TRANSPORT PROPERTIES OF SOME

SEMICONDUCTING III-V COMPOUNDS AND ALLOYS

par

Marcel J. Aubin

Thése présentée en vue de 1'obtention

du grade de Ph.D.

Département de Physique
Faculté des Sciences Pures et Appliquées
Université d'Ottawa

Ottawa, Canada

g (:) Marcel J, Aubin 1969

_4



iii
ABSTRACT

*

The electron effective mass oy at the bottom of the (000)
conduction band of InAsbel_x and Inl_xGabe alloys was determined by
magnetothermoelectric measurements at room temperature. The variation

*
oy with x exhibited a parabolic behavior for both alloy systems
* .
with =, dipping to a minimum of .010 m at x %, .3 in the InAsbel_x

of

system. It was shown that optical phonons dominate the scattering in

these alloys and that alloy scattering is negligible. ;

The magnetic field dependence of the Hall_coeffiéient of GaAs at
room temperature was found to agree with the theoretical predictions based
on an energy dependent relaxation time and yielded a scattering parameter ‘
of ~ .40. This agreed with the results of magnetothermoelectric power
measurements. The magnetoresistivity was found to be slightly greater than
predicted. This was interpreted as the effects of inhomogenéities and or

impurity levels.

Magnetoresistivity measurements of InSb alloyed with InzTe3 and

In25e3

above the (000) band minimum in pure InSb. As the Te or Se content

at 4.2°% showed the <111> conduction band minimum to be .43 eV

was increased, the band separation AE was found to decrease at a rate of

.07 eV/at. % Te and .20 eV/at. % Se.
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STATEMENT OF ORIGINALITY

The author claims originality for the following phases of his work.

' *
1) The determination of the effective mass m, and scattering parameter
s of InAs_Sb and In. Ga Sb alloys. These results were obtained
x 1-x 1-x %
from magnetothermoeléctric power measurements. Simultaneous optical

. ' *
peasurements by other workers in the same laboratory yielded o, values

with the same alloys. ‘ _

2) The derivation of a formulation of the Kane model which allows the
determination of the conduction band Fermi level from the magnetothermo-
electric power when the effective mass js unknown. This formulation is

*
valid for all energies as long as , << m.,

3) The determination of s inm GaAs by magnetothermoelectric, Hall

and magnetoresistance measurements.

4) The use of magnetoresistance to obtain the separation AE of the (000)'

and <111> conduction band minima in degenerate InSb as well as the

observation of a change of AE with Te and Se content.

5) A consistent use of numerical integration whenever the band structure
was involved thus eliminating the need for certain appfoximations. " Most
workers, even recently, tend to assuﬁe degenerate or non degenerate condi-
tions, constant effective mass, one type of scatterina, etc. Rather tham
comparing data with predicted values assuming 2 certain value of s, the
author calculated specific values of s. This applies to magnetothermo-

electric, Hall and magnetoresistance measurements.
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CHAPTER I

INTRODUCTION

1. CONTEXT OF THE PROBLEM.

The discovery of the éemicoﬁducting properties of III-V
compounds by Welker (52W, 53W, 54W) considefébly broadéned fhe
horizons of semiconductor research, hithert§ limited to germanium
and silicon. Initially, most of the compound work centered on InSb,
first of all because single crystals were easy to prepare and secondly,
because its unusually high mobility made it both interesting and easy

to study experimentally.

Eventually, interest spread to other compounds such as GaAs,
GaP, GaSb, InAs and to alloys of these compounds. In several cases
(55F, 56Wa, 59A) two of these compoungs molten.together will e%hibit
complete solubility for any composition. Furthermore, the energy gap
and effective mass values generally vary smoothly through the alloy
system from one compound to the other. This not only provides a tool
to resolve\ambiguous‘results for the compounds as will be seen later,
but also makes available materiél of any energy gap from 0.10 to

2.3 eV at room temperature. Thus it is possible for ome to produce

devices for any wavelength in this range.




Interest in the energy band structure of these compounds and
alloys has led to a considerable number of publications, many of which
are summarized in Madelung's book (64M) and in the series by Willardson
and Bger (66W). At the Physics Department of ﬁhe University of Ottawa,

a group of workers, headed by Dr. J. Woolley, investigated experimen-
tally certain parameters related to the band structure-of III-V semi-
conducting compounds and alloys. One member of this group was the

author. It Vill become evident that the results of different workers

in the group were complimentary in the sense that one had to use another's

result to complete one's analysis.

2. BAND THEORY

The Drude-Lorentz theory provided a useful model to explain
the behavior of metals. It assumed that iﬁ metals, a large number of
electrons were free and obeyed Maxwell—Boltgmann statistics when in
thermal eqﬁilibrium. Such an explanation was consistent with the
Wiedemann and Franz law which states that the ratio of electrical to
‘thermal conductivities is a constant for many metals. ﬁowever, the
predicted electronic component of the specific heat disagreed with
experimental results until Sommerfeld decided to use Fermi-Dirac
statistics rather than the classical Maxwell-Boltzmann statistics.
These developments were only partially satisfactory, however, since

they did not explain the difference between metals and non-metals.




With the advent of quantum mechanics came Bloch's theorem
(known previously to mathematicians as Floquet's fheorem). Here we
consider the motion of a single electron in a perfectly periodic
potential which has the periodicity of the lattice. The Bloch theorem
is obtained by solving SchrBdinger's equatién for the wave functions
of a single electron in a‘perfectly periodic potential. These are
given by )

b @ = e (kD oy © (1,1)

where u(zr) is a periodic function with the pe?iodicity of the lattice.
The form of these wave functions is that of a plane wave with wave vector
k. The application of these results by Wilson (31W, 31Wa) led to the
concepts of allowed emergy bands and forbidden energy gaps and finally
explained the different behaviors of metals, semiconductors and insula-
tors. A semiconductor could thea be described as having a "suall" but
finité forbidden energy gap at normal temperatures. Similarly, the
forbidden energy gap of an insulator is "large" and that of a metal

is zero of:negative. These results are now well known and are summarized

in a number of standard texts e.g. Semiconductors (598).

The energy E of an electron in a semiconductor is a function
of the wave vector ,E and the form of this dependence constitutes
the band structure. If E is plotted as a function of k for diffe-

rent directioms in K space, it will be found that the extrema in the

“
o L
R
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conduction and valence bands usually occur in special directions of
high symmetry such as the <100> and <111> as well as at the (000)
or T point. Thus, graphs of E versus k are usually drawn for

these directions with k varying in the face-centered cubic lattice from

(= 000 tok= Zd L bamk = 2 (1,0,0) at the

first Brillouin zome boundary. Here, the parameter 'a' is the lattice

constant. Figure (1,1) illustrates the band structure of InSb.

It should be realized that if the <100> minima occur at the C#
edge of the Brillouin zone in a face-centered cubic lattice, there will

be three equivalent minima. Should the minima occur inside the zone

(as is the case for Si) the number of equivalent minima is six. Simi- f
larly, in the <111> directions, four or eight equivalent minima may ﬂ
occur.

To satisfy the equations of motion of carriers, the reciprocal

of the effective mass is defined as the second order tensor,

1 1
< =3 % O ®

a

whose elements are

= e el

1
()
Lok 42 ak ok




‘where b is Planck's constant divided by 2n. The tensor nature of the
effective mass is necessary because the curvaturé of the E(E) relation
is not necessarily the same along all possible directions in k space
and a different effective mass may be required for each possible direc-
tion. In a crystal which has cubic symmetrj however, the constant energy
surfaces near an extremum in K space may be approximated by ellipsoids
of revolution about the direction along which the extremu; is oriented.
In this case, the off-diagonal elements of the effective mass tensor
are zero and one is left with three components, oy T W the longi-
tudinal effective mass and Doy = Wy = mT; the transverse effective
mass. When the extremum is centered on the T point, the constant

. energy surfaces are spherical and we may write m, T Ty = Mg

Under these circumstances, the "band curvature" effective mass defined

above reduces to

2
L 22 , 1,2)

o ﬁz 3k

Lo
*

N

Also found useful by many authors is the "cyclotron effective mass"

defined by

1 ‘13
*=
n

#2 g @

=

(1,3)

=~

If the energy E is proportional to k2, the two definitions become
identical. We then say that the band is parabolic. When the constant
energy surfaces are ellipsoids of revolution rather than spheres,

m + LN but one may define the "density of states" effective mass:

o = @ o) (1,4)




-

Several experimental methods have been used to determine effective
masses, among them, -magnetothermoelectric power, Faraday rotation,

cyclotron resonance and magneto-optical absorption.

3. REVIEW OF THE LITERATURE

A) BAND CALCULATIONS

The theoretical prediction of band structures encounters serious
difficulties. The crystal potential is not known accurately and the
complexity of the computations forces onme to resort to approximations.

This leads to 2 picture of the band structure which is only qualitatively

correct.

The development of the K.p nethod by Seitz (40S), Shockley
(50Sa) and Dresselhaus et al (55D) brought forth a quantitative picture
by combini;g the symmetry properties of the crystal with a judiciousv
use of empirical results. With the aid of perturbation theory, ome caﬁ
determine the band structufe near important points of symmetry in k
space since only a few adjustable parameters are involved and these
can be determined from e#perimental data. The application of the
K.p method to the I point by Kane (57K) has proved to be particularl

useful and is referred to as the Kane model. A brief outline will now

Sl



be given. Consider first the SchrBdinger equation for an electron

in a periodic potential V(r):

2
P b -
[Zm*v@*azz @ = p 2| % B Yk
I_ m c , = = =
vhere p and 0 are the momentum and spin operators respectively.

Using the Bloch functions given by equation (1,1), the expression for

the lattice periodic function uk (x) can be written as follows:

(H0+H +H +H3) ujs = E_;Su_'s

17 %2
P 4
vhere Hy = oo + V(@) H = 3 k.p
h -
B, =5 @¥xp.g
fm” ¢
o $ _ 52 2
H3'422 @y x k.9 B = K- "
m C - -

Here, Ho is the Hamiltonian of the unperturbed problem while Hl is

the spin-independent perturbation and H2 + 113

perturbation. The functions corresponding to the conduction band have

the symmetry properties of s functions under the operations of the

tetrahedral group and are doubly degenerate including spin. The

valence band functions have the symmetry properties of P functions

is the spin-dependent .




and are thus six fold degenerate when spin is included. Kane restricts
himself to these eight wave functions, thus considering one conduction

band and three valence bands while neglecting the effect of higher and

secular

jower bands. First order perturbation theory leads to an 8 X 8
determinant whose solution gives

1 | 1 1 2v2 1 2 p—
E' |E' (B' - Ep) E +0) - KPP @E+3 D) =0 1,5
where P is a matrix element. The four eigenvalues for k = 0 are

B, T F
B, = B, = 0
B, = -b

Since the energy is measured from the top of the valence band, we may

identify El as the bottom of the conduction band, which is separated

from the valence band by the forbidden gap Eps E2 and E3 -as the

top of the valence bands of the heavy and light holes, and E4 as the

third valence band split off by the spin orbit interaction by an

amount A. Equation (1,5) will be developed further in Chapter I1I.

B) BAND STRUCTURE OF 1I1-V SEMICONDUCTING COMPOUNDS

The III-V semiconducting compounds to be considered in this

thesis crystallize in the zinc blende structure, which is a face-

centered cubic lattice but which may also be considered as two inter-




penetrating face-centered cubic sublattices with one sublattice

containing group III atoms and the other group V atoms. It therefore
has a lower symmetry thag the diamond lattice of Ge and Si which
is identical except that\its two sublattices contain the same type of
atom. This leads to the fact that the diampnd lattice has a centre
of symmetry but that the zinc blende lattice has none..

Part of the band structure of I;Sb is shown in Figure (1,1).
It will be noted that the lowest minimum in the conduction band occurs
at the T point and that the highest maximum of the valence band
occurs at or near the T point. The spin degeneracy of the Vl band
is lifted even at k = 0 except in the [100] direction, while N
that of the V2 band 1ifted everywhere except in the [100] and ‘

[;11] directions. The V3 band is split off by the spin orbit

splitting A.

Several other III-V semiconducting compounds have a band
structure similar to that of InSb but the latter has one of the
smallest if not the smallest fundagental energy gap. This causes the
(000) conduction band to deviate considerably from parabolicity, because
of the influence of other bands. By comparison, Gals has a much larger

fundamental gap and a mearly parabolic conduction band.

A few parameters related to the conduction bands of five semi-

conducting compounds are listed in Table (1,1). Onme peculiarity of
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T = 290%

<100>

<111>
FIGURE (1,1) BAND STRUCTURE OF InSh
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GaSb is that the second highest conduction band, the <1ll>, is only
0.08 eV above the (000) conduction band minimum. The <111> band is
the second lowest for three of the four compounds while for Gals,

the <100> band is the second lowest.

C) ALLOY SEMICONDUCIORS

The alloy produced from two III-V semiconducting compounds is
usually itself a semiconductor. The alloys to be considered here, have

either the group III or group V atom in common and are found to be

pseudo-binary.

Several of these alloys form a solid solution throughout the
alloy range (55F, 56Wa, 594). In producing them, however, one must
take care to obtain a single phase equilibrium condition (69C). Should
non-equilibrium conditions be present as indicated by the presence of

two or more phases, the results of measurements will be ambiguous and

misleading.

All the pseudo-binary systems to be considered here are dis-

ordered alloys. This means that in the In1 x'Gax Sb system, the In

and Ga atoms are randomly distributed on the available lattice sites.

The potential seen by 2n electron in disordered alloy is given by

Valloy @ = Vp @ + Vnp @©

.

N3

R e ST S PR A
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where Vp is the periodic part, representing the ideal crystal, giving
the average alloy potential over all possible random arrangements of
atoms on the lattice and vnp is the non-periodic part, representing

the effects of disorder, giving the deviation from the average.

Parmenter (55P, 55Pa) was the first to apply the "virtual
crystal" model to alloy semiconductors. While first order perturbation
theory does not affect the conduction and valence bands, higher order ¢
perturbation theory tends to smear the edges of the allowed bands into }
the forbidden bands, but to a limited extent. fhis justifies the
application of the band structure concept, including the Kane model, §
to alloy semiconductors. Of course, perturbation theory may be applied i !
only if the effects of.disorder Vnp is small. The fact that these alloys ‘

form at all shows that this must be the case.

Another important consequence of the virtual crystal model is
that certain physical parameters should vary linearly with composition.
Such a variation of the lattice constant (Vegard's law) was found to
hold quite well for several III-V compounds (56Wa, 57W). The energy
gap on the other hand aeviates from linearity and seems to follow a
parabolic behavior (59W, 61W, 63W). If x is the mole fraction of
compound 1, and (1-x) the mole fraction of compound 2, then the deviation
from linearity due to the aperiodic component of the crystal potential

is found (63C) to be proportional to x(1-x). The total crystal potential
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may then be expressed as

v =4 + ex + fx (1-x)

b
%
=
P
-
4
%
4
|
%
H
:

where d, e and f are constants. The first two terms describe the

linear behavior mentioned above while the third term can be attributed B
to second order perturbation effects of the aperiodic component of tﬁe
crystal potential. Realizing that these effects should appear in the
properties of the alloys, Thompson and Woolley (67T) attempted to fit

the measured variagion of the fundamental energy gap Eo for five III-V

alloys to an equation of the form 3

SRV

E0=A+Bx+Cx2

The constant A is the direct gap of the first compound while that of i
the second compound is A + B + C. In all cases, thé experimental data ‘
fitted the above equation very well. It was also found that the parabolic ' |
term C varied inversely as the square root of the mean energy gap Em

of the two compounds, i.e. ‘
3

C = ak
m

where a = 0.3 eV3/2 for all III-V alloys investigated.

Cardona (63Ca) derived expressions for the effective masseg‘of
the conduction and valence bands in termé of transitional energies which
may be obtained from reflectance measurements. The results agreed quite
well with experimental determination of effective masses of the compouﬁds
and led Woolley and Thompson (64W) to apply the analysis to predict values

*
of m in III-V alloys. It was assumed that Pz, the square of the
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matrix element was constant and equal to 23 eV but it was found later
(68V) that for the InAsbel_x alloys, Pz decreased to 18 eV at
about x = 0.4. Nevertheless, the effective mass determinations at

the time indicated that the results were reasonable.

D)  SCATTERING MECHANISMS

An important quantum pechanical result is that in a perfectly
periodic lattice, there would be no scattering of the charge carriers,
giving rise to an infinite mobility. In practice of course, there are
always deviations from periodicity due to lattice vibrations (phonons),

impurities, dislocations, etc. and the mobility is limited by ome or

more scattering mechanisms. These in turn depend on the material, the

temperature and the amount of doping.
The mobility is given by the expression ¥ = 'Ei where e
n
is the electronic charge and T is the relaxation time. The latter
depends on a number of factors such as the quality of the specimen, the
carrier concentration and the temperature as well as on.the material
jtself. In a specimen of arbitrary band shape and spherical constant

energy surfaces, the relaxation time varies with the energy E and

wave vector Kk of the electrons in the following manner (622):

SRR
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ool E
T t k K ‘1,6)

where t is a function of temperature and S is a parameter whose
value depends on the scattering mechanism jnvolved. In the case of

a parabolic band, equation (1,6) reduces to the more familiar form

s ‘ .
1 = cE : _ (1,7)
Here, however, we are concerned with III-V semiconducting compounds

and alloys whose conduction bands are markedly nonparabolic and a Kane

band is assumed.

The scattering mechanisms which may be significant in ITI-V
compounds and alloys will now be reviewed briefly. Others, such as

neutral impurity scattering (50E), dislocation scattering (54R), inter-

valley scdttering (55H), electron-electron and electron-hole scattering

(59Sc) are not important for these materials under the experimental

conditions involved in this thesis and will not be dealt with.

a) Acoustic phonons

i) Deformation potential scattering

The first step in deriving transport equations is usually the

setting up of the Boltzmann equation for the velocity distribution £

of
of the electrons. The rate of change =¥ lcoll of f. due to the

interaction between the electrons and the lattice may in certain cases
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%2

be written e
. ¥ 2

i

Af. - - - f) .

3¢ lcoll T @,8) .

where f0 is the equilibrium value of f. The relaxation time T f
exists and equation (1,8) is valid only if the emergy absorbed or ;
emitted by an electron in 2 collision is small compared with the 31
jnitial energy of the electron. For acoustic phonons, this condition '

applies even at low temperatures. ' ' ;
i

Shockley and Bardeen (508) derived an expression for the mean

free path & for the longitudinal mode. By substituting the effective

t for the cyclotron effective mass (equation

(1,3)) and using the relations 1 <= ¢/v and v = % -2—:1 , we 'obtain —

_pass in their expression by tha

R

2. 3E
C —
. =°'9.hak
2 2

28] k Tk

02 is the velocity of long compressional

2,9

vhere p is the demsity,

waves in the crystal and El = AEc V0 / AV. The quantity AEc is

the change in energy corresponding to the bottom of the conduction

band due to a small change AV of the original volume Vo. Cpmparing

this result with equation (1,6), one finds that for deformation potential

T

scattering s = --]2-'- .
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Scattering by transverse shear modes has been discussed by

Herring (55H). The expression for the relaxation time is quite involved

but the variation with temperature and energy is similar to that for

longitudinal modes. Furthermore, the scattering is less than for

longitudinal modes for spherical constant energy surfaces.

ii) Piezoelectric scattering

As in the previous case, this type of scattering is due to

the acoustic mode of vibration. One can show, however, that a phase

. (Y . . .
difference of 90 exists between the matrix elements corresponding to

the two cases. Hence they can be considered independently.

The electric polarization associated with the ocousYie modes is

found by using the form of the piezoelectric temsor determined by the

crystal symmetry. The resulting value of the potential is then used

to determine the matrix elements for scattering an electron of wave

pumber K into a state of wave pumber k! by longitudinal as well

Harrison (56H) performed this calculation

[011] and [111]. Again,

as by transverse waves.

for the crystallographic directions [bOl] s

*
replacing m by the relation in equation (1,3), Barrison's result

becomes
p ci h Kz 9E
TS 5 ak (1,10)
207 e ckT

EERREN o, AL o)

EERR TN

il
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vhere ¢, ijs the acoustic velocity for long waves, ¢ is the measured
piezoelectric constant, k is the dielectrié constant and o is a

constant which depends on the crystallographic direction.

For piezoelectric scattering then, S =='% . If the material
jnvolved has a centre of symmetry as in the diamond lattice, the piezo- 3

electric temsor will vanish. Hence piezoelectric scattering will not :

occur in Ge, but may occur in InSb since the zinc blende structure

has no centre of symmetry. . !

b) Optical phonons

The optical branch of the lattice vibrations is especially
important in polar semiconductors (37F, 57E). At low temperatures
however, kT < h Vo where Vo is one of the frequencies of the
optical branch and the energy change in collisions is relatively
large (unless the material is highly degenerate). This means that
a relaxation time canmnot alwvays be defined in polar materials. However,
at high temperatures, vhere kT > h Vo? a relaxation time exists,

Qnd using equation (1,6) of (538) for %% lcoll’ one can show that

a3 Mh vg SE
TS T 3K (1,11)
2¢ kT
for an arbitrary band shape, so that s =='%. Here, M is the

reduced mass of the jons and 'a' is the interionic distance.

Bl SR RIRLCOY PFDLS TR
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e how

Ehrenreich (61E) investigated by a variational procedur

far the theoretical formulas for the mobility, Hall coefficient and

thermoelectric power could be formally reproduced by a solution of the

Boltzmann equation with the assumption of a relaxation time varying

in the manner given by equation (1,7), i.e. with parabolic bands.

He found that s = % for all three coefficients at high temperature,

thus agreeing with Howerth and Sondheimer (53H). However, - S falls

with decreasing temperature to 2ero at kT = h vor For lower

temperatures, the assumption fails completely, and at very low

temperatures, S takes on different values for the three coefficients.

Table (1,2), reproduced from (64¥) gives the temperature ot which

kT = hv, for several III-V compounds, where v, is the frequency

0

of the longitudinal optical vibrations.

TABLE (1,2)

CRITICAL TEMPERATURES

InSb 264° K GaSb 336° X

InAs 334° ¥ cas  408° K

ToP 487° X ash  482° K
GaP 578° K

spesEallite s i i b eE R

ettty i i Bl £
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"¢) Ionized impurity scattering

Among lattice imperfectioms, only ionized impuritles contrlbute

significantly to scattering. A theory of ionized impurity scattering

for a general band shape is given by Barrie (56B). The perturbing

potential due to an jonized impurity is taken as .

2
V@) = 'K-e; exp (- 41

where x is the dielectric constant and q is the screening constant.

From this; 1 is found to be

: . 2 a- )
b2k aE . = ,12)
= BEK By -2y ,
_ 21re4N k q2 q +Lk‘

giving a value of s equal to 3/2. Here N is the concentration

of scattering centres.

d) Alloy scattering

A theory of this type of scattering using parabolic bands has

been worked out by Nordheim (3IN) and also by Brooks (55B). The potential

energy of the electron.is separated into a periodic part consisting of

" the average of the constituent potentials and a non-periodic part which

contributes to the scattering. By replacing m

result, (as quoted by Glickezsn {58G)), we assume spherical constant energy

surfaces and “obtain for the relaxation time,

Convadissnss

mﬁ by m? in Nordheinm's
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x o= h/ [1281/2 Sovad? e - u)] 1,13)

where U is an integral over scattering angles of the square of the
matrix element for the difference of the potentials of the two components
of the alioy, V is the atomic volume and a is the moie fraction of
the minority component in the alloy. The séattering parameter, according
to equation (1,17) is -'% for parabolic bands,.but judging from the
results of other mecﬁanisms, it would be reasonable to ass;me that an

arbitrary band shape would give the same result.

e) Scattering in III-V semiconducting compounds and alloys

The results of mobility measurements on InAs (56A), InP (SéR)
and InSb (55Ha) were compared with theoreticel values obtained by
Ehrenreich (57E, 59E). The latter concluded that at room temperature,
scattering by optical phonons dominates for sampleswith carrier concen-
trations less than approximately 1019 cm-3. At_lower temperatufes,
however, phonon scattering is diminished and in heavily doped samples,

" jonized impurity scattering may predominate. However, magnetothermo-
electric power measurements led Korenblit et al (64K) and Shalyt (623)
to the conclusion that piezoelectric scattering due to acoustic phonons
dominates in.InAé at 77°K and lower temperatures, except for the case
of very heavily doped samples. There is ambiguity in distinguishing
optical phonon scattering from piezoelectric scattering however, since

both produce the same value of s.
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The scattering mechanisms of III-V compounds were also investigated
by Nernst-Ettinghausen measurements. Nasledov (61N) noted a sign reversal
at ~N600°K for GaAs and attributed this to acoustic phonons (deformation
potential). He obtained similar results for InAs. The analysis did not
account for the nonparaboiicity of the comduction band , however. Rodot
(59R) investigated longitudinal .as well as traasverse ﬁérnst-Ettinghausen
effects in InSb and found s to lie between 0 and + %;_ Sladek (60S)
meﬁsured the magnetoreéistance of highApurity InSb at ﬁigh fields and

the best fit to the experimental curves were those for piezoelectric

scattering.

_ Turning now to alloy semiconductors, it seems that.alloy scattering
is mﬁch mbre important in Ge-Si alloys (58G) than in III-V alloys. Ivanov-
Omskii and Kolomets (60I) did not detect any alloy scattering with mobility
measurements on Inl_xGabe alloys. Ehrenreich (59E) concluded that it was
also negligible in InAsl_xPx alloys having analysed Weiss' mobility measu-
rements (56W). Tietjen and Weisberg (65T) also reached the same conclusion
regarding GaAsl_xPx alloys after measuring the electron mobility in this
system. They‘als§ compared the results from Brooks' expression for mobility
due to alloy scattering witﬁ known mobilities for the compounds and
concluded that alloy scattering should not dominate the electron mobility
in any ;lloy of the III-V compoﬁnds. This effect would be largest in
the GaAs rich end of the Inl_xGaxAs system, where it would be approximately

402 of the total effect.




Leaf 2/ omitted in page numbering.




CHAPTER II

THEORY

1. KANE MODEL

The compounds and alloys that were studied in this project all
have the zinc blende structure and conduction and valence Band extrema
at the T point. Consequently, the Kane model will be applied to all
expefimental data. To prepare for this gnalysis the Kane model will now

be developed into a suitable mathematical form.

As shown in the previous chapter, first order perturbation theory
leads to a simplified Kane model which considers only one conduction band

and three valence bands centered on k = 0. The solution was:

o [E' (8" - Ep) (' +0) - k* p2(E" + -23- A)] - 0 W5

with the four eigenvalues for k = 0 being
El = EO
E2 = E3 =0
3 E4 = - A

Since E' is measured from the top of the valence band, El was identified
as the bottom of the conduction band, separated from_the valence band by
the forbidden energy gap EO. Similarly E2 and E3_ are the top of the

valence bands of the heavy and light holes while the third valence band

g
3

29
LT
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E, is split off by the spin orbit interaction A. The effects of higher

A

and lower bands have been neglected. This model has been used extensively

and has proved to be satisfactory for the III-V compounds.

Regarding the solution for‘the conduction band, the literature

mentions two special cases derived from equation (1,5). The first solution
assumes that kP and Eo are much less than A wheféas the second assumes

that Eo is much greater than A .

1) kp, E, << &

0
E . 2 2
E' = —‘2’ 14 (1+8k§)% @,1)
IE
0
2) A<« E0
EO 4 kszé i
o= 2 1 @+ 2 Y @,2)
2 . |

With these approximations in mind, the author then sought a general solu-

tion for the conduction band, using as a trial solution:

E 2.2,
B = —‘2’ [1 v (L+ Lki—li—)z} (2,3)
' E
0

One could then solve for B8 such that equation (1,5) is satisfied. This
parameter should take on different values from 8/3 to & for different
values of n = A/Eo. Ignoring the first E' in equation (1,5) and

expanding, we obtain
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(E')3 + (li:')2 Eo(n-l) - E'(nE(Z) + kZP.Z) -% E k2 P2 = 0
Substituting equation (2,3) into the above relation gives:
| 8Ky ¢ ¢ g k% 2 3/2
(E/8) 4+3(1+ g )+ g2 + 1+=—) +
2
0 0 E
0
) 8 k* ¢? 12 23 -
(E0/4) 2 + EZ + 2(1 + -—-E—-) E0 (-1 -
0 E
0
2 2
(By/2) |1 + (1+-B—k——13-é (nE +kp ) - nE K2 2 =0
E
0

Many terms will cancel. The terms with fractional powers are now expanded
~ with the binomial theorem while neglecting terms involving k ete.,

thus assuming that Kp < < E,.

E, K? p? [B/'a + 0 (B4 - 2/3) - 1] = 0

For k # 0, this relation leads to

g = 4+803 Cardona (61C) 2,4)
1+ n )
The two extreme cases of N = (equation (2,1)) and 0 = 0 (equation

(2,2)) may be obtained by calculating the appropriate value of B from
equation (2,4) and substituting in equation (2,3). The intermediate cases

may also be calculated in the same way.

-

The trial solution expressed by equation (2,3) has been shown to

2 .
be valid. Since, by definition, E = E'+ ﬁzk {2m, ong may then write
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E 2 2
E = a k2 + -% -1 + 1+ 8———k2 E )é (2,5)
Ey

where a = fl2/2m. The zero of energy has been shifted by Eo to
the bottom of the conduction Band. This relation, along with equation

(1,3) givesthe energy dependence of the cyclotron effective mass in a

Kane band.
1 _1 2 9. 2-b, 2,42 7
vm*—m+ By + 8 k2P 8P°/2h (2,6)
Thus, at the bottom of the conduction band where k = —0,
2 .
l—* - 1. 81; 2,7
o} n 2h° E
0 : 0

By combining this relation with that for B, we obtain the well known
expression for PZ.
| 3aE, E, +4) 5 - 1)
00 m*
2 0

P= G5, + 2 ; ,8)

Now P2 and B may be eliminated from equation (2,5).

E

2
E = ak2+—% -1+(1+3%—|5— (—% -1))%i (2,9)
0 2,

The same result was obtained by Cardona (61C) who assumed that

. *
E' << Eo +-§' 8 . For E0 sufficiently large and my < <m, the
above relation reduces to the standard parabolic band, in which case the

effective mass is independent of energy:

co22 4,2
E =§——l<—* (2,10)
2n

From equation (2,9), one may calculate the inverse relation:
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* * * %
EO n 1 2Em 4LE o, oy 3
k = (2a m; ¥ L+ By - 1+ -I-EF a-- 2,11)

These expressions are useful in that they are independent of the spin

* :
orbit splitting A, and may also be used to calculate Bys the effective

mass at the bottom of the (000) conduction band. Another equation may
be obtained, however, by rewriting equation (1,5) but neglecting the

first E' and measuring the energy from the bottom of the conduction band.

P (E+E0-—ak2 +

(E-akz)(Ei—EO-aAkz)(ErEo-ak2+A)-kz

tn=o0
If E> a k2 howéver, this simplifies to the following expression:
E(E+E&(E+E0+A)-k2P2 (E+E0+-§-A) =0
from which one obtains
l’E (E+E0) (E+E0+A)%

2 2
L(E+E0+3MP

k = (2,12)
Figure (2,1) shows the E - k variation one obtains from equations

(1,5) (2,9) and (2,12) as well as from equation (32) of a publication

by Kolod;iejczak et al (66K) which takes into accéunt thg effect of higher
and lower bands by second order perturbation ;heory. It will be noted

that for InSb, equation (2,12) is a better approximation to equation 1,5)
than is equation (2,9) at all energies. However, equation (2,9) is closer

to Kolodziejczak's result. On the other hand, the latter assumed Iow
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0.4 p— ' ' Q)
InSb (2)

+3
I

0K | )

(4)

0.3 |—

E (eV)

(1) Equation (1,5)

(2) Equation (2,12)

(3) Equation (2,9)

(4) Equation (32) of (66K)
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FIGURE (2,1) CONDUCTION BAND IN THE KANE MODEL
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energies which was also done ;n the derivatioﬁ of equation (2,9). Remo-
ving this assumption would raise curve 4 by an amount approximately equal

to the difference between curves 2 and 3, since curve 3 assumes low energies
and curve 2 does not. It theﬁ appears that cufves 2 'and 3 are good approxi-

mations to the complete Kane model. Both will be used in this thesis.

It must be realized however, that the value of. E0 in the Kane
model should be replaced by Eo*, the effective mass band_gap (57E). Ey
is the actual intrinsic band gap of the material at a given temperature
and will be smaller than the value at absolute zero because of the effects
of both lattice dilatation and interaction with the phonoﬁ field. Howe-
ver, the band curvature, which determines the effective mass, depends only
upon the lattice dilatation and hence Eo* is the value the §and gap
would have if only dilatation and not the phonon field were effective, i.e:,

%
£

at absolute zero and at the temperature of investigation. This will be

would be expected to lie somewhere between the actual values of Eo

discussed further in Chapter IV.

2. MAGNETOTHERMOELECTRIC POWER

The transverse magnetothermoelectric effect or longitudinal Nernst-
Ettinghausen effect is the e.m.f. which is observed in the direction of
the applied temperature gradient when a magnetic field B 1is applied

perpendicular to the temperature gradient. In the case of a single

conduction band, with spherical constant energy surfaces, the thermoelectric

power in zero magnetic field may be expressed (622,64K) as

37
N
R
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I 3f B
2stl o (3.2

98l -3 (2’13)
T R

o=

wvhere £ = E/kT
gt = the Fermi energy divided by kT

f = the Fermi-Dirac distribution function

In a magnetic field, og becomes a function of both B and the
scattering parameter s. As B tends to infinity, however, in the absence

* of quantization effects, g tends to a saturation value @ which is

independent of s, i.e.,

[ of ]
£k3'a—9 dg
k|0 : - 2,14
s e (o 33f0 4 ’ )
k -576— dg
\_,0 A

Thus if the infinite field value o is determined and a particular
band structure is assumed, the value of § may be obtained f;om equation
(2,14) with no assumption concerning the scattering mechanism. Hence mea-
surement of the 2ero field value o, and substitution into equation_(2,13)

give a value for s. This in turn indicates which scattering mechanism

is dominant.

The denominator in the last equation is proportional to the standard

expression for the carrier concentration, assuming spherical constant energy

surfaces, i.e.,

S NCA AT P R AT LS TR
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n = —5 K =2 a 2,15) °

Experimentally, n can be determined by extrapolating the values of the

Hall coefficient R to an infinite field, giving R, where
R = -= - (2,16)

The equations stated above will now be transformed to include the Kane

model. Substitution of equation (2,12) into equations (2,13), (2,14)

and (2,15) will give:

I
- k |1 _ '
% T e |1, 4 (2,17)
L i
- |
o = E 12 - J (2,18)
@ e I4
L J
2 _ 2 4 2/3
where 11 = Jw EGexp (E-0) d &
[1 +exp (€ - c)]
= Gexp (£-1¢) dE
) 2
[1+exp - 1)
: 3/2
I = £ E(yE +1) (yg+1+mn) exp (E - r) dE
3 0 (YE,+1+2/3T1) [(1+exp(§-c)]2
3/2
I = B [E (y¢ +1) (y&+1+mn) exp (£ - ) dE
4 0 L (yE + 1+ 2/3n) [L+exp (6 - ;)]2
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s¢3/2 -
o = |EfErD GErlin) [Gyg+1) e+ D+ @yE+r U
(g + 1+2/30) | Geelv2m )

yE (g +1) (E+ 1 +Jl]-2
(ye + 1+ 2/3 n)2

, - S
’
Eo EO
Equation (2,12) is‘particularly useful in this case because it is of ' <§
the form
* ;
k = Cmy £ (E)

*
where C is a constant. The , then cancels in equation (2,14) so that
the effective mass need not be known to determine the Fermi energy. One 2

& .
can then solve for o, by combining equations (2,19) and (2,8).

3. CONDUCTION IN A SINGLE SPHERICAL BAND

A) MAGNETORESISTANCE

Several factors may cause a transverse magnetoresistance to appear
in a semiconductor, some of which are two band conduction, anisotropic
relaxation time and inhoﬁogeneities. Here, we will consider the simplest
case, the magnetoresistance for a single spherical band centered on the

I point due to an energy dependent relaxation time.

1f an electric field Ex is applied in the X direction and a

pagnetic field in the z direction, the resultant current densities may

be written as
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Jx = AEx - DEy (2,20)
Jy = DE + AE (é,21)
t/p*
where A= (2,22)

l?e B(T/ )

D = ne < (vh;*)i 2,23)
. 1+ e 8 (Ut

and the large bracket denotes the expected average with respect to the

energy. The above definitions for A and D are more general than those
given by Smith (59Sa) who assumes parabolic bands and therefore a constant
effective mass. In III-V compounds, however, the effective ﬁass varies
with energy as illustrated for the Kane model by equation (2,6). Hence

m* was left inside the bracket in the last two equations. The averaging

over the different states involves the relation (622)

o of 3
J(’EE_O) T k° dE
0

<T> f (2924)
] (- < ) k dE
0
TR 3
: - j;E—) (t/g") k¥ dE
Thus 7 2 )
, Jo 1€ B ()
A = (ne?)
® afo 3
(- -a-ET') kY dE
0

of ;
.2 (- ——°) (t/*) K dE

3tr2 0 1+ezB ('r/m)

x
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(--—)(/*)2k3dz

l+eB (Tlm)

D = npne B -
® afo 3
("a'f_)k dE
/0
2,3 ;
31r2 0 1+e B ('c/m) ‘

where n has been eliminated by using equation (2,15). Recalling

the relations

n ,th ok
. 2s-1 3E
2K
- E
E T W

of
(- ___g) kZs+1 _g) ae

y = & (ekT)Z
Tk e2p2l )’ g4 bsh (2,25)
¥ 4 ST
- h
® of
_ 9y ybsl _é
“2 'ﬁ4 1+ ezBthgkn (lg)l» k4s-4
0 .hl} ak .

The unknown t may be determined experimentally, since in the absence
of a magnetic field, A = Ay turns out to be the zero field conduc-

tivity 00. From equations (2,22) and (2,25),
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o2k __ek'r2°°_ 2s+1_§_
A, = e <t/m™> 9% %) 0( 3 =) k ) dg
Thus o 3
- 0, p2stl __§_
t 30 (ekT) // . ( 3E ) K ) dE (2,27)

These expressions for A and D will now allow one to predict

the behavior of the magnetoresistance as a function of magnetic field.

By applying the condition Jy = ( for no transverse current,

= 2 _
Iy (A+D°/A) E oEx\

where o is the field dependent conductivity which is now given by

6 = A+ DZ/A (2,28)

The resistivity being just the reciprocal of this, we may write for

the magnetoresistivity

2, - -1
Ap=p-p0= (A+D/A)1-A0
A
o 0 (2,29)

0 A+ b2/

where P is the zero field resistivity.

B) HALL EFFECT

This phenomenon als
above. By definition the Hall coefficient R is given by

E = RBJ
y X

o involves the parameters A and D mentioned
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Thus we may write

Jx (A/D-!-D)Ey (A/D+D)RBJx
R = B | (2,30)
A" +D

As above, we may calculate the change in R as a function of B.

R = -
A R - Ry )
A2 + D2 Ag

where (D/B)O is the limiting value of D/B as B tends to zero. The
evaluation of this factor presents no problem as D is proportional to

B. It may be shown that

A2 D

R 0 —— -1 @
0 B(D/B)O (A" + D7)

4. MAGNETORESISTIVITY AND HALL EFFECTFOR TWO BAND CONDUCTION

When two types of carriers are responsible for conduction in
a semiconductor, the resistivity will depend on the magnetic field in

the manner (59Sb) described by equation (2,32).

2 2 2
_ (o + 02) + (0, 0, B (qu1 + 0, k)
tho = 72 2.2 2 2,32)
(crl + 02) ) g, B (R1 + R2)

)
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where 01, Rl and 02, R2 are the conductivities and Hall coefficients
due to carriers in the two bands respectively. Both bands are assumed
to have spheriéal constant energy surfaces and a constant effective
mass. The corresponding Hall coefficient is described by

2 2 2 .22
BY) + R2°2 1+ o] Rl B7)
2

2 2 2
Rlol 1+ 9, R2
2 .

(ol + 02) + 0]

; (2,33)
B (R1 + RZ)

NN

c

Smith derived these equations by imposing three conditions on the

relaxation time, fifst that it exists, that it is isotropic and that it
is independent of energy. As mentioned on page 17 of Chapter I, unless :
the material is highly degenerate, a relaxation time camnot be defined 3
if the change in carrier energy upon scattering is large compared to the
total energy of the carrier. Since the measured samples were degenerate

in both bands, however, this would not present a problem. An isotropic

relaxation time would require that both bands be centered upon k = 0.
The error introduced by an anisotropic T will be considered in the
following section. Finalliy, the relaxation time varies with.energy as
mentioned in Chapter I, but if the material is degenerate, only the
electrons near fhe Fermi level will participate in the conduction so that
the energy may be considered conmstant. This explanation also justifies

the assumption that the effective mass is constant.

The next step is to transform the above equations to solve

for 01, 02, : Rl’ RZ' The magretoresistivity is
2 2 2
o = % + o, 9, B (ol R1 + 0, Rz) 1
2 2 2 2 2 o
dg 10y 9 B Ryt Ry) 0
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and consequently the relative change in resistivity is

2 2
0,0 g, O
126 o, 8D -2 ® +R) o
1/ )T B h
o 2 = (2,34)
0 -2 % % 2
B + 2 (R1+R2)
0

where the zero field conductivity is given ﬁy

% T oy S T . (2,35)

As far as the author is aware, he was the first to realize that a straight

vine could be obtained from equation (2,34). In fact, a plot of polAp

v arsus B.-2 will yield a straight line of slope T
6, O ot o2 -1 I
%% 2 2, 1% 2
P o (cl Rl + 0, Rz) 3 (Rl + Rz) (2,36)
0 %
and intercept on the pO/Ap axis of
P 62 02
_P9% 2
q 2 (Rl + RZ) (2,37)
%

This result was used by Kwan (68K) who analysed the magnetoresistivity

of highly doped n type Inis. The intercept corresponds to the satura-
tion vaiue of polAp at infinite fields. Considering the Hall coefficient
at infinite fields also,

R R

R, = X 7R 2,38)
R1+R2 (2,38)

Kwan's analysis involved RO’ the Hall coefficient extrapolated to zero
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magnetic field, rather than R . The last four equations express
four measurable quantities in terms of four unknowns which may now be

solved. From equations (2,35) and (2,38), one may write,

Using these substitutions in equation (2,36), one may then show that

cg (R, - Rm)2
P = 7 2 (2,39)
oy G o )R; (R,9¢ ~ Rlol)

But from equation (2,37) it may also be shown that

2 2 \
q 0, (R1 -R)

4 2 2
R1 o (oo - cl)

By equating these two relations, one obtains

2 2 2 2 _
Rl (o1 o9 "0 - q ol) + le (2q R % cl) qR_ % 0

from which’
qR_© 6y-0, =40
R, = 0_0(_’ — -1 s oL 4 e -
0~ %" %% \ 19

Equations (2,39) and (2,41) may then be used for the solution by an

iterative. procedure that will be described in Chapter VI.
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5. MAGNETORESISTANCE DUE TO ANISOTROPY

A) THEORY

This section will attempt to justify the anélysi; of the magneto-
resistance due to two bands which assumed épherical constant energy surfaces:
and thus neglected effects due to anisotropy. When the constant energy
surfaces are ellipsoids of revolution, a magnetoresisténce will appear
even though the material may be infinitely degenerate. To appreciate
exactly what is caused by anisotropy, one should, however, return first
to the case of a spherical band. If a constant effective mass and low

magnetic fields are assumed, we may rewrite equations (2,22) and (2,23).

2
A = -n—i—Ft > - e*ZB <‘t3 >j| (2,42)
m m
3 .
D = ne*zB < Tz > (2343)
m

The Hall coefficient RO’ extrapolated to zero magnetic field may now

be obtained from equation (2,30)

- (D/B) :
0 . =
R0 A2 ne (2,44)
0
where r = 5—-1—%
< T >

Similarly, from equation (2,29), the magnetoresistivity




b 2B | cr>< o<t 52
= y 5
°0 m2 <T?>
" 2 2 2i<1T><T1>
<1 >
L2222 ,
= R0 oy B W 4 ' (2,45)
where W -— .<_T_3_>il—> 1
. 2.2 -

N
-
v

When the bands are ellipsoids of revolution, the analysis is
much more involved, since one must consider not only the direction of the
axes of the ellipsoids but also the direction of the current and magnetic
field with respect to these axes. The magnetoresistivity. in small magnetic

fields is (51P)

-égf = b+ec@@t + jm + kn)2 + d(izl2 + jzm? t+ k2n2)
Pod

where i, j, kK and ¢ , m, n are the direction cosines giving the direc-
tions of the current and magnetié field respectively. The consténfs b,

c, and d depend on the directions of the axes of the ellipsoids and may

be expressed in terms of K = —= vwhere m and m, are the longitudinal

and transverse effective masses respectively.

Consider the case where the constant energy surfaces form ellipsoids
along the <111> axes. Let the coordinate axes (x, y, z) lie along the
<100> direcfions in the crystal. A derivation of the equations of motion
(595d) will again lead to expressions for the current densities Jx and

Jy' The results for the Hall coefficient and magnetoresistivity are

R = &£ (2,47)
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where F
001 _
and . S100

the lower indices
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B° S ' (2,48)

giving the current direction and the upper indices

giving the magnetic field direction. Equation (2,47) holds for any crystal

with cubic symmetry and for any direction, as long as the current is

perpendicular to the magnetic field, and terms in B2

may be neglected.

The magnetoresistivity, however, is a function of orientation. When

K = 1, the constant energy surfaces are spherical and the two equations

above reduce to equations (2,44) and (2,45). Smith (59Sd) also quotes the

results for two other specimen orientations:

160

$100

110
110

One can then show

b

_@e1) ®-DP QR+ D)
KK+ 2)2

10

- 1 100
2 5100

that

_ 2 2 00
Ry 9 S100

2 2 001
- R0 % S100 (2,49)
2 02 100
0 0 "100
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B) APPLICATION

Equation (2,34) describes the magnetoresistivity due to the
presence of two fypes of carriers, with other effects being neglected.
However, each band may produce a magnetoresistivity because of an energy
dependent 1T and anisotropy. These contributions will now be calculated
and compared with the two band magnetoresistivity. The form of the follow-

ing analysis is identical to that of Harland (65H).

The total conductivity is

o (B) = o; B+ o, (8

1 _ 1, 1
p(B) ol(B) Py (B)

so that

whereas in zero magnetic field -

where the last subscript refers to zero magnetic field.

Py (B o, (8)
PE =S TE v, ®

If we write °y (B) = P10 + Apl
Py ®) = Pop * Aoz
then Apl Apz
0 (B) = piqfon (L+—=) Q1 +—)
10 720 P10 P20
Pig T Py t o) t 0y
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The magnetoresistivity is then given by

( N e N
P.nt P 1+=—) Q1+
P "o 0 1
Po Pio ¥ Pag * B0y + boy

Ao 4p
2 1

=) + p,

P20 20%0,5

P10 t Py

10

2 3 2 3 2
(Rl o) S, + R2 7 32) B

1
(2,50) .
01 'l"O'z

This is the net effect of the contributions from the individual bands.

The magnetoresistivity due to two bands, to first order in BZ may be . ‘
found from equation (2,32):
2 AL
> - 3 (2,51)
o (Gl + 02)

The above analysis will now be applied to the two conduction bands in

InSb, the (000) and the <111>.

Considering a typical set of results; we set n(000) = 5m <111, .

p(000) = 3p<lll>. Thus 9 = 1502, R2 = SRl (2,'52)

For the (000) band, which is known to be spherical, we may set K = 1

and neglect anisotropic effects. Two transverse cases will now be considered.
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CASE 1 current direction [100]

magnetic field direction [010]

CASE 2 current direction [111]

magnetic field direction [11-2]

The coefficient ¢ of equation (2,46) in such transverse cases will always

be zero. The (000) magnetoresistivity is thus:

Ap
—1 - = g% 2
¥ by = RoW |
P10
since Sl = Wl for K = 1. For the <111>. bands, the maximum magneto- i
resistivity will be obtained when K = =, j.e. when F = .75
CASE 1
ip
2 _ _ g2 2 001
7 " P Ry 9 5100
P20
22,
= R2 9y (:333 + 1.333 WZ)
82 = .333 + 1.333 W2
CASE 2
BZ 2 3
P20
R o2 (.333 4 1.333 W, + .Ab4 + 1.444 W)
272 2 2
S2 = 777 + 1.777 W2

We may now compute the combined effects of the bands by returning to
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equation (2,50)

1

ase 1 22— = &P (9 W+ 00926 W, + .00231)

4]
2 171
poB 2

CASE 2  —2 = Rzl oi (.04, + 0123 W, + .00540)
o ¥ 2 1

The two band magnetoresistivity may be obtained from equation (2,51).

Lo~ 0260 02 R?'

11 -

The contributions due to the individual bands are greatest for CASE 2.
The first and second terms are due to the enmergy dependent relaxation
times for the (000) and <lll> bands respectively. For the (000) band,
EF > 1000 k T so that W. is insignificant. For the <111> bands,

1

EF > 6 kT so that wz < .14 and thus .0123 W2 is less than 77 of

the two band term. The value of _W2 was obtained from eq?ation (2,45)
with the average values of T, 12 and 13 being calculated by numerical
integfation in the manner suggested by equation (2,24). Scattering by
jonized impurities (s = 1.5) was assumed along with a parabolic band of
effective mass .2m. The anisotropy of the <lli> bands accounts for the
last term which is by for the largest and amounts to 25% of the two band
term. For CASE 1, it is 92. Since the InSb samples were polycrystalline,
" there would probably be some sort of average of the.above and other cases
coming into ﬁlay. Also K < = so that the contribution from the <111>

bands is overestimated.

A similar analysis could be performed for large rather than small
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values of B. Unfortunately, CASE 1 was the only one for which a

theoretical expression was availabie. Smith (59sd) states that for this

case
% 1 @&+ 1)*
— = L =D < T >
o, T 3K (K + 2)

..

where ¢_ is the infinite field conductivity. If it is assumed that the
<111> bands are degenerate, then <'% 5<t> = 1. By repeating the
analysis that was performed above, one can show that the anisotropy term

is 8.47 of the two band term whereas for small fields, it was 8.9% of the
corresponding two band term. It appears that approximately the same results

are produced from high and low field calculatioms.

I’, o




CHAPTER III

EQUIPMENT AND EXPERIMENTAL TECHNIQUE

1. PREPARATION OF INGOTS

AND In
>

Ga Sb ALLOYS
1- X X

A) Inhs Sb .

Three compoﬁnds were needed to prepare ingots of InAsbel_x
and Inl_g Gabe alloys: InAs, InSb and GaSb. Thé first two were
bought from Cominco in the form of n type polycrystalline ingots and
had a carrier concentfation of approximately 2 x 1016 cur3. The third
compound, GaSb, was prépared by melting together stoichiometric quan-
tities of 99.9997 pure Ga and Sb bought from AIAG and Cominco
réspectively. ?

Both alloys were prepared by horizontal Bridgman techniques. This
required a furnace with a "hot" zone separated from a Mcold" zone by a
steep temperagure gradient. To pfepare InAsbel_x alloys for'example
the temperature of the hot zone was set higher than the melting point of
InAs (1000°C) while the "cold" zone teméerature was lower than the
pelting point of InSb (SZSOC), but not below 500°C to avoid the loss
of As by condensation. A steep gradient was provided by water cooled
copper plates. For the Inl_xgabe alloys, the hot zone temperature had

to be greater than 712°C, the melting point of GaSb while the cold

zone as above was held below 525°C.
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An evacuated quartz capsple containing a known mixture of'the
two compounds to be alloyed was placed in the hot zone of the furnace
and shokeén to obtain a homogeneous solution. The capsule was then moved
at a rate of 0.5 cm/day into the cold zone s§ that the ingot slowly
froze from one end. The resulting ingot was about 15 cm long and 1 cm
wide, the cross section being sligﬁtly elliptical. It.was polycrystalline
and generally had 2 single phase, the composition vérying smoothly along
the length of the ingot as shown by Figure (3,1). The composition
of different points in the ingot was found by determining the lattice
parameter 2, by X-ray powder photograph techniques. A powder camera
114.6 mm  in diameter was used in conjunction with a Philips X-ray
machine whose beam had an effective wavelength equal to 1.5418 A due
to the copper doublet. The a, value obtained in this way was compared
with the 2 versus x curves published by Wooiley-et al.(64 Wh) to
obtain the composition. Since specimens were prepafed from cross sectional
slices cut from these ingots,the steep part of the curve in Figure 3,10
caused problehs in obtaining relatively homogeneous'specimens. Howe-
ver, by preparing several ingots of diffe;ent mean composition (e.8:
70% .InAs, 307 InSb) and lapping specimens down to 1 mm in thickness,
it was possible to obtain a homogeneity of 1% or better for all

specimens.

'B) GaAs SINGLE CRYSTALS

The GaAs single crystal material was supplied by Merk, Momsanto

and Northern Electric. The paterial was n type with the carrier

concentration ranging from 9 x 1015 to 2 X% 1018 cmf3. The slices
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obtained from Monsanto had been cut parallel to the (111) plame but
the orientations of the others were unknown. In all cases, specimens
were cut from these siices, with no regard for the crystallographic

orientation. This will be shown to be unimportant.

C) InSb ALLOYED WITH InZTe3 AND In28e3

The InzTe3 and In28e3 materials were prepared from 99.999%
pure elements boﬁght frdm Cominco and Mining and Chemical'Products Ltd.
Stoichiometric quantities were molten together in evacuated quartz

capsules. The InSb, as mentioned above, was obtained from Cominco

and had an original electron concentration of 2 X 1016 cmf3. Eighteen

ingots of InSb alloyed with InzTe3 were prepared. Each weighed

approximately six grams and contained a known quantity of InzTes"

varying from .02 to 1.5 percent. These ingots were annealed for 10 '
days at 500° C. This length of time is sufficient to all;)w equilibriﬁm ’
to be established in the alloy (60W). Aﬁother twelve ingots of InSb

alloyed with In28e3 were prepared but these required an annealing

time of six weeks (61 Wb). The In28e3 content varied from .02 to

1.5 percent.

The alloy compositions were calculated on the b;sis of the
molecular weights of In3Sbé and Ihz[]Te3, tﬁe square denoting
a vacancy since InZTe3‘ (and InZSe3) has a defect zinc blende struc-
ture with one lattice site in three on the In sub-lattice vacant.

There are still four valence electrons pefﬂlattice site as in the

]
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zinc blende lattice. The percentages éuoted above of InZTe3 (and
In28e3) are then those of Te (or Se) on the Sb sub-lattice. At
low percentages, it has been shown that doping with InzTe3 or

In28e3 (60W, 61Wa) gives the same effect as doping with ‘Te or Se.

Thus specimens will be described by their atomic percentages of Te

or Se which will vary from .01 to .75%.

In each of the two series of experiments, the ingots and spe-
cimens cut therefrom were assigned consecutive numbers. However, some
ingots were found to contain blow holes and others were badly oxydized
because of a crack in the capsule. This explains the missing numbers
jn the lists of the specimens. In some cases, two specimens were pre-
pared and measured from the same ingot. The suffix A was then added

to the name of one of the two specimens e.g. numbers 5 and 5A.

2. SAMPLE PREPARATION
A) CUTTING AND LAPPING

As mentioned above, Cross sectional slices were cut from the
InAsbel_# and 'Inl_xGabe ingots. The InSb-InzTe3 and InSb-
InZSe3 ingots were smaller but had a uniform composition so that
longitudinal slices could be cut from tﬁem. These operations were
performed by gluing the ingots to arborite blocks with a mixture of
glyptal and acetone and then cufting then with a .008" thick carborundum

saw. The thickness of the slices was approximately 1.5 mm. The glué

was then dissolved away with acetone and the slices thus obtained as
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well as the GaAs slices were glued to arborite blocks and cut in

the form of parallelepipeds of dimensions 10 x 2 x 1.5 mm.

Good results for the Hall coefficient and resistivity depended
on the degree with which the opposite sides of the parallelepiped were
parallel and the cross section rectangular. Accuracy in the Hall
coefficient required a constant specimen thickness i.e., paraliel
opposite sides. Accurate resistivity measurements réquired a rectan-
gular specimen cross section between the two resistivity probes on one
side of the specimen since the dimensions were measured with a micro-
meter. Thus a careful lapping was performed at this stage using the
adjustable lapping block shown in Figure (3,2). The specimen was
glued to the block which was moved in figure-eight fashion on a glass

plate covered with 2 mixture of water and 600 grit lapping powder.

All four sides were lapped until the specimen cross section was approxi-

mately 0.9 x 1.4 mm. These dimensions were measured at different points

along the specimen with a Moore and Wright micrometer accurate to one

micron and found to be constant to better than 17.

B) ELECTRICAL CONTACIS

Electrical contacts to the specimen was simplest for the case
b d In. Ga Sb alloys. These were only measured
of the InAsxS 1-x an 1-x°% y y
at room temperature and resistivity measurements were not necessary.

Two current contacts at the ends of the specimen and two Hall contacts
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on opposite sides were supplied by gold wires which we;e spark welded
_to the specimen by discharging through the contacts 2 10pf capécitpr ;?‘
charged to 10 volts. If one or more contacts were non-ohmic, the 8
capacitor was discharged in béth directions until ohmic contacts of

approximately 1 ohm were obtained.Figure (3, 3a) illustrates the jig

used for these measurements. Then came the magnetothermoelectric o
power measurements. Contacts for the latter were supplied by a special

jig which will be described later.

In the InSb and GaAs projects, resistivity as well as Hall
measurements were performed and greater care was taken in the contact
preparation. The InSb contacts were obtained by the electroplating
of tin. When the GaAs project was started, an evaporator was available

so that these contacts were prepared by the evaporation of indium.

In the electroplating technique, the InSb speciﬁen was masked
with nail polish except for the end faces, one narrow strip on one side
and two narrow strips on the other. The specimen, held by self-clasping
tweezers, was etched in 2 solution of 1 part HNO3 and 1 part HCl for
ten seconds, rinsed in distilled water and finally dipped in 2 tin plating
solution. The latter had been prepared with 1 part anhydrous stannic
chloride, 1 p;rt HZSO4 and 20 parts HZO' With the specimen as the
cathode and a platinum wire as the anode, a current of 1 ma was allowed
to flow for approximately 30 minutes. The five exposed surfaces were
then covered with a layer of tin ab;ut .1 mm thick. Acetone was then

used to dissolve the nail polish. The contacts obtained in this way




58

were ohmic with a resistance of 1 or 2 ohms. The specimen was glued to
a glass slide as shown in Figure (3, 3b) and silver paint was used to
connect the tin contacts to # 32 enamelled copper wires which had been

glued to the back side of the slide with baking vanish. The slide was

then clamped in the specimen holder so that the specimen would lie
horizontally in the cryostat. The # 32 copper wires were soldered to
connecting pins which in turn were connected to copper leads coming out

of the cryostat.

The end surfaces of the GaAs specimens were electroplated with

tin as described above but jndium was evaporated on the three side contacts.
A copper foil was used through which two parallel slits had been cut with
a razor blade. The slits were 1 mm long and separated by 6 mm. One side

of the sample to be coated was centered over the slits and the whole

assembly placed over the indium in the vacuum chamber of the évaporator.
When the indium evaporated, it rose through the two slité of the copper
foil and condensed on the specimen as two parallel narrow strips. AThe'
specimen was then turned over and centered over oné of the slits. The
evaporation procedure was repeated to obtain the last contact ceﬁtered
on one side of the specimen. At this stage the contacts were highly
rectifying and had to be annealed. The specimen was heated to about
200° ¢ for 30 seconds in helium gas at a pressure of 30 mm of Hg.
Contacts thus became ohmic with a resistance of approximately 5 ohms.

The sample was then mounted on a glass slide as shown in Figure (3, 3b).
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3. MEASUREMENTS

The first measurements by the author jnvolved InSb alloyed
with InzTe3 ana were carried out in the old laboratory. The Hall
and magnetoresistance apparatus had been mounted DY Dr Harland and is
described in the latter's Ph.D. thesis. When construction of the new
Physics and Mathematics building was completed, the author mounted a new
system in the present laboratory while retaining certain elements and
jdeas from the earlier apparatus. The electrical circuit—and experimental
method of the Hall effect and magnetoresistance measurements were basi-
cally the same in both laboratories so that there is mo need to describe
both in detail. The following sections will describe these measurements
in the present laboratory but will also mention differences that occurred

in the first experiments. All the magnetothermoelectric power measure-

ments, on the other hand, were performed in the present laboratory.

Ay ELECTROMAGNET

In the old laboratory a Pacific Electric electromagnet was used.
With a pole gap of 13", it supplied a maximum field of 2.34 Wb/m2 at a
current of 200 amperes. The field calibration is shown in Table (3, la).
The potential in the first column is that across one half of the magnetic
field control resistor which was held at a constant temperature in a
bath of boiling water. Dr Harland performed this calibration using a
Rawson rotating coil gaussmeter. The absolute accuracy of the field is

.Ol-bem2 whereas the relative accuracy is .001,Wb/m2.
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Most of the méasurements however, were performed in the present

~ building with a Magnion-Harvey-Wells 15 inch electromagﬁet Model

1-158 along with the HS-10200 Power Supply and FFC-4 Field Regulator.
With a gap of 13" and a maximum current of 205 amperes, a field of.3.20
Wb/m2 is obtained. The desired field is éimply dialed on the five decade
switches and the power supply automatically drives up to that field. A
rotating coil gaussmeter gemerates a 30 cps voltage préportional to tﬁe
intensity of the magnetic field. A similar constant amplitude voltage
is produced by the permanent magnet generator. This voltage is used as.'
a precision réference voltage in measuring and controlling the field.

It is attenuated through the five decade switches;and compared with the
signal from the gaussmeter probe. The difference, or error signal is
amplified causing the power supply to act as a current amplifier in

controlling the power of the magnet.

The field set accuracy is 5 parts in 105 and the stability 1
part in 106. The temperature stability is 5 parts in 107l°F of
ambient temperature with no effects due t6 changes in the temperature
of the water flowing through the coils. The specimen was placed in
the centre of the pole gap where over a cubic centimeter, the field iS‘»:

. 5
constant to 1 part in 107.

Unfortunately, the field sensed by the power supply is that at
the gaussmeter probe which must be removed from the gap to make way

for-a cryostat or other sample holders. In other words, the specimen’s

electrical properties and the field at the specimen may not be measured
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TABLE (3,1)

'MAGNETIC FIELD CALIBRATIONS

a) b)
\ - B B (outside) B (inside)
“(volts) (kilogauss) (kilogauss) (kilogauss) A
.900 23.43 3.000 3.272
850 23.21 4000 7 4.363
800 22.99 5.000 5,456
.750 22.75 6.000 " 6.545
700 22.45 7.000 . 7.6%
650 22.13 8.000 8.727
600 21.66 9.000 9.818
".550 21.13 10.000 10.909
.500 20.49 11.000 12.001
475 20.12 12.000 13.093
450 19.74 13.000 14.186
425 19.34 14.000 15.281
400 18.90 15.000 16.382
375 18.45 16.000 17.487
.350 17.97 17.000 18.598
.325 17.49 18.000 19.723
.300 16.96 19.000 20.870
.275 16.38 20.000 22.031
.250 15,77 21,000 23.121
,225 16.99 22.000 24.146
,200 13.89 23.000 25.148
\175 12.53 24.000 26.140
150 10.96 25.000 27.126
125 9.22 26.000 28.105
.100 C .43 27.000 29.076
" 28.000 30.043
39.000 31.009
30.000 . 31.976

N.B. 10 kilogauss = 1Wb /m?
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simultaneously. At the author's request, the shop technicians mounted
the gaussméter on a fixed platform. The gaﬁssmeter itself, however,
could be moved radie lly in and out.of the pole gap by a micrometer
adjustment with a range of 2". The author then proceeded with a field
calibration which consisted of a comparison of the field at the centre
‘of the pole gap with that at a position 1.10" away from the cenfre.

With the gaussmeter at this 'outside" position, it waé possible to place
the cryostat or other ;ample holder in the centre of the pole gap. At
the "outside" position, the field dropped to about 907 of the field at
the "inside" position as shown by Table (3, 1b) for 28 field settings

from 3 to 30 kilogauss.

The calibration was performed by the following method. With the
gaussmeter in the "outside" position, and the operating mode on "Field

Set", the dials were set for 3.000 kilogauss. The current rose auto-

matically until the field at the "outside" position was 3.000 kilogauss.

The mode was then switched to "Sweep" but with a zero sweep velocity so
that the current remained constant. The gaussmeter was moved to the
"iﬁside" position. The sensed field at this stage was different from
the dialed field so that the error signal caused the galvanometer needle
to deviate from the balance position. The dial setting was changed
until the error signal was zero. As shown by Table (3, 1b) this dial
setting was 3.272 kilogauss, the field at the "inside" position when

the field was 3.000 kilogauss at the "outside" position. This procedure

was repeated for 27 other field values.
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B) CRYOSTAT

The cryostat used in this project was built at NRC and had been
designed for use with the Pacific Electric Co. electromagnet described
above. The original blueprint is shown in Figure (3, 4). The first
InSb measurements performed in the old laboratory thus used the
cryostat in its original form. However, the Magnion-Harvey-Wells
electromagnet had pole caps whose angle was smaller and to use the
cryostat with this magnet, it was necessary to lengthen the tail of

the cryostat. These changes were done at NRC.

The cryostat consisted of an outer vacuum jacket, two refrigerant
tanks, a radiation shield anchored to the upper (liquid nitrogen) tank
and a silver specimen chamber separated from the lower (liquid helium)

. tank by a stainless steel thermal resistance. The specimen holder was
made of bakelite in order to eléctrically insulate the specimen from

the cryostat. A thin walled stainless steel tube connected the specimen
holder to the cryostat head. A rotatable vacuum seal allowed alignment
of the specimen in the magnetic field. The ;pecimen was maintained at

the temperature of the silver chamber by means of helium exchange gas.

The cryostat contained a copper wire resistance thermometer and
a gol&-;obalt versus copper thermocouple for use with the temperature
control system. These are described in Dr Harland's thesis. Since the
measurements reported here were performed at liquid helium and.room
temperatures, no further description of the temperature control system

will be given.
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C) HALL AND MAGNETORESISTANCE MEASUREMENTS

The current th;ough the sample (v 100yma.5 was supplied by two’
12 volt automobile batteries in parallel. After 24 hours of operation; i
it varied less than 1 part in 105 in several hours. The current was
controlled by a variable r%sistor in series with the specimen and ;i

»

determined from the potential drop across a 1 ohm standard resistance

(Leeds and Northrup) measured with a Rubicon potentiometer. The
resistivity of the specimen was obtained from the potential drop
between the two conta;ts on the same side of the sample measured with
a four figure digital voltmeter (Hewlett Packard Model 3440A with the

3443 High Gain plug-in). The signal was preamplified by an Astrodata

Nanovolt Amplifier Model 120 whose noise level was less than .05 uv.
Ten scales offered fixed gains varying from 200 to 2 million. In the

" old laboratory, a Philips recorder was used instead of the digital
voltmeter. Its most sensitive scale gave a full scale reading for

1 ov. The preamplifier was a galvanometer amplifier built by Dr
Barland and described in his thesis. Since the relative change in
resistance due to the magnetic field was small, direct readings of the
resistance as a function of field would be highly inaccurate. Thus a
back-off system was used i.e. the reading of the zero field resistance
voltage was nulled by opposing it to an equal voltage supplied by another
automobile battery and a variable resistor. Thé effect of the magnetic
field on the resistance voltage could be then amplified, say 20,000

times by the Nanovolt Amplifier and read on the digital voltmeter.
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The InAs_Sb and In, Ga Sb alloys had two contacts on
X l-x 1-x X ,

opposite sides which were used as Hall probes. Since in practice,
these two contacts could: never be perfectly aligned, a resistivity
voltage appeared between them without a magnetic field and a back-off
system similar to the above was used here also. Thus the voltage
observed with the Nanovolt Amplifier-digital voltmeter combination
would be due to the Hall effect only. The InSb and GaAs specimens had

two contacts on one side. One of these was used as a Hall probe along

with the contact on the opposite side. These two were badly misaligned

and a back-off system was used to cancel the resistivity voltage.

The observed Hall voltage iay have a contribution due to magne-

. toresistance. This problem was solved by measuring both Hall effect
and magnetoresistance for forward and reverse magnetic field directioms.
Since the Hall voltage reverses with field but the magnetoresistance
voltage does not, any contribution‘of the latter to the former will

cancel in the average of the two field directioms.

. The circuit diagram is shown in Figure (3,5). A twelve position
double deck switch with silver contacts was used to miniuh:electriéal
poise. All wires from the control panmel to the specimen were shielded
and passed through a soft iron pipe to reduce electromagnetic pickup.
In the old laboratory, a sefies of copper switches in an oil bath to

reduce thermal voltages was used instead of the twelve position switch.
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POTENTIOMETER

p 1 : WIPER # 2
0

stan

WIPER

NANOVOLT
AMPLIFIER

Q

DIGITAL
VOLTMETER

SWITCH FUNCTIONS:

1 RESISTANCE
2 MAGNETORESISTANCE
3 HALL EFFECT

FIGURE (3,5) HALL AND MAGNETORESISTANCE CIRCUIT
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D) . MAGNETOTHERMOELECTRIC POWER MEASUREMENTS .

These measurements were performed with an apparatus designed
by the author and showﬁ in Figure (3,6). The ;pecimen was held in a
horizontal position and contact with it ﬁas made through two insulated
copper rods which were lowered onto it. A small wire heater was wound
around one of the copper rods and the other acted as aﬁheat sink. At
the end of each rod, a length of copper-constantan thermocouple strip
was glued so that these strips were in good contact with the specimen
and each sfrip acted as the hot junction of a thermocouple. To improve
the thermal contact with the specimen a small amount of indium was
placed between the specimen and the thermocouple strip and a reasonable
pressure applied by a screw adjustment of the copper rods. Separate
cold junctions for each thermocoﬁple were immersed in an oil -bath at
2 known temperature so that the temperatﬁre of each end of the specimen
could be determined independently and then the difference found. The
thermoelectric e.m.f. between the ends of the specimen was measured

across the two hot jumctions leads of the thermocouples.

A temperature difference of approximately 2°C was maintained
between the ends of the sample by applying 2 regulated DC voltage to
the heater with a Harrison Laboratories Constant Voltage Supply Model
6343A. The zero field thermoelectric power was observed and then
aulled with the potentiometer on the Nanovolt Amplifier so that the
change in thermoelectric power in 2 magnetic field could be measured
accurately. Figure (3,7) illustrates the circuit diagram for these

measurements.
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CHAPTER IV

InAs Sb, _ AND In, Ga_Sb ALLOYS
X 1-x X X

1- 1-

1, RESULTS

The results obtained with both the InAs_Sb and In, Ga_Sb
T 1-x 1-x %

alloy systems will be presented in this chapter since Lhe analyses
are identical. Values of %y % and R (defined by equations
(2,16), (2,17) and (2,i8) were determined at room temperature for
samples spaced over as wide a range in x as possible. For the

InAsbe < system, results were obtained with x varying over the

1-
full range from 0 to 1, but for the Inl_xGabe system, @ could

not be determined for x > 0.87. The reasons for this will be

explained later.

The first step for both alloy systems involved the preparation
of the material, followed by the cutting and lapping of a speciﬁen to
the desired size and shape as explained iﬁ the previous chapter. Then
the Hall coefficient R was measured as a function of magnetic field.
This variation is shown in Figure (4,1) for sample #8 of the In, (Ga Sb
system. Over the observed range of magnetic fields (0 - 3.2 Wb/mz), R
never varied more than 5%, and as shown in the figure, R°° may easily

be determined with a relative accuracy of less than 0.1Z.

The thermoelectric power was also observed as a function of

magnetic field. For most samples, practically complete saturation was
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obtained in the available magnetic fields, so that the value of &Q
co#ld easily be observed. Saturation requires WB > 1 and is illﬁs-
trated by curve 1, Figure (4,2). For a few samples, however, 0p could
only be seen to approach saturgtion (curve 2). Some of the least doped
samples at or near the InSb end of the alloy systems did not exhibit
saturation but'diverged at higher fields (curve 3). It was concluded
that quantum effects were responsible for the divergeﬁce. According to
Anseln and Askerov (61A), the addition to o, arising from quantum

effects is %; (%1:-))2 where o = _e_i is the cyclotron frequency. At

pu
2 Wb/mz, this contribution would be 2 uV/oK which is not too different

from the observed effect.

To determine @ from curves 2 and 3, it was mecessary to use an

empirical result of Shalyt (62S) who showed that for InAs

2
Al B

14+ AZ_B

b, T

B 2

where A. and A, are constants and Acx is A,/A . Hence if

1 2 ® 172
BZ/AuB is plotted as a function of Bz, a straight line of slope
1/ba, should be obtained. Figure (4,3) shows that Shalyt's method pro-
duces straight lines for curves 1 and 2 of the previous figure and also
for curve 3 before the onset of quantum effects. ‘The same Qalue for Ao
is obtained with curve 1, whether it be taken from Figures (4,2) or
(4,3). Thus it was always possible to determine ba with the avail-

able magnetic fields.

S NB ULLpe B Y N ,.
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TABLE (4,1)

DATA FROM THE InAs Sb ALLOYS
X 1-x

Specimen X a o R,

No. (uV/deg) (uv/deg) (ca’/C)
1 0.000 281.7 290.0 189.7
2 0.000 189.7 18i.3 | 40.62
3 0.000 260.1 265.8 129.3
4 0.055 287.6 304.1° 224.2
5 0.140 248.4 263.3 139.2
6 0.275 218.5 238.2 95.92
7 0.400 161.3 200.4 54,53
8 0.400 183.2 204.9 55.22
9 0.480 201.4 220.5 70.69
10 10.580 199.0 207.7 62.12
11 0.710 192.9 201.4 53.30
12 0.840 214.9 216.0 55.18
13 0.870 183.0 180.2 29.58
14 0.880 177.0 173.6 28.82
15 0.915 192.2 186.2 31.57
16 0.960 264.3 256.3 80.80
17 0.985 227.4 222.1 51.88
18 1.000 356.0 357.0 268.0
19 1.000 237.0 232.0 54,00




TABLE (4,2)

DATA FROM THE In,_Ga Sb ALLOYS

Specimen X e, e, R,

No. (uV/deg) (uv/deg) ) (cﬁs/ c)
1 0.000 261.7 290.0 189.7
2 0.000  189.7 181.3 40.62
3 0.000 260.1 265.8 129.3
4 0.020 306.3 . 314.8 261.0
5 0.020 . 305.0 315.1 266.2
6 0.050 97.5 101.8 7.110
7 0.070 320.2 327.8 276.1
8 0.130 99.5 102.3 6.517
9 0.220 400.0 408.0 521.7
10 0.340 122.5 120.5 9.128
1 0.470 137.8 133.6 11.33
12 0.645 g 1410 10.69
13 0.750 225.8 209.9 25.08
14 0.870 161.4 160.2 11.08
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The results of the above measurements are summérized in Tables

(4,1) and (4,2).

2. ESTIMATION OF EXPERIMENTAL ERRORS

Four main sources of error were preéent in the measurement of ;5i
thermoelectric power with and without a magnetic field:
1. measurement of the e.m.f.

2. the thermoelectric power of copper

3. calibration of the thermocouple

4, imperfect thermal contact

The e.m.f. from the sample was fed into a preamplifier and then read

on a four figure digital voltmeter. The error in this reading is estima-
ted at less than .5%. When measuring the thermoelectric power of semi-
conductors, the second source of error is often ignored since-metals
have a very low thermoelectric power. Kor;nblit et al (643) have taken
this into account, stating that the thermoelectric power of copper is

1 uwv/°K. Here, most samples had a thermoelectric power greater than
200 uV/oK so that neglecting this effect introduces a .5% error. The
calibration of the copper-constantan thermocouple was taken from stan-
dard references but impufities and strains can cause small deviations.
The three sources of error just mentioned may be temporarily ignored,
in view of the method used to deal with the error due to an imperfect
thermal contact between specimen and thermocouple. This is by far the

largest source of error and the most difficult to minimize. A calibration
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of the apparatus was performed using the effective mass of InSb as

a standard. The correct value was obtained when the thermoelectric

power in an infinite magnetic field was increased by 5.0%Z. This correc-
tion factor was then applied to all measurements taken with this apparatus.
It is estimated that deviations in the correction factor did not exceed

2% which would cause an error in the effective mass of less than 27. Sub-
sequent results for ImAs, GaSb and also GaAs show‘this-estimate to be
valid. Inhomogeneities in the samples may a1§o contribute to the scatter

in the experimental points.

The carrier concentration was calculated from the Hall coefficient
in a magnetic field. The latter as already mentioned could be determined
with a relative accuracy of .1%. Themaximum error in the current was .01%.
Most of the absolute error in the Hall coefficient however was due to
that in the thickness of the sample which is estimated at .5%. Thus the
error in the carrier concentration never exceeded .75%. Again errors

due to inhomogeneity in the samples could be greater than this. -

3. ANALYSIS

The Kane model could not be used in the analysis until it was

*
decided which value to use for the Eo mentioned in Chapter II. It is

*
known that Eo lies between Eo and EOO’ the intrinsic band gap values

at the temberature of observation and at absolute zero respectively, i.e.,
* :
E0 can be written as EO + AEO where 0 < AEO < (E00 - EO)' For
*
InSb, it was shown (62Sa) that EO = 0,21 eV, i.e., it is approximately

;.
I
.
b
1.
L
'
‘4
i
i

!
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halfway between the values of EO and EOO' Furthermore, test calcula-
tions showed that the correction term AEO has little effect on the

subsequent results. For example, a 50% change in the correcticn term

*
caused less than 37 change in the resulting effective mass mg. Hence,

in the present work, AEO is arbitrarily chosen as %(E00 - EO), i.e.,

*
EO = é(E00 + EO) for all cases. The values of E0 have been taken

from optical absorption data (64Wa) and the E00 values from Hall coef-

ficient data (68C, 69C). -

Another parameter jnvolved in the Kane model was A, the valence
band spin orbit splitting. This has not been determined for the alloys
involved here, but electroreflectance data on similar alloys of this type v ;

indicate that A varies linearly with x (67T). Hence, 2 linear varia- \‘

tion has been assumed between the known values for the compounds given

below.

SpIN ORBIT SPLITTINGS

InSb 0.82 eV (66C)
InAs 0.38 eV (67P)
GaSb 0.80 eV (67C)

As above, small variations in A had little effect on subsequent

results.
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*
With values of E0 and A available, it was possible to proceed
" with the computations. When a Kane model (equation (2,12)) was substitu-
ted into the expressions for ¢ and o. however, the integrals became - i
© 0 . s

too involved to solve analytically and hence were solved by numerical

integration. These computations as well as those in the following chapters

T i TS

were performed on an IBM 360 computer. All programmes were written by

R Y

the author and are listed at the end of the thesis.

-

First, the reduced Fermi level [ was computed from equation

(2,18) by combining an iterative procedure with numerical integration.
Initially, ¢ was set at =5, a value that was lower than the correct
value for any specimen. Then followed a numerical integration by

Simpson's rule with 2000 equal intervals betweéﬁ £ = 0 and E' = 40.

(The quantity & = E/kT). At room temperature, £ = 40 would give
an electron an energy of about 1 eV. A negligible number of electrons
would have an energy greater than this. The first and last terms were
always several orders of magnitude smaller than the largest term which
was situated near the centre of the 1 eV réﬁge. Test calculations
with 1000 and 4000 terms over the same range showed that 2000 terms
were more than sufficient for accurate results. The calculated value
of the integral produced a value for a_ which was then compared with
the- experimental result. The jnitial calculated value was usually too
high and Simpson's rule was applied again but with 7 increased by 1.
This procedure was repeated until the calculated o was smaller than

the experimental ome. Then [ was reduced by steps of .1 until the
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calculated o Wwas too large and so on until the smalleét step was
001. Thus the reduced Fermi level corresponding to a measured o,
was known to .00l which is more accurate than is necessary con51dering

the experimental error.

Then ¢ was substituted into. equation (2,19) to determine PZ.
This calculation was done by numerical integration as described above.

Then P2 could be used in equation (2,8) to determine mO/m.

Finally 7 was substituted into equation (2,17) to obtain the
scattering parameter S. Again an iterative procedure was combined
with a numerical integration as described above. The calculated values
for T, /m and s for the two alloy systems are summarized in
Tables (4,3) and (4,4) and illustrated by F1gures (4,4) to (4,7). The
value of the Fermi level in itself is mot interesting simce it describes
one particular sample only. It is required, howeveg, for the determina-
tion of m;/m and s. The results were good, being consistent with
each other and with the existing literature. A discussion follows in the

next section.
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TABLE (4,3)

COMPUTED RESULTS FROM THE InAsbel-x ALLOYS

Specimen X z s m:/m
No.
1 0.000 -0.28 0.50 0.0130
2 0.000 1.77 0.75 - 0.0133
3 0.000 0.17 0.60 0.0127
4 0.055 = -0.45 0.44 0.0125
5 0.140 - 0.22 0.51 0.0113
6 0.275 0.72 0.51 0.0107 ‘
7 0.400 1.54 0.55 0.0104
8 0.400 1.43 0.51 0.0108
g 0.480 1.09 0.54 0.0108 '
10 0.580 1.29 0.61 0.0112 "
11 0.710 1.31 0.55 0.0133
12 0.840 0.87 0.53 0.0173
13 0.870 1.62 0.58 0.0192
14 0.880 1.78 0.59 0.0184
15 0.915 1.44 0.59 0.0202
16 0.960 0.08 0.53 0.0210
17 0.985 0.65 0.50 0.0213
18 1.000 -1.36 0.37 0.0221

19 1.000 0.46 0.48 0.0229
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TABLE (4,4)

COMPUTED RESULTS FROM THE Inl_xGabe ALLOYS

Specimen ' X 4 s m; /n
No.
1 0.000 -0.28 0.50 0.0130
2 0.000 1.77 0.75 - 0.0133
3 0.000 0.17 0.60 0.0127
4 0.020 -0.60 0.53 0.0124
5 0.020 0,60 0.51 0.0129
6 0.050 5.28 0.7 0.0141
7 0.070  -0.79 0.52 0.0135
8 0.130 -  5.14 0.75 0.0159
9 0.220 -1.87 0.46 © 0.0178
10 ' 0.340 3.79 0.71 0.0196 -
11 0.470 3.07 0.66 0.0220 5
12 0.645 2.65 0.61 0.0275
13 0.750 0.83 0.58 0.0326

14 0.870 . 1,9 0.40 0.362
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4, DISCUSSION

The combination of magnetothermoelectric power and Hall effect
data led to the determination of m;, the electron effeétive mass at
the bottom of. the (000) conduction band and the écattering parameter S
as a function of composition for both alloy systems. It is noted that
the effective mass values obtained for the ;ompounds InSb (used as a
standard), InAs and GaSb correspond very well with the already accep-
ted values of Table (1,1). For the InAs Sby . system, ;he curve of
effective mass versus composition is parabolic with a shallow minimum
of .010m at approximateiy x = .30. .The corresponding curve for the
Inl_xpabe systen also has a parabolic behavior but the difference in
the electron effective mass of the two compounds is large enough to prevent
a pinimum. Woolley and Thompson (64W) predicted a parabolic behavior for
several III-V alloy systemé including the fwo'being discussed here by
using a Kane model and the available data on band gaps at the T point.
Since the matrix element P was mot known, they assumed thaf P2 =23 eV
for all compounds and alloys. This is not exactly true however. In work
closely related to the author's, van Tongerloo and Woolley (68V) showed
from Faraday rotation measurements that in the InAsbel_* system, P
dips from the value of 21 eV for the two compounds to 18 eV at about
x = .40. For this reason, the curve predicted by Woolley and Thompson
has the correct shape but is slightly too low (68V). However, aside from
an incorrect choice of P2 and possibly of certain band gaps, their

approach seems to be correct. The shape of the author's effective mass

curves is consistent with their results.
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The only.previous experimental results were those of Potter and
Kretschmar (64P) whose reflectivity and absorption measurements on thin
films of InAsbel_x indicated a monotonic increase of effective mass
as x increased. However,'the samples were highly doped and because
of‘the Burstein shift, the 6ptidal absorption data gave higher vélues
of optical enmergy gap than the correct instrinsic value Eo. Hence low
effective mass values were obtained. This error being different for
different samples, the deviation from linearity of the effective mass
versus composition curve was not visible. Such an error did not occur
in the author's results and the parabolic shape of the curve is clearly

visible for both alloy systems.

L
E
L

The effective masses corresponding to the P2 values obtained il _wﬁ

by van Tongerloo and Woolley are compared with the author's in Figure
(4,8). The two curves coincide within experimental error. Figure (4,9)
shows the author's effective mass results for the Inl_xGabe system i

as well as those obtained from Faraday rotation and infrared reflectivity

sUtl LT LT

measurements in this laboratory (69A). Once again, the curves agree

within experimental error.

The samples used in the thermoelectric power measurements were
doped highly enough so that hole conduction could be ignored but not
enough to cause any defofmation in the conduction band or to have two
conduction band phenomena. The latter effect did occur, however, near
‘the GaSb end of the Inl_xGabe system since the <111> band of GaSb

is only .08 eV above the (000) band. Electrons in the upper band have
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a mobility of less than .1 m2/volt sec (66H) so that the saturation

condition (uB > 1) would only be attained if B were greater than
100,000 gaués (10 Wb/mz). This is why satu?ation could not be observed

in the available magnetic fields for x > .87. The <111> band minimum

of InSb, however,is at least .40 eV above the (000) band mininum as
will be shown later. The samples were not doped highly enough to populate
this band to any extent. Similarly in InAs, the <111> band minimum is
.62 eV above the (0005 band minimum (68K) thus avoiding the possibility

of two band conduction.

The observed values of s only vary froﬁ .4 to .75 because of
the relatively small range of carrier concentrations. Nevertheless,
one can see that at the lower carrier concentrations s 1is approximately
-]2-' but tends towards % for the more highly doped samples (Figures (4,5) ‘
and (4,7)). The value s =='% would indicate ioniéed impurity scatter- \
ing which is reasonable for highly doped samples. However S = %
corresponds to either piezoelectric scattering or optical phonon scatte- %
ring. Korenblit et al (64K) found that s =‘-% for low n in InAs i
at 95°k and attributed this to piezoelectric scattering. Ehrenreich
(57E, 59E) has shown that polar scattering by optical phononms dominates
in InSb, InP and InAs from 200°K to 500°K. He dismisses the impor-
tance of piezoelectric scattering in these compounds above 100%K. We
then conclude that in the saﬁples peasured here at room temperature
(295°K), namely InSb, InAs and the alloy systems InAsbel_x and
In _xGabe, the dominant scattering mechanism is that by optical phonons.

1
In discussing this type of scattering however, Chapter I noted that a
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reiaxation time could only be defined at "higp" temperatures for these
compounde, i.e., at temperétures such that kT > hw where fiw is the
phonon energy. Table (1, 2) shows that for longitudinal optical vibra-
tions, this condition ig just satisfied at room temperature for InSb
but for InAs and GaSb, one would have to go to approximately 50°K
above room temperature. Since values near -% were ob§erved in these
compounds and in the two alloy system it is suggested that the tempera-

tures in Table (1,2) are slightly too high. This point will be discussed

more fully in the chapter dealing with the GaAs results.

Since alloy scattering corresponds to an s value of --%, and
no sample gave an S valué less than + .3, it is clear that this -
mechanism is unimportant in the two alloys systems that were measured.
These results are consistent with the mobility measurements on
Inl_xGabe alloys (60I). As mentioned in Chapter I, Tietjen and Weisberg
(65T) calculated the effect of alloy scattering in several alloys of
III-V compounds and found that the largest effect of alloy scattering
would be found in Inl—xGaxAs alloys. For high values of x, alloy

scattering could account for 407 of the total effect. Magnetothermo-

electric measurements on this system would thus be of interest.

o
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CHAPTER V

GaAs SINGLE CRYSTALS

1. RESULTIS

The magnetoresistance and.Hall coefficient of single crystals
of GaAs were measured as a function of magnetic field at room tempe-
rature. The samples were n type, being doped with Te. or Sm, the
electron concentrafioﬁ varying from.1016 to 1018 cxfs. For these experi-
ments, the crystallographic orientation of thevsamples was ignored, so

that spherical constant energy surfaces will be assumed in the analysis

of the data.

First the fesistivity P9 in the absence of a magnetic field
was determined using the arrangement of Figure (3,3b).Then the magneto-
resistivity Ap was measured as a function of magnetic field B. Thié
yielded a plot of Ap/p0 versus B as shown in Figures (5,1) and (3,2)
for samples 1 and 5 respectively. The back-off voltage method described
in Chapter III allowed accurate determinatioﬁs of Ap/po. Then the Haii
coefficieht R was measured as a function of magnetic field e.g. Figure
(5,5). By extrapolating to zero field, a value for R0 was obtained.
This léd to a plot of AR/R0 as shown in Figures (5,4) and (5,5). Due
‘to the uncertainty in RO’ Athe quantity AR/R0 was much less accurate
than Ap/p0 since one cannot back-off the zero field Hall coefficient,
whereas it is easy to back-off the zero field resistivity voltage.

Since AR/R0 is small, the choice of Ry is extremely critical and large
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errors in AR may occur. This is why these experiments were performed
only for the least doéed samples where AR 1is reasonably large. For

the highly.doped samples, AR is barely detectable. The purpose of
these experiments was to plot ROIAR versus B-z. Reason;ble straight
1ines were obtained e.g.Figure (5,6) The magnetoresistivity ratio

Ap/p0 is independent of tﬁe dimensions of the sample_and'depends only

on the measured voltages. The aBsolute error in this ratio may go as
high as 2% when the magnetoresistance signal is very lowbut is generally

less than 17.

Along with expgriméntal data, Figureé (5,1), (5,2), (5,4)
and (5,5) show theoretical curves for different values of s. These
will be discussed later. It was found that a straight line was obtained
when pOIAp or ROIAR was plotted versus B"2 as shown by Figure (5,6).
The vertical intercept represents polAp°° or ROIAR°° where the subscript
denotes the value in an infinite magnetic field. Table (5,1) summarizes
the above results for 12 samples of GaAs arranged in ascending order
of carrier concentration. For the 5 most highly doped samples, the
variation of the Hall coefficient with magnetic field was too small
to measure with reasonable accuracy: Thus Ro and R are listed as

jdentical numbers for these samples.

2. ANALYSIS

1 . '
Since R°° = = ;E , it is a simple matter to compute the

carrier concentration n. The latter may then be used to determine the
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(5,1

MEASURED PARAMETERS OF GaAs AT 295°K

Specimen Dopant P R, R, ) 0/ bp,, RO/ AR

No. (xlO'-6 ohm m ) (cm3/ C) (cm3/ )

1 sn 1806.0 818.6  802.9 506 52
2 Sn 400.3 145.4  141.0  3.806 33
3 Sn 145.5 50.60  48.58  8.039 25
4 Te 46.29 17.63  17.22  12.40 43
5 Te 33.28 11.20  10.94 12.42 43
6 Te 23.55 7.465  7.313 14.68 49
7 Sn 23.05 6.155  6.086 15.55 90
8 Sn 9.792 1.979  1.979 33.66

9 Te 7.868 1.935  1.935 45.64

10 Te . 6.525 1.540  1.540 69.37
1n Te 5.383 1.125  1.125 75.60

12 Te 4.330 .789 .789 82.00
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Fermi level, according to equation (2,15). To perform this calculation,
a Kane model was assumed, with the energy-wave vector relation being
given by equation (2,11). The effective mass m; at the bottom of the
-conduction band was assumed to be .072 m énd the energy gap l.41 eV.

A computer programme was used which combined an iterative procedure with
numerical integration. This programme is'simila§ to Fhat described in
the previous chapter. The Fermi level is v;ried until the value of the
integral in equation (2,15) gives the correct carriér concentration.

The mobility u» = R /p0 was also calculated. The Fermi level beiné
known, it was then possible to predict the Hall coefficient and magneto-
resistivity as a function of field by varying B in equations (2,29)
and (2,31). This was done for different values of the scattering para-
meter s as illustrated by Figures 5,1, (5,25, (5,4) and (5,5). It
is apparent from these curves that increasing s raises the curve as
well as its slope. For specimens 1 and 5 as well as for the others,

the slope of the experimental magnetoresistivity curve is too high to
coincide with the theoretical curve fgr any value of s. The discre-
pancy is greatesf for the purest specimens. On the other hand, the
Hall coefficient curve could be made to coincide with some value of s.
These conéiderations'may be illustrated more readily by using the

values of polAp°° and ROIAR°° that were listed in Table (5,1). By

setting B = = in equations (2,29) and (2,31) one may, by an iterative

procedure, determine which values of s are comsistent with the experi-
mental results. The s values denoted by s(p) in Table (5,2) satisfy

the magnetoresistivity datq only at B = = but those denoted by s(R)
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£it the Hall data over the whole range of B. As expected from the
above discussion different results were obtained for s(p) and s(R).
All computations related to equations (2,15), (2,29) and (2,31) involved ~§1

jterative procedures combined with numerical integration as shown by

Lty e

Programmes 3, 4 and 5 at the end of the thesis.

LA VI R T

The magnetothermoelectric power was measured for specimens .
3 and 4 with the same technique and analysis as for the two alloy

systems. Thus equation (2,12) was used to express the k versus E

*
relationship. This equation is only accurate if my << m, which
js a fair approximation for: GaAs. As mentioned above, however, it

allows one to express & , the thermoelectric power in an infinite

field, in a manner which is independent of the effective mass. Once

1
|

the Fermi level is obtained from o, the effective mass may be
calculated from equations (2,8) and (2,19). Then % may be used to

obtain s. These results are shown in Table (5,3).

3. DISCUSSION

In the GaAs ‘project, the measured vafiation of the Hall
coefficient and resistivity with magnetic field ﬁas compared with the
theoretical variation. It was assumed that these variations were due
only to the energy dependent relaxation time of electrons in the (000)
conduction band. Thus conduction due to holes orvto electrons in higher

bands was neglected. Since even the purest sample had an electron concen=
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TABLE (5,2) Q
- i
COMPUTED PARAMETERS OF GaAs AT 295%K o
Specimen 4 i s(p) s(R)
No.
(@ /Vs)
1 - 4,169 A 1.45 .33
2 - 2.402 .352 .78 .39
3 - 1.283 .334 .61 JAb
4 - 0.079 372 .55 _ .39
5 0.508 .329 .59 W42
6 1.091 .311 .59 42
7 1.394 264 .60 .36 . 1
' 1
8 3.748 .202 .65 ‘
9 3.831 .246 .60
10 4,512 .236 .58
11 5.551 .209 .64
12 6.976 .182 .73
TABLE (5,3)
MAGNETOTHERMOELECTRIC POWER RESULTS
*
Specimen ao %o : n30/m s
No.
(uV/deg)  (kV/deg)
3 ‘ 356.0 337.0 - 1.240 .070 .38
4 275.0 253.0 - 0.060 .071 A
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tration of almost 1022 mf3, the hole concentration would be approximately

103 mf3 since np = 1025 m-6

for GaAs at room temperature. Hole
conduction is thus negligible. Conduction due to electrons in higher
bands would occur only if the latter are relatively close to the (000)
minimum. Optical measurements of band gap as a function of pressure

led Edwards et al (59E) to the conclusion ghat the <100> minimum in GaAs
is situated 0.5 eV above the (000) minimum at atmosPhéric pressure.
Measurements of Hall coefficient versus temperature gave Aukerman and
Willardson (60A) a vaiue of AE = 0.38 eV. In a review article,

Welker and Weiss (S56W) show the band gap versus composition for the alloy

GanAs These data werélobtained by Folberth (55F) from fundamental

1-x"
optical absorption measurements, The band gap curve consists of two
straight line segments with a break at x v .5. It is known that the
absolute minimum in GaAs is at (000) whereas it is at <100> for GaP.
Thus by extrapolating back both line segments, one can determine the height
of the subsidiary minima in both compounds. In‘the case of GaAs it

would be in the <100> direction at a height of 0.40 eV above the absolute
minimum. Supposing that AE 1is as low és 0.30 eV and that electrons

in the upper ban& have an effective mass of 1.2 m (60E), there would be
about 25 times as many eleétrons in the (000) band as in the <100> band

in the most highly doped sample. Also, the mobility of the <100> electroﬁs
is at least 30 times smaller than that of the (000) electrons (67H).

Thus the contribution of the higher band to the conductivity would be

negligible.

G Tora
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Thus in these experiments, theassumption that only the (000)
electrons contribute to the conductivity is valid. It is known that this
band has spherical constant emergy surfaces (59G) so that the nmeglect of
specimen orientation is justified. A glance at Table (5,1) will show
that even with the sampies cut at random orientations, there is a conti-
nuous increase of polAp°° for increasing 0. Further proof that the
peasured electrons were in 2 spherical band can be deduced by noting
that Apm/p0 decreases rapidly towards zero as the carrigr concentration
is increased. It is known that in a spherical degenerate band only
electrons near the Fermi level contribute to the conduction. Thus the

relaxation time t is effectively comstant and no magnetoresistance is

observed.

Having disposed of the various possible causes of magnetic
field dependence of the Hall coefficient and resistivity other than that
of energy dependent relaxation time in a single spherical band, one would
expect that the theoretical and experimental curves would agree. As
mentioned above, however, the magnetoresistivity curves did not\coincide
with theoretical.ones for any value of s, the discrepancy being greatest
for the purer samples. On the other hand, the Hall coefficient curves
gave good agreement with s ~ .40, The same s value was obtained
from magnetothermoelectric power measurements which produced electron
effective mass values of .070 m and .071 m,closeito the accepted value.
The value s = .40 therefore seems to be valid.

As mentioned in Chapter I, at high temperatures, S =='%

for optical phonons but drops to zero at "eritical temperatures" listed

e gyt E
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in Table (1,2) for different materials and finally to negative values for

lower temperatures. During the discussion of the alloy results, it was

suggested that the "critical temperatures" listed for InSb, InAs and Sk
GaSb were too high since good results were obtained at room temperature.
The. same might be said for GaAs since the results are also consistent.

Nevertheless, one might accept from Table (1,2) that ;ﬁe Yeritical tempe-

rature" for GaAs is higher than those of the other compounds. One

SIS

might then expect that provided optical phonon scattering is still involved,
the s obtained with GaAs will be lower i.e., farther from-% than

that obtained with the other compounds and alloys. This in fact was

%“
-

observed. TFor the experiments involving the magnetothermoelectric power

of the two alloy systems, s Wwas generally'% or greater while for GaAs,

it was found to be .40 from Hall and magnetothermoelectric power measu-
rements. It is then concluded that optical phonons dominate the scatter- l
|

ing in GaAs at room temperature, in agreement with Ehrenreich (60E).

It remains to be seen why the magnetoresistivity curves did not
coincide with theoretical ones for any value of s and consequently
produced from the data at B = « an S value higher than that from
the other'types of measurement. The reason, whatever.it is, has a much
larger effect on the magnetoresistivity than on the Hall effect or magneto-'
thermoelectric power. This fact reminds one of Glicksman's work (59G)
which showed the influence of contact size on the magnetoresistance of
GaAs. It was found that large contact areas introduce a contribution to
the magnetoresistance by a shorting out of the Hall voltage in the

vicinity of the contacts whereas consistent results are obtained, within
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experimental error, with .002" wide gold wire contacts. The author's
contacts were wider than this (~ .01") but the above argument does not

seem to apply to the arrangement used by the author (Figure (3,3b)).

Another possible explanation involves impurity levels associated
with the (000) and <100> conduction bands.' In this case, one would
expect different results from Sn and Te doped speéimens. Unfortuna-
tely, the same range of electron demnsity n was not ava%lable with the
two types of specimené. For example, the three most highly doped specimens
were Te doped. These displayed a smali magnetoresistance discrepancy
which may be due to a Te impurity level assoéiated with the subsidiary
<100> band. However, craford et al (68Ca) have shown this Te level
to be .04 eV below the <100> minimum which is approximately 40 eV
or 16 kT above the (000) minimum. The Fermi level of the most highly
doped specimen is only 7 kT above the (000) minimum. Thus 1o magneto-

resistance could be caused by the impurity level.

The author is led to the cpnclﬁsion that the small magneto-
resistance discrépancy common to specimens 3 to 12 which are either Sn
or Te doped is due to small inhomogeneities. These are large enough
to create a small magnetoresistance but too small to cause any appreciable
scatter in the variation of mobility with n (Figure (5,7)). According
to Proshko and Shveikin (67Pa), this explanation could also apply to
specimens 1 and 2 which produced much larger discrepancies. These workers
used laser radiations to measure the transmission of heavily doped GaAs
and found that the lower the impurity coﬂcentration, the greater were

the deviations from the average value.

i
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There is howéver, another possible explanation for the large
magnetoresistance discrepancy obtained with specimens 1 and 2 vhich
were both Sn doped. This effect may be due to an intermediate Sn
donor level which only merges with the (000) band in the more highly
doped specimens. To confirm this statement, Te doped specimens with
the same n as specimens 1 and 2 would have to be studied and found
to have a much smaller (or larger) magnetoresistance discrepancy if the
Te level is shallower (or deeper) than the Sn level. The author is
not aware of any literature concerning the activation energy of Sn
doped levels in GaAs. Some support for the above argument can be
found however, by studying the mobility of specimens containing differ-
ent dopants and by following the analysis of Csavinski (61Ca) which

will now be outlined briefly.

Csavinski analysed Furukawa's (60F) measurements on.heavily
doped Ge which showed the mobility of Sb doped specimens to be 20
to 407 larger than that of As doped specimens at the same n and that
the difference increased for increasing n. If ionized impurity scatter-
ing dominates, it follows that the scattering Cross section depends on
the ionized impurity and this dependence is more important in highly
doped samples where the electrons screen the impurity jons more effec-
tively éo thatvthe short range potenﬁial which is characteristic of a
certain impurity becomes more important. It is then shown that the

ratio of the mobilities of the Sb and As doped specimens is given by

u(Sb) 4 * Y

y —

16 T b
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where Q(Sb+) is the scattering cross section of an S§b ion. From
the fact that the ionization energy of an As donor is 307 greater
than that of an Sb donor (59F), it is shown that 9 t q, is a

positive quaniity so that u(Sb) > u(As).

In Figure (5,7) the author has shown that u(Te) > u(Sn) for
any n. Williams (65W) also observed this effect. ﬁ& analogy with the
above, we may say that the ionization emergy is greater for the Sn level
than for the Te level in GaAs. This could explain the large magneto-
resistance of the "pure" Sn doped specimens whose impurity level had
not yet merged with the (QOO) band. There are of course differences
between the Ge case studied by Csavinski and that of GaAs. For ins-
tance, polar scattering is much more important in GaAs. These are just
speculations however, until it is shown that Te doped specimens with

22 m-3 produce results different from those of specimens 1 and

n v 10
2. A study of the Hall coefficient versus temperature with Basinski's
type of analysis (66Ba) would complete the picture by yielding the

activation energy of the various donors.

" Willardson and Duga (60Wa) measured the magnetoresistance of
GaAs as a function of magnetic field and reported a satisfactory agree-
ment between theoretical and experimental curves. Their calculations
were based on a spherical parabolic conduction band, the charge carriers
being scattered by acoustical lattice vibrations and ionized impurities.
However, the author has shown, in agreement with Ehrenreich, that polar
scattering dominates in GaAs at room temperature. A small correction
would also be introduced by the use of a Kane band rather than a parabolic

one.
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CHAPTER VI

n type InSb

1. RESULTS

Two series of experiments were performed on polycrystalline n
type InSb at 4.2°%. The first series involved specimens. alloyed with
InZTe3 while the second involved specimens alloyed with In28e3. Again
the magnetoresistance and Hall coefficient were measured as a function
of magnetic field. The Hall coefficient tended to 2 saturation value
R for infinite fields but the total observed change was always less
than 27. Figure (6,1) shows how R varied with y, the atomic percent
of Te and Se. The corresponding resistivity curves are shown in
Figures (6,2) and (6,3). These results are similar to those obtéined
by Woolley et al (60W, 61Wa). Typical magnetoresistivity curves are '
shown in Figure (6,4). Both series oﬁ experiments confirmed the pre-
diction of Chapter II that a straight line would be observed with two
band conduction if pO/Ap were plotted versus B_2 (Figure 6,5)). Only
a slight curvature is observed with some specimens at small fields. The

summary of slopes P and intercepts q as well as the other results

mentioned above are given in Tables (6,1) and (6,2).
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(6,1)

. DATA FROM InS'b—In?-'Ie3

Specimen y Po R P q
Yo. @1y 0 omm @07 2/0) b2/ah)
2 .050 1.231 .8569 254.0 25.2
3 .250 $1.929 L7420 47.0 213
4 .125 1.914 .8020 233.0 10.1
4A .125 2.198 .8670 88.7 3.17
5 .375 2.326° .7800 334.0 11.6
54 .375 2.166 .7305 720.0 20.6
6 .025 1.248 1.123 116.5 16.4
6A .025 1.273 1.185 111.3 15.1
7 .390 2.586 .8240 902.0 33.7
8 755 3.798 .8620 362.0 6.30
9 485 2.742 .7800 467.0  9.20
12 120 1.707 .9265 179.6 14.3
13 011 1.439 1.970 44.5 7.66
14 .180 1.972 .8480 217.9 10.9
15 .060 1.364 .8850 367.0 4.9
17 .220 2.020 .8350 349.0 20.4
18 615 2.852 .8070 592.0 3.60

|
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(6,2)

DATA FROM InSb- InZSe 3

Specimen y ‘ po R, P q

No. (% Se) (x10--6 ohm m) (xlO-,6 m3/C) (Wb?'/m4)

1 .280 2.111 .9680 406:0 22.8
2 150 2,007 9893 335.0  19.3
3 .050 1.680 1.128 182.3 20.1
4 .430 3,039 1,197 197.5 7.22
6 .635 2.887 1.099 80.3 2.50
7 .760 3.355 1.183 163.8 5.27
10 .027 1.584 1.190 113.0 13.9
12 .009 1.687 2,106 60.9 6.00
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2. ANALYSIS

The slight curvature mentioned above for lower fields (Figure

(6,5)) may be due to the assumption in equation (2,34) that

= 1 1
Rl nl e 2 n, e

PR A st it e G T BT s o

i.e., the high field condition for arbitrary band shapes. As shown in

Chapter 1I, at small fields, the Hall coefficient is also-affected by

e s it S AL Y AN A

the band shape and the Fermi level of the specimen. In Figure (6,5),
the intercept represents the inverse of the magnetoresistivity at infinite

magnetic fields so that if the high field slope and corresponding inter-

cept are chosen, the above equations are valid.

The four measured parameters R , Pg> P and q were fed into ?
a computer to solve for the four unknowns Rl, RZ’ O1s and 0y by an
iterative procedure, First a value for oy equal to .55 o, was
chosen, i.e., the band whose conductivity is o1 is assumed to contribute
just over ome half of the total conductivity ¢,. The remaining conduc~
tivity 9, .is provided by the other band. Presumably, the conductivity
of the (000) band will be higher than that of the <111> band and will
be dgnoted by e The smaller conductivity 9, will then be assigned
to the <111> band. With o = .55 Op Rl was calculated with the
aid of equation (2,41). The result was then tested with equation (2,39)
and generally found to be incorrect. The fraction .55 was gfgdually
raised until equation (2,39) was.satisfied. At this point, 61 and Rl

were the correct values from which 9y and R2 were easily determined

from equations (2,35) and (2,38) respectively. The carrier concentrations
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now being known from the Hall coefficienté, the mobilitieé could then
be determined from the relations

°1=nleu1 02=n2eu2

The results discussed so far are shown in Tables (6,3) and (6,4) and

Figures (6,6) £o~(6,9).

The known carrier concentrations were then used to solve for
the Fermi ievels of each of the two bands separately. A kane model
(equation (2,12)) was assumed for the (000) band while the <111> band
was taken as parabolic (equation (2,0)). Each of these equations was
used with equation (2,15) to calculate the éorresponding Fermi level
by numerical integration'in an iterative procedure. The following
parameters were used for the Kane band analysis: Eo = .25 éV,

A = .82V, 'm; = .013 m. Since the effective mass m; of the
<111> band electrons was not known, the calculation was pe&formed for
different values. The multiplicity of the <111> band was set equal to
4. This in effect assumes that the <111> minima are located at the
band edge as in Ge (598e). If the Fermi level of each band is measured
from the bottom of that band, ghe difference in emergy AE between the

minima may be written

where EF and EF are the Fermi levels of the (000) and <111> bands
1 2
respectively. The values of Fermi level and AE are listed in Tables
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*
(6,5) and (6,6) assuming m; = .2 m, the corresponding value for

*

GaSb (69V) and Ge (56D). The choice of oy is not critical, however,
*

since AE is relatively independent of o). A glance at Table 6,7)

shows that for specimen 18 of the In2Te3 series, the value calculated

for AE changes about 17 when the effective mass is doubled.

~

The variation of AE with ¥ js illustrated by Figure (6,10)
for both series of experiments. For clarity, specimens for which y 1is

Jess than .257 have been onitted from this graph since .their calculated

n. values are mostly the result of noise and scatter, the real values

2
being negligible, as one can conclude from Figufes (6,6) and (6,7).
Although a considerable amount of scatter is present, it is evident that

AE decreases with jncreasing y. The two curves have different slopes

but produce a common value of AE = .43 eV for pure InSb.

3. ERROR DUE TO ANISOTROPY

In Chapter I, it was pentioned that at high and low magnetic

!
i
'
i
i
i
!
H
.

fields, a pontribution of up to 25% of the two band magnetoresistance
signal may appear due to anisotropy of the <111> conduction band of

InSb. A few test calculations were performed to see what effect on AE

is obtained when the slope P and intercept q of the magnetoresistivity
curve are changed. Table (6,8) shows these for sample #1 alloyed with

In.Se.. The first line shows the observed slope and intercept. Only a

2773

" slight change is observed in ny. However 1, changes by approximately




a factor of two when the slope or the intercept or

This brings about a corresponding

by no more than 3% in the table.
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change in EF

both are doubled.

but AE changes

e
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TABLE

(6,3)

CARRIER DENSITIES AND MOBILITIES OF . InSb-InzTe3

Specimen y oy o, - ¥
No. @ - oo 10? o (@2 Ivs)
2 .050 6,892 .3923 7184
3 .250 7.484 .9286 4068
4 125 6.673 1.110 4569
4A .125 5.145 2,055 4914
5 .375 6.687 1.316 .3679
5A .375 7.841 .7037 " 3530
6 0.25 5.198 3604 .9389
6A 025 4.932 .3359 ,9702
7 .390 6.869 .7063 .3323
8 755 5,335 1.907 2682
9 485 6.799 1.204 3122
12 .120 5.924 .8133 .5811
13 .011 2.940 .2289 1.445
14 .180 6.269 1.092 4692
15 060 6.696 .3573 6653
17 .220 6.549 .9266° 4397
18 615 6.808 .9267 .3118
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TABLE (6,4

CARRIER DENSITIES AND MOBILITIES OF InSb-InZSe3

Specimen y n; n2 Hy )
No. (% Se) (xlO?'4 m—3) . (xlO?'A4 m--3 (m2/Vs) (m2/Vs)
1 280 5.923 5256 4791 2268
2 .150 15,799 .5107 .5162 2289
3 0.50 5,084 4499 7027 3175
4 .430 4,311 .9043 L4407 .1709
6 .635 3.912 - 1.768 .4909 .1368
7 .760 4,053 1.223 .4128 .1532
10 .027 4.738 - .5079 .7964 .3306
12 .009 2.764 .1997 1.317 .2975

cidib
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TABLE (6,5

FERMI LEVELS AND BAND SEPARATION OF InSb—InzTe3

Specimen y EFl EFZ AE '
No. (2 Te) kT 4 kT . (M) g»i
2 .050 1121.0 10.6 403
3 .250 1161.0 18.9 414
. 125 11057 21.3 .393
th 125 988.7 32.2 .347
5 .375 1106.7 ©23.9 .393
5A .375 1184.1 15.7 424
6 .025 993.1 10.0 .357
6A .025 970.8 9.6 .349
7 .390 1119.4 15.8 .400
8 . .755 1004.4 30.6 .353
9 .485 1114.5 2.5 .396 i'
12 120 1050.7 17.3 375 1
13 011 772.5 7.3 278 |
14 .180 1076.6 21.1 . .383 %
15 .060 1107.3 10.0 .398
17 .220 1096.9 18.9 .391

18 .615 1115.2 18.9 .398
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TABLE  (6,6)

FERMI LEVELS AND BAND SEPARATION OF InSb-InZSe3

Specimen y EFl EFZ AE | ?
No. - (% Se) kT . kT (eV)
1 .280 1050.7 12.9 ".317
2 .150 1041.2 12.7 .373
3 .050 983.6 '11.6 .353
4 - W430 915.4 18.6 | .325
6 .635 878.1 29.1 .308
7 .760 891.0 22.8 315 1
10 .027 954.0 12.6 .342 %

12 .009 751.4 6.7 .270
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TABLE (6,7)

: . :
EFFECT OF ml/ m on AE FOR InSb-InzTeB, SPECIMEN # 18

*/ E E AE
m,/m
: L
KT KT (eV)
.15 1115.2 : 25.2 T .3954
.20 1115.2 18.9 .3977
.25 1115.2 15.1 .3991
.30 1115.2 12.6 .4000
TABLE (6,8
EFFECT OF p AND q ON AE FOR InSb-Tn,Ses, SPECTMEN #1
P q nl n2 AE
w2 /n’) 102 o) 102 n7>) ()
406.0 22.8 5.923 .5256 .3765
812.0 45.6 6.164 .2850 .3847
406.0 45.6 5.504 .9443 .3624
812.0 22.8 6.208 .2402 .3862
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4. - DISCUSSION

The two sets of résults in the InSb project were fairly similar.
In both cases, R, initially decreases rapidly with increasing y but
becomes constant and even rises slightly for y greater than .307
(Figure (6,1)). Woolley et al (GOW, 61Wa, 61Wb) had observed a similar
behavior in Ro and had suggested two possible explanations for this
phenomenon. As mentioned in Chapter III, Inz'i'e3 and In28e3 both have
a defect zinc blende structure but at low percentages of these compounds -
in InSb, do not produée the expected large number of  vacancies. The
result is the same as that obtained by doping with Te or Se. The
pinimum value of R0 may correspond to the limit of solid soluﬁion of
Te or Se in InSb. Above this value, lattice vacancies are produced.
The alternative explanation given by Woolley and Keating (61Wa) suggests
that solid solution of Te ér Se continués beyond the minimum in the
Hall coefficient but that the electrons enter another conduction band
with a much higher effective mass. Thus their contribution to the Ball

coefficient would be very small.

The author's results indicate that both explanations are partially
correct. The quantity R = ;R;;;%—Ezy which depends only upon the
total carrier concentration was found to approach a minimum and even
began to rise slightly for y greater then .307 thus substantiating the
first explanation. This may also be seen from Figures (6,6) and (6,7)
where o, rises rapidly witﬁ y initially, approaches a maximum and

finally decreases. On the other hand, n, starts at zero at 'y = .15% .

2
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and increases at a rate which is much too low to match the initial increase

of n,. The second explanation is also correct in-that the second conduc-

1
tion band becomes populated although this is not the main reason for

which the Hall coefficient saturates. Woolley and Keating had assumed.
that AE would be constant.but Figure (6,10) shows that AE decreases
with increasing y allowing some of the electrons in the (000) band to
f£all into the <ill> band. The rate of change is approuimately .07 ev/

atomic percent Te and .20 eV/atomic percent Se. Both curves predict

a AE for pure InSb: of approximately 0.43 eV.

Woolley et al (60W, 61Wa, 61Wb) also measured the optical energy

gap Eg of InSb and ImAs alloyed with In2'1‘e3 and InZSe3 at room

temperature and found that it increased initially with y and reached

y

a maximum of .44 eV at y. n .15% for InSb- In2 3 and .43 eV at

y ~ 307 for InSb-In2 3" Beyond the maximum a slight decrease was
obseryed. The initial increase may be explained in terms of the ‘Burstein
shift while the maximum value of Eg may correspond to the point at
which the Fermi leuel reaches the <111> band minimum. If this is so,

one can calculate AE from these results Since the height of the

Fermi level above the conduction band minimum is given by Eg - Eo + 4kT

and Ey = 18 eV at room temperature, AE = 36 eV for InSb-InZTe3

and AE = .35eV for InSb—Inzse3. These room temperature values could

be too low (ignoring for the moment the fact that the author's measurements -

were performed at 4.2°K) according to the preceding paragraph which leads
one to the corclusion that Eg ceases to increase because the total

number of carriers also ceases to increase. It must be pointed out however,

i
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that these AE volues of Woolley and Keating are not those for pure

InSb since AE varies with y as shown by the author. For example,

in the case.of InSb-InZSeB, AE = .35eV at y ~ .37. At this

poin;; the author's result would indicate AE = 43 - .3%x.20 = 37 eV
which agfees fairly wellbwith Woolley and Keating. A discrepancy may

arise because of temperature effects but this is expected to be small.

The above differemce of .02 eV between the room tempe&ature and liquid
helium temperature results would give AE a temperaturé coefficient

of <-8 x 10-5 eV/°K. This is consistent with the corresponding Ge

(58M) and GaSb (69V) values. It is therefore possible that the Fermi
level did reach fhe <111> band minimum at room temperature for y n 32
The author's measurements at 4.2°K showed .‘that at y N .37 the total ‘
aumber of carriers reached a maximum. Thus, regarding fhe two phenomena
produced as y increases, the Fermi level reaching the <111> band mini-
mum and the limit of solid solution-of Se in InSb being reached, the

author's results cannot resolve which occurs first.

In the case of InSb-InzTe3, at'y ~ .15%, the author obtains
AE = .43 - .15x .07 = .42eV at 4.2°¢ while at room temperature,
Woolley and Keating obtain AE = .36 eV. Here the difference is too
large to be attributed to temperature effects and it must be concluded
that in the room femperature measurements, the Fermi level ;eached the
<111> band minimum after and not before the limit of solid solution

of Te in InSb had been reached.
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It was mentioned above that Woolley et al found that Eg decreased
slightly beyond the maximum. The largest rate of deérease occurred in
the InSb-InZTe3 system and was approximately 0.018 eV/at % Te. This
is much lower than the author's results for AE quoted above. One might
then conclude that the rate of decrease of AE is mainly due to a rise
of the (000) band minimum. In that case, the slight dgcrease of Eg
with increasing y beyond the maximum could correspond to a lowering
of the <111> band minimum as Te and Se impurity levels merge with
that band. These conclusions are only tentative since one camnot be
sure that the Kane model is still appliéable at high doping levels and
that parameters such as the-effective mass at the (000) minimum mz
remains unchanged. It was shown that E0 could in fact change comsi-

derably although this is not expected to cause significant changes in

the results.

It was suggested above that Te and Se impurity levels asso-
ciated with the <111> band are involved in the variation of AE. This
is consistent with the pressure experiments of Kosicki and Paul (66Ka)
who noted the existence of Se donor levels in GaSb associated with
the <111>'conducti§n band. Paul (69P) also reported the existence of

Te levels associated with the <111> band of InSb.

Another interesting point involves the observation of Belle and
Galavanov (66B) that the L3 > L1 doublet in Se doped InSb shifts .

to lower energies for increasing electron concentration. Their reflectivity
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studies indicated a maximum shift of 0.04 eV at 'n &~ 72X 1018 cm-s. ;

This maximum value of n was presumably obtained with y at least

0.2% according to Figure (6,1). Thus the <111> minimum could move as
rapidl& as 0.04/0.2 = 0.20 eV/at Z Se. This coincides with the
author's results as long as the (000) band minimum remains fixed relative

to the valence bands which is rather doubtful. Thus although it has

been shown that AE decreases with inéreasing Te and Se content in
InSb, it is impossible to say from these results which of the two bands

moves relative to the valence band.

Molodyan et al (66M) determined the effective mass of electrons

in (InSb)x (InTe) 1-x crystals by thermal and electrical measurements. ‘\
They found that solid solutions having x > 0.99 behave like InSb
doped with Te and that samples containing an electron concentration
- *
n > 2x 1024 n 3 show an m (n) dependence which differs from that

predicted by Kane. They attributed this to the influence of a second

conduction band but did not pursue the matter any further.

Kwan and Woolley (68K), in experiments analogous to those of the
author found that AE in InAs also decreased with increasing y.
They also performed infrared absorption measurements and obtained optical
energy gap values which they plotted versus oy + 1. No maximum was
reached for the InAs—InzTe3 specimens but those of InAs-InZSe3 reached
a maximum value of Eg % 1.0 eV. Thus, of thé four cases discussed
here, two measured by Kwan and Woolley and two by the author, in only

two cases, those of InAs--InZSe3 and InSb-InzTe3 was the minimum
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in the Hall Coefficient caused by the filling of the (000) band up to

the <111> band minimum. In the two other cases, the <111> band be;amé
populated only after the Hall coefficient minimum had been reached (due
.to the limit of solid solution of Te or Se) and' AE had beéome low

enough.

The following table summarizes the author's results as well as
those of Kwan and Woolley concerning the variation of AE- in InSb and

InAs due to the presence of Te and Se

InSb InAs
Te a) .07ev/at? b) .17 eV / at i
Se ¢) .20eV/ at? d .13ev/at?

The relative values of the numbers a, b, c, d should be consistent
with the relative positions of the elements involved in the periodic

table:

"Ga Ge As Se
In Sn Sb Te
For example, one would expect that a <b since Te should fit in substi-

tutionally more easily in InSb than in InAs. In all, four relations

would be expected to apply:
a<b, d<c, a<ec, d<bD

A check of the above values shows all four conditions to be satisfied.




CHAPTER VII

SUMMARY ANb CONCLUSIONS

Three projects were undertaken by the author and are reported

in this thésis.

In the first project, the magnetotherpoelectric p?weg.of InAsbel_x
and Inl_xGabe alloys was measured at room temperatu:el Assuming that
the conduction band in these alloys satisfies the Kane model, the electron
effective mass m; at the bottom of the (000) conduction band was calculated
as well as the scattering parameter s. The variation of m; with x
exhibited a parabolic behavior for both alloy systems in agreement with
the theoretical predictions of Woolley and Thompson (64W). These theoretical
curves were slightly too low, however, because of an incorréct choice of

the matrix element P. In the InASbel-x system, the effective mass

dipped to a minimum of 00mat x v .3.

The scattering parameter s varied from .4 to .7 with the higher
values related to the more highly doped specimens. This indicafes a
greater degree of ionized impurity scattering as the carrier concentration
is increased. The dominant‘scattering pechanism however is either piezo-
electric or optical phonon scattering. The ambiguiﬁy arises because the
same s value is associated with both mechanisms. Following Ehrenreich's
results (§7E, 59E) for several III-V compounds, it was concluded that optical
phonon scattering dominates in the measured alloys as well'as-in InSb, InAs
and GaSb. The results show clearly that alloy scattering is negligible in-
the measured alloys in agreement with the predictions of Tietj;n and Weisberg

(65T).
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In the second project, formulae were derived to predict the varia-
tion of éhe Hall coefficient and resistivity with magnetic field due to
an energy dependent relaxation time. These predictions were thenvtesteé
at room temperature with 12 GaAs single crystals défed with Sn or Te.
Good agreement was obtained with the Hall coefficient variation which gave
a scattering parameter of .40. This agreea very well with the values
of .38 and .44 obtained from the magnetothermoelectric power of two of
the specimens. It was concluded that optical phonons dominate the scatter-
jng in GaAs at room temperature in agreement with Ehrenreich (60E). The
nagnetoresistivity, however, exhibited sméll discrepancies for 10 specimens
and much larger discrepancies for the two purest épecimens. The small dis-
crepancies, and possibly the larger ones (67Pa) are due to inhomogeneities.
It is also possible that the larger discrepancies are due to Sn' impurity
jevels associated with the (000) conduction band. Confirmation would

require the study of a lafger number of Sn and Te doped specimens.

Finally, the magnetoresistivity of InSb alloyed with InzTe3 and
InZSe3 was studied at 4.2°K. A two conduction band analysis using a Kane
model for the (000) band and a parabolic <111> band showed the subsidiary
<111> band minimum to be .43 eV above the (000) band minimum in pure InSb.
As the Te or Se content was increased, the band separation AE was
found to decrease at a rate of .07 eV/at. % Te and .20 eV/at. % Se.

These values are consistent with themselves and with those obtained by

Kwan and Woolley (68K) for ImAs alloyed with InzTe3 and InZSe3.
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POST ORAL DISCUSSION

‘ This section was written after the oral examination to
summanse points made by the examiners during the oral. The
examining board consisted of Dr. C. H. Champness of McGill ;
University, Dr. Y. P. Va.rshm,. Dr. A. Manoogian and '
Dr. R. G. Tross. ‘

1) In Chapter IV, the contribution of holes to the magnetothermoelectric

power was neglected. Although this approximation is entirely justified,
a significant contribution could arise from the "cross" termi.e. terms

involving both electrons and holes. Tsidil'kovskii (62T) calculated A

in the case of mixed conduction but assumed parabolic bands along with
non degenerate electrons and hoies with the éame scattering parameter so
that only an approxiniate result can be obtained with his equation. Using

the known values for electron and hol_e effective masses and mobilities for

InSb and setting the Fermi level at the conduction band minimum, it is
found that the contribution of the cross terms to A%,approaches that of
the electrons. It is not clear in Tsidil'kovskii's results however, what
magnetic field is necessary for the saturation of the cross term effect.

One would expect it to be higher than that necessary for the saturation

|
|
|

of the electron effect because the ‘hole mobility is less than the electron
mobility. This may explain the behaviour of curve 2 of Figure (4, 2) which
had been explaiﬁed in terms of quantum effects. If this is the case, the
initial plateau was correctly taken as that corresponding to the electron
effect and specimens which behaved in a manner shown by curve 1 were also
correctly interpreted. Even if Ax were due mostly to the cross terms,

* .
however, the results for s and m, would not be altered appreciably since

A was always relatively small.

2) Most specimens in both alloy systems behaved in a manner illustrated
by curve 1 of Figure {4,2). In all only four or five specimens did not
exhibit complete saturation (curves 2 and 3). These all had a high InSb

content and a low carrier concentration,
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3) Equation (2, 46) a.pphes to crystals of cubic symmetry and to magnetic

fields small enough for one to neglect terms higher than the second order.

4) In the GaAs project, the author measured the variation of the Hall
coefficient R w1th magnetic field. Since one cannot back-off the Hall __
coefficient to zero field, however, the value Ro had to be obtained by
_extrapolating the measured values of R to zero field. This makes the
choice of R0 quite critical if one wants reasonably accurat_e values of AR
versus field. For this reason, these measurements were not attempted for
the more highly doped spgcimens, whose Hall coefficients do not change

sufficiently for accurate determinations of AR.

5) If specimens are not homogeneous , but contain concentration gradients,

the interpretation of the magnetoresistance pres ents a serious problem.
The larger the concentration gradient or d1scont1nu1ty, the larger the
resulting magnetoresistance. " One then has to subtract this magnetoresis-
" tance from the observed one to obtain the normal effect. Hieronymus and
Weiss.(62H) performed experiments on an InSb specimen whose Hall coef-
ficient varied 15% along the length. The magnetoresistance was anoma=

lously large and depended on the position of the potential probes.

62H Hieronymus H. and Weiss H., Solid State Electron.
5, 71 (1962)

62T Tsidil'kovskii I. M., Thermomagnetic Effects in Semiconductors.
Academic Press, New York (1962) '

i
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CENTRE DE MECANOGRAPHIE DATA PROCESSING CENTRE
<
L.
c
c
C CALCULATES FERMI LEVEL AND EFFECTIVE MASS
¢ PEED TN THERNUEEECTRIC, POWER. AND- THEECINTINFIRETE FIELD
€ FUSES:TH AUBTN faxwl.a--—ecunmn 12,12) IN-THESES
¢ NDATA (IS MUMBER OF SETS OF DATA
c EG 1S THE ENERGY GAP
c CELTA IS SPIN ORBIT SPLITTING
) DIMENSICN F(30C0)_

READ (145) ALY’RYpEG’DELTa
5 FORMAT (4F6e3)
RY=RY*1.CE-C6

T Ly o R T s
1J=-1
F{1)=Ce0

11 EVEN1=0.0

- ~EYENZ*(}.O S

- 00D1=0.0 .
L ODB2E00 e
DELX—.04
XE=.C4
X0= .06

TAES{ 1o +GANSXE)
CADE(ll.PCAMEXD)
EE=AE+DELTA/EC
BO=AO+DELTA/EG
_ CE=AE+(23DELTA)/( 3%EG)
L COSADR(2RCELTA)/ (3%#EGY

DE-‘XE?AE*BEICE’**I-
. pp=(XOHAQBO/COIRELLS o M

PE‘EXP(XE'A)

PC=EXP{X0-A)

FZE—(CE*PE)I((1+PE)*(1+PE))

FIESF2ESXE: - .- .

IF 11-”4"16’20914 , L e e ‘ -
A REDTE e T L e e e e

G0 7€ 14

2C IF (F1E=F(I-1)) 12412414
12 WRITE (3-1.'?‘_) IeFUI-1)
13 FGRI!KT (2&;’1‘;51"5:3’)"” T T
IJ“IF'
14 F(:l’!=FlE o i
FZG-(DU*PD)/((1+PG)*(1+Pu))
F10=F20% X0
FVEN1=EVEN1+F1E
‘00D1=0001+F10
N BDDZ-UDDZMfZO
XE=XE+DELX
1¢C XC=XO+DELX
AIl (DELX/G.)*(4.*5\!:«1*'4.‘%»01)
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qr e o = s e A e St i A g - B e s

llZ-(DELXIé.)*(4.*EVEN2+2-*GDDZ)
_§ALC=.8616E+02*(AIIIAIZ-A)
FUNC=CALC—-ALY
WRITE (3,101} CALC,FUNC
101 FORMAT (2E15.4)
B = i {5 221v22923v24.25926127123129(.1.
‘ 21 IF 8FUNC< 32!30131 :
320482
60 10 11
22 1F SFUNCC 34493036
34w§=A+1C.
eeTo 11T T
36 tL#4
38 A=A-1. .
60 T0 11
24 IF ZFUNCK 40+3G438
4C L#6
T a2 A=Avel
.66 TO 11
26 IF ZFUNCKC 42430044
44 L#E
46 A‘—‘l‘--.Cl
6C 70 11
28 IF $FUNCK 30930446
31 L#3
.. 60 70 11 e
23 IF TFUNCL 3593034
38 L#5
GG 10 38
25 IF IFUNCK 38436437
37 L#T
e T4
27 TF SFUNCK 3943C 942 ;
3¢ L3S 3
GG TO 46
26 IF $FUNCK 46930430
30 CONTINUE
_WRITE (3,15} F(1),F(3C00} R
12 FCRMAT {5X» 2E1543) g
WRITE (359C) ALY9EGsA
cC FCRMAT {3F15.3)
" Pr=EGHEGXCAMY (. 05410E~157 AT 23RY) %%, 66666
A¥QOS= (3.0*3.80985-20~EGIP2)*(EG*DELTA)/(3*EG+2v0ELTA)
MAHMRRITE (3'05) P2,AM0S
55 FORMAT (ZCX,ZEIS 4)
WRITE (341065}
5 FORMAT (lgH PLUS VITE/ /)
95 CONT INUE ’
SIGP
END

i
A SR .
D T
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CENTRE DE MECANOGRAPH!E DATA PROCESSING CENTRE

1
§
i

———— e e E e i = e

'pRQsRAnnE 2

CALCULATES SCATTERING PARAMETER S
FEED TN THERMOELECTRIC POMER INZERQ FIELD AND FERMI LEVEL
NDATA 1S NUMBER OF SETS OF DATA
_EG_IS ENERGY GAP - e
“DELTA IS SPIN ORBIT SPLITTING
mar 1S THE SCATTERING PARAMETER
 READ (1,7) NDATA
7 FORMAT (12§
08 99 M=1,NDATA
_READ (146) ALO.AMUSSEG,DELTA
€ FORMAT (4F6.3)
GAN=40254/EG
LEL
e S
11 CONT INUE
_EVEN1=0.0 = _
EVEN2=0.0
GOD1=C.0
© CDD2=0aC
" DELX=.04
XE=.04
_X0=.06 )
DG 10C I=1,1600
PE=1+GAM*XE
AG=14GANEXC
BE=AE+DELTA/EG
8C=AC+DELTA/ EG
 CE=AE+{2%DELTA) /(3%EC)
CO=A0+( 2%DELTA)/( 3%EG)
CE= (XEXAE%BE/CE)
DO=( X0*AC%BC/CT)
PE=EXP (XE-AHUS)
PO=EXP{X0~-AMUS)
F2E= (DE##(A+145) #PE /(A (AE#BE/CE+XEXBEXGAN/ CEXXEXAESGAN/ CE-
1CE#GAX/ CEV*(14PE) 13%2)
F1E=F2E*XE
F20= (DO##{ A+1.51)$P0/{ ( (AO¥BO/COFXOTBUFGAR/CO+XT+ADXGAN/ CO-
100%GAM/CO)#(14P0) }3%2) |
F10=F20%X0
__ EVENI=EVENI+FIE
EVEN2=EVEN2+F2E
CC01=0DD 1+F10
05D2=0DD2+F 20
" XE=XE+DELX
166 XO=XC+DELX

mn?nnn;nnn’;nn

 AIl=(DELX/6.)#(4.EVEN1+2,700D1) B
AI2=(DELX/64)%(4 . ¥EVEN2+2.%0002) b
CALC=+ 8616E+02%(A11/A12-ANMUS) ¥
FUNC=CALC~ALG i

TG0 TO $21922923924925926927928929<sl Hs

21 IF ZFUNC 32,30,31 5
32 L2 .
60 To 11 L

27 TF 3FUNCK 34930436
34 A=p+l.

SNSRI

o
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Lo et v S a2t o e e At e e s e men e et e

60 T0 11
36 Lke.
38 A-A"ol
GG 70 11
."24 IF ZFyygf 40930938
%6 lfb . e e ety e e e
42 A=A+.01
60 1011 . S
26 IF SFUNCL 42’30144
44 L#ES
) 46 A“A'QOCI ‘
60 T0 11
28 IF ZFUNCS 30930446
31.k#3 . L o e
6GC TG 11
23 IF ZFUNCC 35430434
35485
60 TO 38
25 IF TFUNCS 38430437
37 L&
GG 10 42
27 IF ZFUNCK 39930942
39 L89
GO T0 46
29 IF ZFUNCK 46930430
3C CONTINUE = ,
17 WRITE (3:18) AL 9EGeA
18 FORBAT (3F15.3)
WRITE (341C5)
105 FORNAT (18H METTEZ-Y DU TIGRE///)
99 CONTINUE
. Sice
EnD
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'PROGRAMME 3 ————  CALCULATES FERMI LEVEL

USES SIHPLIFIED KANE MGDEL  -—- EQUATIDK (299) IN THESIS
TNDATA TS NUMBER OF SETS ‘GF DATA T
RY IS HALL COEFFICIENT IN INFINITE MAGNETIC FIELD
' EG IS THE ENERGY_.GAP
TMCS IS EFFECTIVE MASS ‘AT BAND HIRIMUM
ALPHA IS HBAR OVER 2%M
~ THE FERRI LEVEL ®A# IS SET INITIALLY AT -5
BOUBLE PRECISION RYoEGqﬁﬁGSoALPﬂA,G#ﬂvCIZ'AQEVEN2100021DELX
DOUBLE PRECISION XEQXG'AE}ﬁO’BE;BG-BE,DBQPEvPOvFZEtFZUfFlE
- DOUBLE PRECISION AI24FUNC,F(1200),TMOS
READ (147) NDATA
7 FCRMAT (12)
" DG 99 M=1,NDATA |
" READ {1+5) RYSEGyTHOS
5 FORMAT (5D10.4)
AMOS=THCS*(1 -THOS)
ALPHA=32.80980-2C
GAM=e (254D+0C/EG
CI2—(18.4820+19/RY) (ThGS*thLPHAIEG)*vl.D
CL#l
A==5,00+C0
‘11 EVEN2=0,0GD+30
00D2=0G .GD+00
1d=-1
F(1)=0.CD+00
DELX=.020+00
XE=4020+00
 X0=.030+00
pC 106G 1= 141200
AE=142%GAMFTMOS*XE
AC=142*%GAMFTMES*X0
" BE=DSORT (1+4¥GAM*AMOS*XE)
80=DSQRT{ 1+4*CAM=ANOS*X0)
_DE={AE-BE)#¥*145
T DO=(ACG-BO)*#*1.5
PE=DEXP (XE—-A)
PC=DEXP (X0-A)
FZE‘(DE*PE)/(‘1*?5’*(1+PE)l
F20=(D0*P0)/ L (1¢P0)*(1+P0) )
B (N & ) 16920914 :
16 1J=0
6C TC 14
20 IF (F2E-F(I- -1)) 12412414
12 WRITE (3,13) T,F(1-1)
v 13 FORMAT (2Xol41€15.3)
T & ) U
i4 F(1)= FAE
EVEN2=EVEN2+F2E
0DD2=00D2+F20
“XE=XE+DELX
100 X0=XO0+DELX
WRITE (3,151 Ft1),F(12GC)
15 FORMAT (5Xy2E15.3)
AI2=(DELX/6 }%*{4 *EVENZ+2 *(D02)
FUNC=Al2-CI2

R SOURNEURIRRY N e

TaXaXakzXzialaRaKaXaKal }
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24
46
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G0 10 321022’23924125,26'27,28929‘(’L
JF _ZFUNCL 32930931
L#2
60 T0 11
IF oFUNC( 341 3C» 36 ‘
A=A+l
60 TO 11 |
e
A= A"QID*\)C
G0 TC 11
1F 2FUNC< 4C’3bo:>8 o
L#6 '
A+.01D+Oﬁ

60 T8 11

IF 2FUNCY 42.3u,44
L#S

A—A-.u010+p0

60 T0 11

IF ZFUNCC 30930446
L83

GO TO 11

IF ZFUNCK 354930934
L#5

o 1o 38

JF IFUNCL 38430937
RE XS

G0 10 42
IF SFUNCK 35930442
L5

"60 TO 46

105

1
:#:5%53#5##5##&###&##*&#s*##**#*£##¢#:z*z:##*****#**#***:#*##*%# HEFEEEE {

IF IFUNCC 46+930+3C

_CONTINUE

WRITE (3,9C) RYsEGs4
FCRMAT (E15.392F15.3)
WRITE (341C5)

FORMAT (10H PLUS VITE///}
CONTINUE

ST0P

END

CENTRE DE MECANOGRAPHIE - DATA PROCESSING CENTRE
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PROGRAMME 4

CALCULATES (DELTA RHO}/RHO AND (DELTA R)/R
"DOES CALCULATION FOR 11 MAGNETIC FIELDS THAT ARE FED IN
USES SIMPLIFIED KANE MODEL  —- EQUATION (2,9) IN THESIS
 NDATA IS _NUMBER OF SETS OF DATA. . . . . .
RHGO 1S RESISTIVITY IN ZERO MAGNETIC FIELD
EG IS ENERGY GAP
MCS IS EFFECTIVE MASS AT BAND MINIMUM
“MUS TS THE RECUCED FERMI LEVEL )
S 1S THE SCATTERING PARAMETER
__REALZ*8 NoMOSeI19I12s139149 159 MUSeKY . . .. o
DGUBLE PRECISION RHOCoEGs ACsEy  DELXsALPHA4C19C29C34C4sS
DOUBLE PRECISION EVEN24EVEN3, 0DD2,0D039XEe X0y AEs BE9 BOyCE9CDsAC
~ DOUBLE PRECISION wDE|DU,EE,EO,FE1FG,GE,GC,HE,H01 DBJsBoEVENS - 8
" DOUBLE PRECISION EVEN590004100050CngE’OUOQErQU' A AyBsDELRO !
DOUBLE PRECISION DELPGyCS59C64CTsAEE, ACO,Y(11)
_READ(1,1)(Y(J)ed=1212) =
READ(1,71 JNDATA
71 FORMAT(I2)
DO 7C NN=1,NDATA
" READ (1,1} RHOO’EG'“OS’MUS'
1 FORMAT(5D16.6)
_ WRITE(3,2) RHOCEGs M2Sa HUS
2 FORMAT(////45%+4D17.6)
AC=1/RKCC
E=1.5320-19
KT=02540+0G0
DELX=.010+00
 ALPHA=3.80980-2C . e i
Cl=MCS*{1-MCS)
C2=0SORT(EG/{MOS¥2%ALPHA))
C3=(1/M0S)-1
C5=4%KT+C1/EG
C6=2%KT+MCS/EG
C7=4*ALPHA%*C3/EG
Ca=2%ALPHA/KT
3 EVENZ2=0.00+0C
EVEN3=0.00+5C
0DD2=6.{0+00
0063=0.CD+GC
D0 23_3=1,11
B=Y(J)
5 EVEN4=GC.GD+00
EVEN5=060D+C0
00D4=0. CD+GO
0005=0.0D+0C
 XE=.01D+00C
X0=+C15D+CC
€S=((29.609D+0C*B )/ (EXRHOG 12} )*%2
DG 6 I=1,5000
AEE=DEXP (XE-MUS)
ADO=DEXP(XC-MUS)
 AE=AEE/((1+AEE)*(1+AEE))
AC=AQO/ (( L+ADD) *(1+A0G) )
BE=DSORT{1+C5+XE)
8C=DSGRT( 1+C5*X0)

sz XakakakaRka R s XaNaRNaRa Xy

\ ;

; ;
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CE=CO62XE : - o
L COSCEFRO e e s
DE=DSORT (1+CE-BE)*C2 :
pO=DSQRT{ 1+C0-BO)*C2
 EEsOERR(2ISHL )
E0=DO** {2%5+1 )y S
: IF (S~+250400) 30931432
30 FE=1 (DE¥¥(1 =4¥S)
FC=1 /DCk*(1 —4%S)
GG 10 33
31_FE=1.0D400
FO=1.00+00
60 TO 33
32 EE=DE¥*(43S-1 )
FO=DO##(4%5-1 )
33 GE=1+CT*DE*DE
T os14CTEDONDO
HE=C4*OE*(1¥C3IDSORT(GEI}
HG=C4*DD*(1+C3IDSQRT(GO))
IE (B-2.250+00) 21920020
21 EVEN2=EVEN2+AE*EE*HE*HE
0CD2=0D02+A0*EC#HO*HD
| EVEN3=EVEN3#AEXFEX (HE¥*4)
0DD3=00D3+A0#FO*( HO+¥4)
20 IFIS-1 14041442
| 4G OE=(HE/DE¥*(1 -S1)¥¥4
00={HO/D0%=x(1 —S) }¥*4
GG TO0 43
41 GE=HE**4
" QC=HO**4
60 TO 43
42 OE={DES#(S-1 J#HE)¥=4
CC= (DO**{S~1 }*HE)¥%4
43 QE=1+C9*0t

0o=1+€9%00 S

| EVEN4=EVENG+AEEE¥HEXHE/CE | i
CDD4=0DD4+AC+EGFHO¥HO/ Q0 ,

. EMENﬁiEMEN5!éE*EEi(HE*#4)/0Ev

0DD5 =COD5+AGHF 0% (HO##41/ Q0 3

51 XE=XE+DELX :

€ XO=XC+DELX o
- 2= DELX/ 6 ) (4*EVEN2+220002)
13=(DELX/ 6} (4%EVEN342%0003)

,QBQ?(2ﬁp§¢20t90§13l/!E?SﬁQC*RHOO*I2*12)
T4= (DELX/6 ) (4¥EVEN4+2+00D4)
15={ DELX/6)% (4*EVEN5+2#00D5)

WRITE(397)12413sDB0¢ 14215

i A S Th T AR A
Oy <

7 FGRNATU/ ¢10X55016.7) - |t
A=14/{REO0%12)
| D=(29+609D+00¥B#15)/ (ESRHOT¥RHOOF12#12)

DELRC=1 -AC**Z*D/(B*DBC*(A**2+D**2))
DELPG=AC/(A+D*DIA)-1.5
© WRITE(3,7)BsAsDs DELPGLDELRC
23 CONTINUE
RETURN
_END
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’M?ﬁEﬁ”Tﬂ”ﬁéifﬁ?;fﬁétfiwﬁﬂﬁiikﬂﬁ'IN?iﬂFfNITEwﬂAGNETIC FIELD

TEG 1S THE ENERGY GAP

_fBOUQLENPBE§1§1QNQMEﬁﬁﬂlzﬁvEN3-UDDZqQDQ33XE1KQ9%EnﬁE-BO:CE-CO'ég"mgﬁ

" READC1, TIINDATA

11

1

"HﬁITE(BiZIRHOO}EG.HDSQHUSiDELINF

2

3

5 EVEN4=0.00+00 - U

~ BO=DSQRTL14C5%X0) .

' ”ﬁEaf#é“N;EOS.Ir;féif3“74;ISQHUS}KT“"“"

DO _TO NN=14NDATA _

"READ (141) RHOC + EGo MC S+ MUS s DELINF

B i

CENTRE DE MECANOGRAPHIE ~  DATA PROCESSING CENTRE

PROGRANME 5

CALCULATES SCATTERING PARAMETER S

USES SINPLIFIED KANE MODEL  ~-- EQUATION (2,9) IN THESIS it
-NDATA‘!S,NMﬁQEE~QEMSEISMQE@QAIAMﬂ;M“;M_wfdMﬂw,_w‘. RO |
M35 IS EFFECTIVE MASS AT BAND MINIKUN i
NUS 1S REDUCEB FERMI LEVEL

DOUBLE PRECIS ION RHOO$EGe AQs Ey DEL Xy ALPHA 9C1+C24C 39C49S

DOUSLE PRECISION DE:DGaEE’EGsFEyFUgGE;GO.HEsHO' DBO¢BEVENS B2
DCUBLE PRECISION EVEN5,GDD4’UDDSsC9'OEoOOvQEQQUs AyBy DELRO e
DOUBLE PRECISION DELPGsC5:C6sCTAEEs  ADGHY{i1).DELINF

FORMAT(12)

FORMAT(501646}
WRITE(392)RHOCEGoMCSeMUS

FORNAT(////45%94D17.5)
40=1/RHCO

M=1

E=1.6020-19
KT=40254D+0C
DELX=.01D+00
ALPHA=3.8098D-20
CIHOSS(L=MOS) e e
C2=050RT(EG/(MGS*Z*ALPHA))
C3=(1/82S8)1-1
(5=4%KT*C1/EG
Cé=2%KT+=UCS/EG
C7=4%ALPHA%C3/EC
C4=2%ELPHAZKT

S=. 100+CC

EVEN2=0.0D+00
EVEN3=0.00+00
00D2=0.0D+C0

G0D3=0.00+00

EVENS=C.0D+00
0DD4=0 « D400
0DD5=0.£0+0G
XE=.010+0C
%0=.0150+00 :
DO 6 I=1+5000 . - L 3
AEE=DEXP {XE=-MUS) T
ACG=DEXP(X0-MUS)

AE=AEE/ ((L+AEE)*(14AEE))
"AC=AOC/ ((1+A00)*(1+ACC))
BE=DSORT{1+C5*XE]

CE=Co6*XE
C0=C6+X0
DE=DSART{ L+CE-BEN¥C2
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© v e P

G

~ pO=DSORT{1+CO-BOI*(2 _ S ;
“.;;;AEL§3§§Q$§9@§Q@§;5§2;m“\;Hﬂu.;.” e e L
6C EE=1/DE*%(~-2%S-1)
£0=1/00%#(~2%5-1)
6o 1063 .
crgeme T
E0=D0 St T . : - S
CUBELTE B e e e R
€2 EE=DEx*(2%S+1 ) j
EQ=D0%#(2¥5+1 )
éB,JEN55732§91991M§913}v3?mw o
36 EE=1 /0E*%#{1 —4%S}) ST
FO=1 /D0*&(1 —4%S)
607033 ... ..
31 FE=1.00406
FO=1.0D+30
60 7633
32 FE=DEX#¥(4%S-1)
FC=D0%%(4%S-1 )
33 GE=1+CT*#DESDE - , L
60=1+C7%D0%C0 8

S HE=C4#DE*(1+4C3/DSQRT(GED) ;
tien M,.ﬂOFCé#DO*‘le3/DSPRT!§0".kA i
ELR 51 EVEN2=EVENZ+AE*HESEEXHE
W £0D2=0DDZ +AC¥HO*EQ*HO '
_ EVEN3=EVENZHHEX(HE¥A EXHE*FE¥HE)
; 60D 3=0DD 3+H0% (HOFACHC#FO*HO)
- 26 TF(S=1 )4Cs41+42
4¢ OE={HE/CE*¥(1 -S))¥¥4
GO= (HO/DO%% (1 -S))¥%4
6C 10 43
4] QE=HE¥¥4 L _ e
) CO=HO**4 |
i 60 TO 43 i
) 42 QE=(DEx*(S-1 )FHE)*=4 3
- Q6= (DO%%(S~1  VHHE )¥%4 B -
- 43 EVENG=EVENG+AESHE¥EE*HE/GE B
. 0DD4=00D4+AQ¥HOIEQ¥HO/CC. .. - =
EVENS=EVENS+HE* AEFHE ¥FE#HE/OERHE i
0DD5=00D5+HO*ADHHO*F 0#HO/ 00#HU B
51 XE=XE+DELX ‘ ;@
6 XOSXO#DELX ‘ 3
: 12=( DELX/ 6 #( 4#EVEN242¥0002) :
“,!35iDEL&(@!?!A?E!§ﬂ3t2?§0§3lﬂ e e R
DBG=(29.6C90+00*I3)/(E*RHCO*RHUC*IZ*IZ) :
C9=(29.6090+00/ (E¥RHBUX12))#%2
_.Iﬂf&QEE&/é’fﬁﬁﬁﬁﬁﬁﬂﬁtZiQQD@!IC?
16=(DELX/6)* (L¥EVEN5+2¥0DD5) /(I
_ A=14/ (RHOO*12)
" D=(29.6090+00% 153/ { E¥RHOC¥RHTO#12%1 2)
: DELRG=AO¥#2/(DBG*D)-1
DELPO=AC*A/ (D¥D)-1
..ﬂ_!ﬁllﬁkixal_”AvngEEPQ’QELRCvS » :
G FORMAT(/¢15Ke5014e7) ' ’ :
FUNC=DEL INF-DELPO 3
| 60.T0 (106+2000sM . .o 5
165 1F(FUNC19,7Gs23 i
23 $=S+41D+CC
- 60 T3 3
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¢ S=5-.10-01 Do )
CUME2 e
60 T0 3
20¢ IF(FUNC19+7047C
(70 _CONTINUE
RETURN '
END

i
(o P
oo, ER LB

**#4¥¥£**#£#:¥::¢#*:*#***:##*c#:#*##z#*#********$#*##é**####*¥#¥£§£¥§¢£a;
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e el et e At S o L e S ow et e e ] e LTl e i

c
C
c
¢ 3
. CALCULATES CONCENTRATIONS AND MOBILITIES FRO# THO BAND MAGNETURESq
¢~ T'NDATA 1S NUMBER OF SETS OF DATA :
C RHOO IS RESISTIVITY IN ZERO MAGNETIC FIELD o
C _ RINF_IS HALL COEFFICIENT IN INFINITE MAGNETIC FIELD IS
C S AND & ARE SLOPE AND INTERCEPT FRGM RHOG/(DELTA RHO) VERSUS B¥¥(-
C MEN IS SPECIMEN NUMBER
C FNG AND FN1 ARE CONCENTRATIONS In THE TWC BANDS
¢ UO AND UL ARE-MOBILITIES IN THE TWQ BANDS
READ{1, 2INDATA
. .2_FORMAT(12)
K=1
- EC=1.602E-19
¥ 2056 READ(1,1)RKODsRINFySeAsMEN
1 FORMAT(4E1446413)
SIGMAQ=1./RHOO
_..11=0 |
4°l1 '
| €=.55/RHOC | !
1011 IF(C-1C¥#5)150G2250+25¢ ;

25C WRITE{3s251) -
| 251 FORMAT(14H € IS TOO HIGH) G

...68. 10 55 | _. L . 4 _ i
150¢ SIGMAZ=SIGHAC-C ;

] Al=6 JCHA¥RINF#%24S IGMAT %2 :
A2=S1GMAG-C—-A%C B |

BB=+2.0FA¥R INFESIGMAC
| AA=SQRT (A*A1+A1%A2/C)
CC=2.0%A2.
R1POS= (AA-BB1/CC
RINEG=(-AA-BB)/LC
IF(11)5155Cy51
5¢ R1=R1PO0S
G0 TG 52
51 RIFRINEG _
52 IF%R1<539539556C
550C WRITE{3954CC )
546 FORMATZSH RL#POS <
6C T0 55
§3 RZ=RIARINF/(R1-RINF) ]
IF {R2) 6546545501
5501 WRITE (345401)
5401 FORMAT (&H R2=PGS )
G0 T0 55 '
65 CONTINUE :
FF=( SIGHAD(RI-RINF}/ (R1*¥(RINF*SIGMAD- Rva)))**Z :
 FINK=S-FF/ (C* (SIGNAG-C) )
WRITE(3961) CoFINK
61 FORMAT(5XeE1L5. 495X9E1544)
60 TO 2102151022+102391024910259102691027,10284152341030,103141L
1021 IFSFINK<1032,1100,1310
1632 L#2
1034 C=C+500C.
60 TO 1011
1022 IF2FINKL1G3441100, 1C 36
1036 L84

e DAt

b

- . i e
g):&;ftk—"HQGJ-s{JF:%&?‘N#&m NI TP EGN O R Chat TN e PSR

W
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- PROGRAMME 6

O U U VU U OSSP S e I R R U NI e S e e

c
c
c
c .
C CALCULATES CONCENTRATIONS AND MOBILITICS FROM TWO BAND MAGNETURESq
€ NDATA IS 'NUMBER OF SETS OF DATA :
C RHOO IS RESISTIVITY IN ZERQ MAGNETIC FIELD :
C  RINF IS HALL COEFFICIENT IN INFINITE MAGNETIC FIELD om
C S AND A ARE SLOPE AND INTERCEPT FROM RHGG/(DELTA RHO) VERSUS B**(-
C MEN IS SPECIMEN NUMBER
C  FNO AND FNL ARE CONCENTRATIONS IN THE TWG BANDS
s "UCTAND UL ARE MOBILITIES IN THE TWG BANDS
READ{1,2)INDATA
2 _FORMAT(I2) _
K=1
. EC=1.602E-19
11 2056 READ(1+1)RHOORINFySyAsMEN
1 FORNAT(4E1446413)
SIGMAD=14/RHGG
CIESC L
L=1 i
C=.55/RHKOC ;
1511 IF(C- lu.+*9)150u.25u,25u '
25C WRITE(3,251)
| 251 FCRMAT(14H C IS TOO HIGH)
.60 .10 55 |
150¢ SIGMA2=SIGHAC-C
| Al=4 JG#A¥R INF#%22S IGMAG ¥%2
A2=SIGMAG-C~A%C
BB=+2,0%AFR INFASIGMAD
| AA=SORT (A:A1+A1%A2/C)
 CC=2.0%A2
R1POS= (AA-BB)/CC
RINEG=(-AA-BB}/L{C
IF(I1)51,5C51

i

R

il
S
0

5¢ R1=R1POS | o L
60 T0 52 e
51 RIRINEG . o B

52 I1FER1<53953955GC
55¢C WRITE{3¢54GCC )
5400 FORMATZEH R1#P0S <
6C 10 55
§3 R2=R1*RINF/(R1-RINF)
___IF (R2) 6596545501 v o
55C1 SRITE (3454C1)
5401 FURMAT (8H R2=PGS )
- 60 TO 35 ;
65 CCNTINUE b3
FF=(SIGMAO*(R1-RINF}/(R1*X{RINF*=SIGMAG-R1*C) ) )*%2 L
FINK=S—FF/ (C*(SIGMAC-C)} , CfE
WRITE(3961) CoFINK ;
61 FORMAT(5XoE15.495X9E1544}
GO TO 210219102241023910249102591C269102791028910299 16304103140
1621 IFSFINK<163241100,1310 '
1632 L#2
1034 C=C+500C. _ i |
G0 TO 19011 | i
1022 IF3FINK<LIC34411C0, 1036 ‘ i
1536 L4

ey
I R T Ry
LA IO | 539 i QT AVIRI A




)

CENTRE DE MECANOGRAPHIE DATA PROCESSING CENTRE

I Université d'Ottawa - University of Ottawa

IRG

- 1038 C=C—10.*$3 .
N 60.70.. 1611, .
lu24 IF%FINK(IG#G,IIOCoIG:S
164C L#6
1042 C=C+105%2
e
1626 IFSFINK<1042¢110C'1644
1044 L#8
1846 C= C-IC.
GO0 T0 1Gi1
1028 IF%FINK(IO48.1100.1046
1048 1£10
105¢C C'C*l.
60 101011

% 1¢3¢ IFSFINKL1C5C, 11004116

1310 L#3

60 TO 1¢11
1633 TFEFINKC1035, 110091634
1035 L#5

6C 18.1038_
1625 IFZFINK<1038,1100, 1857 .
| 1037 L#T ;
LI 60 TG 1042 | | o
BTN + 1627 TFZFINK<1839, 1160, 1042 !-

RN ;

1639 L&Y
G0_T0 1046
1825 1FS FI\K<1L46’1100'1 45
1545 L#Ll
GO TG 1653
1¢31 1FZFINK<11009 11G0y 155C
1160 CONTINUE
, FNO#I.OI!RI*EC(
FN1#§140/3R2*ECL
UCEC/SFNGHECS
U15SIGHA2/ZFNI*ECL
FNU23#2A853FN0<<**U.66667
FN123#2ABSXFN1<<**u.66667

by
P

ok
i
13
5
i

i

¥
L
g
CE
3
3
5
& ]
R
3
3
%
-
i
b
e
a4

g
RS
:

*
»
Laad
ol
m
Ko
‘W
-

-4
w
U)
-

>

mgu

WRITE(34215 )}
215 FORMAT(TH SPEC.15X'3HN1—o12X93HR2—912X73Hb1-112X 3HU2-,11X15HN12_
- I'QI;XvsHNZZS =1y
WRITE(3+16 )HENQFNG'FNIQUG'UIQFN0239FN123
16 FGRHAT(ZX.13,6E15.4I
55 Iroll-1<56v54954
56 II&II&I
54 CGNTINUE - {
WRITE(3+999 )
999 . FORMATZ29H. SO MUCH FGR THIS SPECIMEN.../////<
25 K#Kal
leK-NDATA<2056'2056’57
57 STCP
CEND
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PROGRAMME T

CALCULATES ENERGY SEPARATION BETWEEN THO BANDS GLVED CARRIER DENSI.
N APPROXIMATION-—EQUATION (2,12) T

“"LOMER BAND USES THE AUBI

. NDATA' IS_MUMBER OF SETS OF DATA . e

 DELE IS SEPARATION OF MINIMA O

wni

UPPER BAND: IS-PARABOLIC

"EG 1S ENERGY GAP

CENTRE DE MECANOGRAPHIE -

University of Ottawa

DATA PROCESSING CENTRE

DELTA IS SPIN ORBIT SPLITTING
P2 IS SGUARE OF MATRIX ELEMENT

INSB AT 4.2 DEGREES

_DIMENSION.F{12000 . . .

READ (1+7) NDATA
FORMAT (12}

READ (1y5) EGDELTA.P2
FURHAT>(ZF6;3iEIO;2)
GAN=3,628E-04/EG

. ALPHA=3.8B0G98E-20C ...

AHIS=.2
DG 99 M=1,NDATA
READ (lyé)lAleAN29AMIS

| EGRMAT (2E12.49E442)

AN2=4 25%AN2

~_JBAND=1.

11

82

C12225.609%ANLE (P2/ (EGHEGHGAN) 13145

A=50C.
AF=108.

DELX=405

L=1

XE=A~25.

XC=XE+4 025

IF (JBAND-1) B1le81486
JBAND=2

" AF=1.0

A==5.C

L=l

8¢

8l

§3

C12#29;609*AN2*(AL?HA/(3.6286-04*AM15))**1.5

DELX=.0%

XE=. 04

X0=.06

EVEN2=0.0
VQDBZ?QQG

1J=-1

Fll)=Ce0

b 100 1=1,1000
If (JBAND-1} 83983484
AE=(1.+GAM*XE)}
50=(10fGA“*XU)

" BE=AE+DELTA/EG

£4

BO=AO+DELTA/EG
CE=AE+(2%DELTA)/{ 3%EG)
CO=AD+(2%DELTA}S (3%EG)
DE={ XE*AE*BE/CE)*¥¥1.5
DO={ XO*AG*BO/CO)¥¥1e5
GC T8 85

DE=XE%*%1.5

D0=X0%%145

E TWO BANDS IN EV

By ]

5
K
3
n
4
3
i
3
¥
g
&
v
3
b
2
2
o
pE:
f
24

N1 7in

P
D pea g S L AR
S RN A L A

BEgsniai
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~ PROGRAMME 7

_ CALCULATES ENERGY SEPARATION BETWEEN TWO BAWNDS GIVEW CARRIER DENSI
LOWER BAND USES THE‘AuerN“APPROxIsArIOﬁ#4EOUATION‘(2.121 T
UPPER BAND IS PARABOLIC. R
 NDATA_IS MUMBER OF SETS OF DATA
EG 1S ENERGY GAP
DELTA IS SPIN ORBIT SPLITTING 4
“_PZ_ESWSQUAREHQF«ﬁATRIX”ELEﬁENT ;
" "INSB AT 4e2 DEGREES R
 DELE IS SEPARATION OF MINIMA OF TWO BANDS IN EV
 DIMENSION F(12000. . . .. , o
READ (1,7) NDATA
7 FCRMAT (12)
_ READ (1+5) EG,DELTA+P2
5 FORMAT "(2F6.3,E1642)
GAM=3.628E-04/EG
_ALPHA=3.8098E~-20
AN1S=42
DG 99 M=1,NDATA
 READ {158) ANL,ANZsAHLS
& FGRMAT (2E12.49E442) |
AN2=. 25%AN2 €
CJBANDSY | “ME
C12=20.605%ANL: (P2/ { EG*EG*GAR))¥¥145
A=500.
_AF=163.
DELX=e{ 5
L=1
11 XE=A~25. . . S - e
XC=XE+. 025
IF (JBAND-1) Bl,81486
82 JBAND=2

rscsrsrsryrrrarwrararskﬁcw

" AF=1.0C L
=“500 : ,
C12=2S. 6GS+AN2% (ALPHA/ (3.628E-04%AN1S))}¥%1 05
CELX=.04

8¢ XE=.0C4 3
81 EVEN2=0.0 3
. .0DD2=0.C ¥
14=-1 {3
F(1)=C.0 1

e 100 1=151000
1f (JBAND-1) 83983984
§3 AE=(1.+GAM¥XE)

-

PRIPEIR TR IS TR R

 AD=(1.+GAMXC) :
BE=AE+DELTA/EG :
BO=AO+DELTA/EG :
CE=AE+( 2%DELTA)/(3%EG) §
CO=AO+(2*#DELTA}/ (3%EG) 23
HE=( XEXAE#BE/CE)¥%1.5 3
DO={ XO*AO*BG/CO)¥%1.5 P
GC TG 85 :
g4 DE=XE¥*1.5 ;
C0=X0#%145 <

bammmrmarsor . *
H¥reien
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o i A S e

se—xe-a R
SO=X0=A o i

University of Ottowa

- I‘_ (ABS( SE)—174.U) .._8'8’9 T e e w e P S

8
9

ERESY

1C

16

2¢
12
13

IF (ABS(S0)-174.C) 1041Ce S
WRITE (31111)

FORH&T (9HT00 LARGE)

GG Y09

‘F2E= DEI(2+EXP‘SEI+EXP(—SE,)
FZU‘DG/(Z+EXP(SD)+EXP( -5G))
IF (1J) 16920414

14=0

60 10 14

IF (F2E-F(i-1)) 12412+ 14
WRITE. (3413). T,FLI-1).
FORMAT (2X9l49515 3)

1J=1

F(1)=F2E

EVENZ=EVEN2+F2E

CDD2=0DD2+F20

 XE=XE4DELX _

"XC=XO+DELX

WRITE (3415]) F(1),F(1COCD
FORMAT (5X92E1543)

"Alz—(oELXIe.1*(4.*EVEN2+2.*0002)
 FUNC=AI12-CI2
G0 10 221,22.23.24.95.26.27.28.29<,L .

L 1F ZFUNCE 32430931

L2

GO TO 11

IF ZFUNCK 34930436
A=A+1.¥AF

G0 70 11

L#4

AzdA—. I*AF

G0 TO 1

IF ~Func< 40930438
LES

 A=AteO13AF

GG To 11
IF ZFUNCK 42930044

L#8

A=hA-o GO1¥AF

G0 T0 11

IF. ZFUNC< 30'30"*6 o

L#3
GC 10 11
IF 3FUNC< 35930934

L5

60 TO 38

1F_SFUNCS. 38930+37

L4t

GG 10 42

IF 4FUNK 3G430,42
L9

GO TC 46

_IF_ZFUNCK 4693030

CONT INUE
WRITE (3090} AN1,AN2sA
FORKAT {3E1545)

8

p
.',,]:
4
3
=

P
S
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8
k)
111

-1c

16

.28 ]

e =

28
212
13

EVEN2=EVEN2+F2E ' o o g
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SE'XE’K ' : f _ v

©S0=XC=A. e e
1F (ABS(QF) 174ou3 89319

IF (ABS{S0)-174.C) 10+1Ce %
WRITE (31111)

FGR“&T (QHTUO LARGE)

.68 YO0 99
FZE—DEI(Z+EXP(SE]*EXP(‘SE))
FZU‘UO/(Z+EXP(SD)*EXP( -SG1)
IF (IJ) 16420414

1J=C

| yskisnatd | R v
N e AT AR R

(g st TS

6010 14

IF (F2E-F{1-11) 12,12,14
WRITE (3,13) I,FLI-1)
FORMAT (2Xy149E15.3)
1J=1

F(1)=F2E

S

€DD2=00D2+F20

XE=XE4DELX

XO=XO+DELX | - o
WRITE (3415) F{1),F(1CCC) {
FORMAT (5Xs2E15.3) . j

~AIZ‘(DELXI6.)*(4.*EVEN2+2.*0002) ]j

" FUNC=AI2-CI2

21

32

22
34

36
38 A
24
4G
_42

2¢

| 4h
46

31

A=A+ OL¥AF

LE5

1F_BFUNCS 38930237 .

 IF_ZFUNCS 46930930

60_T0 £219229239240250126927928+29CL L i

1F FUNCK 32930431
L&2 '
60 T0 1} o N

IF ZFUNCK 34930436
A=A+l *AF
60 70 11
L#4
A=A-. 1%AF
60 10 11
IF SFUNCS 40430438
L#s

GG TO 11

IF ZFUNCK 42930+44
L#S _ ‘
A=A-oGO1¥AF ‘ S h H
60 10 11 5
IF ZFUNCS 30¢30046 . e U ¢
L#3 ;
¢C TO 11

IF $FUNCS 35930934

60 TO 38

L#7

6G TO 42

IF ZFUNCK 39930442
L#9

60 TC 46

;

i
i
¥
3
3
Y
3
TA
3
2
s
#
%

CCNT INUE
WRITE (3+90) ANloAN2sA
FORKAT (3E15.5)
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IF (JB&ND—I) 11,71,72

_T1AN=A e e e

GC TO 82
72 CELE={Al-A)}*3.628E-C4
WRITE l3o91) DELE
‘91 FORMAT [2XsEi545)
WRITE (3+105)
105 FORMAT _{10H PLUS VITE///)
96 CCNTINUE
ST0P
Ene

**Eéi%i*é%#####i#t:##é&%#:#:#xz###:*#t*s*##***# e
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