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Abstract

This chapter provides a foundational overview of semiconductors, covering intrin-
sic and extrinsic types, band structure, and charge carriers. It explores mobility and
conductivity through drift and diffusion, and key influencing factors. The discussion
extends to the density of states across dimensions, carrier concentrations in doped
materials, and essential Fermi concepts including Fermi energy, temperature, wave-
length, and surface. Concluding with the importance of electrical properties, the
chapter links theory to practical applications in modern electronic devices.
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1.1 Introduction to Semiconductors

Today, as we observe the world around us, it is astonishing ‘fo see that almost
every gadget we use daily, from computers and mobile phones to essential devices
like traffic lights and remotes [1, 2], relies on semiconducting components. The
significance of semiconductor technology has grown tremendously since 1874,
when German physicist Karl Ferdinand Braun discovered the rectifier effect [3].
Since then, researchers have continuously worked on maximizing efficiency while
minimizing input and cost. A semiconductor’s electrical properties may be tailored
by introducing impurities/doping. When, pentavalent atoms are added, an n-type
semiconductor is formed, whereas trivalent 1Elgom doping results in a p-type semi-
conductor. With advancements in quantﬁm ﬂhysics, the invention of the transistor
in 1947 [4] and the integrated circuit (IC) in 1958 [5, 6] revolutionized modern
electronics. Semiconductors serve as the foundation of every technological device.
In this chapter, we will explore the fundamental properties of these materials and
how various tuning parameters influence their behavior.

Semiconductors are a distinct group of materials that are classified based on their
macroscopic properties. The term “semiconductor” originates from its intermedi-
ate electrical conductivity between insulators and metals. Semiconductors possess
additional unique characteristics that set them apart from other materials.

One of the defining properties of semiconductors is their sensitivity to external
factors. Temperature and chemical purity have a significant impact on their
electrical conductivity. Cooling very pure semiconductors from surrounding to
liquid-helium temperatures results in a considerable drop in conductivity. The
conductivity of a semiconductor virtually vanishes at absolute zero, while metals
exhibit only a slight increase in conductivity. Superconductors, on the other hand,
attain infinite conductivity at low temperatures.
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2| 1 Semiconductors

Purity plays a crucial role in semiconductor behavior. A highly pure semicon-
ductor may act as an insulator, whereas a contaminated or “doped” semiconductor
can exhibit metallic properties. Additionally, exposure to light can cause a semi-
conductor to transition from an insulating state to a conductive one. This optical
sensitivity is fundamental to optoelectronic applications such as solar cells and
photodetectors.

Semiconductors also exhibit characteristic optical properties. One key feature is
the absorption threshold: light below a certain frequency passes through with min-
imal loss, while light above the threshold is strongly absorbed. This principle is
crucial for devices such as light-emitting diodes (LEDs) and laser diodes. Many semi-
conductors also demonstrate luminescence in visible and infrared ranges, making
them essential for LED lighting and infrared communication.

A semiconductor’s classification is based on a combination of these characteris-
tics, not just its electrical conductivity. This distinguishes semiconductors from ionic
conductors, which may have similar conductivity but lack temperature-dependent
behavior. The underlying reason for these unique properties lies in the microscopic
structure of semiconductors, specifically their energy bands.

At the microscopic level, semiconductors have allowed energy bands separated by
forbidden gaps. Electrons populate these energy bands in a waythat,.at-absolute zero,
only the lower bands are completely filled, while the higher bands remain empty.
This structure governs their electrical, thermal, and optical behaviors.

Semiconductors are typically crystalline solids,-as-energy bands form most
effectively in ordered structures. However, amorphous'and liquid semiconductors
also exist. Amorphous semiconductors, such-ds amorphous silicon and selenium,
are used in thin-film electronics and solar-panels.-Liquid semiconductors, such as
melted tellurium, also exhibit semiconductor-like properties.

Semiconductors’ ability to transition between insulating and conductive states
makes them invaluable to modern teehnology. These are the backbone of electron-
ics. The field of semiconductor physics continues to evolve, driving advancements
in efficiency and functionality.

Their role extends to thermoelectric applications, where heat is converted into
electrical energy, which is useful for power generation and temperature regulation.
The Seebeck effect, in which a temperature difference generates a voltage, enables
thermoelectric generators used in space probes and automotive applications.

In photonics, semiconductors play a key role in optical communication, medical
devices, and industries such as healthcare, manufacturing and industrial processing
(for laser cutting, welding etc.), defense and aerospace etc. Advancements in LED
technology have led to energy-efficient lighting solutions. Additionally, semicon-
ductors are vital in quantum computing and nanotechnology. Researchers explore
quantum effects within semiconductors to develop quantum computers capable of
solving complex problems far beyond classical computing.

In summary, semiconductors are defined by their unique combination of elec-
trical, optical, and thermal properties. Their ability to respond to temperature,
purity, and external stimuli makes them indispensable in modern technology. From
electronics and optoelectronics to renewable energy and quantum computing,
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1.1 Introduction to Semiconductors | 3

Table 1.1 Section of Periodic Table showing elemental and
compound semiconductors from different groups.
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Source: Balkan et al. [7] / Springer Nature.

semiconductors drive innovation and remain one of the most extensively studied
and applied classes of materials today.

Semiconductor’s electrical conductivity values ranges from 107 to 10* Q™! m™!.
Semiconductors can be found in elemental form like silicon and germanium, as
well as in compound forms, which are combinations of atoms like.GaAs, GaP,
and InP from group III-V and like CdTe and ZnSe from group II-VI.-Additionally,
there are ternary (GaAsP) and quaternary (InGaAsP) compounds with-three and
four elements, respectively. To understand it better, Table 1.1-presents the section
of the periodic table from groups 2 to 6, from where we'can get a glimpse that
various elemental as well as compound semiconductors are-possible by different
combinations from various groups. ]

Carbon (diamond), silicon, germanium, and ti_n-s'hare adiamond crystal structure
but exhibit different electrical properties. While diamond behaves as an insulator
and tin acts more like a metal, silicon and germanium are widely used semiconduc-
tors essential in microelectronics and optoelectronics. Their alloys, Si;_,Ge,, form
mixed crystals where silicon and germanium-atoms randomly occupy lattice sites,
following Vegard’s rule for lattice constants. Despite structural variations, these
alloys retain semiconductor characteristics, allowing for property customization.

A key feature of group IV elements is their four valence electrons, leading to
eight electrons per unit cell in their crystalline form. This principle extends to
compounds formed by elements from groups III-V (e.g., GaAs) and II-VI (e.g.,
ZnS). When these compounds crystallize in zincblende or wurtzite structures, they
also exhibit semiconductor behavior. The similarity in atomic arrangement between
these structures enables predictable electronic properties, expanding the range of
semiconductor materials.

The hypothesis that III-V compounds (like GaN, BN, GaAs, GaP, InP, InSb, etc.)
exhibit semiconducting properties is well established. III-V mixed crystals, such
as (Ga,Al)As and (In,Ga)(As,P), also retain semiconductor characteristics. These
materials are crucial in optoelectronics, with applications in LEDs, laser diodes,
and fiber optics. GaN is key for blue LEDs, while GaAs and (Ga,Al)As enable
high-speed transistors and high-temperature electronic devices, advancing modern
semiconductor technology.

Group II-IV like CdTe, HgSe, HgTe, ZnSe, ZnS, and ZnTe crystallize in the
zincblende structure, while CdS, CdSe, and MgTe adopt the wurtzite structure. ZnS

&
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4| 1 Semiconductors

exists in both stable forms: cubic (zincblende) and hexagonal (wurtzite). CdO, MgS,
and MgSe form rocksalt structures, while HgS has a rocksalt-like structure. Various
II-VT alloys, such as (Hg,Cd)Te and Zn(S,Se), exhibit semiconducting properties.
(Hg,Cd)Te is widely used in infrared detectors. Some materials, like CdS, have excel-
lent photoelectric properties, while others, like ZnS, are valuable for luminescent
applications, including electroluminescent displays and blue-green LEDs.

From group VI, selenium and tellurium are effective semiconductors, both crys-
tallizing in a trigonal chain structure. Selenium has been used for many years, par-
ticularly before the advent of silicon-based power rectifiers. It was commonly found
in rectifiers until silicon replaced it. Today, selenium is mainly utilized for its photo-
electric properties. A key application is in photocopying, where selenium or its alloys
can make up the photosensitive layer of the photostatic drum. This material remains
essential in imaging technology and other electronic applications, demonstrating its
continued relevance despite advancements in semiconductor technology. Semicon-
ducting compounds with a rocksalt structure, such as PbS, PbSe, PbTe, and SnTe,
are formed by elements in groups IV and VI. Alloys such as (Pb,Sn)Te and Pb(S,Se)
are used for infrared radiation applications. Another group, including GeS, GeSe,
SnS, and SnSe, has an orthorhombic structure, except GeTe, which s rhombohedral.

The ability to tailor semiconductor properties through compositien and crystal
structure has revolutionized technology, enabling advancements in microelec-
tronics, photonics, and optoelectronic applications. Understanding these relation-
ships between atomic arrangement, electron configuration, and conductivity is
fundamental to designing new semiconductor materials:for future innovations.

1.1.1 Overview of Semiconductors: Intrinsic and Extrinsic

In their pure state, semiconductors ar'é classified as intrinsic semiconductors. In the
absence of free charge carriers, they ﬂ:lﬁ(:_ti()n as insulators. It is shown in Figure 1.1
at temperature of 0 K, as various factors, including temperature, inherently influence
semiconductor properties.

However, with increasing temperature, the thermal energy causes the breaking
of covalent bonds, generating free electrons. The number of these free electrons is
relatively small and varies with temperature. The vacancy left behind by a displaced
electron acts as a charge carrier, referred to as a “hole.” When a covalent bond breaks,

Figure 1.1 Intrinsic semiconductor at absolute
zero temperature.
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1.1 Introduction to Semiconductors | 5

)

Figure 1.2 Intrinsic semiconductor at finite temperature T.

it gives rise to an electron-hole pair. Holes and electrons move in different directions,
as illustrated in Figure 1.2.

The verification of the aforementioned statement is evident as we progress from
Figure 1.2a to 1.2d. If n represents the electron number density (number of electrons
per unit volume) and p denotes the hole number density (number of holes per unit
volume), then for intrinsic semiconductors, the relationship

n=p=n (1.1)

holds. Here, n; represents the intrinsic charge carrier concentration.

In semiconductor physics, doping is a fundamental process that involves inten-
tionally introducing impurities into a pure (intrinsic) semiconductor to modify
its electrical properties. This involves introducing either group III trivalent atoms
(p-type) or group V pentavalent atoms (n-type) into the puré lattice structure of
an intrinsic semiconductor. Group III elements.possess three valence electrons,
resulting in a deficiency of one electron, as sili_coh (Si)and germanium (Ge) require
four valence electrons for stable bonding. Consequently, incorporating a trivalent
atom generates a hole, which tends to accept electrons, leading to its classification
as an acceptor atom [7]. b,

Conversely, when a pentavalent atom is introduced, it contributes five valence
electrons, leaving behind an excess electron. This additional electron, which has the
ability to donate charge carriers, classifies the pentavalent atom as a donor atom. The
semiconductor obtained through doping is termed an extrinsic semiconductor and
is categorized into two types: p-type and n-type, depending on whether acceptor or
donor atoms are introduced into the lattice. A visual representation of this concept
is provided in Figure 1.3.

Group IV elements like Si or Ge may be added as acceptor or donor impurities
in III-V semiconductors, depending on the substituted lattice atoms. This phe-
nomenon is known as amphoteric doping. In this scenario, the number density and
nature (electron or hole) of charge carriers are influenced by the specific doping
process.

Both donor and acceptor impurities can be found in a compensated semiconduc-
tor. These impurities are immobile as they can’t move, while the electrons and holes
are mobile carriers. The semiconductor is always electrically neutral. It is assumed
that the impurity concentration remains very small compared to the host atoms.
Consequently, doping doesn’t alter the material’s band structure. By altering the
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6| 1 Semiconductors

(a) E L J - (b)

Figure 1.3 Extrinsic semiconductor at 0 K: (a) p-type and (b) n-type.

hole and electron density, impurity atoms change the Fermi energy and add new
energy levels to the bandgap.

Charge carriers larger in density are termed as majority carriers, while those
which are smaller in density are referred to as minority carriers. In a p-type semi-
conductor, holes predominate, and electrons constitute the majority in an n-type
semiconductor [8].

If p, denotes the number of electrons and p, the number of holes in-a p-type semi-
conductor, we have p, <p, and p,.p, = nf. Similarly, if n, is the number of electrons
and n, the number of holes in an n-type semiconductor, then n,:< n, and n,.n;, = n;.

1.1.2 Band Structure and Energy Gap

1.1.2.1 The Band Structure of Crystalline So[ids: A Quantum Mechanical

Perspective 5

For an approximating one-electronsystem, the Schrédinger equation is usually
solved to determine the crystalline solid’s electronic band structure, which rep-
resents the relationship between energy and momentum (E-k). This theoretical
framework is essential to comprehending semiconductors’ optical and electrical
characteristics. Among foundational principles governing band theory is Bloch’s
theorem [9, 10], which is essential to describe electron behavior in periodic
potentials.

Let E, denote the highest energy an electron can have in a semiconductor at
absolute zero and thermodynamic equilibrium. An electron rises to E, + hw if
a photon is absorbed of energy hw. However, this absorption occurs when the
final energy state lies within the range of permitted electron energies. In quantum
mechanics, energy levels are quantized, meaning that only specific eigenvalues of
the Hamiltonian are allowed. This principle also applies to atomic systems, where
discrete energy levels correspond to Bohr orbitals.

1.1.2.2 Formation of Energy Bands and Bandgaps

A fundamental characteristic of crystalline solids is the periodic potential arising
from their atomic lattice. This periodicity leads to the emergence of energy bands
as a direct mathematical consequence of solving the Schrddinger’s equation.

8:21pm  Page 6|
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1.1 Introduction to Semiconductors |7

To understand the origin of band formation, one must consider the role of the
crystal’s primitive unit cell, which serves as the fundamental structural component
of the lattice. Each primitive cell may contain one or more atoms, defining the
fundamental periodicity of the crystal structure [11, 12].

If the lattice constant “a” (the distance between adjacent primitive cells) could
be varied without altering the relative atomic arrangement within each unit cell,
it would significantly affect electronic properties. When “a” is large, individual
primitive cells behave similarly to isolated molecules, exhibiting discrete energy
levels determined by the Schrédinger equation for a confined potential. In this
scenario, each quantum state n is well defined, and E,, is the notation used. Each
state accommodates a maximum of two electrons with opposite spins, in accordance
with the Pauli exclusion principle [13].

As the interatomic separation decreases and electron wavefunctions begin to
overlap across adjacent unit cells, the localized energy states of each primitive
cell become influenced by neighboring atoms. This interaction prevents the direct
assignment of electrons to specific cells, effectively delocalizing them across the
entire crystal. Consequently, each originally discrete energy level E,, broadens into
a collection of N closely spaced sublevels, where N denotes the toetal number of
primitive cells in the crystal. The discrete energy levels transform into energy bands
since each quantum state must still adhere to the Pauli exclusion principle in order
to accommodate 2N electrons [14].

1.1.2.3 The Role of the Bloch Wavefunction and Quantum Numbers

To describe electron behavior within these bands,'an additional quantum number
emerges, denoted as the wave vector k. This wave vector is a direct consequence of
Bloch’s theorem, which states that electron wavefunctions in a periodic lattice take
the form of Bloch functions. As a result, eléctron energy levels are now determined
by the wave vector k as well as the principal quantum number n, leading to an
energy-momentum relationship expressed as E = E,(k). The permitted k states
within each band are equal to N, ensuring consistency with the total number of
primitive cells.

The spatial representation of electron localization can be visualized by examining
how electronic wavefunctions extend across the crystal. A wavefunction that spans
the entire lattice, represented by a straight-line trajectory from 0 to d, signifies that
the electron is delocalized throughout the entire material. In contrast, energy bands
consist of regions where electronic states cluster densely, facilitating extended
electron wavefunctions. These regions constitute the valence and conduction
bands, which are divided by the bandgap, a range of prohibited energies as shown
in Figure 1.4.

The conduction band is normally mostly empty, and the valence band is mostly
populated by electrons. Photon absorption in semiconductors does not occur until
electrons get sufficient energy to transition from the valence band to the conduction
band. This transition requires an energy input greater than or equal to the bandgap
energy (E,), meaning that absorption is nonzero only for energy states E>E,.
Conversely, when E < E,, absorption ceases, implying that electron energy states



Withowt corrections
ahre Kosrekiuren

L Druckireigale fapproval for prmbng
”Frim Siker T70mm x 244mm_ Single Column Loose Sharma355730 cOl.tex V1-11/21/2025 8:21pm Page §|

After comrections |
nach Aunsfithrung

cher Koorekharen

Drate [ Danims

SigmarureZeichen: ....oo.oeeeerieeciniannnes

8| 1 Semiconductors
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Figure 1.4 Energy Band diagram of (a) intrinsic and (b) extrinsic semiconductors at
absolute zero.

between E, and E. are prohibited. The valence band’s maximum energy level is E;,
and the conduction band’s minimum energy level is E.. Silicon has a bandgap of
1.1eV and Germanium 0.67 eV.

In anideal semiconductor, the valence band is completely occupied, while the con-
duction band remains vacant. An electron must absorb a photon with energy greater
than the bandgap E, in order to go from the valence to the conduiction.band. How-
ever, if no electrons are present within the valence band at the required energy levels,
photon absorption is not possible, preventing transitions into the conduction band.

Conversely, when conduction band is entirely occupied, electron excitation is
similarly restricted. The formation of energy bands may.initially appear to be a
purely mathematical consequence of solving the “Schrédinger’s equation under
periodic boundary conditions. However, its physical significance becomes evident
when considering the collective interaction:of electronic states within the crystal
lattice. The delocalization of electrons .across the entire material, facilitated by
overlapping atomic orbitals, provides‘the foundation for modern semiconductor
physics. A

Thus, the study of band structure not only provides a theoretical framework
for understanding semiconductor physics but also serves as a foundation for
technological innovations that drive modern electronics and optoelectronics.

1.1.3 Types of Carriers: Holes and Electrons

As mentioned earlier, semiconductors have two kinds of charge carriers: One is an
electron and the other is a hole. Finding the energy distributions and carrier density
is the main goal among many when describing the electrical and optical character-
istics of a semiconductor. Knowing the likelihood of carrier occupancy at energy E
is necessary for this. Fermi-Dirac statistics, which use the Fermi-Dirac distribution
function f(E) to quantify the probability of an electron occupying a state at the Fermi
energy (Ep), describe the statistical distribution controlling carrier occupation [15].
For electrons it is denoted as f,,(E), and for holes it is denoted as f,(E). The sum of
the two is unity as the maximum probability can’t exceed the unit value. That is,
Fa(E)+[p(E) = 1. f,(E) is written as
1

Ju(E) = BT 1 (1.2)
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1.1 Introduction to Semiconductors | 9

At the Fermi level, that is, E = Ej, the probability of occupation is 50%. E stands
for the level of energy that corresponds to the conduction band, k; denotes the
Boltzmann constant, and T denotes the absolute temperature.

Similarly, the hole-distribution function follows an analogous form and is given by

fE) = —— (1.3)

eEE)/kyT 1 1

Now E corresponds to the valence band’s energy level. At room temperature,
kyT ~0.026 eV, so if E is large enough, the Fermi-Dirac distribution function will
behave as the classical Maxwell-Boltzmann function.

In semiconductors, mobile electrons occupy energy states greater than E. and
holes occupy energy states below E,,. Accurately describing various semiconduc-
tor processes necessitates calculating the conduction band’s electron concentration.
(i) The density of states (DOS) is proportional to this concentration g(E) (g,(E) for
electrons and g,(E) for holes), which represents the number of states per unit vol-
ume and energy within the energy range E to E + dE, and (ii) the likelihood that an
electron will occupy a state with energy E, given by f,(E).

The conduction band’s electron density is obtained by integrating g, (E)f ,(E) over
energy, from the conduction band minimum to its maximum. Howevet, evaluating
this integral poses challenges due to the need for a new parameter that takes care of
the conduction band’s width. Given that the Fermi level is significantly lower than
the conduction band maximum, the limit can be approximated as infinity for upper
limit, allowing for a simplified determination of the elect'ror} concentration, n.

n =/ &u(EXf,(E)dE Py (1.4)
Eq . -
A similar approach applies to calculating the total hole concentration in the
valence band; hence, Ay
Ey A
p= / 8 (E)f,(E)dE (1.5)

The DOS function is a dimension-dependent function. We will discuss about it in
detail later. For now, for a three-dimensional bulk material, the DOS for valence and
conduction bands, respectively, is given as

V2E-E)?  sp
&) = — ——— (m;) (1.6)
V2@E -BY2
GE) = —— (m?) 1.7)
Here, m; (m;) is the effective mass of electron (hole). On solving equation (1.4),
we get
mk, T\ >/? E.—E E.—E
— o =B F,(—~t—C)=N_.F,,-+t—=5 1.8
" < 27h? > 1/2( kT e kT 8
where
3
mik,T\ 2
Np =2 =2 1.9
¢ < 2rh? ) (1.9)
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and F, , (E;jc ) is the Fermi integral, given as

Er—E.\ 2 [® V/x dx
Fip (—kBT > = ﬁ/o —x_ B =) (1.10)

1+e kT

N, is known as the effective DOS of the conduction band. It is crucial to
emphasize that the effective mass used in DOS computations should be adjusted
appropriately for materials such as silicon, which shows several comparable minima
with anisotropic effective masses. Similarly, valence band hole concentration is
calculated using equation (1.5), and the expression is given as follows:

mk, T\ E,—E E,—E
h''B v — LF v — LF
=2 ——— F —— | =N, F _— 1.11
p ( 27h? ) 1/2( kyT ) v 1/2( kgT ) ( )
where
3
mkyT \ ?
N, =2 -2 1.12
v ( 2rwh? > ( )

Equation (1.12) provides the valence band’s effective DOS. Here, we must be aware
of two terms, namely, nondegenerate semiconductor and degenerate semiconductor,
whose definition follows. i

A nondegenerate semiconductor is one in which the Fermi level exists inside the
bandgap, sufficiently far (typically more than SkB T)from the conduction or valence
band edges. In this state, the carrier concentration follows the Boltzmann distribu-
tion, and the material behaves like an ideal intrinsic or lightly doped semiconductor.

In contrast, a degenerate semiconductor occurs when the Fermi level lies near
to the valence or conduction band typically within 3k,T of the band edge). It
leads to a larger carrier density, and the material exhibits metallic-like behav-
ior, where quantum effects and the Pauli exclusion principle play a prominent
role [16, 17].

The distinction is crucial in understanding electrical properties, as degenerate
semiconductors often exhibit enhanced conductivity and different transport
characteristics compared with their nondegenerate counterparts. For simplicity
and to find the carrier concentration in an intrinsic semiconductor, we assume a
nondegenerate semiconductor, that is, E. —Ep >3k;T and Ep —E, > 3kgT. This
will give us conduction and valence band carrier concentration as

n = NeEr-E)/ksT (1.13)
p = Ny eBv=Eo)/ksT (1.14)

Figure 1.5 shows the variation of DOS, the Fermi distribution function, and carrier
distribution for a finite temperature T for an intrinsic semiconductor. Here, we can
see the parabolic behavior of the bands, variation of fermi-distribution function from
the ideal step shape, and a finite positive density of carriers.
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Figure 1.5 Diagram illustrating the density of available states, the Fermi distribution
function, and the resulting carrier distribution as a function of energy for an intrinsic
semiconductor.

1.2 Mobility and Conductivity

Mobility and conductivity are fundamental properties that describe the behavior of
charge carriers in a material, particularly in semiconductors. These parameters are
vital for determining a material’s electrical performance.

1.2.1 Mobility (x)

The ease with which charge carriers—such as electrons or holes—travel in a mate-
rial in an electric field is known as mobility. It is described as charge carriers’ drift
velocity (v;) per unit electric field (F): -

u=v,/F (1.15)

Mobility is typically measured in units of cr;lz, V-1s7!orm? V! s~ Higher mobil-
ity indicates that charge carriers can move more efficiently, leading to improved
electrical performance. In intrinsic semiconductors, carrier mobility is influenced
by the material’s inherent properties. Since intrinsic semiconductors rely solely on
thermally generated carriers, their mobility is sensitive to temperature and lattice
vibrations (phonon scattering). At higher temperatures, increased phonon activity
reduces mobility by scattering the carriers more frequently.

In extrinsic semiconductors, where doping introduces additional carriers, mobil-
ity is also affected by impurity scattering. Ionized dopant atoms create localized
electric fields that scatter carriers, reducing their mobility. At low temperatures,
impurity scattering becomes the dominant factor, whereas phonon scattering pre-
vails at higher temperatures [18].

1.2.2 Conductivity (o)

The ability of a material to carry electric current is known as conductivity. It is
given as:

o =nqu (1.16)
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12 | 1 Semiconductors

where n is the carrier concentration, q is the electronic charge, and y is the mobility
of the charge carriers. It is valid only for one type of charge carriers, but as we know,
a semiconductor has electrons and holes, so we write

o =q(nu, + puy,) (1.17)

where £ is the electron concentration, p is the hole concentration, y,, is the electron
mobility, and u, is the hole mobility.

Conductivity is measured in siemens per meter (Sm='). The conductivity of
silicon (Si) is approximately equal to 1.56 X 107> Q! m~! or Sm~!. The conduc-
tivity is correlated with the mobility and concentration of its carriers. In intrinsic
semiconductors, the number of thermally generated carriers influences conduc-
tivity, whereas in extrinsic semiconductors, doping significantly enhances carrier
concentration, improving conductivity.

In intrinsic semiconductors, conductivity depends on thermally generated
electron-hole pairs. Since intrinsic materials have relatively low carrier con-
centrations at room temperature, their conductivity is generally low. Increasing
temperature boosts carrier generation, enhancing conductivity.

In extrinsic semiconductors, conductivity is heavily influenced by doping levels.
By introducing donor or acceptor atoms, the carrier concentration ‘significantly
increases, improving conductivity. The resulting conductivity can far exceed that of
intrinsic materials, even at lower temperatures [19].

1.2.3 Drift and Diffusion of Charge Carriers

Semiconductors exhibit two primary mechanisms of charge carrier movement:
drift and diffusion [20]. These processes are fundamental to understanding the
behavior of both intrinsic and extrinsic semiconductors While drift occurs due to
an external electric field, diffusion arlses from a concentration gradient of charge
carriers. The interplay between these two mechanisms is important in the operation
of semiconductor devices such as diodes, transistors, and photovoltaic cells.

1.2.3.1 Drift of Charge Carriers

The movement of charge carriers, such as holes and electrons, when an electric field
is present is known as drift. In the presence of an electric field in a semiconductor,
the force exerted on the charge carriers causes them to accelerate. In the presence of
scattering events (due to phonons, impurities, or lattice vibrations), carriers reach a
steady average velocity called the drift velocity (v;) rather than accelerating indefi-
nitely, where v; = uF.

In intrinsic semiconductors, both electrons and holes contribute to drift. Since
these materials have equal electron and hole concentrations, both carrier types
participate equally in current conduction. The net drift current density (J4,4) is
given by

‘Idrlft qF(n#n +pMp) (1'18)

where J 3, is the drift current density (A m~?), nis the electron concentration (m=3),
p is the hole concentration (m~3), and yn(up) is the mobility of electrons (holes).
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In extrinsic semiconductors, where doping introduces an imbalance in carrier
concentration, the drift current is predominantly due to the majority carriers. In
n-type materials, conduction is primarily through electrons, whereas in p-type
materials, holes dominate drift conduction.

1.2.3.2 Diffusion of Charge Carriers
Charge carriers move from regions of larger density to smaller density through
diffusion driven by a concentration gradient rather than an electric field. Diffusion
is essential in establishing equilibrium conditions in semiconductors and plays a
crucial role in forming p-n junctions.

The diffusion current density (J gig40,) is described by Fick’s law:

dn dp
‘Idiﬁ'usion =-q <Dna - Dp&) (119)

where J 5,0, i the diffusion current density (Am~?), D, and D, are the diffusion
coefficients for electrons and holes (m?s!), respectively, and ‘f—‘; and ‘;—i are the
electron and hole concentration gradients, respectively. The negative sign indicates
that electrons move from regions of higher concentration to lower ‘concentration.
The negative term is electron diffusion current, and the positive term is hole
diffusion current. Equation (1.19) reflects how diffusion currents flow in opposite
directions for electrons and holes. In equilibrium, diffusion currents often counter-
act drift currents, achieving a stable carrier distribution:*This:behavior is crucial in
semiconductor devices like p—n junctions, where diffusion leads to the formation of
a depletion region. s

In intrinsic semiconductors, diffusion is .driven by the thermally generated
electron-hole pairs. Since intrinsic materials have balanced carrier concentrations,
diffusion occurs equally for both electrons.and holes. The equilibrium condition
arises when drift and diffusion currents countérbalance each other.

In extrinsic semiconductors, diffusion plays a prominent role in establishing
equilibrium near junctions or in regions where doping profiles vary. In heavily
doped regions, diffusion is stronger due to the high concentration gradient. For
instance, in a p—n junction, hole diffusion from the p-side to the n-side and electron
diffusion from the n-side to the p-side create a depletion region that dictates the
junction’s electrical behavior.

1.2.4 Mathematical Relation for Mobility

The Einstein relation, given by [21]

kT
D=2y (1.20)
q

connects the diffusion coefficient (D) with the mobility (4) of charge carriers
in semiconductors. This equation is significant because it highlights the direct
relationship between random thermal motion (diffusion) and directed motion
under an electric field (drift).
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14| 1 Semiconductors

e Drepresents the diffusion coefficient, which measures how effectively charge car-
riers spread out due to concentration gradients.

e kjis the Boltzmann constant, a fundamental physical constant that links temper-
ature to energy.

o T is the absolute temperature in kelvin.

q is the electronic charge.

u represents the mobility.

The Einstein relation reveals that higher temperatures increase both diffusion and
mobility, showing the intrinsic link between these two transport mechanisms. This
equation is crucial in explaining carrier dynamics in devices like diodes, transistors,
and solar cells.

1.2.4.1 Comparison and Combined Effects

Both drift and diffusion currents coexist in semiconductors. Their combined behav-
ior determines the overall current density in a device. The total current density is
expressed as

J= Jd}"lft + Jdi}ffusion (1.21)

In intrinsic semiconductors, the contribution of drift and-diffusion is symmetric
because of equal numbers of electrons and holes. In extrinsic materials, drift tends to
dominate in bulk regions, while diffusion becomes more significant in nonuniform
regions such as p-n junctions. This equation is crucial for understanding carrier
transport in semiconductor devices, as it integrates both electrical field-driven and
concentration-driven effects. '

1.2.5 Factors Influencing Mobility @and Conductivity

The electrical performance of semiconiductors is heavily dependent on two critical
parameters: mobility and conductivity. These parameters are influenced by several
intrinsic and extrinsic factors, which collectively determine how efficiently charge
carriers can move through the material. Understanding these factors is essential for
optimizing semiconductor device performance [22, 23].

i) Temperature Dependence

Temperature significantly affects both mobility and conductivity. As temper-

ature increases, the lattice vibrations (phonons) intensify, resulting in more

frequent scattering events for charge carriers. This phonon scattering reduces
carrier mobility.

o Intrinsic Semiconductors: In pure materials, as temperature rises, more
electron-hole concentration rises as thermal energy increases. While this
enhances conductivity, mobility may still decrease due to intensified scat-
tering. Thus, at elevated temperatures, conductivity may improve despite
reduced mobility.

o Extrinsic Semiconductors: In doped materials, carrier concentration
dominates conductivity behavior. At low temperatures, impurity ionization
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1.2 Mobility and Conductivity | 15

is incomplete, limiting available carriers. As temperature rises, more
dopants ionize, improving conductivity until saturation is reached.
ii) Impurity Concentration and Doping Levels

Doping introduces additional charge carriers that enhance conductivity but

can also influence mobility.

o Light Doping: In lightly doped semiconductors, carrier mobility remains
high since minimal impurity scattering occurs.

o Heavy Doping: As doping concentration increases, the enhanced carrier
density improves conductivity. However, increased impurity scattering
reduces mobility, limiting performance at high doping levels.

In heavily doped n-type semiconductors, for instance, electrons dominate con-

duction, while in p-type materials, holes play the primary role. Excessive dop-

ing results in increased collisions with impurity ions, reducing mobility.
iii) Lattice Scattering (Phonon Scattering)

Lattice vibrations, particularly at higher temperatures, cause phonon scatter-

ing, a primary factor that limits carrier mobility in intrinsic materials. As the

crystal lattice oscillates, charge carriers are deflected from their original paths,
reducing drift velocity. Lattice scattering becomes more pronounced at ele-
vated temperatures, explaining the inverse relationship between mebility and
temperature in intrinsic semiconductors.

iv) Impurity Scattering

In extrinsic semiconductors, impurity scattering arises.from ionized dopant

atoms, which disturb the electric field experienced by carriers. This scattering

mechanism becomes dominant at low temperatures when lattice vibrations
are minimal. Consequently, mobility in extrinsic-semiconductors decreases at
lower temperatures due to impurity scattering.

v) Carrier Concentration A

Carrier concentration directly influences conductivity, as expressed by

equation (1.17). Whereas the majority of the carriers added through doping

dominate the carrier density in extrinsic semiconductors, the concentration
of holes and electrons is equal in intrinsic semiconductors.
vi) Electric Field Strength

Under low electric fields, the drift velocity of carriers follows a linear rela-

tionship with the applied field (F). However, at very high electric fields, the

carrier velocity saturates due to excessive scattering, limiting further mobility
improvement.
vii) Crystal Structure and Defects

The atomic arrangement of the semiconductor material influences mobility.

A well-ordered crystal lattice minimizes scattering events, improving mobil-

ity. Conversely, defects introduce localized states that impede carrier motion,

lowering mobility and overall conductivity.
viii) Band Structure

The energy band structure defines the available states for electron movement.

Materials with higher effective masses (m") tend to have lower mobility, as car-

riers experience greater resistance to acceleration. Conversely, materials with
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16 | 1 Semiconductors

a smaller effective mass enable carriers to respond more efficiently to electric
fields, enhancing mobility.

ix) Carrier Recombination
Recombination occurs when electrons and holes recombine, reducing the
overall carrier population. This process directly affects conductivity since
fewer charge carriers are available for conduction. Recombination effects
are particularly significant in intrinsic semiconductors under low injection
conditions.

x) Material Purity and Growth Techniques

The manufacturing process significantly affects semiconductor quality. Tech-
niques like molecular beam epitaxy (MBE) and chemical vapor deposition
(CVD) can produce high-purity materials with minimal defects, improving
mobility and conductivity. In contrast, impurities and structural imperfections
from lower-quality processes increase scattering, limiting performance.

xi) Pressure and Mechanical Stress
External mechanical forces can alter the crystal lattice structure, affecting
electron and hole mobility. Compressive stress may reduce lattice spacing,
enhancing interactions and reducing mobility, while tensilestress can improve
mobility by altering the energy band structure to facilitate cartier motion.

xii) Magnetic Field Effects
When a perpendicular magnetic field is applied to.the current flow, the motion
of charge carriers is deflected, resulting in the Hall effect. The deflection dis-
rupts thelinear carrier path, effectively reducing mobility. This effect is used in
Hall sensors to measure carrier concentration and mobility in semiconductor
materials. '

1.3 Density of States ; Y,

The number of accessible electronic states per unit energy range at a specific energy
level is known as the DOS. It is a fundamental concept in solid-state physics that
describes how energy levels are distributed within a material. Understanding the
DOS is crucial for determining a semiconductor’s electronic and optical properties.

In a semiconductor, the DOS (g(E)) function varies between the bands. The
conduction band DOS represents the number of electronic states available
for electrons, while the valence band DOS corresponds to the available states
for holes.

1.3.1 Importance of DOS
The DOS is a vital factor in determining several semiconductor properties:

i) Carrier Concentration: The number of charge carriers in conduction and
valence bands is directly linked to the DOS. The total carrier concentration
is calculated by integrating the product of the DOS and the Fermi-Dirac
distribution over all energy levels.
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1.3 Density of States | 17

ii) Optical Absorption: The DOS influences how photons are absorbed in
a semiconductor. Materials with higher DOS at specific energy levels will
exhibit stronger optical transitions, making the DOS crucial in optoelectronic
applications.

iii) Electronic Transport: The DOS determines how readily charge carriers are
excited to higher energy states, influencing mobility and conductivity.

iv) Thermal Properties: The DOS is critical in determining the heat capacity and
thermal conductivity of semiconductor materials.

1.3.2 Applications of DOS

The concept of DOS has wide-ranging applications in semiconductor physics and
device engineering:

i) Design of Quantum Devices: In low-dimensional structures such as quantum
wells, wires, and dots, the DOS behaves differently from bulk materials. Under-
standing these variations is crucial for designing high-performance quantum
devices.

ii) Photovoltaic Cells: DOS plays a key role in optimizing light absorption and
charge carrier generation for improved solar cell efficiency. .

iii) Thermoelectric Materials: Materials with tailored DOS proﬁles are designed
to enhance the Seebeck coefficient and improve energy conversion efficiency.

iv) LEDs and Laser Diodes: The DOS directly affects-the recombination rate of
electrons and holes, influencing the emission wavelength and intensity.

1.3.3 Concept and Derivation in Three-, de-, and'One-Dimensional
Systems

Now, let’s turn our attention to systems that are practically relevant. We aim to cal-
culate the DOS for various models, including bulk systems three-dimensional (3D),
quantum wells two-dimensional (2D), and quantum wires one-dimensional (1D).

1.3.3.1 Bulk Density of States (Three-Dimensional)

In k-space, a sphere is considered. While the choice
of geometry is not critical, the sphere simplifies our
calculations. Additionally, although we will now
assume periodic boundary conditions. The volume
corresponding to this sphere is given by

Vik) = ‘-‘n(kﬁ (1.22)

where k denotes the radius of the sphere and k* = k + k; + k. Also,

X Z
= k= k= (1.23)
*T L, vTL, <L,
where n, s My, Ny =0, 1, £2, +£3, ... The traveling wave that describes the free carrier

wavefunction naturally meets periodic boundary requirements in the extended

solid resulting in these specific forms for k., ky, and k,.
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18 | 1 Semiconductors

The difference in volume between two spheres with radiuses of k and k + dk in
k-space is a shell whose volume can be calculated as

N

Vit = Vi + di) — V() = gn(k +dk)y® — %‘ﬂ(kf (1.24)
On simplification we get,

Vi = ‘-3‘7:(1{3 + k2dk + 2k2dk + 2kdk? + kdk? + di — k)

N

_ ‘g‘n(3k2dk + 3kdI + di) (1.25)

Retaining terms only up to the order of dk, since higher-order terms like dk* and
dk? are significantly smaller, gives us:

v

N

e = 4mk*dk (1.26)

This represents the relevant shell volume, which plays a crucial role in the
calculation of the DOS. Specifically, the shell volume element, situated between
two spheres, is used to determine the number of available states per unit energy
interval, facilitating a more accurate understanding of the system’s properties. This
interval is represented by dk, owing to the direct relationship between energy E and
wavevector k. '

The volume of a given state in k-space is written as

8
Vitae = kxkykz 3 ILL © (1.27)
xHylz

The number of states within the shell has _spin degeneracy, so a factor of 2 is multi-
plied, and this value is given by N; = 2%; which is the probability density per state

state

in k-space, that is,

1Y

kZ  F :..l
N, = SLL,L, dk = g(k)dk (1.28)
Therefore,
k2
gl = S LLL,

Moreover, due to the one-to-one correspondence between k and E, we can
establish a further connection to the desired energy probability density G(E) through

g(kydk = G(E)dE (1.29)
which implies
dk
G(E) = g(k)d—E (1.30)
e _ 1 [amr

_ K s :
Aswe know, E = py— ,which gives us E=7V
becomes

LLL, [ 3\ > v am \ 2
8(E);sp = xyz<m> \/E=ﬁ<m> VE (1.31)

2772 hZ hZ

. Hence, the expression of G(E)
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This expression represents the number of available states in the system per unit
energy. By normalizing this result with respect to the real-space volume L,L,L,, we
obtain the desired DOS with units of number per unit energy per unit volume, that

«\3/2
is, g(E) = @ =L ( m ) \/E For conduction band electrons, we have

22 n?
1 (2m; 3/2
a® =55 E - Ec (1.32)

and for valence band holes, it will be

1 om* 3/2
g,(E) = F(Th> VE, —-E (1.33)
7\ h
1.3.3.2 Two-Dimensional Systems
Derivation in Two Dimensions On similar grounds, we can calculate thatin 2D systems
(like graphene), states occupy a plane in k-space.
The area difference between two circles, whose

radii differ by dk, is given by: Y
Appdar = Atk + dk) = A(k) = 2xkdk + rdk® (1.34) §
For small dk, we can ignore dk*. Hence, S (A K.
Agutar = 27kl (1.35) §
Our focus now is to calculate the number of states :
within this region, as it corresponds to the number of
available states per unit energy. The smallest nonzero
region that a state occupied is \
4 Y,
Avae = kiky = T 7 - (1.36)

The number of states within the annular have spin degeneracy, so a factor of 2 is
multiplied and this value is given by N, = ZAZ"”“’“*, which is the probability density

state

per state in k-space, that is,

N, = 1,1 dk = gtak (1.37)
T
Therefore,
k
gk = ~L,L, (1.38)

Moreover, due to the one-to-one correspondence between k and E, we can
establish a further connection with G(E) as

g(kydk = G(E)dE (1.39)
which implies

G(E) =g(k)% (1.40)
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n’k? . : dk 1 2m* .
Asweknow, E = %,Whlch givesus == = - T.Hence, the expression of G(E)
becomes
L.L, (m* A [ m*
GE),,=—(=)=2 (= 1.41
B =7 <h2) ﬂ<h2> (14D

The number of possible states in the system per unit energy is represented by
the aforementioned equation. The necessary DOS with units of number per unit
energy per unit area is obtained by dividing this result by the real-space area L L,
that is,

_GB) _1(m
g(E) = y —ﬂ<h2> (1.42)

1.3.3.3 One-Dimensional Systems
Derivation in One Dimension Considering a symmetric line with length 2k about the
origin in k-space, then

L, =2k (1.43)
The corresponding width that a certain condition occupies is

Lare = 2Kk N (1.44)

state

where k might be any of the three directions (k,, k,, or k,)in k-space. We opt for
the z-direction for ease. It will be the only degree of freedom for carriers in the wire.

27n,

Ask, = > with n, =0, +1, £2, £3,....., where _Lz = Najwith N representing the

number of unit cells in the z-direction and “@” denoting the interatomic spacing.
The smallest nonzero region corresponds to n, =1. Consequently, the number of
states contained in L, is

2k Y

N, = =—L,dk = g(k)dk (1.45)
T ", .
This will give
L [2m* 1
G(E),, == — (1.46)
1D T hz \/E‘
which will lead to
gE) = Lz 1 (1.47)

=\ n B
1.3.4 Implications for Electronic Properties

Now let us understand what the impact of these expressions is on the electronic
properties of the materials (Figure 1.6).

For 3D:

o Smooth Energy Dependence: Since the DOS increases gradually with energy,
3D materials generally exhibit continuous electronic properties, providing stable
charge carrier behavior.

Sharma355730 cOl.tex V1-11/21/2025 8:21pm PageZD‘
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Figure 1.6 Dependence of energy of DOS in L
3D, 2D, and 1D. Source: Hung et al. [16] / MDPI / L
CCBY 4.0. W
2D 1D
E E
DOS DOS

e Metallic Behavior: Due to the abundance of available electronic states near the
Fermi energy, metals typically display high electrical conductivity.

o Thermal Excitations: The gradual increase in DOS enables effective thermal
excitation of electrons, contributing to enhanced heat capacity and predictable
thermal conductivity.

For 2D:

o Step-Like Features: Due to quantized energy levels in 2D:systems, the DOS
exhibits sharp steps as new energy bands are populated.

e Enhanced Quantum Effects: The flat DOS profile leads to significant electron
confinement effects, resulting in phenomena such as the quantum Hall effect and
enhanced optical absorption. ) :

o Tunable Band Structures: In materials like graphene, the linear energy depen-
dence combined with a constant DOS allows-for versatile electronic tuning by
modifying the substrate or applying external fields.

For 1D: -

o Sharp Peaks in DOS: The presence of Van Hove singularities results in pro-
nounced peaks in the DOS, leading to enhanced optical and electronic transitions
at specific energies.

e Localized States: The strong dependence on energy leads to electron localization
effects, enhancing sensitivity to disorder and impurities.

o Enhanced Electron-Phonon Interactions: Due to the pronounced DOS peaks,
1D systems often exhibit stronger electron-phonon coupling, affecting supercon-
ductivity and thermal transport.

1.4 Electron and Hole Concentration in Doped
Semiconductor

The mass action law in semiconductors describes the relationship between electron
(n) and hole (p) concentrations in thermal equilibrium. For intrinsic semicon-
ductors, equation (1.1) provides the product of hole and electron concentrations.
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In extrinsic semiconductors (doped materials), this relation still holds, but the
carrier concentrations vary depending on the type and level of doping. In n-type
semiconductors, donor atoms contribute additional electrons as n = N, + p, where
n is the electron concentration, N, is the donor concentration, and p is the hole
concentration. For p-type semiconductors, acceptor atoms create additional holes as
p =N, + n. For n-type semiconductors, n increases while p decreases, and for p-type
semiconductors, p increases while n decreases, ensuring the product n.p remains
constant at a given temperature. Using equation (1.1) and using equations (1.13)
and (1.14), we get n; as a function of temperature as

n; = \/NcN,, e /2T (1.48)

Intrinsic semiconductors are generally nondegenerate, and, therefore, taking
E = E,, the carrier concentration equations are as follows:

Ei~Ec

n; =Nge k" (1.49)
Ey—E;
n; =Ny e kT (1.50)

Using these two equations, we can calculate the intrinsic Ferndi energy as

E-+E kT N;
E=—S_Y33B h XL (1.51)
2 2 Ne
N m* 3/2 . . .
where T = <mfj ) , so the above expression can be rewritten as
C e g
E.+E, 3kgT my
E=—V4+ 5 (2 (1.52)
2 4 m;

This implies that at T = 0K or when m;zh = mj, an intrinsic semiconductor’s Fermi
level is located at the midpoint of bandgap, However, in practical scenarios, there is
typically a slight variation in its position as my # mg.

In a semiconductor, an electrical charge is composed of both fixed and mobile
charge carriers. The fixed charge arises from ionized dopant atoms, which remain
immobile, while the mobile charge is attributed to holes and electrons from the
valence and conduction bands, respectively. Under equilibrium conditions, the
semiconductor maintains electrical neutrality. This charge balance condition can
be expressed as:

n+N; =p+N;} (1.53)

Ny (Nf)r ) denote the number of ionized acceptor (donor) atoms per unit volume.

The majority of donor and acceptor sites are ionized for shallow impurities at room
temperature, producing N;, = N, and N, = N,,. Consequently, the charge neutrality
condition simplifies to:

n+N,=p+N, (1.54)
For p-type IN, —Np | > n; and N, > N, we then have,
p=N,-N, (1.55)
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Using the mass-action formula, we have

n;?

=— 1.56
n N, -N, (1.56)
Similarly, if N, > N, and the material is n-type, then
n=N,—-N, (1.57)
__n (1.58)
P= Np—Ny '

Now using charge neutrality equation and mass-action formula, we solve for n and
p and the solutions are given as follows:
1/2

N,-N N, —N,\?
n= D2 A+(< D2 A) +ni2> (1.59)

N, - N N, —N,\? 2
p=-4 D+<<A D) +ni2) (1.60)

2 2

As the charge carrier concentration is always positive, only positiverootsare taken
into consideration. A pictorial depiction of DOS, the Fermi distribution function,
and the carrier concentration for the same is shown in Figure 1.7.

1.4.1 Role of Doping in Conductivity Enhancement

Both holes and electrons add to the current, as.was previously mentioned. As a
result, equation (1.17) is typically used to represent the general conductivity of an
intrinsic semiconductor. Therefore, for an intrinsic'semiconductor, as derived from
equation (1.48) and the expressions for the effective densities of states in the con-
duction and valence bands (see equations .9:and 1.12), we can write,

n = p = constant x T*/?¢~Fe/?sT (1.61)

and
_ e _
o = constant X e(u, + p,)T**e” T = ge %7 (1.62)
Graphing the In ¢ with 1/T results in linear relationship, the bandgap E, is rep-
resented by the slope of the curve, given by (—E,/2k). Here, we have assumed that

the T’ variation and the temperature dependence of E, are imperceptible compared
with the dominant exponential term. While electron and hole mobilities are also
temperature-dependent—theoretically following y o« T~%2, this dependence largely
offsets the T%? variation, minimizing its overall effect [24].

In a doped semiconductor, in n-type materials the electron concentration (n)
is significantly greater than the hole concentration (p), and in p-type materials
p > n. The temperature dependence of conductivity provides valuable insights into
determining the energy of impurity levels. It is primarily due to: (i) the leading
influence of carrier density on the conductivity ¢(T), and (ii) the relationship
between carrier concentration—governed by the balance between thermal carrier
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Figure 1.7 Schematic representation of the DOS; the Fermi Dirac distribution function,
and the corresponding carrier distribution as a.function‘of energy for (a) an n-type
semiconductor and (b) a p-type semiconductor.

generation and recombination procesSes--and the corresponding dopant energy
levels within the semiconductor’s energy gap.

As previously discussed, extrinsic semiconductors exhibit three distinct tempera-
ture regimes.

o High-Temperature Regime: At elevated temperatures, where all donors are ion-
ized, the conduction band carrier concentration is primarily driven by thermal
excitations from the valence band. In this regime, the material behaves similarly
to an intrinsic semiconductor, and plotting In ¢ as a function of 1/T produces a
straight line with a slope s = — E,/2kp,.

o Low-Temperature Regime: At lower temperatures, the conduction band
electron concentration predominantly originates from donor ionization, while
the contribution of holes to the conductivity can be neglected. Under these
conditions, the conductivity can be expressed as follows:

 (Ec—Ep)

o =oc,e (1.63)

Graph of In ¢ with 1/T will again give linear relationship, but with different slope
defined as = —%, E. and E|, are defined already.
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Figure 1.8 Variation of electrical Inc
conductivity of donor-doped

semiconductor on temperature. Intrinsic regime:

S =-Eyl2kg

Extrinsic regime:
S = —(EC—ED)/ZkB

T «— 1T

o Intermediate-Temperature Regime: Between the low- and high-temperature
regimes lies a transitional range where conductivity behavior deviates from simple
exponential trends. In this regime, factors such as the T2 dependence of carrier
concentration and the temperature-dependent mobility significantly influence the
pattern of the conductivity curve.

This is demonstrated in Figure 1.8.

Similar principles apply to p-type semiconductors, where the-carrier behavior is
analogous, with acceptor states contributing to hole concentrations.

In summary, shallow donor and acceptor impurities introduce minimal perturba-
tions to the semiconductor crystal structure, leading to bound states that are located
near the valence and conduction band edges. These shallow states provide charge
carriers that influence the semiconductor’s electrical properties.

1.5 Fermi Concepts 3

.

1.5.1 Definition and Significance of Fermi Level

The Fermi level (Ey) represents the energy level at which the probability of occu-
pancy by an electron is exactly 50% at absolute zero. The Fermi level is an important
reference point in calculating the electronic properties of materials, especially for
intrinsic and extrinsic semiconductors as we have seen previously.

The Fermi level in an intrinsic semiconductor is situated roughly halfway between
the conduction band minimum (E.) and the valence band maximum (E,,). This
positioning reflects the equal probability of finding electrons in the conduction
band and holes in the valence band. Because intrinsic materials have no intentional
doping, the carrier concentration is thermally generated, and the E remains in the
middle of the bandgap.

In an extrinsic semiconductor, the presence of dopants significantly alters the
position of the Ej. For n-type materials, E}, shifts toward the conduction band as
the electron concentration dominates the charge carrier population. Conversely,
in p-type, the Ej shifts toward the valence band, where hole concentration
is greater.
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The importance of the Fermi level extends to multiple aspects of semiconductor
behavior:

e Carrier Concentration Determination: The position of E directly affects the
density of charge carriers (electrons and holes).

o Electrical Conductivity: Since conduction is dependent on the availability of
carriers near the valence and conduction band edges, the Fermi level serves as a
key indicator of the semiconductor’s conductive properties.

¢ Thermal and Optical Properties: The movement of the Fermi level under
varying temperatures or doping levels reflects changes in the semiconductor’s
energy dynamics, thus influencing device performance.

1.5.2 Fermi Energy, Fermi Temperature, and Fermi Wavelength

Fermi Energy (Ez): The maximum energy level that electrons can occupy is rep-
resented by the Fermi energy at a temperature of zero. In metals, where electron
density is extremely high, the Fermi energy is well defined and denotes the upper
limit of the filled electron states in the conduction band. In semiconductors, how-
ever, the Fermi energy is replaced by the Fermi level, which depends on temperature
and doping conditions. \

In intrinsic semiconductors, the Fermi energy is located near mid—gap. For extrin-
sic semiconductors, it depends on dopant concentration:and type:

o In n-type semiconductors, E shifts closer to E,..
¢ In p-type semiconductors, E; shifts closer to Ey,.

The mathematical relationship for E in an intrinsic semiconductor is written by
equation (1.51) as x
Eorly BT, (NAED
2 2 Ny
Fermi Temperature (T): The Fermi temperature is a conceptual temperature
corresponding to the Fermi energy. It is calculated as

Ep =

o
’

T, = =L (1.64)

In semiconductors, the Fermi temperature is extremely high compared with
room temperature, implying that most conduction electrons behave as though they
are at this elevated energy state even at standard conditions. The concept is most
useful in describing metallic systems, where electron energies are substantially
higher.

Fermi Wavelength (ip): The Fermi wavelength represents the de Broglie
wavelength associated with electrons at the Fermi energy. It is defined as

ap=Z ok (1.65)

ke \2mEy
where k. is the Fermi wave vector, h is Planck’s constant, and m” is the effective
mass of the electron. The Fermi wavelength is important in determining quantum
confinement effects in low-dimensional systems such as quantum wells, wires,
and dots.
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1.5.3 Fermi Surface and Its Role in Semiconductors

The Fermi surface is a geometric representation of the set of points in reciprocal
space (momentum space) that correspond to the Fermi energy. This concept is essen-
tial in understanding electronic behavior, particularly in metals and heavily doped
semiconductors.

In intrinsic semiconductors, the Fermi surface is less significant as very few charge
carriers are available there. However, in highly doped semiconductors, especially
n-type materials with substantial conduction band population, the Fermi surface
starts to resemble that seen in metallic systems.

In n-type semiconductors, where Ej shifts toward conduction band edge, the
Fermi surface may take the form of a spherical shell representing the constant
energy surface in k-space. Similarly, in p-type semiconductors, where Ep. is near the
valence band, the Fermi surface structure reflects the distribution of hole states.

In equilibrium conditions, for nondegenerate semiconductors n-type or p-type, the
Ej, and carrier concentration relation is given by equations (1.49) and (1.50). These
equations are derived under the assumption that ionized dopants are there and apply
specifically to n-type and p-type semiconductors, respectively.

ND
EF = Ei + kBT In T L7 (166)
i
NA
EF = Ei - kBT In 7 (167)
i : ;

These equations show explicitly how E, will change.its position with doping
concentration [25]. Iy
The role of the Fermi surface in semiconductorsincludes:

e Carrier Dynamics: The shape and:size of the Fermi surface determine the
electron’s momentum distribution and-influence properties such as mobility and
effective mass. '

o Optical and Thermal Properties: The structure of the Fermi surface affects the
absorption spectra and thermal conduction in semiconductors.

o Electronic Transport: For heavily doped semiconductors, the Fermi surface
directly influences electrical resistivity and conductivity.

Fermi level significantly impacts the design and functionality of devices like
diodes, transistors, and photovoltaic cells. In p-n junctions, the alignment of Fermi
levels determines the built-in potential and the movement of charge carriers. In
metal-oxide-semiconductor field-effect transistors (MOSFETS), precise control over
E. through doping profiles is crucial for achieving the desired threshold voltages
and switching characteristics.

As doping concentrations increase, the wavefunctions of electrons linked to
dopant atoms tend to interfere due to the decrease in the mean separation among
nearby impurity atoms. Consequently, the previously discrete dopant levels, either
acceptor or donor, expand forming a band that, depending on the kind of doping,
eventually combines with the valence or conduction bands. The energy gap also
narrows as a result of this process; however, this effect can typically be neglected

for doping concentrations below approximately 10'® cm™3.

&
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In semiconductors with high doping levels, the occupation of states close to band
edges can lead to the Burstein-Moss shift of the absorption edge. The shift results
with enhancement in doping concentrations, and the Fermi level shifts higher in
n-type semiconductors. In degenerate cases, the Fermi level may extend above the
conduction band edge. As a result, electron states near the conduction band edge
become occupied, necessitating electrons to excited states. As a result, the threshold
for optical absorption shifts to higher energies as doping levels increase.

1.6 Electrical Properties

Semiconductors are a crucial component in modern electronics, serving as the foun-
dation for numerous technological advancements. Their unique electrical properties
enable them to function as the backbone of transistors, diodes, integrated circuits,
and microprocessors. Understanding the electrical properties of semiconductors is
vital for the manufacture of efficient electronic products, as these properties gov-
ern their conductivity, charge carrier behavior, and interaction with external electric
fields. In this section, we explore the significance of electrical propertties in semicon-
ductors, covering aspects such as conductivity, carrier dynamics; band structure, and
their impact on device applications. N

Fundamental Electrical Properties of Semiconductors

(I) Electrical Conductivity and Resistivity

The ability of a material to carry electric currentis measured by its electrical

conductivity (¢). Conductivity in semiconductors is affected by both inherent

characteristics (pure material characteristics) and extrinsic factors (doping

and environmental conditions). The relationship between conductivity and

resistivity (p) is given by ¢ = s L 1 ;

In intrinsic semiconductors, Eonductivity arises from thermally generated

electron-hole pairs. As temperature increases, more carriers are excited

across the bandgap, resulting in increased conductivity. Conversely, in

extrinsic semiconductors, the introduction of dopants (donors or acceptors)

enhances the carrier concentration, significantly influencing electrical

behavior.

(II) Mobility and Carrier Concentration

The electrical behavior of semiconductors is largely defined by the carrier

density and mobility. Carrier concentration rely on material’s intrinsic prop-

erties or doping levels, while mobility reflects the ease with which carriers

move under an electric field. Mobility is influenced by factors such as the

following:

o Lattice Scattering: At higher temperatures, phonon interactions increase,
reducing mobility.

e Ionized Impurity Scattering: In heavily doped materials, interactions
between carriers and ionized impurities impede motion.

e Crystal Quality: Grain boundaries, dislocations, and defects influence
carrier scattering and mobility.
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The dependence of carrier concentration, conductivity, and mobility is
expressed as equation (1.17).
(III) Energy-Band Structure and Electrical Behavior

The band structure of semiconductors significantly influences their electrical
properties. Key features such as the E and E,, determine the ease of car-
rier excitation. The bandgap energy (E,) defines the energy barrier that elec-
trons must overcome to excite to high energy states. Materials with smaller
bandgaps require less energy for electron excitation, resulting in enhanced
conductivity.

o Wide Bandgap Semiconductors: Materials like GaN and SiC offer supe-
rior thermal stability, radiation resistance, and power-handling capabili-
ties, making them ideal for high-power applications.

o Narrow Bandgap Semiconductors: Materials like InSb are suitable for
infrared detectors due to their low energy barrier and higher carrier con-
centrations at lower temperatures.

(IV) Doping and Electrical Control

Doping introduces controlled impurities into a semiconductor.to manipulate

its electrical properties. This process allows precise control over carrier con-

centration and type. Key doping mechanisms include: '

o n-type Doping: Donor atoms provide additional electrons, shifting the E.
toward the E. . _

e p-type Doping: Acceptor atoms create additional holes, shifting the E
toward the Ey,. 4

By adjusting impurity concentration and profile, engineers can design semi-

conductors with tailored electrical characteristics suitable for specific device

applications. ¢ ny
(V) Junction Formation and Device Operation

The formation of p—n junctions is central to many semiconductor products

such as diodes, transistors, and solar cells. The behavior of such junctions

is governed by the diffusion of carriers, drift currents, and the electric field
established at the depletion region. Critical electrical properties that influ-
ence junction performance include:

o Built-in Potential: Determines the energy barrier that carriers must over-
come to flow across the junction.

e Depletion Width: Affects the capacitance and response speed of the
device.

o Reverse Breakdown Voltage: Defines the voltage threshold at which the
junction undergoes avalanche breakdown.

(VI) Temperature Dependence

Semiconductor electrical properties are highly temperature dependent.

At higher temperatures, intrinsic carrier generation increases, leading to

enhanced conductivity. However, excessive heating can degrade mobility

due to intensified lattice vibrations.
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In extrinsic semiconductors, increased temperature can ionize previously
frozen-out dopants, modifying the carrier concentration. Understand-
ing temperature effects is crucial in designing semiconductors for stable
performance in varying environmental conditions.

(VII) Optical and Electronic Transitions
The electrical properties of semiconductors also influence their optical behav-
ior [17]. Excited carriers can recombine to emit photons, a principle exploited
in laser diodes and LEDs. Similarly, photon absorption excites carriers across
the bandgap, a fundamental process in photodetectors and solar cells.
Materials with tailored electrical properties can optimize:
o Absorption Efficiency: Critical in photovoltaic devices.
o Emission Spectrum: Influences LED color and brightness.
e Carrier Lifetime: Impacts the efficiency of recombination-dependent
devices.

(VIII) Impact on Semiconductor Devices
The electrical properties of semiconductors directly affect the design, perfor-
mance, and reliability of electronic devices. Key applications include:
o Transistors: Control current flow based on gate voltage, enabling digital

logic operations. .

o Diodes: Exploit p—n junction properties for rectification, iloltage regula-
tion, and signal modulation.

o Photovoltaic Cells: Depend on efficient carrier generation and separation
to convert light into electrical energy. '

o Sensors and Detectors: Use semiconductor materials for temperature,
pressure, and radiation sensing.

(IX) Emerging Technologies :

Advancements in semiconducter engineering increasingly rely on electrical

property manipulation. Notable-developments include:

e Quantum Dots and Nanostructures: Quantum confinement effects
enable precise control over dynamics of carriers.

e 2D Materials: These materials exhibit unique electrical properties that
enable faster and more efficient electronic devices.

o Wide Bandgap Materials: Essential for high-voltage, high-power appli-
cations in electric vehicles and power grids.

The electrical properties of semiconductors are fundamental to their operation
in modern electronics. By controlling parameters such as carrier concentration,
mobility, band structure, and temperature response, engineers can design semi-
conductors optimized for diverse applications. Understanding these properties
is essential for advancing device performance, improving energy efficiency, and
enabling next-generation electronic technologies.
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