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STATEMENT OF ORIGINALITY

The free carrier Faraday Rotation phenomenon was used to obtain
the variation with‘a110y composition, of the effective mass of
electrons at the bottom of the (000) conduction band. The results
obtained from these measurements represent an original contribution.
Combined with the work on magneto-thermoe]ecfric power and iﬁfrared
reflectivity the graphs for the InSb]_xAsX and In]_xGabe alloy
systems are the first consistent and reliable set of curves.

The method of analysis of the data also inherently yielded vajues
for the variation with alloy composition, of the momentum matrix
element, P2. These are aTso original results.

The combination of the Faraday effect measurements and previous
magneforesistance measurement on some single ckysta] GaSb specimens
presented evidence for the first time that the energy separation
between the (000) and <l]i> conduction band minima is function of the
doping of the GaSb specimen. These measurements also yielded a
value for the transverse effective mass of the <111> conduction band
electrons which is consisted with previously reported values obtained

from other theoretich and experimental analyses.



ABSTRACT

Room temperature free carrier Faraday Rotation measurements have
been made on some n-type III-V materials. The data were analysed under
~the basic assumption that the (000) conduction band can be represented
by the Kane dispersion reiation. The experimental data could thus be
fitted to a conduction band model of this tyﬁe by adjusting the
parameters E*, the effective mass band gap and P2, the momentum
matrix element. If values for Ao,-the spin-orbit splitting at I', are
known, the effective mass ratio of electrons at the (000) conduction
X

band edge, mgolm, can be found. For the alloy specimens of the InSb]_xAé

and In]_xGabe systems the variation with alloy composition, x, of

both P? and m* /m have been found. - =\;i
Thé data from the Faraday rotation measureménts on some n-type

single crystal GaSb specimené. were combined With previous magneto- |
resistance data. The analysis yielded a value for the transverse
effective mass ratio of the <111> conduction electrons, mlt/m and the
scattering parameter, s. It was found that for GaSb the energy
separation between the (000) and 411> conduction band minima, AE, is
dependent on the degree of doping of the specimen, y, and that AE

has a small negative temperature coefficient. Values for ay'AE and

%T-AE are given in the thesis.
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CHAPTER 1

INTRODUCTION

i) Historical Background:

In 1845! Michael Faraday noticed that when plane polarised light
was propagated through a slab of "heavy" glass in thevpregence of a N
longitudinal magnetic field, the plane of polarisation was rofated.
Since this discovery, the Faraday effect has been observed in many gases,
liquids and solids but the theory and the mechanism of this phenomenon
‘was not well understood until the fbrmulatioﬁ of Maxwell's "Dynamical
theory of the electromagnetic field" in 1864 and the discovery dethe
Zeeman effect in 1896. It was shortly aftef this‘that.Lorentz;.Drude
and Voigt presented their classical dispersion theories and from these a
greater understanding'was achieved of the Faraday effect and other
magneto-optical phenomena in terms of the motion of an electron in a
magnetic field. The relation between the dispersion and the Faraday
effect was firét givén by Becquerel? in 1897 as, “

=1 dn
8 =5 wuw G

where We is known as the cyclotron resonance frequency, w is the angular

frequency of the radiation and n is the refractive index of the specimen.

In the early twentieth century numerous measurements of the Faraday



effect wéfe‘méde on a number of‘matéria1$3> in order to Verffy Béchérel'é
formu]a; These measurements hoWever, shoWed the formula“to}bévﬁbth -
quantitative]y'and qua1itat1ve1y inadequaté since fotations ofybpposite
signs were observed. Since thén very feQ magneto?optica1 méasurem?nts  A
were made unti]'thé early ]95b's when reSearch on sémiconducting materials
began in earnest;‘ | | | » | o

The discovery of khe semiconducting property was made by Miéhaei'
Faraday‘jn i833 when he found}that the temperature coefficient of |
resistance of silver sulphide was negative. In f874, F.bBraun and A.
Schuster made the first investigations on rectifying systems using mostly
natural crystals such as lead sulphide and copper oxide. -Since then
technological interest in semiconducting materials increased but the
theoretical aspect of these materials was not well understood. In 1925,
Bloch* presgnted his paper on the motion of electrons in a periodic field
and this led to the concept of band structure in semiconductors. In the
early 1950's a quantum mechanical interpretation'of the physical pheno-
mena in semiconductors became possible and the use of magneto-optical
effects as a tool for investigating the band structure was realised.

In 1953 microwave cyclotron resonance meaéurements weré made on
Ge and Si°> and infra-red cyclotron resonance, which requires high pulsed
field techniques for observation, was first measured on InSb®
in 1956. The experimental conditions however, for detecting infra-red
resonances in other materials were very difficult to achieve. Mitche}]7

in 1955 suggested that, in the dispersion term of Becquerel's formula,




there should be a contribution due to free carriers and in 1958, Smith
and Moss® made the first free carrier Faraday rotation measurements on.
InSb. These measurementé showed that the rotation due to free carriers
is proportional to the square of the radiation wavelength used, and
this effect was shdwn to be independent of scattering processes and
dependent only on the shapes of the energy bands. This phenomenon has
become a very useful tool for investigating band structure parémeters '
since the stringent experimental requirements of low temperatures and
single crystals to reduce scattering effects (wcr > 1) prohibits

the observation of cyclotron resonance in many cases.



i) Elementary Band Theory:

Since most solids are cnystaIITne to some degree, the potential
associatgd with the lattice has generally baen regarded.as being 1)
constant throughoﬁt the lattice, ii) periodic with the pefibdicity of the
lattice or iii).qUasi?periodic. In calculations of e]ecpronic'wave
functions and their cérrequngiggwgggrgy levels, for solid stafe,systems
the ions are considered to be atlrest andlthe potential of the lattice is 1
that associated with the ions. The brob]em thus reduces to calculatfng‘
the single electron wavefunction for an e]éctron moving in a potential
field caused by the ions and some average charge distribution of all other
valence electrons and assuming that the wavefunction of the system is a
combination of these single electron wavefunctions. In real crystals the
motion of the ions can be included as a perturbation.

If a constant potential is assumed as in the Sommerfeld model, the
electrons subjected to this field can be represented by p]ane'wavej
functions of the form ¥, = Aexp(ikx) in one diménsion, where k is the

wavevector defining each electron. The corresponding energy values are

h2 k2
2m
in fig. (1; 1(a)).

found to be E = This variation of energy with wavevector is shown
For a periodic potential in one dimension, however, solutions of

the Schrddinger equation were shown by Bloch* to be of the form

¥, = uk(x)exp(ikx) where uk(x) also has the periodicity of the lattice.

Energy variations with k now have discontinuities at k = + BT where a

a
js the lattice parameter. In fig. (1; 1(b)) these discontinuities show



Fig. (i:1): Illustration of the existence of forbidden bands and

the reduced band picture.
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_that at these critical values of k there are forbidden energy values.

Furthermore, since there is a solution of the Schridinger equation
at some k there must also be a solution at (k # Qg) so that the E vs &
curves can be fully drawn out. fhis extenaed band picture is shown in
fig. (15 1(c)). The region between k = 0 and k = %- is thus seen to show
all the allowed energy values and hence ft is only necesggry to sﬁow this
region to describe the complete energy system. The "reduced band" picture
is shown in fig.(1; (d)). “

In three dimensions it is found that for every direction in normal
space discontinuities in energy exist for particular values qf (kx,ky,kz).
These are critical k values. If the first critical k values for all
directions in normal space are plotted in k-space the result will be a
surface of some shape enclosing all allowed energy statesAQp to the first
discohtinuity. This surface is known as the "first Brillouin boundany“
and the enclosed volume is the "“first Brillouin zone". Fig. (1; 2¢a))
shows the first Brillouin zone of the face centered cubic lattice. Each

point in the Brillouin zone correspbnds to a quantum state.

The variation of energy with wave-vector in three dimensions is gener-

ally shown in two ways. Firstly, specific directions in k-space are chosen_

and the‘"reddced band" picture is made use of, in order to show all the
allowed and forbidden energy values. This type of representation is
known as the "band structure diagram". For most cubic semiconductors

the extrema in the energy variations 1ie in the directions possessing the

~



(a)

(b)

L <111> r (000) X <100> K r

Fig. (1:2): First Brillouin zone of the f.c.c. lattice (a).
Band structure of InSb (b).
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highest symmetny such'as‘the <111> and <100> directions. Band structure
"diagrams are generally drawn from the (000) point in the zone to the
Brillouin zone edge in theée directions. 1In fig. (1; 2(b)) the band
structure of InSb is shown together with the group theoretical notations
for certain areas and points of the Brillouin zone.,
The second method of showing energy variations is to plot in k-
space all values of k which have the same energy values for all directions
in normal space. This results in constant energy surfaces. For cubic
materials in the directions of high symmetry tﬁese surfaces are seen to
be either spheres centered about the center of the zone, or ellipsoids-
of revolution centered about the points at the zone edges. S
Most research on semiconductors is aimed at deriving information
about the band structure of each material. Both: experimental and
theoretical work is directed towards the evaluation of band parameters
such as the energy separation between bands, the shapes of these bands

and the number of occupied states.



1i1) Element, Compound and Alloy Semiconduetors:"'

As has been mentioned abdve, the first experimenta1}measurements
of band parameters were made oﬁ Germanium and Silicon®. These element
semiconductors have diamond 1ike crystal structures. The diamond lattice
is a face centered cubic lattice and censists of two interpenetreting
face-centered sub-]atiices displaced from one another along:a body
diegonal by (%, %, %). This kind of lattice possesses a high degree of
symmetry, including an inversion center‘ The band structure arising |
from this type of lattice is shown.in fig. (1; 3(a)) and has certain
. features due to the crystalline symmetry properties, for example the
triply degenerate valence bands at the center of the Brillouin zone
(T point) and the doubly degenerate conduetion bands at the zone edge in
the <100> direction (X point). If spin-orbit effects are taken into '
account oﬁe of the triply degenerate valence bands is split off a small
energy below the other two. The Tower band has spherical'constant»
energy surfaces at I while the other two have “warped" constant energy
surfaces. For Ge the nearest conduction band minima to}the_valence band
are the four minima at the <111> zone edge (L-point). For Si the lowest
conduction bands are the six minima in the <100> direction near the
X-point. The constant energy surfaces at these conduction band minima are
ellipsoids of revolution for both Ge and Si®-!*. Ge has a higher conduction
‘band minimum at the I' point but this is not the case in Si!S.

Since this thesis is concerned with the properties of III-V compounds.

and alloys, a brief review will be given of these materials only.

ﬁli
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. A11 the III-V cdmpounds,cnysia]lise in the zinc.bIendeAstructure.
This is very similar to the diamond structure since the lattice is also
face centered cubic, but hére‘the two interpenetrating:sub-lattices
are formed by different atoms. Although the zinc blende structure
possesses a high dggrée of symmetry it does not have an invefsion center.
' Group'thgoretical calculations show that the lack of this'symmetny‘eIement'
causes a 1ifting of the degeneracy of the <100> bands. The band
structure diagrams of InSb and GaP are shown in figures (1; 3(b)) and
(15 3¢o)). )

| _Numerous electrical, optical and magneto-optical measurements have
been made on InSb, IhAs, InP, GaSb,‘GaAs, GaP and A1Sb. A good review of
this work is given by Madelung!®. These investigations show that for
the indium compounds, GaSb and GaAs thé‘nearest conduction band minimum
to the valence band is at the I point. Threshold optical transitipns
in these materials have been shown to be direct transitions. For GaP and
A1Sb however the threshold transitions are indirect and are from the
valence band to a <100> conduction band minimum. The two materials chosen
for fig. (1; 3(b)) and fig. (1; 3(c)) demonstrate this difference. Table
(1A) gives a summary of the band structure parameters obtained from
numberous electrical, magnetic, optical and magneto-optical experiments on’
I1I-v cdmpounds. Furthermore, results of cyclotron resonance experiments
on single crystals show that for those III-V compounds in which the
threshold optical transitions are direct the constant energy surfaces for

the (000) conduction band minimum are spherical and the constant energy
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Parameter -InSb InAs Gasb | :GaAs | :GaP
Towest conduction (000) (000) (000) | -(000) | <100->
band , : .

next lowest . : -
conduction band <111> <111> <111> <100> (000)
energy gap
Eo (ev) 0.18 0.36 0.73 1.38 2.78
Spin-orbit '
splitting, 4  (ev) | 0.82 | 0.38 | 0.82 | 0.35 | 0.10
Effective mass

mgo/m 0.013 0.025 0.045 0.068 0.135

TABLE 1A
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surfaces for the secondary conduction bands are ellipsoids of revolution.
It has been postulated that the valence band maximé for the I11-V

compounds do not lie at the zone center but are 1ocated”some distance

in the <111> direction. Some recent results®? show this to be the case in

InSb but evidence to support this in other III-V materials is still forthcoming!?.
The technological applications of these III-V coﬁpounds in devices

has motivated an extensive search for new materials and therefore a

number of laboratories have begun research programs on semiconducting

alloys. As a result of this it was found that two III-V compounds could

be combined to form solid solution in which only one zinc blende phase

is present. This work is being actively carried on in this laboratory. -

A review of the preparation procedures and degree of success achieved

in many III-V compounds is given by Coderre!®.

The fact that the III-V semiconductor alloys are disordered can -
be more easily explained if the pseudo-binary system InSb-GaSb is chosen
as an example. Here as small amounts of GaSb are added to InSb some of
the indium atoms are substitutionally replaced by gé]]ium atoms. This
is a completely random process and is responsible for the disorder in.
T1I-V alloys. It has been found that for this system a complete range
of solid solution can be obtained in which only one zinc blende phase is
present at any given composition. |

The calculation of the band structure of an alloy is extremely
complicated and attempts to date have met with only Timited success.

Various workers!®~2* have used qualitative means in their treatment
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_ of ideal one-dimensional alloys in order to find the'generaT.principleS'
governing the energy level distribution. These studies could not give
numerical results and are hence not well suited for the study of three-
dimensional alloys. . | -

The potential acting on an e1ectron.moving through-a disordered .
alloy can be divided in two parts i) a periodic part and 1ii) an aperiodic
part. In the "virtual crysta1 model", which was first introduced by
Nordheim?®, the periodic part is the average alloy potentia1'which is-taken
over all the possible configurations of atoms at any specific alloy
composition, and the aperiodic part is then the deviation of the alloy
potential from this average. Nordheim used this concept on one-dimensional
a]lbys and found that the virtual crystal model predicted a linear variation
of physical constants with composition from one component to the .ot_her if Y
the éperiodic part of the potentia1Acou1d be treated as being zero.

The Tinear variation of the lattice parameter was also predicted
by another law, called Vegard's law, and a number of X-ray measurements?®-2°
of the variation of lattice parameter with composition in III-V alloys
give results which are not inconsistent with this although positive and
-negative deviations from Vegard's law have been found.

The éoncept of the "virtual crystal model” was e*tended by Muto3?
who treated the non-periodic part of the potential as a pertufbation and
found that to first order the alloying effect did not change the energy
Tevels.

Numerous other measurements have been made on semiconducting alloys

in order to investigate the variation of band parameters with alloy
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composition. These will be mentioned later.on as the resu1tsvhave,been_
used for the calcuTatfbns in this thesis. It-was seen’ that. the variation
with alloy compositioh of Eertain parameters such'aé the fﬁndamenta] gap,”
deviates from linearity in-a.concave manner. Parmenter3!=33, who used

the "virtual crystal model" for calculations on one-dimensional semi-
conductors, pointed out that any deviation_from linearitj'predicted by this
model should be due to second order perturbatidn and is proportional to
the mean square deviation of the random pertgrbing potential from the
average potential. These higher order effects were thus found to follow

a x(1-x) variation where x fs the mole fraction of one component of the |
alloy. Parmenter further found that the effect of second and higher orders
of perturbation was to "sméar" the allowed enérgy band edges into the

forbidden zone, but only té a finite-extent. Hence it is still possible

to assign a band structure to alloy semiconductors asAlong as the disordering

. effect produced by the formation of the alloy is small enough to be

considered as a perturbation.

-

These conclusions were first applied by Cardona3* on the experimentally

measured energy gaps of the alloys of the silver and cuprous halides.

Cardona found that the measured deviations from Tinearity for this parameter

fitted reasonably well on a curve of the form Cx(1-x) where C is a constant.
Thompson and Woolley®S applied the results of the virtual crystal
model to the observed energy gaps of some III-V alloys. They showed that

the fundémenta] gap varied with composition according to the relation
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Ey = {A + B'x} + {Cx(1 - x)}

where the first term is due fo the average potential in the virtual

crystal and the second term s due to the random perturbing potential.

The experimental results hence showed very good agreement with a curve

of the form _ -

E, = A + Bx + Cx2
wheré'here A is the fundamental gap of one compound and D = A + B + C
is the fundamental gap of the other compound.

The amount of deviation from linearity was found to be dependent
on the alloy system chosen and an empirical rule was found'which;stated
that C varies inversely as the square root of the mean fundamental gap

of the two compounds. i.e.

C = a/{(A + Dy/2}%
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-iv) Effective Mass:

.The concept of effective masses has been discussed in numerous

standard texts®¢-3%, It is useful, however, to point out the differences

in the various effective masses and to indicate under whibh conditions

each type of effective mass may be derived, so as to knoﬁ—which of these

is to be used in the analysis of the data from different measurements.
Jn one dimension, when an external electric field E is applied to

a system of electrons moving in a crystalline potential the acceleration

of these e]ectrons can be found by representing the electrons as de Brog]1e

waves of velocity v = E'-E’a"d energy E = fw. The acceleration is thus

given by

ﬁ.

1d%E dk _ 1 4E dene) | .
= r gt - JE— ceeeeecennes [1:1]

When the electric field acts on the electron the rate at which the

electron gains energy is given by

[« 9
Q.

E

E -1
=5 F

at

where F is the force on the electron and can thus be written as

F= d(fik) The term fik is called the crystal momentum. In [1:1] it can

dt -
be seen that (1 d* E)' must have the units of mass. This mass, since
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it is related to the curvature of the E vs curves, is known as the

“band curvature effective mass". This type of effettive mass cannot be
measured difect]y since it requires knowledge of thé force on the electron
and the acceleration of the electron. However, once the Bénd structure is
known this mass can be found. ,

When the applied force is due to a magnetié field, B, the electrons
move in orbits. The force on the electrons is thus given by %fﬁ(ﬁk) =.eqLB,
where vy is the veloc%ty of the electrons in a plane perpendicular to the
magnefic field and can be written as y_ = %-%EL. This is balanced by‘the
centrifugal force m*qf/r = m*wch,where r is the radius of the orbit and

eB

R is the cyclotron resonance frequency given by We = oF - Hence the

period of each orbit is given by

m* = h? mdk, dk
2n 7 dE

or m* = %;,Q%é_), where A(k) is the area in k-space bounded by the electronic
orbit. If the énergy surfaces are spherical it can be seen that

%F'= %2-%~%% . This 1is the usual-egpression for the "cyclotron effective
mass". Experiments, such as all measurement of magneto-optical effects,

will thus yield values for the cyclotron effectiveé mass. Measurements of
the cyclotron effective mass will thus yield values for the slopes of the

E vs k curves. As will be seen in Chapter 2, however, these values are
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sometimes difficult to interpret at room temperature since in many
cases the magneto-optical phenomena are caused by electrons occupying
a range of energy states and in these cases the distribution of electronic
states must be taken into account. At low temperature or in degenerate
specimen the energy of the electrons is more clearly defined and here
an integration procedure on a number of experimental results can be used
in order to find the band shape. Other measurements, such as infrared
reflectivity which is a method of finding the magnetic susceptibility of
a material, will also yield cyclotron effective hasses.

In three dimensions the effective masses are tensor Quantities and

their values depend on the shapes of the constant energy surfaces in

k-space. There are six components for each type of effective mass since
these tensors are symmetric. For certain types of symmetry a number of
these components can be reduced to zero if a suitable choice of axes is
made. For instance, if the energy surfaées are spherical and the reference
origin is at the centre of the sphere the effective mass is isotropic and
all diagonal components are equal. If the constant energy surfaces are
ellipsoids of revolution and the axes of reference lie along the axes of
these ellipoids of revolution then only two different diagoha] componenfs
appear. These are usually referred to as two equal transverse compénents
and one longitudinal component. For both types of energy surfaces all the
off-diagonal components reduce to zerovif the above axes are chosen.

For all the III-V materials considered in this thesis and the alloys
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of thése materials thé energy surfaces about the centre of the Brillouin.
“zone are spherical and those about the zdne edges, <111> or <100>,. are
ellipsoids of revolution. .Hence for the (000) conduction band the one
dimensional effective masses formerly described are suitable as long as
the spherical constant energy surface approach is valid. This is. generally
the case when doping levels are not excessive. For the <111> or <100>
band, howevér, new definitions must be found. Considering one set of
ellipsoidal energy surfaces, previous workers have derived expressions
for the Faraday and reflectivity effective masses®?%2. If the energy
bands are parabolic the effective mass is fndependent of the wave vector
k and depends only on the shape of the constant energy surface. The
expressions arrived at are thus averages over the transverse éffective

mass, M ., and the longitudinal effective mass, Msp- The following are

the results given in the literature.

1 1 2
( )2 = ( + ) [1:2]
SMie Miz Mg
1 1 1, 2,
and % = Y (—+—o-oooo.ooooo-o--o.....‘ ...... E1:3]
iR 3 Mg Mg

where i = 0,1 or 2 signifies the (000), <111> and <100> conduction .bands
respectively, m?F is the Faraday rotation effective mass and m1R is the
reflectivity effective mass. If Ki = miZ/mit is a measure of the shape

of the energy surfaces then [1:2] and [1:3] reduce to
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. 1 o ‘ o
m'%'F = mit {3Ki/(Ki + 2)}.2-.. ------ Ooloe>5oo‘.o'o.leneoea-a‘.n ooooo []:4] ’
and - mip = mit'TSK%/(1 + 2Ki)}....;..........,...TI‘ ..... ;....[1:5]

For the (000) band Moz = Mop and at the;bottom of -the band; using
the abiove expressions, mgF = ng = mgo, which is the bottom of the band
effective mass. |

The expressions for the effective masseé given above are derived by
considering the action of an electric or a magnetic fieid on electrons with
specified energy E. In reality the applied fields act on a large number of
electrons which in general have a wide range of energy values. ‘An equation ig!
can be derived which relates the number of electrons to the Fermi energy. |
The parameter by which the number of electrons and the Fermi energy can be i
related has the dimensions of mass and is an average effective mass known as
the "density of states" effective mass.

As has been mentioned in section (ii) of this chapter, every point

in the first Brillouin zone represents a quahtum-state. The number of

electrons having an energy between E and E + dE is thus given by
dN(E) = Zko..............................; ............. [1:6]

where ko is a volume element in k-space and the factor 2 arises from the
double degeneracy of each state when electronic spin is considered.

If the constant energy surfaces around the centre of the first
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22. : :
_in k-space is parabolic, i.e. E = %ﬁ%—3 equation [1:6] can be written as -
on : .
dN(E) = 8nk2dk _
3 1 -
or dN(E) = (4n/h3)(2m3nyf E2dE

and on integrating over energy from 0 to the Fermi energy_EFi, the concen-

tration of electrons per unit volume, ni,vis related to the Fermi energy by
. 2 . .
ni = (8ﬂ/3ﬁ )(Zmon) E-Ei oooooooooooooooooooooooooooo AR N [] :7]

This is the well known "density of states" equationAand, if the
E vs k relation fs parabolic, equation [1:7] defines the "density of states"
effective mass. For the case of spherical energy surfaces and-noh-pérabo]ic
bands the density of states mass is given in the literature*?®  as being an
average of the cyclotron effective mass, mgc; and the simple parabd]ic
= (m* m* Y%.

"density of states" effective mass given above. i.e. m*
od on oc

When the energy surfaces are ellipsoids of revolution and the energy

bands are parabolic as is the case for the <111> and <100> bands, the

density of states mass, m¥,, is given by""

The density of states equations for these more comp]icated forms of

band structure will be shown in Chapter 2, however, it can be seen here

S
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that the_effecti&e masses to be used in these equations are the density of
states masses m*d and m]d These equations since thgy concer: the total
number of electrons can be used in the analysis of Hall effect data.

The following nomenclature will be used in this thesis for the various

types of effective masses.

_ h2

Band curvature mgb = (@7E7d
Cyclotron m* = h2k : .
Y bc = (dE7dR)
Simple density of « = RZRZ

imple ens1ty of states W, = ToE

s — 2\1/3

Density of states m¥, = (m¥, m*2) /
Bottom of the band mgo

(These refer to the (000) band since, for the III-V compounds used
in this thesis, these constant energy surfaces are spherical. These bands

however, are non-parabolic).

Transverse m; .5 i=1 <111> band
i =2 <100> band
Longitudinal msps (i =1, 2)

o 213 ‘— '
Density of states m¥ (m1£ it )t/ 1, 2)
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These bands caﬁ be treated as being parabolic, and the energy
“surfaces are ellipsoids 6f revolutfon.' | |

The effective masses‘measured by free carrier Faraday‘rotation
(m%c) and infrared reflectivity (m¥;) will both reduce to the cyclotron
effective mass, m*

oc
(000) bands. The <111> and <100> band definitions for these effective

, evaluated at the Fermi level, for highly degenerate

masses are seen in [1:2] and [1:3].

From the above it is clear that a knowledge of effective mass values
gives important information about the conductidn band structure and the
shapes of the constant energy. surfaces. For non-parabolic bands the
effective masses change from the bottom of the band value to higher values
as the conduction states are ffl]ed. In this thesis, therefore, the |
variation of the bottom of the (000) conduction band effective mass, mf .
will be found for alloy material and the variation of mgo with alloy

composition will be shown. In this way each measurement js normalised to

the bottom of the (000) band.
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v) Alloy Research:

The advantages gained from the study of alloy semiconductors are of
both a technological and academic nature. The main physical parameters
contributing to the usefulness of semiconauctors are the fundémentaI‘energy .
gap and the effective mass values of electrons and holes in the various
bands. The effectiveness of a semiéonductor as a 1ight-;mitter, optical
detector, optical filter, microwave generator or a laser, is primarily
determined by these parameters. . . : ﬁ!!

Since semiconductor alloys show a smooth variation of these |
parameters'with composition the ability to manufacture these materials and
to investigate the band structure parameters is of great importance.

Certain physical quantities are difficult to measure in materials such
as GaSb where the (000) and <111> conduction band minima are close
together"®2%¢, Alloying GaSb with another material where these two bands
are more separated in energy, such as InSb, enab1es'one to study the band
structure from the InSb rich end and by working towards the GaSb rich end
a knowledgeable esfimate of band parameters of GaSb can be found.

There are a number of measurements which cén be made on these alloys
in order to study the variation of band parameters with composition. The
semiconductor group at this university is now actively involved in various
magnetic, electrical, optical and thermal measurements. In the case of the
al]bys presented in this thesis at least one other measurement: besides

Faraday rotation has been made. In this way a consistent set of values has
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be found for the variation of one band parameter, namely the bottom of the
(000) conducfion band effective mass, mgog Free carrier Faraday rotation
is purely a dispersive effect and does not depend on the relaxation times
or scattering mechanism. This rotation is however, in principle always
accompanied by a degree of ellipticity which 1s'caused by the differential
attenuation of the two circular components making up the incident plane
polarised radiation. This is dependent on the relaxation time, T, and
measurement of both effects, the rotation and e]lfpticity; can yield
values for T!°8, This has not been attempted here but some information on
the predominant scattering mechanism has been obtained by combining the
Faraday rotation results with the results from magnetoftﬁermoe1ectric
power measurements*?

In order to facilitate the reading of this fhesis a brief outline

of the scope and objectives of this work will now be given.

The investigation of the free carrier Faraday effect in III-V
materials has been carried out in order to obtain values for the variation
with alloy composition for the bottom of the (000) band effective
mass. The theoretical expressions necessary for the analysis of the data
is given and, in some cases, derived in Chapter 2. The necessary ancillary
measurements to be made become clear once these expressions are known.

In Chapter 3 the experimentation is decribed for each:measurement
made and the data obtained is listed in Chapter 4. The method of analysis
of data is dependent on the specimen measured. The introduction to Chapter 5
illustrates which methods of analysis are to be used. The data and
analysis results are given in categories of compounds and alloys. A

summary of these and some concluding remarks are then given in Chapter 6.
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CHAPTER 2

THEORY

i) Introduction:

As has been mentioned before, the free carrier Faraday effect has
become increasingly more useful in the study of band structufe parameters.
The simplest way to explain fhis phenomenon is to consider the plane
polarized wave in the medium to be split up into two oppositely polarised
circular components. On the application of a magnetic field along the

direction of propagation of the radiation, each of the two circularly

polarised waves "sees" a different refractive index and hence their velocities

in the specimen are different. If the anticlockwise rotation (observer
looking towards the radiation) is taken to be the positive wave and the
clockwise component the negative wave it can be shown fhat the rotation 6
js related to the wavelength A of the radiation by

6 = %E(n_ - n,)

where t is the specimen thickness and n, are‘the refractive indices of the
specimen for the negative and positive components of the radiation
respectively.

At the wavelengths generally used for observing free carrier Faraday

rotation in semiconductors n_ and n_ are only slightly different and
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(n2 - n2) = 2n{n_ - n,) where n is the refractive index of the specimen

at wavelength A in zero magnetic field. The rotation is thus given by

There are two methods which are generally usgd to express the free
carrier rotation in terms of the band structure and these will be described
in more detail in the next sections. Both these methods make use of
equation [2:1] but in the first method a semi-classical approach »ields the
rotation in terms of the cyclotron effective mass which, as ﬁas ' n seen
in Chapter 1, can be related to the band structure. In the secc: i method
a more detailed treatment starting from the Boltzmann transport equation
gives an expression for the free carrier rotation in terms of the
variation of energy in k-space and the distribution of electron{c states.

Here, as will be seen, some model for the conduction band must be chosen.
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ji) Semi-classical Theory:

From the Drudg-Zener'theony and the solution of the equation of
motion of the'deflection of electrons by two circularly polarised waves
and a magnetic field parallel to the direction of propagation of the

radiation, the complex refractive index of the medium is given by

)/( —w + mBe sy . [2:2]

(n, - ix)2=¢, + (
- - ic

r m? we,

in the m.k.s. system of units. Here ef is the specific dielectric constant

of the material in the absence of free carriers; n; is the number of free
carrigrs, w is the angular frequency of the radiation, €0 is the
permittivity of free spaée (8.8542x10*!2 farads/m),B is the magnetic
field, Tt is the relaxation time which is part of the damping term in the
equation of motion and m?c is thé effective mass of thg electrons. Since
free carrier Faraday rotation is a measure of the differential dispersion
due to cyclotron resonanée absorption, the effective mass used here is the
cyclotron effective mass.

The differential dispersion can thus be found from the real part of

equation [2:2] which is given by

n, e? w+w

= €

=
+

'

A
H ™
+
£
Sy
hﬂ
+
b
~

N
~

N

(7V]
L

- *
r - om¥ e, (0 *

where w, = 529-.
ic
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Assuming that the absorption is small so that n2 >> k; and under -

the conditions that w? >> w?, and wt >> 1 it can be shown that

c

2 o '._‘_
(nz - nz = nie __2eB ) ' ;
St E TR
Mico Mic”
n;eBA® )
or (n? - ni) =

3.3 -)52
. 4rvc €oM% o

and hence using equation [2:1]

n.e3tB)r?
g = —
2.3 * 2
8n‘c EQNME

in radians and this can be written as -

2
Btnil ,

- -11 -
5] 1.509x10 W .........................

in the m.k.s. system and here 6 1is in degrees. Hence the free carrier

Faraday effect shows a linear dependence on the square of the wave-

length with the straight 1ine extrapolating through the origin. The

rotation is seen to be independent of the relaxation time and‘therefbre

no knowledge of the electron scattering mechanism is required and

furthermore, since the rotation depends on the inverse square of the',

effective mass this type of measurement is a potentially accurate way of

finding the effective mass.
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The investigation of the variation of the cyclotron effective mass
with the-doping level of the specimen can thus be carried out using
the free carrier Faraday effect. This variation can be related to the
shape of the conduction band since the cyclotron effective mass is
defined by the term (%-%%-. Stephen and Lidiard*® have shown that for
spherical energy surfaces and high degeneracy i.e. for a semiconductor in

which the Fermi level EFi is more that 4kT above the conduction band

minimum“®, the effective mass must be interpreted as

111 dE 2:53
m?c EI-E;;.d Fi

where the subscript Fi means that the effective mass is evaluated at the
Fermi level. Under the same conditions of spherical energy surfaces and q'.
high degeneracy the value of the Fermi radius kFi can be found from the A
Hall effect since here the relation between the carrier concentration

and the Fermi radius is given by"®

3 = 2 ) .
RRs = BN ettt e [2:6]
Measurements of free carrier Faraday effect and Hall effect on a

number of degenerate specimens of the same compound will thus yield
values of the Fermi radius and the slope of the energy band at the Fermi
radius. An integration of this curve will then give the band shape.

This type of procedure has been carried out on InSb by Smith et al"®.
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In the case of hon-degenerate specimens and spherical constant
‘energy surfaces equations [2:5] and [2:6] cannot be used since here
many states are contributing to the rbtation. The cyclotron effective
mass measured by free carrier Faraday rotation measurements on these .
specimens is thereforé a mean effective mass averaged over thg occupied

states. This case will be dealt with in the following section.
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jii) Statistical Theory:

The expression for the Féraday rotation in terms of the distribution of
states has been given by previous workers“?s,%%and a complete derivation can
be found in reference 106. For the sake of completeness and in order to
“indicate the approximations.made in the derivation it is deemed useful to
present this theory in its entirety.

There are three basic steps to the solution of this problem.

a) The rotation is first expressed in terms of the conductivity of a
semiconductor in the presence of an alternating electric field and a
static magnetic field. |

b) Using the Boltzmann transport equation'the conductivity is related to
the band structure and the distribution functions.

c) The results of (a) and (b) are then combined and the Faraday rotation
is expressed in terms of the band structure and the distribution of

states.

a) The Conductivity: In the m.k.s. system,'Maxwe11's field equations

for a conducting medium are

>
oH
T xE =g 5

VxH= 3+er€o—g—%
V.H0= 0
V.E=0
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‘Here ug is the permeability of free space (4mx10”“henries/m ), €

is the permittivity of free space (8.8542x107!*farads/m), M. is the
specific permeability and €. is the dielectric constant or specific
permittivity. By manipulating the above equations ¥ can be eliminated

and an expression involving the electric field T is

2F - 3 _ | d%E .
v2E My 5E = WHoEREo 3E2 Deeeeeeneennannaananasnsns [2.7]'

In the presence of static magnetic fields, 7, the components of the
current density 3 may be written as

where zij and z%jk are generalised tensors as introduced by Abeles and

Meiboom3°.

For cubic crystals, symmetry requires that

-— 1
o8, . and Zijk =g'e,

Zs

1j iJ ijk

where aij is the Kronecker delta and sijk is the substitution tensor. Hence

= ' , .
'J_i = O-(S.ijEj + (o) C_ijkEij .............................. [2.8]

where o and o' are complex quantities given by
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ST D L .
o =0, 101»and G M + L L R R TR [2:9]

The components of J are thus given by

J; = (c + io, )61JEJ + (c + io )e kE Hp covevenneennnnn. [2:10]

Using [2:8] in [2:7] the field equation can be seen to be

b 2 3? [ ) 32f - .
Y E- Wloloag T O at(?’x H |- HpHoEpEo 352 = 0

and since ¥ is static

2 9E ot 2? _ >
V2E - "r“o[at 'Bt x Hi- u HoEr€o 3T 0..... ‘....,‘..A.[Z.ll]
If the applied magnetic field is in the z direction and the experi-
mental set-up is for the Faraday effect, i.e. plane polarised radiation is’
propagated parallel to the applied magnetic field then Ez = 0 and Ex and

Ey are finite and are given by

I+
b
Q

where

™
|

E_ . exp i%—(Nir FCE) nnnr e e eeaaaeaeeaeaaan [2:12]

+ ~ Tot
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are the two circularly polarised components of the plane polarised
‘radiation.' The signs are defined as in section (i) of this chapter, and
N, is the complex refractive index of the medium.

The x and y components of equation [2:10] are

9%E oF oF aze-

X _ 9%y 95y
3xZ ~ HrHeYSE Mo 5= Hy = BHGERE, atz =0
9%E oF oF
| y _ y x y
and Y MpHoOgg + HpHgo” 3t Hy - WHoEEy 3T

Multiplying the second equation by *i amd adding gives

3%E, 9, ... O, 3%E,
— - ippo'—*H_ -1u rHoEpE =—=0
ar HpH °at Mo 3T "z T HrMo®r®o Bt

Using [2:9] and [2:12] in the above equation and solving for Ni

one gets

. o. oOo'H o o.H
_ i-"rz .+ r,iz .
N; = uruocz[ereo + - + o " 1(—m + m ) .............. [2:13]

The complex refractive index is given by

where as in the previous sections n, is the refractive index of the medium

for the two circularly polarised components and Ki.is known as the




extinction coefficient.

imaginary part of Nt

a complex number A

and

(ReA)?

(1mA)*
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Hence n, is the real part of Nt and K, is the

.. Making use of the-mathematical identities that for

[

L

% |Re(A2) + J(Re(A?))? + (1m<A2>)2]

1[-Re(A2) + \J(Im(A%))? + (-Re(A2>)2J

in [2:13] the ekpressions for n, and k, are given b&

2
2 _ ¢ uY‘uO
N, 2
and .
Kz = ¢ u.ruo
* 2

- On substituting the expression for n}

8 is given by

o

i

(e.e. +

(

ro

8o

(0]
i -
w

.
w

Ho H ot
Z‘")+\](g-~,e +7; ¥ “')2+(‘” 2 zm‘)z]

7t jc3u o cf
= | ro A, _zry
6= Zn)t[ 2 {(Ereo ot T ) (ereo
' . Ho! H

_1 Z ry2 O - 2 Ty2
v + 5 + 502+ (2 - =)
U'i Zoi"‘ 2 GY‘ zo'i 2
(ereo Y T Te ) (—5 R— )

in [2:1], the Faraday angie
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c2u 0 c!
= re X
¢] “t-%—“}:_ [ZHZ 5 +
(E e + 5_)2 + 2(H 1 S;ﬂ_ H 0";“ S_]z._'.i) + (H _ci;_:)Z + (&)24‘ (H S:;.__)z
ro w Zw W zrfo w Zw W ZWw w zw
cs‘. H c. o' ! o o 'H
- 1y2 3 _ gy 1 r L y2 2 )2
' d(ersg * w} + Z(Hz w W Hz ® Hzereo w) * (Hz w)‘ +( w) + (Hz w) ,
twelpu | o
= o r
0 8nc [2Hz R +
o- o ' (0. g © c! of
o+ 77 + 0} a7+ g - D) 7D v Yy
! r .

Sr;)ﬁ-- - (?—i--*-e«e ))-l-'(H %)2 + (H-c-’i

B \ "w'o] w - “r% z Zuw
e teeeneteavesveenserareaeserans [2:16] 9@
In the absence of fields n2 = n? ; k2 = k? and #_ = 0 and hence from

[2:15]
2t = ety | (ee, + o) + \[(e, e, + )2 + (D)2 [2:17a]
2n UM o ¥ \ €S0 * % m Ceeeannnens ceee..[2:

2 2 E % iye ry2 ] |
2c® = cPu -(ETSO + -f‘;) +\(ereo + -75) (—Tn—) ................. [2:17b]

.~ ‘Gr’ )

ZnK = ¢ U (75} ...................................................... [2:17¢]
2 2 2 %4 -
n%--x?=¢ urua(ereo + —w) ........................................... [2:174]
{n? + )2 = c"u;ué {(e e, +—)2 + (—)2} ..... Ceeeeeeenacaenaannaacan [2:17¢]

ro
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Now using equations [2:17] in [2:16] and the Tow field

approximation (i.e. terms in H; are neglected) one gets

twc?p Mo ‘ o' [ 2nK Oy n< - K%y.

r 2 r ) T i ( )

9 = 8nc [ “"\l(_z——c“ro) +2Hzm{ —T_—(cu,,uo'&}‘)* _2__-}
o‘ .

C™HyHy
nz + Kd o.l nz. — K 3 -
- 2 4 oy L —z—'(
( 3T ) zw L cfpu o _19 ( czuruo)

tweZy_p c! n° + k2 2n|<o- + 0 (n - K2)
. 8cro 2Hz—£+ (cz )? ZH—E olc*
n HpHo r “r“o .

d(n2+s<)2 r{ZnKo +o(n -K‘)}
- —r 2H —~ ;

- 2 v 2 — el _‘ ¢ G 2012
N twe Wy » S_VL (n + k2 ) . +2H SE cr(n K) 2m<0] IS T
“8nc Zw cZu Mo

Z 232 2
ST [ {(n®+c=)
n? + 2 or 2nko; - o';_(n‘ - K?) C"].t;,pz
- cu o ) 1+ 2H o~ AT Tn%+cZ)?

The factor under the square root is now expanded and terms in H?

are again neglected. Hence

2 ' 2 2 ' n2 - 2y - :
o - twe®u 1y " _G_E (n + k2 ) flﬁ CH My lor(n k%) - 2Znko;
8nc Zw cZp Mo w (n%+k?)* 1

2 1 _ A'(n2 - 2
. tl_z_ Co Mg 2m<o1. or(n K*)
4 w \N Ty 1
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wetupl ol H, 1 .
- S ] —_— — . - ] [ 3
Bne 2H2 ol Iﬁz—;rEz)( 2m<cr.i to.n? - x*) + ol',,(n2 - k%) -2nxo§

D
fl

-

2 2 ’ a2 2 ' - -
) twctp o SE.+ ZHZrorn oK 2m<cr.i _
 8nc ] zZw w n + k¢

twew M H, | 4 on® + olk? + oin? - ojx? - 2nKkG}
ﬁ"( ne + K2

Cm o ¢
tcuruﬂwz / Zbrn ZGiK
4 l ﬂ‘ + Kd

and therefore

o f [} - {
3 tcurunﬁytarn giK

) ................;........;....... ............ [2:18]

@ 2 _~{ né N Kd

The conditions under which the Faraday effect is observed requires

that n? >> x? and hence

'tcurpon ' _ .
5} ———2?]——0"? T v...[2.19]

and this is the expression which will be used.

|
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b) Boltzmann Transport equation:

The Boltzmann transport equation for the distribution function

f(k) in the presence of external fields is

af(k) _{ 2f (k) _ (k) )

where

afe) | L |af(r) de . | o) ar
3 g |®® T gieeds |7 9| thewme

2
‘s.l

~

is the term due to the applied fields and the spatia1'dependence brought
about by temperature gradients. For an isothermal metal fﬁe steady

state Boltzmann equation is

af(k) -dk . |af(R) R veve..[2:20]
ok T cionds  |°F | |cote ‘

when the deviation from equilibrium is small, it is customary to
assume that in the absence of external forces the rate of change of the
distribution function is proportional to the deviation. The collision term

in the transport equation may then be written as
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of (k)| f-f
3t

collisions

It must be pointed out however that equétion [2:21] assumes that a
relaxation time can be defined. This is not strictly true. In fact the
prbb]em of defining the collision term in Boltzmann's equation is
formidable and hence the above assumption is at most a practical ohe.

In [2:21] fb js the Fermi equilibrium distribution function and is
. 2 E - EFi =1
given py fo =11+ exp(—fET———Q

In the presence of electromagnetic radiation and a magnetic field

the force on an electron is
= + _ dk
Fo-eft+ixB} -ng
Equation [2:20] becomes

’ f(k) - '
--eﬁ{f-r'ﬁxﬁ}-'vtkf(k)*‘—f—z——go....~ ............

1]
m
Y
n
N
-

T

In the presence of external forces the distribution function is

generally written as
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‘Using [2:22] and [2:23] a general equation ¢ is given i1son®:) as

S4BT U+ BB TERT - 0

and a solution for & has been obtained by Jones and Zener®? who used an

‘iterative procedure and found that

“’{'%{Tg'% - B ExTGE TR,

higher order terms in B which are neg]ected]] ......... [2:24]
The current density is given by

_ o, ef(R)V
dJ = - evdn = - = dkxdkydhz

f vf(k)d3k
0

or J=-

£
o

Using equation [2:23] the current density equation becomes

- e [7 of
- 1 - & —=2)d3
J=- 5= L = VE(f, - @ 5=2)d’k

-gw| ) VeEfodRt | Y oy 4k
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The first integral contributes very little and may be.neg1ected.

- Therefore

e of
= _0 .3
j—-—3—4“h| 3,25@35 d3k .
(o]

and using [2:24]

e T of e
- 9 - . 3
j T - m 3E $kE ( h— 'EE $kE)d k
do ¢
oo
Mo | B - e x (- B0 @
vyo
e? of
_ 9 e F o 3
- T 35p 3kE t VkEdk
(o)
e’ of
o : . 3
o

1In order to include the effect of an alternating £, 1 is replaced by*®

(=1 + jw)~?! and 12 is replaced by (t~! + iw)~2 which in the limit that
wt >> 1 reduce to (1/w?t) - (i/w) and (-1/w?) - (2i/w3t) respectively.

The current density can thus be written as

e? af
. 1 4] >
V=g | vaE ECECVEd%
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1 170 . . . o )« OF
+ W . O -{_- E-E— 6’2E [ g.vkE x Vk(f L4 vkE) dak oooooo . 0[2025:]

Sinceyfhe problem'hére has reduced to fihding c; which will later
be introduced into equation [2:19] equatibns [2:10] and [2:25] are now
compared. It cah be seen that o; is the coefficient of the real part of the
term involving both the electric and magnetic fields to first ordef. On -

b

working out the components of J it can thus be shown that

0

eauruo of, oE o9E 3%E 9E 32E _
Oy = T 0% > 35 | SE R R - 3E- 3Rk Z| dReceeeeees L2:26]
5 X y °“x°“y x %%y

c) Inserting [2:26] in [2:19] and writing c? = L THCH nuH, = B and

w? = 4w2c2/A2 the general expression for the Faraday rotation in a

cubic crystal is

45e3tB)\2 af, 9E |3E 32E oF 92E
% = s c%en 35E ° 3k | 3k ‘SE 3k " 3B " 3EZ d3k..cv..n. [2:27]

o)
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in the m.k.s. system and here 6 is in degrees.
In order to compare [2527] with [2:4] so that an expression for the
Faraday effective mass may be found use is made of the relation for the

concentration

and combining [2:27] and [2:28]

45e3tBn_1.A2 1

O = o ce Tl
o ‘2
o ® af , oF 9E 92E 3E 92E 4
where I, = T Y i -
1 . oF BEX' BEy a%xalzy ka BEyz

and 1

~N

",
™
(o) 8

3
fod k
An expression for the Faraday effective mass is

(m/m) = (4a21?_/11)’5 ..................................... [2:29]

Equation [2:29] thus gives an average cyc16tron mass which can be
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measured experimentally by finding I1 from the slope of the 6 vs A2
lines and Izlfrom a Hall effect measurement.

In order to relate Ii'and 12 to the band structure it is necessary
to adopt some model for the conduction band. In the next section the

model which is used in these ca]cu]ationS‘ié discussed.

Another feature to point out is that from equation [2:27] it can
be seen that the rotation is again shown to be independent'of the

relaxation time and remains purely a dispersive effect.
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jv) The Kane Theory:

The theoretical determination of band structure is generally an
extreme1j complicated problem. The necessity of findipg the band
structure of matgria1s, such as the III-V compounds, has led to a number
of diffefent approachgs to this problem. In all these, however, the first
step is to study the crystal structure of the materiaT and then, using
group theory, the symmetry of the crystal structure can give a qualitative
idea about the energy bands and the degeneracy of these bands. Spin
effects can also be included at this point and these indicate which
degeneracies are 1ifted. These calculations cannot give quantitative
information about the shapes of the energy bands. With the above symmetry
calculations as a foundation, however, more quanfitative theories can be
developed and the energy band schema can be found, either in the vicinity
of a symmetry point or for a complete zone in certain important symmetry
directions. One approximation which alwa&s must be made is that the
problem can beAreduced to a “"one-electron" case where the presence of all
other electrons is somehow taken into consideration.

A—theory such as this was worked out by Kane®2-5* for Ge and InSb.
Kane used the B + p perturbation apprbachla,ss’ss, and he pointed out®*
that since the % - 3 representation involves a large number of parameters
this method is not as practical for a complete zone ané]ysis as is the

simpler pseudopotential method developed by Phillips®’. The g - 3
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representation, however, is considered to be moré'accurate and easier- to
analyse if only a small portion of the zone, in the vicinity of é symmetry
point, is considered.

Since this thesis is concerned with band parameters at the conduct1on
band minimum the & - p representation is suitable and hence the Kane model
for the conduction band will be used. The deve]opmenf of Kane‘s theory
will now be outlined.

The Schr8dinger equation for an electron moving in a periodic

potential V(?) and including spin-orbit coupling is
L+ V) + Ty (V(FY X p) e B Y = Epeeeenenns [2:30]

where p is the momentum operator and o is the spin operator.
Using a Bloch function of the form ¥, = uk(r)exp(1E « ¥) in equat1on
[2:30] and operating on this function with the momentum operator an

equation for the lattice periodic function is

(H0 +Hy + Hy + H3) u, = Eé"k ...... feeeaceececanse 7...[2:31]

—>2 ’
where Ho = %ﬁ-+ V(¥) is the Hamiltonian of the unperturbed problem

b= =
—
n

%-E . 3 is the spin independent perturbation for small k
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Hy = gy (WP x B) + & |
and : are spin dependent perturbations
) :
Hy = e (W) x B) - 3
and H! = A2k?

= Ep - Tom

In ordef to expand the wavefunctions of the perturbed problem in
terms of the wavefunctions of the unperturbed problem Kane chooses as
zero-order baSis functfons, two s-function§ of opposite sign S+.and S
and six p-functions Xi, Y, and Z¥. He thus restricts the calculation to
three va]ence‘and one conduction band and ignores the effects of higher and
lower bands. In order that most of the matrix elements in the resultant qg
8x8 determinant vanish, the basis functions are derived using the Symmetry
properties.of the crystal structure. The only parameters which remain are
the separation between the valence bands and the split off spin-orbit
valence band, B, the separation between the valence bands and. the conduction
band, Eo, and a momentum matrix element P2. |

The solution of the secular determinant then results in the equation.

’:{(E'+ £, - akz)} { (E - ak?) (E + Eo -.akz) (E +Ej+ A - ak?)

- ak?P%(E + Eo * %-Ao - akz)} N o R [2:32]
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where a = R2/2m

There are four solutions to this equation and at k=0 E1 =-E,»
E, = 0, E3 = - Eo and Eg = - (Eo + Ao). It can thus be seen that the |
energy E is measured from the conduction band minimum which is given by
so]ution‘EZ. E1 and‘E3 are the degenerate vé1ence bands and E4 is the
spin-orbit split-off band. | B

‘It must be pointed out that equation [2:32] was deriﬁed.without
any consideration of the vibration of the 1atti¢e. The parameter Eo’
which is the fundamentaiigap 5., is thus the optically measured gap for
intrinsic material only at abso1ﬁte zero. At higher témperatures however
this parameter is not the fundamental gap. Ehrenreich®® poihfed out that
at higher temperatures this parémeter is an effective energy gép called
the "effective mass band gap", which wou1d be the separation between the
valence band maximum and conduction band minimum at k = 0 if only lattice
dilatation effects are considered. Since dilatation of the lattice would
change the separation between these bands as well as the shapes of these
bands and jnteraction with the phonon field effects only the separation,
Ehrenreich suggested that thé Kane .theory would still be applicable at
higher temperatures if Eo is replaced by Eg, the effective mass band gap.
Neglecting the first root of [2:32] the secular equation becomes

2

(E - ak2)(E + Eg‘- ak2?)(E + E¥ + 4, - ak?)- ak?P%(E + B¢ + 34, - ak?) = 0

ceceneene teesessescssesescanescenasesransannn [2:33]
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Use of equation [2:33] in the form given is not tractable and
various workers have made different approximations which reduce [2:33] to
more practical forms. Furthermore, since the factor P? is not found
directly from any experiments it would be useful to rep]acé'the parameter
by one which can be measured more directly, such as an effective mass.
Using the definition of cyclotron effective mass given in section (iv) of

chapter 1, it can be seen from [2:33] that
(G - 2ak)(E + EX - ak?)(E + EX + A, - ak?)

+ (E - ak?)(SE - 2ak)(E + EX + A_ - ak?)

+ (E - ak?)(E + E} - ab®) (G - 2ak)

- 2akP?(E + EX + —g- A, - ak?)

L}
o

- aksz(%g-- 2ak)

| ak?)(E + EX + A - ak2)>

o G- ey

+ (E - ak?)(E + EX - A, - ak?) + (E - ak?)(E + E} - ak?) - ak®P?

2
=g§;‘z’-(l-:+i~:g+§/so-ak2)
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At & = 0, E = 0 and the cyclotron effective mass reduces to the

bottom of the band effective mass, m§ . Thus

A 2a _ 2ap?
B geesy - B Gpeay

m P2 | 2 1 -
or L e [2:34]
m* 3|EF T EE A, »
EX(EX + A ) |
and S L [2:35]
(B + 2/34,) ‘mE .

Equation [2:33] can be rewritten as

i I
1+ -E- ak?
. ) - Eg + 2/3A0 Eg + 2/3Ao
(E - ak?)(E - ak? + Eg) = ak?p Ea— >
. 0 011+ E - ak
£3
L EO + Ao
and replacing [2:35] in above
. -
2
1+ Eé ¥ Z?BAO
(E - ak?)(E - ak? + E*) = ak?E*(—— - 1) .
o o'm
oo 1+ E;:_QE_
EO + Ao
L 4

ﬁnder the approximation that E - ak? < Eg + 2/3Ao, which is true for
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most III-V materials when doping levels are not excessive, the above

equation reduces to

(E - ak?)(E - ak?) + E¥ - aEX(zf—- 1) k2 = 0
00

which is now independent of Ao‘ Expanding the above and solving for

(E - ak?) ines

-t E;Z + 4aE*(—EL-; 1)k? %
2 %% o mgo

For the (000) conduction band E = 0 when k = 0 and therefore the

positive root is chosen. The model for the conduction band is thusv

rlo R

» E %
E = ak? + {1 + é—i (= - 1)k2} N N P .[2:36]
o 00 . .

It is now possible to express the angle at rotation and the carrier
concentration in terms of the band parameters Eg and mgo. In the sections
which follow the final forms of the equations used in the analysfs of the

experimental data will be developed.
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v) Statistical Free Carrier Faraday Rotation Relation:

Using equation [2:36] the following derivatives are found

oF
= = 2ak, + 2ak - 1) A
ok X' ngo ‘
-g-%—=zafz + 2ak (- - 1) A
3%E 8a?
= - kb (—m— - 1)2A°
BExaky E* Xy m00
BE 52E - 16a%} 2(_11___ 1)2A% - 16a° b b z( - 1) A"
ok BE a ly m* m* Xy ‘m¥
00 00
2 2
&E, =22+ 2al--1) A - 8;* k2 (- 1) 2A°
ay M50 0 5o,
3E 3%E _ 4.2 2 2p2. 3 2¢_M_ _ 1y2p3
5—;”§E;f = 4a*k, + 8aZh ( mE -1)- A + 4a%k (mk -1)2A%*- 16a kxky (mgo 1)2A
16& 2 Iph
- EZ kxky (mgo 1) 3A )
-1
where A = {1 + %%— T l)kz} : and hence
0 00
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oFE 52E 9E 3%E

- = - 8a%k |1+ (=p—- 1) A
aky akxaky Ok, akyz X o
and 3E |9E_3%E  _ 3E 3252 =-8%.2? [1+("-1)A ?
: %
3k, |Bk, 3k,3R, " 3k, Bk, 4 e

This is inserted into [2:27] and since the constant_energy surfaces
involved here are spherical, the co-ordinates may be converted into
spherica] co-ordinates (k, 6, ¢) and the integraiion over © and ¢ may be
performed. Here then d3k = k251n¢dkd¢de and kx2.= k2Sin%¢Cos?0, and the

integral in the Faraday relation is given by

: © P 2n
of
-saaj j ] 'gg-"-ak“sm%ms?-edkdwe
(o] 0

o

where G =]1+ (ﬁgL-- 1) A
00

® PT O of
- 8ma’ J j 5E9—Gk“51n3¢dkd¢
0 0

. af
- #7a Sg> Gkdk

and using the definition for fo given previously
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oo
N
A A (EgL-- 1) {1 + é%-(ag— - 1) hf} 217 ae
1, = % TR T
- ~_—Fo Fo
Jo 2 + exp {——ET’__} + exp{-—jar——}

Under the condition of spherical constant energy surfaces, the

carrier concentration for the (000) conduction band is given by

- _2 2
no = .8—'”—3 471"‘ fok dk
o
I
or D T s it ieete et e et e tar ettt eaetane e ey [2:38]
o) 2
and from [2:37]
9 : 60e3a3tB_ (Ii) ;\2 [2_39]
wﬂsliuc-’,eon '}'{-’i? -------------------------------- .

” ’ 1
- 1
k" [‘1 + (ﬁg_ -.1) {1 + gg.(ﬁg_ - 1)k2 ] dk
where 1! = 00 9 __00 -
1 ~ (E - E, Ery - E
Ja 2 exP{““ET"" teXp{ g
foo
2
and 1) = kdk
2 E - EFO
. 1 + exp %
v O
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and in this case the Faraday effective mass is given by-

1
m* Il 5
of _ |3kT 2
& = |mr PP 21101

The use of equations [2:38], [2:39] and [2:40] in the analysis of
data will be further discussed in chapter 4. The integrals in these
equations must be evaluated and this can be done either by numerical means
or by converting the integrals to Fermi integrals. Tables of Fermi
intébra]s were calculated in this laboratory by Coderrel® for a wide
range of Fermi levels. For this reason a density of states equation for
the case of spherical constant energy surfaces and a Kane-type conduction
band has been derived by ﬁsing equations [2:36] and [2:38]. This relation
has been previously given by Ehrenreich®® but his equation differs
slightly from the one given here. This is probably due to the different
forms of Kane equation chosen. In the next section a brief outline of
the derivation of the density of states equation will be given. Equation
[2:39] has also been converted into one involving generalized Fermi-Dirac
integrals by other researchers®® and tables of these integrals are avail-
able. However, since numerical integration is performed quite easily with
the high speed I.B.M. cpmputer available in this laboratory, the equations

are used as shown above.
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vi) Density of States Equations:

For the case of spherical energy surfaces and arbitrary band
shapes, the carrier concentration is given by.equation [2:38]. The Fermi

integrals are defined by

(kT) Q+1’F ( ) J FEAE o [2:41]
0

Hence if for the (000) conduction band, the carrier concentration

equation is rewritten as
=1 2 dk

then using the Kane equation [2:36] the term k2 dk must be expressed in

terms of E alone. On rearranging [2:36] and so1v1ng for k2 one gets

3
2 2, Eo S \m oo i
R® =% ==+ -5'( t 5o ( )( - 1)

00 .00

and for the (000) band at E = 0, k = 0.. Therefore the -ve root is chosen.
Furthermore when E = 1leV the factor ( 00)( °° - 1) = 0.4 for GaAs and
0.3 for InSb. The square root may thus be expanded using the binomial

theorem and after some manipulation
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o ‘ om* m* *
k2= £ (29 {1 + (%)(—;,‘;—‘-’ - 1)% + z<§-§)2<—§19-)(f’-,%9 - 1)3
+ 5(E ) (°°) (=2 oo - 1)+ 14( ) (°°) (—9-9-' 1)5)

from the above relation the terms 2k %% and k can then be found and it 1is

found that
* 3/2 3
de _ |Moo.. 1 3 Mo 21 Mooy E
2 E |m e {1 + (3~ 590 () + (5 - % e’
*
1 Mooy /E 13
- ('4"* 3 T)(E?) }
_ o)
and replacing the carrier concentration integral
* 3/2 X
_ 1 Moo kT moo
7 | Tmoa {F( )+(E)(2 5w Ty ( +
E 2 m 5/2 kT
- (& ) (% +3 ——) F (———-EFC’)} [2:42]
4 / kT ............. -

As has been mentioned before this equation differs only slightly

from that developed by Ehrenreich in that the coefficient of F7/2_is different.

%, ~
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For the III-V materials dealt with in this thesis, however, this difference’

is hardly detectable.

For the case of non-spherical energy surfaces and parabb]ic bands

the density of states equation quoted in the ‘literature*? is

m¥ : _
n, = L (_‘%Q . KTy2/2 F CEFI/KT) et [2:43]

where M is the multiplicity of these bands and mf; is found from [1:8].
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CHAPTER 3

EXPERIMENTATION

i} Introduction:

By 1964, only a few experimental values®?®®? for'the effective mass
of conduction electrons in mixed III-V crysta1s had beén given and other
values had been obtained through empirical calculations. These calculations'®* .
showed that the bottom of the conduction band effective mass varied smoothly
with composition and, like the fundamental gap, this variation showed a
minimum at a composition of about 50%. It was therefore of interest to
measure this effective mass using the most direct means so that the calculated
variation with composition could be compared with the experimentally obtained
values. This project was originally focussed on measuring the effective
mass of electrons in alloys by means of the free carrier Faraday effect and
although measurements were to be made on the III-V compound components of
these alloys these data would only serve as a tomp]ément to the alloy results.
It will be seen, however, that some interesting results were obtained from
the measurements on InSb and GaSb.

Since the alloys were not available commercially it was necessary to
grow the material in this Laboratory. Most o% the detailed Tnvestigation
into preparation procedures was done here by Coderre, but it i1s a group

policy that every member should contribute to this aspect of the research.
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The alloys with which the author was concerned were those of the Iny_,

Gax Sb system. A few details about the preparation of these materials
will be given later.
In order that the equations in Chapter 2 could be used with as few
assumptions as possible it was necessary to study other effects besides
free carrier Faraday rotation; For instance, the carrier concentration .
could be measured by oberving the variation of the Hall coefficient as a
function of the magnetic field and also an estimate of the position of
the Fermi level could be made from thermoelectric power measurements.
Other effects such as optical absorption in the intrinsic and free carrier
wavelength region were also studied so that the amount of absorption
could be estimated. ‘ | ‘
The general procedure which was followed on each specimen was first )
to prepare the specimen for the optical work by lapping and potishing.
After this the Faraday, Hall, thermoelectric power and other optical
experiments were carried out. Finally the specimen were ground to a powder
and X-ray powder photographs wereltaken in order to determine the composition
of each specimen. .
In the following sectiohs the steps in the procedure will be outlined

in more detail and the equipment used for each measurement will be described.
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ii) Preparation of Specimen:

It is possible to grow In]_x.Gax Sb specimen by the airectiona1
freeze technique described by Woolley et a].zs’sé. In this method the
material, which has been sealed under vacuum in a quartz capsule, is placed
in a furnace which'has a temperature gradient such as tyat shown in fig.
(3; 1(a)). The control temperature of the furnace is slowly lowered and due
to the gradient the material begins to freeze from one end. The rate of
freezing is crjﬁical and a sensitive temperature control system is required.
Because of the very low diffusion rates in the materials the directional
freeze method requires very long cooling times and ingots were usually grown
over a period of three monfhs, It was found, however, that in many cases
equilibrium had not been reached and this resulted in multiphase material.
This undesirable result was attributed to constitutional supercooling. ' i!!
One method of eliminating this effect was to increase the temperature
gradient of the furnace but this is not practical since to attain the
desired gradient for some alloys systems one end of the furnace would have
to be over 1200°C which is close to the melting point of quartz as well as
above the specified operating temperature of the Canthal wire used in the
furnace winding. Consequently another method was tried. This is the step-
freeze method and is an adaptation of the well known horizontal Bridgman
_technique. N

The furnace profile used in this method is shown in fig. (3; 1(b)).

The steep temperature gradient is attained by using water cooled baffles.
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Fig. ( 3:1 ): Typical curves in specimen preparation.
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The hot zone of the furnace need only be above the highest ﬁe]ting point
of the.two compounds. For the In.'__x Gax Sb systems the melting points are
about 525°C for InSb anq 710°C for GaSb and hence the hot zone is usually
kept at about 900°C. Hence in this method the furnace profile is not
changed and the specimen is pulled through the step by an external driving
mechanism. Hére the temperature control iS'ﬁot so critical. In the first
attempts no temperature stabilising system was used at all and using growth
times of about one month very good single phase material was obtained over
the whole composition range. This system can thus be grown relatively
easily using this method. In fact growth times of only 15 days for 15cm.
ingots are used now and no temperature control is needed. Growing specimen
at 1 cm./day results in ingots of uniform cross-section and this is of
advantage in optical work.

In fig. (3; 1¢c)) the variation of composition with length is shown
for a typicéT ingot which was grown using the step-freeze technique and
_starting from a 50-50 mole percent mixture of the compounds. The composition
was found using standard X-ray powder photograph techniques. From the
resolution of the 1arge angle back-reflected Tines on these photographs the
homogeneity of these specimen was seen to be very good and thus the 1aut1ce
parameter could be determined to within 0.5%. The determination of the
composition from the lattice parameter was dépendent on published data of
the variation of lattice parameter with composition?®, and it is gstimated

that compositions were found to within 1%.
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Some preliminary values for the dopinghievel in the ingot are also
shown in fig. (3; 1(c)). This level of doping was attained by adding one
mi11igram of Te to the 50 gram mixture of commercial polycrystalline InSb
(apprbximateiy 3x1022/m3 n-type carriers) and po]ycrystaiiine GaSb prepared

in this laboratory (roughly 1023/m® p-type carriers).

The measurements on In Sb Asx specimens were made on material

1-x
prepared in this laboratory by Coderre and the methods of preparation are
described elsewhere!®. There are still many problems with the growing of

these crystals but nevertheless the specimens which were obtained were

homogeneous to about 1%.
The GaSb specimen used were supplied by Dr. A. Strauss of the Lincoln

Laboratories, M.I.T. and had been used previously in magneto-resistance

work’*. The samples were n-type single crystals and were cut from ingots
which were'pu11ed from a melt which cohsisted of Te and p-type GaSb having
hole concentrations of the order of 2x1023/m®.

The optical specimen were obtained from cross-sectional slices of the
ingots. Since electrical and thermal measurements were to be made as well,
the slices were cut to be roughly rectangular and were on the average
lcm. X 2-3 mms. in dimensions. Thus the cross-sectional area was convenient
for optical work and the length to width ratio was adequate for the (simple)
Ha11veffect measurements. These reétangu1ar slices were ground to roughly
150-miérons using coarse alumina powder. The two surfaces were then
mechanically polished using 1 micron alumina powder. In this way the

scattering of radiation was reduced and the transmitted intensity was increased.
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ii1) The Magneto-optical System:

In discussions with Dr. M. Cardona during his visit to this laboratory
in 1964, it was pointed out that one of the most'diffipult'aspects of
magneto-optical experiments is the aligning of the optical system. In order .
to facilitate the alignment, therefore, the mirfor, polarizer and detector
holders were designed to give as many degrees of freedom.as possible. All
the components of the optical system could be positioned by means of
coarse and fine adjustment controls on the ho]dérs. In fig. (3:2), the
details of the holders are shown, (a), together with the mirror supports,

(b), and the specimen mount, (c). In figure (3:3), the detector and the

final focussing mirror system, (a), and the analyser support, (b), are
shown. The polariser mounting is the same as that for the analyser except
that no external drive mechanism is attached. Wherever possible non-
magnetic materials like brass, aluminum and stainless steel were used in the
construction of all the components of the optical system.

In order to insure that the optical system was rigid so that after
a1ignment.a1] the components remained fixed, the mirrors, polarisers,
sample holder and detector were suspended from a rigid frame. A sthemétic
of the assembled system is shown in figure (3:4) and is basically the same
aé that used by previous workers®3>8%,

The monochromator is a Perkin-Elmer double pass model. It can be

| fitted with a NaCl or a KBr'prism thus giving monochromatic radiation in
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the 2 to 25 micron range. 1In order to facilitate amplification and to
reduce noise due to stray light and fluctuations in the line voltage, the

~ radiation is chopped at 12.5c.p.s. before being passed a second time through
the prism. Mechanical contacts fixed to the chopper shéft are used to
rectify the amplified signal. _

The source is a Nernst filament powered by a regulated 110 VAC supply.
The filament is capable of radiating about 100 watts 6f power at 100 VAC
and can readily be used for the wavelength range given above.

The detector is a Perkin-Elmer thermocouple thh a KBr window. The
connection between the detector and the preamplifier is made as short as
possible to reduce noise. QQ!

The wavelength of the radiation from the monochromator can be changed
by rotating a Littrow mirror which is set directly behind the prism. The -
wavelength drum on the monochromator ié graduated in "number of turns". In
order to calibrate the drum in terhé of wavelength, filters of different
materials are used. From a number of well-known absorption bands in these
materials, the wavelength and the drum reading can be correlated. For
the wavelength range under consideration, 2 to 25 microns, suitable materials
are benzene, po]yétyrene, chloroform, 1-2-4trichlorobenzene and FeCOs. The
atmospheric CO, and moisture vapour lines can be used. A complete Tisting
of thé absorption bands for monochromator calibration from 2 to 16 microns
is given by Plyler et al.®5. The calibration curves which were obtained

for the NaCl and the KBr prisms are shown in figure (3:5).
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In order to keep the optical system as simple as possible it was
decided to use linear transmission polarisers such as the pile-of-plates
type. There are numerous materials which can be used for these polarisers.
A listing of these is given by Palik®®. Initially the author had tried
thin Mylar dielectric films (commercially known as Saran wrap). This proved
to be only moderately successful and could be used solely in the.2 to 6
micron range. Here about 60% po]arisation was attained for a "pile" of
4 films. Also since the Brewster angle is approximately 70° these polarisers
tend to be rather bulky and so this material is‘not too practical. The
polariser which was eventually used was the Beckmann silver chloride g!
polariser. Although only about 30% of the incident radiation is transmitted
by these polarisers they are suitable for use up to 20 microns without too
much difficulty. One precaution which must always be taken when dealing
with AgC1 is that this material is sensitive to ultra-violet radiation and
blackens after some exposure. The ammount of u.v. in the rooh must therefore
be kept to a minimum. It has been reported recently, however, that these
plates may be restored to good condition by a lapping process,  The Beckmanq
polariser consists of two sets of differently stacked plates and so the
beam refracted by one set is refracted back onto the optic axis by the other
set of plates. This is required for the method of measurement used here '
since the analyser is rotated. The driving mechanism of the analyser can
be operated manually or by a motor drive which rotates the analyser at a

rate of approximately two revolutions pe% hour.
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The Newport magnet which was used, was capaB]e'of givind fields of
0.75w/m? at a pole gap of 1.25". The field strength wastmeasured-with a
‘Rawson rotating coil gaussmeter. It is estimated thét'the accuracy of the
field measurement is better than 1%. Since the cross-séctional size of the
samples is generally less than 0.3 cms? the inhomogeneity of the magnetic
field need not be considered. i

In order to reduce the intensity lost by the radiation along the
optical path, the image of the exit slit of the monochromator is focussed on
the specimen by a concave mirror which has a focal length, f, of 30cms.

The optimum condition was attained with a 2f:2f configuration of object
and image distances. In this way the beam is slowly converging and hence
hardly any intensity is lost at the aperture of the polariser. The light q..
is rendered parallel to the magnetic field by using two small auxiliary h
mirrors placed at a 45° angle to the optical path. After passing through
the analyser the radiation is focussed by a very short focal length concave
-mirror onto the detector. The resulting chopped signal is preamplified,
amplified and rectified. The output DC voltage can then be displayed on a

Philips Chart Recorder or connected to a bridge circuit which will be

described in the next section.
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jv) Measurement Procedure:

Two methods of measuring the Faraday rotation © were used. In the
first the output from the amplifier was connected in series with tﬁe Philips
recorder and the secondary coil of an output transformer. .The primary coil
was connected to a circuit which was used to superimpose marks on the
recorder trace as the analyser was rotated. This marker unit is shown in ,
figure (3:6). The driving motor rotated at %-rev/min; and turned the
flywhéel at 1 rev/min. There were two small holes on the circumfereqce of
the flywheel. These holes permitted 1light to activate the photocell and
hence current flowed through the relay windings. A voltage was thus applied

across the primary coil and the change in flux in the transformer caused |

AR

the supérimposed marks on the recorder trace. Since there was a 2:25 gear
ratio between the analyser and the analyser drive shaft there weré-SO such
marks for every full rotation of the analyser. The spacing between two marks
thus corresponded to 7.2° of rotation of the analyser. The ammount of
slippage and backlash between all the gears could be tested by funning a
number of traces of full revolutions in the forward and reverse directions
of the motor drive and comparing the traces and the positions of the marks.
There was a slight difference in intensity from one trace to another but
this was only attributed to fluctuations in the source since the positions
_of these marks relative to the maxima and minima of the trace were always

constant.
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Fig. (3:6): Marker system
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In the measurement of the Faraday rotation the magnetic field was
set to the desired value and the monochromator to a wéve1ength well above
the fundamental absorption region. The gain on the amplifier was adjusted
to give full scale diflection when the polarised beam incident on the analyser
and the analyser were in the parallel position, The zero balance on the
ampiifier was adjusted when this beam and the analyser were in the crossed
position. The analyser was then motor driven through one full revolution and
a complete output trace was obtained. The magnetic field was then reversed
and the procedure was repeated. The intensity ét each of the markers was
read off for each trace and the traces were computer fitted by a least

squares fit to a curve of the form.

Y; = ¥o * € sin (¢, + x;)

where + corresponds to the two field directions. The Faraday rotation of the

specimen is then given by

6 =0.25 (¢, - ¢_)

The results of these measurements will be shown in the next chapter.
This method is slow and rather tedious bqt gives an accurate result,
since misalignment effects are averaged out. The accuracy attained by this

' method can be estimated from the standard deviation calculated in the curve
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fitting program. in all cases it was found that the rotation was measured
to better than 0.5°.

In the second method the amplifier output signal was connected in
series with a sensitive galvanometer and a variable DC Vd]tageAsupply. The
circuit diagram is shown in figure (3:7). With the magnetic field épp]ied
and the analyser adjusted to give maximum transmittance, the variable DC
voltage was adjusted unti]Ithe galvanometer reading was zero, i.e., at this
position the output signal and the DC voltage were equal in magnitude. The
DC voltage was then reduced to half its value and the analyser was rotated
until the galvanometer again read zero. The position ¢, of half maximum
transmission was recorded on a counter connected to the analyser rotation
shaft. The magnetic field was reversed and a new value p2 obtained. The
value of 6 is given by 0.5 (¢; - ¢2). In order to average out misalignment
effects, the values of all four half-maximum transmittance points in a full
analyser rotation were found and a mean 6 calculated. The position of -half
maximum transmittance was used since the amplifier signal varies most
rapid]y.with the analyser angle at this point. This method of determining
8 was much faster than the first and appeared to give very similar results.
It is estimated that the values of § obtained by this method were accurate
to about 0.5°. This estimate was made by comparing the values obtained by

both methods. This comparison is shown in fig. (4:10) in chapter 4.

N
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Fig. (3:7): Circuit diagram for "new" method.
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/) Hall Effect Measurement:

The probe used in the electrical measurements was of the standard
type. Only four contact points were used, two for the current which
flowed along the length of the specimen and two to pick up the Hall voltage
across the width of the specimen. The magnetic field is épplied
perpendiculafly to these two directions. Since the specimen to be measured
were in the shape of thin platelets, no strong spring devices could be
used for making the contacfs. in all cases, however, a good mechanical
contact could be obtained by using gold wire of about 0.005" in diameter.
The spring action of these wires was sufficient to obtain good contacts -iQ!
giving resistances of the order 200 ohms between the current leads and
slightly less between the voltage leads. These resistances cou)d be
lowered considerably by spark welding the gold wire to the specimen and in
genéra] the values obtained were around 5 ohms. These contacts were
found to be ohmic.

In order to calculate the carrier concentration from the Hall
experiment the relation between the Hall coefficient, RHi’ and the number

of carriers, nys must be used. This relation is given by

For a single band which is designated by the subscript i as in
Chapter 1. In equation [3:1] r; is known as the Hall parameter and F,

is a geometric factor which depends on the shape of the constant energy



-8 -

surfaces. Ihe expression relating Fi to the shape of these surfaces

'iS 68

3K1(K1 + 2) : ) T
F'i = m .................. Ceeneaces Ceeesecesae [3:2]

where K; is the came as used in [1:4] and [1:5] i.e. the ratio of the
longitudinal to transverse effective masses.
More will be said concerning this formula later on. The Hall

coefficient is related to measurable quantities by

A}
Hi 1B

where t is the specimen thickness, VH js the Hall voltage, I is the
current used and B is the magnetic field. ‘

The thickness of the specimen was measured using a Mercer'dial
jndicator which was graduated in 10 m1crons-d1v1si6ns. Numerous measure-
ments were taken over the surface of the specimen and the resﬁfts were
averaged. In this way the thickness was measured to within 5 microns.

The current was measured with a potentiometer set up and the
inaccuracies associated4with this measurement were neg1igib1e.| The
magnitude of the magnetic field could be read off the field control panel.
The accuracy given by the manufacturers was below 1%.

In order to eliminate errors due to the m1sa11gnment of the voltage

Jeads, the Hall voltage at one field was measured in both field d1rect1ons
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and the results were combined as follows

(V+)mea5uned - VH ¥ Voﬂﬁéet * vmagnetoneéibﬁance
‘V-)meaéuned - vH * voﬁﬁbet * vmagnetonebiéiunce
therefore (V+)mea4uned - (V-)meaéunéd =2V

Since the offset voltage and the voltage due to magnetoresistance depend
on the current direction only.

The problem in calculating the carrier concentration using equation
[3:1] is that generally Fi and r; are not known.

If however the carriers can be associated with thé (000) band only
the problem is simpiified in that the energy surfaces here can be treated
as being spherical. Hence Mop = Mogo Kb = 1 and hence Fo = 1. The Hall
parameter, ris depends on the predominant scattering mechanism. In the
case of degenerate material for a single (000) band, ro+1. For non-
degenerate material r, # 1 but it has been shown by Smith®® that the
one band Hall coefficient for a non-degenefate specimen in an infinite

magnetic field is given by



The procedure followed was thus to observe the variation of the
Hall coefficient in increasing magnetic fields. The éaturation value of

R

Ho Was then taken to be R_ and from equation [3:3] the carrier
concentration, Ngys Was found. '

| Other problems which are encountered in the measuremgnt of the
carrier concentration are the sample size factor and the inhomogeneity of
doping within a specimen. For an ideal Hall measurement using the straight-
forward four probe system the length to width ration should be at least
three?®. This was roughly satisfied in all éases. To justify the use
of standard Hall effect measurement oﬁ the thin optical specimen an
experiment was ﬁarried out whereby one slice of an ingot was measured ﬁgg
before any further cutting, grinding or po1fshing. The length to width
ratio was of approximately 2:1 and the carrier concentration was‘found
to be 2.34x1023 n-type carriers /m3. A very thin parallelopided was cut
from one edge of this slice and the length to width ratio of this specimen
was 10:1. The carrier concentration found in this case was 2.08x10%3/m®.
The remaining part of the original slice was then ground down to about
100 microns and mechanically polished. The léhgth to width ratio was
about 3:1 and the measured carrier concentration was again 2.08x1023/m3.
Although arriving at the same value as before is coincidental since there
should be some difference due to experimental inaccuracies this experiment
shows that standard Hall effect measurements can be made on the thin

optical sample and that inhomogeneity of doping within the platelet must
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be small.

The Hall effect measurements could therefore be carried out
after the measurement of the Faraday effect. The high field technique

described above was used and the results are given in the next Chapter.
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vi) Thermoelectric Power Measurements:

' The.conventiohai method of measuring the thermoelectric power by
applying the heat source and the heat sink to thewends of'thé specimen
could not be'used here since the specimens were too'fhin and too brittle.
A method was devised whereby the heat source and the hgat sink are lowered
onto the ends of the specimen which was mounted on a plate of optical |
quality glass. This method was found to prevent breakage. A diagram of'
the apparatus: is given in figure (3, 8(a)). The horizontal screw permits:
adjustment of the spacing between the heat source and sink. The vertical
screw lowers the probes onto the specimen.

The electrical system used in the measurement is shown in figure
(3; 8(bY). o

In order to achieve good electrical and thermal contacts between
the specimen and the probes indium wire is used as indicated in (3; 8(b).
The voltage drop is thus measured across the indium wires and the temperaf
ture difference between the ends of the specimen is found using a chromel-
alumel thermocouple. Electrical insulation between the one junction: .of
the thermocouple and the indium probe. is obtained by using thin mica
sheets.

The variation of voltage drop with temperature difference was ’
measured using a Hewlett Packard preamplifier. The results of these

measurements will be given in the next Chapter.
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vii) Optical Absorption Measurements:

The magneto-optical.system~was designed so -as to -allow measurement
of the absorption edge in the sbecimens. The ammount of energy transmitted
at each wavelength was measured both with and without ajspecimen. The -
ratio of these measurements thus gives the absorbance of the specimen.

These measurements were carried out to determine the degeneracy of'
the specimen and also .to estimate the magnitude of the extinction
coefficient. A knowledge of the latter is required in the analysis of
Faraday rotation data when multiple internal reflection corrections are
to be made.

The results of these experiments are shown in the next Chapter.
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CHAPTER 4

EXPERIMENTAL DATA

i) Introduction:

In this chapter a systematic listing of the experimental data will
be given. Several times in the past the author has wanted to reanalyse
the raw data of previous work. This however has been hampered by the fact
that some of the fundamental measurements nébéssany for a reanalysis had
not been recorded. It is-hoped that shqu1d it be necessary to reanalyse
the present data at some future.date, the basic measurement results will
be easily obtained.

The data will be recorded under the following headings in the next
sections;

Section (ii) - Measurement on the compounds

(a) InSb
(b) GaAs
(c) Gasb
(d) InAs

" Section (iii) - Measurements on alloys

(a) InSbl,,xAsx

(b) In,_ Ga,Sh
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The specimens will be numbered according to their apﬁearance in
this thesis. Where there may be‘some confusion in specimen numbering,
j.e. where a specimen has been numbered differently:elsewhere as in a
publication or other thesis this will be clearly indicaféd.here.

As has been mentioned in Chapter 3, two different methods for
measuring the Faraday rotation were developed. The first method was
to actually make a trace out of the output on the recorder and then to
fit this trace with a computer using a least squares methbd. This will
be referred to as the "OLD" method. The second way was to electrically
balance the output voltage and to use a galvanometer null technique.
This will be referred to as the "NEW" method. Table 4A indicates which

method was used for each specimen.
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Specimen Method Specimen Method Specimen | Method

number number number
1 old 15 old 29 new
2 old 16 new 30 new
3 old 17 - old 31 new
4 old 18 new 32 new
5 new 19 new 33 new
6 new 20 new 34 new
7 old 21 new 35 new
8 old 22 new & old 36 new
9 old 23 new 37 new
10 old - 24 new 38 new
11 old 25 new 39 new
12 old 26 old 40 new
13 old 27 old 41 new
14 old 28 new 42 new

TABLE 4A
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ii) Measurements on the Compounds:

a) InSb

Four n-type po]ychystal]ine specimen were prepared for the optical
experiments. The different doping 1eve1§ were obtained by adding amounts:
of tellurium to commercial polycrystalline InSb (n-type ~ 101€/cm3). The
mixtures were melted under vacuum in a sealed quartz c;psu1e and annealed
| for a few days.

The results of the Faraday rotation measureménts are shown in
figures (4: 1¢a)) and (4: 1(b)). Other expefimenta] data is listed in
Table 4B.

The carrier concentration values for specimens 1 and 2 were obtained
by magnetoresistance measurements made by Aubin’2. For specimens 3 and 4
Hall effect measurements were made in the standard way Qithout any variation
of the magnetic field. A Hall current of 100ma and a Hall field of ~ ~
0.73 w/m*> were used. |

In this table and following tables "Field" refers to the field used

in the Faraday rotation measurements and "Slope" refers to the resultant

slope of the rotation as the square of the_wave]ength.

'
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Specimen Thickness Carrier Field Slope
number concentration
’ (microns) (x1018/¢cm3) (w/m?) (x10'%deg/m?)
1 244 774 1 0.71 : 86.0
2 224 307 0.711 80.0
3 208 15.4 '0.700 . 15.8
4 212 3.83 0.700 4.62
TABLE 4B

In table 4C the origin of the specimen and fhe different codings

are shown

Z.. |.Specimen Source - Source's Other
“:+}- number code code
1 Aubin S3
2 Aubin S13
3 E.V.T. 1 1
4 E.V.T. 2 2
TABLE 4C

In the column headed "OTHER CODE", the numbers are those given to

these specimens in reference 80.
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Thermoelectric power measurements were made on specimen #4. In
order to investigate the effect of mica thickness on the value of a, the
thermoelectric power coefficient, measurements were made on specimen #4
using four bieces of mica of thickness 32, 48, 64 and 80 microns. The

results are s'-«m in figure (4; 2). The extrapo]ated value at zero-

thickness is 1 from the value quoted for a InSb specimen, of similar
carrier concei: - ion by Russian workers. - If this reported value is
taken to be c¢ .t it is seen that the thermoelectric power coefficient

obtained by th: method described in Chapter 3 can be expected to be about 5%
too low when a single 32u sheet of mica is used as the electrical
insulation. This thickness of mica was used in all the thermal measure-
ments quoted here. . "‘
(b) GaAs
Two n-type single crystals of GaAs were obtained from Aubin and
room tempe}ature Faraday rotation measurements were made on these specimen.
The results are shown in figure (4:3).-
Values for the carrier concentration are shown in tables 4D. These
values are found from room temperature magnetoresistance and Hall effect

measurements made by Aubin??

Specimen Thickness Carrier Field Slope
number concentration
(microns) (xi0%¢/cm®) (w/mz) (x101°deg/m€)
5 . 513 395 0.702 101 -
6 578 83.2 1. 0.702 31.8

TABLE 4D
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c) GaSb

Four n¥type tellurium doped GaSb single crystals were obtained from
Harland’"%>75, Magnetoresistance and Hall measurements as a function of
temperature had been made on the specimens. Owing to thé'comp1exity of the
band structure of GaSb, which will be expounded upon later, the value of
the carrier concentration could not be obtained directly from the electrical
measurements. These measurements yield values for ;;%;; which are carrier
concentrations factors for the ith conduction band minima. These factors
have been described in Chapter 3. |

Combining these experiments with room temperature Faraday rotation
measurements permits a better analysis of this data. The results of
the Faraday rotation measurements are shown in figure (4:4). Here the
rotation is plotted as a function of wavelength and not as a function ]
of the square of the wavelength since here the complexity of the band i!!
structure requires one to take into account inter-conduction band
transitions. This is further discussed in Chapter 5.

Table 4E shows the results of other measuremehts. The numbers in

the "SOURCE CODE" column refer to the specimen numbers given in reference

74, 75 and 76.
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Specimen Source | Thickness No/r F N:/r.F. Faraday
number code ’ °o v field
(microns) (x10%/cm?) (x10%8/cm?) w/m?
7 6 119 58.05 251.3 0.61
8 8 140 . 28.71 110.1 0.61
9 10 190 16.39 47.63 0.73
10 9 150 7.937 20.86 0.70
TABLEAE

Some rough measurements of optical absorption indicated that the

free carrier absorption was high and hence the effects of multiple internal

reflections need not be considered here.

d) InAs

-There is some difficulty involved in the preparation of differently
doped InAs specimen. The specimens which were prepared by the author had
a number of pinholes.

the electrical or optical measurements.

Kwan?7,78

has preformed a full analysis of InAs.

These specimens: were thus not suitable for either

A centrifuge method was

This problem has been overcome and

used and this seems to produce good optical and electrical specimen. A

complete Faraday rotation analysis will be performed by R. Senechal??.

One InAs specimen was obtained from the stock of commercial InAs.

Faraday rotation, Hall effect and thermoelectric power measurements were

made on this specimen.

In the Hall experiment the magnetic field was

Q
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0.73 w/m®> and the current was 100 mA. The results of these measurements

are shown in fig. [4:5] and Table 4F.

number given to this specimen in reference 80

The."OTHER CODE" refers to the

Specimen | Other | Thickness Carrier Field Slope o
number | code concentration -
| (microns) | (x10'%/cm®) | (w/m?) | (x10'°deg/m?) | (nV/°C)
1 19 164 3.37 0.70 1.73 -338
TABLE 4F
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iii) Measurements on the Alloys:

a) InSb, _,As,

A1l the materia1.used in this work was prepared by Coderre!®. These
specimen were found to be fairly homogenéous and X-ray powder photographs
enabled the measurement of the lattice parameter to between 1% and 2%.

The composition was then found by using previously published data of lattice
parameter vs. composition?®. For convenience this curve is reproduced in

Fig. (4:6). The composition was found using the solid curve rather than
the-dofted "Vegard's Law" straight line. Any uncertainty in the composition

is thus generated by uncertainties in this curve. | Q‘

Rough optical absorption measurements indicated firstly, thét these
specimen could not be considered to be degenerate since no Burstein shift
was noticed“e.. Secondly sihce the absérption was high the effects of
multiple internal reflections were neglected in the ana1y§i§ of the Faraday
rotation data.

The measurement of free carrier Faraday rotation was made using both
the "o1d" and the "new" methods. Table 4A indicates which method was
used on each specimen. In order to check the "new" and faster technique
both methods were used on specimen 22. The results, shown in figure
(4:10) show that either method is satisfactory and will yield the same
results. The results of the magneto-optical measurements are shown in

Figures (4:7) to (4:9).
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Hall effect measurements were made using the high field technique
described in Chapter 3. Fig. (4:11) shows some typical results of these
measurements. In some céses sathration of the Hall coefficient was not
reached and for these the value at the largest attainable fié]d Qas
taken as the Hall coefficient at infinity.

Table 4G shows the results of the Hall effect and Faraday rotation
measurements and in Table 4H the results of the X-ray and thermoelectric
power measurements on some of the samples are shown. Table 4I indicates
some other numbers which had been used to co&e these specimen. Here "OTHER

CODE" refers to numbefs from reference 80
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Thickness

Carrier .

Field

Specimen - Slope
number. concentration :
(microns) (x]O’G/cm3) (w/m2) (X103°deg/m2)
12 67 4.66 0.700 | -  1.69
13 109 5.71 0.700 3.78
14 83 5.76 0.700 | 3.28
15 103 8.64 0.700 5.17
16 126 7.41 0.700 5.89
17 90 1.3 0.700 4.98
18 105 8.38 0.700 6.02
19 129 9.99 0.700 16.97
20 131 8.71 0.700 5.77
21 97 8.56 0.700 4.73
22 152 11.7 0.725 11.6
23 103 8.48 0.700 4.4
24 97 20.8 0.700 9.13
25 182 13.9 0.700 9.72
26 109 18.9 0.725 7.1
27 235 7.72 0.725

6.98

TABLE

4G
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‘Specimen Lattice Composition o
number parameter X L
(A) (uv/ec)
12 6.454 0.09 -277
13 6.443 0.15 -202
14 6.421 0.19 -226
15 6.400 0.25 -169
16 6.365 0.34
17 6.337 0.40 -191
18 6.319 0.44
19 6.276 0.535
20 6.216 0.635
21 6.186 0.68
22 6.168 0.71 -177
23 6.141 0.775 |
24 6.100 0.87
25 6.085 0.91
26 6.078 0.935 -219
27 6.070 0.960 -273

TABLE 4H




- 113 -

Specimen Laboratory Other
number code code
12 TZ-C-3 (8.37) 3
13 TZ-C-1 (3.68) 4
14 TZ-C-1 (3.20) 5
15 TZ-C-1 (3.43) 6
16 TF-C-1 (3.70) 7
17 TZ-C-3 (7.60) 8
18 TF-C-1 (3.48) 9
19 TF-C-1 (3.25) 10
20 TF-C-1 (3.07) 11
21 TF-C-1 (2.95) 12
22 TZ-C-1 (3.25) 13
23 TF-C-1 (2.46) 14
24 TZ-C-5(13.5 ) 15
25 TZ-C-1 (2.70) 16
26 TZ-C-1 (2.00) 17
27 TZ-C-1 (0.81) 18

TABLE 41
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b) In,_, Ga, Sb

The measurements on specimens of this system were made on samples
obtained from a singlé ingot prepared by'the author using the directional
freeze technique mentioned in Chapter 3 and more fully described in
reference 18. X-ray powder photographs showed these spgcimens to be of
good homogeneity. The lattice parameter could in these cases be found to
better than 1%. The composition was then found from previously published
data of the lattice parameter as a function of the composition2® and these
results are reproduced in figure (4:12).

Since the doping level of this ingot was fairly high the Hall
measurements in increasing magnetic field showed a saturation of the Hafl
coefficient in increasing magnetic field for all specimen. The Hall
goefficient values from 2.0 to 3.2 w/m? showed a variation only in the q.‘
fourth figure and hence the carrier concentration was calculated from the
average of the values at the above fields.

At these electron concentrations (generally greater than 5x10!7/cms?)
absorption of infrared radiation is high even at wavelengths much longer
than the fundamental gap. This is due to free carrier absorption. The
absorption curves for éome specimen are shown in figure (4:13). Here the
absorption.is plotted against fhe Square of the radiation wavelength to
show the linear behaviour of the free carrier effect. In these curves
I 'is the radiant intensity without the specimen and I is the radiant

)
intensity after traversing the specimen. These high absorption levels
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again permit one to neglect the effects of mu1tip1e internal reflections
in the analysis of the Faraday rotation data.

Since the results of these measurements were to be combined with
magneto thermoeTéctric power data of Aubin?2:8! no thermal measurements
were made.

The Faraday rotation results are shown in figures'(4:14) to (4:16)
and the data from these and other measurements are tabulated in Table 4J.

The results of the X-ray analysis and the optica] absorption curves

are shown in Table 4K
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Specimen Thickness Carrier Fie]d - Slope
number concentration -
(microns) (x10'¢/cm?) (w/m?) (x10!°deg/m?)

28 226 - 109 0.728 |  57.2
29 87 128 0.702 23.3
30 179 90.0 0.702 31.6
31 235 73.8 0.728 42.0
32 104 69.6 0.702 12.5
33 114 83.3 0.702 19.4
34 150 68.0 0.702 18.7
35 73 72.7 0.702 1.0
36 130 58.2 0.702 13.7
37 177 56.4 0.728 19.3
38 171 53.9 0.702 18.9
39 . 131 55.4 0.702 13.4
40 129 54.6 G.702 ii.6
41 140 40.3 0.702 10.4
42 130 23.3 0.702 4.87

TABLE

44
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Specimen Lattice Composition Absorption Laboratory
number "panageter X Slope code
(A) (x10*°/m?)

28 6.425 0.160 1.24 DF-A-8 (11.8 )
29 - 6.411 0.195 0.758 " (9.8)
30 6.373 0.290 0.448 " (8.2)
31 6.349 0.350 0.890 "o (7.1)
32 6.331 0.400 0.636 " (6.43)
33 6.331 0.400 0.870 " ( 6.23)
34 6.303 0.470 " ( 5.03)
35 6.300 0.480 0.480 " ( 5.43)
36 6.293 0.500 0.718 "o (.5.23)
37 6.290 0.510 0.640 " (.4.73)
38 6.282 0.530 0.668 " (5.13)
39 6.269 0.560 " ( 3.93)
40 6.253 0.600 " (4.13)
a4 6.241 0.630 " ( 3.53)
42 6.200 0.730 v (1.67)
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CHAPTER 5

ANALYSIS OF EXPERIMENTAL DATA

Introduction:

The analysis of the Faraday rotation data was carried out in a
slightly different way for some specimensthan the rest. This was due,
as will be seen, to the degree of degeneracy of these specimensor to the
complexity of the band structure. For this reason an outline of the rules
to be followed in analysing free carrier Faraday rot;?ion data, will be
given first. A more detailed account of the analysis will then be given
when each set of measurements will be ana]yéed in a specific way. It must
be pointed out here that in general the purpose of this work was to
calculate the value of the bottom of the band effective mass, mgo, and this
was done in the case of InSb (specimens. 3 and 4), InAs and the two alloy
systems. For the case of GaSb, however a value for mgo was assumed in the
hope that more information about the <111> conduction band could be found.
In all cases a Kane model was chosen to represent the (000) condu;tion
band. In the case of InSb some estimate of the suitability of this choice

could be given by comparing the results obtained from low degenerate

specimens with those of higher degeneracy.
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ji) Free Carrier Faraday Rotation:

From equation [2:4] it can.be seen that the slope of the 6 vs A?
plots can yield a value for the Faraday or cyclotron effective mass. This

is given by the equation

= -11 1 _ .
S-l = (].509 x 1071 ) W .............. IEEERE [5.]]

where S] is the slope of these lines. There are however four conditions
which are inherent in equation [5:1] and these must be considered before
[5:1] is to be used.

a) Firstly in order to find a value for the effective mass from [5:1]
the refractive index, n, must be known. The value of n, however, is

a function of the degree of doping of the specimen. For low doped
specimen the free carrier absorption is low and the contribution to n.due
to this effect is negligible. In this Ease in the wavelength range under
consideration here, 4 - 20 micrdns, n can be considered to be wave]éngth'

independent and is given by

where €, as in equation [2:2] is the specific dielectric constant of
the material in the absence of free carriers. Where required, values for

€, are taken from reference 86.
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At higher carrier-concentrations, however, the free carrier
absorpfion becomes appreciable and the refractive index for the
wavelength range quoted above, changés with wave]ength. The relation
for this dependence is given by equation [2:3] which, in the absence of
magnetic fields (wc = 0 and m?é is replaced by m?R) and under the assumption

that at these wavelengths wt >> 1, beéomes

’ e () 2 [5:3]
n=€" 2 o~ 2 )\ .......................... 5:3
r 4w c € m?R
Here m?R is the reflectivity effective mass but, as has been
mentioned in Chapter 1, for single bands with associated spherical energy
surfaces m*R = mgc. In this case equation [5:1] and [5:3] can be solved

(o}
for m* using a cyclical continuous approximation method.

oc

b) The second consideration which must be taken into account is the
mean%ng of the effective mass value obtained at different levels of
degeneracy. For fully degenerate specimen (EFi > 4kT) the effective mass
value obtained by using [5:1] and [5:3] as indicafed above, can be
interpreted as the cyclotron mass evaluated at the Ferﬁi level as

in [2:5]. This of course implies the same conditions of a single band

‘and spherical energy surfaces. Thus here



where ke, = 3“2“0"';" ........ eerenes eedeeseessaes eeeen [5:5]

How [5:4] and [5;5] are used Wi11 be shown in séction’(iii) of this
chapter. ] |
c) When the specimens cannot be considered to be fully degenerate the
effectﬁve mass value obtained from [5:1] and [5:2] or from [5:1]'and
[5:3] must be interpreted as an average value over all the occupied
states in the band'but there is no way of telling which energy stafe
will have this value. " In these cases thé only band parameter which can
be found directly is the bottom of the band effective mass, mgo. I one
assumes a Kane type dispersion law for the (000) conduction band then
using equation [2:39] the slope of the © vs 12'p10ts is given by

s . _60ea’tB (il_)
2 nsﬁ“c3eon kT

or

!
!

Bt ' .
2 = D] ('_;]—) I.I .................................... [5.6]

where D; = 45e3/8nch*c3e = 2.096 x 10%° in rationalized MKS units. I
is given by [2:37]. Using [2:40] and [2:38] it can be shown that

under the conditions of a single band with spherical energy surfaces.
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Replacing [5:7] into [5:3] yields

ﬁ I 1 :
> _ _ e? o1 2 ., i
n* = e, FricTe [ T6w3a? ] A R T RTRRET [5:8]

Here then a cyclical continuous approximation technique using [5:6] and
[5:8] will correct n for free carrier effects and yield the best value
for I]. The way this is best accomplished is to find a starting value
for I1 from [5:6] using [5:2]. This value of I] is inserted into [5:8]
and the value of n found at each wavelength is used to curve fit by a

least squares method. The equation of Y vs A2 is given below
Y=mn6= D]BtI1>\2 .................................. [5:9]

From this curve fit a new value of I] is obtained and recycled
until two consecutive values for I] are the same.

Once the best value of 11 has been obtained use is made of equation
[2:37] and [2:38]. These two equations relate the experimental values

of I, and Ny to the band structure. Equations [2:37] and [2:38] were

1
therefore, numerically integrated using Simpson's rule with about 1000

divisions. The theoretically calculated values for I] and n, vere then
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compared with the experimental values. There are, however, three

unknowns , moo’

to obtain a solution various sets of values for mgo and EFo were used

EFo and Eg, in these two équations. Initially in order

‘for each value of E*
From the discussion in Chapter 3 section (1v) the expected range
of Eg is between E00 and EO(T), the fundamental energy gap at absolute

zero and the fundamental gap at temperature T. Therefore Eg = E0 + SEd

where 0 < 8E < (Eoo - Eo). |
In the trial solution of [2:37] and [2:38] it was found that the

values of EFo and mgo were insensitive to the value of GE In practice,

a 50% variation in GE caused a 6% change in mgo. In all cases, therefore,
the value of SE; was arbitrarily taken as being %+ (E - Ed). In this

case E; = —2-(E00 + Eo) which physically implies that the effect of the q!-
dilation of the lattice is equal in magnitude to the effect of thermal
vibrations in the decreasing of the energy gap with temperature. There
is some reported evidence for this®®.

At these values for E* solutions for [2:37] and [2:38] could be found

by finding the sets of values for m* and EFo which would give the

oo
same theoretical value of I] as that measured and then 1ndependent1y
finding the sets which would give the same theoretical value of n, as that
measured. The resultant sets of solutions could then be plotted and the

jntersection of these curves gave the common solution. These will be
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shown in later sections.

d) ‘The fourth consideration to be made is the number of different
conduction bands which could have occupied states. At most, in the

case of the specimens considered here, only two bands néed to be
considered, the (000) band and the <111> baﬁd. It has been shown that_
for two conduction band processes the Faraday rotation is related to the

radiation wavelength in the free carrier region by"?

- 4583tB no ) n] )‘2 AB | )
&= 21]'3m2c3€o (mgF/mz + (mglcF/m)z N + SCAREREEREREEERE [5.10]

where the first expression on the right hand side of the equation is due

to free carrier effects only and the second term is the contribution due q..

to inter-conduction band transitions. The refractive index in this case

is written as"?

2 - e2 r‘O + n]
r 4w2czeom (ng/m) (mTR/m)

The relation between m?F and m?R ijs given in Chapter 1. More will

be said about these equations in later sections.
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iii) InSb

Since the specimens 1 and 2 were highly doped the Faraday rotation
data were analysed using conditions (a), (b) and (d) mentioned previously.
In the case of these specimens, however, the contribﬁtibn to the rotation
due to the <111> band is small because of the small effective mass values
of the (000) electrons and hence condition (d) could be neglected. The
results obtained using (a) and (b) were combined with the results of
Smith, Moss and Taylor"®. These are tabulated in Table 5A. Here the

results from reference 49 are listed as SMT.

ez | o o | e
(x10%22/m3) (x107m™1) "

1 774 61.2 0.0768

2 307 45.0 0.0505
SMT 64 22.7 0.029
SMT 20 18.1 0.022

SMT 2.9 9.5 0.0178

SMT 1.1 6.9 0.0165

SMT 0.26 4.2 0.0131

SMT 0.03 2.1 0.0130

TABLE 5A
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.Figure (5: 1(a)) shows the variation of the-slope (%%l ) with
kFo obtained by using equation [5:4] and the results iﬁ Tab]ZOSA.
Integrating this curve gives the variation of energy %n k-space. This
is shown in figure (5: 1(b)). Although this graph is not accurate in
some regions it does give some idea-as to the structure of the (000)
band. | |

Specimens 3 and 4 were analysed using the techﬁique described
in (c) of the previous section. A print out of the computer program
can be found in the appendix. Figure (5: 2) shows how a common
solution can be obtained. The curves marked n  are those sets of TEQ

m

and E._ which will yield the same value of Ny calculated as that measured

Fo

ke
and similarly the curves marked I, are those sets of ng_and Ero which
m

yield the same calculated value of I1 as that measured. The two values

X
of Moo obtained for each specimen agree to within 4%. The average of
m

these values gives (mgo = 0.013 for InSb at room temperature when a

——

m
value of E¥ =1 (0.24 + 0.18) = 0.21eV is used®*-°°. This value agrees

2
with that obtained by Smith et.al.®°. '
In order to illustrate the effect of uncertainties in GEO, an
analysis was carried out on the results from specimen 3. This is shown
in figure (5: 3). The importance of knowing SE accurately is seen to

be not too critical. The complete results of specimen 3 and 4 wiil be

given later with the alloy results.
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Using the values of TEQ- = 0.013 and Eg = 0.21eV equation [2:38]
m
and [2:40] can now be used to calculate the variations of EF

o and E%;i
with doping. These results are shown in figure (5: 4). The dashed
curve represents the results obtainéd by'using the degeﬁérate analysis
as in figure (5: 1). ft can be seen that in the range 7 x 10'7/cc < No
< 5 x 10'8cc the degenerate and non-degenerate ana]ys{s give the same
results. At lower carrier concentratiohs the degenerate analysis is in
error. At the higher carrier concentrations the Kane model is no longer
applicable and here the degenerate analysis is expected to be more
accurate. This, however, is some indication that the Kane model is a
suitable choice for the carrier concentration range considered here.

In the variation of TEE_ with carrier concentration note:that :even
at low carrier concentration? the effective mass does not reduce to the
bottom of the band value of 0.013. Thfs is because at room temperatuke
jn a semiconductor with such a small band gap (0.18eV)®* the thermal tail
in the distribution of states function extends into the conduction band
even when the Fermi level is in the center of the gap. Thus one would not

expect any measurement-to yield a value of 0.013 at room temperature.
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jv) GaAs and InAs

Measurements were made on specimen 5 and 6 in order to give
sbme estimate of the value of cyclotron effective mass at the respective
doping levels. These values were required for magneforesistance and
magneto-thérmoe]ectkic power measurements’?. _
Due to the reTative]y high carrier concentrations in these
specimens the data were analysed using conditions (a) and (b). The

results obtained were:

At n

o = 3.95 x 10%/cm® Moe = .0788

m

8.32 x 10'7/cm® "oc = .0686
m

and .at n0

Since the InAs data was analysed in the same way as the InSb,_yAs,

alloys the results of these measurements is given in section (vi).
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iv) GaAs and inAs

Measurements were made on specimen 5 and 6 in order to give
sbme estimate of the value of cyclotron effective mass at the respective
doping levels. These values were required for magnéforesistance and
magneto—thérmoe]ectfic power measurements’2, B
Due to the reTative]y high carrier concentrations in these
specimens the data were analysed using conditions (a) and (b). The

results obtained were:

At n

o = 3.95 x 101%/cm® Moc = .0788

m

8.32 x 10'7/cn®* Moc = .0686
m

and .at n0

Since the InAs data was analysed in the same way as the InSb,.yAs,

alloys the results of these measurements is given in section (vi).
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(v) GaSb

" 'Recent measurements Qn’the conduction bands of GaSb have been
reported*2:7%:75, ‘In references 74 and 75 a'simu1tanedq5,so1dtfoﬁ of
4.2°K magnetoresistance data from three different]y doped specimen
yielded values for AE, the energy separation of thé‘(OOO) and’ <111>
minima, and m?d/m, the density of states effective mass‘of the electrons
in the <111> minima. In this analysis it waé assumed that the value of
AE at any temperature was independent of the doping of the specimen. The
values thus obtained were AE = 0.084eV at 4.2°K and mfd/m = 0.435 while

the value of %T-AE was estimated to be + 8.1 x 107 5eV/°K.

In reference 42 the data from réferences 74 and 75 (i.e. AE =
0.0887eV at 77°K) were used to analyse Faraday rotation data and here
a value of mfd/m = 0.293 was found. One possible reason for the
discrepancy between the two sets of results is.indicdted in a recent
publication by Kwan and Woolley’®. Here magnetoresistance and other
measurements on InAs indicate that for this compound the value of AE
is very -dependent on doping and thus it appears that the initial assumption
in references 74 and 75, which is that AE is independent of the doping,
is incorrect. Also in these references a very approximate form of the
Kane»model'for the (000) conduction band was used and a value of the
scattering parameter, s = 1.5, was arbitrarily chosen as the correct value
at all temperatures.

In the present analysis the addition of Faraday rotation data at

room temperature taken on the same specimens as in references 74 and 75,
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allow the va]ue'of AE to be calculated for each sample and thus the
ﬁvariation of AE with doping can be investigated. Also a more accurate
form of the Kane equation is used and the effect of the value of s is
considered in more detail.

The detail of the procedure followed is given below. Since the
value of AE is given by ' -

AE = (E.. - E

Fo Fl)

where EFo and EF] are tﬁe Fermi energies as measured from the (000)
and <111> minima respectively, the analysis is directed towards finding
these values.

The problem of analysing data on GaSb may be divided into two parts.
Firstly the (000) constant energy surfaces are spherical and the (000)
conduction band is non-parabolic. Secondly the <111> constant energy
surfaces are ellipsoids of revolution and the <111> minima can be considered
to be parabolic. The following steps show ﬁow the analysis is carriéd out.

a) A Kane model for the (000) conduction band is chosen. This
involves knowing mgo/m and Eg. 1t can be shown that when ak? << E which
js valid for the specimens under consideration here, equation [2:36]

reduces to

E(E + Ef)
aE*( )
00
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-~

For GaSb at room temperature!?, EX = 1 (0.81 + 0.73) = 0.77eV.

The value of mgO/m at room temperature can be estimated from the relation®®

E*(T) . ,
mr (T) = mk (0) g ufRTTIERIILELE S [5:13]
5 .

Magneto-optical data*® gives a value of TEQ_(4.2°K) = 0.047 and hence
m
Mo (300°K) = 0.0447.
==
The carrier concentration, Ngs in this band is given by [2:38].

For convenience when changing the integration variable to E this expression

becomes
3
(aE* J)~ 2 I .
= 0 .
no - 31T2kT ................................. [5.14]
® 3
where Is = H‘z dE
0

E-E | E. -E
____JZZ] + exp _Fo___

G =2+ exp KT KT
1

H= E(E+ Eg)

J= (- 1)

00
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and the energy dispersion relation is given by [5:12].
The Faraday rotation effective mass is given by [2:40] and on

changing'the integration variable again the relation becomes

m*
oF\2 _ I3 .

(S5) = Fo ceeeerreenenee e [ETRTT [5:15]

® 3 2
T
where I, =J HZ {3 +GJL} dE

0

L= {E%/ (2E + E})}

and again [5:12] has been used.

It is therefore possible to calculate sets of values of ngs
(mgF/m) and Eg which are consistent with [5:12]. |

(b) In a band of general shape, the Hall factpr r is related to the

relaxation times by

-
!

= Jm* )2 > . /m* >2
<(z3/m%,) / <Ti/m¥y

-2 3
o oF Ai k™ dE

77 (= of
j—-g!z3dE

r of

o oF
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and m?x is an effective mass.
For the (000) conduction band mgx lies somewhere between the

cyclotron effective mass, mgc, and the band curvature effective mass

mgb. Although the exact form of-m;x is not known, the aﬁé]ysis may be

. R . % = ok * = c eas
carried out with the assumptions that Mx = Moe and mg, = My as limiting

cases.

The relaxation times can be related to the band structure by®?

1 dE

- | 2s-1 dE
T = Const, x k ab

and thus for the (000) band the Hall factor is given by

- k
0 S +
LSRR
oF dk
o :

where the factor p signifies the use of the cyclotron effective mass
(p = 0) or the band curvature effective mass (p = 1) and s depends on the
relevant scattering mechanism. Using [5:12] in [5:]6] the resultant

expression is
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1'.= S+ L1+ o) Py s a®}P e
4

where. G

oo

+ = - |
R e P C I T -
G.

and Is =

For each sample the analysis is thus carried out for different sets of
(p, s) which are (0,0.0), (0,0.5), (0,1.0), (0,1.5), (1,0.0), (1,0.5),
(1,1.0) .and (1,1.5).

With each of these sets,.consistent . values for r_, n_, m‘gF/m and EFO

0°> 0
are calculated at this stage. In order to decide which of these values
is correct the value of no/roF0 from Table 4E is used. Since the (000)

constant energy surfaces are spherical, as mentioned in Chapter one,

(0]

. < s . %
of nO/r0 will thus indicate which values of EFo’ moF/m and therefore n g

and r, are correct for each set of (p, s).
(c) To a reasonable approximation the <111> minima may be treated

as parabolic. Under this condition r is given by

3(25 + 3/2) F_l_ (EF-‘/kT) FZS + L .(EF-I/kT)
ry = 2 2 e e N e
1 2(5 + 3/?)2 { FS + __1{ (EF]/kT)} 2

K = 1.0 and hence from equation [3:2], FO = 1.0 . The experimental value
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0

' ' of |
where Fq is defined by [2:41] or by q(kT)q Fq_1 (EFllkT)=J

oE
o
There are accurate tables for these functions calculated by Coderre!®.

0 £9 ¢E.

The carrier concentrat1on is re1ated to the Fermi energy by [2:43].
The mu1t1p11c1ty of these minima is four and on us1ng [1:10] the re]at1on

becomes

- (1/zﬂ2)(g7/a)% 4% (my t/m)% Fy (Egp /K)o [5:19]

L 4

In order to solve for rys Nps and EF] the experimenté] value of

n]/r]F] is needed. K, is takeh to be®2 8.6 and thus Fy = 0.83. The
solution of [5:18] and [5:19] is now found by choosing a value for s
as in the case of the (000) band and using a starting value for m]i/m.
This yields a set of values for Nys Tps EF] and of course My 4 |

(d) The results obtained from (b) and (c) are fed into equation
[5:11] remembering that here ng/m = mE/m since K = 1 and the values of
n are calculated at the wavelengths at which the Faraday rotation was
measured. Equation [5:10] is then curve fitted by a least squares method

using the data in figure ra:4]. The fitted equation is of the form
- 2 1 N
= AX +B-X'2'

where the‘coefficient A represents.the free carrier effect onfy. Once
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this coefficient has been found LW is calculated from it using the va]ués
of Ny mgF/m and ny- If this new value is not the same as the initial
value of My 4 this starting value is increased and fed into section (F)'
This procedure is repeated until the final calculated value of my, énd
the starting value are the same. Here'fhen-a consistent set of solutions
for n s nys ros Tys Epgs Epp> Myp/m and m, ./m are found for each set of

(p, s) for each specimen.

The program for this calculation can be found in the appendix. The

tabulated results are given in Tables 5B and 5C. The column headed atomic
9 Te is calculated from the values of (n0 + n]) and the assumption that all
the tellurium atoms are ionized.
In Table 5C note thét for some specimen no solution could be
found for s = 1.5. This is because the calculated contribution 6f the
(000) electrons to the free carrier rotation was larger than the total
rdtation measured. However, measurement of magneto-thermoelectric
power on various III-V materials®! show that for samples with values of
n, and n, such as those used here (i.e. 20 x 10'¢/cm® to 400 x 101¢/cm?),
the appropriate value of s Ties. between 0.5 and 1.0. Hence a value
of s = 1.5 might be expected to give anomalous results in this analysis.
Since the <111> band will show T1ittle deviation from parabolic
form over the energy range considered here, %or the correct value of s,

the calculated variation of m]t/m from one specimen to another should be
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small and any variation observed should be of mli/m increasiné as the
carrier concentration n, increases. In the values of m]i/m'tabu1ated
in Tables 5B and 5C it is seen that for s = 1.5, thé variation in
m]x/m was large and that m]t/m tended to decrease with {ﬁcreasing carrier
concentration. However, for 0 < s < 1.0 the values of mii/m were fairly
constant, any variation in m]t/m being due to experiménta] scatter.
From this data, it appears that the correct value of s lies in the range
0 <s < 1.0, while the magneto-thermoelectric power data indicate a value
in the range 0.5 < s < 1.0. For each s in the range of interest the
appropriate value of mlx/m has been taken as the mean over the values | ﬁgi
for the four specimens 7, 8, 9 and 10.

The data in Tables 5B and 5C also shoWs the variation of mgF/m
with carrier concentration. This is shown in figure (5: 5). For
GaSb this variation seems to be almost linear over the concentration
range under consideration and at most is about 10% when the carrier
concentration changes from 10'7/cm® to 1018/cm3.

In order to ivestigate the variation of AE with tellurium content
the values of AE vs the atomic % of tellurium are plotted in figure
(5: 6) for each set of (p, s, m]i/m). Here, as mentioned before, the
va]ue of m1t/m js taken as the mean over the values of the four
spec1mens. There is some exper1menta1 scatter associated W1th th1s

plot. The lines drawn are obtained from a least squares fit of the
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Fig. (5:5): Variation of Faraday effective mass with carrier
concentration at room temperature for GaSb.
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Fig. (5:5): Variation of Faraday effective mass with carrier
concentration at room temperature for GaSb.
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data. The variation of AE with the doping is very dependent on the
choice of (p, s)'and hence at thfs stage nothing moré can be said
about the results.

e) Further analysis now requires the .use of the'maéﬁeto-reSistance
data at 4.2°K given in references 74 and 75. In the initia] ana]ysis'of
this data, both m1i/m, p and s must be treated as unknowns. Assuming
in this case mgo/m = 0.047 and Eg = 0.81 eV and using the appropriate
value of nO/roFo and n]/r]Fi fbr samples 6, 7 and 7A given in these
references equations [5:14], [5:17],_ [6:18] and [5:19] are solved to
give consistent éets of values of ro; rys Ngs Nys EFo’ EF] and AE0
(AE0 is the value of AE at 4.2°K) for each choice of m]i/m at a set of
(p, s). Hovever at this low temperature, it was found that the results
of this analysis were completely independent of p or s. This is to be
expécted since because of the degeneraqy; of the specimens at 4.2°K,

(EFI >> kT), the integrals in theAeva1uation of r_ are different from

)
zero only at the Fermi level and hence ro="r1 = 1.0 at 4.2°K-f0r each’
choice of p and of s.

Thus, the band gap AEO can be treated as a function of mat/m only,
and for each specimen (6, 7 and 7A) the calculated variation of AEo
with mlt/m is shown in fig. (5: 7). Some other results are shown in

Table 5D .
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Fig. (5:7): Calculated variation of AE, with mq./m for specimens
6, 7, 7A of references 74 and 75.
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Specimen n, Ny ' ng + My At.%Te
number : : o :
Ref. 74875 (x101¢/cm?3) (x101¢/cm?) (x10'¢/cm?) y
6 130 60 190 .0053
7 160 - 954 1,114 .0314
7A . 164 1095 1,259 .0354

TABLE 5D

In order to investigate the variation of AEj with tellurium content
the values of AE0 at a chosen value of m]t/m is plotted agaihst the
atomic % of tellurium in each specimen . This variation is shown in
fig. (5: 8) for different values of m,./m. |

These graphs appear linear within the 1imits of experimental error,
and extrapolation to y = 0 should give the value of AE0 for intrinsic
GaSb. It is seen that the lines for the different values of m]t/m all
extrapo]éte to the same value of AEob = 0.078 eV. Hence, this would
appear to be the correct band separation for intrinsic GaSb at 4.2°K and
the value obtained is independent of the choice of (p, s) or m]t/m.

d

. . d_ d_ ey
In order to find the values of m]t/m, dy AE and aT AE it is

necessary to assume that m]I/m and %y-AE are temperature independent.
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These assumptions are not too drastic since the <111> minima for GaSb
are quite far in energy frqm the valence band at room temperature and
hence the interaction between these two bands fs not too temperature
dependent. The factor m]t/m which is in fact a measuré of this inter-
action can thus be considered to be constant. Also since the variation
of AE with tellurium content is purely a crystallographic effect %;-AE
can to a first approximation be taken as being constant with temperature.

In figure (5: 9) the variation df %y-AE with m1t/m is shown for
the 4.2°K and room temperature results.

The curves at room temperature are different for p = 0 and p = 1.
However, since as has been mentioned these values of p refer to limiting
cases only as the correct form of mgx was not known. The point giving
my¢/m = 0.11 and %y-AE = -0.5 eV/at. % Te is therefore taken to be the
common solution between the room temperéture and 4.2°K results. For
p = 0 the intersection is at s = 0.75 and for p = 1, s = 1.0. These values
of s are consistent with the results of magneto-thermoelectric power
measurements on various III-V materials®!.

Using the values p =1, s = 1.0 and referriﬁg back to fig. (5: 6)
the room temperature value of AE is 0.070eV. The temperature dependence

of this separation is thus seen to be -3 x 10~5 eV/°K but this is a

rough.estimate only
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vi) InSb _ As,

The doping levels of these specimenswere relatively low and hence
these data were analysed using conditions (a) and (c) in section (ii) of -
this chapter. The variation of the refractive indexiwas found to be
sﬁa11 and hence corrections to n were not necessary. The valuesof e,
for InSb and InAs are 16.8 and 11.6 respectively®®, It has been shown®728®
that, for a similar alloy system, e;% varies linearly with x. Hence
in this case a 1linear variation of the refractive index with x between
3.41 and 4.10 has been assumed. In the analysis of this data the variation

of EX = -%-(E00 + Eo) with composition was taken from the optical absorption

data of Woolley and Warner2?®, (Eo), and the Hall coefficient data of Coderre

and Woolley®5, Eoo'

Using the technique described in (ii)(c) of this chapter the results
tabulated in Table 5E were obtained. |

The variation of mgo/m as a function of x is shown in figure (5:10)
together with the results of magneto-thermoelectric power measurements
of Aubin and Woolley“? these latter again using the above assumption about
Eg. It is seen that the two sets of data show very good agreement.

An attempt was made to analyse the thermoelectric power data in order
to find separately, a value for the Fermi level. These measurements

were analysed using the relation®®

A
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Specimen

I

E*

number X 1 0 Fo
(x10-2(eV)2m) (eV) (eV) m'c’;olm
3 0 0.2116 0.210 | 0.0465 | 0.0126
4 0 0.0608 0.210 | -0.0043 | 0.0131
12 0.090 0.6930 0.179 { 0.0016 | 0.0128
13 0.150 0.0910 0.163 | 0.0111 | 0.0116
14 0.190 0.1067 0.155 | 0.0160 0.0103
15 0.250 0.1341 0.146 | 0.0275 | 0.0106
16 0.340 0.1230 0.137 | 0.0236 | 0.0101
17 0.400 0.1440 0.134 | 0.0334 | 0.0111
18 0.440 0.1480 0.134 | 0.0311 | 0.0094
19 0.535 0.1371 0.144 | 0.0298 | 0.0112
20 0.635 0.1098 0.167 | 0.0201 | 0.0128
21 0.680 0.1204 "0.184 | 0.0220 | 0.0126
22 0.710 0.1818 0.199 | 0.0382 | 0.0119
23 0.775 0.0801 0.235 | 0.0087 | 0.0175
24 0.870 0.2243 0.302 | 0.0490 | 0.0165
25 0.910 0.1262 0.333 | 0.0240 | 0.0195
26 0.935 0.1481 0.350 | 0.0319 | 0.0210
27 0.960 0.0672 0.369 | 0.0010 | 0.0211
11 1.000 0.0245 0.408 | -0.0287 | 0.0242

TABLE 5E
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KT . (E
s +32) = F { Fo/ } + (s +3)F .
o= - E ( 2) Eg s ¥ 'g- /kT ( YZ) s + —g— EFO
T e sy KT E N KT
(s +3) _53 FS +;{ Fo/kT} + (s +3) Fs v 3

It was found, however, that the value of the Fermi level was very
dependent on the choice of s. Furthermore, when EF values are taken
from Table 5E and inserted into the above equation, s values in the .
| range -0.2 <s< 0.7 are found. These measurements were therefore not
very useful in giving any extra information.

In the analysis of previous measurements of Faraday rotation on
InSbS° and InAs®® a different form of the Kane equation was used. Here
the parameters in the conduction band model were E¥ and P%, the momentum ™
"matrix element. As can be seen from equation [2: 347 these quant1t1es are
re]aged to'mgolm. Hence, in the present analysis values for P2 can be
calculated if A, the spin-orbit splitting of the valence band is known.

Using the values of mgolm given by the curve in figure (5:10), values
of P2 have been calculated from equation [2:34] assuming that Ao varies
linearly from 0.82eV for InSb®! to 0.38eV for InAs®2. These values are
shown in fig. (5:11). It is seen that a value of P2 = 2leV (0.32 atomic
‘units) is obtained for both InSb and InAs and that for the alloys p2
shows a shallow minimum of 18eV (0.33 a.u.) at about x = 0.4.

The accuracy of these values of P2 depends upon the correct choice

of Eg and upon the accuracy of the -values of mgolm. Systematic errors may
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be present in the latter values, owing to the choice of the Kane equation'
and to the values of Eg used. These effects may tend to cancel oné
another, however, since the assumed form of GEO is taken from the resu]té
for InSb®%, where Eg was effectively an adjustable paraméfer applied to

the simple Kane equation. Estimates using a more acéurate.form of Kane
equation®?® would indicate that the systematic error due to the choice of
the band model should not exceed about 5% for the Fermi energies found
here. Since P? is much more sensitive to the choice of E¥ than is mg /M
the form of the P2 vs x curve gives some indication of the suitable choice

of Eg. The values of P2 for the compounds are in good agreement with

the values given in reference 50 (InSb, P2 = 0.395 a.u., 21.5eV), by
Pidgeon et. al.®* (InAs, P? = 0.38 a.u., 20.7eV) and in reference 90 -
(InAs, P2 = 0.36 a.u., 19.6eV). The curve in figure (5{11) shows a
simple curvature of the form ﬁo be expected in alloys, and it is
impossible to raise this into a value independent of x without assuming
for the alloys close to x = 0.4 values of Eg well outside the E0 to E00
range.

Summeré and Smith?° have stated that to fit their Faraday rotation
data for InAs, a valué of Eg = Eo had to be assumed. However, it was
found with the present results that, if such a value of Eg was assumed
for InAs, a value of 18eV was obtained for P2, which is considerably

Jower than the previous values. Since the value of Eg =2 (Eoo + Eb)
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gives sqtisfactory'values for P2 for the compounds it is felt that this

choice is suitable.
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vii) In,_,Ga,Sb

The specimens cut from ingot DF-A-8 were found to be relatively
highly doped. For this reason_corréctions to n due to free carrier effects
must be taken into consideration. These doping 1eve1§, however, do not
justify the use of the complete degeneracy equations and_hence the analysis
technique outlined in section (ii)(c) was used. The results of this
analysis is shown in Table 5F. The values Eg are taken from the results of
optical absorption experiments®%,96,97, (Eo), and the electrical measure-
ments of Coderre!®, (Eoo)' The variation of mgo/m with x is shown in fig.
(5:12) together with the results from magneto-thermoelectric power measure-
ments®! and the results of infrared reflectivety measurements®!. In all
the analyses the same definition for Eg was used and the agreement between
the results of these different measurements is seen to be very good. In
the range of high x values, no data is given since here the (000) and
<111> minima get very close in energy!®>?¢ and the analysis on single
specimen measurements, becomes intractible.

In order to estimate from the Kane equation, more accurate values.of |
P2 corresponding to the present TEQ. values it is necessary to know.the
value of Ao for this system. Herg then thas been taken to‘be 0.82eV
for all the alloys since this is the accepted value for InSb®!, while that
for GaSb is very close to this value®®. Values of P? have been calculated
corresponding to the smooth curve in fig. (5:12). This gives a value of

about 21eV at InSb and 20eV at GaSb while again the values for the alloys
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specien | Comp | 5| e | e
(x10-°(eVv)2m) | (eV) (eV) m

28 .160 6491 | o0.244 | 0.1495 | 0.0151

29 .195 .6782 0.252 | 0.1577° | 0.0160
30 .290 .4606 0.282 | 0.1129 | 0.0197
31 .350 .4437 0.303 | 0.1045 | 0.0192 ‘
32 .400 .3147 0.322 | 0.0813 | 0.0242
33 .400 L4417 0.322 | 0.1056 | 0.0209
34 .470 .3201 0.355 | 0.0809 | 0.0246
35 .480 . 3860 0.359 | 0.0926 | 0.0228
36 .500 .2774 0.368 | 0.0706 | 0.0254
37 | .510 .2733 0.375 | 0.0687 | 0.0250
38 .530 .2826 0.382 | 0.0699 | 0.0245
39 .560 .2691 0.403 | 0.0674 | 0.0261
40 .600 .2332 0.427 | 0.0602 | 0.0288
41 630 | .1933 0.448 | 0.0484 | 0.0277
42 .730 .0972 0.523 | 0.0188 | 0.0326

TABLE 5F



.nmxaaxn_.ﬁ 404 UOL3Lsodwod y3tm w/%u 40 uorjeraes :(2L:g) bLd

qsed : : X , qsut
0°1 80 9°0 0 ¢'0 - 0
. 0

- 166 -

%
o . £0°0

XO

< _ $0°0
|8 90uSudjad) AJLALROS[B4 padeAIU] X

i . (18 souspajad) usmod 9L.1303)20WLBYS 0jaubey ©
199448 Aepedeg ©

\
\

G0°0




- 167 -

show a shallow minimum at 19.4eV at x = 0.6. (See figure (5:11)).
At wavelengths where the absorption coefficient K is influenced by

the presence of free carriers the relation between K and A is given by?®?®

3 n.
K e 1

= AZe3 ) o 2
4n?c €N Tﬁic/m) W

>\2

where ¥ is known as the optfca1 mobility of the free carriers. The
absorption in a specimen at wavelengths away from the absorption edge can

be described by

1 I I
log (1) = Tog (%) + Tog ()

Free cawiiens 10 Background

and if I =" C exp (-Kt)

! I 1, LKt
log (D) = log () + log  (§) + 5=mm
1o 1 Crotae 10 1 Background 10 C 2.303
or
I 3 l'\-)\2
. "o _ e3(t/2.303) i
log10 (I )Tataz Comstant + 4ﬂ203€0m2n (m$c/m)2pi

Hence the slope of the free carrier absorption is given by



2768 -

es(t/2.303)ni
37 4n2c3som2n(m$c/m)2ui

S

and on combining with equation [5:1] it can be seen that

: S-I .
— = 65.8 By,
53 i
01516, 1
and hence u; = (L——E——Q G eeeeeenennneessii e [5:20]
3

Using [5:20] and the data in Tables 4J and 4K the optical mObi11ty.of

some alloy specimen were calculated. The results are shown in Table 5G.
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Specimen Composition Mobility
number cm?/volt sec

(x) (u;)
28 0.16 9,600
29 0.195 ,’ 6,700
30 0.290 15,300
31 0.350 {9,840
32 0.400 4,300
33 0.400 5,000
35 0.480 5,000
36 0.500 4,100
37 0.510 .6,500
38 0.530 6,100

TABLE 56
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CHAPTER 6

CONCLUSIONS AND DISCUSSIONS

i) Error Analysis

As seen before in Chapter 5 the two quantities from whicﬁ the values
of mgo are obtained are hdwthe carrier.concentration obtained from Hall
effect measurements and the integral 11, which is. obtained from the
Faraday rotation measurements. For an error estimate in Ny eqUation

[3:3] and the definition for the Hall coefficient on page 82 are

combined and hence

n

o IB/etVH ............................................ [6:1]

(b /ng) = (AL/T) + (88/B) + (AVy/Vy)) + (AE/E) e e eneeareanneens [6:2]

In Chapter 3, section (v) it was pointed out that the Hall current
was measured with a potentiometer set up and inaccuracies associated Q!‘
with this measurement are small. Similarly the Hall field and voltages
were measured quite accurately. Specimen thicknesses were found to
within 5 microns by taking a large number of measurements, generally
about 16, over the surface of the specimen. In order to put numbers
into [6:2] the data obtained on specimen 42 were chosen since here the
observed Faraday rotation was small and these results will thus give an
estimate of the maximum error. At a field of 3.1984/m? and a current
of 38.37ma the Hall voltage was found to-be 25.24mV. Currénts were read
to + 0.04ma and the voltages to + 0.03mV. Putting these values into
. [6:2] one gets

('Ano/no) =0.1% + 1.0% + 0.1% + 3.8% = 5%

and hence for specimen 42, g = (23.3 + 1.2) x10%23/m3.
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Values for I] vere found using equation [5:6] which gives

I-l-

]
=
wn
j—
~
Low]
-t
[ve)
d..
.
.
.
.
.
-
™
[o)]
w
L

(aT,/1,) = (85,/5)) + (8 B/B) + (BE/t).eennn. J [6:4]
The error associated in n can be neglected in this analysis since
corrections to n-due to free carrier effects have been taken into account.
The accuracy associated with the field measurement is taken from the
manufacturer as being 1%. Errors in Si’ the slope of the 6 vs A% curves
are generated by errors in the measurement of 6 only since the wavelengths
are read to very high resolution. As has been mentioned in Chapter 3
section (iv) the © va1ues were found to within.0.5°. Sources of inaccuracy =
here are the misalignment of the analyser depolarization caused by the 45°
mirrors, polarization caused by the source, mirrors and detector window
_ and non-perfect polarization. If the accumalative error of 0.5° is super-
jmposed onto the € vsszgraph for specimen 42 (p. 120) the error in the
slope is seen to be i_0.18x101°deg/m2 and hence from [6:4]
AI]./I1 = 3.6% + 1.0% + 3.8% = 8.4%
and for this specimen I, = (.0972 i_.0080)x10’9(ev)2m
In order to estimate the error in mgo four sets of (I];no) were fed
into the computor for analysis as described in Chapter 5 section (i1)(c).
These sets were (Iﬁ,né),(l?,n;),(li, n;) and (I;,n:) where the + superscript
jndicates the addition or subtraction of the associated error. The following
‘set of results were obtained for (m¥. /m, Eg y
(I],no):(0J0326,0.0188)...(I?,n:);(0.0328,0.0220)...(I;,h;):(0;0302,0.0203)
(I{,n;):(0.0324,0.0156)...(I;,nZ):(O.0350P0.0173)

The maximum error in mg is therefore + 0.0024 and in Ec, .0032eV.
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ii) Summary of Results:

For GaSb, when a Kane model with parameters mgolm = 0.0447 and
Eg = 0.771 eV, was chosen to represent the (000) conduction band; it
was found that for the <11> electrons m1i/m = 0.110. The energy
separat1on AE, between the (000) and <111> minima was found to be
0.078eV at 4.2°K. These values are in very good agreement with recent
published results®®»'°1. At room temperature this energy s+ -ration
was found to be 0.070eV thus a very approximate temperature ‘ficient
for this is -3.0 x 10-5eV/°K. If a corrected value for AE atl 77°K Y
is used in the analysis of Liang et. al%? the value of m]t/m obtained
is close to that given above showing that the two sets of Faraday
rotation data give very good agreement. Also the value of the scattering
parameter, s, was found to be in the range 0.75 <s< 1.0 for total carrier
concentrations from 7 x 107 to 4.0 X 10'8/cm®. This agrees very well
with results of magneto- -thermoelectric power measurements on similar
material®!. These measurements also allowed the energy separat1on,
AE, to be jnvestigated for each specimen. As in the case of InAs’
and InSb'°2, it appears that for GaSb, AE is very sensitive to tellurium
content in the samp]ef The value of %;—AE = -0.5eV/atomic % Te would
indicate that if more than 0.15 atomic 9 Te is added to GaSb at room
temperature the <111> minima would be lower than the (000) minimum.
There is some support for this in the optical absorption results for

GaSb - Ga,Tes alloys!®®. 1In this case the addition of some 0.5 mole %
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GazTe3 (i.e. 0 25 atom1c % Te) caused the observed energy gap, Eg, to

fall to 0.68eV. If this lower value of Eg is assumed to be a measure of
the position of the <111> minima: which in pure.GaSb is 0.80eV above

the valence band maximum at room temperature the change in energy

of the <111> minima with te]]ur1um content, y, is quite cons1stent with
the value of gy AE given above. This wou]d indicate that, in this case, ‘
the change in AE is caused by <111> minima moving towards the vaTence
band, while for InAs it appeared that a corresponding change 1in AE q!
was due to a movement of the (000) conduction band minimum from the

valence band’®. . ‘

The variation of the bottom of the band effective mass with composition
for the alloy specimens is in good agreement with that obtained by other
independent measurements*”,%'. If these results are compared with the
results of Woolley and Thompson'®* the agreement is not good. In the
latter work the effective mass for the alloys, was calculated using a more
complicated band equation?®®. Assumptions about the values of P?, B,
(the spin-orbit splitting at r), and othep energies involying the
spacing between the valence band at T and higher bands, had to be made.
ﬁ ‘was assumed to have a constant value of 23eV. A linear variation of

(as in the present case) and of the higher band gaps was also assumed.
The calculated results for the case of InSb,  As, gave much Tower values

for mgo/m than those obtained experimentally. For the In]_XGabe
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system the discrepancy was not as Targe and here the calculated va1ues.of

mgolm for the alloys were slightly higher than the experimental v1aues;

i for the calculated viaues a Kane model of the form given in equation

[2:36] is used the discrepancy is larger in both cases. To somé,extent the

discrepancy is due to an incorrect choice of the various band gaps

used in the calculations because of the fact that some of these have since

been corrected from electroreflectance data, efc. However, if.appears ‘

that the main error lay in the choice of P2 = 23eV for all values of X.
Further analysis on the variation of P2 with alloy composition

109

(fig.(5:11)) is now being undertaken by Vishnubhatla
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111) Suggestions for future work:

Some of the results presented in this thesis have been arrived at
by making assumptions which had some experimental ev1dence for basis.
Although in some cases this evidence is rather scant these assumptions
were seen to be not too drastic in the outcome of the results. There is,
however, a great need for further work on both the compounds and the |
alloys. Now that low temperature opticéT faci]ifies are available in
this laboratory it is hoped that more work on the compound GaSb will
be undertaken. For this compound, measurements of free carrier Faraday
rotation together with maghetoresistance work at low temperatures would,
it 1is hoped, justify some of the assuptions made here. The variation o
of m]t/m with temperature and the variation of %y-AE with temperature q'!
are two important required measuremenis.

_ For the In1_xGabe system no values for m¥ /m were given for
x > 0.80. This is bacause in this range two band effects must be
considered and on one specimen only the analysis becomes very comp]icated.
On a number of specimens of different doping but the same composition,
a solution can be found in .this range.

In this thesis the effect of higher bands on the (000) conduct1on
band model has only been briefly mentioned and perhaps a more rigorous
analysis using the equation given by Caréona1°5 will yield some
ihteresting results.

The work presented here has been published in three separate papers

wh{ch have been referred to as 76, 80, and 81.
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