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https://en.wikipedia.org/wiki/Standard_Model

Probability

The probability of finding an electron in a state as a function of
space and time is

P = |¢(r, t)|°

, where $\psi$ is named the probability amplitude, and is a
complex function of space and time. In some special cases, it's

¢(T, t) _ Aei(kr—wt)
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Uncertainty principle

We cannot, with ultimate precision, determine both the position
and the momentum of a particle, the precision is

h

From the uncertainty (Unscharfe) principle we can actually
estimate the size of the atom
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https://en.wikipedia.org/wiki/Uncertainty_principle
https://wulffern.github.io/aic2023/atom

States as a function of time and space

The time-evolution of the probability amplitude is

ih(r, 1) = Ho(r, 1)

, where H is named the Hamiltonian matrix, or the energy matrix or
(if I understand correctly) the amplitude matrix of the probability
amplitude to change from one state to another.
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Allowed energy levels in atoms

Solutions to Schrodinger result in quantized energy levels for an
electron bound to an atom.

The probability of a state transition (change in energy) can be
determined from the probability amplitude and Schrodinger.
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Allowed energy levels In
solids

~10"22eV R~
Conduction

and the new energy levels could be band

C

I Band gap

Ei = EO + A
"Bands" are Valence Ev
and composed of band
closely spaced  ———-----
orbitals
Ey,=FEy— A

a Interatomic distance

The discrete energy levels of the electron transition into bands of
allowed energy states.

For a crystal, the allowed energy bands is captured in the band
structure
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https://en.wikipedia.org/wiki/Electronic_band_structure
https://en.wikipedia.org/wiki/Electronic_band_structure
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Silicon Unit Cell

A silicon crystal unit cell is a diamond
faced cubic with 8 atoms in the corners
spaced at 0.543 nm, 6 at the center of the
faces, and 4 atoms inside the unit cell at a
nearest neighbor distance of 0.235 nm.


https://en.wikipedia.org/wiki/Silicon

Band structure

The full band structure of a silicon unit cell
IS complicated, it's a 3 dimensional
concept
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http://lampx.tugraz.at/~hadley/ss1/semiconductors/silicon_bandstructure.php
http://lampx.tugraz.at/~hadley/ss1/semiconductors/silicon_bandstructure.php

Valence band and Conduction band

For bulk silicon we simplify, and we think of two bands, the
conduction band, and valence band

Eq; = E¢ — Ey
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Fermi level

In band structure theory, used in solid state physics to analyze the
energy levels in a solid, the Fermi level can be considered to be a
hypothetical energy level of an electron, such that at
thermodynamic equilibrium this energy level would have a 50%
probability of being occupied at any given time

1
f(E) ~ e(E—Er)/kT | 1

f(E) ~ elEr—B)/}T
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p-type intrin. n-type
Metal Semimetal Semiconductor Insulator
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Metals

In metals, the band splitting of the energy
levels causes the valence band and
conduction band to overlap.
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Insulators

In insulating materials the difference between the conduction band and the valence
band is large. As a result, it takes a large energy to excite electrons to a state
where they can freely move.

That's why glass is transparent to optical frequencies. Visible light does not have
sufficient energy to excite electrons from a bound state.

That's also why glass is opaque to ultra-violet, which has enough energy to excite
electrons out of a bound state.

Based on these two pieces of information you could estimate the bandgap of glass.
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Semiconductors

In a silicon the bandgap is lower than an insulator, approximately

EG —=1.12 eV

At room temperature, that allows a small number of electrons to be
excited into the conduction band, leaving behind a "hole" in the
valence band.
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Band diagrams

A band diagram or energy level
diagrams shows the conduction band
energy and valence band energy as a
function

of distance in the material.

The horizontal axis is the distance, the
vertical axis is the energy.

The figure shows a PN-junction
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https://en.wikipedia.org/wiki/Band_diagram
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Density of electrons/holes

no = [ N(E)f(E)dE

ne = elF/FT N(E)e E/*T4E
Ec
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Fields

There are equations that relate electric field, magnetic field, charge
density and current density to each-other.
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et fflow

,relates net electric flux to net enclosed electric charge
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7( B-dS=0
o0

relates net magnetic flux to net enclosed magnetic charge
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]{ E.dr— 2 //B-dS
) dt | /s

relates induced electric field to changing magnetic flux
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yf B - dl = u (//J-dSJreOi//E-dS)
0Y D dt )

,relates induced magnetic field to changing electric flux and to
current
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These are the Maxwell Equations, and are non-linear time
dependent differential equations.

Under the best of circumstances they are fantastically hard to
solve! But it's how the real world works.

Carsten Wulff 2023

23


https://en.wikipedia.org/wiki/Maxwell%27s_equations

The permittivity of free space is defined as

1

HocC?

€0 —

, where $c$ is the speed of light, and $\mu_0$ is the vacuum
permeability, which, in S| units, is now

200 h
Ho =

Q> c
, where $\alpha$ is the fine structure constant.
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https://en.wikipedia.org/wiki/Speed_of_light
https://en.wikipedia.org/wiki/Vacuum_permeability
https://en.wikipedia.org/wiki/Vacuum_permeability
https://en.wikipedia.org/wiki/International_System_of_Units
https://en.wikipedia.org/wiki/Fine-structure_constant

Voltage

The electric field has units voltage per meter, so the electric field is
the derivative of the voltage as a function of space.

- dVv

B =
dx
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Current

Current has unit $A$ and charge $C$ has unit $As$, so the current
Is the number of charges passing through a volume per second.

The current density $J% has units $A/m”2% and is often used,
since we can multiply by the surface area of a conductor, if the
current density is uniform.

I=AxJ
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Drift current

Charges in an electric field will give rise to a drift current.

We know from Newtons laws that force equals mass times
acceleration

—

F = ma
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If we assume a zero, or constant magnetic field, the force on a
particle is

—

F:ql:j1

The current density is then

—

J =qE xnx u
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Assuming

. we could write
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So multiplying by an area
A = Bm?
I = gnuBV
and we can see that the conductance

G = qnuB
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, and since
G=1/R
, where R iIs the resistance, we have
I =GV =V =RI
Or Ohms law
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https://en.wikipedia.org/wiki/Ohm%27s_law

Diffusion current

A difference in charge density will give rise to a diffusion current,
and the current density is

dp
J: - .Dn_
1 dx
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Why are there two currents?

R 0°

Wl 1) + V(@)(e,t) = iho bz, 1

2m 0%z
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Currents In a semiconductor

Both electrons, and holes will contribute to current.

Electrons move in the conduction band, and holes move in the
valence band.
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Resistors

We can make resistors with metal and silicon (a semiconductor)

In metal the dominant carrier depends on the metal, but it's usually electrons. As
such, one can often ignore the hole current.

In a semiconductor the dominant carrier depends on the Fermi level in relation to the
conduction band and valence band. If the Fermi level is close to the valence band
the dominant carrier will be holes. If the Fermi level is close to the conduction band,
the dominant carrier will be electrons.

That's why we often talk about "majority carriers" and "minority carriers"”, both are
important in semiconductors.
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Capacitors

A capacitor resists a change in voltage.

dV
I=C0—
dt

and store energy in an electric field between two conductors with
an insulator between.
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Inductors

An inductor resist a change in current.

dI
V=L—
dt

and store energy in the magnetic fields in a loop of a conductor.
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