
“Advanced Semi-Conductors”.

In Section 1 of this course you will cover these topics:
Basic Semiconductor Properties

Elements Of Quantum Mechanics

Topic : Basic Semiconductor Properties

Topic Objective:

At the end of this topic the student would be able to:

 Learn about the Classification of Semiconductor Materials

 Learn about the Electronic Properties of Semiconductors

 Learn about the Crystalline Structure of Semiconductor

Definition/Overview:

Semiconductor: A semiconductor is a solid material that has electrical conductivity in between

that of a conductor and that of an insulator; it can vary over that wide range either permanently

or dynamically. Semiconductors are tremendously important in technology. Semiconductor

devices, electronic components made of semiconductor materials, are essential in modern

electrical devices. Examples range from computers to cellular phones to digital audio players.

Silicon is used to create most semiconductors commercially, but dozens of other materials are

used as well.
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Solid materials are classified by the way the atoms are arranged within the solid. Materials in

which atoms are placed at random are called amorphous. Materials in which atoms are placed in

a highly ordered structure are called crystalline. Poly-crystalline materials are materials with a

high degree of short-range order and no long-range order. These materials consist of small

crystalline regions with random orientation called grains, separated by grain boundaries. Crystals

naturally form as liquid material cools down, since the close proximity of atoms lowers their

energy. However, since crystallization typically occurs in multiple locations simultaneously, one

finds that the poly-crystalline structure is quite common except for materials such as glass which

tend to be amorphous. Crystalline silicon dioxide does occur in the form of quartz but only if the

temperature and pressure promote crystal formation.

Of primary interest in this text are crystalline semiconductors in which atoms are placed in a

highly ordered structure. Crystals are categorized by their crystal structure and the underlying

lattice. While some crystals have a single atom placed at each lattice point, most crystals have a

combination of atoms associated with each lattice point. This combination of atoms is also called

the basis.

Key Points:

1. Classification of Semiconductor Materials

Solid-state materials are commonly grouped into three classes: insulators, semiconductors, and

conductors. (At low temperatures some conductors, semiconductors, and insulators may become

superconductors.) Figure 1 shows the conductivities s (and the corresponding resistivities r = 1/s)

that are associated with some important materials in each of the three classes. Insulators, such as

fused quartz and glass, have very low conductivities, on the order of 10-18 to 10-10 siemens per
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centimeter; and conductors, such as aluminum, have high conductivities, typically from 104 to

106 siemens per centimeter. The conductivities of semiconductors are between these extremes.

The conductivity of a semiconductor is generally sensitive to temperature, illumination, magnetic

fields, and minute amounts of impurity atoms. For example, the addition of less than 0.01

percent of a particular type of impurity can increase the electrical conductivity of a

semiconductor by four or more orders of magnitude (i.e., 10,000 times).

The study of semiconductor materials began in the early 19th century. Over the years, many

semiconductors have been investigated. The table shows a portion of the periodic table related to

semiconductors. The elemental semiconductors are those composed of single species of atoms,

such as silicon (Si), germanium (Ge), and gray tin (Sn) in column IV and selenium (Se) and

tellurium (Te) in column VI. There are, however, numerous compound semiconductors that are

composed of two or more elements. Gallium arsenide (GaAs), for example, is a binary III-V

compound, which is a combination of gallium (Ga) from column III and arsenic (As) from

column V.

Ternary compounds can be formed by elements from three different columns, as, for instance,

mercury indium telluride (HgIn2Te4), a II-III-VI compound. They also can be formed by

elements from two columns, such as aluminum gallium arsenide (AlxGa1 - xAs), which is a

ternary III-V compound, where both Al and Ga are from column III and the subscript x is related

to the composition of the two elements from 100 percent Al (x = 1) to 100 percent Ga (x = 0).

Pure silicon is the most important material for integrated circuit application, and III-V binary and

ternary compounds are most significant for light emission.

Prior to the invention of the bipolar transistor in 1947, semiconductors were used only as two-

terminal devices, such as rectifiers and photodiodes. During the early 1950s, germanium was the

major semiconductor material. However, it proved unsuitable for many applications, because
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devices made of the material exhibited high leakage currents at only moderately elevated

temperatures. Since the early 1960s, silicon has become a practical substitute, virtually

supplanting germanium as a material for semiconductor fabrication. The main reasons for this

are twofold:

 Silicon devices exhibit much lower leakage currents

 High-quality silicon dioxide (SiO2), which is an insulator, is easy to produce.

Silicon technology is now by far the most advanced among all semiconductor technologies, and

silicon-based devices constitute more than 95 percent of all semiconductor hardware sold

worldwide. Many of the compound semiconductors have electrical and optical properties that are

absent in silicon. These semiconductors, especially gallium arsenide, are used mainly for high-

speed and optoelectronic applications.

2. Electronic Properties of Semiconductors

The semiconductor materials treated here are single crystalsi.e., the atoms are arranged in a

three-dimensional periodic fashion. Figure 2A shows a simplified two-dimensional

representation of an intrinsic silicon crystal that is very pure and contains a negligibly small

amount of impurities. Each silicon atom in the crystal is surrounded by four of its nearest

neighbours. Each atom has four electrons in its outer orbit and shares these electrons with its four

neighbours. Each shared electron pair constitutes a covalent bond. The force of attraction for the

electrons by both nuclei holds the two atoms together.

At low temperatures the electrons are bound in their respective positions in the crystal;

consequently, they are not available for electrical conduction. At higher temperatures thermal

vibration may break some of the covalent bonds. The breaking of a bond yields a free electron

that can participate in current conduction. Once an electron moves away from a covalent bond,

there is an electron deficiency in that bond. This deficiency may be filled by one of the
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neighbouring electrons, which results in a shift of the deficiency location from one site to

another. This deficiency may thus be regarded as a particle similar to an electron. This fictitious

particle, dubbed a hole, carries a positive charge and moves, under the influence of an applied

electric field, in a direction opposite to that of an electron.

For an isolated atom, the electrons of the atom can have only discrete energy levels. When a

large number of atoms are brought together to form a crystal, the interaction between the atoms

causes the discrete energy levels to spread out into energy bands. When there is no thermal

vibration (i.e., at low temperature), the electrons in a semiconductor will completely fill a

number of energy bands, leaving the rest of the energy bands empty. The highest filled band is

called the valence band. The next higher band is the conduction band, which is separated from

the valence band by an energy gap. This energy gap, also called a bandgap, is a region that

designates energies that the electrons in the semiconductor cannot possess. Most of the important

semiconductors have bandgaps in the range 0.25 to 2.5 eV. The bandgap of silicon, for example,

is 1.12 eV and that of gallium arsenide is 1.42 eV.

As discussed above, at finite temperatures thermal vibrations will break some bonds. When a

bond is broken, a free electron, along with a free hole, results, i.e., the electron possesses enough

thermal energy to cross the bandgap to the conduction band, leaving behind a hole in the valence

band. When an electric field is applied to the semiconductor, both the electrons in the conduction

band and the holes in the valence band gain kinetic energy and conduct electricity. The electrical

conductivity of a material depends on the number of charge carriers (i.e., free electrons and free

holes) per unit volume and on the rate at which these carriers move under the influence of an

electric field. In an intrinsic semiconductor there exists an equal number of free electrons and

free holes. The electrons and holes, however, have different mobilitiesthat is to say, they move

with different velocities in an electric field. For example, for intrinsic silicon at room

temperature, the electron mobility is 1,500 square centimeters per volt second (cm2/Vs)i.e., an

electron will move at a velocity of 1,500 centimetres per second under an electric field of one
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volt per centimeterwhile the hole mobility is 500 cm2/Vs. The motilities of a given

semiconductor generally decrease with increasing temperature or with increased impurity

concentration.

Electrical conduction in intrinsic semiconductors is quite poor at room temperature. To produce

higher conduction, one can intentionally introduce impurities (typically to a concentration of one

part per million host atoms). This is the so-called doping process. For example, when a silicon

atom is replaced by an atom with five outer electrons such as arsenic (Figure 2C), four of the

electrons form covalent bonds with the four neighbouring silicon atoms. The fifth electron

becomes a conduction electron that is donated to the conduction band. The silicon becomes an n-

type semiconductor because of the addition of the electron. The arsenic atom is the donor.

Similarly, Figure 2C shows that, when an atom with three outer electrons such as boron is

substituted for a silicon atom, an additional electron is accepted to form four covalent bonds

around the boron atom, and a positively charged hole is created in the valence band. This is a p-

type semiconductor, with the boron constituting an acceptor.

3. Crystalline Structure of Semiconductor

To understand how diodes, transistors, and other semiconductor devices can do what they do, it

is first necessary to understand the basic structure of all semiconductor devices. Early

semiconductors were fabricated from the element Germanium, but Silicon is preferred in most

modern applications.

The crystal structure of pure silicon is of course 3-dimensional, but that is difficult to display or

to see, so the image to the left is often used to represent the crystal structure of silicon. For you

physics types, silicon (and germanium) falls in column IVa of the Periodic Table. This is the

carbon family of elements. The essential characteristic of these elements is that each atom has

four electrons to share with adjacent atoms in forming bonds. While this is an oversimplified

description, the nature of a bond between two silicon atoms is such that each atom provides one

electron to share with the other. The two electrons thus shared are in fact shared equally between

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.inwww.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

6
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



the two atoms. This type of sharing is known as a covalent bond. Such a bond is very stable, and

holds the two atoms together very tightly, so that it requires a lot of energy to break this bond.

For those who are interested, the actual bonds in a 3-dimensional silicon crystal are arranged at

equal angles from each other. If you visualize a tetrahedron (a pyramid with three points on the

ground and a fourth point sticking straight up) with the atom centered inside, the four bonds will

be directed towards the points of the tetrahedron. Now we have our silicon crystal, but we still

don't have a semiconductor. In the crystal we saw above, all of the outer electrons of all silicon

atoms are used to make covalent bonds with other atoms. There are no electrons available to

move from place to place as an electrical current. Thus, a pure silicon crystal is quite a good

insulator. In fact, it is almost glass, which is silicon dioxide. A crystal of pure silicon is said to be

an intrinsic crystal.

To allow our silicon crystal to conduct electricity, we must find a way to allow some electrons to

move from place to place within the crystal, in spite of the covalent bonds between atoms. One

way to accomplish this is to introduce an impurity such as Arsenic or Phosphorus into the crystal

structure, as shown to the right. These elements are from column Va of the Periodic Table, and

have five outer electrons to share with other atoms. In this application, four of these five

electrons bond with adjacent silicon atoms as before, but the fifth electron cannot form a bond.

This electron can easily be moved with only a small applied electrical voltage. Because the

resulting crystal has an excess of current-carrying electrons, each with a negative charge, it is

known as "N-type" silicon.

This construction does not conduct electricity as easily and readily as, say, copper or silver. It

does exhibit some resistance to the flow of electricity. It cannot properly be called a conductor,

but at the same time it is no longer an insulator. Therefore, it is known as a semiconductor.

While this effect is interesting, it still isn't particularly useful by itself. A plain carbon resistor is

easier and cheaper to manufacture than a silicon semiconductor one. We still don't have any way

to actually control an electrical current.
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But wait a moment! We obtained a semiconductor material by introducing a 5-electron impurity

into a matrix of 4-electron atoms. What happens if we go the other way, and introduce a 3-

electron impurity into such a crystal? Suppose we introduce some Aluminum (from column IIIa

in the Periodic Table) into the crystal, we could also try Gallium, which is also in column IIIa

right under aluminum. These elements only have three electrons available to share with other

atoms. Those three electrons do indeed form covalent bonds with adjacent silicon atoms, but the

expected fourth bond cannot be formed. A complete connection is impossible here, leaving a

"hole" in the structure of the crystal.

Experimentation shows that there is an empty place where an electron should logically go, and

often an electron will try to move into that space to fill it. However, the electron filling the hole

had to leave a covalent bond behind to fill this empty space, and therefore leaves another hole

behind as it moves. Yet another electron may move into that hole, leaving another hole behind,

and so forth. In this manner, holes appear to move as positive charges through the crystal.

Therefore, this type of semiconductor material is designated "P-type" silicon.

By themselves, P-type semiconductors are no more useful than N-type semiconductors. The truly

interesting effects begin when the two are combined in various ways, in a single crystal of

silicon. The most basic and obvious combination is a single crystal with an N-type region at one

end and a P-type region at the other.

Topic : Elements Of Quantum Mechanics

Topic Objective:

At the end of this topic the student would be able to:

 Define Quantum Mechanics

 Understand the concept of Relativity and Quantum Mechanics

 Discuss the relationship between Quantum Mechanics and Classical Physics
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 Learn about Theory of Quantum Mechanics

 Learn about the Applications of Quantum Mechanics

 Philosophical Consequences of Quantum Mechanics

Definition/Overview:

Quantum Mechanics: Quantum mechanics is a set of principles underlying the most

fundamental known description of all physical systems at the microscopic scale (at the atomic

level). Notable amongst these principles are both a dual wave-like and particle-like behavior of

matter and radiation, and prediction of probabilities in situations where classical physics predicts

certainties. Classical physics can be derived as a good approximation to quantum physics,

typically in circumstances with large numbers of particles. Thus quantum phenomena are

particularly relevant in systems whose dimensions are close to the atomic scale, such as

molecules, atoms, electrons, protons and other subatomic particles. Exceptions exist for certain

systems which exhibit quantum mechanical effects on macroscopic scale; superfluidity is one

well-known example. Quantum theory provides accurate descriptions for many previously

unexplained phenomena such as black body radiation and stable electron orbits. It has also given

insight into the workings of biological systems.

Key Points:

1. Overview and History of Quantum Mechanics

The word quantum is Latin for "how great" or "how much." In quantum mechanics, it refers to a

discrete unit that quantum theory assigns to certain physical quantities, such as the energy of an

atom at rest. The discovery that waves have discrete energy packets (called quanta) that behave
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in a manner similar to particles led to the branch of physics that deals with atomic and subatomic

systems which we today call quantum mechanics. It is the underlying mathematical framework

of many fields of physics and chemistry, including condensed matter physics, solid-state physics,

atomic physics, molecular physics, computational chemistry, quantum chemistry, particle

physics, and nuclear physics. The foundations of quantum mechanics were established during the

first half of the twentieth century by Werner Heisenberg, Max Planck, Louis de Broglie, Albert

Einstein, Niels Bohr, Erwin Schrdinger, Max Born, John von Neumann, Paul Dirac, Wolfgang

Pauli and others. Some fundamental aspects of the theory are still actively studied.

Quantum mechanics is essential to understand the behavior of systems at atomic length scales

and smaller. For example, if classical mechanics governed the workings of an atom, electrons

would rapidly travel towards and collide with the nucleus, making stable atoms impossible.

However, in the natural world the electrons normally remain in an unknown orbital path around

the nucleus, defying classical electromagnetism. Quantum mechanics was initially developed to

provide a better explanation of the atom, especially the spectra of light emitted by different

atomic species. The quantum theory of the atom was developed as an explanation for the

electron's staying in its orbital, which could not be explained by Newton's laws of motion and by

Maxwell's laws of classical electromagnetism.

In the formalism of quantum mechanics, the state of a system at a given time is described by a

complex wave function (sometimes referred to as orbitals in the case of atomic electrons), and

more generally, elements of a complex vector space. This abstract mathematical object allows

for the calculation of probabilities of outcomes of concrete experiments. For example, it allows

one to compute the probability of finding an electron in a particular region around the nucleus at

a particular time. Contrary to classical mechanics, one can never make simultaneous predictions

of conjugate variables, such as position and momentum, with arbitrary accuracy. For instance,

electrons may be considered to be located somewhere within a region of space, but with their

exact positions being unknown. Contours of constant probability, often referred to as clouds may
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be drawn around the nucleus of an atom to conceptualize where the electron might be located

with the most probability. Heisenberg's uncertainty principle quantifies the inability to precisely

locate the particle.

The other exemplar that led to quantum mechanics was the study of electromagnetic waves such

as light. When it was found in 1900 by Max Planck that the energy of waves could be described

as consisting of small packets or quanta, Albert Einstein exploited this idea to show that an

electromagnetic wave such as light could be described by a particle called the photon with a

discrete energy dependent on its frequency. This led to a theory of unity between subatomic

particles and electromagnetic waves called waveparticle duality in which particles and waves

were neither one nor the other, but had certain properties of both. While quantum mechanics

describes the world of the very small, it also is needed to explain certain macroscopic quantum

systems such as superconductors and superfluids. Broadly speaking, quantum mechanics

incorporates four classes of phenomena that classical physics cannot account for: (I) the

quantization (discretization) of certain physical quantities, (II) wave-particle duality, (III) the

uncertainty principle, and (IV) quantum entanglement.

The history of quantum mechanics began essentially with the 1838 discovery of cathode rays by

Michael Faraday, the 1859 statement of the black body radiation problem by Gustav Kirchhoff,

the 1877 suggestion by Ludwig Boltzmann that the energy states of a physical system could be

discrete, and the 1900 quantum hypothesis by Max Planck that any energy is radiated and

absorbed in quantities divisible by discrete energy elements, E, such that each of these energy

elements is proportional to the frequency ν with which they each individually radiate energy, as

defined by the following formula:
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where h is Planck's Action Constant. Although Planck insisted that this was simply an aspect of

the processes of absorption and emission of radiation and had nothing to do with the physical

reality of the radiation itself, in 1905, to explain the photoelectric effect (1839), i.e. that shining

light on certain materials can function to eject electrons from the material, Albert Einstein

postulated, as based on Plancks quantum hypothesis, that light itself consists of individual

quanta, which later came to be called photons (1926). From Einstein's simple postulation was

borne a flurry of debating, theorizing and testing, and thus, the entire field of quantum physics.

2. Relativity and Quantum Mechanics

The modern world of physics is founded on the two tested and demonstrably sound theories of

general relativity and quantum mechanics theories which appear to contradict one another. The

defining postulates of both Einstein's theory of relativity and quantum theory are indisputably

supported by rigorous and repeated empirical evidence. However, while they do not directly

contradict each other theoretically (at least with regard to primary claims), they are resistant to

being incorporated within one cohesive model.

Einstein himself is well known for rejecting some of the claims of quantum mechanics. While

clearly inventive in this field, he did not accept the more philosophical consequences and

interpretations of quantum mechanics, such as the lack of deterministic causality and the

assertion that a single subatomic particle can occupy numerous areas of space at one time. He

also was the first to notice some of the apparently exotic consequences of entanglement and used

them to formulate the Einstein-Podolsky-Rosen paradox, in the hope of showing that quantum

mechanics had unacceptable implications. This was 1935, but in 1964 it was shown by John Bell

that Einstein's assumption was correct, but had to be completed by hidden variables and thus

based on wrong philosophical assumptions. According to the paper of J. Bell and the

Copenhagen interpretation (the common interpretation of quantum mechanics by physicists for

decades), and contrary to Einstein's ideas, quantum mechanics was:

 Neither a "realistic" theory (since quantum measurements do not state pre-existing

properties, but rather they prepare properties)
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 Nor a local theory (essentially not, because the state vector determines simultaneously

the probability amplitudes at all sites, ).

The Einstein-Podolsky-Rosen paradox shows in any case that there exist experiments by which

one can measure the state of one particle and instantaneously change the state of its entangled

partner, although the two particles can be an arbitrary distance apart; however, this effect does

not violate causality, since no transfer of information happens. These experiments are the basis

of some of the most topical applications of the theory, quantum cryptography, which works well,

although at small distances of typically 1000 km, being on the market since 2004. There do

exist quantum theories which incorporate special relativityfor example, quantum

electrodynamics (QED), which is currently the most accurately tested physical theory and these

lie at the very heart of modern particle physics. Gravity is negligible in many areas of particle

physics, so that unification between general relativity and quantum mechanics is not an urgent

issue in those applications. However, the lack of a correct theory of quantum gravity is an

important issue in cosmology.

3. Attempts at a Unified Theory

Inconsistencies arise when one tries to join the quantum laws with general relativity, a more

elaborate description of spacetime which incorporates gravitation. Resolving these

inconsistencies has been a major goal of twentieth- and twenty-first-century physics. Many

prominent physicists, including Stephen Hawking, have labored in the attempt to discover a

"Grand Unification Theory" that combines not only different models of subatomic physics, but

also derives the universe's four forcesthe strong force, electromagnetism, weak force, and gravity

from a single force or phenomenon.

4. Quantum Mechanics and Classical Physics

Predictions of quantum mechanics have been verified experimentally to a very high degree of

accuracy. Thus, the current logic of correspondence principle between classical and quantum

mechanics is that all objects obey laws of quantum mechanics, and classical mechanics is just a

quantum mechanics of large systems (or a statistical quantum mechanics of a large collection of

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.inwww.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

13
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



particles). Laws of classical mechanics thus follow from laws of quantum mechanics at the limit

of large systems or large quantum numbers.

Main differences between classical and quantum theories have already been mentioned above in

the remarks on the Einstein-Podolsky-Rosen paradox. Essentially the difference boils down to

the statement that quantum mechanics is coherent (addition of amplitudes), whereas classical

theories are incoherent (addition of intensities). Thus, such quantities as coherence lengths and

coherence times come into play. For microscopic bodies the extension of the system is certainly

much smaller than the coherence length; for macroscopic bodies one expects that it should be the

other way round. This is in accordance with the following observations:

 Many macroscopic properties of classic systems are direct consequences of quantum

behavior of its parts. For example, stability of bulk matter (which consists of atoms and

molecules which would quickly collapse under electric forces alone), rigidity of this

matter, mechanical, thermal, chemical, optical and magnetic properties of this matterthey

are all results of interaction of electric charges under the rules of quantum mechanics.

 While the seemingly exotic behavior of matter posited by quantum mechanics and

relativity theory become more apparent when dealing with extremely fast-moving or

extremely tiny particles, the laws of classical Newtonian physics still remain accurate in

predicting the behavior of surrounding (large) objectsof the order of the size of large

molecules and biggerat velocities much smaller than the velocity of light.

5. Theory of Quantum Mechanics

There are numerous mathematically equivalent formulations of quantum mechanics. One of the

oldest and most commonly used formulations is the transformation theory proposed by

Cambridge theoretical physicist Paul Dirac, which unifies and generalizes the two earliest

formulations of quantum mechanics, matrix mechanics (invented by Werner Heisenberg) and

wave mechanics (invented by Erwin Schrdinger). In this formulation, the instantaneous state of a

quantum system encodes the probabilities of its measurable properties, or "observables".

Examples of observables include energy, position, momentum, and angular momentum.

Observables can be either continuous (e.g., the position of a particle) or discrete (e.g., the energy

of an electron bound to a hydrogen atom).
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Generally, quantum mechanics does not assign definite values to observables. Instead, it makes

predictions about probability distributions; that is, the probability of obtaining each of the

possible outcomes from measuring an observable. Oftentimes these results are skewed by many

causes, such as dense probability clouds or quantum state nuclear attraction. Much of the time,

these small anomalies are attributed to different causes such as quantum dislocation. Naturally,

these probabilities will depend on the quantum state at the instant of the measurement. When the

probability amplitudes of four or more quantum nodes are similar, it is called a quantum

parallelism. There are, however, certain states that are associated with a definite value of a

particular observable. These are known as "eigenstates" of the observable ("eigen" can be

roughly translated from German as inherent or as a characteristic). In the everyday world, it is

natural and intuitive to think of everything being in an eigenstate of every observable.

Everything appears to have a definite position, a definite momentum, and a definite time of

occurrence. However, quantum mechanics does not pinpoint the exact values for the position or

momentum of a certain particle in a given space in a finite time; rather, it only provides a range

of probabilities of where that particle might be. Therefore, it became necessary to use different

words for:

 The state of something having an uncertainty relation

 A state that has a definite value.

The latter is called the "eigenstate" of the property being measured. For example, consider a free

particle. In quantum mechanics, there is wave-particle duality so the properties of the particle can

be described as a wave. Therefore, its quantum state can be represented as a wave, of arbitrary

shape and extending over all of space, called a wave function. The position and momentum of

the particle are observables. The Uncertainty Principle of quantum mechanics states that both the

position and the momentum cannot simultaneously be known with infinite precision at the same

time. However, one can measure just the position alone of a moving free particle creating an

eigenstate of position with a wavefunction that is very large at a particular position x, and almost

zero everywhere else. If one performs a position measurement on such a wavefunction, the result

x will be obtained with almost 100% probability. In other words, the position of the free particle

will almost be known. This is called an eigenstate of position (mathematically more precise: a
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generalized eigenstate (eigendistribution) ). If the particle is in an eigenstate of position then its

momentum is completely unknown. An eigenstate of momentum, on the other hand, has the form

of a plane wave. It can be shown that the wavelength is equal to h/p, where h is Planck's constant

and p is the momentum of the eigenstate. If the particle is in an eigenstate of momentum then its

position is completely blurred out.

Usually, a system will not be in an eigenstate of whatever observable we are interested in.

However, if one measures the observable, the wavefunction will instantaneously be an eigenstate

(or generalized eigenstate) of that observable. This process is known as wavefunction collapse. It

involves expanding the system under study to include the measurement device, so that a detailed

quantum calculation would no longer be feasible and a classical description must be used. If one

knows the corresponding wave function at the instant before the measurement, one will be able

to compute the probability of collapsing into each of the possible eigenstates. For example, the

free particle in the previous example will usually have a wavefunction that is a wave packet

centered around some mean position x0, neither an eigenstate of position nor of momentum.

When one measures the position of the particle, it is impossible to predict with certainty the

result that we will obtain. It is probable, but not certain, that it will be near x0, where the

amplitude of the wave function is large. After the measurement is performed, having obtained

some result x, the wave function collapses into a position eigenstate centered at x.

Wave functions can change as time progresses. An equation known as the Schrdinger equation

describes how wave functions change in time, a role similar to Newton's second law in classical

mechanics. The Schrdinger equation, applied to the aforementioned example of the free particle,

predicts that the center of a wave packet will move through space at a constant velocity, like a

classical particle with no forces acting on it. However, the wave packet will also spread out as

time progresses, which means that the position becomes more uncertain. This also has the effect

of turning position eigenstates (which can be thought of as infinitely sharp wave packets) into

broadened wave packets that are no longer position eigenstates.
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Some wave functions produce probability distributions that are constant in time. Many systems

that are treated dynamically in classical mechanics are described by such "static" wave functions.

For example, a single electron in an unexcited atom is pictured classically as a particle moving in

a circular trajectory around the atomic nucleus, whereas in quantum mechanics it is described by

a static, spherically symmetric wavefunction surrounding the nucleus. The time evolution of

wave functions is deterministic in the sense that, given a wavefunction at an initial time, it makes

a definite prediction of what the wavefunction will be at any later time. During a measurement,

the change of the wavefunction into another one is not deterministic, but rather unpredictable,

i.e., random.

The probabilistic nature of quantum mechanics thus stems from the act of measurement. This is

one of the most difficult aspects of quantum systems to understand. It was the central topic in the

famous Bohr-Einstein debates, in which the two scientists attempted to clarify these fundamental

principles by way of thought experiments. In the decades after the formulation of quantum

mechanics, the question of what constitutes a "measurement" has been extensively studied.

Interpretations of quantum mechanics have been formulated to do away with the concept of

"wavefunction collapse". The basic idea is that when a quantum system interacts with a

measuring apparatus, their respective wavefunctions become entangled, so that the original

quantum system ceases to exist as an independent entity.

5.1. Mathematical Formulation

In the mathematically rigorous formulation of quantum mechanics, developed by Paul

Dirac and John von Neumann, the possible states of a quantum mechanical system are

represented by unit vectors (called "state vectors") residing in a complex separable

Hilbert space (variously called the "state space" or the "associated Hilbert space" of the

system) well defined up to a complex number of norm 1 (the phase factor). In other

words, the possible states are points in the projectivization of a Hilbert space, usually

called the complex projective space. The exact nature of this Hilbert space is dependent

on the system; for example, the state space for position and momentum states is the space

of square-integrable functions, while the state space for the spin of a single proton is just

the product of two complex planes. Each observable is represented by a maximally-

Hermitian (precisely: by a self-adjoint) linear operator acting on the state space. Each
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eigenstate of an observable corresponds to an eigenvector of the operator, and the

associated eigenvalue corresponds to the value of the observable in that eigenstate. If the

operator's spectrum is discrete, the observable can only attain those discrete eigenvalues.

The time evolution of a quantum state is described by the Schrdinger equation, in which

the Hamiltonian, the operator corresponding to the total energy of the system, generates

time evolution. The inner product between two state vectors is a complex number known

as a probability amplitude. During a measurement, the probability that a system collapses

from a given initial state to a particular eigenstate is given by the square of the absolute

value of the probability amplitudes between the initial and final states. The possible

results of a measurement are the eigenvalues of the operator - which explains the choice

of Hermitian operators, for which all the eigenvalues are real. We can find the probability

distribution of an observable in a given state by computing the spectral decomposition of

the corresponding operator. Heisenberg's uncertainty principle is represented by the

statement that the operators corresponding to certain observables do not commute.

The Schrdinger equation acts on the entire probability amplitude, not merely its absolute

value. Whereas the absolute value of the probability amplitude encodes information about

probabilities, its phase encodes information about the interference between quantum

states. This gives rise to the wave-like behavior of quantum states. It turns out that

analytic solutions of Schrdinger's equation are only available for a small number of

model Hamiltonians, of which the quantum harmonic oscillator, the particle in a box, the

hydrogen molecular ion and the hydrogen atom are the most important representatives.

Even the helium atom, which contains just one more electron than hydrogen, defies all

attempts at a fully analytic treatment. There exist several techniques for generating

approximate solutions. For instance, in the method known as perturbation theory one uses

the analytic results for a simple quantum mechanical model to generate results for a more

complicated model related to the simple model by, for example, the addition of a weak

potential energy. Another method is the "semi-classical equation of motion" approach,

which applies to systems for which quantum mechanics produces weak deviations from

classical behavior. The deviations can be calculated based on the classical motion. This
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approach is important for the field of quantum chaos. An alternative formulation of

quantum mechanics is Feynman's path integral formulation, in which a quantum-

mechanical amplitude is considered as a sum over histories between initial and final

states; this is the quantum-mechanical counterpart of action principles in classical

mechanics.

5.2. Interactions with other Scientific Theories

The fundamental rules of quantum mechanics are very broad. They assert that the state

space of a system is a Hilbert space and the observables are Hermitian operators acting

on that space, but do not tell us which Hilbert space or which operators, or if it even

exists. These must be chosen appropriately in order to obtain a quantitative description of

a quantum system. An important guide for making these choices is the correspondence

principle, which states that the predictions of quantum mechanics reduce to those of

classical physics when a system moves to higher energies or equivalently, larger quantum

numbers. In other words, classic mechanics is simply a quantum mechanics of large

systems. This "high energy" limit is known as the classical or correspondence limit. One

can therefore start from an established classical model of a particular system, and attempt

to guess the underlying quantum model that gives rise to the classical model in the

correspondence limit.

When quantum mechanics was originally formulated, it was applied to models whose

correspondence limit was non-relativistic classical mechanics. For instance, the well-

known model of the quantum harmonic oscillator uses an explicitly non-relativistic

expression for the kinetic energy of the oscillator, and is thus a quantum version of the

classical harmonic oscillator.

Early attempts to merge quantum mechanics with special relativity involved the

replacement of the Schrdinger equation with a covariant equation such as the Klein-

Gordon equation or the Dirac equation. While these theories were successful in

explaining many experimental results, they had certain unsatisfactory qualities stemming

from their neglect of the relativistic creation and annihilation of particles. A fully

relativistic quantum theory required the development of quantum field theory, which
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applies quantization to a field rather than a fixed set of particles. The first complete

quantum field theory, quantum electrodynamics, provides a fully quantum description of

the electromagnetic interaction.

The full apparatus of quantum field theory is often unnecessary for describing

electrodynamic systems. A simpler approach, one employed since the inception of

quantum mechanics, is to treat charged particles as quantum mechanical objects being

acted on by a classical electromagnetic field. For example, the elementary quantum

model of the hydrogen atom describes the electric field of the hydrogen atom using a

classical Coulomb potential. This "semi-classical" approach fails if quantum

fluctuations in the electromagnetic field play an important role, such as in the emission of

photons by charged particles.

Quantum field theories for the strong nuclear force and the weak nuclear force have been

developed. The quantum field theory of the strong nuclear force is called quantum

chromodynamics, and describes the interactions of the subnuclear particles: quarks and

gluons. The weak nuclear force and the electromagnetic force were unified, in their

quantized forms, into a single quantum field theory known as electroweak theory, by the

physicists Abdus Salam, Sheldon Glashow and Steven Weinberg.

It has proven difficult to construct quantum models of gravity, the remaining fundamental

force. Semi-classical approximations are workable, and have led to predictions such as

Hawking radiation. However, the formulation of a complete theory of quantum gravity is

hindered by apparent incompatibilities between general relativity, the most accurate

theory of gravity currently known, and some of the fundamental assumptions of quantum

theory. The resolution of these incompatibilities is an area of active research, and theories

such as string theory are among the possible candidates for a future theory of quantum

gravity.
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6. Applications

Quantum mechanics has had enormous success in explaining many of the features of our world.

The individual behaviour of the subatomic particles that make up all forms of matterelectrons,

protons, neutrons, photons and otherscan often only be satisfactorily described using quantum

mechanics. Quantum mechanics has strongly influenced string theory, a candidate for a theory of

everything and the multiverse hypothesis. It is also related to statistical mechanics. Quantum

mechanics is important for understanding how individual atoms combine covalently to form

chemicals or molecules. The application of quantum mechanics to chemistry is known as

quantum chemistry. (Relativistic) quantum mechanics can in principle mathematically describe

most of chemistry. Quantum mechanics can provide quantitative insight into ionic and covalent

bonding processes by explicitly showing which molecules are energetically favorable to which

others, and by approximately how much. Most of the calculations performed in computational

chemistry rely on quantum mechanics.

Much of modern technology operates at a scale where quantum effects are significant. Examples

include the laser, the transistor, the electron microscope, and magnetic resonance imaging. The

study of semiconductors led to the invention of the diode and the transistor, which are

indispensable for modern electronics. Researchers are currently seeking robust methods of

directly manipulating quantum states. Efforts are being made to develop quantum cryptography,

which will allow guaranteed secure transmission of information. A more distant goal is the

development of quantum computers, which are expected to perform certain computational tasks

exponentially faster than classical computers. Another active research topic is quantum

teleportation, which deals with techniques to transmit quantum states over arbitrary distances. In

many devices, even the simple light switch, quantum tunneling is vital, as otherwise the electrons

in the electric current could not penetrate the potential barrier made up, in the case of the light

switch, of a layer of oxide. Flash memory chips found in USB drives also use quantum tunneling

to erase their memory cells.

7. Philosophical Consequences

Since its inception, the many counter-intuitive results of quantum mechanics have provoked

strong philosophical debate and many interpretations. Even fundamental issues such as Max

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.inwww.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

21
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Born's basic rules concerning probability amplitudes and probability distributions took decades

to be appreciated. The Copenhagen interpretation, due largely to the Danish theoretical physicist

Niels Bohr, is the interpretation of quantum mechanics most widely accepted amongst physicists.

According to it, the probabilistic nature of quantum mechanics predictions cannot be explained

in terms of some other deterministic theory, and does not simply reflect our limited knowledge.

Quantum mechanics provides probabilistic results because the physical universe is itself

probabilistic rather than deterministic.

Albert Einstein, himself one of the founders of quantum theory, disliked this loss of determinism

in measurement (this dislike is the source of his famous quote, "God does not play dice with the

universe."). Einstein held that there should be a local hidden variable theory underlying quantum

mechanics and consequently the present theory was incomplete. He produced a series of

objections to the theory, the most famous of which has become known as the EPR paradox. John

Bell showed that the EPR paradox led to experimentally testable differences between quantum

mechanics and local realistic theories. Experiments have been performed confirming the

accuracy of quantum mechanics, thus demonstrating that the physical world cannot be described

by local realistic theories. The Bohr-Einstein debates provide a vibrant critique of the

Copenhagen Interpretation from an epistemological point of view.

The Everett many-worlds interpretation, formulated in 1956, holds that all the possibilities

described by quantum theory simultaneously occur in a "multiverse" composed of mostly

independent parallel universes. This is not accomplished by introducing some new axiom to

quantum mechanics, but on the contrary by removing the axiom of the collapse of the wave

packet: All the possible consistent states of the measured system and the measuring apparatus

(including the observer) are present in a real physical (not just formally mathematical, as in other

interpretations) quantum superposition. (Such a superposition of consistent state combinations of

different systems is called an entangled state.)

While the multiverse is deterministic, we perceive non-deterministic behavior governed by

probabilities, because we can observe only the universe, i.e. the consistent state contribution to

the mentioned superposition, we inhabit. Everett's interpretation is perfectly consistent with John
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Bell's experiments and makes them intuitively understandable. However, according to the theory

of quantum decoherence, the parallel universes will never be accessible to us. This

inaccessibility can be understood as follows: once a measurement is done, the measured system

becomes entangled with both the physicist who measured it and a huge number of other particles,

some of which are photons flying away towards the other end of the universe; in order to prove

that the wave function did not collapse one would have to bring all these particles back and

measure them again, together with the system that was measured originally. This is completely

impractical, but even if one could theoretically do this, it would destroy any evidence that the

original measurement took place (including the physicist's memory).

In Section 2 of this course you will cover these topics:
Energy Band Theory

Topic : Energy Band Theory

Topic Objective:

At the end of this topic the student would be able to:

 Define Electronic Band Structure

 Learn about the Basic Concepts in Energy-band Theory

 Learn about the Band Structure of Crystals

 Learn about the Theory of band structures in crystals
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Definition/Overview:

Electronic Band Structure: In solid-state physics, the electronic band structure (or simply band

structure) of a solid describes ranges of energy that an electron is "forbidden" or "allowed" to

have. It is due to the diffraction of the quantum mechanical electron waves in the periodic crystal

lattice. The band structure of a material determines several characteristics, in particular its

electronic and optical properties.

Key Points:

1. Overview of Energy-band Theory

In solid-state physics, theoretical model describing the states of electrons, in solid materials, that

can have values of energy only within certain specific ranges. The behaviour of an electron in a

solid (and hence its energy) is related to the behaviour of all other particles around it. This is in

direct contrast to the behaviour of an electron in free space where it may have any specified

energy. The ranges of allowed energies of electrons in a solid are called allowed bands. Certain

ranges of energies between two such allowed bands are called forbidden bandsi.e., electrons

within the solid may not possess these energies. The band theory accounts for many of the

electrical and thermal properties of solids and forms the basis of the technology of solid-state

electronics.

The band of energies permitted in a solid is related to the discrete allowed energiesthe energy

levelsof single, isolated atoms. When the atoms are brought together to form a solid, these

discrete energy levels become perturbed through quantum mechanical effects, and the many

electrons in the collection of individual atoms occupy a band of levels in the solid called the

valence band. Empty states in each single atom also broaden into a band of levels that is

normally empty, called the conduction band. Just as electrons at one energy level in an individual
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atom may transfer to another empty energy level, so electrons in the solid may transfer from one

energy level in a given band to another in the same band or in another band, often crossing an

intervening gap of forbidden energies. Studies of such changes of energy in solids interacting

with photons of light, energetic electrons, X-rays, and the like confirm the general validity of the

band theory and provide detailed information about allowed and forbidden energies.

A variety of ranges of allowed and forbidden bands is found in pure elements, alloys, and

compounds. Three distinct groups are usually described: metals, insulators, and semiconductors.

In metals, forbidden bands do not occur in the energy range of the most energetic (outermost)

electrons. Accordingly, metals are good electrical conductors. Insulators have wide forbidden

energy gaps that can be crossed only by an electron having an energy of several electron volts.

Because electrons cannot move freely in the presence of an applied voltage, insulators are poor

conductors. Semiconductors have relatively narrow forbidden gapswhich can be crossed by an

electron having an energy of roughly one electron voltand so are intermediate conductors.

2. Basic Concepts in Energy Band Theory

A more complete view of the band structure takes into account the periodic nature of a crystal

lattice using the symmetry operations that form a space group. The Schrdinger equation is solved

for the crystal, which has Bloch waves as solutions:

,

where k is called the wavevector, and is related to the direction of motion of the electron in the

crystal, and n is the band index, which simply numbers the energy bands. The wavevector k

takes on values within the Brillouin zone (BZ) corresponding to the crystal lattice, and particular

directions/points in the BZ are assigned conventional names like Γ, Δ, Λ, Σ, etc. The available

energies for the electron also depend upon k, as shown in Figure 3 for silicon in the more

complex energy band diagram at the right. In this diagram the topmost energy of the valence
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band is labeled Ev and the bottom energy in the conduction band is labeled Ec. The top of the

valence band is not directly below the bottom of the conduction band (Ev is for an electron

traveling in direction Γ, Ec in direction X), so silicon is called an indirect gap material. For an

electron to be excited from the valence band to the conduction band, it needs something to give it

energy Ec − Ev and a change in direction/momentum. In other semiconductors (for example

GaAs) both are at Γ, and these materials are called direct gap materials (no momentum change

required). Direct gap materials benefit the operation of semiconductor laser diodes. Anderson's

rule is used to align band diagrams between two different semiconductors in contact.

2.1. Band Structures in Different Types of Solids

Although electronic band structures are usually associated with crystalline materials,

quasi-crystalline and amorphous solids may also exhibit band structures. However, the

periodic nature and symmetrical properties of crystalline materials makes it much easier

to examine the band structures of these materials theoretically. In addition, the well-

defined symmetry axes of crystalline materials make it possible to determine the

dispersion relationship between the momentum (a 3-dimension vector quantity) and

energy of a material. As a result, virtually all of the existing theoretical work on the

electronic band structure of solids has focused on crystalline materials.

2.2. Density of States

While the density of energy states in a band could be very large for some materials, it

may not be uniform. It approaches zero at the band boundaries, and is generally highest

near the middle of a band. The density of states for the free electron model in three

dimensions is given by:

2.3. Filling of Bands

Although the number of states in all of the bands is effectively infinite, in an uncharged

material the number of electrons is equal only to the number of protons in the atoms of
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the material. Therefore not all of the states are occupied by electrons ("filled") at any

time. The likelihood of any particular state being filled at any temperature is given by the

Fermi-Dirac statistics. The probability is given by the following expression:

where:

o kB is Boltzmann's constant,

o T is the temperature,

o EF is the Fermi energy (or 'Fermi level').

The Fermi level naturally is the level at which the electrons and protons are balanced.

At T=0, the distribution is a simple step function:

At nonzero temperatures, the step "smooths out", so that an appreciable number of states

below the Fermi level are empty, and some states above the Fermi level are filled.

3. Band Structure of Crystals

3.1. Brillouin zone

Because electron momentum is the reciprocal of space, the dispersion relation between

the energy and momentum of electrons can best be described in reciprocal space. It turns

out that for crystalline structures, the dispersion relation of the electrons is periodic, and
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that the Brillouin zone is the smallest repeating space within this periodic structure. For

an infinitely large crystal, if the dispersion relation for an electron is defined throughout

the Brillouin zone, then it is defined throughout the entire reciprocal space.

4. Theory of band structures in crystals

The ansatz is the special case of electron waves in a periodic crystal lattice using Bloch waves as

treated generally in the dynamical theory of diffraction. Every crystal is a periodic structure

which can be characterized by a Bravais lattice, and for each Bravais lattice we can determine

the reciprocal lattice, which encapsulates the periodicity in a set of three reciprocal lattice vectors

( , , ). Now, any periodic potential which shares the same periodicity as the direct

lattice can be expanded out as a Fourier series whose only non-vanishing components are those

associated with the reciprocal lattice vectors. So the expansion can be written as:

where for any set of integers (m1,m2,m3).

From this theory, an attempt can be made to predict the band structure of a particular material,

however most ab initio methods for electronic structure calculations fail to predict the observed

band gap.

4.1. Nearly-free electron approximation

In the nearly-free electron approximation in solid state physics interactions between

electrons are completely ignored. This approximation allows use of Bloch's Theorem

which states that electrons in a periodic potential have wavefunctions and energies which

are periodic in wavevector up to a constant phase shift between neighboring reciprocal

lattice vectors. The consequences of periodicity are described mathematically by the

Bloch wavefunction:
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where the function is periodic over the crystal lattice, that is,

.

Here index n refers to the n-th energy band, wavevector k is related to the direction of

motion of the electron, r is position in the crystal, and R is location of an atomic site. .

4.2. Tight-binding model

The opposite extreme to the nearly-free electron approximation assumes the electrons in

the crystal behave much like an assembly of constituent atoms. This tight-binding model

assumes the solution to the time-independent single electron Schrdinger equation Ψ is

well approximated by a linear combination of atomic orbitals . .

,

where the coefficients are selected to give the best approximate solution of this

form. Index n refers to an atomic energy level and R refers to an atomic site. A more

accurate approach using this idea employs Wannier functions, defined by:

;

in which is the periodic part of the Bloch wave and the integral is over the Brillouin

zone. Here index n refers to the n-th energy band in the crystal. The Wannier functions

are localized near atomic sites, like atomic orbitals, but being defined in terms of Bloch

functions they are accurately related to solutions based upon the crystal potential.
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Wannier functions on different atomic sites R are orthogonal. The Wannier functions can

be used to form the Schrdinger solution for the n-th energy band as:

.

4.3. KKR model

The simplest form of this approximation centers non-overlapping spheres (referred to as

muffin tins) on the atomic positions. Within these regions, the potential experienced by an

electron is approximated to be spherically symmetric about the given nucleus. In the

remaining interstitial region, the potential is approximated as a constant. Continuity of the

potential between the atom-centered spheres and interstitial region is enforced. A

variational implementation was suggested by Korringa and by Kohn and Rostocker, and

is often referred to as the KKR model.

4.4. Order-N spectral methods

To quote RP Martin: "The concept of localization can be imbedded directly into the

methods of electronic structure to create algorithms that take advantage of locality For

large systems, this fact can be used to make "order-N" or O(N) methods where the

computational time scales linearly in the size of the system".

4.5. Density-functional theory

In recent physics literature, a large majority of the electronic structures and band plots are

calculated using density-functional theory (DFT), which is not a model but rather a

theory, i.e., a microscopic first-principles theory of condensed matter physics that tries to

cope with the electron-electron many-body problem via the introduction of an exchange-

correlation term in the functional of the electronic density. DFT-calculated bands are in
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many cases found to be in agreement with experimentally measured bands, for example

by angle-resolved photoemission spectroscopy (ARPES). In particular, the band shape is

typically well reproduced by DFT. But there are also systematic errors in DFT bands

when compared to experiment results. In particular, DFT seems to systematically

underestimate by about 30-40% the band gap in insulators and semiconductors.

It must be said that DFT is, in principle an exact theory to reproduce and predict ground

state properties (e.g., the total energy, the atomic structure, etc.). However, DFT is not a

theory to address excited state properties, such as the band plot of a solid that represents

the excitation energies of electrons injected or removed from the system. What in

literature is quoted as a DFT band plot is a representation of the DFT Kohn-Sham

energies, i.e., the energies of a fictive non-interacting system, the Kohn-Sham system,

which has no physical interpretation at all. The Kohn-Sham electronic structure must not

be confused with the real, quasiparticle electronic structure of a system, and there is no

Koopman's theorem holding for Kohn-Sham energies, as there is for Hartree-Fock

energies, which can be truly considered as an approximation for quasiparticle energies.

Hence, in principle, DFT is not a band theory, i.e., not a theory suitable for calculating

bands and band-plots.

4.6. Green's function methods and the ab initio GW approximation

To calculate the bands including electron-electron interaction many-body effects, one can

resort to so-called Green's function methods. Indeed, knowledge of the Green's function

of a system provides both ground (the total energy) and also excited state observables of

the system. The poles of the Green's function are the quasiparticle energies, the bands of

a solid. The Green's function can be calculated by solving the Dyson equation once the

self-energy of the system is known. For real systems like solids, the self-energy is a very

complex quantity and usually approximations are needed to solve the problem. One such

approximation is the GW approximation, so called from the mathematical form the self-

energy takes as the product Σ = GW of the Green's function G and the dynamically
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screened interaction W. This approach is more pertinent when addressing the calculation

of band plots (and also quantities beyond, such as the spectral function) and can also be

formulated in a completely ab initio way. The GW approximation seems to provide band

gaps of insulators and semiconductors in agreement with experiment, and hence to

correct the systematic DFT underestimation.

4.7. Mott Insulators

Although the nearly-free electron approximation is able to describe many properties of

electron band structures, one consequence of this theory is that it predicts the same

number of electrons in each unit cell. If the number of electrons is odd, we would then

expect that there is an unpaired electron in each unit cell, and thus that the valence band

is not fully occupied, making the material a conductor. However, materials such as CoO

that have an odd number of electrons per unit cell are insulators, in direct conflict with

this result. This kind of material is known as a Mott insulator, and requires inclusion of

detailed electron-electron interactions (treated only as an averaged effect on the crystal

potential in band theory) to explain the discrepancy. The Hubbard model is an

approximate theory that can include these interactions.

In Section 3 of this course you will cover these topics:
Equilibrium Carrier Statistics

Topic : Equilibrium Carrier Statistics

Topic Objective:

At the end of this topic the student would be able to:

 Define the term Fermi Level
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 Understand the concept of Fermi Level

 Learn about the Fermi Function

 Learn about the Population of Conduction Band for a Semiconductor

 Learn about the Density of Energy States

Definition/Overview:

Fermi Level: "Fermi level" is the term used to describe the top of the collection of electron

energy levels at absolute zero temperature. This concept comes from Fermi-Dirac statistics.

Electrons are fermions and by the Pauli exclusion principle cannot exist in identical energy

states. So at absolute zero they pack into the lowest available energy states and build up a "Fermi

sea" of electron energy states. The Fermi level is the surface of that sea at absolute zero where no

electrons will have enough energy to rise above the surface.

Key Points:

1. Overview of Fermi Level

The concept of the Fermi energy is a crucially important concept for the understanding of the

electrical and thermal properties of solids. Both ordinary electrical and thermal processes involve

energies of a small fraction of an electron volt. But the Fermi energies of metals are on the order

of electron volts. This implies that the vast majority of the electrons cannot receive energy from

those processes because there are no available energy states for them to go to within a fraction of

an electron volt of their present energy. Limited to a tiny depth of energy, these interactions are

limited to "ripples on the Fermi Sea".

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.inwww.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

33
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



At higher temperatures a certain fraction, characterized by the Fermi function, will exist above

the Fermi level. The Fermi level plays an important role in the band theory of solids. In doped

semiconductors, p-type and n-type, the Fermi level is shifted by the impurities, illustrated by

their band gaps. The Fermi level is referred to as the electron chemical potential in other

contexts.

In metals, the Fermi energy gives us information about the velocities of the electrons which

participate in ordinary electrical conduction. The amount of energy which can be given to an

electron in such conduction processes is on the order of micro-electron volts, so only those

electrons very close to the Fermi energy can participate. The Fermi velocity of these conduction

electrons can be calculated from the Fermi energy.

This speed is a part of the microscopic Ohm's Law for electrical conduction. For a metal, the

density of conduction electrons can be implied from the Fermi energy.

2. Fermi Function

The Fermi energy also plays an important role in understanding the mystery of why electrons do

not contribute significantly to the specific heat of solids at ordinary temperatures, while they are

dominant contributors to thermal conductivity and electrical conductivity. Since only a tiny

fraction of the electrons in a metal are within the thermal energy kT of the Fermi energy, they are

"frozen out" of the heat capacity by the Pauli principle. At very low temperatures, the electron

specific heat becomes significant. The Fermi function f(E) gives the probability that a given

available electron energy state will be occupied at a given temperature. The Fermi function

comes from Fermi-Dirac statistics and has the form

The basic nature of this function dictates that at ordinary temperatures, most of the levels up to

the Fermi level EF are filled, and relatively few electrons have energies above the Fermi level.

The Fermi level is on the order of electron volts (e.g., 7 eV for copper), whereas the thermal
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energy kT is only about 0.026 eV at 300K. If you put those numbers into the Fermi function at

ordinary temperatures, you find that its value is essentially 1 up to the Fermil level, and rapidly

approaches zero above it. The illustration below shows the implications of the Fermi function for

the electrical conductivity of a semiconductor. The band theory of solids gives the picture that

there is a sizable gap between the Fermi level and the conduction band of the semiconductor. At

higher temperatures, a larger fraction of the electrons can bridge this gap and participate in

electrical conduction.

Note that although the Fermi function has a finite value in the gap, there is no electron

population at those energies (that's what you mean by a gap). The population depends upon the

product of the Fermi function and the electron density of states. So in the gap there are no

electrons because the density of states is zero. In the conduction band at 0K, there are no

electrons even though there are plenty of available states, but the Fermi function is zero. At high

temperatures, both the density of states and the Fermi function have finite values in the

conduction band, so there is a finite conducting population.

3. Density of Energy States

The Fermi function gives the probability of occupying an available energy state, but this must be

factored by the number of available energy states to determine how many electrons would reach

the conduction band. This density of states is the electron density of states, but there are

differences in its implications for conductors and semiconductors. For the conductor, the density

of states can be considered to start at the bottom of the valence band and fill up to the Fermi

level, but since the conduction band and valence band overlap, the Fermi level is in the

conduction band so there are plenty of electrons available for conduction. In the case of the

semiconductor, the density of states is of the same form, but the density of states for conduction

electrons begins at the top of the gap. In a solid semiconductor at thermal equilibrium, every

mobile electron leaves behind a hole in the valence band. Since holes are also mobile, we need

to account for the density of "hole states" that remain in the valence band. Because a hole is an

unoccupied state, the probability of a mobile hole existing at energy EE is 1-FE1-FE
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4. Population of Conduction Band for a Semiconductor

The population of conduction electrons for a semiconductor is given by

where

In Section 4 of this course you will cover these topics:
Recombination-Generation Processes

Topic : Recombination-Generation Processes

Topic Objective:

At the end of this topic the student would be able to:

 Learn about the Band Structure

 Learn about the Generation and recombination processes

 Learn about the Carrier Generation due to Light Absorption

 Learn about the Band-to-Band recombination

 Learn about the Trap-assisted recombination - Shockley-Hall-Read recombination

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.inwww.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

36
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Definition/Overview:

Carrier generation and recombination: In the solid state physics of semiconductors, carrier

generation and recombination are processes by which mobile charge carriers (electrons and

electron holes) are created and eliminated. Carrier generation and recombination processes are

fundamental to the operation of many optoelectronic semiconductor devices, such as

photodiodes, LEDs and laser diodes. They are also critical to a full analysis of p-n junction

devices such as bipolar junction transistors and p-n junction diodes. The electronhole pair is the

fundamental unit of generation and recombination, corresponding to an electron transitioning

between the valence band and the conduction band.

Key Points:

1. Band Structure

Like other solids, semiconductor materials have electronic band structure determined by the

crystal properties of the material. The actual energy distribution among the electrons is described

by the Fermi energy and the temperature of the electrons. At absolute zero temperature, all of the

electrons have energy below the Fermi energy; but at non-zero temperatures the energy levels are

randomized and some electrons have energy above the Fermi level.

In semiconductors the Fermi energy lies in the middle of a forbidden band or band gap between

two allowed bands called the valence band and the conduction band. The valence band,

immediately below the forbidden band, is normally very nearly completely occupied. The

conduction band, above the Fermi level, is normally nearly completely empty. Because the

valence band is so nearly full, its electrons are not mobile, and cannot flow as electrical current.

However, if an electron in the valence band acquires enough energy to reach the conduction

band, it can flow freely among the nearly empty conduction band energy states.
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Furthermore it will also leave behind an electron hole that can flow as current exactly like a

physical charged particle. Carrier generation describes processes by which electrons gain energy

and move from the valence band to the conduction band, producing two mobile carriers; while

recombination describes processes by which a conduction band electron loses energy and re-

occupies the energy state of an electron hole in the valence band. In a material at thermal

equilibrium generation and recombination are balanced, so that the net charge carrier density

remains constant. The equilibrium carrier density that results from the balance of these

interactions is predicted by thermodynamics. The resulting probability of occupation of energy

states in each energy band is given by Fermi-Dirac statistics.

2. Generation and recombination processes

Carrier generation and recombination result from interaction between electrons and other

carriers, either with the lattice of the material, or with optical photons. As the electron moves

from one energy band to another, its gained or lost energy must take some other form, and the

form of energy distinguishes various types of generation and recombination:

2.1. ShockleyReadHall (SRH) process

The electron in transition between bands passes through a state created in the middle of

the band gap by an impurity in the lattice. The impurity state can absorb differences in

momentum between the carriers, and so this process is the dominant generation and

recombination process in silicon and other indirect bandgap materials. The energy is

exchanged in the form of lattice vibration, or a phonon exchanging thermal energy with

the material.
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2.2. Photon Exchange

During radiative recombination, a form of spontaneous emission, a photon is emitted

with the wavelength corresponding to the energy released. This effect is the basis of

LEDs. Because the photon carries relatively little momentum, radiative recombination is

significant only in direct bandgap materials. When photons are present in the material,

they can either be absorbed, generating a pair of free carriers, or they can stimulate a

recombination event, resulting in a generated photon with similar properties to the one

responsible for the event. Absorption is the active process in photodiodes, solar cells, and

other semiconductor photodetectors, while stimulated emission is responsible for laser

action in laser diodes.

2.3. Auger recombination

The energy is given to a third carrier, which is excited to a higher energy level without

moving to another energy band. After the interaction, the third carrier normally loses its

excess energy to thermal vibrations. Since this process is a three-particle interaction, it is

normally only significant in non-equilibrium conditions when the carrier density is very

high. The Auger effect process is not easily produced, because the third particle would

have to begin the process in the unstable high-energy state.

3. Simple Recombination of Electrons

Recombination of electrons and holes is a process by which both carriers annihilate each other:

the electrons fall in one or multiple steps into the empty state which is associated with the hole.

Both carriers eventually disappear in the process. The energy difference between the initial and

final state of the electron is given off. This leads to one possible classification of the

recombination processes: In the case of radiative recombination this energy is emitted in the

form of a photon, in the case of non-radiative recombination it is passed on to one or more

phonons and in Auger recombination it is given off in the form of kinetic energy to another

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.inwww.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

39
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



electron. Another classification scheme considers the individual energy levels and particles

involved. These different processes are further illustrated with the figure below.

 Band-to-band recombination occurs when an electron falls from its state in the

conduction band into the empty state in the valence band which is associated with the

hole. This band-to-band transition is typically also a radiative transition in direct bandgap

semiconductors.

 Trap-assisted recombination occurs when an electron falls into a "trap", an energy level

within the bandgap caused by the presence of a foreign atom or a structural defect. Once

the trap is filled it can not accept another electron. The electron occupying the trap energy

can in a second step fall into an empty state in the valence band, thereby completing the

recombination process. One can envision this process either as a two-step transition of an

electron from the conduction band to the valence band or also as the annihilation of the

electron and hole which meet each other in the trap. We will refer to this process as

Shockley-Read-Hall (SRH) recombination.

 Auger recombination is a process in which an electron and a hole recombine in a band-to-

band transition, but now the resulting energy is given off to another electron or hole. The

involvement of a third particle affects the recombination rate so that we need to treat

Auger recombination differently from band-to-band recombination.

 Each of these recombination mechanisms can be reversed leading to carrier generation

rather than recombination. A single expression will be used to describe recombination as

well as generation for each of the above mechanisms.

 In addition there are generation mechanisms which do not have an associated

recombination mechanism: generation of carriers by light absorption or a high energy

electron/particle beam. These processes are also referred to as ionization processes.

Impact ionization which is the generation mechanism associated with Auger
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recombination also belongs to this category. The generation mechanisms are illustrated

with the figure below:

Carrier generation due to light absorption occurs if the photon energy is large enough to lift an

electron from the valence band into an empty state in the conduction band, generating one

electron-hole pair. The photon energy needs to be at least equal to the bandgap energy to satisfy

this condition. The photon is absorbed in this process and the excess energy, Eph-Eg is added to

the electron and the hole in the form of kinetic energy. Carrier generation or ionization due to a

high energy beam consisting of charged particles is similar except that the available energy can

be much larger than the bandgap energy so that multiple electron-hole pairs can be formed. The

high-energy particle gradually loses its energy and eventually stops. This generation mechanism

is used in semiconductor-based nuclear particle counters. As the number of ionized electron-hole

pairs varies with the energy of the particle, one can also use such detector to measure the particle

energy. Finally there is a generation process called impact ionization, the generation mechanism

which is the counterpart of Auger recombination. Impact ionization is caused by an electron

(hole) with an energy which is much larger (smaller) than the conduction (valence) band edge.

The detailed mechanism is illustrated with the figure below:

The excess energy is given off to generate an electron-hole pair through a band-to-band

transition. This generation process causes avalanche multiplication in semiconductor diodes

under high reverse bias: As one carrier accelerates in the electric field it gains energy. The

kinetic energy is given off to an electron in the valence band, thereby creating an electron-hole

pair. The resulting two electrons can create two more electrons which generate four more

causing an avalance multiplication effect. Electrons as well as holes contribute to avalanche
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multiplication. A simple model for the recombination-generation mechanisms states that the

recombination-generation rate is proportional to the excess carrier density. It acknowledges the

fact that no recombination takes place if the carrier density equals the thermal equilibrium value.

The resulting expression for the recombination of electrons in a p-type semiconductor is given

by:

and similarly for holes in an n-type semiconductor:

where the parameter  can be interpreted as the average time after which an excess minority

carrier recombines.

We will show for each of the different recombination mechanisms that the recombination rate

can be simplified to this form when applied to minority carriers in a "quasi-neutral"

semiconductor. The above expressions are therefore only valid under these conditions. The

recombination rates of the majority carriers equals that of the minority carriers since in steady

state recombination involves an equal number of holes and electrons. As a result the

recombination rate of the majority carriers depends on the excess minority carrier density

which are the limiting factor in this situation. Recombination in a depletion region and in

situations where the hole and electron density are close to each other can not be described with

the simple model and the more elaborate expressions for the individual recombination

mechanisms must be used.

4. Carrier Generation due to Light Absorption

Carriers can be generated in semiconductors by illuminating the semiconductor with light. The

energy of the incoming photons is used to bring an electron from a lower energy level to a higher

energy level. In the case where an electron is removed from the valence band and added to the

conduction band, an electron-hole pair is generated. A necessary condition for this to happen is

that the energy of the photon, Eph, is larger than the bandgap energy, Eg. As the energy of the
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photon is given of to the electron, the photon no longer exists. Assuming that each absorbed

photon creates one electron-hole pair, the electron and hole generation rates are given by:

where  is the absorption coefficient of the material at the energy of the incoming photon.

5. Band-to-Band recombination

Band-to-band recombination depends on the density of available electrons and holes. Since both

carrier types need to be available in the recombination process, the rate is expected to be

proportional to the product of n and p. However in thermal equilibrium the recombination rate

must equal the generation rate since there is no net recombination or generation. As the product

of n and p equals ni
2 in thermal equilibrium, the net recombination rate can be expressed as:

where b is the bimolecular recombination constant.

6. Trap-assisted recombination - Shockley-Hall-Read recombination

The net recombination rate for trap-assisted recombination is given by:

This expression can be further simplified for p >> n to:
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and for n >> p to:

where

In Section 5 of this course you will cover these topics:
Carrier Transport

Topic : Carrier Transport

Topic Objective:

At the end of this topic the student would be able to:

 Learn about the Carrier Drift

 Learn about the Impurity Scattering

 Learn about the Lattice Scattering

 Learn about the Surface Scattering

 Learn about the Carrier Diffusion
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Definition/Overview:

Carrier Transport: Any motion of free carriers in a semiconductor leads to a current. This

motion can be caused by an electric field due to an externally applied voltage, since the carriers

are charged particles. We will refer to this transport mechanism as carrier drift. In addition,

carriers also move from regions where the carrier density is high to regions where the carrier

density is low. This carrier transport mechanism is due to the thermal energy and the associated

random motion of the carriers. We will refer to this transport mechanism as carrier diffusion. The

total current in a semiconductor equals the sum of the drift and the diffusion current.

As one applies an electric field to a semiconductor, the electrostatic force causes the carriers to

first accelerate and then reach a constant average velocity, v, due to collisions with impurities

and lattice vibrations. The ratio of the velocity to the applied field is called the mobility. The

velocity saturates at high electric fields reaching the saturation velocity. Additional scattering

occurs when carriers flow at the surface of a semiconductor, resulting in a lower mobility due to

surface or interface scattering mechanisms. Diffusion of carriers is obtained by creating a carrier

density gradient. Such gradient can be obtained by varying the doping density in a

semiconductor or by applying a thermal gradient. Both carrier transport mechanisms are related

since the same particles and scattering mechanisms are involved. This leads to a relationship

between the mobility and the diffusion constant called the Einstein relation.

Key Points:

1. Carrier Drift

The motion of a carrier drifting in a semiconductor due to an applied electric field, , is

illustrated in Figure 2.7.1. The field causes the carrier to move with a velocity, v.
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Assuming that all the carriers in the semiconductor move with the same velocity, the current can

be expressed as the total charge in the semiconductor divided by the time needed to travel from

one electrode to the other, or:

where r is the transit time of a particle, traveling with velocity, v, over the distance L. The

current density, J, can then be rewritten as a function of the charge density,  :

If the carriers are negatively charged electrons, the current density equals:

while for positively charged holes it is:

Where n and p are the electron and hole density in the semiconductor. It should be noted that

carriers do not follow a straight path along the electric field lines. Instead they bounce around in

the semiconductor and constantly change direction and velocity due to scattering. This behavior

occurs even when no electric field is applied and is due to the thermal energy of the carriers.

Thermodynamics teaches us that electrons in a non-degenerate and non-relativistic electron gas

have a thermal energy of kT/2 per particle per degree of freedom. A typical thermal velocity at

room temperature is around 107 cm/s, which exceeds the typical drift velocity in semiconductors.
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In the absence of an applied electric field, the carrier exhibits random motion and the carriers

move quickly through the semiconductor and frequently change direction. When an electric field

is applied, the random motion still occurs but in addition, there is on average a net motion along

the direction of the field. Due to their different electronic charge, holes move on average in the

direction of the applied field, while electrons move in the opposite direction. We now analyze

the carrier motion considering only the average velocity, of the carriers. Applying

Newton's law, we state that the acceleration of the carriers is proportional to the applied force:

The force consists of the difference between the electrostatic force and the scattering force due to

the loss of momentum at the time of scattering. This scattering force equals the momentum

divided by the average time, c, between scattering events or collisions, so that:

The force consists of the difference between the electrostatic force and the scattering force due to

the loss of momentum at the time of scattering. This scattering force equals the momentum

divided by the average time, c, between scattering events or collisions, so that:

where a particle with charge q was assumed. Combining both relations yields an expression for

the average particle velocity:

We now consider only the steady state situation in which the particle has already accelerated and

has reached a constant average velocity. Under such conditions, the velocity is proportional to

the applied electric field and we define the mobility as the velocity to field ratio:
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The mobility of a particle in a semiconductor is therefore expected to be large if its mass is small

and the time between scattering events is large.

2. Impurity Scattering

Impurities are foreign atoms in the solid, which are efficient scattering centers especially when

they have a net charge. Ionized donors and acceptors in a semiconductor are a common example

of such impurities. The amount of scattering due to electrostatic forces between the carrier and

the ionized impurity depends on the interaction time and the number of impurities. Larger

impurity concentrations result in a lower mobility. The dependence on the interaction time helps

to explain the temperature dependence. The interaction time is directly linked to the relative

velocity of the carrier and the impurity, which is related to the thermal velocity of the carriers.

The thermal velocity increases with the ambient temperature so that the interaction time

decreases. Thereby, the amount of scattering decreases, resulting in a mobility increase with

temperature. To first order, the mobility due to impurity scattering is proportional to T 3/2/NI,

where NI is the density of charged impurities.

3. Lattice Scattering

Scattering by lattice waves includes the absorption or emission of either acoustical or optical

phonons. These phonons represent quanta of mechanical waves that travel through the

semiconductor crystal. Since the density of phonons in a solid increases with temperature, the

scattering time due to this mechanism will decrease with temperature as will the mobility.

Theoretical calculations reveal that the mobility in non-polar semiconductors, such as silicon and

germanium, is dominated by acoustic phonon interaction. The resulting mobility is expected to

be proportional to T -3/2, while the mobility due to optical phonon scattering only is expected to

be proportional to T -1/2. Experimental values of the temperature dependence of the mobility in

germanium, silicon and gallium arsenide are provided in Table1
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4. Surface Scattering

The surface and interface mobility of carriers is affected by the nature of the adjacent layer or

surface. Even if the carrier does not transfer into the adjacent region, its wavefunction does

extend over 1 to 10 nanometer, so that there is a non-zero probability that the particle is in the

adjacent region. The net mobility is then a combination of the mobility in both layers. For

carriers in the inversion layer of a MOSFET, one finds that the mobility can be up to three times

lower than the bulk value. This is due to the distinctly lower mobility of electrons in the

amorphous silicon oxide. The presence of charged surface states further reduces the mobility just

as ionized impurities would.

5. Carrier Diffusion

Carrier diffusion is due to the thermal energy, kT, which causes the carriers to move at random

even when no field is applied. This random motion does not yield a net flow of carriers nor does

it yield a net current in material with a uniform carrier density as any carrier which leaves a

specific location is on average replace by another one. However if a carrier gradient is present,

the diffusion process will even out the carrier density variations: carriers diffuse from regions

where the density is high to regions where the density is low. The diffusion process is not unlike

the motion of sand on a vibrating table; hills as well as valleys are smoothed out over time.

5.1. Diffusion Current

The derivation is based on the basic notion that carriers at non-zero temperature (Kelvin)

have an additional thermal energy, which equals kT/2 per degree of freedom. It is the

thermal energy, which drives the diffusion process. At T = 0 K there is no diffusion. The

thermal velocity is the average velocity of the carriers going in the positive or negative

direction. The collision time is the time during which carriers will move with the same

velocity before a collision occurs with an atom or with another carrier. The mean free

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.inwww.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

49
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



path is the average length a carrier will travel between collisions. These three averages

are related by:

Shown is a variable carrier density, n(x). Of interest are the carrier densities which are

one mean free path away from x = 0, since the carriers, which will arrive at x = 0

originate either at x = -l or x = l. The flux at x = 0 due to carriers that originate at x = -l

and move from left to right equals:

where the factor 1/2 is due to the fact that only half of the carriers move to the left while

the other half moves to the right. The flux at x = 0 due to carriers that originate at x = +l

and move from right to left, equals:

The total flux of carriers moving from left to right at x = 0 therefore equals:

Where the flux due to carriers moving from right to left is subtracted from the flux due to

carriers moving from left to right. Given that the mean free path is small we can write the

difference in densities divided by the distance between x = -l and x = l as the derivative of

the carrier density:
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The electron diffusion current equals this flux times the charge of an electron, or:

We now replace the product of the thermal velocity and the mean free path by a single

parameter, namely the diffusion constant, Dn.

Repeating the same derivation for holes yields:

We now further explore the relation between the diffusion constant and the mobility. At

first, it seems that there should be no relation between the two since the driving force is

distinctly different: diffusion is caused by thermal energy while an externally applied

field causes drift. However one essential parameter in the analysis, namely the collision

time, c, should be independent of what causes the carrier motion. We now combine the

relation between the velocity, mean free path and collision time,

with the result from thermodynamics, stating that electrons carry a thermal energy which

equals kT/2 for each degree of freedom. Applied to a one-dimensional situation, this

leads to:
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We now use these relations to rewrite the product of the thermal velocity and the mean

free path as a function of the carrier mobility:

Using the definition of the diffusion constant we then obtain the following expressions

which are often referred to as the Einstein relations
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