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ATOMS are the basic units of Matter
They are made of a Nucleus of neutrons + protons, surrounded by a cloud of electrons
Atoms can bind to form MOLECULES
MATTER can be a PURE SUBSTANCE or MIXTURE
PURE SUBSTANCE can be ELEMENTS or COMPOUNDS

MIXTURES can be HOMOGENEOUS or HETEROGENEOUS

MATTER can exist in different states:
solid, liquid, gas, plasma, Bose-Enstein condensate, Fermi condensate

MATTER is also a sort of Energy and can be converted into RADIATION
(and vice-versa ;-)



The Atom & the Atomic Model(s)

« ATOM is a very old concept ~2400 years old that means:

The smallest portion of Matter that still carries its properties




The Schrodinger equation and atomic orbitals ;-)

One of the most common operators in quantum mechanics is the

Hamiltonian operator (or simply Hamiltonian, H).

» Hamiltonian is an operator of total energy; i.e. the sum of
Kinetic (due to the electron motion) and potential (arising from the
electrostatic field of the positively charged nucleus in which
electron is located) energies.

> Its elgenfunctions are wave functions describing atomic
orbitals while its eigenvalue is the total energy of the electron.
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The Schrodinger equation and atomic orbitals ;-)
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What are the Eigenfunctions?

¥ 1s the wave function describing an electron (in terms of its wave
character and are functions of the distance between the electron and the
nucleus () and two angles—the polar () and azimuth ().

- » the spherical coordinate system is more commonly used when working with the Schrédinger equation. In this

coordinate system a position of any point in the three dimensional space is uniquely defined by the distance from the -
fixed origin (r), and the polar (#) and azimuth (¢) angles.
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The theory suggests that the real physical meaning of the wave
function can be found in the function’s square, V2.

Commonly encountered Is the radial probability function, P(r),
which provides the probability of finding an electron at a given
distance from the nucleus summed over all angles:

P(r) = r*R*(r)
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Atomic orbitals

S.1=0 P/=1
“sharp” “principal”
D, /=2 F./=3

“diffuse” “fundamental”

“s-Orbital” “p-Orbital” “d-Orbital” “f-Orbital”

The orbitals are characterised by 3 quantum nrs.:
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What are the Eigenvalues? : the 3 qguantum numbers!

N is the Principal quantum nr. refers to the energy level

| is the Azimutal quantum nr and refers to the shape of the orbital

M, is the orbital magnetic nr. And refers to its polarity

Each orbital can accomodate up to 2 electrons max. with oposite spins.

Each electron in an orbital is characterised by the 3 above quantum nrs. plus the
spin.

My (or just s) spin quantum nr; s = i%




% All orbitals with the same quantum number » form a shell.

» The shells are labeled simply by indicating the value of the principal quantum
number, for example » = 1 is the first shell, the one closest to the nucleus.

Somewhat older, but still frequently found symbols for shells, are K, L, M, NN,

etc. for shells with » values 1, 2, 3, 4, etc. Shells can be composed of one or
more subshells.

> Each Subshell is defined with quantum number £. Each subshell is designated
with a letter depending on the value of £:

s: for £ =1,
p: for £ = 2,
d: for £ = 3,
f: for £ =4 etc.

_ » The number of orbitals within each subshell is given by the number
of possible values for the quantum number m,.
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NOTE

The exact solutions of the Schrddinger equation are possible only

for the systems that contain one electron around a nucleus.

These are systems such as the hydrogen atom, helium cation, He",

lithium with 2+ charge, Li%*, etc.

For systems with two and more electrons, the solutions are not
exact—iIn these cases some approximations and assumptions have

== 10 De used In order to solve the Schrodinger equation. —
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E In an Atom these orbitals overlap and the final result of such an overlap can be:

Atomic orbitals

Molecular orbitals

The same happens to molecular orbitals.




These results are governed by the following rules or principles

Aufbau Principle :

IS basically a German word “Aufbauen” which means building up. According to
this principle, the electrons will first occupy the orbitals that have the
lowest energy. According to the following order:

1s, 2s, 2p, 3s, 3p, 4s, 3d, 4p, 5s, 4d, 5p, 6s, 4f, 5d, 6p, 7s, 5f, 6d, 7p.... .

Hund's Rule:
every orbital in a subshell is singly occupied with one electron before any one
orbital is doubly occupied, and all electrons in singly occupied orbitals have
the same spin.

Pauli exclusion principle:
an orbital can have maximum two electrons and these must have opposite
spins.
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The OCctet rule refers to the tendency of atoms to prefer to have
eight electrons in the valence shell (outer orbital).

When atoms have fewer than eight electrons, they tend to react and
form more stable compounds.

When discussing the octet rule, we do not consider d or f electrons.
Only the s and p electrons are involved in the octet rule, making it
useful for the representative elements (elements not in the transition
metal or inner-transition metal blocks).

An octet corresponds to an electron configuration ending with s2p®.
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In atomic physics and quantum chemistry, the
electron configuration is the distribution of
electrons of an atom or molecule (or other physical
structure) in atomic or molecular orbitals.
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The element's position in the periodic table is related to its electron
configuration i.e how the electrons are organized around the nucleus.

There are two links between an atom's electronic structure and its position
In the periodic table:

v The number of occupied shells is the same as the period
number(row in the table)

v The number of electrons in the outer shell is the same as the group
number (column in the table)

The position of each element in the table gives information
about

Its structure, properties, and behaviour in chemical reactions.




All known elements are arranged in a table according to their periodic properties

senr PERIODIC TABLE OF ELEMENTS
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Today it Is known that these properties are due to the number of
electrons in the atom and how they are statistically distributed in

orbitals according to Hunds rule and Pauli exclusion Principles.

Each atom and therefore each element has its own and unique
number of electrons.

This is why and how we can distinguish between them!

This i1s also what makes Matter so diverse!

Semiconductor Physics
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Molecular Orbitals (MO) form from allowed interactions between
atomic orbitals, which are allowed if the symmetries of the atomic
orbitals are compatible with each other.

Efficiency of atomic orbital interactions is determined from the
overlap - constructive interaction between two atomic orbitals.
This is most likely if the atomic orbitals are close in energy.

The number of molecular orbitals formed must be equal to the
number of atomic orbitals in the atoms being combined to form the
molecule.

2 theories to address MO formation :

Valence Bond Model & Molecular Orbital Theory

Semiconductor Physics



Molecular Orbitals: Valence Bond Model vs. Molecular Orbital Theory

Valence-bond Model

Arguments based on atomic orbitals focus on the bonds formed between
valence electrons on an atom, they are often said to involve a valence bond
theory based on Lewis structures of valence electrons.

The valence-bond model can't adequately explain _many features of
molecules and chemical bonding; to account for them it is understood that
molecules are mixtures, or hybrids, of the two Lewis structures that can be
written for these molecules.

Molecular Orbital Model

Molecular orbital theory is more powerful than valence-bond theory
because the orbitals reflect the geometry of the molecule to which they are
= applied. But this power carries a significant cost in terms of the ease with ™

which the model can be visualized.
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» When atomic orbitals interact, the resulting molecular
orbital can be of 3 types:

bonding, antibonding| orjnonbonding

» The type of interaction between atomic orbitals can be
further categorized by the molecular-orbital symmetry
labels:

O (sigma), TT (pi), O (delta), @ (phi), Y (gamma) ....

the Greek letters corresponding to the atomic orbitals s, p, d, f
and g respectively.
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o symmetry results from the interaction of either two atomic s-
orbitals or two atomic p,-orbitals (top-top interaction)

n symmetry results from the interaction of either two atomic p,
orbitals or p, orbitals (side interaction)

etc

O (sigma), T (pi), O (delta), @ (phi), Y (gamma) bonds

are covalent bonds
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But we can have other types resulting from hybridization of
standard atomic orbitals to form new orbitals — which can be used to
describe bonding in molecules:

Sp Sp2 Sp3
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Molecular geometries can be specified in terms of bond
lengths, bond angles and torsional angles.

The bond length is defined to be the average distance
between the nuclel of two atoms bonded together in any given
molecule.

A bond angle is the angle formed between three atoms
across at least two bonds.

There are rules to (roughly) determine or estimate a certain
molecular geometry.

Molecular geometry is determined rigorously by spectroscopy
— methods.
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Molecular Geometry
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1. General Properties of Semiconductors
1.5. Chemical bonding

Diamond structure semiconductors
C: (1s)* (25)* (2p)*
Si: (1s)* (25)* (2p)° (35)* (3p)°

Ge: (15)* (25)% (2p)° (35)> (3p)° (45)*(4p)”. sp3 hybrid orbitals

Zincblende structure semiconductors

=
4
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e

Ga: (15)* (25)* (2p)° (3s)* (3p)
As: (1) (25)* (2p)° (35)" (3p)
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Image source: Balkanski
h}rbrid orbitals or tetrahedral orbitals 30



d CHEMNITZ UNIVERSITY OF TECHNOLOGY 7th lecture

Band formation in Semiconductors !
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. Example: Silicon
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Next lecture

Electronic properties of semiconductors

Semiconductor Physics
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