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PHYSICS OF SEMICONDUCTORS



List of Symbols

In the following list the various symbols are defined as they are most
commonly employed in the book. However, in some cases it will be
found that a symbol may have a meaning differing from that given below;
in all such cases the interpretation of the symbol will be clear from the
context.
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constant in Hall formula,
constant in thermoelectric equation, constant of interaction,
diffusion coefficient,
diffusion coefficient of current carriers,
energy,
electric field,
energy gap,
impurity activation energy,
distance of Fermi level from band edge,
energy at top of valence band,
energy at bottom of conduction band,
energy at Fermi level,
free energy, force,
magnetic field,
coercive force,
angular momentum,
electric current,
thermal diffusivity,
length, diffusion length, barrier layer thickness, light intensity,
ionic or atomic mass, magnetic moment,
excess impurity concentration, density of ions, Nernst coefficient,
number of atoms per cm?3,
donor concentration,
acceptor concentration,
effective density of states,
momentum,
ix



LIST OF SYMBOLS

quantity of electrons, quantity of heat,

Hall coefficient, resistance,

cross-section area, entropy, Righi-Leduc coefficient,

absolute temperature,

Fermi temperature,

Curie temperature,

hot junction temperature,

cold junction temperature,

energy, ionization energy,

volume, voltage or potential difference,

contact potential difference,

polarization voltage,

lattice constant,

specific heat, velocity of light,

thermal capacity per unit volume,

electronic charge,

perturbed Fermi function,

equilibrium Fermi function,

spectroscopic splitting factor,

Planck’s constant,

current density,

optical absorption coefficient, Boltzmann’s constant, wave
number,

free path length,

mass of carrier,

free electron mass,

effective mass of electrons,

effective mass of holes,

refractive index, carrier density,

intrinsic electron concentration,

electron concentration,

hole concentration,

proportion of filled states, pressure, exponent in temperature
variation of mobility,

momentum coordinates,

rate of heating, charge,

space coordinates,

exponent of energy in expression for free path length,

time,

mobility,

electron velocity, velocity of sound,

absorption coefficient,

thermoelectric figure of merit,
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LIST OF SYMBOLS

thermoelectric power, temperature coefficient of energy gap,
coefficient related to polarizability,

dissociation energy of ion, dielectric constant, kinetic energy of

electron,
coefficient of performance,
efficiency,
Debye temperature,
thermal conductivity,
lattice component of thermal conductivity,
electronic component of thermal conductivity,
wavelength, — u/kT,
mean free path of phonons,
chemical or Fermi potential, Bohr magneton, permeability,
frequency of vibration,
Peltier coeflicient,
electrical resistivity, space charge density, density,
electrical conductivity, secondary emission coefficient,
photoconductivity,
relaxation time, Thomson coefficient,
electron or hole relaxation time,
lifetime,
work function,
magnetic susceptibility,
wave function,
barrier energy.
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CHAPTER

1

Solid Electrolytes

Movement of charge in electrolytes

The mechanism of electrolytic conduction in aqueous solutions was
thoroughly investigated and understood even in the 19th century.
A similar mechanism was also established later for currents in many
solid salts and their melts. It was found that currents in most glasses,
in polymers and many insulating materials are also carried by ions.

Electric currents observed in such solids differ in many respects
from currents passing through liquid solutions, despite the similarity of
the charge carriers; in the solids the magnitude of the current for a
constant potential difference usually decreases with time and often drops
virtually to zero. When the source of the potential difference is removed,
one observes appreciable reverse e.m.f.s, in closed circuits of many
solid electrolytes, which attain values equal to the earlier applied potential
difference; reverse currents appear even without the application of an
external e.m.f. Sometimes these reverse currents transfer a quantity of
electricity equal to that which has previously passed in the forward
direction. Heat and light alter the electrical properties of such conduc-
tors, the changes sometimes being irreversible. These properties of
dielectric crystals were discovered in the 19th century and studied in
detail by Paul Curie.

As late as 1912 the foregoing phenomena were still regarded as
abnormal manifestations of dielectric properties of insulators and not as
a result of the movement of charges in the materials.

I have, however, succeeded in demonstrating that the process does
not involve the dielectric displacement of charge within a molecule but
the movement of charge across the bulk of the conductor, i.e. the flow
of an electric current. The special features of the current in solid
electrolytes are due to the accumulation of charges of one sign in the
vicinity of the electrodes. The field set up by such a space charge is
superimposed on the external field, thus leading to a change in the
magnitude of the current.

When the space charge is duly taken into account the apparent
anomalies disappear. The current obeys Ohm’s law over a wide range

1



2 SOLID ELECTROLYTES

of potential differences, the current density being strictly proportional
to the field strength. Solid electrolytes can therefore be described not
only by their dielectric constant but also by a certain specific electrical
conductivity which depends strongly on temperature and chemical
composition, this dependence following certain definite laws.

My colleagues and I have succeeded in showing that the extensive
scatter in the values of the electrical conductivity of individual speci-
mens of ionic crystals may be attributed to different impurity contents.
By repeated crystallization we prepared some tens of pure specimens of
alum and of saltpetre which respectively had identical electrical conduc-
tivities and temperature dependences of the electrical conductivity.

The specific electrical conductivity ¢ can always be expressed as a
product of the concentration » of current carriers, their charge e and

their mobility # (defined as the average translation velocity along unit
electric field)
o =mneu. 1)

The current density j, equal to the ratio of the current J to the cross-

section area .S of the conductor, is given by
Jj =neu& )
where & is the electric field.

A radioactive tracer technique now makes it possible to observe the
average mobility of ion transfer along the field directly and thus to
separate # and « in expression (1).

The mobility of ions in an electrical field can also be estimated
from the diffusion coefficient D. Einstein established a universal relation-
ship between D and u

D _RT
v e

©)

where k is Boltzmann’s constant which is equal to 1-38 x 1018 erg/degree.
Most measurements of ion mobility were, however, carried out before
radioactive tracers made their appearance, using indirect chemical
methods.

The nature of the current carriers

The electrolytic nature of the current can be established by the
liberation of the products of electrolysis at the electrodes, in quantities
prescribed by Faraday’s law. Errors may, however, occur due to
secondary processes at the electrodes or at the boundary between two
solid electrolytes forming an electrical circuit. The metal deposited at
the cathode often forms sharp needles, dendrites, of low resistivity,
penetrating into the crystal. These internal metallic needles become
electrodes at which the products of electrolysis are liberated. This may
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lead to an appreciable source of error in the subsequent weighing of the
elefctrode. When such needles reach the anode they become metallic
bridges carrying the current and the electrolysis of the crystals ceases.
It is, therefore, essential to eliminate the formation of dendrites at the
cathode when carrying out such investigations.

'Ijhe proof of the ionic character of the current becomes more
convincing when the proportions of current transferred by each type of
ion, both positive and negative, are measured. For this purpose the
conductor is divided into three or more parts, each of which is weighed
separately before the experiment and after the passage of current J

duting time . The end portions are weighed together with the elec-
trodes (Fig. 1).

- A
K+ P

—[1 I m

Fig. 1. An experiment for determining transfer numbers in solid electrolytes:
A-, anions; K+, cations; I, II, II1, parts of the conductor.

4+
=

Y—>

When a quantity of electricity Q equal to Jt passes through the
conductor, a corresponding amount of the substance is transferred by
the ions. By determining the change of the weight of each of the three
portions it is possible to estimate the amount of substance liberated by
the current at each electrode and the proportion of positive and negative
ions in the total current. Thus, for example, when the current is trans-
ferred only by positive ions an increase in weight corresponding to
Faraday’s law is observed in the portion adjoining the cathode which is
equal to the loss in weight of the portion adjoining the anode.

Verification of Faraday’s law and measurement of the ion transfer
numbers can only be carried out with appreciable currents and, there-
fore, with a reasonably high electrical conductivity of the material.
At low electrical conductivities, one has to be satisfied with indirect
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symptoms in order to decide whether the current mechanism is ionic or
electronic. The following criteria can be used:

1. Jonic conduction is indicated by electrical polarization at the
electrodes which keeps the current virtually equal to zero up to a
certain potential difference 7, of the order of 1-2V; when this is
exceeded the current is proportional to V' -V,

2. E.m.f.s may be set up in a conductor carrying a current in a
magnetic field. When the magnetic field is perpendicular to the direc-
tion of the current, an additional electrical field perpendicular to the
magnetic and electrical fields appears in electronic conductors (a trans-
verse potential difference). When the current mechanism is ionic this
phenomenon (the Hall effect) is not observable. Even in electronic
conductors this field is sometimes so weak that it remains unnoticed.®

3. The temperature dependence of the electrical conductivity makes
it possible to estimate the energy required for the liberation and move-
ment of the charges in the conductor. When this energy is the same at
all temperatures and the electrolytic nature of the current has been
established at high temperatures by the applicability of Faraday’s law
and the measurement of ion transfer numbers, then the current at low
temperatures may also be attributed to ions. As a rule, however, the
same dissociation energy is not applicable at high and low temperatures.

Cases of mixed ionic and electronic conductivity are not infrequent.
Strict distinction between the two mechanisms often represents a com-
plex problem requiring a thorough investigation of the behaviour of
the materials over a wide temperature range.

How difficult it may sometimes be to establish the true character of
current carriers is indicated by the example of the high-temperature
modification of silver sulphide, Ag,S.

In 1833, Faraday, studying the currents in Ag,S, discovered that,
in contrast to the behaviour of a metal, its electrical conductivity rises
with temperature reaching values characteristic of the majority of metals
at high temperatures. Twenty years later Hittorf reached the conclusion
that o-Ag,S is a solid electrolyte. Fifty years later a-Ag,S, together
with other sulphides, was classified among metallic conductors.®

In 1920 Tubandt measured the Faraday constant and the transfer
numbers for «-Ag,S and found that all the current is transferred by
silver ions. It seemed that the nature of conductivity of a-Ag,S was
definitely established.

There were, however, several signs pointing towards an electronic
conduction mechanism:

1. The calculated ion mobilities based on Tubandt’s hypothesis gave
values exceeding those for all known solid electrolytes. The diffusion
coefficient D was measured for «-Ag,S and related to the mobility # by



CURRENT MECHANISM IN SOLID ELECTROLYTES 5

Einstein’s law (expression (3)). The mobility calculated on the basis of
the measured diffusion coefficient was 1000 times less than expected.

2. Klaiber observed an appreciable Hall effect which is a sure sign
of electronic conduction.

3. The e.m.f. of a galvanic element made of platinum, sulphur,
a-AgsS and silver was found to be equal to a few thousandths of a volt
as compared with 0-2 V expected from an electrolytic cell.

Finally, in 1933 Wagner proved that an error had crept into
Tubandt’s experiments; the liberation of silver and sulphur was not
due to electrolysis but to diffusion of silver atoms through silver
sulphide, the atoms forming silver sulphide at the sulphur boundary.

One can now consider it to be definitely established that the currents
in the high-temperature modification of silver sulphide are electronic
and the part played by ionic conduction, if it takes place at all, does
not exceed 19.

The current mechanism in solid electrolytes

At low temperatures each ion is fixed in the crystal lattice in a
position corresponding to the minimum potential energy. In order to
transfer the ion from this position into a new one so that it can move
in the direction of the electrical field it is necessary to expend a certain
amount of energy, called the dissociation energy e. This energy may be
provided by an appropriate fluctuation of its thermal motion. When an
ion may exist in one of two states, the energies of which differ by e,
the ratio of the time it stays in the higher energy state to that in the
lower energy state is given by the expression exp(—e/kT’), where & is
the Boltzmann’s constant and T the absolute temperature.

Denoting by N the total number of ions per unit volume which may
dissociate with an energy change €, and the equilibrium number of
dissociated ions which can participate in electrical conduction by N,,
we can calculate V; approximately in the following way.

The number of ions which dissociate per unit time is

p = alNexp(—e/kT). 4)
The number of ions which recombine in unit time is
N,
2= ﬁNiW’:. (5)

From the equilibrium condition we have p = 2, whence

N, = A/ (%) Nexp (- ¢/2kT). (6)
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The dissociated ions move from positions, corresponding to the
minimum of their free energy in the crystal lattice, into new positions
(e.g. into spaces in the crystal cell between adjacent ions). The potential

energy there is ¢ eV higher than the energy which they possess when
occupying a lattice site (Fig. 2).

A

ion in the interstitial position

AR, Z

energy
€

normal position of the ion

Fig. 2. Change of the potential energy of an ion on transition into an interstitial
site of the crystal lattice (formation of defects according to Frenkel’).

Similar positions with the same energy also exist in adjacent cells.
In order to pass from one cell into another and to contribute in this
way to the current, the ion must overcome a certain energy barrier each
time, penetrating structural elements of the solid and then passing
through intermediate positions where its energy will be higher by w eV.
This additional energy is picked up by the ion from the thermal
vibrations.

Under the effect of thermal agitation a dissociated interstitial ion
undergoes a continuous oscillation with a frequency » depending on the
forces acting on it. The ion therefore approaches the barrier, of height
w eV, v times per sec. The probability that in one of these attempts it
will succeed in overcoming the barrier, raising its energy by w eV, is
given by the expression derived from statistical physics

exp(—w/kT). (7

Itistherefore expected that in unit time the ion will passvexp (— w/kT)
times from cell to cell, diffusing through the crystal until it reaches a
vacant lattice site where an ion of the same sign is absent, or until it
attaches itself to a crystal defect with a lower energy than that on an
interstitial site.

The energy o received by the ion in overcoming the barrier is
carried over in the form of increased oscillations as the ion passes into
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a new cell. When the amplitude of the oscillation decreases, the ion
- gives up its surplus energy w to the surrounding atoms in the form of
thermal energy.

When w is small in comparison with €, an ion which has left the
equilibrium position at the lattice site will diffuse from one cell into
another, moving equally often to the left and to the right, forwards and
backwards, and upwards and downwards.

When an electrical field & directed e.g. from left to right, exists in
the crystal, all the positive ions will begin to move more frequently in
this direction than in the opposite direction, whilst the negative ions will
be assisted by the field in moving from the right to the left. It may be
assumed that the predominance of transition in the direction in which
the field acts over the opposite direction will on an average be propor-
tional to the field strength &. The average distance covered by an ion
in one second in the direction of the field or its average velocity may be
expressed as a product of the total number of transitions vexp(—w/kT)
and the probability of transition in the direction of the field, which is
proportional to &, and will be denoted by y&. We have, therefore,

v = ydvexp (— w/kT)
and the mobility #,;, or average translation velocity in unit field is
u; = yvexp(—w/kT).

The electrical conductivity o, according to expression (1) can be
written either as

_ cx'yVNz- _w+e
o;=¢ B exp( T ), (8)
when there is a large number of defects to which the ions may attach
themselves, or as
- J XY Niex _ﬂ’) (8a)
oy = éyv B i &Xp 2:T |’

when the ions recombine with empty lattice sites.

After the crystal has been maintained at temperature 7 for a suffi-
ciently long time, an equilibrium will be established under which the
ions will become distributed in the most probable way between their
(a) normal positions in crystal lattice sites, (b) cracks and defects, and
(c) interstitial sites with increased energy e. Similarly, a stationary
distribution independent of time will be set up in an electric field &.
As long as Ohm’s law is valid it ought to be considered that the electrical
field & does not appreciably change the equilibrium distribution and,
therefore, the concentration of the free ions.



