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4 brief summary of the theory of conduction by electrons,

when phonon-drac is takern intc account, is civen al:s

In Chapter two the conduction theory by electrons and
holes is establishedqd assuming both carriers to be scattered
by impurities and lattice vibrations (phonons) and the trans-
port coefficients were computed for holes alone as for the
two-carrier model. The results obtained are simple and
elegant though a lot o- algebra was carried on to achieve
these formulae. Some of the results were obtained before,
but along different lines, but most of ocur results are guite
new. These transport coefficients include many coefficients
of different natures of the individual particles and it is
quite difficult to put them to exXperimental comparison,
unles: these experiments are constructed to take inte account
the present results. On the other hand, the thermal conduc-
vitiy k came out to contain a bipolar term which was established

before experimentally (Issi 1973).

These results are much simplified when usinc complex
variables (Cnapter three). These complex formulae mav be
usca for computation. The effect of +he phonon drac on the
transport cocfficients is investicared in Chapter four where
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the presence and abserice of magnetic fields.
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In Appendices A and B we provide the definitions of
the transverse galvanor agnetic ang thermomagnetic transport

coefficients and suitable expressions for these coefficients

in huge magnetic fields.
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CHAPTER ONE

INTRODUCTION

1.1 Conduction in solids is fairly understood after
the discovery of the electron and the solution of its
quantum mechanical equation in a periodic lattice. The
solution proved the existence of a series of energy bands
each is made up of an equal number of energy levels equal
to the number of electrons present, and are thus able to
accommodate twice the number of eléctrons present (when we
include the spin quantum number). The bands of greatest
interest are the two neighbouring ones: the band of the
"lowest energy levels"™ of the electrons (called the valence
band) with a maximum energy Ev’ and the band of the first
excited levels", (called the conduction band), with a mini-
mum enerdgy EC (see Fig. 1.1). The difference between EC

and EV, defines the forbidden gap (or energy band gap) Eg'

E =E_ - E {(1.1)

Electronic energy bands provide the basis for electrical
clacsification of solids, whether the solid is a cgood conduc-
tor (Metal, and certain types of semimetals} or bad conductors
(other types of semimetals and semiconductors) or insulators.
This depends gravely upon the width Eg of the energy aap and
the concept of occupation or relative fullness of the allowed

bands.
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Fig.i.1 Schematic energy-band
diagram, showing the valence
band top E,, the conduction
band lowest energy level E_
and the energy gap Eg. Twe
types of impurity enérgy
levels are shown,

In a metal, either

the valence and

Fig.1l.2

Schematic energy-band
diagram showing the different
structures for different solias.

Ef is the Fermi energy level.
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band gap Eg and the absolute temperature T, which is there-
fore very small for insulators, appreciable for semiconductors
and high for metals. This may also occur if electrons are
excited from impurity energy levels {donors) to the conduc-

tion band (see Fig. 1.1).

Conduction by holes is schematically understood when we
have a completely filled valence band as in semiconductors
and certain types of semimetals (having a narrow gap). This
igs simply illustrated as follows: when an electron is excitec
from the valence-band (completely filled), as well as from an
impurity energy level (donor) to the conduction band, vacan-
cies (holes) are created in the valence band. Similar "Holes"
may be created in the valence-band when electrons are excited
to the "acceptor" impurity levels which are very close to the

top of the valence band (see Fig., 1.1).

So long as all energy levels of the valence band are

occupied no current is to occur, and we may write:

J = L n,ev, = 0 (1.2)
- i—=i
n

where n is the number of electrons in the filled valence band,

if the band is partially filled, say with n, electronz, or

1

(n—nl) holes a current will result

J )3 n.ev,
- iT—1i
1
= 7 n,ev., = L n.ev, = —°_n.e,v.. 1.3
conieYy IR § ivici ( )
n-n,
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Thus, the current due to electrons in a partially filled
band is equal to the negative of what is due to the elec-
trons which are absent from the band or from the so-created

holes.

The number of the absent electrons being small, as they
are from a narrow part of the band and may be assumed to have
the same effective mass which must be negative, and, there-
fore, its acceleration ought to be in the opposite direction
of the electrons occupying the lowest levels of the conduction
band. The electrons which are absent would have, therefore,
contributed a negative current, while that in the partially
filled band, being the negative of this current is, however,
positive. 1In order to avoid such a complication, the concert
of holes was introduced, a hole being a particle having a
positive charge and a positive effective mass both egual in
magnitude to the corresponding parameters of the missing

electron.

That was a schematic picture of the concept of holes in
golid state physics. The theoretical approach is given in
Ziman's (1969) book which is based upon Dirac's (1926) hvpo-
thesis concerning the positron and is equivalent to saving

that every particle has its antiparticle. According to

u

Dirac's relativistic theory an electron has two energy eicen-
values iEk, for each value of k, those of necative erergy are

assumea to fill the valence-band and those of positive energy
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are gquasi-particles created in the same band by excitations

of those of negative energy to the conduction band.

To prove this statement, we calculate the total number
of carriers (electrons and holes) in the conduction band
and valence band which are treated as electrons of the

distribution function

T_(E) = 1/[eE-B)/KT L 97, (1.4)

This number is given by
n =/ f (EYN(E)AE {1.5)

o ©

where N(E)dE is equal to the number of states in the energy
range dE. The range of integration in (1.5) is divided into
two ranges (see Fig. 1.1):the ranges 0 -~ Ev and E, ~ the top

of the conduction band and thus
n= [ f (E)N_(E)AE + J ¥ (E)N_(E)dE (1.6)

where NV(E) and NC(E) are the densities of states in the
valence and the conduction bands respectively. The L.H.S.
of (1.6} which is egual to the total numb.r of electrons in
the valence band at T = 0, where ?o(ﬁ) of (1.4) is just the

unity, may be written as:

and (l1.6) will reduce to:
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which is just equivalent to saying, the total number of

electrons excited into the conduction band is egual to the

number of holes in the valence band. Moreover, the struc-

ture of (1.7) will lead to the statistical function of holes,
+

as if we assume fg(E ) to be the distribution function of

holes, then

+ _ e
fo =1 fO(E £)

= 1/]exp~(¥ - E)/kT} + 1]

= fo{—(E - )} (1.8)

If we denote the energy of holes by E+, which is to replace

-E in (1.8), this equation may be written as:

Hh

+ - . — —
h = i -
olE +£7) f {-(E £)
and we deduce that Holes, like !lectrons, obey the Fermi-Dirac

statistics but, (see Ziman, 1972, p. 140), as if the axis of

energy 1is drawn downwards.

In crder to carry on calculations, using similar formulae
for electrons and holes one may use the following frame of re-
ference (see Ziman, 1972, p. 141). exhibited in Fig. 1.3,
where the electron enercy is measured from the bottom of the
conduction band upward and the hole energy is measured from
the top of the wvalence bané downwards. This conversion may
be zltered as indicated by Wilson (1965) bv assuming the ori-

gin of the electron energy axis to start at the tor of the
Iy I
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