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3.4 Conductors and insulators

1) Conductor and insulator:
a) A crystal with partially filled energy bands is called aconductorand a crystal with filled energy bands is called an insulator. 
[image: Band Gap for Semiconductor Materials - Inst Tools]
Fig. 3.4 Bandgap (Insulator, Semiconductor and Conductor)
b) The band is a real crystal that contains as many levels as atoms in the crystal. Suppose that the band has only eight levels.
[image: ]
Fig. 3.5Displacement of energy levels in a band in the presence of an electric field. 
(a) Field off (b) Field on
c) considers half of the energy levels with the motion of the electrons in the +x-direction (arrowheads) and half with motion in the -x-direction (arrowheads) (no net motion in one direction and no current flow) (fig. 3.5).
d) Ifwe apply an electric field in the + x-direction, the energy of one set oflevels is lowered and the energy ofthe other set is raised. If the band is full, then all levels are occupied before and after the application of the field, and there is still no net electronic motion in either direction; the crystal is an insulator. 
e) However, if the band is only partly filled, then only the lowest levels are occupied; application of the field rearranges the positions of the levels, and the electrons drop into the lowest set of levels in the presence of the field. In this lowest set of levels, the ones corresponding to motion in the - x-direction predominate, so there is a net flow of electrons to the left; a net current flows and the crystal is a conductor.

3.5 Ionic crystals

The band system of a crystal containing two different kinds of atoms can be thought of as a superposition of the band systems of the two individual particles in the first approximation. 
a) The sodium chloride (NaCl) band system is shown in fig. The eight electrons fill the chloride ion's 3s and 3p bands, whereas the sodium ion's 3s band, which has greater energy, is vacant (fig. 3.6).
b) The crystal is made up of sodium ions and chloride ions rather than sodium and chlorine atoms.
Na+ + Cl- -------------- NaCl(s)
c) Because an energy gap separates the full and from the empty bands, sodium chloride acts as an insulator.
[image: ]
Fig. 3.6  Energy bands in NaCl

3.6 Semiconductors

Semiconductors are solids that exhibit a feeble electrical conductivity that increases with an increase in temperature. (The conductivity of metals decreases with an increase in temperature.) Semiconductivity appears in insulators that are slightly contaminated with foreign substances, and in compounds, such as Cu20 and ZnO, which do not contain exactly stoichiometric amounts of metal and nonmetal.

1) N-type semiconductor: (excess of electrons)
a. Pure silicon is an insulator, the electronic structure can be represented by the filled and empty bands shown in Fig 3.7 and 3.8.
[image: ]
Fig. 3.7 (a) Pure silicon. (b) Impurity levels in silicon, an n-type semiconductor
b. In pure silicon, some silicon atoms replace with phosphorus atoms, each of which has one more electron than the silicon atom. The energy levels of the phosphorus atoms, impurity levels, are superposed on the band system of the silicon; these levels do not match those in silicon exactly.  
[image: n-type Semiconductor | Toshiba Electronic Devices &amp; Storage Corporation |  Asia-English]
Fig. 3.8n-type semiconductor
c. It is found that the extra electrons introduced by the phosphorus atoms occupy the impurity levels, which are located slightly below the empty band of the silicon lattice. In these levels the electrons are bound to the phosphorus atoms and cannot conduct a current; since the energy gap between these levels and the empty band of silicon (conduction band) is comparable to kT (thermal energy), a certain fraction of these electrons are thermally excited to the conduction band in which they can move under the influence of an applied field. At higher temperatures, more electrons are excited to the conduction band and the conductivity is larger. If several phosphorus atoms are introduced in the lattice, the impurity level itself widens into a band that overlaps the conduction band of the silicon; the conductivity then becomes metallic.

2) P-type semiconductor:(Excess of holes)
a. If atoms of aluminium or boron are introduced in the silicon lattice, they also introduce their system of levels. Since the aluminium atom has one less electron than silicon, the impurity levels are vacant. 
[image: ]
Fig. 3.9 Impurity levels in a p-type semiconductor
b. Figure 3.9 shows the position of the impurity levels, which in this case are only slightly above the filled band of the silicon lattice. Electrons from the filled band can be excited thermally to the impurity levels, where they are bound to the aluminium atoms to produce the species AI- or B-in the lattice (fig. 3.10).
c. The holes left in the band effectively carry a positive charge that can move under the influence of an applied field, and thus carry a current. 
[image: p-type Semiconductor | Toshiba Electronic Devices &amp; Storage Corporation |  Asia-English]
Fig. 3.10p-type semiconductor
3) The semiconductivity of nonstoichiometric compounds (ZnO and Cu20) can be explained similarly. 
a) If ZnO loses a little oxygen, it can be considered as ZnO with a few zinc atoms as impurities. The zinc atoms have two more electrons than the zinc ions; therefore the semiconductivity is n-type. 
b) The crystal Cu20 may contain extra oxygen, it may be considered as Cu20 with some Cu2+ ions as impurities. The Cu2+ ion has one less electron than the Cu+ ion, so the conductivity is p-type.
c) NaCl exposed at high temperatures to sodium vapour incorporates sodium atoms as impurities; the impure crystal has n-type semiconductivity. Excess halogen can be introduced into sodium chloride to yield a p-type semiconductor.

3.7 Cohesive energy in metals

Any detailed mathematical calculation of metal cohesive energy is extremely difficult, but a qualitative evaluation of the band systems can provide some insight into the problem.
1. Consider the transition metals (Ni, Cu and Zn) that as isolated atoms have partially filled d shells (s2d8, s1d10and s2d10) as solids have partially filled d bands. The d band can hold 10 electrons/atom. Since the d shell in the atoms is shielded somewhat by the outer electrons, the d band is very narrow compared with the sp band. 
[image: ]
Fig. 3.11 Effect of the d band on the electronic energy. (a) Nickel. (b) Copper. (c) Zinc

2. Figure 3.11 shows the relative widths and the filling of the d and sp bands in copper. The d band is filled. In nickel, which has one less electron per atom, the d band is only partially filled.
3. The lower cohesive energy of copper compared with that of nickel is a result of the higher average energy of the electrons in the sp band of copper. 
4. Zinc has one more electron than copper; adding this electron to the sp band fills it to a much higher level, resulting in a marked decrease in the cohesive energy. 
	Metal
	Cohesive energy (KJmole-1)

	Nickel (Ni)
	425.1

	Copper (Cu)
	341.1

	Zinc (Zn)
	130.5


5. The lower the energy of the electrons in the metal, the more stable is the system and the greater is the cohesive energy. 
6. It is evident from Fig. that a partially empty d band in metal is an indication of large cohesive energy since the average energy of the electrons is low. The addition of an electron to the sp band, as in going from copper to zinc, increases the average electronic energy rapidly, because the very wide sp band accommodates only 4 electrons/atom, while the very narrow d band accommodates 10.
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of copper compared with that of nickel is a result of the higher average energy of the elec-
tronsin the sp band of copper. Zinc has one more electron than copper; adding this electron
to the sp band fills it to a much higher level (Fig. 28.8c), resulting in a marked decrease in
the cohesive energy. The cohesive energies are nickel, 425.1 kJ/mol; copper, 341.1 kJ/mol;
zing, 130.5 kJ/mol. The lower the energy of the electrons in the metal, the more stable is
the system and the greater is the cohesive energy. It is evident from Fig. 28.8 that a partially
empty d band in a metal is an indication of a large cohesive energy, since the average energy
of the electrons is low. Addition of an electron to the sp band, as in going from copper to
zinc, increases the average electronic energy rapidly, because the very wide sp band ac-
commodates only 4 electrons/atom, while the very narrow d band accommodates 10.
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Figure 28.8 Effect of the d band on the electronic energy.
(a) Nickel. (b) Copper. (c) Zinc.
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filled, then only the lowest levels are occupied; application of the field rearranges the
positions of the levels, and the electrons drop into the lowest set of levels in the presence of
the field. In this lowest set of levels, the ones corresponding to motion in the — x direction
predominate, so there is a net flow of electrons to the left; a net current flows and the crystal
is a conductor.
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Figure 284 Displacement of energy levels in a band by an electric
field. (a) Field off. (b) Field on.

716 Electronic Structure and Macroscopic Properties

Metals that conduct by electron flow have incompletely filled bands, while insulators
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11 the ISt approxX1marion, the band System ol a Crystal CONtaining Two ailerent KInds or
atommay beregarded as a superposition of the band systems of the two individual particles.
The band system for sodium chloride is shown in Fig. 28.5. The eight electrons occupy the
3sand 3p bands of the chloride ion, while the 3s band of the sodium ion, which has a higher
energy, is vacant. This is a quantum-mechanical way of saying that the crystal is made up of
sodium ions and chloride ionsratherthan of atoms of sodium and chlorine. Thefilled bands
are separated from the empty bands by an energy gap so that sodium chloride is an
insulator.
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Figure 28.5 Energy bands in NaCl.

28.6 SEMICONDUCTORS

Semiconductors are solids which exhibit a feeble electrical conductivity that increases
with increase in temperature. (The conductivity of metals decreases with increase in
temperature.) Semiconductivity appears in insulators that are slightly contaminated with
foreign substances, and in compounds, such as Cu,O and ZnO, which do not contain
exactly stoichiometric amounts of metal and nonmetal.

Puressilicon is an insulator, similar to diamond in both crystal structure and electronic
structure. The electronic structure in pure silicon can be represented by the filled and empty
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