INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations

and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

ar T U

i






OPTICAL ABSORPTION AND PLASKA REFLECTION STUDIES
IN ITI - V ALLOY SEMICONDUCTORS

by
MATHEW B. THOMAS

Submitted in partial fulfillment of
.the recuirements for the degree of

Doctor of Philosophy N
.qt‘,fsn. a'oy,

o Q,

BIBL'OTHEQUES

i)

LIBKARIES o
o

(’o,

'-"‘suy of

Department of Physics,
Faculty of Pure and Applied Science,
The University of Ottava,

QOttawa, Canada

1969




UMI Number: DC52495

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform DC52495
Copyright 2007 by ProQuest LLC
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, MI 48106-1346

s 3T znn e T

e i L RS T N




.-
S R S

ACKHORLEDGLMELTS

First of all, I like to thank most sincerely my

supervisor Pref. J.C. Woolley for his inve?

”

table guidance and

—

for the financial support provided during the course of my

resecarch work.

I have benefited from discussion with other

Protesscrs and my colleagues in the department.

The optial systems used in this work wierc lavgely
built in the Physics Department workshop. Specifically I wish
to thank Mr. Derek Kingswe]!. I deeply appreciate the
assistance providad by the MNational Research Council for making

some optical cowmponnnts,

Lastly, I wish to thank Mrs Lise Dorey and Miss

Di

I

ne Dubé for typing the thesis.




11

STATENENT OF ORIGINALITY

So far as the author is awaire the following parts of the work

are original

1.

The deteimination of accurate values of voom temperature
energy gap for GayIn(]uy)As alloys over the complete

composition range.

Preparation of howogencous bulk samples of the alloy system
GaAsbe(]”x) in the ranges 0 < x < 0,34 and 0.85 < x < 1.0

and the determination of room temperature energy gap values.

Plasma reflection measurenents on GaxIn(]_x)Sb, GaXIn(]_x)As

and In Asbe(]ux),a11oys over the complete coinosition range.

The extension of the expressions of Spitzer and Fan (57S51) for
the dielectric constant to the case of gzneral degeneracy in a
Kane type band taking into account the lattice contribution to

thd dielectric constant.

Determination of effective mass values at the bottem of the (000)

band for the 2lloy systems Ga_In Sb, Ga In,, . As and
x*(1-x) X (1-%)

In Asbe(]_x). Simultanously results were also obtained from

Faraday rotation and magnctothermselectric power measuraments

by other workers in the same laboratory. The variation of the

high frcguancy dielectric constant as a function of molecular

composition has also been determined for all the three alloy

systems.
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ABSTRACT

Room temperature optical energy gap values for
GaxIn(]_x)As and GaAsXSb(]_X) alloys have been determined from
infrared transmission measurements. For GaxIn(]_X)As alloys
Burstein effect was observed and the necessary correction to the
energy gap was made by finding the Fermi energy from thermoelectric
power data. For both the alloy systems value of C the bowing para-
meter has been obtained. These values show good agreement with the
theoretical values of Van Vechten and Bergstressef.

Room temperature infrared reflectivity measurements
near the plasma edge and high field Hall effect measurcinents have

been made cn polycrystalline n-type samples of GaxIn( Sb,

1-x)
GaxIn(]_X)As and InAsbe(]_X) alloys. The Spitzer and Fan
expressions for dielectric constant (57S1) applicable for

degenerate case have been extended to the case of general

degeneracy in a Kane type band, the effects of lattice contributions
to the dielectric constant being included. This analysis has

been anplied to the experimental data to give values of effective
mass at the bottom of the (000) conduction band minimum of the

three alloy systems. These effective mass values show very good
agreement with the values obtained by Faraday rotation and

magnetothermoelectric power measuremonts.
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CHAPTER 1

REVIEW OF THE BAND THEQRY

1.1 Historical note on semiconductors

Semiconductors are materials which have become
increasingly important because of their technological apnlications.

The semiconducting property was first discovered by Faraday jn 1833 (F1)
by noticing the negative temperature coefficient of resistivity of silver
sulphide. This was followed by the discovery of the phenomenon of
rectification in solids by F. Braun in 1872 (B1) and photoconductivity

by W. Smith in 1874 (S1). Later in 1879 (H1) the discovery of Hall
effect led to a better understandina of the conduction process in
semiconductors and thus to the c1assification of Selenium, Tellurium

and Germanium as semiconductors. The discovery of transistor action in
1949 (B2) and its possible application in electronics industry

resulted in an intensive study of the properties of elemental semiconductors |
Germanium and Silicon of the group IV.

Even though the existence of other compound semiconductors
was predicted as early as 1907, it was in 1952 that lelker in his classic
paper (52W1) demonstrated that many of III-V compounds have
semiconducting properties similar to Germanium and Silicon. Soon many
other compcunds in the group II and VI, and I and VII.were also shown
to be semiconductors with similar properties. Since pure semiconductors

of the compounds were technologically more difficult to prepare, investigatio




of their properties was hindered. The study of the properties of
I1I-V compounds and their alloys has become increasingly important after
the demonstration of the possible application of these materials for

detectors, light gencrators and Gunn oscillators.
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1.2. Energy band theory of solids

A satisfactory explanation for some of the properties. of
solids wés first given by ' the classical free electron theory
proposed by Drude and Lorentz. According to this theory, any solid
%s composed of positively charged ions and their valence electrons
are dissociated from their parent atoms forming a free electron
gas inside the boundary of the solid. Even though many of the
metallic properties were explained by Drude - Lorentz tﬁgory, it
yielded incorrect magnitudes for the specific heat and paramagnetic
suceptibility. Sommerfeld in 1928 (28S1) applied quantum mechanics
to the free electrons. He predicted a quasi-continous energy spectrum
and a parabolic dependence of energy on the electron wave vector.
He used Fermi-Dirac Statistics instead of Maxwell - Boltzmann Statistics
for the electrons, required by quantum.theory. This was a move
in the right direction, but, still did not give any insight into the
electrical properties of the category of solids Viz conductors, insulators
and semiconductors.

Bloch (28B1) stated that the electron moves in a periodic
potential, which has the periodicity of the atoms in a crystal lattice.

The electronic wave functions are then obtained from the solution of the

" Schroedinger equation,

2 ' >
vy o+ ig.[ E-V(¥)lv=0

where V(Y) =V (Y + d) and d = Tlattice constant along y
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The solutions are called Bloch functions given by

v (¥) = U

h(?) explik . ¥)

. Xy >
with  Up( + @ U, ()

These are plane waves describing the motion of electrons in the crystal.

The eigenvalues corresponding to the Bloch functions are the allowed
energy values. The main problem ariéiﬂg hera is to find a realistic
potential V(?). The one dimensional problem was treated by Kronig and
Penny (31K1) and Kramers (35K1) using different potentials. But
they all lead to the same general result that the frec electron para-
bolic energy splits up into bands of allowed and forbidden enevrgy. The
discontinuities in the parabola occur whenk has the values

nsw

kR = 5 where n = *1, #2, #3 ---

Here "a" refers to the lattice constant in the one dimensional case. The
treatment was carried out to three dimensions by Wigner and Seitz (3341),

again leading to the existence of forbidden encrgy gaps, the only differeﬁce

being that it is possible to have the forbidden band in one f direction
overlapping with the allowed band in another & direction.

Since k is inversly proportional to the lattice spacing, in three
dimensions one can define a k-space, which is the reciprocal of

the real space formed by the lattice points. Taking a certain origin
in k-space onc could find a surface which is the locus of all the first
discontinuities of energy. The volume enclosed by this surface is

called the first Brillouin zone. Corresponding to the second, third

discontinuities etc. one could define second, third Brillouin zones ctc.
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It is easy to show that each zone contains all the non-equivalent

values of Z . Hence any quantity in the crystal lattice could be
>

represented as a function of B in the first Brillouin zone. The

shape of the Brillouin zone depends on the crystal structure.

The first Brillouin zone for a body centered cubic lattice is a

rhombododecahedron and that for a face centered cubic lattice is

a truncated octahedron.

The foregoing discussion was based on the "one electren"
approximation, where it was assumed that the complete wave function
for a system of n e]ectrbns can be described by the product of
the individual electron wave functions.  The mutual Coulomb

interactions between electrons can be replaced by an average

potential. The energy eigenvalues are then the sum of the energies

of n noninteracting electrons. The "exchange" and Coulomb interactions

can be treated exactly by solving the Hartree-Fock self consistent
equations using an antisymnetric linear combination of the wave
functions, known as the "slater determinant”. A calculation
taking into account all these factors is extremely complicated and
onc is satisfied with the "one electron approximation " for the

purpcse of comparing with experimental results.
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1.3. _Band structure representations

We have seen that the energy E of the electron in the

. . . -). Q
crystal is a function of the electron wavevector o , and this dependence

results in a band structure for the solid. Both these quantities
can not be represented simultanously in a three dimensional space.

So the usual practice is to construct constant energy surfaces

in lk-space, or to draw E as a function of.E in different directions.
The position of the bands'and the forbidden energy gan will be
different in different directions of E. In a semiconductor there is
a finite energy gap between the highest filled band {valence band)
and the lowest empty band (conduction band). These are band

extrema which occur at £(000), or along the directions of high

symmetry in the crystal. The first method o7 representation of

band structure is useful to study fermi surface in metals and the shape

of energy surfaces near band extrema in semiconductors. When the

[}

bands are not degencrale we can wrile & = o0

2

2 . 2
E=E, + Akg + Bhy + Ck,

0

For a crystal with cubic symmelry A = B = C and the energy surfaces

are spherical. The energy surfaces near extrema al other points

in the Brillouin zone are ellipsoids or more complicated surfaces.

This will be scen later when more specific cases are considered.
The sccond method of representation is used when general

band theory is considered. Since characteristic features of the




—

band structure of a solid always occur along the directions of
high symmetry, it is customary to draw E-k curves from £(000)
along these directions and ignore the other directions. For a
crystal with cubic symmetry these are the <100>, <111>, and
<110> directions.

There are three different schemes to represent £ Vs
k in the Brillouin zone. In the extended zone scheme the E -k
curves are drawn in the first, second, third zones etc. showing
the discontinuity at each zone boundary. Since all the Brillouin
zones are equivalent it is possible to map the E -k curves cccuring
in other zones into the first zone by translating them with one
or a multiple of a reciprocal lattice vector. This is called the
reduced zone scheme and is frequently used in this thesis. In the
periodic zone scheme the reduced zone is periodically repeated
through all of k-space. HMore detailed discussions are given in

well known text books by Callaway (64C1) and Jones (60J1).
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1.4. Band structure of Ge and Si of the Group 1V

Both Ge and Si belong to the group IV of the periodic
table. They crystaliize in the diamond structure, which consists
of two interpenetrating f.c.c. lattices with the one sublattice
displaced from the other by a vector 3(%,%,&), where "a" is the
length of the sides of the elementary cube. The band structures of the
two elements are similar in nature. The Brillouin zone for a
diamond lattice is shown in Fig. (1:1). The various directions
and symmetry points shown are according to group theoretical
notation and is used in all the band structure diagrams drawn
in this thesis. The band structlure of Ge is shown in Fig. (1:2).
The conduction band has four equivalent minima along <111>
directions at the zone boundary. The constant energy surfaces arc
ellipsoids of revolution about this axis. For Si the conduction
band has six equivalent minima occuring along the <100> direction
at 0.8&2, where kz corresponds to the value at the zone boundary
in these directions from the centre of the zone.

The valence band maxima of both Ge and Si occur at
k (000). The existence of two valence bands correspending to
"heavy holes" and "1ight holes" was first observed by
R.K. Willardson etal (5441). The third valence band due to spin
orbit splitting is much lower at £(000). An excellent review

on the band structure of Ge and Si is given by F. Herman (55H1)
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Fig.(1:1) Brillouin Zone for a diamond lattice
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<111> (000)

Fig.(1:2) Band structure of Germanium (65C3)
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1.5. Band structure of III - V compounds

a) Method of Band calculation

The principal III-V compound semiconductors are InSb,

InAs, InP, GaSb, GaAs, GaP, A1Sb, AlAs and Al1P. A1l these

-crystallize in the zinc-blende structure, which is similar to

diamond structure, except for the fact that the two nearest neighbours
are one of group III and the other group V atom. Hence the inversion
symmetry present in a diamond lattice is absent in the zinc-blende
lattice. As it was already mentioned, once the crystal potential

is roughly known, the first step is to solve the Sghrddinger_ equation
and obtain somé qualitative information about the Band structure.
Knowledge of the crystal structure provides information about the
symmetry properties of wave functions at characteristic symmetry points
and directions in the Brillouin zone. -The next procedure is to
calculate the energy bands at the symmetry points and then to extend
to the surrounding regions by perturbation theory. Two of the

earlier methods of band calculation are the OPW method introduced

by Herring (40H1) and the tight-binding approach. The former is

best suited for high energy electronic states and the Tatter for

low energy electronic states. Herman (52H1) first applied the OPW
method to covalent sehiconductors and Slater and Koster (54S1)

used the tight binding approach as an interpolation procedure.
Recently the OPW method has been carried out to many III-V

compounds (63B2). Dresselhaus (55D1) was the first to take into

account the effect of spin orbit interaction on the electronic
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states by the so called E -E perturbation method. Kane (57K1)
calculated the band structure for InSb by treating the interaction
of the valence and conduction bands exactly via K.E interaction.
Since Kane's theory is generally applicable Lo all III - V compounds
with suitable approximation, and is the basis of the analysis of
most c¢f the experimental work in this thesis, it will be considered
in detail. Taking into account the interaction of higher bands
Cardona (63C1) carried out detailed calculation of the band
parameters of group IV, III -V and II - VI compounds, near the T
point. This model involves the knowledge of many parameters,

and is more diTficult to be used in practice. The pseudopotantial
method developed by Phillips (58P1) and the R.p. method by

Cardona and Pollak (656C1, 66C2) have been useful in calculating the
band structure inside the full zone. Fore detailed develonmments

are given in many recent books (64C1, 6641).

b) Kane's band calculation

Kanes theory considered in this section is the one taking
the two fold degencrate conduction band wave functions having Iy
symnetry and the six fold valence band wave funciion having Tz
symmetry and treating the interaction exactly via K.E terms. Oaly
the pr%ncipa] steps and the results are given here and the reader is
referred to the origiha] paper by Kane (57K1) for further details.

The Schrodinger equation for an electron in the periodic
potential V(;) including the spin orbit interaction can be written.as

. ) - _)

OO N D B C CO I S A CONN AER N
22

_p
2 k k&

!!; -
im ¢
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where p is the momentum operator and o the Pauli spin operator.

The wave functions used are the Bloch functions

- - -y

¥, () = u, (¥) exp(ik .

Now equation [1:1] becomes

( H0+ Hl+ H2+ H3) Uh = Eé Uk

where
? .
S é
Ho To2m V()
L >
Hl = e E. p
h > > -
HZ bt -"’—2“’2" (VV X p) -0
dm ¢
he > -
H o= —5y  (Wxk) .3
dn ¢
52
Eé = Ek -a k2 vhere a = gﬁ“’

Here m is the free electron mass and H1’ Hz, H;,are the perturbaticn
terms.

The zero order basis functions taken are the two S-state
functions S; and S. representing the conduction band and the six

p-state wave functions X,, Y., Z., representing the valence bands.

The + and - signs correspond to spin up and down.
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Now the 8 X 8 interaction matrix can be written and a first order per-
turbation calculation can be carried out. When the symmetry properties
of the wave functions are used most of the matrix elemcnts vanish

except the following
1 |
Pz - o < Sl pll 7>

and A= iﬁ%;a"‘ <XHW x>
i C

The solutions of energy values ave obtained by the condition that
the secular determinant should vanish. This results in the

equation (writing E' instead of Ej )

ELE (E'-E) (B +a) - kP (E gA }1= 0 ... [1:2]

2 s .
where P~ is the square of the momentum matrix element, A the spin
0
orbit splitting of the valence band at the I' point and E the energy
0

gap.

The solutions of equation [1:2] at k = 0 are

E' =E

1 0

E' =E' =0
2 3

E' = - A

4 0

The first solution corresponds to the conduction band, the sccond

and third correspond to the valence bands degencrate at k = 0, and
the fourth corresponds to the third valence band split off by the
spin orbit coupling.  Solving equation [1:2] under the approximation

A >> kP, E0 Kane showed the following picture of the band
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structure of InSb. A1l the binds are parabelic at k= 0.
The conducticii band is highly non-parabolic away Trom b = 0.
The first two valence bands arc degencrate at k= 0, but separated by &
finite energy in all directions. The upser one (heavy hole band)
is parabolic while the lewer one (Vight hole band) is non-parabolic
like the conduction band. The main features and some band parameters
of InSb are shown in Fig. (1:3). VUhen the spin degeneracy is taken
into account the conduction band, the Tight hole band and the spin
split off valence band are all doubly split in all directions except
in the <100> and <111> directions. The heavy hole band is degenerate
only in <100> direction. The maximum of the heavy hole valence
band no longer lies at the centre of the zone, but it is located at a
small distance along the <111> direction.

Since GaAs has a wmuch larder energy gap than InSb, its

band structure is also iilustrated for comparison. Fig. (1:4) shous

the band structure of GaAs derived by k. p method (66P2). The conduciion

band is less non-parabolic. The valence band extrema occur at the
centre of the zone. The bend structures for other compounds are very
similar in nature. The <111> subsidiary band is the second lowest
conduction band for most of the compounds while for Gals, the <100>
band is the second lowest.

A sunmary of some band parameters of some IIT -V

compounds is given in Table (1,1).
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Fig.(1:3) Shematic diagram of the band structure of
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1.6 Concept of effective mass

The effective mass is an important parameter describing

the band structure of the regions surrounding the extrema. There
are different definitions used in the Titerature and should be

distinguished from each other. Since the dynamics of electrons

and holes can be treated in a similar way all the conceptls deiined

in this section for electrons can be applied to holes also.

a) Band curvature cffective mass

If an electron in a crystal is subjected to an external

electric field F, the acceleration of the electron can be shown to be

sy
1
—
<l
~
<<
P
rm
-—

If this equation is compaved with the Newlonian equation for foic

a quantity having the dimensions of mass can be deTined.

1. . 1

m".‘

thhE

=t

where m* is called the effective mass and is a tensor quantity.
has nine components in general. However, for cubic symratry, by
choosing a proper axis of reference they can be reduced to three

components along the diagonal.

e

It
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When the energy surfaces are ellipsoids of revolution m11= mL, the longitudinal

effective mass and m, M. mp » the transverse effective mass. If the

energy surfaces are spherical m11= m = m . For spherical energy
22 33

surfaces the effective mass is isotropic and it may be written

1 - d’ E
2 2

¥ I dk

This defenition of the effective mass is called the band curvature effective
mass, since it is directly proportional to the curvature of the energy

band in k-space. This is the effective mass usually quoted in theoretical
calculations.

b) Cyclotron effective mass

An electron in a crystal ‘under the influence of a magnetic field

moves in "orbit"™ with the characteristic cyclotron frequency

eH
m*C

where m* is defined as the cyclotron effective mass. It can be shown that
this mass is related to the area enclosed by the orbit in the plane normal

to H (60Z1).
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2
m = It 3N
2w o E

2
For spherical energy surfaces A= wlk and

Cycloiron effective mass is usually obtained from experiments 1like cycloiron
resonance (5502 and Faraday rotation (5851), where the effects of electrons
in a magnetic field are studied. If the energy surfaces are ellipsoids oF
revolution the measured effective mass can be shown to be

. ) 1 m 4+ 2 me 3

m* m I
T 3m

L

c) Density of States effective mass

This is the effective mass defined in most of the electrical
transport properties and is an effective mass averaged over all the occunica
states (59S1). The carrier concentration may be defined in terms of the
density of states (5951) by |

Sé E

2
n = ar (20r KI/R) O F, (=5
dS 2 l’\l

where nt is the density of states effective mass and Fy (.
ds . “
standard Fermi integral.bhen the energy surfaces are ellipsoids

2 13
3 = m
m ds (mL T )




it

A

d) Conductivity effcctive mass

Another definition of the effective mass appearing
in transport propertics and sowe times veferred to as the
conductivity effective mass is given by

h
m

Ny

Here m® i3 the proportionality factor in the enevrgy momentin
relation of the electrons in the crystal. If energy surfaces ave

ellipsoidal

m
The offective mass anisctropy k = —-L , has usuelly

_;

been detevminad fiua angulay magneto -vesistance measureneiits in
ngle crystals (55P2, 56F2). Values of s Wy end I for the
osest conduction band For GaSh in the <111> diveciion have been

determined Tvom Faraday rotation moasuvroments (64P1). Recently

combined moasuremants of Fareday votetion, infreved rveflectivity,

Hall effect, and magneto resistance have successtully yieldad

accurate values of m, and il for GaSb <111sminina (G8LT, 6OVI).

An extensive discussion of the functional fova of

the different effective masses for & non-pareholic band is given

in 2 number of recent papers (60K, G61K1, 62K2, 62K1). Since the

efrective mass is definzdin different ways, and is a functiocn of
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energy, one should be careful in comparing the values obtained

by different experimental methods. For a parabelic band all
these effeqfive masses are identicallf the band is non-parabolic
different values are obtained. The effective mass increases with
jmpurity content(doping)._lfthe specimens used are sufficiently
degenerate (EF >> KT), the experimental effect observed would be
mostly due to electrons near the fermi level and the va]ug; .
obtained a}e the effective mass values at the fermi level.
However in a nondegenerate material all the electrons in the
band take part in the specific process and it may be difficult.
to define an effective mass at a certain position of the band.
The only effective mass which is a characteristic of the material
and is independent of the definition used is the effective mass at
the bottom of the specific band considered. The usuzl practice
is to obtain this value when comparisons are made between values
obtained by different experimental techniques. One way of dofng
this would be to determine the effective mass as a function of
doping and extrapolate to zero carrier concentration. However,
this method may not be suitable in case of alloy work, where it
is difficult to prepare samples of the same composition, but
differring . in carrier concentration. Another method would be
to consider a certain mode] representing the band and analyse the

experimental data on the basis of the specific process involved
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and this is a complicated procedure. This procedure will be
further amplified in the case of plasma reflection desciribed in
a later chapter of this thesis. The bottom of the band effective

mass values and some physical properties for the common IXI - V

"
compounds ave recoirded in Table (1,2). EE’ is the ratio of
m

effective mass to free electron nass and is a dimznsionless
quantity. This vatio is commonly veferredtc s effective mass and

is understood in all future contextis.
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1.7 Temperature dependence of the effective mass

. The change in effective mass of the electrons is
contributed by two factors. There is a positive temperature
dependence of the effective mass due-to the non-parabolicity
of the conduction band and a negétive dependence of the bottom
of the band mass due to lattice dilation. The net change is
small and accurate measurements have to be made to determine
the change. Cardgna (61C1, 60C1)measured the change of effective
mass in GaAs, In P, and InAs between 80 to 297°K from infrared
reflectivity and Faraday rotation measurements, and found it to be
Jess than 2%. He calculated the effect of lattice dilation from the
known temperature coefficient of the energy gap, the compreséibi1ity
and its thermal expansion coefficient. He also estimated fhe
increase in effective mass due to non-parabolicity and the net
change observed was in good agreement with the experimental result.

Ehrenreich (57E1) has shown that the temperature
variation of the bottom of the band mass can be estimated from

the relation

me (1) mp (0) Ej (T)
m m E, (0)

vhere (0) refers to temperaturelOoK, (T) & finite temperature and

Eiais an "effective mass band gap", which is defined in section 1.8 b.

]
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1.8 Kane Dand bMocdel

2) Kane equation for the conduction band

It was shown in section (1.5b) that Kane's determinant
solution is a fourth degrec cquation and one of the solutions
represents the conduction band. Maglecting the solution E' =0,

equation [1:2] becomes

Wi

- 2 2 / -
E* (E' - Eo) (E" Ao) - k" FT(E' ) 20 --[1:3]
vhere E' is measured from the top of the velence band. IT
enargy E is measured from the bottom of the conduction band

eguation [1:3] should be transformad with the substitution

2
E' = E+ E, - ak
Now equation [1:3] becomas
2 - -
(E-ak’) (E+E, - ak®y (E + E, + by - 2b?)

2.2 .. . .2
-a kP (E Bt ay - ek

In ordar %o solve this cubic equation and obtain E in terms of b

in a convenient mathematical form vavrious approximations have been
made. Here the approximation made by Cardona (61C1) is considared,
sinca it is a good approximation for &11 the III - V compounds vor

low energies.




w2

Under the above approximation equation [1:4] becomes
2 ° () . 2 ) 2n2 ) 2 -
(E -~ ak™) (E + E, - ak ) (E0 tA,) - ek'P (E, + §-A0) =0

Solving this equation and taking the *ve vroot corresponding

to the concuction band

E - ah2 so 0y ] [[i v oak” Y pzj1
2 2
4 (E, + 2 5) -
whore ¥ ° 0 3 Po -~ [1:5]

he
or E= akz + Ep (1= ar Y P )jz -1 - [1:6]

The cyclotron cffective mass at the bottom of tne

conduction band is given by

l - ~é§—— % evalvated at k= 0
m,’ ik di
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2
This leads to an expression for P in terms of the effective mass.

2 4 E
P” = (- - D
Y. ", -
substituting for P* in [1:6] we get
E . 4a
E:ah2+-2_°-{[1+— (—“‘;-1)13]* -1}.---[1:8]
Eo m,

This form of the Kane equation can be widely used for all III -V

compounds without much restriction.

b) Effective mass band gap

Ehrenreich (57E1) has pointed out that at finite
temperatures the energy gap to be used in equation [1:8] is not
the band gap atlthat temperature, but an ‘effective mass band
gap' E: which determines the curvature near the bottom of the
band. The change in band gap with temperature is produced by
the lattice dilation and the interaction with the phonon field.
The 1nteractiop with the phonon field both in polar and non-
polar materials causes a shift in the band gap without a change
in curvature. But the lattice dilation produces an appreciable
change in curvature along with the shift in band gap. Hence
tﬁe energy gap determined by lattice dilation, E: is the band

gap which determines the effective mass.




W .t a2 " - “ 2. -
The E0 cain be theovetically vrelated to the prossure

induced incraase in has d gap. The gap at pressure p will be
W% . W
Eg (Top) = By (T,00% A Eg

where A Eg is the chunge in band gap produced by pressure p.

The quantity( E_Fm_ ) which determines the effeciive mass
0T
p
band gap can be thermodynamically related to(a £y L (5682}
ap Yy
by the equation
aE 3z o
0 = ~ 0
(— ) - = (=)
oT . d op r

~

where £ and ¢ ave respectively the coefTicient of linear expansion
and the compressibility. From mezasuremant of the llall coefficient

as a function of pressure, an can be dztermined., Since
. (Eﬁi“ig

experimental values of £ and ¢ aiC readily avai]ab1e( oF

"oy cam
.graﬁp
be easily calculated. Hence ﬁt a finite temparature

E can be oﬁuexﬂ1HEQ from the cquation

Ehrenreich finds that the shiTt in band edye due to dilation is about

1/3 of the total shitt in InSb.
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CHAPTER I1I

PREPARATION AND PROPERTIES OF 111-V
SEMICONDUCTOR ALLOYS '

2.1. Introduction

An alloy semiconductor is formed by alloying
two element or compound semiconductors. If x atoms of
the type A are randomly substituted at B lattice sites a
binary alloy (substitutional alloy) of molecular composition
AxB(1-x) will be formed. The simple examples of element
sgmiconductor alloys are Ge-Si and Se-Te alloys. The alloy
systems considered in this thesis are pseudo-binary alloys of
III-V compounds with one element in common. Single phase
solid solutions of these alloys can be formed over a wide
range of composition without creating localised donor or
acceptor states. However, the preparation of the alioys pﬁseé'
many problems as will be seen later. Random distribution of the
atoms ensures that disordered alloy will have the same crystal
structure as the constituents. Most of the physical properties
of ﬁixed crystals vary from one constituent to another in a smooth
fashion. This behaviour has certain advantages. One advantage
is that band structure parameters of one component can be studied
in detail by investigating these parameters across the alloy

system.
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Another importance is the possibility of making new semi-
.conductors having optimum properties for particular device
applications.

One of the earlier reviews on the theory of alloy
semiconductors and its comparison with experimentwere given by
Parmenter (60P1). Since then, more theoretical and experimental
work have been done in this field. Here a brief éummary with
references whenever possible will be given. The wost thoroughly
investigated alloys are the Ge-Si system. Stohr and Klemm (39S1)
first showed that these alloys can be formed over the complete
composition range and the lattice constant varies linearly with
composition. The electrical and optical properties have been

investigated by various workers.




-39~

2.2. Virtual crystal model

Since it is difficult to cbtain a realistic picture
of the.crysta1 potential in an alloy, band structure caiculations
are extremely difficult, although some progress has been made
recently with the advent of high speed computers. The pioneer
work on three dimensional alloys was carried out‘by Nordheim (31N1)
and Muto (38i41). They introduced the concept of virtual crystal,
stating that the aggregate atoms are arranged at Eandbm on the sites
of some periodic lattice, whose form depends only upon the alloy
composition. The potential acting on an electron moving through
the disordered alloy can be decomposed into a periodic part

and a non-periodic part as follows.

(v) +V_ (v)

Vper non-per

v alloy ) =

where Vper(Y) is the average of the alloy potential over all the
random configuration of the atoms for a given molecular composition

andV is the deviation of the potential of the real -

non—per(Y)
crystal from Vper(Y)' The virtual crystal is defined by the periodic

component, and the effect of disorder is represented by the non-
periodic component. The energy levels for the virtual crystal

can be calculated knowing V_ ..(y). HNow the energy levels for the

pet’
alloy can be obtained by perturbation theory, taking Vper(Y) as the

unperturbed potential and V (v) as the perturbing potential.

non-per
Muto (38M1) showed that the first order perturbaticn theory coes

not.produce any shift from the energy leveis of the virtual crystal;
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Parmenter (55P1, 56P1) in a one dimensional ana]yéis extended this
work té highef ordefs of perturbation theory and showed that there
is a shift in energy levels and the band edges are smeared out
into the forbidden bands. But, always there is a finite ehergy
-gap-and it is possible to associate a band structure. If there

is a very substantial disorder, the perturbing potential may be

so large that a perturbation treatment breaks dowh. But §uch

a case is impossible in practiCe, since the solid solution is
imposéib]e to férm.

According to virtual crystal approximation the lattice
constant varies linearly with composition. This is known as
Vegard's law. It is a useful guide for determining the
molecular composition when a new alloy system is produced.

STlight deviations from Vegard‘s Taw have been observed in alloys
(58W1). Eventhough many of the parameters used in theoretical
calculations (69V3) can be assumed to be Tinear with composition
according to virtual crystal concept, the resuiting band

strubture parameters 1ike various energy seperations, effective
masses etc. needvhot vary linearly. Usually there is a concave
deviation and it is due to the virtual crystal and the aperiodicity.
These effects causing a non-linear variation of the fundamental
energy gap will be discussed in section 3.3.

Band stfuctures for the alloys are similar to those for
the compounds. Herman (54H1, 54H2) first showed that the band
structures of Ge-Si alloys are intermediate between that of Ge and

Si. -Bassani and Brust (63B]) made an accurate calculation of the
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band structure using pscudo-potential mathod and obtained quanti-

tative agreement with experiment.
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2.3 Review of III-V semiconductor alloys

There are many review papers (61E1, 66C3, 69V3)
and recently some review books (64M1, 66W1) on III-V compounds
and their alloys. Since these books-are readily available no attempt
-has been made to give an exaustive list of references. Special
emphasis has been given to energy gap measurements and opt?ca]
properties. Al compounds are not considered here. .

Folberth (55F1) firsf demonstrated the existance

of solid solutions of InAsXP( and GaAs(l_x)Px over the entire

1-x)
composition range. He investigated the energy gap variation for
GaAs(l_X)PX alloys by optical absorption measurements and found that
the band structure changes from that of GaAs to GaP at a certain
composition. Allen and Hobdy (63A1) reported that this crossover is at
X = 0.53 Preleminary investigations have been made by~we1ker and Weiss
(56W2) also. Spitzer and Mead (64S1) made a study of the

variation of energy gap with composition using measurements of

the photovoltaic response of metal-semiconductor surface barriers.

Room temperature energy gap values have been systematically
investigated by electroreflectance measurement§ (66T1) also.

Since this system has the energy gap in the visible region and,

hence the potential application as light emitters, its optical
properties have been gxtensive]y investigated. Injection laser

action was first obsefved by Holonyak and Bevacha (62H1, 63H1).

Both spontanous and stimulated emission have been observed in

such diodes (63K1, 65P1). Optical energy gap variation for the

InAsxP(l-x) system was measured by Oswald (5901).

pN—




lle reported a linear variation. The 0%k energy gap values
extrapolated from electrical measurements (5611) between 90 to
470°% also show a linear variation.

First crystals of GaXIn(l_X)Sb system vere produced
by Goryunova and Federova (55G1). High quality single phase
and homoggncous alloy of the systemwas prepared by Woolley and
Smith (5643). Optical properties (5911, 59W2, 6141) have been
investigated by many workers. The anowsaly in the electrical
energy gap above x = 9.6 observed by Woolley and Gillet (6012)
has been investigated by Coderre and Hoolley (69€3) taking into
account many secondary effects. They have shoun that the electrical
gap values agree with the optical gap vaiues extrapolated to 0%k.

GaxIn(l_X) As system has - been prepared (57U1, 5842,
59A1) and electrical energy gap values have been determined by
Coderre (GYC2). Room temperature optical energy gap variation
has been investigated by several workers (6142, 59A1,66H1).

Homogenesous samples of InAsXSb(]_ ) in the composition

X
ranges 0 <x< 0.45 and 0.8 <x< 1.0 have been produced by toolley

and Warner (6443). They studied the variation of optical energy

gap as.a function of composition and temperature by optical absorption
measurements. The samples in the middie region were annealed
compressed pewders and werc not homogensous. However room temperature
measurements indicate that there is a minimum gap of 0.10 ev at

about X = 0.3, which is lower than the values of either of the compounds.
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The temperature coefficient of the energy gap determined from
measurements in the range 96 to SGOOK, shows Tinear variation with
composition between the compounds. Sirota and Bolvanovich (6753)
from high temperature Hd]] effect and conductivity measurements
reported that the extranolated 0%k gap shows a minimum of 0.13 ev

at x = 0.4. Kudman and Ekstrom (68K1) have reported the minimum to be

1

at x = 0.1 from a similar type of analysis. In neither of the
>above analysis the effaect of non-parabolicity was taken into account.
The absolute zero gap values obtained taking this effect into account
(68C1) show that the minimum is at x = 0.4 with a value of 0.17 ev.
Goéd homogeneous bulk samples of GaAs - GaSb system have not been
prepared. The author had been working on the system and the results
available will be discussed in the thesis.

Very 1ittle has been done on the determination of the
effective masses of these alloys. Oswald determined the electron

effective mass values of InAsXP( ) (5901) from frec carrier absorption

1-X
measurements and found a smeeoth variation with composition.

No mantion is made about refiectance measurenants
above the fundamental energy gap or electroluminescence measurements.

The reflectance results are discussed by Thomnson (66T2) and

Vishnubhatla (69V5).
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2.4, Present work

The investigation into the preparation and properties
of IIi-V semiconducting a]]oyé is a work started by Dr.J.C. Woolley
-at the University of Nottingham. This work has been continued by
the semiconductor group at the University of Ottawa. Since the group
was working as a team where each member was involved in the prep@ration
and measurement of certain properties, there is overlép in some
parts of the work, but the work of one member has always been of a
complementary nature for anqther. When there has been collaboration
in theauthor's work, it will be mentioned.

When the present work was started in September 1965
room temperature optical energy gap values in GaxIn(l;x)As alloys
had been reported by several workers (60A1, 61W2, 66H1). There
was considerable descrepaﬁcy in the results. At this time Thompson
and Woolley (67T1) reported that the energy Qap variations of all
the III-V alloys are parabolic and the deviation from linearity can
be predicted by an empirical re]&fiqn.The empirical relation was
found to hold good for III-V alloy systems on which data were available
at that time. For GaAs - InAs system none of the data available
seemed to fit the empirical relation. Hence more accurate measurements
were carried out by the author on good homogeneous alloys of
InAs - GaAs (68”3) to determine the value of eﬁergy gap and check
the validity of the empirical rg}atioﬁ. Another alloy system on
which very little data are available and extremely difficult to

prepare is GaAs - GaSb. Considerable effort has been put into the
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preparation of these alloys and was met with some success. Energy gap
measurements have been made in thé composition fangé produced.

Since the effective mass values of electrons in most of
these alloy systems had not been investigated, it was felt that some
good work in this area is necessary. van Tongerloo in the group started
Faraday rotation meaéurements and Aubin pursuéd‘magneto-thermoe1ectric
power measurements. The first aim of thelauthor vas to.obtain effective
mass values at the bottom of the band of some of these alloy systems
by magnetoabsorption measureménts. However, this project had to be
abandoned, since the magnetic field available with the D.C. magnet
(3.2 N/mz) was not High enough and the optical system was not sensitive
enough to detect very small signals and yield reasonably accurate values
of the effective mass. Since all the III-V alloys have high.electron
mobility, if the samp1es are sufficiently doped, one could observe
a sharp plasma reflection minimum in the infrared region at room tem-
perature. This method has been used by several workers to obtain
accurate values of effective mass in many semiconductor compounds.

Alloy systems of InSb-GaSb, InAs-GaAs and InSb-InAs with sufficient
electron concentration have been prepared and using the ébove
technique effective mass values at the bottom of the band have been

determined by the author.
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2.5 Hethod of Preparation of I1II-V alloys.

‘The first step in the preparation of alloys is to establish
the range of solid solution, the T - x phase diagram and the variation
of lattice parameter with composition. In order to determine the range
of solid solution, the mixture of a certain molecular composition of the
two compounds 15 compressed and placed inside an evacuated capsule. It
is anncaled at a fixed temperature for a Tong time successively increasing
the temperature until eauilibrium conditions are reached. From X-ray
powder photograph the lattice constant corresponding to the composition
can be determined. This is a long and tedious process. Once lattice
parameter variation is established, the next step is to determine the
T - x phase diagram. The liquidus curve is determined by-the cooling
curve method (52H2). There are two ways of.determining the solidus curve.
The method uscd by Hoolley and co-workers (5842, 5943) is to hold the mixture
in cquilibrium at a certain temperature below the Tiquidus and suddenly quench
it. This is satisfactory only for materials with very Tow diffusion rates
in so]id.phase. The composition is obtainad from lattice parameter determincd
by x-ray method. A discussion of the various methods used for the different
ITI-V alloys is given by Woolley (6241).  Once the phase diagram is established
enough information is available to proceed for the preparation of single
phase homogeneous solid specimen. The method of annealing below the solidus

curve is not practical, since it requires annealing times of few months.
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Growing from molten state is faster. Several methods have been tried in |
this laboratory and polycrystalline and homogeﬁeoué alloys have been grown.
A detailed discussion of the different techniques is given by Coderre(6902).
The methods used by the author will be described here, with brief indication
of the other possible mathods. Only polycrystalline maieria]s are produced
by the following methods. Single crystals of some of these'a110ys have
been produced in other laboratories, using different methods.

There are three principal methods of growth used in this
laboratory. Samples of full composition range of the alloys GayIn(,- x)Sb,
GaxIn(;- x)As, InAsbe(l_ x) and a Timited composition range of
‘GaAsySb(, _ x) have been produced.

a) Gradient Freeze method

This has been the method used by Voolley and coworkers for
growing III - V alloys in the past {60W2, 601, 612, 64U1). The
composition of the initial charge necessary to produce a given range
of the alloy is determined from the T - x phase diagram. Then the two
constituent compounds are accurately weighed and the mixture is enﬁ]osed
in an evacuated quartz capsule. It is tben melted in a furnace at a
temperature higher than the ﬁe1ting points of the two constituents and is
mixed thoroughly by agitation. It is quenched in air and a solidified
1nhomogeneqys ingot is formed inside the capsule. The ingot is then
placed insfde a Gradient Freeze Furnéce. '

A typical G.F.F. consists of approximately 2 two feet length




4]

of vefractory "mullite" tubing with an inner diemoter of 1% inches,

Kanthal resistance wire is wound on the tube in a coil Fasiion in ordor
to produce the desived temperature gradient. The wire is coated with
"Kyanen' vefractory cement to ensure good heat conduction,

The tube is mounted centrally along the axis of & rectangular box made
of aluninum walls and of epproximately 10" x 10" x ?4" dimcnsions.

The space inside is Tilled with insulating matoeviai, A Pt - PT Rh(13%)
thermocouple is cemznted to the Turnece tubé eay the centre. The
temperature is controlled within one degree centigrade by an

"Ether Transitrol” proportional ceatrolier wihich enploys a satuvable
reactor. The tcmperaiuve can be lowered 5- 109C a day by changing the
set point on the controller with a metor “Meccano" goar assembly. The

~

temperature profile has a grodicnt of epproximately 5°C/cm The

temperature of the cold end of the G.F.F. is usually adjusted to be
fow degrees above tha melting point of the high m2lting point compound
1
1

before the capsule is placcd inside. The {emperciure is then slowly

Towerad by the “"Meccano" gear system. The high u2lting point composition

of the alloy freczes first and an ingot of varying composition along
the length is produced., Usually it takes twe to thrae wonths to grow

an ingot 15 to 20 cms long.

The only advantage this mathod hes is the fact that the

~

ingot is not mac nan1co11y disturbed throughout th2 seriod of growtih,
g

but there are many drawhacks. The difficult problem is constitutiona
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supercooling which results in in-homogeneous solidification at

the freezing interface. At the liquid solid interface there is a
depletion of the high melting point compound causing a localized
drop in Tiquidus temperature. Ideally equi]ibriumlis established
by diffusion from the molten part of the ingot. Since diffusion
cannot begin until acomposition gradient is estab1i§hed, therg

js always.a Jocalized depletion region and a-region of supercooled
materiel is formed immediately in advancé of the freezing interface.
Another disadvantage which makes it impractical for growing ingots
with high melting point compounds 1ike GaAs is that, it is not
possible to make a temperature gradient steep enough, without

| exceeding the scoftening point of quartz ~ 1300°c. At this high
temperature compounds containing Arsenic builds very high.pressure
and the capsule may explode.

b) Step Freeze Method

The step Freeze method is essentially the same as
horizontal Bridgman method. The furnace for this method is-constructed
on the same lines as G.F.F. The main feature is that there are two
furnaces, each with a flat temperature profile and a steep temperature
gradient between the two. While one furnace is hotter than the
melting point of either gompound, the other furnace is cooler than

either melting point. The tubular furnaces are separated by
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a one inch air gap. Water cooled copper baffles are placed on

either side Qf the gap. Thus the two temperature zones are insulated
from each other and a steep temperature graaient is ensured. The
furnaces are enclosed in an aluminum sheet metal box of approximately
10" x 10" x 30" size. Pt - Pt Rh(13%) thermocouples are cemented

on each of the furnaces. The high temperature zone is controlled by
an "Ether Transitrol" proportional controller which employs a '
saturable reactor. Since no high stability is required, the cold
temperature zone is controlled with a Philips cn-off type controiler
which maintains a stability of 3°C with in the set point. A typical
temperature profile of the furnace is shown in Fig.(2:1).

_ The capsule containing the ingot was placed in a quartz
or "Mullite" carrying tube of approximatelyil" diameter. The tube
was mounted on small wheeled dollies on tracks at either.end of the
furnace. A "Meccano" worm and gear assembly slowed the rate of a

Barber Colman motor from 0.3 r.p.m. to a rate which moved the capsule

through the step of the furnace from 0.5 to 2 cm/day depending
on the material being grown. Ingots of 15 to 20cms long could be
grown ina period varying frém two weeks to three months denending

on the alloy system being grown.

There are maﬁy advantages for this method over the

§ G.F. method. The solid liquid interface is fixed by the position




of the thermal step and hence the yate of solidification is
controlled by the wotion of the ingot vather then the composition
of the molten phase. Tho steep temperature gradient ensuras no
constitutional supercedling. The high tewpoerature zone necd not
be at eucessively high temporeture above the mzlting point of high
melting point constittent and the temporature of thevtwo Z0NEes
need not veguire high stability. If the composition vange of the
alloy vory near high malting point compound is not reguived, the

, .

temperature of the high temnovature zons can be kept cven lowoer

than the m2lting point of the high m2lting point compound.  Tho

{

low temperature zone can b2 kept at rovw tomovature 17 the
+

constituents do not coatain highly volatile substances.

c) Travelling Zona Mothod

This is @ method oriainally develonzd by Prans end
g 3 i N

coorkers (53P1) for thz puvification of Gevmaniua and later used
for pulling single crystals from a polycrystalline chavge, In
this laboratory @ fTurnace was construcizd by Codevie for ine

preparotion of Inf\sySb(l ) alloys. This system has a largs
L3 =és

separation botvoan the Viquidus colidus cupves and honce homogzneous

~

material in the middle cemposition range was difficult to produce

by the wathods desciibad pievicusiy.

[ -~

In the Trovelling Zono mothod @ suall zeno of t

he

furnace at the centio is raiscd {0 & temparaiure above the melting
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point of the alloy keeping either side of the hot zone at & flat

temperature profile Lolow the welting point of cither constituent.

The molten zona in the solid ingot thus created is thon causcd to

traverse the lengih of the ingot etther by moving the ingst threugh

the zone or by woving the zone over the ingot. IT a nevvow width of

the zone s uscd "zone Tevelling” takes place and the ingot grown

will have one single compositicn along tho length, with & steop
gradient at cither end. However, by using a lavger zone width
(ie. one third of the ingol length), zone equilibrium will not be

quickly established and it is possible to grow an ingoo slowly

U)

verying in composition along tho lengtii.

The T.'Z. furnace was mada by two flat prﬂxn1ea TUrnoees

similar to those itn a S.F. furnace, but scepaveted by a Sum wide hot zone,

Water cooled coppar bartTies vere placed on either side of the zone

to keop the zone width novvoew.  The zon2 was heetoed by o siticon-
carbide "Rovton" globars which were mounted hovizentally, at pight

angles 1o the Turnace axis, one above and on2 below the ingot.
The walls of tho hot chambor were made by "transite" boards coated
with Tiquid porcelain. Power to the glowbars wes supplicd through
& step down transformar &t 40 awpoees and 5 volis. The hot zoae
tewmperatue was moniterod by Po - Pt R(13%) thevmocouple and was
controlled with a "Ether Transttvrel” controliler in conjunttion with
a saturable veactor. A steady tempavature within 59C at 1000°C wos

obtained., The flat profile furinges ware contrelied by a
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Phillips on-off controller within 2 to 39C of the set point.
A typical temperature profile of the furnace is shown in Fig. (2:2)
The entire furnace -assembly was mounted on a cart
driven on tracks using a 0.3 r.p.m. motor geared down by a
"Meccano" worim and gear assembly to move the furnace at a rate
of 0.5cm/day. About 3 months were taken for growing‘ah ingot
approximately 15cms long. The furnace and the ingot were poved on a
slightly inclined track to prevent build up of crystal at the end
to freeze last.
The biggest difficufty.is in producing and keeping
the width narrow, since the melting point of the material undergoes

drastic variation. Hence great success has not been achieved by

this method.

d) Other possible methods

There are some technigues used successfully by other
workers, but not in this laboratory. One of them is the step
levelling method developed by Dismukes (65D1) and applied by Kudman
et al to GaSb - InSb (67K1), InAs - GaAs (66H1) and InSb -InAs (68K1)
alloys. The method of salutebuild up has been reported by
Stambaugh et al and Sirota et al (63S1). Growing alloys by
Czochralski pulling method is also recently used (62T1).
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2.6 Alloys Prepared

a) Ga, gy yy SH alloys

Most of the ingots of this alloy weve prepared by
van Tongerloo and Coderve. The compound InSh in polycrystalline
ingot form was obtainzd Trom Cominco end had elecivon  concentration of
102%m~%, The GaSb was made in this Tzboratory from high purity
elemziits of Ga obtained from Mevck and Sbh pellets from Cominco.
These elements were weighad accurately according to the proportion

of atomic weights and placed inside an evecunted quartz capsule.

o

'
]

It was'mixcd thoroughly and placed inside & furnace wiose temporature
was above the melting point of GaSh (705°C). Finally it was
quenched in air. The GaSb was found to bo always p-~type with
approvimately 107 %n? accepeovs.,  The acceﬁturs are dug 1o
nonistoichiomatry in the compound, which pioduces Antimony vacancies.

The Viquidus solidus phase diagram For this alloy
system has been well established and the variation of lattice
parcmater (5811) with composiiion is found to obey Vegard's lew,
Many polycrystalline ingots of this alloy svstow have been produccd over
the cumplete composition venge by the gradient frecze technigue
from en initizl charge varying frem x = 0.7 to x = 0.3, Mearly
50 deys were vequived to produce an ingot of 15cms Tength. The
T

allovs obtainzd by this mathod weire of velatively poor homsgeneity,
J S] Y

e

but, were suiTicient for most experimantad purposes.  Undopad
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ingots had carvier concentrations verying from 107 m™" donors at
1 23 ...3 * ’ vt g i () st M §
the InShb end to 107 wm™" acceptors at the GaSh end; the wiudle range
had much lowor carrier densities due to compensation.Since it
i

was necessory 1o have doped materials Tor the cxporimental

measuvements, & soall quantity of Tellupiun was added in the melt
. ) ). 2oy ] Rt > AN - 3
in order to obtain a doping in the range © 107" clectro: s/

To avoid inhomogencity by constitutional supevrcooling
and obtain faster growtn vate, later step fireere mathed was tried
and @i ingot 15ems in length covering the whola composition range
was produced in cbout 20 days. The hot zonz temporature s
mointained at about 7509C and the cold zone vies kept at room
temporature, since theve was no eesily volatile component like
Avrsenic p,escnu in the two compounds. The combosition as a fuiction

of ingot length for three ingots used by th authoy Tor the
expaiimental moasurements is showi in Fig. (2:3).

The step frozen ingots had higher heaogeneitly acvoss
the cross-sociion and the vaviation of composition with length was
more gradual than those qivoun by the gradient ¥rocze techniquz.

Ingots growm by step froeze mothod were also doped with Tellurium

(
o

+

s . ' e . ~ 2h .3
to eobiain carivier concentrations in the rangs of 10 electrons w™ .
Cross -sectional slices of approximatcly lm thich were cut and
“
hamogeneity was datermingd hy x-vey powdsr photograph mathod,  The

carrier concontrations were deterained from Hall effect moasurcmsnts.
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b) Ga Iel(l ,,) As z.'”()\’a

fhnc alloy system was prepared from the pure compounds

InAs obtainad from Cominco had electron concentration in the rengo
. W22 L3 . ol . .
: of 4 x 107w and Gafs chiainad frow consclidated Dicctrodynamics Inc.

~

had elcctron concentration in the range of 8 x 102’m73. Botn
the materials ware polycry

looliey and Smith (68H1) have shown that the phase
diagrem of the system is psevdo-binavy end the variation off the
Tattice paramcter with composition obzys Vegard's law,  In this

e

Taboratory two ingots wevre Tirst produced by Thouwpson

the gradient frecze method, An initiel chavge of

suf{icicat for an ingot with % vavnying from O to 0., Uith a
tempovetuve geadicnt of 109C/cia the hiot end of a 15cm ingot had o
be raiscd to 12300C end ot this towperature quariz capsule staried

md multiphese

n

ton.  The ingots wove of poor hemogeneity

Thompsen

<
PR §
[ %]
el
]
[
e A
)
)
o
—t
<@
-

over o lavge longth duz to constitutiona
Teter used stop Treoze wathod with an initial chavgz of % = 0.3,

The hoz zone ves maintained et @ tompavature of about 1120°C and

the cold zone was kept at about 650°C in ovcer to maintain a reasonable Rs
piressure over the length of the dngot. Fov the 50om ingot 0.2¢a

of ercess As wos added in ihe copsule in order o comptusaia for

tha hs lost from the ingst during growin.  Tho Tagol was moved
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at the ratelof 1.2cm day. The resulting ingot was n-type and had
carrier concentrations ranging from 1.3 x 10%*m=® at x = 0.82
to 1 x 1025'm.'3 at the InAs end. The homogeneity along the
thickness was good thhiﬁ x = 0.01 for Imm thick slices cut from
the ingot. A second ingot grown by the same method starting with
x = 0.55 yielded a very homogeneous ingot {n the range
0.45 < x < 0.92 with -lower electron concentrations in the range
10%%m-2, Léter Coderre has grown many homogeneous ingots with
lower carrier concentration in the range of composition 0 < x < 0.9.
Ingots with x greater than 0.9 are difficult to grow,-since the hot
end of the furnace should be maintained at temperatures higher than
the melting point of GaAs (12350C), and at this temperature thz As
vapour builds excessively high pressure inside the capsule and
may explode. It is also necessary to start Qith an initial charge
of high GaAs content.

 Since doped samples were necessary fo% plasma reflection
measurements and sufficiently doped samples of x > 0.5 were not
available, a 50gm ingot was grown by the author from an initial
charge of x = 0.5. Approximately 50mg of Tellurium was added in the
capsule along with the mixture of the compounds. The set point
of the hot furnace was 1100°C. The cold zone temperature was set at

600°C. The ingot was moved at the rate 0.5cm/day and an 8cm long
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ingot was produced in about 40 duys. Homogenwous samples in the
vrange 0.3 < % < 0.9 with clectron concentration changing from
.. 24 .3 24 - o
approximately 6 x 10 m ™ to 1 x 10" 'm were obtained, The
concentration was decvessing towards the Gafs rich part of the
alloy. AW tha alleys were structurally good with no void or
crack, Fig. (2:4) shows the variation of composition with length

of the ingots uscd by the author Tor the expertirental measuremonts.

c) InAs, Sheq o yaltoys

This alloy systom has proven vevy difficult to
prepare ever thc complete composition rvange. The liquidus curve
of the phase diagrem wes detovmined by Shih and Pevetti (53S1)

and the seclidus cuvrve was determined by Moalley and Sm}t'.(58H1).
The large separvation botween the Tigquidus solidus curves accounts
“feulty of propaving this alloy system. The variation of
Tattice paramcter with composition was detormined by Voolley and
Smith (5811) and shows censiderable deviation from Vegard®s Taw.

The alloy systom was prepeved from ingots of polycrystaliine
compounds obtained Trom Cemincs, The muterials wove n~type and had
cavricr concentration in the renge 10 *207%, Since this alloy
system has been proven difficult to grow (6AU2), the gradicnt
freoze mathed was not worth trying., Travelling zone technique was
the only mathod which ovfered some hope of producing alloys towards

the middle region. Hencn a T.Z. furnace vas
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constructed by Coderve. The constituants were enclosed in an

evacuated quartz capsule and wetied i a furnace at 1000°C.

The

contents in the capsule were mixed thoroughly and then quenchad

L

in air, resulting in a multiphase polycrystalline ingot.

capsule containing the ingot was than p]aced in the 7,7,

so that the ens

-l.

he

furnace

tihe ingot was just in the hot zonhe. The hot

zono was st at 1000°9C and the bockground furncces ware kept

at 5009C. Relatively homogenacus materials in the ranges

0.0 < % < 0.4 and 0.7 < x < 1.0 have been procuced.  Even with

repeatod attemptis it has not been possible to produce samples

”~

in ths middle region. Since tha stop frecze method was success

B Ly

in producing other alloys, it was tried

Ater several attempis ont or two ingots producazd had

<

<

X T .
cnandl o

this region were houdgoncous only within 3 mol % along the

ariation of compositicn along tha length. But there was rapid

’ ~

composition in the middie region., The samples cut Trom

R
CTERN2SS

of Tim, while szles of the end region had hemogone ity betier than 1 molé.

The author prepared Teur ingots by step Treczo

frrom en initial chorge of % = 0.2, A 30ga mixturn with 7mg

Tellurium moved thirough the step at the rate of 0.50ams/da
roesultod in & Gom ingot of cemposition rangrs 0.0 < 3 < 0,
and 0.7 < & < 1.0 and clectron coacentration ranging Trom

.3 . s . -
8 x 10" m™ ., Fuvrthzi attomnts o preduce alloys in the

‘
-
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region 0.3 < % < 0,7 weve not svecessiul, It appeavs that cither
& VEVY narrey zong mathod o some othor now waonod should ba tricd
to produce homoganeous alloy materials in the middle region.

Fig, (2:5) shows the variation of compesition with length of two

ingats doped with Tellurium,

d) Gafis Sbey .y 2Tloys

Very Tittle work has bzen done on this alloy system,
Homoge neous bulk samples over the entive range of composition have not
yet been produced.  Complete solid solution exists end the solidus
curve dzterinined by Moolley (6211) is shown in Fig. (2:6). A guass
of the Tiquidus curve 9s also shown by the dashoed curve. The
xtreme seperation between the Tiquidus solidus curves and the

o~

7 the solidus cuvve make 1t very difTicult o produce

this alloy systen,

1300 e
]200' T

1100 | -~
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Fig. (2:6) T-x Phase diagran Tor EahsySb(l %) alloys
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The project of growing this alloy system was taken
up by the aqthor. GaSb was made in the laboratory from the elements
as described 1in section 2.6a and GaAs was obtained from Monsanto
Chemical Company. As a first trial compressed powders of the
mixture at few compositions were annealed at the appropriate
temperature below the:estimated solidus curve for near1y three months.
X-ray powder photographs on the samples showed that the lines -
correspondfng to the two compounds were coming closer., The
samples were annealed for longer times and the x-rays after that
still showed the existence of two phase. However the equilibrium
condition was not reached. The success of step freeze technique
in producing InAs - InSb alloys,prompted to apply the method for
these alloys also. The hot zone of the furnace was set at '11000C
and the ingot was moved at the rate of 0.8cms/day, towards the cold
zone kept at a temperature of 600°C. From a initial composition of
x = 0.3, a 20grm ingot produced by this method showed a slow variation
of composition along the length from x = 0 tov0.08 and x = 0.90 to 0.1
with a break in between as shown in Fié. (2.7). The compositions
vere determined from cross-sectional slices by x-ray powder photographs
assuming Vegard's law. The x-ray back reflection lines were very
well defined~showing good homogeneity of the specimens. One more
trial of the same method did not show any improvement in the
. composition range obtained. It was thought, that travelling zone

method should prove more feasible, since. the melting points of the
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components are high and the zone width at this température is narrow,
This technique was tried with a 4" zone at a temperature of 11000¢
(This temperéture was the safe high temperature limit for the
furnace) and background tempuratures of 6009C on either side.

A 50gm ingot with an initial charge of x = 0.3 was placed inside

the zone furnace and the furnace was moved at the rate 0.5cm/day.

A 12" ingot was produced in about 50 days, which showed a nonuniform
variation of composition along the length with several mu]fiphase
regions in between as shown in Fig. (2:7). The bars (I) indicate
the extent of two phase and its spread along the length. The
nonuniform variation of composition indicates that zone levelling
was indeed taking place, but it was soon upset by the difficulty to
maintain equilibrium condition. In many samples the X-ray -back
reflection lines were slightly blurred show%ng inhomogeneity.
However samples with relatively good homogenaity for optical
measurements were obtained in the regions 0 < x < 0.34 and

0.85 < x < 1.0, The samples near the GaAs end were n-type, whiie
the samples near GaSb end were p-type. The next attempt by the same
mgthod did not produce any better results. Hence the step freeze
method was tr?ed few times setting the hot and cold zone at re1a?iye1y
higher temperatures than in the previous attempts and making a Steeper
temperafure gradient in between the zones. In most cases the result
was Ga separating from the ingot with 1ittle or no alloy being

produced. The author has tried to grow nearly ten ingots of this
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system,  The oniy hope Tor further success s to eithor use a vevy
nervoy Lot zons in e T.Z. furnaca or to vy som: other maihnds such
as  the step levelling ov the solube buiid vp wethod maationad in

[N

section 2.5d.  Pocontly growth of single crystals Firom vepous

P

t(6ect).

phase has bozn veporic
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CHAPTER I11

OPTICAL ABSORPTION AND THERMOELECTRIC POMER

3.1 Optical Absorption in Semiconductors

The determination of the optical constants of a
semiconductor -over a wide range of wavelength can provide a
wealth of information about the band structure. Optical constants
are.detetmined from reflection and absorption measurements.
Thin saﬁples are necessary for absorption measurements. There
are three major processes of abesorntion to be considerad.At short
wavelengths the photons can excite electrons from the valence to
the conduction band and this process is called interband absorption.
The process starts at a wavelength corresponding to the enérgy
gap of the semiconductor. The absorption coefficient is very high
in this region of wavelength and falls off sharply past the energy
gap towards the longer wavelength side. This rapid decrease in
absorption coafficient occurs over a very small energy range and -
the absorption curve in this region is called the absorption edge.
Careful study of the position and internal structure of the
absorption edge can provide very useful information about the
structure of the.conduction and valence bands, especially the
regions vefy close to the.extrema. The most extensive study of
these edges 'has been carried out in Germanium (57M1) and

Siticon (58M1). After the development of high resolving power
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infrared spectromters and the discovery of magneto absorption,
the study of the absorption edge has become a very powerful
technique_for the investigation of the band structure of the
semiconducfors near the fundamental gap. |

At longer wavelengths the semiconductor is nearly
transparent. However, in an impure sample the long waQe]ength
photons can interact with the free electrons and holes and the
resulting transitipns take place either within the valence or
the conduction band. This process is called free carrier
absorption and it can give information about the effective
mass and mobility of the carriers in the appropriate band.

At wavelengths longer than about 10p theré can be
also interaction between the photons and the lattice. _There is
a2 strong absorption of electromagnetic radiation corresponding
to the transverse optical phonon frequency of the lattice and
this is responsible for the reststrshien absorption band. The
coupling of the photons with the optical phonon modes is very
strong in polar semiconductors, for example in III - V compounds.

Another minor process is the absorption due to impurity
Jevels in the forbidden gap, and this can produce small
bumps. on the absorption edge. There is also another process to

. be considered. Bound e]eétron-ho1e resonant stateﬁ called

excitons are formed below the threshold energy and transitions
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into these levels give rise to a hydrogen ]iké absorption

spectrum, Qecause of the large dielectric constant in‘semiconductors
the electrons and holes are strongly screenad and the exciton effects
are weak, while in insulators these effects are very strong.

Since the euthor was not studying the fine structure of the
absorption”edge, these effecfs were not tonsidered and:it will

not ba discussed here. Good referenceS'(GGPl) on this squect are

-available,

a) Classical theory of free carrier absbrptiog

An electromagnetic wave propogating through a
fefractive medium can be written as
. - .
exp[iw(t- -'-E—)]

E (x,t) = E,

vhere n* is the complex refractive index defined
- byn* = n- ik. n is the real part of the refractive index.
and k is the absorption index.

WX

. . _ i . . umx .
or E TE exp. (ot - ==) 1 . expl( - )

. The absorption coefficient « which measures the attenuation

“of the wave is definad by

QL = -2—0)-.‘5 - F 5'1T_K' ‘ R [3:]]
c A
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The equation of motion of electrons in a solid under the
influence of an electric field E = E, exp (iwt) can be

expressed as

mox + T x = e E, exp (jwt) ... [3:2]
T

vhere m" fs the characteristic effective mass of the electrons,

X is the displacement, and t is the relaxation time. This
equation can be solved for x and the free carrier susceptibility
can be calculated. The total susceptibility of the crystal can
be obtained by adding the bound carrier and lattice contributions.
This quantity is generally complex. It is a usual practice to
separate the reé] and imaginary parts and hence obtain the real
and imaginary parts of the dielectric constant, €, and €, (59M1).
Since T and m* are functions of eneragy these quantities should

be averaged over all energies. If there are more. than one type

of carriers involved €, and ‘e, may be expressed as (M.K.S. Units

are used)
2 2
22 . it/ ... [3:3]
E,. = T K = € X
1 o J go m*(l +m2'r2
3 i)
‘2
n., e T
g, = 2ngk = 1§ - A+ ... [3:4]
J € W my (1+w'rj)
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where the averages are defined by

3 f '
AR dE
3 E
0
<A> =
9 fo k3 dE
3 E

In the above equations ¢, is the dielectric constant of free space,
g, 1s-the lattice contribution to the dielectric constant and is

a constant at high frequencies (optical dielectric constant),

j refers to each type of carriers and "j is the concentrafion of
carriers of the type j. The absorption coefficient can be

calculated from equations [3:1] and [3:4].

2 .
n. e Ts

- J Jd .
=i T wa e, o B
0 J J)

~In order to interpret the energy band structure in terms of the
.absorption coefficient, equation [3:5] should be rigorously
evaluated using quantum mechanicai treatment for the particular
scattering mechanisms invb]ved. However, for one type of

carriers, under the assumptions of energy independant relaxation
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time and w1t >> 1, it can be easily shown that equation [3:5]
reduces to the simple expression having a quadratic dependence on

the wavelength.

3 2
ne A

2 3
c nu

4n2 €, n
where u 1is the mobility. The Y dependence of o is a]sé»obtained
for acoustic phonon scatfering from the general equation [3:5].
Moss (59111) has observed the quadratic dependence for n-type InSb

‘with carrier density 3.5 x 1023m'3. Visvanathan (60V1) has
calculated a wavelength dependence 12§ for polar scattering. For

jonized impurity scattering the power factor can be as high as 3.5.

b) Interband absorption

There are two types of transitions possible from the
valence to the conduction band. If both band extrema lie at the
same point in the Brillouin zone, and if states are available,
transition between the upper edge of the valence band to the
lower edge of the conduction band is possible. This process is
called direct transition, where k values do not change. VWhen
the band extrema 1ie at different k values only phonon assisted
transitions are possible between the.two bands. This type of

transitions are referredto as indirect transitions, where k
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values of the electron before and after the transition are different.
| ~The problem of interband absorption has to be treated

from quantum mechanical considerations. The absorption coefficient

associated with this process depends on the probability per unit

time that an electron will make a transition from the valence to

the conduction band. If we consider radiation as a beam of photons

falling ndrma11y on a semiconductor, the absorption coefficient a

is given by the number of quanta absorbed per unit time per unit

volume divided by the flux density. Thus for a simple parabolic

band the absorption coefficient due to direct transitions can be

shown to be (67U1)

3/2
c 2m .
. r ' 2 3
“a” nwv i | H0) 1 (b - Ep)
b .
- A w- £ L [3:6)

If direct transitions are forbidden the absorption coefficient

is given by

3/2 2
c Zmr chv(k) , 5
— = — (hv - £)3/2
i3 ok 0

Of = nTv

B (hv - E,) */?

where n is the index of refraction, m,. is the reduced mass of the




-71-

e]ectron hole pair, H is the optical matrix element between

cv
the conduction and valence band siates and v is the threshold
frequency. Thus for a simp]e parabolic band the absorption
coefficient is proportional to (hp - Eo)%. If the,imp]icatiohs
of Kane model are considered equation [3:6] is not strictly true.
Instead of using the density of states for parabo1ié bahd,

the density of states obtained from Kane's equation should be .
used in defiving the absorption coefficient. Also the optical

matrix element will be given by (57K1)

2
: - 2m
Hc,v (0) - P

However, from detailed calculations of the'absorptfon coefficient
using Kane model and comparing with experimental results, it has
been shown that the relation o « (hv - Eo) % 5ti11 holds good for
InSb (67W1) and InAs (60S1) over a wide range of photon energy. .
The theory of indirect transitions involving acoustical
or optical phonons is more complicated. It may be shown that for

é simple band the absorption coefficient has the form (67W1)

C (hv - E, * & 6)°

o

where k 9 is the phonon enéray. .If transitions are forbidden to

the intermediate state at k = 0, then a cubic dependence is obtained.
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€) Burstein effect

. In a degenerate sample the position of absorption
edge is shifted towards energies higher than that for the.pure
sample. This was correctly explained by Burstein (54B3) as
due to the population of energy bands with carriers. In
such a case transitions are not possible at k = 0 and take
place at a slightly different value of k where states are
available. Fan (56F1) has shown that the absorption

corresponding to a given value of k is given by

a (k)= a () (f, - f)

Olo(h) 1 - 1 : ...[3:7]
1+ exp (Ec(k) - EF)
KT

vhere ao(h) is the absorption coefficient if it were possible to
have transitions at k = 0. The photon energy corresponding to a

given transition is given by

hv (k) = E, + Ec (k) + Ev (k)

substituting for Ec(k) from equation [3:7)

o/a, Ev(k)
+ KT e ( ———) 14+ —
1- ¢/a, Ec(k)

hv (k) = E, + EF ee. [3:8]
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At a finite temperature, since the tail of the Fermi function
extends approximately 4 KT below the Fermi energy,

transition starts at this energy.

. ' E (k) m
For parabolic bands — . & <<
Ec(k) my
E, (k)
This is true for Kane bands also. Hence the term in
Ec (k)

equation [3:8] is negligible.

o/

The term KT £n ( ) is also very small and can be neglected

1-a/a°
as a first approximation. Thus equation [3:8] may be written,

vhen EF > 4KT

hv (k) = Eo + EF - 4KT «v. [3:9]
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3.2 Theory of thermoslectric power

_ “Hhen a thermal gradient AT is set up along the
length of a semiconductor sample, a small voltage 4V is
deve1oped between the ends and the thermoelectric power of the

material is defined by

AV
AT

g =

It is independent of the shape of the sample and is usually in
the microvolt range. The thermoelectric power of a semiconductor
depends on carrier concentration and the energy band structure
of the populated bands. Information such as the position of the
Fermi level, structure of the band and scattering mechanisﬁs
can be obtained from thermoelectric power measurements.

It may be shown that in general, for spherical

energy surfaces the thermoelectric power is given by (6271)

r— -

(® of
(—)nek’ o
) ok
o= -1 0 -t | ... [3:10]
(% of
(—) wk' dE
ok
| “o
E Er
where & = —— is the reduced energy, £.= — is the reduced
KT KT

Fermi energy, p is the mobility of the carriers, K is
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Boltzmann constant,

and fo = N is the Fermi distribution
: T+exp(E-z )
function.
Remembering u = £L and using the definition for the effective
m
mass
L I |
m* ' dk

equation [3:10] may be written as

poe —

r~ of
- =2 ) (P e -
6=~ K Jo ok ' -z ees [3:17]
e B
(* of dE
BY (- —2) (—) 1dE
) dk
| /0 B

Equation [3:11] is a general expression for any dispersion
law E vs k and the integrals have to be evaluated for the

particular E - k relation.

a) Scattering mechanisms

In order to éva]uate the above integrals one has
to define a relaxation time for the particular scattering
process involved. Hence a knowledge of the scattering process

is necessary in order to interpret the results of thermoelectric
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power measurements. However,the thermoelectric power in a
high magnetic field (Longitudinal Nernst - Ettingshausen effect),
is indepéndént of the scattering mechanism and cohbining the
two measurehents is a convenient method of investigating the
scattering process in a semiconductor (68A1).

For a parabolic band the relaxation time T is
related to k or E by a power factor, usvally defined as the

scattering parameter. One can write for instance

T =1 ES cereeess [3:12]

where s takes different values for each scattering mechanism.

s = - 1 for acoustic phonon scattering

s =+ 1 for optical phonon scattering
or piezoelectric scattering

S =+ i- for ionised impurity scattering

For a nonparabolic band the simple equation [3:12] is no longer

true and more complicated expressions have ‘to be used.

Acoustic phonon or deformation potential scattering

Due to the tﬁerma1 energy of the lattice, lattice
vibrations are produced causing the lattice spacing to vary

periodically resulting in small periodic perturbation of the
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crystal potential. This deformation potential is responsible
for the acoustic mode of scattering and a quantum mechanical

treatmenf using perturbation thcory has to be carried out to

obtain the relaxation time. It has been shown that’ the

relaxation time for a nonparatolic band is given by (59E1)

fdu |
'r = -Tr_.___L_ll. _1.._ _d_.E_. es e [3:]3]
E] KT Y dk
B2
vhere the substitution p (k) = = —— for the density
L)

of states'of a nonparabolic band (6711) has been used. U] is
the velocity of longitudinal sound waves, d 1is the density,

and £, is the deformation potential constaﬁt.

Optical phonon scattering

For optical mode of vibration the adjacent atoms
have a vibrational phase difference of 180°. This causes a
pdlarisation of the crystal and an interaction with the
carriers may result. The interaction is very strong in compound
semiconductors where the adjacent atoms are of opposite ionic
charge. The energy assocjated with the optical modes is greater
than that associated with‘the acoustic modes and is approximately
h W = K T], vhere T] is the longitudinal optical phonon

temperature and is a few hundred °K for semiconductors.




-78-

For low temperatures ie T < T] it is not possible to define
a relaxation time because the energy change on scattering is
not sma11‘compared to the total energy of the scattered
carriers (59E1, 61E1). At high temperatures T > T] a

relaxation time can be defined and it may be shown (53H1, 57€1)

Mviv' — dE

—_ oo [3:74]
4 (e e)KT dk

where M is the reduced ijonic mass, v is the volume of the unit
cell of the lattice, e is the effective ionic charge and Vv,

is the frequency of optical phonons.

Ionised impurity scattering

The coulomb filed of an ionised impurity atom
causes scattering of the carriers. First theoretical
calculation of the relaxation time was carried out by Conwell
and Heisskop f (50C1). Brooks and Herring (55B2) later carried
out a more accurate calculation taking into account the screening
of the coulomb field by the free carriers. There have been
many further refinements tothese equations (59T1). An expression
for relaxation time based on Brooks - Herring equation,

applicable for nonparabolic bands has been obtained by Barrie (56B1)
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fr e’ 2 g T
T = — h E;; 2n ( 1+ —-é--) - m—{ eee [3:]5]
one N d : q ik /q

where N is the concentration of scattering centres, € is the
dielectric constant, and q is the screening constant of the
scattering centres. It can be shown that the term inside the
bracket is a slowly varying function of Fk, and it can be
treated as a constant for all practical purposes.
There are various other scattering machanisms
vwhich may be of importance under special conditions, Some of
them are, electron-electron scattering (54D1), electron-hole
scattering (57E1), alloy scattering (3IN1, 55B2), neutral impurity
scattering (50E1, 56S1), intervalley scattering (55H2, 57B1, 55B1)
and dislocation scattering (52D1). Since III - V compounds are
cubic crystals lacking inversion symmetry, there can be
electric polarisation associated with the acoustic mode of the
lattice vibrations and this can cause scattering. This is called
piezoelectric scattering (56H1) and may be an important mechanism
in II1 - V compounds at low temﬁeratures (64K1). An excellent
discussion of the various scattering mechanisms with particular
emphasis on galvenomagnetic experiments {is given by Beer (63B3).
Equation [3:13] , [3:14] and [3:15] can be
generalised for all the three scattering mechanisms and for an

arbitrary band shape.
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T o= ARPSTY gE L. [3:16]

dk

=

vhere A is a constant. UWhen more than one scattering mechanisms

~are involved, the total relaxation time can be taken to add up

reciprocally. For a parabolic band equation [3:16] reduces to
the familiar equation [3:12]. In most of the III - V compounds
the effect of nonparabolicity is extremely important as reported

by Zawadzki (62Z1) and should be taken into account.

b) Expressions for thermoelectric power

Parabolic band

For a parabolic band the dispersion law is

2

E=atk

Using this dispersion law and equation [3:12] it may be easily shown

from equation [3:11]that

5
(s+3) Fg, 32 (&) | r ... [3:17]
(s +3/2) F, ()

6 = -.ls.
e

vhere FS is the standardFermi integral defined by

gS

1 + exp(g-z)
o
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Equation [3:17] is applicable for general degeneracy. However,
for a non-degenerate case ¢ 1is negative and the Fermi integrals
can be expanded in terms of gamma functions

ie Fo = exp (z) T (s + 3/2)

S

Using this expansion we get

[(s +5/2) - ]

@
u
1

m |

The Kane band

The Kane equation [1:8] for the conduction band,

for B << gives
m
N 3 E ! :
k= Al— (1 ) ... [3:78]

where A is a constant. Using equation [3:18] in equation [3:11]

and neglecting terms in 8> and higher order it may be shown (6161)

(s +5/2) 8 FS + 5/2(C)+(5 + 5/2) FS+3/2(C)
(s +5/2) BFg o 3/p(2)4(s +3/2) F_ (z)

ol

where 8

...[3:19]
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Multiband transport

. If more than one type of carriers are involved
in the conduction process,‘the combined effect will be the
weighted sum of the different bands involved.

ie 6 = v, 0, *+v,80, +v,8,

where vy, = %, o being the conductivity. If the

_ o
thermoelectric power is expressed in terms of the conductivities

and mobilities

<My €2
T} ———— - I Hs: N
il < b > i i

D
1]
]
afx

where %4 is measured from the extrema of the band involved, n,

is the carrier concentration and

o0

_ afo 3
<A> = (-—) A kR dE
o ok

Similarly for a Kane band

X (s *+ 512) 8 Fs 45/p)(54)¥(s * S/20F (¢ 4 375)(2y)

pX
o T | (s *5/2) B Frg a0 (5)4(s + 3/2)F(z;)
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In the case of contribution of electrons and holes the

thermoelectric power for parabolic bands becomes

e=-§ ( (5+5/2)Fs+3/2(cn) _Cn U.nn
L (s +3/2) F¢ (g,)

(S + 5/2) F(S + 3/2) (CP)

(s +3/2) Fg (z))

- where Zn = F <
KT
. E -E E
F 0
and, T = .._Y._.____. =z (C + — )

For a nondegenerate case this equation becomes

[a2]
n
1

Q |=

{[(5+5/2) -zl ypn - [ls +5/2) - ¢ 1wy P}

Similar equations can be written for Kane bands also.
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3.3 Energy gap variation in III - V alloys

- It was widely believed (38M1, 60P1) that the
virtual érystal model would give rise to a linear variation of
energy gap with composition. However, recently it has been pointed
out by Van Vechten and Bergstresser (69V3) that even for a
virtual crystal approximation, one does not expect
" the variation of the energy gap to be linear because the
energy gap is not a linear function of the assumed ptential for
any of the commonly used methods of band structure calculation.
They have used the dielectric method of band calculation (69P1,
69V2), taking the parameters of the theory to vary linearly with
composition in the spirit of virtual crystal approximation, in
order to calculate the variation of energy.gap in the alloys.
The resulting deviation of the energy gap frpm linearity has
been shown to be concave and parabolic. v'

There exists no rigorous theory for the effect of
the disorder in the crystal potential. However, during the
early development of the theory of alloys Mott and Jones (36M1)
have shown that this effect also produces a concave deviation
of the energy gap, if a second order perturbation calculation

is carried out. This may be seen from some simple arguments.




Consider an alley of x mole fraction of material A and (1-x)
mole fraction of material B. Then the average potential of

each atom is

V = X VA +  (1-x) VB

The deviation from this potential for atom A is
V- VA = (1-x) (VB—VA)
and V-Vg = X (VA-VB) for atom B

Hence the probabilities that an electron will be gcattered or
involved in any other similar process due to these deviations
in potential are proportional to (]-x)2 and x° respectively.

Since there are x atoms of A and (1-x) atoms of B, the total

probability is proportional to

x(1-x)? + (=) x° x(1-x)

This suggests that the deviation of E, from linearity due to
disorder potential could be parabolic. From a consideration

of the expectation value of the deviation of the actual

potential Van Vechten and Bergstresser have calculated this deviation
and shown to be'parabolic. Thus total deviation of E; of an

alloy from the straight line joining the values of the compounds




is the sum of two effects. One is an intrinsic effect (‘virtual
crystal effect) and the other is an extrinsic effect (effect

of disorder potential). Hence the variation E, with the mole
fraction x for a III - V alloy system is parabolic and may

be written

E,= A+B x + C x° ...[3:20]

vhere A = E, for compound #1
A+B+C=E for compound #2

and C-= Ci + Co eoe [3:21]

Ci andCe'represent the intrinsic and extrinsic deviatiéns.'

C is also equal to four times the deviation from linearit&

at x =0.5. An equation of the form [3:20] has been successfully
applied by Cardona (63C2) to the energy gap variation of the
alloys of Silver and Cuprous hallides, and by Thowpson and’ Uoo]1ey
(67T1) to the energy gap variation of III - V alloys. From

a consideration of data for four III - V alloy systems, C

appeared to satisfy an empiricalrelation

- -1 .
o= Ey ... [3:22]

3/2 and -E

where o is a constant of value approximately 0.3 ev om

is the mean value of E, for the two compounds concerned. Hence

Thompson- and Woolley suggested that the above relation should
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hold good for all III - V alloys and it is possible to predict
the energy gap variation in other III - V alloys on which
experimental results are not available. According to Van Vechten
and Bergstresser Ci can be obtained from the energy gap

. variation calculated assuming virtual crystal model and Ce

from the disorder potential. They have also shown that

C, = c;,B /L ... [3:23]

where L 1is a constant and CA,B is the electronegativity
difference (68P1) of the elements A and B being substituted
in the alloy. Hence theoretically it is possible to
calculate C and compare with experimenta]_resu1t§. This

would enable to check the validity of theempirical relation.
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3.4 Review on energy gap measurements

The forbidden gap for all the III - V compounds
has been studied extensively for its dependence on temperature,
préssure, impurity concentration, magnetic field, electric
field and similar parameters. The fine structure of the
absorption edge has also been investigated. For all III -V
compounds the energy gap has‘a negative temperature
coefficien;. Study of the pressure dependence of the
absorption edge can provide considerable information about
the relative positions of the bands in the Brillouin zone and
their relative movement under pressure (61P1). The magnitude
of the pressure coefficient for the varipus bands of a
compound is very different. It could be different in sign
also. For small amounts of impurity concentration the absorption
edge is shifted to higher energies due to Burstein effect.
Burstein shift was first observed in InSb by Tanenbaum and

. Briggs (53T1) and interpreted by Burstein (54B3). Later the
same effect was observed in InAs (54H4, 54B2, 55K1, 54H3,
§5S51), GaAs (63K?) and in GaSb (58R1, 61B1). However, in

compensated samples strong doping can lead to a decrease in

energy gap (59S3), becéuse the impurity levels near the
conduction and valence bands can broaden and merge with
the bands. There is some evidence that high impurity

concentration can alter the band structure also. Kwan and
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Woolley (68K2) observed that for InAs, AE the energy separation
between the (000) and <111> conduction band minimé decrease
with Tellurium content and it appeared that the (000)conduction
band was moving away from the valence band. In GaSb (6441,
69V1) again there is a decrease in energy separation between the
<111> and (000) conduction bands with Tellurium content. In
this case <111> minima is possibly coming down even lower than
the (000) minimum. However, more theoretical and accurate
experimental investigatiohs are necessary before the above
conclusions can be substantiated.

A brief review of energy gap measurements on
the different alloy systems is given in section 2.3. Here
the two alloy systems on which egperimenta1 data is presented, are

considered.

a) Gax In(]_x) As alloys

The optical energy gap measurements on this systeml
lwere'first made by Abrahams et al (59A1), on very inhomogeneous
samples. Their experimental points show considerab]é deviation
from linearity. Since the samples used for measurements had
composition spreads of.5 to 20 mol % the results are not
reliable. Woolley et al (6142) have reported from infrared
transmission measurements that there is a linear variation

of energy gap up to x = 0.8 and beyond this, there is a




rapid increase towards the value for GaAs. Some of their
samples wvere multiphase and the annealed solid specimens

pich in BGals had composition spreads of 5 to 10 mol %.
Very homogeneous samples of composition up to x = 0.7 have

been prepared by Hockings et al (66H1) and optical absorption
measurements have been carried out. Their energy gap values
show considerable deviation from linearity; at the same time there is
no agreement with either of the previous measurements. Thompson -
Woolley relation for the energy gap variation in III - V alloys
(section 3.3) has been found to hold good for four alloy
systems on which experimental datawere available at that time.
However, for this a]]by system, there was uncertanity as to

the experimental value of C. From the resu]ts.of Hoolley et

" al a value of C = 0.28 was obtained, although the data gave
only poor fit to the quadratic equation, while the results

of Hockings et al, with a better fit to the quadratic equation
gave C = 0.56. Neither of the previous results cculd be |
'expected to be accurate for the following reasons. (i) Neither
took account of any Burstein shift which could raise the
observed energy gap Eg above the intrinsic gap Eo, particularly
in the InAs rich alloys. (ii) In the range 0.8 < x < 1.0,
Hoolley et al used samples annealed in solid ingot form, which,

as a result were not in a good homogeneous condition.
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(i17) Hockings et al used the arbitrarily assumed criterion
that the energy gap corresponds to the photon energy with

half the maximum transmission. Points (i) and (i) would
account for the fact that the results of Woolley et al

gave a poor fit to the quadratic equation while point (ii1)
could account for the low values of energy gap obtained by
Hockings et al. Hence further work has been carried out

to determine the energy gap variation from transmission
measurements on homogeneous materials and clarify the validity

of theempirical relations proposed by Thompson and Voolley.

b) GaAsbe(]_x) alloys

The present state of avai]aSi]ity of this alloy
system has been already discussed in section 2.6d. No good
measurement has been made on this alloy system due to lack of
material. Measu;ements of mobility, thermal conductivity and
Seebeck coefficient have been made on samples of poor
homogeneity by Sham and Pruss (67S1). Potter and Stierwalt
(64P3) have made infrared reflection measurements near the
reststrahlen region on epitaxiallayers of the alloys.
Recently electrical properties at 77°K and 300°K have been

reported on vapour grown single crystals of the alloy (69C1).
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No results of energy gap values are available, except the
results reported in this thesis. The energy gap values in
the region o0 < x < 0.34 and 0.85 < x < 1.0 have been

determined by the author from absorption measurements.
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3.5 Equipment and Experimental Techniques

a) The optical system

The experimental set up for transmission measurements
is standard and is similar to that used by previous workers (6013).
However, the design of the optical system for the present work
had to be made a 1ittle complicated to fit the system in?o the
pole gap of a 15" electromagnet and facilitate magneto-absorption
heasurements in the future. The Baird Associates double beam
infrared spectrometer available in the department was modified
to be used as a single beam monochromator. The radiation
source used in the monochromator is a silicon carbide rod
available under the trade name Giobar. [t is heated electrically
by a regulated supply of 15 amps and 20 volts, to a temperature
of 1100°C. The distribution of energy with respect to
wavelength is approximately same as that of a black body at
the same temperature, with a peak energy at about 2 microns.
+The infrared source is enclosed in a cylindrical, water cooled
housing pierced by a rectangular aperture through which
the source emits radiation. The beam from the source
passes through the optical system in the monochromator
and a monochromatic beém is produced at the exit slit.
The monochromatic beam from the exit s1it could come out of
the enclosure through a 24" x 21" rectangular window on

the side.
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The exit optical system was designed by some
mirrors previously used in the double beam spectrometer and
some others made at N.R.C. according to specifications. A
schematic diagram of the set up'is shown in Fig. (3:1).

The beam coming out of the monochromator exit slit is
reflected by a 4" square plane mirror M, and falls onAa |
concave mirror M2 of focal length 70.5 cms, which is ,
equal to the optical bath of the beam from the exit slit.
Hence M, renders a parallel beam in the horizontal

direction. This beam falls on a rectangular plane mirror

M; placed at 45° angle of incidence. The beam reflected

from M, falls on a concave mirror M, of focal length 20.7 cms,
which focuses the beam to an approximate.size of 10 x I.mm, where
the sample is to be placed. The beam is then focussed by a
concave mirror M, of focal length 5.8 cms on to the sensitive
element of a bolometer detector which has a KBr window. The
sensitive element in the bolometer is a small and extfemely
“thin strip of platinum, with an approximately uniform
response to all wavelengths of infrared radiation. The
platinum is coated on its receiving side with a thin layer

cf gold black which serves as a highly efficient radiation
absorber uniformly effective at all viavelengths. The

bolometer element is mounted in an evacuated housing. The
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bolometer operates by virtue of the change in resistance of
the platinum strip as a function of temperature. To
render-changes in its resistance measurable the strip is
connected to one arm of a balanced Wheastone bridge

excited by current from a 6v storage battery. The

exciting current through the bolometer is such as to heat
the strip to about 50°C above its sorroundings. A change
in the temperature of-the strip as little as 107°°C is
measurable. |

- The specimen was mounted on a circular cup,

which was held in position in a holder by a push fit arrangement.

The mirrors M, and M, were mounted on a firm base fixed outside
the enclosure of the monochromator. The.mirrors W, M“; M
the detector and the specimén holder were all mounted
downwards from a rigid support, which can be movad up and
down at an angle of 45°. The main feature of the system was
that the distance between M, and M; could be varied aécording
‘to convenience and the optics before and after these mirrors
could be aligned separately. This kind of arrangement was
necessary, since the monochromator associated with its
electronics and the system of mirrors M, and M, were in one
room while the rest of the optical system and the magnet were

in another room. Al1l the mirrors had three dimensional
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adjustments. The mirrors were aluminised and coated with
silicon monoxide to prevent deterioration. The beam was
chopped at the rate of 10cy/sec. Screened leads viere taken
from the output of the detector to a preamplifier and then
to a sensitive amplifier tuned to 10 cycles. The output
was rectified and the D.C. voltage was displayed on a.
digital voltmeter. The reading of the vo]tméter was
directly proportiona]-to the intensity of the infrared beam
incident on the detector. Later a P.A.R. Model 120 lock in
amplifier at 10cy fixed frequency was used to obtain higher
sensitivity and better signal to noise ratio. The lock in
amplifier was operated in the selective external mode. _
The reference signal was obtained as follows. The output
of a 1.5 volt battery in series with a ten thousand ohm
resistance was connected to the alternating contacts of the
chopper. (These contacts were used as synchronous rectifying

contacts previously in the spectrometer). The spacing between |

"the contacts was adjusted with the small screws provided

for the purpose, so that a good square wave output of 1.5 volt
amplitude was obtained; The output, being in phase with the
chopped 1ight beam, was used as the reference sigha]. The
signal output from the preamplifier was fed into the lock

in amplifier and then displayed on a digital voltmeter . The
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highest sensitivity scale available in the lock in amplifier
was 100 microvolt giving a full scale deflection of 10 voits
at the output. Output time constants of 1 millisecond to

30 seconds in 1, 3, 10 sequence were also available.

b) The wavelength range

For 2 to 16 1 range of wavelength a 60° -NaCl
ﬁrism was used in the monochromator. The spectral wavelength
at the exit slit of the monochromator was varied through the use of
a specia]1y.cut cam mounted on a bearing. A long lever,
attached at one end to the rotational axis of a Littrow
mifror and provided at the other end with a cam follower,
varied the angular settiﬁg of the mirror in accordance with the
position of the cam. The cam was driven through a train of
gears coupled to a dial counter indicating the wavelength.
One fast drive and two slow drives of 12 and 24 minutes in the
forward direction, and a fast drive in the backward direction
were available for scanning from 2 to 16 microns of the
spectral range. In order to obtain uniform intensity over the
whole spectral range there was a specially cut cam mounted
oh the same drive above the wavelength cam. The variation of
the sTit width and hence uniform intensity at the exit slit was

accomplished by the cam associated with a system of levers.
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If the slit width is made small higher resolution can be
obtained, but the output fntensity is reduced. However a
compromise had to be effected between the two conflicting
requirements and hence the over all resolution was limited
by the signal to noise ratio. Calculations from the geometry
of the system revealed ﬁhat for a slit width of 0.1 mm,

a resolution of 0.005 ev (0.015u) at 2u and 0.002 ev
(0.096u) at 7.4y respectively could be obtained using

NaCl prism; For 12 to 23y region a similar KBr prism was
used in the monochromator. A specially cut wave]ength.cam
and slit cam were also used along with it.

The lower limit of wavelength obtainable using
the NaCl cam was 2p. Since it was necessary to obtain the
vavelength regisn_below 2u, the cam was cut and calibrated
to obtain the region as low as 1.4u. The region from 1.5u
to 0.7y was obtained by a different setting of the Littrow
mirror and calibrating it against the counter reading. The
calibration was done using mercury, neon and helium emission
lines, the absorption 1inés of didymium'glass and some

organic liquids.

c) Apparatus for Thermoelectric power measurements

The apparatus is shown in Fig. (3:2). The sample

could be held lengthways between two copper rods, one of the rods
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being held under compression with a spring attached to it. One
end of a copper rod was heated by a small helical furnace |
winding wound on it,so that a. temperature of 3 or 4°C

above room temperature could be obtained by passing current

from a 1.5v battery. The rod at room temperature served

as the heat sink. Thin layers of Indium were used to give

good thermal contact at the hot end, while the sample was
electrically insulated from the sink by a very thin layer of mica.
A differential Chromel - alumel theimocouple with one junction

in the Indium layer and the other in the copper sink was

used to measure the temperature difference across the sample.
Fotential probes from either end of the sample were connected

to a Hewlet Packard Model 419A D.C. Null voltmeter, which
enabled the thermal emf to be measured to an accuracy of one miérovo]t.
The thermocouple emf was also measured by the same voltmeter.

Each voltage could be read on the voltmeter one after another

by reversing a switch.

d) Sample preparation

Préparation of the alloys in the form of ingots
\arying in molecular composition along the ingot has already
been discussed in section 2.6. For optical transmission

measurements specimens of approximate dimensions 6 x 8 mm
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elliptical in cross-section and 4+ mm thick were cut

from the ingot using a 0.008" thick carborundum saw. The

slice was mounted on a holder using glyptal and one side

was ground mechanically using carborundum powder, and then
polished to 0.5 micron grain size using alumina powder on

cloth covered wheels. The sample was carefully removed from

the holder dissolving the glyptal in acetone. Finally the other
side was ground down until the specimen was nearly 100 microns
thick and ihen polished to 0.05 micron grain size in a

similar way.

Since the samples for optical measurement were
ground very thin adjacent samples were taken from the same ingot
for thermoelectric power measurements. These samples were cut
to approximate dimensions 1 x 3 x 10mm and the surfaces were

lapped.

e) Absorption measurements

Before each set of absorption measurements the
exit optical system was aligned using visible light. This
was done using a Hg vapour lamp as the source inside the
monochromator and obtaining the green line of the spectrum
through the exit slit. A suitable hole was made on the

specimen holder cup and the specimen was mounted to cover the
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hole ; special care was taken in handling the specimen. First
a quick scan of wavelength was made to approximately locate
the position of the absorption edge. The transmitted
intensities I were measured by changing the wavelength

towards shorter wavelength in suitable steps. Steps of

0:02u were taken at the absorption edge, until transmission
vas almost reduced to zero. The specimen was refoved and

the incident intensities I for the corresponding wavelengths
vere measured. The ratios IO/I vere calculated for these wavelengths.
Later the specimen in - specimen out technique was tried Fo
determine IO/I for each wavelength, in order to eliminate
errors produced by the fluctuations in the source temperature.
The results showed that the first method was sufficiently
accurate and hence the same procedure was adopted in all
measurements,

After the transmission measurements the thickness
of the specimen was measured with a micrometer capable of
reading to an accuracy of one micron. The thickness was
measured at five or six different places on the sample and the
average value was taken. Finally the specimen was powdered
and an x-ray powder photograph was taken to determine the

correct composition.
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f) Thermoelectric power measurements

The sample was placed between the copper rods
anq>a difference of temperature of 2 to 3°C was maintained
between the ends. The thérmocoup]e emf and the thermo emf
of the sample were measured after steady étate'was reached.
For GaAs rich samples of the alloy it was necessary to
e]ectrop1ate either end of the sample with tin in order to
ensure good electrical and thermal contact. For electroplating,
the specimen was masked completely with nail polish except
the end faces. The specimen held by tweezers was etched in
a solution of 1 part HNO, and 7 parts HC1 for a few seconds.
It was rinsed in alcohol and water successively and finai]y
dipped in ‘the electroplating solution. The solution was
prepared with 1 part anhydrous Stannic Chloride,1 part
H,S0, and 20 parts H,0. With the specimen as the cathode
and a platinum wire as the anode, a current of 1 ma was
passed for approximately 25 minutes. The sample taken
out had the exposed ends coated with tin. The nail polish
on the sample was dissolved in acetone and the tin contacts
obtainad this way were fognd to be good and.ohmic;

The temperéture and the thermo emf were measured

a number of times and the average value of the thermoelectric

power was taken. The thermo emf was also measured as a
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function of temperature difference increasing the temperature
difference from 2 to 3°C and a graph was p]otted'between .
AV and AT. The graph was a good straight line and the slope

yielded the thermoelectric power,
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3.6 Data analysis and discussion

a) Gaxln(]_x)As alloys

A1l samples 6f this alloy system were taken from
ingots T.F.B-1 and T.F.B-2. The samples were n-type with
carrier concentration in the range 7 x 102% to 10%° m™2.

The absoiption curves for the various samples showing the
variation of I,/1 with photon energy hv are plotted in
Figs. (3:3a and 3:3b).
| The radiation falling on the sample is
partially transmitted and partially reflected both of which
can be'expressed in terms of the refiection coefficient R
and the transmission coefficient T. The two quantities for
normal incidence are given by the well known expressions (67W1)

2

I, m-nf« |
R = — = Z 2 ...u.o[3:24]
(n+1) + « : '

by
o

T = it_ = (1-R" exp (- ax) ceeee.[3:295]
I, 1 -,R2 exp (-2 o x)
where I, I., I, are the incident, reflected and transmitted

intensities respectively. x is the thickness of the sample.
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.In all practical transmission ﬁeasurements considered here
the thickness of the sample is sufficiently large so that
the efféct of multiple reflections need not be considered.
Geﬁera]]y R is a slowly varying function of photon energy
and its maximum possible value is oﬁe. It is easily seen
that exp (- 2ax) << RZ, Hence the second term in the
denominator of equation [3:25] can be neglected and it may

be written {writing I instead of It)

R S C exp (- ax)
I
I
tm (—) = ax - (C)
I .

where C is a constant. Denoting the background absorption by
the subscript B and absorption at the energy gab'by the

subscript E_ , two similar equations can be written andby

g
substracting, we get

I I (aE - aB) X
i, (=) - g, () = fa_ B ...[3:26]
I g | I 2.303
g .

The choice of (aE - aB) is arbitrary, but the
g
same value has to be chosen in determining the energy gap




-108-

from each absorption curve. Different triteria have been used by
previous workers. Woolley and Coworkers have previously chosen
values of 300cm™" and 150em™" for similar alloy systems. In

the light of some new results, the analysis and the conclusion
found in the paper already published (6843) have been slightly

modified in this thesis. In the present work, values of

g
determined for each absorption curve using equation [3:26].

1 1

energy gap E, for 300cm;!, 150em™ °, 100cm™" and 50cm™'have been

‘The values of Eg for these values of absorption coefficient
for a typical absorption curveare shown in Fig. (3:4a).

Since, for all the alloys the absorption is due to direct
transition, a plot of o against hv should give a straight

line according to equation [3:6]. petermining o= “Eg - o
using equation [3:26], graphs of az against hv have

been plotted for each sample and a typical result is shown

in Fig. (3:4b). The straight line portion of the graph

gives an intercept on the hv axis, which again gives another
value for Eg. Five values of Eg for each sample were |

‘obtained in this way. The results are summarised in Table (3,1).
In Fig. (3:5) the values of Eg for the criteria a’= 300em™*,
50cm™' and the straight -1ine analysis, for each alloy sample ,

are plotted as a function of composition.
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Fig.(3:5) Values of E_ for diffe rent criteria plotted as
a function of x for GaxIn(I_x)As alloys
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X 6 E'o EF
(uv /°C) (ev) (ev)
1,035 - 44 0.351 ~ 0.208
.093 - 60 0.418 0.194 .
.15 - 74 0.459 0.180
.187 -'79 0.485 5.175
.23 - 82 0.509 0.174
.28 - 88 0.548 0.168
.30 - 96 0.568 0.16
.373 -120 6.625 0.136
E | .487 -128 0.731 ° 0.13
.51 _ -136 0.772 0.122
.55 -143 0.813 0.116
.615 -152 0.879 0.108
.695 . =170 0.972 0.005
.750 -178 1.045 0.089
.807 -181 1.100 0.087

.908 : -289 1.245 0.027

Table (3,2) Thermoelectric power data for Gaxln(]_x)As alloys
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As it is seen from Fig. (3:5) the energy gap

values of the alloys near the inAs end are shifted towards

higher eﬁergies_w.r.t. pure maferia]s. In the comboéition ranjg 0<x<0.6}
théksamp1es.were neavily Jopad‘in the range 2 x 10%* to - -
1x 10°° m™®, and hence the shift in energy is due to

Burstein effect. The results of thermoelectric power

measuremants wé;e used to determine the Fermi level and ~

hence the Burstein shift. Howevér, as it is seen from

equation [3:19], one has to know the value of the scattering

factor s in ofder to obtain an accurate value of the Fermi

level. It was difficult to determing s without doing

further experimants such as magneto-thermoelectric pover -

méasurements. For heavily doped samples considerad here,

it was assumed that impurity scattering predominated so that

s = 3/2. Hence the Fermi energy for each specihen can be
" calculated from the thermoelectric power data using equation

[3:19], if E is known. According to equation [3:9], when

Burstein shift occurs, the intrinsic gap E, and the optical

gap Eg are related by

T+ AKT if E. > 4KT

E, = Eq - E F

0 g “F
eees[3:27])

and E, = kg i Ep < AKT
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Thus, for each sample, a mean value of Eg was taken from

Fig. (3:5) and used for E: in equation [3:19]. Solving this
equatidn'a value of EF vias obtained. Then, using equation
[3:277 a more correct value of E, was obtained. Thus a
self-consistant iterative solution of equations [3:f9]

and [3:27] enabled an accurate value of EF to be determined
for each sample, from the thermoelectric power data. The
thermoelectric power'data and the results are summarised

in Table (3,2). A graph of x vs Ep was plotted and is shown
in Fig. (3:6). From this graph Ep for the specimens used

for absorption measurements were determined. Again using
equation [3:27] the corrected values of E, for each sample

for any one of the above criteria can be ‘obtained. Thus

- values of E, for all the samples corresponding to each one of
the above criteria were obtained. The results obtained in this
way are recorded in Table (3,3). It can be seen that the room
temperature energy gap value obtained for GaAs in the present |
measurement is 1.37 ev vhich is much lower than recently
reported value of 1.43 ev, obtained from very accurate
measurements (62S1, eswz). It is well established that GaAs
has impurity levels just below the (000) conduction band and
it is quite possible that in thasemeasufements, electronic

transitions were taking place to a level below the band edge
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and hence a lower value was obtained. Due to these uncertainities
instead of the experimental value, 1.43 ev was taken as the value
of E, for GaAs in all the above cases. The valﬁes of Ey vs X
given in each column of Table (3,3) have been fitted to the
quadratic form of equation [3:20] by the method of least

squares. The resultant values of A, B and C are given in

Table (3,4). In the above curve fittings, energy gap values

for compounds were given twice the weight of the alloys,

since the values for compounds are acurately known. It is

seen that the values of C are not very much different, but

there is a systematic variation from 0.45 to 0.54, as the

choice of o varies from 300cm™' to 50cm™'. It is more .

Criterion A ' B c . D=A+B+C
E, (300) 0.359 0.589  0.449 1.407
E, (150) 0.349 0.580 0.472 1.402
E, (100) 0.302 0.568 0.494 1.401
E, (50) 0.33  0.531 0.535 1.400
E(a” vs hv)  0.351 0.600 0.445 1.396

_Table (3,4) Values of A, B and C for Ga,In q_.\As alloys
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Fig.(3:7) Values of E, corresponding to a= 50cm along with
the fitted parabolic curve for GaxIn(I_x)As alloys
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reasonable to take the value corresponding to a low value of

o (50cm"1 in this case), since at higher values it is

possible to miss a part of the bowing effect oflenergy gap

produced by the disorder of the alloy. It may be concluded

that the C = 0.28 obtained from Woolley et al (6112) data

is incorrect and the empirical relation does not hold good for

these alloys.. From theoretical work, using the dielectric

method of band calculation, Van Vechten and Bergstresser

(69v3) have reported a value of C = 0.57, Tﬁis value is

in agreement witﬁ the present results with in éxperimental error.

The values of C obtained from Hockings et al data (66H1) and

William and Rehn (68l2) data are é]so in line with these results.
The experimental values of Eo for the criterion

o= 50cm'l along with the least square fitted parabola are

shown in Fig. (3:7). There could be some errof introduced -

in the determination of EF due to the assumption s = 3/2,

since the contribution of optical phonon scattering will

alvays make s slightly less than 3/2. This will not introduce

any appreciable error in E , since even a 50% error in tF

can introduce only about 6% error in E,. Hence the variation

of energy gap as a function of composition shown in Fig. (3:7)

should be accurate. However small errors in the value of E,

could lead to comparatively greater errors in the value of C.
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This could account for the small descrepahcy between the present

and the theoretical value of C.

b) Ga As,Sby_yy alloys

Only a limited range of alloys of this system

has been produced. The samples were taken from ingots T.F.F-1

Criterion A B c D=A+B+C
E,(300) 0.756 -0.500  1.166 1.422
E, (150) 0.740 -0.559  1.235 1.416
E,(o’vs hv) 0.738 -0.485  1.157 1.411

“Table (3,6) values of A, B and C for GaAsbe(]_x)a11oys

and T.Z.F-2.Samples rich in GaSb were p-type with carrier
concentration lower than 10%°m™3, probably heavily compensated.
GaAs rich samples were n-type in the range of 10%* carriers/ma.
Under these conditions no Burstein shift could be expected.

The absorption curves for various samples are shown in Figs.
(3:8a and 3:8b). Values of the energy gap for a = 300cm™ ",
150cm™" and plotting o’ vs hv as described in section

3.6a, were obtained. These values are recorded in Table (3,5).

Each set of values was. fitted to the quadratic form of
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equation [3:20] and the resultant values of C obtained are
given in Table (3,6). Again for the reasons previously
discusQed E, for GaAs was taken to be 1.43 ev and twice the
weight was given to E, values for the compounds. C is seen
to be in the range 1.16 to 1.23 ev. This value compares very
well with the theoretical value of 1 ev predicted by -
Van Vechten and Bergstresser (69V4). The value of C according
to the Woolley - Thompson empirical relation is 0.28. Hence
the validity of the empirica] relation for III - V alloys
may be ruled out and it wa§ a strange coincidénce for four
alloy systems.

‘ The fitted parabolic curve for the third set
of E, values in Table (3,5) along with the experimental
points is shown in Fig. (3:9). The curve fit is seen to
be quite good. The curve serves to predict the values of
energy gab of the alloys in the middle range of composition,
where no samples were available. It is of interest to
notice that similar to InAsbe(]_x) alloys the energy gap
goes through a minimum at x= 0.2 and the value at the minimum
is 0.685 ev which is lower than the values for both GaSb

and GaAs.
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CHAPTER IV

PLASMA REFLECTION

~

4.1 Introduction

In this chapter, first a phenomendlogical
development of the theory of infrared reflectivity is given.
M.K.S units are used throughout this treatment. Next the

‘experimentél techniques and the method of analysis of data are
discussed. Finally the data are-presented and ;na]y;ed in two
ways according to the degree of degeneracy of the samples.

The main attempt has been to calculate the bottom of the
band effective mass values in three alloy systems, assuming
Kane model.

It was mentioned in section 3.1 that the optical
constants n and k can be determined from reflectivity
measurements. There are several methods of approach employed
to determine the optical constants from reflectivity measurements.
The approach most commonly used in III - V compounds in the

infrared range involves measurement of the reflection spectrum

at near normal incidence over a wide spectral range, followed
by an attempt to fit the observed data by classical dispersion

relations. Similar to the absorption spectrum, the reflection




-129-

spectrum will also show the characteristic behaviour due to
interband transition (valence to conduction band), free
carrief effect and lattice dispersion, at the appropriate
frequencies. Since the first process takes place only at
wavelengths shorter than that corresponding to the energy
gap there will be no contribution to the reflection

spectrum due to this process at longer wavelengths. Hence,
only the other two processes need to be considered at longer

'wavelengthé.
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4,2 Classical theory cf .infrared refliectivity

a) Plasma reflection

> The characteristic nature of the reflectivity
spectrum produced by the free carrier effect is cailed plasma
reflection. It has beenstated in section 3.1a that the
dynamics of e]ectroné under the influence of an electromagnetic
field can be treated classically and the real and imaginary
parts of the dielectric constant are given by equations

[3:3] and [3:4]. The relaxation time T is given by

vhere e is the electronic charge, m} is the effective mass

of the carriers and M5 js the optical mobility. Equations

[3:3] and [3:4] may be written as

2 2
W s Ts
g, = €, = I g R veeereeeo[8:2]
J Wt
(14w rJ)
€ w2 T
€, = § -2 —E—’—g—'—z’l ...;.....[4:3]
3 w (1+w rj) _
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Here Uy, 5 is the plasma frequency defined by
’ .
n; e’ 2 (4141
~ w . I B PO O 4:
PsJ m:']f € €,

where n; is the carrier concentration and m; is the
susceptibility effective mass of the carriers of the type j.
Equations [4:2] and [4:3] are the most general equations based

on classial theory and these equationsshould be used as it

is in general cases. HoweVer, various approximations can be

made in practical cases. If there is only one type of.

carriers involved the summation fn the equations can be
neglected. Four possible approximations together with numerical
integrations of the equations have been compared with experimental
data for n and p-type materials, by Schumann and Phillips (6752)
Su1tab1e approx1mat1ons applicable to high and low mobility
sem1conductors have been developed by Lyden (64L1) and Murray

et al (66M1) respectively. If any of these approximations can
not be made the various parameters of the classical theory can

be determined by curve fitting to the experimental reflectivity

spectrum (65R1, 67R1).
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2 2
Case when w T >> 1

‘For all the III - V compounds considered in
this thesis mobility of electrons is large enough, $o that
the above condition is well satisfied for n-type materials
and for wavelengths lower than about 50p. In this case
the quantity 1 in the denominator of equations [4:2] and
[4:3] may be neglected and for one type of carriers the '

equations become

< w’s '
El ) Ew ] - 2 ...........[425]
m .
" 2
and EZ = em —J_a < p > sSeo st [4:6]
w T

However, for degenerate samples the averages may be neglected.-
When w >> mp the imaginary part of the dielectric constant
becomes very small and the real part is dominant. It is also
seen that as w approaches mp the real part of the dielectric
constant decreases and when w = Uy it reaches a minimum.

For w < wp the realzpart of the dielectric constant is
negative and the imaginary part of the dielectric constant

will be greater than the real part.
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For near normal incidence the reflectivity R
in terms of the index of refraction n and the extinction

coefficient k is given by

~.

m-1%+
= ceceveneees[B:7]

(n+1)2 + &

vhere n and k in terms of ¢, and g, are given by

El = n - K cnao.--co-nocouos-o.o‘.[q':g]

€, = 2nk | R I 23

From these equations it may be seen that; as the dielectric
constant undergoes a minimum the reflectivity also goes |
through a minimum. This minimum, referred to és the plasma
minimum, occurs when n = 1 and then the reflectivity rises
very rapidly. Substituting from equation [4:4], equation
[4:5] may be written (from here on ¢ is used instead of ¢,

for the real part)
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where n is the carrier concentration and m* is the susceptibility
effective mass. According to equation [4:10] a plot of

e vs A% should be a straight line. The second term in the
equation is the free carrier contribution to the dielectric

constant and may be denoted by €.

b) Lattice reflection

The lattice contribution to the dielectric
constant is no longer constant at long wavelength lattice
frequencies. MNear the reststrahlen frequencies the |
lattice dispersion has a strong contribution to the dielectric
constant. The spectral region of this influence is in the
region of 15 to 60 microns for most of the III - V compounds.
The contribution of the complex dielectric constant due to
lattice dispersion for a diatomic cubic crystal has been

calculated by Born and Huang (54B1)

(c ) uy

- € W

e gy = ceernneenn[4212]
we = w =iy, 0
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2
€ w

and . ——i = '-—"1‘ 000000010030-3000[4:]3]
ew wt

whére Eg is the static dielectric constant,.w] and Wy
are the longitudinai and transverse optical phonon angular
frequencies respectively and Y1y is the characteristic
damping frequency of the ions. Using equation [4:13] in-
[4:12] we have

€ (m2 - mz)
> 1t eenenreenneeean [8:18]

Sy R
we - Yy @

The real part is given by

fo (o - up) (o - ) [4:15]

€ 2
Lv (0p - w?)+ viy @
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4.3 Statistical theory of free carrier reflection

a) Free carrier susceptibility

< The refractive index n and the extinction coefficient
¢ that characterise the optical properties are related to the
conductivity o and the electric susceptibility x of the material

by the following equations from classical electromagnetic theory

2 2
€ = n - K
£ = 2nk =

2 0
€ = 1 + ¥

Ina radiation field, the cﬁrrent due to the carriers
has a component fn phaée and a component out of phase with the
electric field. The in-phase current contribufes to the
conductivity and the out of phase component contributes to the
electric susceptibility. The tota1 current density can be
calculated using Boltzmann equation, and the free carrier conductivity
and susceptibility may be expressed in terms of the band structure
of the semiconductor. The current density per unit volume is

given by (61S1)

J = -e n(k) af v dg,
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2
3

2

where n(k) = js the number of states per unit volume,

Af is,the‘change in the Fermi distribution function, v is the

velocity of the carriers and ko is the volume element in

~

k-space.

J = - 2 3 e Af v ko
(2m) ]
The Boltzmann transport equation is given by

a1 df

(F.v,6) = - I=f USRI [4:16]
1 dE T

vhere F is the external field, fo and T are the Fermi dfstribution

functions before and after the disturbance and t is the re1axation
df

time. Assuming the disturbance is small — can be replaced by
: dE
df, _
— and f - f, = Af
dE
F = ~-et

where E is the applied electric field.

‘e df,

4 dE

When the disturbance is produced by an alternating electric field
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applied in the x-direction given by E, = E, exp (iw t), Af
has to be replaced by Af, given by

- M, = ————  f

1 + it

For crystals with cubic symmetry the current will be in the

same direction as the applied field. Hence we may write

2 &’ v, 3 fy
Jx = - 3 — Ex ko
(27)” * T#iwt 3k,  oF
2 2 of
_ € ™y 0 de
or J, = - s E, , Tk
(2n)” # T+iwrt akx

Separating the real and imaginary parts and using the substitution

given by
3, _
2 = i E,w exp (fwt) = iuE,
ot .
2 e’ Ty,  of,
J, = - S E da
X (21r)3 n S I PUERS akx R
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The first‘term of this equation which is the in-phase component
corresponds to a continyouscurrent and the second term which is
the out of phase component corresponds to a displacement current.

Hence the equation [4:17] can be written -

3t
J = o E * X X

it

where o is the conductivity and x'is the electric susceptibility
contribution of the carriers.

2 2 .
2 e [ TV, of,

—_ veevesesseens8:18]
(21r)3 T 1+t akx R

e Xg¢ =

2 2
Case when wt > 1

When this conditjon is satisfied the term 1 in the
denominator of equation [4 :18] can be neglected and it may be

written

2 e o, -
X = — |V Q cesesesessassans 219
FC (217)3 rw X k '
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The free carrier susceptibility is independent of t and depends
solely on the structure of the energy band, aside from carrier
"concentration. Integrating by parts the integral - equation

[4:19] becomes

k
- J [ v, f, ]kx L

X

[}
+
8
&
<
(o
=
N
'
—
a>
<
x
—h
o
o
(e}
)l

- The first term is zero. For a band with spherical energy surfaces

2 @ a'E
and X = f, do
FC (&7) o ek; ’ k

For crystals with cubic symmetry the susceptibility is independant

of the direction and hence it may be written

2 2 2 2
2 e 1 (3 E 3E ] E) £ o4
x = -— + + ‘ Q
FC (27) : o 3 ak; ak; alz; ° R
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The terms inside the integral can be expanded insphérical,pdlar
co-ordinates. Since there isspherical symmetry the angular terms

vanish and we have

Xer e? 3 (R BE) f, db
FC 2 2 2 - 0
3n Tw ok ak
0
Integrating by parts
k:oo
2
X T 1 \ j - [fo R ?E_]
I mrw ok b=o
® of of
i J oo T4
o ok ok

The first term is zero and changing the integration variable in

the second term we have

1 e’ =, € of, o]
X = - — —3 R~ — — dE PP . 24
Fe K T :
o
So the free carrier contribution to the real part of the
dielectric constant is given by
X
¢ ° 3 eeeeeneeeniens [4:22]

&
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al part) of the crystal

Thus the total dielectric constant (re

in the spectral region of jnterest is given’by

...;....[4;23]

‘. —

g v

1

m

n
\y]

b) Carrier concentration _

band in terms of the

The carrier concentration in 2

density of states may be written as

n = n(k) f, d@
ORI

where n(k) = ——3——3- and dQ, = LY R dk
' (2r)

Hence ve have

1 2
n = —7 X f, R~ dk
v .
o}
Integrating:ﬁy parts
A ) ) k= -3
1 . k 1 of
— —_— e 3 c—
n = 2 f - 2 k - dk
!} 1] 3 kzo 3'" 0 ak

. The first term is zero and changing the variable of integration

in the second tgfm from dk to dE

—
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1 7, efy
n o= - R — dE evereeeane..[4:20]
3w oE
(o}

For a degenerate semiconductor the upper limit of integration can
of

be replaced by EF. Then —2 - vanishes everywhere except £ = EF'
ok '

Hence evaluating the equation at Ep -

n= F ..l..‘l."ll.‘.’[4:25]

c) Effective mass

It is seen that fc in equation [4:11]contains m*.
Hence measurement of the free carrier contribution to the dielectric
constant (of susceptibility) enables us to calculate the effective
mass, if n is known, This method was firgt used by Spitzer and
Fan (5751) to determine the effective mass of the carriers in a
semiconductor. The meaning of the effective mass for different
cases of electron degeneracy has been discussed in section 1.6.
Thus for degenerate semiconductor m" given by equation [4:11]
js the effective mass at the Fermi level.

Comparing:equation [4:11],[4:22] and [4:21], and
changing the upper limit of integration to EF we have

_ €

1 1 3 of
e K ° dE

m* 3'rr2 h‘z n ok 3E
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Evaluating the integral in a manner similar to that applied

to obtain equation [4:24]

2 dE
1 he S&
m* 3ﬁ2 ﬁ? n

Substituting for n from equation [4:25]

1 1 dE

- -oo..oo--on.no.-[4:263
k dk

F

Thus the effective mass one obtains in a degenerate case is the
cyclotron effective mass at the Fermi level.

However, when the condition of full degeneracy EF >> KT
is not satisfied, all the electrons in the band make contribution to
the free carrier susceptibility which give rise to €rc In such a
case the effective mass has no specific meaning and can not be
defined in a simple way. Then the exact expressions for susceﬁtibi]ity
Xfe given by equation [4:21] in terms of the electron distribution
in k-space should be used in order to obtain the correct information

about the band structure.
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4.4 Review of Previous work in IIl - V materials

The first measurements of plasma edge reflectivity
for the determination of effective mass were carried out by
Spitzer and Fan (57S1). They determined the effective mass
values of'carriers in n and p-type Ge, Si, n and p-type
InSb and n type InAs. Their results showed good agreement
with the'value§ obtained from other measurements. ‘It wa;
also reported that for n—type_InSb and InAs, with increasiﬁg
carrier concentration, the plasma edge shifts towardsshorter
‘wavelengths and the effective mass increases. The increase
in effective mass was explained by its energy dependence,
and making adegenerate approximation £ vs k curve for the
conduction band was obtained. Measuremeﬁts on n-type
GaAs doped from 5 x 10°° to 5 x 10%" m'? were made by
Spitzer and Whelan (59S2). Cardona (61C1) compared, the
effective mass values for InAs obtained by Spitzer and Fan
and that obtained by him from Faraday rotation measurements,
with Kane's theory. The agreement was quite satisfactory.
Some recent measurements on doped InAs samples have been
reported by Nemelova and Coworkers (68M1). Reflection

measurements on InP samples and the effective mass values

have been reported by Newman (58N1) and Cardona (61C2).




|

-146-

Becker et al (6]8]) and Cardona (61C3) conducted a thorough
analysis of the data from plasma reflection measurement in
n-type GaSb in conjunction with electric and galvenomagnetic
data and interpreted the conduction band structure. Liang
et al (68L1) have determined the conduction band structure
of GaSb combining infrared reflectivity and Faraday ‘
rotation measurements. Light and heavy hole masses in

GaAs and GaSb have also been determined by reflectivity
measurements (68W1).

The only measurements in IIT - V alloys yet
reported are those made on evaporated layers of InAsbe(]_x)
alloys by Potter @ndKretschmar (64P2) and the measurements
made on two compositions of GaxIn(1_x)As alloys by Hockings

et al (66H1).
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4.5 Reflectivity measurements

a) Sample preparation

N Preparation of alloys in ingot form has been
described in section 2.6. The ingots were glued on long
arborite blocks using glyptol. Cross-sectional s]icés of
Tmm thick vere cut from various positions along the length
of the ingot using a-0.008" carborundum saw. The slices had
varying composition and carrier concentration. These slices
were Qlued on to small arborite blocks and were cut to be
rectangular of approximate dimensions. 12 x 3 mm. The small
pieces cut out from the sample were used for x - ray powder
photegraphs and hence the exact composition of each sampie
was determined. The rectangular slices were removed from the
arborite block using acetone. These samples were carefully
lapped usfng an adjustable lapping block on a glass plate
covered with a mixture of distilled water and 600 grit lapping
powder. The lapping was performed until about a 0.5mm thick
sample was produced, making sure that the faces and the two Tonger
sides were parallel. Then the sample was mounted flat on a
spécimen holder using gjypto1.. The face of the sample was then

mechanically polished,using successively alumina powders of 5,
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1, 0.3 and 0.05 u grain size, on cloth covered wheels.
The sample was removed from the holder using acetone. The
other side of the sample was left unpolished in order to
eliminate any effect of multiple reflection. These
specimens vere suitable for both reflectivity and Hall
effect measurements. |

Each sample was etched immediately before the
reflectivity measurement. For InAs - GaAs alloys Wolsky
etch (1 part HNO; + 7 part HC1 + 8 part CH3COOH) was used.
For all other alloy systems a solution of 1 part HNO3 plus
7 parts HC1 was used. The sample was dipped in the etching
solution with a tweezer only for few seconds and then .
washed in alcohol. In order to test this- polishing technique
initially two high resistivity samples of InSb and GaAs were
prepared as described. The measured reflectance was found to

show good agreement with previously published data (5401, 5952).

b) Optical system

The method of measuring reflectivity near normal
incidence was similar to that used by other workers (60C2).
The monochromator described in section 3,52 was used to obtain
monochromatic beam. A Eonvenient vavelength range, from 2 to

23 p , was obtained by using an NaCl prism for the shorter
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wavelengths and a KBy prism for the lenger wavelengths.

The exit optics were designed as shown in Fig. (4:1). The
monochromatic beam from the exit slit filled a concave

mirror M, of 4" diameter and 20.7cms focal length. The
concave mirror produced an image of the ekit slit on a
p]ane’where the sample was to be.placed. The image ﬁas of
approximate dimensions 10 x 1mm. A sample holder was .
designed to bring the sample and a reference mirror to the.
position of the image, aiterrately . A sketch of the holder
is shown in Fig. (4:2). A rectangular brass plate was fixed
tovthe‘axis of an aluminum rod and two identical holes were
made on the plate, symmetrically on either side of the axial rod.
A small aluminised plane mirror was held against one ho]é and
a small rectangular brass plate,which served to mount the
sample, was held against the other hole by means of screws.
The axial rbd was mounted on a circular gear wheel coupled to
a screw threads By turning the screw the sample or the reference
mirror could be brought to the plane of the image. The |
1ight beam reflected by the sample or the reference mirrer
was focussed by a concave mirror M, of focal length 5.8cms

on to the sensitive element of the bolometer detector. The
mirrors M, and Mz were fixed as close as possible so that

the angle of incidence of the beam on the sample vias always
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Fig.(4:2) Specimen holder for refiectivity meésurement

SPECIMEN

’//j::::::; GOLD WIRES

CONNECTING LEADS SCREW

:3) Hall probe
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Fig.(
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less than 10°. The angle of incidence on mirrors Mi and M,
was also made as small as possible in order to minimise

the distortion of the image. A1l the mirrors could be

tilted in vertical and horizontal planes by the screws at the
back of the mirrors. The mirrors were aluminised and

coated with silicon monoxide to prevent deterioration of the
surface.v }

The output of the detector was first amplified

by a preamplifier and then by a Model 120 P.A.R. lock-in
amplifier. The lock-in amplifier was operatedvin the selective
external mode as described in section 3.5a. The output

of the amplifier was fed into a Phillips chart recorder andwas

also displayed on a digital voltmeter. An input signal of

one microvolt could be easily measured above the noise level.

¢) Alignment procedure

The exit optics were aligned using a mercury
vapour lamp in place of the globar source. The power for the
monochromator and the electronic instruments were turned on
and the green line of the mercury spectrum was brodght at the
exit s1it by adjusting ;he wavelength cam lever. The sample
was mounted on the brass plate with the polished surface facing

outwards. Then the plate containing the sample was placed
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on the sample holder sd that the sample was at the centre

of the opéning. The holder was then rotated so that the
samb]e was facing'l‘-‘l1 , and then M, was adjusted so that the
image of the exit s1it was formed at the centre of the

sample. The sample holder was slowly rotated so that the
reflected beam was completely falling on M,. Fina11y-M2

waé aligned so that the focussed beam was falling on'the
proper position of the detector face in order to havé-

maximum signal output as shown by the'digita1 voltmeter.

The reference mirror was brought to the position of the image
by rotating the holder fhrough 180° and the previous a]ignmént
procedure was repeated. Reference marks were made corresponding
to the position of the sample and the reference mirror so

that they can be brought in position without the aid of
visible 1ight. However, for each sample, small adjustments
were necessary to optimise the signal. Since the measurement
of abso]uteref]eétivity was involved the correct alignment of

the system before each measurement was important.

'd) Measurement procedure

The mercury lamp was removed and the globar
was replaced. The wate? supply for the globar cooling system
was turned on and few minutes were allowed to reach steady
conditions. The reflected intensity from the sample was

observed on the  digital voltmeter and small adjustments ef
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the mirrors were made to optimise the signal. First a quick
run of the spectrum was taken to determine the position of
p1asma.minimum. Then a slow run of the appropriate region
of the spectrum was made and the spectrum was recorded on
the chart, The chart could be read and the values of Ip
corresponding to different values of the wavelength could

be obtained. The same procedure was repeated with the
reference mirror in position and a chart record of I, vs A
in the same spectral region was obtained. Values of I,

and the corresponding values of I,, at 0.2 micron intervals
were read from the chart. The ratios Iy/I,were determined.
Thus values of R as a function of A were obtained, assuming

the reflectivity of aluminum to be equal to one.
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4.6 Hall effect measurements

a) Equiément
R A four point probe as shown in Fig. (4:3)

was used for Hall effect measurements. Sample contacts

were made by small gold wires held by small screws on

to the end base of the probe. Current and voltage leads were
taken from the screws along the length of the probe. The
circuit used for Hall measurement is shown in Fig. (4:4). Al
the wires from the probe to the control panel were shielded. A
back off system was used to balance the zero field D.C. voltage
between the Hall contacts. The voltage contribution due to
magnetoresistance was eliminated by measuring the Ha]]Avoltagé

in normal and reverse magnetic fields and taking the average of

the two.

b) Measurement

The sample, after réf]ectivity measurement, was
placed on the Hall probe and the gold wires were spark welded
to obtain ohmic contacts of low resistance of the order of 1
or 2 ohms. The probe was mounted between the pole pieces of
an electromagnet, so that the sample faces were normal to the
field direction. The magnet was a Magnion - Harvey Wells 15 inch

electromagnet with a pole gap of 11" and a maximum field of 3.2wb/m2.




-15€-

The leads from the probe were connected to the control panel.
The current éhrough the sample and the back-off emf were suppliedby
‘two 12 volt automobile batteries. The current through the sample
was adjusted to be approximately 80ma by a variable resistor in
series with the specimen. The current was determined from the
potential drop across a 1 ohm standard resistance measured with
a Rubicon potentiometer. The voltage across the Hall probes
was amplified by an Artrodata MNanovolt amplifier model 120 and the
output was displayed on a Hewlett Packard digital voltmeter.
The zero field voltage was nulled by adjusting the resistance in
the back off system. Fields from Tto 3.2H/m? vere applied and the
corresponding vd]tages wvere measured for either direction of the
field. The average value of the Hall voitage for each value of the
magnetic field was determined.

After the Hall measurement the sahp]e vas taken out from
the probe; the thickness was measured at different places using.a

micrometer screw and an average value of the thickness was determined.
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' Fig.(4:4) Electrical circuit for Hall effect measurement
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4.7 Method of analysis of data

. .Experimenta1 data have been obtained on three alloy
systems Gaxln(]_x)Sb, GaxIn(]_x)As and InAsbe(]_x). Since the
method of analysis of the data is only dependent on the degree
of degeneracy of the samples and not on the alloy system
considered, first the procedure of gnalysis for various cases
is discdssed before the data for each alloy system ére presented.

For all the alloy systems considered here there are
electrons 6n1y in the (000) band and the mobility values are '
high so that the condition (wr)z >> 1 is a]ways satisfied in the
infrared range. Under this condition equations [4:10], [4:22]

and [4:23] are valid. For A < Amin the imaginary part -of the
dielectric constant is small and hence « is very small compaved
to n according to equation [4:9]. So * can be neglected in

equation [4:7] and [4:8] so that

R o= -1 e v [8:27]

(n+1)?

and . g = n Ceeerecenenssenan [4:28]

‘Thus, for wavelengths less than the plasma minimum the dielectric

constant can be calculated from the measured value of R oniy.
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a) Degenerate case je E. > KT

If is negligible, for A < A .. equation [4:23]

fLv
reduces to equation [4:10] and m* can be calculated from the
slope of € vs A2 graph knowing n. The intercept on the € axis
gives the value of ¢ . However, if the value of reflectivity
at the minimum is very low so that R = 0~, m* can be easily '
estimated from Ami only. In such a case n=1 and €1. Hence

equation [4:10] can be written

() - e’ oA
m 4n® ¢* m'.eo(em-l) - mn
N .
and ™ can be easily calculated knowing Amin and n. This
m

method has been previously used for determining the electron
effective mass values in GaAs (5952), InP (58N1) and in some other
compounds. However, for the alloys considered here values of € '
were not known and values of Rmin were not always sufficient]y
~ Tow and hence the above method was not used.

The effective mass at the bottom of the
(000) band cam be calculated assuming that the E - k relation
for the band is given by fhe Kane equation [1:8], and using the

experimental effective mass value.
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Differentiating equation [1:8]

" dE
dk’

2
Substituting a = _ and kF from equation [4:25] in equation
2m ‘

[4:26] it can be shown

(L) = 1+(_"l;-1)[1+5§- (I 1) (3°m)?3 ] .....
m mg E, M,
where E: is the effective mass band gap, and m: is the bottom of
.the band effective mass. For each sample m*/m can be caﬂcu]ated
from reflectivity measurement and n can be calculated from Hall
effect measurement. Then, if Ej is knownmg/m can be easily
calculated from equation [4:30]. Since no experimental data for
E: values for the alloys have been reported and the value for InSb _
(62S1) has been shown to be the mean of room temperature and
absolute zero values of the energy gap, it has been arbitrarily
assumed that E: values for alloys can also be taken in the same
Qay. However, from test calculations, it has been found that the
effect of changing E: bétween the room temperature and absolute
zero values of the energy gap produced only very little effect

on the m: values calculated. For each specimen m:/m can be

_ 4a m 2 -% m .
= 2akg{1+] 1+ E;' (”;; - 1) ke (- 1)}. ...... :
E=Ep °
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obtained from the experimental values of n and m*/m by an

iterative solution of equation [4:30]. The value of the Fermi

energy for each éample can also be obtained By evaluating equation

[1:8] at E = EF.

b) Case of general degeneracy

When the fu]]y degenerate condition (EF >> KT) is
not satisfied the general equations given by [4:23] and [4:22]

vere used. Equation [4:23] can be written

€ = e - k I + [ ] L] LI BN B B ]
- 12n'c’t g, Ly
2 dE df,
where I = k — _ dE i eieeneeen
o dk dE

Again a Kane band model is assumed. Differentiating Kane equétion [1: 8]

dk E m

0 0 0

1

1 +.exp (E°EF )
KT

dE { [ ta m ZJ‘* m
-— 2ak 1+ 1+ - (-—-;- - ]) k ('——*'- 1) }...[4:33]
m
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df, 1 S | DR ase]
— = — ‘ 4:34
R E_E ] E E es s s asev s
dE KT 2+ exp (—F ) + exp (Fm

N ' KT KT

Using equation [4:33]and [4:34 ], equation [4:327] becomes

o -1

”s k3{1+(—"‘*-1)[1+5%(—m—*--1)k2] }

My Eo 0

I = - - E dE
KT F )

2 + exp ( F ) +exp (5

For all III - V compounds the term ak’ in equation [1:8] may
be neglected, since it is much smaller than the second term.
Hence an expression for k in terms of E can be cbtained and is

given by

E(E+E,)

=
1
.

* ., m
a k| ( m - 1)

Substituting for k in equation [4:35]we have
” E(E+ E:) ]3/2 m AE x -
. W A(=-1[1+ E:E(E+E°)
0

% m
Lz aky (o - N m,
KT E-Ep ' EF -E
2+ exp (7 Fy+ew ( <)

...[4:35]

E ..[4:37]
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Since the reflectivity measurements were made at frequencies
much higher than the reststrahlen frequency, wz >> mi, Y;v .
Hence neg]ecting wi and Y:v campared to w in equation [4:15],

it may be written

. 2 . . )
v 5 % ( Vi - \’i ) . cosenernsnons [4:38]
where Y and v, are the Tongitudinal and transverse optical phonon

frequencies expressed in wave numbers. Using equation [4:37] and

[4:38], equation [4:31] can be written

€ = € -5 2 eireereeees ceeee [4:39]
whefe S = Sp¢ t Sy Ceetssceriianinarse ..[4:40]
o 1 3/2
S =
FC
8 2,2 * ., m
6kTa®m ¢ g LE (5-1)
rco
3/2 -3
[E (E+E}) ] {1+(-"‘—*-1) [1+4—f2 (E+E’:)] }
m E
x| - ' - - dE ..[4:41]

E-EF EF-E
2+ exp (—— )+ exp (—
' KT KT
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2
S,y o (v - v}) e [8302]

"
" m

According to equation [4:39] independent of the degree cf degeneracy
of the sample, always a plot of e against 12 gives a straight line
of slope S. If Spy s calculated using equation [4:42] the
experimental value of SFc can be obtained. Using equation [4:34] and
[4:36] in equation [4:24] the expression for carrier concentration

in a general case is given by

1 1

n=
3/2
2 * M
3 KT [an (—*']) ]

My

rﬂ
.. 372
[E(E+E)]
E.-E

E-Er F
2+ exp (T.I-.—-) + exp (—T(T—

Equation [4:41] and [4:43] contain two experimental]y measured
parameters SFC and n, and three unknown parameters E:, EF and m:.
Again E: values were assumed as mentioned earlier. Then the

two equations can be solved to give values of m; and E.. Numerical
integration methods were used on an IBM 360 cozputer in order to

compute the integrals involved in the equations. The computer
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program is given in Appendix I, For a series of values of EF,

the corresponding values of T; consistent with equation [4:41]

- can be obtained. Thusa curge of Ep vs T; can be plotted and this
‘cuﬁve gives the different possible so]ut?ons of equation [4:41].
Simi]arly, for the seme values of EF’ the corresponding values

of @:/m consistent with equation [4:43] can be obtained. These
valaes of m:/m can also be plotted against EF and this curve gives
the possible solutions consistent with equation [4:43]. The
intersection of the two curves will give the value of m:/m and

EF for the specimen.

¢) Determination of 7, p and ¢

opt

Using the value of reflectivity at the blasma minimum
it is possible to make a direct determination of the relaxation
time of the carriers. Making use of the condition that R should
be a minimum at Amin and under the approximation mz 2 >> 1 an
expression for the absorption index x in terms of n at the minimum

can be obtained (68M1)

(e, - 1) (noe = 1)

- 2)

n
(1}

> 2 .............
min (5 nm'tin3 €

(=]
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For large values of ubT » the following approximate expressions

have also been obtained (68M1)

< 2 ' -
min B 4 Ruin
"min  ° 1+ 5 Rain >,' veveree..[4:45]
nz
2 = ' ___min 2 -
% - a-—) “min
€, _
1 € ~ n:nn - K:11'n
T = oto.;-oo[4:46]
W .
mn 2 Tmin min
et
uopt = ;‘: B -.-'o|-o-[4:47]
- - 2 [4:48]
g = Re Mot = B E wy T .
Thus T, Hopt and o can be calculated from plasma reflection data

at the minimum,
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4.8 Data, Results and Discussion

a) GaxIn(]_x)Sb alloys

~

Samples of this alloy system were taken from ingots
D.F.A-8, T.F.A-3 and T.F.A-2. Reflectance measurements were made
on 13 specimens in the composition range 0 < x < 0.82. Curves

for R against X were plotted and typical curves are shown in

Fig. (4:5). A1l the curves show the characteristic plasma
reflection edge. For wavelengths less than the plasma minimum the
dielectric constant values were calculated and plotted against A2,
The resulting graphs for the specimens in Fig. (4:5) are shown in
Fig. (4:6). Al11 the graphs are straight lines as expected from

the theory. Values of e, for each specimen were obtained from the
intercept on the ¢ axis. The slcpes of the lines corresponding

to each of the samples were also calculated. Typica] Hall data for
a sample is shown in Table (4,1). The carrier concentration was
calculated from the saturation value of the Hall coefficient R,

at high fields. Under this condition the Hall scattering factor

is equal to one independant of the scattering mechanism and degree
of degeneracy, so that n = 1/eR_. For all samples the Hall coefficient
reached saturation below the field 3Wb/m>. A1l the relevant data
for the samples are recorded in Table (4,2). Since all the samples
had electron concentration greater than 10%)m’ degenerate condition
was assumed and the suceptibility effective mass values and the

corresponding effective mass values at the
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bottom of the band were calculated by ihe method described fpr

the degenerate case in section 4.7a. The calculated values are

given in Table (4,3). From the va1ugs of the Fermi energy, it
is.easily seen that the above assumption is valid. The effect

on the slope of the € vs A% Tine due to the lattice dispersion

was calculated from equation [4:42] and fon.a11 samp]és the effect vas
estimated to be less than 2%. o i R -

Since tHis is within experimental error here, the
correction was neglected in calculating the final values of m:/m.
Fig.(4:7) shows the variation of m:/m as a function of x. The
values obtained by Faraday rotation and magnetothermoelectric
power measurements (69A1) are also shown in the same figyre for
comparison. It is seen that the results -are in good agreement with
one another. The variation of ¢ as a function of x is plotted in
Fig. (4:8) and it is seen that with in the limits of experimental
error the variation is linear with x between the values for the
two compounds (16.9 for InSb and 15.2 for GaSb), the individua1‘
values showing a scatter about the straight line of up to 7%.

As indicated by the dashed part of curve in Fig. (4:7),
in the range 0.85 < x < 1.0 no experimental measurement was made.
In this region there will be electrons in the (000) band and the
<111> minima even at low levels of doping. Hence the method of

analysis developed for single band in the previous section is no
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longer valid and the data can be interpreted only with some aditional
heasurements.as carried out by Liang et al (68L1). Such a
comp]iéated procedure was not carried out. However it is seen fhat
an“extrapo]ation of the data gives a value of 0.045 for the effective
mass at the bottom of (o00) band for GaSb. For InSb a value of
0.013 i§ obtained. These values for the compounds are in good agreement
with the values obtained from other experimehta] measurements (62D1).
Woolley and Thompson (6442) attempted to predict the

variation of the effective mass m: with x at the bottom of (000)
conduction band, using Kane model modified by~Cardona for higher
band interactions, and the available band gaps at the T point.
The values of m:/m given in Fig. (4:7) are, over most of the
composition range, smaller than the values predicted. This is
mainly due to the choice of a constant value of 23 ev for p? at al
values of x, in the calculétion. Ahother reason could be the fact that
a médified form of the Kane equation was used by Woolley and Thqmpson.

| From the value of reflectivity at the plasma minimum

values of T, w ., u and o for all the samples were calculated

p’ "opt
using equations[4:45], [4:46], [4:47] and [4:48]. These results

are recorded in Table (4,4). The relaxation time is a direct

measurement from plasma minimum. The values of T , u and o

opt
are all in the right order of magnitude. Since the samples are

different in composition and carrier concentration it is difficult
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to make any quantitativecomparison with theqry. The mobility
calculated here is the optical mobility and is usually less than
the conductivity mobility as feported by other workers (67H1).

It is very difficult to make quatitative comparison between the
two mobilities. In an electrical measurement the mobility
measured is an average for all the free electrons in the bulk
sample. .However in an optical measurement the mobility of the
electrons in the penetration depth of 20 to 30 miqrons is obtained.

b) GaxIn(]_x)As alloys

Samples in the composition range 0.0 < x < 0.5 were
taken from the ingot T.F.B-1 and samples in the range 0.5 < x < 1.0
were taken from the ingot T.F.B-8. The carrier concentration of the

samples was in the range 9 x 10°° to 6 x 10%* m™>.

Reflectivity and
Hall effect measurements were made on 15 samples over the whole compositicn
range. Plasma reflection curves and the corresponding e vs A2 graphs
for few typical samples are shown in-Fig. (4:9) and Fig. (4:10) -
respectively. For a few GaAs rich samples it was not po;éib1e to
observe the plasma minimum, since the minimum was beyond
the  range of the monochromator. e vs A2 graphs for a]i samples
were straight lines indicating the validity of equations [4:10]and

{4:39] . The values of"e°° obtained are plotted as a function of x

in Fig. (4:11) and they show linear variation between the values of
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InAs (11.7) and that of GaAs (11.1) within the limits of
experimental error. For sufficiently degenerate samples EF >> KT
the éusceptibi]ity effective mass, the Fermi energy and the effective
mass at the bottom of the band m:/m were calculated as described

in section 4.7a. For these samples the effect of lattice dispersion
vias estimated to be negligible with in the limits of experimental
error and hence it was neglected in the analysis. For low doped
samples the more gené?a] analysis deQeloped in section 4.7b was

used to calculate mg/m and Ec. In order to calculate Sy from
equation [4:42] the values ofo] and v, were taken from published
data (68B1) shown in Fig. (4:12). E: values vere obtained from the
room temperature Eo values determihed by the author (section 3.6a)
and the absolute zero energy gap values reported by Coderre (69C2).
The graphical solution to obtain_m:/m for two typical samples is
shown in Fig. (4:13). A1l the relevant data for the samples are
recorded fn Table (4,5). The calculated values of m:/m and EF are
given in Table (4,6). The values of m:/m are plotted as a function
of x in Fig. (4:14). Values obtained from magneto-thermoelectric
power geasurements (69T1) are also shown in the same figure. There is
‘very good agreement between different methods. Values for InAs
and GaAs compare very well with the values quoted in the literature
(62D1). The values for two compositions obtained by Hockings et al

(66H1) also show reasonable agreement with the present curve.
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However, their results could be less accurate due to the fact
that they have taken samples with x different aégmuch as + 0.64
to be of . one composition, inorder to extrapolate the
effective mass at the bottom of the band. Due to the same reasons
pointed out for InSb - GaSb alloys, Moolley and Thompson (6412)
calculated values of m: show considerable disagreement.

Table (4,7) gives the calculated values of T, Wy
Hopt and ¢ from the plasma minimum and the values are in the right
order of magnitude. Since it was necessary to-have values of m*
for calculating the optical mobilities of nondegenerate samples,
it was assumed that the m values given by equation[4:11] can be
used for the purpose.

c) InAsbe(]_x) alloys

Samples were taken from ingots T.F.C-6' and T.F.C-7.
The carrier concentrationswere in the range 3 x 10*" to 8 x 10%"'m™2,
Measurements were made on 12 samples in the composition ranges
0 <x<0.42 and 0.7 < x < 1.0. Plasma reflection curves and the
corresponding e vs A graph for afewtypical samples are shown 1in
Fig. (4:15) and Fig. (4:16) respectively. The method of analysis
of the data was the same as that used for GaxIn(]_x)Sb alloys.
Eig. (4:17) shows the variation of g, With the molecular composition
xand again the variation is linear within the limits of experimental

error. E; values have been taken from reference 68V1. Table (4,8)

gives the relevant data for all the samples. The calculated values
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of effective mass and.Fermi level are recorded in Table (4,9).

The variation of m:/m as a function of x is plotted in Fig. (4:18).
The values obtained from free carrier Faraday rotation and magneto-
thermoelectric pover measurements (68V1) are also shown in the

same figure. It is seen that the agreement is good. The mt/m

values reported by Potter and Kretschmar (64P2) are much lower

than the present values. The reasons for this are not clear.

However the present values are very consistent with other
measurements. Possibly their values are fn error due to the

various approximations used. Again there is considerable disagreement
with the ca1cu1ated values of YWoolley and Thompson (64W2), andthis may be
explained as due to the same reasons pointed out in the other alloy
systems. |

The calculated values of 1, w

b? ”opt and o are

recorded in Table (4,10).
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Fig.(4:15) P]ésma reflection curves for InAsbe(I_x) alloys
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4.9 Estimation of error in the effective mass values

.There_are two sources of errors to be considered.
The first one is the error'due to the various approximations
made in the calculation and this is very difficult to estimate.
It was assumed that Kane model, which neglects the T, ,l) ¢
interaction, can be used to représent the conduction Band.
The neglect of this interaction, according to Cardona (63C1),
can lead to about 4% error in the bottom of the band effective
mass va]ueé. Another error is due to the uncertanity in the
value of E:. In order to estimate the effect'of E: on the
values of m:/m, some test calculations can be made. InSb was
chosen for this calculation, since this material has the
smallest band gap and hence the effectlon m:/m due to the
change in E: should be the largest among all the a]]dys considered
here. When 0.205 ev (the mean of room tempe}ature and absolute
zero values of the energy gap) was taken to be E:, a value of -
0.0133 was obtained fdr m:/m. When the room temperature energy
gap (0.18 ev) was taken to be E:, the va1qe of effective mass
obtained was 0.0118. If a rough estimation is made based on this
calculation, it may be easily seen that a 50% error in the choice
of E: can not make more than 5% error in the effective mass

value.
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The second source of error to be considered is the
experimenta1‘error. Relative erroré in the effective mass values
may Be estimated considering the error involved in the various
measurements. The error in the measurement of carrier concentration
may be estimated as follows. The measured quantities involved are
Hall voltage V, magnetic field B, current I and thickness of the
specimen t. The measurement accuracy involved in each of these
quantities were approximately AV =+ 0.1%, 8B =% 0.1%,

Al = +0.1%2 and At = # 1 %. Hence the total measurement
accuracy in n is An = * 1,3%. The relative efror in thé
reflectivity measurements may be estiméted from € vs A® graphs.
Most of the experimental points for a sample were falling on a
line. A typical sample T.F.A- 49.was chosen for the.calcu1ation

of the error in the slope. Two lines were drawn ;the first one

5

B
i
%
I3

b
1

23

)7

T
Ex

o

the best fit to the points and the second one a line as different

B

ST

as possible, but, still a satisfactory fit to the points. The

slopes obtained were 5.31 and 5.57 m? respectively. Hence

AS + 0.26. The values of n and Ejfor this sample were

L e

'i i

2.21 x 10** m™® and 0.43 ev respectively. The following combinations

R

Treath

of AS and An were taken. S, n ; S + AS, n+ An ; S + AS ,

n-An;S-AS,n+An ;S ~-AS,n-An. The correqupding




-200~

“effective mass values obtained were 0.0261, 0.0260, 0.0252,
0.0270 and'0.026]. Hence the poésib]e error in the effective
mass value is éiven by m:/m 0.0261 + 0.0009. Thus it may .
be seen that approximately + 4% experimental error may be

expected in the effective mass values. It may be seen that the

scatter of experimental points about the continous curve is

within these Timits. . ‘ -~
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CHAPTER V

SUMMARY ~AND  CONCLUSIONS

5.1 Summary of Results

Preparation of alloys was part of all the projects
undertaken. Homogeneous polycrystalline samples of the alloy
systems GaxIn(]_x)Sb and GaxIn(]_x)As have been prepared over
the complete composition range. Good materials of the alloy
system'InAsbe(]_x) have been produced, except the region
0.3 < x < 0.7. Gahs,Sbry . alloy system was found to be very
difficu]t to prepare. However good alloy samples in the regions
0<x<0.33 and 0.85 < x < 1.0 have been succe§sfu11y obtained.

From transmission measurements the room temperature '
optical energy gap variation in GaxIn(]_x)As alloys has been
accurately determined. The optical energy gap variation for
GaAs Sb(.l x) alloys has been determined for the first time. For
both the a]loy systems the energy gap variation has been found to
be concave and parabo11c.' The deviation of the energy gap variation
from linearity is represented by the parameter C. The bowing
parameter-C is the sum of two parts, Ci due to the intrinsic or
virtual crystal effect and Ce due -to the extrinsic or the disorder
effect. It has been found that the value of C for GaxIn(]_x)As

alloys is 0.54 and that for GaAsbe(]_x) alloys is 1.16. These
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values compare with the values 0.56 and 1 respectively, calculated
theoretically by Van Vechten and Bergstresser (69V3, 69V4). The
energy gap variation of GaAsbe(]_x) alloys showsconsiderable
deviation from linearity. It undergoes a minimum at x = 0.2 and
the value at the minimum is 0.685 ev which is lower than the values
for either compound. This type of variation is very>simi1ar to
the energy gap variatjon in InAsbe(]_x)alloys. .

Plasma reflection measurements were made on the
alloy systems Gaxln(]_x)Sb,GaxIn(1_x)As and IpAsbe(]_x). A1l the
reflection curves showed very sharp plasma minimum. The contribution
of lattice reflection was considered. In all cases Qf degeneracy,
it has been shown that a plot of ¢ vs N » for wavelengths lower
than the plasma minimum,.would give a straight line and the intercept
on the £ axis would give the value of e_. For all the alloy
systems the values of €, have been found to vary linearly between
the values of the two compounds, with in the limits of experimental
error. The effective mass values at the bottom of the (000)
conduction band have been calculated from plasma reflection and
Hall effect data. For sufficiently degenerate samples (EF >> KT)
the effective mass values at the Fermi Tlevel have been obtained.
Then using the Kane mode] the bottom of the band effective mass
values have been obtained. When the éondition of full degeneracy
is not satisfied no effective mass has been defined. The free carrier

contribution to the dielectric constant in this case has been
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calculated in terms of the electron distribution in k-space.
Assuming a Kane model for'the conduction band the bottom of
the band effective mass values have been calculated. It has
been found that the variation of mf/m with composition has a
concave deviation from linearity for all the alloy systems.
The virtual crystal and disorder effects éf the alloy tend to-
predict this type of behaviour. The variation of m:/m with
composition for any 6f the alloy systems did not agree with
the calculated values of Thompson and Woolley (6442). This
is mainly due to the choice of a constant value of Pz = 23 ev
for all the alloy systems, in the calculation. The present results
for all.the three a]]o} systems are in very good agreement with
the‘experimenta1 results of Faraday rotation and magnetothérmoe]ectric
power measurements.

Relaxation time, mobility and conductivity for all
the samp]és have been calculated from the plasma minimum by .
the method suggested by Moss (68M1). The results are quaiitative]y
good, but no attempt has been made to make any quatitative

comparison with theory.
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5.2 Suggestions for future work

In Asbe(]_x) and GaAsbe(]_x) alloys in the
minge region of composition could be prepared using a narrow
Travelling Zone furnace. Attempts along this line are
already underway in this laboratory. It is also worth trying
some new method such as the solute build up method.

For Gaxin(]~x)5b alloys no measurements wef; made
in the range 0.85 < x < 1.0, since the effect of electrons in
the <111> minima makes interpretation of data very difficult.
However, if measurements of Plasma reflection, Faraday rotation
and Hall effect were made on the same specimen a combi ned
analysis of the data using two band model can be made and accurate
values of effective mass at the bottom of the (000) and <111>
bands can be obtained. Thus a systematic investigation of the
region 0.85 < x < 1.0 can be made. It is also of interest to
make plasma reflection measurements on all the alloy systems ét

low temperature and investigate the change in effective mass with

temperature.
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