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Chapter 1

Semiconductors Physics

1.1 Energy Bands and Carrier Concentration

1.1.1 Semiconductor Materials

Solid-state materials can be grouped into three classes—
insulators, semiconductors, and conductors. Figure 1 — 1 shows
the electrical conductivities o ( and the corresponding resis -
tivities p = 1/0 ) associated with some important materials in each
of the three classes. Insulators such as fused quartz and glass have
very low conductivities, in the order of 1E-18 to 1E-8 S/cm; and
conductors such as aluminum and silver have high conductivities,
typically from 10* to 10° S/cm. Semiconductors have conductivities
between those of insulators and those of conductors. The
conductivity of a semiconductor is generally sensitive to
temperature, illumination, magnetic field, and minute amount of
impurity atoms. This sensitivity in conductivity mmakes the
semiconductor one of the most important materials for electronic
applications.

The study of semiconductor materials began in the early
nineteenth century. Over the years many semiconductors have
been investigated. Table 1 shows a portion of the periodic table
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related to semiconductors. The element semiconductors, those
composed of single species of atoms, such as silicon (Si) and
gemanium ( Ge ), can be found in Column IV. However,
numerous compound semiconductors are composed of two or more
elements. For example, gallium arsenide ( GaAs) is a IV
compound that is a combination of gallium(Ga) from Column I

and arsenic ( As) from Column V.
RESISTIVITY £(Q-cm)

10" 10' 10™ 102 10" 10* 10° 10* 101 1 107 107 107° 107
LA (R A R A DO SN AN AN N A S SR U AN S M N SR I S SN S BN
GERMANIUM (Ge) SILVER
e GLASS .
o VICKEL OXIDE SILICON (Si) COP.PER
(PURE)
« DIAMOND GALLIUM ARSENIDE (GaAs) ALUMINUM
(PURE) GALLIUM PHOSPHIDE (GaP) PLATINUM
* SULFUR .
FUSED CADMIUM SULFIDE (cds) BISMUTH
[ ]
QUARTZ
S N N S N BT B DT ST N SO B T T T T

1072107 1071072007 107" 107 107 1072 1 102 10t 10° 108
CONDUCTIVITY & (S/cm)

INSULATOR ——=}=— SEMICONDUCTOR ——~}+ CONDUCTOR —

Figure 1 - 1  Typical range of conductivities for insulators, semiconductors, and

conductors

Table 1 ~1 Portion of the Periodic Table Related to Semiconductors

Perod Column 1 m v \Y VI
2 B C N
Boron Carbon Nitrogen
3 Mg Al Si P s
Magnesium _ Aluminum Silicon Phosphorus Sulfur
4 Zn Ga Ge As Se
Zinc Gallium CGermanium Arsenic Selenium
5 Cd In Sn Sh Te
Cadmium Indium Tin Antimony Tellurium
6 Hg Pb
Mercury Lead




Prior to the invention of the bipolar transistor in 1947,
semiconductors were used only as two-terminal devices, such as
rectifiers and photodiodes. In the early 1950s, germanium was the
major semiconductor material. However, germanium proved
unsuitable in many applications because germanium devices
exhibited high leakage currents at only moderately elevated
temperatures. In addition, germanium oxide is water soluble and
unsuited for device fabrication. Since the early 1960s silicon has
become a practical substitute and has now virtually supplanted
germanium as a material for semiconductor fabrication. The main
reasons we now use silicon are that silicon devices exhibit much
lower leakage currents, and high-quality silicon dioxide can be
grown thermally. There is also an economic consideration. Device
grade silicon costs much less than any other semiconductor
material. Silicon in the form of silica and silicates comprises 25 %
of the Earth’ s crust, and silicon is second only to oxygen in
abundance. At present, silicon is one of the most studied elements
in the periodic table; and silicon technology is by far the most
advanced among all semiconductor technologies.

Many of the compound semiconductors have electrical and
optical properties that are absent in silicon. These
semiconductors, especially gallium arsenide (GaAs), are used
mainly for microwave and photonic applications. Although we do
not know as much about the technology of compound
semiconductors as we do about that of silicon, compound
semiconductor technology has advanced partly because of the
advances in silicon technology. In this book we are concemed
mainly with device physics and processing technology of silicon
and gallium arsenide.




1.1.2 Crystal Structure

The semiconductor materials we will study are single crystals,
that is, the atoms are arranged in a three-dimensional periodic
fashion. The periodic arrangement of atoms in a crystal is called a
lattice. In a crystal, an atom never strays far from a single, fixed
position. The thermal vibrations associated with the atom are
centered about this position. For a given semiconductor, there is a
unit cell that is representative of the entire lattice; by repeating
the unit cell throughout the crystal, one can generate the entire
lattice.

Figure 1 - 2 shows some basic cubic-crystal unit cells.
Figure 1 - 2(a) shows a simple cubic crystal; each comer of the
cubic lattice is occupied by an atom that has six equidistant
nearest neighboring atoms. The dimension a is called the lattice
constant . Only polonium is crystallized in the simple cubic lattice.
Figure 1 - 2(b) is a body-centered cubic(bcec) crystal, where in
addition to the eight corner atoms, an atom is located at the center
of the cube. In a bec lattice, each atom has eight nearest-
neighboring atoms. Crystals exhibiting bee lattices include those of
sodium and tungsten. Figure 1 - 2(c) shows a face-centered cubic
(fec) crystal that has one atom at each of the six cubic faces in
addition to the eight comer atoms. In an fcc lattice, each atom
has 12 nearest neighboring atoms. A large number of elements
exhibit the fcc lattice form, including aluminum, copper, gold,
and platinum.

The element semiconductors, silicon and germanium, have a
diamond lattice structure. This structure also belongs to the
cubic- crystal family and can be seen as two interpenetrating fcc
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sublattices with one sublattice displaced from the other by one
quarter of the distance along a diagonal of the cube (i.e., a
displacement of a ¥3/4). All atoms are identical in a diamond
lattice, and each atom in the diamond lattice is surrounded by four
equidistant nearest neighbors that lie at the comers of a
tetrahedron. Most of the M-V compound semiconductors (e. g.,
GaAs) have a zincblende lattice, which is identical to a diamond
lattice except that one fce sublattice has Columin I atoms (Ga)
and the other has Column V atoms (As) .

6] o O]

Figure 1 -2 Three cubic-crystal unit celss

Therefore, the crystal properties along different planes are
different, and the electrical and other device characteristics are
dependent on the crystal orientation. A convenient method of
defining the various planes in a crystal is to use Miller indices.
These indices are obtained using the following steps:

(1) Find the intercepts of the plane on the three Cartesian
coordinates in terms of the lattice constant.

(2) Take the reciprocals of these numbers and reduce them to
the smallest three integers having the same ratio.

(3) Enclose the result in parentheses ( hkl) as the Miller

N 5 -



indices for a single plane.

Some conventions are given as follows:

(hkl): For a plane that intercepts the x-axis on the negative side
of the origin, such as (100) .

{hkl}: For planes of equivalent symmetry-such as {100} for
(100), (010), (001), (100), (010), and (001) in cubic
symmetry.

[hkl]: For a crystal direction, such as [100] for the z-axis.
Thus, the [ 100 ]-direction is perpendicular to ( 100)-
plane, and the [ 111 ]-direction is perpendicular to the
(111)-plane.

< hkl > : For a full set of equivalent directions-such as < 100 >

for [100], [010], [001], [100], [010], and [001].

1.1.3 Valence Bonds

As discussed in Section 1.1.2, each atom in a diamond lattice
is surrounded by four nearest neighbors. Each atom has four
electrons in the outer orbit, and each atom shares these valence
electrons with its four neighbors. This sharing of electrons is
known as covalent bonding; each electron pair constitutes a
covalent bond. Covalent bonding occurs between atoms of the
same element, or between atoms of different elements that have
similar outer-shell electron configurations. Each electron spends
an equal amount of time with each nucleus. However, both
electrons spend most of their time between the two nuclei. The
force of attraction for the electrons by both nuclei holds the two
atoms together. For a zincblende lattice such as gallium arsenide,
the major bonding force is from the covalent bonds. However,
gallium arsenide has a slight ionic bonding force that is an
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electrostatic attractive force between each Ga™ ion and its four
neighboring As® ions, or between each As™ ion and its four
neighboring Ga™ ions.

At low temperatures, the electrons are bound in their
respective tetrahedron lattice; consequently, they are not available
for conduction. At higher temperatures, thermal vibrations may
break the covalent bonds. When a bond is broken, a free electron
results that can participate in current conduction. An electron
deficiency is left in the covalent bond. This deficiency may be
filled by one of the neighboring electrons, which results in a shift
of the deficiency location, as from location A to location B. We
may therefore consider this deficiency as a particle similar to an
electron. This fictitious particle is called a hole. It carries a
positive charge and moves, under the influence of an applied
electric field, in the direction opposite to that of an electron. The
concept of a hole is analogous to that of a bubble in a liquid.
Although it is actually the liquid that moves, it is much easier to
talk about the motion of the bubble in the opposite direction.

1.1.4 Energy Bands

For an isolated atom, the electrons of the atom can have
onlydiscrete energy levels. For example, the energy levels for an
isolated hydrogen atom are given by the Bohr model

Ey = — mog*/(8e3Rh%n?) = - 13.6/n% eV

where m, is the free-electron mass, q is the electronic charge,
€¢ is the free- space permittivity, h is the Planck constant, and n is
a positive integer called the principal quanttm number. The
discrete energies are —~ 13.6 eV for the ground level(n =1),
- 3.4 eV for the first excited level{ n =2), etc



We now consider two identical atoms. When they are far
apart, the allowed energy levels for a given principal quantum
number (e.g., n = 1) consist of one doubly degenerate level,
that is, each atom has exactly the same energy (e.g., — 13.6¢eV
forn =1). As the two atoms approach one another, the doubly
degenerate energy level will split into two levels by the interaction
between the atoms. When we bring N atoms together to form a
crystal, the N -fold degenerate energy level will split into N
separate but closely spaced levels due to atomic interaction. This
results in an essentially continuous band of energy.

The detailed energy band structures of crystalline solids have
been calculated using quantum mechanics. Figure 1 - 3 is a
schematic diagram of the formation of a diamond lattice crystal
from isolated silicon atoms. Each isolated atom has its discrete
energy levels (two levels are shown on the far right of the
diagram). As the interatomic spacing decreases, each degenerate
energy level splits to form a band. Further decrease in spacing
causes the bands originating from different discrete levels to lose
their identities and merge together, forming a single band. When
the distance between atoms approaches the equilibrium interatomic
spacing of the diamond lattice (with a lattice constant of 0.543 nm
for silicon), this band splits again into two bands. These bands
are separated by a region which designates energies that the
electrons in the solid cannot possess. This region is called the
forbidden gap, or bandgap E,. The upper band is called the
conduction_band, while the lower band is called the wvalence
band, as shown on the far left of Figure I - 3.

Figure 1 - 4 shows the energy band diagrams of three classes
of solids—insulators, semiconductors, and conductors. In an
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Figure 1 -3 Formation of energy bands

insulator such as silicon dioxide (Si0;), the valence electrons
form strong bonds between neighboring atoms. These bonds are
difficult to break, and consequently there are no free electrons to
participate in current conduction. As shown in the energy band
diagram Figure 1 - 4(a), there is a large bandgap. Note that all
energy levels in the valence band are occupied by electrons and all
energy levels in the conduction band are empty. Thermal energy or
an applied electric field carmot raise the uppermost electron in the
valence band to the conduction band. Therefore, silicon dioxide is
an insulator, which cannot conduct current. ‘

As we discussed in Section 1.1.3, bonds between neighboring
atoms in a semiconductor are only moderately strong. Therefore,
thermal vibrations will break some bonds. When a bond is broken,
a free electron along with a free hole resuit. Figure 1 - 4(b) shows
that the bandgap of a semiconductor is not as large as that of an
insulator (e.g., Si with a bandgap of 1.12 eV). Because of this,
some electrons will be able to move from the valence band to the
conduction band, leaving holes in the valence band. When an
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electric field is applied, both the electrons in the conduction band
and the holes in the valence band will gain kinetic energy and
conduct electricity .

EMPTY
CONDUCTION BAND

PARTLY FILLED J
CONDUCTION BAND_L CONDUCTION BAND
Eg—9€v Egz] (1%

W 1T conpucTiON BAND-J
VALENCE BAND W }}

FILLED VALENCE BAND
VALENCE BAND
(a) (b) ©

Figure 1 -4  Schematic energy band representations

In conductors such as metals, Figoe 1 - 4 (¢ ), the
conduction band either is partially filled or overlaps the valence
band so that there is no bandgap. As a consequence, the
uppermost electrons in the partially filled band or electrons at the
top of the valence band can move to the next-higher available
energy level when they gain kinetic energy (e.g., from an apmied
electric field) . Therefore, current conduction can readily occur in
conductors.

The energy band diagrams shown in Figurel - 4 indicate
electron energies. When the energy of an electron is increased,
the electron moves to a higher position in the band diagram. On
the other hand, when the energy of a hole is increased, the hole
moves downward in the valence band. (This is because a hole has
a charge oppaosite that of an electron. )

As we discussed before, the separation between the energy of
the lowest conduction band and that of the highest valence band is
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