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Preface

THE local section of the Société Chimique de France, at the sugges-
tion of Professor Aubry, invited me to deliver a lecture on 25 May 1972
at Nancy University entitled “Electrical conductivity in the solid state
and its applications”. I realized the scale of the subject on that occasion,
and had regretted that the limited time at my disposal allowed me to
give only a very rapid summary of the question.

Shortly afterwards, the Convention Intercantonale Romande pour
I’Enseignement du 3*™ Cycle en Chimie, at the suggestion of Professor
Feschottes, invited me to give a course in Lausanne University, in
February and March 1973, consisting of six lectures on “Semiconductor
materials”. This provided me with the opportunity I had wanted to deal
in greater detail with conventional, magnetic, and switching semi-
conductor materials, and their various applications.

I then suggested to my friend Brian Pamplin that I should write up
my notes, complete them by dealing also with conducting and insulating
materials and their applications, and publish it all in the series “The
Science of the Solid State™, to provide students, teachers, and engineers
—mainly those with chemical or metallurgical training—with a
straightforward work linking the properties of such materials closely
with their applications.

While British students often receive a balanced education as physico-
chemists, this does not apply on the Continent, particularly in Germany,
France, and Italy, where physics and chemistry are usually separated.
Far too many physicists are thereby directed towards theoretical
research, and many need retraining to be of any use in industry. This
book will provide such students with a wider-ranging, simpler viewpoint
than a treatise of strictly physical theory, the field of application of which
is still so restricted. ’ '

As for an earlier work, the English text has been prepared in col-
laboration with Denis Mahaffey.

Paris _ J. P. SUCHET
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Part 1

Physicochemical Bases






Chapter 1

Conductors

1.1. Interatomic bonds

A solid phase contains a very large number of atoms, all identical in
the case of an element, or of several different kinds in the case of an
alloy or chemical compound. These atoms are linked with one another
by means of their electrons on which cohesion of the solid depends. But
these bonds can be of several different types, depending a great deal on
the total ionization energies of the atoms present, in other words the
energies needed to move all the valency electrons of these atoms to
infinity. For an atom of a given element, the term of this operation is a
positively charged ion, the electronic formula of which is that of the rare
gas preceding the element in the Periodic Table of Elements. Table 1.1
gives these energies in electron volts for the main elements.

Atoms for elements which have low numbers (less than about 35)
on this table combine with one another in the form of compact stacks of
spheres, and part of their valency electrons escapes from the attraction
of their nuclei, forming a gas of delocalized electrons ready to move in
an electric field. This is the metallic bond, to be found in metals and
alloys, where it gives rise to chemical formulae, the lower indices of
which are usually neither simple nor unique for a given association of
elements. Electrical conduction of phases with this type of bond is
naturally high, and entirely due to the delocalized electron gas.

When one solid phase contains atoms of elements for which the
numbers in Table 1.1 are in some cases lower and in other cases higher
than 35, atoms in elements with numbers above 35 do not lose their
electrons but tend to complete their electronic valency octet at the ex-
pense of atoms of elements with numbers below 35, thus attaining the
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ELECTRICAL CONDUCTION IN SOLID MATERIALS

Table 1.1. BASED ON SUCHET, 1962

Li Be B (&4 N O F
5.4 “18.1 /A7.7/s4.2/>7.‘y1 37 /184
Na Mg Al Si P S Cl
5.1 15.0 28.3 449 64.7 87.6 ?
K Cu Ca Zn Ga Ge As Se Br
43 7.7 11.8 18.0 30.6 45.5 62.5 ? ?
Rb Ag Sr Cd In Sn Sb Te T
4.2 7.5 11.0 16.8 27.9 394 555 (72) ?
Cs Au Ba Hg Tl Pb Bi
3.9 9.2 9.9 18.6 29.7 42.1 55.7
0 5 10 15 25 35 50 70 Y
Table 1.2. BASED ON SUCHET, 1962
Li Be B C
/].67 /5.45 /15.0/26.7
Na Aa—"| si—p s
/1.05 /3.08 6.00 9.77 147 zo 7 26.9
K Cu
0]75 1i04 207 270 484//7 5/10V /179
Rb Ag Sr
0.68 _0|.79 1|77 2l06 '%|70 5.(4 /8 07 10 7 140
Cs Au Ba Hg Tl Pb Bi
0.59 0.73 148 1.82 3.16 4.77 6.76
0 075 13 25 3 7 10 15 0
njr



CONDUCTORS

electronic formula of the rare gas following them in the Periodic Table
of Elements. They therefore associate simply with one another, in
accordance with known valency rules, in the form of stacks of charged
spheres (cations and anions), at a distance such that their mutual
attraction balances the repulsion of their electronic clouds. This is the
ionic bond, to be found in many chemical compounds for which the
formulae use low sub-indices, depending only on the columns of
the classification table to which their elements belong. All the electrons
are retained by the nuclei if the arrangement is perfectly regular;
and electrical conduction is accordingly nil at very low temperatures.

This image of rigid spheres, however, soon proves false when the
atomic number of the elements rises, together with the dimensions of
the atom. Large ions can be deformed in the electric field created by
their neighbours. The spherical symmetry of the electronic cloud of the
atom is then no longer respected, and a dipole is induced inside the
cloud. The electrical field responsible for this polarization of large ions
is mainly due to highly charged small ions (cations). Table 1.2 shows
the ratio of the number of elementary charges n carried by the cation to
its ionic radius r for the main elements. This ratio is to some extent a
measurement of the variation in relation to a pure ionic bond.

Let us assume that elements such as carbon, sulphur, or selenium are
involved. Identical atoms cannot associate here by means of metallic
bonds since the total ionization energies shown in Table 1.1 are too
high. But they cannot associate either by means of an ionic bond since
the n/r ratios shown in Table 1.2 are very high, and the very high
polarization of the anions C*~, S?~, or Se?~ would immediately destroy
such a bond. So what happens ? The electronic clouds interpenetrate in
the directions in which the cation field would be strongest, each atom
pooling one electron in this direction with its neighbour. This is the
covalent bond, the distinctive feature of which is accordingly its direc-
tional character.

In this pooling process, then, an atom cannot gain more electrons
than it had to start with, and only atoms of elements in columns IV, V,
VI, and VII of the Periodic Table can thus complete their octet by
forming four shared electronic pairs per atom (tetrahedral structure of
carbon atoms in the diamond), three pairs per atom (trigonal structure
of phosphorus or arsenic atoms), two pairs per atom (right-angled
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ELECTRICAL CONDUCTION IN SOLID MATERIALS

spirated chain for selenium), or one pair per atom (Cl, molecules). All
the electrons are either retained by the nuclei, as in an ionic bond, or
immobilized in shared pairs, so that electrical conduction is still nil at
very low temperatures.
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FIG. 1.1. Schema of the different types of interatomic bonds (based on Suchet, 1962).

The various types of bonds described above are shown in diagram-
matical form in Fig. 1.1. For atoms of comparable mass, the interatomic
distance increases as one passes from the metallic bond to the covalent
bond, and then to the ionic bond.
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CONDUCTORS

1.2. Conductors and semiconductors

What happens to the electrical conduction if the field of very low
temperatures is abandoned and the solid allowed to heat up? The
effect of temperature on the electron gas mentioned in connection with
the metallic bond is not very great, and electronic conduction accord-
ingly remains largely unchanged. Let us leave aside the field of very low
and low temperatures, to which we shall return in subsequent sections.
A very simple, more or less linear, relation can be observed between
conductivity o and the centesimal temperature ¢:

a ~ go(1— 0.0042),

where o, is the conductivity at 0°C. The negative sign of the coefficient
of ¢ is explained by the thermal agitation of the atoms, which offers
increasing opposition to the movements of free electrons. At room
temperature, values range from around 5x10° mhos/cm for noble
metals (Ag, Al, Au, Cu) to 10* mhos/cm for bismuth, with even lower
figures for some transition metals such as manganese or lanthanides
such as gadolinium.

In the case of a highly ionic bond, electrons remain attached to the
nuclei until high temperatures are reached, and the solid is thus insu-
lating. For instance, the conductivity of quartz SiO, is only 10~17
mhos/cm at room temperature. The diffusion coefficient of an element
may, however, be sufficiently high in a compound, e.g. if the compound
crystallizes in a defect structure for movements of ions to be possible.
Very low conduction then appears, known as ionic semiconduction,
which is always accompanied by electrolysis phenomena in the neigh-
bourhood of the electrodes supplying the current, since material is
being conveyed.* In the case of a covalent bond, elements with low
atomic weights and their compounds remain insulating for a fairly long
time, such as sulphur with only 107!® mhos/cm and BN with 10-1°
mhos/cm at room temperature. On the other hand, if there are elements
with high atomic weight, breaking of some bonds is easier when tem-
perature rises, releasing electrons that can conduct the electric current.
This particular conduction, less than in metallic conduction, is known

* This phenomenon may be considered as an extension of the ionic conduction
in liquid materials and, for this reason, will not be discussed in this book.



