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Part II 

Semiconductor Devices

Atoms, Bonding and Crystals
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• In order to understand the physics of semiconductor (s/c) devices, we
should first learn how atoms bond together to form the solids.

• Atom is composed of a nucleus which contains protons and neutrons;
surrounding the nucleus are the electrons.

• Atoms can combine with themselves or other atoms. The valence
electrons, i.e. the outermost shell electrons govern the chemistry of
atoms.

• Atoms come together and form gases, liquids or solids depending on the
strength of the attractive forces between them.

• The atomic bonding can be classified as ionic, covalent, metallic, van
der Waals, etc.

• In all types of bonding the electrostatic force acts between charged
particles.

Atoms and Bonding
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• Ionic solids

Group 1A (alkali metals) contains Lithium (Li), Sodium (Na),
Potassium (K), … and these combine easily with group 7A
(halogens) of Fluorine (F), Chlorine (Cl), Bromine (Br), … and
produce ionic solids of NaCl, KCl, KBr, etc.

• Rare (noble) gases

Group 8A elements of noble gases of Helium (He), Neon (Ne),
Argon (Ar), … have a full complement of valence electrons and so
do not combine easily with other elements.

• Elemental semiconductors

Silicon (Si) and Germanium (Ge) belong to Group 4A.

• Compound semiconductors

1) III-V compound s/c’s; GaP, InAs, AlGaAs (Group 3A-5A)
2) II-VI compound s/c’s; ZnS, CdS, etc. (Group 2B-6A)

Semiconductors are a group of materials having electrical conductivities 
intermediate between metals and insulators. It is significant that the 
conductivity of these materials can be varied over orders of magnitude by 
changes in temperature, optical excitation, and impurity content. This 
variability of electrical properties makes the semiconductor materials 
natural choices for electronic device investigations.

Semiconductor materials are found in column IV and neighbouring
columns of the periodic table (Table 1-1).The column IV semiconductors, 
Silicon and Germanium, are called elemental semiconductors because 
they are composed of single species of atoms. In addition to the elemental 
materials, compounds of column III and column V atoms, as well as 
certain combinations from II and VI, and from IV, make up the compound 
semiconductors.
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• Elemental semiconductors of Si, Ge and diamond are bonded
by this mechanism and these are purely covalent.

• The bonding is due to the sharing of electrons.

• Covalently bonded solids are hard, high melting points, and
insoluble in all ordinary solids.

• Compound s/c’s exhibit a mixture of both ionic and covalent
bonding.

Covalent Bonding
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 Ionic bonding is due to the electrostatic force of attraction between
positively and negatively charged ions (btw. Group 1A and Group 7A).

 This process leads to electron transfer and formation of charged ions; a
positively charged ion for the atom that has lost the electron and a
negatively charged ion for the atom that has gained an electron.

All ionic compounds are crystalline solids at room temperature.

 NaCl and KCl are typical examples of ionic bonding.

 Ionic crystals are hard, high melting point, brittle and can be dissolved in
ordinary liquids.

Ionic Bonding
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The metallic elements have only up to the valence electrons
in their outer shell will lose their electrons and become positive
ions, whereas electronegative elements tend to acquire
additional electrons to complete their octed and become
negative ions, or anions.

Na Cl

An example of ionic bonding in NaCl
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Comparison of Ionic and Covalent Bonding



Valance electrons are relatively bound to the nucleus and
therefore they move freely through the metal and they are
spread out among the atoms in the form of a low-density
electron cloud.

A metallic bond result from the
sharing of a variable number of
electrons by a variable number of
atoms. A metal may be described
as a cloud of free electrons.

Therefore, metals have high
electrical and thermal conductivity.
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Metallic Bonding
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• All valence electrons in a metal combine to form a “sea” of
electrons that move freely between the atom cores. The more
electrons, the stronger the attraction. This means the melting and
boiling points are higher, and the metal is stronger and harder.

• The positively charged cores are held together by these
negatively charged electrons.

• The free electrons act as the bond (or as a “glue”) between the
positively charged ions.

• This type of bonding is nondirectional and is rather insensitive to
structure.

• As a result we have a high ductility of metals - the “bonds” do
not “break” when atoms are rearranged – metals can experience a
significant degree of plastic deformation.

SOLID MATERIALS

CRYSTALLINE

Single Crystal

POLYCRYSTALLINE AMORPHOUS
(Non-crystalline)

Classification of solids
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Crystalline Solid is the solid form of a substance in which
the atoms or molecules are arranged in a definite,
repeating pattern in three dimension.

Crystalline Solid

Single Crystal

Single Pyrite
Crystal

Amorphous
Solid

Single crystal has an atomic structure that repeats periodically across its
whole volume. Even at infinite length scales, each atom is related to every
other equivalent atom in the structure by translational symmetry
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Polycrystal

Polycrystalline
Pyrite  form

(Grain)

Polycrystal is a material made up of an aggregate of many
small single crystals (also called crystallites or grains).

The grains are usually 100 nm - 100 microns in diameter.
Polycrystals with grains that are <10 nm in diameter are
called nanocrystalline

Polycrystalline Solid

Amorphous (non-crystalline) solid is composed of randomly
orientated atoms, ions, or molecules that do not form defined
patterns or lattice structures.

Amorphous Solid



11

Si Crystal Growth and Wafers

After the single-crystal ingot is grown, it is then mechanically processed to 
manufacture wafers. The first step involves mechanically grinding the more-or-
less cylindrical ingot into a perfect cylinder with a precisely controlled diameter. 
This is important because in a modern integrated circuit fabrication facility many 
processing tools and wafer handling robots require tight tolerances on the size of 
the wafers.
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Showing silicon wafers waiting to be pushed into the 
furnace for device fabrication
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Bulk Si Wafer to IC Chip

Silicon Crystal Structure

• Unit cell of silicon crystal is 
cubic.

• Each Si atom has 4 nearest 
neighbours.
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Miller Indices
Crystallographic Notation

h: inverse x-intercept
k: inverse y-intercept
l: inverse z-intercept

(Intercept values are in multiples of the lattice constant;
h, k and l are reduced to 3 integers having the same ratio.)

Crystallographic Planes and Si Wafers

Silicon wafers are usually cut along the (100) 
plane with a flat or notch to orient the wafer 
during IC fabrication
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Silicon Wafers and Crystal Planes



Silicon wafers are usually 
cut along the (100) plane 
with a flat or notch to 
help orient the wafer 
during IC fabrication.



The standard notation 
for crystal planes is 
based on the cubic unit 
cell. 

(100) (011) (111)x

y y y

z z z

x x

Si (111) plane

Crystallographic Planes
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GaAs (Group III-V) Compound Semiconductors

As AsGa

Ga

GaAs has the same crystal structure as Si.

GaAs, GaP, GaN are III-V compound semiconductors, important for 
optoelectronics.

GaAs

AsGa Ga

Physical Constants and Conversion Factors
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Properties of Semiconductor Materials

Electrical Resistivity and Conductivity of Selected Materials at 293 K
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Resistivity vs. Temperature

Figure 11.1: (a) Resistivity versus temperature for a typical conductor. Notice the linear rise in resistivity 
with increasing temperature at all but very low temperatures. (b) Resistivity versus temperature for a 
typical conductor at very low temperatures. Notice that the curve flattens and approaches a nonzero 
resistance as T → 0. (c) Resistivity versus temperature for a typical semiconductor. The resistivity 
increases dramatically as T → 0.

Resistivity vs. Temperature

Temperature

Temperature used in the equations would be in Kelvin unit. The kelvin is a 
unit of measurement for temperature its unit symbol is K. The 0K temperature 
is called the absolute zero, the temperature at which all thermal motion ceases 
in the classical description of thermodynamics. 

The kelvin is not referred to or typeset as a degree. Its relationship with the 
degree Celcius (°C) is given by 

[°C] = [K] − 273.15  [K] − 273

[K] = [°C] + 273.15  [°C] + 273

For example, 300K is 27°C, 0K is −273°C or 25°C is 298K.


