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Preface

With the advent of modern quantized structures in one, two, and three dimensions
(such as quantum wells, nipi structures, inversion and accumulation layers, quantum
well superlattices, carbon nanotubes, quantum wires, quantum wire superlattices,
quantum dots, magneto inversion and accumulation layers, quantum dot super-
lattices, etc.), there has been a considerable interest to investigate the different
physical properties of not only such low-dimensional systems but also the different
nanodevices made from them and they unfold new physics and related mathematics
in the whole realm of solid state sciences in general. Such quantum-confined
systems find applications in resonant tunneling diodes, quantum registers, quantum
switches, quantum sensors, quantum logic gates, quantum well and quantum wire
transistors, quantum cascade lasers, high-resolution terahertz spectroscopy, single
electron/molecule electronics, nanotube-based diodes, and other nanoscale devices.

At field strengths of the order of 108 V/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 Fowler–Nordheim field emission (FNFE) in 1928 [1, 2], 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 physical conditions and also finds wide
applications in solid state and related sciences [3–39]. It appears from the detailed
survey of almost the whole spectrum of the literature in this particular aspect that
the available monographs, hand books, and review articles on field emission from
different important semiconductors and their quantum-confined counterparts have
not included any detailed investigations on the FNFE from such systems having
various band structures under different physical conditions.

The research group of A.N. Chakravarti [38, 39] has shown that the FNFE from
different semiconductors depends on the density of states function (DOS), velocity
of the electrons in the quantized levels, and the transmission coefficient of the
electron. Therefore, it assumes different values for different systems and varies with
the electric field, the magnitude of the reciprocal quantizing magnetic field under
magnetic quantization, the nanothickness in quantum wells, wires, and dots, the
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quantizing electric field as in inversion layers, the carrier statistics in various types
of quantum-confined superlattices having different carrier energy spectra and other
types of low-dimensional field-assisted systems.

The present monograph is divided into three parts. The first part consists of
four chapters. In Chap. 1, the FNFE has been investigated for quantum wires of
nonlinear optical, III–V, II–VI, bismuth, IV–VI, stressed materials, Te, n-GaP, PtSb2,
Bi2Te3, n-Ge, GaSb, and II–V semiconductors on the basis of respective carrier
energy spectra. Chapter 2 deals with the field emission from III–V, II–VI, IV–VI,
and HgTe/CdTe quantum wires superlattices with graded interfaces have been
studied. The same chapter also explores the FNFE from quantum wire effective
mass superlattices of aforementioned constituent materials. In Chap. 3, the FNFE
from nonlinear optical, III–V, II–VI, bismuth, IV–VI, stressed semiconductors, Te,
n-GaP, PtSb2, Bi2Te3, n-Ge, GaSb, and II–V compounds under strong magnetic
quantization has been studied. In Chap. 4, the FNFE from III–V, II–VI, IV–VI,
and HgTe/CdTe superlattices with graded interfaces and effective mass superlattices
of the aforementioned constituent materials under magnetic quantization have also
been investigated.

The Part II contains the solo Chap. 5 and investigates the influence of light
waves on the FNFE from III–V compounds covering the cases of magnetic quan-
tization, quantum wires, effective mass superlattices under magnetic quantization,
superlattices with graded interfaces in the presence of quantizing magnetic field,
quantum wire effective mass superlattices, and also quantum wire superlattices of
the said materials with graded interfaces on the basis of newly formulated carrier
energy spectra. Chapter 6 of the last part deals with the FNFE from quantum
confined optoelectronic semiconductors in the presence of external intense electric
fields. It appears from the literature that the investigations have been carried out
on the FNFE under the assumption that the band structures of the semiconductors
are invariant quantities in the presence of intense electric fields, which is not
fundamentally true. The physical properties of nonparabolic semiconductors in
the presence of strong electric field which changes the basic dispersion relation
have relatively been less investigated [40]. Chapter 6 explores the FNFE from
ternary and quaternary compounds in the presence of intense electric fields on the
basis of electron dispersion laws under strong electric field covering the cases of
magnetic quantization, quantum wires, effective mass superlattices under magnetic
quantization, quantum wire effective mass superlattices, superlattices with graded
interfaces in the presence of quantizing magnetic field, and also quantum wire
superlattices of the said materials with graded interfaces.

Chapter 7 contains different applications and brief review of the experimental
results. In the same chapter, the FNFE from carbon nanotubes in the presence
of intense electric field and the importance of the measurement of band-gap of
optoelectronic materials in the presence of light waves have also been discussed.
Chapter 8 contains conclusion and future research. Besides, 200 open research
problems have been presented which will be useful for the researchers in the
fields of solid state and allied sciences, in general, in addition to the graduate
courses on electron emission from solids in various academic departments of many
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Institutes and Universities. We expect that the readers of this monograph will not
only enjoy the investigations of the FNFE for a wide range of semiconductors and
their nanostructures having different energy-wave vector dispersion relation of the
carriers under various physical conditions as presented in this book but also solve the
said problems by removing all the mathematical approximations and establishing
the appropriate uniqueness conditions, together with the generation of all together
new research problems, both theoretical and experimental. Each chapter except
the last two contains a table highlighting the basic results pertaining to it in a
summarized form.

It is needless to say that this monograph is based on the iceberg principle [41] and
the rest of which will be explored by the researchers of different appropriate fields.
It has been observed that still new experimental investigations of the FNFE from
different semiconductors and their nanostructures are needed since such studies
will throw light on the understanding of the band structures of quantized structures
which, in turn, control the transport phenomena in such k space asymmetric
systems. We further hope that the readers will transform this book into a standard
reference source in connection with the field emission from solids to probe into the
investigation of this particular research topic.
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Chapter 1
Field Emission from Quantum Wires
of Nonparabolic Semiconductors

1.1 Introduction

The Fowler–Nordheim field emission (FNFE) is a well-known quantum-mechanical
phenomenon that involves tunneling of electrons through a surface barrier due to
the application of an intense external electric field. Normally, at field strengths of
the order of 108 V=m (below the electrical breakdown), the potential barriers at the
surfaces of metals and semiconductors usually become very thin and result in field
emission of electrons due to the tunnel effect [1, 2]. This has been well investigated
with reference to three-dimensional electron gases in metals and semiconductors
and the FNFE from quantum-confined structures has also been studied in this
context [3–37]. Some of significant features of the FNFE which have emerged from
these investigations are as follows:

1. The FNFE increases with increasing electron concentration in bulk materials and
are significantly influenced by the carrier energy spectra of different electronic
materials.

2. The FNFE increases with increasing electric field.
3. The FNFE oscillates with film thickness for quantum-confined systems.
4. The FNFE oscillates with inverse quantizing magnetic field in the presence of

magnetic quantization due to the Shubnikov–de Haas effect.
5. For various types of superlattices of different materials, the FNFE shows

composite oscillations with different system variables.

In recent years, with the advent of fine lithographical methods [38, 39], molecular
beam epitaxy [40], organometallic vapor-phase epitaxy [41], and other experimental
techniques, the restriction of the motion of the carriers of bulk materials in
one (quantum wells in ultrathin films, NIPI structures, inversion, and accumula-
tion layers), two (quantum wires), and three (quantum dots, magnetosize quan-
tized systems, magneto-accumulation layers, magneto-inversion layers quantum dot
superlattices, magneto-quantum well superlattices, and magneto-NIPI structures)
dimensions have in the last few years, attracted much attention not only for their

S. Bhattacharya and K.P. Ghatak, Fowler–Nordheim Field Emission, Springer Series
in Solid-State Sciences 170, DOI 10.1007/978-3-642-20493-7 1,
© Springer-Verlag Berlin Heidelberg 2012
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4 1 Field Emission from Quantum Wires of Nonparabolic Semiconductors

potential in uncovering new phenomena in nanoscience, but also for their interesting
quantum device applications [42–45]. In ultrathin films, the restriction of the motion
of the carriers in the direction normal to the film (say, the z direction) may be viewed
as carrier confinement in an infinitely deep 1D rectangular potential well, leading to
quantization [known as quantum size effect (QSE)] of the wave vector of the carrier
along the direction of the potential well, allowing 2D carrier transport parallel to the
surface of the film representing new physical features not exhibited in bulk semicon-
ductors [46–50]. The low-dimensional heterostructures based on various materials
are widely investigated because of the enhancement of carrier mobility [51]. These
properties make such structures suitable for applications in quantum well lasers [52],
heterojunction FETs [53, 54], high-speed digital networks [55–58], high-frequency
microwave circuits [59], optical modulators [60], optical switching systems [61],
and other devices. The constant energy 3D wavevector space of bulk semiconductors
becomes 2D wavevector surface in ultrathin films or quantum wells due to dimen-
sional quantization. Thus, the concept of reduction of symmetry of the wavevector
space and its consequence can unlock the physics of low-dimensional structures.

It is well known that in quantum wires (QWs), the restriction of the motion
of the carriers along two directions may be viewed as carrier confinement by two
infinitely deep 1D rectangular potential wells, along any two orthogonal directions
leading to quantization of the wave vectors along the said directions, allowing 1D
carrier transport [62–64]. With the help of modern fabrication techniques, such one-
dimensional quantized structures have been experimentally realized and enjoy an
enormous range of important applications in the realm of nanoscience in quantum
regime. They have generated much interest in the analysis of nanostructured devices
for investigating their electronic, optical, and allied properties [65–72]. Examples
of such new applications are based on the different transport properties of ballistic
charge carriers which include quantum resistors [73–75], resonant tunneling diodes
and band filters [76,77], quantum switches [78], quantum sensors [79,80], quantum
logic gates [81, 82], quantum transistors and subtuners [83, 84], heterojunction
FETs [85], high-speed digital networks [86,87], high-frequency microwave circuits
[88], optical modulators [89], optical switching systems [90], and other nanoscale
devices.

In this chapter, we shall study the FNFE from QWs of nonparabolic semicon-
ductors having different band structures. At first we shall investigate the FNFE from
QWs of nonlinear optical compounds which are being used in nonlinear optics and
light-emitting diodes [91, 92]. The quasi-cubic model can be used to investigate the
symmetric properties of both the bands at the zone center of wavevector space of
the same compound.Including the anisotropic crystal potential in the Hamiltonian,
and special features of the nonlinear optical compounds, Kildal [93] formulated
the electron dispersion law under the assumptions of isotropic momentum matrix
element and the isotropic spin–orbit splitting constant, respectively, although the
anisotropies in the two aforementioned band constants are the significant physical
features of the said materials [94–96]. In Sect. 1.2.1, the FNFE from QWs of non-
linear optical semiconductors has been investigated by considering the combined
influence of the anisotropies of the said energy band constants together with the
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inclusion of the crystal field splitting respectively within the framework of k � p
formalism.

The III–V compounds find applications in infrared detectors [97], quantum
dot light-emitting diodes [98], quantum cascade lasers [99], quantum well wires
[100], optoelectronic sensors [101], high electron mobility transistors [102], etc.
The electron energy spectrum of III–V semiconductors can be described by the
three- and two-band models of Kane [103, 104], together with the models of
Stillman et al. [105], Newson and Kurobe [106], and Palik et al. [107], 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 Hg1�xCdxTe 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�m [108] by adjusting the alloy composition. Hg1�xCdxTe finds extensive
applications in infrared detector materials and photovoltaic detector arrays in the
8–12�m wave bands [109]. The above uses have generated the Hg1�xCdxTe
technology for the experimental realization of high mobility single crystal with
specially prepared surfaces. The same compound has emerged to be the optimum
choice for illuminating the narrow subband physics because the relevant material
constants can easily be experimentally measured [110]. Besides, the quaternary
alloy In1�xGaxAsyP1�y lattice matched to InP, also finds wide use in the fabrication
of avalanche photodetectors [111], heterojunction lasers [112], light-emitting diodes
[113] and avalanche photodiodes [114], field effect transistors, detectors, switches,
modulators, solar cells, filters, and new types of integrated optical devices are made
from the quaternary systems [115]. It may be noted that all types of band models as
discussed for III–V semiconductors are also applicable for ternary and quaternary
compounds. In Sect. 1.2.2, the FNFE from QWs of III–V, ternary, and quaternary
semiconductors has been studied in accordance with the said band models and
the simplified results for wide gap materials having parabolic energy bands under
certain limiting conditions have further been demonstrated as a special case and thus
confirming the compatibility test.

The II–VI semiconductors are being used in nanoribbons, blue green diode lasers,
photosensitive thin films, infrared detectors, ultrahigh-speed bipolar transistors,
fiber optic communications, microwave devices, solar cells, semiconductor gamma-
ray detector arrays, and semiconductor detector gamma camera and allow for a
greater density of data storage on optically addressed compact discs [116–123].
The carrier energy spectra in II–VI compounds are defined by the Hopfield model
[124] where the splitting of the two-spin states by the spin–orbit coupling and the
crystalline field has been taken into account. Section 1.2.3 contains the investigation
of the FNFE from QWs of II–VI compounds.

In recent years, Bismuth (Bi) nanolines have been fabricated and Bi also finds
use in array of antennas, which leads to the interaction of electromagnetic waves
with such Bi-nanowires [125, 126]. Several dispersion relations of the carriers have
been proposed for Bi. Shoenberg [127] experimentally verified that the de Haas–Van
Alphen and cyclotron resonance experiments supported the ellipsoidal parabolic
model of Bi, although the magnetic field dependence of many physical properties
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of Bi supports the two-band model [128]. The experimental investigations on the
magneto-optical and the ultrasonic quantum oscillations support the Lax ellipsoidal
nonparabolic model [129]. Kao [130], Dinger and Lawson [131], and Koch and
Jensen [132] demonstrated that the Cohen model [133] is in conformity with the
experimental results in a better way. Besides, the hybrid model of bismuth, as
developed by Takaoka et al. also finds use in the literature [134]. McClure and Choi
[135] derived a new model of Bi and they showed that it can explain the data for a
large number of magneto-oscillatory and resonance experiments. In Sect. 1.2.4, the
FNFE from QWs of Bi has been formulated in accordance with the aforementioned
energy band models for the purpose of relative assessment. Besides, under certain
limiting conditions all the results for all the models of 1D systems are reduced to
the well-known result of the FNFE from QWs of wide gap materials. This above
statement exhibits the compatibility test of our theoretical analysis.

Lead chalcogenides (PbTe, PbSe, and PbS) are IV–VI nonparabolic semi-
conductors whose studies over several decades have been motivated by their
importance in infrared IR detectors, lasers, light-emitting devices, photovoltaics,
and high-temperature thermoelectrics [136–140]. PbTe, in particular, is the end
compound of several ternary and quaternary high-performance high-temperature
thermoelectric materials [141–145]. It has been used not only as bulk but also as
films [146–149], quantum wells [150], superlattices [151, 152], nanowires [153],
colloidal and embedded nanocrystals [154–157], and PbTe films doped with various
impurities have also been investigated [158–165]. These studies revealed some of
the interesting features that had been seen in bulk PbTe, such as Fermi level pinning
in the case of superconductivity [166]. In Sect. 1.2.5, the FNFE from QWs of IV–VI
semiconductors has been studied taking PbTe as an example.

The stressed semiconductors are being investigated for strained silicon transis-
tors, quantum cascade lasers, semiconductor strain gages, thermal detectors and
strained-layer structures [167–170]. The FNFE from QWs of stressed compounds
(taking stressed n-InSb as an example) has been investigated in Sect. 1.2.6. The
vacuum deposited Tellurium (Te) has been used as the semiconductor layer in thin-
film transistors (TFT) [171], which is being used in CO2 laser detectors [172],
electronic imaging, strain-sensitive devices [173, 174], and multichannel Bragg cell
[175]. Section 1.2.7 contains the investigation of FNFE from QWs of Tellurium.

The n-gallium phosphide (n-GaP) finds applications in quantum dot light-
emitting diode [176], high efficiency yellow solid-state lamps, light sources, and
high peak current pulse for high gain tubes. The green and yellow light-emitting
diodes made of nitrogen-doped n-GaP possess a longer device life at high drive
currents [177–179]. In Sect. 1.2.8, the FNFE from QWs of n-GaP has been studied.
The Platinum Antimonide .PtSb2/ is used in device miniaturization, colloidal
nanoparticle synthesis, sensors, detector materials, and thermo-photovoltaic devices
[180–182]. Section 1.2.9 explores the FNFE from QWs of PtSb2. Bismuth telluride
.Bi2Te3/ was first identified as a material for thermoelectric refrigeration in 1954
[183] and its physical properties were later improved by the addition of bismuth
selenide and antimony telluride to form solid solutions [184–188]. The alloys
of Bi2Te3 are useful compounds for the thermoelectric industry and have been
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investigated in the literature [184–188]. In Sect. 1.2.10, the FNFE from QWs of
Bi2Te3 has been considered.

The usefulness of elemental semiconductor Germanium is already well known
since the inception of transistor technology, and it is also being used in memory
circuits, single photon detectors, single photon avalanche diode, ultrafast optical
switch, THz lasers, and THz spectrometers [189–192]. In Sect. 1.2.11, the FNFE
has been studied from QWs of Ge. Gallium Antimonide (GaSb) finds applications
in the fiber optic transmission window, heterojunctions, and quantum wells. A
complementary heterojunction field effect transistor in which the channels for the
p-FET device and the n-FET device forming the complementary FET are formed
from GaSb. The band gap energy of GaSb makes it suitable for low power operation
[193–198]. In Sect. 1.2.12, the FNFE from QWs of GaSb has been studied. The
II–V semiconductors are being used in photovoltaic cells constructed of single
crystal semiconductor materials in contact with electrolyte solutions. Cadmium
selenide shows an open-circuit voltage of 0.8 V and power conservation coefficient
is nearly 6% for 720-nm light [199]. They are also used in ultrasonic amplification
[200]. The development of an evaporated TFT using cadmium selenide as the
semiconductor has also been reported [201, 202]. In Sect. 1.2.13, we shall study
the FNFE from QWs of II–V semiconductors. Section 1.3 contains the result and
discussions pertaining to this chapter. Section 1.4 contains open research problems.

1.2 Theoretical Background

1.2.1 The Field Emission from Quantum Wires of Nonlinear
Optical Semiconductors

The form of k � p matrix for nonlinear optical compounds can be expressed
extending Bodnar [94] as

H D
"
H1 H2

HC
2 H1

#

; (1.1)

where

H1 �

2

6
6
6
66
4

Eg0 0 Pkkz 0

0 .�2�jj=3/ .
p
2�?=3/ 0

Pkkz .
p
2�?=3/ �.ı C 1

3
�k/ 0

0 0 0 0

3

7
7
7
77
5
; H2 �

2

6
6
6
66
4

0 �f;C 0 f;�
f;C 0 0 0

0 0 0 0

f;C 0 0 0

3

7
7
7
77
5
;

in which Eg0 is the band gap in the absence of any field,Pjj and P? are the
momentum matrix elements parallel and perpendicular to the direction of crystal
axis, respectively, ı is the crystal field splitting constant, and �jj and �? are the
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spin–orbit splitting constants parallel and perpendicular to the C -axis, respectively,
f;˙ � .P?=

p
2/.kx ˙ iky/ and i D p�1. Thus, neglecting the contribution of

the higher bands and the free electron term, the diagonalization of the above matrix
leads to the dispersion relation of the conduction electrons in bulk specimens of
nonlinear optical semiconductors as

�.E/ D f1.E/k
2
s C f2.E/k

2
z ; (1.2)

where

�.E/ � E
�
E C Eg0

� �
.E C Eg0/.E C Eg0 C�jj/C ı

�
E C Eg0 C 2

3
�jj
�

C 2

9

�
�2

jj ��2?
�	
;

f1.E/ � „2Eg0.Eg0 C�?/

2m�

?
�
Eg0 C 2

3
�?

��
�
ı

�
E C Eg0 C 1

3
�jj
�

C �
E C Eg0

�
�
E C Eg0

C 2

3
�jj
�

C 1

9

�
�2

jj ��2
jj
�	
;

where E is the total energy of the electron as measured from the edge of the con-
duction band in the vertically upward direction in the absence of any quantization,

k2s D k2x C k2y , f2.E/ � „2Eg0.Eg0 C�jj/h
2m�

jj
�
Eg0 C 2

3
�jj
�i
�
.E C Eg0/

�
E CEg0 C 2

3
�jj
�	

,

h D h=2�; h is the Planck’s constant, and m�
jj and m�? are the longitudinal and

transverse effective electron masses at the edge of the conduction band, respectively.
For two-dimensional quantization along the x and y directions, (1.2) assumes

the form
k2z D A11.E; nx; ny/; (1.3)

whereA11.E; nx; ny/D Œf2.E/

�1Œ�.E/�	1.nx; ny/f1.E/
, 	1.nx; ny/D

�
nx�

dx

�2

C
�
ny�

dy

�2
, nx D .1; 2; 3; : : :/; ny D .1; 2; 3; : : :/ are the size quantum numbers

along the x and y directions, respectively, and dx and dy are the nanothickness
along the x and y directions, respectively.

The quantized subband energy .E11/ is given by

�.E11/ D f1.E11/	1.nx; ny/: (1.4)

The electron concentration per unit length can be expressed as

n0 D 2gv

�

nxmaxX

nxD1

nymaxX

nyD1



B11

�
EF1D; nx; ny

�CB12
�
EF1D; nx; ny

��
; (1.5)
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where gv is the valley degeneracy, B11.EF1D; nx; ny/ D ŒA11.EF1D; nx; ny/

1=2,

B12.EF1D; nx; ny/D
r0P

rD1
Z1D.r/ŒB11.EF1D; nx; ny/
,Z1D.r/D 2.kBT /

2r .1�21�2r /

�.2r/
@2r

@E2r
F1D

; kB is the Boltzmann constant, T is the temperature, r is the set of real

positive integers whose upper limit is r0, �.2r/ is the Zeta function of order 2r [203],
and EF1D is the Fermi energy in the presence of 2D quantization as measured from
the edge of the conduction band in the vertically upward direction in the absence of
any quantization.

The current .I / due to Fowler–Nordheim fFNgfield emission can be written as

I D 1

2

nxmaxX

nxD1

nymaxX

nyD1

2

4
1Z

E11

Œe � vn1t11


3

5 ; (1.6a)

where e is the magnitude of the electron charge, v is the velocity of the electron and
given by v D .1=„/.@E=@kz/, n1 D N1D.E/:f .E/dE, N1D.E/ is the 1D density-
of-states function per subbands and can be written asN1D.E/ D .2gv=�/.@kz=@E/,
f .E/ is the Fermi–Dirac occupation probability factor and is given by f .E/ D
Œ1 C exp.E � EF1D=kBT /


�1, and t11 is the transmission coefficient. From (1.6a),
it appears that I is a function of the product of the carrier velocity, concentration,
and transmission coefficient. These three quantities in turn depend totally on the
dispersion relation of the material. As the basic E–k relation changes, all the
aforementioned quantities will change and the current due to FN field emission will
be different consequently. Thus, the field emission will change all together in 1D,
2D, and 3D quantization of the wave vector space encompassing the whole arena of
quantized structures.

Thus, from (1.6a) one can write

I D 1

2

nxmaxX

nxD1

nymaxX

nyD1

2

4
1Z

E11

�
e

„
@E

@kz
:
2gv

�

@kz

@E
f .E/dE

	
t11

3

5: (1.6b)

The term @E=@kz from velocity and the term @kz=@E from the density-of-states
function per subbands cancel each other leaving the constant prefactor.

Therefore, (1.6b) assumes the form

I D e � gv

„�
nxmaxX

nxD1

nymaxX

nyD1

2

4
1Z

E11

Œf .E/dE
 � t11
3

5 : (1.6c)

The term t11 in this case can be expressed by using the method as given in [204] as

t11 D exp.�ˇ11/ (1.7)
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in which

ˇ11 D 4


A11

�
V0; nx; ny

��3=2

3eFsz


A0
11

�
V0; nx; ny

�� : (1.8)

Fsz is the electric field along the z-axis,
A11.V0; nx; ny/ D Œf2.V0/


�1Œ�.V0/ � 	1.nx; ny/f1.V0/
; V0 is equal to the
addition of the Fermi energy in the corresponding case and the work function 	w

of the material,

f2.V0/ � „2Eg0.Eg0 C�jj/h
2m�

jj
�
Eg0 C 2

3
�jj
�i
�
.V0 C Eg0/

�
V0 C Eg0 C 2

3
�jj
�	
;

�.V0/ � V0
�
V0 C Eg0

� h �
V0 C Eg0

� �
V0 C Eg0 C�jj

�

C ı

�
V0 C Eg0 C 2

3
�jj
�

C 2

9

�
�2

jj ��2?
�	
;

f1.V0/ � „2Eg0.Eg0 C�?/

2m�?

�
Eg0 C 2

3
�?

��
�
ı

�
V0 C Eg0 C 1

3
�jj
�

C .V0 C Eg0/

�
V0 C Eg0 C 2

3
�jj
�

C 1

9

�
�2

jj ��2
jj
�	
;

A0
11.V0; nx; ny/ D

��A11.V0; nx; ny/f 0
2 .V0/

f2.V0/
C Œf2.V0/


�1Œ� 0.V0/

� f 0
1 .V0/	1.nx; ny/


�
;

f 0
2 .V0/ D

"

Œ„2Eg0.Eg0 C�k/

�
2m�

k
�
Eg0 C 2

3
�k
�	�1

�
�
2V0 C 2Eg0 C 2

3
�k
		
;

f 0
1 .V0/ D

"

Œ„2Eg0.Eg0 C�?/

�
2m�?

�
Eg0 C 2

3
�?

�	�1

�
�
2V0 C 2Eg0 C 2

3
�k C ı

		
;

and

� 0.V0/ D
�
�.V0/.2V0 C Eg0/

V0.V0 C Eg0/
C .V0.V0 C Eg0//



2V0 C 2Eg0 C�k C ı

�	
:
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Thus, we can write

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0.�11/ t11; (1.9)

where �11 D .EF1D � E11/=kBT ,F0.�11/ is the special case of the one-parameter
Fermi–Dirac integral of order j which can be written as

Fj .�/ D
�

1

�.j C 1/

�Z 1

0

xj dx

1C exp.x � �/ ; j > �1 (1.10)

or for all j , analytically continued as a complex contour integral around the negative
x-axis

Fj .�/ D
�
�.�j /
2�

p�1
�Z C0

�1
xj dx

1C exp.�x � �/ ; (1.11)

where � is the dimensionlessx independent variable,

�.j C 1/ D j�.j /; �

�
1

2

�
D p

�; and�.0/ D 1::

Therefore, the field-emitted current is given by

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0.�11/ exp.�ˇ11/: (1.12)

1.2.2 The Field Emission from Quantum Wires of III–V
Semiconductors

The dispersion relation of the conduction electrons of III–V compounds are
described by the models of Kane (both three and two bands) [103, 104], Stillman
et al. [105], Newson and Kurobe [106], and Palik et al. [107], respectively. For
the purpose of complete and coherent presentation, the FNFE from QWs of III–V
semiconductors have also been investigated in accordance with the aforementioned
different dispersion relations for indicating the relative comparison as follows:

1.2.2.1 The Three-Band Model of Kane

Under the conditions, ı D 0, �k D �? D � (isotropic spin–orbit splitting
constant) and m�

k D m�? D mc (isotropic effective electron mass at the edge of
the conduction band), (1.2) gets simplified into the form
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„2k2
2mc

D I11.E/; I11.E/ �
E
�
E C Eg0

� �
E C Eg0 C�

� �
Eg0 C 2

3
�

�

Eg0.Eg0 C�/

�
E C Eg0 C 2

3
�

� ;

(1.13)
which is known as the three-band model of Kane [103, 104] and is often used to
study the electronic properties of III–V, ternary, and quaternary semiconductors.

The 1D E–kz relation can be expressed as

k2z D A12.E; nx; ny/; (1.14)

where A12.E; nx; ny/ D 2mc
„2 I11.E/ � 	1.nx; ny/:

The quantized subband energy .E12/ is given by

I11.E12/ D
� „2
2mc

	
	1.nx; ny/: (1.15)

The electron concentration per unit length can be written as

n0 D 2gv

�

nxmaxX

nxD1

nymaxX

nyD1



B13

�
EF1D ; nx; ny

�C B14
�
EF1D ; nx; ny

��
; (1.16)

where B13
�
EF1D; nx; ny

� D 

A12

�
EF1D; nx; ny

��1=2
and B14.EF1D; nx; ny/ D

r0P

rD1
Z1D.r/ŒB13.EF1D; nx; ny/
.

The field-emitted current can be expressed as

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0.�12/ t12; (1.17)

where �12 D .EF1D � E12/=kBT , t12 D exp.�ˇ12/, ˇ12 D 4
3
ŒA12.V0; nx; ny/


3=2 �
ŒeFszA

0
12.V0/


�1,

A12.V0; nx; ny/ D
�
2mc

„2 I11.V0/� 	1.nx; ny/

	
;

I11.V0/ �
V0.V0 C Eg0/.V0 C Eg0 C�/

�
Eg0 C 2

3
�

�

Eg0.Eg0 C�/

�
V0 C Eg0 C 2

3
�

� and

A0
12.V0/ D

�
2mc

„2 I11.V0/
�
1

V0
C 1

V0 CEg0
C 1

V0 C Eg0 C�

� 1

V0 CEg0 C .2=3/�

		
:
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Therefore, the field-emitted current is given by

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0.�12/ exp.�ˇ12/: (1.18)

1.2.2.2 Two-Band Model of Kane

Under the inequalities � � Eg0 or � � Eg0 , (1.13) assumes the form

E.1C ˛E/ D .„2k2=2mc/; ˛ � 1=Eg0: (1.19)

Equation (1.19) is known as the two-band model of Kane where ˛ is known as
band nonparabolicity parameter and should be as such for studying the electronic
properties of the semiconductors whose band structures obey the above inequalities
[103, 104].

The 1D E–kz relation can be expressed as

k2z D A13.E; nx; ny/; (1.20)

where A13.E; nx; ny/ D 

2mc
„2 fE.1C ˛E/g � 	1.nx; ny/

�
:

The quantized subband energy .E12/ is given by

E13.1C ˛E13/ D
� „2
2mc

	
	1.nx; ny/: (1.21)

The electron concentration per unit length can be written as

n0 D 2gv

�

nxmaxX

nxD1

nymaxX

nyD1



B15

�
EF1D; nx; ny

�C B16
�
EF1D; nx; ny

��
; (1.22)

where B15
�
EF1D; nx; ny

� D 

A13.EF1D ; nx; ny/

�1=2
and

B16.EF1Dnx; ny/ D
r0X

rD1
Z1D.r/



B15

�
EF1D; nx; ny

��
:

The field-emitted current can be expressed as

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0.�13/t13; (1.23)

where �13 D .EF1D � E13/=kBT , t13 D exp.�ˇ13/, ˇ13 D 4

3



A13

�
V0; nx; ny

��3=2 �


eFszA

0
13.V0/

��1
; and A0

13.V0/D 2mc

„2 .1C 2˛V0/ :
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Therefore, the field-emitted current assumes the from

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0.�13/ exp.�ˇ13/: (1.24)

1.2.2.3 Parabolic Energy Bands

The expressions for the electron concentration per unit length and the FNFE from
QWs having parabolic energy bands can, respectively, be written as

n0 D 2gv
p
2�mckBT

h

nxmaxX

nxD1

nymaxX

nyD1
F�1=2.�14/; (1.25)

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0.�14/ exp

"

� 4

3eFsz

�
2mc

„2
�1=2

V
3=2
0

�
1 � „2	1.nx; ny/

2mcV0


 3=2#

; (1.26)

where �14 D
h
EF1D � „2	1.nx;ny/

2mc

i
ŒkBT 


�1 :
Converting the summations over nx and ny to the corresponding integrations,

(1.26) gets transformed as

J D gve
2F 2

sz

8�h	w
exp

(

� 4

3eFsz

�
2mc

„2
�1=2

	3=2w

)

: (1.27)

Equation (1.27) is the well-known expression of the FNFE from bulk semiconduc-
tors having parabolic energy bands [205, 206].

1.2.2.4 The Model of Stillman et al.

In accordance with the model of Stillman et al. [105], the electron dispersion law of
III–V materials assumes the form

E D t11k
2 � t 12k4; (1.28)

where t 11� „2
2mc

; t 12 �
�
1 � mc

m0

�2� „2
2mc

�2��
3Eg0 C 4�C 2�2

Eg0

�
:
˚�
Eg0 C�

�

.2�C 3Eg0/
��1i

; and m0 is the free electron mass.
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Equation (1.28) can be expressed as

„2k2
2mc

D I12.E/; (1.29)

where I12.E/ � a11Œ1 � .1 � a12E/
1=2
 and a11 �

� „2 Nt11
4mc Nt12

�
, and a12 � 4Nt12

Nt211
.

The 1D E–kz relation can be written as

k2z D A14
�
E; nx; ny

�
; (1.30)

where A14.E; nx; ny/ D
�
2mc

„2 fI12.E/g � 	1.nx; ny/
	
:

The quantized subband energy .E14/ is given by

I12.E14/ D
� „2
2mc

	
	1
�
nx; ny

�
: (1.31)

The electron concentration per unit length can be expressed as

n0 D 2gv

�

nxmaxX

nxD1

nymaxX

nyD1



B17

�
EF1D ; nx; ny

�C B18
�
EF1D ; nx; ny

��
; (1.32)

where B17
�
EF1D; nx; ny

� D 

A14

�
EF1D ; nx; ny

��1=2
and B18

�
EF1D; nx; ny

� D
r0P

rD1
Z1D.r/



B17

�
EF1D ; nx; ny

��
:

The field-emitted current can be written as

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0.�15/ exp.�ˇ15/; (1.33)

where �15 D .EF1D �E14/ =kBT; ˇ15 D 4

3



A14

�
V0; nx; ny

��3=2 �ŒeFszA
014 .V0/
�1,

A14.V0; nx; ny/ D
�
2mc

„2 fI12.V0/g � 	1.nx; ny/

	
; A0

14.V0/ D 2mc

„2 I
0
12.V0/; and

I 0
12.V0/ D

�a11a12
2

�
.1 � a12V0/

�1=2.

1.2.2.5 The Model of Newson and Kurobe

In accordance with the model of Newson and Kurobe [106], the electron dispersion
law in this case assumes the form
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E D a13k
4
z C

� „2
2mc

C a14k
2
s

	
k2z C „2

2mc

k2s Ca14k2xk2yCa13
�
k4x C k4y

�
; (1.34)

where a13 is the nonparabolicity constant, a14.� 2a13 C a15/, and a15 is known as
the warping constant.

The 1D E–kz relation can be expressed as

k2z D A15.E; nx; ny/; (1.35)

whereA15.E; nx; ny/ D .2a13/
�1Œ�L1.nx; ny/C ŒfL1.nx; ny/g2�4a13ŒL2.nx; ny/

� E/
1=2
; L1.nx; ny/ D „2
2mc

C a14

"�
nx�

dx

�
C
�
ny�

dy

�2#

; and L2.nx; ny/ D
"

„2
2mc

	1.nx; ny/C a14

�
nx�

dx
� ny�
dy

�2
C a13

"�
nx�

dx

�4
C
�
ny�

dy

�4##

:

The quantized subband energy .E16/ is given by

E16 D L2.nx; ny/: (1.36)

The electron concentration per unit length can be written as

n0 D 2gv

�

nxmaxX

nxD1

nymaxX

nyD1



B19

�
EF1D; nx; ny

�C B20
�
EF1D ; nx; ny

��
; (1.37)

where B19
�
EF1D; nx; ny

� D 

A15

�
EF1D; nx; ny

��1=2
and

B20.EF1D; nx; ny/ D
r0X

rD1
Z1D.r/ŒB19.EF1D; nx; ny/
: (1.38)

The field-emitted current assumes the form

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0.�16/ exp.�ˇ16/; (1.39)

where �16 D .EF1D � E16/ =kBT , ˇ16 D 4
3



A15.V0; nx; ny/

�3=2� 
eFszA
0
15 .V0; nx;

ny
���1

; and A0
15.V0; nx; ny/ D ŒfL1.nx; ny/g2 � 4a13ŒL2.nx; ny/� V0/


�1=2
.

1.2.2.6 Model of Palik et al.

The energy spectrum of the conduction electrons in III–V semiconductors up to the
fourth order in effective mass theory, taking into account the interactions of heavy
hole, light hole, and the split-off holes can be expressed in accordance with the
model of Palik et al. [107] as
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E D „2k2
2mc

� B11k
4; (1.40)

where B11 D
� „4
4Eg0.mc/2

	
2

6
6
4

1C x211
2

1C x11

2

3

7
7
5 .1 � y11/

2 ; x11 D
�
1C

�
�

Eg0

�	
;�1 and

y11 D mc

mo

:

Equation (1.40) gets simplified as

„2k2
2mc

D I13.E/; (1.41)

where I13.E/ D Nb12
�

Na12 �
�
. Na12/2 � 4EB11

�1=2	
and Na12 D

� „2
2mc

�
; and Nb12 D

� Na12
2B11

	
:

The 1D E–kz relation can be written as

k2z D A16.E; nx; ny/; (1.42)

where A16.E; nx; ny/ D
�
2mc

„2 fI13.E/g � 	1.nx; ny/

	
:

The electron concentration per unit length can be expressed as

n0 D 2gv

�

nxmaxX

nxD1

nymaxX

nyD1



B21

�
EF1D ; nx; ny

�C B22
�
EF1D; nx; ny

��
; (1.43)

where B21
�
EF1D; nx; ny

� D 

A16

�
EF1D; nx; ny

��1=2
and B22

�
EF1D; nx; ny

� D
r0P

rD1
Z1D.r/



B21

�
EF1D; nx; ny

��
:

The field-emitted current can be written as

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0 .�16/ exp.�ˇ16/; (1.44)

where �16 D .EF1D � E17/ =kBT and E17 is the root of

„2
2mc

	1.nx; ny/ D I13.E17/; (1.45)
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where ˇ16 D 4

3



A16

�
V0; nx; ny

��3=2 � 
eFszA
0
16.V0/

��1
; A0

16.V0/ D 2mc

„2 I
0
13.V0/;

and I 0
13.V0/ D 2 Nb12B11

h
. Na12/2 � 4V0B11

i�1=2
.

1.2.3 The Field Emission from Quantum Wires of II–VI
Semiconductors

The carrier energy spectra in bulk specimens of II–VI compounds in accordance
with Hopfield model [124] can be written as

E D A0k
2
s C B0k

2
z ˙ C0ks; (1.46)

whereA0 � „2=2m�?, B0� „2=2m�
k , and C0 represents the splitting of the two-spin

states by the spin–orbit coupling and the crystalline field.
The 1D dispersion relation for quantum wires of II–VI semiconductors can be

expressed as

E D B0k
2
z CG3;˙.nx; ny/; (1.47)

where G3;˙
�
nx; ny

� �
"

A0

��
�nx
dx

�2 C
�
�ny
dy

�2
 ˙ C0

��
�nx
dx

�2 C
�
�ny
dy

�2
 1=2
#

.

The FNFE in this case is given by

I D egvkBT

h

nxmaxX

nxD1

nymaxX

nyD1

hn
F0

n
.kBT /

�1 
EF1D � 

G3;C

�
nx; ny

���o

� exp
�
�ˇ016;C

�o
CF0

n
.kBT /

�1 
EF1D � 

G3;�

�
nx; ny

���o
exp

�
�ˇ016;�

�i

(1.48)

and ˇ016;˙ D 4
3


�
V0 �G3;˙

�
nx; ny

���3=2 � ŒeFsz„
�1
q
2m�

k .

The 1D electron statistics can be written as

n1D D gv

�
p
B0

nxmaxX

nxD1

nymaxX

nyD1



t7
�
EF1D; nx; ny

�C t8
�
EF1D; nx; ny

��
; (1.49)

where t7
�
EF1D; nx; ny

� � 

EF1D � 


G3;C
�
nx; ny

���1=2 C ŒEF1D � ŒG3;� .nx;
ny
���1=2

and t8
�
EF1D; nx; ny

� D
0P

1

Z1D.r/


t7.EF1D; nx; ny/

�
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1.2.4 The Field Emission from Quantum Wires of Bismuth

1.2.4.1 The McClure and Choi Model

The dispersion relation of the carriers in Bi can be written, following the McClure
and Choi [135], as

E .1C ˛E/ D p2x
2m1

C p2y

2m2

C p2z

2m3

C p2y

2m2

˛E

�
1 �

�
m2

m0
2

�

C p4y˛

4m2m
0
2

� ˛p2xp
2
y

4m1m2

� ˛p2yp
2
z

4m2m3

; (1.50)

where pi � „ki , i D x; y; z, m1;m2, and m3 are the effective carrier masses at the
band edge along the x, y, and z directions, respectively, andm0

2 is the effective mass
tensor component at the top of the valence band (for electrons) or at the bottom of
the conduction band (for holes).

The 1D dispersion relation of the carriers in Bi in this case assumes the form

E .1C ˛E/ D
(

„2k2x
2m1

"

1 � ˛„2
2m2

�
�ny

dy

�2#

CG12

C „2
2m2

˛E

�
1 �

�
m2

m0
2

�
 �
�ny

dy

�2)

; (1.51)

where nz D 1; 2; 3; : : : is the size quantum number along the z direction, dz is the
nanothickness along the z direction, and

G12 �
(

„2
2m2

�
�ny

dy

�2
C „2
2m3

�
�nz

dz

�2
C ˛„4
4m2m

0
2

�
�ny

dy

�4

� ˛

4m2m3

�„2nynz�
2

dydz

�2)

:

Using (1.51), the 1D electron statistics can be expressed as

n1D D 2gv

�

p
2m1

„
nymaxX

nyD1

nzmaxX

nzD1



t27
�
EF1D; ny ; nz

�C t28
�
EF1D; ny ; nz

��
; (1.52)

where

t27
�
EF1D; ny; nz

� �
8
<

:

"

1 � ˛„2
2m2

�
�ny

dy

�2#�1=2"
EF1D .1C ˛EF1D/ �G12

� „2
2m2

˛EF1D

�
1 �

�
m2

m0
2

�
 �
�„ny
dy

�2#1=2
9
=

;
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and

t28
�
EF1D; ny ; nz

� �
soX

rD1
Z1D.r/



t27
�
EF1D; ny; nz

��
:

The field-emitted current is given by

I D 2gvekBT

h

nzmaxX

nzD1

nymaxX

nyD1
F0.�17/ exp.�ˇ17/; (1.53)

where �17 D EF1D � E19

kBT
and E19 is the root of

E19 .1C ˛E19/ D
(

G12 C „2
2m2

˛E19

�
1 �

�
m2

m0
2

�
 �
�ny

dy

�2)

; (1.54)

ˇ17 D 4

3
ŒA17.V0; nz; ny/


3=2 � ŒeFszA
0
17.V0;nz; ny/


�1;
"

1 � ˛„2
2m2

�
�ny

dy

�2#�1 �
V0 .1C ˛V0/�G12 �

� „2
2m2

˛V0

�
1 �

�
m2

m0
2

�


�
�
�ny

dy

�2)#� „2
2m1

��1
D A17

�
V0;ny;nz

�
;

and
"

1 � ˛„2
2m2

�
�ny

dy

�2#�1 "
.1C 2˛V0/ �

(
„2
2m2

˛

�
1 �

�
m2

m0
2

�
 �
�ny

dy

�2)#

�
� „2
2m1

��1
D A0

17

�
V0;ny;nz

�
:

1.2.4.2 The Hybrid Model

The dispersion relation of the carriers in bulk specimens of Bi in accordance with
the Hybrid model can be written as [134]

E .1C ˛E/ D �0 .E/
�„ky

�2

2M2

C ˛�0„4k4y
4M2

2

C „2k2x
2m1

C „2k2z
2m3

; (1.55)

where �0.E/ � Œ1C ˛E.1 � �0/C ı0
; �0 � M2

m2
; ı0 � M2

M 0

2
; and the other notations

are defined in [134].
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The 1D dispersion relation in this case assumes the form

E .1C ˛E/ D „2k2x
2m1

CG14 C „2
2M2

�
�ny

dy

�2
˛E .1 � �0/ ; (1.56)

where G14 D
"

„2
2m3

�
�nz

dz

�2
C „2
2M2

�
�ny

dy

�2 �
1C ı0

�
C ˛�0„4

4M2
2

�
�ny

dy

�4#

:

The use of (1.56) leads to the expression for the electron concentration per unit
length as

nD1 D 2gv

�

p
2m1

„
nymaxX

nyD1

nzmaxX

nzD1



t31
�
EF1D; ny ; nz

�C t32
�
EF1D; ny ; nz

��
; (1.57)

where

t31
�
EF1D; ny; nz

��
"

EF1D .1C ˛E1DF/ �G14 � „2
2M2

�
�ny

dy

�2
˛EF1D .1 � �0/

#1=2
;

and t32
�
EF1D; ny ; nz

� �
soP

rD1
Z1D.r/



t31
�
EF1D; ny; nz

��
:

The field-emitted current is given by

I D 2gvekBT

h

nzmaxX

nzD1

nymaxX

nyD1
F0.�18/ exp.�ˇ18/; (1.58)

where �18 D EF1D � E20

kBT
.

E20 is the root of

E20 .1C ˛E20/ D G14 C „2
2M2

�
�ny

dy

�2
˛E20 .1 � �0/ ; (1.59)

ˇ18 D 4

3
ŒA18.V0; nz; ny/


3=2 � ŒeFszA
0
18.V0;nz; ny/


�1;
"

V0 .1C ˛V0/�G14 �
(

„2
2M2

˛V0 f1 � �0g
�
�ny

dy

�2)#� „2
2m1

��1

D A18
�
V0;ny;nz

�
;

and

"

.1C 2˛V0/�
(

„2
2M2

˛ f1� �0g
�
�ny

dy

�2)#� „2
2m1

��1
D A0

18

�
V0;ny;nz

�
:
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1.2.4.3 The Cohen Model

In accordance with the Cohen model [133], the dispersion law of the carriers in Bi
is given by

E .1C ˛E/ D p2x
2m1

C p2z

2m3

� ˛Ep2y
2m0

2

C p2y.1C ˛E/

2m2

C ˛p4y

4m2m
0
2

: (1.60)

The 1D carrier dispersion law in this case can be written as

˛E2 C El7 �G15 D „2k2x
2m1

; (1.61)

where l7 D
"

1 � ˛„2
2m2

�
�ny

dy

�2
C ˛„2
2m0

2

�
�ny
dy

�2
#

and G15 D
"

„2
2m3

�
�nz

dz

�2
C „2
2m2

�
�ny
dy

�2 C ˛„4
4m2m

0
2

�
�ny

dy

�4#

:

The 1D electron concentration per unit length assumes the form

n1D D 2gv

�

p
2m1

„
nymaxX

nyD1

nzmaxX

nzD1



t35
�
EF1D; ny; nz

�C t36
�
EF1D; ny ; nz

��
; (1.62)

where t35
�
EF1D; ny ; nz

� D 

˛E2

F1D CEF1Dl7 �G15
�1=2

and t36
�
EF1D; ny ; nz

� D
soP

rD1
Z1D .r/



t35
�
EF1D; ny ; nz

��
.

The field-emitted current is given by

I D 2gvekBT

h

nzmaxX

nzD1

nymaxX

nyD1
F0.�19/ exp.�ˇ19/; (1.63)

where �19 D EF1D�E21
kBT

:

E21 is the root of

E21 .l7 C ˛E21/ D G15; (1.64)

ˇ19 D 4
3
ŒA21.V0; nz; ny/


3=2 � ŒeFszA0
21.V0;nz; ny/


�1;

ŒV0.l7 C ˛V0/�G15


� „2
2m1

��1
D A21.V0;ny;nz/; and

Œ.l7 C 2˛V0/


� „2
2m1

��1
D A0

21.V0;ny;nz/:
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1.2.4.4 The Lax Model

The electron energy spectra in bulk specimens of Bi in accordance with the Lax
model can be written as [129]

E .1C ˛E/ D p2x
2m1

C p2y

2m2

C p2z

2m3

: (1.65)

The 1D dispersion relation in this case can be expressed as

E .1C ˛E/ D „2k2x
2m1

CG16; (1.66)

where G16 D „2
2m2

�
�ny

dy

�2
C „2
2m3

�
�nz

dz

�2
:

The 1D electron statistics is given by

n1D D 2gv

�

p
2m1

„
nymaxX

nyD1

nzmaxX

nzD1



t37
�
EF1D; ny; nz

�C t38
�
EF1D; ny ; nz

��
; (1.67)

where t37
�
EF1D ; ny ; nz

� D ŒEF1D .1C˛EF1D/ �G16
1=2 and t38
�
EF1D; ny ; nz

� D
soP

rD1
Z1D .r/



t37
�
EF1D; ny ; nz

��
.

The field-emitted current in this case assumes the form

I D 2gvekBT

h

nzmaxX

nzD1

nymaxX

nyD1
F0.�20/ exp.�ˇ20/; (1.68)

where �20 D EF1D � E22

kBT
.

E22 is the root of

E22 .l7 C ˛E22/ D G16; (1.69)

ˇ20 D 4
3



A22.V0; nz; ny/

�3=2 � ŒeFszA
0
22.V0/


�1;

ŒV0 .1C ˛V0/�G16


� „2
2m1

��1
D A22

�
V0;ny;nz

�
; and

Œ.1C 2˛V0/


� „2
2m1

��1
D A0

22 .V0/ :

It may be noted that under the conditions ˛ ! 0;M 0
2 ! 1 and isotropic effective

electron mass at the edge of the conduction band, all models of Bismuth convert into
isotropic parabolic energy bands. Thus under the aforementioned conditions and
the conversion of the summations over the quantum numbers to the corresponding
integrations, all the equations for FNFE for Bismuth lead to the well-known
expression of the FNFE as given by (1.27).
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1.2.5 The Field Emission from Quantum Wires of IV–VI
Semiconductors

The dispersion relation of the conduction electrons in IV–VI semiconductors can be
expressed in accordance with Dimmock [207] as

�
" � Eg0

2
� „2k2s
2m�

t

� „2k2z
2m�

l

	 �
"C Eg0

2
C „2k2s
2m�

t

C „2k2z
2m�

l

	
D P2?k2s C P2

jjk
2
z ;

(1.70)

where " is the energy as measured from the center of the band gapEg0 , andmṫ and
m
l̇ represent the contributions to the transverse and longitudinal effective masses

of the externalLC
6 andL�

6 bands arising from the
�!
k :�!p perturbations with the other

bands taken to the second order.

Using "DE C �
Eg0=2

�
; P 2? D „2Eg0

2m�
t

, and P2
jj D „2Eg0

2m�
l

(m�
t and m�

l are the

transverse and longitudinal effective electron masses at k D 0) in (1.70), we can
write

�
E � „2k2s

2m�
t

� „2k2z
2m�

l

	"

1C ˛E C ˛
„2k2s
2mC

t

C ˛
„2k2z
2mC

l

#

D „2k2s
2m�

t

C „2k2z
2m�

l

: (1.71)

The 1D dispersion relation can be expressed from (1.71) as

k2z D A23.E; nx; ny/; (1.72)

where A23.E; nx; ny/ D .2h4/
�1 
h6

�
E; nx; ny

� � 

h26
�
E; nx; ny

� C 4h4h7
�
E; nx; ny

��1=2i
; h4 D

�
˛„4
4x3x6

	
;

x3 D 3m�
t m

�
l

2m�
l Cm�

t

; x6 D 3mC
t m

C
l

2mC
l CmC

t

;

h6
�
E; nx; ny

� D
"
˛E„2
2x6

� ˛„2
2x6

"�
�nx

dx

�2 „2
2x1

C
�
�ny

dy

�2 „2
2x2

#

�

˛„2
2x3

"�
�nx

dx

�2 „2
2x4

C
�
�ny
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�2 „2
2x5

#

� „2
2m3

� .1C ˛E/ „2
2x3

#

;

x1 D m�
t ; x2 D m�

t C 2m�
l

3
; x4 DmC

t ; x5 D mC
t C 2mC

l

3
; m3 D 3m�

t m
�
l

m�
t C 2m�

l

;
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h7
�
E; nx; ny

� D
"

E .1C ˛E/C ˛E

"�
�nx

dx

�2 „2
2x4

C
�
�ny

dy

�2 „2
2x5

#

� .1C ˛E/

"�
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dx

�2 „2
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�
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�2 „2
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� ˛
"�
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dx
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�
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#"�
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�
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C
�
�ny
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;

�m1 D m�
t ; and m2 D m�

t C 2m�
l

3
:

The electron concentration is given by

n0 D 2gv

�

nxmaxX

nxD1

nymaxX

nyD1
ŒB32.EF1D; nx; ny/C B33.EF1D; nx; ny/
; (1.73)

where B32.EF1D; nx; ny/ D ŒA23.EF1D; nx; ny/

1=2 and B33.EF1D; nx; ny/ D

r0P

rD1
Z1D.r/ŒB32.EF1D; nx; ny/
:

The field-emitted current can be written as

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
F0.�22/ exp.�ˇ22/; (1.74)

where �22 D EF1D � E22

kBT
.

The subband energyE22 assumes the form

E22 D .2˛/�1 Œ��70.nx; ny/C Œ�270.nx; ny/C 4˛�71.nx; ny/

1=2
 (1.75)

in which
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�
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;
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1.2.6 The Field Emission from Quantum Wires of Stressed
Semiconductors

The dispersion relation of the conduction electrons in bulk specimens of stressed
semiconductors can be written as [208–211]

k2x
Œa�.E/
2

C k2y

Œb�.E/
2
C k2z
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D 1; (1.76)

where
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C1 is the conduction band deformation potential constant, " is the trace of the

strain tensor O" which can be written as O" D
2

4
"xx "xy 0

"xy "yy 0

0 0 "zz

3

5, C2 is a constant

which describes the strain interaction between the conduction and valance bands,
E 0
g0
.E/ D Eg0 C E � C1", Eg0 is the band gap in the absence of stress, B2 is the

momentum matrix element,
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The 1D dispersion relation of the carriers in stressed materials in this case can be
written as

k2z D A24.E; nx; ny/; (1.77)

where A24.E; nx; ny/D Œc�.E/
2
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:

The subband energyE23 assumes the form
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�
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Using (1.77), the 1D electron statistics can be expressed as
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The field-emitted current is given by

I D 2gvekBT

h
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F0.�23/ exp.�ˇ23/; (1.80)

where
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1.2.7 The Field Emission from Quantum Wires of Tellurium

The dispersion relation of the conduction electrons in Te can be expressed as [212]

E D  1k
2
z C  2k

2
s ˙ Œ 23 k

2
z C  24k

2
s 

1=2; (1.81)

where  1;  2;  3, and  4 are system constants.
From (1.81), the1D dispersion relation can be written as

k2z D A25;˙.E; nx; ny/; (1.82)
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where
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:

The subband energies are given by

E26;˙ D  2	1
�
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�˙  4
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: (1.83)

The electron concentration per unit length can be expressed as
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The field-emitted current assumes the form
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1.2.8 The Field Emission from Quantum Wires of Gallium
Phosphide

The energy spectrum of the conduction electrons in n-GaP can be written as [213]
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where k0 and jVGj are constants of the energy spectrum and A
0 D 1. The 1D

dispersion relation assumes the form

k2z D A26.E; nx; ny/; (1.87)

where
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:

The subband energyE27 can be written as

E27 D a0	1.nx; ny/� .C	1.nx; ny/CD2
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1=2 CD0: (1.88)

The electron concentration per unit length can be expressed as
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The field-emitted current assumes the form
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1.2.9 The Field Emission from Quantum Wires of Platinum
Antimonide

The dispersion relation for n � PtSb2 is given by [214]
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where �0; a; l; ı0; �; n, and I are system constants.

The 1D dispersion relation can be written as
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Therefore, (1.92) can be expressed as
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The electron concentration per unit length assumes the form

n0 D 2gv

�

nxmaxX

nxD1

nymaxX

nyD1



B40

�
EF1D ; nx; ny

�C B41
�
EF1D; nx; ny

��
; (1.94)

where B40
�
EF1D; nx; ny

� D p
A27.EF1D; nx; ny/ and B41

�
EF1D; nx; ny

� D
soP

rD1
Z1D.r/



B40

�
EF1D ; nx; ny

��
.

The field-emitted current can be written as
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1.2.10 The Field Emission from Quantum Wires
of Bismuth Telluride

The dispersion relation of the conduction electrons in Bi2Te3 can be written as
[215–217]

E.1C ˛E/ D N!1k2x C N!2k2y C N!3k2z C N!4kzky; (1.97)
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The 1D electron energy spectrum assumes the form
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The electron concentration per unit length is given by
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The field-emitted current in this case can be written as
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1.2.11 The Field Emission from Quantum Wires of Germanium

It is well known that the conduction electrons of n-Ge obey two different types of
dispersion laws since band nonparabolicity has been included in two different ways
as given in the literature [218–220].

(a) The energy spectrum of the conduction electrons in bulk specimens of n-Ge can
be expressed in accordance with Cardona et al. [218] as
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where in this case m�
k and m�

? are the longitudinal and transverse effec-
tive masses along the h111i direction at the edge of the conduction band,
respectively.

The 1D electron energy spectrum assumes the form
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The quantized energy levels .E31/ can be expressed through the equation
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The electron concentration per unit length is given by
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The field-emitted current assumes the form
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(b) The dispersion relation of the conduction electron in bulk specimens of n-Ge
can be expressed in accordance with the model of Wang and Ressler [220] and
can be written as
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The 1D electron energy spectrum assumes the form

k2y D A30.E; nx; nz/; (1.108)
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The quantized energy levels .E32/ can be expressed through the equation
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The electron concentration per unit length is given by
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The field-emitted current assumes the form
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1.2.12 The Field Emission from Quantum Wires of Gallium
Antimonide

The dispersion relation of the conduction electrons in n-GaSb can be written
as [221]

E D „2k2
2m0

� E 0
go

2
C

NE 0
go

2

"

1C 2„2k2
E 0

go

�
1

mc

� 1

m0

�# 1
2

; (1.112)

where E 0
go D

�
Ego C 5:10�5T 2

2.112C T /

	
eV:

Equation (1.112) can be expressed as

„2k2
2mc

D I16.E/; (1.113)

where

I16.E/ D ŒE C E 0
g0 � .mc=m0/.E 0

g0=2/� Œ. NE 0
g0=2/

2

C Œ..E 0
g0/

2=2/.1� .mc=m0//
C Œ.E 0
g0=2/.1� .mc=m0//


2

C EE 0
g0.1� .mc=m0//


1=2
:

The 1D electron energy spectrum assumes the form

k2z D A31.E; nx; ny/; (1.114)

where A31.E; nx; ny/ D ŒI16.E/.2mc=„2/ � 	1.nx; ny/
.
The quantized energy levels .E33/ can be expressed through the equation

I16.E33/ D
� „2
2mc

�
	1.nx; ny/: (1.115)

The electron concentration per unit length is given by

n0 D 2gv

�

nxmaxX

nxD1

nymaxX

nyD1
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�
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�CB49
�
EF1D ; nx; ny

��
; (1.116)

where

B48
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The field-emitted current can be written as

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
ŒF0.�31/ exp.�ˇ31/
; (1.117)

where �31 D EF1D �E33
kBT

; ˇ31 D 4

3
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1.2.13 The Field Emission from Quantum Wires of II–V
Materials

The dispersion relation of the holes are given by [222–224]
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2
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3

	 1
2

˙�3; (1.118)

where kx; ky , and kz are expressed in the units of 1010m�1,

�1 D 1

2
.a1 C b1/; �2 D 1

2
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2
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2
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2
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2
.a3 � b3/; ı5 D 1

2
.A � B/; and

ai .i D 1; 2; 3; 4/; bi ; A;B;G3; and�3 are system constants:

The 1D electron energy spectrum assumes the form

k2z D A32;˙.E; nx; ny/; (1.119)

where A32;˙.E; nx; ny/ D ˛4;˙.nx; ny/C ˇ4E ˙ Œˇ5E
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The quantized energy levels .E34;˙/ can be expressed through the equation

E34;˙ D ˛1;�.nx; ny/˙ Œ˛22.nx; ny/C ˛3.ny/

1
2 : (1.120)

The electron concentration per unit length is given by
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The field-emitted current assumes the form

I D gvekBT

h
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1.3 Result and Discussions

Using (1.5) and (1.12) and taking the energy band constants as given in the Table 1.1,
we have plotted the FNFE current from QWs of CdGeAs2 (an example of nonlinear
optical materials) as a function of dy as shown by the dotted plot of Fig. 1.1, in
which the plot corresponds to the solid line represents the same for the two-band
model of Kane. Figure 1.2 exhibits the plot FNFE current from QWs of n-InSb as
a function of film thickness in accordance with the three- and two-band models of
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Kane together with the models of Stillman et al., Newson et al., and Palik et al.,
respectively for the purpose of assessing the influence of dispersion relations on the
FNFE current from QWs of III–V semiconductors. Figure 1.3 exhibits the variation
of the field-emitted current with electric field which is normal to the two directions
of quantizations in the wavevector space of the material for all cases Fig. 1.2.
Figure 1.4 presents the FNFE current as function of film thickness for two different

Table 1.1 The numerical values of the energy band constants of few materials

Materials Numerical values of the energy band constants

1 (a) The conduction
electrons 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 (as given by (1.2)) are as follows:
Eg0 D 0:57 eV, �k D 0:30 eV, �? D 0:36 eV,
m�

k
D 0:034m0 , m�

?
D 0:039m0 , T D 4K,

ı D �0:21 eV, gv D 1 [47, 225], "sc D 18:4"0[226] ("sc

and "0 are the permittivity of the semiconductor material
and free space, respectively), and
W.electron affinity/ D 4eV [227–229]

2. In accordance with the three-band model of Kane (as given
by (1.13)), the spectrum constants are given by
� D .�jj C�?/=2 D 0:33eV; Eg0 D 0:57eV;
mc D .m�

jj
Cm�

?
/=2 D 0:0365m0; and ı D 0eV

3. In accordance with two-band model of Kane (as given by
(1.19)), the spectrum constants are given by Eg0 D 0:57 eV
and mc D 0:0365m0

(b) The conduction
electrons of
n-Cadmium
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 (as given by (1.2)) are as follows:
jEg0 j D 0:095 eV; �k D 0:27 eV; �? D 0:25 eV,
m�

k
D 0:00697m0 , m�

?
D 0:013933m0 ,

T D 4K; ı D 0:085 eV; gv D 1 [47, 225], and "sc D 16"0
[227–229]

2. In accordance with the three-band model of Kane (as given
by (1.13)), the spectrum constants are given by
� D �

�jj C�?

�
=2 D 0:26 eV;

ˇ
ˇEg0

ˇ
ˇ D 0:095 eV,

mc D
�
m�

jj
Cm�

?

�
=2 D 0:020903m0 , and ı D 0 eV

3. In accordance with two-band model of Kane (as given by
(1.19)), the spectrum constants are given byˇ̌
Eg0

ˇ̌ D 0:095 eV and mc D 0:020903m0

2 n-Indium Arsenide The values Eg0 D 0:36 eV; � D 0:43 eV,
mc D 0:026m0 ,gv D 1; "sc D 12:25"0 [103, 104], and
W D 5:06 eV [230] are valid for three-band model of Kane
as given by (1.13)

3 n-Gallium Arsenide The values
Eg0 D 1:55 eV; � D 0:35 eV; mc D 0:07m0,gv D 1,
"sc D 12:9"0 [103, 104], and W D 4:07 eV [231] are valid
for three-band model of Kane as given by (1.13). The
values a13 D �1:97 � 10�37 eVm4 and
a15 D �2:3� 10�34 eVm4 [106] are valid for the Newson
and Kurobe model [106] as given by (1.34)

(continued)



1.3 Result and Discussions 41

Table 1.1 (continued)

Materials Numerical values of the energy band constants

4
n-Gallium Aluminium

Arsenide

Eg0 D .1:424 C 1:266x C 0:26x2/eV,
� D .0:34� 0:5x/eV; gv D 1,
mc D Œ0:066C 0:088x
m0; "sc D Œ13:18� 3:12x
 "0
[232], and W D .3:64� 0:14x/eV [233]

5
n-Mercury Cadmium

Telluride

Eg0 D .�0:302C1:93xC5:35�10�4.1�2x/T �0:810x2C
0:832x3/eV; � D �

0:63C 0:24x � 0:27x2
�

eV;
mc D 0:1m0Eg0.eV/�1; gv D 1; "sc D

20:262� 14:812x C 5:22795x2

�
"0 [234], and

W D �
4:23� 0:813

�
Eg0 � 0:083

��
eV [235]

6 n-Indium Gallium
Arsenide Phosphide
lattice matched to
Indium Phosphide

Eg0 D �
1:337� 0:73y C 0:13y2

�
eV,

� D �
0:114C 0:26y � 0:22y2

�
eV,

y D .0:1896� 0:4052x/=.0:1896� 0:0123x/,
mc D .0:08� 0:039y/m0; gv D 1; "sc D
Œ10:65C 0:1320y
 "0; and [231]
W .x; y/ D Œ5:06 .1� x/ y C 4:38.1� x/

.1� y/C 3:64xy C 3:75 fx.1� y/g
 eV
7

n-Indium Antimonide
Eg0 D 0:2352 eV; � D 0:81 eV; mc D 0:01359m0 ,

gv D 1; "sc D 15:56"0 [103,104], and W D 4:72 eV [230]
8 n-Gallium Antimonide The values of Eg0 D 0:81 eV; � D 0:80 eV,

P D 9:48 � 10�10 eVm; N&0 D �2:1; Nv0 D �1:49,
N!0 D 0:42, gv D 1 [238], and "sc D 15:85"0 [239] are
valid for the model of Seiler et al. [238] as given by (R1.5).)

9 n-Cadmium Sulphide m�

k
D 0:7m0; m

�

?
D 1:5m0; C0 D 1:4� 10�8 eVm; gv D 1

[103, 104], "sc D 15:5"0 [240], and W D 4:5 eV [230]
10 n-Lead Telluride The values m�

t D 0:070m0;m
�

l D 0:54m0;

m
C

t D 0:010m0;m
C

l D 1:4m0, Pjj D 141meVnm,
P? D 486meVnm; Eg0 D 190meV; gv D 4 [103, 104],
"sc D 33"0 [103, 104, 241], and W D 4:6 eV [242, 244] are
valid for the Dimmock model [207] as given by (1.70)

The values m1 D 0:0239m0;m2 D 0:024m0;m
0

2 D 0:31m0,
and m3 D 0:24m0 [243] are valid for the Cohen model
[133] as given by (1.60)

11
Stressed n-Indium

Antimonide

The values mc D 0:048mo,
Eg0 D 0:081 eV; B2 D 9� 10�10 eVm, C1 D 3 eV,
C2 D 2eV, Na0 D �10 eV, Nb0 D �1:7 eV,Nd0 D �4:4 eV; Sxx D 0:6� 10�3.kbar/�1,
Syy D 0:42 � 10�3.kbar/�1, Szz D 0:39� 10�3.kbar/�1,
Sxy D 0:5 � 10�3.kbar/�1, "xx D �Sxx, "yy D �Syy,
"zz D �Szz, "xy D �Sxy, � is the stress in kilobar, and
gv D 1 [208–211] are valid for the model of Seiler et al.
[208–211] as given by (1.76)

12
Bismuth

Eg0 D 0:0153 eV; m1 D 0:00194m0; m2 D 0:313m0,
m3 D 0:00246m0; m

0

2 D 0:36m0; gv D 3 [245, 246],
M2 D 1:25m0, M 0

2 D 0:36m0 [247], and W D 4:34 eV
13 Mercury Telluride m�

v D 0:028m0; gv D 1; "1 D 15:2"0 [248], and
W D 5:5 eV [249]

(continued)
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Table 1.1 (continued)

Materials Numerical values of the energy band constants

14 Platinum Antimonide For valence bands, along the h100i direction,N�0 D .0:02=4/eV, Nl D .�0:32=4/eV, N� D .0:39=4/eV,
Nn D .�0:65=4/eV, Na D 0:643 nm; I D 0:30 .eV/2,Nı0 D 0:02 eV, gv D 6 [214], "sc D 30"0 [250], and
	w � 3:0 eV [214, 251]

For conduction bands, along the h111i direction, gv D 8

[214, 251],N�0 D .0:33=4/eV; Nl D .1:09=4/eV; N� D .0:17=4/eV, and
Nn D .0:22=4/eV

15 n-Gallium Phosphide m�

jj
D 0:92m0; m�

?
D 0:25m0;

k0 D 1:7� 1015 m�1; jVG j D 0:21 eV; gv D 6 [213],
and W D 3:75 eV [230]

16
Germanium

Eg0 D 0:785 eV; m�

jj
D 1:57m0; m�

?
D 0:0807m0 [230],

W D 4:14 eV [231], and gv D 4

17
Tellurium

The values  1 D 6:7� 10�16 meVm2,
 2 D 4:2� 10�16 meVm2;  3 D 6� 10�8 meVm, and
 4 D .3:6� 10�8 meVm/ [212] are valid for the model of
Bouat et al. [212] as given by (1.81)

18 Graphite The values N� D �0:0002 eV, N�1 D 0:392 eV,
N�5 D 0:194 eV, c6 D 0:674 nm, N�2 D �0:019 eV,
a6 D 0:246 nm, N�0 D 3 eV, N�4 D 0:193 eV; �3 D 0:21 eV
[252], and W D 4:6 eV [253] are valid for the model of
Brandt et al. [252] as given by (R.1.12)

19 Lead Germanium
Telluride

The values gv D 4 [254] and 	w � 6 eV [255] are valid for the
model of Vassilev [254] as given by (R.1.10)

20 Cadmium Antimonide The values a1 D �32:3� 10�20 eVm2,
b1 D �60:7� 10�20 eVm2, a2 D �16:3 � 10�20 eVm2,
b2 D �24:4� 10�20 eVm2, a3 D �91:9� 10�20 eVm2,
b3 D �105� 10�20 eVm2, A D 2:92� 10�10 eVm,
B D �3:47 � 10�10 eVm, G3 D 1:3 � 10�10 eVm,
�3 D 0:070 eV [222], and 	w � 2 eV [256]

21 Cadmium Diphosphide The values ˇ1 D 8:6� 10�21 eVm2,
ˇ2 D 1:8� 10�21 .eVm/2, ˇ4 D 0:0825 eV,
ˇ5 D �1:9� 10�19 eVm2 [257], and 	w � 5 eV [258] are
valid for the model of Chuiko [257] and is given by (R.1.20)

22 Zinc Diphosphide The values ˇ1 D 8:7� 10�21 eVm2,
ˇ2 D 1:9� 10�21 .eVm/2, ˇ4 D 0:0875 eV,
ˇ5 D �1:9� 10�19 eVm2 [257], and W � 3:9 eV [258]
are valid for the model of Chuiko [257] and is given by
(R.1.20)

23 Bismuth Telluride The values Eg0 D 0:145 eV, N̨11 D 4:9, N̨22 D 5:92, N̨33 D 9:5,
N̨23 D 4:22, gv D 6 [215–217], and 	w D 5:3 eV [259] are
valid for the model of Stordeur et al. [215–217] using (1.97)

24 Carbon Nanotube The values ac D 0:144 nm [260], tc D 2:7 eV [261],
Nr0 D 0:7 nm [262, 263], and W D 3:2 eV [265] are valid
for graphene band structure realization of carbon nanotube
[262, 263]

(continued)
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Table 1.1 (continued)

Materials Numerical values of the energy band constants

25 Antimony The values ˛11 D 16:7, ˛22 D 5:98, ˛33 D 11:61, ˛23 D 7:54

[265], and W D 4:63 eV are valid for the model of
Ketterson [265] and are given by (R.1.13) and (R.1.14),
respectively

26 Zinc Selenide mc2 D 0:16m0; �2 D 0:42 eV; Eg02 D 2:82 eV [231], and
W D 3:2 eV [266]

27 Lead Selenide m�

t D 0:23m0; m
�

l D 0:32m0; m
C

t D 0:115m0,

m
C

l D 0:303m0; Pjj � 138meVnm,
P? D 471meVnm; Eg0 D 0:28 eV [267], "sc D 21:0"0
[231], and W D 4:2 eV [268]

Fig. 1.1 Plot of the FN field
emission current as a function
of film thickness dy for QWs
of n � CdGeAs2. The dotted
and solid curves correspond
to the generalized and the
two-band models of Kane,
respectively, where
dz D 30 nm

values of alloy composition for QWs of n � Hg1�xCdxTe. Figure 1.5 shows the
carrier concentration dependence of FNFE current from QWs of n � Hg1�xCdxTe,
n-InSb, n-InAs, and n-GaAs, respectively, for the purpose of assessing the influence
of different energy band constants on the field-emitted current from QWs of III–V
materials. In Fig. 1.6, exhibits the film thickness dependence of FNFE current from
QWs of n � In1�xGaxAsyP1�y in accordance with the three- and two-band models
of Kane together with the models of Stillman et al., Newson et al., and Palik
et al., respectively. Figure 1.7 shows the dependence of FNFE current on alloy
composition from QWs of ternary and quaternary materials in accordance with the
two-band model of Kane. Figure 1.8 exhibits the film thickness dependence of FNFE
current from QWs of II–VI materials taking p-CdS as an example. Figure 1.9 shows
the FNFE current as a function of carrier concentration for the case of Fig. 1.8. In
Fig. 1.10, we have plotted the FNFE current from QWs of Bismuth as a function of
film thickness in accordance with the models of McClure and Choi, Hybrid, Cohen,
and Lax, respectively. Figure 1.11 exhibits the variation of the FNFE current as a
function of film thickness for QWs of stressed materials taking stressed n-InSb
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Fig. 1.2 Plot of the FN field
emission current as a function
of film thickness dy for QWs
of n-InSb in accordance with
the three and two-band
models of Kane together with
the models of Stillman et al.,
Newson et al., and Palik
et al., respectively, where
dz D 30 nm

Fig. 1.3 Plot of the FN field
emission current as a function
of electric field for QWs of
n-InSb in accordance with all
the cases of Fig. 1.2

Fig. 1.4 Plot of the FN field
emission current as a function
of film thickness dy for QWs
of n � Hg1�xCdxTe in
accordance with the two-band
model of Kane for two
different values of alloy
composition
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Fig. 1.5 Plot of the FN field emission current as a function of carrier concentration for QWs of
n � Hg0:7Cd0:3Te, n-InSb, n-InAs, and n-GaAs in accordance with the two-band model of Kane at
the lowest subband

Fig. 1.6 Plot of the field
current as a function of film
thickness dy for quantum
wires of n � In1�x

GaxAsyP1�y in accordance
with the three- and two-band
models of Kane together with
the models of Stillman et al.,
Newson et al., and Palik et al.
respectively, where
dz D 30 nm

as an example. Figures 1.12 and 1.13 explore the stress dependence of the FNFE
current from QWs of stressed n-InSb for different values of doping for the purpose
of assessing the influence of carrier concentration on the field-emitted current in this
case. In Fig. 1.14, the field-emitted current as a function of film thickness has been
plotted for QWs of n-Ge (in accordance with both types of band models of n-Ge),
n-GaP,Te, n-PbTe, and p � Bi2Te3; respectively. The plot (a) of Fig. 1.15 shows the
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Fig. 1.7 Plot of the
field-emitted current as a
function of alloy composition
for QWs of n � Hg1�xCdxTe
and In1�xGaxAsyP1�y in
accordance with the two-band
model of Kane

Fig. 1.8 Plot of the
field-emitted current as a
function of film thickness dy
for QWs of CdS

variation of FNFE current on the electric field for QWs of PbTe and Te, while (b)
exhibits the same for QWs of Ge, GaP, and Bi2Te3, respectively.

The salient features of the above figures are described as follows:
From Fig. 1.1, we observe that the field emission current exhibits a step-

functional decreasing dependence with increase in film thickness for QWs of
n � CdGeAs2. The combined influence of the anisotropies of the energy band
constants and the crystal field splitting is to enhance the field-emitted current as
compared with the same as obtained on the basis of two-band model of Kane in the
whole range of thicknesses as considered in Fig. 1.1. The periodicity with respect
to the film thickness is same in both the cases and is invariant of the energy band
constants. It should be noted that the field-emitted current in general, is a product of
two quantities inside the summation signs. One of them is F0.�ij/, .i D 1; 2; 3: : :

and j D 1, 2, 3, . . . ) and the other one is exp(�ˇij), where both of them are functions
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Fig. 1.9 Plot of the
field-emitted current as a
function of concentration for
QWs of CdS

Fig. 1.10 Plot of the
field-emitted current as a
function of film thickness for
QWs of Bi in accordance
with the models of Mc Clure
and Choi, Hybrid, Cohen, and
Lax, respectively

of Fermi energy, effective mass, and various parameters of the system in a complex
way. Thus, we observe that field-emitted current depends totally on the product
of these two functions within the summation signs and a prefactor outside the
summation signs. The product of these two functions ultimately determines the
behavior of the field-emitted current. Although we know [247] that the Fermi energy
of low-dimensional systems decreases with increasing size, one cannot be always
certain that I will decrease with increasing film thickness due to the particular form
of field-emitted current in case of QWs. If the rate of increase of F0.�ij/ overcomes
the rate of change of exp(�ˇij), I will increase, whereas, for the opposite case,
I will decrease. This important physical fact determines the magnitude of the field-
emitted current and its dependence with respect to any other physical variable.

From Fig. 1.2, we observe that I decrease with increasing film thickness for the
three- and two-band models of Kane together with the models of Stillman et al.,
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Fig. 1.11 Plot of the
field-emitted current as a
function of film thickness for
QWs of stressed n-InSb for
different values of dy

Fig. 1.12 Plot of the
field-emitted current as a
function of stress for QWs of
stressed n-InSb for two
different values of carrier
concentration as shown

Newson et al., and Palik et al., respectively. The I exhibits different magnitudes
which is the direct signature of the dispersion relation on the field-emitted current.
Numerical computations reflect the fact that the field-emitted current for a 30 �
10 nm2 size quantum wire can reach nearly 160�A for n-InSb at low temperatures
and at a field strength of 5 � 108 V m�1 with carrier concentration of 109 m�1.
From Fig. 1.3, it can be stated that field strength of nearly 107 V m�1 is sufficient
to produce a tenth of microampers. Incidentally, due to the velocity saturation
phenomena, we observe that beyond 108 V m�1, I saturates converging to a unique
value and becomes invariant of dispersion relations. The field-emitted current from
QWs of n � Hg1�xCdx Te as function of film thickness has been exhibited in
Fig. 1.4 and can be compared with the corresponding cases of earlier figures.
It appears that for lower values of film thickness, I increases for a particular
subband. As thickness increases, generation of different subbands occurs which
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Fig. 1.13 Plot of the
field-emitted current as a
function of stress for QWs of
stressed n-InSb for two
different values of carrier
concentration as shown

Fig. 1.14 Plot of the field-emitted current as a function of film thickness for QWs of Ge (in
accordance with both types of band models), GaP, Bi2Te3, PbTe, and Te, respectively

leads to the overall decrease in I . The variation of I over a large range of carrier
concentration has been plotted in Fig. 1.5 for the quantum limit case. It appears that
I initially increases due to low value of Fermi energy, and as the concentration
increases, the magnitude of the current decreases sharply exhibiting a peak. The
amount of broadening is highly sensitive to the spectrum parameters of a particular
semiconductor. It appears that for n-GaAs, the broadening is more as compared with
others as shown in the figure. Figure. 1.6 exhibits the variation of I as function of
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Fig. 1.15 Plot of the field current as a function of electric field for quantum wires of (a) PbTe and
Te and (b) GaP, Bi2Te3, and Ge, respectively

film thickness for QWs of n � In1�xGaxAsP1�y in accordance with the three- and
two-band models of Kane together with the models of Stillman et al., Newson et al.,
and Palik et al. respectively. Figure. 1.6 shows almost a constant step-functional
dependence of the current for a particular regime of film thickness for all types of
band models. This implies that the difference in the Fermi energy and the quantized
subband energy is almost invariant of film thickness. From Fig. 1.7, one observes
that as alloy composition increases, the field-emitted current decreases for QWs
of both ternary and quaternary compounds. For lower values of alloy composition,
I from QWs of quaternary semiconductor is more than that of the corresponding
ternary one, whereas for higher value of alloy composition, it converges. Step-
functional dependence of field-emitted current with film thickness for QWs of CdS
has been observed in Fig. 1.8. We note a nearly constant field-emitted current per
subband, until a new subband is being occupied. Comparing with the earlier figures
on the thickness dependence, we observe in this case an opposite trend because of
the fact of overriding of the term F0.�ij/ by exp(�ˇij). Figure. 1.9 exhibits the fact
that for p-CdS, the field current is of the order of a few nano amperes even at field
strength of 5 � 109 V m�1.

Composite oscillations in the field-emitted current from QWs of Bi with film
thickness has been exhibited in Fig. 1.10 for the models of McClure and Choi,
Hybrid, Cohen and Lax, respectively. We observe that for nz D 1, electrons will be
populated in the various other subbands corresponding to ny . After a certain value
of film thickness, when nz D 2, the redistribution of the electrons in the quantized
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energy levels is being repeated leading to a composite oscillations. It should be noted
that this behavior is a general feature in thickness dependence of field emission from
quantum wires. The energy band parameters determine the composite periodicity.
The effect of film thickness on the field current in stressed InSb has been plotted
in Fig. 1.11 in the quantum limit case, where the current decreases with increase
in dz for different values of dy . For dy D 5 nm, the field-emitted current is highest
although is an approximately a constant quantity with respect to dz:We observe here
that the product of the two terms namely F0.�ij/ and exp(�ˇij) becomes independent
of dz for large values.

The effect of stress on the field-emitted current has been exhibited in Figs. 1.12
and 1.13 for different values of carrier concentration. From Fig. 1.12, it appears that
with the increase in stress, the current increases having a magnitude of few tenths of
microamperes. With the increase in carrier degeneracy, the current almost reduces
to about 10 times. From Fig. 1.14, we observe that the field current from QWs of
Ge (in accordance with the models of Cardona et al. and Wang et al. respectively),
Bi2Te3, and GaP decreases as film thickness increases because of the fact that the
term exp(�ˇij) dominates over the term F0.�ij/ in the whole range of thickness
as considered here. For QWs of PbTe and Te, the current initially increases since
the term exp(�ˇij) dominates over the term F0.�ij/ and then decreases exhibiting
the fact that the opposite dominancy exists. For QWs of Ge and Bi2Te3, the field
current has been observed to be in theorder of hundreds of microampere, where as
for other 1D systems as considered in this figures the currents are in the order of few
nanoamperes exhibiting the influence of the carrier dispersion relation of a particular
semiconductor. In Fig. 1.15 (a), the cut-in electric field for the field currents are in
the order of 109 V m�1 for QWs of PbTe and Te, while about 107–108 V m�1 field
strength is sufficient for field current to reach few microamperes.

The influence of quantum confinement is immediately apparent from Figs. 1.1,
1.2, 1.4, 1.6, 1.8, 1.10, 1.11, and 1.14 since the field-emitted current depends
strongly on the thickness of the quantum-confined materials in contrast with the
corresponding bulk specimens. The current changes with increasing film thickness
in an oscillatory way with different numerical magnitudes. It appears from the
aforementioned figures that the FNFE exhibits spikes for particular values of film
thickness which, in turn, depends on the particular band structure of the specific
semiconductor. Moreover, the FNFE from QWs of different compounds can be
smaller than of bulk specimens of the same materials, which is also a direct
signature of quantum confinement. This oscillatory dependence will be less and
less prominent with increasing film thickness. For bulk specimens of the same
material, the FNFE will be found to increase continuously with increasing electron
degeneracy in a non-oscillatory manner. The appearance of the discrete jumps in 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 degeneracy, a change is reflected in the FNFE through
the redistribution of the electrons among the size-quantized levels. It may be noted
that at the transition zone from one subband to another, the height of the peaks
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between any two subbands decreases with the increasing in the degree of quantum
confinement and is clearly shown in all the curves. It should be noted that although,
the FNFE changes in various manners with all the variables as evident from all the
figures, the rates of variations are totally band structure dependent.

It is imperative to state that the present investigation excludes the many-body, hot
electron, broadening, and the allied effects in the simplified theoretical formalism
due to the absence of proper analytical techniques for including them for generalized
systems as considered here. We have also approximated the variation of value of the
work function from its bulk value in the present system. Our simplified approach
will be appropriate for the purpose of comparisons when the methods of tackling the
formidable problems 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 FNFE 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
simulations for obtaining the plots of FNFE 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 FNFE after the availability of the temperature
dependences of such constants of various dispersion relations in this context. The
experimental results for the verification of theoretical formulations of FNFE are still
not available in the literature. It is worth noting that the nature of the curves of field-
emitted current with various physical variables based on our simplified formulations
as presented here would be useful to analyze the experimental results when they
materialize. The inclusion of the said effects would certainly increase the accuracy
of the results although the qualitative features of FNFE would not change in the
presence of the aforementioned effects.

It can be noted that on the basis of the dispersion relations of the various quan-
tized structures as discussed above the effective electron mass,the Debye screening
length,the plasma frequency, the activity coefficient, the carrier contribution to
the elastic constants, the diffusion coefficient of minority carriers, the third-
order nonlinear optical susceptibility, the heat capacity, the dia- and paramagnetic
susceptibilities, and the various important dc/ac transport coefficients can be probed
for all types of QWs as considered here. Thus, our theoretical formulation comprises
the dispersion relation dependent properties of various technologically important
quantum-confined semiconductors having different band structures. We have not
considered other types of compounds in order to keep the presentation concise
and succinct. With different sets of energy band parameters, we shall get different
numerical values of the FNFE. The nature of variations of the FNFE as shown here
would be similar for the other types of materials and the simplified analysis of



1.4 Open Research Problems 53

this chapter exhibits the basic qualitative features of the FNFE. It may be noted
that the basic aim of this chapter is not solely to demonstrate the influence of
quantum confinement on the FNFE 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.
For the purpose of condensed presentation, the carrier statistics and the FNFE from
different QWs as considered in this chapter have been presented in Table 1.2.

1.4 Open Research Problems

The problems under these sections of this monograph are by far the most important
part and few open research problems from this chapter till end are being presented.
The numerical values of the energy band constants for various semiconductors are
given in Table 1.1 for the related computer simulations.

(R.1.1) Investigate the FNFE from all the bulk semiconductors whose respective
dispersion relations of the carriers are given in this chapter by converting
the summations over the quantum numbers to the corresponding integra-
tions by including the uniqueness conditions in the appropriate cases and
considering the effect of image force in the subsequent study in each case.

(R.1.2) Repeat R.1.1 for the bulk semiconductors whose respective dispersion
relations of the carriers in the absence of any field are given below:

(a) The electron dispersion law in n-GaP can be written as [269]

E D „2k2s
2m�
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�

N�
2

˙
2

4

 N�
2

!2
C P1k

2
z CD1k

2
xk

2
y

3

5

1=2

; (R1.1)

where N� D 335meV,P1 D 2�10�10eVm,D1 D P1a1, and a1 D 5:4�10�10m.

(b) In addition to the Cohen model, the dispersion relation for the conduction
electrons for IV–VI semiconductors can also be described by the models of
Bangert et al. [270] and Foley et al. [271], respectively.

1. In accordance with Bangert et al. [270], the dispersion relation is given by

� .E/ D F1 .E/ k
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F2 .E/ � 2C 25
E CEg

C .S1 CQ1/
2

E C�00
c

;

R21 D 2:3 � 10�19 .eVm/2 ; C 25 D 0:83 � 10�19 .eVm/2 ;Q2
1 D 1:3R21; S

2
1 D 4:6R21;

�0
c D 3:07 eV; �00

c D 3:28 eV; and gv D 4. It may be noted that under the

substitution S1 D 0;Q1 D 0, R21 � „2Eg
m�?

, C2
5 � „2Eg

2m�
jj

, (R1.2) assumes the

form E.1C ˛E/D „2k2s
2m�?

C „2k2z
2m�

k
, which is the simplified Lax model.

2. The carrier energy spectrum of IV–VI semiconductors in accordance with
Foley et al. [271] can be written as

E C Eg

2
D E�.k/C

"�
EC.k/C Eg

2

	2
C P2?k2s C P2

jjk
2
z

#1=2
; (R1.3)

where EC.k/D „2k2s
2mC

?
C „2k2z

2mC
jj

, E�.k/D „2k2s
2m�?

C „2k2z
2m�

jj
represents the

contribution from the interaction of the conduction and the valance
band edge states with the more distant bands and the free electron

term, 1=m?̇ D 1

2
Œ1=mtc ˙ 1=mtv
,

1

m˙
jj

D 1

2

�
1
m1c

˙ 1

m1v

	
. For n-PbTe,

P? D 4:61 � 10�10 eVm, Pjj D 1:48 � 10�10 eVm, m0=mtv D 10:36,
m0=m1v D 0:75, m0=mtc D 11:36,m0=m1c D 1:20, and gv D 4.

(c) The hole energy spectrum of p-type zero-gap semiconductors (e.g., HgTe) is
given by [272]

E D „2k2
2m�

v

C 3e2

128"1
k �

�
2EB

�

�
ln

ˇ̌
ˇ
ˇ
k

k0

ˇ̌
ˇ
ˇ ; (R1.4)

where m�
v is the effective mass of the hole at the top of the valence band,

"1 is the semiconductor permittivity in the high-frequency limit, EB �
m0e

2=2„2"21, and k0 � m0e
2=„2"1.

(d) The conduction electrons of n-GaSb obey the following two dispersion rela-
tions:

1. In accordance with the model of Seiler et al. [238]

E D
�
�Eg
2

C Eg

2



1C ˛4k

2
�1=2 C N&0„2k2

2mo

C Nv0f1.k/„2
2mo

˙ N!0f2.k/„2
2mo

	
;

(R1.5)
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where ˛4 � 4P 2
�
Eg C 2

3
�
�

E2
g

�
Eg C�

���1
, P is the isotropic momentum

matrix element, f1.k/� k�2
h
k2xk

2
y C k2yk

2
z C k2z k

2
x

i
represents the warping

of the Fermi surface, f2.k/�
h n
k2
�
k2xk

2
y C k2yk

2
z C k2z k

2
x

�
� 9k2xk2yk2z

o1=2

k�1
i

represents the inversion asymmetry splitting of the conduction band,

and N&0; Nv0, and N!0 represent the constants of the electron spectrum in this
case.

2. In accordance with the model of Zhang et al. [273]

E D
h
E
.1/
2 C E

.2/
2 K4;1
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k2 C

h
E
.1/
4 C E

.2/
4 K4;1

i
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6 CE
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6 K4;1 C E
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i
; (R1.6)

whereK4;1 � 5

4

p
21

"
k4x C k4y C k4z

k4
� 3

5

#

,

K6;1 �
r
639639

32

"
k2xk

2
yk

2
z

k6
C 1

22

 
k4x C k4y C k4z

k4
� 3

5

!

� 1

105

#

, the

coefficients are in eV, the values of k are 10
� a
2�

�
times those of k in

atomic units (a is the lattice constant), E.1/
2 D 1:0239620,E.2/

2 D 0, E.1/
4 D

�1:1320772,E.2/
4 D 0:05658,E.1/

6 D 1:1072073,E.2/
6 D �0:1134024, and

E
.3/
6 D �0:0072275.

(e) In addition to the well-known band models as discussed in this monograph,
the conduction electrons of III–V semiconductors obey the following three
dispersion relations:

1. In accordance with the model of Rossler [274]

E D „2k2
2m� C N̨10k4 C Ň

10

h
k2xk

2
y C k2yk

2
z C k2z k

2
x
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˙ N�10
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�
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2
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2
z C k2z k

2
x

�
� 9k2xk2yk2z

i1=2
; (R1.7)

where N̨10 D N̨11 C N̨12k, Ň
10 D Ň

11 C Ň
12k, and N�10 D N�11 C N�12k, in

which N̨11 D �2132 � 10�40 eVm4, N̨12 D 9030 � 10�50 eVm5, Ň
11 D

�2493� 10�40 eVm4, Ň
12 D 12594� 10�50 eVm5, N�11 D 30� 10�30 eVm3,

and N�12 D �154 � 10�42 eVm4.
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2. In accordance with Johnson and Dickey [275], the electron energy spectrum
assumes the form

E D �Eg
2

C „2k2
2

�
1

m0

C 1

m�b

	
C Eg

2

"

1C 4
„2k2
2m0

c

Nf1.E/
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#1=2
; (R1.8)

where
m0

m0
c

� P2

" �
Eg C 2�

3

�

Eg.Eg C�/

#

, Nf1.E/ � .Eg C�/
�
E C Eg C 2�

3

�

�
Eg C 2�

3

�
.E CEg C�/

,

m0
c D 0:139m0, andm�b D

�
1

m0
c

� 2

m0

	�1
.

3. In accordance with Agafonov et al. [276], the electron energy spectrum can
be written as

E D N�� Eg

2

2

41 � „2k2
2 N�m�

8
<

:
D

p
3 � 3B

2
�

„2
2m�

�

9
=

;

"
k4x C k4y C k4z

k4

#3

5 ; (R1.9)

where N� � .E2
g C .8=3/P 2k2/1=2, B � �21 „2

2m0

, andD � �40
� „2
2m0

�
.

(f) The dispersion relation of the carriers in n-type Pb1�xGaxTe with x D 0:01 can
be written following Vassilev [254] as



E � 0:606k2s � 0:0722k2z

� 

E C Eg C 0:411k2s C 0:0377k2z

�

D 0:23k2s C 0:02k2z ˙ 

0:06Eg C 0:061k2s C 0:0066k2z

�
ks (R1.10)

where Eg.D 0:21 eV/ is the energy gap for the transition point, the zero of the
energy E is at the edge of the conduction band of the � point of the Brillouin
zone and is measured positively upwards, kx; ky , and kz are in the units of
109m�1.

(g) The energy spectrum of the carriers in the two higher valance bands and the
single lower valance band of Te can, respectively, be expressed as [277]

E D A10k
2
z CB10k

2
s ˙

h
�210 C .ˇ10kz/

2
i1=2

andE D �jj CA10k
2
z CB10k

2
s ˙ˇ10kz;

(R1.11)
where E is the energy of the hole as measured from the top of the valance

and within it, A10 D 3:77 � 10�19 eVm2, B10 D 3:57 � 10�19 eVm2, �10 D
0:628 eV, .ˇ10/2 D 6 � 10�20 .eVm/2, and �jj D 1004 � 10�5 eV are the
spectrum constants.

(h) The dispersion relation for the electrons in graphite can be written following
Brandt [252] as
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E D 1

2
ŒE2 C E3
˙

�
1

4
.E2 � E3/

2 C �22k
2

	1=2
; (R1.12)

where E2 � N� � 2 N�1 cos	0 C 2 N�5 cos2 	0,	0 � c6kz =2,E3 � 2 N�2 cos2 	0,

and �2 �
�p

3
2

�
a6. N�0 C 2 N�4 cos	0/in which the band constants are N�, N�0,

N�1; N�2; N�4; N�5, a6, and c6, respectively.

(i) The dispersion relation of the conduction electrons in Antimony (Sb) in
accordance with Ketterson [265] can be written as

2m0E D ˛11p
2
x C ˛22p

2
y C ˛33p

2
z C 2˛23pypz (R1.13)

and

2m0E D a1p
2
x C a2p

2
y C a3p

2
z C a4pypz ˙ a5pxpz ˙ a6pxpy; (R1.14)

where a1 D 1

4
.˛11 C 3˛22/, a2 D 1

4
.˛22 C 3˛11˛22 C 3˛11/, a3 D ˛33, a4 D˛33,

a5 D p
3, and a6 D p

3.˛22 � ˛11/in which ˛11, ˛22, ˛33, and ˛23 are the system
constants.

(j) The dispersion relation of the holes in p-InSb can be written in accordance with
Cunningham [278] as

E D c4.1C �4f4/k
2 ˙ 1

3
Œ2

p
2
p
c4
p
16C 5�4

p
E4g4k
; (R1.15)

where c4 � „2=2m0 C �4, �4 � 4:7.„2=2m0/, �4 � b4=c4, b4 � Œ3=2.b5/C 2�4
,

b5 � 2:4.„2=2m0/, f4 � 1

4



sin2 2� C sin4 � sin2 2	

�
, � is measured from the

positive z-axis, 	 is measured from positive x-axis, g4 � sin �

�
cos2 � C 1

4

sin4 � sin2 2	

	
, and E4 D 5 � 10�4 eV.

(k) The energy spectrum of the valance bands of CuCl in accordance with Yekimov
et al. [279] can be written as

Eh D .�6 � 2�7/ „2k2
2m0

(R1.16)

and

El;s D .�6 C �7/
„2k2
2m0

� �1

2
˙
"
�2
1

4
C �7�1

„2k2
2m0

C 9

�
�7„2k2
2m0

�2#1=2
;

(R1.17)
where �6 D 0:53; �7 D 0:07, and �1 D 70meV:
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(l) In the presence of stress, 
6 along the h001i and h111i directions, the energy
spectra of the holes in semiconductors having diamond structure valance bands
can be respectively expressed following Roman [280] et al. as

E D A6k
2 ˙

h
B
2

7k
4 C ı26 CB7ı6

�
2k2z � k2s

�i1=2
(R1.18)

and

E D A6k
2 ˙

�
B
2

7k
4 C ı27 C D6p

3
ı7.2k

2
z � k2s /

	1=2
; (R1.19)

where A6, B7, D6, and C6 are inverse mass band parameters in which
ı6 � l7

�
S11 � NS12

�

6, S ij are the usual elastic compliance constants,

B
2

7 � .B2
7 C c26=5/, and ı7 � .d8S44=2

p
3/
6. For gray tin, d8 D � 4:1 eV,

l7 D � 2:3 eV, A6 D 19:2.„2=2m0/, B7 D 26:3.„2=2m0/, D6 D 31.„2=2m0/,
and c26 D � 1112.„2=2m0/.

(m) The dispersion relation of the carriers of cadmium and zinc diphosphides are
given by [257]

E D
�
ˇ1 C ˇ2ˇ3.k/

8ˇ4

	
k2 ˙

��
ˇ4ˇ3 .k/

�
ˇ5 � ˇ2ˇ3.k/

8ˇ4

�
k2
	

C 8ˇ24

�
1 � ˇ23.k/

4

�
� ˇ2

�
1 � ˇ23.k/

4

�
k2

 1=2

(R1.20)

where ˇ1; ˇ2; ˇ4, and ˇ5 are system constants and ˇ3.k/ D k2x Ck2y � 2k2z =k2.
(R1.3) Investigate the FNFE from quantum wells, wires, and dots of all the

semiconductors as considered in R1.1 and R1.2, respectively.
(R1.4) Investigate the FNFE from bulk specimens of heavily doped semi-

conductors in the presence of Gaussian, exponential, Kane, Halperian, Lax, and
Bonch-Burevich types of band tails [103, 104] for all systems whose unperturbed
carrier energy spectra are defined in R1.1 and R1.2, respectively.

(R1.5) Investigate the FNFE from quantum wells, wires, and dots of all the
heavily doped semiconductors as considered in R1.4.

(R1.6) Investigate the FNFE from bulk specimens of the negative refractive
index, organic, magnetic, and other advanced optical materials in the presence of
an arbitrarily oriented alternating electric field.

(R1.7) Investigate the FNFE from quantum wells, wires, and dots of the negative
refractive index, organic, magnetic, and other advanced optical materials in the
presence of an arbitrarily oriented alternating electric field.

(R1.8) Investigate the FNFE from the multiple quantum wells, wires, and dots
of semiconductors whose unperturbed carrier energy spectra are defined in R1.1,
R1.2, and heavily doped semiconductors in the presences of Gaussian, exponential,
Kane, Halperian, Lax, and Bonch-Burevich types of band tails [103, 104] for all
systems whose unperturbed carrier energy spectra are defined in the same problems
respectively.
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(R1.9) Investigate the FNFE from all the appropriate low-dimensional systems
of this chapter in the presence of finite potential wells.

(R1.10) Investigate the FNFE from all the appropriate low-dimensional systems
of this chapter in the presence of parabolic potential wells.

(R1.11) Investigate the FNFE from all the appropriate systems of this chapter
forming quantum rings.

(R1.12) Investigate the FNFE from all the above appropriate problems in the
presence of elliptical Hill and quantum square rings.

(R1.13) Investigate the FNFE for the appropriate accumulation layers for all the
materials whose unperturbed carrier energy spectra are defined in R1.1and R1.2,
respectively.

(R1.14) Investigate the FNFE from wedge shaped, cylindrical, ellipsoidal,
conical, triangular, circular, parabolic rotational, and parabolic cylindrical quantum
dots in the presence of an arbitrarily oriented alternating electric field for all the
materials whose unperturbed carrier energy spectra are defined in R1.1 and R1.2,
respectively.

(R1.15) Investigate the FNFE from wedge shaped, cylindrical, ellipsoidal,
conical, triangular, circular, parabolic rotational, and parabolic cylindrical quantum
dots of the negative refractive index, organic, magnetic, and other advanced optical
materials in the presence of an arbitrarily oriented alternating electric field.

(R1.16) Formulate the time delay for all the appropriate systems of this chapter.
(R1.17) Formulate the reflection time for all the appropriate systems of this

chapter.
(R1.18) Formulate the minimum tunneling, Dwell and Phase tunneling, Buttiker

and Landauer, and intrinsic times for all the appropriate systems of this chapter.
(R1.19) Investigate all the appropriate problems of this chapter for a Dirac

electron.
(R1.20) Investigate all the appropriate problems of this chapter by including the

many body, image force, broadening, and hot carrier effects, respectively.
(R1.21) 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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K. Koike, H. Harada, M. Yano, Appl. Phys. Lett.88, 192109 (2006)
158. B.A. Akimov, V.A. Bogoyavlenskiy, L.I. Ryabova, V.N. Vasil’kov, Phys. Rev. B 61, 16045

(2000)
159. Ya. A. Ugai, A.M. Samoilov, M.K. Sharov, O.B. Yatsenko, B.A. Akimov, Inorg. Mater. 38,

12 (2002)
160. Ya. A. Ugai, A.M. Samoilov, S.A. Buchnev, Yu.V. Synorov, M.K. Sharov, Inorg. Mater. 38,

450 (2002)



68 1 Field Emission from Quantum Wires of Nonparabolic Semiconductors

161. A.M. Samoilov, S.A. Buchnev, Yu.V. Synorov, B.L. Agapov, A.M. Khoviv, Inorg. Mater. 39,
1132 (2003)

162. A.M. Samoilov, S.A. Buchnev, E.A. Dolgopolova, Yu.V. Synorov, A.M. Khoviv, Inorg. Mater.
40, 349 (2004)

163. H. Murakami, W. Hattori, R. Aoki, Phys. C 269, 83 (1996)
164. H. Murakami, W. Hattori, Y. Mizomata, R. Aoki, Phys. C 273, 41 (1996)
165. H. Murakami, R. Aoki, K. Sakai, Thin Solid Films, 27, 343 (1999)
166. B.A. Volkov, L.I. Ryabova, D.R. Khokhlov, Phys. Usp. 45, 819 (2002), and references therein
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Chapter 2
Field Emission from Quantum
Wire Superlattices of Non-parabolic
Semiconductors

2.1 Introduction

In recent years, modern fabrication techniques have generated altogether a new
dimension in the arena of quantum effect devices through the experimental real-
ization of an important artificial structure known as semiconductor superlattice (SL)
by growing two similar but different semiconducting materials in alternate layers
with finite thicknesses. The materials forming the alternate layers have the same
kind of band structure but different energy gaps. The concept of SL was developed
for the first time by Keldysh [1] and was successfully fabricated by Esaki and Tsu
[2–5]. The SLs are being extensively used in thermal sensors [6,7], quantum cascade
lasers [8–10], photodetectors [11, 12], light-emitting diodes [13–16], multiplication
[17], frequency multiplication [18], photocathodes [19,20], thin-film transistor [21],
solar cells [22,23], infrared imaging [24], thermal imaging [25,26], infrared sensing
[27], and also in other microelectronic devices.

The most extensively studied III–V SL is the one consisting of alternate layers of
GaAs and Ga1�xAlx. As owing to the relative easiness of fabrication. The GaAs and
Ga1�xAlx . As layers form the quantum wells and the potential barriers, respectively.
The III–V SLs are attractive for the realization of high-speed electronic and
optoelectronic devices [28]. In addition to SLs with usual structure, other types of
SLs such as II–VI [29], IV–VI [30], and HgTe/CdTe [31] have also been investigated
in the literature. The IV–VI SLs exhibit quite different properties as compared to
the III–V SL due to the specific band structure of the constituent materials [32].
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 [32]. HgTe/CdTe
SLs have raised a great deal of attention since 1979 as promising new materials
for long wavelength infrared detectors and other electro-optical applications [33].
Interest in Hg-based SLs has been further increased as new properties with potential
device applications were revealed [33, 34]. These features arise from the unique
zero-band gap material HgTe [35] and the direct band gap semiconductor CdTe,

S. Bhattacharya and K.P. Ghatak, Fowler–Nordheim Field Emission, Springer Series
in Solid-State Sciences 170, DOI 10.1007/978-3-642-20493-7 2,
© Springer-Verlag Berlin Heidelberg 2012
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72 2 Field Emission from Quantum Wire Superlattices of Non-parabolic Semiconductors

which can be described by the three-band mode of Kane [36]. The combination of
the aforementioned materials with specified dispersion relation makes HgTe/CdTe
SL very attractive, especially because of the tailoring of the material properties for
various applications by varying the energy band constants of the SLs.

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, i.e.,
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 thickness of the interfaces on the electron dispersion law is
very important, since the electron energy spectrum governs the electron transport
in SLs. In addition to it, for effective mass SLs, the electronic subbands appear
continually in real space [37].

In this chapter, we shall study the FNFE from III–V, II–VI, IV–VI, and
HgTe/CdTe quantum wire SLs with graded interfaces in Sects. 2.2.1 to 2.2.4,
respectively. From Sects. 2.2.5 to 2.2.8, we shall investigate the same from III–V,
II–VI, IV–VI, and HgTe/CdTe effective mass quantum wire SLs. In Sect. 2.3, the
result and discussions have been written with respect to the dependences of the
FNFE as functions of various variables by taking GaAs/Ga1�xAlxAs, CdS/CdTe,
PbTe/PbSnTe, and HgTe/CdTe quantum wire SLs with graded interfaces and the
corresponding effective mass SLs as examples. Section 2.4 contains open research
problems.

2.2 Theoretical Background

2.2.1 The Field Emission from III–V Quantum Wire
Superlattices with Graded Interfaces

The energy spectrum of the conduction electrons in bulk specimens of the con-
stituent materials of III–V SLs whose energy band structures are defined by
three-band model of Kane can be written as

„2k2
2mci

D EG.E;Egi; �i/; (2.1)

mci is the effective electron mass at the edge of the conduction band, i D 1 and 2 and

G.E;Egi; �i / � .ŒEgi C .2=3/�i 
.E C Egi C�i/.E C Egi//=

.Egi.Egi C�i/ŒE C Egi C .2=3/�i 
/:
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Therefore, the dispersion law of the electrons of III–V SLs with graded interfaces
can be expressed, following Jiang and Lin [38], as

cos.Lok/ D 1

2
ˆ21.E; ks/; (2.2)

where L0.� a0 C b0/ is the period length, a0 and b0 are the widths of the barrier
and the well, respectively,

ˆ21.E; ks/

�
�
2 coshfˇ21.E; ks/g cosf�21.E; ks/g C "21.E; ks/

� sinhfˇ21.E; ks/g sinf�21.E; ks/g

C�21

��
K2
21.E; ks/

K22.E; ks/
� 3K22.E; ks/

�
coshfˇ21.E; ks/g sinf�21.E; ks/g

C
�
3K21.E; ks/� fK22.E; ks/g2

K21.E; ks/

�
sinhfˇ21.E; ks/g cosf�21.E; ks/g

	

C�21

�
2
�fK21.E; ks/g � fK22.E; ks/g2

�
coshfˇ21.E; ks/g

� cosf�21.E; ks/g

C 1

12

�
5fK22.E; ks/g3
K21.E; ks/

C 5fK21.E; ks/g3
K22.E; ks/

� 34K22.E; ks/K21.E; ks/

	

� sinhfˇ21.E; ks/g sinf�21.E; ks/g
		
;

ˇ21.E; ks/�K21.E; ks/Œa0 ��21
, �21 is the interface width, K21.E; ks/ �
h
2mc2E

0

„2 G.E � V o; ˛2;�2/C k2s

i1=2
, E 0 � .V 0 � E/, V 0 is the potential barrier

encountered by the electron .V 0 � jEg2 �Eg1 j/, ’i � 1=Egi, �21.E; ks/�K22

.E; ks/Œb0 ��21
, K22.E; ks/� 

2mc1E

„2 G.E; ˛1;�1/� k2s
�1=2

, and k2s D k2x C k2y .
The electron dispersion law in III–V quantum wire superlattices (QWSLs) can

be written following (2.2) as

k2z D
"
1

L20

�
cos�1

�
1

2
f21.nx; ny; E/

	
 2
� 	1.nx; ny/

#

; (2.3)

where the function 	1.nx; ny/ has already been defined in Chap. 1,
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Therefore, (2.3) can be expressed as k2z D L21.E; nx; ny/, where L21.E; nx; ny/ Dh
1

L20

˚
cos�1 
 1

2
f21.nx; ny; E/

��2 � 	1.nx; ny/
i
.

The electron concentration per unit length is given by

n0 D 2gv
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nymaxX

nyD1



D21.EF1D; nx; ny/CD22.EF1D; nx; ny/

�
; (2.4)
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where D21.EF1D; nx; ny/ D p
L21.EFID; nx; ny/ and D22.EF1D; nx; ny/ D

soP

rD1
Z1D.r/ŒD21.EF1D; nx; ny/
.

The field-emitted current assumes the form
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F0. N�21/ exp.� Ň

21/
�
; (2.5)

where N�21 D .EF1D�E21/=kBT , andE21 is the lowest positive root of the equation.
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Ň
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and
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:

2.2.2 The Field Emission from II–VI Quantum Wire
Superlattices with Graded Interfaces

The energy spectrum of the conduction electrons of the constituent materials of
II–VI SLs is given by

E D „2k2s
2m�?;1

C „2k2z
2m�

k;1
˙ C0ks and

„2k2
2mc2

D EG.E;Eg2;�2/: (2.8)

The electron dispersion law in II–VI SLs with graded interfaces can be expressed as

cos.Lok/ D 1

2
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E � „2k2s
2m�?;1
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:

The electron dispersion law in II–VI QWSLs can be written as

k2z D
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:

Therefore, (2.10) can be expressed as

k2z D L212.E; nx; ny/; (2.11)
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h
1
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�
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.

The electron concentration per unit length is given by
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D212.EF1D; nx; ny/CD222.EF1D; nx; ny/

�
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where D212.EF1D; nx; ny/ D p
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rD1
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.

The field-emitted current assumes the form
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where N�22 D .EF1D�E22/=kBT , andE22 is the lowest positive root of the equation.
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2.2.3 The Field Emission from IV–VI Quantum Wire
Superlattices with Graded Interfaces

The E–k dispersion relation of the conduction electrons of the constituent materials
of the IV–VI SLs can be expressed as [39]
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2
s Cbi k2z C

"
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2
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2
; (2.15)
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k;i

�2
.

The electron dispersion law in IV–VI SLs with graded interfaces can be
expressed as
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The electron dispersion law in IV–VI QWSLs can be written from (2.16) as
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Therefore, (2.17) can be expressed as
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The electron concentration per unit length is given by
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2.2.4 The Field Emission from HgTe/CdTe Quantum Wire
Superlattices with Graded Interfaces

The dispersion relation of the conduction electrons of the constituent materials of
HgTe/CdTe SLs can be written as

E D „2k2
2mc1

C 3 jej2 k
128"sc

and
„2k2
2mc2

D EG.E1Eg2;�2/: (2.22)

The electron energy dispersion law in HgTe/CdTe SL is given by
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The electron dispersion law in HgTe/CdTe QWSLs can be expressed as

kz D
�
1

L20

˚
�11

�
nx; ny; E

��� ˚
	1
�
nx; ny

��	1=2
; (2.24)

where

�11
�
nx; ny; E

� D
�

cos�1
�
1

2
 11

�
nx; ny; E

�
	2
;

 11
�
nx; ny; E

� D 

2 cosh

˚
ˇ11

�
nx; ny; E

��
cos

˚
�11

�
nx; ny; E

��

C "11
�
nx; ny; E

�
sinh

˚
ˇ11

�
nx; ny; E

��



2.2 Theoretical Background 89

� sin
˚
�11

�
nx; ny; E

��C�21

" ˚
K13

�
nx; ny; E

��2

K14

�
nx; ny; E

� � 3K14

�
nx; ny; E

�
!

� cosh
˚
ˇ11

�
nx; ny; E

��
sin
˚
�11

�
nx; ny; E

��

C
 

3K13

�
nx; ny; E

��
˚
K14

�
nx; ny; E

��2

K13

�
nx; ny; E

�

!

� sinh
˚
ˇ11

�
nx; ny; E

��
cos

˚
�11

�
nx; ny; E

��

C�21

h
2
�˚
K13

�
nx; ny; E

��2 � ˚
K14

�
nx; ny; E

��2�
cosh

˚
ˇ11

�
nx; ny; E

��

� cos
˚
�11

�
nx; ny; E

�� C 1

12

 
5
˚
K13

�
nx; ny; E

��3

K14

�
nx; ny; E

� C 5
˚
K14

�
nx; ny; E

��3

K13

�
nx; ny; E

�

� ˚34K14

�
nx; ny; E

�
K13

�
nx; ny; E

���
sinh

˚
ˇ11

�
nx; ny; E

��

� sin
˚
�11

�
nx; ny; E

����
"11
�
nx; ny; E

��
"
K13

�
nx; ny; E

�

K14

�
nx; ny; E

��K14

�
nx; ny; E

�

K13

�
nx; ny; E

�

#

;

ˇ11
�
nx; ny; E

� � K13

�
nx; ny; E

�
Œa0 ��21
 ;

�11
�
nx; ny; E

� D K14

�
nx; ny; E

�
Œb0 ��21
 ;

K14

�
nx; ny; E

� �

2

6
4
B2
0 C 2A0E � B0

q
B2
0 C 4A0E

2A20
� ˚

	1
�
nx; ny

��
3

7
5

1=2

;

K13

�
nx; ny; E

� �
��
2mc2E0

„2
�
G
�
E � V 0;Eg2;�2

�C ˚
	1
�
nx; ny

��	1=2
:

Therefore, (2.24) can be expressed as
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The electron concentration per unit length is given by
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The field-emitted current assumes the form



90 2 Field Emission from Quantum Wire Superlattices of Non-parabolic Semiconductors

I D 2gvekBT

h

nxmaxX

nxD1

nymaxX

nyD1
ŒF0.�24/ exp.�ˇ24/
; (2.27)

where �24 D .EF1D �E24/=kBT , andE24 is the lowest positive root of the equation.
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2.2.5 The Field Emission from Quantum Wire III–V Effective
Mass Superlattices

Following Sasaki [37], the electron dispersion law in III–V effective mass superlat-
tices (EMSLs) can be written as
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�
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�
E; ky; kz
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; (2.29)

in which
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;

a2 D
�
�1C

r
mc2

mc1

	2 "

4

�
mc2

mc1

�1=2#�1
;

C21 .E; k?/ �
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� � k2?
	1=2

The electron dispersion law in III–V effective mass quantum wire superlattices
(EMQWSLs) can be expressed as
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; (2.30)
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:

The electron concentration per unit length is given by
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The field-emitted current assumes the form
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where �26 D .EF1D � NE26/=kBT , and NE26 is the lowest positive root of the equation.
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2.2.6 The Field Emission from Quantum Wire II–VI Effective
Mass Superlattices

Following Sasaki [37], the electron dispersion law in II–VI EMSLs can be written as
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The dispersion law in II–VI, EMQWSLs can be expressed as
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Equation (2.35) can be written as
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The electron concentration per unit length is given by
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The field-emitted current assumes the form
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where �27 D .EF1D�E27/=kBT , andE27 is the lowest positive root of the equation.
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2.2.7 The Field Emission from Quantum Wire IV–VI Effective
Mass Superlattices

Following Sasaki [37], the electron dispersion law in IV–VI, EMSLs can be written
as
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The dispersion law in IV–VI, EMQWSLs can be expressed as
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The electron concentration per unit length is given by
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The field-emitted current assumes the form
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2.2.8 The Field Emission from Quantum Wire HgTe/CdTe
Effective Mass Superlattices

Following Sasaki [37], the electron dispersion law in HgTe/CdTe EMSLs can be
written as
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The dispersion law in HgTe/CdTe, EMQWSLs can be expressed as

k2x D 
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�
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(2.46)

in which,
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The electron concentration per unit length is given by
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The field-emitted current assumes the form
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2.3 Result and Discussions

Using Table 1.1 and �21 D 0:4 nmŒ9:16
 together with the (2.4), (2.5); (2.12),
(2.13); (2.19), (2.20); and (2.26), (2.27), we have plotted the field-emitted current
in Figs. 2.1–2.3 as functions of film thickness, electron concentration per unit
length and electric field for GaAs/AlGaAs, CdS/CdTe, PbTe/PbSe, and HgTe/CdTe
quantum wires superlattices with graded interfaces, respectively. Using (2.31),
(2.32); (2.37), (2.38), (2.42); (2.43), (2.47) and (2.48) we have plotted the field-
emitted current as function of film thickness, electron concentration per unit
length, and electric field for GaAs/AlGaAs, CdS/CdTe, PbTe/PbSe, and HgTe/CdTe
quantum wire effective mass superlattices in Figs. 2.4–2.6, respectively.

It appears from Fig. 2.1 that the field-emitted current increases with the film
thickness for quantum wires of GaAs/AlGaAs superlattices with graded interfaces
exhibiting step functional dependence. For PbTe/PbSe quantum wire superlattices
with graded interfaces, the said dependence is relatively much less in magnitude as
compared with the previous one, whereas for CdS/CdTe and HgTe/CdTe quantum

Fig. 2.1 Plot of the
field-emitted current as a
function of film thickness for
quantum wire superlattices of
GaAs/AlGaAs, CdS/CdTe,
PbTe/PbSe, and HgTe/CdTe
with graded interfaces
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Fig. 2.2 Plot of the
field-emitted current as a
function of carrier
concentration per unit length
for quantum wire
superlattices of CdS/CdTe,
PbTe/PbSe, and HgTe/CdTe
with graded interfaces

Fig. 2.3 Plot of the
field-emitted current as a
function of electric field for
quantum wire superlattices of
GaAs/AlGaAs, CdS/CdTe,
PbTe/PbSe, and HgTe/CdTe
with graded interfaces

wire superlattices with graded interfaces, the field-emitted current is relatively
large and invariant with respect to thickness variation. This behavior is the direct
consequence of the carrier dispersion relation in the respective cases. From Fig. 2.2,
we observe that the field-emitted current increases with increasing concentration
for PbTe/PbSe and HgTe/CdTe quantum wire superlattices with graded interfaces,
whereas for CdS/CdTe quantum wire superlattices with graded interfaces, the cur-
rent increases with increasing concentration and decreases after a carrier degeneracy
of about 109 m�1. Comparing the individual curves, we note that the numerical
values of field current for PbTe/PbSe and HgTe/CdTe quantum wire superlattices
with graded interfaces are much greater as compared with CdS/CdTe quantum wire
superlattices with graded interfaces.

Figure 2.3 explores the fact that the cut-in value of the electric field for quantum
wire superlattices of HgTe/CdTe with graded interfaces is even less than 106Vm�1
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Fig. 2.4 Plot of the
field-emitted current as a
function of film thickness for
quantum wire effective mass
superlattices of
GaAs/AlGaAs, CdS/CdTe,
PbTe/PbSe, and HgTe/CdTe

Fig. 2.5 Plot of the
field-emitted current as a
function of carrier
concentration per unit length
for quantum wire effective
mass superlattices of
CdS/CdTe, PbTe/PbSe, and
HgTe/CdTe

and saturates beyond 107Vm�1. For the other cases, the cut-in values are larger well
beyond 107Vm�1.

From Fig. 2.4, we observe that the variations of the field-emitted current with
film thickness in GaAs/AlGaAs and CdS/CdTe quantum wire effective mass
superlattices are in opposite trend with that of the PbTe/PbSe and HgTe/CdTe. The
reason for this variation has already been discussed in “Result and Discussions”
of Chap. 1. We note that HgTe/CdTe quantum wire effective mass superlattices
exhibits a maximum field current as compared with that of the others. Figure 2.5
exhibits the fact that the field-emitted current becomes very small beyond 109 m�1
for CdS/CdTe quantum wires of effective mass superlattices. The Fig. 2.6 indicates
that the cut-in field for quantum wires of effective mass superlattices HgTe/CdTe is
nearly 106Vm�1 rather than that of CdS/CdTe which is beyond 108Vm�1. For the
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Fig. 2.6 Plot of the
field-emitted current as a
function of electric field for
quantum wire effective mass
superlattices of
GaAs/AlGaAs, CdS/CdTe,
PbTe/PbSe, and HgTe/CdTe

purpose of condensed presentation, the carrier statistics and the FNFE from different
quantized materials as considered in this chapter have been presented in Table 2.1.

2.4 Open Research Problems

(R.2.1) [(a)] Investigate the FNFE from all the superlattices whose respective
dispersion relations of the carriers are given in this chapter by converting
the summations over the quantum numbers to the corresponding integra-
tions 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 FNFE in the presence of an arbitrarily oriented non-
quantizing magnetic field for all types of quantum wire superlattices as
considered in this chapter by considering the electron spin.

(R.2.2) Investigate the FNFE in the presence of an additional arbitrarily oriented
electric field for all types of quantum wire superlattices.

(R.2.3) Investigate the FNFE for all types of quantum wire superlattices as
considered in this chapter under arbitrarily oriented crossed electric and
magnetic fields.

(R.2.4) Investigate the FNFE in III–V, II–VI, IV–VI, and HgTe/CdTe quantum
well superlattices with graded interfaces,

(R.2.5) Investigate the FNFE for all problems of R.2.1 to R.2.3 for III–V, II–VI,
IV–VI, and HgTe/CdTe quantum well superlattices with graded interfaces.

(R.2.6) Investigate the FNFE for III–V, II–VI, IV–VI, and HgTe/CdTe quantum
well effective mass superlattices.

(R.2.7) Investigate the FNFE for all problems of R.2.1 to R.2.3 for III–V, II–VI,
IV–VI, and HgTe/CdTe quantum well effective mass superlattices.
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(R.2.8) Investigate the FNFE for short period, strained layer, random, and
Fibonacci quantum wire superlattices.

(R.2.9) Investigate the FNFE for short period, strained layer, random, and
Fibonacci quantum well superlattices in the presence of an arbitrarily
oriented magnetic field by considering electron spin and broadening.

(R.2.10) Investigate the FNFE for strained layer, random, Fibonacci, polytype, and
sawtooth superlattices in the presence of an arbitrarily oriented electric
field.

(R.2.11) Investigate the FNFE for strained layer, random, Fibonacci, polytype, and
sawtooth superlattices in the presence of an arbitrarily oriented crossed
electric and magnetic field.

(R.2.12) Investigate the FNFE for strained layer, random, Fibonacci, polytype, and
sawtooth quantum well and quantum wires superlattices in the presence
of an arbitrarily oriented electric field.

(R.2.13) Investigate the FNFE for strained layer, random, Fibonacci, polytype, and
sawtooth quantum well and quantum wires superlattices in the presence
of arbitrarily oriented crossed electric and quantizing magnetic fields.

(R.2.14) [(a)] Formulate the minimum tunneling, Dwell and phase tunneling,
Buttiker and Landauer and intrinsic times for all types of superlattices
as discussed in this chapter.

(b) Investigate all the appropriate problems of this chapter for the Dirac
electron.

(c) Investigate all the problems of this chapter by removing all the mathemati-
cal approximations and establishing the respective appropriate uniqueness
conditions.
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Chapter 3
Field Emission from Quantum Confined
Semiconductors Under Magnetic Quantization

3.1 Introduction

It is well known that the band structure of semiconductors can be dramatically
changed by applying the external fields [1–68]. The effects of the quantizing
magnetic field on the band structure of compound semiconductors are more striking
and can be observed easily in experiments. Under magnetic quantization, the motion
of the electron parallel to the magnetic field remains unaltered, while the area of
the wave-vector space perpendicular to the direction of the magnetic field gets
quantized in accordance with the Landau’s rule of area quantization in the wave-
vector space [40–68] The energy levels of the carriers in a magnetic field (with
the component of the wave-vector parallel to the direction of magnetic field be
equated with zero) are termed as the Landau levels and the quantized energies are
known as the Landau subbands. It is important to note that the same conclusion
may be arrived either by solving the single-particle time-independent Schrödinger
differential equation in the presence of a quantizing magnetic field or by using the
operator method. The quantizing magnetic field tends to remove the degeneracy
and increases the band gap. A semiconductor, placed in a magnetic field B , can
absorb radiative energy with the frequency .!0 D .jejB=mc//. This phenomenon is
known as cyclotron or diamagnetic resonance. The effect of energy quantization
is experimentally noticeable when the separation between any two consecutive
Landau levels is greater than kBT . A number of interesting transport phenomena
originate from the change in the basic band structure of the semiconductor in the
presence of a quantizing magnetic field. These have been widely investigated and
also served as diagnostic tools for characterizing the different materials having
various band structures. The discreteness in the Landau levels leads to a whole crop
of magneto-oscillatory phenomena, important among which are (1) Shubnikov–
de Haas oscillations in magneto-resistance; (2) de Haas–Van Alphen oscillations
in magnetic susceptibility; and (3) magneto-phonon oscillations in thermoelectric
power, etc.

S. Bhattacharya and K.P. Ghatak, Fowler–Nordheim Field Emission, Springer Series
in Solid-State Sciences 170, DOI 10.1007/978-3-642-20493-7 3,
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In this chapter in Sect. 3.2.1, of the theoretical background, the FNFE has been
investigated in nonlinear optical semiconductors in the presence of a quantizing
magnetic field. Section 3.2.2 explores the FNFE from III–V, ternary and quaternary
compounds under magnetic quantization in accordance with the three- and the two-
band models of Kane and forms the special case of Sect. 3.2.1. In the same section,
the well-known result of FNFE from semiconductors having parabolic energy bands
in the absence of any field has been noted and the magneto-FNFE in accordance
with the models of Stillman et al. and Palik et al. have farther been presented for
the purpose of relative comparison. Section 3.2.3 contains the study of the magneto-
FNFE from II–VI semiconductors. In Sect. 3.2.4, the magneto-FNFE from Bismuth
has been investigated in accordance with the models of the McClure and Choi,
the Cohen and the Lax nonparabolic ellipsoidal respectively. In Sect. 3.2.5, the
FNFE in IV–VI semiconductors under magnetic quantization has been discussed
in accordance with the model of Dimmock, Bangert and Kastner, and Foley and
Landenberg, respectively. In Sect. 3.2.6, the magneto-FNFE for the stressed Kane-
type semiconductors has been investigated. In Sect. 3.2.7, the FNFE in Te has
been studied under magnetic quantization. In Sect. 3.2.8, the magneto-FNFE in
n-GaP has been studied. In Sect. 3.2.9, the FNFE in PtSb2 has been investigated
under magnetic quantization. In Sect. 3.2.10, the magneto-FNFE in Bi2Te3 has been
studied. Section 3.2.11 contains the formulation of FNFE from Ge under magnetic
quantization in accordance with the models of Cardona et al. and Wang et al.,
respectively. In Sects. 3.2.12 and3.2.13, the magneto-FNFE in n-GaSb and II–V
compounds has respectively been investigated. Section 3.3 contains the result and
discussions and Sect. 3.4 explores open research problems for this chapter in this
context.

3.2 Theoritical Background

3.2.1 The Field Emission from Nonlinear Optical
Semiconductors Under Magnetic Quantization

In the presence of a quantizing magnetic field ( EB) along the z-direction, the
magneto-electron energy spectrum can be expressed as follows [69]:

�.E/ D f1.E/ � 2eB

„
�
nC 1

2

�
C f2.E/k

2
z ˙ eB„�kEg0

6

"
Eg0 C�?

m�?
�
Eg0 C 2

3
�?

�

#

�
"

E C Eg0 C ı C �2
k ��2?
3�k

#

; (3.1)

where n.D 0; 1; 2 : : : :/ is the Landau magnetic quantum number.
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Equation (3.1) can be written as

k2z D A31;�.E; n/; (3.2)

where

A31;�.E; n/ D
"

Œf2.E/

�1
"

�.E/� f1.E/ � 2eB

„
�
nC 1

2

�
� eB„�kEg0

6

�
"

Eg0 C�?
m�?.Eg0 C 2

3
�?/

#

:

"

E C Eg0 C ı C �2
k ��2

?
3�k

###

:

The field-emitted current density under magnetic quantization from nonlinear
optical materials is given by

J D 1

2

nmaxX

nD0

1Z

En31;˙

e � 1„ � @E
@kz

� gveB

2�2„
@kz

@E
f .E/t31; (3.3)

where En31˙ is the Landau subbands in this case, t31 is the transmission coefficient
in this case, which can be written as

t31 D exp

2

4�2
zt31Z

0

ŒA31;˙.V0; n/ � eFszB31;˙.V0; n/
1=2 dz

3

5; (3.4)

where

B31;˙.V0; n/ D
"

�A31;�.V0; n/f 0
2 .V0/

f2.V0/
C 1
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zt;31 D A31;�.V0; n/
eFSB31;�.V0; n/
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�
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3�k
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:

Therefore

t31 D exp Œ�ˇ31;˙
 ; (3.5)

where ˇ31;˙ D 4ŒA31;�.V0; n/
3=2

3eFszB31;˙.V0; n/
:
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Therefore

J D e2gvBkBT

4�2„2
nmaxX

nD0
ŒF0.�31;C/ exp Œ�ˇ31;C
C F0.�31;�/ exp Œ�ˇ31;�

; (3.6)

where �31;˙ D .kBT /
�1ŒEFB �En31;˙
 andEFB is the Fermi energy in the presence

of magnetic quantization as measured from the edge of the conduction band in the
absence of any quantization in the vertically upward direction.

The electron concentration can be expressed as

n0 D eBgv

2�2„
nmaxX

nD0
ŒY31.EFB; n/CZ31.EFB; n/
; (3.7)

where Y31.EFB; n/ D Œ
p
A31;C.EFB; n/Cp

A31;�.EFB; n/
 and

Z31.EFB; n/ D
s0X

rD1
ZB.r/ŒY31.EFB; n/
; ZB.r/

D 2.kBT /.1 � 21�2r /�.2r/.@2r=@2rEFB/:

3.2.2 The Field Emission from III–V Semiconductors Under
Magnetic Quantization

3.2.2.1 Three-Band Model of Kane

Under the conditions,m�
k D m�? D mc; �k D �? D �; and ı D 0, (3.1) assumes

the form [70, 71]

I11.E/ D
�
nC 1

2

�
„!0 C „2k2z

2mc

˙ eB„�
6mc

�
E C Eg0 C 2

3
�
� ; (3.8)

which is the well-known dispersion relation of magneto-three-band Kane model.
From (3.8), we can write

k2z D 2mc

„2
"

I11.E/ �
�
nC 1

2

�
„!0 ˙ eB„�

6mc

�
E C Eg0 C 2

3
�
�

#

:

Thus,

k2z D 2mc

„2 A32;˙.E; n/; (3.9)

where A32;˙.E; n/ D I11.E/ � �
nC 1

2

�„!0 ˙ eB„�
6mc.ECEg0C 2

3�/
.
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Transmission coefficient t32 is given by

t32 D exp

8
<
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ŒA32;˙.V0; n/ � eFszzB32;˙.E/
1=2 �
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where zt;32 D A32;˙.V0; n/
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:

Thus, we can write

t32 D exp Œ�ˇ32;˙
 ; (3.10)

where ˇ32;˙ D 4
p
2mcŒA32;�.V0; n/
3=2
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:

The field-emitted current density under magnetic quantization is given by

J D e2gvBkBT

4�2„2
nmaxX

nD0
ŒF0.�32;C/ exp Œ�ˇ32;C
C F0.�32;�/ exp Œ�ˇ32;�

; (3.11)

where �32;˙ D .kBT /
�1ŒEFB �En32;˙
, andEn32;˙ is the lowest positive root of the

equation.

I11.En;32˙/ D
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nC 1

2

�
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�
En;32˙ C Eg0 C 2

3
�
� : (3.12)
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The electron concentration can be expressed as

n0 D
p
2mceBgv

2�2„2
nmaxX

nD0
Œ
p
A32;C.EFB; n/Cp

A32;�.EFB; n/
CZ32.EFB; n/;

(3.13)
where

Z32.EFB; n/ D
s0X

rD1
ZB.r/Œ

p
A32;C.EFB; n/Cp

A32;�.EFB; n/
:

3.2.2.2 Two-Band Model of Kane

Under the condition� ! 0, (3.8) assumes the form

E.1C ˛E/ D
�
nC 1

2

�
„!0 C „2k2z

2mc

˙ 1

2
�0g

�B; (3.14)

where �0 is the Bohr magneton and g� is the effective g factor as the edge of the
conduction band.

From (3.14), we can write

k2z D 2mc

„2 A32;˙.E; n/; (3.15)

where A32;˙.E; n/ D E.1C ˛E/� .nC 1
2
/„!0 � 1

2
�0g

�B:
Transmission coefficient t33 is given by

t33 D exp Œ�ˇ33;˙
 ; (3.16)

where ˇ33;˙ D 4
p
2mcŒA32;�.V0; n/
3=2

3eFsz„.1C 2˛V0/
:

The field-emitted current density can be written as

J D e2gvBkBT

4�2„2
nmaxX

nD0
ŒF0.�33;C/ exp Œ�ˇ33;C
C F0.�33;�/ exp Œ�ˇ33;�

; (3.17)

where �33;˙ D .kBT /
�1ŒEFB �En33;˙
, andEn33;˙ is the lowest positive root of the

equation.
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The electron concentration can be expressed as

n0 D
p
2mceBgv

2�2„2
nmaxX

nD0
Y32.EFB; n/CZ32.EFB; n/; (3.19)

where Y32.EFB; n/ D
�q

A32;C.EFB; n/C
q
A32;�.EFB; n/

	
and Z32.EFB; n/ D

s0P

rD1
ZB.r/ŒY32.EFB; n/
:

3.2.2.3 Parabolic Energy Bands

For parabolic energy bands the expressions of the electron concentration and the
field-emitted current density under magnetic quantization can, respectively, be
written as,

n0 D .gvNc�=2/

nmaxX

nD0
F�1=2.�0

B;˙/; (3.20)

and

JDe2gvBkBT
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(3.21)

whereNc D 2.2�mckBT=h
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In the absence of spin and under the condition of extreme degeneracy, we get
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In the absence of magnetic fieldB ! 0, (3.22) gets simplified into the form as given
in (1.27). Besides in the absence of magnetic quantization, (3.23) assumes the form

n0 D gv

3�2

�
2m�EF0

„2
�3=2

: (3.24)

It may be noted that (3.24) is the well-known expression of the Fermi energy in
bulk semiconductors having parabolic energy bands under the condition of extreme
degeneracy.

3.2.2.4 The Model of Stillman et al.

In accordance with model, the electron energy spectrum in III–V semiconductors in
the presence of the quantizing magnetic field EB along the z-direction can be written
following (1.29) as

k2z D 2mc
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I12.E/ �

�
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2
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„!0

	
: (3.25)

Therefore,

k2z D 2mc

„2 A33.E; n/; (3.26)

where A33.E; n/ D I12.E/ � .nC 1
2
/„!0.

The field-emitted current density can be written as
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and
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The electron concentration is given by

n0 D
p
2mceBgv

�2„2
nmaxX

nD0
ŒY33.EFB; n/CZ33.EFB; n/
; (3.29)

where Y33.EFB; n/ D Œ
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 and Z33.EFB; n/ D
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rD1
ZB.r/ŒY33.EFB; n/
:

3.2.2.5 The Model of Palik et al.

To the fourth order in effective mass theory and taking into account the interactions
of the conduction, light-hole, heavy-hole, and split-off hole bands, the electron
energy spectrum in III–V semiconductors in the presence of a quantizing magnetic
field EB can be written in accordance with the present model extending (1.40) as
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Equation (3.30) assumes the form

J34k
4
z C J35;˙.n/k2z C J36;˙.n/ �E D 0 (3.31)
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where J34 D ˛k32
�„2=2mc
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From (3.31) we get

2J34k
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The field-emitted current density is given by
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where �35;˙ D .kBT /
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, and E35;˙ is the lowest positive root of the

equation.
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:

The electron concentration can be expressed as

n0 D eBgv

2�2h
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i

and Z34.EFB; n/ D
s0P

rD1
ZB.r/ŒY34.EFB; n/
.
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3.2.3 The Field Emission from II–VI Semiconductors
Under Magnetic Quantization

The magneto-dispersion relation assumes the form

E D E36;˙.n/C B0k
2
z ; (3.36a)

where E36;˙.n/ D
�
A0 � 2eB

„
�
nC 1

2

�˙ 1
2
�0g

�B ˙ C0

q�
2eB
„
� �
nC 1

2

�
	

.

Therefore,

k2z D E � E36;˙.n/
B0

: (3.36b)

The field-emitted current density is given by

J D e2gvBkBT

h2

nmaxX

nD0
ŒF0.�36;C/ expŒ�ˇ36;C
C F0.�36;�/ expŒ�ˇ36;�

; (3.37)

where �36;˙ D .kBT /
�1ŒEFB � E36;˙
, and E36;˙ is the lowest positive root of the

equation.

ˇ36;˙ D
4
q
2m�

k ŒV0 � E36;˙
3=2

3eFsz„ :

The electron concentration can be written as

n0 D
eBgv

q
2m�

k
2�2„2

nmaxX

nD0
ŒY35.EFB; n/CZ35.EFB; n/
; (3.38)

where Y35.EFB; n/ D Œ
p
EFB � E36;C.n/Cp

EFB �E36;�.n/
 and Z35.EFB; n/ D
s0P

rD1
ZB.r/ŒY35.EFB; n/


3.2.4 The Field Emission from Under Bismuth Magnetic
Quantization

3.2.4.1 The McClure and Choi Model

The electron energy spectrum in Bi in accordance with the model of McClure and
Choi under magnetic quantization upto the first order can be expressed following
[72, 73] as
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E.1C ˛E/ D
�
nC 1

2

�
„!.E/C .n2 C 1C n/

�
˛„2!2.E/

4

�
˙ 1

2
�0g

�B

C „2k2z
2m3

"

1 � ˛
�
nC 1

2

� „!.E/
2

#

; (3.39)

where !.E/ D eBp
m1m2

h
1C ˛E

�
1 � m2

m0

2

�i 1
2
:

Therefore,
k2z D A36;˙.E; n/; (3.40)

where

A36;˙.E; n/ D 2m3

„2
"

1 � ˛
�
nC 1

2

�„!.E/
2

#�1 �
E.1C ˛E/

�
�
nC 1

2

�
„!.E/ � .n2 C 1C n/

�
˛„2!2.E/

4

�
� 1

2
�0g

�B
	
:

The field-emitted current density is given by

J D e2gvBkBT

h2

nmaxX

nD0
ŒF0.�37;C/ exp Œ�ˇ37;C
C F0.�37;�/ exp Œ�ˇ37;�

; (3.41)

where �37;˙ D .kBT /
�1ŒEFB � E37;˙.n/
, and E37;˙.n/ is the lowest positive root

of the equation.

.E37;˙.n//Œ1C ˛.E37;˙.n//
 D
�
nC 1

2

�
„!.E37;˙.n//C .n2 C 1C n/

�
�
˛„2!2.E37;˙.n//

4

�
˙ 1

2
�0g

�B; (3.42a)

where !.E37;˙.n// D eBp
m1m2

h
1C ˛.E37;˙.n//

�
1 � m2

m0

2

�i 1
2
;

ˇ37;˙ D 4ŒA36;˙.V0; n/
3=2

3eFszŒA37;˙.V0; n/

; A36;˙.V0; n/ D 2m3

„2
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1 � ˛
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2

�„!.V0/
2
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�
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�
nC 1

2

�
„!.V0/ � .n2 C 1C n/

�
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4

�
� 1

2
�0g
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;
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!.V0/ D eBp
m1m2

�
1C ˛.V0/

�
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2

�	 1
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;
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��
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��
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1� m2
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2

��
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�1
	
;

and

A37;˙.V0; n/

D
 
˛
�
nC 1

2

�„!1.V0/
2

!2

4 A36;˙.V0; n/

1 � ˛.nC 1
2 /„!.V0/
2

3

5C 2m3
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�„!.V0/
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#�1

�
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.1C 2˛V0/�

�
nC 1

2

�
„!1.V0/ � .n2 C 1C n/

�
˛„2!.V0/!1.V0/

2

�	
:

The electron concentration can be written as

n0 D eBgv
p
2m3

2�2„2
nmaxX

nD0
ŒY36.EFB; n/CZ36.EFB; n/
; (3.42b)

where Y36.EFB; n/ D Œ
p
A38;C.EFB; n/Cp

A38;�.EFB; n/
,

A38;˙.EFB; n/

D
"

1 � ˛
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�„!.EFB/

2

#�1 �
EFB.1C˛EFB/

�
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�
„!.EFB/ � �

n2C1Cn�
�
˛„2!2.EFB/

4

�
˙ 1

2
�0g

�B
	
;

and Z36.EFB; n/ D
s0P

rD1
ZB.r/ŒY36.EFB; n/
:

3.2.4.2 The Cohen Model

The magneto-dispersion relation for the conduction electrons in Bi in accordance
with the Cohen model can be written as [72, 73]

E.1C˛E/ D
�
nC1

2

�
„!.E/C„2k2z

2m3

C„2!2.E/
�
n2C1

2
C n

��
3˛

8

�
˙ 1

2
�0g

�B:
(3.43)
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From (3.43), we get,

k2z D 2m3

„2 ŒA38;˙.E; n/
; (3.44)

where A38;˙.E; n/ D 

E.1C ˛E/� �

nC 1
2

�„!.E/ � „2!2.E/ �n2C 1
2
Cn� � 3˛

8

�

� 1
2
�0g

�B
�
.

The field-emitted current density under magnetic quantization for this model can
be expressed as

J D e2gvBkBT

h2

nmaxX

nD0
ŒF0.�38;C/ expŒ�ˇ38;C
C F0.�38;�/ expŒ�ˇ38;�

; (3.45)

where �38;˙ D .kBT /
�1ŒEFB � E38;˙
, and E38;˙ is the lowest positive root of the

equation.
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where ˇ38˙ D .4ŒA38;˙.V0; n/
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1C 2˛V0 �
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�
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��
3˛
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;
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�
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�
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�
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	 1
2

; and

!1.V0/ D
��

eBp
m1m2

��
˛

�
1 � m2

m0
2

��
.2!.V0//

�1
	
:

The electron concentration is given by

n0 D eBgv
p
2m3

2�2„2
nmaxX

nD0
ŒY37.EFB; n/CZ37.EFB; n/
; (3.47)
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where Y37.EFB; n/ D Œ
p
A38;C.EFB; n/ C p

A38;�.EFB; n/
 and Z37.EFB; n/ D
s0P

rD1
ZB.r/ŒY37.EFB; n/
:

3.2.4.3 The Lax Model

In accordance with this model, the magneto-dispersion relation assumes the form
[72, 73]

E.1C ˛E/ D
�
nC 1

2

�
„!03 C „2k2z

2m3

˙ 1

2
�0g

�B; (3.48)

where !03 D eB=
p
m1m2:

Therefore

k2z D 2m3

„2 ŒA40;˙.E; n/
; (3.49)

where A40;˙.E; n/ D E.1C ˛E/ � �
nC 1

2

�„!03 � 1
2
�0g

�B:
The field-emitted current density is given by

J D e2gvBkBT

h2

nmaxX

nD0
ŒF0.�39;C/ expŒ�ˇ39;C
C F0.�39;�/ expŒ�ˇ39;�

; (3.50)

where �39;˙ D .kBT /
�1ŒEFB � E39;˙
, and E39;˙ can be determined from the

equation
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;
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p
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2
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; and

A41.V0/ D Œ1C 2˛V0
 : (3.51)

The electron concentration can be expressed as

n0 D eBgv
p
2m3

2�2„2
nmaxX

nD0
ŒY40.EFB; n/CZ40.EFB; n/
; (3.52)

where Y40.EFB; n/ D Œ
p
A40;C.EFB; n/ C p

A40;�.EFB; n/
 and Z40.EFB; n/ D
s0P

rD1
ZB.r/ŒY40.EFB; n/
:
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3.2.4.4 Ellipsoidal Parabolic Energy Bands

For ˛ ! 0, from (3.48) we get

E D
�
nC 1

2

�
„!0 C „2k2z

2m3

˙ 1

2
�0g

�B: (3.53)

The expressions of J and n0 for this model are the special cases of the models of
McClure and Choi, Cohen and Lax, respectively.

3.2.5 The Field Emission from IV–VI Semiconductors
Under Magnetic Quantization

3.2.5.1 The Dimmock Model

In accordance with Dimmock model, the electron energy spectrum in IV–VI semi-
conductors in the presence of a quantizing magnetic field EB along the z-direction
can be written following (1.71) as
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Thus, (3.54) assumes the form
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The field-emitted current density is given by

J D e2gvBkBT

2�2„2
nmaxX

nD0
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; (3.56)
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E40 D
�C34.n/C

q
C2
34.n/C 4˛C35.n/

2˛
; (3.57)

where

C34.n/ D
"

1C ˛„eB

mC

t

�
nC 1

2

�
� ˛„eB

m�

t

�
nC 1

2

�#

;

C35.n/ D
"

„eB

m�

t

�
nC 1

2

�
C „eB

m�

t

�
nC 1

2

�
C ˛.„eB/2

mC

t m
�

t

�
nC 1

2

�2#

;

ˇ40 D 4ŒA42.V0; n/

3=2

3eFszŒA43.V0; n/

;

A42.V0; n/ D Œ2C31

�1

 � C32.V0; n/C 


C2
32.V0; n/ � 4C31fC33.V0; n/

� V0.1C ˛V0/g
�1=2�

;

A43.V0; n/ D Œ2C31

�1

"

�C36.n/C fC32.V0; n/C36.n/�2C31 fC37.n/� .1C2˛V0/gg


C2
32.V0; n/�4C31 fC33.V0; n/�V0 .1C˛V0/g

�1=2

#

;

C36.n/ D
"
˛„2
2m�

l

� ˛„2
2mC

l

#

; and C37.n/D
"

�˛„eB

mC

t

�
nC1

2

�
C˛„eB

m�

t

�
nC1

2

�#

:

The electron concentration can be written as

n0 D
�

eBgv

�2„
� nmaxX

nD0
ŒY41.EFB; n/CZ41.EFB; n/
; (3.58)

where Y41.EFB; n/ D
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i
andZ41.EFB; n/ D

s0P

rD1
ZB.r/ŒY41.EFB; n/
.
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3.2.5.2 The Model of Bangert and Kastner

The electron energy spectrum of IV–VI materials in accordance with the model of
Bangert and Kastner can be written as [70]

�.E/ D F 1.E/k
2
s C F 2.E/k
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z ; (3.59)
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l

	
, and

R; S; Q; A; �0
l ; �

00
l are the electron energy spectrum constants.

In the presence of a quantizing magnetic field EB along the z-direction, (3.59)
assumes the form
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The field-emitted current density is given by

J D e2gvBkBT

2�2„2
nmaxX

nD0
ŒF0.�41/ exp Œ�ˇ41

; (3.62)
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The electron concentration can be expressed as

n0 D
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eBgv
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where Y42.EFB; n/ D Œ
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 and Z42.EFB; n/ D
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ZB.r/ŒY42.EFB; n/
.

3.2.5.3 The Model of Foley and Landenberg

In accordance with the model of Foley and Landenberg, the electron energy
spectrum in IV–VI semiconductors can be written as [71]
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(3.65)
where 1
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i
, mtc and mlc are the transverse

and longitudinal effective electron masses of the conduction electrons at the edge
of the conduction band, and mt2 and ml2 are the transverse and longitudinal
effective hole masses at the edge of the valence band. In the presence of magnetic
quantization EB along the z-direction, (3.65) assumes the form
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The field-emitted current density is given by
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m�

k

; and D47.n/ D 2„eB

m�

?

�
nC 1

2

�
:
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The electron concentration can be expressed as

n0 D
�

eBgv

�2„
� nmaxX

nD0
ŒY43.EFB; n/CZ43.EFB; n/
; (3.69)

where Y43.EFB; n/ D Œ
p
A46.EFB; n/
 and Z43.EFB; n/ D

s0P

rD1
ZB.r/ŒY43.EFB; n/
.

3.2.6 The Field Emission from Stressed Semiconductors
Under Magnetic Quantization

The electron energy spectrum under magnetic quantization can be written following
(1.76) as

�
nC 1

2

�
2eB

„
�
M2
0 .E/ � 1

4
N 2
0 .E/

	1=2
C L0.E/k

2
z D k0.E/: (3.70)

Therefore, (3.70) can be expressed as

k2z D A48.E; n/; (3.71)

where A48.E; n/ D


k0.E/ � 2eB

„
�
nC 1

2

� 

M2
0 .E/� 1

4
N 2
0 .E/

�
1=2

�

L0.E/
.

The field-emitted current density is given by

J D e2BgvkBT

2�2„2
nmaxX

nD0
ŒF0.�43/ exp Œ�ˇ43

; (3.72)

where �43 D .kBT /
�1ŒEFB �E43
, and E43 is the root of the equation.

k0.E43/ D 2eB

„
�
nC 1

2

��
M2
0 .E43/� 1

4
N 2
0 .E43/

	1=2
; (3.73)

ˇ43 D 4ŒA48.V0; n/

3=2

3eFszŒA49.V0; n/

;

A48.V0; n/ D Œk0.V0/� 2eB
„
�
nC 1

2

� 

M2
0 .V0/� 1

4
N 2
0 .V0/

�1=2



L0.V0/
and

A49.V0; n/ D
��A48.V0; n/

L0.V0/
L0
0.V0/C 1

L0.V0/

�
k0
0.V0/ � eB

„
�
nC1

2

�

�
�
M2
0 .V0/�

1

4
N 2
0 .V0/

	�1=2 �
2M0.V0/M

0
0.V0/�

1

2
N0.V0/N

0
0.V0/

		
:
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The electron concentration can be expressed as

n0 D
�

eBgv

�2„
� nmaxX

nD0
ŒY44.EFB; n/CZ44.EFB; n/
; (3.74)

where Y44.EFB; n/ D Œ
p
A48.EFB; n/
 and Z44.EFB; n/ D

s0P

rD1
ZB.r/ŒY44.EFB; n/
:

3.2.7 The Field Emission from Tellurium Under
Magnetic Quantization

The dispersion under magnetic quantization can be written following (1.81) as

E D ‰1k
2
z C‰2

2eB

„
�
nC 1

2

�
˙
�
‰2
3k

2
z C‰2

4

2eB

„
�
nC 1

2

�	1=2
: (3.75)

Therefore,

k2z D A50;˙.E; n/; (3.76)

where A50;˙.E; n/ D .2‰2
1/

�1
h
‰5.E; n/˙ 


‰2
5.E; n/� 4‰2

1‰6.E; n/
� 1
2

i
,

‰5.E; n/ D
�
2‰1

�
E �‰2

2eB

„
�
nC 1

2

�	
C‰2

3

	
; and

‰6.E; n/ D
"�
E �‰2 2eB

„
�
nC 1

2

�	2
�‰2

4

2eB

„
�
nC 1

2

�#

The field-emitted current density is given by

J D e2BgvkBT

4�2„2
nmaxX

nD0
ŒF0.�44;C/ expŒ�ˇ44;C
C F0.�44;�/ expŒ�ˇ44;�

; (3.77)

where �44;˙ D .kBT /
�1ŒEFB �E44;˙
m,

E44;˙ D
"

‰2
2eB

„
�
nC 1

2

�
˙‰4

�
2eB

„
�
nC 1

2

�	1=2#

;

ˇ44;˙ D 4ŒA50;˙.V0; n/
3=2

3eFszŒA51;˙.V0; n/

; A50;˙.V0; n/

D �
2‰2

1

��1
�
‰5.V0; n/˙ 


‰2
5.V0; n/ � 4‰2

1‰6.V0; n/
� 1
2

	
;
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‰5.V0; n/ D
�
2‰1

�
V0 �‰2 2eB

„
�
nC 1

2

�	
C‰2

3

	
;

‰6.V0; n/ D
"�
V0 �‰2 2eB

„
�
nC 1

2

�	2
�‰2

4

2eB

„
�
nC 1

2

�#

;

A51;˙.V0; n/ D .2‰2
1/

�1
‰7 ˙ 

‰2
5.V0; n/ � 4‰2

1‰6.V0; n/
��1

� 
‰5.V0; n/‰7 � 2‰2
1‰8.V0; n/

��
; and

‰7 D 2‰1; ‰8.V0; n/ D 2

�
V0 �‰2

2eB

„
�
nC 1

2

�	
:

The electron concentration can be expressed as

n0 D
�

eBgv

2�2„
� nmaxX

nD0
ŒY45.EFB; n/CZ45.EFB; n/
; (3.78)

where Y45.EFB; n/ D Œ
p
A50;C.EFB; n/ C p

A50;�.EFB; n/
 and Z45.EFB; n/ D
s0P

rD1
ZB.r/ŒY45.EFB; n/
:

3.2.8 The Field Emission from n-Gallium Phosphide
Under Magnetic Quantization

The magneto-electron energy spectrum can be written following (1.86) as

E D a0
2eB

„
�
nC 1

2

�
C b0k

2
z �

2

4
�
C
2eB

„
�
nC 1

2

�
C jVG j2 Ck2z

	 1
2

3

5C jVG j ;

(3.79)

where a0 D „2
2m�?

C A„2
2m�

k
, b0 D „2

2m�
k

, and C D „4k20
.m�

k /2
.

Therefore

k2z D A52;˙.E; n/; (3.80)

where A52;˙.E; n/ D .2b20/
�1
h
‰11.E; n/˙ 


‰2
11.E; n/ � 4b20‰12.E; n/

� 1
2

i
;
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‰11.E; n/ D Œ2b0 ŒE �‰9.n/
C C 
 ; ‰12.E; n/

D 

ŒE �‰9.n/


2 �‰10.n/
�
; ‰9.n/ D jVG j C a0

2eB

„
�
nC 1

2

�
; and

‰10.n/ D C
2eB

„
�
nC 1

2

�
C jVGj2 :

The field-emitted current density is given by

J D e2BgvkBT

4�2„2
nmaxX

nD0
ŒF0.�45;C/ exp Œ�ˇ45;C
C F0.�45;�/ exp Œ�ˇ45;�

; (3.81)

where �45;˙ D .kBT /
�1ŒEFB � E45;˙
,

E45;˙ D
"

a0

�
2eB

„
�
nC1

2

��
�
�
C
2eB

„
�
nC1

2

�
C jVGj2

	1=2
C jVG j

#

;

(3.82)

ˇ45;˙ D 4ŒA52;˙.V0; n/
3=2

3eFszŒA54;˙.V0; n/

; A52;˙.V0; n/

D .2b20/
�1Œ‰11.V0; n/˙ Œ‰2

11.V0; n/ � 4b20‰12.V0; n/

1
2 
;

‰11.V0; n/ D Œ2b0 ŒV0 �‰9.n/
 CC 
 ; ‰12.V0; n/D 

ŒV0 �‰9.n/
2 �‰10.n/

�
;

A54;˙.V0; n/ D .2b20/
�1Œ‰13 ˙ Œ‰2

11.V0; n/ � 4b20‰12.V0; n/

� 1
2

� Œ‰11.V0; n/‰13 � 2b20‰14.V0; n/

;

and ‰13 D 2b0;‰14.V0; n/ D 2ŒV0 �‰9.n/
.
The electron concentration can be expressed as

n0 D
�

eBgv

2�2„
� nmaxX

nD0
ŒY46.EFB; n/CZ46.EFB; n/
; (3.83)

where Y46.EFB; n/ D Œ
p
A52;C.EFB; n/ C p

A52;�.EFB; n/
 and Z46.EFB; n/ D
s0P

rD1
ZB.r/ŒY46.EFB; n/
.
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3.2.9 The Field Emission from Platinum Antimonide
Under Magnetic Quantization

The magneto-dispersion relation can be written following (1.91) as

"

E C
N�0. Na/2eB

2„
�
nC 1

2

�
C

N�0. Na/2
4

k2z �
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„
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�	2
: (3.84)

Therefore,

k2z D A55;˙.E; n/; (3.85)
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and
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�
nC 1

2

�
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2„
�
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2

�	
:

The field-emitted current density is given by

J D e2BgvkBT

4�2„2
nmaxX

nD0
ŒF0.�46;C/ expŒ�ˇ46;C
C F0.�46;�/ expŒ�ˇ46;�

; (3.86)
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where �46;˙ D .kBT /
�1ŒEFB � E46;˙
, and E46;˙ is the root of the equation.
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;

A55;˙.V0; n/ D .2‰17/
�1
�
�‰18.V0; n/˙ 


‰2
18.V0; n/ � 4‰17‰19.V0; n/

� 1
2

	
;

‰18.V0; n/ D
"
I. Na/4eB

4„
�
nC 1

2

�
C‰15.V0; n/

N�. Na/2
4

�‰16.V0; n/
N�0. Na/2
4

#

;

‰15.V0; n/ D
"

V0 C
N�0. Na/2eB

2„
�
nC 1

2

�
�

Nl. Na/2eB

2„
�
nC 1

2

�#

;

‰16.V0; n/ D
�
V0 C Nı0 � N�. Na/2eB

2„
�
nC 1

2

�
� Nn. Na/2eB

2„
�
nC 1

2

�	
;

‰19.V0; n/ D
 

‰15.V0; n/‰16.V0; n/ � I. Na/4e2B2
�
nC 1

2

�2

4„2
!

A56;˙.V0; n/ D .2‰17/
�1
�‰20 ˙ 


‰2
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�
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‰20 D N�. Na/2
4

;‰21.V0; n/ D Œ‰16.V0; n/C‰15.V0; n/
:

The electron concentration can be expressed as

n0 D
�

eBgv

2�2„
� nmaxX

nD0
ŒY47.EFB; n/CZ47.EFB; n/
; (3.88)
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where Y47.EFB; n/ D Œ
p
A55;C.EFB; n/ C p

A55;�.EFB; n/
 and Z47.EFB; n/ D
s0P

rD1
ZB.r/ŒY47.EFB; n/
:

3.2.10 The Field Emission from Bismuth Telluride
Under Magnetic Quantization

In the presence of a quantizing magnetic field EB along the kx direction, the magneto-
dispersion relation of the carriers in Bi2Te3 can be written following (1.97) as

E.1C ˛E/ D N!1k2x C „!31
�
nC 1

2

�
; (3.89)

where !31 D eB
M31
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h

N̨22 N̨23 � . N̨23/2
4

i1=2 .
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k2x D E.1C ˛E/ � „!31
�
nC 1

2

�

N!1 :

The field-emitted current density is given by

J D e2BgvkBT

2�2„2
nmaxX

nD0
ŒF0.�47/ exp Œ�ˇ47

; (3.90)

where �47 D .kBT /
�1ŒEFB � E47
, and E47 is the root of the equation.
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�1C
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1C 4˛

�
nC 1
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�
„!31

#

; (3.91)

ˇ47 D 4ŒA57.V0; n/

3=2

3eFszŒA58.V0/

; A57.V0; n/ D V0.1C ˛V0/� „!31

�
nC 1

2

�

N!1 ; and

A58.V0/ D Œ.1C 2˛V0/= N!1
 :

The electron concentration can be expressed as

n0 D
�

eBgv

�2„
� nmaxX

nD0
ŒY48.EFB; n/CZ48.EFB; n/
; (3.92)
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where Y48.EFB; n/ D 

EFB.1C ˛EFB/ � .nC 1

2
/„!31= N!1

�
and Z48.EFB; n/ D

s0P

rD1
ZB.r/ŒY48.EFB; n/
.

3.2.11 The Field Emission from Germanium Under Magnetic
Quantization

3.2.11.1 The Model of Cardona et al.

The dispersion relation of the conduction electrons in n�Ge in accordance with the
model of Cardona et al. in the presence of a quantizing magnetic field EB the along
z-direction can be written following (1.102) as

E.1C ˛E/ D „!?
�
nC 1

2

�
C „2k2z
2m�
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C 2˛E

 
„2k2z
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!
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„2k2z
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k

!2
; (3.93)

where !? D eB
m�

?

:

Equation (3.93) can be written as

k2z D 2m�
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h
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:

The field-emitted current density is given by

J D e2BgvkBT
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nmaxX

nD0
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; (3.95)

where �48 D .kBT /
�1ŒEFB � E48
, and E48 is the root of the equation.
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The electron concentration can be expressed as

n0 D
�

eBgv

�2„
� nmaxX

nD0
ŒY49.EFB; n/CZ49.EFB; n/
; (3.97)
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„ Œ
p
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 and Z49.EFB; n/ D

s0P

rD1
ZB.r/ŒY49

.EFB; n/
.

3.2.11.2 The Model of Wang and Ressler

The magneto-dispersion law in n � Ge in accordance with the model of Wang and
Ressler can be written following (1.107) as

k2z D 2m�
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„2 ŒA71.E; n/
; (3.98)
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. The field-emitted current density is given by
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where �49 D .kBT /
�1ŒEFB � E49
, and E49 is the root of the equation.
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; (3.100)
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The electron concentration can be expressed as
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3.2.12 The Field Emission from Gallium Antimonide Under
Magnetic Quantization

The magneto-dispersion relation in this case can be written as

k2z D 2mc
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; (3.102)

where I16.E/ has been defined in (1.113).
The magneto-field-emitted current density is given by
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The electron concentration can be expressed as
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�

eBgv
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� nmaxX

nD0
ŒY 50.EFB; n/CZ50.EFB; n/
; (3.105)

where Y 50.EFB; n/ D
p
2mc
„ Œ

p
A73.EFB; n/
 and Z50.EFB; n/ D

s0P

rD1
ZB.r/ŒY 50

.EFB; n/
:



3.2 Theoritical Background 139

3.2.13 The Field Emission from II–V Semiconductors
Under Magnetic Quantization

The magneto-dispersion law in II–V semiconductors in the presence of a magnetic
field EB along the ky direction can be written as

k2y D A75;˙.E; n/; (3.106)

where A75;˙.E; n/ D ŒI35E C I36;˙.n/˙p
E2 CEI38;˙.n/C I39;˙.n/
, I35 D

�2

.�22 � �25 /
; I36;˙.n/ D I33;˙.n/

2.�22 � �25 /
;

I38;˙.n/ D .4�25 /
�1 
4�2I33;˙.n/C 8�22 I31;˙.n/ � �25 I31;˙.n/

�
;

I39;˙.n/ D .4�25 /
�1 
I 233;˙.n/C 4�22 I34;˙.n/ � 4�25 I34;˙.n/

�
;

I33;˙.n/ D 

G2
3 C 2�5I32.n/ � 2�2I31;˙.n/

�
;

I34;˙.n/ D 

I 232.n/C�2

3 � I31;˙.n/
�
; I31;˙.n/ D

��
nC1

2

�
„!31 � ı24

4�1
˙�3

	
;

I32.n/ D
��
nC 1

2

�
„!32 � ı25

4�5

	
;

!31 D eBp
M31M32

; !32 D eBp
M33M34

; M31 D „2
2�1

; M32 D „2
2�3

;

M33 D „2
2�5

; and M34 D „2
2�7

The magneto-field-emitted current density is given by

J D e2BgvkBT

2�2„2
nmaxX

nD0
ŒF0.�51;C/ exp Œ�ˇ51;C
C F0.�51;�/ exp Œ�ˇ51;�

 (3.107)

where �51;˙ D .kBT /
�1ŒEFB � E51;˙
, and E51;˙ is the root of the equation.

E51;˙ D I31;˙.n/˙ 

I 232.n/C�2

3

�
; (3.108)

ˇ51;˙ D 4ŒA75;˙.V0; n/
3=2

3eFsz„ŒA76;˙.V0; n/
 ; A75;˙.V0; n/ D ŒI35V0

C I36;˙.n/˙
q
V 2
0 C V0I38;˙.n/C I39;˙.n/

	
;
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and

A76;˙.V0; n/ D

2

6
4I35 ˙ V0 C 1

2
I38;˙.n/

q
V 2
0 C V0I38;˙.n/C I39;˙.n/

3

7
5 :

The electron concentration can be expressed as

n0 D
�

eBgv

2�2„
� nmaxX

nD0
ŒY51.EFB; n/CZ51.EFB; n/
; (3.109)

where Y51.EFB; n/ D Œ
p
A75;C.EFB; n/Cp

A75;�.EFB; n/
 andZ51.EFB; n/ D
s0P

rD1
ZB.r/ŒY51.EFB; n/
.

3.3 Result and Discussions

Using the appropriate equations and taking the values of the energy band constants
for n-CdGeAs2, we have plotted J as a function of inverse quantizing magnetic
field as shown in the plot of Fig. 3.1 in accordance with the generalized band model
and two-band model of Kane. Figure 3.2 explores the current density as a function of
1=B for n-InSb for the models of Stillman et al., Newson et al., Palik et al., and Kane
(both three and two bands), respectively. Figures 3.3 and 3.4 cover all the cases of
Fig. 3.2 as functions of carrier degeneracy and electric field, respectively. Figures 3.5
and 3.6 exhibit the variation of J as functions of 1=B and alloy composition for
Hg1�xCdxTe in accordancewith three- and two-band modelsofKane.Figures3.7–3.8
explore the dependence of the current density on 1=B , carrier concentration, and

Fig. 3.1 Plot of the
field-emitted current density
as a function of inverse
magnetic field for n-CdGeAs2
in accordance with the
generalized and two-band
model of Kane
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Fig. 3.2 Plot of the
field-emitted current density
as a function of inverse
magnetic field for n-InSb in
accordance with the models
of Stillman et al., Newson
et al., and Palik et al. together
with the three- and two-band
models of Kane

Fig. 3.3 Plot of the
field-emitted current density
as a function of carrier
concentration for n-InSb in
accordance with the models
of Stillman et al., Newson
et al., and Palik et al. together
with the three- and two-band
models of Kane. The
magnetic quantum limit case
has further been shown

electric field, respectively, for CdS. Figure 3.9 shows the plot of the term ˇ as
functions of 1=B and carrier concentration for Bismuth in accordance with the
Cohen model. Figures 3.10–3.11 exhibit the field-emitted current density from
stressed InSb as functions of 1=B , carrier degeneracy, and electric field, respectively.

Figures 3.12–3.13 show the influence of 1=B , carrier degeneracy, and electric
field on J from Ge (in accordance with the models of Wang et al. and Cardona
et al.), GaSb, Bi2Te3, GaP, and Te, respectively.

From Fig. 3.1, we observe that the current density is an oscillatory function of
inverse quantizing magnetic field. The oscillatory dependence is due to the crossing
of the Fermi level by the Landau subbands in steps, resulting in successive reduction
of the number of occupied Landau levels as the magnetic field is increased. For each
coincidence of the Landau level with the Fermi level, there would be a discontinuity
in the density-of-states function, resulting in a peak of oscillation. These peaks
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Fig. 3.4 Plot of the
field-emitted current density
as a function of electric field
for n-InSb in accordance with
the models of Stillman et al.,
Newson et al., and Palik et al.
together with the three- and
two-band models of Kane

Fig. 3.5 Plot of the
field-emitted current density
as a function of inverse
magnetic field for
n-Hg0:7Cd0:3Te in accordance
with the three- and two-band
models of Kane

should occur whenever the Fermi energy is a multiple of the energy separation
between the two consecutive Landau levels. Thus, we observe that the origin of
the oscillations in the field-emitted current density is the same as the Shubnikov–de
Haas oscillations. With the increase in magnetic field, the amplitude of oscillations
will increase and ultimately at very large value of the magnetic field, the conditions
for magnetic quantum limit will be reached.

From Fig. 3.2, we observe that J exhibits oscillatory dependence on 1=B and
the influence of energy band models is to change the magnitude of J , although
the periodicity remains same for all of the respective curves. We also note that
with the application of a magnetic field, the current density reduces to a large
extent about 105 Am�2. Fig. 3.3 expresses the fact that the J oscillates with
the carrier concentration for n-InSb for all types of band models as considered
in Fig. 3.2. Under the condition of magnetic quantum limit, the current density
initially increases, reaches a peak, and finally decreases with increasing degeneracy.
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Fig. 3.6 Plot of the
field-emitted current density
as a function of alloy
composition for
n-Hg01�xCdxTe in
accordance with the three and
two-band models of Kane

Fig. 3.7 Plot of the
field-emitted current density
as a function of 1=B for CdS

The reason for this has been discussed in “Result and Discussions” in Chap. 1.
Incidentally, with more and more subband generation, the periodicity dominates
over the falling nature of the J . With the application of the magnetic field, the
cut-in values in n-InSb reach about 109 Vm�1, a value comparable to that of the
metals, as appears from Fig. 3.4. Similar nature has been observed for the material
n � Hg0:7Cd0:3Te with respect to the periodic variation of current density with 1=B
in Fig. 3.5. As the alloy composition increases, J decreases which we note from
Fig. 3.6. The influence of the spin–orbit splitting constant reduces J . At x D 0:7,
we observe that J is being reduced to almost half of its value at x D 0:3.

Influence of spin on the field-emitted current density from Cds can be accessed
from Fig. 3.7. We observe that the electron spin splits the peak like an “up-down”
fashion. For the purpose of condensed presentation, we have not included the effect
of spin on J in the previous figures. The influence of electron concentration on J
from CdS at the magnetic quantum limit has been exhibited in Fig. 3.14. We note
that with the increase in magnetic field, magnitude of J increases with a shift in the



144 3 Field Emission from Quantum Confined Semiconductors Under Magnetic Quantization

Fig. 3.8 Plot of the
field-emitted current density
as a function of electric field
for CdS

Fig. 3.9 Plot of the term ˇ as
a functions of 1=B and
concentration for Bi in
accordance with Cohen
model

peak. The value reduces almost zero beyond 1025 m�3 at B D 10Tesla, whereas
for B D 7Tesla, the same phenomenon happens beyond 6 � 1024 m�3. Besides,
the magnitude of the peak reduces almost one third when B changes by 3 Tesla.
The influence of electric field on J from CdS has been shown in Fig. 3.8 where for
high carrier degeneracy, very small current is obtained even at field strength nearly
3� 109 Vm�1. Since the magnetic field is very prominent in reducing J , in Fig. 3.9,
we have shown the effect of magnetic field and concentration on the function ˇ for
bismuth. We note that ˇ increases nonlinearly with both the 1=B and concentration
and is extremely large in both the cases, making the J very low.

The effect of magnetic field on J from stressed n-InSb has been shown in
Fig. 3.10 where J exhibits the SdH oscillations as also previously discussed. It is
important to note that stress enhances J and the application of stress of 4 Kbar
results in nearly 109 Am�2 field-emitted current density at 5 � 1010 Vm�1 electric
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Fig. 3.10 Plot of the
field-emitted current density
as a function of 1=B for
stressed n-InSb

Fig. 3.11 Plot of the
field-emitted current density
as a function of electric field
for stressed n-InSb

field. The effect of application on stress on the field-emitted current density can also
be observed from Fig. 3.15. We note that J oscillates with the carrier degeneracy.
Very high cut-in electric field is required to obtain the field-emitted current density
from stressed n-InSb and about 109 Am�2 current density can be achieved at
5 � 1010 Vm�1 field strength, which appears from Fig. 3.11. From Fig. 3.12, we
note that J oscillates with 1=B for Te, GaP, Bi2 Te3, GaSb, and Ge (for both
types of band models). The relative magnitudes are the signatures of the different
dispersion relations of the different compounds. Same oscillatory dependence of
J with degeneracy has been plotted for the aforementioned materials in Fig. 3.16
realizing different magnitudes in J . Relatively smaller cut-in field is needed for
GaSb as can be observed from Fig. 3.13, whereas a higher cut-in field is required
for Bi2Te3 in the present case.
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Fig. 3.12 Plot of the
field-emitted current density
as a function of 1/B for Te,
GaP, Bi2Te3, GaSb, and Ge
(in accordance with the
models of Wang et al. and
Cardona et al.)

Fig. 3.13 Plot of the
field-emitted current density
as a function of electric field
for Te, GaP, Bi2Te3, GaSb,
and Ge (in accordance with
the models of Wang et al. and
Cardona et al.)

Fig. 3.14 Plot of the
field-emitted current density
as a function of carrier
concentration for CdS
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Fig. 3.15 Plot of the
field-emitted current density
as a function of carrier
concentration for stressed
n-InSb

Fig. 3.16 Plot of the
field-emitted current density
as a function of carrier
concentration for Te, GaP,
Bi2Te3, GaSb, and Ge
(in accordance with the
models of Wang et al. and
Cardona et al.)

Although the effects of collision are usually small at low temperatures at which
the quantum effects are prominent, the sharpness of the amplitude of the oscillatory
plots would be reduced by collision broadening. Nevertheless, the present analyses
remain valid since the effect of collision broadening can be taken into account by
an effective increase in temperature. Besides, in a more rigorous statement, the
many body effects should be considered along with a self-consistent procedure.
This simplified analysis exhibits the basic qualitative features of J in degenerate
semiconductors under magnetic quantization with reasonable accuracy. For the
purpose of condensed presentation, the specific carrier statistics for a specific
semiconductor having a particular electron energy spectrum and the corresponding
field-emitted current density under magnetic quantization have been presented in
Table 3.1.
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3.4 Open Research Problems

(R.3.1) (a) Investigate the FNFE from all the bulk semiconductors as considered
in this chapter in the absence of any field by converting the sum-
mations 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 FNFE both in the presence of an arbitrarily oriented
quantizing magnetic field including broadening and the electron spin
(applicable under magnetic quantization) for all the bulk semiconduc-
tors whose unperturbed carrier energy spectra are defined in Chap. 1.

(R.3.2) Investigate the FNFE in the presence of quantizing magnetic field under an
arbitrarily oriented (a) nonuniform electric field and (b) alternating electric
field respectively for all the semiconductors whose unperturbed carrier
energy spectra are defined in Chap. 1 by including spin and broadening
respectively.

(R.3.3) Investigate the FNFE under an arbitrarily oriented alternating quantizing
magnetic field by including broadening and the electron spin for all the
semiconductors whose unperturbed carrier energy spectra are defined in
Chap. 1.

(R.3.4) Investigate the FNFE under an arbitrarily oriented alternating quantizing
magnetic field and crossed alternating electric field by including broad-
ening and the electron spin for all the semiconductors whose unperturbed
carrier energy spectra are defined in Chap. 1.

(R.3.5) Investigate the FNFE under an arbitrarily oriented alternating quantizing
magnetic field and crossed alternating nonuniform electric field by includ-
ing broadening and the electron spin whose for all the semiconductors
unperturbed carrier energy spectra are defined in Chap. 1.

(R.3.6) Investigate the FNFE in the presence and absence of an arbitrarily
oriented quantizing magnetic field under exponential, Kane, Halperin,
Lax, and Bonch-Bruevich band tails [71] for all the semiconductors whose
unperturbed carrier energy spectra are defined in Chap. 1 by including spin
and broadening (applicable under magnetic quantization).

(R.3.7) Investigate the FNFE in the presence of an arbitrarily oriented quantizing
magnetic field for all the semiconductors as defined in (6) under an
arbitrarily oriented (a) nonuniform electric field and (b) alternating electric
field respectively whose unperturbed carrier energy spectra are defined in
Chap. 1.

(R.3.8) Investigate the FNFE for all the semiconductors as described in (6) under
an arbitrarily oriented alternating quantizing magnetic field by including
broadening and the electron spin whose unperturbed carrier energy spectra
as defined in Chapter 1.
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(R.3.9) Investigate the FNFE as discussed in (6) under an arbitrarily oriented
alternating quantizing magnetic field and crossed alternating electric field
by including broadening and the electron spin for all the semiconductors
whose unperturbed carrier energy spectra as defined in Chap. 1.

(R.3.10) Investigate all the appropriate problems of this chapter after proper
modifications introducing new t

(R.3.11) heoretical formalisms for functional, negative refractive index, macro
molecular, and organic and magnetic materials.

(R.3.12) Investigate all the appropriate problems of this chapter for p-InSb, p-CuCl,
and stressed semiconductors having diamond structure valence bands
whose dispersion relations of the carriers in bulk semiconductors are given
by Cunningham [74], Yekimov et al. [75], and Roman and Ewald [76],
respectively.

(R.3.13) (a) Formulate the minimum tunneling, Dwell and phase tunneling,
Buttiker and Landauer and intrinsic times for all types of systems
as discussed in this chapter.

(b) Investigate all the appropriate problems of this chapter for the Dirac
electron.

(c) Investigate all the problems of this chapter by removing all the math-
ematical approximations and establishing the respective appropriate
uniqueness conditions.
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Chapter 4
Field Emission from Superlattices
of Nonparabolic Semiconductors Under
Magnetic Quantization

4.1 Introduction

The importance of magnetic quantization on the electronic properties of different
semiconductors having various band structures has already been described in [1–12]
and Chap. 3, respectively. In this chapter, we shall study the FNFE from III–V,
II–VI, IV–VI, and HgTe/CdTe SLs with graded interfaces in Sects. 4.2.1–4.2.4
under magnetic quantization. From Sects. 4.2.5 to 4.2.8, we shall investigate the
same from III–V, II–VI, IV–VI, and HgTe/CdTe effective mass SLs under magnetic
quantization, respectively. In Sect. 4.3, the dependences of the FNFE with respect
to various variables have been studied by taking GaAs/Ga1�xAlxAs, CdS/CdTe,
PbTe/PbSnTe, and HgTe/CdTe SLs and the corresponding effective mass SLs as
examples. Section 4.4 contains open research problems.

4.2 Theoretical Background

4.2.1 The Field Emission from III–V Superlattices with Graded
Interfaces Under Magnetic Quantization

The dispersion law of the electrons of III–V SLs with graded interfaces can be
written, following (2.2), under magnetic quantization as

k2z D
"
1

L20

�
cos�1

�
1

2
f21B.n;E/

	
 2
� 	1B.n/

#

; (4.1)

S. Bhattacharya and K.P. Ghatak, Fowler–Nordheim Field Emission, Springer Series
in Solid-State Sciences 170, DOI 10.1007/978-3-642-20493-7 4,
© Springer-Verlag Berlin Heidelberg 2012
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where

f21B.n;E/ D
"

2 coshfg21B.n;E/g cosfg22.n;E/gCQ21B.n;E/ sinhfg21B.n;E/g
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" 
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� 3J22B.n;E/
!
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�
.sinhfg21B.n;E/g cosfg22B.n;E/g
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C�21

�
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C 5fJ21B.n;E/g3
J22B.n;E/

� f34J21B.n;E/J22B.n;E/g
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;
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;
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0
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;

	1B.n/ D 2eB

„
�
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�
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	1=2

; and

Q21B.n;E/ �
�
J21B.n;E/

J22B.n;E/
� J22B.n;E/

J21B.n;E/

	
:

Therefore, (4.1) can be expressed as

k2z D A21B.E; n/; (4.2)

where A21B.E; n/ D
"
1

L20

�
cos�1

�
1

2
f21B.n;E/

	
 2
� 	1B.n/

#

.

The electron concentration is given by

n0 D eBgv

�2„
nmaxX

nD0
ŒD21B.EFB; n/CD22B.EFB; n/
 ; (4.3)
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whereD21B.EFB; n/ D p
A21B.EFB; n/, EFB is the Fermi energy in this case, and

D22B.EFB; n/ D
soX

rD1
ZB.r/ŒD21B.EFB; n/
:

The field emitted current density assumes the form

J D gvBe2kBT

2�2„2
nmaxX

nD0
F0.�21B/ exp.�ˇ21B/
 ; (4.4)

where �21B D .EFB � E21B/=kBT , and E21B is the lowest positive root of the
equation.

f21B .E21B; n/ D 2 cos
h
L0.	1B.n//

1
2

i
; (4.5)
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g0
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and
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:

4.2.2 The Field Emission from II–VI Superlattices with Graded
Interfaces Under Magnetic Quantization

The electron dispersion law in II–VI superlattices can be written following (2.9)
under magnetic quantization as

k2z D
"
1

L20

�
cos�1
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1

2
f212B .n;E/

	
 2
� 	1B.n/

#

; (4.6)

where
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Therefore, (4.6) can be expressed as

k2z D A212B.E; n/; (4.7)

where A212B.E; n/ D
"
1
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�
cos�1

�
1

2
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 2
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#

.

The electron concentration is given by

n0 D eBgv

2„�2
nmaxX

nD0
ŒD212B.EFB; n/CD222B.EFB; n/
 ; (4.8)

whereD212B.EFB; n/ D p
A212B.EFB; n/ and

D222B.EFB; n/ D
soX

rD1
ZB.r/ ŒD212B.EFB; n/
 :

The field emitted current density can be written as

J D gvBe2kBT

h2

nmaxX

nD0
F0.�22B/ exp.�ˇ22B/
 (4.9)

where �22B D .EF1D � E22B/=kBT , and E22B is the root of the equation.
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4.2.3 The Field Emission from IV–VI Superlattices with Graded
Interfaces Under Magnetic Quantization

The electron dispersion law under magnetic quantization in IV–VI SLs with graded
interfaces can be expressed following (2.16) as
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The electron concentration is given by

n0 D eBgv

�2„
nmaxX

nD0



D3B .EFB; n/CD4B .EFB; n/

�
; (4.13)

whereD3B.EFB; n/ D
q
A3B.EFB; n/ andD4B.EFB; n/D

s0P

rD1
ZB.r/ŒD3B.EFB; n/
.

The field-emitted current density can be written as
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where �23B D .EFB � E23B/=kBT , and E23B is the root of the equation.
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:

4.2.4 The Field Emission from HgTe/CdTe Superlattices
with Graded Interfaces Under Magnetic Quantization

The electron dispersion law in HgTe/CdTe SLs under magnetic quantization can be
expressed following (2.23) as
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Therefore, (4.16) can be written as

k2z D A5B.E; n/; (4.17)
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:

The electron concentration is given by

n0 D eBgv

�2„
nmaxX

nD0
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; (4.18)
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.

The field-emitted current density assumes the form
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F0.�24B/ exp.�ˇ24B/; (4.19)

where �24B D .EFB � E24B/=kBT , and E24B is the root of the equation.
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4.2.5 The Field Emission from III–V Effective Mass
Superlattices Under Magnetic Quantization

The electron dispersion law in III–V effective mass superlattices (EMSLs) can be
written following (2.29) under magnetic quantization as
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The electron concentration is given by
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The field-emitted current density assumes the form
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�21B.E26B; n/ D 0; (4.24)

ˇ26B D 4

3
Œ�21B.V0; n/


3=2 � Œ3eFsz N�21B.V0; n/
�1 ;

N�21B.V0; n/ D
�
2

L20

˚
cos�1 Œf22B .n; V0/


� Nf22B.V0; n/:
˚
1 � f 2

22B .n; V0/
�1=2

�
;

Nf22B.V0; n/ D 

a1 sin fa0C22B.V0; n/C b0D22B.V0; n/g

˚
a0C 22B.V0; n/

C b0D22B.V0; n/
� � a2 sin fa0C22B.V0; n/ � b0D22B.V0; n/g

� ˚
a0C 22B.V0; n/ � b0D22B.V0; n/

��
;

C 22B.V0; n/

D
�mc1

„2
�
ŒC22B.V0; n/


�1
�
G.V0;Eg1;�1/

�

2

6
41C V0

2

6
4

1

.V0 CEg1 C�1/
C 1

.V0 C Eg1/
� 1

.V0 C Eg1 C 2

3
�1/

3

7
5

3

7
5

3

7
5;

D22B.V0; n/

D
�mc2

„2
�
ŒD22B.V0; n/


�1
�
G.V0;Eg2;�2/

�
"

1C V0

"
1

.V0 CEg2 C�2/
C 1

.V0 C Eg2/
� 1

.V0 C Eg2 C 2
3
�2/

###

:

4.2.6 The Field Emission from II–VI Effective Mass
Superlattices Under Magnetic Quantization

The electron dispersion law in II–VI EMSLs can be written following (2.34) under
magnetic quantization as
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where
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4.2.7 The Field Emission from IV–VI Effective Mass
Superlattices Under Magnetic Quantization

The electron dispersion law in IV–VI, EMSLs can be written under magnetic
quantization following (2.40) as
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From (4.30), we get

k2z D Œ�26B.n;E/
; (4.31)

where �26B.n;E/ D 1
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The electron concentration is given by
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The field-emitted current density can be written as
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nD0
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; (4.33)

where �28B D .EFB � E28B/=kBT , and E28B is the root of the equation.
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4.2.8 The Field Emission from HgTe/CdTe effective mass
superlattices under magnetic quantization

The electron energy spectrum under magnetic quantization in HgTe/CdTe, EMSLs
in the presence of a quantizing magnetic field EB along x-direction can be written
from (2.45) as
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Equation (4.35) can be expressed as

k2x D Œ�24B.n;E/
; (4.36)

where �24B.n;E/ D
�
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.



178 4 Field Emission of Nonparabolic Semiconductors Under Magnetic Quantization

The electron concentration can be written as
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.

The field emitted current density is given by
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where �29B D .EFB � E29B/=kBT , and E29B is the root of the equation.
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4.3 Result and Discussions

Using Table 1.1 and �21 D 0:4 nm together with (4.3), (4.4); (4.8), (4.9); (4.13),
(4.14); and (4.18), (4.19), we have plotted the field-emitted current density as
functions of 1=B , electron concentration, and electric field in Figs. 4.1–4.3 for
GaAs/AlGaAs, CdS/CdTe, and PbTe/PbSe superlattices with graded interfaces.
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Fig. 4.1 Plot of the current
density as a function of 1=B
for GaAs/AlGaAs,
CdS/CdTe, and PbTe/PbSe
superlattices with graded
interfaces in accordance with
two-band energy band model
of Kane

Fig. 4.2 Plot of the current
density as a function of
carrier concentration for
GaAs/AlGaAs, CdS/CdTe,
andPbTe/PbSe superlattices
with graded interfaces in
accordance with two-band
energy band model of Kane

Using (4.22), (4.23), (4.27), (4.28), (4.32), (4.33); and (4.37), (4.38), we have
plotted the field-emitted current density as functions of the said variables
in Figs. 4.4–4.6 for GaAs/AlGaAs, CdS/CdTe and PbTe/PbSe effective mass
superlattices respectively.

From Fig. 4.1, it appears that the current density oscillates with the inverse
quantizing magnetic field due to SdH effect. We observe that in superlattices with
graded interface under magnetic quantization, the frequency of oscillations is less
as compared with the constituent materials of each of them. The magnitude of the
current density is greatest in the case of GaAs/AlGaAs SLs and least for CdS/CdTe
SLs, which is the signature of the band structure of the respective superlattices.
Figure 4.2 shows that J oscillates with carrier degeneracy under the application of a
strong magnetic field for superlattices with graded interfaces. The effect of subbands
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Fig. 4.3 Plot of the current
density as a function of
electric field for
GaAs/AlGaAs, CdS/CdTe,
and PbTe/PbSe superlattices
with graded interfaces

Fig. 4.4 Plot of the current
density as a function of 1=B
for GaAs/AlGaAs,
CdS/CdTe, and PbTe/PbSe
effective mass superlattices in
accordance with two-band
energy band model of Kane

enhances the field-emitted current density even at the degeneracy of 1024 m�3.
The effect of electric field on J at the lowest subband is shown in the Fig. 4.3.
It appears that the cut-in field for GaAs/AlGaAs SLs is lowest and highest for
CdS/CdTe SLs.

From Fig. 4.4, we observe that the field-emitted current density oscillates with
1=B in the case of GaAs/AlGaAs, CdS/CdTe, and PbTe/PbSe effective mass
superlattices under magnetic quantization and can be compared with that of the
corresponding superlattices with graded interfaces. This is particularly due to
the difference in the analytical and fabrication techniques that mismatches the
current densities in the two cases respectively as we observe from Fig. 4.5. We
note that the current density is less in all types of effective mass superlattices
as considered in this chapter. From Fig. 4.6, it appears that the current density in
effective mass superlattices needs relatively higher electric cut-in field to generate a
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Fig. 4.5 Plot of the current
density as a function of
carrier concentration for
GaAs/AlGaAs, CdS/CdTe,
and PbTe/PbSe effective mass
superlattices in accordance
with two-band energy band
model of Kane

Fig. 4.6 Plot of the current
density as a function of
electric field for
GaAs/AlGaAs, CdS/CdTe,
and PbTe/PbSe effective mass
superlattices in accordance
with two-band energy band
model of Kane

considerable amount of current density as compared with the corresponding cases of
the superlattices with graded interfaces. For the purpose of condensed presentation,
the specific carrier statistics for a specific superlattice having a particular electron
energy spectrum and the corresponding field-emitted current density under magnetic
quantization have been presented in Table 4.1.

4.4 Open Research Problems

(R.4.1) (a) Investigate the FNFE from all the superlattices as considered in this
chapter in the absence of any field by converting the summations over
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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 FNFE in the presence of an arbitrarily oriented non-
quantizing magnetic field for all types of quantum wire superlattices as
considered in this chapter by considering the electron spin.

(R.4.2) Investigate the FNFE in the presence of an additional arbitrarily oriented
electric field for all types of quantum wire superlattices.

(R.4.3) Investigate the FNFE for all types of quantum wire superlattices as
considered in this chapter under arbitrarily oriented crossed electric and
magnetic fields.

(R.4.4) Investigate the FNFE in III–V, II–VI, IV–VI, and HgTe/CdTe quantum
well superlattices with graded interfaces.

(R.4.5) Investigate the FNFE for all problems of R.2.1 to R.2.3 for III–V, II–VI,
IV–VI, and HgTe/CdTe quantum well superlattices with graded interfaces.

(R.4.6) Investigate the FNFE for III–V, II–VI, IV–VI, and HgTe/CdTe quantum
well effective mass superlattices.

(R.4.7) Investigate the FNFE for all problems of R.2.1 to R.2.3 for III–V, II–VI,
IV–VI, and HgTe/CdTe quantum well effective mass superlattices.

(R.4.8) Investigate the FNFE for short period, strained layer, random, and
Fibonacci quantum wire superlattices.

(R.4.9) Investigate the FNFE for short period, strained layer, random, and
Fibonacci quantum well superlattices in the presence of an arbitrarily
oriented alternating magnetic field by considering electron spin and
broadening.

(R.4.10) Investigate the FNFE for strained layer, random, Fibonacci, polytype, and
sawtooth superlattices in the presence of an arbitrarily oriented alternating
electric field.

(R.4.11) Investigate the FNFE for strained layer, random, Fibonacci, polytype, and
sawtooth superlattices in the presence of an arbitrarily oriented crossed
electric and magnetic fields.

(R.4.12) Investigate the FNFE for strained layer, random, Fibonacci, polytype, and
sawtooth quantum wells and quantum wires superlattices in the presence
of an arbitrarily oriented electric field.

(R.4.13) Investigate the FNFE for strained layer, random, Fibonacci, polytype, and
sawtooth quantum wells and quantum wires superlattices in the presence
of arbitrarily oriented crossed electric and quantizing magnetic fields.

(R.4.14) (a) Formulate the minimum tunneling, Dwell and phase tunneling,
Buttiker and Landauer, and intrinsic times for all types of superlattices
as discussed in this chapter

(b) Investigate all the appropriate problems of this chapter for the Dirac
electron.

(c) Investigate all the problems of this chapter by removing all the math-
ematical approximations and establishing the respective appropriate
uniqueness conditions.
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Part II
Fowler–Nordheim Field Emission from

Quantum-Confined III–V Semiconductors
in the Presence of Light Waves



Chapter 5
Field Emission from Quantum-Confined III–V
Semiconductors in the Presence of Light Waves

5.1 Introduction

In the presence of strong light waves, the basic band structure of a semiconductor
changes profoundly and consequently all the physical properties get radically
modified. In this chapter, in Sect. 5.2.1, the field emission under magnetic quan-
tization from the III–V compounds has been investigated in the presence of external
photoexcitation whose unperturbed electron energy spectra are, respectively, defined
by the three- and two-band models of Kane together with parabolic energy bands
and the importance of III–V semiconductors have already been written in Chap. 1.
In Sect. 5.2.2, the FNFE in the presence of light waves from quantum wires of
III–V semiconductors has been studied. In Sect. 5.2.3, the FNFE from effective
mass super lattices whose constituent materials are III–V semiconductors has been
investigated in the presence of light waves under magnetic quantization. The FNFE
from quantum wire effective mass super lattices of the said materials in the presence
of light waves has been studied in Sect. 5.2.4. The FNFE from superlattices of
III–V semiconductors with graded interfaces in the presence of light waves under
magnetic quantization has been investigated in Sect. 5.2.5. The FNFE from quantum
wire superlattices of the said materials with graded interfaces in the presence of light
waves has been studied in Sect. 5.2.6. Section 5.3 contains result and discussions.
Section 5.4 presents open research problems pertinent to this chapter.

5.2 Theoretical Background

5.2.1 Field Emission from III–V Semiconductors Under
Magnetic Quantization in the Presence of Light Waves

The simplified electron energy spectra in III–V materials up to the second order in
the presence of external photoexcitation whose unperturbed dispersion relations of

S. Bhattacharya and K.P. Ghatak, Fowler–Nordheim Field Emission, Springer Series
in Solid-State Sciences 170, DOI 10.1007/978-3-642-20493-7 5,
© Springer-Verlag Berlin Heidelberg 2012
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the conduction electrons are defined by the three- and two-band models of Kane
together with parabolic energy bands can, respectively, be expressed as [1]

„2k2
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mr is the reduced mass and is given by m�1
r D .mc/

�1 C m�1
v , mv is the effective

mass of the heavy hole at the top of the valance band in the absence of any field, I0
is the light intensity of wavelength �, c is the velocity of light, "0 is the permittivity
of vacuum, "sc is the permittivity of the material,
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:

Thus, under the limiting condition Ek ! 0, from (5.1), (5.2), and (5.3), 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 Ek ! 0, whereas for the
unperturbed three- and two-band models of Kane together with parabolic energy
bands reflects the fact that for Ek ! 0, E ! 0. As the conduction band is taken as
the reference level of energy, the lowest positive value of E for Ek ! 0 provides the
increased band gap .�Eg/ of the materials due to photon excitation. The values of
the increased band gap can be obtained by computer iteration processes for various
values of I0 and �.

The dispersion relation of the conduction electrons in III–V semiconductors
under light waves can be written in the presence of quantizing magnetic field B
along x-direction whose electron energy spectra are defined by (5.1)–(5.3) as

�
nC 1

2

�
„!c C „2k2x

2mc
D ˇ50.E; �;Eg0 ; �/; (5.4)
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nC 1

2

�
„!c C „2k2x
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D !50.E; �;Eg0 /; (5.5)

�
nC 1

2

�
„!c C „2k2x

2mc
D �50.E; �;Eg0 /: (5.6)

The density-of-states function per valley assumes the forms
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p
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and
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where
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Combining (5.7), (5.8), and (5.9) with the Fermi–Dirac occupation probability
factor, the electron concentration can, respectively, be expressed as

n0 D gveB
p
2mc
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; (5.10)
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The field emitted current density in three cases can, respectively, be written as

J D e2BkBTgv
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5.2.2 Field Emission from Quantum Wires of III–V
Semiconductors

From (5.1), (5.2), and (5.3), the dispersion relation of the conduction electrons for
quantum wires of III–V materials in the presence of light waves can be expressed as
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2
,
The electron concentration per unit length assumes the forms
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The field emitted current in the three cases can respectively be written as
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5.2.3 Field Emission from Effective Mass Superlattices of III–V
Semiconductors in the Presence of Light Waves Under
Magnetic Quantization

The dispersion relation of the conduction electrons in effective mass superlattices
of III–V materials can be expressed following Sasaki [2] as
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mri is the reduced mass and is given by m�1
ri D .mci /

�1 Cm�1
vi , mvi is the effective

mass of the heavy hole at the top of the valance band in the absence of any field,
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In the presence of a quantizing magnetic field B , along x-direction the magneto-
energy spectrum assumes the form

k2x D !15.E; �; n/ (5.32)
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The electron concentration assumes the form
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The transmission coefficient in this case can be written as
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The field-emitted current density in this case is given by

J D e2BkBTgv

2�2„2
nmaxX

nD0
F0.�51BSL/ exp.�ˇ51BSL/ (5.35)

where �51BSL D EFB�E51BSL
kBT

, E51BSL is the root of the equation

!15.E51BSL; �; n/ D 0

ˇ51BSL D �15

The electron concentration when the dispersion relations of the constituent materials
are defined by the perturbed two-band model of Kane can be expressed as

n0 D gveB

�2„L0
nmaxX

nD0
ŒS55.EFB; �; n/CT55.EFB; �; n/
 (5.36)

where

S55.EFB; �; n/ D
�h

cos�1 f 151.EFB; �; n/
i2 � 2eB

„
�
nC 1

2

�
L20

	1=2
;

f 151.E; �; n/ D Œa1 cosŒc151.E; �;Eg01 ; n/a0 C b0c251.E; �;Eg02 ; n/


� a2 cosŒc151.E; �;Eg01 ; n/a0 � b0c251.E; �;Eg02 ; n/

;
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p
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�
1C2mci
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E.1C˛iE/
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1=2
; ˛iD 1

Eg0i
;  i51.E/D 2Eg0i

	i51.E/
;

T55.EFB; �; n/ D
S0X

rD1
ZB.r/ ŒS55.EFB; �; n/


The transmission coefficient in this case can be written as

t D exp.��16/ (5.37)

where �16 D 4Œ!16.V0;�;n/

3=2

3eFsxf!16.V0;�;n/g0 , !16.V0; �; n/ D 1

L20

h
Œcos�1ff 151.V0; �; n/g
2 � 2eB

„�
nC 1

2
L20
��

,

f!16.V0; �; n/g0 D 2ff 151.V0; �; n/g0
L�2
0
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�1=2
;
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�
;

B 0
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C 2Bi50.V0; �/ 

0
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;
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 0
i51.V0/ D

�� i51.V0/
	i51.V0/

	0
i51.V0/

	
; 	0

i51.V0/ D mci

mri
� Eg0i .1C 2˛iV0/

	i51.V0/
:

The field emitted current density in this case is given by

J D e2BkBTgv

2�2„2
nmaxX

nD0
F0.�52BSL/ exp.�ˇ52BSL/ (5.38)

where �52BSL D EFB�E52BSL
kBT

, E52BSL is the root of the equation

!16.E52BSL; �; n/ D 0 (5.39)

ˇ52BSL D �16

The electron concentration when the dispersion relations of the constituent materials
are defined by the perturbed parabolic energy bands can be expressed as

n0 D gveB

�2„L0
nmaxX

nD0
ŒS56.EFB; �; n/C T56.EFB; �; n/
 (5.40)

where
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The transmission coefficient in this case can be written as

t D exp.��17/ (5.41)
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where

�17 D 4Œ!17.V0; �; n/
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The field emitted current density in this case is given by

J D e2BkBTgv

2�2„2
nmaxX

nD0
F0.�53BSL/ exp.�ˇ53B/ (5.42)

where �53BSL D EFB�E53BSL
kBT

, E53BSL is the root of the equation

!17.E53BSL; �; n/ D 0

ˇ53BSL D �17 (5.43)

5.2.4 Field Emission from Quantum Wire Effective Mass
Superlattices of III–V Semiconductors

The dispersion relation of the conduction electrons for quantum wire effective mass
superlattices in accordance with the perturbed three-band model of Kane is given by

k2x D !19.E; �; ny; nz/ (5.44)
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where !19.E; �; ny; nz/ D
�
1

L20

h
cos�1ff 3

�
E; �; ny; nz

�g
i2 �H.ny; nz/

	
.

f 3.E; �; ny; nz/

D Œa1 cosŒe1.E; �;Eg1 ; �1; ny; nz/a0 C b0e2.E; �;Eg2 ; �2; ny; nz/


� a2 cosŒe1.E; �;Eg1 ; �1; ny; nz/a0 � b0e2.E; �;Eg2 ; �2; ny;nz/

 (5.45)

e2i .E; �;Eg0i ; �i ; ny; nz/ D
��
2mci

„2
�
Œˇi50.E; �;Eg0i ; �i/
 �H

�
ny; nz

�	

and

where H
�
ny; nz

� D
��

ny�

dy

�2 C
�
nz�

dz

�2	
.

The expression of the electron concentration in this case can be written as

n0 D 2gv

�

nymaxX

nyD1

nzmaxX

nzD1

h
Q23

�
EFIDEMSL; �; ny; nz

�CQ24

�
EFIDEMSL; �; ny; nz

�i

(5.46)

where

Q23

�
EFIDEMSL; �; ny; nz

� D
q
!19

�
EFIDEMSL; �; ny; nz

�
;

Q24

�
EFIDEMSL; �; ny; nz

� D
RDR0X

RD1
Z .RIDEMSL/Q23

�
EFIDEMSL; �; ny; nz

�
;

EFIDEMSL is the Fermi energy in the present case and

Z.RIDEMSL/ D 2.kBT /
2R.1 � 21�2R/�.2R/

@2R

@EFIDEMSL
:

The field emitted current assumes the form

I D egvkBT

�„
nymaxX

nyD1

nzmaxX

nzD1
F0 .�17/ exp

�
��17

�
(5.47)

where �17 D EFIDEMSL�E15
kBT

. E15 is the root of the equation

!19
�
E15; �; ny; nz

� D 0 (5.48)



202 5 Field Emission from Quantum-Confined III–V Semiconductors
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In accordance with the perturbed two-band model of Kane, the electron concentra-
tion per unit length is given by

n0 D 2gv
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The field emitted current can be written as,

I D egvkBT
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, E16 is the root of the equation
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In accordance with the perturbed parabolic energy bands, the electron concentration
per unit length is given by
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The field emitted current can be written as,
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5.2.5 Field Emission from Superlattices of III–V Semiconductors
with Graded Interfaces Under Magnetic Quantization

The energy spectrum in superlattices of III–V compounds with graded interfaces
in the presence of light waves whose constituent materials are defined by perturbed
three-band model of Kane can be written following [3] as
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:

In the presence of a quantizing magnetic field B along z-direction, the simplified
magneto-dispersion relation can be written as

k2z D !215.E; �; n/ (5.56)
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The electron concentration is given by
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1=2; EFBGISL is the Fermi energy in the

present case,
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:

The field emitted current density is given by,
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, E19 is the root of the equation
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For perturbed two-band model of Kane, the forms of the electron concentration and
field emitted current density remain same where
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For perturbed parabolic energy bands, the forms of the electron concentration and
field emitted current density remain same where

I215 .E; n/ D
�
2eB

„
�
nC 1

2

�
� 2mc2

„2 �250
�
E � V 0; �;Eg02

�
	 1
2

;

I225 .E; n/ D
"
2mc1�150

�
E; �;Eg01

�

„2 � 2eB

„
�
nC 1

2

�# 1
2

;

I 0
215 .V0; n/ D mc2�

0
250

�
V0 � V 0; �;Eg02

�

„2I215 .V0; n/
and

I 0
225 .V0; n/ D

"
mc1�

0
150

�
V0; �;Eg01

�

„2I225 .V0; n/

#



210 5 Field Emission from Quantum-Confined III–V Semiconductors

5.2.6 Field Emission from Quantum Wire Superlattices of III–V
Semiconductors with Graded Interfaces

The dispersion relation in accordance with the perturbed three-band model of Kane,
in this case is given by
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The electron concentration per unit length is given by
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The field emitted current can be written as
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For perturbed two-band model of Kane, the form of electron concentration per unit
length and the field emitted current remain same where
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5.3 Result and Discussions

Using the 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 Figs. 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 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
concentration, 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 Fig. 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. When compared with that of the corresponding
Fig. 3.2 as given in Chap. 3, it appears that the effect of light waves enhances
the field emitted current density to a very large extent, almost about 1,000 times.
We note that although the generation Landau subbands remains same within the
given bandwidth, nature of the orientation of the curves is radically different. It
appears that when the wavelength of the incident light waves stays in the regime
of radio wave 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 radio
waves, the Fermi energy increases leading to a decrease in the variation of the field
emitted current density per subband. This was not in the case with the corresponding

Fig. 5.1 Plot of the field
emitted current density as a
function of inversing
magnetic field for n-InSb in
the presence of light waves
for both three- and two-band
models of Kane
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Fig. 5.2 Plot of the field
emitted current density as a
function of carrier
concentration for n-InSb in
the presence of light waves
and external magnetic field
for both three- and two-band
models of Kane

Fig. 5.3 Plot of the field
emitted current density as a
function of wavelength for
n-InSb in the presence of
light waves and external
magnetic field for both three-
and two-band models of Kane

figure in Chap. 3. From Fig. 5.2, exhibits the variation of the field emitted current
density at magnetic quantum limit as function of carrier concentration for the
said case. We observe a peak in the current density near the value of the electron
concentration 1025 m�3at low temperatures for both the models. The field emitted
current density remains almost constant below the degeneracy of about 1024 m�3.
Besides, the said peak may alter its position with the variation of both wavelength
and intensity. Similar nature of the dependence of the field emitted current density
on the wavelength has been shown in Fig. 5.3. We note that the peak happens in
the radio wave zone for an intensity of 1; 500Wm�2. In Fig. 5.4, we observe an
almost constant field emitted current density with respect to the light intensity up
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Fig. 5.4 Plot of the field
emitted current density as a
function of intensity for
n-InSb in the presence of
light waves and external
magnetic field for both three-
and two-band models of Kane

Fig. 5.5 Plot of the field emitted current density as a function of electric field for n-InSb in the
presence of light waves and external magnetic field for both three- and two-band models of Kane

to 104 Wm�2. As the intensity level increases, the current density start increasing
initially slowly, while beyond 104 Wm�2 exhibits very large rise. The effect of the
electric field on the field emitted current density has been plotted in Fig. 5.5, and it
appears that an application of radio waves 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 function of film thickness
in the presence of light waves has been exhibited for quantum wires of n-InSb in
Fig. 5.6. Few tenths of microamperes of current has been observed in the same figure
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Fig. 5.6 Plot of the field
emitted current as a function
of film thickness from
quantum wires of n-InSb in
the presence of light waves
for both three- and two-band
models of Kane

Fig. 5.7 Plot of the field
emitted current as a function
of electron concentration
from quantum wires of
n-InSb in the presence of
light waves for both three-
and two-band models of Kane

for 0.1 m wavelength and 1;500Wm�2 for a carrier concentration of 1010 m�1.
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 Chap. 1 and the
curves can be compared with the corresponding figures there in. The influence of
electron concentration on the field emitted current in this case has been shown in
Fig. 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 109 m�1 after which the field emitted current falls sharply. From Fig. 5.8,
we note that the field emitted current from quantum wires of n-InSb increases with
increasing surface electric field in the electric quantum limit. The cut-in fields in
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Fig. 5.8 Plot of the field
emitted current as a function
of electric field from quantum
wires of n-InSb in the
presence of light waves for
both three- and two-band
models of Kane

Fig. 5.9 Plot of the field
emitted current as a function
of inverse magnetic field from
GaAs/AlGaAs effective mass
superlattices (EM SL) and
superlattices with graded
interfaces (GI SL) in the
presence of light waves, the
constituent materials of
which obey the unperturbed
two-band model of Kane

the present perturbed case are near 107Vm�1, 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,
respectively, which appears from Figs. 5.9 and 5.10 in the presence of quantizing
magnetic field as compared with the corresponding case in Chap. 4. With the
increase in the electron concentration, the field emitted current density increases
with nonperiodic manner. In the case of quantum wire superlattices with graded
interfaces and quantum wire effective mass superlattices, the drastic reduction of
field emitted current to an order of nanoamperes is due to the high increase in the
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Fig. 5.10 Plot of the field
emitted current as a function
of carrier concentration in the
presence of a magnetic field
from GaAs/AlGaAs effective
mass superlattices (EM SL)
and superlattices with graded
interfaces (GI SL) in the
presence of light waves, the
constituent materials of
which obey the unperturbed
two-band model of Kane

Fig. 5.11 Plot of the field
emitted current as a function
of film thickness 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

Fermi energy in Fig. 5.11. Incidentally, for low values of electron concentration per
unit length, from Fig. 5.12 it appears that the field emitted current increases slowly
and sharply falls off above a carrier degeneracy of 109m�1 for both types of quantum
wire superlattices as discussed in this chapter. It may be noted that although ternary
and quaternary materials are known, primarily known as optoelectronic materials,
their conduction electron energy band models in the absence of any field is the same
as that of III–V semiconductors whose electron energy spectrum obey the three
and two and models of Kane. All the results of this chapter are also equally valid for
ternary and quaternary materials and only the numerical values will be different. For
the purpose of condensed presentation, the specific carrier statistics for a specific
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Fig. 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

system having a particular electron energy spectrum and the corresponding field
emitted current have been presented in Table 5.1.

5.4 Open Research Problems

All the following problems should be investigated in the presence of external
photoexcitation which changes the band structure in a fundamental way together
with the proper inclusion of the variations of work function in appropriate cases.

(R5.1) (a) Investigate the FNFE from all the bulk semiconductors and the cor-
responding superlattices whose respective dispersion relations of the
carriers are given in this chapter 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 FNFE for bulk specimens of all the semiconductors
whose unperturbed carrier energy spectra are defined in Chap. 1 in the
presence of arbitrarily oriented photoexcitation by incorporating the
appropriate changes.

(R5.2) Investigate the FNFE in the presence of an arbitrarily oriented nonquan-
tizing nonuniform electric field and photoexcitation respectively for all the
cases of R5.1.

(R5.3) Investigate the FNFE in the presence of arbitrarily oriented nonquantizing
alternating electric field and photoexcitation respectively for all the cases
of R5.1.
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(R5.4) Investigate the FNFE for arbitrarily oriented photoexcitation from the
heavily doped semiconductors in the presence of Gaussian, exponential,
Kane, Halperin, Lax and Bonch–Bruevich types of band tails for all
materials whose unperturbed carrier energy spectra are defined in Chap. 1.

(R5.5) Investigate the FNFE from all the semiconductors in the presence of
arbitrarily oriented nonquantizing nonuniform electric field and photoex-
citation for all the appropriate cases of problem R5.4.

(R5.6) Investigate the FNFE from all the semiconductors in the presence of arbi-
trarily oriented nonquantizing alternating electric field and photoexcitation
for all the appropriate cases of problem R5.4.

(R5.7) Investigate the FNFE from negative refractive index, organic, magnetic,
disordered, and other advanced materials in the presence of arbitrarily
oriented photoexcitation.

(R5.8) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and alternating nonquantizing electric field for all the problems of R5.7.

(R5.9) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and nonquantizing nonuniform electric field for all the problems of R5.7.

(R5.10) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and alternating nonquantizing electric field for all the problems of R5.7.

(R5.11) Investigate the FNFE from quantum dots of all the semiconductors whose
bulk dispersion relations are given in Chap. 1, in the presence of arbitrarily
oriented photoexcitation and quantizing magnetic field respectively.

(R5.12) Investigate the FNFE from quantum dots of all the materials whose bulk
dispersion relations are given in Chap. 1, in the presence of an arbitrarily
oriented nonquantizing nonuniform electric field, photoexcitation and
quantizing magnetic field, respectively.

(R5.13) Investigate the FNFE from quantum dots of all the semiconductors whose
bulk dispersion relations are given in Chap. 1, in the presence of an
arbitrarily oriented nonquantizing alternating electric field, photoexcitation
and quantizing magnetic field respectively.

(R5.14) Investigate the FNFE from quantum dots of all the semiconductors whose
bulk dispersion relations are given in Chap. 1, in the presence of an
arbitrarily oriented nonquantizing alternating electric field, photoexcitation
and quantizing alternating magnetic field respectively.

(R5.15) Investigate the FNFE from quantum dots of all the semiconductors whose
bulk dispersion relations are given in Chap. 1, in the presence of an
arbitrarily oriented photoexcitation and crossed electric and quantizing
magnetic fields respectively.

(R5.16) Investigate the FNFE for arbitrarily oriented photoexcitation and quantiz-
ing magnetic field from the heavily doped semiconductors in the presence
of Gaussian, exponential, Kane, Halperin, Lax, and Bonch–Bruevich types
of band for all semiconductors whose unperturbed carrier energy spectra
are defined in Chap. 1.

(R5.17) Investigate the FNFE for arbitrarily oriented photoexcitation and quantiz-
ing alternating magnetic field for all the cases of R5.16.
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(R5.18) Investigate the FNFE for arbitrarily oriented photoexcitation and nonquan-
tizing alternating electric field and quantizing magnetic field for all the
cases of R5.16.

(R5.19) Investigate the FNFE for arbitrarily oriented photoexcitation and nonuni-
form alternating electric field and quantizing magnetic field for all the cases
of R5.16.

(R5.20) Investigate the FNFE for arbitrarily oriented photoexcitation and crossed
electric and quantizing magnetic fields for all the cases of R5.16.

(R5.21) Investigate the FNFE from negative refractive index, organic, magnetic,
heavily doped, disordered, and other advanced optical materials in the pres-
ence of arbitrary oriented photoexcitation and quantizing magnetic field.

(R5.22) Investigate the FNFE in the presence of arbitrary oriented photoexcitation,
quantizing magnetic field, and alternating nonquantizing electric field for
all the problems of R5.21.

(R5.23) Investigate the FNFE in the presence of arbitrary oriented photoexcitation,
quantizing magnetic field, and nonquantizing nonuniform electric field for
all the problems of R5.21.

(R5.24) Investigate the FNFE in the presence of arbitrary oriented photoexcitation,
alternating quantizing magnetic field, and crossed alternating nonquantiz-
ing electric field for all the problems of R5.21.

(R5.25) Investigate the FNFE from all the quantum confined materials (i.e.,
multiple quantum wells, wires and dots) whose unperturbed carrier energy
spectra are defined in Chap. 1 in the presence of arbitrary oriented photoex-
citation and quantizing magnetic field respectively.

(R5.26) Investigate the FNFE in the presence of arbitrary oriented photoexcitation
and alternating quantizing magnetic field respectively for all the problems
of R5.25.

(R5.27) Investigate the FNFE in the presence of arbitrary oriented photoexcitation,
alternating quantizing magnetic field, and an additional arbitrary oriented
nonquantizing nonuniform electric field respectively for all the problems
of R5.25.

(R5.28) Investigate the FNFE in the presence of arbitrary oriented photoexcitation,
alternating quantizing magnetic field, and additional arbitrary oriented
nonquantizing alternating electric field respectively for all the problems
of R5.25.

(R5.29) Investigate the FNFE in the presence of arbitrary oriented photoexcitation,
and crossed quantizing magnetic and electric fields respectively for all the
problems of R5.25.

(R5.30) Investigate the FNFE for arbitrarily oriented photoexcitation and quan-
tizing magnetic field from the entire quantum confined heavily doped
semiconductors in the presence of exponential, Kane, Halperin, Lax,
and Bonch–Bruevich types of band tails for all semiconductors whose
unperturbed carrier energy spectra are defined in Chap. 1.

(R5.31) Investigate the FNFE for arbitrarily oriented photoexcitation and alternat-
ing quantizing magnetic field for all the cases of R5.30.
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(R5.32) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation,
alternating quantizing magnetic field, and an additional arbitrarily oriented
nonquantizing nonuniform electric field for all the cases of R5.30.

(R5.33) Investigate the FNFE in the presence of arbitrary oriented photoexcitation,
alternating quantizing magnetic field, and additional arbitrary oriented
nonquantizing alternating electric field respectively for all the cases of
R5.30.

(R5.34) Investigate the FNFE in the presence of arbitrary oriented photoexcitation,
and crossed quantizing magnetic and electric fields respectively for all the
cases of R5.30.

(R5.35) Investigate the FNFE for all the appropriate problems from R5.25 to R5.34
in the presence of finite potential wells.

(R5.36) Investigate the FNFE for all the appropriate problems from R5.25 to R5.34
in the presence of parabolic potential wells.

(R5.37) Investigate the FNFE for all the above appropriate problems for quantum
rings.

(R5.38) Investigate the FNFE for all the above appropriate problems in the presence
of elliptical Hill and quantum square rings respectively.

(R5.39) Investigate the FNFE from carbon nanotubes in the presence of arbitrary
photoexcitation.

(R5.40) Investigate the FNFE from carbon nanotubes in the presence of arbitrary
photoexcitation and nonquantizing alternating electric field.

(R5.41) Investigate the FNFE from carbon nanotubes in the presence of arbitrary
photoexcitation and nonquantizing alternating magnetic field.

(R5.42) Investigate the FNFE from carbon nanotubes in the presence of arbitrary
photoexcitation and crossed electric and quantizing magnetic fields.

(R5.43) Investigate the FNFE from heavily doped semiconductor nanotubes in
the presence of arbitrary photoexcitation for all the materials whose
unperturbed carrier dispersion laws are defined in Chap. 1.

(R5.44) Investigate the FNFE from heavily doped semiconductor nanotubes in
the presence of nonquantizing alternating electric field and arbitrary
photoexcitation for all the materials whose unperturbed carrier dispersion
laws are defined in Chap. 1.

(R5.45) Investigate the FNFE from heavily doped semiconductor nanotubes in
the presence of nonquantizing alternating magnetic field and arbitrary
photoexcitation for all the materials whose unperturbed carrier dispersion
laws are defined in Chap. 1.

(R5.46) Investigate the FNFE from heavily doped semiconductor nanotubes in the
presence of arbitrary photoexcitation and nonuniform electric field for all
the materials whose unperturbed carrier dispersion laws are defined in
Chap. 1.

(R5.47) Investigate the FNFE from heavily doped semiconductor nanotubes in the
presence of arbitrary photoexcitation and alternating quantizing magnetic
fields for all the materials whose unperturbed carrier dispersion laws are
defined in Chap. 1.
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(R5.48) Investigate the FNFE 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 Chap. 1.

(R5.49) Investigate the FNFE in the presence of arbitrary photoexcitation for all
the appropriate nipi structures of the semiconductors whose unperturbed
carrier energy spectra are defined in Chap. 1.

(R5.50) Investigate the FNFE in the presence of arbitrary photoexcitation for all
the appropriate nipi structures of the semiconductors whose unperturbed
carrier energy spectra are defined in Chap. 1 in the presence of an
arbitrarily oriented nonquantizing nonuniform additional electric field.

(R5.51) Investigate the FNFE for all the appropriate nipi structures of the semicon-
ductors whose unperturbed carrier energy spectra are defined in Chap. 1 in
the presence of an arbitrarily oriented photoexcitation and nonquantizing
alternating additional magnetic field.

(R5.52) Investigate the FNFE for all the appropriate nipi structures of the semicon-
ductors whose unperturbed carrier energy spectra are defined in Chap. 1
in the presence of an arbitrarily oriented photoexcitation and quantizing
alternating additional magnetic field.

(R5.53) Investigate the FNFE for all the appropriate nipi structures of the
semiconductors whose unperturbed carrier energy spectra are defined
in Chap. 1 in the presence of an arbitrarily oriented photoexcitation and
crossed electric and quantizing magnetic fields.

(R5.54) Investigate the FNFE from heavily doped nipi structures for all the
appropriate cases of all the above problems.

(R5.55) Investigate the FNFE in the presence of arbitrary photoexcitation for the
appropriate inversion layers of all the materials whose unperturbed carrier
energy spectra are defined in Chap. 1.

(R5.56) Investigate the FNFE in the presence of arbitrary photoexcitation for the
appropriate inversion layers of all the materials whose unperturbed carrier
energy spectra are defined in Chap. 1 in the presence of an arbitrarily
oriented nonquantizing nonuniform additional electric field.

(R5.57) Investigate the FNFE for the appropriate inversion layers of all the
materials whose unperturbed carrier energy spectra are defined in Chap. 1
in the presence of an arbitrarily oriented photoexcitation and nonquantizing
alternating additional magnetic field.

(R5.58) Investigate the FNFE for the appropriate inversion layers of all the
materials whose unperturbed carrier energy spectra are defined in Chap. 1
in the presence of an arbitrarily oriented photoexcitation and quantizing
alternating additional magnetic field.

(R5.59) Investigate the FNFE for the appropriate inversion layers of all the materi-
als whose unperturbed carrier energy spectra are defined in Chap. 1 in the
presence of an arbitrarily oriented photoexcitation and crossed electric and
quantizing magnetic fields by considering electron spin and broadening of
Landau levels.
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(R5.60) Investigate the FNFE in the presence of arbitrary photoexcitation for the
appropriate accumulation layers of all the materials whose unperturbed
carrier energy spectra are defined in Chap. 1 by modifying the above
appropriate problems.

(R5.61) Investigate the FNFE in the presence of arbitrary photoexcitation from
wedge shaped and cylindrical QDs of all the semiconductors whose
unperturbed carrier energy spectra are defined in Chap. 1.

(R5.62) Investigate the FNFE in the presence of arbitrary photoexcitation from
wedge shaped and cylindrical QDs of all the semiconductors whose
unperturbed carrier energy spectra are defined in Chap. 1 in the presence of
an arbitrarily oriented nonquantizing nonuniform additional electric field.

(R5.63) Investigate the FNFE from wedge shaped and cylindrical QDs of all the
semiconductors whose unperturbed carrier energy spectra are defined in
Chap. 1 in the presence of an arbitrarily oriented photoexcitation and
nonquantizing alternating additional magnetic field.

(R5.64) Investigate the FNFE from wedge shaped and cylindrical QDs of all the
semiconductors whose unperturbed carrier energy spectra are defined in
Chap. 1 in the presence of an arbitrarily oriented photoexcitation and
quantizing alternating additional magnetic field.

(R5.65) Investigate the FNFE from wedge shaped and cylindrical QDs of all the
semiconductors whose unperturbed carrier energy spectra are defined in
Chap. 1 in the presence of an arbitrarily oriented photoexcitation and
crossed electric and quantizing magnetic fields.

(R5.66) Investigate the FNFE from wedge shaped and cylindrical QDs for all the
appropriate cases of the above problems.

(R5.67) Investigate all the problems from R5.25 to R5.66 by removing all the
mathematical approximations and establishing the respective appropriate
uniqueness conditions.

(R5.68) Investigate the FNFE from quantum confined 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.

(R5.69) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and quantizing magnetic field respectively for all the cases of R5.68.

(R5.70) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and nonquantizing nonuniform electric field respectively for all the cases
of R5.68.

(R5.71) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and nonquantizing alternating electric field respectively for all the cases of
R5.68.

(R5.72) Investigate the FNFE 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 FNFE from heavily doped quantum confined superlattices
for all the problems of R5.68.
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(R5.74) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and quantizing magnetic field respectively for all the cases of R5.73.

(R5.75) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and nonquantizing nonuniform electric field respectively for all the cases
of R5.73.

(R5.76) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and nonquantizing alternating electric field respectively for all the cases of
R5.73.

(R5.77) Investigate the FNFE 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
mathematical approximations and establishing the respective appropriate
uniqueness conditions.

(R5.79) Investigate the FNFE 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 context in the presence of arbitrarily oriented photoexcitation.

(R5.80) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and quantizing magnetic field respectively for all the cases of R5.79.

(R5.81) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and nonquantizing nonuniform electric field respectively for all the cases
of R5.79.

(R5.82) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and nonquantizing alternating electric field respectively for all the cases of
R5.79.

(R5.83) Investigate the FNFE 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 FNFE from heavily doped quantum confined superlattices
for all the problems of R5.79.

(R5.85) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and quantizing magnetic field respectively for all the cases of R5.84.

(R5.86) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and nonquantizing nonuniform electric field respectively for all the cases
of R5.84.

(R5.87) Investigate the FNFE in the presence of arbitrarily oriented photoexcitation
and nonquantizing alternating electric field respectively for all the cases of
R5.84.

(R5.88) (a) Investigate the FNFE in the presence of arbitrarily oriented photoexci-
tation and crossed electric and quantizing magnetic fields respectively
for all the cases of R5.84.

(b) Investigate the FNFE from multiple wall carbon nanotubes in the
presence of an arbitrarily oriented alternating electric field.
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(c) Investigate the FNFE from heavily doped semiconductor nanotubes in
the presence of an arbitrarily oriented alternating electric field for all the
materials whose unperturbed carrier energy spectra are defined in R1.1
and R1.2 respectively.

(R5.89) (a) Formulate the minimum tunneling, Dwell and phase tunneling, Buttiker
and Landauer and intrinsic times for all types of systems as discussed
in this chapter.

(b) Investigate all the appropriate problems of this chapter for the Dirac
electron.

(c) Investigate all the problems of this chapter by removing all the math-
ematical approximations and establishing the respective appropriate
uniqueness conditions.
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Chapter 6
Field Emission from Quantum-Confined
Optoelectronic Semiconductors

6.1 Introduction

With the advent of modern nanodevices, there has been considerable interest in
studying the electric field-induced processes in semiconductors having different
band structures. It appears from the literature that the studies have been made
on the assumption that the carrier dispersion laws are invariant quantities in the
presence of intense electric field, which is not fundamentally true. In this chapter,
we shall study the FNFE from quantum-confined optoelectronic semiconductors
under strong electric field. In Sect. 6.2.1, the FNFE from the bulk specimens said
compounds under strong electric field has been investigated in the presence of
magnetic quantization whose unperturbed electron energy spectra are, respectively,
defined by the three- and two-band models of Kane together with parabolic energy
bands. Section 6.2.2 contains the investigation of the FNFE from quantum wires
of optoelectronic semiconductors. In Sect. 6.2.3, the FNFE field emission from
effective mass superlattices of optoelectronic semiconductors in the presence of
strong electric field under magnetic quantization has been studied. In Sect. 6.2.4,
we have investigated the FNFE from quantum wire effective mass superlattices
of optoelectronic semiconductors. In Sect. 6.2.5, FNFE from superlattices of
optoelectronic compounds with graded interfaces under magnetic quantization has
been investigated. In Sect. 6.2.6, the FNFE from quantum wire superlattices of
optoelectronic semiconductors with graded interfaces has been studied. Section 6.3
contains the result and discussions pertinent to this chapter. Section 6.4 presents a
single challenging open research problem.

S. Bhattacharya and K.P. Ghatak, Fowler–Nordheim Field Emission, Springer Series
in Solid-State Sciences 170, DOI 10.1007/978-3-642-20493-7 6,
© Springer-Verlag Berlin Heidelberg 2012

233



234 6 Field Emission from Quantum-Confined Optoelectronic Semiconductors

6.2 Theoretical Background

6.2.1 Field Emission from Optoelectronic Semiconductors Under
Magnetic Quantization

Let the wave vector Nk be in the direction with the polar angle (�; 	) referred to the
crystal symmetry axes and the spin-up and spin-down functions are written as " and
#, respectively. The u Nk1.Nr/ and u Nk2.Nr/ are the wave functions for the conduction
and light-hole/spin–orbit splitting valence band and can, respectively, be expressed
as [1, 2]

u Nk1.Nr/ D akCŒ.is/#0
C bkC
�
X 0 � iY 0

p
2

"0
	

C ckCŒZ0#0
 (6.1)

and

u Nk2.Nr/ D ak�Œ.is/"0

 � bk�

�
X 0 C iY 0

p
2

#0
	

C ck�ŒZ0"0

 (6.2)

where Nr is the position vector of the electron,

ak˙ D r0

�
Eg � �2k˙.Eg � ı0/

Eg C ı0

	1=2
(6.3)

r0 D
�
6 � .EgC 2�

3 /�.EgC�/




 1=2
; Eg is the band gap in the absence of any field, � is

the spin–orbit splitting constant, 
 D 6E2
g C 9Eg � � C 4�2; bk˙ D s0�k˙; s0 D

h
4�2

3


i1=2
; s is the s-type atomic orbital in both unprimed and primed coordinates,

X 0; Y 0, and Z0 are the p-type atomic orbitals in the prime co-ordinates, ck˙ D
t�k˙; t D

�
6.EgC 2�

3 /




 1=2
; i D p�1; �k˙ D

h
��Eg

2.�Cı0/

i1=2
; ı0 D E2g�



; � is the energy

difference between the conduction and the valence bands and can be written as

� D fEC.Ek/ � EV.Ek/g D
h
E2

g C Eg„2k2
mr

i1=2
; EC.Ek/ is k-dependent energy of the

electron in the conduction band (CB),EV.Ek/ is the k-dependent energy of the heavy
hole band (VB), mr is the reduced effective mass and is given by mr D .m�1

c C
m�1

q /�1;mc is the effective electron mass at the edge of the conduction band andmq

is the effective mass of the heavy hole at the top of the heavy hole band.
The electron energy spectrum of optoelectronic materials in the absence of any

field can be expressed in accordance with the three-band model of Kane as [3]

�.E/ D „2k2
2mc

(6.4)

where �.E/ D E.aEC1/.bEC1/
.cEC1/ I a D 1=Eg; b D 1=.Eg C�/; c D 1=

�
Eg C 2

3
�
�
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Using (6.1) and (6.2), we can write the expression for interband transition matrix
element, X12, as

X12 D i

Z
u�Nk1.Nr/ � @

@kx
u Nk2.Nr/d3r (6.5)

In the case of the presence of an external electric field, F along x-axis, the interband
transition matrix element, X12, has finite interaction band same band, e.g.,

hS jSi D hX jXi D hY jY i D hZjZi D 1

hX jY i D hY jZi D hZjXi D 0

hS jXi D hX jSi D 0I hS jY i D hY jSi D 0 and hS jZi D hZjSi D 0

We also know for the arbitrary orientation of the Nk-vector that

"
"0

#0

#

D
"

e�i	=2 � cos �=2 ei	=2 � sin �=2

�e�i	=2 � sin �=2 ei	=2 � cos �=2

#
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"
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(6.6)
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The spin-vector can be expressed as
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2

� E� (6.8)

where �x D
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. Using the appropriate

equations we can write
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From (6.9), we can write the terms

hiSjiSi D � hS jSi D �1; ˝.X 0 � iY 0/jiS˛ D ˝
X 0jiS˛ � hiYjiSi :

From (1.7), we obtain

jX 0˛ D cos � cos	jXi C cos � sin 	 jY i � sin � jZi

Thus,

˝
X 0jiS˛ D cos � cos	 hX jiSi C cos � sin 	 hY jiSi � sin � hZjiSi D 0

Since,

hX jSi D hY jSi D hZjSi D 0; jY 0˛ D � sin	 jXi C cos	 jY i C 0

Therefore,

˝
iY 0jiS˛ D � ˝Y 0jS ˛ D C sin	 hX jSi � cos	 hY jSi D 0:

Thus,

˝
.X 0 � iY 0/jiS˛ D 0

˝
Z0jiS˛ D sin � cos	 hX jiSi C sin � sin	 hY jiSi C cos � hZjiSi
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iY 0jX 0˛C ˝
X 0jiY 0˛ � hiYjiYi ;

jX 0˛ D cos � cos	 jXi C cos � sin 	 jY i � sin � jZi

Therefore, hX 0jX 0i D 1 since hX jXi D hY jY i D hZjZi D 1

Similarly hY 0jY 0i D 1 and hX 0jY 0i D 0

Therefore, h.X 0 � iY 0/j.X 0 C iY 0/i D 1 � 0 C 0 � 1 D 0

and hZ0j.X 0 C iY 0/i D hZ0jX 0i C ihZ0jY 0i D 0

Besides hZ0jZ0i D sin2 � cos2 	hX jXiCsin2 � sin2 	hY jY iCcos2 �hZjZi D 1

Therefore, we can write,
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From the relation (6.6), we obtain
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Now
˝#0 j "0˛

D
�

�e�i	=2 sin
�

2
" Cei	=2 cos

�

2
#
��

�
�

e�i	=2 cos
�

2
" Cei	=2 sin

�

2
#
�

D
�

�eCi	=2 sin
�

2
"� Ce�i	=2 cos

�

2
#�
�

�
�

e�i	=2 cos
�

2
" Cei	=2 sin

�

2
#
�

D
�

� sin
�

2
cos

�

2

�
h" j "i C e�i	 cos2

�

2
h# j "i

�ei	 sin2
�

2
h" j #i C cos

�

2
sin

�

2
h# j #i

Therefore, h#0 j "0ix D �� sin �
2

cos �
2

� h" j "ixCe�i	 cos2 �
2

h# j "ix�e�i	 sin2 �
2

h" j #ix C cos �
2

sin �
2

h# j #ix
From (6.1) we can write, h" j "ix D 0I h# j "ix D 1 and h# j #ix D 0

Therefore,
˝#0j"0˛

x
D cos	 cos � � i sin 	.

Similarly, h#0 j #0iy D i cos	 C sin	 cos � and h#0 j #0iz D � sin �

Thus, h#0 j "0i D Oi h#0 j "0ixC Oj h#0 j "0iyC Ok h#0 j "0iz D .Or1 C i Or2/, where, Or1
and Or2 are the unit vectors in the primed axes and are given by Or1 D Oi cos � cos	 C
Oj cos � sin 	 � Ok sin � and Or2 D �Oi sin 	 C Oj cos	 � Ok � 0 in which Oi ; Oj , and Ok are

unit vectors along x-, y- and z-axes, respectively. Considering the 1
2
-spin, we can

write

˝#0j"0˛ D 1

2
. Or1 C i Or2/ (6.11)

Therefore from (6.10) and (6.11), we get

X12 D i

�
�
�
akC

@

@kx
ak�

�
C
�
ckC

@

@kx
ck�

�
 ˝#0 j "0˛

D �i
��
akC

@

@kx
ak�

�
�
�
ckC

@

@kx
ck�

�

� 1
2
. Or1 C i Or2/ D �iA.k/

2
. Or1 C i Or2/

(6.12)

where

A.k/ D
�
akC

@

@kx
ak�

�
�
�
ckC

@

dkx
ck�

�
(6.13)

From (6.12), we find,

jX12j2 D 1

4
A2.k/.1C 1/ D 1

2
A2.k/ Œsince j Or1j D jOr2j D 1





6.2 Theoretical Background 239

Considering spin-up and spin-down, we have to multiply by 2
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Therefore X11 D 0, and similarly we can prove X22 D 0. Thus, we conclude that
intraband momentum matrix element due to external electric field .XCC/ is zero.
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From (6.20) and (6.21), we can write the square of the magnitude of the interband
transition matrix element due to external electric field .jX2

CVj/ is given by (1.20).
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Hamiltonian,H 0, is given by [4]
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in which,H is the total Hamiltonian, . Nk; Nr/ is the wave function, where un. Nk; Nr/ is
the periodic function of it, H0 is the unperturbed Hamiltonian, n is the band index,
and En. Nk/ is the energy of an electron in the periodic lattice.

For an external electric field .FS/ applied along the x-axis, the perturbed
Hamiltonian .H 0/ can be written as

H 0 D �F � x (6.26)

where F.D eFS/

Using (6.26) in (6.22), we get

E.2/
n

� Nk� D En
� Nk� � F

˝
n NkjH 0jn Nk˛C F 2

˚j ˝n NkjH 0jn Nk˛ j2 = 
En
� Nk� �Em

� Nk���

(6.27)

In (6.27), the second and the third terms are due to the perturbation factor.
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where kx is the x component of the Nk and the integration in (6.29) extends over the
unit cell. From (6.27), (6.28), and (6.29) with the n corresponds to the conduction
band (C) and m corresponds to the valance band (V), we get
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Thus, combining the appropriate equations, the dispersion relation of the conduction
electrons in the presence of electric field along x-axis can be written as
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Therefore, the E–k dispersion relation in the presence of an external electric
field for III–V, ternary, and quaternary materials whose unperturbed energy band
structures are defined by the three-band model of Kane can be expressed as [5]
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In (6.33), the coefficients of kx , ky , and kz are not same and for this reason, this
basic equation is “anisotropic” in nature together with the fact that the anisotropic
dispersion relation is the ellipsoid of revolution in the k-space.

From (6.33), the expressions of the effective electron masses along x-, y-, and z-
directions can, respectively, be written as
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It may be noted from (6.34) that the effective mass along x-direction is a function
of both electron energy and electric field, respectively, whereas from (6.35) and
(6.36) we can infer the expressions of the effective masses along y- and z-directions
are same and they depend on the electron energy only. Thus, in the presence of an
electric field, the mass anisotropy for Kane type semiconductors depends both on
electron energy and electric field, respectively.

The use of the usual approximation [3]
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in (6.33), leads to the simplified expression of the electron energy spectrum in the
present case as
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The (6.38) can be written as
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Special Cases:
I) The E–k dispersion relation of III–V, ternary, and quaternary materials in the

presence of an external electric field whose unperturbed band structures are defined
by the two-band model of Kane.
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Equation (6.41) represents the electron energy spectrum of III–V, ternary, and
quaternary materials in the presence of an external electric field whose unperturbed
band structures are defined by the two-band model of Kane.

From (6.33) along with the substitution � ! 0 we get
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where (6.43) represents the approximate E–k dispersion relation of III–V, ternary,
and quaternary compounds in the presence of an external electric field whose
unperturbed band structures are defined by the two-band model of Kane.

The dispersion relation of the conduction electrons in optoelectronic materials
under electric field can be written in presence of quantizing magnetic field B along
x-direction whose unperturbed electron energy spectra are defined by the three- and
two-band models of Kane as
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From (6.44) and (6.45) we get,
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and
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The density of states function for both the cases can, respectively, be expressed as
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where gv is the valley degeneracy, the primes denote the differentiation of the
differentiable functions with respect to E, H denotes the Heaviside step function,
En1 is the root of the equation

�
nC 1

2

�
„!0 D ˇ11.E; F / (6.52)

En2 is the root of the equation

�
nC 1

2

�
„!0 D ˇ12.E; F / (6.53)

Combining (6.50) and (6.51) with the Fermi–Dirac occupation probability factor,
the electron concentration can, respectively, be expressed as
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order 2R, R is the set real positive integers whose upper limit is R0,
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The velocity of the electron along x-axis under magnetic quantization can, respec-
tively, be expressed from (6.48) and (6.49) as
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The net current density due to field emission in the x-direction is given by
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where (1=2) is introduced due to the fact that the half of the electrons which
are enable to contribute the emission will migrate back into the lattice, vn.E/ is
the velocity of the electrons in the Landau subband characterized by the Landau
quantum number n, �n0 is the electron concentration in that particular level, and t
is the transmission coefficient. The transmission coefficient for the perturbed three-
and two-band models of Kane in this case are, respectively, given by

t D exp.��11/ (6.59)

and

t D exp.��12/ (6.60)

where

�11 D 4Œ!11.V0; F; n/

3=2

3eF!0
11.V0; F /

;

w11.V0; F; n/ D 2mc

„2
�
ˇ11.V0; F / �

�
nC 1

2

�
„!0

	
;



6.2 Theoretical Background 247

!0
11.V0; F / D 2mc

„2 ˇ
0
11.V0; F /;

ˇ0
11.V0; F / D

"

� 0.V0/� C1�
0.V0/

	3.V0/
� T 21 .V0/

Œ	.V0/C ı0
4
C 2C1�.V0/T1.V0/T

0
1.V0/

	3.V0/Œ	.V0/C ı0
4

� 4C 1�.V0/T
2
1 .V0/	

0.V0/
	3.V0/Œ	.V0/C ı0
5

C 4C1�.V0/T
2
1 .V0/	

0.V0/
	3.V0/Œ	.V0/C ı0
5

#

;

� 0.V0/ D �.V0/

"
1

V0
C 1

V0 C Eg
C 1

V0 C Eg C�
C � 1

V0 CEg C 2
3
�

#

;

	0.V0/ D
�
Egmc�

0.V0/
2mr	.V0/

	
;

	0.V0/ D
�
	0.V0/
2

�
� 2QEgŒ	.V0/� Eg


�1=2

Œ	.V0/C Eg
3=2

� .E 0
g C Eg/P Œ	.V0/C Eg


�1=2

Œ	.V0/ �E 0
g

3=2

�12 D 4Œ!12.V0; F; n/

3=2

3eF!0
12.V0; F /

; !0
12.V0; F / D 2mc

„2 Œ
Ň
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12.V0; F /


0 D .1C 2˛.V0/ �
"

1C 5

2
ı5

�
V0.1C ˛V0/C mrEg

2mc

	�7
2

#

Using the appropriate equations, the field emitted current density in this case can be
expressed as:
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, Fj .�/ is the one parameter Fermi–Dirac integral of
order j which has been written in (1.10) of Chap. 1.Under the condition of extreme
of degeneracy and in the absence of band nonparabolicity and also neglecting the
modification of band structures of the semiconductors under intense electric field,
the summation over n can be converted to the integral over n leading to the well-
known result as given by (1.27) of Chap. 1.
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6.2.2 Field Emission from Quantum Wires of Optoelectronic
Semiconductors

From (6.44) and (6.45), the one-dimensional motion of the electron for quantum
wires of optoelectronic materials can be expressed as

G.ny;nz/C „2k2x
2mc

D ˇ11.E; F / (6.66)

G.ny;nz/C „2k2x
2mc

D ˇ12.E; F / (6.67)

where G.ny;nz/ D „2�2
2mc

Œ.ny = dy/
2 C .nz = dz/

2


The electron concentration per unit length assumes the forms

n0 D 2gv

�

nzmaxX

nzD1

nymaxX

nyD1
ŒQ15.EF1D; F; ny; nz/CQ16.EF1D; F; ny; nz/
 (6.68)

n0 D 2gv

�

nzmaxX

nzD1

nymaxX

nyD1
ŒQ17.EF1D; F; ny; nz/CQ18.EF1D; F; ny; nz/
 (6.69)

where Q15.EF1D; F; ny ; nz/ D p
!15.EF1D; F; ny; nz/; !15.EF1D; F; ny; nz/ D 2mc

„2

Œˇ11.EF1D; F / � G.ny; nz/
;Q16.EF1D; F; ny;nz/ D
R0P

RD1
Z.R1D/ŒQ15.EF1D; F; ny;

nz/
; Z.R1D/ D 2.kBT /
2R.1�21�2R/�.2R/ @2R

@E2RF1D
,EF1D is the Fermi energy for one-

dimensional system in the present case as measured from the edge of the conduction
band in vertically upward direction in the absence of any quantization,

Q17.EF1D; F; ny; nz/ D
q
!16.EF1D; F; ny; nz/; !16.EF1D; F; ny; nz/

D 2mc

„2 Œ
Ň
12.EF1D; F / �G.ny; nz/


Q18.EF1D; F; ny; nz/ D
R0X

RD1
Z.R1D/ŒQ17.EF1D; F; ny ; nz/


The transmission coefficient for both the cases can, respectively, be expressed as

t D exp.��13/ (6.70)

t D exp.��14/ (6.71)

where �13 D 4Œ!15.V0;F;ny ;nz/

3=2

3eF!0

15.V0;F /
; !15.V0; F; ny; nz/ D 2mc

„2 Œˇ11.V0; F / � G.ny; nz/
;

!0
15.V0; F / D 2mc

„2 Œˇ
0
11.V0; F /
; �14 D 4Œ!16.V0;F;ny ;nz/


3=2

3eF!0

16.V0;F /
; !16.V0; F; ny; nz/ D 2mc

„2
Œ Ň
12.V0; F / �G.ny; nz/
, and !0

16.V0; F / D 2mc
„2 Œ Ň

12.V0; F /

0
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The field emitted current in this case can respectively be written as

I D egvkBT

�„
nymaxX

nyD1

nzmaxX

nzD1
F0.�13/ exp.��13/ (6.72)

I D egvkBT

�„
nymaxX

nyD1

nzmaxX

nzD1
F0.�14/ exp.��14/ (6.73)

�13 D EF1D�E1;ny ;nz

kBT
; E1;ny;nz is the root of the equation

0 D Œˇ11.E1;ny;nz ; F / �G.ny; nz/
 (6.74)

�14 D EF1D�E2;ny ;nz

kBT
; E2;ny ;nz is the root of the equation

0 D Œ Ň
12.E2;ny;nz ; F / �G.ny; nz/
 (6.75)

6.2.3 Field Emission from Effective Mass Superlattices
of Optoelectronic Semiconductors Under
Magnetic Quantization

The dispersion relation of the conduction electrons in effective mass superlattices
of optoelectronic semiconductors can be expressed following Sasaki [5] as

a1 � cosŒc1.E; F;Eg1;�1/a0 C c2.E; F;Eg2;�2/b0


� a2 � cosŒc1.E; F;Eg1;�1/a0 � c2.E; F;Eg2;�2/b0
 D cos.L0k/ (6.76)

where a1 D
"
h
1C

q
mc2
mc1

i2
�
�
4
�q

mc2
mc1

�1=2	�1#
,

a2 D
"
h
�1C

q
mc2
mc1

i2
�
�
4
�q

mc2
mc1

�1=2	�1#
,

c2i
�
E;F;Egi ; �i

� D 2mci

„2 Œˇ1i
�
E;F;Egi ; �i

� � k2?
; i D 1; 2;

k2? D k2y C k2z ; ˇ1i
�
E;F;Egi ; �i

�

D
"

�
�
E;Egi ; �i

� �
"
L
�
Egi ; �i ;mri

�
�
�
E;Egi ; �i

�
T 2i
�
E;Egi ; �i

�

	3i
�
E;Egi ; �i

�
Œ	i
�
E;Egi ; �i

�C ı0
i 

4

##
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�
�
E;Egi ; �i

� D E
�
E C Egi

� �
E C Egi C�i

� �
Egi C 2

3
�i

�

Egi
�
Egi C�i

� �
E C Egi C 2

3
�i

� ;

L
�
Egi ; �i ;mri

� D .„eF/2
�
Egi � ı0

i

�2
mci

6m2
ri

;

ı0
i D .Egi /

2�i


i
; 
i D Œ6

�
Egi

�2 C 9Egi ��i C 4�2
i

;

1

mri
D
�
1

mci
C 1

mvi

�
;

Ti .E;Egi ; �i / D
2

4Pi

"
f	i.E;Egi ; �i /C Egi g
f	i.E;Egi ; �i/ �E 0

gi g

#1=2

C Qi

� f	i .E;Egi ; �i /� Egi g
f	i.E;Egi ; �i/CEgi g

	1=2#

Pi D r20i
2

�
Egi � ı0

i

Egi C ı0
i

�
; r20i D

�
6

�
Egi C 2

3
�i

�
.Egi C�i/

	
Œ
i 


�1; 	2i .E;Egi ; �i /

D ŒE2
gi C Egi .mci =mri /�.E;Egi ; �i /
;

E 0
gi D

�
Egi .Egi � 3ı0

i /

.Egi C ı0
i /

	
; Qi D t2i

2
and t2i D

"
6
�
Egi C 2

3
�i

�


i

#

:

In the presence of a quantizing magnetic field B , along z-direction the magneto-
energy spectrum assumes the form

k2x D !17.E; F; n/ (6.77)

where !17.E; F; n/ D 1

L20
Œcos�1ff1.E; F; n/g
2 � 2eB

„
�
nC 1

2

�
,

f1.E; F; n/ D Œa1 cosŒc1.E; F;Eg1 ; �1; n/a0 C b0c2.E; F;Eg2 ; �2; n/


� a2 cosŒc1.E; F;Eg1 ; �1; n/a0 � b0c2.E; F;Eg2 ; �2; n/



and

c2i .E; F;Egi ; �i ; n/ D
��
2mci

„2
� 

ˇ1i .E; F;Egi ; �i/

� � 2eB

„
�
nC 1

2

�	
:

The electron concentration assumes the form

no D gveB

�2„

"
nmaxX

nD0
ŒQ19.EFB; F; n/CQ20.EFB; F; n/


#

(6.78)
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whereQ19.EFB; F; n/ D Œ!17.EFB; F; n/

1=2 and

Q20.EFB; F; n/ D
RDR0X

RD1
Z.R/ŒQ19.EFB; F; n/


The transmission coefficient in this case is given by

t D exp.��15/ (6.79)

�15 D 4Œ!17.V0; F; n/

3=2

3eF!0
17.V0; F; n/

;

where

!0
17.V0; F; n/ D Œ.2=L20/f

0
1 .V0; F; n/ cos�1Œf1.V0; F; n/
Œ1 � f 2

1 .V0; F; n/

�1=2


f 0
1 .V0; F; n/ D Œa1 sinŒc1.V0; F;Eg1 ; �1; n/a0 C b0c2.V0; F;Eg2 ; �2; n/


� Œc0
1.V0; F;Eg1 ; �1; n/a0 C b0c

0
2.V0; F;Eg2 ; �2; n/


� a2 sinŒc1.E; F;Eg1 ; �1; n/a0 � b0c2.E; F;Eg2 ; �2; n0/


� Œc0
1.E; F;Eg1 ; �1; n/a0 � b0c

0
2.E; F;Eg2 ; �2; n0/



c0
i .V0; F;Egi ; �i / D

�mci

„2
�
Œci .V0; F;Egi ; �i/


�1Œˇ0
1i .V0; F;Egi ; �i /


ˇ0
1i .V0; F;Egi ; �i /

D
"

� 0.V0; Egi ; �i /� L.Egi ; �i ;mri /�
0.V0; Egi ; �i/T

2
i .V0; Egi ; �i /

	3i .V0; Egi ; �i /Œ	i .V0; Egi ; �i /C ı0
i 

4

� 2L.Egi ; �i ;mri /�.V0; Egi ; �i /Ti .V0; Egi ; �i /T
0
i .V0; Egi ; �i /

	3i .V0; Egi ; �i /Œ	i .V0; Egi ; �i/C ı0
i 

4

C 3L.Egi ; �i ;mri /�.V0; Egi ; �i /T
2
i .V0; Egi ; �i/	

0
i .V0; Egi ; �i /

	4i .V0; Egi ; �i/Œ	i .V0; Egi ; �i/C ı0
i 

4

C 4L.Egi ;�i ;mri /�.V0; Egi ; �i /T
2
i .V0; Egi ; �i /	

0
i .V0; Egi ; �i/

	3i .V0; Egi ; �i /Œ	i .V0; Egi ; �i /C ı0
i 

5

� 0.V0; Egi ; �i / D �.V0; Egi ; �i /

�
1

V0
C 1

V0 C Egi
C 1

V0 C Egi C�i

� 1

V0 C Egi C 2
3
�i

	

	0
i .V0; Egi ; �i/ D Egimci �

0.V0; Egi ; �i /

2mri 	i .V0; Egi ; �i /
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T 0
i .V0; Egi ; �i /

D
�
	0
i .V0; Egi ; �i /

2

	"
2EgiQi Œ	i .V0; Egi ; �i / �Egi 
�1=2

Œ	i .V0; Egi ; �i /� Egi 

3=2

� .E 0
gi

C Egi /Pi Œ	i .V0; Egi ; �i /� Egi 

�1=2Œ	i .V0; Egi ; �i /� E 0

gi

�3=2

#

The photo-emitted current density in this case is given by

J D e2BkBTgv

2�2„2
nmaxX

nD0
F0.�15/ exp.��15/ (6.80)

where �15 D EFB�En3
kBT

, En3 is the root of the equation

!17.En3; F; n/ D 0 (6.81)

The electron concentration and the field emitted current density in this case when
the dispersion relations of the constituent materials are defined by the perturbed
two-band model of Kane, can respectively be expressed as

n0 D gveB

�2„

"
nmaxX

nD0
ŒQ21.EFB; F; n/CQ22.EFB; F; n/


#

(6.82)

and

J D e2BkBTgv

2�2„2
nmaxX

nD0
F0.�16/ exp.��16/ (6.83)

where Q21.EFB; F; n/ D Œ!18.EFB; F; n/

1=2, Q22.EFB; F; n/ D

RDRoP

RD1
Z.R/ŒQ21

.EFB; F; n/


!18.E; F; n/ D
�
1

L2o
Œcos�1ff2.E; F; n/g
2 � 2eB

„
�
nC 1

2

�	

f2.E; F; n/ D Œa1 cosŒD1.E; F;Eg1; n/ao C boD2.E; F;Eg2; n/


� a2 cosŒD1.E; F;Eg1; n/ao � boD2.E; F;Eg2; n/



D2
i .E; F;Egi; n/ D

�
2mci

„2 �1i.E; F;Egi/� 2eB

„
�
nC 1

2

�	
;

�1i.E; F;Egi/ D
"

E.1C ˛iE/� ı5i
�
E.1C ˛iE/C mriEgi

2mci

	� 5
2

#

;

ı5i D
"
.„eF/2m3=2

ri .Egi/
1=2

12.2mci/5=2

#



6.2 Theoretical Background 253

�16 D EFB�En4
kBT

, En4 is the root of the equation

!0
18.V0; F; n/ D Œ.2=L20/f

0
2 .V0; F; n/ cos�1Œf2.V0; F; n/
 (6.84)

� Œ1 � f 2
2 .V0; F; n/


�1=2


f 0
2 .V0; F; n/ D Œa1 sinŒD1.V0; F;Eg1 ; n/a0 C b0D2.V0; F;Eg2 ; n/


� ŒD0
1.V0; F;Eg1 ; n/a0 C b0D

0
2.V0; F;Eg2 ; n/


� a2 sinŒD1.E; F;Eg1 ; n/a0 � b0D2.E; F;Eg2 ; n0/


� ŒD0
1.E; F;Eg1 ; n/a0 � b0D0

2.E; F;Eg2 ; n0/



D0
i .V0; F;Egi; n/ D

�
mci�

0
1i.V0; F;Egi/

„2Di .V0; F;Egi; n/

	

and

�0
1i .V0; F;Egi/ D

�
1C 2V0

Egi

	"

1C 5

2
ı5i

�
V0.1C ˛iV0/C mriEgi

2mci

	�7=2#

6.2.4 Field Emission from Quantum Wire Effective Mass
Superlattices of Optoelectronic Semiconductors

The dispersion relation of the conduction electrons for quantum wire effective mass
superlattices in accordance with the perturbed three-band model of Kane is given by

k2x D !19.E; F; ny; nz/ (6.85)

where, !19.E; F; ny; nz/ D
h
1

L20



cos�1 ˚f3

�
E;F; ny; nz

���2 �H.ny; nz/
i

f3.E; F; ny; nz/ D Œa1 cosŒe1.E; F;Eg1;�1; ny; nz/ao

C boe2.E; F;Eg2;�2; ny; nz/


� a2 cosŒe1.E; F;Eg1;�1; ny; nz/ao

� boe2.E; F;Eg2;�2; ny;nz/

; (6.86)

e2i .E; F;Egi ;�i ; ny; nz/ D
��
2mci

„2
�

ˇ1i .E; F;Egi ;�i /

� �H
�
ny; nz

�	
(6.87)

whereH
�
ny; nz

� D
��

ny�

dy

�2 C
�
nz�

dz

�2	



254 6 Field Emission from Quantum-Confined Optoelectronic Semiconductors

The expression of the electron concentration in this case can be written as

n0 D 2gv

�

nymaxX

nyD1

nzmaxX

nzD1
ŒQ23

�
EFIDEMSL; F; ny; nz

�CQ24

�
EFIDEMSL; F; ny; nz

�



(6.88)

whereQ23

�
EFIDEMSL; F; ny; nz

� D
q
!19

�
EFIDEMSL; F; ny; nz

�
,

Q24

�
EFIDEMSL; F; ny; nz

� D
RDR0X

RD1
Z .RIDEMSL/Q23

�
EFIDEMSL; F; ny; nz

�
;

EFIDEMSL is the Fermi energy in the present case and

Z .RIDEMSL/ D 2 .kBT /
2R
�
1 � 21�2R� � .2R/ @2R

@EFIDEMSL
:

The field emitted current assumes the form

I D egvkBT

�„
nymaxX

nyD1

nzmaxX

nzD1
F0 .�17/ exp .��17/ (6.89)

where �17 D EFIDEMSL�E15
kBT

. E15 is the root of the equation

!17
�
E15; F; ny; nz

� D 0 (6.90)
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3

�
V0; F; ny; nz

���1=2
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.2=L20/f 0
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�� 
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�
V0; F; ny; nz

���
;

f 0
3 .V0; F; ny; nz/

D a1 sin


a0e1.V0; F;Eg1;�1; ny; nz/C boe2.V0; F;Eg2;�2; ny; nz/

�

� 
a0e0
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0
2.V0; F;Eg2 ;�2; ny; nz/

�
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0
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and

e0
i

�
V0; F;Egi; �i ; ny; nz

� D mciˇ1i
�
V0; F;Egi; �i

�

„2ei
�
V0; F;Egi; �i ; ny; nz

� :

In accordance with the perturbed two-band model of Kane, the electron concentra-
tion per unit length is given by,

n0 D 2gv

�

nymaxX

nyD1

nzmaxX

nzD1



Q25

�
EFIDEMSL; F; ny; nz

�CQ26

�
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��

(6.91)

where,Q25
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The field emitted current can be written as,

I D egvkBT

�„
nymaxX

nyD1

nzmaxX

nzD1
F0 .�18/ exp .��18/ (6.92)

where, �18 D EFIDEMSL�E16
kBT

, E16 is the root of the equation

!20
�
E16; F; ny; nz

� D 0 (6.93)
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� ;
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f 0
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6.2.5 Field Emission from Superlattices of Optoelectronic
Semiconductors with Graded Interfaces Under Magnetic
Quantization

The energy spectrum in superlattices of optoelectronic compounds with graded
interfaces in the presence of electric field whose constituent materials are defined
by perturbed three-band model of Kane can be written following [5] as

cos .L0k/ D 1

2
ˆ11 .E; ks/ (6.94)

where
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:

In the presence of a quantizing magnetic field B along z-direction, the simplified
magneto-dispersion relation can be written as
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The electron concentration is given by
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1=2; EFBGISL is the Fermi energy in the

present case,
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:

The field emitted current density is given by,
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; E19 is the root of the equation
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For perturbed two-band model of Kane, the forms of the electron concentration and
field emitted current density remain same where
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6.2.6 Field Emission from Quantum Wire Superlattices
of Optoelectronic Semiconductors with Graded
Interfaces

The dispersion relation in accordance with the perturbed three-band model of Kane,
in this case is given by
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The electron concentration per unit length is given by
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6.3 Results and Discussion

Using (6.54 and 6.61) and (6.55 and 6.62) together with the energy band constants
as given in Table 1.1, the field emitted current density under magnetic quantization
have been plotted with inverse quantizing magnetic field in accordance with the
perturbed three and two-band models of Kane in the presence of electric field for
InSb, InAs, Hg1�xCdxTe and In1�xGaxAsyP1�y lattice matched to InP as shown in
Figs. 6.1 and 6.2 respectively. The band gap of InSb and the lattice constant ( Na) of
the said material will determine the maximum allowable value of the electric field,
where Fm D Eg=ea.

The use of the said energy band constants leads to the numerical value of the
maximum allowable electric field as Fm D 3:63 � 108 V=m. It is important to
note that one cannot use arbitrary values of electric field F . This is because of the
fact that if F is greater than Fm, the electrical breakdown of the aforementioned
compound will occur. Therefore, one has to select those values of F for various
materials, so that the electrical breakdown does not occur. As a result, for different
compounds, the values of the electric field are different since the values of the
band gap and the lattice constants are different for different materials. From
Table 1.1, we can write that the values of Fm for InAs, Hg1�xCdxTe.x D 0:2/ and
In1�xGax AsyP1�y.x D 0:2 and y D 0:9/ lattice matched to InP are 7 � 108 V=m,
1�108 V=m, and 1:5�109 V=m, respectively. The value of the electric field should
be less than Fm and since the numerical values of Fm are different for different
materials, the value of F will also be selected accordingly to maintain the constraint.

Figure 6.1 shows that the difference between the perturbed three- and two-band
models of Kane at high values of the magnetic field is less. It appears that with the
increase of the magnetic field strength, the effect of band nonparabolicity merges
with each other due to the suppression of the spin–orbit splitting constant and the
energy band gap by the respective high value of the Fermi energy. It also appears
that the periods of oscillations are constant, together with the fact that with the
decrease in the magnetic field strength, the magnitude of the peak of oscillation
decreases. Figure 6.2 also exhibits the same phenomena for n-InSb and GaAs for
both perturbed three- and two-band models of Kane. The oscillatory dependence
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Fig. 6.1 Plot of the field emitted current density as a function of inverse quantizing magnetic
field in accordance with the perturbed three- and two-band models of Kane in the presence of
electric field for n-InSb and n-GaAs at field strength of 106 V m�1 and electron concentration of
1022 m�3respectively

of the field emitted current density is due to the SdH effect as discussed already.
The nature of variation of the curves is due to the fact that for large values of the
Fermi energies, the exponential part of the field emitted current density as given by
(6.61) and (6.62) dominates as compared with the F0.�11/ and F0.�12/ respectively.
This tends to make an exponential fall of the magnitude of J for each crossing of
the Landau subbands. Besides for low values of the Fermi energies, the opposite
phenomenon happens and, in turn, the variations become more sharper near the
discontinuities. It appears from the Figs. 6.1 and 6.2 that at high magnetic field, both
the materials InSb and InGaAsP are more prone to exhibit quantized oscillations in
the field emitted current density with higher magnitude than that of the GaAs and
HgCdTe. The reason behind this behavior is the very low effective masses of InSb
and InGaAsP, which marks significant peak in oscillations than that of the other
heavy effective electron mass systems.

Figures 6.3 and 6.4 exhibit the variation in the field emitted current density as
function of the carrier concentration for aforementioned materials. Sharp drop in
the field current density is due to the high value of the Fermi energy which makes
the exponential part to dominate. From the said figures, it appears that with the
increase in the carrier concentration, both the perturbed three- and two-band models
of Kane merge with each other.

Figure 6.5 exhibits the field emitted current density as function of electric field
for the said materials. It appears that the field current saturates above 106 V m�1 for
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Fig. 6.2 Plot of the field emitted current density as a function of inverse quantizing magnetic field
in accordance with the perturbed three- and two-band models of Kane in the presence of electric
field for n-HgCdTe and n-InGaAsP at field strength of 106 V m�1 and electron concentration of
1022 m�3 respectively

Fig. 6.3 Plot of the field emitted current density as a function of carrier concentration in
accordance with the perturbed three- and two-band models of Kane in the presence of electric
field for n-InSb and n-GaAs at field strength of 106 V m�1 where B D 10T
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Fig. 6.4 Plot of the field emitted current density as a function of carrier concentration in
accordance with the perturbed three- and two-band models of Kane in the presence of electric
field for n-HgCdTe and n-InGaAsP at field strength of 106 V m�1 where B D 10T

Fig. 6.5 Plot of the field emitted current density as a function of electric field in accordance with
the perturbed three- and two-band models of Kane in the presence of electric field for n-InSb,
n-GaAs, n-HgCdTe and n-InGaAsP at magnetic field strength of 10 T and carrier concentration of
1022 m�3 respectively
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all the materials. Thus, we observe the effect of saturation of electron velocity. Since
the graphs are presented for the lowest occupied subband, no oscillations are being
observed in this case. Incorporating several higher subbands, one would expect the
oscillatory velocity saturation curves. At this point, we note that the velocity of
the carriers at the Fermi level can also be a function of the magnetic field, which
in general, will oscillate if the field is varied. We have not shown such curves in
this case. One can generate this by numerically solving the (6.54) and (6.55) of
carrier statistics respectively for both the bands. It should be noted that the effect
of electron spin has not been considered in obtaining the oscillatory plots. The
peaks in all the figures would increase in number with decrease in amplitude if spin
splitting term is included in the respective numerical computations. Although in a
more rigorous treatment, the self-consistent procedure should be used, the simplified
analysis as presented here exhibits the basic qualitative features of the field emitted
current density in nonparabolic materials having perturbed three- and two-band
model of Kane in the presence of electric field under the magnetic quantization with
reasonable accuracy. We also do not increase the field strength beyond 107 V m�1,
since many other high field transport effect such as hot phonons and hot electrons
will arise signifying the issues of transverse negative differential resistance, etc., and
transforming the mathematical analysis into a formidable one for the generalized
systems as considered here and is clearly beyond the scope of the present literature.

Using (6.69) and (6.70), the field emitted current as function of electric field has
been plotted for quantum wires of n-InSb and n-InGaAsP as shown in Fig. 6.6 which
exhibits the fact that the field emitted current is more for InSb than that of InGaAsP.
Spatial oscillations in the current are clearly exhibited in Fig. 6.6 due to the existence
of van-Hove singularity in the density of states function in such 1D structures. On
comparing Fig. 6.6 with Fig. 6.5, we observe that the cut-in value of the field current
in quantum wires are more than that of the bulk case under magnetic quantization.
Physically, this is due to the spatial confinement of the carriers along the two
orthogonal directions. It appears that the field current increases with the increase
in the well width because of the generation of the subband levels in the presence
of size quantization. The close inspection signifies that for a particular subband,
the field current actually decreases. This is logical, since with the increase in the film
thickness the Fermi energy reduces, which consequently reduces the field current.
With the increase in the film thickness along both the directions, the current starts
to saturate at their respective bulk value. The field emitted current as function of
film thickness in quantum wires has been plotted in Fig. 6.7 in accordance with the
perturbed three- and two-band models of Kane in the presence of electric field for
n-InSb and n-InGaAsP respectively. One immediate conclusion about the tunneling
conductance can also be drawn from the Fig. 6.7. It appears that with the increase
of lateral dimension, the transmission of the carriers decays, although the carriers
present at the different higher sub-bands participate in the conduction process. This
tends to increase the transverse conductance due to tunneling, although for each
subband, the conductance decreases. It appears that the magnitudes of the quantum
jumps are not of same height indicating the signature of the band structure of the
material concerned.
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Fig. 6.6 Plot of the field emitted current as a function of electric field in quantum wires in
accordance with the perturbed three-band model of Kane, where the materials are quantum wires
of n-InSb, and n-InGaAsP respectively

Fig. 6.7 Plot of the field emitted current as a function of film thickness in quantum wires in
accordance with the perturbed three- and two-band models of Kane in the presence of electric
field for n-InSb and n-InGaAsP respectively
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Fig. 6.8 Plot of the field emitted current as a function of carrier concentration in quantum wires
in accordance with the perturbed three- and two-band models of Kane in the presence of electric
field for n-InSb and n-InGaAsP

Figure 6.8 exhibits the variation of the filed current as function of the carrier
density per unit length in this case. Similar trend of variation has been observed
when one compares Fig. 6.8 with Fig. 6.5. Since, we have taken the lowest subband,
it is logical to assume that almost all the carriers at low temperatures occupy
the lowest energy subband, we cannot observe any oscillatory behavior in the
field current. We find that a smooth increase and a sharp decrease in the field
current with carrier density are the characteristic behavior of the FNFE. With
large carrier distribution, we observe negligible deviation between the two types
of band nonparabolicity. It also appears from the Fig. 6.7 that the field current in
quantum wires exhibits a step like manner as considered here although the numerical
values vary widely and determined by the constants of the energy spectra. The step
dependence is due to the crossing over of the Fermi level by the size quantized
levels. For each coincidence of a quantized level with the Fermi level, there would
be a discontinuity in the density of states function resulting in a peak. With large
values of film thickness, the height of the steps decreases and the current decreases
with increasing film thickness in nonoscillatory manner and exhibit monotonic
decreasing dependence. The height of step size and the rate of decrement are
totally dependent on the band structure. The numerical values of the field current
in accordance with the perturbed three-band model of Kane is lower than that of
the corresponding two-band model, which reflects that fact that the presence of the
spin orbit splitting constant decreases the magnitude of the tunneling field current.



274 6 Field Emission from Quantum-Confined Optoelectronic Semiconductors

It may be noted that the presence of the band nonparabolicity in accordance with
the perturbed two-band model of Kane enhances the peaks of the ladder type field
current for all cases of quantum confinements. The appearance of the humps of the
respective curves is due to the redistribution of the electrons among the quantized
energy levels when the quantum numbers corresponding to the highest occupied
level changes from one fixed value to the others. Although the field current varies
in various manners with all the variables in all the limiting cases as evident from all
the curves, the rates of variations are totally band-structure dependent.

The variation of field current density for the effective mass superlattices for
InGaAs/InGaAsP and InAlSb/InSb as function of inverse magnetic field, carrier
density and electric field have been plotted in Figs. 6.9–6.11 respectively. It appears
that the variation in the field currents for all the present cases resembles a similar
shape of their corresponding bulk part under magnetic quantization. The decaying
rates of the currents in all the aforementioned cases are sharper than that of their
bulk counterpart. We also observe a significant increase in the magnitude of the
current in the aforementioned figures when compared with their bulk. This is due
to the very narrow value of the barrier width which makes a high transmission of
carriers. With the increase in the width, the current reduces and tends to its bulk
counterpart. Figures 6.12–6.14 exhibit the variation in the field current as function
of film thickness, carrier density and electric field respectively for quantum wire
effective mass superlattices and quantum wire superlattices with graded interfaces.
High suppression of the field current is exhibited with the increase in the lateral

Fig. 6.9 Plot of the field emitted current density as a function of inverse magnetic field in
accordance with the perturbed three- and two-band models of Kane in the presence of electric
field for InAlSb/InSb and InGaAs/InGaAsP effective mass superlattices
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Fig. 6.10 Plot of the field emitted current density in the presence of magnetic field as a function
of carrier concentration for InAlSb/InSb and InGaAs/InGaAsP effective mass superlattices
respectively in accordance with the perturbed three- and two-band models of Kane in the presence
of electric field

Fig. 6.11 Plot of the field emitted current density as a function of electric field for the InAlSb/InSb
and InGaAs/InGaAsP effective mass superlattices respectively in accordance with the perturbed
three- and two-band models of Kane in the presence of electric field
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Fig. 6.12 Plot of the field emitted current as a function of film thickness in accordance with the
perturbed three- and two-band models of Kane in the presence of electric field for (a) quantum
wire effective mass superlattices and (b) quantum wire superlattices with graded interface.The
superlattices taken are InAlSb/InSb and InGaAs/InGaAsP respectively

Fig. 6.13 Plot of the field emitted current as a function of carrier density in accordance with the
perturbed three- and two-band models of Kane in the presence of electric field for (a) quantum
wire effective mass superlattices and (b) quantum wire superlattices with graded interfaces. The
superlattices taken are InAlSb/InSb and InGaAs/InGaAsP respectively
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Fig. 6.14 Plot of the field emitted current as function of electric field in accordance with the
perturbed (a) three and (b) two band models of Kane in the presence of electric field for
InAlSb/InSb quantum wire effective mass superlattices and InGaAs/InGaAsP quantum wire
superlattices with graded interface respectively

Fig. 6.15 Plot of the field emitted current density as a function of alloy composition in accordance
with the perturbed three band model of Kane in the presence of electric field for InGaAs/InGaAsP
superlattices with graded interfaces where B D 10T and F D 105 V m�1 respectively

dimension. Although, many higher subbands levels are considered, still, we do not
observe such high quantum jumps as shown for the quantum wire systems. In the
present case, we see composite spatial oscillations in the current due to the selection
rules in the quantum numbers along the three confined directions. Figure 6.15
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280 6 Field Emission from Quantum-Confined Optoelectronic Semiconductors

exhibits the field emitted current density as function of alloy composition for the
perturbed three-band model of Kane electron dispersion relation of the constituent
materials in superlattices with graded interfaces. It appears that with the increase
in the alloy composition, the current density decreases for low carrier degeneracy,
while for higher values of the electron concentration, the field current density is
relatively invariant of alloy composition. It may be noted that the experimental
results for the verification of the theoretical analyses of this chapter are still not
available in the literature. For the last time, the carrier statistics and the FNFE from
different quantized optoelectronic materials have been presented in Table 6.1.

6.4 Open Research Problem

(R.6.1) Investigate the FNFE for all the systems as discussed in this book in the
presence of very strong electric field which changes the original band
structure and consider the effect of image force in the subsequent: study
in each case.
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Chapter 7
Applications and Brief Review of Experimental
Results

7.1 Introduction

In this monograph, we have investigated many aspects of FNFE based on the
dispersion relations of the semiconductor nanostructures of different technologically
important quantum-confined materials having different band structures. In this
chapter, we shall discuss few applications in this context in Sect. 7.2 and also present
a very brief review of the experimental investigations in Sect. 7.3 which is a sea in
itself. Section 7.4 contains the single experimental open research problem.

7.2 Applications

The investigations as presented in this monograph find nine different applications in
the realm of modern quantum effect devices.

7.2.1 Debye Screening Length

The Debye screening length (DSL) of the carriers in the semiconductors is a
fundamental quantity, characterizing the screening of the Coulomb field of the
ionized impurity centers by the free carriers. It affects many special features of the
modern semiconductor devices, the carrier mobility under different mechanisms of
scattering, and the carrier plasmas in semiconductors [1–14]. The DSL .LD/ can, in
general, be written as [4–14]

LD D
� jej2
"sc

@n0

@EF

��1=2
(7.1)

where n0 and EF are applicable for bulk samples.
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It is well known that the thermoelectric power of the carriers in semiconductors
in the presence of a classically large magnetic field is independent of scattering
mechanisms and is determined only by their energy band spectra [15]. The
magnitude of the thermoelectric power G can be written under the condition of
carrier degeneracy [15] as

G D
�
�2k2BT

3jejn0
��

@n0

@EF

�
(7.2)

Using (7.1) and (7.2), one obtains

LD D �
3jej3n0G="sc�

2k2BT
��1=2

(7.3)

Therefore, we can experimentally determineLD by knowing the experimental curve
of G versus carrier concentration at a fixed temperature. It is evident that the DSL
for a system can be investigated if the functional dependence between the electron
concentration and the Fermi energy of that particular material is known. For the
purpose of completeness, we present a few results of DSL as written below:

1. In the presence of external light waves, the DSL in optoelectronic materials
whose unperturbed conduction electrons obey the three- and two-band models
of Kane together with parabolic energy bands can, respectively, be expressed as

LD D
"�

e2

3�2"sc

��
2mc

„2
�3=2#�1=2



G0
70

�
EFl ; �;Eg0;�

�

C H 0
70

�
EFl ; �;Eg0;�

���1=2
(7.4)

LD D
"�

e2

3�2"sc
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2mc

„2
�3=2#�1=2
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71

�
EFl ; �;Eg0

�

C H 0
71

�
EFl; �; Eg0

���1=2
(7.5)

LD D
"�

e2

3�2"sc

��
2mc

„2
�3=2#�1=2



G0
72

�
EFl ; �;Eg0

�

C H 0
72

�
EFl ; �;Eg0

���1=2
(7.6)

where the primes indicate the differentiation of the differentiable functions with
respect to the Fermi energy, G70.EFl ; �;Eg0;�/ D Œˇ50.EFl; �; Eg0;�/


3=2,

H70.EF l ; �;Eg0;�/D
sP

rD1
zt .r/G70.EFl; �; Eg0;�/zt .r/D 2.kBT /

2r .1 � 21�2r /

�.2r/ @
2r

@E2rFl
; t D l or Fs , EFl is the Fermi energy as measured in the presence of light
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waves as measured from the edge of the conduction band in the vertically upward
direction in the absence of any field, G71.EFl; �; Eg0/ D Œ!50.EFl; �; Eg0/


3=2,
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� D
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�50
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��3=2
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2mc
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G71.EFl; �; Eg0/CH71.EFl; �; Eg0/
�

and

n0 D 1

3�2

�
2mc

„2
�3=2 


G72.EFl; �; Eg0/CH72.EFl; �; Eg0/
�

2. In the presence of intense electric field, the DSL in optoelectronic semiconduc-
tors in accordance with the perturbed three- and two-band models of Kane can,
respectively, be expressed as

LD D
"�

e2

3�2"sc

��
2mc

„2
�3=2#�1=2



g0
70 .EFs; F /C h0

70 .EFs; F /
��1=2

(7.7)
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(7.8)

g70 .EFs; F / D Œˇ .EFs; F /

3=2 ; h70 .EFs; F / D

sX

rD1
zt .r/g70 .EFs; F /

EFs is the Fermi energy as measured in the presence of intense electric field
as measured from the edge of the conduction band in the vertically upward
direction in the absence of any field g71.EFs; F / D Œˇ1.EFs; F /


3=2, h71.EFs; F / D
sP
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2mc
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In the absence of any field, the expressions for the DSL and the electron concen-
tration for optoelectronic semiconductors whose energy band structures are defined
by the unperturbed two-band model of Kane, under the condition .EFE�1

g0 / << 1,
assume the well-known forms as [8]

LD D
�
e2

"sc
NckBT

�
F�1=2.�/C 15˛kBT

4
F1=2.�/

		�1=2
(7.9)

n0 D Nc

�
F1=2.�/C 15˛kBT

4
F3=2.�/

	
(7.10)

where � D EF
kBT

.

7.2.2 Carrier Contribution to the Elastic Constants

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 [15–37]. The electronic contribution to the second- and third-order elastic
constants can be written as [15–37]

�C44 D �
�
G0
�2

9

@n0

@EF
; (7.11)

and

�C456 D
�
G0
�3

27

@2n0

@E2
F

; (7.12)

whereG0 is the deformation potential constant. Thus, using (7.11), (7.12), and (7.2),
we can write

�C44 D
h
�n0

�
G0
�2 jejG0=

�
3�2k2BT

�i
(7.13)

and

�C456 D
�
n0 jej �G0

�3
G2
0=.3�

4k3BT /
��
1C n0

G0

@G0

@n0

�
(7.14)

Thus, again the experimental graph of G0 versus n0 allows us to determine the
electronic contribution to the elastic constants for materials having arbitrary spectra.
We present a few results in this context:

i. The expressions for �C44 and �C456 in quantum wires of nonlinear optical
materials, III–V, II–VI, bismuth, IV–VI, stressed semiconductors, Te, n-GaP,
PtSb2, Bi2Te3, n-Ge, and II–V can, respectively, be expressed as
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(a) Nonlinear optical materials:

�C44 D �
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!
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nyD1
ŒB 0
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 (7.15)
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ŒB 00
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CB 00
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 (7.16)

(b) III–V materials:

1. Three-band model of Kane:
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2. Two-band model of Kane:
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3. The model of Stillman et al.:
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4. The model of Newson and Kurobe:

�C44 D �
 
2.G0/

2gv

9�

!
nxmaxX

nxD1

nymaxX

nyD1
ŒB 0

19.EF1D; nx; ny/

C B 0
20.EF1D; nx; ny/
 (7.23)

�C456 D
 
2.G0/

3gv

27�

!
nxmaxX

nxD1

nymaxX

nyD1
ŒB 00

19.EF1D; nx; ny/

C B 00
20.EF1D; nx; ny/
 (7.24)

5. The model of Palik et al.:
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(c) II–VI materials:
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(d) Bismuth:

1. The model of McClure and Choi:

�C44 D �2.G0/
2gv

9�

p
2m1

„
nymaxX

nyD1

nzmaxX
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2. Hybrid model:
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3. Cohen model:
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4. Lax model:
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(e) IV–VI materials:
Dimmock model:
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(f) Stressed materials:
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(g) Tellurium:
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(h) Gallium phosphide:
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(i) Platinum Antimonide:
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(j) Bismuth Telluride:
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(k) Germanium:

1. The model of Cardona et al:
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45 .EF1D; nx; nz/

�
(7.50)

2. The model of Wang and Ressler:

�C44 D �2.G0/
2gv

9�

nxmaxX

nxD1

nzmaxX

nzD1



B 0
46 .EF1D; nx; nz/

C B 0
47 .EF1D; nx; nz/

�
(7.51)

�C456 D 2.G0/
3gv

27�

nxmaxX

nxD1

nzmaxX

nzD1



B 00
46 .EF1D; nx; nz/

C B 00
47 .EF1D; nx; nz/

�
(7.52)

(l) Gallium Antimonide:

�C44 D �2.G0/
2gv

9�

nxmaxX

nxD1

nymaxX

nyD1



B 0
48

�
EF1D; nx; ny

�

C B 0
49

�
EF1D; nx; ny

��
(7.53)

�C456 D 2.G0/
3gv

27�

nxmaxX

nxD1

nymaxX

nyD1



B 00
48

�
EF1D; nx; ny

�

C B 00
49

�
EF1D; nx; ny

��
(7.54)

(m) II–V materials:

�C44 D � .G0/
2gv

9�

nxmaxX

nxD1

nymaxX

nyD1



B 0
49

�
EF1D; nx; ny

�

C B 0
50

�
EF1D; nx; ny

��
(7.55)

�C456 D .G0/
3gv

27�

nxmaxX

nxD1

nymaxX

nyD1



B 00
49

�
EF1D; nx; ny

�

C B 00
50

�
EF1D; nx; ny

��
(7.56)
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7.2.3 Effective Electron Mass

The concept of effective mass of the carriers in different materials, being connected
with the mobility, is important in the whole field of solid state and related sciences
and is used for the analysis of the semiconductor devices under different operating
conditions in general [38]. Among the various definitions of the effective electron
mass [39] (e.g., density of states mass, conductivity mass, acceleration effective
mass, Faraday rotation effective mass, concentration effective mass), it is the
effective momentum mass that should be regarded as the basic quantity [40].
This is due to the fact that it is this mass which appears in the description of
transport phenomena and all other properties of the conduction electrons of the
semiconductors having arbitrary dispersion laws [41]. It is the effective momentum
mass which enters in various transport coefficients and plays the most dominant
role in explaining the experimental results under different scattering mechanisms
[41, 42]. The carrier degeneracy in semiconductors influences the effective mass
when it is energy dependent. Under degenerate conditions, only the electrons at the
Fermi surface of n-type semiconductors participate in the conduction process and
hence the effective momentum mass of the electrons (EMM) corresponding to the
Fermi level would be of interest in electron transport under such conditions. The
Fermi energy is again determined by the carrier energy spectrum and the carrier
concentration and therefore these two features would determine the dependence
of the EMM in degenerate materials on the degree of carrier degeneracy. In
recent years, the EMM in such materials under different external conditions has
been studied extensively [43–62]. It has different values in different materials and
varies with electron concentration, with the magnitude of the reciprocal quantizing
magnetic field under magnetic quantization, with the quantizing electric field as
in inversion layers, with the nanothickness as in quantum wells and quantum well
wires and with superlattice period as in the quantum confined superlattices having
various carrier energy spectra.

The expression of the EMM in the i th direction is given by

m�
i .EF / D „2

�
ki0

�
@ki0
@E

�	ˇˇ
ˇ
ˇ
EDEF

(7.57)

where i0 D x, y, and z.
For the purpose of condensed presentation, we present a few results of the EMM

under different external conditions in this context:

1. The expressions of EMMs in bulk specimens of optoelectronic materials in the
presence of light waves whose unperturbed conduction electrons obey the
three- and two-band models of Kane together with parabolic energy bands can,
respectively, be written as
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m�.EFl; �; Eg0;�/ D mcˇ
0
50.EFl; �; Eg0;�/ (7.58)

m�.EFl; �; Eg0/ D mc!
0
50.EFl; �; Eg0/ (7.59)

m�.EFl; �; Eg0/ D mc�
0
50.EFl; �; Eg0/ (7.60)

2. The expressions of EMMs in bulk specimens of optoelectronic materials in the
presence of intense electric field whose unperturbed conduction electrons obey
the three- and two-band models of Kane can, respectively, be written as

m�.EFs; F / D mcˇ
0.EFs; F / (7.61)

m�.EFs; F / D mcˇ
0
1.EFs; F / (7.62)

In the absence of any fields, the EMM in bulk specimens of optoelectronic
materials whose unperturbed conduction electrons obey the three- and two-
band models of Kane together with parabolic energy bands can, respectively,
be written as

m�.EF / D mc�
0.EF / (7.63)

m�.EF / D mc.1C 2˛EF / (7.64)

m�.EF / D mc (7.65)

Comparing (7.58) with (7.63), we observe that the presence of light waves
makes the mass wavelength dependent and again comparing (7.61) with (7.63)
we can write that in the presence of intense electric field generates electric
field dependent EMM in accordance with three-band model of Kane. Besides,
the comparison among (7.65) and (7.60) attribute the fact that the EMM for
materials, whose conduction electrons obey the perfect parabolic energy bands
in the absence of any fields, in the presence of light waves is a function of
Fermi energy, wavelength, and the band gap instead of well-known constant
independent of any variable.

3. The expressions of the EMMs in nonlinear optical, III–V, II–VI, bismuth,
IV–VI, stressed materials, Te, n-GaP, PtSb2;Bi2Te3, n-Ge, GaSb, and II–V in
the presence of quantizing magnetic field are given below:

(a) Nonlinear optical materials:

m�
˙.EFB; n/ D „2

2
A0
31;˙.EFB; n/ (7.66)

(b) III–V materials:

1. Three-band model of Kane:

m�̇ .EFB; n/ D mcA
0
32;˙.EFB; n/ (7.67)
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2. Two-band model of Kane:

m�.EFB/ D mc.1C 2˛EFB/ (7.68)

3. The model of Stillman et al:

m�.EFB; n/ D mcA
0
33.EFB; n/ (7.69)

4. The model of Palik et al:

m�̇ .EFB; n/ D „2
2
A0
35;˙.EFB; n/ (7.70)

(c) II–VI materials:

m�̇ .EFB; n/ D m�
k (7.71)

(d) Bismuth:

1. The McClure and Choi model:

m�̇ .EFB; n/ D „2
2
A0
36;˙.EFB; n/ (7.72)

2. The Cohen model:

m�̇ .EFB; n/ D m3A
0
38;˙.EFB; n/ (7.73)

3. The Lax model:

m�.EFB/ D m3.1C 2˛EFB/ (7.74)

4. The Ellipsoidal energy bands:

m�.EFB/ D m3 (7.75)

(e) IV–VI materials:

1. The Dimmock model:

m�.EFB; n/ D „2
2
A0
42.EFB; n/ (7.76)

2. The Model of Bangert and Kastner:

m�.EFB; n/ D „2
2
A0
44.EFB; n/ (7.77)
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3. The Model of Foley and Landenberg:

m�.EFB; n/ D „2
2
A0
46.EFB; n/ (7.78)

(f) Stressed materials:

m�.EFB; n/ D „2
2
A0
48.EFB; n/ (7.79)

(g) Tellurium:

m�̇ .EFB; n/ D „2
2
A0
50;˙.EFB; n/ (7.80)

(h) Gallium Phosphide:

m�̇ .EFB; n/ D „2
2
A0
52;˙.EFB; n/ (7.81)

(i) Platinum Antimonide:

m�̇ .EFB; n/ D „2
2
A0
55;˙.EFB; n/ (7.82)

(j) Bismuth Telluride:

m�.EFB/ D „2
2 N!1 .1C 2˛EFB/ (7.83)

(k) Germanium:

1. The model of Cardona et al.:

m�.EFB; n/ D m�
kA

0
69.EFB; n/ (7.84)

2. The model of Wang and Ressler:

m�.EFB; n/ D m�
kA

0
71.EFB; n/ (7.85)

(l) Gallium Antimonide:

m�.EFB/ D mcI
0
16.EFB/ (7.86)

(m) II–V compounds:

m�̇ .EFB; n/ D „2
2
A0
75;˙.EFB; n/ (7.87)
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From the different chapters of this monograph, the EMM can be formulated
by using the respective dispersion relation and their dependences with respect
to various variables can also be studied. In many cases, in addition to Fermi
energy and other system constraints, the effective mass will depend on the
quantum numbers depending on particular band structure under different
physical conditions.

7.2.4 Diffusivity–Mobility Ratio

The diffusivity .D/ to mobility .�/ ratio (DMR) of the carriers in semiconductor
devices is known to be very useful [63] since the diffusion constant (a quantity
often used in device analysis but whose exact experimental determination is rather
difficult) can be obtained from this ratio by knowing the experimental values of
the mobility. In addition, it is more accurate than any of the individual relation
for the diffusivity or the mobility, which are the two widely used quantities of
carrier transport of modern nanostructured materials and devices. The classical
DMR equation is valid for both types of carriers. In its conventional form, it appears
that the DMR increases linearly with the temperature T being independent of
the carrier concentration. This relation holds only under the condition of carrier
nondegeneracy although its validity has been suggested erroneously for degenerate
materials [64]. The performance of the electron devices at the device terminals and
the speed of operation of modern switching transistors are significantly influenced
by the degree of carrier degeneracy present in these devices [65]. The simplest way
of analyzing them under degenerate condition is to use the appropriate DMR to
express the performance of the devices at the device terminals and the switching
speed in terms of the carrier concentration [65].

It is well known from the fundamental work of Landsberg [66–68] that
the DMR for electronic materials having degenerate electron concentration is
essentially determined by their respective energy band structures. This relation
is useful for semiconductor homostructures [69,70], semiconductor–semiconductor
heterostructures [71, 72], metals–semiconductor heterostructures [73–77], and
insulator–semiconductor heterostructures [78–81]. It has different values in different
materials and varies with the doping, with the magnitude of the reciprocal quantizing
magnetic field under magnetic quantization, with the quantizing electric field as in
inversion layers, with the nanothickness as in quantum wells and quantum well
wires and with superlattice period as in the quantum-confined superlattices of small
gap semiconductors with graded interfaces having various carrier energy spectra
[82–94]. It can, in general, be proved that for bulk specimens the DMR is given
by [82]

D

�
D
�
n0

jej
���

@n0

@EF

�
(7.88)
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The electric quantum limit as in inversion layers and nipi structures refers to the
lowest electric subband and (7.88) assumes the form [82]

D

�
D
� Nn0

jej
�� 

@ Nn0
@
�
EF0 �E0

�

!

(7.89)

where Nn0; EF0, and E0 are the electron concentration, the energy of the electric
subband, and the Fermi energy in the electric quantum limit.

For inversion layers and the nipi structures, under the condition of electric
quantum limit, (7.2) assumes the form [15]

G D
�
�2k2BT

3 jej Nn0
�"

d Nn0
d
�
EF0 � E0

�

#

(7.90)

Using the appropriate equations one obtains

D

�
D
�
�2k2BT

3 jej2 G
�

(7.91)

Thus, the DMR for degenerate materials can be determined by knowing the
experimental values of G.

The suggestion for the experimental determination of the DMR for degenerate
semiconductors having arbitrary dispersion laws as given by (7.91) 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
concentration will generate the experimental values of the DMR for that range of n0
for that system. SinceG decreases with increasing n0, from (7.91) one can infer that
the DMR will increase with increase in n0. This statement is the compatibility test
so far as the suggestion for the experimental determination of DMR for degenerate
materials is concerned.

Although the DMR has extensively been investigated in the literature [82–89],
it appears that the influence of electric field on the DMR in optoelectronic
semiconductors together with its various quantum-confined counterpart has yet to
be reported. We present few results in this context.

(a) In the presence of intense electric field, the DMR in III–V, ternary, and
quaternary materials in accordance with perturbed three- and two-band models
of Kane can, respectively, be expressed as

D

�
D 1

e

�
g70 .EFs; F /C h70 .EFs; F /

g0
70 .EFs; F /C h0

70 .EFs; F /

	
(7.92)

D

�
D 1

e

�
g71 .EFs; F /C h71 .EFs; F /

g0
71 .EFs; F /C h0

71 .EFs; F /

	
(7.93)
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In the absence of any field, the expressions for the DMR for optoelectronic
materials whose energy band structures are defined by the unperturbed two-band
model of Kane, under the condition .EFEg0�1/ � 1 assume the well-known
forms as [82]

D

�
D kBT

e

"
F1=2.�/C 15˛kBT

4
F3=2.�/

F�1=2.�/C 15˛kBT
4

F1=2.�/

#

(7.94)

(b) In the presence of intense electric field, the DMR in III–V, ternary, and
quaternary materials in accordance with perturbed three- and two-band models
of Kane can, respectively, be expressed under magnetic quantization as

D

�
D 1

e

2

6
6
4

nmaxP

nD0
ŒQ11.EFB; F; n/CQ12.EFB; F; n/


nmaxP

nD0
ŒQ0

11.EFB; F; n/CQ0
12.EFB; F; n/


3

7
7
5 (7.95)

and

D

�
D 1

e

2

66
4

nmaxP

nD0
ŒQ13.EFB; F; n/CQ14.EFB; F; n/


nmaxP

nD0
ŒQ0

13.EFB; F; n/CQ0
14.EFB; F; n/


3

77
5 (7.96)

(c) In the presence of intense electric field, the DMR in quantum wires of III–V,
ternary, and quaternary materials in accordance with perturbed three- and two-
band models of Kane can, respectively, be expressed as

D

�
D 1

e

2

6
6
6
4

nz maxP

nzD1

nymaxP

nyD1
ŒQ15.EF1D; F; ny; nz/CQ16.EF1D; F; ny ; nz/


nz maxP

nzD1

nymaxP

nyD1
ŒQ0

15.EF1D; F; ny; nz/CQ0
16.EF1D; F; ny ; nz/


3

7
7
7
5

(7.97)

D

�
D 1

e

2

6
6
6
4

nz maxP

nzD1

nymaxP

nyD1
ŒQ17.EF1D; F; ny; nz/CQ18.EF1D; F; ny ; nz/


nz maxP

nzD1

nymaxP

nyD1
ŒQ0

17.EF1D; F; ny; nz/CQ0
18.EF1D; F; ny ; nz/


3

7
7
7
5

(7.98)

(d) In the presence of intense electric field, the DMR in effective mass superlattices
of optoelectronic materials in accordance with perturbed three- and two-band
models of Kane can, respectively, be expressed under magnetic quantization as

D

�
D 1

e

2

6
6
4

nmaxP

nD0
ŒQ19.EFB; F; n/CQ20.EFB; F; n/


nmaxP

nD0
ŒQ0

19.EFB; F; n/CQ0
20.EFB; F; n/


3

7
7
5 (7.99)
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and

D

�
D 1

e

2

6
6
4

nmaxP

nD0
ŒQ21.EFB; F; n/CQ22.EFB; F; n/


nmaxP

nD0
ŒQ0

21.EFB; F; n/CQ0
22.EFB; F; n/


3

7
7
5 (7.100)

(e) In the presence of intense electric field, the DMR in quantum wire effective mass
superlattices of optoelectronic materials in accordance with perturbed three- and
two-band models of Kane can, respectively, be expressed as

D

�
D 1

e

2

6
6
6
4

nz maxP

nzD1

nymaxP

nyD1
ŒQ23.EFIDEMSL; F; ny; nz/CQ24.EFIDEMSL; F; ny; nz/
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nyD1
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7
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(7.101)
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nymaxP

nyD1
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(7.102)

(f) In the presence of intense electric field, the DMR in superlattices of optoelec-
tronic materials with graded interfaces in accordance with perturbed three-band
model of Kane can be expressed under magnetic quantization as

D
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D 1

e
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4

nmaxP

nD0
ŒQ27.EFBGISL; F; n/CQ28.EFBGISL; F; n/


nmaxP

nD0
ŒQ0
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3

7
7
5 (7.103)

(g) In the presence of intense electric field, the DMR in quantum wire superlattices
of optoelectronic materials with graded interfaces in accordance with perturbed
three-band model of Kane can be expressed as

D
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D 1

e
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66
6
4

nz maxP

nzD1

nymaxP

nyD1
ŒQ29
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EFQWGISL; F; ny; nz
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3

77
7
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(7.104)

With the advent of ultra-small devices, the influence of electric field is of
crucial importance in the whole spectrum of nanoscience and technology.
In this particular section, we have formulated the DMR in optoelectronic
semiconductors and their nanostructures in the presence of intense electric field.
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Fig. 7.1 Plots of the normalized incremental band gap .�Eg/ for n � Hg1�xCdxTe as a function
of normalized light intensity in which the curves (a) and (b) represent the perturbed three- and two-
band models of Kane respectively. The curve (c) represents the same variation in n � Hg1�xCdxTe
in accordance with the perturbed parabolic energy bands

7.2.5 Measurement of Bandgap in the Presence of Light Waves

Using (5.1), (5.2), and (5.3), the normalized incremental band gap (�Eg/ has been
plotted as a function of normalized I0 (for a given wavelength and considering red
light for which � D 660 nm/ at T D 4:2K in Figs. 7.1 and 7.2 for n � Hg1�xCdxTe
and n-In1�xGaxAsyP1�y lattice matched to InP in accordance with the perturbed
three- and two-band models of Kane and that of perturbed parabolic energy bands,
respectively. In Figs. 7.3 and 7.4, the normalized incremental band gap has been
plotted for the aforementioned optoelectronic compounds as a function of �. 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 causes to increase the band gap of semiconductors. We propose the
following two experiments for the measurement of band gap of semiconductors
under photoexcitation.

(A) A white light with color filter is allowed to fall on a semiconductor and
the optical absorption coefficient .˛0/ is being measured experimentally. For
different colors of light, ˛0 is measured and ˛0 versus „! (the incident photon
energy) is plotted and we extrapolate the curve such that ˛0 ! 0 at a particular
value „!1. This „!1 is the unperturbed band gap of the semiconductor. During
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Fig. 7.2 Plots of the normalized incremental band gap .�Eg/ for In1�xGaxAsyP1�y lattice
matched to InP as a function of normalized light intensity for all cases of Fig. 7.1

Fig. 7.3 Plots of the normalized incremental band gap .�Eg/ for Hg1�xCdxTe as a function of
wavelength for all cases of Fig. 7.1
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Fig. 7.4 Plots of the normalized incremental band gap .�Eg/ for In1�xGsx AsyP1� y lattice
matched to InP as a function of wavelength for all cases of Fig. 7.2

this process, we vary the wavelength with fixed I0. From our present study,
we have observed that the band gap of the semiconductor increases for various
values of � when I0 is fixed (from Figs. 5.3 and 5.4). This implies that the band
gap of the semiconductor measured (i.e., „!1 D Eg/ is not the unperturbed
band gap Eg0 but the perturbed band gap Eg; where Eg D Eg0 C�Eg, �Eg
is the increased band gap at „!1. Conventionally, we consider this Eg as the
unperturbed band gap of the semiconductor and this particular concept needs
modification. Furthermore, if we vary I0 for a monochromatic light (when �
is fixed) the band gap of the semiconductor will also change consequently
(Figs. 5.1 and 5.2). Consequently, the absorption coefficient will change with
the intensity of light [95]. For the overall understanding, the detailed theoretical
and experimental investigations are needed in this context for various materials
having different band structures.

(B) The conventional idea for the measurement of the band gap of the semiconduc-
tors is the fact that the minimum photon energy h� (� is the frequency of the
monochromatic light) should be equal to the band gapEg0 (unperturbed) of the
semiconductor, i.e.,

h� D Eg0 (7.105)

In this case, � is fixed for a given monochromatic light and the semiconductor is
exposed to a light of wavelength �. Also the intensity of the light is fixed. From
Figs. 7.3 and 7.4, we observe that the band gap of the semiconductor is notEg0 (for
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a minimum value of h�/ but Eg , the perturbed band gap. Thus, we can rewrite the
above equality as

h� D Eg (7.106)

Furthermore, if we vary the intensity of light (Figs. 7.1 and 7.2) for the study of
photoemission, the minimum photon energy should be

h�1 D Eg1 (7.107)

whereEg1 is the perturbed band gap of the semiconductor due to various intensities
of light when � and �1 are different.

Thus, we arrive at the following conclusions:

(a) Under different intensities of light, keeping � fixed, the condition of band gap
measurement is given by

h�1 D Eg1 D Eg0 C�Eg1 (7.108)

(b) Under different colors of light, keeping the intensity fixed, the condition of band
gap measurement assumes the form

h� D Eg D Eg0 C�Eg (7.109)

and not the conventional result as given by (7.105).

7.2.6 Diffusion Coefficient of the Minority Carriers

This particular coefficient in quantum-confined lasers can be expressed [82] as

Di=D0 D dEFi=dEF (7.110)

where Di and D0 are the diffusion coefficients of the minority carriers both in the
presence and in the absence of quantum confinements and EFi and EF are the
Fermi energies in the respective cases. It appears then that the formulation of the
above ratio requires a relation between EFi and EF , which, in turn, is determined
by the appropriate carrier statistics. Thus, our present study plays an important
role in determining the diffusion coefficients of the minority carriers of quantum-
confined lasers with materials having arbitrary band structures. Therefore, in the
investigation of the optical excitation of the optoelectronic materials, which leads
to the study of the ambipolar diffusion coefficients, the present results contribute
significantly.
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7.2.7 Nonlinear Optical Response

The nonlinear response from the optical excitation of the free carriers is given
by [96]

Z0 D �e2
!2„2

Z 1

0

�
kx
@kx

@E

��1
f .E/N .E/ dE (7.111)

where ! is the optical angular frequency, N.E/ is the density of states function.
From the various E–k relations of different materials under different physical
conditions, we can formulate the expression of N.E/ and from band structure we
can derive the term .kx

@kx
@E
/ and thus by using the density of states function as

formulated, we can study the Z0 for all types of materials as considered in this
monograph.

7.2.8 Third-Order Nonlinear Optical Susceptibility

This particular susceptibility can be written as [97]


NP .!1; !2; !3/ D n0e
4
˝
"4
˛

24!1!2!3 .!1 C !2 C !3/ „4 (7.112)

wnere n0h"4i D R1
0

@4E
@k4z
N.E/f .E/dE and the other notations are defined in

[97]. The term . @
4E
@k4z
/ can be formulated by using the dispersion relations of

different materials as given in appropriate sections of this monograph. Thus, one can
investigate the 
NP.!1; !2; !3/ for all materials as considered in this monograph.

7.2.9 Generalized Raman Gain

The generalized Raman gain in optoelectronic materials can be expressed as [98]

RG D I

�
16�2c2

„!�g!2s nsnp
��

��

�

� �
e2

mc2

�2
m2R2

!

(7.113)

where I D P

n:tz

Œf0.n; kz "/� f0.n; kz #/
, f0.n; kz "/ is the Fermi factor for spin-

up Landau levels, f0.n; kz #/ is the Fermi factor for spin down Landau levels,
n is the Landau quantum number and the other notations are defined in [98]. It
appears then the formulation of RG is determined by the appropriate derivation of
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I which in turn requires the magneto-dispersion relations. By using the formulas of
the Chaps. 5,6,7, 11, 12, and 13, the band structure as derived in the said chapters
RG can, in general, be investigated.

7.3 Brief Review of Experimental Works

The experimental aspect of FNFE is very wide and it is virtually impossible to
even highlight the major developments in a single chapter. It may be noted that
FNFE from carbon nanotubes has been studied in the literature without considering
the fact that in the presence of intense electric field, the band structure of the
carbon nanotubes changes profoundly. For the purpose of condensed presentation,
the Sect. 7.3.1 contains the investigation of FNFE from carbon nanotubes in the
presence of intense electric field, the optimization of Fowler–Nordheim (FN) field
emission current from nanostructured materials is given in Sect. 7.3.2, and the very
brief summary of the experimental studies of FNFE from nanostructured materials
have been discussed in Sect. 7.3.3.

7.3.1 Field Emission from Carbon Nanotubes in the Presence
of Strong Electric Field

The E � ky relation for the arm chair and zigzag carbon nanotubes throughout the
entire Brillouin zone can be expressed as

E D tc Œ1C 4 cos.��=n/ cos.kyac
p
3=2/C 4 cos2.kyac

p
3=2/


1
2 (7.114a)

and

E D tcŒ1C 4 cos.��=n/ cos.kyac3=2/C 4 cos2.��=n/

1
2 (7.115a)

where tc is the C–C bonding energy, � D 1; 2; 3; : : : ; 2n and ac is the nearest
neighbor C–C bonding distance.

For armchair and zigzag carbon nanotubes, the energy dispersion relations, in the
presence of electric field, assume the forms

kx D 2p
3ac

A1.E;Ei ; F / (7.114b)

and

kx D 2

3ac
A2.E;Ei ; F / (7.115b)
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The electron statistics can, respectively, be expressed as
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The field emitted current for armchair and zigzag nanotubes can, respectively, be
expressed as

I D 4ekBT
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Using the appropriate equations together with the energy band constants as given
in Table 1.1, we have plotted the field emitted current as function of electric field
for different electron degeneracies in Figs. 7.5 and 7.6 respectively. For the purpose
of simplicity, we have assumed a chiral independent work function of 4.2 eV for
single-wall carbon nanotubes (SWCNs). It appears that the threshold current starts
for field strength of about 104V m�1 which is abruptly low as compared with the
threshold field for metals, which usually occurs beyond 109 V m�1. We note that as
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Fig. 7.5 Plot of the field emitted current as function of electric field for different chiral single-
walled carbon nanotubes for n0 D 105m�1

Fig. 7.6 Plot of the field emitted current as function of electric field for different chiral single-
walled carbon nanotubes for n0 D 108m�1

the carrier degeneracy increases, the magnitude of the field current also increases
to as large as a few tens of microamperes as also reported elsewhere [99]. With the
increase of carrier degeneracy, the magnitude of the field emitted current increases.
Moreover, an oscillating current is found for both the carrier degeneracies with
the increase in the electric field. The reason for these oscillations is due to the
appearance of the van Hove singularities. The influence of quantum confinement
is immediately being apparent from all the figures, since the field emission from
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nanotubes depends strongly on the subband energies owing to Born von Karman
boundary conditions in contrast with bulk specimens. It appears from the Figs. 7.5
and 7.6 that the emission current exhibit spikes for particular values of electric
field where the singularity occurs. This will be different for other SWCNs due to
different spectra constants. The field emission from nanotubes can be more than
that of the quantum wires of different compounds and can become several orders
of magnitude larger than of bulk specimens of the same materials, which is also a
direct signature of quantum confinement. The appearance of the discrete jumps in
the 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 electric field, a change is reflected in the field emission through
the redistribution of the electrons among the quantized levels as noted already. It
may be remarked that at the transition zone from one subband to another, the height
of the peaks between any two subbands decreases with the increase in the degree
of quantum confinement and is clearly shown in Figs. 7.5 and 7.6. Besides, the
rate of change of emission current of different SWCNs are totally band-structure
dependent. The numerical values of the field emitted current in all (m; n) cases vary
widely, and are determined thoroughly by the chiral indices and diameter of the
SWCNs. From the said figs, we can assess the influence of chiral index numbers on
the emission current from SWCNs, and it further appears that the numerical values
of the current from SWCNs are the greatest together with the fact that the oscillatory
dependence is due to the crossing over of the Fermi level by the quantized level due
to van Hove singularities.

This oscillatory dependence will be less and less prominent with increasing nan-
otube radius and carrier degeneracy respectively. Ultimately, for larger diameters,
the current will be found to be less prominent resulting in monotonic increasing
variation. In this context, it may be noted that there has been enormous amount
of experimental works on the field emission from different types of nanotubes and
we hope that investigations on the different physical properties of graphene will be
accelerated by the fact that the Nobel prize in Physics 2010 was awarded jointly
to Andre Geim and Konstantin Novoselov “For Groundbreaking Experiments
Regarding the Two-Dimensional Material Graphene.”

7.3.2 Optimization of Fowler–Nordheim (FN) Field Emission
Current from Nanostructured Materials

It is important to find out the possible values of the energy band constants of the
different materials having different band structures for the maximization of the
FN field emission current from the one-dimensional wires since an experimentalist
desires to optimize the same from nanowire systems. The accurate answer of this
practical aspect is both difficult and deep since the FN field emission current is a
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Fig. 7.7 Figure exhibits the surface contour plot of the field emission current (in 10�5 A)
as function of Fermi energy and work function for n-InSb quantum wire following a basic
parabolic energy dispersion relation at the lowest subband level. The cross-sectional dimensions
are 25 nm � 20 nm at a field strength of 5� 109 V m�1

function of the Fermi energy, the electric field (which is the essential singularity
of the tunneling probability at the zero value of it) and other spectrum constants
like effective mass, band gap, the work function of the material (as can be seen
throughout the book), and also since many physical variables depend on the film
thickness. Mathematically the problem lies in the domain of nonlinear programming
and the computer simulation of the Lagrange method of undetermined multipliers
will not throw light into it. All the figures as presented in this book have been dealt
with the bulk value of the corresponding work function for the simplification of
numerical computation. Our numerical simulation is a simplified one and thus to
obtain a rather good match with the experimental data, one has to consider the
size dependent material parameters. Since the experimental data of the material
constants for the quantum confined counterparts of semiconductors are not available
for all the materials as considered in this book, we in turn present in Figs. 7.7–7.9,
a “thumb rule” for guessing the FN field emission current at low temperatures.
We have taken only one subband since, at low temperatures, almost all the carries
occupies the lowest possible subband where the quantum effects become prominent.

From Fig. 7.7, we observe that in order to get a field emitted current of few tenths
of microampers, one has to dope the system such that a Fermi energy of about 1.5–2
eV is reached for a dramatic less value in the n-InSb work function. Similar case
has been shown in Fig. 7.8 for n-GaAs. We observe from Fig. 7.8 that by assuming
that the effective mass to be constant, comparatively a low doping corresponding
to a Fermi energy of 0.7 eV is sufficient to obtain a few tenths of microampere FN
field emission current, although the magnitude of current in n-InSb is much higher.
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Fig. 7.8 Figure exhibits the surface contour plot of the field emission current (in 10�5 A) as
function of Fermi energy and work function for n-GaAs quantum wire following a basic parabolic
energy dispersion relation at the lowest subband level. The cross-sectional dimensions are 25 nm�
20 nm at a field strength of 5� 109 Vm�1

Fig. 7.9 Figure exhibits the surface contour plot of the field emission current (in 10�5 A) as
function of Fermi energy and effective mass for n-InSb quantum wire following a basic parabolic
energy dispersion relation at the lowest subband level. The cross-sectional dimensions are 25 nm�
20 nm at a field strength of 5� 109 V m�1

Figure 7.9 presents the surface contour plot of the field current as functions of Fermi
energy and electron effective mass for quantum wires of n-InSb. Thus, we observe
that to obtain a higher value of the field emission current, one has to reduce the value
of the effective mass and consider the materials with low values of effective electron
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mass are necessary together with the fact that within the desired operating zone of
any field emitting device, an extremely low value of the electron effective mass
apparently dominates over the Fermi level.

7.3.3 Very Brief Description of Experimental Results
of FNFE from Nanostructured Materials

We now embark on the very difficult assignment of brief highlighting of the
experimental investigations of FNFE from nanostructured materials for the purpose
of condensed presentation. In recent years, the Heeres group [100] has developed
a procedure to mount individual semiconductor indium arsenide nanowires onto
tungsten support tips to serve as electron field emission sources. The electron
emission properties of the single nanowires were precisely determined by measuring
the emission pattern, current–voltage curve, and the energy spectrum of the
emitted electron beam. The two investigated nanowires showed stable, Fowler–
Nordheim-like emission behavior and a small energy spread. Their morphology
was characterized afterward using transmission electron microscopy. The experi-
mentally derived field enhancement factor corresponded to the one calculated using
the basic structural information. The observed emission behavior contrasts the often
unstable emission and large energy spread found for semiconductor emitters and
supports the concept of Fermi-level pinning in indium arsenide nanowires. Indium
arsenide nanowires may thus present a new type of semiconductor electron sources.
Lee et al. [101] studied the field electron emission from vertically well-aligned zinc
oxide 
ZnO nanowires, which were grown by the vapor deposition method at a low
temperature of 550ıC. The high-purity ZnO nanowires showed a single crystalline
wurtzite structure. The turn-on voltage for the ZnO nanowires was found to be about
6:0V mm�1 at current density of 0:1mA cm�2. The emission current density from
the ZnO nanowires reached 1mA cm�2 at a bias field of 11:0V mm�1, which could
give sufficient brightness as a field emitter in a flat panel display. Therefore, the well-
aligned ZnO nanowires grown at such low temperature can promise the application
of a glass-sealed flat panel display in a near future.

Using a vapor transport method, ZnO nanowires were selectively synthesized by
Dong et al. [102] both on tungsten tips as electron field emitters and on tungsten
plates with designed patterns. Control of the growth locations of the nanowires was
accomplished by selectively positioning a thin film of Au catalyst. The angular
intensity and fluctuation of the field emission current from the ZnO nanowires
synthesized on tungsten tips have been demonstrated to be similar to those of
carbon nanotubes. A self-destruction limit of 0:1mA sr�1 for angular intensity was
observed, and the power spectra showed a 1=f3=2 characteristic from 1 Hz to 6 kHz.
The ZnO nanowires synthesized by vapor–liquid–solid growth mechanism with Cu
and Au as the catalyst were investigated by Li et al. [103]. The principal differences
in morphology between Cu and Au catalyzed ZnO nanowires are observed and lead
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to significant differences in their field emission and photofluorescent characteristics.
The Cu catalyzed ZnO nanowires with a high-quality wurtzite structure were grown
vertically on p-type Si
100 substrate along [0002] direction. A strong ultraviolet
emission at 381 nm is observed. These ZnO nanowires show excellent field emission
properties with turn-on field of 0:83V mm�1 and corresponding current density of
25mA cm�2. The emitted current density of the ZnO nanowires is 1:52mA cm�2
at a bias field of 8:5V mm�1. The large field emission area factor, b; arising from
the morphology of the nanowire field emitter, is partly responsible for the good
emission characteristics. The ZnO nanowires with high emission current density
and low turn-on field are expected to be used in field emission flat panel display.

The group of Khademi [104] reported the field emission properties of molybde-
num oxide nanowires grown on a silicon substrate and its emission performance in
various vacuum gaps. A new kind of molybdenum oxides named nanowires with
nanoscale protrusions on their surfaces were grown by thermal vapor deposition
with a length of 
1�m and an average diameter of 
50 nm. The morphology,
structure, composition, and chemical states of the prepared nanostructures were
characterized by scanning electron microscopy (SEM), high-resolution transmission
electron microscopy (HRTEM), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS). According to XRD, XPS, and TEM analyses, the synthesized
samples were composed of MoO2 nanowires formed over a thin layer of crystalline
Mo4O11. TEM observation revealed that these nanowires have some nanoscale
protrusion on their surface. These nanoprotrusions resulted in enhancement of field
emission properties of nanowires comprising nanoprotrusions. The turn-on emission
field and the enhancement factor of this type of nanostructures were measured
as 0:2V �m�1 and 42991 at the vacuum gap of 300�m, respectively. These
excellent emission properties are attributed to the special structure of the nanowires
that have potential to be utilized in vacuum nanoelectronic and microelectronic
applications. It may be noted that Wang et al. [105] investigated the field emission
properties of SnO2 nanowires fabricated by chemical vapor deposition with metallic
catalyst assistance. For the as-fabricated SnO2 nanowires, the turn-on and threshold
field were 4.03 and 5:4V �m�1, respectively. Considerable enhancement of field
emission of SnO2 nanowires was obtained by a postannealing process in oxygen
at high temperature. When the SnO2 nanowires were postannealed at 1;000ıC in
oxygen, the turn-on and threshold field were decreased to 3.77 and 4:4V �m�1,
respectively, and the current density was increased to 6.58 from 0:3mA cm�2 at
the same applied electric field of 5:0V �m�1. The group of Lai [106] prepared
wormhole-like mesoporous tungsten oxide nanowires on a Cu-tape/Si substrate,
and explored the field emission performances. The wormhole-like mesoporous
tungsten oxide nanowires of 20 nm diameter exhibited excellent field emission
properties with extremely low turn-on and threshold fields (emission current density
of 10�A cm�2 and 10mA cm�2/ of 0.083 and 1:75V�m�1, respectively, as well
as current stability of about 1;400�A cm�2 at a fixed field of 0:67V�m�1. This
approach provides an efficient methodology for fabricating a field emitter that is
expected to work at low voltage and can be used in field emission displays.
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The explanations of several nanoscale phenomena such as the field enhancement
factor in field emission, the large decay length of the adhesion force between a
metallic tip and a surface, and the contact resistance in a nanowire break junction
have been provided by Zhang and Pantelides [107]. They developed an analytical
theory of Thomas–Fermi screening in nanoscale structures and demonstrated that
nanoscale dimensions give rise to an effective screening length that depends on the
geometry and physical boundary conditions. The electromagnetic response of linear
carbon chains to external fields have been studied by Lorenzoni et al. [108], making
use of ab initio methods. It is found that the associated emission currents, plotted as a
function of bias potential, follow Fowler–Nordheim intensity–voltage curves typical
of field emission of metallic tips. Under standard bias conditions, linear carbon
chains of 1 nm of length are expected to deliver currents of the order of 1 �A. These
systems behave, furthermore, as conducting spheroidal particles in photoabsorption
processes. Linear carbon chains are thus likely to constitute the ultimate atomic-
scale realization of metallic wires. Silicon carbide (SiC) nanowires on a silicon
substrate were prepared by Wong et al [109] using hot-filament-assisted chemical-
vapor deposition with a solid silicon and carbon source. The SiC nanowires show
good field-emitting properties as revealed by the current–voltage characteristics.
Together with its ease of preparation, these SiC nanowires are shown to have great
potential in the area of electron field-emitting devices.

Field emission studies on Si nanowires (Si NWs) grown by the vapor–liquid–
solid (VLS) technique are presented by Kulkarni et al. [110]. The field emission
properties of the Si NWs were characterized in ultrahigh vacuum following several
postgrowth processes such as catalyst etching, in situ annealing, and cesiation. The
average threshold field of cesiated Si NWs was found to be 
 7:76 ˙ 0:55V�m�1
and showed a significant improvement over that of as-grown NWs (average
threshold field 
 11:58V�m�1/. The superior field emission characteristics are
attributed to the combination of cesiation and quality of the NWs’ surface grown via
hydrogen reduction of silicon tetrachloride. Silicon carbide (SiC) nanowires were
grown directly by Senthil and Yong [111] on Si substrates by thermal evaporation
of WO3 and graphite powders at high temperature using NiO catalyst. The densities
of the nanowires were controlled by varying the NiO catalyst concentration. The
morphology, structure and composition of the nanowires were characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD), Raman, FTIR,
transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy
(EDX) measurements. The synthesized nanowires were single crystalline ˇ-SiC
oriented along the [111] direction. Based on the experimental results, a possible
growth mechanism was explained on the basis of solid–liquid–solid (SLS) growth
model. Field emission measurements showed that the emission efficiency was
strongly dependent on the density of SiC nanowires. Lowest turn-on field of
1:8V�m�1 and highest field enhancement factor of 5:9 � 103 was observed for
the medium density SiC nanowire sample. Positive ac dielectrophoresis (DEP) has
been used by Zhou et al. [112] to rapidly align ensembles of CdSe semiconductor
nanowires (NWs) near patterned microelectrodes. Due to their large geometric
aspect ratio, the induced dipole of the wires is proportional to their conductivity,
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which can be drastically enhanced under super-band-gap illumination by several
orders of magnitude, with a corresponding increase in the wire DEP mobility. This
optical enhancement of conductivity occurs because of the generation of mobile
electrons and holes and is verified by a photocurrent measurement. The linear
nanowire alignment exhibits a high degree of fluorescent polarization anisotropy in
both absorption and emission. An unexpected observation is a reversible, factor of

4, electric-field-induced, and frequency-dependent enhancement of the nanowire
emission near 10 Hz. Such illumination-sensitive, field-enhanced, and frequency-
dependent alignment and emission phenomena of NWs suggest an electrical-optical
platform for fabricating CdSe nanowire devices for polarization-sensitive photode-
tection and biosensing applications.

Yeong and Thong [113] reported the field emission properties of ultrathin
tungsten nanowires of 5 nm diameter and several hundred nanometer length.
Fowler–Nordheim plots of field emission current–voltage measurements of such
nanowires show marked deviation from linearity. After flashing, cold field emission
current stability with standard deviation of better than 1% has been observed for
periods of at least 30 min at a vacuum level of 10�9 mbar. Beyond this, field
emission current noise was found to mainly comprise current step jumps and current
spikes. At high emission current densities in the order of 106 A cm�2, the noise
changes into flicker noise. Field emission at high current density induced surface
diffusion and crystallization of the disordered nanowire tip due to temperature rise at
the field emitting tip. Further increase in the emission current density initiated local
arc destruction which caused shortening of the nanowire length. The growth and
characteristics of metallic nanowires formed by field emission in the presence of
organometallic precursors have been studied by Oon et al. [114]. At low growth
currents, single nanowires can be formed, which allows a systematic study of the
growth characteristics, and wire morphology, structure, and composition. The major
role of metal ion deposition in forming the metallic core is demonstrated experimen-
tally, while the formation of the carbonaceous overcoat results from the deposition
of neutral atoms from the precursor dissociation process. Transmission electron
microscope analysis of tungsten nanowires shows that the core is polycrystalline,
with columnar grains dominating the microstructure for thin wires, while larger
diameter nanowires are straddled by multiple grains with a wider range of sizes.
The axial and radial growth rates of tungsten nanowires as a function of growth
current were studied and can be accounted for by assuming a situation in which the
rate of ion formation just ahead of the growing tip is supply rate limited. At higher
growth currents, forking and branching phenomena were found to be increasingly
probable, and hence a key to the growth of single, well-defined nanowires is to keep
the growth current low. Thermal decomposition of the precursor can also contribute
to nanowire growth, and evidence for this mechanism was found in the cases of
precursors where autocatalytic decomposition is known to result in metal deposition
at relatively low temperatures.

Conducting poly (3,4-ethylenedioxythiophene) nanowires were synthesized by
Kim et al. [115] by using an electrochemical polymerization method with a
nanoporous template. Scanning and transmission electron microscopy confirmed
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the formation of conducting polymer nanowires (CPNWs) with an open end. The
formation and the electrical properties of the CPNWs formed were dependent on
synthetic conditions, such as the doping level, the polymerization time, and the
applied current. The measured electrical conductivity of a single strand of CPNW
was 
3:4 � 1023 S cm�1 at room temperature. From the ultraviolet and visible
absorbance spectra, we observed a p–p� transition at 
2.1 eV for the de-doped
systems. A field emission cell of CPNW nanotips was fabricated. The turn-on
field of the CPNWs was 3:5
 4V�m�1 at 10�A cm2 and the current density
increased up to 100�A cm�2 at 
4:5V�m�1. The field enhancement factor of
CPNW nanotips was 
1,200, which is comparable with those of carbon nanotubes.
Bunches of needle-shaped silicon carbide (SiC) nanowires were grown by Wu et al.
[116] from commercially available SiC powders in thermal evaporation process
and using iron as catalyst. Their structure and chemical composition were studied
by Raman spectroscopy and high-resolution transmission electron microscopy. The
powder of these nanowires may be easily dispersed and was used to form samples
of field electron emitters. The needle shape of individual nanowires is well suited to
field electron emission. Stable emission with current density of 30:8mA cm�2 was
observed at fields as low as 9:6 V�m�1, and current density of up to 83mA cm�2
was recorded.

Using a simple method of direct heating of bulk copper plates in air, oriented CuO
nanowire films were synthesized by Zhu et al [117] on a large scale. The length and
density of nanowires could be controlled by growth temperature and growth time.
Field emission (FE) measurements of CuO nanowire films show that they have a
low turn-on field of 3.5–4.5 V �m�1 and a large current density of 0:45mA cm�2
under an applied field of about 7V�m�1. By comparing the FE properties of two
types of samples with different average lengths and densities (30�m; 108cm�2, and
4�m; 4 � 107cm�2, respectively), we found that the large length–radius ratio of
CuO nanowires effectively improved the local field, which was beneficial to field
emission. Verified with finite element calculation, the work function of oriented
CuO nanowire films was estimated to be 2.5–2.8 eV.

Semet et al. [118] studied the field emission properties of LaS nanoprotrusions
called nanodomes, formed by pulsed laser deposition on porous anodic alumina
films, have been analyzed with scanning anode field emission microscopy. The
voltage necessary to produce a given field emission current is 
3.5 times less for
nanodomes for thin films. Assuming the same workfunction for LaS thin films and
nanoprotusions, that is, 
1 eV a field enhancement factor of 
5.8 is extracted for
the nanodome emitters from Fowler–Nordheim plots of the field emission data. This
correlates well with the aspect ratio of the tallest nanodomes observed in atomic
force micrograph measurements. Well-aligned arrays of ZnO nanoneedles were
fabricated by Zhu et al. [119] using a simple vapor phase growth. The diameters
of the nanoneedle tips are as small as several nanometers, which is highly in favor
of the field emission. Field emission measurements using the nanoneedle arrays as
cathode showed emission current density as high as 2:4mA cm�2 under the field of
7V mm�1, and a very low turn-on field of 2.4 V mm�1. Such a high emission current
density is attributed to the high aspect ratio of the nanoneedles. The high emission
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current density, high stability, and low turn-on field make the ZnO nanoneedle arrays
one of the promising candidates for field emission displays.

Bhattacharjee and Chowdhury [120] performed an experimental investigation of
the transition from Fowler–Nordheim (FN) field emission to space-charge-limited
(SCL)flows in a nanogap is presented. Electrodes with gap size D(30–70 nm)
corresponding to D o up to a maximum of (2 � 103/, where D o is the de Broglie
wavelength of the space-charge-electrons, are experimented. The transition from
the FN field emission to the classical SCL flow is a function of the applied bias
and lies in the range 5–15 V. The equilibrium transmitted current density for the
50 nm sample indicates a transition from the FN to the quantum SCL flow at 0.4
V with D o of 35 and then gradually to the classical SCL behavior as the voltage
is increased beyond 9 V. The experiments indicate no sharp demarcation between
the different regimes. Kher et al. [121] reports the experimental verification of
the recently predicted phenomenon that the electric field emission current from a
negatively charged surface gets enhanced by incidence of light (even of frequency
below the photoelectric threshold) on the cathode.

Horváth et al. [122] present a method for the evaluation of the Schottky
barrier height 'b0, Richardson constant A�, characteristic energy E00, and bias
dependence of the barrier height ˇ from the temperature-dependent current–
voltage characteristics of Schottky junctions using the thermionic field emission
(TFE) theory. The application of this method to experimental current–voltage
characteristics of epitaxial Al=n � Al0:25Ga0:75As (N D 1:4 � 1017 cm�3) barriers
shows that the current flow through these junctions is dominated by TFE with
anomalously high E00. We conclude that this anomaly may be partly connected
with the electric field enhancement at the periphery of the diodes, and with the
multistep tunneling through deep levels. Gallium-doped nanostructural zinc oxide
fibers have been fabricated by Xu et al. [123] using vapor-phase transport method
of heating the mixture of zinc oxide, gallium oxide, and graphite powders in air.
The zinc oxide fibers grew along [002] direction, forming a vertically aligned array
that is predominantly perpendicular to the substrate surface. With a gallium doping
concentration of 0.73%, the corresponding carrier concentration and resistivity were
3:77 � 1020 cm�3 and 8:9 � 10�4� cm, respectively. The field of these vertically
aligned ZnO fiber arrays showed a low field emission threshold (2:4V�m�1 at a
current density of 0:1 �A cm�2/, high current density, and high field enhancement
factor (2,317). The dependence of emission current density on the electric field
followed Fowler–Nordheim relationship. The enhanced field emission is attributed
to the aligned structure, good crystal quality, and especially, the improved electrical
properties (increased conductivity and reduced work function) of the nanofibers due
to gallium doping.

Ahmed et al. [124] have observed low-macroscopic field electron emission
from wide bandgap nanocrystalline Al doped SnO2 thin films deposited on glass
substrates. The emission properties have been studied for different anode sample
spacings and for different Al concentrations in the films. The turn-on field and
approximate work function were calculated, and we have tried to explain the
emission mechanism from this. The turn-on field was found to vary in the range
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5:6–7:5V�m�1 for a variation of anode sample spacing from 80 to 120�m. The
turn-on field was also found to vary from 4.6 to 5:68V�m�1 for a fixed anode
sample separation of 80�m with a variation of Al concentration in the films 8.16–
2.31%. The Al concentrations in the films have been measured by energy dispersive
X-ray analysis. Optical transmittance measurement of the films showed a high
transparency with a direct bandgap 
3.98 eV. Due to the wide band-gap, electron
affinity of the film decreased. This, along with the nanocrystalline nature of the
films, enhanced the field emission properties. Staryga et al. [125] studied field
emission from diamond and diamond-like carbon thin films deposited on silicon
substrates. The diamond films were synthesized using hot filament chemical vapor
deposition technique. The diamond-like carbon films were deposited using the
radio frequency chemical vapor deposition method. Field emission studies were
carried out using a sphere-to-plane electrode configuration. The results of field
emission were analyzed using the Fowler–Nordheim model. It was found that the
diamond nucleation density affected the field emission properties. The films were
characterized using standard scanning electron microscopy, Raman spectroscopy,
and electron spin resonance techniques. Raman spectra of both diamond and
diamond-like films exhibit spectral features characteristic of these structures. Raman
spectrums for diamond films exhibit a well-defined peak at 1;333 cm�1. Asymmetric
broad peak formed in diamond-like carbon films consists of D-band and G-band
around 1;550 cm�1 showing the existence of both diamond (sp3 phase) and graphite
(sp2 phase) in diamond-like carbon films.

Amorphous diamond nanorod arrays with excellent field emitting have been
fabricated first by Yan et al. [126] on the AAO template by the filtered cathodic
arc plasma technique. Microscopic analysis has displayed that the nanorods are
very uniformly distributed, and the density is very high up to 
109cm�2.The
nanorod arrays are found to have an extremely low turn-on field 0:16V�m�1,
which is lower than other reported materials, and a high-emission current density
of 180mA cm�2 under an applied field of 2V�m�1 can also be obtained. Scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and
filed emitting tester are employed to characterize the nanorod arrays. A new type
of linear field emission cathode with ZnO nanostructure grown on nickel wires
was prepared by hydrothermal approach by Lin et al. [127]. The obtained ZnO
nanotapers were characterized by scanning electron microscopy (SEM) and X-ray
diffraction (XRD). The results indicated that the ZnO nanotapers with sharp tips
were high-quality single crystals, and grow along (002) direction. The field emission
properties were investigated by ZnO nanotapers on nickel wire as the cathode in
the centre of a cylindrical ITO anode. The field enhancement factor ˇ was about
2:23 � 104 cm�1, which improved greatly for the cylindrical configuration and
sharp geometry of the ZnO nanotapers tip. Propeller-like ZnO nanostructures are
fabricated by a physical vapor deposition method by Yan et al. [128]. This structure
exhibits a good field emission characteristic with a turn-on field of 4:36V�m�1.
Cathodoluminescence studies suggest that the high current density in the surface is
attributed to the main reason causing good field emission characteristic.
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Silver-tetracyanoquinodimethane (Ag-TCNQ) nanostructured arrays with differ-
ent morphologies were grown by Ye et al. [129] by an organic vapor-transport
reaction under different conditions. The field emission properties of nanostructured
arrays were studied systematically. Their morphology and crystal structure were
characterized by SEM and XRD, respectively. It was found that the field emission
properties were strongly dependent on the reaction temperature and the initial
Ag film thickness. The lowest turn-on field with 10-nm-thick silver film is about
2:0V�m�1, comparable with that of carbon nanotubes. The film crystal structure
and the morphology are contributed to the final emission performance. Large-
scale tetrapod-like ZnO nanostructures have been synthesized by Chen et al. [130]
using a thermal chemical vapor deposition method on a silicon substrate. The high-
purity nanotetrapods show sharp tips geometry with a wurtzite structure. The field
emission properties of the uniform ZnO nanostructural material are investigated at
different anode–cathode distances. The turn-on field for the ZnO nanotetrapods is
found to be about 3:7V�m�1 at a current density of 1 �A cm�2. The field
emission behavior obeys Fowler–Nordheim relationship. More importantly, the
field emission properties are improved after annealing in hydrogen, and therefore
high emission current and low turn-on field are obtained. These results indicate that
tetrapod-like ZnO nanostructures are a promising candidate for cold cathode emit-
ters. ZnO nanorod arrays are prepared by Qian et al. [131] on a silicon wafer through
a multistep hydrothermal process. The aspect ratios and densities of the ZnO
nanorod arrays are controlled by adjusting the reaction times and concentrations
of solution. The investigation of field emission properties of ZnO nanorod arrays
revealed a strong dependency on the aspect ratio and their density. The aspect ratio
and spacing of ZnO nanorod arrays are 39 and 167 nm (sample C), respectively, to
exhibit the best field emission properties. The turn-on field and threshold field of the
nanorod arrays are 3.83 and 5:65V�m�1, respectively. Importantly, the sample C
shows a highest enhancement of factor ˇ, which is 2,612. The result shows that an
optimum density and aspect ratio of ZnO nanorod arrays have high efficiency of
field emission.

Wurtzite stalactite-like quasi-one-dimensional ZnS nanoarrays with ZnO protu-
berances were synthesized by Li et al. [132] through a thermal evaporation route.
The structure and morphology of the samples are studied and the growth mechanism
is discussed. X-ray diffraction (XRD) results show both the ZnS stem and the ZnO
protuberances have wurtzite structure and show preferred [001]-oriented growth.
The photoluminescence and field emission properties have also been investigated.
Room temperature photoluminescence result shows that it has a strong green light
emission, which has potential application for green light emitter. Experimental
results also show that the stalactite arrays have a good field emission property,
with turn-on field of 11:4V�m�1, and threshold field of 16V�m�1. The ZnO
protuberances on the ZnS stem might enhance the field emission notably. Lee et al.
[133] describes an experimental study on field emission characteristics of individual
graphene layers for vacuum nanoelectronics. Graphene layers were prepared by
mechanical exfoliation from a highly oriented pyrolyzed graphite block and placed
on an insulating substrate, with the resulting field emission behavior investigated
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using a nanomanipulator operating inside a scanning electron microscope. A pair
of tungsten tips controlled by the nanomanipulator enabled electric connection with
the graphene layers without postfabrication. The maximum emitted current from the
graphene layers was 170 nA and the turn-on voltage was 12.1 V. Shigeo et al. [134]
report experiments conducted to review several factors closely related to emission
quality required for flat panel displays. Using the measurement of the emission of
fabricated Spindt-type emitters, the dependence of current density on the distance
from the tip of emitter cone to the upper surface of the gate was investigated. It was
also confirmed that the shape of the emitter cone was largely affected by the gate
hole diameter and material of one. The maximum half angle of emission on anode
from a tip was compared between the simulated electron beam spread and actual
measurements made for emitter arrays.

Ruskell et al. [135] report an improved method for characterizing thin oxide films
using Fowler–Nordheim field emission. The method uses a conducting tip atomic
force microscope with dual feedback systems, one for the topography and a second
for the field emission bias voltage. Images of the voltage required to maintain a
10 pA emission current through a 3 nm oxide film thermally grown on p-type
Si (100) demonstrate a spatial resolution of 8 nm. Well-ordered titanium nitride
nanorods were fabricated by Chen et al. [136] reactive ion etch using titanium
oxide nanodots as the mask, which were prepared using the anodic aluminum
oxide templation method. The TiN nanorods exhibited a concave top surface with a
protruding edge. Due to the protruding top edge and a high aspect ratio, the TiN
nanorods showed a low turn-on voltage of 1:6V�m�1. The ellipsoidal cylinder
model was used to evaluate the field-enhancement effect of the protruding edge,
and an underestimation by 
26% was found as compared with the enhancement
factor derived from the Fowler–Nordheim plot. Nonlinearity has been observed by
Xu et al. [137] in Fowler–Nordheim (FN) plots of field emission from nondoped
and nitrogen-doped amorphous diamond films. Based on a unified electron emission
equation a detailed analysis is carried out. The results from numerical calculation of
the unified equation are consistent with the experimental data. It is shown that the
nonlinearity in the FN plot originates from a transition from thermionic emission
to field emission as the applied field increases. The electrical field ranges are
derived in which the field emission and thermionic emission approximation applies.
Temperature dependence of the field emission characteristics has been investigated
by Sugino et al. [138] for the phosphorus(P)-doped polycrystalline diamond film in
comparison with that of the boron(B)-doped one. The threshold voltage decreases
with increasing temperature for the P-doped diamond film, while no variation in
the threshold voltage occurs for the B-doped diamond film. It is considered that
an increase in the ionized donor concentration with increasing temperature leads to
a reduction in the tunnel barrier width at the interface between the diamond and
the cathode, resulting in an enhancement of the emission current. Field emission
characteristics in the higher voltage region are featured by the space charge limited
current. The activation energy estimated from the Arrhenius plot of the emission
current suggests the upward band bending at the diamond surface.

Theoretical analyses have been performed by Litovchenko et al [139] of the
quantum-size (QS) resonance tunneling in the field emission (FE) phenomenon
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for different models of the emitting structures. Such experimentally observed
peculiarities have been considered as the enhancement of the FE current, the
deviation from the Fowler–Nordheim law, the appearance of sharp current peaks,
and a negative resistance. Different types of FE cathodes with QS structures
(quantized layers, wires, or dots) have been studied experimentally. Resonance
current peaks have been observed, from which the values of the energy-level
splitting can be estimated. Theoretical and experimental investigations of electron
field emission from silicon-based resonance-tunneling layered structures have been
performed by Litovchenko et al. [140]. Numerical simulation of resonant and
nonresonant field emission in Si–SiO2–Si�–SiO2 multilayer cathodes (MLCs) with
quantum well (QWs) which takes into account the tunneling process of electrons
from the three-dimensional electron density state of the emitter conductive band
has been carried out. The influence of the external electric field, temperature, MLC
parameters, and emitter doping on the resonant characteristics of the current was
analyzed. Computer simulation has shown that the peak current density of MLCs
with optimal thin barriers and sufficiently wide QW layers at a resonant value of the
electric field can sometimes exceed the current density of conventional cathodes.
If the width of the QW is increased, the number of current resonant maxima
(CRM) is multiplied. The CRM is shifted towards the lower electric field values and
become more narrow if both the QW and the potential barrier widths are increased.
With temperature reduction the CRM becomes contrasted due to an increase in the
electron impulse relaxation time and redistribution of the electron state density in
the emitter conduction band. Experimental multilayer structures with Si�ı-doped
layer Si–SiO2–Si�–SiO2 have been formed on silicon using low-pressure chemical
vapor deposition of ultrathin SiO2 and Si� films. In some cases, the first ultrathin
SiO2 layer was grown on silicon with thermal oxidation. The multilayer structures
were formed both on flat silicon wafers and on silicon tip arrays. Measurements of
electron field emission into vacuum were performed in a diode (cathode–anode)
system. The resonant peaks of current density from MLCs have been observed
experimentally for the first time. The value of these peaks is more than two times of
that of the background curves. A comparison of experimental and theoretical results
has been performed to evaluate the fundamental parameters of the field emission
resonance process.

Johnson et al. [141] have performed theoretical and experimental studies of field
emission from nanostructured semiconductor cathodes. Resonant tunneling through
electric-field-induced interface bound states is found to strongly affect the field
emission characteristics. Our analytical theory predicts power law and Lorentzian-
shaped current–voltage curves for resonant-tunneling field emission from three-
dimensional substrates and two-dimensional accumulation layers, respectively.
These predicted line shapes are observed in field emission characteristics from
self-assembled silicon nanostructures. A simple model describes formation of an
accumulation layer and of the resonant level in these systems. Important character-
istics of quantum well infrared photodetectors are determined by Vinter et al. [142]
almost entirely by the photoionization rate of electrons out of the quantum well
(QW) and the recapture into the QWs. To elucidate these processes microscopically,
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we have made structures in which the QWs are isolated from one contact by a
completely blocking barrier, so that the steady state current vanishes. The transient
current induced by photoionization out of the QWs gives a direct measurement
of the photoionization cross section and the escape probability of a photoexcited
electron. We have found that the variation of the latter with the electric field may be
described by a simple barrier lowering model combined with statistical fluctuation
of the QW width. The capture process has been studied by impedance spectroscopy
in samples containing only one well. The capture velocity thus measured is found to
decrease with increasing applied electric field but within experimental uncertainties
it does not depend on the width of the well for well widths between 3 and 7.5 nm.
Theoretical results on optical phonon mediated transitions in the applied field from
barrier to well states show a generally good agreement with experiment at low fields
but less dependence on the field.

Field emission cathodes fabricated by Spindt et al. [143] using thinfilm tech-
niques and electron beam microlithography are described, together with effects
obtained by varying the fabrication parameters. The emission originates from the
tip of molybdenum cones that are about 1.5 �m tall with a tip radius around 500 Å.
Such cathodes have been produced in closely packed arrays containing 100 and
5,000 cones as well as in single. Maximum currents in the range 50–150 �A
per cone can be drawn with applied voltages in the range 100–300 V when
operated in conventional ionpumped vacuum at pressures of 10�9 torr or less. In
the arrays, current densities (averaged over the array) of above 10A cm�2 have
been demonstrated. Life tests with the 100cone arrays drawing 2 mA total emission
(or 3A cm�2/ have proceeded in excess of 7,000 h with about a 10% drop in
emission current. Studies are presented of the emission characteristics and current
fluctuation phenomena. It is tentatively concluded that the emission arises from
only one or a few atomic sites on the cone tips. Han et al. [144] investigated field
emission characteristics of nitrogen-doped diamond films, which were grown using
microwave plasma-enhanced chemical vapor deposition. Nitrogen-doped films
showed low turn-on voltages below 2V�m�1. Secondary ion mass spectroscopy
was used to compare nitrogen concentrations in the films. Morphologies, Raman
spectra, resistivities, and surface roughness of the films were changed as the nitrogen
concentrations varied. The field emission properties of heavily nitrogen-doped
diamond films were related to the film resistivity, surface morphologies, and Raman
characteristics. AlGaN/GaN quantum well (QW) structures are grown by Grandjean
et al. [145] on c-plane sapphire substrates by molecular beam epitaxy. Control at
the monolayer scale of the well thickness is achieved, and sharp QW interfaces are
demonstrated by the low photoluminescence line width. The QW transition energy
as a function of the well width evidences a quantum-confined Stark effect due to
the presence of a strong built-in electric field. Its origin is discussed in terms of
piezoelectricity and spontaneous polarization. Its magnitude versus the Al mole
fraction is determined. The role of the sample structure geometry on the electric
field is exemplified by changing the thickness of the AlGaN barriers in multiple
QW structures. Straightforward electrostatic arguments well account for the overall
trends of the electric field variations.
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Fu et al. [146] observed that the application of moderate electric fields to
ZnSe/(Zn,Mn)Se quantum wells yields distinct spectral shifts of the recombining
exciton luminescence. This shows that confinement effects in this heterostructure
are sufficient to increase the exciton ionization threshold. At high applied fields and
low temperatures, injection of hot electrons from the nCGaAs/ZnSe heterojunction
at our substrate/buffer layer excites yellow luminescence from internal transitions
of the Mn ion in (Zn,Mn)Se layers. Field-emission scanning electron microscopy
(FE-SEM) has been used by Perovic et al. [147] to study several semiconductor
multilayer heterostructures. Compositional superlattices based on GexSi1�x /Si and
AlxGa1�xAs/GaAs have been studied in both cross-sectional and oblique plan views
after indentation. Secondary and back scattered electron images reveal strong atomic
number contrast which is primarily structural in origin. Secondly, for the first
time, heterostructures containing n- and p-doping have been directly imaged at low
voltages (0.5–1 kV) including: (1) Si- and Be-doped GaAs layers and (2) B- and
As- doped Si layers. Secondary electron images reveal strong contrast at doping
concentrations as low as 1017 cm�3. The results have been interpreted in terms of
energy band-bending effects between n- and p-doped layers.

In this monograph, we have studied the FNFE from quantum-confined non-
linear optical, III–V, II–VI, GaP, Ge, PtSb2, stressed materials, bismuth, GaSb,
IV–VI, tellurium, II–V, Bi2Te3, III–V, II–VI, IV–VI, and HgTe/CdTe quantum wire
superlattices with graded interfaces, III–V, II–VI, IV–VI, and HgTe/CdTe effective
mass superlattices under magnetic quantization, quantum-confined effective mass
superlattices and superlattices of optoelectronic materials under intense electric field
and light waves with graded interfaces on the basis of appropriate carrier energy
spectra. Finally, it may be noted that although we have considered the FNFE from
a plethora of quantized materials having different band structures theoretically, the
detailed experimental works are still needed for an in-depth study of the FNFE from
such low-dimensional systems as functions of externally controllable quantities
which, in turn, will add new physical phenomenon in the regime of the electron
emission from nanostructured materials and related topics.

7.4 Open Research Problem

(R7.1) Investigate experimentally the FNFE for all the systems as discussed in this
monograph.
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Chapter 8
Conclusion and Future Research

This monograph deals with the FNFE from various types of quantum wires, effective
mass superlattices, and superlattices with graded interfaces under different physical
conditions, in the presence of quantizing magnetic field and external photoexcitation
and also under strong electric field altering profoundly the basic band structures
which, in turn, generate pin-pointed knowledge regarding FNFE from various
semiconductors and their nanostructures having different carrier energy spectra.
The in-depth experimental investigations covering the whole spectrum of solid state
and allied science in general are extremely important to uncover the underlying
physics and the related mathematics. The FNFE is basically electric field-dominated
electron emission phenomena, and we have formulated the simplified expressions of
FNFE for few quantized structures together with the fact that our investigations are
based on the simplified k�p formalism of solid state science without incorporating
the advanced field theoretic techniques. In spite of such constraints, the role of band
structure behind the curtain, which generates, in turn, new concepts, is discussed
throughout the text.

Finally, we present the last set of open research problems in this particular area
of electron emission from solids.

(R8.1) Investigate the FNFE in the presence of a quantizing magnetic field
under exponential, Kane, Halperin, Lax, and Bonch–Bruevich band tails
[1] for all the problems of this monograph of all the materials whose
unperturbed carrier energy spectra are defined in Chap. 1 by including spin
and broadening effects.

(R8.2) Investigate all the appropriate problems after proper modifications intro-
ducing new theoretical formalisms for the problems as defined in (R8.1) for
negative refractive index, macromolecular, nitride, and organic materials.

(R8.3) Investigate all the appropriate problems of this monograph for all types of
quantum-confined p-InSb, p-CuCl, and semiconductors having diamond
structure valence bands whose dispersion relations of the carriers in bulk
materials are given by Cunningham [2], Yekimov et al. [3], and Roman
et al. [4], respectively.

S. Bhattacharya and K.P. Ghatak, Fowler–Nordheim Field Emission, Springer Series
in Solid-State Sciences 170, DOI 10.1007/978-3-642-20493-7 8,
© Springer-Verlag Berlin Heidelberg 2012

329



330 8 Conclusion and Future Research

(R8.4) Investigate the influence of defect traps and surface states separately on
the FNFE for all the appropriate problems of all the chapters after proper
modifications.

(R8.5) Investigate the FNFE under the condition of nonequilibrium of the carrier
states for all the appropriate problems of this monograph.

(R8.6) Investigate the FNFE for all the appropriate problems of this monograph
for the corresponding p-type semiconductors and their nanostructures.

(R8.7) Investigate the FNFE for all the appropriate problems of this monograph
for all types of semiconductors and their nanostructures under mixed
conduction in the presence of strain.

(R8.8) Investigate the FNFE for all the appropriate problems of this monograph
for all types of semiconductors and their nanostructures in the presence of
hot electron effects.

(R8.9) Investigate the FNFE for all the appropriate problems of this monograph
for all types of semiconductors and their nanostructures for nonlinear
charge transport.

(R8.10) Investigate the FNFE for all the appropriate problems of this monograph
for all types of semiconductors and their nanostructures in the presence of
strain in an arbitrary direction.

(R8.11) Investigate all the appropriate problems of this monograph for semicon-
ductor clathrates in the presence of strain.

(R8.12) Investigate all the appropriate problems of this monograph for quasicrys-
talline materials in the presence of strain.

(R8.13) Investigate all the appropriate problems of this monograph for strongly
correlated electron systems in the presence of strain.

(R8.14) Investigate the FNFE for all the appropriate problems of this monograph
for all types of transition metal silicides in the presence of strain.

(R8.15) Investigate the FNFE for all the appropriate problems of this monograph
for all types of electrically conducting organic materials in the presence of
strain.

(R8.16) Investigate the FNFE for all the appropriate problems of this monograph
for all types of functionally graded materials in the presence of strain.

(R8.17) Investigate the FNFE from all types of available super conductors in the
presence of strain.

(R8.18) Investigate all the appropriate problems of this chapter in the presence of
arbitrarily oriented photon field and strain.

(R8.19) Investigate all the appropriate problems of this monograph for paramag-
netic semiconductors in the presence of strain.

(R8.20) Investigate all the appropriate problems of this monograph for boron
carbides in the presence of strain.

(R8.21) Investigate all the appropriate problems of this monograph for all types of
argyrodites in the presence of strain.

(R8.22) Investigate all the appropriate problems of this monograph for layered
cobalt oxides and complex chalcogenide compounds in the presence of
strain.
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(R8.23) Investigate all the appropriate problems of this monograph for all types of
nanotubes in the presence of strain.

(R8.24) Investigate all the appropriate problems of this monograph for various
types of half-Heusler compounds in the presence of strain.

(R8.25) Investigate all the appropriate problems of this monograph for various
types of pentatellurides in the presence of strain.

(R8.26) Investigate all the appropriate problems of this monograph for Bi2Te3–Sb2
Te3 superlattices in the presence of strain.

(R8.27) Investigate the influence of temperature-dependent energy band constants
for all the appropriate problems of this monograph.

(R8.28) Investigate the FNFE for Ag.1�x/Cu.x/TITe for different appropriate phys-
ical conditions as discussed in this monograph in the presence of strain.

(R8.29) Investigate the FNFE for p-type SiGe under different appropriate physical
conditions as discussed in this monograph in the presence of strain.

(R8.30) Investigate the FNFE for different metallic alloys under different appropri-
ate physical conditions as discussed in this monograph in the presence of
strain.

(R8.31) Investigate the FNFE for different intermetallic compounds under different
appropriate physical conditions as discussed in this monograph in the
presence of strain.

(R8.32) Investigate the FNFE for GaN under different appropriate physical condi-
tions as discussed in this monograph in the presence of strain.

(R8.33) Investigate the FNFE for different disordered conductors under different
appropriate physical conditions as discussed in this monograph in the
presence of strain.

(R8.34) Investigate the FNFE for various semimetals under different appropriate
physical conditions as discussed in this monograph in the presence of
strain.

(R8.35) Investigate all the appropriate problems of this monograph for Bi2Te3�xSex
and Bi2�xSbxTe3, respectively, in the presence of strain.

(R8.36) Investigate all the appropriate problems of this monograph for all types of
skutterudites in the presence of strain.

(R8.37) Investigate all the appropriate problems of this monograph in the presence
of crossed electric and quantizing magnetic fields.

(R8.38) Investigate all the appropriate problems of this monograph in the presence
of crossed alternating electric and quantizing magnetic fields.

(R8.39) Investigate all the appropriate problems of this monograph in the presence
of crossed electric and alternating quantizing magnetic fields.

(R8.40) Investigate all the appropriate problems of this monograph in the presence
of alternating crossed electric and alternating quantizing magnetic fields.

(R8.41) Investigate all the appropriate problems of this monograph in the presence
of arbitrarily oriented pulsed electric and quantizing magnetic fields.

(R8.42) Investigate all the appropriate problems of this monograph in the presence
of arbitrarily oriented alternating electric and quantizing magnetic fields.
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(R8.43) Investigate all the appropriate problems of this monograph in the presence
of crossed inhomogeneous electric and alternating quantizing magnetic
fields.

(R8.44) Investigate all the appropriate problems of this monograph in the presence
of arbitrarily oriented electric and alternating quantizing magnetic fields
under strain.

(R8.45) Investigate all the appropriate problems of this monograph in the presence
of arbitrarily oriented electric and alternating quantizing magnetic fields
under light waves.

(R8.46) Investigate all the appropriate problems of this monograph in the presence
of arbitrarily oriented pulsed electric and alternating quantizing magnetic
fields under light waves.

(R8.47) Investigate all the appropriate problems of this monograph in the presence
of arbitrarily oriented inhomogeneous electric and pulsed quantizing
magnetic fields in the presence of strain and light waves.

(R8.48) (a) Investigate the FNFE for all the problems of this monograph in the
presence of many body effects, strain, and arbitrarily oriented light
waves, respectively.

(b) Investigate the influence of the localization of carriers for all the
appropriate problems of this monograph.

(c) Formulate the minimum tunneling, Dwell, and phase tunneling,
Buttiker and Landauer and intrinsic times for all types of systems
as discussed in this chapter.

(d) Investigate all the appropriate problems of this chapter for the Dirac
electron.

(e) Investigate all the problems of this monograph by removing all
the physical and mathematical approximations and establishing the
respective appropriate uniqueness conditions.

The FNFE is the consequence of electric field-induced electron emission phenom-
ena of solid state science and all the assumptions behind the said phenomena are
also applicable to FNFE. The formulation of FNFE for all types of semiconductors
and their quantum confined counterparts after removing all the assumptions is, in
general, a challenging problem. Such investigations covering the total spectrum of
materials of modern solid state science require insight. In total, 200 open research
problems have been presented in this monograph and we hope that the readers
not only will solve them but also will generate new concepts, both theoretical and
experimental. In the mean time, our research interest has been shifted and we are
leaving this particular topic with the hope that (R8.48) alone is sufficient to draw
the attention of the researchers from diverse fields.
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