energy band structures. In this chapter, the concentration, light
intensity, wavelength, and the dependence of alloy composition of the CECs for bulk
specimens of HD n-InAs, HD n-InSb, HD n-Hg,_,Cd,Te, and HD n-In;_,Ga,As,P;_,
lattice matched to InP have been studied, as shown in Figures (1.1)-(1.28). Thus, we
have covered a wide class of compounds whose energy band structures are defined
by the three- and two-band Kane model in the absence of photon field. Under certain
limiting conditions, all the results of AC,, and AC,s¢ lead to the well-known expres-
sions of AC,, and AC,s¢ for nondegenerate compounds having parabolic energy
bands as given by egs. (1.65a) and (1.65b), respectively. This indirect test not only
exhibits the mathematical compatibility of our formulation but also shows the fact
that our simple analysis is a more generalized one, since one can obtain the corre-
sponding results for the relatively wide gap materials having parabolic energy bands
under certain limiting conditions from our present derivation.

Our experimental suggestion for the determination of the said elastic constants is
valid for materials having arbitrary dispersion relations. Since the experimental
curve of ny versus G for the present generalized systems is not available in the
literature to the best of our knowledge, we cannot compare our theoretical formula-
tion with the proposed experiment, although the generalized analysis as presented in
this context can be checked when the experimental investigation of G for the present
system would appear in the literature.
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1.6

InAs: | =1 nW m2

A=660nm

Normalized AC,, (x1072)

T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Concentration (x102> m~3)

Figure 1.1: Plot of the normalized AC,, as a function of electron concentration for HD n-InAs in the
presence of light waves, where the curves (a), (b), and (C) represent the perturbed three- and two-
band Kane models and that of the perturbed parabolic energy bands, respectively. The curves (d), (e),
and (f) represent the same in the absence of external photoexcitation.

1.15
InSb: 1=1nW m™2
1.05 + A=640 nm
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Figure 1.2: The plot of the normalized AC,, as a function of electron concentration for HD n-InSb in the
presence of light waves, where the curves (a), (b), and (C) represent the perturbed three- and two-
band Kane models and that of the perturbed parabolic energy bands, respectively. The curves (d), (e),
and (f) represent the same in the absence of external photoexcitation.

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



1.4 Results and discussion =—— 99

1.6

Hgy_,Cd Te: 1=1nW m2
1.4 4 A=640nm

1.2
1.0 4 @
0.8 1
0.6 1

0.4 4

Normalized AC,, (x1072)

0.2- G

0 T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Concentration (x1025 m~3)

Figure 1.3: The plot of the normalized AC,, as a function of electron concentration for HD n-Hg;_,Cd,Te
in the presence of light waves, where the curves (a), (b), and (C) represent the perturbed three- and two-
band Kane models and that of the perturbed parabolic energy bands, respectively. The curves (d), (e),
and (f) represent the same in the absence of external photoexcitation.
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Figure 1.4: The plot of the normalized AC,, as a function of electron concentration for HD
n-Ins.«Gay As,P;., in the presence of light waves, where the curves (a), (b), and (C) represent the
perturbed three- and two-band Kane models and that of the perturbed parabolic energy bands,

respectively. The curves (d), (e), and (f) represent the same in the absence of external
photoexcitation.
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Figure 1.5: The plot of the normalized AC,s¢ as a function of electron concentration for HD n-InAs in
the presence of light waves, where the curves (a), (b), and (C) represent the perturbed three- and two-
band Kane models and that of the perturbed parabolic energy bands, respectively. The curves (d), (),
and (f) represent the same in the absence of external photoexcitation.
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Figure 1.6: The plot of the normalized ACys6 as a function of electron concentration for HD n-InSb in
the presence of light waves, where the curves (a), (b), and (C) represent the perturbed three- and two-
band Kane models and that of the perturbed parabolic energy bands, respectively. The curves (d), (),
and (f) represent the same in the absence of external photoexcitation.
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Figure 1.7: The plot of the normalized ACys¢ as a function of electron concentration for HD n-Hg,_,Cd,Te
in the presence of light waves, where the curves (a), (b), and (C) represent the perturbed three- and two-
band Kane models and that of the perturbed parabolic energy bands, respectively. The curves (d), (e),
and (f) represent the same in the absence of external photoexcitation.

1.1 0.10
Iny_Ga,As,Py_: 1 =1nWm 0.334
1.0+ A=640nm 10332 L0.09
R 0.9 - 0.330 __to.0s _
& l | § &
5 038 0328 5| 0o 5
X X X
% 0.7 L 0.326 % -
2 2l0.06 2
() o (&)
< 0.6 -0.324 < Pl
o 2 10.05 3
N 0.5 - 0.322 N =
© © ©
£ £10.04 £
5 0.4 0320 5 5
I
0.3 o318 [0-03
0.2 L 0.31 L0.02
@ 0316
0.1 : , , , 0.314 0.01

T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Concentration (x102 m~3)

Figure 1.8: The plot of the normalized AC,s¢ as a function of electron concentration for HD
n-In;_,Ga,As P, in the presence of light waves, where the curves (a), (b), and (C) represent
the perturbed three- and two-band Kane models and that of the perturbed parabolic energy

bands, respectively. The curves (d), (e), and (f) represent the same in the absence of external
photoexcitation.
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Figure 1.9: The plot of the normalized AC,, as a function of light intensity for HD n-InAs, where the
curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that of the

perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same in the
absence of external photoexcitation.
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Figure 1.10: The plot of the normalized AC,4 as a function of light intensity for HD n-InSb, where the
curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that of the

perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same in the
absence of external photoexcitation.
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Figure 1.11: The plot of the normalized AC,4 as a function of light intensity for HD n-Hg;_,Cd,Te, where
the curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that of the
perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same in the
absence of external photoexcitation.

13 4.0
Iny_xGa,As,Py_: Ny =1x10%>m3
A=640 nm

111 -3.5
& (d) &
S 9- 3.0 ©
X x
5 (@ E:
3 7. (e) L25 9
o o
[0} (]
N N
£ E
5 ° ® 20§
= =

3 b 1.5

(b) ©
1 T 1.0

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Intensity x 1076 ("W m~2)

Figure 1.12: The plot of the normalized AC,, as a function of light intensity for HD n-In;_,Ga,As,P.,,
where the curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that
of the perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same
in the absence of external photoexcitation.
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Figure 1.13: The plot of the normalized ACys¢ as a function of light intensity for HD n-InAs, where the
curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that of the
perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same in the
absence of external photoexcitation.
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Figure 1.14: The plot of the normalized AC,s6 as a function of light intensity for HD n-InSb, where the
curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that of the
perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same in the
absence of external photoexcitation.
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Figure 1.15: The plot of the normalized ACys¢ as a function of light intensity for HD n-Hg;_,Cd,Te,
where the curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that
of the perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same

in the absence of external photoexcitation.
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Figure 1.16: The plot of the normalized ACys¢ as a function of light intensity for HD n-In;_,Ga,As,P;.,,
where the curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that
of the perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same

in the absence of external photoexcitation.
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Figure 1.17: The plot of the normalized AC,, as a function of wavelength for HD n-InAs, where the
curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that of the
perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same in the
absence of external photoexcitation.

0.8 1.00
InSb: ng=1x10m™3
I=1nWm (d)

0.75 10.90
o L0.80%
S 0.7 @) 5
3 L0.70
o o
S 0-651 ~) (e 3
g (b) 0.60 &
Y g
£ - -0.50 5
= =

0.55 -
f L0.40
(C) L»
0.5 0.30

440 460 480 500 520 540 560 580 600 620 640
Wavelength (nm)

Figure 1.18: The plot of the normalized AC,, as a function of wavelength for HD n-InSb, where the
curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that of the
perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same in the
absence of external photoexcitation.
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Figure 1.19: The plot of the normalized AC44 as a function of wavelength for HD n-Hg;_,Cd,Te, where
the curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that of the
perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same in the

absence of

external photoexcitation.
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Figure 1.20: The plot of the normalized AC,, as a function of wavelength for HD n-In;_.Ga,As,P;_,,
where the curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that
of the perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same

in the absence of external photoexcitation.
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Figure 1.21: The plot of the normalized ACys6 as a function of wavelength for HD n-InAs in the presence
of light waves, where the curves (a), (b), and (C) represent the perturbed three- and two-band Kane
models and that of the perturbed parabolic energy bands, respectively. The curves (d), (e), and (f)
represent the same in the absence of external photoexcitation.
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Figure 1.22: The plot of the normalized AC,s6 as a function of wavelength for HD n-InSb in the
presence of light waves, where the curves (a), (b), and (C) represent the perturbed three- and two-
band Kane models and that of the perturbed parabolic energy bands, respectively. The curves (d), (e),
and (f) represent the same in the absence of external photoexcitation.
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Figure 1.23: The plot of the normalized ACys¢ as a function of wavelength for HD n-Hg;_,Cd,Te in the
presence of light waves, where the curves (a), (b), and (C) represent the perturbed three and two-
band Kane model and that of the perturbed parabolic energy bands, respectively. The curves (d), (e),
and (f) represent the same in the absence of external photoexcitation.
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Figure 1.24: The plot of the normalized ACys¢ as a function of wavelength for HD n-In;_,Ga,As,P;_, in
the presence of light waves, where the curves (a), (b), and (C) represent the perturbed three- and two-
band Kane models and that of the perturbed parabolic energy bands, respectively. The curves (d), (e),
and (f) represent the same in the absence of external photoexcitation.
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Figure 1.25: The plot of the normalized AC,4 as a function of alloy composition for HD n-Hg;_,Cd,Te,
where the curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that

of the perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same
in the absence of external photoexcitation.
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Figure 1.26: The plot of the normalized AC,, as a function of wavelength for HD n-In,_,Ga,As,P;_,,
where the curves (a), (b), and (C) represent the perturbed three- and two-band Kane models and that

of the perturbed parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same
in the absence of external photoexcitation.
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Figure 1.27: The plot of the normalized AC,s¢ as a function of alloy composition for HD n-Hg;_,Cd,Te in
the presence of light waves, where the curves (a), (b), and (C) represent the perturbed three and two-
band Kane model and that of the perturbed parabolic energy bands, respectively. The curves (d), (e),
and (f) represent the same in the absence of external photoexcitation.
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Figure 1.28: The plot of the normalized ACys¢ as a function of alloy composition for HD n-In,_,Ga,As,P,_,
in the presence of light waves, where the curves (a), (b), and (C) represent the perturbed three and
two-band Kane model and that of the perturbed parabolic energy bands, respectively. The curves (d),
(e), and (f) represent the same in the absence of external photoexcitation.
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The plot 1.29 exhibits the normalized AC,, as a function of inverse quantizing
magnetic field for bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD
Hg,_.Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP (black) in the
presence of magnetic field and light waves where the unperturbed electrons obey the
three-band Kane model (I=10"* nWm™, and A = 660 nm, and n,=10"m™>). Figure
1.29 shows that AC,, is an oscillatory function of the inverse quantizing magnetic
field. The oscillatory dependence is due to the crossing over of the Fermi level by the
Landau subbands in steps resulting in successive reduction of the number of occu-
pied Landau levels as the magnetic field is increased. For each coincidence of a
Landau level with the Fermi level, there would be a discontinuity in the density-of-
states function, resulting in a peak of oscillation. Thus, the peaks should occur
whenever the Fermi energy is a multiple of energy separation between the two
consecutive Landau levels and it may be noted that the origin of oscillations in
AC,, is same as that of the Subhnikov—de Hass oscillations. With an increase in
magnetic field, the amplitude of the oscillation will increase and, ultimately, at very
large values of the magnetic field, the conditions for the quantum limit will be
reached when AC,4 will be found to increase monotonically with an increase in
magnetic field. Figure 1.30 shows the normalized AC,, as a function of wave length
in the presence of magnetic field and light waves for bulk specimens of HD n-InSbh
(blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice
matched to InP (black) where the unperturbed electrons obey the three-band Kane
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Figure 1.29: The plot of the normalized AC,, as a function of inverse quantizing magnetic field for bulk
specimens of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P,_, lattice
matched to InP (black) in the presence of magnetic field and light waves where the unperturbed
electrons obey the three-band Kane model (I=10"%nWm™ and A = 660 nm, and ny,=10%m>).
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Figure 1.30: The plot of the normalized AC,, as a function of wavelength in the presence of magnetic
field and light waves for bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green),
and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey the
three-band Kane model (1/B =0.1tesla %, n,=10? m~>, and 1 =10~* nWm™2).

model (1/B=0.1tesla ~}, n,=10* m™>, and I=10"* nWm™). It appears that AC,,
increases with decreasing alloy composition for both the cases. Figure 1.31 shows
the normalized AC,, as a function of light intensity in the presence of magnetic field
and light waves for bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD Hg,_,Cd,Te
(green), and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed
electrons obey the three-band Kane model (1/B = 0.1 tesla 1 n,= 10” m~3, and A = 660
nm). Figure 1.31 shows that AC,, increases with decreasing light intensity for all
the cases. Figure 1.32 exhibits the normalized AC,, as a function of electron concentra-
tion in the presence of magnetic field and light waves for bulk specimens of HD n-InSh
(blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In; ,Ga,As,P;, lattice
matched to InP (black) where the unperturbed electrons obey the three-band Kane
model (1/B=0.1tesla %, I=10"* nWm™, and A=660nm). Note that AC44 exhibits
sharp oscillations at specified values of the electron concentration when the Fermi
energy reaches the Landau energy for the whole range of the concentration as consid-
ered here. Figure 1.33 exhibits the normalized AC,, as a function of alloy composition in
the presence of magnetic field and light waves for bulk specimens of HD Hg,;_,Cd,Te
(blue) and HD In;_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed
electrons obey the three-band Kane model (1/B=0.1tesla™, I=10" Wm™, A = 660 nm,
and n, = 10°m>). We observed that AC,, under magnetic quantization decreases with
an increase in alloy composition for all the cases where the numerical values depend on
the values of the energy band constants. Figure 1.34 shows the normalized AC,, as a
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Figure 1.31: The plot of the normalized AC,, as a function of light intensity in the presence of magnetic
field and light waves for bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green),
and HD In;_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey the
three-band Kane model (1/B = 0.1tesla ™, n,=10%m~> and A = 660 nm).
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Figure 1.32: Plot of the normalized AC,, as a function of electron concentration in the presence of
magnetic field and light waves for bulk specimens of HD Hg;_,Cd ,Te (green) and HD In;_,Ga,As,P;_,
lattice matched to InP (black) where the unperturbed electrons obey the three band model of Kane
(1/B=0.1tesla ™, 1 =10 nWm™ and A= 660 nm).
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Figure 1.33: The plot of the normalized AC,, as a function of alloy composition in the presence of
magnetic field and light waves for bulk specimens of HD Hg;_,Cd,Te (blue) and HD In;_,Ga,As,P;_,
lattice matched to InP (black) where the unperturbed electrons obey the three-band Kane model.

(1/B=0.1tesla, "1=10"*Wm=2, A=660 nm, and n, =10 m~3).
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Figure 1.34: The plot of the normalized AC,,as a function of d, in the presence of light waves in
quantum wells of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In;_,Ga,As Py,
lattice matched to InP (black) where the unperturbed electrons obey the three-band Kane model
(1=10"*nWm™, A=660 nm, and n,=10%¥m™).
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function of d, in the presence of light waves in quantum wells of HD n-InSb (blue), HD n-
InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP (black)
where the unperturbed electrons obey the three-band Kane model (I=10"*nWm™, A =
660 nm, and n,=10"*m™). The influence of quantum confinement is apparent from
Figure 1.34, since AC,, depends strongly on the thickness of the quantum-confined
systems in direct contrast with the bulk specimens of the said compounds. AC,, exhibits
strong oscillatory dependence on the thickness. The appearance of the humps in
Figure 1.34 is due to the redistribution of the electrons among the quantized energy
levels when the size quantum number corresponding to the highest occupied level
changes from one fixed value to the other. AC,, in quantum-confined materials can be
several orders of magnitude larger than that in the bulk specimens of the same materials,
which is also a direct consequence of system asymmetry through dimensional reduction.
Figure 1.35 shows the normalized AC,4 as a function of surface electron concentration in
the presence of light waves in quantum wells of HD n-InSb (blue), HD n-InAs (red), HD
Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the
unperturbed electrons obey the three-band Kane model (d, = 10 nm, I =10 nWm™?, and
A=660nm). Figure 1.35 shows that AC,, decreases with increasing surface electron
concentration and at a specified value of the same; the AC,, exhibits the step decrement
attending a lower value and again decreases linearly with increasing surface ES.
Figure 1.36 exhibits normalized AC,, as a function of light intensity in quantum wells
of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_,
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Figure 1.35: The plot of the normalized AC,, as a function of surface electron concentration in the
presence of light waves in quantum wells of HD n-InSb (blue), HD n-InAs (red), HD Hg,_,Cd,Te (green),
and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey the
three-band Kane model (d, =10 nm, | =10~ nWm™2, and A = 660 nm).
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Figure 1.36: The plot of the normalized AC,, as a function of light intensity in quantum wells of HD
n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP
(black) where the unperturbed electrons obey the three-band Kane model (d, =10 nm, ny =10 m2,
and A=660 nm).

lattice matched to InP (black) where the unperturbed electrons obey the three-band
Kane model (d, = 10 nm, n, = 10"® m™, and A = 660 nm). It appears that AC,, decreases
with increasing light intensity in all the cases for all the HD quantum wells considered
here. Figure 1.37 exhibits the plot of the normalized AC,, as a function of wavelength
in quantum wells of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD
In;_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey the
three-band Kane model (d, = 10 nm, n, = 10 m ™, and I = 10~ nWm ). From Figure 1.37
we conclude that AC,, decreases with increasing wavelength for all the heavily doped
materials as considered for numerical examples in this case. Figure 1.38 exhibits the plot
of the normalized AC44 as a function of alloy composition in the presence of light wave in
quantum wells of HD Hg;_,Cd,Te (blue) and HD In,_,Ga,As,P;_, lattice matched to InP
(black) where the unperturbed electrons obey the three-band Kane model (d, =10 nm,
n,=10"®m™, A=660nm, and I1=10"* nWm™). It appears that AC,, increases with
decreasing alloy composition for all the range of x as considered here. Figure 1.39
exhibits the normalized AC,, as a function of d, in the presence of light waves in
nanowires of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In;_
xGa,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey the
three-band Kane model (\=660nm, =1 nWm™, n,=10" m™, and dy=10nm). It
appears that in nanowires AC,, becomes invariant of the film thickness for the small
value of film thickness, exhibits sharp fall at a particular value of thickness manifesting
the quantum size effects in AC,, in Nano Wires and again increases rapidly with
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Figure 1.37: The plot of the normalized AC,, as a function of wavelength in quantum wells of HD
n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In;_,Ga,As,P;_, lattice matched to InP
(black) where the unperturbed electrons obey the three-band Kane model (d, =10 nm, n,=10¥m™2,
and |=10"%nWm™).
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Figure 1.38: The plot of the normalized AC,, as a function of alloy composition in the presence of light
wave in quantum wells of HD Hg;_,Cd,Te (blue) and HD In,_,Ga,As,P;_, lattice matched to InP (black)
where the unperturbed electrons obey the three-band Kane model (d, = 10 nm, n,=10"®m=2, A = 660
nm, and | =107* nWm™3).
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increasing thickness. The normalized AC,, as a function of electron concentration per
unit length has been plotted in Figure 1.40 in the presence of light waves in nanowires of
HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In;_,Ga,As,P;_,
lattice matched to InP (black) where the unperturbed electrons obey the three-band
Kane model (A =660 nm, I=1 nWm™, d,=10nm, and dy =10 nm). It is interesting to
note that AC,, exhibits more or less the same type of variation with ES as observed earlier
in Figure 1.39 in the case of the quantized variation of AC,, with d,. Figure 1.45 shows the
plot of the normalized AC,, as a function of light intensity in nanowires of HD n-InSh
(blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched
to InP (black) where the unperturbed electrons obey the three-band Kane model (A = 660
nm, d, =10 nm, dy, =10 nm, and n,= 10" m™). The light intensity attenuates AC,, that
decreases with an increase in intensity, although the amount of attenuation is different
for different materials (Figure 1.41). Figure 1.42 shows the normalized AC,, as a function
of wavelength in nanowires of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te
(green), and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed
electrons obey the three-band Kane model (I =1nWm™, d, = 10 nm, dy =10 nm, and n, =
10" m™). The influence of wavelength on AC,, decreases with the increment of wave-
length of the external photoexcitation for the whole range of wavelengths. Figure 1.43
shows the plot of the normalized AC,4 as a function of alloy composition in nanowires of
HD Hg,_,Cd,Te (green) and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the
unperturbed electrons obey the three-band Kane model (n, =10" m™, d, =20 nm, and
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Figure 1.39: Plot of the normalized AC,4as a function of d, in the presence of light waves in Nano
Wires of HD n-InAs (red) and HD In ;.,Ga,As P, lattice matched to InP (black) where the unperturbed
electrons obey the three band model of Kane(A= 660 nm, | = InWm, n,= 10" m™ and d, = 10 nm)
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Figure 1.40: The plot of the normalized AC,, as a function of electron concentration in the presence
of light waves in nanowires of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD
In;_«Ga,As,P,_, lattice matched to InP (black) where the unperturbed electrons obey the three-band
Kane model (A\ =660 nm, |=1nW m~2, d, =10 nm, and d, =10 nm).
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Figure 1.41: The plot of the normalized AC,, as a function of light intensity in nanowires of HD n-InSbh
(blue), HD n-InAs (red), HD Hg;.xCd,Te (green), and HD In 1.xGa,As,P,., lattice matched to InP (black)
where the unperturbed electrons obey the three-band Kane model (A= 660 nm, d, =10 nm, d, =10
nm, and n,=10"m™).
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Figure 1.42: The plot of the normalized AC,, as a function of wavelength in nanowires of HD n-InSb
(blue), HD n-InAs (red), HD Hg;_.Cd,Te (green), and HD In;_,Ga,As,P,_, lattice matched to InP (black)
where the unperturbed electrons obey the three-band Kane model (I =1nWm™2, d, =10 nm, d,=10
nm, and n,=10"m™)
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Figure 1.43: The plot of the normalized AC44as a function of alloy composition in nanowires of HD
Hg;_xCd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed
electrons obey the three-band Kane model (n,=10"m™, d,=20 nm, and d, =15 nm).
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Figure 1.44: The plot of the normalized AC,5¢ as a function of electron concentration per unit volume
in the presence of light waves for bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te
(green), and HD In;_,Ga,As,P;_, lattice matched to InP (black), respectively, where the unperturbed
electrons obey the three-band Kane model. (I=10"* nWm™2 and A = 660 nm).

d,=15nm). As usual, AC,, decreases with increasing alloy composition for all the
quantized materials. Figure 1.44 shows the normalized AC,s¢ as a function of electron
concentration per unit volume in the presence of light waves for bulk specimens of HD n-
InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice
matched to InP (black), respectively, where the unperturbed electrons obey the three-
band Kane model (I = 10"* nWm ™2 and A = 660 nm). From the figure it appears that ACs¢
increases with increasing n,, for all the four materials considered here. From eq. (1.395)
we can infer that AC,s¢ will increase with an increase in n,, if the rate of decrease of G? is
smaller than the rate of increase of ng. In this context from Figure 1.1 we can infer that
AC,, decreases with increasing ES. This radically different behavior is due to the fact that
from eq. (1.394) one can infer that AC,, will decrease with an increase in ny if the rate of
decrease of G is greater than the rate of increase of ng. Figure 1.17 shows the normalized
AC,s6 as a function of light intensity for bulk specimens of HD n-InSb (blue), HD n-InAs
(red), HD Hg;_,Cd,Te (green), and HD In;_,Ga,As,P;_, lattice matched to InP (black),
respectively, where the unperturbed electrons obey the three-band Kane model (n, = 10*
m~> and A = 660 nm). Figure 1.45 shows that AC,ss increases with an increase in light
intensity and there are considerable differences in the variation of AC,s¢ among the
materials considered here, reflecting the influence of the energy band constants of the
different compounds. Figure 1.46 exhibits the variations of the normalized AC,s¢ as a
function of wavelength for bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD
Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP (black), respectively,
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Figure 1.45: The plot of the normalized AC,s¢ as a function of light intensity for bulk specimens of HD
n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP
(black), respectively, where the unperturbed electrons obey the three-band Kane model (n, = 10**m™
and A=660 nm).

where the unperturbed electrons obey the three-band Kane model (n,=10*m>and 1=
107*nWm™). It appears from Figure 1.50 that AC,s¢ increases with increasing wave-
length for all the cases and the numerical magnitude differ widely from each other.
Figure 1.47 shows the normalized AC,s¢ as a function of alloy composition x in the
presence of light wave for bulk specimens of HD Hg;_,Cd,Te (blue) and HD
In;_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey
the three-band Kane model (n,=10"m™>, I=10"* nWm™, and A = 660 nm). It appears
from the figure that AC,s¢ increases with increasing alloy composition. In both the cases
Figure 1.48 shows the normalized AC4s6 as a function of inverse quantizing magnetic
field for bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green),
and HD In,_,Ga,As,P;_, lattice matched to InP (black) in the presence of magnetic
field and light waves where the unperturbed electrons obey the three-band Kane
model (I=10"* nWm ™2, A = 660 nm, and n, = 10® m>). AC,ss exhibits oscillatory depen-
dence with inverse quantizing magnetic field due to SdH effect. Figure 1.49 shows the
normalized AC,s¢ as a function of wavelength in the presence of magnetic field and light
waves for bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green),
and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons
obey the three-band Kane model (1/B=0.1tesla 7, n,=10” m™>, and I =10™*nWm™).
It appears from the figure that AC,s¢ decreases with an increase in wavelength for the
whole range of wavelengths considered in the plot. Figure 1.50 exhibits the normalized
AC,s6 as a function of light intensity in the presence of magnetic field and light waves for
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Figure 1.46: The plot of the normalized AC,s¢ as a function of wavelength for bulk specimens of HD
n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In;_,Ga,As,P;_, lattice matched to InP
(black), respectively, where the unperturbed electrons obey the three-band Kane model
(No=10m>3and 1=10"% nWm™2).

2.5 T T T T T T T T

N
T
1

Normalized ACys6
&

T

1

’I 1
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
Alloy composition (x)

Figure 1.47: The plot of the normalized AC,5¢ as a function of alloy composition x in the presence of
light wave for bulk specimens of HD Hg;_,Cd,Te (blue) and HD In;_,Ga,As,P;_, lattice matched to InP
(black) where the unperturbed electrons obey the three-band Kane model (n,=10%*m>3, I=107*
nWm™2, and A = 660 nm).
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Figure 1.48: Plot of the normalized AC,s¢ as a function of inverse quantizing magnetic field for bulk
specimens of HD Hg;_,Cd ,Te (green) and HD In,_,Ga,As,P;_, lattice matched to InP (black) in the
presence of magnetic field and light waves where the unperturbed electrons obey the three band
model of Kane. (I = 10 nWm™2 and A= 660 nm and n,= 10*°m)

0.95 N\ i

0.85 |

0.8

Normalized ACy5¢

0.7

0.65

0.55 1 1 1 1 1
400 450 500 550 600 650 700

Wavelength (nm)

Figure 1.49: The plot of the normalized AC,s¢ as a function of wavelength in the presence of magnetic
field and light waves for bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD Hg,_,Cd,Te (green),
and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey the
three-band Kane model (1/B =0.1tesla ~%, n,=10*m~3, and | = 10™* nWm™).
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Figure 1.50: The plot of the normalized AC,s¢ as a function of light intensity in the presence of
magnetic field and light waves for bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te
(green), and HD In;_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey
the three-band Kane model (1/B = 0.1tesla 7, n,=10% m~>, and A= 660 nm).

bulk specimens of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD
In;_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey
the three-band Kane model (1/B = 0.1 tesla *, n, = 10® m>, and A = 660 nm). It appears
that AC4s6 increases with a decrease in light intensity for all the cases. Figure 1.55
shows the normalized AC,s¢ as a function of electron concentration in the presence of
magnetic field and light waves for bulk specimens of HD n-InSb (blue), HD n-InAs (red),
HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the
unperturbed electrons obey the three-band Kane model (1/B = 0.1 tesla %, 1=10"*nWm™
and A = 660 nm; Figure 1.51). It appears from the figure that AC,s exhibits stiky oscilla-
tory dependence on electron concentration due to SAH effects.

Figure 1.52 exhibits the plot of the normalized AC,s¢ as a function of alloy
composition in the presence of magnetic field and light waves for bulk specimens
of HD Hg; ,Cd,Te (blue) and HD In, ,Ga,As,P;_, lattice matched to InP (black)
where the unperturbed electrons obey the three-band Kane model (1/B = 0.1tesla !
[=10"*Wm™ and A = 660 nm and n, = 10 m™>). It appears that AC,s¢ decreases an
increase in alloy composition and the rate of decrement is different for Hg; ,Cd,Te
and In; ,Ga,As,P;_, lattice matched to InP, respectively. Figure 1.53 shows the
normalized AC,s¢ as a function of d, in the presence of light waves in quantum
wells of HD n-InSb (blue), HD n-InAs (red), HD Hg; ,Cd,Te (green), and HD
In; ,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons
obey the three-band Kane model (I=10"*nWm™, A =660 nm, and n,=10"m™) .
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Figure 1.51: Plot of the normalized AC,s¢as a function of electron concentration in the presence of
magnetic field and light waves for bulk specimens of HD Hg,..Cd ,Te (green) and HD In ,,Ga,As P;.,
lattice matched to InP (black) where the unperturbed electrons obey the three band model of Kane
(1/B=0.1tesla ™, I =10 nWm2 and A= 660 nm) .
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Figure 1.52: The plot of the normalized AC,s¢ as a function of alloy composition in the presence of
magnetic field and light waves for bulk specimens of HD Hg;_,Cd,Te (blue) and HD In,;_,Ga,As,P,_,
lattice matched to InP (black) where the unperturbed electrons obey the three-band Kane model.
(1/B=0.1tesla ' 1=10"*Wm™, A= 660 nm, and n,=10>m™).
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Figure 1.53: The plot of the normalized AC,s¢ as a function of d, in the presence of light waves in
quantum wells of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;i_,
lattice matched to InP (black) where the unperturbed electrons obey the three-band Kane model
(1=10"*nWm™, A= 660 nm, and n,=10"®¥m™2).

The influence of quantum confinement is apparent from Figure 1.57 since ACysq
increases with an increase in the film thickness in an oscillatory way in quantum
steps and the rate of oscillations are different for different materials as considered here.
Figure 1.54 exhibits the normalized AC,s¢ as a function of surface electron concentra-
tion in the presence of light waves in quantum wells of HD n-InSb (blue), HD n-InAs
(red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP (black)
where the unperturbed electrons obey the three-band Kane model (d, = 10 nm, I = 10™*
nWm™>, and A=660nm). It appears from the figure that AC,s; decreases with an
increase in concentration and at a particular value of ES when the Fermi energy
touches the subband energy, an quantum jump is reflected in the figure and ACs¢
again decreases with an increase in concentration. Figure 1.55 shows the plot of the
normalized AC,s¢ as a function of light intensity in quantum wells of HD n-InSb (blue),
HD n-InAs (red), HD Hg, ,Cd,Te (green), and HD In,,Ga,As,P,, lattice
matched to InP (black) where the unperturbed electrons obey the three-band Kane
model (d, = 10 nm, n, = 107 m™>, and A = 660 nm). It appears from the figure that ACs
increases with the increasing intensity of the incident light and rate of increment is
rather insensitive with the light intensity for the low value of the intensity whereas for
larger value of the same the rate of change differs for different materials as considered
here. Figure 1.56 shows the normalized AC,s¢ as a function of wavelength in quantum
wells of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In;_
xGa,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey the
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Figure 1.54: The plot of the normalized AC,s4 as a function of surface electron concentration in the
presence of light waves in quantum wells of HD n-InSb (blue), HD n-InAs (red), HD Hg,_,Cd,Te (green),
and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey the
three-band Kane model (d, =10 nm, | =104 nWm™2, and A= 660 nm).
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Figure 1.55: The plot of the normalized AC,s¢ as a function of light intensity in quantum wells of HD
n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In;_,Ga,As,P,_, lattice matched to InP
(black) where the unperturbed electrons obey the three-band Kane model (d, =10 nm, n,=10"® m™2,
and A=660 nm).
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Figure 1.56: The plot of the normalized AC,s5¢ as a function of wavelength in quantum wells of HD
n-InSb (blue), HD n-InAs (red), HD Hg,_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP
(black) where the unperturbed electrons obey the three-band Kane model (d, =10 nm, n,=10®¥m™2,
and 1 =107 nWm™2).

three-band Kane model (d, = 10 nm, n, = 10 m™2, and I = 10" nWm™). It appears from
the figure that AC,s¢ increases with an increase in wavelength. Figure 1.57 exhibits the
normalized AC,s6 as a function of alloy composition in the presence of light wave in
quantum wells of HD Hg;_,Cd,Te (blue) and HD In;_,Ga,As,P;_, lattice matched to InP
(black) where the unperturbed electrons obey the three-band Kane model (d, =10 nm,
n,=10"®m™, A = 660 nm, and I = 10 nWm™). Figure 1.57 reveals the fact that for Hg;_
«Cd,Te, AC,5¢ increases with an increase in the alloy composition, whereas the same for
In,_,Ga,As,P;_, lattice matched to InP is alloy composition invariant. Figure 1.58 shows
the normalized AC,s54 as a function of d, in the presence of light waves in nanowires of
HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_,
lattice matched to InP (black) where the unperturbed electrons obey the three-band
Kane model (A =660 nm, =1 nWm™, n,=10" m™", and d,=10 nm). It appears from
the figure that AC,s¢ exhibits extreme spiky oscillation with respect to film thickness in
nanowires and influences of energy band constants are immaterial in this case. Figure
1.59 shows the normalized AC,s¢ as a function of electron concentration in the presence
of light waves in nanowires of HD n-InSb (blue), HD n-InAs (red), HD Hg;_,Cd,Te
(green), and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed
electrons obey the three-band Kane model (A = 660 nm, [ =1 nWm™, d, =10 nm, and dy
=10 nm). It appears from the figure that AC,s¢ exhibits extreme spiky oscillation with
respect to ES per unit length in nanowires and influences of energy band constants are
immaterial in this case. Figure 1.60 exhibits the plot of the normalized AC,s as a
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Figure 1.57: The plot of the normalized AC,s¢ as a function of alloy composition in the presence of
light wave in quantum wells of HD Hg,_,Cd,Te (blue) and HD In,_,Ga,As P,_, lattice matched to InP
(black) where the unperturbed electrons obey the three-band Kane model (d, = 10 nm, n,= 10" m™2,
A= 660 nm, and | =10"% nWm™3).
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Figure 1.58: Plot of the normalized AC,s¢ as a function of d,in the presence of light waves in Nano
Wires of HD In;_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed electrons obey the
three band model of Kane (A= 660 nm, | = InWm, n,= 10" m™ and d, = 10 nm).
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Figure 1.59: Fig.1.59. Plot of the normalized AC,s¢as a function of electron concentration in the
presence of light waves in Nano Wires of HD In;_,Ga,As,P;_, lattice matched to InP (black) where
the unperturbed electrons obey the three band model of Kane (A= 660 nm, | = InWm™, d, = 10 nm,
d, =10 nm)

function of light intensity in nanowires of HD n-InSb (blue), HD n-InAs (red), HD Hg;_
xCd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the
unperturbed electrons obey the three-band Kane model (A = 660 nm, d, =10 nm, dy=
10 nm, and n, = 108 m™). It appears from the figure that AC,s¢ increases with a decrease
in light intensity for all the nanowire materials as considered here. Figure 1.61 shows
the normalized AC,s¢ as a function of wavelength in nanowires of HD n-InSb (blue), HD
n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P;_, lattice matched to InP
(black) where the unperturbed electrons obey the three-band Kane model (I=1 nWm™,
d,=10nm, dy,=10nm, and n,=10"m™). It appears from the figure that AC,se
decreases with an increase in light intensity for all the nanowire materials considered
here. Figure 1.62 shows the normalized AC,s¢ as a function of alloy composition in
nanowires of HD Hg; ,Cd,Te (green) and HD In,_,Ga,As,P;_, lattice matched to InP
(black) where the unperturbed electrons obey the three-band Kane model (n, = 10"
m™, dy =20nm, and d, = 15 nm). We observe that AC,s, decreases with an increase in
alloy composition for both the optoelectronic materials.

For the purpose of condensation we have plotted very few cases with the hope that
the readers will perform all the computer programming for all the quantized materials
under different physical conditions for the purpose of creating new physics for CECs,
effective electron mass, sub band energies and other important transport quantities
which are totally band structure dependent. The numerical results presented in this
chapter would be different for different materials, but the nature of variation would
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Figure 1.60: The plot of the normalizedAC,s¢ as a function of light intensity in nanowires of HD n-InSb
(blue), HD n-InAs (red), HD Hg;_.Cd,Te (green), and HD In,_,Ga,As,P,_, lattice matched to InP (black)
where the unperturbed electrons obey the three-band Kane model (A= 660 nm, d,=10 nm, d, =10
nm, and n,=10"m™).
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Figure 1.61: The plot of the normalized AC,s¢ as a function of wavelength in nanowires of HD n-InSb
(blue), HD n-InAs (red), HD Hg;_,Cd,Te (green), and HD In,_,Ga,As,P,_, lattice matched to InP (black)
where the unperturbed electrons obey the three-band Kane model (I =1nWm™2, d, =10 nm, d,=10
nm, and n,=10"m™).

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

134 —— 1 Heisenberg’s uncertainty principle (HUP) and the carrier contribution

0.9 T T T T T T T T

08 | .
0.7 .
0.6 [ .
05| 5

04} .

Normalized ACys¢

03} 5

0.2} 5

0.1 .

0 1 1 1 1 1 1 1
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Alloy composition (x)

Figure 1.62: The plot of the normalized AC,s¢ as a function of alloy composition in nanowires of HD
Hg;_.Cd,Te (green) and HD In,_,Ga,As,P;_, lattice matched to InP (black) where the unperturbed
electrons obey the three-band Kane model (n,=10"m™, d, =20 nm, and d, =15 nm).

remain unaltered. The theoretical results given here would be useful in analyzing
various other experimental data related to the transport phenomenon. We must note
that the study of transport phenomenon and the formulation of the electronic
properties of low-dimensional field-aided HD compounds are based on the dispersion
relations for such materials. It is worth remarking that this simplified formulation
exhibits the basic qualitative features of the CECs for field-assisted low-dimensional
materials. The basic objective of this chapter is not solely to demonstrate the influence
of quantum confinement on the CECs for different quantum-confined HD nonparabolic
materials in the presence of external fields but also to formulate the appropriate
electron statistics in the most generalized form, since the transport and other phenom-
ena in such nanostructured materials having different band structures and the
derivation of the expressions of many important electronic properties are based on
the electron statistics in such compounds. It is worth remarking that the analysis as
presented in this chapter can be used to investigate the Burstein Moss shift, thermo-
electric power, Debye screening length, carrier contribution to the elastic constants,
diffusivity—mobility ratio, measurement of band -gap in the presence of light waves,
diffusion coefficient of the minority carriers, nonlinear optical response, third-order
nonlinear optical susceptibility, generalized Raman gain, the plasma frequency, the
activity coefficient, magnetothermal effect in quantized structures, normalized Hall
coefficient, reflection coefficient, heat capacity, magnetic susceptibilities, Faraday
rotation, Fowler—Nordheim field emission, optical effective mass, Einstein’s photoe-
mission, Righi—Leduc coefficient, electric susceptibility, electric susceptibility mass,
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electron diffusion thermopower, hydrostatic Piezo-resistance coefficient, relaxation
time for acoustic mode scattering, and gate capacitance, and other different transport
coefficients of modern HD nonparabolic quantum-confined field-aided HD devices
operated under different external conditions having varying band structures.

It is imperative to state that the present investigation excludes the many-body,
hot electron, broadening, and the allied effects in the simplified theoretical formal-
ism due to the absence of proper analytical techniques for including them for
generalized systems as considered here. Our simplified approach will be appropriate
for the purpose of comparisons when the methods of tackling the formidable pro-
blems after inclusion of the said effects for the generalized systems emerge. The
results of this simplified approach get transformed to the well-known formulation of
the CECs for wide gap materials having parabolic energy bands. This indirect test not
only exhibits the mathematical compatibility of the formulation but also shows the
fact that this simple analysis is more generalized one, since one can obtain the
corresponding results for materials having parabolic energy bands under certain
limiting conditions from the present derivation. For the purpose of computer simula-
tions for obtaining the plots of CECs versus various external variables, we have taken
very low temperatures since the quantization effects are basically low-temperature
phenomena together with the fact that the temperature dependence of all the energy
band constants of all the semiconductors and their nanostructures as considered in
this chapter are not available in the literature. Our results as formulated in this
chapter are valid for finite temperatures and are useful in comparing the results for
temperature variations of CECs after the availability of the temperature dependences
of such constants of various dispersion relations in this context. The inclusion of the
said effects would certainly increase the accuracy of the results, although the quali-
tative features of CECs would not change in the presence of the aforementioned
relations of the various quantized structures as discussed earlier. It may finally be
noted that the basic aim of this chapter is not solely to demonstrate the influence of
quantum confinement on the CECs for a wide class of quantized materials but also to
formulate the appropriate carrier statistics in the most generalized form, since the
transport and other phenomena in modern nanostructured devices having different
band structures and the derivation of the expressions of many important carrier
properties are based on the temperature-dependent carrier statistics in such systems.

1.5 Open research problems

The problems under this section of the book are by far the most important part for the
readers, and few open research problems are listed in all chapters. The numerical
values of the energy band constants for various semiconductors [42-48, 50—54, 59-72,
75, 113-231, 238-242, 245-249, 252-256, 258264, 267-285] are given in Appendix for
the related computer simulations.
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(R.1.1) Investigate the CECs for the quantum-confined HD semiconductors whose
respective DRs of the carriers in the absence of band tails are given below:
(a) The electron dispersion law in n-GaP can be written as [232]

K Rk A [ /A
= o —ems (5> +Piic + Dyl (R1.1)

E 5
, 2m; 2

*

where A=335meV, P, =2x10"%eVm, D; = Pia; and a; =5.4x10"m

(b) The dispersion relation for the conduction electrons for IV-VI semiconduc-
tors can also be described by the models of Cohen [233], McClure and Choi, [234],
Bangert and Kastner [235], Foley and Langenberg [236], and Takaoka et al. [237],
respectively.

(i) In accordance with Cohen [233], the dispersion law of the carriers is given by

p2  p: akp ap; o
E(l+aE)= —2* + —% - ~ + — |+ —=(1+aE R1.2
( ) 2my 2m3 2m, 4mom’, 2m; ( ) ( )

where m;, m,, and ms are the effective carrier masses at the band-edge along x, v,
and z directions, respectively, and m, is the effective-mass tensor component at the
top of the valence band (for electrons) or at the bottom of the CB (for holes).

(ii) The carrier energy spectra can be written, following McClure and Choi [230],
as

p) 2 2 2 b ap’p> ap2n>
E(1+aE)= Pi Py | P +iaE 1- (T2 Ly Py - Puby _ OByP:
2m1 2m2 2m3 2m2 4mom , 4mim, 4m2m3

(R1.3)

(iii) The carrier energy spectrum of IV-VI semiconductors in accordance with
Foley and Langenberg [236] can be written as

1/2
E, Eg]?
E+ ?g =E_(k)+ HE+ (k) + ?g} +PIIC+ POk (R1.4)
272 272 232 232
where E, = (k)= ;n—kf + ;n—kf, E_=(k)= Zn—kf + Zn—kf represent the contribution from
il p €L p

the interaction of the CB and the VB edge states with the more distant bands and

the free electron term, mli =1 {i + L} ,L=1 [L + L}
1

2 Mge mey, mpi 2 mie myy
For n-PbTe
m m m
P, =4.61x10"°eVm, P,=4.61x10"1"eVm, — =10.36, — =0.75, — =11.36,
My, My My
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™0 _120 and g, =4
mc

(iv) The carrier DR in accordance with the model of Takaoka et al. [237] can be
written as

o1 E _ﬁh2k§_ yhk =@+@
) 2M, 4MZE; 2m; 2ms

where =1+ é (1-y)+6,y= AMTZZ , 6= Am% and the notations are defined in [237].

(c) The conduction electrons of n-GaSh obey the following two dispersion
relations:
(i) In accordance with the model of Seiler et al. [250]

12, NS . Vofi (k)R . wof> (k)R
2my 2my N 2mg

E, E
E=|- 2+ 21+ (R1.5)
2 2
_1 . . . .
where a, = 4P*(Eg + ZA) [Eé (Eq+ A)} , P is the isotropic momentum matrix element,

fl(k)zk‘z{k§k§+k§k§+k§k§} represents the warping of the Fermi surface,

1/2
fok) = {kz(kﬁkﬁ +IGk; + kks) — 9k§k}2,k§} k1| represents the inversion asymmetry
splitting of the CB, and ¢,, Vo, and @, represent the constants of the electron spec-

trum in this case.
(ii) In accordance with the model of Zhang et al. [251]

E- [ng +EYK,, 1} 12+ [ng +EYK,, 1} K + K [Eg> +EPK, +EV'K,, 1} (R1.6)

KAk 12 k2k21c2 KA i 1
whereI([‘,lz%\/Zl{—" o~ 2 Ke 1=\ [T v | g — %) ~ 15 | the

coefficients are in eV, the values of k are 10(s%) times those of k in atomic units (a is
the lattice constant),

E =1.0239620, EYY =0, E\Y = ~1.1320772, E{ =0.05658, E." =1.1072073

EY = -0.1134024 and E{ = -0.0072275.
(d) In addition to the well-known band models of III-V semiconductors as

discussed in this book, the conduction electrons of such compounds obey the
following three dispersion relations:
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(i) In accordance with the model of Rossler [243]

R k2
E=

4 2 21,2
. + (an + apk)k* + (B, + B1ok) [kxk)zf + kykz * kﬁk’z(] (R1.7)

1/2
£ (yn +yk) [kz(kiki + Ik + ICIC) - 9k§k§k§}
where ay; = -2132x10 %0 eVm*, a1, =9030 x10~%° eVm®, B, = -~ 2493 x 10~ “* eVm",

B, =12594x107°° eVm®, y,,=30x10">° eVm’,and y,, = - 154x10"*? eVm*.

(i) In accordance with Johnson and Dicley [289], the electron energy spectrum
assumes the form

E, KK 17 E Rk fi(E)
E=238," " 1+ R1.8
2 "2 {mo " myb} 2 { o, E, (R18)
2| (Eg+Z) _ (Eg+A)(E+Eg+%) 1 ,1°1
Where m/ =P Eg (Eg+0) fl( ) = W, =O.139m0 s and myb= |:m—,c - m—o}

(iii) In accordance with Agafonov et al. [289], the electron energy spectrum can be
written as

(R1.9a)

_N-Eg | nk? | DV3-3B| |[Ki+k+ K
2 mm’ | L) k*
m*

where 7 = (E; + %szz)l/z, B= —Zl% ,and D= - 40 (%)

(iv) In accordance with the model of Kolodziejczak et al [243], the electron energy
spectrum of III-V compounds can be expressed, taking into account the interaction
of the higher bands, as

g R Xo—Es _H{Xo"'Eg} @Jo—ﬂ i [b

i< (R1.9b)
2my 2 2% | 2mo 2% | 2mo 5

where y, = [EZ 4FE (Eg+ A) (ﬂ)}l/z

Eg+A 2mg
F represents the interaction between the I',» and I';5 states,
-P?[E(Tise) - ETysy)| - [E(Tys) - E(T,00)]
2[E(Tise) - ETisy)] [E(Tise) - E(Tysy) - Ee
tion between I, and I'js states, G represents the interaction between I, and I';y

a

, b= %[M+4G}, M, represents the interac-

(F-G+M)% - (F+2G-M)?
F+26-M

states, c= { ], and the other notations are the same as in the

above reference.
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(e) The dispersion relation of the carriers in n-type Pb,_,Ga,Te with x = 0.01 can
be written following Vassilev [265] as

[E - 0.606k2 - 0.0722k2] [E + Eg + 0.411kZ + 0.0377k2] = 0.23k2 + 0.02k?

_ R1.10
+ [0.06Eg +0.061k2 + 0.0066k2 | ks ( )

where E¢(=0.21eV) is the energy gap for the transition point, the zero of the energy E
is at the edge of the CB of the I'point of the Brillouin zone and is measured positively
upward, and ky, k,, and k; are in the units of 10°m 1.

(f) The energy spectrum of the carriers in the two higher VBs and the single lower
VB of Te can, respectively, be expressed as [250]

_ 1/2 _
E=Aukl+Biok & (A% + (Bok,)’| "~ and E=A)+ Akl +Bokl£Biok:  (R111a)

where E is the energy of the hole as measured from the top of the valance and within
it, Ajp=3.77x10"%eVm?, Bjp=3.57x10"%eVm?, Aj;p=0.628eV, (By)’=6x10"2
(eVm)z, and A =1004 x10~>eV are the spectrum constants.

The dispersion relation of the conduction electrons of tellurium can be written in
accordance with the model of Ortenberg and Button as [266]

1/2
E=t; + 62+ K2+t k" + 613K « {(t1 +telk2) + hkﬁ} (R1.11b)

where t;, t,,t3,t4,t5, tg, and t; are the energy band constants.
(g) The dispersion relation of the holes in p-InSb can be written in accordance
with Cunningham [285] as

(R1.12)

_ 1
E=ci(1+y,fa)l2+ 3 [2\/5\/@ /16 + 5y, \/Esguk

where ¢, = % +6,,0,=4.7 %r)’a = ?—:,b4 =3bs+20,, bs=2.4 %, %= 1 [sin’20+
sin*fsin®2¢], 6is measured from the positive z-axis, ¢is measured from positive x-
axis,g, = sin f[cos?0 + Lsin*fsin*2¢], and E, =5x10"“eV

(h) The energy spectrum of the VBs of CuCl in accordance with Yekimov et al.
[286] can be written as

h’k?

g (R1.13)

Ep=(ys-2y;)

and
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1/2

(R1.14)

2
e N |A e [y
Eis=(ys 77) ) - +V7A1 +9 ;mo

where y, =0.53, y,=0.07, A; =70meV.

(i) In the presence of stress, x, along <001> and <111> directions, the energy
spectra of the holes in semiconductors having diamond structure VBs can be, respec-
tively, expressed following Roman and Ewald [287] as

1/2

E=Agk® + [B2 +6; + B;66(2k2 — K2)] (R1.15)
and
- D 1/2
E=A¢k’ + {B%k“ +65+ 7%67(2k§—k§)} (R1.16)

where, Ag, B7, D¢, and Cg are inverse mass band parameters in which §¢ = I; (Su - 312) Xo>

are the usual elastic compliance constants, B = <32 ) and 6; = ( s \/‘i“) X¢- For gray

De=311, and

tin, dg=-4.1eV, L =-23eV, Ag=19.2,2 i

2mgy’

B; =263

Zm ’
2= -2
(j) The DR of the carriers of cadmium and zinc diphosphides are given by [235]

B8 K] o 0 p AT
£=|p+ P r{{ﬁ4ﬁ3<k>x<ﬁ5+;;,4kz]+8ﬁj( 3) Bz( 34>k2}

(R1.17)

13+ - 212
where §,, B,, B, , and ; are system constants and f3;(k) = +T

(k) The E-k relation of the conduction electrons in semiconductors in the pre-
sence of electron—-phonon interaction assumes the form [257]

, 1/2
L5 )} (R1.18)

—_ —_— - 1 -
2m, hk tan {ch(hwo -E

where a. is the dimensionless coupling constant, pg = (2mchw0)1/ 2 and wy is the

angular frequency of the optical phonon.

(R1.2) Investigate the CECs for bulk specimens of the HD semiconductors in the
presences of exponential, Kane, Halperian, Lax, and Bonch-Burevich types
of band tails [37] for all systems whose unperturbed carrier energy spectra are
defined in (R1.1).
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(R1.3)

(R1.4)

(R1.5)

(R1.6)
(R1.7)
(R1.8)
(R1.9)
(R1.10)

(R1.11)

(R1.12)

(R1.13)

(R1.14)

(R1.15)

(R1.16)
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Investigate the CECs for QWs of all the HD semiconductors as considered in
(R1.2).

Investigate the CECs for HD bulk specimens of the negative refractive index,
organic, magnetic, and other advanced optical materials in the presence of
an arbitrarily oriented alternating electric field.

Investigate the CECs for the QWs of HD negative refractive index, organic,
magnetic, and other advanced optical materials in the presence of an arbi-
trarily oriented alternating electric field.

Investigate the CECs for the multiple QWs of HD materials whose unper-
turbed carrier energy spectra are defined in (R1.1).

Investigate the CECs for all the appropriate HD low-dimensional systems of
this chapter in the presence of finite potential wells.

Investigate the CECs for all the appropriate HD low-dimensional systems of
this chapter in the presence of parabolic potential wells.

Investigate the CECs for all the appropriate HD systems of this chapter
forming quantum rings.

Investigate the CECs for all the aforementioned appropriate problems in the
presence of elliptical hill and quantum square rings.

Investigate the CECs for triangular 2D systems in the presence of an arbitrarily
oriented alternating electric field for all the HD materials whose unperturbed
carrier energy spectra are defined in (R1.1).

Investigate the CECs for HD 2D systems of the negative refractive index and
other advanced optical materials in the presence of an arbitrarily oriented
alternating electric field and nonuniform light waves.

Investigate the CECs for triangular HD 2D systems of the negative refractive
index, organic, magnetic, and other advanced optical materials in the presence
of an arbitrarily oriented alternating electric field in the presence of strain.

(a) Investigate the CECs for HD 2D systems of the negative refractive index,
organic, magnetic, and other advanced optical materials in the presence of
many body effects. (b) Investigate all the appropriate problems of this chap-
ter for a Dirac electron.

Investigate all the appropriate problems of this chapter by including the
many body, image force, broadening, and hot carrier effects, respectively.
Investigate all the appropriate problems of this chapter by removing all the
mathematical approximations + and establishing the respective appropriate
uniqueness conditions.
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2 Heisenberg’s uncertainty principle and Einstein’s
photoemission from HD optoelectronic
nanomaterials in the presence of intense
light waves

Time is the ultimate Lord of this World

2.1 Introduction

The importance of Einstein’s photoemission (EP) in the whole field of nanoscience
and nanotechnology is well known [1-12]. In this chapter, Section 2.2 provides
the theoretical background. Section 2.2.1 formulates the EP from heavily doped
(HD) II-V, ternary and quaternary materials in the presence of light waves,
whose unperturbed electron energy spectrum is described by the three-band
model of Kane in the absence of band tailing. In Section 2.2.2, the EP for all
the aforementioned cases is studied. Section 2.3 contains the results and
discussion.

2.2 Theoretical background

2.2.1 The HUP and EP from HD IlI-V, ternary and quaternary materials

The velocity along the z-direction and the density of states function in this case for HD
optoelectronic Kane-type materials under intense light waves whose conduction
electrons in the absence of perturbation obey the three-band model of Kane can,

respectively, as follows:
, 1/2
(B = / [Tl M(E g, V) 1)
me E 1 rlg’

where E’; = E - Eqiap, Eoinp =&, + W —hv, and ¢ is the root of the equation

Ti(§3,ng,4) =0 (22)

The EP in this case is given by

https://doi.org/10.1515/9783110610819-002
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4 ErgpL
Togemegy, , ,
Jiup = Oh—Bcg Real Part of ‘ T1(E"1, ng, A)dE"y (2.3)

Eo1HD
where Epgpy is the Fermi energy in this case.

Similarly, the EP for perturbed two-band model of Kane and that of parabolic
energy bands can, respectively, be expressed as

4 ErnpL
agemegy , ,
Jump = 0}173C§ J T5(E", ng, A)dE" (2.4)
Eoonp
and
4 ErHpL
TIdpem
Jiop = ()}173& J T5(E’3, ng, A)dE’s (2.5)
Eozrp

where E’; =E — Eoonp, Eoonp=£&,+ W —hy, and ¢, is the root of the equation
T5(&,, NgsA)=0 (2.6)
and E’s =E - Eoszup, Eosup =¢&5+ W -hv, and & is the root of the equation

T5(&§3, Mg, A) =0 27)

2.2.2 Results and discussion

Using appropriate equations, the normalized EP from HD n-Hg; ,Cd,Te has been
plotted as functions of normalized I, (for a given wavelength and considering
red light for which A is about 640nm), A(assuming I,=10nWm™2), and the
normalized electron degeneracy at T=4.2K in accordance with the perturbed
three- and two-band models of Kane and that of perturbed parabolic energy
bands in Figures 2.1-2.3, respectively. Figures 2.4-2.6 exhibit all the aforemen-
tioned cases for HD n-In; ,GaxAsyP;_x lattice matched to InP, respectively. It
appears that J increases with the increasing electron degeneracy in accordance
with all the band models. The combined influence of the energy band constants
on the EP from ternary and quaternary materials can easily be assessed from all
the figures. It appears that the EP decreases with increasing light intensity for
all materials and also decreases as the wavelength shifts from violet to red. The
influence of light is immediately apparent from all plots, since the EP depends
strongly on the light intensity of all types of perturbed band models, which is
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Hg,_Cd,Te: A =640 nm

Normalized EP

1 T r T T T r T T
0.01 0.11 0.21 0.31 0.41 0.51 0.61 0.71 0.81 0.91 1.01
Normalized Intensity

Figure 2.1: Plot of the normalized EP from HD n-Hg;_,Cd,Te as a function of normalized light intensity
in which the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane
together with parabolic energy bands, respectively.

Hg,_,Cd,Te

Normalized EP

1 T T T T T T T
440 460 480 500 520 540 560 580 600 620 640

T T

Wavelength in nm

Figure 2.2: Plot of the normalized EP from HD n-Hg,_.Cd,Te as a function of wavelength for all cases of
Figure 2.1.

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



158 —— 2 Heisenberg’s uncertainty principle and Einstein’s photoemission

Hg,_,Cd,Te: A= 640 nm

Normalized EP

0.3 0.5 0.7 0.9 11 1.3 1.5

Normalized Electron Degeneracy

Figure 2.3: Plot of the normalized EP from HD n-Hg;_,Cd,Te as a function of normalized electron
degeneracy for all cases of Figure 2.1.

In;_,Ga,As,Py_,: A =640 nm

Normalized EP

0.01 0.11 0.21 0.31 0.41 0.51 0.61 0.71 0.81 0.91 1.01

Normalized Intensity

Figure 2.4: Plot of the normalized EP from HD /n;_,Ga,As,P;_, lattice matched to InP as a function of

normalized light intensity in which curves (a), (b), and (c) represent the perturbed three- and two-
band models of Kane together with parabolic energy bands, respectively.
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In;_Ga,As,P;_y

Normalized EP
(9]

4] \\

1

440 460 480 500 520 540 560 580 600 620 640
Wavelength (nm)

Figure 2.5: Plot of the normalized EP from HD /n;_.Ga,As,P;_, lattice matched to InP as a function of
wavelength for all cases of Figure 2.4.

Iny_,Ga,As P,_,: A= 640 nm

Normalized EP

1 T T T T T T
0.3 0.5 0.7 0.9 11 13 1.5 17

Normalized Electron Degeneracy

Figure 2.6: Plot of the normalized EP from HD /n;_,Ga,As,P,_, lattice matched to InP as a function of
normalized electron degeneracy for all cases of Figure 2.4.
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in direct contrast with that of the bulk specimens of the said compounds.
Formulation of these compounds depends on the general idea that the band
structure is an invariant quantity in the presence of external photoexcitation
together with the fact that the physics of EP is being converted mathematically
by using the lower limit of integration as E, as often used in the literature. The
dependence of J; on light intensity and wavelength reflects the direct signature of
the light wave on the band-structure-dependent physical properties of electronic
materials in general in the presence of external photoexcitation and the photon-
assisted transport for the corresponding HD optoelectronic semiconductor devices.
Although J; tends to decrease with the increasing intensity and the wavelength, the
rate of increase is totally band structure dependent.

It is worth remarking that our basic equation covers various materials having
different energy band structures. Under certain limiting conditions, all the results of
the EP for different materials having various band structures lead to the well-known
expression of the same for wide-gap materials having simplified parabolic energy
bands. This indirect test not only exhibits the mathematical compatibility of the
formulation but also shows the fact that the presented simple analysis is a more
generalized one, since the well-known result can be obtained under certain limiting
conditions of the generalized expressions. It is worth remarking that the influence of
an external photoexcitation is to change radically the original band structure of the
material. Because of this change, the photon field leads to an increase in the band
gap of semiconductors.

2.3 The HUP and EP from HD IlI-V, ternary and quaternary
materials under magnetic quantization

2.3.1 Introduction

In this section, the EP under magnetic quantization in HD Kane-type materials has
been investigated in the presence of external photoexcitation. Section 2.3.2 describes
the theoretical background. The dependence of the magneto-EP from HD
n-Hg;_,Cd,Te and n-In,_,Ga,As,P,_, lattices matched to InP on the inverse quantizing
magnetic field, the carrier concentration, the intensity of light, and the wavelength
has been discussed in Section 2.3.3.

2.3.2 Theoretical background

(i) The EP under magnetic quantization in accordance with perturbed three-band
model of Kane can be expressed as
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aoe’B "max
J= pyere Real Part of Z (M'611pLE) (2.8)
n=0

12h —

where ns1uprs = [Eprprs = (Enyy + W = hv)]
and E,, is the Landau sub-band energies in this case and is given by

1
Ty (Eny,» ng,/\) = (n+ §>hw0 (2.9)

(if) The EP under magnetic quantization in accordance with perturbed two-band
model of Kane can be expressed as

B o eZ B Nmax

J= S r;)(ﬂ'ezHDLB) (2.10)

where 1’6onprs = [Eruprs — (Emz + W —hv))
and Ey,is the Landau sub-band energies in this case and is given as

1
Tz(E”IZ’ Tlg, A) = <n + §> h Wo (211)

(iii) The EP under magnetic quantization in accordance with perturbed parabolic
band model of Kane can be expressed as

ane’B Nmax
= ﬁ > (7esnpis) (212)
n=0

where 1’63up1s = [Ernprs — (Enis + W — hv)]

and Ey,, is the Landau sub-band energies in this case and is given as

1
T5(Eny, Ngs A) = (n + 5) hwo (2.13)
2.3.3 Results and discussion

Using appropriate equations, we have plotted the normalized magneto-EP from HD
n-Hg,_,Cd,Te versus inverse quantizing magnetic field in accordance with the per-
turbed three- and two-band models of Kane and that of perturbed parabolic energy
bands as shown in Figure 2.7. Figures 2.8-2.10 exhibit the variation of the aforemen-
tioned quantity from HD n-Hg;_,Cd,Te as functions of the normalized electron degen-
eracy, the normalized intensity of light, and wavelength at T=4.2K, respectively.
Figures 2.11-2.14 represent the said variations of EP under magnetic quantization
from HD n-In,_,Ga,As,P,_, lattice matched to InP.
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Figure 2.7: Plot of the normalized EP as a function of inverse magnetic field from HD n-Hg;_«Cd,Te,
where curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane together

with parabolic energy bands, respectively.
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Figure 2.8: Plot of the normalized EP as a function of normalized carrier degeneracy from HD
n-Hg,_CdTe, where curves (a), (b), and (c) represent the perturbed three- and two-band models of

Kane together with parabolic energy bands, respectively.
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Figure 2.9: Plot of the normalized EP as a function of normalized light intensity from HD n-Hg,_,Cd,Te,
where curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane together
with parabolic energy bands, respectively.
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Figure 2.10: Plot of the normalized EP as a function of wavelength from HD n-Hg,_,Cd,Te in which
curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane together with
parabolic energy bands, respectively.
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Figure 2.11: Plot of the normalized EP as a function of inverse magnetic field from HD /n;_,Ga,As,P;_,

lattice matched to InP, where curves (a), (b), and (c) represent the perturbed three- and two-band
models of Kane together with parabolic energy bands, respectively.
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Figure 2.12: Plot of the normalized EP as a function of normalized carrier degeneracy from HD
Iny_xGa,As,P;_, lattice matched to InP, where curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane together with parabolic energy bands, respectively.
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Figure 2.13: Plot of the normalized EP as a function of normalized light intensity from HD
Iny_xGa,As,P;_, lattice matched to InP, where curves (a), (b), and (c) represent the perturbed three-
and two-band models of Kane together with parabolic energy bands, respectively.

0.115 5 0.3425
B=3T
2 L4275 21 0342 2
20.1145 Z I
[} [} (7]
© © el
= S =
& t427 2103415 ¢
2 ) 3 2
g 0114 fo @ —t— & g
%— (b) % %
° - 426551 0341 S
[0} (7] (7]
N N N
= = =
£0.1135 £ £
g . 426 § 0.3405 g
@
0.113 : : ' . 4255 | 034
410 460 510 560 610 660

Wavelength (nm)

Figure 2.14: Plot of the normalized EP as a function of wave length from HD /n;_,Ga,As,P;_, lattice
matched to InP, where curves (a), (b), and (c) represent the perturbed three- and two-band models of
Kane together with parabolic energy bands, respectively.
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It appears from Figures 2.7 and 2.11 that the EP under magnetic quantization
oscillates with inverse quantizing magnetic field, and the numerical values are different
in various cases, which is the direct signature of the band structure. It may be noted that
the origin of the oscillation is the same as that of Shubnikov—de Haas (SdH) oscillations.
From Figures 2.8 and 2.12, we observe that the said physical quantity oscillates with
electron degeneracy, although the nature of oscillation is different. Figures 2.9 and 2.13
exhibit the fact that the normalized magneto-EP decreases with increasing intensity and
the slopes directly reflect the influence of energy band constants. Figures 2.10 and 2.14
reflect the fact that the magneto-EP decreases with increasing wavelength.

Finally, we note that the form of the expression of the said physical quantity in this
case is generalized, where the Landau energy and the Fermi energy under magnetic
field are the two band-structure-dependent quantities.

2.4 The HUP and EP from quantum wells (QWs),
nano wires (NWs), and quantum dots (QDs)
of HD IlI-V, ternary and quaternary materials

2.4.1 Introduction

In this section, the EP from QWs, NWs, and quantm box (QBs) of HD optoelectronic
materials has been studied. Section 2.4.3 includes results and discussions.

2.4.2 Theoretical background

2.4.2.1 The EP from HD QWs of optoelectronic materials

The velocity of the electron in the N, ths Mypoths and N,5th sub-bands for the 2D electron

energy spectra, whose bulk dispersion relations in the presence of light and heavy
doping as given by egs. (1.46b), (1.47), and (1.48) can, respectively, be written as

T1(Enypys Mg A) |

B me -1/2
Uz(En,,,) = (7) W (2.14)

mc -1/2 [ TZ(EHZ72’ ng’ A)—
0o () = () | (2.15)

2 T'2(Enzz5 Mgs A)
12 [/ T5(Enis s A) |
_me 1/2 3\Eng735 g
Uz (Enz73) - (7) T/3 (Enz73, ng’ /1) (216)
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where n,7;(J=1,2,3) is the size quantum number, and the sub-band energies En,.»
Ey,, and E,_,, are, respectively, defined through the following equations:

'Z7. nz73
Ty (Enys Mo A) = (2?;) <”Z71>2 2.17)
To(En zy» Mg A) = (;;) ("Z”)Z (2.18)
and
T5(Enyygo Mgs A) = (2’;‘;) <”Z73>2 2.19)

The respective expressions of the photoemission are given by

N771max Tl (Enz7l s Tlg, /U

_ @ogve rme\~1/2
JopL = Al ( 5 ) Real Part of e T1(Engyy» 10 ) (@71 (Er2pr, nz71)] (2.20)
where
d 2m
N271min 2 <i> (\/—;) [Tl(W— hv, rlg; A)]l/z
T h
and
2m, ;71 2
¢71(E2DF’ nz71) = _26 TI(EFZDL; rlg’ A) - Z ,
h d,
_ aogve (me\~1/2 "max | 3 [ To(Enyyys Ngs A)
Jaor = nhd, ( 2 ) HZ; T'2(En,y» Mg, ) [@73(EF2pL, N272)] (2.21)
where
d,\ (\/2m
T2 2 <;> ( . > To(W - hv, n,, A)
and
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2m, m, 2
¢73(EFanL, Nz72) = {7 T>(Erapr, Ngs A) = ( d 72) }

A
A

aogye rmon-1/2"Pmax |/ T3(En 35 Mg
- (_C [¢75(EF2DL, n.73)] (2.22)

2 T’5(E
273 min 3( nz730 Mg

where
d V2m
nZBmin z (_Z> ( C) [T3(W - hU’ rlg’ A)]l/z
T h
and

2m mn 2
¢,5(Erapr, Nz73) = [h—zc T3(EFaprs Mgs A) - ( dz?s) }
Z

2.4.2.2 The EP from HD NWs of optoelectronic materials
The generalized expression of photocurrent in this case is given by

"x7imax "z7imax

L= a‘;fhgv S S ) (2.23a)

Ny7i=1 ngzi=1

where n’7; = Epipr — (E;i + W -hv) and E;i are the sub-band energies in this case and
are defined through the following equations:

I (E/71’ Ngs A) = G (e, ngn)
T (Eyp, NgsA) = Gr2(Nx72, Nz72) (2.23b)
Ts (EI73’ Ng» A) =Gn3 (Tlx73, nz73)

Real part of eq. (2.22) should be used for computing the EP from NWs of HD
optoelectronic materials, whose unperturbed energy band structures are defined by
the three-band model of Kane.

2.4.2.3 The EP from QB of HD optoelectronic materials

The dispersion relations of the electrons in QBs of HD optoelectronic materials in the
presence of light waves can, respectively, be expressed from egs. (1.46b), (1.47), and
(1.48) as follows:
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2mcTi(Eqi, g, A)
Ch—zg = Hy1 (N, Ny71, o) (2.24)
2mcT>(Eqz, Ng» A)
Ch—zg = H7y(Ny72, Ny72, N272) (2.25)
2m.T5(Eqs, ng, A)
Ch—zg = Hy3(Nx73, Ny73, N273) (2.26)

N2

where Ey is the totally quantized energy and Hzi(Nyi, Nysi, Nozi) = (%‘(7') +
N2 N2
() )

The electron concentration can, in general, be written as

2g "7imax "y7imax "z7imax
Mot = (d " ) >3 D Faltyion) 2.27)
XYL ngi=1 ny7i=1 nyz;=1
where 1,0 = % and Erop, are the Fermi energies in QBs of HD optoelec-

tronic materials in the presence of light waves as measured from the edge of the
conduction band in the vertically upward direction in the absence of any
quantization.

Real part of eq. (2.26) should be used for computing the carrier density from QBs
of HD optoelectronic materials, whose unperturbed energy band structures are
defined by the three-band model of Kane.

The photoemitted current densities in this case are given by the following

equations:
_ My7lmax M271 T1(En,;y5 Mgs A)
(aoeg) ma-1/2 ™71max "Y71max "z71max 1\Engzp5 Hgs
JobL = 4.d c; ({) Real Part of Z m F_1(M710p)
y“Yz M71=1 ny71=1 Nz71min Nz g
(2.28)

Jopy = (20687 (ﬁ)* 12 ""i“i“ "yi“fax "Zinjax \/ T2(Enyzpgs A)
L= dd,d, \ 2 T3(Enyyys Mgs A)

o (aoegv) (&)7 12 anZmax "y%njax "z%rfax +/T3 (Enz73 s Ng» A)
ODL dxdydz 2 T,3 (Enz73’ Y[g, A)

Foa(Myp)  (229)

N72=1 Ny73=1 Nz72min

Fi(M70p)  (2.30)

My73=1 Ny73=1 Nz731in
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Figure 2.15: Plot of the normalized EP from QWs of HD n-Hg;_xCd,Te as a function of film thickness,
where curves (a), (b), and (c) represent the perturbed HD three- and two-band models of Kane
together with HD parabolic energy bands, respectively.
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Figure 2.16: Plot of the normalized EP from QWs of HD n-Hg;_,Cd,Te as a function of normalized
electron degeneracy for all cases of Figure 2.15.
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Figure 2.17: Plot of the normalized EP from QWs of HD n-Hg;_Cd,Te as a function of normalized light
intensity for all cases of Figure 2.15.
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Figure 2.18: Plot of the normalized EP from QWs of HD n-Hg;_,Cd,Te as a function of light wavelength
for all cases of Figure 2.15.

2.4.3 Results and discussion

Using numerical values of the energy band constants, the normalized EP has
been plotted from QWs of HD n-Hg;,_,Cd,Te under external photoexcitation,
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Figure 2.19: Plot of the normalized EP from QWs of HD n-/n;_Ga,As,P;_, lattice matched to InP as a
function of film thickness, where curves (a), (b), and (c) represent the perturbed HD three- and two-
band models of Kane together with HD parabolic energy bands, respectively.
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Figure 2.20: Plot of the normalized EP from QWs of HD n-In;_.Ga,As,P;_, lattice matched to InP as a
function of normalized electron degeneracy for all cases of Figure 2.19.

whose band structure follows the perturbed HD three- and two-band models of
Kane and that of the perturbed HD parabolic energy bands as shown by curves
(a), (b), and (c) of Figure 2.15 as functions of film thickness. The plots of
Figures 2.16, 2.17, and 2.18 exhibit the dependence of the normalized EP on
the normalized electron degeneracy, normalized intensity, and wavelength,
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Figure 2.21: Plot of the normalized from QWs of HD n-/n;_,Ga,As,P;_, lattice matched to InP as a
function of normalized light intensity for all cases of Figure 2.19.
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Figure 2.22: Plot of the normalized EP from QWs of HD n-In;_.Ga,As,P;_, lattice matched to InP as a
function of light wavelength for all cases of Figure 2.19.

respectively, for all cases of Figure 2.15. The variations of the normalized EP
from QWs of HD n-In,_,Ga,As,P,_, lattice matched to InP as functions of film
thickness, normalized carrier degeneracy, normalized incident light intensity,
and wavelength, respectively, have been drawn in Figures 2.19-2.22 for all cases
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Figure 2.23: Plot of the normalized EP from NWs of HD n-Hg;_4Cd,Te as a function of film thickness,
where curves (a), (b), and (c) represent the perturbed HD three- and two-band models of Kane
together with HD parabolic energy bands, respectively.
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Figure 2.24: Plot of the normalized EP from NWs of HD n-Hg;_,Cd,Te as a function of normalized
electron degeneracy for all cases of Figure 2.23.
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Figure 2.25: Plot of the normalized EP from NWs of HD n-Hg;_4Cd,Te as a function of normalized light
intensity for all cases of Figure 2.23.
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Figure 2.26: Plot of the normalized EP from NWs of HD n-Hg;_,Cd,Te as a function of light wavelength

for all cases of Figure 2.23.
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Figure 2.27: Plot of the normalized EP from NWs of HD n-In;_,Ga,As,P,_, lattice matched to InP as a
function of film thickness, where curves (a), (b), and (c) represent the perturbed HD three- and two-
band models of Kane together with HD parabolic energy bands, respectively.

6
dy=15nm
d; =10 nm
5 A=610 nm
o
[rrA ()
o :
[} v
N
©
1S
s 3
=
(b)
2 o @
1

0.01 0.11 0.21 0.31 0.41 0.51 0.61 0.71 0.81 0.91 1.01
Normalized Electron Degeneracy

Figure 2.28: Plot of the normalized EP from NWs of HD n-In;_.Ga,As P;_, lattice matched to InP as a
function of normalized electron degeneracy for all cases of Figure 2.27.

of Figure 2.15. The dependences of the normalized EP from NWs of HD n-Hg, ,Cd,Te
with respect to film thickness, normalized carrier degeneracy, normalized light inten-
sity, and wavelength have been drawn in Figures 2.23-2.26 in accordance with per-
turbed HD three-band (using egs. (2.22) and (2.19)) and HD two-band (using egs. (2.22)
and (2.20)) models of Kane together with HD parabolic (using egs. (2.22) and (2.21))
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Figure 2.29: Plot of the normalized EP from NWs of HD n-in;_.Ga,As,P;_, lattice matched to InP as
a function of normalized light intensity for all cases of Figure 2.27.
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Figure 2.30: Plot of the normalized EP from NWs of HD n-In,_,Ga,As,P,_, lattice matched to InP as
a function of light wavelength for all cases of Figure 2.27.

energy bands as shown by curves (a), (b), and (c), respectively. The variations of
normalized EP from NWs of HD n-In,_,Ga,As,P;_, lattice matched to InP have been
drawn in Figures 2.27-2.30 as functions of film thickness, normalized carrier degen-
eracy, normalized incident light intensity, and wavelengths, respectively.
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178 —— 2 Heisenberg’s uncertainty principle and Einstein’s photoemission

The dependences of the normalized EP from QBs of HD n-Hg;_,Cd,Te on the film
thickness, normalized carrier degeneracy, normalized light intensity, and wave-
length have been drawn in Figures 2.31-2.34 in accordance with perturbed HD
three-band (using egs. (2.27) and (2.26) and HD two-band (using egs. (2.28) and
(2.26)) models of Kane together with HD parabolic (using egs. (2.29) and (2.26)) energy
bands as shown by curves (a), (b), and (c), respectively.

The variations of normalized EP from QBs of HD n-In;_,Ga,As,P;_, lattice matched
to InP have been drawn in Figures 2.35-2.38 as functions of film thickness, normalized
carrier degeneracy, normalized incident light intensity, and wavelengths, respectively,
for all cases of Figure 2.31. Figures 2.15 and 2.19 show that EP from QWs of HD
optoelectronic materials decreases with increasing film thickness in oscillatory man-
ners. Figures 2.23 and 2.27 show that the EP from NWs of HD optoelectronic materials
increases with decreasing film thickness, exhibiting trapezoidal variation for a very
small thickness bandwidth for the whole range of thicknesses considered. The widths
of the trapezoids depend on the energy band constants of n-Hg; ,Cd,Te and
n-In,_,Ga,As,P;_, lattice matched to InP, respectively.

Figures 2.31 and 2.35 show that the EP from HD QBs of optoelectronic materials
decreases with increasing film thickness, exhibiting prominent trapezoidal variation
for relatively large thickness bandwidth. These three types of variations are special
signatures of 1D confinement in HD QWs, 2D confinement in HD NWs, and 3D
confinement in HD QBs of optoelectronic materials, respectively, in the presence of
light. Figures 2.16 and 2.20 show that the normalized EP from HD QWs increases with
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LN, MO
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Figure 2.31: Plot of the normalized EP from HD QBs of n-Hg;_xCdTe as a function of film thickness,
where curves (a), (b), and (c) represent the perturbed HD three- and two-band models of Kane
together with HD parabolic energy bands, respectively.
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Figure 2.32: Plot of the normalized EP from HD QBs of n-Hg;_Cd,Te as a function of normalized
electron degeneracy for all cases of Figure 2.31.
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Figure 2.33: Plot of the normalized EP from HD QBs of n-Hg;_,Cd,Te as a function of normalized light
intensity for all cases of Figure 2.31.

increasing carrier degeneracy, and for relatively large values of the same variable, it
exhibits quantum jumps for all types of band models when the size quantum number
changes from one fixed value to another. Figures 2.24 and 2.28 show, respectively,
that the normalized EP in HD NWs of optoelectronic materials increases with increas-
ing normalized electron degeneracy.
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Figure 2.34: Plot of the normalized EP from HD QBs of n-Hg;_xCd,Te as a function of light wavelength
for all cases of Figure 2.31.
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Figure 2.35: Plot of the normalized EP from HD QBs of n-In;_,Ga,As P, lattice matched to InP as a
function of film thickness, where curves (a), (b), and (c) represent the perturbed HD three- and two-
band models of Kane together with HD parabolic energy bands, respectively.
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Figure 2.36: Plot of the normalized EP from HD QBs of n-In,_,Ga,As,P;_, lattice matched to InP as a
function of normalized electron degeneracy for all cases of Figure 2.35.
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Figure 2.37: Plot of the normalized EP from HD QBs of n-In,_,Ga,As,P;_, lattice matched to InP as a
function of normalized light intensity for all cases of Figure 2.35.

Figures 2.32 and 2.36 demonstrate that the EP from HD QBs of optoelectronic
materials increases with increasing electron degeneracy again in a different oscilla-
tory manner. From Figures 2.17, 2.21, 2.25, 2.29, 2.33, and 2.37, it appears that the EP
increases with decreasing intensity for all types of quantum confinement. From
Figures 2.18, 2.22, 2.26, 2.30, 2.34, and 2.38, we can conclude that the normalized EP
decreases with increasing wavelength for HD QWs, NWs, and QBs of optoelectronic
materials. Finally, it is apparent from all figures that the EP from quantum-confined
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Figure 2.38: Plot of the normalized EP from HD QBs of n-In,_,Ga,As,P;_, lattice matched to InP as a
function of light wavelength for all cases of Figure 2.35.

HD ternary materials is larger as compared with the quantum-confined HD quaternary
compounds for all types of quantum confinement.

2.5 The EP from HD effective mass superlattices
of optoelectronic materials

2.5.1 Introduction

In Section 2.5.2, an attempt is made to study the magneto-EP from HD effective mass
quantum well super lattices (QWSL) of optoelectronic materials. In Section 2.5.2.1, the
photoemission from HD effective mass NW SLs of optoelectronic materials has been
investigated, and in Section 2.5.2.2, the EP from HD effective mass QB SLs of optoelec-
tronic materials has been studied. Section 2.5.2.3 explores the magneto-EP from HD
effective mass SLs of optoelectronic materials. Section 2.5.3 contains results and
discussions.

2.5.2 Theoretical background

2.5.2.1 The magneto-EP from HD QWs effective mass superlattices
The electron dispersion law in III-V effective mass superlattices can be written as
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1 ) 2
ki = |:L—% [COS 1{fHDl (E, A, r[g, ky, kz) }:| - ki] (231)
where
fur(E, A, g, ky, k) = [[@1mmCos[aoCiep (E, Mgy, A, ki) + boDisn (E, gy, A, )]
— [@npCos[aoCinp (E, Mgy, A, k1) — boDip (E, Mgy, A, kL )]]],

2 -1
maTh {0 ngaﬂ} [ m}

Qigp = —
1 { M T'1(0,4, ;) MmaT'1(0,A, 1)

2 -1
2HD me T’1(O, /1, rlgl) Mmey Tll(o’ A» rlgl)

~ m 1/2
CIHD(E7 ng17A7 kL) = |:?Cl Tl(Eﬂ rlghA) - ki:|

and

— 2me 2 12
Dipp(E, Mgy, A k1) = [7 Ty(E,ngy, A) — kL:|

In the presence of a quantizing magnetic field B along k, direction, the magnetoelec-
tron energy spectrum can be written as

k; = wnp(E, ng, A, n) (2.32

where

_ 1 2eB 1

wnp(E, ng, A, n) = [LT [Cos™"{fup1 (E, A, ng, n)}’ - T (” + 5)]

0

fupr(E, A, ng,n) = [[@1rpCos[aoCiap (E, Mgy, A, 1) + boDiap (E, Mgy, A, )]

— [@npCos|aoCinp (E, Mgy, A, ) — boDipp (E, gy, A, n)]]],

- 2m 2eB 11?2

CIHD(Ea rlghAa n) = |:?Cl Tl(E7 rlgla/\) - T (n + 5):|
and

D 2m 2eB 1\1"2
Diap(E, gy, A, m) = [?d T\(E, ngp, A) — n (n +§>]
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The total energy ey in this case can be expressed as
The Z part of the energy Ezq; in this case can be written as

2
n,m _
( ; ) = Wup(eraqi; Mg, A, 1) (2.33)
X
Ny T
< 5 )L0=Cos'1[fHDl(EZQ1,)l, Ng> 0)] (2.34)
X

where

[fup1 (Eza1,A, Mg, 0)] = [[@1mnCosaoCiup (Ezar, Ngy» A, 0) + boDiap (Ezqr, Mgy, A, 0)]]

— [@npCos|aoCirp (Ezq1, Mgy A, 0) — boDin (Eza1, Mgy, A, O)]]],

B m 1/2
CIHD (EZQ17 nglvAv 0) = [?Cl Tl (EZ(217 rlgla /\):|

and

- 1/2
DIHD (EZQla rlg]7A7 0) = |:27;[202 (EZQla rlg27 A):|

The electron concentration is given by

Nmax nmax

_8€
h

“1(Mgs11) (2.35)

n=0 n=1

where g6, = (kgT) 'l[EFF - E7g1] and Epp is the Fermi energy.
EP can be written as

Nmax "™Xmax

e’Ba
] thd 0 Real Part Of Z Z F rISSLl)VZ(EZQl) (236)
n=0 Mxpin
where
Lo \/1 ~ ffip1 (Eza1,A, 1, 0)
V2(Ezaq1) =

Af "y (Eza1, A, Ng» 0)

2.5.2.2 The EP from HD NW effective mass superlattices
The dispersion relation in this case is given by
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2
k)z( |:le |:COS {fHDl (E, /1, I’lg, ny, nz)}] - G881:| (237)

where

fem1 (E, A, ng, iy, nz) = [[@ap CosaoCurp (E, Mgy, A, 1y, 1) + boDin (E, Mgy, A, 1y, )]

— [@mpCos|aoCiup (E, Ne1, A1y, M) — boDiup (E, N2> As 1y, 12)]]],

-, chl 12
Ciup(E, Mgy, A, 1y, nz) = e, —5 Ti(E, g, A) — Ggs s

2 2
n,m N7t
Gast — L) + (L)
881 [( d, .
and

B m 1/2
D]HD(Ea rlglvA> ny, nZ) = [?CZ Tl (E7 rlgza A) - G881:|

The sub-band energy Egs; is given by

0= {Lz [COS { 11 (Egs15 A, Mg, Ny, 1) H 2— 6881:| (2.38)

Equation (2.37) can be written as
ky = [A(E, A, g, 1y, 112)] (2.39)
5 1/2
where A(E, A, 1, ny, ;) = [Liz [Cos’l{fHDI(E, A, g, Ny, 117) H - Gssl}
0
The electron concentration is given by

n; n
2 Ymax "zmax
g v

No Real Part of Z Z [A(EFs1, A, Ng> Nys n;)]

ny=1nz=1

where Efg; is the Fermi energy.
The EP can be written as

Mymax "zmax

IlLHD = (aog}i: ) Real Part Of Z Z (TSLHDl (241)

ny=1nz=1

where Ysiup1 = [Erg1 — (Egz1 + W= hv))]
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2.5.2.3 The EP from HD QB effective mass superlattices
The totally quantized energy Ergsigs in this case is given by

Nyt ,
(dx> [LZ [Cos {fHDl(ETQSLss,)l, Ng» ny,nZ)H —6881} 2.42)

The electron concentration in this case is given by

Mxmax Mymax "Zmax

28y
NOL = dxd—ydz Real Part Of Z Z Z F—l(rIBZHD (243)

nx=1ny=1 nz=

where N3omp = (kBT)_l[EFLEMHD—ETQSL88} and EFQDSLEMHD is the Fermi energy in this
case.
EP in this case can be expressed as

Mxmax MYmax "Zmax

Real Part of » " > " > Foy(sp)Vz(Ezan) (2.44)

Nxmin Ny=1 nz=1

J=

dxdyd

2.5.2.4 The magneto-EP from HD effective mass superlattices
Equation (2.32) can be written as

A3(E, mg, A, 1) =k (2.45)

where As(E, ng, A, n) = [@pp(E, 1, A, n)] 2
The Landau sub-band energy Es3pp in this case can be expressed as

A3(Es3up, Ng,A,n) =0 (2.46)
The electron concentration is given by

Mymax

Real Part Of Z A3 EFBSLEMHD,’Ig,A n)] (2.47)
n=0

gveB
Mo = m’h

where Ergsiemp is the Fermi energy in this case.
The EP assumes the form

a,e’B Nmax
JuL = (2;)_[ T ) Real Part of Z (To1mp) (2.48)

n=0

where 1;0,p = [Erpstemnp — (Essap + W = hv)].
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2.5.3 Results and discussion

Using appropriate equations, the normalized EP from QW HgTe/Hg,_,Cd,Te HD
effective mass SL has been plotted as a function of inverse quantizing magnetic
field as shown in Figure 2.39(a) whose constituent materials obey the perturbed HD
three-band model of Kane in the presence of external photoexcitation. Curves (b) and
(c) of the same figure have been drawn for perturbed HD two-band model of Kane and
that of perturbed HD parabolic energy bands, respectively. Curves (d), (e), and (f) in
the same figure exhibit the corresponding plots of QW In,Ga; ,As/InP effective mass
HD SL. Figures 2.40-2.43 show the variations of the normalized EP from the said HD
SLs as functions of normalized electron degeneracy, normalized intensity, wave-
length, and thickness, respectively, for all cases of Figure 2.39. Using appropriate
equations, the normalized EP from NW HD effective mass HgTe/Hg;_,Cd,Te SL as a
function of film thickness has been depicted in Figure 2.44(a), whose constituent
materials obey the perturbed HD three-band model of Kane in the presence of
external light waves.

Curves (b) and (c) of the same figure have been drawn for perturbed HD two-band
model of Kane and perturbed HD parabolic energy bands, respectively. Curves (d), (e),

1.2
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Narmalized photoem{sfion current density
Normalized photoemission current density
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Figure 2.39: Plot of the normalized EP from HD QW effective mass superlattices of HgTe/Hg, _,CdxTe
as a function of inverse magnetic field, where curves (a), (b), and (c) represent the perturbed HD

three- and two-band models of Kane together with HD parabolic energy bands, respectively. Curves
(d), (e), and (f) exhibit the corresponding plots of HD /nyGa;_xAs/InP SL.
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Figure 2.40: Plot of the normalized EP from QW HD effective mass superlattices of HgTe/Hg,_,CdxTe
and InyGa,_xAs/InP as a function of normalized electron degeneracy for all cases of Figure 2.39.
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Figure 2.41: Plot of the normalized EP from QW HD effective mass superlattices of HgTe/Hg,_xCd,Te
and HD In,Ga;_As/InP as a function of normalized light intensity for all cases of Figure 2.39.

and (f) in the same figure exhibit the corresponding plots of In,Ga;_,As/InP NW HD
effective mass SL. Figures 2.45-2.48 exhibit the plots of the normalized EP as functions
of normalized carrier concentration, normalized intensity, wavelength, and normal-
ized incident photon energy, respectively, for all cases of Figure 2.44.
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Figure 2.42: Plot of the normalized EP from QW HD effective mass superlattices of HgTe/Hg, _,CdxTe
and InyGay_xAs/InP as a function of light wavelength for all cases of Figure 2.39.
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Figure 2.43: Plot of the normalized EP from QW HD effective mass superlattices of HgTe/Hg,_,CdxTe
as a function of film thickness, where curves (a), (b), and (c) represent the perturbed three- and two-
band models of Kane together with HD parabolic energy bands, respectively. Curves (d), (e), and (f)
exhibit the corresponding plots of HD In,Ga;_,As/InP HDSL.
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Figure 2.44: Plot of the normalized EP from NW HD effective mass superlattices of HgTe/Hg,_,Cd,Te
and In,Ga,_,As/InP as a function of film thickness for all cases of Figure 2.43.
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Figure 2.45: Plot of the normalized EP from NW HD effective mass superlattices of HgTe/Hg,_,Cd,Te
and HD /n,Ga,_,As/InP as a function of normalized electron degeneracy for all cases of Figure 2.43.

Using appropriate equations, the normalized EP from HgTe/Hg; ,Cd,Te and
In,Ga,_,As/InP effective mass QB HD SLs, respectively, has been plotted for all
types of band models as a function of film thickness as shown in Figure 2.49.
Figures 2.50-2.53 exhibit the plots of normalized EP from the said QB HD SLs as
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Figure 2.46: Plot of the normalized EP from NW HD effective mass superlattices of HgTe/Hg,_,CdxTe
and HD In,Ga;_,As/InP as a function of normalized light intensity for all cases of Figure 2.43.
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Figure 2.47: Plot of the normalized EP from NW HD effective mass superlattices of HgTe/Hg, _,CdxTe
and HD /n,Ga;_,As/InP as a function of light wavelength for all cases of Figure 2.43.
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Figure 2.48: Plot of the normalized EP as a function of normalized incident photon energy from NW HD
effective mass superlattices of HgTe/Hg, _,CdxTe and HD InyGa; _xAs/InP for all cases of Figure 2.43.
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Figure 2.49: Plot of the normalized EP from QB HD effective mass superlattices of HgTe/Hg,_,CdxTe
as a function of film thickness, where curves (a), (b), and (c) represent the perturbed HD three- and
two-band models of Kane together with HD parabolic energy bands, respectively. Curves (d), (e), and
(f) exhibit the corresponding plots of HD In,Ga,_,As/InP.

functions of normalized electron degeneracy, normalized intensity, wavelength, and
normalized incident photon energy, respectively, for all cases of Figure 2.49. Using
appropriate equations, the normalized EP from effective mass HgTe/Hg;_,Cd,Te HD
SL under magnetic quantization has been plotted as a function of quantizing inverse
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magnetic field as shown in Figure 2.54(a), whose constituent HD materials obey the
perturbed HD three-band model of Kane in the presence of external photoexcitation.
Curves (b) and (c) of the same figure have been drawn for perturbed HD two-band
model of Kane and perturbed HD parabolic energy bands, respectively. Curves (d),
(e), and (f) in the same figure exhibit the corresponding plots of In,Ga;_,As/InP HD
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Figure 2.50: Plot of the normalized EP from QB HD effective mass superlattices of HgTe/Hg, _,CdxTe
and HD InsGai_xAs/InP as a function of normalized electron degeneracy for all cases of Figure 2.49.
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Figure 2.51: Plot of the normalized EP from QB HD effective mass superlattices of HgTe/Hg,_,CdxTe
and HD InyGa;_xAs/InP as a function of normalized light intensity for all cases of Figure 2.49.
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Figure 2.52: Plot of the normalized EP from QB HD effective mass superlattices of HgTe/Hg,_,CdxTe
and HD InyGa;_xAs/InP as a function of light wavelength for all cases of Figure 2.49.
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Figure 2.53: Plot of the normalized EP from QB HD effective mass superlattices of HgTe/Hg,_,CdxTe
and HD In,Ga,_,As/InP as a function of normalized incident photon energy for all cases of Figure 2.49.

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



2.5 The EP from HD effective mass superlattices of optoelectronic materials =—— 195

7
] Wavelength: 610 nm

6
a ’ L9
E s
T @
= ®

()
2
@ i I
1
0.1 0.2 0.4 0.6 0.8 1 1.2 1.4 0.6

Inverse Magnetic Field (tesla™

Figure 2.54: Plot of the normalized EP from HD effective mass superlattices of HgTe/Hg,_,CdxTe as a
function of inverse magnetic field, where curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane together with parabolic energy bands, respectively. Curves (d), (e), and (f)
exhibit the corresponding plots of HD In,Ga,_,As/InP.
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Figure 2.55: Plot of the normalized magneto-EP from HD effective mass superlattices of
HgTe/Hg,_,CdyTe and HD InyGa,-xAs/InP as a function of normalized electron degeneracy for all
cases of Figure 2.54.
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Figure 2.56: Plot of the normalized magneto-EP from HD effective mass superlattices of

HgTe/Hg,_,CdxTe and HD InyGa;_xAs/InP as a function of normalized light intensity for all cases of

Figure 2.54.

Normalized EP
N

1L e

410 430

(©) Magnetic field: 5T
(b)

)
(e)
(d)

—_—

450 470 490 510 530
Wavelength (nm)

————

550 570 590

Figure 2.57: Plot of the normalized magneto-EP from HD effective mass superlattices of
HgTe/Hg,_,CdTe and HD In,Ga; _4As/InP as a function of light wavelength for all cases of

Figure 2.54.
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Figure 2.58: Plot of the normalized magneto-EP from HD effective mass superlattices of
HgTe/Hg, _,CdxTe and HD In,Ga;-xAs/InP as a function of normalized incident photon energy for all
cases of Figure 2.54.

SL. Figures 2.55-2.58 exhibit the said variation in this case as functions of normalized
electron degeneracy, normalized intensity, wavelength, and normalized incident
photon energy, respectively, for all cases of Figure 2.54.

It appears from Figure 2.9 that the normalized EP from QW effective mass HgTe/
Hg,_,Cd,Te and In,Ga,_,As/InP HD SLs oscillate with the inverse quantizing magnetic
field due to SdH effect, where the oscillatory amplitudes and the numerical values are
determined by the respective energy band constants. Figure 2.40 show that the EP
increases with increasing carrier concentration in an oscillatory way. Figures 2.41
and 2.42 show that the EP decreases with increasing intensity and wavelength in
different manners. Figure 2.43 shows that the normalized EP from QW effective mass
HgTe/Hg,_,Cd,Te and In,Ga;_,As/InP HD SLs decreases with increasing film thickness
in an oscillatory manner with different numerical values as specified by the energy
band constants of the aforementioned HD SLs. Figure 2.44 shows that the normalized
EP from NW effective mass HgTe/Hg;_,Cd,Te and In,Ga;_,As/InP HD SLs increases
with decreasing thickness and exhibit large oscillations. From Figure 2.45, it appears
that normalized EP for the said system increases with increasing carrier concentra-
tion, exhibiting a quantum jump for a particular value of the said variable for all the
models of both the HD SLs. From Figures 2.46 and 2.47, it can be inferred that the
normalized EP in this case increases with decreasing intensity and wavelength in
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different manners. From Figure 2.48, it has been observed that the normalized EP
from NW effective mass HgTe/Hg;_,Cd,Te and In,Ga;_,As/InP HD SLs increases with
increasing normalized incident photon energy and exhibits quantum steps for spe-
cific values of the said variable.

From Figure 2.49, it appears that EP from QB effective mass HgTe/Hg;_,Cd,Te and
In,Ga,_,As/InP HD SLs exhibit the same type of variations as given in Figures 2.43 and
2.44, respectively, although the physics of QB effective mass HD SLs is completely
different as compared with the magneto-QW effective mass HD SLs and NW effective
mass HD SLs, respectively. The different physical phenomena in the former one as
compared with the latter two cases yield different numerical values of EP and different
thicknesses for exhibiting quantum jump, respectively. From Figures 2.50-2.52, it
appears that EP from QB effective mass HgTe/Hg;_,Cd,Te and In,Ga;_,As/InP HD SLs
increases with increasing carrier concentration, decreasing intensity, and decreasing
wavelength, respectively, in various manners. Figure 2.53 demonstrates the fact that
the EP from QB effective mass HgTe/Hg;_,Cd,Te and In,Ga;_,As/InP HD SLs exhibit
quantum steps with increasing photon energy for both the cases.

Figure 2.54 exhibits the fact that the normalized EP current density from effective
mass HgTe/Hg;_,Cd,Te and In,Ga;_,As/InP HD SLs oscillates with inverse quantizing
magnetic field. Figure 2.55 exhibits the fact that the EP in this case increases with
increasing carrier concentration. Figures 2.56 and 2.57 demonstrate that EP decreases
with increasing intensity and wavelength in different manners. Finally, from
Figure 2.58, it can be inferred that EP exhibits step functional dependence with
increasing photon energy for both the HD SLs with different numerical magnitudes.

2.5.4 Open research problems

(R2.1) Investigate the EP in the presence of intense external light waves for all HD
materials, whose respective dispersion relations of the carriers in the absence
of any field are given in R 1.1 of Chapter 1.

(R2.2) Investigate the EP for HD semiconductors in the presences of Gaussian,
exponential, Kane, Halperin, Lax, and Bonch-Burevich types of band tails
for all systems whose unperturbed carrier energy spectra are defined in (R 1.1)
in the presence of external light waves.

(R2.3) Investigate the EP in the presence of external light waves for bulk specimens
of HD negative refractive index, organic, magnetic, and other advanced
optical materials in the presence of an arbitrarily oriented alternating electric
field.

(R2.4) Investigate all the appropriate HD problems of this chapter for a Dirac
electron.

(R2.5) Investigate all appropriate problems of this chapter by including the many
body, broadening, and hot carrier effects, respectively.
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(R2.6)

(R2.7)

(R2.8)

(R2.9)

(R2.10)

(R2.11)

(R2.12)

(R2.13)

(R2.14)

(R2.15)

(R2.16)

(R2.17)

(R2.18)
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Investigate all appropriate problems of this chapter by removing all math-
ematical approximations and establishing the respective appropriate
uniqueness conditions.

Investigate the multiphoton EP from all HD materials whose unperturbed
dispersion relations are given in (R1.1) of Chapter 1 in the presence of arbi-
trarily oriented photoexcitation and quantizing magnetic field, respectively.
Investigate the multiphoton EP from all HD materials whose unperturbed
dispersion relations are given in (R1.1) of Chapter 1 in the presence of an
arbitrarily oriented nonquantizing nonuniform electric field, photoexcita-
tion, and quantizing magnetic field, respectively.

Investigate the multiphoton EP from all HD materials whose unperturbed
dispersion relations are given in (R1.1) of Chapter 1 in the presence of an
arbitrarily oriented nonquantizing alternating electric field, photoexcita-
tion, and quantizing magnetic field, respectively.

Investigate the multiphoton EP from all the HD materials whose unper-
turbed dispersion relations are given in (R1.1) of Chapter 1 in the presence of
an arbitrarily oriented nonquantizing alternating electric field, photoexci-
tation, and quantizing alternating magnetic field, respectively.

Investigate the multiphoton EP from all HD materials whose unperturbed
dispersion relations are given in (R1.1) of Chapter 1 in the presence of an
arbitrarily oriented photoexcitation and crossed electric and quantizing
magnetic fields, respectively.

Investigate the multiphoton EP for arbitrarily oriented photoexcitation and
quantizing magnetic field from HD materials in the presence of Gaussian,
exponential, Kane, Halperin, Lax, and Bonch-Bruevich types of band for all
materials whose unperturbed carrier energy spectra are defined in Chapter 1.
Investigate the multiphoton EP for arbitrarily oriented photoexcitation and
quantizing alternating magnetic field for all cases of R2.12.

Investigate the multiphoton EP for arbitrarily oriented photoexcitation and
nonquantizing alternating electric field and quantizing magnetic field for
all cases of R2.12.

Investigate the multiphoton EP for arbitrarily oriented photoexcitation and
nonuniform alternating electric field and quantizing magnetic field for all
cases of R2.12.

Investigate the multiphoton EP for arbitrarily oriented photoexcitation and
crossed electric and quantizing magnetic fields for all cases of R2.12.
Investigate the multiphoton EP from HD negative refractive index, organic,
magnetic, HD, disordered, and other advanced optical materials in the pre-
sence of arbitrary oriented photoexcitation and quantizing magnetic field.
Investigate the multiphoton EP in the presence of arbitrary oriented photo-
excitation, quantizing magnetic field, and alternating nonquantizing elec-
tric field for all problems of R2.17.
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(R2.19)

(R2.20)

(R2.21)

(R2.22)

(R2.23)

(R2.24)

(R2.25)

(R2.26)

(R2.27)

(R2.28)

(R2.29)

(R2.30)

Investigate the multiphoton EP in the presence of arbitrary oriented photo-
excitation, quantizing magnetic field, and nonquantizing nonuniform elec-
tric field for all problems of R2.17.

Investigate the multiphoton EP in the presence of arbitrary oriented photo-
excitation, alternating quantizing magnetic field, and crossed alternating
nonquantizing electric field for all problems of R2.17.

Investigate all problems from R2.7 to R2.20 by removing all the mathema-
tical approximations and establishing the respective appropriate unique-
ness conditions.

Investigate the multiphoton EP from all the quantum-confined HD materials
(i.e., HD multiple QWs, NWs, and QBs) whose unperturbed carrier energy
spectra are defined in (R1.1) of Chapter 1in the presence of arbitrary oriented
photoexcitation and quantizing magnetic field, respectively.

Investigate the multiphoton EP in the presence of arbitrary oriented photo-
excitation and alternating quantizing magnetic field, respectively, for all
problems of R2.22.

Investigate the multiphoton EP in the presence of arbitrary oriented photo-
excitation, alternating quantizing magnetic field, and an additional arbi-
trary oriented nonquantizing nonuniform electric field, respectively, for all
problems of R2.22.

Investigate the multiphoton EP in the presence of arbitrary oriented photo-
excitation, alternating quantizing magnetic field, and additional arbitrary
oriented nonquantizing alternating electric field, respectively, for all pro-
blems of R2.22.

Investigate the multiphoton EP in the presence of arbitrary oriented photo-
excitation, and crossed quantizing magnetic and electric fields, respec-
tively, for all problems of R2.22.

Investigate the multiphoton EP for arbitrarily oriented photoexcitation and
quantizing magnetic field from the entire quantum-confined HD materials
in the presence of exponential, Kane, Halperin, Lax, and Bonch-Bruevich
types of band tails for all materials whose unperturbed carrier energy
spectra are defined in (R1.1) of Chapter 1.

Investigate the multiphoton EP for arbitrarily oriented photoexcitation and
alternating quantizing magnetic field for all cases of R2.27.

Investigate the multiphoton EP in the presence of arbitrarily oriented photo-
excitation, alternating quantizing magnetic field and an additional arbitra-
rily oriented nonquantizing nonuniform electric field for all cases of R2.27.
Investigate the multiphoton EP in the presence of arbitrary oriented photo-
excitation, alternating quantizing magnetic field, and additional arbitrary
oriented nonquantizing alternating electric field, respectively, for all cases
of R2.27.
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(R2.31)

(R2.32)
(R2.33)
(R2.34)
(R2.35)
(R2.36)
(R2.37)
(R2.38)

(R2.39)

(R2.40)

(R2.41)

(R2.42)

(R2.43)

(R2.44)

(R2.45)
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Investigate the multiphoton EP in the presence of arbitrary oriented photo-
excitation, and crossed quantizing magnetic and electric fields, respec-
tively, for all cases of R2.27.

Investigate the multiphoton EP for all the appropriate problems from R2.22
to R2.31 in the presence of finite potential wells.

Investigate the multiphoton EP for all the appropriate HD problems from
R2.22 to R2.31 in the presence of parabolic potential wells.

Investigate the multiphoton EP for all the above appropriate HD problems
for quantum rings.

Investigate the multiphoton EP for all the above appropriate HD problems in
the presence of elliptical Hill and quantum square rings, respectively.
Investigate the multiphoton EP from HD nanotubes in the presence of
arbitrary photoexcitation.

Investigate the multiphoton EP from HD nanotubes in the presence of
arbitrary photoexcitation and nonquantizing alternating electric field.
Investigate the multiphoton EP from HD nanotubes in the presence of
arbitrary photoexcitation and nonquantizing alternating magnetic field.
Investigate the multiphoton EP from HD nanotubes in the presence of
arbitrary photoexcitation and crossed electric and quantizing magnetic
fields.

Investigate the multiphoton EP from HD semiconductor nanotubes in the
presence of arbitrary photoexcitation for all materials whose unperturbed
carrier dispersion laws are defined in (R1.1) of Chapter 1.

Investigate the multiphoton EP from HD semiconductor nanotubes in the
presence of nonquantizing alternating electric field and arbitrary photoex-
citation for all materials whose unperturbed carrier dispersion laws are
defined in (R1.1) of Chapter 1.

Investigate the multiphoton EP from HD semiconductor nanotubes in the
presence of nonquantizing alternating magnetic field and arbitrary photo-
excitation for all materials whose unperturbed carrier dispersion laws are
defined in (R1.1) of Chapter 1.

Investigate the multiphoton EP from HD semiconductor nanotubes in the
presence of arbitrary photoexcitation and nonuniform electric field for all
materials whose unperturbed carrier dispersion laws are defined in (R1.1) of
Chapter 1.

Investigate the multiphoton EP from HD semiconductor nanotubes in the
presence of arbitrary photoexcitation and alternating quantizing magnetic
fields for all materials whose unperturbed carrier dispersion laws are
defined in (R1.1) of Chapter 1.

Investigate the multiphoton EP from HD semiconductor nanotubes in the
presence of arbitrary photoexcitation and crossed electric and quantizing
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(R2.46)

(R2.47)

(R2.48)

(R2.49)

(R2.50)

(R2.51)

(R2.52)

(R2.53)

(R2.54)

(R2.55)

(R2.56)

magnetic fields for all materials whose unperturbed carrier dispersion laws
are defined in (R1.1) of Chapter 1.

Investigate the multiphoton EP in the presence of arbitrary photoexcitation
for all the appropriate HD nipi structures of the materials whose unper-
turbed carrier energy spectra are defined in (R1.1) of Chapter 1.

Investigate the multiphoton EP in the presence of arbitrary photoexcitation
for all the appropriate HD nipi structures of materials whose unperturbed
carrier energy spectra are defined in (R1.1) of Chapter 1 in the presence of an
arbitrarily oriented nonquantizing nonuniform additional electric field.
Investigate the multiphoton EP for all the appropriate HD nipi structures of
materials whose unperturbed carrier energy spectra are defined in (R1.1) of
Chapter 1 in the presence of an arbitrarily oriented photoexcitation and
nonquantizing alternating additional magnetic field.

Investigate the multiphoton EP for all the appropriate HD nipi structures of
materials whose unperturbed carrier energy spectra are defined in (R1.1) of
Chapter 1 in the presence of an arbitrarily oriented photoexcitation and
quantizing alternating additional magnetic field.

Investigate the multi-photon EP for all the appropriate HD nipi structures of
materials whose unperturbed carrier energy spectra are defined in (R1.1) of
Chapter 1 in the presence of an arbitrarily oriented photoexcitation and
crossed electric and quantizing magnetic fields.

Investigate the multiphoton EP from HD nipi structures for all appropriate
cases of all the above problems.

Investigate the multiphoton EP in the presence of arbitrary photoexcitation
for the appropriate accumulation layers of all materials whose unperturbed
carrier energy spectra are defined in (R1.1) of Chapter 1.

Investigate the multi-photon EP in the presence of arbitrary photoexcitation
for the appropriate accumulation layers of all materials whose unperturbed
carrier energy spectra are defined in (R1.1) of Chapter 1in the presence of an
arbitrarily oriented nonquantizing nonuniform additional electric field.
Investigate the multiphoton EP for the appropriate accumulation layers of
all materials whose unperturbed carrier energy spectra are defined in (R1.1)
of Chapter 1 in the presence of an arbitrarily oriented photoexcitation and
nonquantizing alternating additional magnetic field.

Investigate the multiphoton EP for the appropriate accumulation layers of
all materials whose unperturbed carrier energy spectra are defined in (R1.1)
of Chapter 1 in the presence of an arbitrarily oriented photoexcitation and
quantizing alternating additional magnetic field.

Investigate the multiphoton EP for the appropriate accumulation layers of
all materials whose unperturbed carrier energy spectra are defined in (R1.1)
of Chapter 1 in the presence of an arbitrarily oriented photoexcitation and
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(R2.57)

(R2.58)

(R2.59)

(R2.60)

(R2.61)

(R2.62)

(R2.63)

(R2.64)

(R2.65)

(R2.66)

(R2.67)

(R2.68)
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crossed electric and quantizing magnetic fields by considering electron spin
and broadening of Landau levels.

Investigate the multiphoton EP in the presence of arbitrary photoexcitation
from wedge-shaped and cylindrical HD QBs of all materials whose unper-
turbed carrier energy spectra are defined in (R1.1) of Chapter 1.

Investigate the multiphoton EP in the presence of arbitrary photoexcitation
from wedge-shaped and cylindrical HD QBs of all materials whose unper-
turbed carrier energy spectra are defined in (R1.1) of Chapter 1 in the
presence of an arbitrarily oriented nonquantizing nonuniform additional
electric field.

Investigate the multiphoton EP from wedge-shaped and cylindrical HD QBs
of all materials whose unperturbed carrier energy spectra are defined in
(R1.1) of Chapter 1 in the presence of an arbitrarily oriented photoexcitation
and nonquantizing alternating additional magnetic field.

Investigate the multiphoton EP from wedge-shaped and cylindrical HD QBs
of all materials whose unperturbed carrier energy spectra are defined in
(R1.1) of Chapter 1 in the presence of an arbitrarily oriented photoexcitation
and quantizing alternating additional magnetic field.

Investigate the multiphoton EP from wedge-shaped and cylindrical HD QBs
of all materials whose unperturbed carrier energy spectra are defined in
(R1.1) of Chapter 1 in the presence of an arbitrarily oriented photoexcitation
and crossed electric and quantizing magnetic fields.

Investigate the multiphoton EP from wedge-shaped and cylindrical HD QBs
for all appropriate cases of the above problems.

Investigate all problems from R2.22 to R2.62 by removing all mathematical
approximations and establishing the respective appropriate uniqueness
conditions.

Investigate the EP from quantum-confined HD III-V, II-VI, IV-VI, HgTe/
CdTe effective mass superlattices together with short period, strained layer,
random, Fibonacci, polytype, and sawtooth superlattices in the presence of
arbitrarily oriented photoexcitation and strain.

Investigate the multiphoton EP in the presence of arbitrarily oriented
photoexcitation and quantizing magnetic field for all cases of R2.64.
Investigate the multiphoton EP in the presence of arbitrarily oriented
photoexcitation and nonquantizing nonuniform electric field for all cases
of R2.64.

Investigate the multiphoton EP in the presence of arbitrarily oriented
photoexcitation and nonquantizing alternating electric field for all cases
of R2.64.

Investigate the multiphoton EP in the presence of arbitrarily oriented
photoexcitation and crossed electric and quantizing magnetic fields for all
cases of R2.64.
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(R2.69)
(R2.70)

(R2.71)

(R2.72)

(R2.73)

(R2.74)

(R2.75)

(R2.76)

(R2.77)

(R2.78)

(R2.79)

(R2.80)

Investigate the multiphoton EP from HD quantum-confined superlattices
for all problems of R2.64.

Investigate the multiphoton EP in the presence of arbitrarily oriented
photoexcitation and quantizing magnetic field for all cases of R2.64.
Investigate the multiphoton EP in the presence of arbitrarily oriented photo-
excitation and nonquantizing nonuniform electric field for all cases of
R2.64.

Investigate the multiphoton EP in the presence of arbitrarily oriented photo-
excitation and nonquantizing alternating electric field for all cases of R2.64.
Investigate the multiphoton EP in the presence of arbitrarily oriented photo-
excitation and crossed electric and quantizing magnetic fields for all cases
of R2.64.

Investigate the EP from quantum-confined HD III-V, II-VI, IV-VI, HgTe/
CdTe superlattices with graded interfaces together with short period,
strained layer, random, Fibonacci, polytype, and sawtooth superlattices
in this context in the presence of arbitrarily oriented photoexcitation.
Investigate the multiphoton EP from HD quantum-confined superlattices for
all problems of R2.74 in the presence nonuniform strain.

Investigate the multiphoton EP in the presence of arbitrarily oriented
photoexcitation and quantizing magnetic field for all cases of R2.74.
Investigate the multiphoton EP in the presence of arbitrarily oriented photo-
excitation and nonquantizing nonuniform electric field for all cases of
R2.74.

Investigate the multiphoton EP in the presence of arbitrarily oriented
photoexcitation and nonquantizing alternating electric field for all cases
of R2.74.

Investigate the multiphoton EP in the presence of arbitrarily oriented
photoexcitation and crossed electric and quantizing magnetic fields,
respectively, for all cases of R2.74.

Investigate all problems from R2.64 to R2.79 by removing all mathematical
approximations and establishing the respective appropriate uniqueness
conditions.
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3 The Heisenberg’s uncertainty principle
and the diffusivity to mobility ratio from HD
optoelectronic nanomaterials in the presence
of intense light waves

I hear, I know, I see,
I remember, I do,
and [ understand.

3.1 Introduction

In Section 3.2.1, we have formulated the diffusivity to mobility ratio (DMR) in III-V,
ternary and quaternary heavily doped (HD) materials in the presence of intense light
waves by formulating the electron statistics using Heisenberg’s uncertainty principle
(HUP). Section 3.2.1.1 consists of suggestions for the experimental determination of
DMR. The DMR has been numerically investigated by taking HD n-InAs and n-InSb as
examples of III-V compounds, HD n-Hg; ,Cd,Te as an example of ternary com-
pounds and HD n-In,_,Ga,As,P;_, lattice matched to InP as an example of quaternary
compounds in accordance with the said band models for the purpose of relative
assessment. Section 3.2.1.2 consists of results and discussion.

3.2 Theoretical background

3.2.1 The DMR in the presence of light waves in HD IlI-V, ternary
and quaternary semiconductors

The DMR in HD materials can be written as follows:

D No arl() :|_1
— =Real Part of | — | ———""—— 3.1
u f [ e |:a(EFHD —Eonp) G.1)

Using egs. (1.51e), (1.51f), (1.51g), and (3.1), we can study the DMR in this case.

For inversion layers and nipi structures, under the condition of electric quantum
limit, the DMR assumes the following form:

D No2p |: anoz[) :|1
— =Real Part of |— | ——"—"+—— 3.2
H f |: e a(EFZD _EOZD) ( )

In the absence of band tails, we can write the following equation:

https://doi.org/10.1515/9783110610819-003
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D _ Nno ano -1
; = [E} (3.3)

Using egs. (1.52a), (1.52b), (1.52c), and (3.3), the DMR in this case can be expressed as
where the primes denote the differentiation with respect to Fermi energy.

In the absence of band tails and photon energy, the DMR for three- and two-band
models of Kane under the condition of extreme degeneracy can be expressed as
follows:

~32 )

Do (B) e G.4)
-3/2

g - e”—g"v (2,:'}> [[Er(1+aBp)/2 T 3.5)

At finite temperature, the DMR in accordance with two-band Kane model under the
condition aF < 1 can be expressed as follows:

g - kieT [Fl/z(n) - (BafBT) Fs/z(n)} [F 1)+ (lSafBT) Fl/z(n)}l (3.6)

For relatively wide gap materials E; — oo, we get the following equation:

v () i 67

Eq. (3.19) was derived for the first time by Landsberg [1]

Combining egs. (3.18) and (3.19) and using the formula din [Fi(n)] =Fj-1(n) [2-3] as
easily derived from the egs. (3.16) and (3.17) together with the fact that under the
condition of extreme carrier degeneracy

4 3/2
F =|—— 3.8
RO 68
we can write
D 1/2 (1+aEF)
— = (S 3.
210 () e 62
For a — 0, we get the following equation:
D 2E
— -t (3.10)
K 3le|
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Under the condition of nondegenerate electron concentration, n < 0 and F;
(n) = exp(n) for all j [2.24]. Therefore the egs. (2.18) and (2.19) assume the well-known
forms as follows [4]

D_kaT

(3.11)
Ko el

3.2.1.1 Suggestion for the experimental determination of DMR
Using egs. (1.391) and (3.1), (1.390) and (3.2), and (1.389) we can write

- (12

D m’kiT
U

Thus, the DMR for degenerate materials can be determined by knowing the experi-
mental values of the thermoelectric power under strong magnetic field (G).

The suggestion for the experimental determination of the DMR for degenerate
semiconductors having arbitrary dispersion laws as given in eq. (3.14) does not contain
any energy band constants. For a fixed temperature, the DMR varies inversely as G.
Only the experimental values of G for any material as a function of electron concentra-
tion will generate experimental values of the DMR for that range of ny for that system.
Since G decreases with increasing no, from eq. (3.14), one can infer that the DMR will
increase with increase in ng. This statement is the compatibility test so far as the
suggestion for the experimental determination of DMR for degenerate materials is
concerned. Equation (3.14) is valid for inversion layers and nipi structures. For quan-
tum wires and heterostructures with small charge densities, the same eq. (3.14) is valid.

Equation (3.14) is also valid under magnetic quantization and also for cross-field
configuration. Thus, eq. (3.14) is independent of the dimensions of quantum confine-
ment. We should note that the present analysis is not valid for totally k-space quantized
systems such as quantum dots, magneto-inversion and accumulation layers, magneto-
size quantization, magneto nipis, quantum dot superlattices, and quantum well super-
lattices under magnetic quantization. Under the said conditions, the electron motion is
possible in the broadened levels. The experimental results of G for degenerate materials
will provide an experimental check on the DMR and also a technique for probing the
band structure of degenerate compounds having arbitrary dispersion laws.

In accordance with Nag and Chakravarti [5]

D
= =Pylelb (3.13)
i

where P, is the available noise power in the band width b. We wish to remark that
eq. (3.13) is valid only for semiconductors having nondegenerate electron concentra-
tion, whereas the compound small gap semiconductors are degenerate in general.
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3.2.1.2 Results and discussion

Using the appropriate equations, the plot of the DMR as a function of electron
concentration at T = 4.2 K has been shown in Figures 3.1-3.4 by taking HD n-InAs,
n-InSh, Hg;_,Cd,Te, and n-In,_,Ga,As,P;_, lattice matched to InP in the presence of

0.009

InAs:1=1nWm™
0.008 + A =660 nm

0.007 - ©
0.006
0.005 )
0.004
0.003 (@
0.002 -

Normalized DMR

0.001 -

0.000 -
0.1 1 10

Concentration (x102° m3)

Figure 3.1: Plot of the DMR as a function of electron concentration for bulk HD n-InAs in the presence
of light waves, where the curves (a), (b), and (c) represent the perturbed three- and two-band models
of Kane and that of the parabolic energy bands respectively.
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Figure 3.2: Plot of the DMR as a function of electron concentration for bulk HD n-InSb in the presence
of light waves, where the curves (a), (b), and (c) represent the perturbed three- and two-band models
of Kane and that of the parabolic energy bands respectively.
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Figure 3.3: Plot of the DMR as a function of electron concentration for bulk HD n-Hg;_,Cd,Te in the
presence of light waves, where the curves (a), (b), and (c) represent the perturbed three- and two-

band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.4: Plot of the DMR as a function of electron concentration for bulk HD n-In,_,Ga,As,P,_, lattice
matched to InP in the presence of light waves, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of the parabolic energy bands respectively.

light waves, whose unperturbed conduction electrons obey the HD three: the two-band
models of Kane and that of parabolic energy bands respectively. Figures 3.1-3.4
show that the DMR increases with the increasing electron concentration and the
numerical values of the DMR in the presence of light waves for all the HD materials
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in accordance with the entire band models are relatively smaller, which can be
compared with the same in the absence of the external photoexcitation. The com-
bined influence of the energy band constants on the DMR for HD n-InAs and n-InSb
can easily be assessed from Figures 3.1-3.2. Figures 3.5-3.8 show the DMR has been
plotted as a function of light intensity for all the aforementioned HD materials.
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Intensity 1073 (n\W m™)

Figure 3.5: Plot of the DMR as a function of light intensity for bulk HD n-InAs, where the curves (a), (b),
and (c) represent the perturbed three- and two-band models of Kane and that of parabolic energy
bands respectively.
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Figure 3.6: Plot of the DMR as a function of light intensity for bulk HD n-InSb, where the curves (a), (b),
and (c) represent the perturbed three- and two-band models of Kane and that of parabolic energy
bands respectively.
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Figure 3.7: Plot of the DMR as a function of light intensity for bulk HD n-Hg,_,Cd,Te, where the curves
(@), (b), and (c) represent the perturbed three- and two-band models of Kane and that of parabolic
energy bands respectively.
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Figure 3.8: Plot of the DMR as a function of light intensity for bulk HD n-In;_.Ga,As P;_, lattice
matched to InP, where the curves (a), (b), and (c) represent the perturbed three- and two-band models
of Kane and that of parabolic energy bands respectively.

Figures 3.5-3.8 show that the DMR decreases with increasing light intensity for all the
materials. It should be noted from the aforementioned equations that in the absence
of external photoexcitation, the DMR is independent of light intensity. Figures 3.9—
3.12 show the DMR has been plotted as a function of wavelengths in the visible region
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for all the aforementioned HD materials for all the energy band models. It appears
that the DMR decreases as the wavelength shifts from red color to violet.

The influence of light is immediately apparent from the plots in Figures 3.5-3.12
since the DMR depends strongly on I and A in direct contrast with the correspond-
ing bulk specimens of the said compounds. The variations of the DMRs in
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Figure 3.9: Plot of the DMR as a function of wavelength for bulk HD n-InAs, where the curves (a), (b),

and (c) represent the perturbed three- and two-band models of Kane and that of parabolic energy
bands respectively.
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Figure 3.10: Plot of the DMR as a function of wavelength for bulk HD n-InSbh, where the curves (a), (b),

and (c) represent the perturbed three- and two-band models of Kane and that of parabolic energy
bands respectively.
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Figure 3.11: Plot of the DMR as a function of wavelength for bulk HD n-Hg;_,Cd,Te, where the curves
(@), (b), and (c) represent the perturbed three- and two-band models of Kane and that of parabolic
energy bands respectively.
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Figure 3.12: Plot of the DMR as a function of wavelength for bulk HD n-In,_,Ga,As,P,_, lattice matched
to InP, where the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane
and that of parabolic energy bands respectively.

Figures 3.5-3.12 reflect the direct signature of the light wave on the band structure-
dependent physical properties of HD materials in the presence of light waves and
the photon-assisted transport for the corresponding photonic devices, although
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the DMR tends to decrease with the intensity and wavelength but the rate of
decrease is totally band structure-dependent. Thus, we can conclude that the
influence of an external photoexcitation is to radically change the original band
structure of the material. Because of this change, the photon field causes
increase in the band gap of a particular HD semiconducting material. The
presentation of numerical results in this chapter would be different for other
materials but the nature of variation would be unaltered. The theoretical results
as given here would be useful in analyzing various other experimental data
related to this phenomenon. Finally, we can prove that this theory can be used
to investigate modern semiconductor devices operated under the influence of
external photon field.

3.2.2 The DMR under magnetic quantization in HD Kane-type semiconductors
in the presence of light waves

(a) The DMR for HD materials can be written as follows:

D No ano :|_1
— =Real Part of | |——— 3.14
u f [ e |:a(EFHDLB —Eonpg) (5.14)

Using eq. (1.66a) and eq. (3.14), we can study the DMR in this case.
In the absence of band tails, we can write as follows:

D No dno :|1
Z_0 3.15
e [aEFLB G.15)
Using eq. (3.15) and eq. (1.68), we derive the following equation:
D 1 Nmax 1 1/2
2[5 )
_ ) oy -1 (3.16)
Z {ﬁo(EFLB: A) - (n + 7) hwo}
n=0 2

In the absence of light waves and heavy doping, the DMR can be written as
follows:

(B.17)

u e

D _ No arl() -1
OErp

Using eq. (1.73) and eq. (3.17), we get the following equation:
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L: {{Iﬂ(EpB) - <n+ %> hwo}l/zﬂl
mz(’ [{IH(EFB) ~(n+3) hwo}l/z] 71

(b) Using egs. (3.14) and (3.19), the magneto-DMR in the absence of spin for HD III-V,
ternary and quaternary semiconductors and in the presence of photoexcitation in
which unperturbed conduction electrons obey the two-band Kane model can be
investigated in this case.

Using egs. (1.81) and (3.14), the magneto-DMR in the absence of spin and band
tails for III-V, ternary and quaternary semiconductors and in the presence of photo-
excitation, in which unperturbed conduction electrons obey the two-band model of
Kane is given by the following equation:

):zij [{TO(EFLB’A) - <n + %) hwo}l/ZH

r,:mZ: |:{T0(EFLB,A) _ <n+ %> hw0}1/2:|, -

In the absence of light waves and band tails, the DMR for two-band model of Kane in
the presence of magnetic quantization can be written using egs. (1.84) and (3.17) as

b_1
u e

(3.18)

D 1

u e

(3.19)

follows:
Nmax 1/2
2=1 Z {EFB(l"'aEFB)_ (n+1)hwo}
b€ n=0 2
. . T (3.20)
Z |:{EFB(1 +C¥EFB) - <n+ §> ha)()} :|
n=0

(c) Using eq. (1.88) and (3.14), the magneto-DMR in the absence of spin for HD III-V,
ternary and quaternary semiconductors and in the presence of photoexcitation in
which unperturbed conduction electrons obey the parabolic energy bands can be
investigated.

Using egs. (3.15) and (1.90), the magneto-DMR in the absence of spin and band
tails for III-V, ternary and quaternary semiconductors and in the presence of photo-
excitation in which unperturbed conduction electrons obey the parabolic energy
bands is given by the following equation:
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5 (o) ]
2‘ |:{pO(EFLB,/\)_ <n+ %)hwo}l/z] S

In the absence of light waves and band tails, the DMR for isotropic parabolic energy
bands can be written under magnetic quantization as follows:

D 1
u e

(3.21)

1 Nmax % 7!
f [EFB - (n+ %) hwo] 2} [Z {EFB - <n+ %) hwo} } (3.22)
n=0 n=0

Equation (3.22) is well known in the literature.
Under the condition aErg < 1, the DMR at a finite temperature in this case can be
expressed as follows:

D 1
u e

M

{m KH— abm) ('131)"' “kBTFl(’TBl)H

n B (3.23)
rax | (14 300 ) ) + S akatry <nBl>H

3.2.2.1 Results and discussion

Using the appropriate equations, the plot of the DMR as a function of inverse magnetic
field in the presence of light waves at T = 4.2 K is shown in Figures 3.13-3.16 by taking
n-InAs, n-InSb, Hg,_,Cd,Te, and n-In;_,Ga,As,P;_, lattice matched to InP respectively.
Figures 3.17-3.20 exhibit the variation of the DMR as a function of electron concentra-
tion under quantizing magnetic field in the presence of light waves for the aforemen-
tioned materials. The DMR again shows the oscillatory dependence with different
numerical magnitude emphasizing the influence of the energy band constants. The
origin of the oscillation is same as that of Shubnikov -de Haas (SdH) oscillations and all
discussions of the relevant portions of Section 3.3 are applicable in this case.
Figures 3.21-3.24 show the variation of the DMR as a function of light intensity in the
presence of quantizing magnetic field, whereas Figures 3.25-3.28 exhibit the same as a
function of wavelength, where the variations of the wavelengths are in the zone of
visible region. One can observe that the DMR decreases with increase in the light
intensity and wavelengths in different ways, as appears from Figures 3.21-3.28. The
nature of variations in all the cases depends strongly on the energy spectrum constants
of the respective materials and the external physical conditions.
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Figure 3.13: Plot of the DMR as a function of inverse quantizing magnetic field in the presence of light

waves for HD n-InAs, where the curves (a), (b), and (c) represent the perturbed three- and two-band
models of Kane and that of parabolic energy bands respectively.
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Figure 3.14: Plot of the DMR as a function of inverse quantizing magnetic field in the presence of light
waves for HD n-InSh, where the curves (a), (b), and (c) represent the perturbed three- and two-band
models of Kane and that of parabolic energy bands respectively.
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Figure 3.15: Plot of the DMR as a function of inverse quantizing magnetic field in the presence of light

waves for HD n-Hg,_,Cd,Te, where the curves (a), (b), and (c) represent the perturbed three- and two-
band models of Kane and that of parabolic energy bands respectively.
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Figure 3.16: Plot of the DMR as a function of inverse quantizing magnetic field in the presence of light
waves for HD n-In,_,Ga,As P;_, lattice matched to InP, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.17: Plot of the DMR as a function of electron concentration under quantizing magnetic field in
the presence of light waves for HD n-InAs, where the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.18: Plot of the DMR as a function of electron concentration under quantizing magnetic field in
the presence of light waves for HD n-InSb, where the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.19: Plot of the DMR as a function of electron concentration under quantizing magnetic field in
the presence of light waves for HD n-Hg;_,Cd,Te, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.20: Plot of the DMR as a function of electron concentration under quantizing magnetic field
in the presence of light waves for HD n-In;_,Ga,As,P,_, lattice matched to InP, where the curves (a),

(b), and (c) represent the perturbed three- and two-band models of Kane and that of parabolic energy
bands respectively.
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Figure 3.21: Plot of the DMR as a function of light intensity under quantizing magnetic field for HD

n-InAs, where the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane
and that of parabolic energy bands respectively.
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Figure 3.22: Plot of the DMR as a function of light intensity under quantizing magnetic field for HD
n-InSb, where the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane
and that of parabolic energy bands respectively.
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Figure 3.23: Plot of the DMR as a function of light intensity under quantizing magnetic field for HD

n-Hg;_,Cd,Te, where the curves (a), (b), and (c) represent the perturbed three- and two-band models
of Kane and that of parabolic energy bands respectively.
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Figure 3.24: Plot of the DMR as a function of light intensity under quantizing magnetic field for HD
n-Ins_,Ga,As,P;_, lattice matched to InP, where the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.25: Plot of the DMR as a function of wavelength under quantizing magnetic field for HD

n-InAs, where the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane
and that of parabolic energy bands respectively.
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Figure 3.26: Plot of the DMR as a function of wavelength under quantizing magnetic field for HD

n-InSb, where the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane
and that of parabolic energy bands respectively.
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Figure 3.27: Plot of the DMR as a function of wavelength under quantizing magnetic field for HD
n-Hg;_,Cd,Te, where the curves (a), (b), and (c) represent the perturbed three- and two-band models
of Kane and that of parabolic energy bands respectively.
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Figure 3.28: Plot of the DMR as a function of wavelength under quantizing magnetic field for HD
n-In;_Ga,As,P;_, lattice matched to InP, where the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of parabolic energy bands respectively.
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3.2.3 The DMR under crossed electric and quantizing magnetic fields
in HD Kane-type semiconductors in the presence of light waves

(a) The DMR in this case can be written as follows:

-1
b =Real Part of {@ [ oMo } } (3.24)
U e 0(EFg;pe — Eompar)
where Eompp; is obtained by putting k. (E) = 0 and k;, = Oin the corresponding disper-
sion relation (DR) under cross-field configuration.
Using egs. (3.24) and (1.103), we can study the DMR in this case.
The DMR in the absence of band tails in the present case can be written as

follows;
D oy |
2 Mol 9o (3.25)
M e |OEpy,
Using eqs. (3.25) and (1.106a) in this case, we get the following equation:
-1
D 1 Nmax Nmax ,
Lol |Mista(Er gy 0 7 Eos B, A)}] [Z [Mi12(Er g ppes T Eos BA) | (3.26)
n=0 n=0

(b) The DMR in Kane-type materials in the presence of light waves whose energy band
structure in the present case is given by eq. (1.109) can be studied by using egs. (3.24)
and (1.110) respectively.

The DMR in the present case in the absence of band tails is given by the following

equation:
-1
D 1 Nmax Nmax ,
ﬁ = E Z |:M1614(EFBI_C’ n, EO’By A):|:| |:Z[M1614(EFBLC1 n, EO’B’ A)} (327)
n=0 n=0

(c) The DMR in Kane-type materials in the presence of light waves whose energy band
structure in the present case is given by eq. (1.116) can be studied by using egs. (3.24)
and (1.117) respectively

The electron dispersion law in the present case in the absence of band tails is
given by the following equation:

meE3[{py(E,A)} |
ZBZ

hk,(E)]?

1
pPo(E,A) = (n+ 5) hwo + [ m, (3.28)

E ,
-3 M {po (E. D) -
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The DMR in the present case in the absence of band tails is given by the following
equation:

-1
D 1 Nmax Nmax ,
u =5 Z [M1615(EFBLC, n, Eo, B, /\)ﬂ {Z [Mig1s(EF, -» 1, Eo, B, A)] } (3.29)
n=0 n=0

(d) In the absence of light waves and heavy doping the DMR in III-V semiconductors
whose energy band structures are defined by the three-band model of Kane can be
written using eqs. (1.124) and (3.24)in the presence of cross-field configuration as the
following:

D 1
u e

n=0

"‘"2“" [Tus(n, EFB)}:| ria:x [Tus(n, Erp)] } (3.30)

where Epp is the Fermi energy in this case.
Under the condition A > Egtwo band Kane model the DMR in the present case
can be expressed as follows:

-1

2.2 ff[ns(n,lsm]} [f[ns(n,EFB)]’ (3.31)
l'l n=0 n=0

For parabolic energy banda — Oand the DMR in this case can be expressed at a finite
temperature as follows:

D lal [Z [Fy(m,) —F%mz)}] [Z Py —gm»}]_ 632

3.2.3.1 Results and discussion

XUsing the appropriate equations the plot of the DMR as a function of inverse
magnetic field under cross-field configurations in the presence of external photo-
excitation at T=4.2K is shown in Figures 3.29-3.32 by taking HD n-InAs, n-InSh,
Hg; ,Cd,Te, and HD n-In,_,Ga,As P;_, lattice matched to InP respectively. It appears
that the DMR oscillates with the inverse quantizing magnetic field with different
numerical magnitudes for all the cases. Figures 3.33-3.36, 3.37-3.40, and 3.41-3.45
exhibit the variation of the DMR in this case as functions of electron concentration,
light intensity, and wavelength respectively. Figures 3.46-3.48 show the variation
of the same function of electric field for all the respective cases as mentioned earlier.
It appears from Figures 3.37-3.40 and 3.41-3.45 that the DMR decreases with
the increase in light intensity and the wavelength which is in the visible region.
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Figure 3.29: Plot of the DMR as a function of inverse quantizing magnetic field under cross-field
configuration in external photoexcitation for HD n-InAs, where the curves (a), (b), and (c) represent
the perturbed three- and two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.30: Plot of the DMR as a function of inverse quantizing magnetic field under cross-field
configuration in external photoexcitation for HD n-InSh, where the curves (a), (b), and (c) represent
the perturbed three- and two-band models of Kane and that of parabolic energy bands respectively.

From Figures 3.46-3.48, it appears that the DMR increases with the increase in the
electric field. It should be noted that the rate of change of the DMR in the respective

cases are totally energy spectrum dependent. The rest of the discussion of Section 4.4
is also applicable here in this case.
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Figure 3.31: Plot of the DMR as a function of inverse quantizing magnetic field under cross-field
configuration in external photoexcitation for HD n-Hg,_,Cd,Te, where the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands
respectively.
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Figure 3.32: Plot of the DMR as a function of inverse quantizing magnetic field under cross-field
configuration in external photoexcitation for HD n-In;_,Ga,As,P;_, lattice matched to InP, where the
curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane and that of
parabolic energy bands respectively.
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Figure 3.33: Plot of the DMR as a function of electron concentration field under cross-field
configuration in external photoexcitation for HD n-InAs, where the curves (a), (b), and

(c) represent the perturbed three- and two-band models of Kane and that of parabolic energy bands
respectively.
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Figure 3.34: Plot of the DMR as a function of electron concentration field under cross-field
configuration in external photoexcitation for HD n-InSh, where the curves (a), (b), and

(c) represent the perturbed three- and two-band models of Kane and that of parabolic energy bands
respectively.
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Figure 3.35: Plot of the DMR as a function of electron concentration field under cross-field config-
uration in external photoexcitation for HD n-Hg;_,Cd,Te, where the curves (a), (b), and (c) represent
the perturbed three- and two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.36: Plot of the DMR as a function of electron concentration field under cross-field config-
uration in external photoexcitation for HD n-In,_,Ga,As P,_, lattice matched to InP, where the curves
(@), (b), and (c) represent the perturbed three- and two-band models of Kane and that of parabolic
energy bands respectively.
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Figure 3.37: Plot of the DMR as a function of light intensity under cross-field configuration in external
photoexcitation for HD n-InAs, where the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.38: Plot of the DMR as a function of light intensity under cross-field configuration in external
photoexcitation for HD n-InSh, where the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.39: Plot of the DMR as a function of light intensity under cross-field configuration in external
photoexcitation for HD n-Hg;_,Cd,Te, where the curves (a), (b), and (c) represent the perturbed three-
and two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.40: Plot of the DMR as a function of light intensity under cross-field configuration in external
photoexcitation for HD n-In;_Ga,As,P;_, lattice matched to InP, where the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands
respectively.
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Figure 3.41: Plot of the DMR as a function of wavelength under cross-field configuration in external
photoexcitation for HD n-InAs, where the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.42: Plot of the DMR as a function of wavelength under cross-field configuration in external
photoexcitation for HD n-InSh, where the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.43: Plot of the DMR as a function of wavelength under cross-field configuration in external
photoexcitation for HD n-Hg;_,Cd,Te, where the curves (a), (b), and (c) represent the perturbed three-
and two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.44: Plot of the DMR as a function of wavelength under cross-field configuration in external
photoexcitation for HD n-In;_,Ga,As,P;_, lattice matched to InP, where the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands
respectively.
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Figure 3.45: Plot of the DMR as a function of electric field under cross-field configuration in external
photoexcitation for HD n-InAs, where the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.46: Plot of the DMR as a function of electric field under cross-field configuration in external

photoexcitation for HD n-InSb, where the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.47: Plot of the DMR as a function of electric field under cross-field configuration in external
photoexcitation for HD n-Hg;_,Cd,Te, where the curves (a), (b), and (c) represent the perturbed three-
and two-band models of Kane and that of parabolic energy bands respectively.
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Figure 3.48: Plot of the DMR as a function of electric field under cross-field configuration in external
photoexcitation for HD n-In;_Ga,As,P;_, lattice matched to InP, where the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands
respectively.
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3.2.4 The DMR in 2D systems of HD Kane-type semiconductors
in the presence of light waves

3.2.4.1 Introduction

In this section, we shall study the DMR in quantum wells (QWSs), Doping superlattices
and inversion and accumulation layers of HD Kane-type semiconductors in the
presence of light waves in Sections 3.2.4.2.1, 3.2.4.2.2, and 3.2.4.2.3 respectively.

3.2.4.2 Theoretical background
3.2.4.2.1 The DMR in QWs of HD Kane-type semiconductors
in the presence of light waves
(a) The DMR in this case for HD materials can be written as follows:

D No ano -1
0 Real Part of [ o [a(EFZDLHD — EOHZD):| } (3.33)
where Eopp is the sub-band energy in this case.
Using egs. (1.136) and (3.33), we can study the DMR in this case

The 2D DMR in QWs of III-V, ternary and quaternary materials in the absence of
band tails, whose unperturbed band structure is defined by the three-band model of
Kane, in the presence of light waves, can be expressed as follows:

D _ No ano 1
ﬁ s L)EFZDL] (3.34)

Using egs. (1.140) and (3.34) we can write the following equation:

D 1 Nzmax h2 freg) 2 Nzmax -1
z ,
U e n;:l { o(EranLs 1z, ) = 5 - (d—z) H [gl[ﬁ o(EFanL, nz,)l)@ (335

In the absence of band tails and light waves and for isotropic three-band model of
Kane, the 2D DMR in this case can be written as follows:

Nzmax "zmax -1
g ! Z [Ts3(EFs, nz)]] {Z [Ts3(EFs, le)]} (3.36)
nz=1 nz=1

(b) The 2D DMR in QWs of HD III-V, ternary and quaternary materials, whose
unperturbed band structure is defined by the two-band model of Kane, in the presence
of light waves, can be investigated by using egs. (3.33) and (1.152) respectively
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The 2D DMR in QWs of III-V, ternary and quaternary materials in the absence of
band tails, whose unperturbed band structure is defined by the two-band model of
Kane, in the presence of light waves, can be expressed as follows:

D 1 Nzmax hz N, 2 Mzmax , -1
U e r;l |:TO(EF2DLa nz,A) - m. (cTZ) H [;[TO(EFZDL, nz, A } (337)

In the absence of light waves and heavy doping, the 2D DMR for isotropic two-band
model of Kane can be written as follows:

D 1 Nzmax h2 <nzﬂ) 2:| :| |:nzmax :|l
P Eps(1+ aEps) — —— 1+ 2aEg (3.38)
p Zl[p( w) = o n;l[( rs)]

The DMR at a finite temperature can be written as follows:

D kpT |'&x
e {Z [(1+2aEy,, )Fo (1) +zakBTF1<nnl)]}
nz=1

N B (3.39)
|: Z [(1 + 2aEn2:3 )Ffl(rlnl) +2akgTF (rlnl )}:|

nz=1

The eq. (3.39) is well known in the literature.

(c) The 2D DMR in QWs of HD III-V, ternary and quaternary materials, whose
unperturbed band structure is defined by the parabolic energy bands in the presence
of light waves, can be studied by using egs. (1.164) and (3.33) respectively

The 2D DMR in QWs of III-V, ternary and quaternary materials in the absence of
band tails, whose unperturbed band structure is defined by the parabolic energy
band in the presence of light waves, can be expressed as follows:

D 1 Nzmax hz ™ 2 Nzmax , -1
—=- [po(ErpL, Nz, A) = =—— <—Z) }] [ (0o (Er2pL, Nz, A)] ] (3.40)
u e 1122:1 0 z 2m, \ d, nZZ:1 0 z

In the absence of light waves and heavy doping for isotropic parabolic energy band the
2D DMR can be written as follows:

Nzmax NZmax -1
2B DS [(EFS—EnZBM} [Z [1]} G4
nz=1 nz=1

The DMR at a finite temperature can be written as follows:
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n n -1

D ] T Zmax Zmax

Dbt S ot | 35 a0, 6
nz=1 nz=1

3.2.4.2.2 The DMR in doping superlattices of HD Kane-type semiconductors

in the presence of light waves
(@) The sub-band energy (Ess;) in doping superlattices of HD III-V, ternary and
quaternary materials in the presence of external photoexcitation whose DR is given
by eq. (1.173) can be expressed as follows:

1
T1(Es251, Ngs A) = (Hi + 5) hwonp (Es2s1, Mg, A) (3.43)

The DMR in this case can be written as follows:

D No |: ano j|_1
Moy 9o 3.44
u e |0(Erprapp — Esk) G.44)

where Egg is the sub-band energy in this case.
The DMR in this case can be studied by using egs. (1.174) and (3.44) respectively.
In the absence of band tails, sub-band energy in doping superlattices of III-V,
ternary and quaternary materials in the presence of external photoexcitation whose
DR is given by eq. (1.175) can be expressed as follows:

1
Bo(Es2s10p, A) = (ni + i) hwo1 (Eszs1up, A) (3.45)

The DMR in this case for HD materials can be written as follows:

D no [ on Il
— = Real Part of | — 3.46
u f { e |0(Erprp — Essiop) 546

where E35pp is the sub-band energy in this case.

Using egs. (1.116), (3.45), and (3.46), we can find the DMRin this case.

The DMR in nipi structures of III-V, ternary and quaternary materials can be
expressed in the absence of both band tails and light waves whose DR is given by
eq. (1.179) as follows:

-1
D No ano
L AL (3.47)
U e |:a(EFnl~ - EZni):|

where Ey is the sub-band energy in this case.
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The sub-band energy E,,; in nipi structures of III-V, ternary and quaternary
materials can be expressed in the absence of both band tails and light waves
whose DR is given by eq. (1.179) as follows:

Li(Eoni) = (ni + %) hwo (Eani) (3.48)

Thus using egs. (3.47), (3.48), and (1.180), we can study the DMR in this case.(b) The
sub-band energy (Eszs,) in doping superlattices of HD III-V, ternary and quaternary
materials in the presence of external photoexcitation whose electrons are defined by
eq. (1.183) can be expressed as follows:

1
T>(Ess2, Mgs A) = (fli + 5) hwoonp (E3252, Mg, A) (3.49)

Using eqs. (3.44), (1.184), and (3.49), we can investigate the DMR in this case.

In the absence of band tails, sub-band energy in doping superlattices of III-V,
ternary and quaternary materials in the presence of external photoexcitation whose
unperturbed electrons are defined by eq. (1.185) can be expressed as follows:

1
To(Eszsoup, A) = (ni + i) hwo1y(Eszs20p, A) (3.50)

The DMR in this case for HD materials can be written as

D ng |: ong :|1
Z_ 3.51)
¥ e [0(Erpip — Essoup) (

where E3pspp is the sub-band energy in this case.

Using egs. (3.50), (3.51), and (1.185), we can study the DMR in this case.

In the absence of band tails, sub-band energy(E32s3yp) in doping superlattices of
[II-V, ternary and quaternary materials in the presence of external photoexcitation
whose unperturbed electrons are defined by the two-band model of Kane can be
expressed as follows:

1
To(Ess30p, A) = (ni + 5) hwo1z(Eszs3up, A) (3.52)

The DMR in this case for HD materials can be written as follows:
Ny ong }1
)

(3.53)
e |:a(EF2DLD - Ess3pp

b_
u
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Using egs. (1.187), (3.52), and (3.53), we can find the DMR in this case.

The sub-band energy(Egs) in nipi structures of III-V, ternary and quaternary
materials can be expressed in the absence of both band tails and light waves and
whose unperturbed DR is given by the two-band model of Kane as follows:

1
Elgg(l + aElgg) = <n1~ + E) hw10 (Elgg) (354)

The DMR in this case for HD materials can be written as follows:

-1
D No ano
2D (3.55)
uoe |:a(EFni_E188):|

Using egs. (1.190), (3.54), and (3.55), we can find the DMR in this case.

(c) The sub-band energy (Eszs3) in doping superlattices of HD III-V, ternary and
quaternary materials in the presence of external photoexcitation whose electrons are
defined by eq. (1.183) can be expressed as follows:

1
T5(Es255, Mg, A) = (ni + i) hwosnp (Eszss, Mg A) (3.56)

Using eqs. (3.44), (1.192), and (3.55), we can investigate the DMR in this case.

In the absence of band tails, sub-band energy in doping superlattices of III-V,
ternary and quaternary materials in the presence of external photoexcitation whose
unperturbed electrons are defined by eq. (1.193) can be expressed as follows:

1
Po(Esssup, A) = <ni + 5) hwo3(Ess5up, A) (3.57)

The DMR in this case for HD materials can be written as follows:

D n [ o ]‘1
- - 3.58
¥ e [O(Erprp — Esssup) 659

Using egs. (3.57), (3.58), and (1.195), we can study the DMR in this case.

In the absence of band tails, sub-band energy(Esxseup) in doping superlattices of
III-V, ternary and quaternary materials in the presence of external photoexcitation
whose unperturbed electrons are defined by the two-band model of Kane can be
expressed as follows:

1
Po(Eszseup, A) = ("i + 5) hwo(Esseup, A) (3.59)
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The DMR in this case can be written as follows:

= — 3-60
e |0(Eraprp — Esoseup) (3.60)

D No ano -1
)z

Using egs. (1.194), (3.59), and(3.60), we can study the DMR in this case.

The sub-band energy(Eigs;) in nipi structures of III-V, ternary and qua-
ternary materials can be expressed in the absence of both band tails and light
waves and whose unperturbed DR is given by the two-band model of Kane as
follows:

1
Eigg1 = (ni + i) hwy (3.61)

The DMR in this case can be written as follows:

-1

D_mo oMo (3.62)
u

e |0(Egn, — Exga1)

Using egs. (1.196), (3.61), and(3.62), we can study the DMR in this case.

3.2.4.2.3 The DMR in accumulation and inversion layers of Kane-type
semiconductors in the presence of light waves

(a) Using eq. (1.255) under the weak electric field limit, the sub-band energy (Esz) in

accumulation layers of HD III-V, ternary and quaternary materials, whose unper-

turbed band structure is defined by the three-band model of Kane, in the presence of

light waves can be expressed as follows:

hle|Fs|T1(Es1, 1, M)
T1(Es21, Mg, A) = Si { [eAFs Ti(Esa, g )]1 (3.63)
2m,
The DMR for HD materials in this case can be written as follows:
D ng ong }'1
— = —Real Part of | ————— 3.64
u e f{a( "~ E321) (3.64)

Thus, using egs. (1.256), (3.63), and (3.64), we can find the DMR in this case.

Under the weak electric field limit, the sub-band energy (Es;;)in accumulation
layers of HD III-V, ternary and quaternary materials, whose unperturbed band
structure is defined by the three-band model of Kane, in the absence of light
waves, can be expressed from eq. (1.260) as follows:
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= ~2/3
_ hle|F5[T;(E3p,
T1(Esx, ﬂg) =S; { [elF (1 (Esza, g )] } (3.65a)
2m.
The DMR for HD materials in this case can be written as
D No |: arl() :|_1
— = Real Part of | — | ———=——— 3.65b
M f [ e [0(E'n — Esn) ( )

Thus Using (1.261), (3.65a) and (3.65b) we can find the DMR in this case.

In the absence of band tails and light waves, the sub-band energy (Esy;) in III-V,
ternary and quaternary materials whose bulk electrons obey the three band model of
Kane under the condition of weak electric field limit, assumes the form

12/3

hle|Fs[I1 (E
Tu(Exp) = S, [M} .66

2m.

The DMR for HD materials in this case can be written as follows:
D No |: ano :|_1

= sy 3.67
2 e |0(Erw — E3n) ( )

Thus, using egs. (1.266), (3.66), and (3.67), we can find the DMR in this case.

(b) Using eq. (1.269) under the weak electric field limit, the sub-band energy
(Esx2) in accumulation layers of HD III-V, ternary and quaternary materials, whose
unperturbed band structure is defined by the two-band model of Kane, in the
presence of light waves can be expressed as follows:

r 2/3
hle|Fs[T>(Es2, N,y A)
T>(Eso, Mg, A) =Si|: lelFsl z ) (3.68)
2m.
The DMR for HD materials in this case can be written as follows:
D No |: 6n0 :|1
—=— |3 T (3.69)
u e |0(E'n-Esn)

Thus, using egs. (1.270), (3.68), and (3.69), we can find the DMR in this case.

Under the weak electric field limit, the sub-band energy (Es;)in accumulation
layers of HD III-V, ternary and quaternary materials, whose unperturbed band
structure is defined by the two-band model of Kane, in the absence of light waves,
can be expressed from eq. (1.274) as follows:
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- ~2/3
- hle|Fs[T(Esx2, 1,)]
Ty (Esm, ng) =Si [ u g (3.70)
2m.
The DMR for HD materials in this case can be written as follows:

D No ano -1
— = (3.71)
uoe L’(E 11— Esm)

Thus, using egs. (1.275), (3.70), and (3.71), we can find the DMR in this case.

In the absence of band tails and light waves, the sub-band energy (Esxs;) in
III-V, ternary and quaternary materials whose bulk electrons obey the two-band
model of Kane under the condition of weak electric field limit, assumes the
following form:

hle|Fs(1+ 2aEs3)]%>
Ess(1+aEnp) =S; {M} (3.72)
2me
The DMR for HD materials in this case can be written as follows:
D No |: ano :|1
—=— |z (3.73)
u e |0(Epw — Em)

Thus, using egs. (1.280), (3.72), and (3.73), we can find the DMR in this case.

(c) Using eq. (1.283) under the weak electric field limit, the sub-band energy
(Esxn3) in accumulation layers of HD III-V, ternary and quaternary materials, whose
unperturbed band structure is defined by the parabolic band model, in the presence
of light waves can be expressed as follows:

~2/3
hle|Fs[T5(Esx3, Ng» A)]
T5(E3n3, Ngs A) = Si [ ° g (3.74)
2m.
The DMR for HD materials in this case can be written as follows:
D No ano :|_1

— =279 3.75
poe [a(E'/L - Esn3) G75)

Thus, using eqs. (1.284), (3.74), and (3.75), we can find the DMR in this case.

Under weak electric field limit, the sub-band energy (Es;3)in accumulation
layers of HD III-V, ternary and quaternary materials, whose unperturbed band
structure is defined by the parabolic band model in the absence of light waves, can
be expressed from eq. (1.288) as follows:
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- ~2/3
- hle|Fs[T5(Es23, 1,)]
T5(E33, g) = Si ° g (3.76)
2m.
The DMR for HD materials in this case can be written as follows:

D ng { ong ]1
A (L 3.77)
u e |0(En—Esm)

Thus, using egs. (1.289), (3.76), and (3.77), we can find the DMR in this case.

In the absence of band tails and light waves, the sub-band energy (F3,3) in
III-V, ternary and quaternary materials whose bulk electrons obey the parabolic
band model under the conditions of weak electric field limit, assumes the
following form:

hle|Fs]%>
Ey3=Si|— 3.78
=5, [ e (578)
The DMR for HD materials in this case can be written as follows:
D No |: an() :|1
i P S (3.79)
u e [0(Epiw — E3x33)

Thus, using egs. (1.294), (3.78), and (3.79), we can find the DMR in this case.

3.2.4.3 Results and discussion

Using the appropriate equations in Figures 3.49-3.52, DMR as function of the
film thickness in the presence of external photoemission was plotted for QWs of
n-InAs, n-InSb, n-Hg;_,Cd,Te, and n-In,;_,Ga,As,P;_,, where the curves (a), (b),
and (c) represent the respective DMR for the perturbed three- and the two-band
models of Kane and the parabolic energy bands. It has been observed that the
DMR in this case also decreases with the increase in film thickness in a stepwise
manner. Figures 3.53-3.56 exhibit the plot of the DMR as a function of electron
concentration in the presence of light waves for the QWs of the aforementioned
materials. The variations of the DMR against light intensity for the QWs of
aforementioned materials have been plotted in Figures 3.57-3.60. The DMR
decreases with the increase in the light intensity. Figures 3.61-3.64 exhibit
variation of the DMR as functions of wavelength in the visible region. The
DMR in this case decreases as the wavelength shifts from red to violet.
Figures 3.65 and 3.66 show that the DMR decreases with increasing alloy
composition for ternary and quaternary materials.
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Figure 3.49: Plot of the normalized 2D DMR as a function of film thickness for ultrathin films of HD
n-InAs in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed three-
and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.50: Plot of the normalized 2D DMR as a function of film thickness for ultrathin films of HD
n-InSb in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed three-
and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.51: Plot of the normalized 2D DMR as a function of film thickness for ultrathin films of HD
n-Hg;_,Cd,Te in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.52: Plot of the normalized 2D DMR as a function of film thickness for ultrathin films of HD
n-Ins_xGa,As,P;_, lattice matched to InP in the presence of light waves, where the curves (a), (b), and
(c) represent the perturbed three- and two-band models of Kane and that of the parabolic energy
bands respectively.
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Figure 3.53: Plot of the normalized 2D DMR as a function of electron concentration for ultrathin films
of HD n-InAs in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.54: Plot of the normalized 2D DMR as a function of electron concentration for ultrathin films
of HD n-InSh in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of the parabolic energy bands respectively.

3.2.5 The DMR in nano wire (NW) of HD Kane-type semiconductors
in the presence of light waves

(a) The sub-band energy(E supwwr1)in NWs of HD III-V, ternary and quaternary
materials, whose unperturbed band structure is defined by the three-band model of
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Figure 3.55: Plot of the normalized 2D DMR as a function of electron concentration for ultrathin films
of HD n-Hg;_,Cd,Te in the presence of light waves, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.56: Plot of the normalized 2D DMR as a function of electron concentration for ultrathin films
of HD n-In;_,Ga,As,P,_, lattice matched to InP in the presence of light waves, where the curves (a), (b),
and (c) represent the perturbed three- and two-band models of Kane and that of the parabolic energy
bands respectively.
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Figure 3.57: Plot of the normalized 2D DMR as a function of light intensity for ultrathin films of HD
n-InAs in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed three-
and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.58: Plot of the normalized 2D DMR as a function of light intensity for ultrathin films of HD
n-InSb in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed three-
and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.59: Plot of the normalized 2D DMR as a function of light intensity for ultrathin films of HD
n-Hg;_,Cd,Te in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.60: Plot of the normalized 2D DMR as a function of light intensity for ultrathin films of HD
n-Ins_,Ga,As,P;_, lattice matched to InP in the presence of light waves, where the curves (a), (b), and
(c) represent the perturbed three- and two-band models of Kane and that of the parabolic energy
bands respectively.
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Figure 3.61: Plot of the normalized 2D DMR as a function of wavelength for ultrathin films of HD n-InAs
in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.62: Plot of the normalized 2D DMR as a function of wavelength for ultrathin films of HD
n-InSb in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed three-
and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.63: Plot of the normalized 2D DMR as a function of wavelength for ultrathin films of HD
n-Hg,_,Cd,Te in the presence of light waves, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.64: Plot of the normalized 2D DMR as a function of wavelength for ultrathin films of HD
n-In;_Ga,As,P;_, in the presence of light waves, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.65: Plot of the normalized 2D DMR as a function of alloy composition for ultrathin films of HD
n-Hg;_,Cd,Te in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of the parabolic energy bands respectively.

0.060
Iny_GayAs,P;_y:ng =108 m=2
I=1nWm>
0.055 =640 nm
d,=10nm
£ 0050
o
2
N 0.045
©
£
S 0040 (b)
@)
0.035 (©
0.030
0.2 0.25 03 0.35 0.4 0.45 0.5 0.55 0.6

Alloy composition (x)

Figure 3.66: Plot of the normalized 2D DMR as a function of alloy composition for ultrathin films of
HD n-In;_,Ga,As,P;_, in the presence of light waves, where the curves (a), (b), and (c) represent
the perturbed three- and two-band models of Kane and that of the parabolic energy bands
respectively.
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Kane in the absence of any field and in the presence of light waves can be expressed
from eq. (1.296) as follows:

Wnn/d.? | K(nm/d,)

2mc 2mC = Tl (E’BHDNWLlf )’Ig, A) (380)

The 1D DMR for HD materials in this case can be written as follows:

oMo (3.81)

=Real Part of {n—eo [6(

-1
Erapnwin — Esgpywr )}

Thus, using egs. (1.296b), (3.80), and (3.81), we can find the DMR in this case.

The sub-band energy (Es,;)for NWs of III-V materials whose energy band struc-
tures are defined by the three-band model of Kane in the absence of band tailing can
be written using eq. (1.298) as follows:

W(nn/d.)”  I(nym/dy)”

™ = =Bo(E527,A) (3.82)
C C
The DMR in this case can be written as follows:
D No ano :|7 !
) P S 3.83
o oe [5 (Epnwr2) (3.83)

Thus, using egs. (1.299) and (3.83), we can find the DMR in this case.

(b) The sub-band energy (Eypywi») in NWs of HD III-V, ternary and quaternary
materials, whose unperturbed band structure is defined by the two-band model of
Kane in the absence of any field and in the presence of light waves can be expressed
from eq. (1.301) as follows:

W (n,m/d,)* W (nym/dy)’ ,
;mc Lo ;mc Y = T>(Esgpwias Mgs A) (3.84)
The DMR for HD materials in this case can be written as follows:

-1

(3.85)

9 _ No an()
H

e |0(Erimpnwr2 — Esgpywio)

Thus, using egs. (1.302) and (3.85), we can find the DMR in this case.

The sub-band energy (E3s) for NWs of III-V materials whose energy band
structures are defined by the two-band model of Kane in the absence of band tailing
assumes the following form:
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W(nn/d,)* h(nm/d,)’
( ; / Z) + ( Yy / )’) =T0(E328’A) (386)
mc 2m.
The DMR in this case can be written as follows:
D No |: ano :|_1
—=— | 3.87
u e |O(Ernwia) G.87)

Thus, using egs. (1.305) and (3.87), we can find the DMR in this case.

(c) The sub-band energy (Ejupyw3) in NWs of HD III-V, ternary and quaternary
materials, whose unperturbed band structure is defined by the parabolic energy
bands in the absence of any field and in the presence of light waves can be expressed
from eq. (1.307) as follows:

K(n./d;)* + K (nymt/dy)’
2m, 2m.

= T3(E3ppnwiss N> A) (3.88)

The DMR for HD materials in this case can be written as follows:

D n ono -
D _no (3.89)
K e [0(Ermpnwis — Esppywis)

Thus, using egs. (1.308), (3.88), and (3.89), we can find the DMR in this case.

The sub-band energy (Esy) for NWs of III-V materials whose energy band
structures are defined by the parabolic energy bands in the absence of band tailing
can be written using eq. (1.310) as follows:

W(n.n/d.)’ hz(ny”/dy)z
ch + ch —po (E329, /1) (390)
The DMR in this case can be written as follows:
D No |: dno :|1
Z_Moy_ 9N 3.91)
u e [0(Ernwiz) (

Thus, using egs. (1.311) and (3.91), we can find the DMR in this case.

3.2.5.1 Results and discussion

Using the appropriate equations in Figures 3.67-3.70, the DMR has been plotted as a
function of film thickness in QWs of n-InAs, n-InSb, n-Hg;_,Cd,Te and n-In;_,Ga,As,P;_,
lattice matched to InP in the presence of external photoexcitation respectively. The
curves (a), (b), and (c) chronologically exhibit the DMR in QWs of the aforementioned
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Figure 3.67: Plot of the normalized 1D DMR as a function of film thickness for QWs of HD n-InAs in the
presence of light waves, where the curves (a), (b), and (c) represent the three- and two-band models
of Kane and that of the parabolic energy bands respectively.
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Figure 3.68: Plot of the normalized 1D DMR as a function of film thickness for QWs of HD n-InSb in the
presence of light waves, where the curves (a), (b), and (c) represent the perturbed three- and two-
band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.69: Plot of the normalized 1D DMR as a function of film thickness for QWs of HD n-Hg;_,Cd,Te
in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.70: Plot of the normalized 1D DMR as a function of film thickness for QWs of HD
n-In;_,Ga,As,P;_, in the presence of light waves, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of the parabolic energy bands
respectively.
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Figure 3.71: Plot of the normalized 1D DMR as a function of electron concentration per unit length for
QWs of HD n-InAs in the presence of light waves, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of the parabolic energy bands respectively.

0.57
0.56
0.55
(o'
g (a)
S 054
N (b)
=
£ 053 (@
o -
4
0.52
InSb:1=1nWm=32
A =660 nm
0.51
dy =20nm
d,=15nm
0.50
108 10° 1010 10"

Concentration (m™")

Figure 3.72: Plot of the normalized 1D DMR as a function of electron concentration per unit length for
QWs of HD n-InSb in the presence of light waves, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.73: Plot of the normalized 1D DMR as a function of electron concentration per unit length for
QWs of HD n-Hg;_,Cd,Te in the presence of light waves, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.74: Plot of the normalized 1D DMR as a function of electron concentration per unit length for
QWs of HD n-In,_,Ga,As,P,_, lattice matched to InP in the presence of light waves, where the curves

(@), (b), and (c) represent the perturbed three- and two-band models of Kane and that of the parabolic
energy bands respectively.
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Figure 3.75: Plot of the normalized 1D DMR as a function of light intensity for QWs of HD n-InAs in the
presence of light waves, where the curves (a), (b), and (c) represent the perturbed three- and two-
band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.76: Plot of the normalized 1D DMR as a function of light intensity for QWs of HD n-InSb in the
presence of light waves, where the curves (a), (b), and (c) represent the perturbed three- and two-
band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.77: Plot of the normalized 1D DMR as a function of light intensity for QWs of HD n-Hg;_,Cd,Te

in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.78: Plot of the normalized 1D DMR as a function of light intensity for QWs of HD
n-In;_,Ga,As,P;_, lattice matched to InP in the presence of light waves, where the curves (a),
(b), and (c) represent the perturbed three- and two-band models of Kane and that of the
parabolic energy bands respectively.
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Figure 3.79: Plot of the normalized 1D DMR as a function of wavelength for QWs of HD n-InAs in the
presence of light waves, where the curves (a), (b), and (c) represent the perturbed three- and two-
band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.80: Plot of the normalized 1D DMR as a function of wavelength for QWs of HD n-InSb in the
presence of light waves, where the curves (a), (b), and (c) represent the perturbed three- and two-
band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.81: Plot of the normalized 1D DMR as a function of wavelength for QWs of HD n-Hg,_,Cd,Te in
the presence of light waves, where the curves (a), (b), and (c) represent the perturbed three- and two-
band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.82: Plot of the normalized 1D DMR as a function of wavelength for QWs of HD n-In;_,Ga,As,P;_,
lattice matched to InP in the presence of light waves, where the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.83: Plot of the normalized 1D DMR as a function of alloy composition for QWs of HD
n-Hg,_,Cd,Te in the presence of light waves, where the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of the parabolic energy bands respectively.
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Figure 3.84: Plot of the normalized 1D DMR as a function of alloy composition for QWs of HD
n-Ins_Ga,As,P;_, lattice matched to InP in the presence of light waves, where the curves (a), (b),

and (c) represent the perturbed three- and two-band models of Kane and that of the parabolic energy
bands respectively.
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materials whose unperturbed conduction electrons obey the three- and the two-band
model of Kane together with the parabolic energy band. It can be observed from figures
that the DMR decreases as the film thickness is increased. Figures 3.71-3.74 exhibit the
plot of the DMR versus the electron concentration per unit length for the aforemen-
tioned cases. It should again be noted that the rate of change of the DMR against the
respective variable functions totally depends on the energy spectrum constants of the
respective materials. The variations of the DMR as function of wavelength in the visible
region has been plotted in Figures 3.75-3.82, whereas Figures 3.83 and 3.84 exhibit the
same for QWs of ternary and quaternary materials as function of alloy composition.

3.2.6 The DMR in quantum well heavily doped (QWHD) effective mass
superlattices of Kane-type semiconductors in the presence of light waves

(a) The DRin QWHD effective mass superlattices of Kane-type semiconductors in the
presence of light waves is given in eq. (1.341) — the DR of whose constituent
materials in the absence of any perturbation are defined by the three-band Kane
model. The electron concentration per unit area and the DMR have to be eval-
uated numerically in this case.

(b) The DR in QWHD effective mass superlattices of Kane-type semiconductors in the
presence of light waves is given in eq. (1.343) — the DR of whose constituent
materials in the absence of any perturbation are defined by the two-band Kane
model.The electron concentration per unit area and the DMR have to be evalu-
ated numerically in this case.

(c) The DRin QWHD effective mass superlattices of Kane-type semiconductors in the
presence of light waves is given in eq. (1.345) — the DR of whose constituent
materials in the absence of any perturbation are defined by the parabolic energy
bands. The electron concentration per unit area and the DMR have to be eval-
uated numerically in this case

3.2.7 The DMR in NWHD effective mass superlattices of Kane-type

semiconductors in the presence of light waves
(@) The sub-band energy (Ensisups) in NWHD effective mass superlattices of Kane-
type semiconductors in the presence of light waves — the DR of whose constituent

materials in the absence of any perturbation are defined by the three-band Kane
model can be written using eq. (1.346) as follows:

2 2 2
|:Li2{cos_l<fHDl (EnSLSHm, ndLn’ rz_rr’}l)>} - [(3—71) + (rz_n) H =0 (3.92)
0 Yy Z y 4
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The DMR for HD materials in this case can be written as follows:

D No ano -1
o Real Partof [ e L)(EFLZ.B - EnSL5HD4)} ] (3.53)
Thus, using egs. (1.347), (3.92), and (3.93), we can find the DMR in this case.

(b) The sub-band energy E,sisups in NWHD effective mass superlattices of Kane-
type semiconductors in the presence of light waves, the DR of whose constituent
materials in the absence of any perturbation are defined by the two-band Kane model
can be written by following eq. (1.349) as follows:

1 n,m N, 2 n,m\ n,mt 2
|:E{COS_1<HD2 (EnSLSHns, dLy’ d—z,/‘>)} - [(#y) + (d_z) H =0] (3.94)

The DMR in this case can be written as follows:

D no[ o r
- =2 3.95
¥ e |0(Eri2131 — Enstsaps) 059

Thus, using egs. (1.350), (3.94), and (3.95), we can find the DMR in this case.

(c) The sub-band energy (Eysrsups )in NWHD effective mass superlattices of Kane-
type semiconductors in the presence of light waves — the DR of whose constituent
materials in the absence of any perturbation are defined by the parabolic energy
bands can be written as follows using eq. (1.352) :

1 N N, 2 nm\? [nm\>
[L(z){cosl<fHD3 (En5L5Hne, dLy’ Zn\))} - {(cil/y) + (dz) H =0 (3.96)

The DMR in this case can be written as follows:

D_mo { ono (3.97)
U

-1
e |0(Er1213 — EnSLSHDG)]

Thus, using egs. (1.353), (3.96), and (3.97), we can find the DMR in this case.

3.2.8 The DMR in QWHD superlattices of Kane-type semiconductors
with graded interfaces in the presence of light waves

The simplified DR of HDQWs of III-V superlattices with graded interfaces is given by
eqg. (1.375). The electron concentration and the DMR have to be evaluated numerically.
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3.2.9 The DMR in NWHD superlattices of Kane-type semiconductors
with graded interfaces in the presence of light waves

The DMR for HD materials in this case can be written as follows:

No 6n0 -1
=Real Part of | — 3.98
f { e [a(EF8A17A51 - E8A17A52)} } ( )

The (Es.17.52)may be formulated from the following equation:
G 17,50 + iHg 17,50] |E:EF8.17,52] =0 (3.99)
Thus, using egs. (1.377a), (3.98b), and (3.99), we can study the DMR in this case.
3.2.10 The magneto DMR in HD super lattices of Kane-type semiconductors
with graded interfaces in the presence of light waves

The DMR for HD materials in this case can be written as follows:

D o [ ono }1
— =Real Part of | — 3.100
J7i f I: e a(EF3,17,54 - E8.17,55) ( )

The (Eg17.55)may be formulated from the following equation:

[Gs 17,54 + iH3 1754 |E=EF8.17,55} =0 (3.101)

Thus, using egs. (1.383), (3.100), and (3.101), we can study the DMR in this case.

3.3 Open research problems

(R.3.1) Investigate the DMR in the presence of intense external light waves for all the
HD materials whose respective DR of the carriers in the absence of any field
are given in R 1.1.

(R.3.2) Investigate the DMR for heavily doped semiconductors in the presence of
Gaussian, exponential, Kane, Halperian, Lax, and Bonch-Burevich types of
band tails for all systems whose unperturbed carrier energy spectra are
defined in the presence of external light waves in (R 1.1).

(R.3.3) Investigate the DMR in the presence of external light waves for bulk specimens
of the negative refractive index, organic, magnetic, and other advanced optical
materials in the presence of an arbitrarily oriented alternating electric field.
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(R.3.4) Investigate all the appropriate problems of this chapter for a Dirac electron.

(R.3.5) Investigate all the appropriate problems of this chapter by including the
many body, broadening, and hot carrier effects respectively.

(R.3.6) Investigate all the appropriate problems of this chapter by removing all the
mathematical approximations and establishing the respective appropriate
uniqueness conditions.
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4 Heisenberg’s uncertainty principle and
the screening length in heavily doped
optoelectronic nano materials in the presence
of intense light waves

Blessed are those who can give without remembering but take without forgetting.

4.1 Introduction

In Section 4.2, we formulate the screening length (SL) in III-V, ternary, and quaternary
heavily-doped (HD) materials in the presence of intense light waves by formulating
the electron statistics using Heisenberg’s Uncertainty Principle. SL has been investi-
gated numerically by taking HD n-InAs and n-InSb as examples of III-V compounds,
HD n-Hg, _ ,Cd,Te as an example of ternary compounds and HD n-In, _ ,Ga,As,P; _
lattice matched to InP as an example of quaternary compounds in accordance with the
said band models for the purpose of relative assessment. Section 4.3 contains the result
and discussion.

4.2 Theoretical background

4.2.1 The SL in the presence of light waves in HD IlI-V, ternary,
and quaternary semiconductors

SL in HD materials can be written as [1-4]

1 €
— = —Real Part of (4.1a)

an() :|
Ly &

O(Errp — Eomp)

Using egs. (1.51e), (1.51f), (1.51g), and (4.1), we can study SL in this case.

For inversion layers and NIPI structures, under the condition of electric quantum
limit, SL assumes the form

1 e’

LD Esc

Re al Part of L) 9Mozp }

(Erap — Eoop) (4.1)

In the absence of band-tails, we can write

https://doi.org/10.1515/9783110610819-004
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1 €& {ano} 42)

L3~ & [0EF

Using egs. (1.52a), (1.52b), (1.52c), and (4.2), SL in this case can be expressed as where
the primes denote the differention with respect to Fermi energy.

In the absence of band tails and photon energy SL for three- and two-band models of
Kane under the condition of extreme degeneracy can be expressed as:

W) 3/2
PR (2%) g[’n(EFWZUu(EF)]' (4.3)

L3 & 3m

L3 & 3m

1 e g <2mc)3/2 3

) ) 5 Er(1+aEp)]) *[(1+ 20Er) (4.4)

At finite temperature, SL in accordance with two-band Kane model under the condi-
tion aE =1, can be expressed as

2
&~ () [+ (P52 )it “5)

For relatively wide gap materials E; — oo, we get

1 2N,
73 = <Sim) [F_12(n)] (4.6)

Under the condition of non-degeneracy, eq. (4.6) gets transformed into the well-known
classical value of SL, which is equal to [es.ksT/(e’no)]”2, valid for both the carriers. In
this conventional form, SL decreases with increasing carrier concentration at a con-
stant temperature. It is interesting to note that under the condition of extreme degen-
eracy the expression of SL for materials having parabolic energy bands can be written
as Lp = (m2/3h/g5) (egy/*3"/6nY/® /m;) ~'. Thus we observe that the result is indepen-
dent of temperature but depends on ng,g,, and m.. Besides, the indices of inverse
electron variation changes from half in the former case to one-sixth in the latter case.

4.2.2 Suggestion for the experimental determination of SL

Using the appropriate equations, SL in 3D (Lsp) in bulk materials assumes the form

1
2k} Tssc] 2 @7)

Lyp=
3P [3e3noG

printed on 2/13/2023 5:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

4.2 Theoretical background =— 275

For inversion layers, NIPI structures and quantum wells, SL in 2D (L,p) can be written as:

_ 2mkjTeg.

= 4.8
2D 3e3n02DG ( )

From the experimental determination of SL in 3D for degenerate materials having
arbitrary dispersion laws as given by eq. (9.4), we observe that for a constant T, SL
varies inversely with the square root of Gng. Only the experimental values of G for any
material as a function of electron concentration will generate the experimental values
of SL in 3D for that range of nofor that material. Since (Gno)’l/ ? decreases with
increasing no for a constant T, from eq. (4.7) we can conclude that SL in 3D will
decrease with increasingng. For SL in 2D, Lp at a constant temperature varies
inversely with no,pG as it appears from eq. (4.8). Since ng,pG increases with decreas-
ing surface concentration, from eq. (4.8) we can infer that 2D SL will increase with
decreasing ng,p for the appropriate 2D systems. This statement provides a compat-
ibility test of our theoretical analysis. Thus, egs. (4.8) and (4.9) provide experimental
checks of both 3D and 2D SLs and also a technique for probing the band structures of
the materials having arbitrary band structures.

4.2.3 Results and discussion

Using the appropriate equations, we have plotted SL as a function of electron
concentration at T = 4.2K in Figures 4.1-4.4 for HD n-InAs, n-InSh, n-Hg;_,Cd,Te,
and HD n-In,_,Ga,As,P,_, lattice matched to InP as examples of III-V, ternary, and
quaternary materials, respectively, which are used for the purpose of numerical compu-
tations in accordance with three- and two-band models of Kane together with the
parabolic energy bands. In Figures 4.1-4.4, we plot the classical SL equation for the pur-
pose of fixing the reference. In Figures 4.1-4.4, we observe that SL decreases from the
light off case to the light on case, since the value of the Fermi energy in the presence of
light waves increases due to the increase in the carrier concentration as compared with
the same in the absence of photoexcitation. Therefore, the numerical magnitude of SL in
the presence of light is smaller as compared with the same in the light off case in the
whole range of the concentration considered, although SL decreases with increase
in carrier degeneracy. The combined influence of the energy band constants on SL for
HD n-InAs and HD n-InSb can easily be assessed from Figures 4.1 and 4.2. For the
purpose of relative assessment, all the plots in the absence of light waves have further
been drawn. In Figures 4.5-4.8, we have plotted SL as a function of light intensity and
observe that SL decreases with increasing light intensity for the materials, whereas in the
absence of external photoexcitation, SL is independent of intensity. In Figures 4.9-4.12,
we have plotted SL as a function of wavelengths in the visible region for HD n-InAs,
n-Hg; _ ,Cd,Te, and HD n-In,_,Ga,As,P;_, lattice matched to InP for all types of
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Figure 4.1: Plot of SL as a function of electron concentration for HD n-InAs in the presence of light
waves in which the curves (a), (b), and (c) represent the three- and two-band models of Kane and that
of the parabolic energy bands, respectively. The curves (d), (e), and (f) represent the same in the
absence of external photoexcitation. The plot (g) indicates the classical SL equation.
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Figure 4.2: Plot of SL as a function of electron concentration for HD n-InSb for all cases of Figure 4.1.

energy band models. SL decreases as the wavelength shifts from red color to violet.
In Figures 4.13 and 4.14, SL has been plotted as a function of alloy composition for
HD n-Hg, - ,Cd,Te and HD n-In; _ ,Ga,As,P; _ , lattice matched to InP in which all
the cases of Figure 4.1 have further been plotted for the purpose of relative comparison.
The plots of Figure 4.9 are valid for x > 0.17, since for x < 0.17, the band gap becomes
negative in n-Hg; _ ,Cd,Te leading to semi-metallic state. The plots of Figure 4.14
exhibit the variation of SL with the alloy composition for HD n-In, _ ,Ga,As,P; _ , lattice
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Figure 4.3: Plot of SL as a function of electron concentration for HD n-Hg,; _ ,Cd,Te for all cases of

Figure 4.1.
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Figure 4.4: Plot of SL as a function of electron concentration for HD n-In, _ ,Ga,As,P, _ , lattice
matched to InP for all cases of Figure 4.1.

matched to InP. In Figures 4.5-4.14, we have further included the classical SL equation
for the purpose of fixation of the reference.

The influence of light is immediately apparent from the plots in Figures 4.9-4.16
since SL depends strongly on I and, which is in direct contrast to the corresponding
cases for the bulk specimens of the said compounds in the absence of external
photoexcitation. The variations of SLs in Figures 4.9-4.16 reflect the direct signa-

ture of the light wave

on the electronic, optic, and the other band structure-

dependent properties of semiconducting materials in the presence of light waves and
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Figure 4.5: Plot of SL as a function of light intensity for HD n-InAs in which the curves (a), (b), and (c)
represent the three- and two-band models of Kane and that of parabolic energy bands, respectively.
The curves (d), (e), and (f) represent the same in the absence of external photoexcitation. The plot (g)
indicates the classical SL equation.
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Figure 4.6: Plot of SL as a function of light intensity for HD n-InSb for all cases of Figure 4.5.
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Figure 4.7: Plot of SL as a function of light intensity for HD n-Hg,; _ ,Cd,Te for all cases of Figure 4.5
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Figure 4.8: Plot of SL as a function of light intensity for HD n-In; _ ,Ga,As,P, _ , lattice matched to InP
for all cases of Figure 4.5.
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Figure 4.9: Plot of SL as a function of wavelength for HD n-InAs in which the curves (a), (b), and (c)
represent the three- and two-band models of Kane and that of parabolic energy bands, respectively.
The curves (d), (e), and (f) represent the same in the absence of external photoexcitation. The plot (g)
indicates the classical SL equation.
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Figure 4.10: Plot of SL as a function of wavelength for HD n-InSb for all cases of Figure 4.9

the photon-assisted transport for the corresponding semiconductor devices. Although
SL tends to decrease with the intensity and the wavelength, the rate of decrease is
totally dependent on band structure. The numerical values of SL are greatest for
ternary materials and least for quaternary compounds. We note that our basic
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Figure 4.11: Plot of SL as a function of wavelength for HD n-Hg, _ ,Cd,Te for all cases of Figure 4.9.
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Figure 4.12: Plot of SL as a function of wavelength for HD n-In, _ ,Ga,As, P, _ , lattice matched to InP for
all cases of Figure 4.9.

eq. (4.41) covers various materials having different energy band structures. In this
chapter, the concentration, the alloy composition, the light intensity and the wavelength
dependences of SL for HD n-InAs, n-InSb, n-Hg; _ ,Cd,Te, and HD n-In, _ ,Ga,As,P; _
lattice matched to InP have been studied. Thus, we have covered a wide class of
optoelectronic and allied compounds whose energy band structures are defined by the
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Figure 4.13: Plot of SL as a function of alloy composition for HD n- Hg; _ ,Cd,Te in presence of light
waves in which the curves (a), (b), and (c) represent the three- and two-band models of Kane and that
of parabolic energy band, respectively. The curves (d), (e), and (f) represent the same in the absence
of external photoexcitation. The plot (g) indicates the classical SL equation.
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Figure 4.14: Plot of SL as a function of alloy composition for HD n-In, _ ,Ga,As,P, _ , lattice matched to
InP for all cases of 4.13.

printed on 2/13/2023 5:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

4.2 Theoretical background — 283

three-and two-band models of Kane in the absence of photon field. Under certain
limiting conditions, all the results of SLs for different materials having various band
structures lead to the well-known classical SL equation. This indirect test not only
exhibits the mathematical compatibility of our formulation but also shows the fact
that our simple analysis is a more generalized one, since one can obtain the correspond-
ing results for the relatively wide-gap non-degenerate materials having parabolic energy
bands under certain limiting conditions from our present derivation. We can conclude
that the influence of the presence of an external photoexcitation is to change radically
the original band structure of the material. Because of this change the photon field
causes to increase the band gap of semiconductor. The numerical results presented in
this chapter would be different for other materials, but the nature of variation would be
unaltered. The theoretical results as given here would be useful in analyzing various
other experimental data related to this phenomenon.

4.2.4 2D SL systems of llI-V, ternary, and quaternary semiconductors
under external photoexcitation

4.2.4.1 Introduction

This section formulates the expression for the surface electron concentration and 2D
SL for ultrathin films of the aforementioned materials in the presence of photoexcita-
tion. In Section 4.2.4.2.2, SL in doping super lattices of HD Kane Type Semiconductors
in the Presence of Light Waves has been studied. In Section 4.2.4.2.3, SL in accumula-
tion and inversion layers of Kane Type Semiconductors in the Presence of Light
Waves has been studied. In Section 4.2.4.2.4, 2D SL has been numerically inves-
tigated by taking HD ultrathin films of HD n-InAs and HD n-InSb as examples of
II-V compounds, HD n-Hg; _ ,Cd,Te as an example of ternary compounds and HD
n-In; _ ,Ga,As,P; _, lattice matched to InP as examples of quaternary materials in
accordance with the three- and the two-band models of Kane together with parabolic
energy bands, respectively, for the purpose of relative comparison both in the
presence and absence of photoexcitation.

4.2.4.2 Theoretical background

4.2.4.2.1 Formulation of 2D SL in the presence of light waves in ultrathin films
of llI-V, ternary, and quaternary semiconductors

SL in this case for HD materials can be written as

1 e
— = Z—Real Part of

L, 2e O(Erapiap — Eoman)

dno

(4.9)

where Egpyp is the sub-band energy in this case.
Using egs. (1.136) and (4.9), we can study SL in this case.
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2D SL in QWs of I1I-V, ternary, and quaternary materials in the absence of band tails,
whose unperturbed band structure is defined by the three band model of Kane, in the
presence of light waves, can be expressed as

1 e’ [ ong ]
= 4.10
Lp 2es |:aEF2DL (4-10)

Using egs. (1.140) and (4.10), we can write

1 e’mg, | o
- "o (EpapL, Nz, A 4.11
Iy~ 2ol L§=1[ﬁ o(Er2pL, Nz, A)] (4.11)

In the absence of band tails and light waves and for isotropic three-band model of
Kane, 2D SL in this case can be written as

1 eZngV Mzmax
— = Ts3(Egs, nz)]’ 4.12
Lo et | 2 B (412

2D SL in QWs of HD III-V, ternary, and quaternary materials, whose unper-
turbed band structure is defined by the two-band model of Kane, in the
presence of light waves, can be investigated by using egs. (4.9) and (1.152),
respectively.

2D SL in QWs of III-V, ternary, and quaternary materials absence of band tails,
whose unperturbed band structure is defined by the two-band model of Kane, in the
presence of light waves, can be expressed as

1 e’meg, g
— = E To(Erapr, Nz, A)| 4.13
Lp 2£5Cil'h2 ﬂz=1[ 0( FapL )] ( )

In the absence of light waves and heavy doping, 2D SL for isotropic two-band model
of Kane can be written as

1 éemegy "z
7= 1+2aE 4.14)
LD ZSSCﬂhz nZZZI [( FS)] (
SL at a finite temperature can be written as
1 emegy "z
[ Zl (14 20Ey, F-1(n,,) + 20k TFo (1) | (4.15)

Equation (4.15) is well known in the literature.
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(iii) 2D SL in QWs of HD III-V, ternary, and quaternary materials, whose unperturbed
band structure is defined by the parabolic energy bands in the presence of light
waves, can be studied by using eqs. (1.164) and (4.9), respectively.

2D SL in QWs of III-V, ternary, and quaternary materials absence of band tails,
whose unperturbed band structure is defined by the parabolic energy band in the
presence of light waves, can be expressed as

Zmax

2
LiD _ emesy [Z 1Po(Eraoi, 112, V)] ] (4.16)

e 1TH?

In the absence of light waves and heavy doping for isotropic parabolic energy band,
2D SL can be written as

Zmax

e? me8gy |:Z [l:| (4'17)

Lp Zsscnhz

The DMR at a finite temperature can be written as

1 eZngv Mzmax
—_—=— F_ 4.18
Lp  2eemh’kgT n;l[ 10, )] (4.18)

4.2.4.2.2 SL in doping super lattices of HD Kane Type semiconductors

in the presence of light waves
(i) The Sub-band energy (Es;s) in doping super lattices of HD III-V, ternary, and
quaternary materials in the presence of external photoexcitation whose dispersion
relation is given by egs. (1.173) can be expressed as

1
T1(Es51, Mgy A) = (ni + 5) hwoimp (E3251, Mg A) (4.19)

SL in this case can be written as

1

’ (Real Part of )X{ oo } (4.20)

Lp 2ey O(Eraprapp — Esk)

SL in this case can be studied by using eqs. (1.174), (4.19), (4.20), and x=0,
respectively. In the absence of band tails sub-band energy in doping super-
lattices of III-V, ternary, and quaternary materials in the presence of external
photoexcitation whose dispersion relation is given by egs. (1.175) can be
expressed as
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1
Bo(Es2s10p, A) = (ni + 5) hwo1 (Esxsiup, A) (4.21)

SL in this case for HD materials can be written as

1 e? ong ]
- 4.22)
Lp 2es [a (Erapp — Esas1up)

where E35pp is the sub-band energy in this case.

Using egs. (1.116), (4.21), and (4.22), we can study SL in this case.

SL in NIPI structures of III-V, ternary, and quaternary materials can be expressed in
the absence of both band tails and light waves whose dispersion relation is given by
egs. (1.179) as

1 e? ong
e P (4.23)
LD 2gsc |:a(EFni - EZni):|
where E is the sub-band energy in this case.

The sub-band energy E,,; in NIPI structures of III-V, ternary, and quaternary materi-
als can be expressed in the absence of both band tails and light waves whose
dispersion relation is given by egs. (1.179) as

I) = (1 3 ) o B 429

Thus, using eqs. (4.23),(4.24), and (1.180), we can study SL in this case.

(ii) The sub-band energy (E3s) in doping super lattices of HD III-V, ternary, and
quaternary materials in the presence of external photoexcitation whose electrons are
defined by egs. (1.183) can be expressed as

1
T5(E3252, Ngs A) = ("i + 5) hwoanp (3252, Mg, A) (4.25)

Using egs. (4.20), (1.184), (4.25), and x = 0, we can investigate SL in this case.

In the absence of band tails, sub-band energy in doping super lattices of III-V,
ternary, and quaternary materials in the presence of external photoexcitation
whose unperturbed electrons are defined by egs. (1.185) can be expressed asg

1
To(Esxsup, A) = (ni + 5) hwor(Essoup, A) (4.26)
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SL in this case for HD materials can be written as

1 € ong

s _c (4.27)
Lp  2&sc |0(Erapip — Essoup)

where E3spp is the sub-band energy in this case.
Using egs. (4.26), (4.27), and (1.185), we can study SL in this case.

In the absence of band tails, sub-band energy(E32s3yp) in doping super lattices of I1I-V,
ternary, and quaternary materials in the presence of external photoexcitation whose
unperturbed electrons are defined by the two-band model of Kane can be expressed as

1
To(Ess30p, A) = <ni + 5) hwor>(Ess30p, A) (4.28)

SL in this case for HD materials can be written as

1 62 ano :|
= 4.29
Lp 2e [a(EFwLD - Esp530p) (4-29)

Using egs. (1.187), (4.28), and (4.29), we can study SL in this case.

The sub-band energy(E;gs) in NIPI structures of III-V, ternary, and quaternary mate-
rials can be expressed in the absence of both band tails and light waves and whose
unperturbed dispersion relation is given by the two-band model of Kane as

1
Elgg(l + aEl,gg) = (ni + 5) ha)m (E188) (430)

SL in this case for HD materials can be written as

(4.31)

1 _ ez ano
Lp  2es |O(Epn, — Enss)
Using egs. (1.190), (4.30), and (4.31), we can study SL in this case.

(iii) The sub-band energy (E3y3) in doping super lattices of HD III-V, ternary, and
quaternary materials in the presence of external photoexcitation whose electrons are
defined by egs. (1.183) can be expressed as

1
T5(E3255, Ngs A) = (ni + 5) hwosup (E3255, Ngs A) (4.32)

Using egs. (4.20), (1.192), (4.32), and x = 0, we can investigate SL in this case.
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In the absence of band tails, the sub-band energy in doping super lattices of III-V,
ternary, and quaternary materials in the presence of external photoexcitation whose
unperturbed electrons are defined by eq. (1.193) can be expressed as

1
Po(E3zas5up, A) = (ni + 5) hwoi3(Esassup, A) (4.33)

SL in this case for HD materials can be written as

1_¢ [ oo } (4.34)

Iy 2¢s¢ |0(Eranip — Esssup)
Using eqs. (4.33), (4.34), and (1.195), we can study SL in this case.

In the absence of band tails, sub-band energy(Esxseup) in doping super lattices of
I1I-V, ternary, and quaternary materials in the presence of external photoexcitation
whose unperturbed electrons are defined by the two-band model of Kane can be
expressed as

1
Po(Eszseup, A) = (ni + 5) hwo1>(Esseup, A) (4.35)

SL in this case for HD materials can be written as

1 e? { ong } (4.36)

Lp  2&sc |0(Eranip — Essevp)

Using egs. (1.194), (4.35), and (4.36), we can study SL in this case.

The sub-band energy(Eigg;) in NIPI structures of III-V, ternary, and quaternary
materials can be expressed in the absence of both band tails and light waves
and whose unperturbed dispersion relation is given by the two-band model of
Kane as

1
E1881 = (ni + i) h(uu (437)
SL in this case for HD materials can be written as

1 e? ong
l_€e | 9 (4.38)
Lp 2gg [a(E Fn; — E1881):|

Using egs. (1.196), (4.37), and (4.38), we can study SL in this case.
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4.2.4.2.3 SL in accumulation and inversion layers of Kane Type

Semiconductors in the presence of light waves
(@) Under the weak electric field limit, SL in accumulation layers of HD III-V, ternary,
and quaternary materials, whose unperturbed band structure is defined by the three-
band model of Kane, in the presence of light waves, can be expressed as

! ﬂ} (4.39)

eZ
— = ——Real Part o,
Lp 2e f [a( - E3n)

Thus, using egs. (1.256), (3.63), and (4.39), we can find SL in this case.

Under the weak electric field limit, SL in accumulation layers of HD III-V, ternary, and
quaternary materials, whose unperturbed band structure is defined by the three-
band model of Kane, in the absence of light waves, can be expressed as

1 e?

(4.40)
LD Esc

ano :|
Real Part of | ————
/ [a( 11— Esn)

Thus, using egs. (1.261), (3.65a), and (4.40), we can find SL in this case.

In the absence of band tails and light waves, SL in III-V, ternary, and quaternary
materials, whose bulk electrons obey the three-band model of Kane under the
condition of weak electric field limit, assumes the form

! ez{ oMo } (4.41)

Lp 2 [0(Erw — Exs)

Thus, using egs. (1.266), (3.66), and (4.41), we can find SL in this case.

(b) Under the weak electric field limit, SL in accumulation layers of HD III-V, ternary,
and quaternary materials, whose unperturbed band structure is defined by the two-
band model of Kane, in the presence of light waves can be expressed as

! ez{ oMo } (4.42)

Lp  2ex [0(E - Esm)
Thus, using egs. (1.270), (3.68), and (4.42), we can find SL in this case.

Under the weak electric field limit, SL in accumulation layers of HD III-V, ternary, and
quaternary materials, whose unperturbed band structure is defined by the two-band
model of Kane, in the absence of light waves, can be expressed as

1 6’2 ano :|
LA (L - (4.43)
Lp 2gg [G(E 1~ E3222)
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Thus, using egs. (1.275), (3.70), and (4.43), we can find SL in this case.

In the absence of band tails and light waves, SL in III-V, ternary, and quaternary
materials, whose bulk electrons obey the two-band model of Kane under the condi-
tion of weak electric field limit, assumes the form

Lze_z[ omo } (4.44)
Lp  2gsc |0(Eriw — E3232) '

Thus, using egs. (1.280), (3.72), and (4.44), we can find SL in this case.

(c) Under the weak electric field limit, SL in accumulation layers of HD III-V, ternary,
and quaternary materials, whose unperturbed band structure is defined by the
parabolic band model, in the presence of light waves, can be expressed as

1 - e_z [L] (4.45)
Lp  2es |0(E' —Esx3) '

Thus, using eqs. (1.284), (3.74), and (4.45), we can find SL in this case.

Under the weak electric field limit, SL in accumulation layers of HD III-V, ternary, and
quaternary materials, whose unperturbed band structure is defined by the parabolic
band model in the absence of light waves, can be expressed as

1 € ong }
B (L 4.46
Lp 2es |:6(E,f1 -Es3) (4-46)

Thus, using egs. (1.289), (3.76), and (4.46), we can find SL in this case.

In the absence of band tails and light waves, SL in III-V, ternary, and quaternary
materials, whose bulk electrons obey the parabolic band model under the condition
of weak electric field limit, assumes the form

1 e? ong ]
__ | — 4.47
Lp 2eg L) (Eriw — E3233) (4.47)

Thus, using egs. (1.294), (3.78), and (4.47), we can find SL in this case.

4.2.4.2.4 Results and discussion

Using the appropriate equations we have plotted 2D SL as a function of film thickness in
the presence of photoexcitation for HD ultrathin films of n-InAs whose unperturbed
electron dispersion laws are defined by the three- and two-band models of Kane together
with the parabolic energy bands as shown by curves (a), (b), and (c) of Figure 4.15,
respectively. The curves (d), (e), and (f) of the same figure exhibits the corresponding
plots in the absence of photoexcitation. All the cases of Figure 4.15 have been drawn in
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Figures 4.16, 4.17, and 4.18, for HD ultrathin films of HD n-InSb;n-Hg; _ ,Cd,Te and HD
n-In, _,Ga,As,P; _ lattice matched to InP, respectively. Figures 4.19, 4.20, 4.21, and 4.22
exhibit the plots for the aforementioned cases as a function of surface electron concen-
tration for ultrathin films of the said materials. The dependence of 2D SL on the light
intensity has been shown in Figures 4.23, 4.24, 4.25, and 4.26. Figures 4.27, 4.28, 4.29,
and 4.30 exhibit the wavelength dependence of 2D SL of the said materials. From these
figures we observe that 2D SL decreases from the light off case to the light on case, since
the value of the Fermi energy in the presence of light waves becomes larger due to the
increase in the carrier concentration as compared with the same in the absence of
photoexcitation. Therefore, the numerical magnitude of 2D SL in the presence of light is
smaller as compared with the same without light in the whole range of the appropriate
variables as considered, although 2D SL decreases with increase in said variables.

The combined influence of the energy band constants on 2D SL for all the said
compounds can easily be assessed from all figures. For the purpose of relative assess-
ment, all the plots in the absence of light waves have further been drawn. In
Figures 4.23-4.26, we observe that 2D SL decreases with increasing light intensity,
whereas in the absence of external photoexcitation, the same is independent of
intensity. Figures 4.27-4.30 exhibit the fact that 2D SL decreases as the wavelength
shifts from red color to violet. For the ternary materials, we have taken the x = 0.3, since
for x < 0.17, the band gap becomes negative in HD n-Hg; _ ,Cd,Te leading to semi-
metallic state. The influence of quantum confinement on the aforementioned materials
is immediately apparent from the all figures, since 2D SL depends strongly on the
thickness of the size quantized materials, which is in direct contrast with their
respective bulk specimens. Moreover, 2D SL for ultrathin films can become several
orders of magnitude larger than of their bulk specimens, which is also a direct sig-
nature of quantum confinement. It appears from the said figures that 2D SL decreases
with the increasing film thickness in a step-like manner both in the presence and
absence of photoexcitation for all types of materials as considered here, although the
numerical values vary widely, determined by the constants of the energy spectra. The
oscillatory dependence is due to the crossing over of the Fermi level by the size
quantized levels. For each coincidence of a size quantized level with the Fermi level,
there would be a discontinuity in the density-of-states function resulting in a peak of
oscillations. With large values of film thickness, the height of the steps decreases and
2D SL decreases with increasing film thickness in non-oscillatory manner and exhibits
monotonic decreasing dependence. The height of step size and the rate of decrement
are totally dependent on the band structure. The influence of light is immediately
apparent from the plots in Figures 4.23-4.30, since 2D SL of ultrathin films of
the aforementioned compounds depends strongly on I and A, which is in direct
contrast as compared with the corresponding cases for ultrathin films in the
absence of external photoexcitation, respectively. The variations of 2D SL in all figures
reflect the direct signature of the light waves on the electronic, optic, and the other
band-structure-dependent properties of semiconducting materials in the presence of
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Figure 4.15: Plot of the normalized 2D SL as a function of film thickness for HD ultrathin films of n-InAs
in the presence of light waves in which the curves (a), (b), and (c) represent the three- and two-band
models of Kane and that of the parabolic energy bands, respectively. The plots (d), (e), and (f)
represent the same in the absence of external photoexcitation.
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Figure 4.16: Plot of the normalized 2D SL as a function of film thickness for HD ultrathin films of n-
InSb in the presence of light waves in which the curves (a), (b), and (c) represent the three- and two-
band models of Kane and that of the parabolic energy bands, respectively. The plots (d), (e), and (f)
represent the same in the absence of external photoexcitation.
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Figure 4.17: Plot of the normalized 2D SL as a function of film thickness for HD ultrathin films of
n-Hg; _ ,Cd,Te in the presence of light waves in which the curves (a), (b), and (c) represent the
three- and two-band models of Kane and that of the parabolic energy bands, respectively. The
plots (d), (e), and (f) represent the same in the absence of external photoexcitation.
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Figure 4.18: Plot of the normalized 2D SL as a function of film thickness for HD ultrathin films of n-In, _
«Ga,As,P; _ , lattice matched to InP in the presence of light waves in which the curves (a), (b), and (c)
represent the three- and two-band models of Kane and that of the parabolic energy bands, respec-
tively. The plots (d), (e), and (f) represent the same in the absence of external photoexcitation.
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Figure 4.19: Plot of the normalized 2D SL as a function of surface electron concentration per unit area
for HD ultrathin films of n-InAs in the presence of light waves in which the curves (a), (b), and (c)
represent the three- and two-band models of Kane and that of the parabolic energy bands, respec-
tively. The plots (d), (e), and (f) represent the same in the absence of external photoexcitation.

75
InSb:1=1nWm™—2
70 A=640nm
d,=10nm [
(d) -—
65 I (e)
- -
wn
a
_‘; 60 -
g Lo S i
3 f
E 55- ®
(=]
= -
50 - (@)
45 4 <9 | i
40 T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Concentration x 108 m~2

Figure 4.20: Plot of the normalized 2D SL as a function of surface electron concentration per unit area
for HD ultrathin films of n-InSb in the presence of light waves in which the curves (a), (b), and (c)
represent the three- and two-band models of Kane and that of the parabolic energy bands, respec-
tively. The plots (d), (e), and (f) represent the same in the absence of external photoexcitation.
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Figure 4.21: Plot of the normalized 2D SL as a function of surface electron concentration per unit area
for HD ultrathin films of n-Hg; _ ,Cd,Te in the presence of light waves in which the curves (a), (b), and
(c) represent the three- and two-band models of Kane and that of the parabolic energy bands,

respectively. The plots (d), (e), and (f) represent the same in the absence of external photoexcitation.
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Figure 4.22: Plot of the normalized 2D SL as a function of surface electron concentration per unit area
for HD ultrathin films of n-In, _ ,Ga,As,P; _ , lattice matched to InP in the presence of light waves in
which the curves (a), (b), and (c) represent the three- and two-band models of Kane and that of the

parabolic energy bands, respectively. The plots (d), (e), and (f) represent the same in the absence of
external photoexcitation.

printed on 2/13/2023 5:45 PMvia

. Al use subject to https://ww.ebsco.confterms-of-use



296 —— 4 Heisenberg’s uncertainty principle and the screening length

58 60
- (d)
© 58

54 i
@
Q @ | ()
? -56
N 50
£ (b)
o
=

46 -54

InAs: nyo=1x10¥m=2 ©
A=660nm
d,=10nm
42 T 52

T T T T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Intensity x 1076 ("W m™~2)

Figure 4.23: Plot of the normalized 2D SL as a function of light intensity for HD ultrathin films of n-InAs
in which the curves (a), (b), and (c) represent the three- and two-band models of Kane and that of

parabolic energy bands, respectively. The plots (d), (e), and (f) represent the same in the absence of
external photoexcitation.
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Figure 4.24: Plot of the normalized 2D SL as a function of light intensity for HD ultrathin films of n-
InSb in which the curves (a), (b), and (c) represent the three- and two-band models of Kane and that of

parabolic energy bands, respectively. The plots (d), (e), and (f) represent the same in the absence of
external photoexcitation.

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



4.2 Theoretical background =— 297

86 90
(d
O] T

80 () -89
— —
[%2] %]
(=] [=]
5 @ -
S 740 88 &
© -] ©
£ © £
o R P e— o

68 87

Hg,_,Cd,Te: nyg=1x10¥m=2 N
A=640 nm
d,=10 nm
62 : 86

T T T T T T T T
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Intensity x 107¢ ("W m~?)

Figure 4.25: Plot of the normalized 2D SL as a function of light intensity for HD ultrathin films of
n-Hg; _ ,Cd,Te in which the curves (a), (b), and (c) represent the three- and two-band models of

Kane and that of parabolic energy bands, respectively. The plots (d), (e), and (f) represent the
same in the absence of external photoexcitation.
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Figure. 4.26: Plot of the normalized 2D SL as a function of light intensity for HD ultrathin films of
n-In; _ ,Ga,As,P; _ , lattice matched to InP in which the curves (a), (b), and (c) represent the three-
and two-band models of Kane and that of parabolic energy bands, respectively. The plots (d), (e),
and (f) represent the same in the absence of external photoexcitation.
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Figure 4.27: Plot of the normalized 2D SL as a function of wavelength for HD ultrathin films of n-InAs in
which the curves (a), (b), and (c) represent the three- and two-band models of Kane and that of

parabolic energy bands, respectively. The plots (d), (e), and (f) represent the same in the absence of
external photoexcitation.
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Figure 4.28: Plot of the normalized 2D SL as a function of wavelength for HD ultrathin films of n-InSb
in which the curves (a), (b), and (c) represent the three- and two-band models of Kane and that of

parabolic energy bands, respectively. The plots (d), (e), and (f) represent the same in the absence of
external photoexcitation.
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Figure 4.29: Plot of the normalized 2D SL as a function of wavelength for HD ultrathin films of n-Hg; _
xCd,Te in which the curves (a), (b), and (c) represent the three- and two-band models of Kane and that

of parabolic energy bands, respectively. The plots (d), (e), and (f) represent the same in the absence
of external photoexcitation.
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Figure 4.30: Plot of the normalized 2D SL as a function of wavelength for HD ultrathin films of n-In, _
«GasAs,P; _ , lattice matched to InP in which the curves (a), (b), and (c) represent the three- and two-
band models of Kane and that of parabolic energy bands, respectively. The plots (d), (e), and (f)
represent the same in the absence of external photoexcitation.

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

300 —— 4 Heisenberg’s uncertainty principle and the screening length

light waves and the photon-assisted transport for the corresponding semiconductor
devices, since the incident photons drastically changes the electron dispersion law.
From the figures we observe that 2D SL decreases with increasing film thickness,
intensity, wavelength, and surface electron concentration, together with the fact that
the rate of variation, is totally band structure dependent. The numerical values of 2D
SL are greatest for ternary materials and least for quaternary compounds.

It appears from Figures 4.19-4.22 that 2D SL decreases with increasing carrier
degeneracy, which exhibits the signatures of the 1D confinement through the step-
like dependence. This oscillatory dependence will be less and less prominent with
increasing film thickness and carrier concentration, respectively. Ultimately, for bulk
specimens of the same material, SL will be found to decrease continuously with
increasing electron concentration in a non-oscillatory manner. The appearance of the
humps of the respective figures is due to the redistribution of the electrons among the
quantized energy levels when the size quantum number corresponding to the highest
occupied level changes from one fixed value to the others. With varying electron
concentration, a change is reflected in 2D SL through the redistribution of the
electrons among the size-quantized levels.

We have not considered other types of optoelectronic materials and other exter-
nal variables in order to keep the presentation brief. Besides, the influence of energy
band models and the various band constants on 2D SL for different materials can also
be studied from all figures of this chapter. The numerical results presented in this
chapter would be different for other materials, but the nature of variation would be
unaltered. The theoretical results as given here would be useful in analyzing various
other experimental data related to this phenomenon.

4.2.5 The Opto-SL in ternary, and quaternary semiconductors
under magnetic quantization

4.2.5.1 Introduction

In Section 4.2.5.2.1, the opto-SL in ternary and quaternary semiconductors under
magnetic quantization has been studied. SL has been investigated numerically in
Section 4.2.5.3.

4.2.5.2 Theoretical background

4.2.5.2.1 SL under magnetic quantization in HD Kane Type Semiconductors
in the presence of light waves

(i) SL for HD materials can be written as

Li = e—zReal Part of HLH (4.48)

2 & O(Ernprs — EonpB)
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Using egs. (1.66a) and (4.48), we can study SL in this case.

In the absence of band-tails, we get

1 _ &Bglelv/am |ex 1\
R e DU TG L 4.49)

In the absence of light waves and heavy doping, SL can be written as

1 € [ong
- 4.50
L%) Esc |:aEFB:| ( > )
Using egs. (1.73) and (4.50), we get
1 e’Bg/le|v2m, |&% 1 /2]
= = SVEIV R Lu(Erg) - (n+ 2)h 51
7 T r; u(Ers) - (n+ 2) Wo (4.51)

(ii) Using egs. (1.79) and (4.48), the magneto-SL, in the absence of spin, for HD III-V,
ternary, and quaternary semiconductors, in the presence of photoexcitation, whose
unperturbed conduction electrons obey the two-band model of Kane, can be inves-
tigated in this case.

Using eqs. (1.81) and (4.50), the magneto-SL, in the absence of spin and band tails for
III-V, ternary, and quaternary semiconductors, in the presence of photoexcitation,
whose unperturbed conduction electrons obey the two-band model of Kane, is given by

1  e’Bgle|v2m, |'&& { 1 }1/2,
= = S svIfIVaTe 7o(Epip, A) - (n+ 2)hw (4.52)
L% Escnz hz YIZO ° ( e ) ( 2) ’

In the absence of light waves and band tails, SL for two-band model of Kane in the
presence of magnetic quantization can be written using eqs. (1.84) and (4.50) as:

’

1  e’Bg/le|v2m, |'&X 1 12
= = VAR | N B ~(n+ S)h .
7 T 2 rB(1+aEpg) — (n+ 2) Wo (4.53)

(iii) Using eqs. (1.88) and (4.48) the magneto-SL, in the absence of spin, for HD III-V,
ternary, and quaternary semiconductors, in the presence of photoexcitation whose
unperturbed conduction electrons obey the parabolic energy bands can be
investigated.
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Using egs. (4.50) and (1.90) the magneto-SL, in the absence of spin and band tails for
III-V, ternary, and quaternary semiconductors, in the presence of photoexcitation
whose unperturbed conduction electrons obey the parabolic energy bands is given by:

1 _ eBg)lelvam | INUREG
B e |2 [1PolFrmA) - (1 oo (4.54)

In the absence of light waves and band tails, SL for isotropic parabolic energy bands
can be written under magnetic quantization as:

=

1 ezg,,eB\/ch> "max { 1 :|T
= o (SSEEVoTe Ers - (n+ 2)hw (4.55)
2 ( 2521 ;) = (n+ S)hwo

Equation (4.55) is well known in the literature

Under the condition aErp < 1, SL at a finite temperature in this case can be expressed
as:

1 ez Nmax 1 3 3
— =———=N:0 1+ Zaby |F-3(7 —akgTF_1(n .
I ecksT B1 L;) N K e 01> T3(”115;1)+ 5 %B 71(”31)H (4.56)

4.2.5.3 Results and discussion

Using the appropriate equations the plot of the normalized SL as a function of inverse
magnetic field in the presence of light waves at T = 4.2 K is shown in Figures 4.31-4.34
by taking HD n-InAs, n-InSb, Hg,_,Cd,Te and HD n-In,_,Ga,As P,_, lattice matched to
InP, respectively. Figures 4.35-4.38 exhibit the variation of the normalized SL as a
function of electron concentration, under quantizing magnetic field in the presence
of light waves for the aforementioned materials. The normalized inverse SL again
shows the oscillatory dependence with different numerical magnitude emphasizing
the influence of the energy band constants.

Figures 4.39-4.42 shows the variation of the normalized inverse SL as a func-
tion of light intensity in the presence of quantizing magnetic field, while
Figures 4.43-4.46 exhibit the same as a function of wavelength, in which, the
variations of the wavelengths are in the zone of visible region. One can observe
that the normalized inverse SL decreases with increase of the light intensity and
wavelengths in different ways, as found in Figures 4.39-4.46. The nature of varia-
tions in all cases depends strongly on the energy spectrum constants of the respec-
tive materials and the external physical conditions.
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Figure 4.31: Plot of the normalized SL as a function of inverse quantizing magnetic field in the
presence of light waves for HD n-InAs, in which the curves (), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of parabolic energy bands, respectively.
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Figure 4.32: Plot of the normalized SL as a function of inverse quantizing magnetic field in the
presence of light waves for HD n-InSb, in which the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of parabolic energy bands, respectively.
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Figure 4.33: Plot of the normalized SL as a function of inverse quantizing magnetic field in the
presence of light waves for HD n-Hg; _ ,Cd,Te, in which the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of parabolic energy bands, respectively.
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Figure 4.34: Plot of the normalized SL as a function of inverse quantizing magnetic field in the
presence of light waves for HD n-In; _ ,Ga,As,P; _ , lattice matched to InP, in which the curves (a), (b),

and (c) represent the perturbed three- and two-band models of Kane and that of parabolic energy
bands, respectively.

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of -use



4.2 Theoretical background =— 305

0.03

| =1nW m™
A =410 nm

0.0251 p_ 2.5 Tesla

0.02- (@]
(b)
(@
0.015 1

Normalized SL

0.014

0.005 4

1 6 11 16 21 26
Concentration (x102°m~3)

Figure 4.35: Plot of the normalized SL as a function of inverse quantizing magnetic field in the
presence of light waves for HD n-In; _ ,Ga,As,P; _ , lattice matched to InP, in which the curves (a), (b),

and (c) represent the perturbed three- and two-band models of Kane and that of parabolic energy
bands, respectively.
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Figure 4.36: Plot of the normalized SL as a function of electron concentration under quantizing
magnetic field in the presence of light waves for HD n-InSb, in which the curves (a), (b), and (c)

represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.37: Plot of the normalized SL as a function of electron concentration under quantizing
magnetic field in the presence of light waves for HD n-Hg; _ ,Cd,Te, in which the curves (a), (b), and (c)

represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.38: Plot of the normalized SL as a function of electron concentration under quantizing
magnetic field in the presence of light waves for HD n-In, _ ,Ga,As P, _ , lattice matched to InP, in

which the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane and
that of parabolic energy bands, respectively.
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Figure 4.39: Plot of the normalized inverse SL as a function of light intensity under quantizing
magnetic field for HD n-InAs, in which the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of parabolic energy bands, respectively.
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Figure 4.40: Plot of the normalized inverse SL as a function of light intensity under quantizing

magnetic field for HD n-InSb, in which the curves (a), (b), and (c) represent the perturbed three- and
two-band models of Kane and that of parabolic energy bands, respectively.
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Figure 4.41: Plot of the normalized inverse SL as a function of light intensity under quantizing
magnetic field for HD n-Hg; _ 4Cd,Te, in which the curves (a), (b), and (c) represent the perturbed
three- and two-band models of Kane and that of parabolic energy bands, respectively.
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Figure 4.42: Plot of the normalized inverse SL as a function of light intensity under quantizing
magnetic field for HD n-In, _ ,Ga,As,P, _ , lattice matched to InP, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.43: Plot of the normalized inverse SL as a function of wavelength under quantizing magnetic
field for HD n-InAs, in which the curves (a), (b), and (c) represent the perturbed three- and two-band
models of Kane and that of parabolic energy bands, respectively.
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Figure 4.44: Plot of the normalized inverse SL as a function of wavelength under quantizing magnetic
field for HD n-InSb, in which the curves (a), (b), and (c) represent the perturbed three- and two-band
models of Kane and that of parabolic energy bands, respectively.
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Figure 4.45: Plot of the normalized inverse SL as a function of wavelength under quantizing magnetic
field for HD n-Hg, _ ,Cd,Te, in which the curves (a), (b), and (c) represent the perturbed three- and two-
band models of Kane and that of parabolic energy bands, respectively.
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Figure 4.46: Plot of the normalized inverse SL as a function of wavelength under quantizing
magnetic field for HD n-In, _ ,Ga,As,P, _ , lattice matched to InP, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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4.2.6 The Opto-SL of llI-V, ternary, and quaternary semiconductors
under cross-field configuration

4.2.6.1 Introduction

The influence of a crossed electric and quantizing magnetic field on SL in HD
III-V, ternary, and quaternary materials under external photoexcitation has been
investigated in Section 4.2.6.2. SL has been investigated numerically in
Section 4.2.6.3.

4.2.6.2 Theoretical background
(i) SL in this case can be written as:

1 e’ ano
— = —Real Part o (4.57)
L} e f |:6(EFBLHDC - EOHDBl):|

where Eompg: is obtained by putting k,(E) = 0 and k;, = 0 in the corresponding disper-
sion relation under cross-field configuration.
Using egs. (4.57) and (1.103), we can study SL in this case.

SL in the absence of band tails in the present case can be written as

1_€ { ) } (4.58)

> =—
LD Esc aEFBLC

Using eqs. (4.58) and (1.106a) in this case, we get

1 2e%g,B\2mc |'\&x% '
L osvPveTe My (Er,, ., n,Eo, B, A (4.59)
L%) 3£schn2h2E0 r;) |: 1612 ( Fprc 0 ):|

(ii) SL in Kane type materials in the presence of light waves whose energy band
structure in the present case is given by egs. (1.109) can be studied by using egs. (4.57)
and (1.110), respectively.

SL in the present case in the absence of band tails is given by

1 2e%g,B\2mc |"&x [ '
T2 - T T o0 M1614 (EF , 1, EOs Ba A):| (460)
L3 3e,L,?HE, ,;) BLC

(iii) SL in Kane-type materials in the presence of light waves whose energy band
structure in the present case is given by egs. (1.116) can be studied by using egs. (4.57)
and (1.117), respectively.
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SL in the present case in the absence of band tails is given by

| Mieis(Er o m o, B,A)| (4.61)

1 2e’%g,B\2mc "i"f‘
LY 3e, L, 2HE,

n=0

(iv) In the absence of light waves and heavy doping SL in III-V semi-conductors,
whose energy band structures are defined by the three-band model of Kane, can
be written using egs. (1.124) and (4.57) in the presence of cross fields configura-
tion as

1 2e°g,B\2m, |3 oy
- 28 |3 ot o) e
sclix n=0

Under the condition A >> E,, two-band Kane model SL in the present case can be
expressed as

(4.63)

1 2e%g,B/2m, |"&x -
L% =m Z[T%(H’EFB)]

n=0

For parabolic energy band a — 0, DMR in this case can be expressed at a finite
temperature as

1 B eNc¢gv Nmax
g - &scEoLy |:§ [F%l(nl) _FZI(HZ)}:| (4.64)

4.2.6.3 Results and discussion

Using the appropriate equations, the plot of the normalized inverse SL as a function
of inverse magnetic field under cross-field configurations in the presence of external
photoexcitation at T = 4.2 K is shown in Figures 4.47-4.50 by taking HD n-InAs,
n-InSh, Hg; - ,Cd,Te, and HD n-In, _ ,Ga,As,P, _, lattice matched to InP, respectively.
It appears that the normalized inverse SL oscillates with the inverse quantizing magnetic
field with different numerical magnitudes for all the cases. Figures 4.51-4.61 exhibit the
variation of the normalized inverse SL in this case as functions of electron concentra-
tion, light intensity, and wavelength, respectively. It appears from Figures 4.55-4.62
that the normalized inverse SL decreases with the increase in light intensity and the
wavelength which is in the visible region. From Figures 4.63 to 4.66, it appears that
the normalized inverse SL increases with the increase in the electric field. It should be
noted that the rate of change of the normalized inverse SL in the respective cases are
totally energy spectrum dependent.
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Figure 4.47: Plot of the normalized SL as a function of inverse quantizing magnetic field under cross-
field configuration in external photoexcitation for HD n-InAs, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.48: Plot of the normalized SL as a function of inverse quantizing magnetic field under cross-
field configuration in external photoexcitation for HD n-InSb, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.49: Plot of the normalized SL as a function of inverse quantizing magnetic field under cross-
field configuration in external photoexcitation for HD n-Hg, _ ,Cd,Te, in which the curves (a), (b), and

(c) represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.

0.0014
ng=102m"3
0.0012 A =410 nm
) /=1nW m2
Ey=10x106V m-1
0.001 -
—
wv
< 0.0008
N
©
£ 0.0006
o
=
0.0004 { §
0.0002
04 . . . . . . . .
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Inverse magnetic field (Tesla™)

Figure 4.50: Plot of the normalized SL as a function of inverse quantizing magnetic field under cross-
field configuration in external photoexcitation for HD n-In, _ ,Ga,As,P; _ , lattice matched to InP, in
which the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane and
that of parabolic energy bands, respectively.
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Figure 4.51: Plot of the normalized SL as a function of electron concentration field under cross-field
configuration in external photoexcitation for HD n-InAs, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.52: Plot of the normalized SL as a function of electron concentration field under cross-field
configuration in external photoexcitation for HD n-InSb, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.53: Plot of the normalized SL as a function of electron concentration field under cross-field
configuration in external photoexcitation for HD n-Hg, _ ,Cd,Te in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.54: Plot of the normalized SL as a function of electron concentration field under cross-field
configuration in external photoexcitation for HD n-In, _ ,Ga,As P, _ , lattice matched to InP in which
the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane and that of
parabolic energy bands, respectively.
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Figure 4.55: Plot of the normalized inverse SL as a function of light intensity under cross-field
configuration in external photoexcitation for HD n-InAs, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.56: Plot of the normalized inverse SL as a function of light intensity under cross-field
configuration in external photoexcitation for HD n-InSb, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.57: Plot of the normalized inverse SL as a function of light intensity under cross-field
configuration in external photoexcitation for HD n-Hg, _ ,Cd,Te, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.58: Plot of the normalized inverse SL as a function of light intensity under cross-field
configuration in external photoexcitation for HD n-In; _ ,Ga,As P, _ , lattice matched to InP, in which
the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane and that of
parabolic energy bands, respectively.
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Figure 4.59: Plot of the normalized inverse SL as a function of wavelength under cross-field config-
uration in external photoexcitation for HD n-InAs, in which the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of parabolic energy bands, respectively.
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Figure 4.60: Plot of the normalized inverse SL as a function of wavelength under cross-field config-
uration in external photoexcitation for HD n-InSb, in which the curves (a), (b), and (c) represent the
perturbed three- and two-band models of Kane and that of parabolic energy bands, respectively.
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Figure 4.61: Plot of the normalized inverse SL as a function of wavelength under cross-field
configuration in external photoexcitation for HD n-Hg, _ ,Cd,Te, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.62: Plot of the normalized inverse SL as a function of wavelength under cross-field config-
uration in external photoexcitation for n-In, _ ,Ga,As,P, _ , lattice matched to InP, in which the curves
(@), (b), and (c) represent the perturbed three- and two-band models of Kane and that of parabolic
energy bands, respectively.
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Figure 4.63: Plot of the normalized inverse SL as a function of electric field under cross-field
configuration in external photoexcitation for HD n-InAs, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.64: Plot of the normalized inverse SL as a function of electric field under cross-field
configuration in external photoexcitation for HD n-InSb, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.65: Plot of the normalized inverse SL as a function of electric field under cross-field
configuration in external photoexcitation for HD n-Hg; _ ,Cd,Te, in which the curves (a), (b), and (c)
represent the perturbed three- and two-band models of Kane and that of parabolic energy bands,
respectively.
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Figure 4.66: Plot of the normalized inverse SL as a function of electric field under cross-field
configuration in external photoexcitation for HD n-In, _ ,Ga,As P, _ , lattice matched to InP, in which
the curves (a), (b), and (c) represent the perturbed three- and two-band models of Kane and that of
parabolic energy bands, respectively.
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Open research problems

Investigate SL in the presence of intense external light waves for all the HD
materials whose respective dispersion relations of the carriers in the
absence of any field and heavy doping are given in (R1.1).

Investigate SL for the HD semiconductors in the presence of Gaussian,
exponential, Kane, Halperian, Lax and Bonch-Burevich types of band tails
[16] for all systems whose unperturbed carrier energy spectra are defined in
(R1.1) in the presence of external light waves.

Investigate SL in the presence of external light waves for HD bulk specimens of
the negative refractive index, organic, magnetic and other advanced optical
materials in the presence of an arbitrarily oriented alternating electric field.
Investigate all the relevant problems of this chapter for a Dirac electron.
Investigate all the relevant problems of this chapter by including the many-
body, broadening- and hot-carrier effects, respectively.

Investigate all the relevant problems of this chapter by removing all the
mathematical approximations and establishing the respective appropriate
uniqueness conditions.

Investigate SL for 2D HD systems for all semiconductors as considered in
(R4.1) in the presence of arbitrarily oriented photo excitation.

Investigate SL for the 2D systems of HD semiconductors in the presences of
Gaussian, exponential, Kane, Halperian, Lax and Bonch-Burevich types of
band tails for all systems whose unperturbed carrier energy spectra are
defined in (R1.1) in the presence of external light waves.

Investigate SL in the presence of external light waves for HD 2D systems of
the negative refractive index, organic, magnetic and other advanced optical
materials in the presence of an arbitrarily oriented alternating electric field.
Investigate SL in the presence of external light waves for the multiple HD 2D
systems of semiconductors whose unperturbed carrier energy spectra are
defined in (R1.1) and heavily—doped semiconductors in the presences of
Gaussian, exponential, Kane, Halperian, Lax and Bonch-Burevich types of
Band tails for all systems whose unperturbed carrier energy spectra are
defined in the same problems, respectively.

Investigate SL in the presence of external light waves for all the appropriate
HD 2D systems of this chapter in the presence of finite potential wells.
Investigate SL in the presence of external light waves for all the appropriate
HD 2D systems of this chapter in the presence of parabolic potential wells.
Investigate SL in the presence of external light waves for all the appropriate
HD 2D systems of this chapter forming quantum rings.

Investigate SL in the presence of external light waves for all the above appro-
priate problems in the presence of elliptical Hill and quantum square rings.
Investigate SL for all the appropriate systems from Chapter 1 up-to Chapter 5
in the presence of arbitrarily oriented light waves and strain.
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5 Heisenberg’s uncertainty principle and field
emission in optoelectronic nanomaterials

Without hard work I achieve nothing. The prize will not be sent to me. I have to win it.

5.1 Introduction

The Fowler—Nordheim field emission (FE) is a well-known quantum-mechanical
phenomenon that involves tunneling of electrons through a surface barrier because
of the applications invovled in an intense external electric field. Normally, at field
strengths of the order of 10 V/m (below the electrical breakdown), the potential
barriers at the surface of metals and semiconductors usually become very thin
and result in FE of electrons because of the tunnel effect [1]. This has been well-
investigated with reference to three-dimensional electron gases in metals and semi-
conductors and the FE from quantum-confined structures has also been studied in
this context [2-8]. Some of the significant features of the FE that have emerged from
these investigations are as follows:

1. The FE increases with increasing electron concentration in bulk materials and
are significantly influenced by the carrier energy spectra of different electronic
materials

2. The FE increases with increasing electric field

The FE oscillates with film thickness for quantum-confined systems

The FE oscillates with inverse quantizing magnetic field in the presence of

magnetic quantization because of the Shubnikov de Haas effect

5. For various types of superlattices of different materials, the FE shows composite
oscillations with different system variables

W

In this chapter, Section 5.2.1 discusses the study of FE from heavily doped (HD) III-V,
ternary and quaternary materials under magnetic quantization in the presence of
strong photons and special cases in the absence of heavy doping and light have also
been discussed. In Section 5.2.2, we have also investigated the FE in nanowires of HD
III-V, ternary and quaternary materials in the presence of strong light waves where
the special cases have also been discussed. In Section 5.2.3, the FE from HD effective
mass superlattices whose constituent materials are III-V semiconductors has been
investigated in the presence of light waves under magnetic quantization. The FE from
HD quantum wire effective mass superlattices of the said materials in the presence of
light waves has been studied in Section 5.2.4. Section 5.2.5 investigates FE from HD
superlattices of III-V materials with graded interfaces in the presence of light waves
under magnetic quantization. Section 5.2.6 discusses the FE from HD quantum wire

https://doi.org/10.1515/9783110610819-005
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superlattices of the said materials with graded interfaces in the presence of light
waves. Section 5.3 consists of results and discussion. Section 5.4 presents open

research problems pertaining to this chapter.

5.2 Theoretical background

5.2.1 Field emission from HD IlI-V, ternary and quaternary materials
under magnetic quantization in the presence of light waves

The field-emitted current density from HD III-V, ternary and quaternary materials
under magnetic quantization in the presence of strong photons in accordance with
three- and two-band models of Kane together with parabolic energy bands can,

respectively, be written as follows:

eZB Nmax
] = 2g; Real Part Of Z [EFBHDLB - E51] EXp( —ﬁ51)
2mh =5
e2B Nmax
J= 2]_[2‘:; Z [ErupLB — Es2] €xp( - Bs,)
n=0
eZB Nmax
j=25 > " [Ersrps — Ess] exp( - Bs3)

2
2m?h° =

where Es; is the root of the equation

1
TI(ESI’ rlg, /1) = (n + 5) ha)()

 4y2m[Ti(Vo, 1, A) - (n+ Hhawo]”?
s 3eFohT'y (Vo, g, A)

Es, is the root of the equation

1
Tz(E52, l’lg, A) = (I’l + 5) h(l)o

4y/2me[To(Vo, Mg, A) = (n+ Hhawo

Bs = 3eFchT"2(Vo, g, A)

Es; is the root of the equation
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1
T3(E53, )’lg,/].) = <n + 5) h(l)o

_4y/am[T5(Vo, g, A) - (n+ Dhawo]”?
3 3eFshT'3(Vo, g, A)

(5.6)

The field-emitted current density from III-V, ternary and quaternary materials under
magnetic quantization in the presence of strong photons in accordance with three-
and two-band model of Kane together with parabolic energy bands can, respectively,
be written as follows:

2 Nmax
= € Bgv Z [EFLB — E54] exp( —B54) (57)

2
2 £

J

engV Nmax
= 5 th Z [EFLB —E55] exp( _ﬁSS) (58)
T n=0

J

engv Nmax
= W Z[EFLB_E%] eXp(_ﬁSG) (59)
T n=0

J
where Es, is the root of the equation
1
ﬁO(E54’rIg’A) = (n+ 5) hwo (510)

5., - 4VClBo (Vo ) - (n+ Yhwo "
> 3eFs B’y (Vo, A)

Ess is the root of the equation

TO(ESS,A) = (n + %) h(l)o

(5.11)
b - 4y/2mc[1o(Vo, A) - (n+ %)hwof/z
> 3€stth0 (V(), /\)
Es¢ is the root of the equation
1
Po(Eseh) = <n + 5) hwo
_4y2mc[py(Vo,A) - (n+ Yhaw,)*? (5.12)

56~ 3eFschp’o(Vo, )
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The field-emitted current density from III-V, ternary and quaternary materials under
magnetic quantization in accordance with three- and two-band model of Kane
together with parabolic energy bands can, respectively, be written as follows:

e2 Bgv Nmax

J= 22> r;) [Ers — Es7] exp( - Bs;) (5.13)
eZBgV Nmax

J= 22 h> nZO [Erp — Esg] exp( —fsg) (5.14)
eZB s Nmax

J= 2ﬂ2§2 r;) [Er — Eso] exp( - fsq) (5.15)

where Es; is the root of the equation

1
111 (E57) = <n + E) ha)()

(5.16)
5. - 4y/2mc Iy (Vo) - (n+ %)716:)0]3/2
57 3€sthI/11(Vo)
Esg is the root of the equation
1
E58(1 + aE58) = (n + 5) ha)o
(5.17)
g = 4/Im Vo (1 + aVo) — (n+ ) hwol”
8 3eFsh(1+ 2aVp)
Esy is given by
1
Esg= <n + 5) hwy (5.18)

_ 4\/2mC[V0 - (n + %)hwof/z
= 3eFgh

5.2.2 Field emission from HD nanowire (NW) IlI-V, ternary and quaternary
materials in the presence of light waves

The field-emitted current from HD quantum wires of III-V, ternary and quaternary mat-

erials in the presence of strong photons in accordance with three- and two-band model
of Kane together with parabolic energy bands can, respectively, be written as follows:
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5.2 Theoretical background

Mxmax MYmax
e
I= %Real Part Of Z Z [EFlHDNWLl _Eé()} E‘Xp( _ﬂGO)
ny=1ny=1

Mxmax MYmax

e
I= % Zl Zl [Eriapywin — Ee1] exp(— Bg;)
nx=1 ny=

Mxmax "ymax
e,
1= %8 > > [Erumnwis - Es2] exp( - Be;)

ﬂh nx=1 ny=1

where Eg is the root of the equation

H*(n./d;)* + 1 (ny1t/dy)’
2m, 2m.

=Ti1(Ee0, Mg A)

and

2mpm/d? R2(nym/dy)2] 1
By = o/ T, (Vo ) [0 P
3eFohT"1(Vo, Mg, A)

The Eg; in eq. (5.20) is the root of the equation

n(n,m/d,)? N W (nym/dy)?

- TZ(E617 ngy /1)

2m, 2m,
2 2 273/2
4y/2mc [Tz(ang,A) - [hz(nﬂdﬂ | Pymidy H
Be1 = 3erth/2(V0,11g’/1)

The Eg, in eq. (5.21) is the root of the equation

hz(nzﬂ/dZ)2 4 hz(ny”/dy)z

= T3(E A
zmc zmc 3( 627ng: )

2me 2me

3€FSXhT/3(V0, )’lg, A)

2 2173/2
8 4\/2mc | T3(Vo, Mg, A) — W (nzm/dz)? | Wyn/dy) H
62 —
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(5.19)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

The field-emitted current from quantum wires of III-V, ternary and quaternary
materials in the presence of strong photons in accordance with three- and two-band
model of Kane together with parabolic energy bands can, respectively, be written as

follows:
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Mxmax Mymax

egy
I= n% Zl Zl [EFINWLZ —E63} EXp( _ﬁ63) (525)
nx=1 ny=

Mxmax MYmax

esv
I= ﬂ_g};l Zl Zl [EFlNWLZ _Eéd exp( _ﬁ64) (526)
nx=1 ny=

Mxmax "Ymax
e
=% Z Z [Erinwr2 — Ees] exp( —Bqs) (5.27)

ﬂh nx=1 ny=1

where Eg; for eq. (5.25) is the root of the equation

H(n.m/d;)* + 1 (nymt/dy)’
2m. 2m.

=Bo(Ee3,A) (5.28)

and

2 2173/2
4\/2"‘!6[ O(VO,A) _ [hz(nzﬂ/dz)2 + h*(nym/dy) H

2me 2me

Bes= 3eFs B o (Vo, A)

The Eg, in eq. (5.26) is the root of the equation

W (nm/d;)’ + n*(nym/dy)?
2m. 2m.

=To (Eez,, /\) (529)

and

Ringn/dg)? | Wnym/dy)?]1%/?
B = v/2mc [0(Vo, ) - [EU2LeeL ] |
3€FSXFIT/0(V0, /\)

The Eg;s in eq. (5.27) is the root of the equation

hz(nzn/dZ)z + hz(ny”/dy)z

m, m, =po(Eess A) (5.30)

and

2(ngm/dz)? W2 dy)? 3/2
4/ (Vo ) - [Flgrlte? . Klngmid?] |
oo 3eFshp’o(Vo, A)
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The field-emitted current from quantum wires of III-V, ternary and quaternary
materials in the absence of photons and heavy doping in accordance with three-
and two-band model of Kane together with parabolic energy bands can be, respec-
tively, written as follows:

Mxmax Mymax

e
I= % Zl 21 [EFinw2 — Eee) €Xp( — Be) (5.31)
ny=1 ny=

Mxmax MYmax

esv
I= n—i Zl nzl [EFlNWZ - E67] EXp( _ﬁ67) (532)
nx=1 ny=

Mxmax ymax

e,
I= % Zl Zl [Erwvw2 = Ees] exp( = Beg) (5.33)
Nx = ny:

where the Fermi energy Eryw, can be determined from the following equation:

Mymax "zmax

no = Z%V > lfioo(Ervwa, my, 12)] (5.34)

ny=1nz=1

in which

W (nn/d;)’
2m. 2m.

1
W (nm/d,)?| | 2me|?
fi00(EFinwa, Ny, ) = Hln(Eanz) - [ (ry/dy) H hzc}
The Eg in eq. (5.31) is the root of the equation

I (n.m/d;)’ + n*(nym/dy)?
2m. 2m,

=11 (Ees) (5.35)

and

2 2173/2
4/2m, [Ill(Vo) _ [hz(ﬂzﬂ/dz)z + Wyn/dy) H

2me 2me

ﬁ66 B 3€sth1,11(V0)

Again Eg; for eq. (5.32) can be determined from the following equation:

W (n.n/d;)* + W (nyn/dy)?
2m. 2m.

= [E;(1+ aEg7)] (5.36)
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For eq. (5.32), the Fermi energy Epyw, can be determined from the following
equation:

Mymax "zmax
_ 28

Z Z [fio1 (Erinw2, Ny, nz)] (5.37)

ny=1nz=

in which

P(/d.) h2<nyn/dy>2H Zi]

fro1(Erinw2, Ny, ;) = [ |:EF1NW2(1 +aEpinw2) — [ om, om, e

and

2 217132
/2 Vo (1+ Vo) - [Fsmiaer” . ] |
3e'FSXh(l + 2aV0)

Ber =
Besides Egg for eq. (5.33) can be determined from the following equation:

W(nn/d.) | K(nyn/dy)’
2m. 2me

= [Ees] (5.38)

For eq. (5.33), the Fermi energy Epjyw.can be determined from the following
equation:

Mymax "zZmax

2
S Z Z [fi02(EFinw2, Ny, )] (5.39)
ny=1nz=

in which

1

[ {hz(nzn/dz)z hz(nyn/dy)ZH zmc} 2
Erinwa - +

E ’ ’ =
fio2(Epvws, y, 1) om, 2m, w

and

4/2m, {VO _ [hz("zﬂ/dz)z " hz("y”/dy)z} } 3/2

2mc 2me

3eF;h

/367 =
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5.2.3 Field emission from HD effective mass superlattices of 11I-V semiconductors
in the presence of light waves under magnetic quantization

(a) The field-emitted current density under magnetic quantization and in the presence
of light waves from HD effective mass superlattices whose constituent materials
are defined by the three-band model of Kane can be expressed as follows:

engv Nmax
J= 2n2h2 Real Part Of Z [EfSLHDB — E70] exp( _B70) (540)
n=0

where Ey is the root of the equation

(041 (15 E70,A)] =0 (5.41)

and

Bro = 4[Pagpn (1, Vo, )
0" 3eF 41 (1, Vo, M)

(b) The field-emitted current density under magnetic quantization and in the presence
of light waves from HD effective mass superlattices whose constituent materials
are defined by the two-band model of Kane can be expressed as follows:

Nmax

e’Bg,
=—= E, - En]exp(- 5.42
Py HZ%[ ssLups — E71] exp( = B1) (5.42)

J

where E7, is the root of the equation

[P4pp2 (N E71, A)] =0 (5.43)

and

ﬁ _ 4[p4HD2(na VO! A)]3/2
7 BeFSXU)Z{HDZ(n’ VO) A)]l

(c) The field-emitted current density under magnetic quantization and in the pre-
sence of light waves
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from HD effective mass superlattices whose constituent materials are defined by
the parabolic energy bands can be expressed as follows:

eZBgV Nmax
= T Z [E/SLHDB —E72] eXp( _ﬁ72) (544)
2R =5

where E7, is the root of the equation

[P4rp3 (1, E72,4)] =0 (5.45)

and

4lppps(n, Vo, A2

B72 - Berx U)4HD3(n’ VO’ A)],

5.2.4 The field-emitted current from nanowire heavily doped (NWHD)
effective mass superlattices of Kane type semiconductors
in the presence of light waves

The field-emitted current from NWHD effective mass superlattices of Kane type
semiconductors in the presence of light waves, the dispersion relations of whose
constituent materials in the absence of any perturbation are defined by the three-
band model of Kane can be written as follows:

Nymax "zmax
I= h Real Part of nz:l Z E}:‘] 213 —E73} EXp( ﬂ73) (546)
y nz=1
where E73 is the root of the following equation:

1 _ ny T N, 2 n,m\ 2 n,m\*
e () Y () ()

0] (5.47)

and

—4[é{cos (me(Vo’ o, A))}Z_ {(%)ZJr <%> } ,
3er){ {cos 1(me<Vo’ b e A)>}2_ [(%YJ’ (ndzzn) H

373 =
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(a) The field-emitted current from NWHD effective mass superlattices of Kane
type semiconductors in the presence of light waves, the dispersion relations
of whose constituent materials in the absence of any perturbation are defined
by the two-band model of Kane can be written as follows:

Mymax "Zmax

egv Z Z [EF1.213 — Ez4] exp( - B7,) (5.48)
ny 1 nz=
2 2 2

e (2 ) V() (5o 9

0 4 Z y Z
and

nymn 2 ot 2 2773/2

Ll )Y [ )]

74 = .

st g oo (v 52.0) - [ ()]

where E7, is the root of the equation

(b) The field-emitted current from NWHD effective mass superlattices of Kane
type semiconductors in the presence of light waves, the dispersion relations
of whose constituent materials in the absence of any perturbation are defined
by the parabolic energy bands can be written as follows:

Mymax "Zmax

eg,, Z Z [Er1.213 — E7s) exp( - B;5) (5.50)

ny 1 nz=

where Es is the root of the equation

2 2 2
o oo (e ) V5 () | o o
y Z y z

and

—4[%{C05_1<fHD3 (VO’ ndyyn’ A A))}z_ [(%)ZJr (%)2}
Berx{ {COS 1(me (Vo, ndyn’ n,fzn A))}z_ {(%>2+ <%) H,

ﬁ75 =
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5.2.5 Field emission in the presence of strong light waves from HD
superlattices of 111-V, ternary and quaternary constituent
materials with graded interfaces under magnetic quantization

The field-emitted current density is given by the following equation:

6’2 Bgv Nmax

] > Real Part of Z [EFs.a7,54 — Ez6) €xp( = Br¢) (5.52)
2’k =
where E7 is the root of the equation
[[Gs, 17,54 +1'H8,17,54]|E=E76} =0 (5.53)

and
—4[[Gs, 17,54 +1Hs,17,54] |- V0]3/2

* 3eFo[[Gs, 17,54 + iHs, 17, 54] |- v

Brs

5.2.6 Field emission from HD quantum wire superlattices of 11I-V
semiconductors with graded interfaces

The field-emitted current in this case is given by the following equation:

MxXmax "ymax
€,

Sv Real Part of Z Z [EF8.17, 51 — E8,17.52] E‘Xp( —ﬁ77) (554)

I=
T[h nx=1 ny=1

Where

—4{[Gs, 17,50 +1Hs,17,50] | - VOP/Z

~ 3eFux|[Gs, 17,50 + iHs, 17,50] lE-v,)

By

5.3 Results and discussion

Using appropriate equations, we have plotted the field-emitted current density from
n-InSb under magnetic quantization as functions of 1/B, concentration, wavelength,
intensity, and electric field as shown in Figures 5.1-5.5 in accordance with both three-
and two-band models of Kane. Figures 5.6-5.8 represent the field-emitted current
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Figure 5.1: Plot of the field-emitted current density as a function of inverse magnetic field for HD n-
InSb in the presence of light waves for both three- and two-band models of Kane.

from quantum wires of n-InSb in accordance with the three- and two-band
models of Kane as functions of film thickness, concentration, and electric field
respectively. Figures 5.9 and 5.10 exhibit the field-emitted current density from
GaAs/AlGaAs superlattices with graded interfaces and also its effective mass
counterpart under magnetic quantization as functions of 1/B and carrier con-
centration, respectively. Figures 5.11 and 5.12 exhibit the field-emitted current
from GaAs/AlGaAs quantum wire superlattices with graded interfaces and also
its effective mass counterpart as functions of film thickness and concentration
respectively.

From Figure 5.1, we observe that the field-emitted current density from n-
InSb under magnetic quantization exhibits oscillations with 1/B, the background
physics of which has already been explained. We note that although the gen-
eration Landau sub-bands remains same within the given bandwidth, nature of
the orientation of the curves is radically different. We note that when the
wavelength of the incident light waves stays in the regime of radiowave zone
and whose intensity lies within that of the solar intensity at the earth surface,
the degeneracy increases. This implies that in the presence of radiowaves, the
Fermi energy increases leading to a decrease in the variation of the field-emitted
current density per sub-band. This was not in the case with the corresponding
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Figure 5.2: Plot of the field-emitted current density as a function of carrier concentration for HD n-InSh
in the presence of light waves and external magnetic field for both three- and two-band models of Kane.

figure in Chapter 3. Figure 5.2 exhibits the variation of the field-emitted current
density at magnetic quantum limit as a function of carrier concentration for the
said case. We observe a peak in the current density near the value of the
electron concentration 10® m™> at low temperatures for both the models. The
field-emitted current density remains almost constant below the degeneracy of
about 10® m™>. It should be noted that the said peak may alter its position with
the variation of both wavelength and intensity respectively. Similar nature of the
dependence of the field-emitted current density on the wavelength has been
shown in Figure 5.3. We note that the peak happens in the radiowave zone for
an intensity of 1,500Wm~2 In Figure 5.4, we observe an almost constant field-
emitted current density with respect to the light intensity upto 10“Wm™2. As the
intensity level increases, initially the current density starts increasing slowly,
whereas beyond 10*Wm ™2 exhibits very large rise. The effect of the electric field
on the field-emitted current density has been plotted in Figure 5.5 and it appears
that an application of radiowaves increases the cut-in field in n-InSb under
magnetic quantization as exhibited in the same figure. Composite oscillations
in the field-emitted current as a function of film thickness in the presence of
light waves has been exhibited for quantum wires of HD n-InSb in Figure 5.6.
Few tenths of microamperes of current has been observed in the same figure for
0.1m wavelength and 1,500Wm ™ for a carrier concentration of 10'® m™. In this
case, we note that there exist both increment and decrement in the field-emitted
current, the reasons of which have already been stated in Chapter 1 and the
curves can be compared to the corresponding figures therein. The influence of
electron concentration on the field-emitted current in this case has been shown
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Figure 5.3: Plot of the field-emitted current density as a function of wavelength for HD n-InSb in the
presence of light waves and external magnetic field for both three- and two-band models of Kane.
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Figure 5.4: Plot of the field-emitted current density as a function of intensity for HD n-InSb in the
presence of light waves and external magnetic field for both three- and two-band models of Kane.

in Figure 5.7 for the quantum limit for the two- and three-band models of Kane
in the presence of light waves. We observe that the current rises to a peak near
the value of about 10"m™ after which the field-emitted current falls sharply.
The cut-in fields in the present perturbed case are near 10’Vm™, which can be
compared with the unperturbed one.

The influence of light waves increases the magnitude of the field-emitted current
density in both effective mass superlattices and superlattices with graded interface
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Figure 5.5: Plot of the field-emitted current density as a function of electric field for HD n-InSb in the
presence of light waves and external magnetic field for both three- and two-band models of Kane.
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Figure 5.6: Plot of the field-emitted current as a function of film thickness from quantum wires of HD
n-InSb in the presence of light waves for both three- and two-band models of Kane.

respectively, which appears from Figures 5.8, 5.9 and 5.10 in the presence of quantiz-
ing magnetic field. With the increase in the electron concentration, the field-emitted
current density increases in a nonperiodic manner. In the case of quantum wires, the
drastic reduction of field-emitted current to an order of nano amperes because of the
high increase in the Fermi energy in Figure 5.11. Incidentally, for low concentration
level, we note from Figure 5.12 that the field-emitted current increases slowly and
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Figure 5.7: Plot of the field-emitted current as a function of electron concentration from quantum
wires of HD n-InSb in the presence of light waves for both three- and two-band models of Kane.
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Figure 5.8: Plot of the field-emitted current as a function of electric field from quantum wires of HD n-
InSb in the presence of light waves for both three- and two-band models of Kane.

sharply falls off above a carrier degeneracy of 10''m ™ for both types of quantum wire
superlattices as discussed in this chapter. It may be noted that although ternary
and quaternary materials are primarily known as optoelectronic materials, their
conduction electron energy band models in the absence of any field is the same as
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Figure 5.9: Plot of the field-emitted current as a function of inverse magnetic field from HD GaAs/
AlGaAs effective mass superlattices (EM SL) and superlattices with graded interfaces (Gl SL) in the
presence of light waves, the constituent materials of which obey the unperturbed two-band model of

Kane.
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Figure 5.10: Plot of the field-emitted current as a function of carrier concentration in the presence of a
magnetic field from HD GaAs/AlGaAs effective mass superlattices (EM SL) and superlattices with

graded interfaces (Gl SL) in the presence of light waves, the constituent materials of which obey the
unperturbed two-band model of Kane.

that of III-V semiconductors whose dispersion relations obey the three- and two-
band models of Kane. All the results in this chapter are also equally valid for ternary
and quaternary materials and only the numerical values will be different.
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Figure 5.11: Plot of the field-emitted current as a function of film thickness from HD GaAs/AlGaAs
quantum wire effective mass superlattices (EM QWSL) and quantum wire superlattices with graded
interfaces (GI QWSL) in the presence of light waves, the constituent materials of which obey the
unperturbed two-band model of Kane.
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Figure 5.12: Plot of the field-emitted current as a function of carrier concentration per unit length from
GaAs/AlGaAs quantum wire effective mass superlattices (EM QWSL) and quantum wire superlattices
with graded interfaces (GI QWSL) in the presence of light waves, the constituent materials of which
obey the unperturbed two-band model of Kane.
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5.4 Open research problems

All the following problems should be investigated in the presence of external photo-
excitation that changes the band structure in a fundamental way together with the
proper inclusion of variations of work function in appropriate cases.

(R.5.1)(a) Investigate the FE from all the bulk materials and the corresponding super-
lattices whose respective dispersion relations of the carriers are given in this
chapter in the absence of any field by converting the summations over the
quantum numbers to the corresponding integrations by including the
uniqueness conditions in the appropriate cases and considering the effect
of image force in the subsequent study in each case.

(b) Investigate the FE for bulk specimens of all the materials whose unperturbed
carrier energy spectra are defined in Chapter 1 in the presence of arbitrarily
oriented photoexcitation by incorporating the appropriate changes.

(R5.2) Investigate the FE in the presence of an arbitrarily oriented non-quantizing non-
uniform electric field and photoexcitation, respectively for all the cases of R5.1.

(R5.3) Investigate the FE in the presence of arbitrarily oriented non-quantizing alter-
nating electric field and photoexcitation, respectively for all the cases of R5.1.

(R5.4) Investigate the FE for arbitrarily oriented photoexcitation from the heavily
doped materials in the presence of Gaussian, exponential, Kane, Halperin,
Lax, and Bonch-Bruevich types of band tails for all materials whose unper-
turbed carrier energy spectra are defined in Chapter 1.

(R5.5) Investigate the FE from all the materials in the presence of arbitrarily oriented
non-quantizing nonuniform electric field and photoexcitation for all the
appropriate cases of problem R5.4.

(R5.6) Investigate the FE from all the materials in the presence of arbitrarily
oriented non-quantizing alternating electric field and photoexcitation for
all the appropriate cases of problem R5.4.

(R5.7) Investigate the FE from negative refractive index, organic, magnetic, disor-
dered, and other advanced materials in the presence of arbitrarily oriented
photoexcitation.

(R5.8) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
alternating nonquantizing electric field for all the problems of R5.7.

(R5.9) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
non-quantizing nonuniform electric field for all the problems of R5.7.

(R5.10) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
alternating nonquantizing electric field for all the problems of R5.7.

(R5.11) Investigate the FE from quantum dots of all the materials whose bulk disper-
sion relations are given in Chapter 1 in the presence of arbitrarily oriented
photoexcitation and quantizing magnetic field, respectively.

(R5.12) Investigate the FE from quantum dots of all the materials whose bulk disper-
sion relations are given in Chapter 1 in the presence of an arbitrarily oriented

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

5.4 Open research problems = 345

non-quantizing nonuniform electric field, photoexcitation, and quantizing
magnetic field, respectively.

(R5.13) Investigate the FE from quantum dots of all the materials whose bulk disper-
sion relations are given in Chapter 1 in the presence of an arbitrarily oriented
non-quantizing alternating electric field, photoexcitation, and quantizing
magnetic field, respectively.

(R5.14) Investigate the FE from quantum dots of all the materials whose bulk disper-
sion relations are given in Chapter 1in the presence of an arbitrarily oriented
non-quantizing alternating electric field, photoexcitation, and quantizing
alternating magnetic field, respectively.

(R5.15) Investigate the FE from quantum dots of all the materials whose bulk dispersion
relations are given in Chapter 1 in the presence of an arbitrarily oriented photo-
excitation and crossed electric and quantizing magnetic fields, respectively.

(R5.16) Investigate the FE for arbitrarily oriented photoexcitation and quantizing
magnetic field from the heavily doped materials in the presence of Gaussian,
exponential, Kane, Halperin, Lax, and Bonch-Bruevich types of band for all
materials whose unperturbed carrier energy spectra are defined in Chapter 1.

(R5.17) Investigate the FE for arbitrarily oriented photoexcitation and quantizing
alternating magnetic field for all the cases of R5.16.

(R5.18) Investigate the FE for arbitrarily oriented photoexcitation and non-quantizing
alternating electric field and quantizing magnetic field for all the cases of R5.16.

(R5.19) Investigate the FE for arbitrarily oriented photoexcitation and nonuniform
alternating electric field and quantizing magnetic field for all the cases of R5.16.

(R5.20) Investigate the FE for arbitrarily oriented photoexcitation and crossed elec-
tric and quantizing magnetic fields for all the cases of R5.16.

(R5.21) Investigate the FE from negative refractive index, organic, magnetic, heavily
doped, disordered, and other advanced optical materials in the presence of
arbitrary oriented photoexcitation and quantizing magnetic field.

(R5.22) Investigate the FE in the presence of arbitrarily oriented photoexcitation,
quantizing magnetic field, and alternating non-quantizing electric field for
all the problems of R5.21.

(R5.23) Investigate the FE in the presence of arbitrarily oriented photoexcitation,
quantizing magnetic field, and non-quantizing nonuniform electric field for
all the problems of R5.21.

(R5.24) Investigate the FE in the presence of arbitrary oriented photoexcitation,
alternating quantizing magnetic field, and crossed alternating non-quantiz-
ing electric field for all the problems of R5.21.

(R5.25) Investigate the FE from all the quantum confined materials (i.e, multiple
quantum wells, wires, and dots) whose unperturbed carrier energy spectra
are defined in Chapter 1 in the presence of arbitrarily oriented photoexcita-
tion and quantizing magnetic field, respectively.
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(R5.26) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
alternating quantizing magnetic field respectively for all the problems of R5.25.

(R5.27) Investigate the FE in the presence of arbitrarily oriented photoexcitation, alter-
nating quantizing magnetic field, and an additional arbitrary oriented non-
quantizing nonuniform electric field respectively for all the problems of R5.25.

(R5.28) Investigate the FE in the presence of arbitrarily oriented photoexcitation,
alternating quantizing magnetic field, and additional arbitrary oriented non-
quantizing alternating electric field respectively for all the problems of R5.25.

(R5.29) Investigate the FE in the presence of arbitrarily oriented photoexcitation,
crossed quantizing magnetic, and electric fields respectively for all the
problems of R5.25.

(R5.30) Investigate the FE for arbitrarily oriented photoexcitation and quantizing
magnetic field from the entire quantum confined heavily doped materials in
the presence of exponential, Kane, Halperin, Lax, and Bonch-Bruevich
types of band tails for all materials whose unperturbed carrier energy spectra
are defined in Chapter 1.

(R5.31) Investigate the FE for arbitrarily oriented photoexcitation and alternating
quantizing magnetic field for all the cases of R5.30.

(R5.32) Investigate the FE in the presence of arbitrarily oriented photoexcitation,
alternating quantizing magnetic field, and an additional arbitrarily oriented
non-quantizing nonuniform electric field for all the cases of R5.30.

(R5.33) Investigate the FE in the presence of arbitrary oriented photoexcitation, alter-
nating quantizing magnetic field, and additional arbitrary oriented non-quan-
tizing alternating electric field respectively for all the cases of R5.30.

(R5.34) Investigate the FE in the presence of arbitrary oriented photoexcitation,
crossed quantizing magnetic, and electric fields respectively for all the
cases of R5.30.

(R5.35) Investigate the FE for all the appropriate problems from R5.25 to R5.34 in the
presence of finite potential wells.

(R5.36) Investigate the FE for all the appropriate problems from R5.25 to R5.34 in the
presence of parabolic potential wells.

(R5.37) Investigate the FE for all the above-mentioned appropriate problems for
quantum rings.

(R5.38) Investigate the FE for all the above-mentioned appropriate problems in the
presence of elliptical Hill and quantum square rings respectively.

(R5.39) Investigate the FE from carbon nanotubes in the presence of arbitrary
photoexcitation.

(R5.40) Investigate the FE from carbon nanotubes in the presence of arbitrary
photoexcitation and non-quantizing alternating electric field.

(R5.41) Investigate the FE from carbon nanotubes in the presence of arbitrary photo-
excitation and non-quantizing alternating magnetic field.
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(R5.42) Investigate the FE from carbon nanotubes in the presence of arbitrary photo-
excitation and crossed electric and quantizing magnetic fields.

(R5.43) Investigate the FE from heavily doped semiconductor nanotubes in the
presence of arbitrary photoexcitation for all the materials whose unper-
turbed carrier dispersion laws are defined in Chapter 1.

(R5.44) Investigate the FE from heavily doped semiconductor nanotubes in the
presence of non-quantizing alternating electric field and arbitrary photoex-
citation for all the materials whose unperturbed carrier dispersion laws are
defined in Chapter 1.

(R5.45) Investigate the FE from heavily doped semiconductor nanotubes in the
presence of non-quantizing alternating magnetic field and arbitrary photo-
excitation for all the materials whose unperturbed carrier dispersion laws are
defined in Chapter 1.

(R5.46) Investigate the FE from heavily doped semiconductor nanotubes in the pre-
sence of arbitrary photoexcitation and nonuniform electric field for all the
materials whose unperturbed carrier dispersion laws are defined in Chapter 1.

(R5.47) Investigate the FE from heavily doped semiconductor nanotubes in the pre-
sence of arbitrary photoexcitation and alternating quantizing magnetic fields
for all the materials whose unperturbed carrier dispersion laws are defined in
Chapter 1.

(R5.48) Investigate the FE from heavily doped semiconductor nanotubes in the
presence of arbitrary photoexcitation and crossed electric and quantizing
magnetic fields for all the materials whose unperturbed carrier dispersion
laws are defined in Chapter 1.

(R5.49) Investigate the FE in the presence of arbitrary photoexcitation for all the
appropriate nipi structures of the materials whose unperturbed carrier
energy spectra are defined in Chapter 1.

(R5.50) Investigate the FE in the presence of arbitrary photoexcitation for all the
appropriate nipi structures of the materials whose unperturbed carrier
energy spectra are defined in Chapter 1 in the presence of an arbitrarily
oriented non-quantizing nonuniform additional electric field.

(R5.51) Investigate the FE for all the appropriate nipi structures of the materials
whose unperturbed carrier energy spectra are defined in Chapter 1 in the
presence of an arbitrarily oriented photoexcitation and non-quantizing alter-
nating additional magnetic field.

(R5.52) Investigate the FE for all the appropriate nipi structures of the materials
whose unperturbed carrier energy spectra are defined in Chapter 1 in the
presence of an arbitrarily oriented photoexcitation and quantizing alternat-
ing additional magnetic field.

(R5.53) Investigate the FE for all the appropriate nipi structures of the materials whose
unperturbed carrier energy spectra are defined in Chapter 1 in the presence of
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an arbitrarily oriented photoexcitation and crossed electric and quantizing
magnetic fields.

(R5.54) Investigate the FE from heavily doped nipi structures for all the appropriate
cases of all the above-mentioned problems.

(R5.55) Investigate the FE in the presence of arbitrary photoexcitation for the appro-
priate inversionlayers of all the materials whose unperturbed carrier energy
spectra are defined in Chapter 1.

(R5.56) Investigate the FE in the presence of arbitrary photoexcitation for the appro-
priate inversion layers of all the materials whose unperturbed carrier energy
spectra are defined in Chapter 1in the presence of an arbitrarily oriented non-
quantizing nonuniform additional electric field.

(R5.57) Investigate the FE for the appropriate inversion layers of all the materials
whose unperturbed carrier energy spectra are defined in Chapter 1 in the
presence of an arbitrarily oriented photoexcitation and non-quantizing alter-
nating additional magnetic field.

(R5.58) Investigate the FE for the appropriate inversion layers of all the materials
whose unperturbed carrier energy spectra are defined in Chapter 1 in the
presence of an arbitrarily oriented photoexcitation and quantizing alternat-
ing additional magnetic field.

(R5.59) Investigate the FE for the appropriate inversion layers of all the materials whose
unperturbed carrier energy spectra are defined in Chapter 1in the presence of an
arbitrarily oriented photoexcitation and crossed electric and quantizing mag-
netic fields by considering electron spin and broadening of Landau levels.

(R5.60) Investigate the FE in the presence of arbitrary photoexcitation for the appro-
priate accumulation layers of all the materials whose unperturbed carrier
energy spectra are defined in Chapter 1 by modifying the above-mentioned
appropriate problems.

(R5.61) Investigate the FE in the presence of arbitrary photoexcitation from wedge
shaped and cylindrical QDs of all the materials whose unperturbed carrier
energy spectra are defined in Chapter 1.

(R5.62) Investigate the FE in the presence of arbitrary photoexcitation from wedge
shaped and cylindrical QDs of all the materials whose unperturbed carrier
energy spectra are defined in Chapter 1 in the presence of an arbitrarily
oriented non-quantizing nonuniform additional electric field.

(R5.63) Investigate the FE from wedge shaped and cylindrical QDs of all the materials
whose unperturbed carrier energy spectra are defined in Chapter 1 in the
presence of an arbitrarily oriented photoexcitation and non-quantizing alter-
nating additional magnetic field.

(R5.64) Investigate the FE from wedge shaped and cylindrical QDs of all the materi-
als whose unperturbed carrier energy spectra are defined in Chapter 1 in the
presence of an arbitrarily oriented photoexcitation and quantizing alternat-
ing additional magnetic field.
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(R5.65) Investigate the FE from wedge shaped and cylindrical QDs of all the materials
whose unperturbed carrier energy spectra are defined in Chapter 1 in the
presence of an arbitrarily oriented photoexcitation and crossed electric and
quantizing magnetic fields.

(R5.66) Investigate the FE from wedge shaped and cylindrical QDs for all the appro-
priate cases of the above-mentioned problems.

(R5.67) Investigate all the problems from R5.25 to R5.66 by removing all the mathe-
matical approximations and establishing the respective appropriate unique-
ness conditions.

(R5.68) Investigate the FE from quantum confined III-V, II-VI, IV-VI, HgTe/CdTe
effective mass superlattices together with short period, strained layer, ran-
dom, Fibonacci, poly type, and sawtooth superlattices in the presence of
arbitrarily oriented photoexcitation.

(R5.69) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
quantizing magnetic field respectively for all the cases of R5.68.

(R5.70) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
non-quantizing nonuniform electric field respectively for all the cases of R5.68.

(R5.71) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
non-quantizing alternating electric field respectively for all the cases of R5.68.

(R5.72) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
crossed electric and quantizing magnetic fields respectively for all the cases
of R5.68.

(R5.73) Investigate the FE from heavily doped quantum confined superlattices for all
the problems of R5.68.

(R5.74) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
quantizing magnetic field respectively for all the cases of R5.73.

(R5.75) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
non-quantizing nonuniform electric field respectively for all the cases of R5.73.

(R5.76) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
non-quantizing alternating electric field respectively for all the cases of R5.73.

(R5.77) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
crossed electric and quantizing magnetic fields respectively for all the cases
of R5.73.

(R5.78) Investigate all the problems from R5.68 to R5.77 by removing all the mathe-
matical approximations and establishing the respective appropriate unique-
ness conditions.

(R5.79) Investigate the FE from quantum confined III-V, II-VI, IV-VI, HgTe/CdTe
superlattices with graded interfaces together with short period, strained
layer, random, Fibonacci, polytype, and sawtooth superlattices in this con-
text in the presence of arbitrarily oriented photoexcitation.

(R5.80) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
quantizing magnetic field respectively for all the cases of R5.79.
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(R5.81) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
non-quantizing nonuniform electric field respectively for all the cases of R5.79.

(R5.82) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
non-quantizing alternating electric field respectively for all the cases of R5.79.

(R5.83) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
crossed electric and quantizing magnetic fields respectively for all the cases
of R5.79.

(R5.84) Investigate the FE from heavily doped quantum confined superlattices for all
the problems of R5.79.

(R5.85) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
quantizing magnetic field respectively for all the cases of R5.84.

(R5.86) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
non-quantizing nonuniform electric field respectively for all the cases of R5.84.

(R5.87) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
non-quantizing alternating electric field respectively for all the cases of R5.84.

(R5.88)

(a) Investigate the FE in the presence of arbitrarily oriented photoexcitation and
crossed electric and quantizing magnetic fields respectively for all the cases
of R5.84.

(b) Investigate the FE from multiple wall carbon nanotubes in presence of an
arbitrarily oriented alternating electric field.

(c) Investigate the FE from heavily doped semiconductor nanotubes in the
presence of an arbitrarily oriented alternating electic field for all the materi-
als whose unperturbed carrier energy spectra are defined in R1.1 and R1.2
respectively.

(R5.89) Investigate all the problems of this chapter by removing all the mathematical
approximations and establishing the respective appropriate uniqueness
conditions.
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The best contribution that I can make to me is to improve myself.

In Volume 1 of this book, we have investigated the carrier contribution to the elastic
constants, Einstein’s Photoemission, the diffusivity—mobility ratio, the screening
length, and the field emission from heavily doped optoelectronic nanomaterials by
using the Heisenberg’s uncertainty principle. We have suggested the experimental
methods of determining the carrier contribution to the elastic constants, the diffusivity—
mobility ratio, and the screening length since these physical properties affect the carrier
transport and the analysis of nanodevices in general.

Our analyses are valid under single electron approximation. The quantitative
comparison between the theoretical formulations of the said quantities for various
materials under different physical conditions and the suggestion for the experimen-
tal determinations for them is not possible in many cases, since the experimental
data of G are not available in the literature for all the materials considered here. Thus,
the detailed experimental works are needed not only to uncover the phenomena, but
also for in-depth probing of the band structures of the different quantized materials
which, in turn, control the key, that is, the Boltzmann transport equation. In spite of
such constraints, the new concepts, which have emerged from the present investiga-
tion are really amazing in general and are discussed throughout the book.

We are presenting our readers with the following last set of open challenging
research problems:

(6.1) Investigate all the physical properties of all the heavily doped (HD) systems as
discussed from Chapter 1 up to Chapter 5 by removing all the mathematical
approximations and establishing appropriate uniqueness conditions.

(6.2) Investigate all the problems of (6.1) in the presence of many body effects.

(6.3) Investigate all the problems of (6.1) for 3D quantizations of the wave vector
space of the charge carriers.

(6.4) Investigate all the problems of (6.1) for magneto-accumulation layers in the
presence of spin and broadening and considering the effects of surface states.

(6.5) Investigate all the problems of (6.1) in the presence of an arbitrarily oriented
quantizing magnetic field and considering the influences of electron spin and
broadening.

(6.6) Investigate all the problems of (6.1) for quantum dot superlattices.

(6.7) Investigate all the problems of (6.1) for all types of quantum wire superlattices
in the presence of an arbitrarily oriented quantizing magnetic field by includ-
ing spin and broadening.

(6.8) Investigate all the problems of (6.1) for all types of quantum well superlattices
in the presence of an arbitrarily oriented quantizing magnetic field.

https://doi.org/10.1515/9783110610819-006
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(6.9) Investigate the higher order diffusivity—mobility ratio for all the systems of
Chapter 3.

(6.10) Investigate all the problems of (6.1) for nonlinear charge transport for all the
systems from Chapters 1 to 5.

(6.11) Investigate the higher order diffusivity—mobility ratio after proper modifica-
tions for all the systems of Chapter 1.

(6.12) Investigate the higher order diffusivity—mobility ratio after proper modifica-
tions for all the systems in Chapter 3 in the presence of arbitrarily oriented
high electric field.

(6.13) Investigate the higher order diffusivity—mobility ratio after proper modifica-
tions for all the systems in Chapter 3 in the presence of hot electron effects.

(6.14) Investigate all the problems of (6.1) for p-type materials for all the systems
from Chapters 1 to 5.

(6.15) Investigate the nonlocal diffusivity—mobility ratio after proper modifications
for all the systems in Chapter 3.

(6.16) Investigate all the problems of (6.1) from Chapters 1 to 5 introducing new
theoretical formalisms for amorphous systems.

(6.17) Investigate the nonequilibrium diffusivity—mobility ratio for all the cases from
Chapter 3 introducing new theoretical formalisms.

(6.18) Investigate all the problems of (6.1) in the presence of many body effects.

(6.19) Introducing new theoretical formalisms, investigate all appropriate problems
of this book for quantum systems, where the Boltzmann transport equation is
invalid.

The formulation of the Electronic Properties for all types of HD materials and
their quantum confined counterparts considering the influence of all the bands
created because of all types of quantizations after removing all the assumptions
and establishing the respective appropriate uniqueness conditions is, in general,
an extremely difficult problem. 200 open research problems have been presented
in this monograph and we hope that the readers will not only solve them but also will
generate new concepts, both theoretical and experimental. Incidentally, we can easily
infer how little is presented and how much more is yet to be investigated in this exciting
topic, which is the signature of coexistence of new physics and advanced mathematics
combined with the inner fire for performing creative researches in this context from the
young scientist such as Kikoin [1]: we firmly believe that “A young scientist is no good
if his teacher learns nothing from him and gives his teacher nothing to be proud
of”. In the mean time our research interest has been shifted and we are leaving this
particular beautiful topic with the hope that (6.19) alone is sufficient to draw the
attention of the researchers from diverse fields and our readers are surely in tune
with the fact that “Exposition, criticism, appreciation is the work for second-rate
minds” [2].

printed on 2/13/2023 5:45 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



References =—— 353

References

[1]  1.K. Kikoin, Science for Everyone: Encounters with Physicists and Physics (Mir Publishers,
Russia, 1989), p. 154.
[2]  G.H. Hardy, A Mathematician’s Apology (Cambridge University Press, Oxford, 1990), p. 61.

EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost - printed on 2/13/2023 5:45 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix
The numerical values of the energy band constants
of few materials

Materials

Numerical values of the energy band constants

The conduction elec-
trons of n-cadmium
germanium arsenide
can be described by
three types of band
models

1. The values of the energy band constants in accordance with the
generalized electron dispersion relation of nonlinear optical materials
are as follows:

Eg, =0.57eV,Ap = 0.30eV, A, =0.36eV, my =0.034mo, m" =0.039my,
T=4K,0=-0.12¢eV, g,=1[1, 2], €sc =18.4¢&¢ [3] (€sc and g, are
permittivities of the semiconductor material and free space,
respectively), and W=4eV [4].

2. In accordance with the three-band model of Kane the spectrum
constants are given in

A= (8)+D.)/2=0.33€V, Eg, =0.57eV, m" = (mi +m’ ) /2=0.0365mo,
and 0=0eV.

3. In accordance with the two-band model of Kane, Eg, =0.57eV and
m*=0.0365m.

n-Indium arsenide

The values Eg, =0.36eV, A=0.43eV, m" =0.026mq, g, =1, & =12.25¢,
[5], and W =5.06eV [6] are valid for the three-band model of Kane.

n-Gallium arsenide

The values Eg, =1.55eV, A=0.35eV, m" = 0.07myq, g, =1, & =12.9¢, [5],
and W =4.07eV [7] are valid for the three-band model of Kane; values
a3 =-1.97x10"3eVm*and a;5 = - 2.3 x 10~ 3*eVm* [8] are valid; and
values a3 = —2,132x10 %% eVm*, a1, =9,030 x 10~°%eVm?®,

By = —2,493 x 10-“%eVmé, B, =12,594 x 10~50eVm?,

y11=30 x 1073%Vm3, y,, = =154 x 10~“2eVm* [9] are valid.

n-Gallium aluminum
arsenide

Eg, = (1.424 +1.266x +0.26x?)eV, A= (0.34 - 0.5x)eV,
m*=[0.066 +0.088x]myg, g, =1, £ = [13.18 - 3.12x]&, [10], and
W= (3.64 - 0.14x)eV [11].

n-Mercury cadmium
telluride

Egy = (-0.302+1.93x+5.35x10 " %(1- 2x)T - 0.810x? + 0.832x°) eV,
A=(0.63+0.24x-0.27x2)eV, m" =0.1moEq (eV) !, g, =1,

€5 =[20.262 - 14.812x +5.22795x]¢, [12], and

W= (4.23-0.813(E,4, - 0.083)) eV [13].

n-Indium gallium
arsenide phosphide
lattice matched to
indium phosphide

Eg, =(1.337-0.73y +0.13y?)eV, A= (0.114+0.26y - 0.22y%)eV,

m"* = (0.08 - 0.039y)mo, y = (0.1896 — 0.4052x)/(0.1896 — 0.0123x),
gv =1, &5 =[10.65 + 0.1320y]&o, and

W(x,y)=[5.06(1-x)y +4.38(1-x)(1-y) + 3.64xy +3.75{x(1-y)}]eV
[14].
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(continued)

Materials Numerical values of the energy band constants

7  n-Indium antimonide  Eg, =0.235eV, A=0.81eV, m" =0.01359mo, g, =1, &5 =15.56&, [5], and

W=4.72eV [6].
8 n-Gallium The values of £, =0.81eV, A=0.80eV, P=9.48 x10~%eVm, ¢, = - 2.1,
antimonide Vo= —-1.49, wy=0.42, g, =1, [15] and &, =15.85¢, [15, 16] are valid for

the model of Seiler et al. The values E; =1.024eV, E; =0eV,
Es= -1.132eV, E, =0.05eV, E; =1.107eV, Es = - 0.113eV, and
E; = -0.0072eV [16] are valid for the model of Zhang.

9 n-Cadmium sulfide m; =0.7mg, m\ =1.5mq, Ao =1.4 x 10 ~8eVm(value changed), g, =1 [5],
&sc =15.5¢¢ [17], and W =4.5¢eV [6].

10 n-Lead telluride The values m; =0.070mo, m; =0.54mo, m =0.010mq, m;" =1.4mo,
Py =141meVnm, P, =486 meVnm, E;0 =190 meV, g, =4 [5], £ =33&
[5, 18], and W = 4.6eV [19] are valid for the Dimmock model.
The values (R)>=2.3x 10~ (eVm)?, £, =0.16eV, (5)> = 4.6(R)’,
N =3.07eV, (Q)°=13(R)?, 0", =3.28eV, (A)*=0.83x 10" (eVm)?
[21], and W =4.21eV [6] are valid for the model of Bangert and Kastner.
The values my, =0.0965mq, m;, =1.33mqg, my =0.088m,, and
m.=0.83mq [19] are valid for the model of Foley et al.

The values m; =0.0239mq, m, =0.024mq, m’; =0.31mg, and
ms=0.24mq [22] are valid for the Cohen model.

11 Stressed n-indium The values m* =0.048m,, Eg, =0.081eV, B, =9 x 1071 eVm, C{ =3eV,
antimonide C5=2eV,ao=-10eV, bo= -1.7eV, d= - 4.4eV,
Sx=0.6x10"3 (kbar)™*, S,,=0.42 x 1073 (kbar) ",
S,2=0.39x1073 (kbar) ™%, S,,=0.5x 1073 (kbar) ", & = 0Su,
&y =0Syy, £, =05, &y =05y, 0 is the stress in kilobar, and g, =1[24]
are valid for the model of Seiler et al.

12 Bismuth Eg, =0.0153eV, m; =0.00194mq , m, = 0.313mg, m3 =0.00246m,,
m’, =0.36my, g, =3, gs =2 [25], M, =0.128m,, M’, =0.80m, [26], and
W=4.34eV.

13 Mercury telluride m;,=0.028mq, gy =1, £.. =15.2&, [27] and W =5.5¢eV [28].

14 Platinum antimonide For valence bands, along <111> direction, A; =0.33eV, [; =1.09¢eV,
v1=0.17eV, n=0.22eV, a=0.643nm, I = 0.30 (eV)?, &y = 0.33eV,
gy =8129], &5c =30¢ [30], and ¢ ~ 3.0eV [31].
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15

n-Gallium phosphide

mﬁ =0.92mg, m" =0.25mq, ko =1.7x10¥m "1, |V5| =0.21eV, g, =6,
gy =21[32], and W=3.75eV [6].

16

Germanium

Ego =0.785eV, m| =0.57mo, m’, =0.0807mo [7], and W =4.14eV [6]

17

Tellurium

The values Ag =6.7 x 1016 meV m?, A; = 4.2 x 10~ meV m?,
Ag=(6x1078 meVm)z, and Ag= (3.6 x10~8 meVm)2 [33] are valid for
the model of Bouat et al. The values t; = 0.06315eV, t, = - 10.0h? /2my,
t3= —5.55h?/2my, t, =0.3x 10~ 36eV m*, t; =0.3 x 10 ~36eV/ m*,

te = —5.55h?/2my, t; =6.18 x 1072° (eVm)? [34], and W =1.9708eV [35]
are valid for the model of Ortenberg and Button.

18

Graphite

The values A; = —0.0002eV, y, = 0.392eV, y; =0.194eV, c=0.674 nm,
y,=—0.019eV, @=0.246 nm, y, =3eV, y, =0.193eV [36], and W = 4.6eV
[37] are valid for the model of Brandt et al.

19

Lead germanium

The values §=0.21ev, gy =4[38], and ¢ = 6eV [39] are valid for the

telluride model of Vassilev.
20 Cadmium The values Ajp = — 4.65x 10" eV m?2, Ay = —2.035x 10 " ¥eV m?,
antimonide App=-5.12x10"YeVm?, A;3=-0.25x 10" %eVm,
Ay =1.42x10"YeVm?, A;5=0.405x 10" eV m?,
Atg = - 4.07x10" eV m?, A;; =3.22x10" eV m,
Aig =1.69 x 10 ~2°(eVm)?, Ay =0.070eV [40], and ¢ ~ 2eV [41] are valid
for the model of Yamada.
21 Cadmium The values B, =8.6 x 10 2'eVm?, B, =1.8 x 102! (eVm)?,
diphosphide B, = 0.0825eV, B = -1.9x 10~ eV m? [42], and ¢ ~ 5eV [43] are valid
for the model of Chuiko.
22 Zinc diphosphide The values B, =8.7 x 10~ 2eVm?, 8, =1.9 x 10~ 2}(eVm)?, B, = 0.0875eV,

Bs = —1.9x10"YeVm? [42], and W ~ 3.9eV [43] are valid for the model
of Chuiko.

23

Bismuth telluride

The values g4 =0.145eV, a3 =3.25, o2 = 4.81, @33 =9.02, o3 = 4.15,
gs=2, g, =6 [44], and ¢ =5.3eV [45] are valid for the model of Stordeur
et al.

24

Carbon nanotube

The values a, =0.144 nm [46], t. =2.7eV [47], ro =0.7 nm [48], and
W =3.2eV [49] are valid for graphene band structure realization of carbon
nanotube.

25

Antimony

The values a;; =16.7, &y =5.98, 033 =11.61, a3 =7.54 [50] and
W =4.63eV [6] are valid for the model of Ketterson.
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26 Zinc selenide my=0.16mg, Ay =0.42eV, Eg, =2.82eV [7], and W =3.2eV [51].
27 Lead selenide m; =0.23mg, m =0.32mo, m; =0.115my, m; =0.303m,,

P =~ 138 meV nm, P, =471 meV nm, E5, =0.28eV [52], &5 = 21.0¢&, [32],
and W=4.2eV [53].
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Bismuth (Bi) 356 220, 222, 224, 226, 228, 230, 232, 234,
236, 238, 247, 249, 251, 253, 255, 256, 258,
Carbon nanotubes 347, 350, 357 260, 262, 264, 266, 267, 275, 302
CdGeAs, 355 InAs 96, 97, 99, 101, 103, 105, 107, 111-126,
CuCl 139 128-130, 132-133, 210, 212, 214, 218, 219,
221, 223, 225, 228, 229, 231, 233, 235, 237,
GayALAs xi 247,248,250, 252, 254, 258, 259, 261, 263,
GaAs 15, 337, 342, 343 265, 273, 275, 276, 278, 280, 281, 283, 290,
GaSb 137 292, 294, 296, 298, 302, 303, 307, 309,
Germanium 357 312, 313, 315, 317, 319, 321
Graphite 357 InSb 96, 97, 99, 101, 103, 105, 107, 111-126,
128-130, 132, 133, 139, 210, 212, 214, 218,
Hg,.Cd,Te 1, 96, 98, 100, 102, 104, 106, 219, 223, 225, 228, 229, 231, 233, 235, 237,
108-113, 116-134, 156158, 160-163, 247,248,250, 252, 254, 258, 259, 261, 263,
170, 171, 174-176, 178-180, 187, 265, 275, 276, 278, 280, 281, 291, 292, 294,
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249, 251, 253, 255, 256, 258, 260, 262,
264, 266, 267, 275, 302 PbixGa,Te 139
HgTe xi PbTe 136
HgTe/CdTe 203, 204, 349, 350 PtSb2
In,.«GaxAs,P., 2, 96, 100, 102, 104, 106, SdH 123, 126, 166, 197, 218

108-134, 158-161, 164, 165, 172, 173,
176-178, 180-182, 210, 211, 213, 215, 218,  Tellurium 139, 357
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