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ABSTRACT

Some Transport Properties of the Indium Antimonide Nickel Antimonide Eutectic System

The eutectic InSb-NiSb system was found by Wilhelm and Weiss to contain
undirectionally orientated inclusion rods of NiSb in a matrix of InSb.,

The Hall coefficient, electrical conductivity and magnetoresistance have
been investigated from 77°K to 650°K, while thermo-electric power and thermal
conductivity measurements have been plotted from 320°K to 590°K, on samples cut
so that the directional anisotropy could be examined. Of particular interest,
a sample orientated so that the inclusion rods, current and magnetic field are
mutually perpendicular changes its resistance by a factor 9 (at 7kg) at BOOOK.

Measurements well above 300°K show a general convergence of properties,
while well below this temperature the samples become p-type, with electrical
conductivity progressively falling.

For rods parallel to the temperature gradient the thermo-electric power
decreases fron 184NV°Kq at 320°K to ISQMVOK" at 600°K, whereas rods parallel
to the temperature gradient show a much sharper fall from 265},«»V°K.'l to
15@pV°Kq at the same temperatures, accompanied by thermal conductivity values
of lesser disparity.

The size and distribution of the inclusions was probed by stereoscan
electron nicroscopy, giving average dimensions of length 2.20pm, and
diameter 0.72M.

The modifications in Hall effect and magnetoresistance brought about by
the inclusions can be explained by comparison with similar values obtainable
from pure InSb samples of various geometries, while the thermoLelectric power
and thermal conductivity can be explained by a model based on the nature of the

inclusions.
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CHAPTER 1
1.,1. INTRODUCTION
1.1.1. Energy Bands in Solids

The fact that many crystalline solids are good conductors
of electricity enables them to be pictured as fairly regular
matrices of atomic cores through which electrons may drift under
the influence of an applied electric field. The large number of
interacting particles make an approximation process essential before
wave mechanics can be used to account for the physical properties of
the solids.

An extensively used model is the "One Electron" approximation
in which the field experienced by a given electron arises from the
fixed atomic cores plus an averaged contribution produced by all the
other electrons.

On this basis two widely used theoretical approaches are
founded. One starts with the properties of free atoms, which are
relatively well known, and investigates the changes that occur in
these properties when the atoms are brought together. This is the
Heitler—London.approaoh and is most useful in dealing with low
mobility solids. In such materials the electron is strongly
influenced by particular atomic cores and may be treated in terms of
localised wave functions. The alternative method, of more general
application, is to idealise the solid into a completely regular array
of atomic cores and to assume that the electron belongs to the
crystal as a whole, rather than any particular atomic core.

A useful criterion for selecting the right approach involves
the de Broglie wavelength of a "thermal" electron. If this is smaller
than, or comparable to, the lattice parameter the former approachi

should be used. If, however, the de Broglie wavelength is much



larger than the lattice parameter, the latter approach is
preferable.

The Heitler-London case deals with an electron moving in
a hydrogen-like potential field, whereas in the other case two
different types of potential field have been postulated by
Sommerfeld and Bloch.

In Sommerfeld's "Free Electron" model, originally applied
to metals, the electron was pictured as a plane wave moving freely
through a constant potential field, with impenetrable walls at the
crystal boundary. Solving Schrddinger's equation for such a
potential shows that the electron takes on quantised energy values,
proportional to the square of the permitted values of wave vector.

ij.ec E=31Kk and k=2W =p
2m A h

In these equations h 1s the reduted value of Planck's constant, k
is the wave vector of the electron of mass m, de Broglie
wavelength A and momentum p.

In contrast, Bloch pictured the electron moving through a
perfectly periodic potential produced by the regular arrangement of
atomic cores of the crystal lattice. The electron was then
represented by a plane wave modulated by the periodicity of the
lattice. Departures from perfection, such as grain boundaries,
dislocations and foreign atoms, were then shown to be responsible
for the electrical resistance of the material,

The use of periodically modulated wave functions (called
Bloch functions) leads to two further extremely important results,
namely, that allowed energy bonds exist, which are separated by
forbidden regions and that the functions E(X) are periodic in k.

In order to locate the energy discontinuities, the form of

the periodic potential must be specified. For the present discussion
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the simple one dimensional array of potential wells first used by
Kronig and Penneyhserves this purpose. This is shown in Fig.1(a).

The solution of Schrodinger's equation then shows that the
wave vectors associated with the energy discontinuities are given

by k=an fOI‘ n=i1, i2,;|-_3.....-..
a

these values of k defining the so called Brillouin Zones. The
modification to the E = k curve brought about by using the Bloch
model with a Kronig-Penney potential, in preference to the Sommerfeld
model are illustrated in Figs. 1(b) and 1(c). Since the energy is a
periodic function of the wave vector repeating at intervals of
27fn/a,"reducod wave vector" energy band diagrams can be used as in
Fig. 1(c). This also leads to the conclusion that the E -k curve
must cut the zone boundaries normally. Consideration of the wave
functions at the edges of the Brillouin Zones shows that the electron
waves suffer strong reflection, setting up stationary wave systems
governed by the Bragg reflection condition. Electrons of the
corresponding energies do not accur naturally in crystals and if they
are introduced artificially, they are Bragg reflected out of the
crystal and cannot take part in conduction processes.

In three dimensions the fundamental range'iTT/a or
1st Brillouin zone becomes a polyhedion in k-space. The property of
undergoing Bragg reflection, commonly shared by electrons and X-rays
suggests that the symmetry of the crystal lattice determines the shape
of the Brillouin zone. It is necessary to draw E - k diagrams for
specified crystallographic directions and their shapes are determined
by the nature of the lattice atoms and their proximities in the unit
cell. Consequently the band structures are more complicated than
that appearing in Fig. 1(c). For example, more than one energy

minimum may exist as in germanium and silicon, or the width of the
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forbidden band may vary with crystalline direction. The latter may
result in the overall absence of a forbidden region as a consequence
of overlapping energy bands. This frequently occurs in metallic
substances, accounting for the metallic conduction of divalent
elements,

The number of electrons held by a given energy band may be
estimated by considering the perturbation of the atomic levels of a
single atom brought about by other atoms. In a single atom the
allowed energy levels are discrete. As two similar atoms approach
each energy level is split so that the binary system consists of
two closely spaced energy levels which separate at closer distances
of approach. Therefore, N well separated similar atoms coalescing
to lattice parameter separations in forming a crystal, create N
closely spaced energy levels in each energy band, Pauli's exclusion
principle showed that each level can be occupied by two electrons of
opposite spin, so that a full band contains 2N electrons.

The uppermost filled energy band is labelled the "Valence
Band" while the next higher energy band is called the "Conduction

Band",

l.1.2, Effective Mass and Positive Holes.

Bloch's model gives, to a good approximation, a spherically
gymmetrical minimum to the conduction band with

E = a'k*
2m*

This is similar to Sommerfeld's expression, with a different
constant of proportionality. The electron behaves as if it has a
mass m¥*, different to m, called the "Effective mass" of the electron.
Simple analysis of the motion of the electron in an electric field
shows that

o* = B /4 E
dk*
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whereas for the general case of non-spherical energy bands m* takes
the form of a tensor. The interaction of the electron with the
lattice is, however, clearly responsible for the difference between
m and m¥*,

In a full band electrical conduction is impossible since the
electrons in the band cannot accept energy from an applied electric
field as there are no neighbouring states of higher energy into which
the electron may move. If, however, there is an unoccupied energy
state in the band an electron can transfer to it and acquire a drift
velocity from the electric field. Near the top of a full band the
electron has a negative effective mass so that it moves in the direction
of the applied electric field. The current which results is then
equivalent to that obtained from a positively charged electron with a
positive effective mass in the same clectric field. Unoccupied energy
states in almost filled energy bands are, therefore, termed positive
holes.

1.1.% Metals, Insulators and Semiconductors.

The forgoing ideas were used by A. H. Wilsogsto make a clear
distinction between different types of crystalline solids.

An insulator is pictured as being composed of energy bands
which are either completely full or completely empty at all
temperatures up to the melting point. The bands are so remotely
separated that inter-band transitions of carriers brought about by thermal
means and governed by the Boltzmann factor may be practically
neglected.

A metal contains energy bands which are incompletely filled
so that conduction can take place by the movement of electrons into
higher energy states under the influence of an applied electric field,
the number of conduction electrons remaining constant with increased

temperature.



In semiconductors the valence band is separated from the
conduction band by an energy gap, Ey, as in Fig.2, Therefore, above
absolute zero, a number of carriers governed by the Boltzmann factor,
exp(—E,/kT), are excited from the valence band into the conduction
band. The resulting exponential increase in clectrical conductivity
with temperature is a striking feature of semiconductors and provides
a ready means of identification.

l.1.4, Intrinsic and Extrinsic Semiconductors.

In an intrinsic semiconductor, each electron excited into
the conduction band leaves a positive hole in the valence band, so
that electron conduction may occur in the conduction band
simultaneously with hole conduction in the valence band. By adding
small amounts of other elements to intrinsic semiconductors the
concentrations of electrons and holes in their respective bands may
be drastically altered, causing great changes in electrical properties.
For example, by adding a one nillionth part of Boron to pure Silicon
the electrical conductivity is increased by a factor of one thousand
at room temperature.

In Germanium and Silicon each tetravalent atom forms bonds
with four like atoms at the corners of a regular tetrahedron. Although
the valence electrons are in rapid motion and exchange positions with
each other at absolute zero there are, on average, two electrons in
each bond. Satisfying the valence requirements of each atom in this
way clearly leads to a filled valence band, so that no electrical
conduction results from the motion of the valence electrons. If a
pentavalent impurity atom is substituted for one of the lattice atoms
it becorcs bonded to its neighbours by four electrons leaving one
electron loosely bound to the impurity atom, by forces resembling those
present in a hydrogen atom. Above absolute zero the fifth electron

is readily excited above its ground state and at comparatively low
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temperatures the impurity atom becomes ionised and the electron is
excited into the conduction band. Similarly, if a trivalent atom

is substituted for a lattice atom, at absolute zero, it becomes

bonded to its neighbours by three electrons so that one of the four
bonds has an electron missing. When the temperature is raised a
neighbouring electron can enter this bond leaving the missing electron

in an adjacent position. This is equivalent to the motion of a hole

in the valence band., Thus a Group 5 atom results in an electron
being donated to the conduction band and an impurity of this type
is called a "Donor" impurity, while a Group 3 atom accepts electrons
from the valence band and is called an "Acceptor" impurity.

Since the concentration of these impurities is very low the
impurity atoms are so far apart that no splitting of the atomic
levels occurs, so that "Acceptor Levels" and "Donor Levels" are formed,
as in Fig.3, These levels may reside in the normally "Forbidden"
eénergy region of an intrinsic semiconductor, allowing localised

charge carriers to be excited from their impurity levels into their

respective bands at relatively low temperatures. However, on complete

ionisation of the impurity atoms the electrical properties approach

those found with intrinsic samples.

A similar account to that given above for the elementary
semiconductors may be extended to semiconducting compounds made up from

binary combinations of elements of Group 3 and Group 5, known as "3=5

compounds". Examples of this class of materials are InSb, InAs, GaP

etc. in which Group 2 and Group 6 elements behave as acceptor and donor

impurities, respectively.

The electrical resistance of 3-5 compounds may, however,

originate from quite different sources than in elementary semi-

conductors. A prime difference occurs in the scattering of carriers

by means of thermal vibrations of the crystal lattice, which will



now be discussed.
l.1.5. Lattice Vibrations.

An early treatment of the thermal vibrations of a crystal
lattice was put forward by Debyesin his treatment of the thermal
conductivity of an insulator. The lattice was pictured as a
continuum in which the atoms vibrated as in a compression wave of
frequency w and wave vector q, where W= vq and v is the velocity
of propagation of the wave.

Classical consideration of the lattice as a coupled
harmonic oscillator, shows that Debye's model becomes inadequate as
the wavelength decrcases and approaches the lattice parameter. As
this happens, the linear frequency wave vector relation breaks down
and gives way to a periodic relationship similar to that obtained
between the energy, E(k) and the wave vector, k, for electrons in a
periodic potential.

Thus a Brillouin Zone may also be defined between the
frequencytu(g) and the wave vector g. Within the Brillouin Zone
there exists for each value of wave vector a discrete vibration
spectrum. In a given direction of a diatomic lattice this consists
of three "Acoustic" modes separated by a frequency gap from three
"Optical" modes. The term "Acoustic" refers to the lower frequency
branches in which neighbouring atoms move in phase, in the manner of
compression waves. The term "Optical" is applied to the upper
frequency branches, in which neighbouring atoms possess different
charges (eege Na+,Cl') and move in antiphase. This constitutes a
fluctuating dipole moment which may couple with electro-magnetic
waves to produce strong absorption in the infra-red range.

Quantum mechanical treatment of the lattice as a coupled

harmonic oscillator shows that the vibrational energy of the atomic

cores, induced by a particular mode of vibration in a particular



branch of the vibration spectrum, is quantised according to the
rule.

E(q) = he(q) (¥(q) + ¥) (1.1)
where N(q) is zero or a positive integer. Equation (1) describes
a mode of vibration containing N "phonons" or N gquanta of
energy hws, . The mode may, therefore, change its energy
providing a mechanism exists whereby the number of phonons contained
by the mode may be altered. In the idealised insulating crystal
discussed so far, no such mechanisms are available, so that the
energy of each mode is distributed uniformly throughout the crystal
and is non-localised in space. By consideration of the perturbations
brought about by the anharmonic forces that exist in actual crystals,
it may be shown that energy is exchanged between the modes of the
imperturbed system so that the number of phonons in a particular
mode may change with time.

By treating phonons as wave packers of energy which may
permeate the crystal, an account of the energy transfer processes
involved in thermal conduction may be given., Such wave packets

possess energy E = hw(q), Group Velocity, v(q) = dw(q)
dg
and momentum hq = h%(q),where u is the velocity at which acoustic

waves are propagated through the crystal.

In a perfect erystal a phonon wave packet moves freely
through the crystal with a momentum that is constant in time.
However, in real crystals the wave packet may collide with another
wave packet or with localised imperfections. In these collisions
wave packets may be created or destroyed entirely, in such a way
that the total energy is conserved. Such collisons continually occur
so that, in thermal equilibrium, a particular branch of the vibration

spectrum contains a time averaged number of phonons given by the
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Bose-Einstein formula

N(g) = (exp hw(g)- 1) (1.2)
KT

The occurrence of such thermal vibrations in semi-
conductors provides a mechanism by which charge carriers may be
scattered.,

1.1.6. Scattering Mechanisms

At a given temperature the concentration of charge
carriers present in a semiconductor is constant. Therefore, the
electrical conductivity is limited by the velocity at which the
carriers drift in the direction of the electric field, between
collisions with various types of lattice discontinuity. 1In a
unit electric field this velocity is termed the carrier mobility,
Mo and from the variation of mobility with temperature, T, it is
sometimes possible to deduce the predominant scattering source.

From equations (1.1)and (1.2) it is evident that at a
constant temperature an atomic core of the crystal lattice
possesses a quantised amount of vibrational energy. As the
temperature is lowered the vibrational energy of the atomic core
reduces in quantum steps of magnitude hw(q), until eventually
only the "zero point" energy, 3hw(q) is left at absolute zero. In
a collision process between, say, an electron and an atomic core,
a phonon of energy hw(q) must either be emitted, or absorbed, by the
atomic core. In order to scatter electrons a phonon must, therefore,
be given up by the atomic core. As the temperature is lowered,
however, the atomic core has progressively less phonons available
to scatter electrons so that electron-phonon scattering diminishes
and vanishes completely at absolute zero. At higher temperatures
the number of lattice vibrations of a particular frequency is given

by equation (1.2), so that lattice scattering increases.
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For the acoustic modes of vibration, as a result of the
movement of neighbouring atomic cores in the same direction, the
lattice spacing varies periodically causing a small perturbation of
the crystal potential, This perturbation moves through the crystal
at the velocity of sound, so that, at ordinary temperature, much
faster moving thermally excited electrons encounter a periodically
perturbed lattice., Calculations based on this model show that,
except at low temperatures, the electrons suffer isotropic
scattering with little loss of energy giving a'/to(T‘%'n temperature
dependence.

Scattering by the higher energy or "Optical" mode originates
in movement of neighbouring atoms, possessing different charges, in
opposite directions. The fluctuating dipole moments set up in this
way may couple strongly with the carge carriers to produce a

scattering law of the form
po T2F(e, /1) ( exp (8, /1) - 1)

In this formulé?@l is the optical mode temperature and F(8,/T)

is a slowly varying function of T. At high temperatures where T» 8,
the mobility becomes proportional to the square root of the absolute
temperature. At low temperature, however, insufficient energy is
available for excitation of the optical modes and this type of
scattering, which clearly cannot occur in elementary semiconductors,
is generally superseded by another, such as ionised impurity
scattering.

Previously it was mentioned that in the extrinsic range,
semiconductors owe their electrical conductivity to carriers which
are thermally excited from impurity atoms into appropriate band.
The remaining ionised impurities form point sources by which the
free carriers may be scattered. The charge on fhe impurity atoms

is modified by the free carriers present, forming a screened coulomb
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2
potential which causes Rutherford scattering. As a result, the
faster carriers arc preferentially scattored less and a /AA&T'”‘

scattering law emergese.

In the intrinsic range ionised impurity scattering
becomes less important as lattice scattering increases. Additionally,
scattering may occur betwecn intrinsic electrons and holes., If the
effective mass of the holes is much larger then the effective mass
of the electrons, then the scattering processes become essentially
similar to ionised impurity scattering, with a sinilar temperature
dependehce.

Collisions between carricrs of the same type are more complex
and tend to redistribute the momentumqof the carriers ensuring that
the carriers have an equilibrium distribution of energy. They are
generally regarded as uninportant, except under very degenerate
conditions.

Further sources of scattering are ncutral atoms and lattice
dislocations. Neutralugtoms act as scattering centres that are
independant of carrier velocity and temperature, with a mobility that
is inversely proportional to their density. Dislocations"also scatter
electrons by means of the lattice distortion they produce. Again
this usually proves to be an unimportant mechanism compared with
lattice scattering and ionised inmpurity scattering in the upper
regions of the extrinsic range, but may well dominate at very low
temperatures in purc semiconductors.

The relative importance of these scattering mechanisms in
indium antimonide and indium arsenide is discussed later,.after duc
consideration of the general properties of these compound semi-

conductors.
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1,2. INDIUM ANTIMONIDE AND THE 3-5 COMPOUNDS

1.2.1. Crystalline Structure.

In common with the elementary semiconductors, Germanium
and Silicon, the 3-5 compound semiconductors also form lattices in
which each atom is surrounded by four nenwst neighbours. The elements
crystallise in the Diamond structure while the compounds form the
Zinc Blende (ZnS) structure. Bach may be described as two face
centred cubic lattices, the main difference being that in the diamond
lattice all the atoms are identical and in the zinc blende structure
the two sublattices contain different atoms. The lattices of both
types of atoms are orientated parallel and displaced by a vector
(a/4, a/4, a/4) , where a is the lattice parameter. If, in a single
crystal, a single layer of atoms of one sublattice is labelled A and
a single layer of the other sublattice is labelled B the succession
of layers in the (111) direction is ABABAB.., whereas in the (III)
direction the succession is BABABA.., so that the two directions'are
distinguishable. In the diamond lattice, since A = B, there is
clearly an inversion centre which is absent in the zinc blende
lattice.

1.2.2. Binding Mechanism.

In the elementary semiconductors each tetravalent atom is
surrounded by four identical nearest neighbours so that purely
covalent bonds are formed. In materials having a zinc blende
structure, however, each atom is surrounded by four nearest neighbours
of different type. Between any two nearest neighbours the number of
valence electrons is eight, so that each atom has on average four
electrons availaeble for the formation of bonds. Consequently covalent
bonding can occur, even though it cannot be expected to be completely
identical with the bonding of the diamond lattice, because of the

unequal charges on the atomic cores. In germanium for instance, the
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atomic cores are all Ge*' ions, whereas in InSb they are In?*
and As®' ions.

In forming a covalent bond the indium core must acquire a
net negative charge while the arsenic core must acquire a net
positive charge, the resulting ionicity providing a stronger bond
than the purely covalent case. Coulson, Redei and Stocker '?
calculated the effective charges e* on the A atoms of the A B
compounds, some of which are listed below, in order of increasing

ionicity.

Compound |[GaSb |AlSb | GaP |GaAs ‘InSb AlAs| InP | InAs

T
e*/e | 0443|0+44 | 045|046 | 0-46 | 0-47|0-49 | 0+49

The electronic polarisations have been shown to generally
correspond to the listed values by Sirotaisusing x-ray electron
mapping techniques on the antimonides and arsenides of indium and
gallium.

1.2.%. Band Structure of Indium Antimonide.

The energy gap, derived from optical measurements near -the
fundamental absorption edge, has been shown by Roberts and Quarrington‘“
to be strongly temperature dependent, reducing from 0-23 eV at 0°k
to 0.18 eV at room temperature.

Cyclotron resonance work on n-type indium antimonide by
Desselhaus'set al, gave an effective mass of 0.01%m for electrons in
the conduction band. The resonant frequency proved to be independent
of crystal orientation suggesting that the conduction band has spherical
symmetry.

Further work by Desselhaus et al on p-type indium antimonide
gave resonance lines corresponding to a hole effective mass of 0.18m,

and suggested the possibility of another hole effective mass
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greater than 1.20m. The former effective mass is atrributed to the
uppermost valance band while the latter value remains unexplained
and is not considered to be reliable.

Using the above information on symmetry,energy gap and
effective mass, Kane“}as able to make a detailed calculation of the
band structure, the results of which will now be outlined.

The conduction band, C, is parabolic, having spherical
symmetry about the minimum at k = o, but the curvature decrecases
with increasing k, giving an increased effective mass, as shown in
Fig.4.

The valence band in the elementary semiconductors consists
of three twofold degenerate bands. These are a heavy hole band, V,,
and a light hole band, V, , which are degenerate at k = 0 and a split
off band V. A similar valence band structure exists in InSb and
other 3-5 compounds except that due to the lack of inversion symmetry
mentioned in section 1.2.1. theV, and V,; bands are just resolved.

As the value of k increases the bands lose their parabolic
nature and the interaction of the lower lying bands splits theV,
and V, bands by an amount proportional to k. The split off band V,
is similar to the V, band but contains no terms linear in k.

The magnitude of the spin-orbit splitting of the valence
bands is not known experimentally, but from the splittings of the
p-functions in single atoms of In and Sb Kane was able to deduce a
value of 0+9 eV by assuming that the valence electron spends 65 per
cent of the time on the Sb atom and 35 per cent of its time on the
In atom.

Attempts to identify the light hole effective mass directly
from cyclotron resonance experiments have so far been unsuccessful.
A value of 0.012m has been suggested by Fan and Gobeli:7from infrared

13
work, and also by Champness from magnetoresistance measurements, but
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more evidence is required before this value can be fully
accepted.

1.2.4. Indi timonide and other Compounds.

An interesting feature of the elementary semiconductors
is that their energy gaps decrease with increasing atomic weight.
Classified in this order the energy gaps for semiconducting
Diamond, Silicon, Germanium and Gray Tin are 5.3 eV, 1.2 eV,

0.9 eV and 0,08 eV respectively. The conduction properties range
from almost pure insulator for defect free diamond, to the metallic
conduction of strongly doped gray tin.

A similar sort of behaviour is observed with 3=5 compound
semi-conductors which show a general decrease in energy gap with

increasing atomic weight as listed below.

Compound Alsb | GaP| GaAs | GaSb InP InAs InSb

Energy Gap eV. 1.6 2.,4] 1.6 0.8 1.3 0.45 0.25
Mobility em:V.'sT | 400| 2 | 600 5,000 4,600 | 30,000 80,000

The room temperature mobilities of the dominant carriers
(electrons) are determined by their effective masses and their
interaction with the lattice. The slight ionic nature of the compounds
mentioned in section 1.2.2. leads to a more tightly bound lattice than
is possible with covalent elementary semiconductors. This increased
rigidity results in a weaker interaction between the charge carriers
and the crystal lattice. Consequently there is an increase in the
carrier mobility which generally runs parallel with increasing atomic
weight. InSb, however, has a smaller ionicity and a greater carrier
mobility than InAs. This results from the comparatively small
effective mass of the electrons in InS3b,

The very high mobilities of both these semiconductors make
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then interesting device substances, with applications in magneto-
resistance and infra-red detector fields., The inherent properties
of these and other 3-5 semiconductors may be modified by suitable
alloying procedures.

1.2.5. Alloys of InSb and other 3-5 Compounds

Alloys of 3-5 semiconductors, taken in pairs, have been
prepared and studied. The pairs are generally chosen to have one
element in common, for example, InSb-GaSb, GaAs-GaP. A requirement
for the formation of these mixed crystal systems is that the lattice
parameters of the two participant systems, which are determined by
the atomic sizes of the elementary constituents, should not be very
different. In addition, since each component has polarised bonds,
the binding of the resultant lattice must also have an ionic
contribution. Therefore, in order to avoid strong distortion of the
crystal lattice, the two components must have similar polerisations.,
The ionicity table in section 1.,2.2. shows that the InAs-InP system
is probably easier to prepare than the InSb-InAs system. However,
the difference.in the size of the As and P ions is such that a mixed
crystal is unlikely to be formed.

The InSb-GaSb|g;;tem shows that with increasing GaSb
content there is a linear decrease in lattice parameter accompanied
by an almost linear increase in optical energy gap. This is
confirmed by electrical measurements up to 60 mole % Gasb, after
which differences appeared between the sets of results obtained from
the two types of measurement. The electron mobility decreases
rapidly from the value 60,000 emaVi's?' for pure InSb, flattening
to 10,000 em.V. si for the 40:60 alloy.

The scattering mechanisms operating in these alloys are
unknown, but the mobilities do not seem to be influenced by the

statistical distribution of dissimilar atoms of the components.
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The situation is different for energy transport by phonons through
the lattice. Internal stresses brought about by the alloying
process reinforce the anharmonicity of the lattice vibrations.
Consequently phonons are more strongly scattered by the lattice and
have a reduced mean free path, with the result that the thermal
conductivity is smaller in mixed crystals than in their components.
Abrahams, Braunstein and Rosiz}ound a pronounced minimum in the
thermal conductivity of a 50% mole mixture of the InAs-GaAs system.
The thermal conductivity of this mixture having a value of 0.012
¢al.cm. °K'as opposed to 0.07 cal.cm. K for pure InAs and 0-09
cal.cm:"K"for pure GaAs. Since the alloying process results in a
much greater reduction in thermal conductivity than in mobility, it
is possible that suitably chosen alloys of the 3-5 compounds would
have a sufficiently high thermoelectric figure of merit to be used
as thermoelectric generators.

The InAs-InP system is more easily prepared than the
previously mentioned mixed crystal systems and OSwaldﬂ;easured the
energy gap optically. This was found to increase linearly from the
InAs to the InP value and an equation relating the energy gap to the
mixing ratio and the specimen temperature was obtained. For a given
mixture the energy gap, Hall effect and electrical conductivity all
show a similar temperature dependence to that of the 3-5 compounds.
This alloy also has a pronounced minimum in its thermal conductivity
for a 50% mole mixture, The mobility decreases sharply with
increasing InP content up to 20 mole % where the value is half that
of pure InAs, then decreases more slowly to that of pure InP.

When 3-5 compounds are formed, no matter how much one
constituent is in excess of the other in the melt, a completely

stoichiometric 3-5 crystal results with the excess constituent

solidifying as a separate phase. If a stoichiometric sample is
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desired care must be taken to cut away the excess phase.
Alternatively, if a two-phase sample is required the deliberately
introduced excess phase is left in the sample which therefore
constitutes a controlled eutectic solid.

1.2.6. Controlled Butectic Systems.

By unidirectionally solidifying a eutectic mixture in much
the same way as a metal is zone refined either parallel fibres of
one phase in a matrix of the other result, or parellel alternating
laminae of the two phases are formed. Generally the former
configuration is expected if the volume fraction of one phase is
much smaller than the other, and the latter if the volume fractions
arc nearly equal. Although other configerations are possible these
two types usually prevail. In view of their microstructure, it is
not surprising that such specimens should possess considerably
greater crystallographic anisotropy than is possible in the simpler
constituent phases.

To date, a comprehensive range of eutectic solids has been
formed from widely differing substances, which have possible
application as thermoelectric, magnetoresistive, optically
polarising, superconducting or ferromagnetic materials?3

In 1963, Liebmann and Millazfzt R.C.A. laboratories began one
of the earliest investigations into the thermoelectric behavious of
a controlled eutectic, using the InSb/Sb system. The microstructure
consisted of triangular sectioned rods of Sb running parallel to
the growth direction continuously through the InSb matrix. The
phase diagram of this system records the ideal eutectic behaviour
, of complete miscibility of the components in the liquid state and
negligible solubility in the solid state.

The crystallisatioﬁ process, which is probably typical of

this type of material is thought to proceed in the following manner.
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When an InSb/Sb melt of cutectic composition is cooled below the
eutectic point by a sharp temperature gradient, both phases start
to crystallise simultaneously. During the process an undercooled
liquid layer rich in Sb forms around every InSb crystallite and a
similar layer rich in InSb forms around every Sb crystallite, If
the excess Sb around the InSb crystallites can diffuse to the Sb
crystallites, then a steady rate crystallisation can be maintained
during which InSb and Sb crystallites of constant dinensions grow
parallel to ecach other ntil the whole liquid is solidified.

The size of the rods formed was found to depend linearly
upon the rate of solidification of the material, X-ray analysis
revealed both the InSb matrix and the Sb rods to be single crystals,
with their lattices orientated to produce minimal mismatch at the
boundries and a correspondingly highly stable structure.

The thermoelectric power in the growth direction compared
with that perpendicular to the growth direction was cut by factor 4,
wvhile the clectrical conductivity was increased by a factor 10 and
the thermal conductivity was inereased by a factor 4/3. In addition,
compared with pure InSb the ekctrical conductivity is greatly
enhanced in the growth direcction, while the thermal conductivity is
reduced and the thermoelectric power is greatly reduced. The last
factor proved to be the undoing of this substance for thermoelectric
devices, as it resulted in a figure of merit lower than that of pure
InSb,.

Subsequent work to the same end was carried out by Galasso
and Darby?%n a Bi2 Te3 /Te cutectic with a microstructure of irregular
plates of Bi, Te, oricntated with the plate faces parallel to the

growth direction in a Te matrix. Again, for the sane reason,
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however, Bi Te wag shown to be a superior material,

At about the same time as Liebmann and Millar began their
investigations, Wilhelm and Weiss zsof Erlagen, West Germany,
reported thec information of a unidirectionally solidified eutectic
system of InSb/NiSb which exhibited a twenty fold increase in
resistance in a magnetic field of 10 kilogauss. A eutectic
material of 1* &% NiSb and 98 « 2% InSb, by weight, containing
neddles of NiSb E“ in diameter and of about 50m length,
randomly orientated was first produced, By zone melting such a
system they werc able to force an orientation of the NiSb needles
along the temperature gradient.

Measurements by Waginiz%n NiSb show that the electrical
conductivity at room temperature is at least two orders of
magnitude greater than that of InSb, so that the NiSb needles
represent highly conducting inclusions within the InSb matrix.

A study of the physical properties and anisotropy of the
InSb/NiShb eutectic forns the subject of this thesis. An
exanination of the microstructure of this material using
stereoscan electron nmicroscopy was carried out, together with
experimental measurements on the Hall Effect, electrical
conductivity, magnetoresistance, thermoelectric power and thermal
conductivity. The corresponding experimental parameters have
been deduced for the principal directions dictated by the micro-
structure, over a range of temperature and where appropriate,

comparisons have been drawn with the behaviour of pure InSb,
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CHAPTER 2
2.1. ELECTRICAL PROPERTIES OF EXTENDED SAMPLES.
2.1.1. Simple Hall Effect.

The Hall Effect was discovered in 1879 when E. H. Hall
observed that a conductor carrying a current, I., in a transverse
magnetic field, Bz, produced an electric field, Ey, in a mutually
perpendicular direction.

This phenomenon can be explained in the following manner.

A single charge +e, moving through an extended medium with velocity

v, in a magnetic field B;, experiences a Lorentz force, F, given

T P = (te) (E + ¥Yx x 3By) (2.1)

This makes the charge follow a helical path limited only
by the boundaries of the medium, at which the charges accumulate.
Turther accumulation is prevented when the electric field, E, set
up by these charges, reduces deflection force, F, to zero, when

By = VaBgy (2.2)

Consequently an electric field must appear in the y-

direction. If the medium contains N similar charges per unit

volume the corrent density is j, = N(te)vy From (2).

By = JxB
Niiej (2.3)

The Hall electric field, E , is then maintained as a result
of charges leaving and arriving at the boundaries at the same rate.
From (3) it is clear that the electric field, Ey, is
proportional to the current density, jx, and the magnetic field, B,.

Consequently, a Hall coefficient, Ry, is defined where

Ry = ' Bym Fyd = _1
JaBx I.B, N(te (2-4)

In equation (2.4) d is the thickness of the medium in the

direction of the magnetic field and V, is the Hall voltage.
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Using (2.4) an experimental determination of the Hall coefficient,
via the Hall voltage, is clearly possible, from which the concentration
and sign of the carriers nay be deduced.
2.1.2. Associated Effects.

Three other effects accompany the Hall Effect, namely the
Ettinghausen Effect, the Nernst Effect and the Righi-Leduc Effect.,

The Ettinghausen Effect owes its existence to the thermal
distribution of velocities amongst the current carricrs which has
been neglected in the simple deseription of the Hall Effect., Close
examination shows that the slower carriers are deflected nore than
the faster carriers, so that they are preferentially driven to the
side of the specimen at which they accunulate to produce the Hall
voltage. Therefore, the side which becomes electrically negative by
means of the Hall voltage also becomes colder. The transverse
tenperature gradient activates a small transverse current flow,
resulting in a transverse Ettinghausen voltage which provides a
small increment to the Hall voltage.

The presence of 2 longitudinal teuperature gradient causes
a longitudinal flow of charge, which produces situations analogous
to those described above. Providing the flow of charge is in the
gsane direction as the electric current, the Nernst Effect, which is
analogous to the Hall Effect, adds the related voltage to the Hall
voltage. The spread of carrier velocities also provides a small
transverse voltage in a sinilar way to the Ettinghausen Effect and this
is called the Righi-Leduc Effect. Again, if the thermally activated
flow of charge is in the same direction as the current, this voltage
also adds to the Hall voltage.
2.1.3. Transverse Magnetoresistance.

Most naterials increase their resistance if they are

placed in a transverse magnetic field. If a given material
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behaves in this way, it is said to possess a finite "transverse
magnetoresistance".

Although the Hall and Nernst Effectsmay be crudely described
without invoking a thermal distribution of carriers, such a
procedure cannot account for the magnetoresistance observed in
semiconductors having one type of carrier. In an extended sample
of an extrinsic semiconductor, the force exerted by the magnetic
field on a particular carrier depends solely on the carrier velocity.
Since the charge carriers have a thermal distribution of velocities,
some carriers are more strongly deflected than others by the magnetic
field. The Hall field set up at the sample boundaries takes on an
average value depending on the average velocity of the carriers.

This causes alateral drift of the charge carriers reducing their
mobilities between the conductivity probes and consequently increasing
the resistance. Theoretically,it may be shown that this increase in
resistance is proportional to the square of the magnetic field, at

low field values and approaches a limit independent of the magnetic
field, at high field values.

In an intrinsic semiconductor, however, the Hall field cannot
possibly restrain the lateral motions of both electrons and holes.
This indicates that greater lateral drift of the dominant, higher
mobility, carrier is possible than in the extrinsic case, so that a
larger transversc magnetorcsistance should be possible. This suggests
that in order to theoretically account for the observed magneto-
resistance of intrinsic semiconductors, and explanation based on
averaging the thermal distribution of velocities of the dominant
carrier over the energy states will be inadequate.

For the particular case of InSb Ehrenreichmgas shown that
the carrier mobility of the dominant carriers, electrons, is

determined at and above room temperature by polar scattering and
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above SOOOK by a combination of polar and electron hole scattering.
When polar scattering dominates a relaxation time cannot adequately
be defined which is valid near and above the optical mode temperature,
260°K. The electrical properties are later discussed after making
the approximation that constant relaxation times exist above room
temperature which are independent of the carrier energy for both
electrons and holes, though the vulnerability of this assumption is
acknowledged at very high temperatures, where T )»©,.

Using this assumption Hilsum and Barriezzere able to give
an impressive account of the room temperature magnetoresistances of
eight samples of InSb of widely differing purities. For the present
discussion of Hall effect, electrical conductivity and magneto-
resistance of InSb/NiSb parameters will also be introduced again
using constant energy-independent relaxation times.

2.1.4. Relaxation Time and Drift Mobility.

In order to describe the behaviour of electrons and holes in
semiconductors in crossed electric and magnetic fields, it is
necessary to assign a relaxation time to the carriers. This is the
average time for which a given carrier can exist in free, unimpeded
movement between collisions. In the absence of applied fields the
carriers are supposed to move in random dircctions with a thermal
distribution of velocities.

Let the probability of a single carrier suffering a collision
in the small time interval dt be dt/* where T is assumed to be a
constant, independent of the direction of motion of the carrier.

The probability of an electron not colliding in this time interval is
then (1 - dt/t). Let P(t) be the probability that t seconds after a
collision has taken place, a further collision does not follow. Then

P(t + dt) = P(t) + dp(t).dt (2.5)
at

and P(t + dt) = P(t) P(at) = P(t) (1 - at/x) (2.6)
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From (2.5) and (2.6)

-P(t).dt/T
exp(-t/%) (2.7)

dr(t)
& P(t)

since P(o) = 1, for t = o.

Therefore, the probability that the carrier shall be free
for the time interval between t and t + dt is given by

P(t) - P(t + dt) = -Q‘I;j_t)_ = % exp (-t/T)at

The average free time, ;r relaxation time of the carrier
is given by averaging this probability over all collisions as

below. p

{TY =1 f t exp(-t/T )dt = T. (2.9)
i ®

o

Clearly U achieves significance as the relaxation time of
the carriers.,

If a system of such carriers is subjected to an impressed
electric field, electrical conduction takes place. Further
discussion of this process is made easier by considering a simple
semiconductor possessing one type of carrier only, namely electrons.
The electric field superimposes a small drift velocity on the
random thermal motion of the carrier in the direction opposite to
the field direction. This drift velocity increases with time until
a collision process, governed by the relaxation time, T , takes
place. For isotropic scattering in which the electron has an
equal probability of being scattered in any direction, when averaged
over a large number of collisions, the drift velocity acquired from
the electric field must be completely lost in the scattering
process.

By Newton's Second Law, an electron of mass m* in an

electric field E , acquires an acceleration ¥ given by

g=-lolE
m¥*
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Sy =y -_e_ Et, forv=y,
m*

at t=too

Averaging over a large number of isotropic collisions
{¥> =0 and using (2.9)

(XY = -Lﬁ:’ﬁt (2.10)

The drift velocity (¥ 1is therefore directly related to
the relaxation time.

If there are n electrons per unit volume the current
density, j, that is the quantity of charge flowing across unit area
perpendicular to the field is given by

j==leln {x)

S(3) = g_r_iijg

or{j) o E (2.11)
Here O is identified as the electrical conductivity of the
semiconductor. The drift mobilityﬂ/k, of the electrons is defined as

the velocity acquired by an electron in a unit electric field.

gk /ﬁ* =dy> = lelT
B m¥* (2.12)

Comparison of the thermal velocity with the drift velocity
acquired by an electron in germanium with an electric field of
10 V.cm ' shows the drift velocity to be three orders of magnitude
lower. In this case the mean free path may be shown to be of order
several hundred lattice spacings.

Equations complementary to (2.10), (2.11) and (2.12) may be
obtained for the drift velocity, electrical conductivity and drift
mobility of the holes which are also present in an intrinsic semi-
conductor by changing the sign of the carriers and using a different
relaxation time and effective mass.

Having stated this, the consequences of applying crossed

electric and magnetic fields to a p-type semiconductor in which both
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types of carrier exist simultaneously, will now be examined.

For this purpose the energy bands are taken to have a
single minimum in the conduction band and a single maximum in the
valence band, both located at the centre of the Brillouin zone and
possessing spherical symmetry. Therefore, scalar effective
masses m, and m, must be assigned to the electrons and holes
respectively. The relaxation times for both electrons and holes
are taken to be constant at T,and Tp, respectively.

For a sample extended in the x-direction with a magnetic
field B = B, and an electric field E = (E., E,) in which electrons

travel with velocity Ye = (vax, v;,) and holes travel at velocity

Y, = (vpx,v,y ) respectively, the equations of motion are
. -2 . e g
Vex = = g2 A Vieri = ik + WV,
. e : . e
Voy = - meEf’ + WVes Voy = m, Ey = Wy,

where W, .= le|B, defines the cyclotron resonance frequencies of

mcuf
the electrons and holes.

Using the complex variable Ze = Ve + 1V, , for the

Yy ’
electronic equations in (2.13) the general solution governing the

electronic motion is

Ze =12 -+

8 ﬁ (B, + iES ) (1 = exp iw,t)

e
where Z¢ = 2Z,, when t = o.
Averaging over all the collisions as in (2.9),
)
{Ze) 1/ fze exp(-t/ . )dt
[}

-e (B, + iE) e
Mg (1 + 1weTe)

since '(Z,°> must be zero in order to take into account the

contributions due solely to the impressed fields.
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Rationalising and separating into real and imaginary parts

gives
Vou = =2 CeBy - UJoT: By
Me | 1 4+ wegd 1+ weTe
2
Vey = -8 TeEy + Welely
me | 1 + weTe 1+ wgTe

Also, the current densities of the electrons are J,, =
n(-e) v,,and Joy = n(-e)vcs in the x and y directions respectively,

where n is the concentration of electrons, so that

Jer = 4AE, - D,By (2.14)
and Joy = A,Ey + D,E (2.15)
Where A, = p_g? Te 5D =_n_ef wale
m 1+ Wate n 1+ w3i3

Following identical procedures, the equivalent expressions

for the positive holes are

J,, =AE  +DE, (2.16)
and Jpy = 4,B, =D,E, (2.17)
2
where A, = E?.% Tp g wDitem .EQ?: PR S
n 1+ wetp n o1+ W

for a hole concentration p.

As T, =J,, + Jp, and J, = Joy + Jpy, then

ey
J« =(A +4)E + (D, -D) E, (2.18)
and Jy = (4 +4,) By - (D, -D,) Ey, (2.19)

2.1.5. Electrical Conductivity.
The electrical conductivity, O, in zero magnetic field

may be obtained from (2.18). For this case,

a 2
Jx = no.B "+ *pieT:H
me me

- (ne/u¢ “+ pe/J»p) E using (2.12).
This equation then relates the electrical conductivity to

the carrier concentrations and their mobilities, as

dx = 0 = nemue + Dpeu, (2.20)
Ex
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This may be expressed in an alternative form by introducing
the ratios ¢ = n/p and b =/ﬁ4¢§uP.
Substitution into (2.20) then gives
0 =pem( 1+ be) (2.21)
2.1.6. Hall Coefficient.

When mixed conduction is taking place in magnetic fields

2 2
low enough for wc,;tq,, = /u.f,, B: <<1, the current densities

become, using (2.18) and (2.19),

Ix

[nqy.+ pqu,]Ex-k [nqui+ pqut]qpy (2.22)

[no).a, + pe/u,]Es + [ne/u: - peme BE, (2.23)
In the steady state J, = O,

Iy

i

o E .= - [ne,ug -+ peA,] Es
[nous = popf] .
Substituting into (2.22), neglecting terms in B, and

transposing in terms of the ratios b and c, gives

E, = (1-0b%) JB (2.24)
! pe (1 + be)? e

As the Hall coefficient, R, is defined by the equation

By = R, J; B,

o Ry=(1-blc) (2.25)
pe (1 + be)?

In order to derive a similar expression to (2.25) for the
general case of an arbitrary magnetic field, a closer examination
of the "low field" condition is necessary.

For fairly pure InSb, Steigmeieriqhas shown that in the
mixed conduction range, the mobility falls from a room temperature
value of order 800 m;.v:'s" as the temperature rises. Therefore,
magnetic fields of more than 12 kG are necessary to invalidate the

low field condition over this temperature range.

The value of the electronic mobility, over the same

temperature range, never falls below a value of order 10,000 cm:V? s

so that a 1 kG magnetic field is sufficient to break the low
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field condition.
Bearing in mind that the present measurements were taken over
a range of magnetic fields not exceeding 8 kG., a more general
expression for the Hall coefficient was sought from (2.18) and
(2.19). This expression showed that for an arbitrary magnetic
field the R.H.S, of (2.25) must be modified by a factor

1+ AREYe?

At room temperaturc in fairly pure material ¢ = 1,
b ¥ 90 and Me 70,000 eme V' s , So that magnetic fields above
40 kG are necessary to render (2.25) noticably inaccurate. As
even greater magnetic fields are necessary to do this at higher
temperatures, then (2.25) remains valid over the range of
experimental measurement.
Acceptor Concentration and Hole Mobility.

In the extrinsic range, where electronic conduction may

be neglected, ¢ - 0, so that from (2.25),

Ry = 1 =1
pe Nye (2.26)

where N, is the density of ionised acceptors.

Equations (2.18) and (2.19) again show that (2.26) remains
true and that the Hall coefficient is invariant in a changing
magnetic field., Therefore, the experimentally deduced Hall
coefficient may be used to estimate the density of ionised acceptor
impurities present, which enable extrinsic hole conduction to take
place.

Other theoretical arguments, involving energy dependent
relaxation times, suggest that a factor r should be included in the
R.H.S. of (2.26), where r takes a value depending on the predominant
scattering mechanism, i.e. 1.93 for ionised impurity scattering,

1.18 for non-degenerate acoustic scattering etc. However, in the
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absence of direct experimental verification, the value of unity
obtained for holes, in (2.26) and later, for electrons in (2.32),
has been assumed for the present work.

Therefore, in the extrinsic range, combining (2.21) and
(2.26),

R, O = Mo, (2.27)

From equation (2.27) it is clear that, from an experimental
measurement of the Hall coefficient and the electrical conductivity
at low temperatures, a direct estimate of the hole mobility may
be made.

2.1.8. Electron Concentration and Electron Mobility.

At higher temperatures where mixed conduction is teking
place, the concentrations of electrons and holes are linked to the
concentration of intrinsic carriers, n; by the relation

np = n? (2.28)

In (2.28) p=n+ N,, where all acceptors are assumed to be

ionised.
. 2 2
. ] = n_‘_
or. . p. . =andle., (2.29)
Substitution in (2.21) and (2.25) gives
R, = (1 = b%) /¢ (2.30)
n;e(l + be)
= n;e 1 + be
o "“'(—ﬁ—;—")' (2.31)

Since the mobility ratio in InSb is very large in the mixed
conduction range when ¢ = 1 equation (2.30) reduces to
it 8. LN R (2.32)
n4/'é‘e ne
Under these conditions the number of conduction electrons
may be cstimated from a direct experimental measurement of the Hall
coefficient., If the concentration of extrinsic carriers is also

known, the concentration of intrinsic carriers may be calculated

using (2.28).
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Also, from (2.31), 6= n emclc’ = neme. (2.33)
Evidently under these conditions the hole contribution to
the electrical conductivity may be neglected. Further, from (2.32)
and (2.33),
Ryo = Me (2.34)
The mobility of the electrons may therefore be deduced from
a measurement of the Hall coefficient and the electrical conductivity,
2.1.9. The Hall Angle.
By setting J, = 0 in (2.19), clearly,
(A +0A) By =a(D, (- D) By
The Hall angle, O, gives the inclination between the
resultant electric field and the resultant current density, within

the seniconductor as below

Tan @ = E= D, - D, '
Ex A| + Az (2.35)

= B, L + pMeBE - ob
1+ bc +ueB? (2.36)

In the extrinsic range, ¢ 20, @ = Qp and
Tan B, = AMeB, (2.57)
§ : . 2 2.2
For InSb in the intrinsic range cb »» MeB; ,1, for B { 14 Kg.

and as be> 1, to a one per cent approximation for mixed conduction

where
Tan @ — = e B
AR T AEy/be ] (2.38)

By inserting the appropriate parameters into (2.37) ana
(2.38) the Hall angles may be calculated in the extrinsic and intrinsic
ranges, respectively.

2.1.10. Transverse Magnetoresistance.

By setting J, = 0 in (2.19), E, may be obtained in torms of

B Substitution for E, in (2.18) then gives

2
I, = (4, + 4,)E, + %Dl - D, ; E,
A, + A,

x*
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Following the previous approximation methods the value of
the electrical conductivity, Q; , in terms of the magnetic field B,

is given by

I. = 0; = ne ule (2.39)
Ex 1+ m2B2/be

Using (2.34),

1+ w3B3/be

= //-ge = p /uzB"/bc

m

g
Cs

Equation (2.41) gives the ratio of the resistivities 4
and © , or transverse magnetoresistance, r,_, in the form used by
Hilsum and Barrie. Insertion of the parameters/u?, b and ¢ then

cnables the magnetoresistance to be calculated for various values of

the applied field.
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2+.2. BLECTRICAL PROPERTIES OF NON-EXTENDED SAMPLES.

2.2.1e Geomctrical Effects.

The Hall effect, electrical conductivity and magneto-
resistance of a material are all defined in terms of continuous,
infinitely extended samples. Therefore, if the experimental
parameters derived from these effects are to be a true reflection
of the nature of the material, a homogeneous sample should be
chosen with dimensions which approximate effectively to the
infinitely extended case.

Isenberg, Russell and GreeAN;onsideréd the case of a
rectangular sample provided with large area current contacts, which
had a high conductivity and a Hall coefficient negligible compared
with that of the sample. It was shown that accurate experimental
determination of the Hall coefficient, by means of centrally placed
Hall probes, is only possible for a sample of aspect ratio ﬂ/tUth
where { is the sample length and w is its width., If, however,
P/u)(A. the full value of the Hall coefficient is not obtained,
as some of the Hall voltage is shorted out by the current contacts.

Volger3éeneralised this approach and showed that a
diminished Hall coefficient is also obtained as the position of the
Hall probes is varied in such a sample.

Wickgzoncluded that the shorting out of the Hall voltage
caused an increase in resistance between the end contacts of a
rectangular specimen., This "Hall resistance" behaves very much like
the transverse magnetoresistance described in 2,1.3. and 2.1.10, in
that the increase in resistance is proportional to the square of the
magnetic field, for low magnetic fields, but differs from it by
tending to direct proportionality at high magnetic fields.

As explained in 2,1.3.transverse magnetoresistance arises

through processes which allow carriers to drift laterally, giving
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a reduced carrier mobility, and increased resistivity, measured
betwecn the conductivity probes. The magnitude of the transverse
magnetoresistance would be expected to be small compared with the
increases in resistance that are made possible by reducing Liw
since, by shorting out the Hall field, greatly enhanced lateral drift
becomes possible.

As l/w is decreased the shorting out of the Hall field
results in an increased sample resistance, approaching a limit as
J7R approaches zero. Clearly, this limit cannot be attained
experimentally by using a rectangular sample. However,flUJ nay be
made to approach zero through the minimisation of the Hall field
achieved by using a Corbino disc shaped sample, with current
electrodes at the centre and circumference.

The general conclusions drawn above on the influences of
sample geometry on sample resistance are strongly supported by
experimental evidence.

Hilsum and Barriésieasured the relative resistances of a

Corbino disc and a long, narrow sample, both taken from the same
ingot of InSb, with an electron mobility of 76,000 cm: Ve s. '
In a magnetic field of 10 kG., the Corbino disc increased its
resistance by a factor 33, while the long, narrow sample increased
its resistance by a factor 1:57,

For samples of InSb of a shape intermediate between these
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two extremes of geometry, Willardson and Beer found that for a given

magnetic field the relative increases in resistance became larger as

was reduced.

35
Further support was furnished by Welker and Weiss, who made

measurements on four different shaped samples of InSb of the same
-t 1=y
purity and having an electron mobility of 43,000 ems V- 's.

The chosen sample shapes were a Corbino disc, two samples of aspect
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ratio O+5 and 1-0 and a long, narrow sample., In a magnetic field of
10 kG., these samples taken in the above order, increased their
resistances by factors 18, 11, 5¢5 and 2 respectively.

Generally, apart from the cases of Corbino discs, and long,
narrow samples, which fulfil the "extended sample" requirement, no
attempt has been made, in these papers, to account for the relative
resistance values obtainable from a sample of arbitrary aspect
ratio.

36

In order torectify this situation C. A. Simmons conducted
an investigation on InSb, of mobility 77, 400 cn V:‘s?, aimed at
identifying the relative parts played by the geometry and by the
actual nature of the sanple material.

Using a specially designed sample holder consisting of two
transverse probes, the transverse voltage was measured at various
points along the sample. By taking one large area current contact
as the zero of potential and moving the probes along the sample, a
potential profile could be plotted. The resistivity{/J, was obtained
by plotting such a profile in the absence of a magnetic field and
measuring the sample current. By following a similar procedure in
the presence of a magnetic field, the Hall voltage and the total
resistance between the current contacts were deduced. The potential
difference between the end contacts gave the total change in
resistivity due to the magnetic field, B,, which may be written in
the fornm (Z¥K%6°)r° This clearly includes a contribution due to
the physical nature of the sample and a geometrical contribution.,
After some manipulation Simmons concluded that

(Bp/p), = (Bplp) + BA/R),

Here the subscript p refers to the "physical" contribution

due to the nature of the sample, which was measured using an

extended sample and may be identified with the transverse magneto-
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resistance, while the subscript g refers to the geometrical
contribution.

By plotting (Ay% Lo) against R/ s the above formula was
shown to hold for a series of samples in the range 0:354 R /w $ 12
For B = 10kG., it was also shown that in the upper limit of f/w , a
value (AR /o) = 0-49, emerged, while in the lower limit as (A,OBI/JL:B
the geometrical contribution clearly dominates.

A further advance was made by Lippmann and Kuhrt3:ho were
able to directly relate the sample geometry to the geometrical
contribution which it produced. Their analysis, based on the invariance
of the Hall angle with sample geometry, enabled the relative resistance
observed in magnetic field to be split into two terms. Apphysical
magnetoresistance term, r , arises from the way in which the applied
magnetic field prevents the charge carriers from travelling at their
full drift velocity which is characteristic of their average behaviour
between two collisions in the absence of a magnetic field. This
reduced drift mobility decreases the specific conductivity, O ,
measured on an extended sample, to a value, G in a magnetic field
B,,so0 that

ro= (2.42)

A1

The other term is the geometrical resistance term, Ty »
arising from the deflection of the current streamlines., This means
that the current no longer passes through the conductor by the shortest
path from one electrode to the other, but experiences an amount of
lateral drift depending on the shape of the sample,

The geometrical contributions for different values of Jf/w
have been obtained in terms of the Hall angle. In their formulations

Lippmann and Kuhrt assumed that only one type of carrier was present

undergoing acoustic scattering., For the case of a constant
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relaxation time and nmixed conduction these formulations reduce
to the equations below.
For small Hall angles, O { tan 0, { 0:45, where tan @,
is given by (2.38)
r, o= 1+ (8/31 YO, a(tw) (2.43)
In (2.43), g(f/w) is a function which reduces from 1,
at f/w =0, to values which asymptotically approach zere as L/w
approaches infinity. The former clearly refers to a Corbino disc
sample, while the latter refers to an extended sample.
For large Hall angles, 6, 77/2 and
r o= 14 @A) [ (8/3) teng, - (4/m)dn.2]  (2.44)
In the intermediate range of Hall angles, the values of Tg
obtained for various specific values of I/ug are plotted as a function
of the tangent of the Hall angle, as shown in Fig.5.
The total resistance of the sample, r, is then given by the
product of the magnetoresistive term and the geometrical term, i.e.
r= r.org
Experimental evidence shows that for InSb in the mixed
conduction range, the geometrical term may be ignored provided
f/w),s. Therefore, providing a sample geometry consistent with this

requirement is used, r_ and r, become ideitical and

r =z (2.45)

where r 1is given by (2.41).

In a further paper, the same authors“used identical
techniques to explain the dependence of the experimentally observed
Hall coefficients on the sample geometry chosen. Again a resultant

Hall coefficient, R: occurs as the product of two terms, which reduce

to
R, =R,0 (&/w,0,) (2.46)

for a mixed conductor.

In equation (2.46) R, is the Hall coefficient observed
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using an extended sample and given by (2.25), and ¢ (4/w,6m)
comprises the geometrical term.

The values of G obtained, using small and large Hall
angles were calculated, by Lippmann and Kuhrt, for small and large
values of A/w, In addition, over the intermediate range of Hall
angles, G was plotted as a function of‘KﬂD, for various Hall angles.
Since this range was appropriate to the present measurements, these
values were replotted in terms of the Hall angle produced by a two
carrier nodel in Figs. 6(a)and 6(b).

In conclusion, it is evident that a particular sample
geometry produces specified and unambiguous modifications to the
Hall coefficient and magnetoresistance values which are observed
using extended samples.

2.2.2. Pseudo-Geometrical Effects.

The Hall coefficient and magnetoresistance observed with
extended samples may be influenced by factors other than sanple
geometry., A trivial example is provided by directly connecting the
Hall probes. By shorting out the Hall voltage in this way, clearly,
from (2.4), the Hall coefficient becomes zero. Moreover, the
distortion of the current lines, resulting from the removal of the
Hall field, gives a pscudo-geometrical enhancement to the magneto-
resistance.

Essentially sinilar processes are involved when highly
conducting rod like inclusions, orientated with their long axes in
the direction of the Hall field, are used as an agency for shorting,
or partially shorting the Hall voltage.Therefore, current distortions
result in the resistance of an extended sample containing inclusions
being increased in the presence of a magnetic field in much the same
way as it is increased in a non-extended sample. Further, it would be

expected that if the Hall voltages in both these cases are reduced by
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the same ratio, then similar increases in resistance would result.

This forms a basis whereby the behaviour of the InSb/NiSb
eutectic may be represented as a series of similar rectangular
elements of InSb separated by thin, large area, electrode-like
layers of NiSb. By determining the Hall angle in each InSb element
of the above model and the ratio of the Hall coefficient of
InSb/NiSb to that of pure InSb, the appropriate "geometry" may be
assigned to the element in accordance with (2.46) and by inspection
of Fig.6(b). Then, using the Hall angle and the elementary "geometry"
of the InSb, the corresponding "geometrical" resistance may be
estimated using Fig.5.

A regular composite sample, as described above, must be
constructed from thin layers of NiSb and thick layers of InSb, since
the volume fraction of NiSb is small in the InSb/NiSb eutectic., 1In
each similar layer the Hall coefficient, resistivity and current
flow follows a similar pattern.

The current component,j,, must be the same in each layer and
since the Hall coefficient changes in successive layers, jx gives
rise to a Hall contribution to Ey which changes from one layer to the
next and is proportional to Bs;.

As Vx E =0, the total E., must be the same in each layer
and ohmic contributions to Ey must arise from the y-components of j
and these must be proportional to B;. Thus, as B, 00 the current
lines must distort as shown in Fig.7. This means that the current
lines flow in such a way as to reduce the tangential component,Es,on the
InSb side of the boundary to the much lower value on the NiSb side.
This distortion entails a resistive dissipation which, for given j.,
increases without limit as B - 0O . The patterns of current flow
are then repeated in each elementary pair of InSb and NiSb layers

throughout the sample, so that the "geometry" and the resistive
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dissipation of each InSb layer are characteristic of the whole
composite sample.

2.2.3. Isolated Inclusions.

The InSb/NiSb eutectic mixture is composed of small,
unidirectionally orientated, rod shaped inclusions of NiSb
dispersed throughout an InSb matrix. No cuccessful attempt has
been made to explain either the observed values of the Hall
coefficient, or the changes in resistance brought about by
exposing a sample of this material to a magnetic field by using a
postulated inclusion distribution. Despite this, Herringahas
provided some theoretical insight into the type of behaviour
induced by placing a rod shaped inclusion in an infinite matrix
of another material. The Hall coefficient, R,, and resistivity,
P were taken to approach constant limits as B—>00 , the limiting
Hall coefficient of the rod differing that of the surrounding
material, For an inclusion with its long axis lying in the
direction of the magnetic field and considering the current flow
perpendicular to this axis, then

E. = RyB Ja+ R (2.47)

In (2.47) the subscripts t and n refer to the directions
tangential and normal to the inclusion rod boundary. Since R,
is discontinuous across the boundary, while E, and j, must be
continuous, then as B-—+00 , j,—*0. This means that the current
lines, flowing in a direction transverse to the rod axis, in the
limit avoid the rod as if it were an insulator-‘f° The current
distortion may, in fact, be many times the diameter of the
inclusion, with the associated resistive dissipation involved,
increasing the sample resistance. As the magnetic field is

increased from zero the sample resistance approaches a finite

limit depending on the extent to which the current lines are
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squeezed in their avoidance of the rod. It follows that in a
sample containing a dilution of inclusions the Hall coefficient
would be reduced and the sample resistance would be increased, as
the volume fraction of inclusions or the magnetic field are

increased.
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2.5 THERMOELECTRIC POWER.

Consider a circuit made up of elements AB, BC and CA;
where AB and CA are both constructed of the same homogeneous
material 2, while BC is constructed from another homogeneous
material 1. Maintaining the junctions B and C at constant
temperatures T, and T, respectively, where T, T, and the terminals
A and A"at a temperature T3, results in the generation of a steady
e.m.f. of a magnitude which can be measured by connecting a
potentiometer across AAY

Experience has shown that the measured e.m.f. depends on
the particular materials chosen and the difference in the junction
temperatures. By convention, the measured thermo-e.m.f., V,,, is
regarded as positive when the terminal which is connected to the
low temperature junction, B, becomes positive. The thermoelectric
power of material 1 with respect to material 2 is defined as the
thermo-e.m.f. obtained for unit temperature difference between the

junctions, i.e.

o = Lm V., . (2.48)
2 aTe0 AT
where AT =i Tl

By using the "Thompson Relations" it is possible to separate the
contributions of the two materials to the thermoelectric power.
The absolute thermoelectric powers «(, and e, due to the materials
1 and 2 respectively, may then be shown to be linked to

in the form

B2 ol K (2.49)
The absolute value of the thermoelectric power for metals
is generally a few microvolts per unit temperature difference and

this is usually at least one order of magnitude less than that

of semiconductors.
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Therefore, in such a semiconductor (1) - metal (2) systen,
K\, = o(| = to a good degree of approximatiin and a measurement
yields effectively the absolute thermoelectric power of the
semiconductor.
For an intrinsic semiconductor the absolute thermoelectric

pover,&X, is given by

< = K[Q‘.‘.QA‘Q; _g;,gg-ge] (2.50)
o - KT o KT

In (2.50) k is Boltzmann's constant and e is the electronic
charge giving k/e = 86.3/AV°Kd ; O, and O, are the electron and
hole contributions of the electrical conductivity, O , while ?4,,
and f“, are the fermi levels and Q¥ and Q;* are the kinetic energies
transported by the electrons and holes respectively at temperature
T. Equation (2.50) clearly indicates that the thermoelectric
power is made up of an electron contribution and a hole contribution.
From the orders of magnitude involved it is evident that the thermo-
electric power is negative in n-type and positive in p-type
semiconductors, In the intrinsic range the sign is governed by the
carrier with the higher mobility. The large mobility ratio of InSb
ensures that C'./O’-:-—'- 1 andG;/O’?—" 10-2, so that, to a good approxi=-

mation, the hole mobility may be neglected.
oK = k [p*- Qq (2.51)
€ KT

In (2.51), 7*==tm/kT, the reduced Fermi level of the electrons.
The value of Q:/kT depends on the scattering mechanisms present,
the shape of the energy bands and the degeneracy. If a degree of
degeneracy is present the value of this parameter increases with
temperature under any scattering indicating that a larger fraction
of the current is carried by more energetic electrons as the

temperature rises.

For a specimen having parabolic energy bands and undergoing
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thermal acoustic scattering

Dt s FaAnPop (2.52)
T B

where F, and F, are Fermi integrals of order 1 and 0. The value
of these integrals may be found from the Fermi integral of order

m, where

Fm('(') = /w ’?md( -

il
§ 1+ exp ? - 7 )
and ¥ = E/kT.

Substituting from (2.52) in (2.51) gives for the intrinsic range

Therefore a plot of 2E}(’?*)/FD( 12.) against '?* allows the
reduced Fermi level q; to be determined from the experimental
values of lo(/86-3|.

For a semiconductor with parabolic energy bands the
rejuced Fermi level is linked to the intrinsic carrier concentration

by the formula

n,=n=" 2 K7) (2.53)
T 3

where N, = 2(27TmndkT/hz) and represents the effective number of
states in the conduction band and m,; is the "density of states"
effective mass, averaged over all occupied energy states, of the
electrons. The values of the Fermi integral of order + have been

4
tabulated by McDougall and Stoner, while those of order 1 and O

4 43
have been tabulated by Wright and Madelung respectively.
Using the reduced Fermi levels and the electron
concentrations obtained at various tempe ratures from thermoclectric

power and Hall measurements respectively, values of m ,may be

calculated over a temperature range.
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2.4, THERMAL CONDUCTIVITY.

The application of a temperature differential,
along a solid of length, A;:x(cm) and cross sectional area
A (em ) promotes a flow of thermal energy, H (cal.sec ), down
the temperature gradient. The relationship between these

quantities may be expressed in the form

H = KAAT cal.sec™ (2.54)
Ax
-l =lg_ =
or K = H cal.sec.cn. K (2.55)
AQT
Ax

where K is called the thermal conductivity of the solid.

The thermal energy may be transferred through vibrations
of the crystal lattice, or by the free charges it contains, or by
a combination of these two mechanisms.

In an insulator, since the number of free carriers is
extremely small, heat is conducted through the solid almost
entirely by the vibrations of the lattice atoms. Conversely, in
a metal the quantity of heat transported by the high concentration
of free electrons present dwarfs the lattice contribution. 1In
semiconductors, however, although more heat is generally
transferred by the lattice, the contribution due to free carriers
may be considerable. The free carriers, electrons and holes, may
transport their kinetic energies directly by diffusing down the
temperature gradient. During this process there is also a
possibility that electrons and holes may recombine and give up
their potential energies to the lattice, in the procedure known
as ambipolar diffusion. A further mechanism of heat conduction
by weakly bound electron-hole pairs, which remain associated so
that they can carry energy but no charge, has also been suggested.

This process is known as exciton-transport but its quantitative
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importance has not yet been experimentally established.

The total thermal conductivity, K, of a semiconductor
may, therefore, be exprcssed as the sum of a "lattice" component,
K, and a "charge carrier" or "electronic" component, Ke, so that

K = K_+ K¢ (2.56)

The relative magnitudes of the two components depends on
the temperature and the purity of the sample. For a semi-
conductor of high purity and crystalline perfection the electronic
contribution may be appreciable in the intrinsic range but
negligible in the extrinsic range. In a doped semiconductor,
however, the carricr concentration may be cnhanced to such a
degrec that the electronic contribution is appreciable at all
temperatures.

2.4.1e The Lattice Component.

In the presence of an applied temperature gradicent the
phonon distribution in each mode of vibration is different to
that existing in thermal equilibrium, as described by (1.2).
Peierlsagéncluded that phonon-phonon collisions tend to restore
thermal equilibrium, the rate of the restoring process determining
the thermal resistance.

Selection rules govern the collision processes that are
possible between phonons, allowing them to be classified as
"Normal" and "Umklapp" processes. In both types of process the
total energy is unchanged throughout the collision process. For
Normal processes the total momentum is also unchanged, so that
they do not contribute to the thermal resistance. For Umklapp
processes the total momentum changes, so that the energy flow
changes its direction on collision. The Umklapp processes are,

therefore, responsible for the thermal resistance in Peierl's

theory.
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Since the scattering is approximately random, drawing
from the analogous collisions between gas molecules, thermal
conductivity may be described by the relation

K = $CUN, (2.57)
where C 1is the specific heat of the phonon gas, U is the volocity
of sound in the lattice and %, is the phonon mean free path.

The phonon mean free path may be limited by phonon-phonon
interactions, scattering by lattice imperfections and boundary
scattering., Peierls suggested that above the Debye temperature,
the phonon mean free path is limited by interactions involving
three phonons. In these, a single phonon may split up into two,
or two phonons may combine to form a third. Such interactions lead
to a thermal conductivity that is inversely proportional to the
absolute temperature.

Pomeranchuk‘;istulated that interactions also occur where
one, two, or three phonons produce three, two, or one phonon
respectively, leading to a thermal conductivity that is inversely
proportional to the square of the absolute temperature.

Above the Debye temperature but below the onset of intrinsic

46 47 48 -t
conduction Abeles, Stuckes and Danielson found that K X T
for Ge and Si, confirming the predominance of three phonon
processes, as predicted by Peierls. At higher temperatures the
thermal conductivity was found to have a more rapid temperature
variation by Stuckes, who suggested that four phonon processecs,
with their associated X & T~2? dependence, were also present in an
admixture of three and four phonon processes. This was later
confirmed by Slack and Glassbrennerqgho invoked both three and
four phonon processes in accounting for their experimental results.

The presence of impurities and lattice imperfections in a

semiconductor tends to reduce the lattice thermal conductivity
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since the variation in density and elastic forces produced by them
may scatter phonons. Peierls qualitatively concluded that the
additional thermal resistance produced in this way should be
independent of temperature. At higher temperatures this increase
in resistance should be small, particularly in fairly pure materials
where the separations of such scattering agencies becomes large
compared with the mean free path of phonon-phonon processes.

The scarcity of phonons brought about by lowering the
temperature results in an increase in the mean free path, which,
according to Peierls, should lead to an exponential increase in the
thermal conductivity, tending to infinity at absolute zero. It was
shown by Casimirfohowever, that at very low temperatures phonons
are scattered by the sample boundaries and that this mechanism
predominates as the temperature approaches absolute zero. Under
these conditions the thermal conductivity is controlled by the
specific heat of the sample and is, therefore, proportional to the
cube of the absolute temperature, tending to zero at absolute zero.

Sl
This type of variation has been observed by White and Woods and

CurruthersSZt al in Ge and Si establishing the importance of
boundary scattering at very low temperatures.
2.4.2. [The Electronic Component.

By solving the Boltzmann equation under the assumptions
that no current flows in the semiconductor and that isotropic
scattering processes occur, Madelungsaeduced a general expression
for the electronic component of the thermal conductivity.

By postulating a relaxation time T;” for electron and

holes of the form

> " q/2
it 2T ‘E:’:z ORI s zm?nm (2.57)

where a and a’ are constants, T is the absolute temperature,

7mv = E",p/kT and q depends on the scattering mechanism of the
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carriers, Madelung's expression reduces to

2 2 2.58
oo T g + g mg(g 4 naey] O

Where By = 0.26 - 2.7 x 107“TeV. and A, _and B, are
Od P

given by

An,pzmc F(swwn('?*) - [5 *4q. Fk3+q,)/2('?“) z
3+9q Fu+q,)/z(l7*) 3+ 4 Fu+q,)/2(r?*)

and

Bn,p: S+q4. Frain '\?*)
3+Q’ F(l-rq/)/: Uz*)

»* .
Also g, = Yrps P = €ap/KT, Ga=E —E, and Ce=Ev- G,
where € is the Fermi lovel and E_, E, define the bottom of the

conduction band and top of the valence band, respectively.

In order to determine the Lorentz factors Aap and B, ,
the temperature variation of the mobility must be examined. By
averaging the relaxation time over the carrier energies, the

mobility S, DAY be written,

Sap= a’. dt+3, Tw-”m Ra + n( “) = const.Tx (2.59)
Ma,p 3 F-/;(?')

At a given temperature the values of the scattering
index, q and the reduced Fermi level Q* are constants.

Under the assumed conditions of parabolic bands, the
effective mass m,, and the reduced Fermi level 7~ vary with
temperature. Therefore, for a given value of q the temperature
dependence of the mobility can only be predicted if the temperature
variation of effective mass and Fermi level are known. For this
purpose the information furnished by the thermoelectric power data
discussed in section 2.3 may be used.

Inserting the appropriate temperature dependences in (2.59)
enables a single value of ¥ to be obtained for a given value of

q. By drawing tangents to the curve of a logarithmic plot of
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mobility against temperature the values of ¥ appropriate to
various temperatures may be found. Hence the relationship between
q and T may be deduced. Knowing the value of q corresponding to a
particular temperature and the appropriate value of 9* from the
thermoelectric power measurements the values of Anm and B,,'P
may be enumerated. The electronic component of the thermal
conductivity may then be calculated using (2.58). By repeating
this process at different temperatures the electronic component
may be calculated for the range over which the thermal

conductivity has been measured.
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CHAPTER 3
3.1. ELECTRICAL METHODS.

3.1.1. Operation of the Electrical Circuit.

In Section 2.2 it was shown that if a sample carrying a
direct current is suitably orientated with respect to a magnetic
field, a transverse voltage‘is obtained which is the sum of the
transverse voltages resulting from the Hall effect, the Ettinghausen
effect, the Nernst effect and the Righi-Leduc effect. The transverse
voltage is primarily due to the Hall contribution, with the
Ettinghausen contribution forming the greater part of the remainder,
and the Nernst and Righi-Leduc contributions together providing an
extremely small increment to make up the sum.

Therefore, in order to accurately determine the value of the
Hall voltage, the Ettinghausen voltage, which may be of third order
magnitude, must be removed. Since the Ettinghausen voltage is
derived from the flow of charge brought about by a lateral temperature
gradient, it must disappear if this temperature gradient is removed.
By choosing a circuit in which the Hall voltage is set up by a sample
current which is frequently reversed, so that no temperature gradients

can be set up in the sample, the three subsidiary voltage contributions
can be eliminated.
S4

The circuit designed by Dauphinee and Mooser incorporates
this feature and provides an accurate method for determining the Hall
coefficient and the electrical resistivity of a given material. A
simplified version of the circuit is shown in fig.8. This
provides a means of discussing the principles involved in the
experimental method.

In fig.8, the sample, S, is shown to be in contact with the

potential probes, 1, 2, and 3. A high resistance shunt, of order

10* or 103 times the sample resistance, connects terminals 1 and 2.



Fig.8

SIMPLIFIED ELECTRICAL CIRCUIT
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This is provided with a variable terminal 4, which acts as a fourth
potential probe.
If a current, I, flows through the sample and its shunt,
then a potential difference, V,, , is set up of a magnitude which
depends on the sample resistivity, o , given by

o (3.1)
Pudh T

where A is the cross-sectional area of the sample and fu is the
probe separation.

The very small fraction of the current, I, which flows
through the shunt resistor enables, as will be shown later, the
variable terminal 4 to be aligned on an equipotential with probe 3,
so that in the absence of a transverse magnetic field V5, = 0.
Therefore, in the presence of a transverse magnetic field the
potential difference v3u set up across the sample depends on the Hall
coefficient of the sample, R, , where from 2.1.

RN= g..l;;., (3'2)
B &

and d is the sample thickness measured in the direction of the
magnetic field B,

From (3.1) and (3.2) it is clear that the values of the
resistivity and Hall coefficient may be determined provided the
respective values of V,, /I and V,u/I are measurcd.

If a variable resistor W of known magnitude is placed in
series with the sample S, and this is adjusted until the voltage
V., » where V = IW, is equal to the voltages V,, and V; at
respective settings of W = Wy, and W = W, , then from (3.1) and (3.2),
and using practical units (C.G.S. e.m.u.),

Q0 =A W qen. (3.3)

2

=

8 -l 3
&nd R“ = g- 10.Wz COlll.Cm. (3.4)
B
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The function of the circuit shown in Fig.8 is to provide a
means of isolating the potential difference V,, and V4, and comparing
them with V, .

The double-pole, double-throw chopper, M, , set to make-
before-=break, converts the direct current in the primary circuit into
a square wave alternating current in the secondary circuit containing
W and S. The make-before-break adjustment ensures that the electrical
connections of M, are reversed before the current direction in the
secondary circuit is reversed, so that sparking is prevented.

Two more choppers, M, and My , with their moving contacts
bridged by capacitors C, and C, respectively, are set to break-before-
make and driven synchronously with chopper M, . Choppers M, and
M; are phased with respect to chopper M, so that when the current
flows in one direction, say I*} capacitor C, is connected to
W and C, is simultaneously connected to S. The break-before-make
adjustment of M, and M; ensures that C, and C, are only connected
to W and S when IY is at a steady value. Capacitor C, disconnects
from W and capacitor C, simultaneously disconnects from S before the
current I* is reduced to zero when the contacts of M, are shorted
by the make-before-break action. The current flowing through W and S
is then reversed by M, and reaches a steady value I~ before C,
connects to S and C2 connects to W, Later M, disconnects C, from
S and M; disconnects C; from W, before I”' falls to zero and
reverses to I*} with the complete cycle repeating itself at 35
cycles/sec., the frequency at which all three choppers are driven.

Before proceeding to discuss the currents i, , and iy set up
in the circuit, it must be pointed out that the purpose of C is to
act as a device for preventing any thermal e.m.f.'sgenerated in the
sample from being communicated to the direct current galvanometer G.

Suppose the potential differcnce across C5 is V¢3 . If any difference
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exists between Vt, and -V; » where the superscripts denote the
directions of currents I" and I, a pulsing direct current i,
generated by the voltage AV, flows through G,every even half cycle,

where

+ —
av v, = (=Vg) = Veq

+ -
Vw+ Vs - Vc3

W .

For I' = -I” this becomes
AV, = TT(W=8)= T, (3.5)

If the capacitor C, were not included, then AV, and i,

would decrease in successive cycles and vanish when
Vs iegud Lo (W 258)

By including the capacitor C, any difference between V;
and -V: is reflected by a pulsing direct current i,, generated by
a voltage AV,, which flows through the sample every odd half cycle.

SOAV, = Vo4 Vg 4 Vg
= I'(s-W)+V,
= EATE (3.6)

The size of the pulsed currents i, and i, is maximised by
keeping the resistance of the circuit as low as possible and making
the time constants as large as possible by maximising C,, C, and
Cye

The pulsed currents i, and i, , therefore, flow through the
sample in opposite directions, with a phase difference of /2 in
the chopper cycle, forming a resultant alternating current which is
not impeded by 03, as shown in fig.9.

Therefore, the galvanometer current i, does not decrease in
successive cycles but produces a steady deflection whenever I+(W-S)
#0. Yhen W =35, V3 decays to zero and AV, =AV,=0, so that

i|= iz==o and a null deflection indicates that the circuit is

balanced.
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In the circuit shown in fig.8, Vi =V

2 and a resistive

balance is obtained when W = W,. The resistivity can then be
deduced from equation (3.3). If the two-pole, two-position switch 0O
is set in the dashed position for measuring the Hall coefficient,
then Vg = VS“. At frequencies above 10 c.p.s. no temperature
difference can be created across the sample by means of the Ettinghausen
effect. Further, any direct voltages set up by other means are
blocked off by C , so that the balance is not affected. If the
circuit then balances at W = W,, the Hall coefficient can be deduced
from equation (3.4).

The circuit used in the experimental work and the operational
procedure adopted is discussed in the following sections.
%.1.2. The Measuring Circuit.

The measuring circuit shown in fig.l0 was used to obtain the
experimental values of the electrical resistivity and Hall coefficient.

A Farnell six-step, O -» 30 volt stabilised power suppnly,
S.P.S. generated a direct current through the primary circuit
containing the milliameter,nm A, the chopper unit M, and the 1255
protective resistor T. By means of the chopper unit, M,, the direct
current flowing through the primary circuit was converted into an
alternating current in the secondary circuit containing the 0.10
standard resistor, A, the resistance network made up of B, C, D, E,
F, G and H which comprise the balancing resistor "W", and the sample.
Resistors B and C were high stability Muirhead resistors having
values of 102 and 12 respectively. Resistors D and E were
laboratory made Kanthal resistors having nominal values of 0.1 02
and 0,01 {1 respectively, while resistor G was given a value of
1002, The remaining three-terminal, ten-turn non-inductive, 250
Helipot H and the five-dial (10 x 105k 23520, 102, 10°Q )

resistance box then completed the balancing resistor network.



Fig.10

THE MEASURING CIRCUIT
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By suitably setting switches U and V the potential difference
across the network could be matched against that derived from the
sanple by means of the operation of the chopper circuit. The values
of the network component resistors were chosen so that a very
accurate resistive balance could be obtained in the range 1030
to well below 10-412, and also allowing the Hall voltages to be
measured to a 0.25 MV accuracy without difficulty.

The reversing switch N allowed the potential difference over
the resistance network to be reversed so that the circuit can
accommodate both n-type and p-type samples. The two-pole three
position switch enabled the appropriate sample shunt I, J and K, of
values 16?2, 16&1 and 16?) respectively, to be selected. The three-
pole, two-position switch O enabled either the sample resistance or
the Hall coefficient to be measured. Three 100MmF paper capacitors
supplied by Hunt Ltd., were chosen for the capacitors C,, C, and
Cye

After extensive testing under experimental conditions, the
Tinsley galvanometer Type 5656, Gy,was found to be most suitable for
this circuit. This has a sensitivity of 170 mm/uA, with a resistance
of 480 and a very robust movement. A primary spot registers the
deflection and this is optically magnified to produce a secondary
image. Even under conditions of severe overload the primary spot
remains at the edge of the scale, the travel of the galvanometer
coil being constrained for this purpose. The suspension is also made
so that under these conditions the galvanometer does not "stick",
whereas most other galvanometers of this sort of sensitivity are
prone to "stick" and do not return to the same zero after overloading.
In order to prevent such occurrences the galvanometer was furnished
with a series resistance adjustable at values of zero, 16(1, 1&?1,

16&1 and 16?1 for reducing the galvanometer current.
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By measuring the potential difference developed across the
terminals of a chromel-alumel thermocouple, TC,, with the
potentiometer, Q, the sample temperature could be deduced. The
choppers M, , M, and M, may be given appropriate settings in the
following manner. In the Tinsley Low Thermal Chopper used for this
work, the three choppers M,, M, and M, are all operated by cccentric
bearings screwed to the arm of an electric motor driven at 35 c.p.s.
The relative orientations of the eccentric bearings determine the
relative phase angles at which the choppers make and break contact
in the chopper cycle. The lengths of time for which a given chopper
makes and breaks electrical contact is governed by setting screws.
By adjusting these the period of contact may be increased or reduced
as desired. Therefore, in order to produce the required chopping
patterns, shown in fig.9, the eccentrics must be reorientated on the
rotor arm and the setting screws must be suitably adjusted. This can
conveniently and accurately be done by attaching a pointer to the
rotor arn which can rotate over a fixed concentric protractor scale.
If an avometer is connected across the two terminals under
investigation, turning the rotor arm causes a small resistance to be
registered when contact is made and an infinite resistance to be
registered when contact is broken. Using the protractor, the angles
at which contact is made and broken for chopper M, may be measured.
The period of contact may then be adjusted by means of setting screws.
By repeating this procedure with the second chopper, M,, the phase
relationship between the two choppers may be found. The eccentrie
bearings and set screws may then be used to establish the correct
phase patterns and contact periods for this chopper. By repeating
the same process for the third.ch0pper, M, the process may be

completed.



60

3.1.3. Measurement Procedure and Accuracy.

After switching on the chopper and power supply the
resistance of the network BCDEFGH was altered until a null
deflection was recorded on the galvanometer, Go,. The resistance of
the network was then equal to the resistance of the sample. The
value of this resistance was then obtained by stopping the chopper
so that a steady direct current flowed through the 0.1Q standard
resistor, A, the balancing resistor BCDEFGH and the sample. After
switching the galvanometer G, into the circuit of the potentiometer,
Q, and setting switch R as shown, the potential difference across
the standard resistance, A, was measured. By means of Ohm's Law
the current flowing through A, the balancing resistance BCDEFGH and
the sample was deduced. By then setting switch M to the dotted
position and using switch R, the potential difference across the
balancing resistance was also obtained. Knowing the potential
difference across the balancing resistance and the current flowing
through it, a further application of Ohm's Law gave the resistance
of both the balancing network and the sample.

The accuracy of this circuit was tested using a series of
standard resistances to simulate the sample resistance. For each
standard resistance the circﬁit was balanced several times and the

average value deduced is given in the table below.

Standard Balancing Accuracy Mean

Resistance Resistance AJLAN Deviation

(Sample) 2 | WA (&)
1073 1.003 x 103 0.003 0.004
10T 0.9985 x 10" 2 0.002 0.003
A0 1.001 x 10~ 0.001 0.008
1 1,004 0.004 0.005
10 0.9997 x 10 0.0003 0.001
102 0.997 x 102 0.003 0.005
103 { 0,960 x 102 0.041 0.042
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Plates 1 and 2 show general views of the apparatus used in
the present work. Plate 3(a) shows the sample holder, a description
of which is given below.

%.1le4. The Sample Holder.

The material chosen for the sample holder was pyrophyllite,
a naturally occurring nineral. This is a machinable electrical
insulator capable of withstanding a wide range of temperature. The
material is machined in its soft, raw state and then heat treated at
1200°C when it becomes a hard ceramic.

The pyrophyllite was initially shaped into an "I" section.
A groove was sunk into the middle part of the "I" section, parallel
to the long edges of the sample holder. A central portion of this
groove, long enough to accommodate the sample, was given a
rectangular section, while the rest of the groove was given a dove-
tail section. Three metal blocks, fashioned in chromel, were given
dovetail base sections to fit in the dovetail sections of the groove,
two on one side and one on the other side of the sample. Eight B.A.
threads were cut into two of these blocks to take small lock nuts
which were used to secure current lecads and form current contacts on
either side of the sample. A chromel-alumel thermocouple IC,,
brazed deep into a hole drilled in the third block was used to
record the sample temperature. An elliptical spring was placed
between the thermocouple block and the current contact block to
ensure that good electrical contact was maintained between the current
contacts and the sample. Since molybdenum retains its spring
properties over a very wide range in temperature, the elliptical
spring, of width 0.06" and thickness 0,005", was constructed from this
material.

Molybdenum wire of diameter 0.039" was used to make the three

potential probes. The stock of each probe was of the full diameter



Plate 1.

HALL - CONDUCTIVITY APPARATUS : FRONT VIEW.



AFPPARA



Plate 3.

(a) SAMPLE HOLDER

(b) FLUXMETER



62
of the wire and the point contact was produced by reducing the
diameter to 0.003" at one end. Chromel leads were welded to the
other end of each probe connecting to the electrical circuit.

The probes were led through 0.040" diameter holes, drilled
in the top and bottom faces of the sample holder, to the sample.

The length of the probes was such that, in place, their welded

ends stood above the top and bottom faces of the sample holder.
Pressure was applied on the probes, ensuring good electrical contact
with the sample, by means of molybdenum springs. These were shaped
to slide over the top and bottom faces of the sample holder and
press on the probes. The pressure exerted on the sample by the
probes then depended on the extent by which they are overlapped by
their springs.

A simple tool was constructed which enabled these springs
to be simply pressed out of 0.005" thick, 0.875" wide molybdenun
strip. Thicker material was found to be unsuitable as the pressure
adjustment became less sensitive, increasing the likelihood of
sample fracture. The general features of the sample holder
described above are readily recognisable in Plate 3(a).

3.1.5.. The Furnace.

In order to obtain large magnetic flelds the separation of
the poles of the magnet must be kept as small as possible. This sets
an upper limit on the diameter of the furnace tube which must fit
between the poles. Accordingly, a 1" inside diameter, 13" outside
diameter, 2' long cylinder of impervious Mullite was selected for the
furnace tube. A 300 heating element of 0.05" thick, 0.,20" wide
Kanthal tape was wound on the centre 10" section of the furnace tube
and cemented in place using alumina cement. A quartz fibre layer,

bound with Refrasil tape was then used to thermally and electrically

insulate the furnace.
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The ends of the Mullite tube were initially uneven and were
ground flat, using finely divided silicon carbide; to form part of
a vavuum seal, The seal was completed by clamping the ends of the
furnace tube against flat gasket neoprene valves, mounted in water
cooled conper and brass end caps. The latter were connected to the
pumping line as shown schematically in Fig.11.

The larger of the furnace end caps was fitted with a
bracket enabling it to support a long 4" diameter Chromel bar to
which the sample holder could be bolted. The bar, which carried
polished molybdenum radiation shields on either side of the samnle
holder, allowed the latter to be supported clear of the furnace walls
at the centre of both the furnace and the magnetic field,

The same end cap was supplied with a Penning Gauge to measure
the pressure of the system and a glass/metal seal by which the electrical
and thermocouple leads were brought out of the vacuum system. A further
small tube seal, shown blanked off, was included to enable the end
cap to perform its dual function as the outer container of a simple
cryostat, described later.

The pumping line attached to the larger end cap was connected
to the Metrovac GB2 diffusion pump, the roughing and backing valves,
the Pirani Gauge and the Metrovac GDR!1 rotary pump. After evacuating
the system with the rotary pump, the Pirani Gauge was thep used to
ensure that the pressure was sufficiently low before the diffusion
pump and Penning Gauge were activated. The pumping line also
contained a needle valve by which nitrogen could be introduced to
the evacuated system in order to prevent samle oxidation at high
temperatures and an air inlet valve for releasing the vacuum.

The circuit in Fig.12 shows the Smith Temperature Controller
which governed the heater current to the furnace., The temperature

controller was set to the desired furnace temperature and the circuit
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wvas switched on so that the on/off indicator light was illuminated.
The voltage supplied to the heating element was determined by the
variac setting. The furnace temperature was comnunicated by the
nitrogen gas to the control thermocouple, TC,, secured to the
chromel bar near the sanple.

If the furnace temperature exceeded the temperature setting,
the control thermocouple, TC,, acting as a sensing device for the
temperature controller, causes the latter to trigger the Sunvic
Vacuum Switch. By this means an extra 1.5Q resistance was switched
into the 300 heater circuit, thereby reducing the furnace current.
The furnace temperature then dropped below the temperature setting,
whereupon the temperature controller reversed its role causing the
extra 1,50 resistance to be switched out, increasing the furnace
current.

The temperature controller, therefore, allowed the furnace
temperature to cycle about the desired mean value. The amplitude of
the temperature oscillation about the mean temperature depended on
the variac setting. To minimise this amplitude the optimum variac
setting was used. The lafter was found by switching out the
temperature controller and measuring the equilibrium tenmperature
achieved by the furnace, for several variac settings. The smallest
amplitude of the temperature oscillation for a given variac setting
was then obtained by setting the temperature control 5% less than the
equilibrium temperature. In this way the calibration graph of
optimum variac settings against temperature control settings shown
in Fig.l3 was obtained, Using these values the amplitude of the
temperature cycle at the highest temperature settings did not excecd
1K,

By drawing a thermocouple through the furnace at equilibriun

temperatures and recording the temperatures at variable points along



AT,

ANl

T

700

600

C
500

400

300

200

100

Fig.13

TEMPERATURE CONTROL SETTING (T) v VARIAC SETTING (V)

|

20

40

60

80

Fig. 14

TEMPERATURE PROFILE OF FURNACE

Zero indicates the sample location at the centre of the furnace.

J

1
100 V volts

\5400C AT'z 300c

\330°C ATZ-;].SOC

L TT—<290'C AT, =G0

Ald =i
AT, %
2 3h i 2/, i 1:/ Ou ¥ 11/ 3 2//

o (]
—100 C AT,=01C
’3”



65
the furnace, the temperature profiles of the furnace shown in
Fig.1l4 were deduced.

At all temperatures a central temperature plateau was in
evidence, which decreased in size as the temperature was raised,
From this work it was clear that the temperature was uniform at the
value recorded by thermocouple, TC,, over the entire sample length.
3.1.6. Simple Cryostat.

Earlier it was mentioned that the larger furnace end cap was
used as the outer container of a simple cryostat. To form the
cryostat the furnace tube was unclanped and renoved along with the
frontal plate of the large end cap. The bracket supporting the
chromel bar was unscrewed and the sample holder was unbolted. As
the chromel bar was not used in the cryostat it was discarded along
with its support. The copper liquid nitrogen reservoir could then
be slid into the end cap, After removing the blank from the tube

seal, the liquid nitrogen reservoir could then be lifted on to a

tufnol stand so that the steel loading pipe, used to pour in the

liquid nitrogen, protruded through the seal. The seal could then be

renade as shown in Fig,15,

The sample holder was then rebolted to a long copper bar
brazed to the liquid nitrogen reservoir, as shown in Plate 3. A
copper shield was then screwed to the copper bar over the sanple and
thermocouple, TC,, to protect them from direcct radiant heat and
ensure that the temperature recorded was accurately that of the
sample. The frontal plate of the large end cap was then replaced,
a short brass tube of the same diameter was exchanged for the
furnace tube and the vacuum system was reclamped together. In order
to keep the sample between the poles of the magnet an extension pipe
was fitted into the pumping line, the end caps being movable on

rails,
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The pumping system allowed the pressures nmeasured by the
Penning Gauge to be reduced to 10—S m.n.Hg. Fully charging the
liquid nitrogen reservoir, then allowed the temperature of the

sample to be reduced to a steady value of about 100°K for

approximately 1% hours. The inward heat flow arose mainly through

the walls of the steel loading tube, the tufnol stand and the
electrical and thermocouple leads. This was mininmised by drilling
holes in the 3/16" tufnol stand and using a 1/32" wall thickness
for the loading tube. This meant that if the liquid nitrogen was
not replenished, after 13 hours the sample temperature slowly
approached roon temperature over a further 2 hour period. This
allowed further readings to be taken at temperatures between 100°%
and room temperature,

Disconnecting the pumping line and brass tube also zllowed
another further neasurement to be made by directly immersing the

sample holder in a dewar vesgel containing liquid nitrogen.

3.,1.7. Magnet and Fluxmeter.

The magnet used was a 4" Type A Electromagnet made by

Ngyport Instruments which was powered by a Type H154 power supply

of the same make. A feature of this power supnly 1s its automatic
current reversing facility. However, due to the design of the output
current amneter, accurate adjustment of the current is very difficult,
naking consistent ad justnent to exactly the same magnetic field

inmpossible. This difficulty was overcome by introducing a multi-

amneter between the power supply and the

range Cambridge Unipivot
gnet

magnet. This instrument allowed very accurate setting of the ma

current, at a cost of losing the automatic reversing facility. Using

the Unipivot ammeter dircct currents between 0.1A and 20A could be

set to an accuracy which was usually less than 0.%%. After setting

the current, the Type H154 power supply guaranteed the current
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stability to #+1 part in 10, over a period of %+ hour.

A Norma Model 251F, shown in Plate 3(b) was used to
calibrate the magnetic field. This instrument has 10 ranges varying
from 5 x 10-bto i ¢ 10-3 Webers per scale division. The search
i

coil which is also shown in Plate 3(b) was composed of 100.5 x 10~

area turns M°2. The magnetic induction, B, was then given by

B (Gauss) = Range x deflection
The calibration was carried out in the following way. The
magnet current was taken up to its maximum value and then lowered
to desired setting. The search coil was placed in the centre of
the magnetic field and then swiftly removed from the influence of

the magnetic field., The deflection and range were then noted and

the above formula was applied., This process was repeated three times
before inverting the search coil.and gaining three more deflections
in the opnosite direction. The magnet current was then reduced to
zero and the current generator was switched off. The current leads

on the Unipivot ammeter were then reversed and the direction of
current flow from the power supply was also reversed. The current

was then taken up to its maximum value and again lowered to the
previous setting. Six further readings were then taken, so that the
results shown in table 3.1 are an average of twelve results.

The homogeneity of the magnetic field was examined setting
the magnet current at 12A, and taking measurement as above at two
points on 8 cm. vertical and horizontal diameters, of the pole-pieces.
Over a typical sample length (s.L.) of 1.0cm., the spread of magnetic
field was

AB 1% G, for Bi£ T,300 G,

S
-y

Over a typical sample width (S.W.) of 0.2cm., the spread

sy S 10‘3 Ty

L



TABLE 3.1,

MAGNET RANGE.. X MAGNETIC ! (MAGNETIC
CURRENT AVERAGE INDUCTION |  INDUCTION)
(AMPS) DEFLECTION (B) { (B)?
W/ SKT. mns Gauss ! Gauss *
i
0.05 9.5 x 5 x 10 ° 47 i 0.221 x 10%
l
0.10 18.9 x 5 x 107¢ 94 % 0.884 x 10
!
|
0.30 55.6 x 5 x 10°° 277 |  T.64x 10%
0.50 96,2 x 5 x 10°° 475 22.6 x 10%
1,00 119.6 x 1 x 10~ 3 1191 1,32 x 10°
2,00 112.7 x 2 x 10™9 2235 4.99 x 10°
3,00 65.77 x 5 x 10™° 3272 10,7 x 10°
4,00 84,52 % 5 x 10°° 4205 16.0 x 10°
5.00 100.2 x 5 x 10~ 4986 24.9 x 10°
7.00 120.8 x 5 x 10°° 6011 36.1 x 10°
10.0 139.2 x 5 x 10~ ° 6927 48,0 x 10%
12.0 73,65 x 1 x 10 ¢ 7328 53,7 x 10°
15.0 78,35 x 1 x 10~ 7796 60.8 x 10°
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of magnetic field was

ABg., = TG
(QE_ ) = 1x10%
B /5w

The above results indicated that the magnetic field was
very honogeneous and that the positioning of the sample between

the pole-pieces was not critical.
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3.1.8. _Samplc Preparation and Experimcntal Errors.

InAs.

A slitting wheel was used to cut a sample from a large ingot
of pure InAs. The sample of length, £ = 1.0 cm., average width
b = 0.165 cn., and thickness d = 0,141 cm., was used in a preliminary
investigation designed to examine the performance of the sample holder,
furnace and cryostat, under operational conditions. In order to
ensurc that good electrical contact was maintained with the current
contacts of the sample holder, the ends of the sample were plated with
copper.

InSb/NiSb,

As InSb/NiSb is made up of unidirectionally orientated rod
like inclusions of highly conducting NiSb in a matrix of InSb, there
arc three prime direcctions in which the Hall coefficient, electrical
conductivity and "magnetoresistance" behaviour may be measured. The

samples 1, 2 and 3 cut in these orientations are described in the table

below.

Sample Orientation Inclusion rods _(em) blem) dlen)
3 A || B, LI 1.2 0.159 0,107
2 B 4B , AX 1.2 0.166 0.126
3 c 1B ,II 1.2 0.143 0.119

The samples of lcngth,-ﬂ, width, b, and thickness, d, listed
above were cut from a 1.2 cm, cube of InSb/NiSb., Each of these samples
was also given copper plated large area end contacts.

Clearly, by reducing the magnetic field to zero the two
orientations A and B became electrically identical. Therefore, only
two prime electrical conductivities, O; for samples 1 and 2, and G
for sample 3 are possible for inclusion rods respectively perpendicular
and parallel to the direction of current flow. The Hall coefficients

are designated R: 5 R: and R: according to the orientation of the
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inclusion rods with respect to the magnetic field and sample current.
The systen of notation was then completed by referring to the three
prime relative resistances produced by InSb/NiSb in orientations A, B

and Casr,, r

5 s and Te o

From the results given in section 3.1l.3. it is clear that the
error in nmeasuring the resistance of the sanple is very small. Due to
the small sizes of the samples used, however, the resistivity given by
(3.3) may be subject to a dimensional error of 3%. The Hall
coefficient given by (3-4) nay also be in error by 3% so that the

mobility given by (2.34) is subject to an error of 6%.
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CHAPTER 4,
4,1, THERMAL METHODS.

4,1.,1. Thermal Conductivity and Thermoelectric Power.
The thermal conductivity of the InSb/NiSb eutectic was

measured using the series comparative method of Stuckes and Chasmarfs

A specimen in the shape of a rectangular block was formed
into the central member of a seven layer stack as shown in Fig.16.,
This consisted of two identical upper and lower cylinderical parts in
a copper, F/H steel, copper succession, on either side of the sample,
The F/H steel layers, made from material supplied by Firth Brown Ltd.,
were alloyed to the copper layers in a permanent bond of negligible
thermal resistance. The F/H steel layers then acted as standards of
known thermal conductivity from which the relative value of the
thermal conductivity of the sample could be calculated.

An insulated Nichrome heater, wound on a stainless steel
former, was placed on top of the stack. A small pressure was
applied to the heater by means of a low thermal conductivity steel
ball and sliding bridge. The large copper base on which this
assembly was mounted acted as a heat sink and drew preferentially
downwards through the stack. When heat losses from the stack
were equal to the heat suppled to the stack, by means of the heater
an equilibrium state is achieved and steady temperature gradients are
set up in each layer of the stack. These were measured using
thermocouples 16 which were inserted in small holes drilled into
the copper elements, near their boundries. Accurate measurement of
the position of each thermocouple in its layer enabled allowance to
be made for the temperature drop between the thermocouple and the
copper/steel or copper/sample interfaces.

Two copper leads, not shown in Fig,16, were attached to the

copper layers near thermocouples 3 and4., These were used to measure
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the thernoelectric voltage developed across the sample from the
applied thermal gradient.

Heat losses by convection and conduction could clearly be
nininisced by working in a vacuun. However, Stuckes found that under
these conditions it was difficult to maintain good thermal contact
and good clectrical insulation simultaneously between the thermo-
couples and the stack. This problem was overcone by preventing the
thernocouple junctions from touching the walls of their housings and
using an inert gas as a thernal conductor. Heat losses were reduced
by surrounding the stack with a hollow guard ring and a large copper
1lid, If the temperature of the stack did not greatly exceed the
ambient tenperaturc the radiant heat losses were small since both
the guard ring and the copper lid were in good thermal contact with
the copper base and acted as radiation shields. Two further thermo-
couples 7 and 8 were attached to the guard ring in order to measure
the anmbient temperature.

The thernmal conductivity apparatus described above was
supported in a large capacity furnace fitted with a pumping systen,
a tenperaturc control pyrometer and an inert gas supply.

4312 S P ati nd Stack Assenbly.

A slitting wheel wns used to cut two sanples along the
principle directions of an InSb/NiSb ingot. These were such that
when the samples were placed in the stack, their inclusion rods were
orientated parallel to the temperature gradient in one case and
perpendicular to the tomperature gradient in the other. In this
nmethod, it is cssential that the sample maintains good thermal contﬁct
with the other membors of the stack. Therefore, the samples were
ground flat, initially using finc carborundum powder with an iron lap
and finally using optical grade aluminium oxide powder and a glass

lap. The sanples werc then thoroughly cleaned with water, alcohol and
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ether beforc being ickel plated. Nickel was used in preference to
copper since the latter diffuses slowly into InSb on prolonged
exposure to high tenperaturcs. It was found, however, that the
application of a very thin prelininary layer of copper greatly
assisted the adhesion of the Nickel plating. After removing the
plating from ell save the top and bottom surfaces, the lengths,
widths and thicknesses of the sanples given in the above order were
(0.76€, 0.647, 0,218) cn. and (0.747. 0.675, 0.136) cn. respectively.

Using Baker's fluid and pure indium solder, the top and
bottom surfaces of the samples were then "tinned" with a soldering
iron. Similar grinding, cleaning and tinning processes were also
applied to the copper faces which were placed adjacent to the sample
in the stack. Aftcr washing off excess flux, the stack was
assenbled on a hot platec which was heated until the solder was again
molten. The thermocouple holes were then aligned and the position of
the sanmple was altered until it was co-axial with the stack. A snall
weight was then placed on top of the stack which was allowed to cool
slowly with the hot platec.

The quality of the contacts produced in this way was assessed
at roon temperature by passing a known alternating current through
the stack and measuring the alternating voltage produced between the
copper layers bridging the sample, using a valve voltmeter. The
resistance of the sanple and its contacts was calculated by using
Ohn's Law. From the previously measured resistivity and sanple
dinensions, the resistance of the samplc was also calculated. A
close correspondonce between this and the above value suggested that
good electrical contact, hunce good thermal contact, had been
attained.

Six Chronel=-Alumel thermocouples, nade of 0,005" wire were

ugsed in the stack and two further thermocouples were fitted into the
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guard ring. The thernocouple wires were insulated from their
housings by fine, double=bore alumina tubing placed near their
welded hot junctions. Snall lengths of single bore alumina tubing
were then used on each soparate wire, followed by woven glass
sleeving which led to =n glass/metal vacuun seal through which the
wires pnssed. Copper leads were brazed to the other ends of the
thernocouple wires to form the cold junctions of the thermocouple.
Since the tenperature differcnces between adjacent thermocouples were
small, it wns essential that the cold junctions of all the thermo-
couples were naintained at the same tenperature. This was assured
by deeply inserting the insulated cold junctions into equidistantly
spaced holes drilled on a concentric radius of a massive copper
cylinder. A ncrcury in glass thernometer was then used to deternine
the temperature of the cold junctions,

The output leads of the thermocouples were wired to a
thernoelectric free multiway switch leading to a Diesselhorst type
thernoelectric frec potentiometer supplied with a galvanometer and
photocell anmplifier. This enabled the e.m.f.'s and differential
e.n.f.'s of succesaive thermocouples to be measured. The measurements
permitted the temperature drop across each layer to be determined with
groat accuracy and also allowed the average temperature of the layer
to be neasured at the sane time.

The six hot junctions of the thermocouples, insulated from the
copper housings by their alumina sleeving, were threaded just over
half way through the stack. Small radial copper bolts were then used
to fix the thermocouples in position. The six thermocouples used in
the stack had beoen specially chosen from a large batch that had
prcviously been calibrated. This had been done by annealing the
thermocoupleas in a copper block similar to that used for the cold

junction. Their voltage outputs were then recorded at various
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tenperatures whon the furnace was in equilibriun, The six thernmo-
couples giving closest ngrecnent over the whole temperature range were
then selected for usc in the stack.

4.1.3. Measurer P g .

After evacuntion, the furnace was sealed off and filled with
nitrogen maintained at a pressure slightly greater than atmospheric
pressure. The gns then communicated the temperature of the copper
blocks to their respective thermocouples and also prevented sanple
oxidation.

An "Elcctroflo" tenperaturc control pyrometer, which allowed
the furnace to be preset to o given temperature and the stack heater
were then switched on at the same tine. When a state of thermal
equilibriun was attained the direet and differential e.m.f.'s
produced in the thermocouples were then measured to an accuracy of
0.l V. The readings wore taken in ascending and descending order so
that any slight variation of stack temperature could be taken into
account. The heater was then switched off and the temperature was
reset to the previously nensured sample tenperature. When thernmal
equilibriun wns restored another series of readings was tcken in the
sane nanner, All thernocouples were observed not to read identically,
partly due to the presence of a small thermal gradient down the stack
and partly due to slight differences in calibration. The second
series of readings constituted a set of "zero errors" by which the first
series of readings wns corrocted. This correcting process was repeated
at ercch temperature at which the thernal conductivity was measured,
since the nagnitude of the "zero urrors" altered with temperature.

A sinilar correction was also applied to the thermoelectric
power nonsurenenta so that the corrected thernoelectric voltage
directly related to corrected thernal gradient from which it originated.

Roon temperature measurenents were taken before and after each
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furnace run to check that the eutcctic samples had not been changed
by the thernmal treatment and also to check that the indium contacts
were still sufficiently good.

4.,1.4, T f the Comparative Method.

An expression for the thernal conductivity of the sanmple is
derived in the following nmanner. Let the sanple and two standard
layers of the stack have thernal conductivities, K, cross-sectional
areas, A, and thicknesses t, which may be distinguished by the
appropriate subscripts 1, 2 and 3, proceeding down the stack.

The application of a thernal gradient, AT, across each layer
causes a flow of heat, AH, through the central plane of the layer as

shown in Fig.17.

Lot At, be the temperature difference betwcen the average
tenperature of layers 1 and 2 and the surrounding temperature acquired
by the guard ring. Further, let a, be the surface area between the
centres of 1 and 2 and a, be the surface area between 2 and 3, and h
be the heat loss por unit surface aren per degree excess over the
surrounding tenmperature. Then

AH, = AH, + a, hAt,,
AH, = AH, + a,hAt, and
AH, =aH, + (a,at, + a,At,)n
& AH, = AH - oAt [_An. AHa ]

a, Aot °aAta

Fron (2.55), K = tpH giving
AAT
K= & {&I_AAT _ 0,4t [KAAT/t, - ws;(s]} (4.1)
¢ AIAT3 ' ' [ u|At| + 841,

For the eutectic sanmples, K, becomes K, and K, for the
respective cases of inclusion rods parallel and perpendicular to the

tenperature gradient AT,.

If tho temperature gradient AT,, produces a corrected
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thernoelectric voltange AV,, and the thermoelectric power of the
copper is neglected, then the absolute thermoelectric power of the

eutectic is given by

of = AVa (4.2)
AT,

The thernoelectric powers of the two sanples are then

denoted by «,, and &,, according to the above convention.

4.1.5. Experipental Errors.

The absolute thernmal conductivity of Armco Iron was measured
by Powo11‘:t the N.P.L. up to 720°K, Identical material was used by
Stuckes to forn the standards necessary for comparative measurement
of the thernal conductivity of F/H steel, over thc sane range. The
values obtained were compared with the absolute thermal conductivities
also obtained by Powell from a materinl of the same composition and
heat treatment as F/H stoel. Agreenent was obtained to 1%, However,
since the exporimental error in Powell's measurenments was of order
2%, a sinilar error nust be nssigned to the thermal conductivities
obtained by Stuckes. As the sanme F/H steel was used to form the
standards of the present apparatus, their thermal conductivities are
taken from Powell's results and arec subject to a 2% error.

Errors estimated at 1% also appear due to the sample dimensions
and the erros in temperature measurement, so that an overall error of
%% moy be present in both K and K,.

The abaolute thermoelectric power of the eutectic was deduced
by ignoring the nbsolutc thermoelectric power of the copper in the

copper-eutectic systen. This introuduces an error or order 2% in

the measured values of ~ and oK,
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CHAPTER 5.
5.1, STEREOSCAN ELECTRON MICROSCOPY
5.1.1. Structure of InSb/NiSb.

On completing the thermal measurenents the two sanples of
InSb/NiSb were cleanod and polished with dianond grit. After etching
the polished surfaces for a short time with a concentrated mixture of
nitric acid, hydrochloric acid and acetic acid, the samples were
mounted and placed in a Stereoscan Electron Microscope. A series of
photographs at various magnifications was then taken, showing sections
of InSb/NiSb perpendicular and parallel to the growth direction.

In plate 4 the roughly circular transverse cross sections of
the NiSb inclusions are contrasted against the darker background of the
InSb matrix. In plate 5 the longitudinal cross-sections of the
inclusions are similarly contrasted against the background matrix.

These photographs clearly show that the inclusions are rod-like
in appearance and that the lengths and diameters of the rods varied
appreciably. Further low magnification photographs enabled the
distribution curves shown in Fig.18 to be plotted. The average length
and diameter of the inclusions was vstablished to be 2.20m and 0.7%)A
respectively., Using this information and natching the photographs, the
ratio of inclusion volume fraction/matrix volume fraction has been
estimated at 0.008, Since, however, the photographs showed that the
geparations of the rods was not regular and also that the density of
rods altered considerably over the sanple so that this figure is an
order of magnitude value. This clearly inplies that the volume
fraction of NiSb is not necessarily the sanme for all samples extracted
from the InSb/NiSb ingot.

The microastructure described above differs in several respects
from the microstructures drawn from various melts, by Wilhelm and

Weiss. They found that a sample drawn from a melt of 3% NiSb and



Plate 4.

Sections of InSb/NiSb perpendicular to the growth

direction, at various magnifications.
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Plate 5.

Sections of InSb NiSb parallel to the growth

direction, at various magnifications.

X6700 X 3500

X 1340 X 670



Fig.18

NUMBER OF INCLUSIONS, N. V. (a) INCLUSION LENGTH
"' (b) INCLUSION DIAMETER

N N
e (a) (b)

30|
70.(‘\

60 |
50| ' 20
40 |

301lo

10}
20|

10 }

O

7| e e e : |

of 4 6 8 1012 “02'0Z 06|08 0B
29 0.72

INCLUSION LENGTH(p.) INCLUSION DIAMETER ()



e

B S S e

S G e

79
97% 1iSb by weight, possessed coarse grained crystallites of NiSb in
addition to a fine grained microstructure of InSb/NiSb. Sanples
containing as little as 0.3%, by weight, may be formed in this way.
They also found that a very unifornm fine grained eutectic micro-
structure could be obtained from a nelt of 98,2% InSb and 1.8% NiSb,
by weight. This material contained regularly placed inclusions of
average length 504 and average diameter 1/1.

The ingot of InSb/NiSb used in the present work was drawn,
fron a melt of the latter proportions, at a pulling rate of 3" per
hour. Since, however, the pulling rate used by Wilheln and Weiss is
unpublished, the reasons for the differences in microstructure cannot

be assessed.
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CHAPTER 6
6.1. Electrical Properties of InAs.

The Hall coefficient of the InAs sample, shown in Fig.1l9
remains negative over the complete range of measurement and indicates
that donor impurities are present. If the concentration of donor
atoms present is N, and all donors are ionised, then in the mixed
conduction range c = n/p = (Np + n)/p. Substitution of this
expression into equations (2.25) and (2.28), remembering that InAs,
like InSb, has a high mobility ratio, the equations (6.1) and (6.2)
are obtained.

Ry

c

]

- 1AV + n)e (6.1)

1l

(Ng + n)@Mle (6.2)
In the extrinsic range Nb))n so that the Hall coefficient
takes a constant value given by RH= -l/Noe. Fig.19 clearly shows that
the sample is extrinsic at and below room temperature and that
ND = 1,40 x 10'6 donors/cc.
At very high temperatures in the intrinsic range n,p)N_,
so that R"= -l/ne: -l/nie. The variation of intrinsic carrier
concentration with temperature may, therefore, be deduced from the
temperature dependence of R" and from this the energy gap, Eg, at
absolute zero, may be calculated. Following this procedure a value
of Eg = 0.44 eV was found from the present measurements. This is in
reasonably good agreement with the value of (0.47 + 0.02) eV,
obtainea by Folberth, Madelung and Weiss.57
The electrical conductivity of the InAs sample, as shown in
Fig.20, falls slightly from the lower temperature values. Over this
range of temperature, 0= N’guband the reduction in electrical
conductivity arisces directly from the reduction in electron mobility.
Equations (6.1) and (6.2) show that the electron mobility is

given by u, = R”G'at all temperatures. The experimental plot of mev T
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based on this equation is given in Fig.21., The value of the room

temperature mobility is shown to be 20,00 cm.a \'4 .sd . Above

-

room temperature the mobility follows an approximately MoX T i
58

relation. Chasmar has recorded a similar room temperature mobility

- -‘ "
of 21,000 cm.® V3'.s  with a sample of InAs containing 5 x 108
donor atoms cm..3 . Above room temperature the mobility of this
-l ;
sample was found to follow a';%o(T ‘ law.

Fig.22 shows that in the presence of a transverse magnetic

field, Bz y the resistivity of the InAs sample,/:, increases to a

value/%, so that
16l
L7y s o) —-/Q-GA e O'“th
R 2
This graph shows that a magnetic field of 7 Kg produces a
7% increase in sample resistance. Using a sample of aspect tatio 8,

59 & L
Chasmar obtained a B;‘sdependence, together with a 1.2/% increase in

. 60
sample resistance measured in a 7 Kg. magnetic field. Weiss also

confirmed the presence of a B:‘s

law with a 1.4% change in sample
resistance in a similar magnetic field, Weiss also demonstrated that
by moving the resistance probes t§ the ends of the sample, ( of aspect
ratio 25 ) the B;'bsrelation was retained and the increase in
resistance was 8%. Therefore, it is suggested that most of the 7%
change in resistance observed in the present measurements is of
geometrical origin, The aspect ratio of the sample used in this work
was 6. Since InAs has a mobility of 20,000 cm.” V™ .s' at room
temperature and the sample is extrinsic, it cannot be regarded as

an extended sample, Weiss's sample of aspect ratio 25 must, however,
approximate better to'the infinitely éxtended case, 80 that the 6%
discrepancy between the present measurements and those of Chasmar and
Weiss can be attributed to the sample geometry. The theoretical basis

165
of the B dependence is, however, not understood at present.
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The agreenent between the present results on InAs and results
published by other workers, however, suggests that the sample holder,

furnace and cryostat are all functioning corrcctly.
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CHAPTER 7
INTERPRETATION OF EXPERIMENTAL RESULTS.
7.1. Electrical Properties of InSb/NiSb.
The room temperature (294°K) parameters are summarised in
Table 7.1 below. They provide a useful reference in discussing the
directional anisotropies of the electrical conductivity, Hall

coefficient and "magnetoresistance" behaviour of&samples Ly se-andissy,

Vi TABLE 7.1.

Sample 1 2 3
Orientation (x) A B : C
o Nend 214 210 256
R: Couliend o 190 223
T, (7.3 Kg.) 1.44 9.25 2.84

7.1.1. Electrical Conductivity.

As samples 1 and 2 both possess inclusions that lie
perpendicular to the direction of current flow, their electrical
conductivities should, in theory, be identical. Therefore, an
average value of O] of 212 Q" om. has been taken for purposes of
calculation.

Sample 3, in which the inclusions lie parallel to the
direction of current flow, possesses an electrical conductivity, o3,
of 256127%m:'which is considerably greater than c,. This improvement
in electrical conductivity emerges through part of the InSb matrix
being shorted out by the highly conducting NiSb inclusions.
Theoretically, such an improvement could be attained by adding a
small amount of NiSb in parallel to a sample of pure InSb, so that
a parallel combination of resistors is formed as shown in Fig.23(a).

If the ratio of the volume of inclusions to the volume of matrix
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is %, then a smaller volume ratio, @, » is necessary to produce
by means of this simple equivalent model, in which matrix-inclusion-
matrix current flow is eliminated.
If the electrical conductivities of InSb and NiSb are o3

and o) respectively, then for sample 3,

o-l-l —] 0-‘ 4 O—N;jl (701)
l+¢ 1+3
For @, { 0.02
O ki o eritoy o) (7.2)

The other electrical conductivity, J; , observed with samples 1 and
2 may arise from regular elements of InSb in series with very thin
NiSb elements as in the composite model shown in Fig.7 and in

Fig.23(b). This model yields

il e ROz DN O (7.3)
S S.0; (1 + @)

Putting O,[0;= M, this gives

C = Gi(l+ g)
For @, {0.02 and M) 10
0L = Gll+g) =0 (7.4)

This is essentially the same result as that obtained from the
model of the InSb/Sb eutectic system put forward by Liebmann &
Millar, which consisted of an element of Sb in series with a parallel
combination of Sb and InSb elements.

Equation (7.4) shows that even if volume of NiSb in samples
1 and 2 differ from each other and from sample 3, so long as the orders
of magnitude are comparable, equation (7.4) remains true, so that the
electrical conductivity O is characteristic of the InSb matrix.

From (7.2) and (7.4),

Sk Mg (7.5)
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Equation (7.5) links the two principal electrical
conductivities obtainable by the addition of a small amount of
unidirectionally orientated inclusions of NiSb to InSb,

The experimentally obtained electrical conductivities of
InSb/NiSb samples 1, 2 and 3 are shown in Fig.24. The two values
of J; were observed to fall progressively, even when the temperature
was reduced below 100°K. This reduction in electrical conductivity
occurs as a result of the removal of intrinsic carriers. The
electrical conductivity of semiconductors generally, however, reaches
a minimum value and then starts to increase when the temperature is
lowercd into the extrinsic range. The increase in electrical
conductivity arises from the increase in carrier mobility that occurs
when ionised impurity scattering replaces lattice scattering as the
dominant scattering mechanism, An electrical conductivity of similar
temperature dependence to that observed with InSb/NiSb samples 1 and
304 (TR q;) below 1OOOK, has, however, been reported by Putleysgrom
work carried out on a sample of In3b containing 2 x 10'® acceptors
cm.

The electrical conductivity of sample 3, namely Oy ,
coincided with O at very high temperatures but diverged to a much
higher value as the temperature was lowered. This can be explained
using eguation (7.5) by calculating the ratio M using electrical data
for NiSb published by Wagini for the range 100%K to SOOOK,
extrapolating up to 528°K and assuming (7.4) to be true. From the
values of M, and & , the most appropriate value of ¢‘ may be

deduced for the range above room temperature., A set of theoretical

values for O] may then be calculated as in Table 7.2.
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TABLE 7.2.

Effective Volume ratio, @ = 6.1 x 10™%

Temperature 294 331 367 409 450 528
79K
Experimental 212 381 605 920 |1204 | 1906
%2 o
M 434 219 121 76.0 | 51,0 | 28,6
Theoretical 256 432 650 970 11240 | 1940
Ou =\ + Mg,
Experimental 256 447 690 950 | 1270 | 2000
O,

Below room temperature, however, equation (7.5) becomes

invalid as impurity conduction becomes increasingly important and o
can no longer be assumed to be the same for samples in the two
orientations, The reason for this is that impurity atoms tend to
accumulate in lattice faults. The concentrations of impurity atoms
collecting at dislocations where the InSb and NiSb lattices are
mismatched are, therefore, probably quite different for inclusions
lying respectively perpendicular and parallel to the growth direction.,
Above room temperature, however, such differences are submerged by the

intrinsic nature of the conduction, so that (7.4) remains true.
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T.1l.2. Hall Coefficient.

At low temperatures the Hall Coefficients of all three
samples of InSb/NiSb, R:, Ri and Ri, take values which differ
radically with orientation, as shown in Fig.25. The Hall
coefficient measured with sample 1 in orientation A was observed to
change sign at a lower temperature than either sample 2 in
orientation B, or sample 3 in orientation C, suggesting that it was
the purest sample., This figure also shows that the inclusion rods
in samples 2 and 3 cause substantial shorting of the Hall voltage.

As the temperature increased, however, and cq.approaches Oy» less
shorting was present and the values of R:, R: and R: tended to
converge.

Bearing these conclusions in mind, it is clear that the
results obtained from sample 1 in orientation A are most
characteristic of the InSb matrix. Since the aspect ratio of this
sample is approximately eight, then in the intrinsic range, the sample
approximates to the extended case. Therefore, G(fkn,em) =1 and
R: = RH’ the Hall coefficient of the InSb matrix. Henceforth, R:
and RH are regarded as synonymous, the low field value being taken
for purposes of calculation, as this represents the case of minimal
current distortion in sample 1 (See 2.2.8). Following this procedure
makes little difference, however, as the Hall coefficient varies little
with magnetic field as shown by Figs. 28(a) to 31(a).

Using equation (2.26) and the extrinsic Hall coefficient at
77°K the acceptor concentration NA= 10‘Scm. ’was deduced. Substitution
of the low field Hall coefficient into equation (2.32) allows the
electron concentration, n, to be deduced at any temperature in the
intrinsic range. Since ¢ = n/p = n/(n + N,), the concentration ratio

can also be calculated., Further, as n, = n/VE", the variation of
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intrinsic carrier concentration with temperature can be found.

For a semiconductor with spherical constant energy surfaces,
with energy gap E, at OOK, an electron effective mass me and hole
effective mass m,, the intrinsic carrier concentration, neglecting

degeneracy, is given by
3.

T”’—' (2TTK) (rrn_n:’)lMP(-ﬁq-) (7.6)

2KT
Assuming that this formula applies to InSb/NiSb sample 1

a logarithmic plot of ni/Ts'; v. |/T was made and as shown in Fig.26,
gave

e 32 -3
n=4.8x10 T exp(_ 0,26) carriers cm,

2kT

The value of the energy gap at 0°K of 0.26 eV compares well
with the values of 0.25 eV. and 0.26 eV. measured by Steigmeier and
Hrostowskifzrespectively.

In the extrinsic range the product of R, and 07, that is the
hole mobility, obtained with sample 1 (-~10s cm%Vf'seé:') was less
than would be expected for InSb., This is thought to be the result of
additional scattering arising from dislocations, and ionised atoms of
Ni, In and Sb occuring mainly in unpaired bonds, around the
inclusions.

Between the extrinsic and intrinsic ranges the values of the
experimental parameters depend on the mobilities and carrier
concentrations of intrinsic and extrinsic carriers, which are all
unknown quantities., As no interpretation has been made for this range,
some of the results obtained are not given graphically but are
included in Appendix 2., The results obtained at 77°K are given,
with a brief discussion, in Appendix 3.

Above room temperature, where the electrical parameters

depend on the intrinsic carriers, the electron mobility may be found
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from equation (2.33). From the previous discussion of Hall
coefficient and electrical conductivity it follows that this
equation may only be applied to sample 1 in orientation A, so that
n: O; = Mg, the electron mobility of InSb/NiSb, and that Me
is, in theory, characteristic of the InSb matrix. The logarithmic
plot of me(i.e. R:QE) v I/T does not possess a constant slope
between 290°K and 700°K as shown by‘Fig.27. By approximating this

=168
curve to a straight line, however, a /Jec!T' law was deduced over

(v 1~18)
this range of temperature. This agrees with the T dependence

63
observed by Chasmar and that of T R observed by Madelung and

Weiss for InSb., The results are also in agreement with the T.“7
dependence predicted theoretically by Ehrenreich, on the basis of
combined polar and electron-hole scattering. This suggests that the
electron mobility of InSb/NiSb is, in fact, characteristic of the
InSb matrix.

Figa27 also shows that the values of IR:'CY(t) converge at
high temperatures. This is a consequence of 0, approaching GL as the
temperature incrcases.

In order to arrive at a qualitative understanding of the
Hall coefficients observed with sample 2 in orientation B (e.g. see
7.1) in which pseudo-geometrical effects occur, the composite model
described in section 2.2.2. was adopted.

Since the Hall angle is invariant to changes in sample
geometry, the same Hall angle is present in the InSb layers of the
composite model as in an extended sample. Therefore, the Hall angle,
g,, may be deduced from (2.38) by assuming that the mobility ratio
takes the generally accepted value of 90 at room temperature and using

the experimental parameters obtained from sample 1. If sk and the

8
value of R"/R“ obtained from samples 1 and 2 are substituted into
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(2.46) a unique value c(?h»,en) is defined at a specific Hall angle.
Fron Fig.6(b) it may be seen that this value of G(l/w,ek)

corresponding to the Hall angle, ©

et is satisfied by a single value

of Q1w i.e. 4’ . This value of 2'/001 then constitutes the aspect
ratio of the InSb layers in the composite model shown in Fig.23(b)
and Fig.7.

If iywl renained constant with decreasing magnetic field the
Hall coefficient RE would vary in such a way that R{/R, followed a
single curve of Fig.6(b). The results contained in Figs.32(a) to
35(a) however, show that R: and therefore R:/R“ remains fairly
constant for the range 2kG{ B,{ 8kG., but is lower for Bz<2kc‘r‘
Thereforc, as the magnetic field is reduced less of the Hall voltage
is shorted out than is predicted by Fig.6(b). This is thought to be
the result of some inclusion misorientation which would tend to
reduce the variation of R: with magnetic field. However, since the
Hall angle tends to saturate as B, increases, a single value of
may be approximated to the sample for the larger of the above ranges
of B,, at a fixed temperature.

By assuming that the same mobility ratio prevails for the
range 3OOOK to 700°K, calculating the Hall angles and evaluating
R:/R” experimentally, other values of ﬁlhﬂ’ may also be associated
with the composite model at higher temperatures. These show that as
the temperature is increased, tan@, and therefore 6, decrease and
A'/w" increases ns O; approaches Oy. If 0o3/07 remained constant with
increasing sample temperature the composite model would retain the
same aspect ratio IVuf and theexperimentally deduced value of
G(.Xﬁuagem) would follow a single curve of Fig.6(b). Since,
howcver,dz/af reduces with increasing temperature, less shorting of

the Hall voltage occurs so that £7wW’ must increase and consequently
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R: and R“ must converge at high temperatures.

Sample 3, in orientation C, contains inclusions which lie
parallel to the direction of current flow and, therefore,
perpendicular to the Hall voltage. Sample 1, in orientation A,
contains inclusions which also lie perpendicular to the Hall
voltage. Thereforc, at first glance it might be expected that no
nore transverse voltage shorting would occur in sample 3 than in
sample 1, and that the same undisturbed Hall coefficient would be
observed. The room temperature measurements in section 7.l.,
however, shqw that R: is strikingly low compared with RH(=123X
In order to explain this disparity, a closer examination of the real
gignificance of the parameter denoted as R: is required.

The model representing sample 3 in orientation C is shown
in Fig.23(a). In this model the cross-sectional areas of InSb and
NiSb (shown shaded) are A and a respectively. The parallel
resistances of InSb and NiSb are R, and R, respectivity, where

R, = and R, =1L

L | —
C. A Ca
) L)
and L is the length of sample 3.
If current i, flows in R, and current i, flows in Ry,

the total sample current i is given by

i - il + iz (7-7)
and 1,R,= 1,R,. (7.8)
Since from (7.5), (7.7) and (7.8),

i,= m (7-9)

Recalling that the expressins deduced for the Hall
coefficiont in Chapter 2 were based on the assumption that the
sanmple was perfectly homogeneous and that all the sample current, i,

contributed to the Hall voltage, then clearly R: does not represent
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the true value of the Hall coefficient of sample 3. The transverse
voltage in sample 3 is built up in the InSb component only. This
component carries current i, which is related to i by equation (7.9).
Conscquently, the experimentally observed Hall coefficient, R; s 1s
underestimated by a factor (1 + Mﬂﬂ). The correct value of the Hall

coefficient, Raﬂ is given by

ct
R“ = R: (1 + M¢|)
= Rﬁ Tu from (7.5). (7.10)
o)

Therefore, provided that the electrical conductivities G and O]

are known, the correct value of the Hall coefficient may be

calculated for all temperatures from (7.10).

, Proceeding to correct the room temperature value of

¢

H
A ires

Comparison of the latter value with R, = R, = 327 coul.<m.,

R, = 223 coulf'cwng , & value of R:t= 270 coulomb-zm? is obtained.
obtained with sample 1, shows that a substantial part of the Hall
voltage is shorted out in sample 3. This infers that some of the
inclusions in sample 3 possess a small degree of misorientation.

As with sample 2, a "geometry" may be assigned to sample 3 _
from the value of the ratio Rﬁ'/R“ and Fig.6(b), provided the Hall
angle is known. The value of this parameter may be determined in the
following mannor,

The current i, arises from the application of a longitudinal

electric field Ey, where

Eg = (z.1a
i T )

The effect of applying the same electric field E , to a pure
sample of InSb, having the same values of L and (A + a) as sample 3,
will now be considered. If the pure sample of resistance R, and

conductivity O; carriers a current i,, then
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Ry=__L (7.12)

A+a
and 4= j, (A + a) (7.13)
where J = O Ey l (7.14)

Fron (7.13 and (7.14),

Wi ol ' (7.15)
“ zﬂ + :‘.50’1

Equation (7.15) and (7.11) yield

1=01i=(1+Mg), (7.16)
G 3
For the pure specinen the transverse celectric field is

given by
B= RJB,
S By= inB (7.17)
A+ a

The transverse electric field E; arising from the current density
j; in the In3b conponent of sanple 3, is given by
/ /
E!= RanBz

= Ryd,B;. (7.18)
Iy .

Subatituting fron (7.9),

E= _Rud B (7.19)
I OA+ug)

Fror (7.16),
/
E,= RyieBz (7.20)
A

Comparison of (7.20) and (7.17) shows that
E;a Ey when a { A, as in sanple 3.

Therefore, the Hall angle, e% = tan (Es/Ex), present in an
extonded sample of pure InSb, is conserved in the InSb component of
InSb/NiSb sanple 3 in orientation C. This means that the Hall angle
obtained from sanple 1 nay also be used with Rﬂ?Rkand Fig.6(b)

4
to deternine tho "geoometry", V/w  associated with the shorting .
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produced in sample 3.

Pigs. 36(a) to 39(a) show the experimentally observed Hall
coefficients, R:, obtained at various temperatures with sample 3.
In common with sample 2 the values below 2kG are relatively low
compared with those in the range 2kG{ B,{8kG. Further, as in the
case of sample 2, the value of l'hn' also increases with temperature,
so that Rf: and therefore R: converges with R: and RN(=R::) at high

temperaturcs.
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T.1.3. Transverse "Magnetoresistance"

The term "Magnetoresistance" in the above section heading is
applied loosely to describe the relative increases in the resistivity
of InSb/NiSb specimens that are subjected to a transverse magnetic
field.

The room temperature values of the relative resistances
rA 3 re and o brought about by a 7.3 kG. magnetic field, shown in
section T7.l., differ grcatly with orientation as different
"geometries" are created by the inclusions. The way in which each
value arises will now be discussed.

As previously explained, the behaviour of the Hall
coefficient and electrical conductivity of InSb/NiSb sample 1 in
orientation A approximates closely to the behaviour of the InSb
matrix., Samples of pure InSb of aspect ratio 1#»}5, however, show
no apprecinble geometrical effects, so that the relative resistance
of pure InSb, from (2.46) is given by

r=r_  as 15==1

For InSb/NiSb sanple 1 the sample dimensions ensure that the
eriterion f/w ) 5 is also obeyed, so that it would be expected that
mixed conduction alone would be responsible for the increase in

resistance, and that from (2.41),

r=1r=1 +/4%§: (7.21)
c

Inserting the room temperature parameters into (7.21) gives
T, = 1,30, compared with the experimental value of r = 1.44
obtained in a magnetic field of 7.3 kG.

The discrepancy between these two values can arise either
from current distortions preosent at the inclusion boundaries as
deseribed in 2.2.3., or through a very small reduction in Hall

voltage due to slight inclusion misorientation. Whatever the source
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of the discrepancy is, an essentially "geometrical" inecrease in
resistance is present in sample 1 in orientation A. The
discrepancy may be resolved by providing a suitable "geometrical"

contribution, r,, from which the corresponding "geometry" £ 1"

3
nay be calculated.

When, over the experimental range of magnetic fields, the
necessary values of r, are plotted against the corresponding
values of tsmem a linear dependence emerged of Ty increasing with
tan em . Extrapolating Ty to a large Hall angle ( 9~= tan 7) as in
Fig.28(b) then allowed {”/w” to be determined from (2.41) i.e.

r = 1 + w/[8tang, - 41n2]'
S L) 1 ‘

The relative resistance of InSb/NiSb sample 1 in

orientation A was then given theorectically by
T =TT

The theorotical and experimental values of T, v B,
have been plotted for room temperature in Fig. 28(c). The values
of Iy necessary give agreement with the experimentally observed
values of r, suggested that the theoretical sample geometry 2"
was in this case approximately 24. Since, however, 1”/‘*‘")5 then
from Fig.6(a), the Hall coefficients measured with sample 1 in
orientation A nre not lowored by the presence of inclusions.

By following the procoss described above, other values of
13 and b "/w” were assigned sanmple 1 at higher temperatures, as shown
in Pigs. 29 b) to 31(b). The experimental values and the theoretical

curves for r, are then given in Figs. 29(c) to 31(c). The results

7
show that with increasing temperature the geometrical contribution,
7, » falls and that the value of the parameter 2"/ ” shows a

consoquent ineronse, The comparatively low value of l”/w” obtained



Fig.28

PROPERTIES OF InSb/NiSb SAMPLE 1 IN ORIENTATION A, AT 294°k

(2) Hall Coefficient (R) V Magnetic Field (B, )

A -1 3
_RHrcoul. cm.
340 L
]
- - A ® —— — 8
‘ L ]
320 |
300 ! ! 1 1 | 1 1
0 1 2 3 4 5 Bz KG 6 7

1-4

rg 3 '
i
12| w29
1.0 L 1 1 1 1 1 1
0 1 2 3 4 7
Tan 8 _

(C) Relative Resistance (r,) V Magnetic Field (B,)

1.6
e Experimental values
--- Mixed conduction component, r_

] =

A

197 — Theoretical, r,= 1, rg




Fig.29

PROPERTIES OF InSb/NiSb SAMPLE 1 IN ORIENTATION A, AT 367°k

(a) Hall Coefficient (R:) V Magnetic Field (Bz)

A .| 3
_R“ Fcoul. cm.
100 |
' 3 b a . >
2
80 L
60 1 1 i 1 - 1 1
0 1 2 3 4 0 B kG 6 7

1.4

-
fq .
1 2 3 ‘Qu U
Uun_az'
1.0 1 1 1 1 | |
0 1 2 3 5
Tan 6

(C) Relative Resistance (r,) V Magnetic Field (B,)

1.3 : LT,
: e Experimental values

A --~- Mixed conduction component, r_

1 —— Theoretical, n,=r, rg e




Fig.30

PROPERTIES OF 1nSb/NiSb SAMPLE 1 IN ORIENTATION A, AT 528°k

() Hall Coetficient (Ry) V Magnetic Field (B,)

5 i'em
-R | coul.cm.
17|
15 E w A o *—o—
°
-
13 1 1 1 1 i | |
0 1 2 3 4 o 6 7

(b) Geometrical Resistance (rg) V Tan Hall Angle (Tan )
JEL

g

1-2

5
Tan 6
(C) Relative Resistance (r,) V Magnetic Field (B,)

r e Experimental values

110 - - - Mixed conduction component, rp,
e | —— Theoretical, n= rr 7

9

1.05

1.00




EigasH

PROPERTIES OF InSb/NiSb SAMPLE 1, ORIENTATION A, AT 698 k.

(a) Hall Coefficient (R;) V Magnetic Field (B,)

A = 3
_.RH coul.cm
a5
6 |
— e ~ e
4
2 —
0 Al ¢ 1 1 | ] 1 1
0 1 2 3 4 5 6 7
B, kG

(b) Geometrical Resistance (rg) V Tan Hall Angle (Tan 6,)

1.4
7
Tg i
1'2‘ B Q” A
=
1.0 1 1 1 1 oA AR |
0 1 2 3 4 7
Tan 6 .

(C) Relative Resistance (r ) V Magnetic Field (B,)

Bl e Experimental values B
1.04 -~~~ Mixed conduction component, r,
. r- *
—— Theoretical, r,= ry fq
1.02
1.00 L




97
at the highest temperature (698°K) however, appears to break this
trend. This behaviour is consistent with an underestimation of ok
and tanem, probably arising from a reduced mobility ratio at 700°K.

In orientation B, the inclusion rods of sample 2 lie with
their long axes perpendicular to the sample current and the
magnetic field. The resulting shorting of the Hall voltage reduces
the Hall coefficient, R, to the measured value, Rz . It was shown
in 7.1.2. that the composite model in Fig.7 and Fig.23(b) applies
to this case, and that from the ratio R:/RH and the Hall angle,
unique geometry fﬁwl. could be assigned to each of the InSb
clements present. It was also shown that since the Hall angle is
conserved in all three samples, for given temperature and magnetic
field, the value of § obtained from sample 1 in orientation A could
be used to identify the appropriate value of f’/w/. Knowing l'/w,;
15 may then be found from Fig.5, at a given temperature. Further,
as the mixed conduction component, T is also known from sample 1,
then the total rclative resistance of sample 2 in orientation B may
be calculated from (2.45) i.e.

A rmr3

Following the above procedure the value of the relative
resistance, r;, nay be deduced over a range of magnetic fields and
sample temperatures. The theoretical curves of T, obtained using
this method, in such cases are shown together with the experimental
values in Figs. 32(b) to 35(b). The various sanple temperatures and
particular values of 2705' obtained are also identified.

For the same reasons that govern the behaviour of sample 1,
the rclative resistance is observed to fall with increasing
tenperature. The very large changes in sample resistance produced

by samples containing inclusions orientated as in sample 2, do,
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| however, suggest that InSb/NiSb has possible practical application
as a switching device or for constructing variable resistances
without moving parts.

Sample 3 in orientation C contains inclusions which lie
along the direcction of current flow, so that an improved electrical

conductivity, G, , results., According to the model representing

’ this sample, shown in Fig 23(&), 0n 1s given by
o =0 + o8

The increase in resistance produced by the magnetic field
in this sample is attributable to the InSb components alone.
Thercfore the ratio of the electrical conductivity in zero magnetic
ficld to that produced by a given magnetic field does not reflect
the relative resistance of the InSb present.

Rewriting the above expression for the electrical
conductivitics in the absence of an applied magnetic field,

o =0 - O (7.22)

In the presence of a magnetic field Bz, this becomes

o.(8) = o;(8.) - 0, (8,)¢, (7.23)

Further, as the increase in resistance in NiSb is

negligible compared with that due to InSb,
q(Bz”A - U-N ¢|

Therefore, (7.23) becomes
G (8)= o,(8) - o4 (7.24)
Using the above cquation,

r = 07 — U‘-

A

5.(8) G362 - 0L,

[
MOQJ-J—O-N¢
R

oo T = I where T

'rl-é g-" et M¢l "W (Bz)

L
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Further, as G, - | = Mfdl
o.
“
o |
il Cum— O—\I—-l)
c c;
aie R {
| — & =
5 (1= %)

per l (7.25)

<

This expression gives the valué of the experimental
parameter r, . If a perfectly orientated inclusion éystem were present
in sanple 3, the cofrocted Hall coefficient, R:f,‘would be equal to R".
However, RH> R;t , as shown in 7.1.2. so that the orientation of the

inclusion systen was not perfect and "geometrical" influence is

present in sample 3 and r = r, T, in (7.25).

Proceeding as before, the approériate value of can be
found from the ratio Rt.t/RH and the Hall angle, which has already
been shown to have the same value as in sample 1. Knowing the
"geometry" and the Hall angle, Ib may be found from Fig.5 and r
may be calculated from (7.25). The values of T, and 17“; deduced
in this way for various magnetic fields and temperaturcs are shown in
Figs. 36(c) to 39(c), while a plot of r, v tanB is given in
Figs. 36(b) to 39(b).

The figures show a deterioration in the agreement obtained
between the experimental and theoretical values of r, as the.
temperature rises, This is a result of the excessive demands made on
the accuracy of the experimental parameters associated with the

application of (7.25). at high temperatures., In common with samples

1 and 2, however, the "geometrical" effects in sample B are reduced
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PROPERTIES OF 1nSb/NiSb SAMPLE 3 IN ORIENTATION C AT 370°k’

(a) Hall Coefficient (R:) V Magnetic Field (Bz)

c -1 3

-RH[’coul.cm
90
5 o S
70 E , = )
| 0
50 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7

(b) Geomelrical Resistance (rg) V Tan Hall Angle (Tan em)
3

Tan em

(C) Relative Resistance (r ) V Magnetic Field (B,)
4

—

o Experimental values,

—— Theoretical.
< il .= !
(L)
0L m g
4
i




Fig 388

PROPERTIES OF 1nSb/NiSb SAMPLE 3 IN ORIENTATION C,AT 529°k.
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PROPERTIES OF InSb/NiSb SAMPLE 3 IN ORIENTATION C,AT 683°k
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i The conclusion that some inclusion nisorientation exists in
lsgmple 3 is strongly supported by the room tenperature ;esuits bf‘

eiss and Wilhelm. Their specimen of InSb/ﬁiSb shows A.very.mﬁch, 
ff'sma;ler difference in the relative resistances obtaineé in f?6§ i

d'gamples in orientations A and C togecther with a greater resistance

1anhancement in orientation B.
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T.2. Thermoeclectric Power.

For the case of inclusion rods parallel to the applied
temperature gradient, AT, the same model is used as for the case of
electrical conductivity. The observed thermoelectric power of the
InSb/NiSb sanmple, &, is linked to the absolute thermoelectric powers

of the constituents InSb and NiSb, «; and X respectively by the

relationship

& = ol + Qi+ K= L) (7.26)
Pl + )+ 087\ + &)

where/LL and‘/L are the resistivities of InSb and NiSb respectively

and ¢g is the ratio of the volume of NiSb to the volume of NiSb.
Clearly, if a different sanple of InSb/NiSb is used to measure the
thermoclectric power than is used to measure the electrical
conductivity then &, 4.

From (7.26),

of T iots _( oyl TN (7.27)
|+ MY

where M = 0. /0,
Measurcments of the thermoelectric power of NiSb by Wagini
show that IO(J«lO(‘I at all temperatures, so that

L ANTOCCE (7.28)
4 | + Mg,

For the case of inclusion rods perpendicular to the
temperature gradient, the resultant thermoelectric power may be
obtained from the model in 23(b).

Wagini has shown that at room temperature the thermoelectric
power of NiSb, X , is small and positive and, therefore, if the total
temperature drop over all the InSb layers is AT; and the total

temperature drop over the NiSb layers is AT, , then
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X AT LS ol ATt - EOCHNT (7.29)
U0 O ARl s ATy
Al ey A N N T

From the flow of heat perpendicular to the InSb and NiSb
layers, for ,52\( 0.02, from 7.3, AT;/AT = KL/KA-‘.;’I. It also
follows that ATN/AT == (KL/KN)gf; is neglible since from Wagini's
results I%}K’_.

o = X; (7.30)

Since the absolute thermoelectric power of NiSb is small and
positive then the application of a thermal gradient perpendicular to
the inclusion rod axes causes circulating currents to develop around
the inclusions. 3By applying a model that takes these currents into
account, Liebmann and Millar obtained an expression which also
reduced to (7.30) for small gﬁ,

Combining (7.28) and (7.30), it is possible to relate the

thermoelectric powers measured in both orientations in the form

o = oS (7.31)
i+ Mg,
or o = o, (I + Mg) (7.32)

Equation (7.30) suggests that the thermoelectric power of a
specimen of InSb/NiSb, with inclusions pointing perpendicular to the
applied temperature gradient, approximate to that of the InSt matrix
alone. This is so even if the volume ratio of NiSb to InSb is
different from 5252, as in the case of electrical condu‘ctivity.

The experimental measurements of ¥, and & against
temperature are shown together with those of Antell, Chasmar et al
in Fig.40. Direct comparison shows that the thermoelectrié power of
InSb/NiSb is in fact slightly lower than that of InSbh., However,
(7.30) remains a reasonable approximation and the ¢, v T curve has

been used to provide values for the effective mass of the electrons
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at various temperatures. By making the same general assumptions as
Chasnmar and Stratton‘:he values of effective mass, mndobtained from
InSb/NiSb nay be compared with those obtained from InSb. Therefore,
for purposes of comparison it has been assumed that InSb/NiSb has
parabolic energy bands and carriers which undergo thermal acoustic
scattering. Using the expressions deriwved in 2,2 the values

contained in Table 7.3 were deduced, where m, is the clectronic

nass.

TABLE 7.3.

Temperature °K 300 400 500 600
Madx10* InSb 2.3 3,0 3.4 -
Mo

?—‘“ndx 102 InSb/NiSb | 2.2 3.0 3.3 3.8

The close correspondence in Table 7.3 supports the
contention that InSb/NiSb in a particular orientation approximately
reflects the behaviour of the InSb matrix as implied by (7.30).

The relationship (7.31) was examined in the following way.
Since o& and M are both known quantities, insertion of the most
suitable effective volume ratio, 52!“ gives a theoretical value of |,
which may be directly compared with the experimental value as in

Table 7040



TABLE 7.4.

Effective volume ratio, ys = 1.83 x 10

l

Xu

Tenperature T°K 294 | 331 | 367 | 409 | 450 | 528

Experimental ( V/°Kk) | 280 | 258 | 237 | 217 | 194 | 170
&L = ol; ]

Theoretical ( V/°K) | 156 | 184 | 194 | 190 | 178 | 162
o(u : dL(' Az M¢z)-‘

Experinental ( V/°K) | 156 | 189 | 185 | 180 | 175 | 166

The calculated o( v T curve is shown dashed in Fig.40

and nay be seen to follow the experimental , v T curve in &

qualitative manner.

104
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T7.3. Thermal Conductivity.

The same models as were used to discuss the electrical
conductivity of InSb/NiSb were enployed. When a temperature
gradient is applied parallel to the axes of the inclusions, then the
nodel in 23(a) is used to describe the flow of heat through the InSb
and NiSb layers. In analogy to (7.2) the equation

K, = K, +K,¥, (7.33)
nay be written. X, 1is the thermal conductivity of the InSb
sample and K{ and K are the thermal conductivities of the InSb and
NiSb layers. Since the same sanmple was used to measure K, and Xy
the same volume ratio §, must be retained.

When a temperature gradient is applied perpendicular to the

axes of the inclusions, in analogy to (7.3),

K.I. = Ky (1 + @2 (7'34)

where N = K“/Ki.

From the results of Wagini N has a value of 5.2 at 300°K.
Since the values of resistivity and thermal conductivity show that
the Wiedemann Franz law [i.c. KN = ('n2/3)(k/ejld;TJ is obeyed by
NiSbh at 300°K and 400°K the value of K“ has been calculated assuming
it is also obeyed at SOOOK. The value of K deduced in this way
showed that N increased to a value of 8.2. From the orders of

magnitude involved (7.34) reduced to

K, 2K, (1+4) =K, (7.35)
Fron (7.3%3) and (7.35),
K, =K, (1+0N¢) (7.36)

In this case also (7.35) remains true even if a different
volume ratio is present in the sample in which the inclusions are

orientated perpendicular to the temperature gradient, so long as the
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order of magnitude is the same as that ofyg . This suggests that
if measurements are taken in this orientation, the results obtained
arc characteristic of the InSb matrix. Comparison with the results
of Stucke;s(Fig.4l) shows that the value of K, is appreciably lower
than the thermal conductivity of pure InSb (2 x 10'5 acceptors cnf3),
over the range 300°K to 600°K. The difference between the two
curves is due to imperfection scattering of phonons., As mentioned
in 2.4.1., the variation in density and elastic forces produced in the
lattice by impurity atoms and imperfections causes additional
scattering of phonons., It was suggested by Peierls that the
additional thermal resistance caused by such scattering was temperature
independent. This suggestion is quantitatively supported by an
expression derived by Sheard‘;or the lattice thermal resistance due
to the presence of substitutional inmpurities. Sheard deduced that the
lattice thernmal resistance, W_, of a snall amount of substitutional

1
impurities is given by

W, o= am(emiin Tk (L_xm o (7.37)
[N K2 6, \™M ) &
Where there are n. scattering centres per unit volume,'a'3
is the volume occupied by each aton (this averages out to
Bed X 10-13 ciio. Zor the Tu'end 84 atons in InSb) and M is the
average mass of a lattice atom. A M then represents the differcnce
in mass between the In lattice atom and the substituted Ni impurity
atom while h and k are the constants of Planck and Boltzmann,
respectively, and EL is the Debye temperature (208°K for InSb).
Substitution of the appropriate values in (7.37) gives
W, =2.11x 10.z$B calj.cm sec. °K. (7.38)
For InSb containing 1% Ni atoms, in rough agreement with the

-3

20
microscopy findings n_ takes a value of about 3 x 10 atoms cm.

S
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The lattice thermal resistance arising from the substitution of
I x 10zo atoms of Ni atoms for In atoms in InSb by (7.38) takeé a
temperature independent value of order 6 cal:‘cm.sec.oK. :

The experimental results show that (W W ) (x K-
takes values of 3 at 4OOOK and 7 at SOOOK. Therefore, the
expression derived by Sheard gives a value of the right order of
magnitude for the observed increase in thermal resistance, but does
not, hbwever, provide a complete explanation of its temperature
dependence,

The variation of the electronic cémponent of the thermal
conductivity may be determined as outlined in 2.4.2. The values

of X} q, 4,, B, and B, obtained at various temperatures are given

in Table 7.5 below.

TABLE 7.5

Tenperature X q A B B

~ 350°K =151 2 3.3 | 3.7 | 3.5

~ 450°K -1.5 0 2t o g | St

~ 550°K =19 0 Segil %9 SllotE

The above results allowed the electronic component of the
thermal conductivity to be calculated from (2.58). The results
the calculation are shown as Ké; in Fig.41, together with the
experimental plots of K, and K, against temperature. The lattice

component K _, was then determined from (2.56) and is shown in Fig,42.

1

This confirms that the lattice cemponent of InSb/NiSb, K _ , tends
-l -

from a T variation at 300°K to a T ‘zvnriation at 580°K..

Therefore, as the temperaturc rises an increasing number of 4 phonon
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processes occur along with the three phonon proccsses present. This
is in agreement with the deductions of Stuckes and Steigmeier from
work on InSb,

Despite the reduction of the thermal conductivity of the
InSb matrix brought about by the presence of impurity atoms, (7.36)
should still remain approximately true if the iméurity distribution
is approximately isotropic. From the experimentally measured values
of K, and the calculated value of N [i.e.K“/KL, assuning (7.35) to be
true] and putting yﬂ:: 1.83 x 10-3, the theoretical values of K‘|

shown in Table 7.6 were calculated.,

"~ TABLE 7.6.
2, = 1.83 x 1073
Temperature °K | 300 | 350 | 400 | 450 500
Experimental 3436 | 3.00 | 2.48 | 2,16 1,95
Koz 107 e
cle-t em™'°K 3
N 5.35 6.00 6.70 7060 8-20
Theoretical 54071 F,04 122551 | 2,19 1.98
Ky x 1072
c‘- [0 i (4
Experimental 3.38 | 3,02 2.56 2.36 2.19
Ky x 10-°2
| cligTtemat okt

As shown in Table 7.6., the theoretically predicted values

of X, are in good agreement with the experimental values up to

n
400°K, after which the experimental values diverge above the ¢alculated
values. This, however, could be due to an underestimate of KN at the

higher temperaturecs.
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T.4. Discussion.

Using a simple model the anisotropy of the electrical
conductivity and thermoelectric power has been explained in terms
of an apparent volume ratios of NiSb in InSb, However, the
apparent volume ratio necessary to explain the electrical
conductivity results ;4 was 6.1 x 10" % whercas a volume ratio, ,
three times larger than this was necessary to explain the thermo-
electric power results,

Some light is shed on the values of 56\ and ¢z by examining
the constriction of the lines of current flow brought about by the
inclusions, When the inclusions lie perpendicular to the current
flow the electrical conductivity is characteristic of the matrix so
that the shorting of the matrix caused by the inclusions is
counteracted by the increase in resistance caused by constricting the
current flows When the inclusions lie parallel to the current flow
a similar increase in resistance arises from the constriction of the
current flow but the shorting is enhanced by the greater length of
inclusion in the direction of current flow, so that the electrical
conductivity is increased.

The electron nmicroscopy ecnabled the structure of the
InSb/NiSb used in the present work to be simplified into "even" layers
containing regularly placed inclusions, separated by "odd" layers of
pure InSb, The inclusions in each even layer were, however, laterally
displaced with respect to those in the next even layer. Further,
adapting the theory of constrictions developed by Holmf7a highly
conducting inclusion of radius A may be assumed to constrict lines of
current flow within a hemisphere of radius 14A to flow through it.
This meant that current lines constricted to flow through an

inclusion in an even layer, did not flow through an inclusion in the
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next similar layer. On the basis that the current lines flowed

through the matrix parallel to the inclusions and through matrix-
inclusion-nmatrix paths the apparent volune ratios @ (6.1 x 107)

and ﬂg(l.83 x 1073 ) were then found to correspond to real volume

ratios of 5.5 x 1072 and T.4 x 10'3, respectively., The implication

that the true volume ratio of the thermoelectric power sample is
greater than that of the electrical conductivity sample by 30% is

certainly a reasonable one, considering the variation in inclusion

density apparent in the electron micrographs. Both real volume

ratios, however, renain of comparable order to the previously

estimated volume ratio of 8 x 10 .
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CHAPTER 8
CONCLUSION

Stercoscan electron microscopy has confirmed that the
InSb/NiSb sample was composed of about 1% by volume of NiSb in a
matrix of InSb. The NiSb was included in the form of orientated
rods of length 2.2}Aand diameter O.72f5 whose density varied
throughout the sample.

The "magnetoresistance", electrical conductivity and Hall
coefficient have been measured from 77°K to 700°K using the
designed sample holder, cryostat and furnace and the chopped D.C.
technique of Dauphinee and Mooser.

Samples were orientated so that the current flowed parallel
and perpendicular to the rods, with the magnetic field always
perpendicular to the current.

The most striking anisotropy observed occurred in the
changes in resistivity brought about by the application of a magnetic
field. According to its orientation, the sample resistivity increased
by factors 9.0, 2.8 and 1.4 respectively, in a TkG magnetic field.

The electrical conductivity observed when the current flowed
parallel to the inclusions was higher than that observed when the
current flowed perpendicular to the inclusions by a factor of 16 at
77°K, but only by a factor of 1.2 at 300°K. When the current
flowed perpendicular to the inclusions the electrical conductivity
of the sample was approximately that of pure InSb. Similarly, the
Hall coefficient was most representative of the matrix when the
inclusions were parallel to the transverse magnetic field.

At 320°K, with the temperature gradient parallel to the
inclusions the thermoelectric power of 184pV°K-'was markedly lower

than the value of 26§pV°K"obtained with the temperature gradient
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perpendicular to the inclusions. The corresponding values at 600°K
were, however, almost identical at about ISQPVOK". The thermo-
electric power obtained with the temperature gradient perpendicular
to the inclusions was fairly close to that obtained from pure InSb,
although the temperature variation appeared to be slightly different.

The thermal conductivity was lower when the temperature
gradient was perpendicular to the inclusions than when it was
parallel to the inclusions. The differencé which was less than 3%
at 320°K, increased to 10% at 600°K. When the temperature gradient
was perpendicular to the inclusions a similar behaviour to that of
rure InSb was observed, but the lattice thermal conductivity of
InSb/NiSb wns noticeably lower over the whole range of measurement.
The increased thermal resistance was of the order of magnitude which
might be expected if 1% of the Indium atoms are replaced by Nickel
atoms.

By adopting simple layer models for the eutectic it has been
possible to give a qualitative account of the various anisotropies
described, in terms of volume ratios which have been shown to be of
the appropriate order of magnitude.

The most useful practical features of InSb/NiSh appear to be
the result of its structural anisotropy. At 77°K, the anisotropy in
electrical conductivity would enable the material to be used as a
current regulator, while at room temperature the large magneto-
resistance available could allow it to be used as a variable
resistance which does not require manual adjustment. The increase
in resistance of a sample of InSb/NiSb in a given magnetic field is,
however, lower than is produced by a Corbino disc sample of pure
InSb., On the other hand, the eutectic allows the "magnetoresistance"

of short broad elements to be combined with the high resistance of
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long, thin samples. Further, the ninefold increase in resistance
- produced by the present sample in a TkG. magnetic field, may be
enhanced by producing a more uniform microstructure, as comparison
with the results of Wilhelm and Weiss confirms.

Since both the electrical conductivity and the magneto-
resistance of the material are strongly temperature dependent, the
anisotropies and hence the usefulness of the material can only be

maintained under conditions of stringent temperature control.
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