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SOMMAIRE

Les é&uations géﬁé?ales qui detrivent les coefficients
magnéto-Seebeck et Nernst-Ettingshausen transverse, dans 1'hypothese
de surfaces d'ehergie sphéiiques et de bandes non-paraboliques, ont
é%é'adapteés dans le but de pouvoir incorporer facilement dans la
theorie, le modéle de Kane et une loi gehefale de diffusion ou un
choix de mecanismes specifiques de diffusion. Ces equations ont
é%é’de%eloppéés_afin de s'appliquerlé des modéles decrivant le cas
d'une ou de deux bandes de conduction.

Des mesures, a tempefature ambiante, des coefficients
magnéto-Seebeck et Nernst-Ettingshausen transverse ont eté effectueés
en fonction d'un champ magn€tique, sur le systemé d'alliages semi-

As. De plus, le coefficient de Hall a éte

conducteurs III-V, Ga In
x 1-x

mesure; de méme que la conductivite electrique. Les reSultats ont

ete analyses en utilisant un modéle valable dans le cas d'une bande

de conduction. Le modéle de Kane decrivant la forme de la bande,
necessite la connaissance de l'eﬁergie de la bande interdite;
choisissant des valeurs connues pour celle-ci, le niveau de Fermi a été
détermine a partir de la valeur du coefficient magnéto-Seebeck dans

un champ magnetique de valeur infinie, calcul€ en utilisant une
relation empirique. La concentration des porteurs a éte obtenue a
partir de la valeur du coefficient de Hall dans un champ magnetique
intense. La valeur de la masse effective au bas de la bande de

. . O ./ . . .
conduction a ete determinee, connaissant le niveau de Fermi et la
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concentration des porteurs. Le paramétfé de diffusion a aussi éte
calcule’ a partir de la valeuf du coefficient magneto-Seebeck dans
un champ magnéfique nul. Afin de confirmer cette methode, des courbes
theoriques du coefficient magnéto-Seebeck ont ete’ calculees et
compareés aux reSultats experimentaux, le niveau de Fermi et le
parametre de diffusion étant considérés comme des variables. Il a
éte demontre” que 1'utilisation de la loi empirique qui determine le
coefficient magneto-Seebeck dans un champ magnetique dé valeur infinie,
est tout a fgit correcte. Les courbes expeiiméntales du coefficient
Nernst-Ettingshausen transverse ont é%é’compareés 3 des courbes
theoriques afin d'obtenir les valeurs du niveau de Fermi et du
paramétre de diffusion; la contribution des inhomogeneitees 3 cet
effet a été consideree. Puisque le paramétre de diffusion doﬁne une
bonne indication du mecanisme de diffusion preépondérant dans le-
cas de matdriaux ayant peu de porteurs tous dans une meme bande de
conduction, une breve é%udé des mecanismes de diffusion possibles
dans ce systeme d'alliages a été effectuce.

| Les effets magnéto—Seebeck et Nexnst-Ettingshausen
transverse ont éte mesures dans un &chantillon de'GaSb de type n,
dop€ au tellure. Les résultats ont éte analyses 3 1'aide de la
theorie s'appiiquant au cas de deux bandes de conduction. ILe modéle
suivant a éﬁé conside¥e dans l'analyse de la diffusion: bande centree
en rlc' phonons cptigues intrabandes et interbandes, impuretes ioniséés,

phonons acoustiques et charge d'espace; bande centree en Llc’ phonons

ey -
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optiques intrabandes et intervallééé, phonbgs acoustiques et impuretes
ionisees. L'accord entre les resultats de cette analyse, qui ne fit
intervenir aucun paramétre ajustable, et les resultats experimentaux
est bon. Les parametres utilisé% dans le calcul ont été déterminds

a partir de mesures de transport (Basinski, 72Bl).
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 ABSTRACT

General equations for the magneto-Seebeck and
transverse Nernst-Ettingshausen coefficients, valid under the
assumptions of spherical energy surfaces and not necessarily
parabolic bands, wg;e developed in oxder to Be able to easily incor-
porate into the theory, a Kane band model énd either a general
scattering law or chosen specific scattering laws. This was done
for both one-conduction band and two-conduction band models.

Room temperature measurements pf the magneto-

Seebeck and transverse Nernst-Ettingshausen coefficients were

made, as a function of magnetic field, on the IiI—V semiconducting
alloy system of GaxInl_;As. In addition, the Hall coefficient was
measured together with the electrical conductivity. The results
were analysed on the basis -of a one-conduction band model. Using
known values for the energy gap needed in the Kane model, the Fermi
energy was determined from the infinite-field value of the magneto-
Seebeck coefficient which had beeg caiculated using an empirical
relation; the carrier concentration was calculated from the high-
field value of the Hall coefficient; using these values, the bottom
of the band effective mass was determined. Knowing the Fermi |
enexrgy and fhe zero-field value of the magneto-Seebeck coefficient,
the scattering parameter wastalso calculated. In order to check

this method of approach, the experimental curves of the magneto-Seebeck




coefficient .were fitted with the Fermi energy and the scattering
parameter as variables. It was shown that the empirical law used
to determine the infinite-field value of the magneto-Seebeck
qoefficient is quite satiéfaétory.

The experimentai curves of the transverse Nernst-
Ettingshausen coefficient were fitted to yield;values of the Fermi
energy and of the scattering parameter, account being taken of. the
contribution to this effect from the inhomogeneities. The scattering
index being a good indication, in the case of single band materials,
of the scattering mechanism present, a brief study of the possible
scatterigg mechanisms in this alloy system was then made.

The magneto-Seebeck and transverse Nernst-Ettingshausen
effects were also measured on a sample of n-type, telluriﬁm'doped,
GaSb. The results were analyzed in terms of a two-conduction band
model. The analysis included the following scattering mechanisms:
for the central band, Plc' intraband and interband polar optical,
ionized impurity, acoustic and space-charge; for the next higher
band, Llc' intraband and intervalley polar optical, acoustic and
jonized impurity. With these chosen scattering laws and the band
parameters determined from electrical transport work (Basinski, 72Bl),

good agreement was obtained between the experimental and theoretical

curves without the use of any:adjustéble parameters.
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CHAPTER 1

INTRODUCTION

The research described in this thesis is a result of the

analysis of room temperature measurements made on the semiconducting
alloy system of GaxInl_xAs and on the compound GaSh.

Two physical phenomena have been dealt with, the magneto-

Seebeck effect and the Nernst—Ettingshauéeg effects. These are defined
in chapter 2 together with the other thermomagnetic effects. For complete-
ness, the thermoelectric and galvanomagnetic effects are also mentioned.

A bibliography of the 1iteréture reléted to those effects

is not included here; rather, references to the work by other authors

will be made when directly related to the Present one. Extensive reviews

written on the theory and the experimental results of the thermoelectric

b
-
7
“
-
<

and thexmomagnetic effects can be found in many text-books; for example,
D.K.C. MacDonald (62Ml), J. Tauc (62T1), A.C. Beer (63B1), I.M. Tsidil'kovski
(62T2), 0. Madelung (64M1) and Harman and Honig (67H1).

Only a few words about the usefulness of the thermoelectric
and thermomagnetié effects will make it obvious why these effects have
always been of interest to scientists. The sign alone, of the longitudinal

and transverse N.~-E. effects, gives information as to the type of scattering

occurring in the material studied. The magneto-Seebeck effect in an
infinite magnetic field provides with the position of the Fermi level

independently of the effective mass and of the type of scattering. The




Seebeck effect is related to the type of scattering and to the Fermi
level; if one is known, the other can be found.. Information on the

non-parabolicity of the bands can also be found by measuring the

magneto-Seebeck coefficient as a function of carrier concentration.
Furthermore, the thermoelectric effects form the basis for thermo-
electric heat pumps and thermoelectric power generation devices. In
the last few years, the phonon drag effect has aroused considerable
interest in the thermoelectric effects.

Most of this will become obvious as the equations are
written down, except for the phonon drag effect which is a 1low
temperature effect.

In order to arrive at a good understanding of the phenom-
ena studied, a derivation of the transverse N.-E. effect from first
principles, using a phenomenological approach and irreversible thermo-~
dynamics, is included in chapter 3. This was felt necessary because
the general equations do not make it possible to see how the different

variables (e.g. relaxation time) affect or are related to the measured

coefficients. Alsb, from that deriyation, physical insight is sought
by discussing the steps of that same derivation. Although’'it may seem
a simplified description to the expert in the field, still it will be
found useful and interesting. |
'Thg general theory applied in this "mémoire" is dealt with
in chapter 4.
Chapter 5 describes the experimental system and all the

related techniques.

(
4
:
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The research resulting from the measurements on
GaxInl‘xAs and on GasSb is included under chapters 6 and 7.

Chapter 6 gives an account of how one arrives at
calculations of the Fermi level, the bottom of the band effective
mass and the scatteringbparameter (section 6.3.1.). A parallel
method of analysis, section 6.3.2.,was necessary in order to inter-
pret the transverse N.-E. measurements. The possible scattering
mechanisms in GaxInl_xAs, suggested by the values of the scattering
parameter were investigated in section 6.3.3., by including in the
analysis, specific relaxation times.

In chapter 7, the measurements of the magneto-Seebeck
and N.-E. effects on GaSb are analyzed using a two-band theory taking
into account the non-parabolicity of the I, band. Such a theory is
applied for the first time. Chosen relaxation times for both the rlc
band and the L,  band are introduced and discussed.

. This research project originated as one aspect of the
research under way in the semiconductor group at the Physics Department
of this University; this group is headed by Dr. John C. Wbollef. For
that reason one will find in the text, references to the work of the

other scientists, either in an associated or complementary way.
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CHAPTER 2

DEFINITIONS, TERMINOLOGY

AND CONVENTIONS ADOPTED

Before progressing any further, it is essential to define
the effects discussed herein, so as to assign to each of them a terminol-
ogy. This is needed because the same effects bear different names from
one author to another.

There exists three thermoelectric phenomena in zero magne-

tic field and four magnetothermoelectric phenomena.

2.). THERMOELECTRIC PHENOMENA

The Seebeck effect involves the voltage produced in a

circuit consisting of two different materials when the two junctions

between the materials are at different temperatures. The Seebeck coeffi- _

cient o is defined as the limit of the quotient of the voltage genera-
ted in the circuit, divided by the temperature difference as the tempe-

rature difference approaches zero.

1im AV
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The Peltier effect is related to the heat which is absorbed
or given off when a current passes through a junction between two diffe-

rent materials. The Peltier coefficient II is defined as the quotient
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of the heat absorbed by the junction, divided by the current flowing
throuéh the junction.

The third effect is the Thomson effect, a bulk effect,
which is related to the absorption or evolution of heat from a material
which has an electric current flowing through it and a temperature grad-
ient along it. The Thomson coefficient T is tﬁe quotient of the
rate of heat absorption per unit volume, divided by the product of the
current density times the temperature gradient.

The Pelﬁier and Thomson coefficients are difficult to
measure; for that reason the Seebeck coefficient is usually measured
and if needed, the two others are calculated from it, using the equations

known in thermodynamics as the Kelvin (Thomson) relations.

In this thesis, only the Seebeck coefficient will be dealt

with, the others having been defined to exclude any misinterpretation
of the terminology.

There are two methods of defining the Seebeck coefficient
(thermoelectric power) of a single material: either one uses the Kelvin
relations in an integrated form and measures the Thomson coefficient, or
the relative coefficients are defined as the coefficients of a coupie
composed of the material and a standard reference material such as plati-
num or lead. The standard reference material is sometimes called the
"passive element"; it could also consist of a material with a ﬁegligible
thermoelectric power as compared to that of the other material. The

latter convention is used here and discussed in chapter 5.
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The magneto-Seebeck coefficient (B) is accordingly the

value of the Seebeck coefficient in a magnetic field of induction B.

2.2. THERMOMAGNETIC PHENOMENA

These will be defined with the aid of figure 2.1. A
right-handed system of coordinates x, y and z is used as ;hown.

The thermomagnetic effects will appear in semiconductors
subjected to a longitudinal temperature gradient 3T/3x and a transverse

magnetic field of induction Bz' These effects, also known as magneto-

thermal effects, are analogues of magnetoelectfic phenomena and in both -
caées one distinguishes transverse (odd) and lonéitudinal (even) effects.
The transverse effects are those which appear in the direction normal to
the primary heat flow. The longitudinal effects are those which appear
parallel to the primary heat.flow.

In a longitudinal magnetic field, that is, in a field

parallel to the heat flow, no thermomagnetic effects appear in isotropic
semiconductors. The longitudinal effects mentioned above, which appear
in a transverse magnetic field, have to be discerned from those which
appear in a longitudinal magnetic field only-in-semiconductors in which
the effective mass and the relaxation time of carriers are not independ-
ent of the direction and are given by tensors instead of by scalars.

Of the four thermomagnetic effects, two of them are trans-

verse and two are longitudinal. The transverse N.-E. effect is the




appearance of a transverse potential difference. The Righi-Leduc effect
is cbserved as a transverse temperature difference. In the longitudinal
N.-E. effect, a resultant longitudinal potential difference is observed
as a change in the thermoelectric po&er. In the Magghi-Righi-Leduc effect,
a resultant longitudinal temperature difference is observed as a change
of the thermal conductivity in a magnetic field.

These effects can be described in an analytical form in the

following way:

2.2.1. Longitudinal N.-E. effect

Referring to figure 2.1.a:

o v _ - aT
E (B) - E(0) =~ + = [ a(®) 9(0)] o 2.2

The sign of this effect is chosen in this thesis on the basis of the

following:
Ae(B) = [a(B)] - la(o)[EQ//(B) . 2.3

where Q// is the longitudinal N.-E. coefficient and «¢(B), o(o) are the
thermoelectric powers with and without a magnetic field. Q// i§ therefore
positive if the absolute value of the thermoelectric power incréases in a
'magnetic field. This definition using absolute values is quite useful
because it makes Q// independent of the sign of the carrier. That is the

. case for the transverse N.-E. effect as will be seen later on.
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Note the terminology up to now:

Seebeck effect: thermoelectric power, «.

Magneto-Seebeck effect: value of & in a magnetic field of induction B, a(B).
Iongitudinal N.-E. effect: the variation of the absolute value of the

thermoelectric power in a magnetic field.

2.2.2. Transverse N.-E. effect

If a temperature gradient and a magnetic field, mutually
perpendicular, are apblied to a sample, figure 2.1.b, an electric field !

Ey will result with the value:

v :
=X - T 2 .
Ey . a Ql B o 4 :
7
The transverse N.-E. coefficient is therefore:
.- V&.
Q= 7. B, . 91/5x 2.5
where a is the width of the sample. We then have:
-V .
_ _y .« Length 2.6

Q, = =3 -
1~ width . B, (T2 Tl)

where Tl and T2 are the temperatures at the cool end and at the warm

end of the sample respectively.

The effect will be said to be positive if a positive

temﬁerature gradient along the x-axis and the positive magnetic field




along the g-axis produce a positive electric field EY along the y-axis.
It turns out that the utilisation of the conventions
described for these two effects is very convenient in the analysis of
data. Both Ql and Q// are independenﬁ of the sign of the carriers;
they will therefore have the same sign, indicating the possible nature

of the scattering mechanism present in the material investigated.
2.2.3. Others

As for the other effects described in figure 2.1, drawings
c and d, S is the Righi-Leduc coefficient; Xo‘and AB are the thermal
.coﬁductivities in the absence and in the presencé of a magnetic field;
A is the Magghi-Righi Leduc coefficient.

Three -of these thermomagnetic effects can be either iso-
thermal with 3T/dy = 9T/52 = 0, or adiabatic with no transverse heat
f}ows W& and Wz. Obviously, the Righi-Leduc effect cannot - be iso-

thermal.

2.3. GALVANOMAGNETIC EFFECTS

These effects are now very well known. A brief @escription
is given in figure 2.2. If a current Ix is flowing in a sample and the
magnetic field is applied, a transverse voltage, the Hall voltage will

appear. At the same moment, a transverse tempeiature gradient will also
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@ AV, AT g

B
1 :
z y W ;1
if /é-—lb‘/* | 1 L
H W I
>4 7 T B
(z.h.s.) 1 2 /////r -
[// AV

N

a{o)

-[av(o)/aT] = (£, (0) .b/AT)

o (B)

-[av(B)/AT] = (£, (B) .b/AT)

la@)] = |ato)] = 2a(s

= = - = 3
)0 v, EY Av/a .QlBZ. (3T/3x%)

b. Transverse N.~-E. Effect

a. Longitudinal Nernst-Ettlngshaus?n Effect (Nernst Effect)

AB
W
oD

e < - -
L 2 L
LAT - ~~ 7
A= (Aq-AB)/Ao
9T/%y = AT/a = § Bz {3T/3x)

¢. Righi-Leduc Effect d. Magghi-Righi-Leduc effect
- (Change of thermal conductivity)

Note. . .
€ 1) The effect is ISOTHERMAL if there are no transverse temperature

gradients along the y- and z-axes: 3T/dy = 3T/dz = 0.
2) The effect is ADiABATIC if there are no transverse heat flows:

W =W =0.
Yy z

.

Figure 2.1 Thermomagnetic phenomena
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a. Hall effect

o9T/3y = P Bz Jx

b. Ettingshausen effect
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c. Magneto-resistivity
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Figure 2.2 Galvanomagnetic effects
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arise; this is the Ettingshausen effect. Because the current carriers
are now deflected with respect to the x-axis, the resisfance in the
x-direction will change giving rise to what is termed the magnetoresist-
ance, |

Now that all the analytical definitions are given, chapter
3 will present, mainly, a derivation of the transverse N.-E. effect.
This effect is chosen because, as the equations are laid out, one can
see what is happening in the material microscopically. The other effects

can easily be understood by extrapolation.
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CHAPTER 3

GENERAL NOTIONS ON THE THERMOMAGNETIC

EFFECTS AND POINTS OF INTEREST

The aim of this chapter is to arrive at a basic physical

understanding of the phenomena studied; it does ﬂot contain a derivation
of the formulae used in this thesis but rather, a special case of those
to which they reduce if the band structure is of a parabolic type.

Both are for spﬁerical energy surfaces.

Thermodynamics is used in order to arrive at the equations
describing the current densities dﬁe to the potential and thermal grad-
ients. This is parallel to the use of a kinetic theory. Scalars are used
instead of tensors as a simplification. Furthermore this chapter limits
itself to specific cases: intrinsic and extrinsic with one type of

\charge carriers.

Most of the egquations used here can be found in the book
by Tauc (62T1); they have been arranged in a logical manner to serve the
purpose of this chapter and comments are added.

Simple pﬁysical models describing microscopically the

effects are included.

Mavarsa a

UNIVERSITY OF . OTTAWA B O i s
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3.1. CURRENT DENSITIES ARISING IN THE PRESENCE OF AN ELECTRIC

POTENTIAL GRADIENT AND A THERMAL GRADIENT

Let it be assumed that the sysStem can be analyzed into
macroscopically small regions Qhere the thermodynamic variables can
be defined and considered as constants; e.g. température, chemical
potential etc.

It is also supposed that an electric potential gradient,
grad ¢, and a thermal gradient, grad T, exist in the material.

It is well known in thermodynamics that if a phenomenon
is irreversible, there is a creation of entroéy; this will be used as

a starting point. One cannot write any longer that :

s = dg/T - 3.1

where dS is the entropy increment, dQ the quantity of heat input.

The entropy is expressed in such a case as:

ds > dg/T 3.2

After having calculated the Quantity of created entropy,
with the aid of a system of currents and consugated forces to those
currents, following a method by Onsager, the electric and ther@al cur-
rent densities will be expressed in terms of linear relations of grad ¢

and grad T.

venssraen v,

Py N T RN T

UNIVERSITY OF OTTAWA
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Introducing entropy into the problem by using Gibbs'

relation, one is able to show that the entropy created per second per

3.
cm is:
;l
1 n Q
- [ Jn grad ¢ JNT grad - - grad T ] ?.3
where J_: electric current density

Q : thermal current density

JN: Jn/-e is a particle current density

;; : chemical potential relative to some arbitrary reference.

Onsager suggests that this created entropy should be expréssed in the

form:
£ I.X, . 3.4
i i1 :
Ii : currents
Xi : conjugated forces to each current.
and
n
I,= _I. a..X. (Onsager relations) 3.5
L J= 1] 3
with a,.= a., (Onsager theorem) 3.6
i3 ji

The current densities are therefore expressed as follows:

J z!

. n 1
J, = — = all(-e grad ¢ + T grad -E-) ta, g grad T 3.7

[ RPN N

UMNIVERSITY OF.OTTAWA .. oo
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and .
1

- - rad -2 1
Q ay (-e grad ¢ + T grad T ) + - grad T 3.8

9

It is easy to deduce that 3, = —g-where On is the electrical conductiv-

ity due to the electrons. Also, = KhT' Kn being the thermal conductiv-

%22
ity. ‘Dividing equation. 3.8 by equation 3.7 and setting grad T = o:

' ‘ 3.9

Where Q;"is the average quantity of heat carried by each particle.

" Replacing aq and 2y, in equatién 3.7, the electric current

density is:

(] z!
= 2 J. DL ooxr L
Jn = [-e grad ¢ + T gra§ T + Qn T grad T] 3.10

The same equations apply to JP, subscript n being‘replaced by p.

3.2. THERMOELECTRIC POWER AND INTRINSIC TRANSVERSE N.~E. EFFECT

Consider the following diagram:'
The heat appliea at the high x
end of the sample creates pairs
of electrons and holes. This

gives rise to the cuxrent densi-

ties J and J .
nx PX

X o electrons

0 holes

e e ah - T

sairsaraiace,

v

LN
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These current densities compensate each other mutually so that:

Jnx + Jpx =0 3.11

-Using equation 3.10 and the similar one for Jpx' one

solves for grad ¢.

agt ac’'.
1 “n 1 _P 1 ar
E = - - = _— .= - = *1 *1y) 22
» grad ¢= 5 tn i s tp ™ S (tnsn tPSP_) e 3.12
where
O‘n SE
tn=_o'tp= s w1thc=on‘+cp,
and
S*t = 1 (o*' - Y | 3.13
n T *n n : '
grt = 1 (ox' - zY) ' 3.14
p T 7p P _

2
S;' stands for the entropy transferred by one electron per cm”. per sec.
It is independent of the zero energy level Selected.

The thermoelectric power o has been defined as:

_ lim _ AV
¢ % Amo T AT
vhere
i <foa
X

If AT is small compared with the temperature at which the

measurements are made, then:

t
ax

v armaa .,

s sveaa
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One obtains for o:

= - l %t %t
a < (& st tPSP ) _ 3,15

For an n-type semiconductor, when cp = 0:

1 S
- - — * = w a—
Gn Py tnSn o 3.16.a
R (;n_Q;)
= ; _E_T 3.16.b

where Cn is the chemical potential w.r.t. the bottom of the conduction
band (;; = :A +iEc). Considering only equation 3.16.b, the thermoelectric

power clearly depends on the sum of the potential energy Ln and the

kinetic transport energy Q; provided by the heat source.

In semiconductors where the position of the Fermi level is
inside the band gap, the absolute values of both these energies are
additive; the thermoelectric power is therefore large. When the Fermi

level is in the conduction band the difference between Cn and Q; is

smaller and the thermoelectric power decreases; this is why the thermoelectric

power decreases as the carrier concentration increases. This-also explains
why metals have a low thermoelectric power by comparison to that of semi-

conductors.

The thermoelectric power could also be qualified by saying
that it is a current of entropy, carried from the warm end to the cool

end of the sample; see equation 3.16.a.

UNIVERSITY OF.OTTAWA
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The intrinsic transverse N.-E. effect is easy to understand;

replacing grad ¢, equation 3.12, in equation 3.10 for Jnx and in a similar

equation for qpx one obtains::

k .
= - - — % *
J J c—tt [(%1 + Q; + EG)/_kT] grad T 3.17

If a weak magnetic field of induction Bz is applied, it
will deflect J by an angle & and J__ by an angle 6 . Assuming that
nx n pX he)

© and 0 are small:
n P

Jd =-8J3 -804 3.18
y nnx ppx

J =(6_ -8)4J 3.19
y P n’ nx
= (an + upH) Bz?nx - 3.20

To balance out this current, the field EY is required:

J = -0E 3.21
y y

E E+Q*+*
0= — Y -k, | ](u +u ) 3.22
1 Bz.afl‘/ax e np T nH pH

From this last equation, Ql is seen to be independent

of the magnetic field induction in the weak field region.

UNIVERSITY OF OTTAWA .
LHTTAWA. ONMTARIO. CANADRA




From the following diagram:
the coefficient Ql is obviously

always negative for intrinsic

material,

Note that if in equation 3.22, tﬁ = 0, the coefficient Ql becomes
equal to zero. This is not true; therefore, for the extrinsic case

of the transverse N.~E. effect, a different appréach has to be used.

3.3. EXTRINSIC TRANSVERSE N.~E. EFFECT (n-type)

This is by far the most interesting of the thermomagnetic
effects.

So that this effect is not predicted, by the theory, to
be equal to zero, the action of the magnetic field has to be considered
on dJnx and not on Jhx'

If one applies hegt to one end of a sample and a weak
magnetic field of induction Bz' fast electrons will go down the tempera-
ture gradient, hence building up an electric field -Ex along the x-axis;
then, slow electrons will come back due to this electric field —Ex.
Both, fast and slow eiectrons will be deviated by the magnetic field.
_I£ they possess the same relaxation time, gg.transversg voltage will
develop; on the other hand if the relaxation time depends on energy,

a transverse potential difference will build up.

UMNIVERSITY OF OTTAWA
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The current density Jnx needs to be expressed in terms of

T. One has to substitute Q; ' and o in equation 3.10. : ,

<'ts;2>‘

nn
%1 = ——
%4 <te > +E, 3.23

(See Appendix 3.1)

¥
ne2 <Tnen> B
= = —— ]
(o] ney o v 3.24 o
n n 4'
g
vhere €, is the energy and m is the effective mass. E%
. g
At thermal equilibrium Jnx = 0. Equation 3.10 becomes: . E"}
N
<T e > z <t > ?Oﬁ '
en n d ,’n en nn 1 ar ReRsik
T e—— emeec————— —— — ———— = e T i
Jnx - e [eEx+ T = (T)] s T o 0 3.25 e
n n n n Ly
:LLI< :
L
If one solves for the term in brakets, %F
5
2
~ 4 <t g°°>
jo! n nn 1l 4T
eEx+T§(T) Te> T ax 3.26
The current density with electrons having an energy
between € and €+ de_ is:
n n n
<t e Cpg?
4 o 'n [ "'’ 1ar] e nn Loar 397
nx m_ <g> <T £ > T dx m <€ > T dx :
n n nn n

In equation 3.27, <an> is only a normalizing factor.

The term inside the parentheses represents the force acting on the




22
electrons and therefore retains its brackets.
Finally:
T 52 T < 2> -
i = edn nn__ n°n Tnen 1l 4ar 3.28
nx _  m <e > <€ > T > T dx )
n n n nn
The electrons representeé by equation 3.28 will undergo
a rotation through an angle 8 such that:
= W7 . T
dJny 2T dJnx (for small B only) 3.2¢9 qggi
22l
The total current density, hence, is: g g
1
J o
g = —z[ T_43 3.30 ik
ny m n  nx >k
n P b
° g
i
> 2
< 25 “2g> < 34
e,2 n &T n n n n n'n 3
= (=B, === <e > < > 3.3 ‘
ny . z T dx <sn> en T En
= -0 E 3.32
Yy
The coefficient Ql is:
2 2 ;
1 <Tn€§> <rn en’ ,
= =2l ——— 3.33
Q = — <T € > > .
1 mnT n n <Tn€n>2 <Tn &

The sign of Q extrinsic is therefore completely determined

by the relation of 1 with the energy. This is a most important result.
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. . s .
When the relation T = Toen can be used, equation 3.33 reduces to:

uan 3.34

For acoustic scattering, s = - 1/2, Ql is positive

For ionized impurity scattering, s = + 3/2, Ql is negative

If 1 is independent of £,

Ql = 0,

Since the sign of Ql (extrinsic) is positive in the case
of scattering on the thermal vibrations of the lattice, in this case,
the effect can be used to find out when the material will become intrinsic.

The sign is negative for intrinsic material. .

3.4. PHYSICAL INTERPRETATION

3.4.1. Transverse N.-E. Effect (Extrinsic)

There are two typical currents

of electrons:

0, = wr, = —Z . 3.35
1 .

UTQIVE“I;;SIT'Y OF OTTAWA o
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It is seen to be independent of the velocity of the electrons.
Therefore for a constant relaxation time, no transverse

voltage will develop in weak fields. However, if ionized impurity

scattering dominates:
The fast electrons will be

more deviated so that the

resultant electric field

along the y-axis will be -

negative (-«a— +)

E
y

If the scattering is of the thermal vibration type:

The fast electrons will be

less deviated and the

UMNIVERSITY OF OTTAWA .
- QTTI.\WI\- ONMNTARIO. CANMADAL .

resultant electric field

EY will change sign so

that the coefficient Q)

is positive. £

S T e ST O R

3.4.2. Other thermomagnetic effects

If the fast electrons are those that are more deflected,
they will lose entropy to the left side (negative y-direction) of the
sample, producing a transverse thermal gradient (Righi-Leduc effect)

and a decrease in the thermoelectric power (longitudinal N.-E. effect).
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As in the case of magnetoresistance, the electrons then have a shorter
mean-free path component along the x-axis; this leads to a change in

the thermal conductivity (Magghi-Righi-Leduc effect).

UNIVERSITY OF OTTAWA
ATTAMNA. OMNTARIO..CAMNADAL




CHAPTER 4

" THEORY

The general equations to be given in sections 4.1 and B
4.2 can be found in Harman and Honig (67H1) chaptgr 5, p. 205, In
section 5.13 of their volume, Harman and Honig mention a method pioneered
. by the Polish school of scientists, members of which are J. Kolodziejczak,
L. Sosnowski, W. Zawadzki and S. Zukotynski*.

In this work, references will be made mainly to the publi-

cations published by those authors.

The reader will find in the above reference, (67Hl), an

outline of the kinetic theory of transport, based on the solution of the

Boltzmann's equation, leading to the formulation of the equations for the

UMNIVERSITY OF OTTAWA - - -
v ST TN ONMTARIO. CANAD e

magneto-Seebeck and transverse N.-E. effect to be described in the next sections.

4.1. MAGNETO-SEEBECK EFFECT

On the assumption of spherical, though not necessarily
parabolic structure of the bands, Kolodziejczak (61K1l) has developed
the theory of somé of the thermo~ and galvanomagnetic effects for the
general case of transport by many kinds of carriers.

*
Now at the University of Toronto.

ro— - &
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The following expression is obtained for the isothermal

magneto-Seebeck effect:

(EF) ()
g i T ei _ i i Il ogplai _ i i
%11 i|°11 e % | * %2 5512 et 12
a(B) = 4.1
) _ D
i $.1
Ecll + [ 1012

The index "i" denotes a given energy bang, e is the
carrier charge + e and (EF)i the respective Fermi energies measured
from the bottom of each band.

The conductivity tensors are:

e, H.
0= 5 < T
3T 1+ By,
i
- 2
o-i = .e_iB_ < ui >
12 37[2 1+ B2]Ji

8t is one component of the thermoelectric tensor;
BV

I T S
e e

1

2
i kB Eiui
0, 3 ‘57T
120 3 1+ B%;
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with ].li, Ei and b being respectively the mobility, the reduced energy
Ei/kl‘ and Boltzmann's constant.

The bracket symbol is defined as:

©

afo 3
<A> = yas IR . . . .
5 L(ag N Al k(El) dgl 4.3
vwhere fo is the Fermi-Dirac distribution function and k .is the wave vector :
depending on the assumed band structure. it
gl
In the above expressions, the mobility is §5
<
e, T, fiu
i i } i
H, = —_—— . . 4.4 0 0'
i s . -8
. m: I8 g
* 04
>hig
vwhere T, is the relaxation time and m;?_ is the effective mass which enters ‘;g 5
7o
. X4
into the transport properties of carriers in a spherical band of arbitrary L>J§
e XAx
shape i.e. St
b

L ke

(
t3
™ .

1

ag
& )i 4.5

If equation 4.1 is solved for B = 0 and for B = =, one obtains:

(E)
afo) = % ;‘E %— oi [:i{f - lzz i 4.6
i i :
and . <g;> (EF)i .
Phn 1> kT N
olw) = - 4.7
z e;n.
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with the carrier concentration n, being:

of
=1 - =1 4
n, = 31;2 o ( .ag k (E ) dF, = 37r2 <1i> 4.8

4.2. TRANSVERSE N.-E. EFFECT

Under the same conditions as for «(B), the coefficient

QJ. is given by:

. (=) (&)
Igl el ):1 sel oy opel z__id i o i
1 ‘121117 %1 5% Y s T 12 121 e ‘11
0 =%
1 B ;2 ;2
by 5 :
(300 + (59 4.9

where "i" denotes a given energy band and the tensors are identical to
those defined previously.

The equations: described in both sections 4.1. and 4.2. will
l-xAs whefe they are reduced to

a one-band conduction case and to GaSb for the case of a two-band

be applied to the alloy system of GaxIn

conduction, n-type in both instances.

UNIVERSITY.. OF . OTTAWA .
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4.3. BAND STRUCTURE

4.3.1. Xane Model

In the present work, a simplified version of Kane's
model will be used.
A frequently used approximate solution of the Kane's

equation for the conduction band is (68Al):‘

B* 2.2 1/2 ‘
2 2
E=ak’ + 2 | @+ K2, 4.10 Sd
[e) 0 i
g%
L5l s
: 2 04 3
where a= h"/2m - b i
=z ;5
m : electron rest mass Eoi
2 “é !
P® £ square of a matrix element .z. ¢ J
[ !,‘.'
i
E; £ effective mass band gap b g
= parameter depending on Eg and Ao; it is equal to g
8/3 if E*<<A_and to 4 if E®>A . i
o o o o
Ao is the spin-orbit splitting of the valence bands
at (ooo0).
It can be shown, (69Al), that equation 4.10 can be
reduced to:
E* 2 1/2
_ .2 o 4k m _ -
E= ak” + 3 [1+ £* (m; 1)] 1 4.11

where E is measured from the conduction band minimum and m; is the

v

bottom of the band effective mass.




The same relation was obtained by Cardona (61Cl). If

‘one inverts equation 4.11, k(E) is obtained as:

m E* 1/2 2E m* 4E m; m; 1/ 1/2
k,=(2am*) {1+E*m - 1+E*m (1--!-n-) j 4.12
o) e} o

It should be noted that if m;/m <<1, eguation 4.1l

reduces to:

Em; 1/2 £ 1/2
k= ( ) L+ ) 4.13
(o]

and for large energy gap E; and small effective mass m;, equation
4.11 reduces to the standard parabolic band equation, E = H2k2/2m*.
In this case, the effective mass is independent of the energy.

Using equation 4.5 and 4.12, the effective mass for the

case of a non-parabolic band is given by:

' : 4a . m 2 1/2 :
ﬁﬁ=1+(%-1)/{1+§;(—*—1)3} 4.14
(o)

(o] o}
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It has been ;howp by Aubin (69A2), that for InSb,
relation 4.11 is a good approximation to the Kane model. In the case
of the compounds considered in this work, where the interaction between
the valence and conduction bands is weaker, equation 4.11 is therefore

expected to be an even better approximation to the Kane model.

4.3.2. Effective mass band gap

The effective mass band gap E; is the value of the band

gap if only lattice dilation effects are considered, after Ehrenreich
(57E1). 1Its value lies between Eo and Eoo' the intrinsic band gap
values at the temperature of observation and at absolute zero respec-

tively.

It may be expressed in the form (68V1):

UNIVERSITY OF . OTTAWA .
TTAWI\. ‘DNTI:‘.R!Q- SCAMNODIA ..

. B
E* = E - (229, 4.15
[o] Q0 a

where a is the parameter which determines the relative effect of
lattice dilation and interaction of the phonon field on the gap.

For InSb, it was shown (62S1) that E* = 0.21 eV, i.e. it

is approximately halfway between the values of E° and Eoo; hence,
in the present work, a value of a = 2 was chosen.

The effective mass band gap will therefore be expressed

* = . 4.16
EO (Eo + Eoo)/z




4.3.3. Effective masses

The effective mass which enters into the transport
properties of carriers in a spherical band of arbitrary shape is given
by equation 4.5. It is seen that ih general this mass depends on energy
aid describes the non-parabolicity of the band. This effective mass
applies to InAs and GaAs both having spherical energy surfaces; only
the central band in GaAs being effective at the electron concentrations
dealt with, the next higher band being at 0.38 eV along the <100>
directions (72B3).

For the case of GaSb, the central band at (ooo) is spheri-
cal but non-parabolic. The Kane model described above waslused. The
<111> band has a non-spherical symmetry and is parabolic. Although
equations for the thermomagnetic effects have been derived for such cases,
by Zukotynski and Kolodziejczak, (63Z1) and (64K1), the non-sphericity
will be taken into acéount in the effective mass.

The conductivity effective mass,

(L.'._Z_) 4,17

e i A

is used in the mobility calculations whereas a "density of states"

Lo
m

Wl

effective mass:

1/3

m = (mL m;) 4,18

d

is introduced in the scattering laws describing the relaxation times.
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In the above equations, m and m, are respectively the longitudinal and

transverse effective masses.

4.4. SCATTERING IN III-V COMPOUNDS

One has noticed in sections 4.1. and 4.2._that a(B) and

Q (B) are written in terms of tensors, equations 4.2. Those tensors

are in turn dependent on the mobility u defined by equation 4.4 as pro-
portional to the relaxation time T. It therefore, becomes 6bvious that
in order to analyze the thermomagnetic effects, assumptions have to be
made as to the scattering meuhaﬁisms occurriﬁg in the material studied.
The usual scattering mechanisms in semiconduqtors can be

represented by expressions known as scattering laws. These give a rea-

sonable indication of the energy and temperature dependence of the re-

UNIVERSITY OF.OTTAWA .
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laxation time. A derivation of those scattering laws necessitates an

- analysis of the scattering process itself; it will not be presented here.
The scattering laws will be described for the mechanisms that are dealt
with in this thesis in relation to chapters 6 or 7.

A discussion of scattering can be found in Beer (63Bl)

where he refers to review articles written by Brooks (p. 144, 55Bl),
Blatt (p. 287, 57Bl) and also by Wilson (p. 251, 53Wl) for information
on the analysis itself.

The reader should keep in mind that the equations to be

cited are derived under the assumption that the collision term in
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Boltzmann's equation can be written in the form:
f-£f "
of :
(5) =- 2 4.19
collision T

vhere fo is the equilibrium distribution function and f is that under

the applied field. This is commonly known as the relaxation time approx-

‘imation  as opposed to the use of a variational method to solve the
Boltzmannvtransport equation. The validity of this assumption will be
discussed later; let us say for now that if the energy absorbed or emit-
ted by an electron is small compared with its initial energy, equation
4.19 is quite valid.

| The scattering mechanisms to be discussed may be divided

into two groups: lattice phonon scattering and lattice defect scattering.

The first group includes acoustic and optical phonon scattering. Ionized
impurity, space-charge and alloy scattering form the second group. For
simplification in the indexing of the sections, they will be described

in sequence.

4,4,1. Acoustic phonon scattering, "deformation potential®

Bardeen and Shockley (50Bl, 50S1) derived an expression for
this relaxation time describing the interaction potential involved in the
scattering of a charge carrier by a lattice wave of the acoustic type in terms

of the shift in energy band resulting from dilation due to the longitudinal waves.

A

w,
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Equation A.37 of (p. 80, 50S1) is:

n P E> kT
L. e 1 4.20
al Y p Ui (KS)

-

where p is the density, Uz is the velocity of the longitudinal waves
in the crystal, P is the momentum of the charge carrier and El is the

deformation potential defined by
AE = E, — 4,21

Here 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'
If the momentum P is replaced in equation 4,20 by fk and

m.e taken as the effective mass:

w3 uj .
Tw= 33 T (EKs) 4.22
a 8t kT E1 m*k

For a parabolic band, the equation ﬁzkz/Zm* applies; substituting k in

equation 4.22:

2

L 4.23
3/2,1/2 (MKS)

h4p U

. =
A gy Ei (2m*)

For a non-parabolic band, using equation 4.5 and substituting m* in

equation 4.22:

2
. = R gﬁ os) 4.24
al b7 2 k> K

1
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Note that this can be written in the form:
- 25-1 e

Tap © (t) k o 4.25

al

where s is equal to - %- and is defined as the scattering parameter.

The form of equation 4.25 will be shown to apply to many scattering
mechanisms and could be called "the generalized form" of the scatter-
ing laws in the case of spherical constant energy surfaces and non-
parabolic bands.

Tpe constant T will be seen to be a function of the
temperature only.

For ellipsoidal constant enexgy surfaces, it was shown
by Herring and Vogt (56H1) that El is related to Ed and Eu deforma~
tion potential constants which depend on the symmetry of the valleys

considered. The effective mass to use in this case would be the den-

sity of states effective mass, equation 4.18.

4.4.2, Acoustic phonon scattering, piezoelectric.

This type of scattering is due, as in the previous case,
to the acoustic mode of vibration except that a phase difference of 90°
exist§ between the matrix elements of each case. It is only possible
in crystals lacking a center of symmetry. Using a model of a layered
lattice, Arlt and Quadflieqg (68A2) show that three mechanisms may contxri-

bute to the piezoelectric effect: the internal displacement of the

. X
AV o te
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ionic charge, of the electronic charge and the change in ionicity due
to strain.
Harrison (56H2) determined the relaxation time for
electron scattering. The results are:
°U§h3'<§ K
T i S T3 2 & 4.26
P gr ekT = C

C : measured piezoelectric constant.

a constant which depends on the crystallographic
direction.

static dielectric constant.

K
(o]

If m is replaced by the effective mass, then in the case of a non-

parabolic band:
2 2
p Uz h Ko dE

T, = ——2 £ 4.27
pd o eprec &

If equation 4.27 is written in the generalized form, it is seen that

the scattering parameter will be s = + %- for this case.

4.4.3. Intraband optical phonon scattering

The optical branch of the lattice vibrations is now
thought to be the important one in III-V compounds (57E1l, 60El).

Rode (70RL, 71Rl) corroborates this conclusion.

ARG, CANADA

UNIVERSITY. OF.OTTAWA . __.__ . )




39

At high temperatures where hT>>hvo, ;; being the frequency
of the longitudinal mode of the optical branch, the collisions are elas-
tic and Howarth and Sondheimer (53H1) have derived a time of relaxation
for the case of a single energy band. They found (p. 59, 53H1):

a3 M hvz : B
T = — -
ax 4.28

po 2 e4 kr
where "a" is the interionic distance and M is the reduced mass of the
ions. The scattering parameter is therefore as in the case of piezo-
elgctric scattering, s = + 3.
When optical phonon scattering is present in a material,_

the mobility of carriers can be calculated either by the relaxation time

method or using variational methods: When the scattering mechanism is

elastic, a relaxation time characterizing the rate at which momentum
decays can be defined. From the relaxation time, one can calculate the
perturbation of an equilibrium electron distribution by a small electric

field and, hence the mobility. When the scattering is inelastic, no

relaxation time exists exactly, although in certain limits this appro-
ximation can be useful.

Of all the electron scattering mechanisms mentioned in
this wo¥k, only optical phonon scattering is an inelastic process. In
the work of Rode (70Rl) mentioned above, the drift mobility is calcula-
ted by a simple iterative technique of solution which he claims, retains
all the advantages of variational techniques without, however, the need

for excessive mathematical detail. The first iteration in his procedure

ABIO. CANADR.
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gives the usual result for a relaxation time approximation; he also

quotes that for GaAs, at 300°K, the use of only the first iteration

leads to an underestimate of the true mobility by 33%.
Ehrenreich (61E1l) found that the value of s falls from
+ %y at high temperatures, to a value of zero as the temperature decreases

and approaches T = hvo/k; this temperature is called the critical tempera- i

ture. Values of this critical temperature are reproduced in Table 4.1

for several III-V compounds (64M1).

OTTAWA

N A
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TABLE 4.1

o
. O g
Critical temperatures for some III~V compounds. ;ﬁg 4
&
22
Insb 264% Gasb - 336k Z
3k
InAs 334 GaAs 408 :
InP 487 Alsb 482
GaP 578

Although these considerations show that at lower tempera-

tures the relaxation time method is not strictly valid, many authors
have still made use of this method when the resulting inaccuracies are

not too large. Here, this convention will be followed and throughout

the analysis, the optical phonon scattering will be ;epresented by a

convenient relaxation time. However, care will be taken to note the

possible errors resulting from this approximation.
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For the case of a non-parabolic band, Conwell and Vassell (68C1)
have derived the following expression for optical phonon scattering:
1 -
T ome, @D G2 L 1.29
po (MKS)
where
e m* hy
o 1 1
B, = 5t () | 4.30
4nh” ¢, ® o (MKS)
N = ——t— | 4.31
L Py /RT_ - (MKs) T
(e 1)
and
.- 522 -
om* (Mxs) :
o
. With
Hmz = hvo = longitudinal optical phonon energy.
Eo = effective electric field that determines the strength of
electron coupling to the polar modes.
qu = number of lattice quanta in the lattice mode considered.
K, £ high frequency dielectric constant.
-12 .
€ £ permittivity of free space = 8.85 x 10 ! —E’—%— .
° N.m
It is pointed out by Conwell and Vassell (68Cl) that the expression for

Tpo was derived assuming only wave functions with -s symmetry. Neglecting
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the admixture of p functions causes the expression to be less accurate
for higher energies. This is discussed in Zawadzki and Szymanska (7121)

and it will be taken up later in the discussions.

4.4.4. Interband optical phonon scattering

In semiconductors with a band structure such that two
bands have minima, which are close in energy, the scattering of carriers
between the two bands may be important in determining the mobility of
carriers in either one or both bands.

In polar semiconductors, interband scattering is possible
if a carrier absorbs or emits an optical phonon, since a large change
in wave vector k is necessarily required when the two minima are at
different symmetry points in the Brillouin zone.

An expression for this type of scattering was derived by

" Conwell and Vassell (68Cl) and the relaxation time is given by:

2 . 3/2
R T 1
T, 3 T oxg9
ib /Z'nn pwlz e -1
x
1/2 12 1/2
e+ ﬁqlé-Elz) / +e (& - lez-Elz) / 1 4.33

(MKS)

where D12 is the coupling constant, P the angular frequency for

transition between the two bands, x,, = lez/kT, E, is the energy
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separation of the two minima and Mg = M2/3 mg. The integer M represents

the number of equivalent minima.

Note that this type of scattering is subjected to the same limitations

as with the intraband optical phonon case. <
If equation 4.33 could be reduced to the "generalized form",
considering the general shape of the curve of T versus E for this

scattering mechanism, the value of the scattering paramerer s would pro-

bably be negative.

4.4.5. Ionized impurity scattering

The problem of ionized impurity scattering was originally
treated by Conwell and Weisskopf (50C1l). The divergence difficulty
arising from Rutherford scattering was corrected by Brooks and Herring
(51B1) and Dingle (55D1) who used a screened Coulomb potential. This
| approach lead the way to a relaxation time expressed as (595l1):

167 (2m*)/? (eoxo)2 g/

= 4.34
T =
MKS
Z,Z e4 NI £(2) (MKS)

wheré 2' is the charge of the ions and £(Z) is a slowly varying function

of E and is given by:

e _ _¢ 4.35
tm= A 0+z) - Ty

with 2 E(Zka)2 and "a" is the screening distance which is a function of

the carrier density, temperature and energy of the carrier.

»
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The above screening relation was derived by a quantum-
mechanical treatment and is based on the Born approximation, which implies
that the range of validity of the treatment is given by Z>>1. When this
is violated as in the case of high impurity concentration or at very low
temperatures, the accuracy of the calculation may be compromised.

Using the results of Dingle (55D1) and Beer (63Bl), a

relation for 2 is obtained in the form.

*
7 = 8FOKO n kT E F]./2(2;) ’ 4,36
%% @ ks

o Fa

where n is the carrier concentration in the conduction band and the F's
are Fermi integrals defined as usual:
. r
x dx
= —_— 4.37
F, () e

l+e
)

The above theory for parabolic bands has been extended
' by Ehrenreich and Moore (66El) and later by Moore (67M1), to_include
quantum-mechanical corrections to the semi-classical Brooks-Herring

treatment. The following expression for the mobility is derived:

= uk +0 4.38
My ui {1+UB+0M D}

where u; is the Brooks-Herring mobility and the correction terms GB,
Oy and %, are defined by Ehrenreich and Moore (66El). The integrals
involved have been solved numerically by Moore (67Ml) for the case

of Gaas.
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When the non-parabolicity is taken into consideration,

Kolodziejczak (61K2), calculated the value of the screening distance

"a". The relaxation time may be written as (Barrie (56B1)):

2
P 52 ¢ K2 k2
O O

2 % 4.39
e NIf(Z) (MKS)

where Z is still given by (2ka)2, but (61K2),

2nzs K H3
a = °2° L 4.40
2 3/2 -
e ent? 1 Mw0n  oxs)
1/2 . . .
Here, L1 (B,%) is an integral defined as:

b dfo 2 b a
La(B,C) = (- = ) (x +Bx™) (1 + 2B x) dx 4.4;

0

where B = %% and T is the reduced Fermi energy.
o

However, if we have multiple charged scattering centers and carriers
present in more than one band, Kolodziejczak relations 4.40 and 4.41
have to be modified to take this into account. Baxter et al. (67Bl)
have shown that this can be done by replacing NI in equation 4.39 by
2 ~ . th
Z Q.N,, where Qi and Ni are the charge and density of the i  scatter-

1711

ing center respectively. They have also shown that in order to take

into account the difference of screening by the carriers in the different

bands, the screening distance "a" must be replaced by the one given by

-OTTAWA . . .
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Dingle (55D1):

R it
a2 EKhr i 3% (MKS) -4
Do

vwhere n, is the density of carriers in band i. (Appendix 4.1 shows how
ani/a; can be calculated).

Looking back at equation 4.39, the scattering parameter
s will be found to be equal to +<% .

4.4.6, Space-charge scattering

This scattering mechanism was first observed by Weisberg
and Blanc (60Wl) in GaAs. It is usually called the anomalous scatter-
ing mechanism or "mobility killer" because it reduces the total mobility.
It is based on a model of space-charge regions devised by Crawford and
Cleland (59C1) and Gossick (59G1) to explain lowered mobilities in neu-
tron-irradiated germanium. These space-charge regionsAare formed by
randomly distributed acceptor impurities, compensating the donors
(large disordered regions of modified conductivity type) which would
tend to produce intrinsic or even p~type regions. These regions would
be surrounded by space-charge which could be much larger in size than
the disordered regions themselves.

It could also be expected that these potential variations

could result from fluctuations in the concentration of a deep acceptor-
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level impurity; for example, oxygen doping in GaAs (66K2) reduces the
mobility. '

This space-charge scattering mechanism has,_up to now,
been included in several studies of GaAs and GaP. By assuming that
these regions are impenetrable spheres to the quasi free electrons,
Conwell and Vassell (68Cl) have obtained an expression for the relaxa-

tion time due to this mechanism. For non-parabolic bands and spherical

energy surfaces, it is stated as:

"Tge = (Nst)-l (m';/ZY)l/2 dy/dE 4.43

where N is the density oﬁ the impenetrable sphéres and 2 is the
scattering cross-section.

From equation 4.43, the scattering parameter s would have
a value of -~ %- in the generalized form equation for 7. A recent paper
_ by Hamerly ;;;.Heller (71H1) on n-GaAs includes space-charge scattering
in their study. Their experimental results indicate that this situation
can dominate at room temperature in highly compensated n-GaAs. They
also suggest a slightly stronger energy dependence of T on energy, their
results indicating a value for s equal to - %-.

It is obvious that the exact energy dependence of the

relaxation time is not yet well established. Thus, incorporation of

Tsc into the calculations can only be considered as an imperfect attempt

to take this mechanism into account.

R B
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4.4.7. Alloy - scattering

It is expected that in disordered alloys, there will be a

contribution to the scattering of carriers from the randomly positioned

perturbations of the lattice by the alloy atoms. This can be discussed,

at least in a qualitative manner, from a perturbation approach suggested
by Nordheim (31N1l) and also used by Brooks (unpublished) with an added
assumption about the magnitude of the perturbation.

Nordheim's results, as quoted by Glicksman (58Gl) are:

x (1-x) 4.44

8T 2 )1/2 E1/2

(ov) (2m m
at1 nt ki

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 alloy, V is the atomic volume, x is the mole fraction of the minority

component in the alloy and m , Wy are the electron longitudinal and
transverse effective masses.
The unknown U has been suggested by Brooks to represent the.
difference in potential between the conduction band edges of the wnalloyed

components.

Tietjen and Weisberg (65T1) give the theoretical expression
for the mobility due to alloy scattering as:
/2,04 o

(2r)
4.45

p =
all  3¢pm)Y/2 52 (E1~E2)2 x (1-%)
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where Na is the density of lattice sites equal to 1/V cmm3 and (El-Ez)
is the energy separation between the conduction band edges of the
unalloyed components.

Equation 4.45 can be expressed as:

¢

Haqp = constant/(m*/m)5/2(E1-E2)2 x(1-x) 4.46

Since equations 4.45 and 4.46 are in an integrated form, the present

author used a relaxation time dependent on energy, of the form:

3 |
A2 8 g g2 X 23202, 4, 4.47
T 7 BB g

all h a

1L - constant £V ‘ 4.8

Tall

vhere the "constant" could »e written as:

3

2 1/2 ,3/2 '
constant = C [ &1 (El-Ez) 2 / n* / X (l-x)] 4.49
h

2
N

4
a

where C is a factor which will account for any correction necessary in

the theory.

Equation 4.48 can be shown to have a scattering parameter
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4.4.8. Other scattering mechanisms

Various other scattering mechanisms such as neutral

impurity scattering (50El), dislocation scattering (54R1l) and electron-

electron scattering (59S1) can be shown to be negligible in the compounds

studied, under the experimental conditions involved here.

4.4.9. Summary

Most of the scattering mechanisms described, have been shown
to obey a scattering law, which could be reduced to a general form.

This form of T has been suggested initially by Zawadzki
(6221) and is used extensively in transport properties of semiconductors.

The equation

~UMNIVERSITY-OF - OFTAWA oo o .
T TAWA. ONTARIOCANARAL L i T 7o

YT (To). k dk
i

) 2s;-1 dE . 4.50

i 1is seen to vary with energy E and wave vector of the electrons k. (To)i

is a constant for one type of scattering and includes all the parameters

which are independent of E and k.

Each value of S5 represents the individual scattering
mechanisms. However, this form of equation will be applied to the
experimental rasults and if more than one scattering mechanism is

present, the effective S determined will be somewhere between these
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separate S values.
For a parabolic band, equation 4.50 reduces to:
- 3
T, =¢E*+ 4.51
i i _ .

Table 4.2 summarizes these results for the possible

values of s. b
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TABLE 4.2

Value of the scattering parameter ‘s for each scattering mechanism

. . ‘ 2s;-1 dE
obeying the relat , = . =, i
eying elation T, (ro)l k m -E
B
scattering mechanism . Si e
<
=
<: i
i
Ionized impurity . + 3/2 S
Acoustic, piezoelectric . +1/2 3
o
Intrxaband optical phonon + 1/2 =
. Ui
o
Interband optical phonon (negative) b:;l
Acoustic, "deformation potential” - 1/2 %
Space-charge -1/2(~5/6)
Alloy - 1/2
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CHAPTER 5

EXPERIMENTAL

5.1. SAMPLES AND PREPARATION

The alloy system of GaxIn xAs was prepared in this labo-

1~
ratory by a former graduate studenﬁ of our group, Dr. W. Coderre. The
horizontal Bridgman or step-freeze technique was used (69Cl). The re-
E sulting ingot was about 15 cm long and 1 cm wide, the cross-section
being elliptical. It was polycrystailine, thé composition varying smooth-
ly along the length up to approximately x = 0.75. Slices were cut from
the ingot and the composition was found by determining the lattice para-
meter from X-ray powder photographs. The lattice parameter a, was then
compared with a curve of a  versus x (58wWl).

The samples were prepared from the cross-sectional slices
in the form of parallelepipeds of dimensions 10 x 3 x 1 mm. For the
measurements of the transverse N.-E. coeéficient, the geometry of the

sample had to be perfect; otherwise the sample would not remain in the

sample holder.

Good measurementé for the Hall coefficient (constantvthick—
ness), resistivity (rectangular cross-section) and transverse N.-E.
coefficient (length, width) depend on the accuracy with which the dimen-

sions can be measured. Thus, .a careful lapping was done using the
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available equipment in our laboratory and the geometry of the major face

was checked to be rectangular. The dimensions were measured with a micro-

meter accurate to one micron.

The Gasb sample was provided by J. Basinski of the

semiconductor group. Transport measurements had already been made in

this laboratory and Qifferent parameters were available. The magneto-

Seebeck and transverse N.-~E. effects were both measured‘on that specimen.

5.2. ELECTRICAL CONTACTS TO THE SAMPLES

The magneto-Seebeck effect was measured on twelve samples;
it will be seen in the description of the apparatus that oﬁly pressure con-
tacts on the specimens were needed.

The Hall effect measurements, made on all the samples, re-

quired two current contacts at the ends and two Hall contacts on opposite

sides. They consisted of small diameter gold wires, spark welded to the

specimen by discharging through the contacts a variable capacitor

(1-20uf) charged to a variable voltage, 1-30 volts. The capacitor was
discharged in both directions until ohmic contacts of approximately
1-5 ohms were obtained. The carrier concentrations determined from those
measurements ranged from 1.12 x 1016 to 7.02 x 1017/cm3.

The transverse N.-E. effec£ was observed on InAs and on

four samples of the alloy system. Two opposite contacts were spark

welded on the sides in a similar way. The size of the wires for the

- UNIVERSITY.OF.OTTAWA - .




55

transverse N.-E. effect is very critical. The contacts were made to

the sides with very small diameter (0.003") gold wires. This is necessary
so, as not to short-circuit the thermoeleétric power; this would automa-
tically lead to an overestimation of the transverse N.-E. effect.

Mochan and Smirnova (60M1) made measurements of the trans-
verse N.-E. effect on p-type germanium. The side contacts were tin dots
of diameter 1.0 mm. They found that the value of Q| decreased as the
dimensions of the dots were decreased. Their explanation is the following:
that part of the germanium which was shorted by the tin dots acted like
a short-circuited thermoelement; this caused a positive charge to appear
at the cold end of the dot. When the magnetic field is turned on, in
addition to the transverse N.-E. potential difference, one can expect a
Hall effect to appear; it is caused by circulating currents in the vici-
nity of the electrodes which give rise to an additional positive potential
difference. The observed effect always had a positive sign even for n-
type germanium.

The size of the contacts made in this case is of the order
of 0.08 mn so as to avoid this type of situation. The ideal situation
is to have a sample in the form of a cross.

.Resistivity measurements were necessary on the same five
samples. Electroplating was used to produce a thin film of indiﬁm.on the
two ends and on two narrow strips on one side of the specimen. The indium

was annealed for a short period of time in an inert gas, thus producing

ohmic contacts.
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5.3. APPARATUS AND DETAILS OF SAMPLE THERMAL CONNECTIONS

The Héll coeﬁficient measurement, being now a vefy standard
means- of calculating the carrier concentration, will noﬁ be described
here. The following description applieS'only to the thermal measurements.

When the author started this program of research, an appa~
ratus had been designed and built by Dr. M..Aubihr now at Sherbrooke
University. He had made magneto-Seebeck effect measurements on the sys-
tem of alloys of InAsbel_x and GaxInl_be.

The present author made a complete set of measurements on

the system of GaxIn xAs of the magneto-Seebeck effect using the same

1-
apparatus. The sample holder, the'sink and the heater are shown in
figure 5.1 (As of (69A2), figure 3.6). The specimen was held in a hori-
zontal position and contact with it was made through two insulated copper
rods which were lowered onto it.

This apparatus will not be described any furthgr because it
was not adequate to measure the transverse N.-E. effect. The length
along which the thermal gradient was applied could not obviously be
estimated and this was needed to calculéte the transverse N.-E. coeffi-
cient. Another systeﬁ was therefore designed and built to serve this
purpose. Figure 5.2 gives a view of the "ensemble" of the experimental
set-ué with a simplified circuit diagram in a block diagram form.

The sample holder itself is shown in details in figure 5.3.

It is made completely out of non-magnetic materials and the thickness is

UNIVERSITY. OF-OTTAWA - ... ..
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minimized so as to fit in between the magnet poles. The heater and the

R P it IR

sink are applied to the ends of the sample with the junctions of the

copper-constantan strip thermocouple being inserted at each end. One

strip, at the sink end, acted as the cold junction and the other at the

heater end being the hot junction. .‘f;

Both the heater and the sink are electrically insulated,

the support being made out of perspex. The sink represents a total mass

of 30 grams of copper. -

R T e Y O T TN R T

A good thermal contact of the thermocouple strips with the

specimen is assured by inserting thin sheets of indium at the three points

shown on the figures and by applying a relatively high pressure on the
sample using the screw adjustment at the sink end, figure 5.3.
Since the temperature is measured by a differential method,

a thin piece of sapphire (294u) is used to provide the electric insula-

CUNIVERSIEY..QF-QLIAWA . ..

tion but still a very good thermal conduction.

A temperature difference of approximately 2 degrees was
maintained between the ends of the sample by applying a regulated D.C.

voltage to the heater wire with a Harrison Laboratories Constant Voltage

EXa T Y T

supply, model 6343a.
A selection switch (figure 5.2), a twelve position double

deck switch with silver contacts to minimize the electrical noise, pro-

vided the following readings:
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Position 1.

Voltage difference produced by the

thermocouple strip junctions; the temperature
difference could then be calculated.

Position 2.

Voltage along the sample produced by i

the thermal gradient and the changes in voltage

ANADAR. .

produced by the applied magnetic field.

Position 3.

Transverse N.-E. voltage produced by

the magnetic field.

The selection switch sent the signal to a preamplifier, an

QNTARIO. O

Astrodata Nanovolt Amplifier, model 120, whose noise level was less than

0.05uV. Ten scales offered fixed gains varying from 200 to one million.

UNIVERSHY-UF-OLIAWA. ...

L QTTAWA,

The voltage was read on a four figure digital voltmeter (and also a six

figure DANA, model 5330).

The Nanovolt amplifier was equipped with a potentiometer

so that the voltage as read on the voltmeter could be nulled; this was

useful to measure small changes in-voltage.




Constant
. _ voltage
Sapphire . supply

Indium ‘ 0O CP

]ﬂ/ﬂﬂ@f’%‘_—_ﬂl | | | .Heater

:

Copper-constantan
thermocouple

2
=
7
X
g
z

oJe

Nanovolt
amplifier

e 0

0 0
Digital
voltmeter

Switch functions:
1. Difference of temperature

2. Thermoelectric emf and magneto-Seebeck effect
3. Transverse N.-E. voltage

igur . e . :
.g e 5.2 Electrical circuit for the magneto-Seebeck and transverse N.-E. effects
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5.4. COMMENTS

5.4.1. Measurement of the thermal gradient

Measuring the difference of temperature using an absolute
method, that is, with separate cold junctions for each thermocouple
jmmersed in an oil bath at a known temperature, so that the temperature
of each end of the specimen can be determined independently and then the
difference found, does not provide with more accuracy. This method had
been used by Dr. M. Aubin on the original apparatus and his c&nclusions
were that the noise plus the addition of the absolute errors in the sub—

traction made the differential method as accurate.

The copper-constantan ribbon was cut as shown below to

form a small junction.

The voltage was measured across the 2 copper wires and a

constantan wire joined the constantan strips of each junction.

———E copper

constantan

._--E‘ copper
constantan EI—-—-

es were spot-welded to avoid any other

The 4 contact wir

junctions.
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This half and half copper-constantan ribbon had been
available from the National Research Council of Canada and the calibra-

tion was provided to be 41.5 uv/degree at room temperature.

5.4.2. Thermal contacts

It is interesting to note that this apparatus’ will measure
a temperature gradient larger than the one existing along the sample
because of the presence of sapphire arid indium sheets; this means that

the thermoelectric power will always be lower than the true one.

The objective is therefore to obtain as high as possible -
a value for the thermoelectric power by minimiz;'.ng the tﬁicknesses of
the saprhire and of the indium sheets. For a sample of length 10 mm,
the extra thickness is about 300 u; this represents, assuming for the
indium and the sapphire, a thermal conductivity 1ike that of the sample,

a thermoelectric power 3% too low. Considering that the sapphire and

indium sheets are highly conductive, this 3% value is reduced considerably.

If mica of thickness 3-5 1 is used instead of sapphire, the thermoelectric

power goes down by a few percent.
A second systematic error which has to be mentioned

although small, is that the size of all the wires coming into contact

with the thermal flux should be minimized to avoid heat leakage.
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5.4.3. Survey of the experimental errér

The author takes it as being very important to mention

that the described apparatus and crystal support gave very good results
considering that any thermal measurement is not easy ;o perform..

When the magneto-Seebeck effect was measured with the
original apparatus, a correction or calibration factor of 5% had to be
applied to the infinite magnetic field value of the thermoelectric power
in order to obtain the correct value for the effective mass, InSb being
used as a standard. The apparatus described herein, gave good values of
effective masses without having to use any correction factor. All thé
results described in this thesis are therefore éhose as obtained from the
measurements. |

Concerning those measurements, it is not easy to calculate

the experimental error, the largest source of error and the most difficult

to estimate being an imperfect thermal contact between the specimen and

the thermocouple.
Other sources of errors are the measurement of the emf with
the digital voltmeter, the thermoelectric power of the passive element

with reference to which the specimens are measured and the error in the

calibration of the thermocouple.
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5.5. MAGNETIC FIELD

The measurements were performed with a Magnion-Harvey-
Wells 15 inch electromagnet Modei 1-158 along with the HS-10200 Power
Supply and FFC-4 Field regulator. With a gap of 1%" and a maximum
current of 205 amperes, a field of 3.20 Wb/m2 is obtained. The technical
details can be found in the company manual; let us say ﬁhat the field )
set accuracy is 5 parts in 105 and the stability' 1 pg.rt in 106. ‘

The sample holder was placed m ;che cer'Lt.er‘ of the pole gap
where the field is constant to 1 part in ZLO5 over a cubic centimeter.
The gaussmeter probe has to be moved to an oufside position to make way
fc';r the sample holders or cryostats. A calﬁraﬁon curve is available
in the laboratory relating the value of the magngtic field indicated by

the dials of the magnet and the real field at the center of the pole gap.

5.6. MEASUREMENT PROCEDURE

Tt was a very delicate operation to jnstall the sample in
the holder with the sapphire and the indium sheets. Once that was done
and the sample staid in position under the applied pressure, the electri-

cal side contacts were made with the gold wires.

The sample holder was then insulated from the room so that
the measurements would not be affected by air currents, etc, and it was

adjusted in between the magnet poles.

R

s indamidl
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A period of two hours or more was usually necessary
until the system reached thermal equilibrium. During that process,
the pressure was increased to improve the thermal contacts. The
thermoelectric power was observed until a stable reading was reached.
This process was repeated two or three times for each

N

sample until a value of the maximum thermoelectric power could be

estimated. | -
When the system showed good thermal contacts, that is, a :!: c)

high value of the thérmoelectric power, the magneto-Seebeck and the g:gé
transverse N.-E. effects were measured. 5’2
‘ The magneto-Seebeck effect is an even function of the 5?: E’ |
magnetic field; therefore, the voltages read with the field in both ;;%
the normal and reversed directions wexre simply averaged out. é ?ﬂ "
The ﬁmsverse N.-E. effect is an odd function of the ;a Ei .

field. The corresponding voltage is:

= + V 5.1
vy1 VN * VR.L- T

with the field in one direction

Transverse N.-E. voltage

VN :
VR.L. : Righi-Leduc voltage
VT : Voltage produced by the off-set of the probes

with respect to oné another.
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1f the field is reversed and a quick measurement is made, the Righi-

Leduc voltage does not have time to reverse its direction, (65El):

Subtracting these two equations:

= 1 -
vWw = 3W Vo) 5.3

which is to be substituted for Vy in equation 2.6.

This procedure was followed and it was useful to eliminate
V_. The Righi-Leduc voltage can be eliminated this way for weak magnetic

field values where the field can be reversed quickly.

. Temperature gradients cannot follow an order of 50 cycles
per second; the field needs to be reversed and the measurement made

within 1/100th of a second., This is impossible with the equipment

available in our laboratory. However, as will be shown later, the

Righi-Leduc effect is small in semiconductors having a large phonon

thermal conductivity; it was therefore neglected.
It was mentioned in chapter 2 that the thermomagnetic

effects can be either adiabatic or jsothermal effects. It is experi-

mentally convenient to measure the adiabatic thermomagnetic coefficients

but the adiabatic formulae are more complex. However, the isothermal

coefficients can be simply expressed in terms of the adiabatic coeffici-
ents as: 2
]
Ga+B (Ql)a

a -
i 2
. 1+ B8

5.4

].!-I.L\\NH s

XX EYERR
S S
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and
(Q.I.) a aas

(-Ql)i i 1 +B%°

5.5

These equations follow from Heurlinger relation; (p. 79, 67H1),

where the subscripts "a" and "i" signify adiabatic and isothermal

respectively.

Usually the adiabatic values are measured and the isothermal
values are found using these expressions. If, however, the Righi-Leduc

coefficient S is small or zero, equations 5.4 and 5.5 reduce to:

5.6

and '
5.7

(Q.l.)i (Ql)a

Indeed, the coefficient S is very small in semiconductors.

Smith (p. 187, 5951) calcul

ua = =500 uV/°K. When the .transverse N.-E. voltage is 1 uV, the Righi-

Leduc voltage is 10_4 uv. These voltages give the following values:

2x 10'-6 m2/volt.sec

S

(9 .l.)a 10'"5 mz/sec. oK

no doubt, gives validity to equations 5.6

This example,

and 5.7. They will be assumed in this work.

ates its value for a typical semiconductor .with

RRRRTITRVAE, F-TH N BN

2.3 1 JAMU L. .
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CHAPTER 6

GALLIUM INDIUM ARSENIDE

-2

6.1. INTRODUCTION

In the case of the III-V compounds, it is now well established
that of all the possible scattering mechanisms mentiored in chapter 4,

optical phonon scattering is the important scattering mechanism. This,

by interxpolation, would be the mechanism to choose for the alloys also.

This will be investigated.

However, it has been suggested by Tietjen and Weisberg
(65T1) that alloy scattering has a negligible gffect in the alloys

except in the case of the GaxInl_xAs alloy system where the effect would

be the largest: It could account at high values of x, near x = 0.60,
for up to 40% of the total scattering. Hockings et al (66H1) indicate

a negligible or possibly minor amount of alloy scattering in n-type

specimens because the mobilities are high. All the results for the III-V

1 As are in marked
alloys, InAs, P , Ga In, Sb, AL In, . Sb and GaP s, s

contrast to the Ge1 xSix alloys where the presence of alloy scattering

is well established (64Al).

Because of the nature of alloy scattering, which could be

described as a short range disorder causing an aperiodicity in the crystal

potential, it is impossible to distinguish between this and the presence

of inhomogeneitiés. Inhomogeneities as descriﬁed by space-charge

ERIT TR o 3 % T I 5% B .
_QTTAWA, ONTARIO GANADE. T L
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scattering, if present, are distributed in the vhole crystal and are
more of a long range disorder type.

When the longitudinal and transverse N.-E. effects are
measured under weak magnetic fields, both m the ném—d_egLnerate and
strongly degenerate limits, the coefficients of both effects are pro-
portional to the scattering index s. Therefore, for a single scattering
mechanism, the sign of the effects distinguishes.between various scatter-
ing mechanisms. For "deformation potential™ scattering, alloy scatter-
ing and space-charge (inhomogeneities) scattering, S = - -;— , the effects
should be positive; for polar optical and piezoelectric scattering,

s =+

1]

, they should be negative and for ionized impurity scattering,

W D=

s = + = , they should have larger ﬁegative values.

Such measurements have been made on gallium arsenide (§9E1)
and indium arsenide (60E2). In both cases, the effects had a negative
sign at low temperatures and at high temperatures (>550°K) they became
positive. The negative sign was interpreted as charged impurity scatter-
ing, optical phonons being neglected due to the fact that the ionic
component of chemical bonding is small.

Rodot (60Rl) was the first to recognize that such informa-
tion could be obtained:, not only from the effects in low fields, but also
from the longitudinal effect at high fields. The transverse effect de-
creases to zero as the field increases.

' Later, Kolodziejczak and Sosnowski (62K1) showed that the

sign, of both effects in low fields, can change due to a pronounced

-1 JAUY M
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non-parabolicity of the band structure. Hence, one has to be very care-~
ful in interpreting results from such measurements.

Furthermore, the transverse N.-E. effect is known today

to be very sensitive to the presence of certain types of inhomogeneities

which are to be distingﬁished from space-charge scattering. Drichko and
Mochan (66D1) and Agaev, Mosanov and Ismailov (68A3) have shown this to

be true for InSb. Even the presence of submicroscopic inhomogeneities

may affect the measurements.

Fw VS

1ol
ot o A
in the present work, the magneto-Seebeck and N.-E. effects ;E ;g ;
. .
:P'.q: !
have been investigated at room temperature (298%K), in a magnetic field -F ]
. :' . e :' .
’ HERK <y
of induction up to 3.2 Wb/mz. 1n the alloys considered, at the InAs :? =
‘ oo
HENE T
end (small x) this value corresponds to a strong magnetic field, uB>>1; ]‘5 .
3
near the GaRs end of the alloy, B is in the intermediate range, ¥B = 1. S
SE .
: A

6.2. THEORY AS APPLIED TO GaxInl_xAs

In the measurements on this alloy system, the carrier con-

16, 3 17, 3
centrations were found to be between 1.12 X 10 /cm” and 7.02 x 107 /cm .

In both InAs and GaAs, the I‘lc;bénd is the main conduction band; the next

higher bands are situated far enough so that they do not contribute to

conduction. In Gads, the xlc; band is the nearest to the Tj . band; it is

ottom of the Iy, band (72B3). In pure

situated at 0.38 eV above the b

InAs, the L]_c band is at 0.70 e‘_l'above the bottom of the central conduction

band (68Kl). The values quoted are at 4.2°K.

1
!
'
g
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Therefore, one conduction band is considered, the electron

charge being -e.
The géneral equation for the magneto-Seebeck effect,

equation 4.1, reduces in such a case to:

2 2
.. 6. +0..6._ +Ep/eT (0., +0..)
: 2y
o(B) = 1111 1212 11 12 6.1
2 2
(611 + 0, )
where the above tensors are:
[+] L= - _e_- <.___u__2._é_>
1 37 1+B1U
2
(o] = - -—e-% <___u——2—2—>
12 3 1+BWY
u 3n 1+BH
2
6 = _EE. <—__EE§7E> 6.2
12 31!’2 1+BWU
Equations 4.6, 4.7 and 4.8 become respectively:
e <Eu> ' 6.3
afo) = - 3 [ el r ]
. b £ 6.4
af®) = - 3 [ < z ]

_OTTAWA, ONTARIO. CANADA
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and
Q -
of
1 0 3
n = -5 ) k& 6.5
31T2 13
0
with 2t
3
<> = ('—a_g')Ak dag 6.6
o
and the mobility
_ et
LIy 6.7

Note that .C is the reduced Fermi level equal to EF/kT. The reduced
energy notation is very useful for computation purposes when numerical
integrations are performed.

Under the same conditions as for «(B), equation 4.9 for

the transverse N.-E. effect simplifies to the following equation:

1 9% T %l |
0 (B = = 6.8
1 B o2 402

11 ¥ %2

In the case of a weak magnetic field, that is when

Bro,

2 .
_ ko <gu2> - <Ep> <p°> 6.9
Q =TT o :

<u>2

From that equation, one will note that in this region of

field, the transverse N.-E. coefficient is independent of the field;
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it is a constant. It i.s also independent of the sign of e, since e,
and ﬁi both carry the same sign. This shows again, that the sign of
0 1 depends only or; the scattering mechanism.

In the case of a parabolic band, all the bracket terms,

< >, become Fermi integrals.

From equation 6.8, the behaviour of Q.l. , as the magnetic
field increases to the strong field region, is n.ot easily seen. Expres-
sions can be found however for the case of a parabolic band and assuming

classical statistics. Referring to Psidil'kovski's book (p. 77, 62T2):

When (uB) 2<<l, the transverse N.-E. field is:

6.10

1 -k 9
Ey_(-z--r) %% e ¥B 3k
so that
- - k 6.11
Ql— (2 2 ar e s
2
When (uB) >>1,
1 [ -1 97 6.12
Ey= (-2—-r) . G uB) ~ 57 _
- < (uB .
o = (3 r) e 3 (uB)

IRTE TR LTy Y 54
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The }_Sarameter r comes from the definition of the relaxation time used

in that reference:

o=

T =1 ('EE) so that r = s +

In those equations, a, and c, are the following:

3
3/; I‘!-é--!» 2r)

a = 2L 6.14
r 4 2040

c = ¥ r3-n T+ 6.15
r on :

with the gamma functions:

I(x) = e 1 6.16

The coefficients a, and c, have values near unity; they

have the values listed in table 6.1 for various values of r, the re-

lation to s is also given .in the same table.

It is seen from equation 6.13 that the coefficient

2 will decrease to zero as the reciproc

field induction, l/Bz.

al of the square of the magnetic

TR s

Y
L ¥4

B YR TR Y R O
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TABLE 6.1

Values of the parameters a, and c, for different values of s.

aAs of (p. 78, 62T2)

S * ar cr &,1 B!
o
o MO
=
-0.75 -0.25 1.5738 1.3258 s
-0.50 0 1.1781 1.1318 &
21
Tt
-0.25 0.25 © 1.0356 1.0312 SE
0 0.50 1.0000 1.0000 1L
i
0.25 0.75 1.0278 1.0312 2
5 :
0.50. 1.00 1.1045 1.1318 .
0.75 1.25 1.2273 1.3258
1.00 1.50 1.4000 1.6667
1.25 1.75 1.6308 2.2686
1.50 2.00 1.9328 3.3953
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Note

If the reader refers to the literature of the transverse
N.-E. effect, he should not be surprised that in the general case of a

magnetic field of arbitrary magnitude, many authors use the non-dimen~

sional field Ey,

_ k
g, = EY/[ < (ar/3x)] | 6.17

rather than the coefficient Ql' as a characteristic of the effect.

This is because the coefficient Q) does not reflect the dependence of

the field Ey on thé'parameter 1B, the latter being related intimately

to the behaviour of carriers in magnetic fields.

From equations 6.10 and 6.12, EY is seen to be proportional

to B in weak fields and to (uB)—1 in strong fields. Therefore, at

intermediate field strength, when UB = 1, the function Ey(uB) should have

a maximum. The value of the mobility u can thus be found.

6.3. ANALYSIS, RESULTS AND DISCUSSION

The thermoelectric'power and its variation with the

magnetic field was measured on a number of samples over the alloy

range. Figure 6.1 shows the results obtained for 5 of these samples.
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The transverse N.-E. effect was measured on samples with
tﬁe following composition: 0.000, 0.180, 0.450, 0.640.and 0.745. Those
_results are displayed on figure 6.2. The electrical conductivity, which
will be needed in the analysis as will be éxplained later, was also

measured on these samples; the values are quoted in table 6.2.
* 1" TABLE 6.2

Measured electrical conductivity for 5

samples of the alloy system of GaxInl_xAs.

x otx 10% 7
0.000 1.02
0.180 1.95
0.450 0.95
0.640 0.2
0.745 3.60

The analysis of those measurements has been divided in

three sections. The first section shows how the theory described in

the previous section was applied in order to calculate the position

of the Fermi ‘level, the bottom of the band effective mass and the

r
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scattering parameter.

The second section describes a fitting method developed
on curves of a(B) versus B and applied to analyse the transverse N.-E.
effect for values of the Fermi level and of the scaﬁtering parameter.

The third section gives an account on how the curves of

a(B) versus B are fitted assuming specific relaxation times suggested

by the values of s. The scattering mechanisms investigated are opti-

cal scattering, space-charge and alloy scattering.

6.3.1. CALCULATIONS OF &, m;/m AND s.

A

6.3.1.1. Assumptions and Procedure

Using the definition of the bracket symbol, equation 6.6,

equation 6.4 becomes:

S A

(- -a—g-—')g k dg

k ‘0
. a(®) = - — - - T . 6.18

e (-} afo 3

- d

5 I3 3

0 .

If g(») is known, the Fermi level can be calculated from that equation

provided a model is assumed for k.

If equation 4.13 is replaced in equation 6.18, the bottom




of the band effective mass will cancel out.

82

In order to use equation 6.18, the value of a(®) has to

be found. Figure 6.3 shows the variation of 4 (B) with B for three

samples of the alloy system. In cases where the saturation value of

A¢(B) cannot be found from the plots, the limiting value Ao (@) was
found with the aid of an extrapolation method based on an empirical

formula first suggested by Shalyt (63Sl) for InAs:
2 2
Ao (B) = Al B /(1 + AzB )

where Al and A2 are constants.

This empirical formula has been indirectly suggested by a paper of -

6.19

Rodot (60R2) in which he gives a theoretical justification for a formu-

la of this type in the case of a degenerate electron gas.
In equation 6.19, if B is large, it becomes:

h

L)

Aa (=) =

Rearranging equation 6. 19,

___-——B2 = —]-'- + ’A—z" Bz
Ao (B) A A
1 1 2
= — — B
A, T )

6.20

6.21
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2
Thus, a plot of B /Aa(B) as a function of 32 should provide

with a straight line of slope 1/Ao (). Figure 6.4 shows that indeed one

obtains straight lines.

values for the Fermi level can then be calculated if E;

in the Kane model is known. The values used here have been taken from

Hall coefficient and electrical conductivity measurements published by

Coderre and Woolley (70Cl).

Again, using equation 6.6, equation 6.3 becomes:

-0

- r

afo -3 oL
355 )Eu a 4
/ 0 n'
afo) = - .k; -z 6.22 =
e reo- 3f° 3 ) ;:{Ai:
L ‘0 | P2

Substituting the mpbilit.:y,' equation 6.7, and intro-

OTTAWA 0!

ducing the “generalized form" of the relaxation time, equation 4.50,

one obtains: T [° af 2 1
o 2s-1 &,
Jo '
b i .
ao) = - = - 4 6.23
of
o 2s-1 & a
L )

The constant T in equation 4.50 is seen to cancel out,
o

top and bottom.
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If a(o) is known and the Fermi level, the parameter S

can hence be calculated.

Furthermore, including the Kane model in equation 6.5

for the carrier concentration:

kT m*  3/2 £-C
n= = (5——) eg-; = (BXE + kret) /% 6.24
37 h E; o (L+e”7) .

The carrier concentration being known from the Hall effect

measurement and the Fermi level from a (=),

the bottom of the band effec-

tive mass m;ﬁ;an also be calculated.

In résume, the scheme of the possible calculations is the

following:

@ (@) ' P

a (o) n ¢————— 1/-eR(®)

This method to calculate the parameters involved in

equations 6.3, 6.4 and 6.5 has evolved from 1960 to now, in going from

equations assuming a parabolic band to those using a non-parabolicity

correction.
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It has its origin in the fact that Rodot (60Rl, 60R2),
suggested the form of equé.tion 6.4 for a(®). The evolution can be
followed in papers by Mochan, Obraztsov and Smirnova (62M2) on InSb,
Galavanov, Eu{el'yanenko “and Kesamaniy (63G1), Shalyt (63sl) and Korenblit,
Mashovets and Shalyt (64K2).. In this last reference, the authors in- -
vestigated the dispersion law of InaAs from measurements of &(w) and
R(®); they also studied the scattering mechanism in InAs by plotting
a graph of a{o) versus carrier concentration.

This scheme of the calculations has also been used by

Dr. M. Aubin in his Ph.D. thesis (69a2).

6.3.1.2. Results and discussion

The results of the calculations of o(®) using the empirical
relation of Shalyt are given in table 6.3 with the measured values of
¢(o) and R(®). The values of the longitudinal N.-E. effect Oa(®) are

also listed.
The latter is seen to have 2 negative sign which already

tells us that s will be positive if the non-parabolicity does not affect

its sign.
The values of Aa(®) represent only a few percent of a(o);

this means that as a first approximation, the Fermi level could be cal-

culated using the value of a(o) instead of o (=).
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A calculation was made for the case of x = 0.61 to find
out the sensitivity of ¢ and s with respect to the value of.A&O”).

Table 6.4 shows that if &(m) is set equal to &(o), this produces a -
change of 5.6% in the Fermi level, 7.1% in the bottom of the band effec-
tive mass and 31.3% in the value of s.

This shows that the parameter s is more sensitive to Aa(B)

than is the Fermi level, the latter depending mosfly on the thermoelectric

power itself.

This simple calculation means also that even an experimen-
tal error as high as 20% in Aa(®) would produce changes in and

s of about 1 and 6% respectively.

Table 6.5 gives the résults of the calculations of the
carrier concentration n, the Fermi level EF’ the effective mass at k = 0
and of the scattering parameter S, for all the alloys measured. All
these calculations were done by numerical integration; these computations
as well as those in the following work were performed on an 13M 360

computer, Model 50.

The numerical integrations used Simpson's rule with enough

intervals to provide a good accuracy- The summation was done up to a

value of energy such that a negligible number of electrons would have

an energy greater than this.

The variation of the bottom of the_band effective mass with

the composition of the alloy is displayed on figure 6.5. The value for

InAs agrees with other measurements as published by Aubin and Woolley (68A1)-




TABLE 6.3

Data from the GaxInl_xAs alloys.

. a(o) Ao (») = o () ~R(®)
wv/zeq) |la@|-le@]| /e | (/o)

0.000 -342.8 -.4.2 -338.6 214.08
0.000 -355.7 + 1.6 -357.3 269.80
0.110 -256.0 - 9.1 ~246.9 52.00
0.190 -282.0 - 8.6 -273.4 63.36
0.285 -304.5 - 8.3 -296.2 73.60
0.375 -321.2 - 6.3 -314.9 84.19
0.450 -337.9 - 4.7 -333.2 93.36
0.520 ~376.0 - 8.3 -367.7 119.61
0.610 -408.3 - 8.9 -399.4 159.58
0.640 -384.5 - 1.8 -382.7 138.37
0.745 ~197.4 -19.0 -178.4 8.89
0.835 -351.6 -24.7 -326.9 55.90

89




Shows the sensitivity of { and s with respect to the value of Aa(®),

(Data for

TABLE 6.4

x = 0.61)

IF VARIATIOR
%
a (o) -408.3 pV/oKk|| -408.3 wV/°K
o (®) -399.4 pv/oK|| -408.3 MV/9K
Ao () - 8.9 pV/CK 0.0 100.0
THEN
4 -1.98 - 2.09 5.6
m*/m 0.0493 0.0528 7.1
[o]
s 0.32 0.22 31.3
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TABLE 6.5

Computed results from the GaxInl_xAs alloys .

n z
%
5 |aotSad| @ mrm | T s
F
o
';»'Gl"
e
2t
=8
A4
0.000 2.92 - 1.09 © 0.0213 0.48 =]
L
0.000 2.31 - 1.33 0.0212 0.41 et
s
0.110 12.00 +0.21 0.0267 0.52 =g
' <
0.190 9.55 - 0.23 0.0301 0.47 S
0.285 8.46 - 0.58 0.0339 0.42 =
0.375 7.43 - 0.86 0.0369 0.36
0.450 6.69 - 1.12 0.0405 0.32
0.520 5.22 - 1.57 0.0459 0.34
0.610 3.91 -1.98 0.0493 0.32
0.640 4.51 - 1.78 0.0478 0.23
0.745 70.19 +1.36 0.0552 0.50
0.835 1.12 +1.08 0.0576 0.47
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The results are compared with those from infrared reflectivity data of
Thomas and Woolley (71T1).

After the present data had been obtained, recent results,
from measurements via cyclotron resonance in thin epitaxial films, were
reported by Fetterman et al (72F1). The values of effective masses inclu-
ded in figure 6.5, at the high values of x, are those results corrected

to room temperature.

Figure 6.6 gives the jnteresting variation of the scatter-
ing parameter s with composition; s is seen to be near + 0.5 at the InAs
end in agreerﬁént.-with other authors (68Al). It then decreases to reach

a value of & = + 0.3 around x = 0.60.

The values ¢ of s agree with the negative sign of the longi-
tudinal N.-E. ¢oefficient; the scattering can therefore be attributed
to either optical phonon scattering or piezoelectric séattering on the
acoustical branch. Piezoelectric scattering is allowed in this
system because both InAs and GaAs have an asymmetric charge dis~
tribution énd no center of symmetry. This scattering has been pointed

0
out (63l and 64K2) as being present in InAs at T = 77 X for samples of

low carrier concentrations. In some recent work by Rode (70R1) , a nume-

rical iterative methed is used to solve the Boltzmann equation; it is

applied to pure III-V semiconductors (Gahs, GaSb, InP, InAs, InSb).

These compounds were investigated for the possible presence of polar

mode, “défomation potential” acoustic and piezoelectric scattering. It

(v 10%)

is shown that piezoelectric scattering becomes just noticeable

at 1509k except for GaAs for which it is the dominant mobility—limltmg

mechanism below 60°K. In some jater work, Rode (71R1) , incluﬁed an
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arbitrary electron degeneracy as well as scattering by ionized impurities
and heavy holes. A similar conclusion was reached. At room temperature,
piezoelectric scattering is therefore ineffective, leaving only the

mode of optical scattering.

6.3.2. THEORETICAL FIT TO THE CURVES OF o VS ‘B AND INTERPRETATION

OF THE TRANSVERSE N.-E. EFFECT

6.3.2.1. Validity and procedure

The method of analysis described in section 6.3.1. relies
on two values of o (B). One is experimental, (o), and the other, a(=),

is determined with the use of an empirical law.
Tt was decided, therefore, +o use the whole variation of

the effect with the magnetic field and to obtain a theoretical fit to

that curve by varying the values of the Fermi level and of the scattering

index.

This test of the method described in section 6.3.1. has never

been made although it has been extehsively used by many authors as

mentioned previously. Also, the transverse N.-E. effect can be more

easily analyzed if a method is developed so as to f£it the whole experi-

mental curve: This effect is subjected to a larger experimental error,

than the magneto-Seebeck is, because the measurements of the transverse

N.-E. voltage require the registration of very small voltages. Hence
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extrapolations to values of Q l(g) are therefore less precise.

Looking back at equation 6.1 for a(B), it can be seen

that equations 6.2, 6.6 and 6.7 have to be used in order to obtain a

theoretical curve. The relaxation time t which is needed in equation
6.7 is again defined by equation 4.50 except that in this case, the
constant ‘ro does not cancel out. Appendix 6.1 shows how the value of

T, can be calculated using the electrical conductivity.
This method of using the complete experimental curve,

instead of only 2 points, has the very important advantage that if,

for example, a value of s =+ %- is found from a(o), this meaning

a relaxation time

that opticé.l phonon scattering is probably present,

proper to this mechanism can be inserted in the theoretical calculations

e made to both of ¢ vs B and Ql vs B over the whole

r the de-

and a fit can b

curves. Also, this method will not use any empirical law fo

termination of the Fermi level.
The procedure followed in this approach will now be
described. One experimental point is chosen, for example, ®(B;)-

Curves of o versus & = EF/kT are plotted for different values of s.

nding to the experimental value

See figure 6.7. The values (z,s) correspo
any values of B. & graph of s

G(Bi) are noted. This is repeated for m

as a function of ¢ is finally obtained for different values of the

The intersection of all the

magnetic field induction B, figure 6.8.
ible fit.

curves, if it exists, is the best poss Note that the area at

the intersection also gives an indication as to the qualitY.Of the £it. : o
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) .
- #(1.09 Wb/m’) = -335.9 wv/°k

a(1.09 Wb/mz)

(z.s)

-1.40 -1.30 -1.20

— = EF/kT —_—

-1.10 -1.00

Figure 6.7 Thermoelectric power versus Fermi level for x = 0.45 (computed)
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This is also valid for the curves of Ql versus B. This fitting method
was devised to save some computer time since the programs already re-
quired lengthy calculations.

Only 2 parameters, E_ and s, were used because it seemed

F
illogical to fit with more parameters, the values of m; from the pre-

vious analysis having been confirmed by other measurements.

6.3.2.2. Results and discussion

a) Theoretical fit to the curves of @ vs B

The results of the best theoretical possible fit to the
measurements of the thermoelectric power as a function of the magr.letic
field are shown in figure 6.9 for five samples of the GaxInl_xAs alloy
system. Figure 6.10 is an enlarged scale, for x = 0.450, from which
figure 6.9 originates.

Table 6.6 gi.ves the values of the parametc_ars g and s,
and compares them with' those from a(®) and a(o) of section 6.3.1. The
agreement is good showing that the method described in section 6.3.1.,
' approximation

using only two points, @(o) and a(»), is indeed a good

to the fitting method.
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TABLE 6.6

Comparison of the parameters g and s
calculated either from a(=) &alo) or from

a fit to the experimental curves of o vs B.

4 s

X
a (») Fit o (o) Fit
0.000 |-1.085 | -1.082 ' .48 .49
.180 |+0.136 | +0.154 .64 .66
.450 | -1.118 | -1.103 .32 .35
.640 | -1.780 | -1.773 .23 .25
.745 | +1.360 | +1.323 .50 .49
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b) Interpretation of the transverse N.-E. effect

Assuming at the -start that the inhomogeneities did not
contribute to the transverse N.-E. coefficient, a theoretical fit was
made to the curve of Q.l. vs B for x = 0.450. The results are shown on
figure 6.11. With the values of [ and s given in table 6.6, the
theoretical curve is way off the experimental curve. A fit was possible
for L = - 0.300 and s = 0.450. When X = 0.000 was a{ialyzed, it was
impossible to obtain anything near a fit.

B.efore analyzing the measurements of this effect, one
should know that the material usually contains some inhomogeneities
which affect the observed physical phenomenon whether they are micro-

inhomogeneities (66D1) or inhomogeneities of mean dimensions larger

than the mean-free path of the electrons (6823) . If one tries

to fit the experimental data without removing the contribution

of the inhomogeneities, in all cases except under weak field conditions,

it is impossible to obtain reasonable values of the fitting parameters.

It is possible under weak field conditions because depending on thel

nature of the inhomogeneities, the relative importance of these might

increase with increasing magnetic f£ield. Therefore, in weak fields,
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‘one may consider in first approximation-that the contribution from
the inhomogeneities is negligible. The sample x = 0.745 being the
one with the lowest mobility, the region of the measurements stands
as B § 1; the fit to be shown later for that sample was made without
taking into account the inhomogeneities. The parameters ¢ and S.

will be seen to be reasonable.
The presence of inhomogeneities becomes obvious if one

considers the equation for Q) in the case of a parabolic band and

spherical energy surfaces. In strong magnetic fields, equation 6.13

shows that Q| should vary as l/B2 in the classical region.
Figure 6.2 gave the experimentally obsexved values of

Q | as a function of the magnetic field; lQl‘ does not decrease to

zero as :l./B2 but rather'it seems as-though it wants . to saturate above

the zero axis.

This phenomenon wWas studied by Drichko and Mochan (66D1);

they showed that a contribution of the inhomogeneities to the measured

transverse N.-E. coefficient is important even in the case of single

crystals of InSb whiéh were homogeneous in potential distribution along

and across the ingot within 2% at liquid nitrogen temperature. They

found that for all their samples, at large fields, all values of Q)

are of the same sign and diffei from one another by not more than 20%.

Such behavibur cannot be explained by classical theory. The fact that

¢

(CANADE:
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this common limit does not vary with temperature indicates that for fair-
ly strong magnetic fields, scattering only has a slight influence on the
transverse N.-E. effect. .

Herring (60H1) has reviewed the influence of various types
of inhomogeneé.ties on the galvano-magnetic effects and on the thermo-emf.
Xudinov and Noiznes "\Eéi'c'i)Ahave expanded Herring's theory on the thermo-

magnetic effects in strong magnetic fields. Agaev, Mosanov and Ismailov

(68a3) found that it was possible to separate the physical effect from

£

the effect of inhomogeneities when these are of such a nature so as to

give rise to circulating currents. These currents interact with the

YR e & wPR AR DA R

This emf is superimposed on the

magneticFEizid mnd produce a Hall emf.- t:
=
transverse N.-E. emf. Consequently, one measures the sum of the trans- 5
Yol
verse N.-E. coefficient and a contribution due to inhomogeneities: 04
. =
<L,

(inhomogeneities)

Q) (measured) = Q (true) + Q)

. OTTAW

Furthermore, they assumed that Q 1 (i) is independent of

 the magnetic field not only in the strong field region but over the whole

range; this is justified since Q 1 (i) depends on B only threugh the

Hall coefficient R and if the dependence of R on B is weak, as @ first

approximation this tuxns out to be quite valid.

The true transverse N.-E. cpefficient is then the difference

between the coefficient measured in weak and in strong field. Y, o |

This approach will be used here rather than that of

Drichko and Mochan (66D1). These authors in their work on InSb measured
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the transverse N.-E. coefficient in a magnetic field of induction va-
rying from 0 to 1.5 Wb/mz. Since a value of B equal to n 0.2 Wb/m2
already correspondé to a strong magnetié field, they wefe able to
extrapolate part of the curve (0.6 - 1.5 Wb/mz) relating the values of |
Ql with B to the range of values of B below 0.6 Wb/mz. The difference
between the measured and extrapolated curves was chosen as the true
dependence. Such an analysis is impossible in this case because the
region of measurement covered in the strong field range is not enough
to extrapolate to lower but still high fields.

Figure 6.12 gives an example of the approach used to
remove the contribution from the inhomogeneities. The value of .

Ql (i) = constant, was found to bé the one which satisfied the equation

Ql (true) = Ql (measured) - constant

and for which the fit to Q.l. vs B was the best possible one.

Figure 6.13 shows the curves of Q \ (true) versus the

magnetic field induction for the five samples of the alloy system on

which this measurement was made. The associated theoretical fit is

calculated using equation 6.8 as it was done for the case of o vs B.

The values of the fitting parameters r and s are given in table 6.7

where they can be compared with the results from the analysis on the

magneto-Seebeck effect.
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A good agreement is found and the values of the scattering

parameter still jndicate the same scattering mechanism: optical phonon.

The negative sign of Ql(true) is in agreement with this conclusion.

It is of interest to mention that in both cases for " Ao
and Q.l. , if they are calculated using a parabolic band, the sign remains
negative; this overrules the possibility of the negative sign being due

to the non-parabolicity of the investigated material. This was calcu-

jated for InAs, n = 2.92 X 1016/cc, since it is slightly more non-para-

T
il
bolic than GaRs. It can be seen from figure 6.14 that both coefficients g;
o
. o 2:
are negative for a parabolic band; if a more pronounced non-parabolicity Zi :
would exist, the sign would turn positive. <l
£l
<
Er
2
The use of equation 4.50 describing the relaxation time has :
been extensively criticized by gawadzki and Szymanska (7121). This is %
bt
=
=

because, when T is defined as:

-Tl-a p(E) W(E) . 825

vhere
p (E) is the density of states and

W(E) the scattering probability,

the non-parabolicity -should pe taken into account in both of p(E) and

W(E), not only in p(E) as is the case for formula 4.50.

Bowever, this is jmportant at high electron concentrations

scattering by jonized im-

and it is shown in (7121) that especially when

purities is present, this leads to some error in the thermomagnetic

effects. Since low carrier concentrations are dealt with here and
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jonized impurities-have a negligible effect, the use of equation 4.50
is perfectly valid.

The next section, section 6.3.3., will study more closely
the possible scattering mechanisms in the alloy system using the relax-
ation times of specific scattering mechanisms instead of the "generalized
form" equation.' A distinction needs to be made at this point.

In relation to the inhomogeneities'discussed previously,
Agaev et al (68A3) mention that the separation of the effect of the
inhomogeneities from the physical effect was possible for some types of
jnhomogeneities only. The following examples are given: layered distri-
bution of impurities in a crystal, crystals with regions having different
impurity concentrations, surface iayeIS; electrical (thermal) contacts

with a sample, etc. The reader should refer to S. Rosenbaum's thesis

(72R1) for further information on the possible nature of inhomogeneities.
From this point on, inhomogeneities of the type just

mentioned will be distinguished from alloy or space—charge scattering.

Alloy and space—charge scattering will not be called inhomogeneities

even though they do represent minor jrhomogeneities.

6.3.3. STUDY OF THE POSSIBLE SCATTERING MECHANISMS

Now that the results of both measurements of the longitudi-

nal and transverse N.-E. effects have been interpreted, it is the purpose

of this section, to extend the study of figure 6.6. This figure showed
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a decrease in s with increasing composition. The behaviour of s means

that a scattering mechanism characterized by a negative value of s is. .

héving an increasing influence as x increases; it, therefore, imposes
a further limitation on the mobility of the carriers.

The possible scattering mechanisﬁs characterized by a
negative s are acoustic scattering (deformation pbtential) , alloy scat-
tering and space-charge scattering. They all have a value of s equal

1
to—z.

Theoretical calculations of Varshni (71V1) and the work
of Rode (70R1,71R1), mentioned earlier, show that acoustic scattering
is negligible in III-V compounds. In the work of Rode (70Rl), the

deformation potentials used are 7.0 and 4.9 eV for GaAs and InAs respec-

tively; in his later paper (7T1R1), a value of 11.5 eV was used for InAs.

Rode also mentions that although the deformation potential values

may be in considerable exror, the mobility is fairly unaffected because

acoustic scattering is quite weak.
Alloy scattering would be the plausible scattering

mechanism to hold responsible for a reduction of mobility; this agrees

with the predictions of Tietjen and Weisberg (65T1). Their predictions

and Ga In, Sb
X

tems of alloys InASbel—x 15

were also correct for the sys

as can be seen from the results of Aubin and Woolley (68A1, 69}\1);

the calculated values of s show no continuous OX monotonic decrease of

S with x. One knows however, that since the mobility due to space-charge |

scattering has a2 T 1/2 temperature dependence (62wl) which resembles

-
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the mobility due to alloy scattering, it is jmpossible to distinguish
petween the two unless an alloy is truly homogeneous. The measurements

of the transverse N.-E. effect have shown that the alloys contain some

types of inhom_ogeneities, the nature of which is hard to pinpoint. Never=

theless, both scattering mechanisms will be investigated and a discussion

of the results will follow.

6.3.3.1. Procedure

A theoretical fit will be made to the experimental curves

of ¢ vs B; the analysis will include specific scattering mechanisms.

Because the curves of & vs B are more reliable, ‘it is considered

et e T A S T AR TOr

ONTARIQ CANBDA ... -

unnecessary to also fit the curves of Q 1 (true) vs B.

1AW

Three samples were chosen for this investigation, X = 0.000,

0.450 and 0.640. InAs was chosen because alloy scattering is not present

and only one scattering mechanism should be needed: optical phonon scattering.

If a reasonable fit is found for InAs, 2 similar approach can be used on the

samples in the niddle of the alloy range including alloy scattering or

space-charge scattering.

when more than one scattering mechanism is present, the

résultant relaxation time can be written as:

6.26
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and the resultant mobility:
1 1 |
= —— + —
o m 6.27

In order to calculate the percentage contribution of the

individual scattering mechanisms to the total scattering, the ratios

l-\/ul and u/u2 can be calculated.

As for the effective scattering parameter associated with

the author's interest to test a

the resultant relaxation time, it is

relation suggested by Zawadzki and Szymanska»(?lZl) of the form:

= 6.28
Seff (u/ul) s + (u/uz) s,

(valid for degenerate materials only)

1f equation 6.28 is fairly valid, one should also be

able to estimate the resultant longitudinal N.-E. coefficient in the

following way:

_ . ' 6.29
Ay = (u/ul) Aal + (u/uz) be,

A discussion of the choice of the different parameters

ows with the results and discussion. A

needed for this analysis foll

ded in relation to equati

few comments are also inclu ons 6.28 and 6.29.
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6.3.3.2. Results and discussion

Figure 6.15 shows the experimental.curve of ¢ vs B
for InAs; the theoretical curve including only optical scattering,
curve 1, is seen to be higher than the experimental one, at low fields.
The relaxation time used is described by equations 4.29 to 4.32 for

non-parabolic bands. The needed parameters used can be found in table

6.8. The energy of the longitudinal optical phonons was taken from ag'
chi
recent far infrared reflectivity measurements made at room temperature ;;
<t
by Lucovsky and Chen (70L1) on GaxInl_xAs. The choice of the dielectric Lb
' : chi
constants was the largest difficulty; a number of references having been E
consulted, the values used by Rode (71R1) for InAs, were finally adopted. g.‘t
gven if the high frequency dielectric constant K, chosen ;E
'
. . . = o
as 12.25 for InAs, which is the parameter showing the most dispersal in :.
=

TR

was varied to 10.2, this did not

value in the consulted references,

provide with a better theoretical fit although the relaxatiop time used is
proportional to 1/, - 1/¢0) -

The discrepancy between the experimental curve and the

theoretical curve calculated using intraband optical scattering as the

only scattering mechanism could be due to the use of the relaxation
time approximation. Since alloy scattering is not present, space-charge

scattering was included as & possibility..Curve.z of figure 6.15 fits
the GXPeriment'al curve with the parameter Nst in equation 4.43 equal to

0.1 x 106 m-'l This corresponds to @ very small density of jnhomogeneities;




li—"A\uﬂ. RS T

a4 PR, EEN FEaLs wapiEle 8

T TT qE:,:E TORVING 1

(oo/__0T X 26°C = u) syur 20F ‘SOWTI uoTjexeiax opyioeds bufpsn 309339 soagees~o3subeuw Byl o3 3Fd GT°9 °anbra .
o1

DU ANE\QE e

118

0°¢ 0°T

_ _ _

—1 °6tt-

—t 0VE-

o)

=1 c1ve-

(No/AM)

T w wo.m X G°0 = mdmz adooxe z 2AIND s dweg € °9AxND

sZpe-
8.8
({-¥ gOT ¥ T°0 = O N

purxelleds ebaeyo-ooeds pue Tedyado YATm AXO9YUL Z DAIND

puraeljzeoss Teofado yzis Axoayl, T @4AaNd - cebt-~-

Tejuswiaadxd @)

o~ c-vvE-




119

sYeD

S3UR3SUCD DFIAFODIITP Aousnbaxy ubTY pue MOT 9yl XOF sSSnTE

RNt . Y Y L e g4

‘ TN OUNY. ) NAY

ERE AT

iND

A U9SOUD 9T1°9 2aAnbTd

SYuxl

Z6°0T =

00°0T1

00°1I1




120

the usual value of Nst for compensated material is of the order of

6 -1
4-5%10°m . Curve 3 of the same figure shows the strong sensitivity

of a vs B to a change in Nst'

In order to fit the samples in the alloy range, the same
parameters were needed for -:Po. The optical phonon energy Tu . was
taken from the same source as for InAs, (70L1). The dielectric constants
were linearly interpolated between InAs and GaAs as shown on figure 6.16;

the values for GaAs being also taken from Rode (70R1).

Figure 6.17 gives the results for x = 0.640. Curve 1 is

the theoretical curve with optical phonon and alloy scattering. The

number of lattice points Ny, to be included in the constant for alloy

scattering, equation 4,49, was calculated in the following way: for

% = 0.64C, the volume of the unit- cell is (5 80 A ) (58Wl) and it

contains a total of 8 atoms; the total number of atoms per unit volume

is therefore 4.1 X 1022/cc. Tietjen and Weisberg (65T1) took an average

22 . .
of the values used by previous workers, 2.6 X 107" /cc, which they included

in their calculations of the mobility due to alloy scattering. In this

case, the factor C in equation 4.49 was used as an adjustable parameter;

the value which provided with a good fit is included in table 6.8.

Cuxve 2 of figure 6.17 is a similar fit except that alloy

; £3.7x10% 5
scattering is replaced by space-charge scattering. A value of 3./ % m

was needed for Nst in order to obtain a good fit.

The individual contributions to a.vs B from optical phonon

scattering and from alloy or space-charge scattering are shown

on figure 6.18.
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optical scattering only
(contribution =72%)

experimental results and fit

alloy scattering only
"(or space-charge only)

(contribution = 28%)

0 1.0 2.0 3.0

ring mechanism, for ¥ = 0.640

iqure 6.18 Individual contributions to ¢ vs B from each scatte
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-410. p—

optical scattering only
(contribution =72%)

-400. }m

experimental results and fit

-390. [
4
4
2%
-380. S :i
;
5
¥ a:
Y -
2.
E -370, p— =5
: £
3 alloy scattering only :;I:
3 "(or space-charge only) =
-360. I . -
(contribution = 28%) .|
=350, p—-
-340. |
-330. p—

0 - 1.0 2.0

B (b/m)) —

3.0

B from éach scattering mechanism, for x = 0.640

Figure 6.18° Individual contributions to & VS
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Similar results obtained for x = 0.450 are given in figureg
6.19 and 6.20, with the adjustable parameters (N 0 ) or C included in |
table 6.8.

In order to calculate the percentage contribution of the
individual scattering mechanisms to the resultant scattering, the
mobilities have been calculated and are 1isted in table 6.9 for the
3 samples studied in this seétion. Tt is shown that the.maximum contri-
bution from either 6f alloy or space~-charge sca;tering in this alloy
system is = 28%. The contribution reduces as one tends to the individual
compounds.

The effective scattering index ﬁas been calculated using '
relation 6.28 and the results are seen in table.6.9, to compare well
with the values of s calculated in section 6'3ﬂ1’ from a (o).

.The longitudinal N.-E. coefficients, in the cases when
the analysig jncluded only qptical scattering or only alloy scaﬁtering,

were shown on figures 6.18 and 6.20. It is obvious from those curves

that the individual coefficients are not simply additive. The resultant

coefficients have been calculated using equation 6.29 and the results

are given in table 6.9 and compare'favourably with the values calculated

on the basis of equation 6.26.

jt is concluded that optical

From this brief analysis,

phonons'are mainly responsible for scattering in this alloy system.
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In the center of the alloy range, either of alloy or space-charge

‘scattering are plausible as ‘a ‘second scattering mechanism. The adjustable

parameters (NSQS) and C do not permit a final conclusion to be made on

the choice of only one of alloy or space-charge scattering.

Tt is also concluded on the basis of the results shown
in table 6.9, that relations 6.28 and 6.29 can be used to a fairly good

approximation.
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-355. p—

-350. >

-345. |— i

optical scattering only %i

(contribution = 81%) Z%

-340. | ) ' L
experimental results & fit 4

ai i

-335. |— 3

-330.

(uV/°K)
I

o

alloy scattering only
R (or space-charge only)

(contribution = 19%)

-320.
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- Figure 6.20 Individual contributions to & vs B from each scattering mechanism, for x = 0.450
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TABLE 6.8

Room temperature parameters providing fits.
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C (variable)

3.90

6.14

MATERTAL
InAs x = 0.450 x = 0.640 Gads
PARAMETERS
EX 0.397 eV 0.752 eV 0.953 eV
m#/m 0.023 0.0405 0.0538
4 -1.082 -1.095 "~1.76
i, .0.0301 eV 0.0316 eV 0.0325 eV
K, 14.54 13.85 13.55
K., 12.25 11.65 11.40
' - - 6 -1
SR 0.1 x 108w Y| 1.6 108 mt i3 7x10 ™
(variable) ’
E, E =-0.343 eV E, = 1,370 eV
i 2 R _
N 394 x 10°%/cc| 4.10 x 107" /cc
a : N




128

TABILE 6.9

Calculated mobilities and ratios; effective scattering

parameters and longitudinal N.-E. coefficients.

CALCULATED InAs x = .450 X = .640
Uy (em2/V.sec) 20,190 8,974 6,003
U, (cm? V. sec) 820,310 39,074 15,137

2

= 1/(1/uy + /0) (cm’/v.s) | 19,704 7,298 4,298
Wy 0.976 0.813 0.716
w/, 0.024 0.187 0.284

= .48 .31 .22
Segfoctive 51 B/ +s,u/ug
s (from a (o}, section 6.3.1.) .48 .32 .23
bty (/%K) - 5.2 -16.9 -18.7
fo, wv/°x) +50.0 +46.0 +44.1
Ao (wv/°K) - 3.9 - 5.2 - 1.9
po= Eto + o w/x | -39 - 5.0 - 0.8

My 1 ¥, 2
Subscript 1 3. otes an analysis jncluding only optical éhoyon scattering.

Subscript 2 den&tes an an;lysis~including only space-charge scattering.
No subscript, except when otherwise specified, is a calculation including

'optical phonon and space-charge scattering (or alloy scattering) -

e DAL FAUN L NN A gL RSN AR LR ER e
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CEHAPTER 7

GALLIUM ANTIMONIDE
7.1. INTRODUCTION

The thermomagnetic effects which we are dealing with
here have been thoroughly studied and analyzed in chapter 6 in the
case of single band effects. It is the author's interest to study

the case of two band conduction. As far as the author knows, an

application of the formulae for such a case has not been carried out

grevious ly.

From the point of view of conduction by two typés of
carriers, n-type Gasb is particularly interesting. It is well es-
tablished that the main‘energy minimum of the conduction band is
situated at the center of ‘the Brillouin zone: (I‘l';) R (5921); this
(coo) band is called the light electron band. The first higher
minima are located at the zone boundaries in the <111> directions,

’ (Llc) ,at 0.087 eV above the I']_c minimm (')231)( at room temperature. '
Already, at relatively lc;w electron concentrations, the <111> band

begins to be populated. The feature of Gasb which draws one's

attention, is thé.t although the heavy electrons have a much lower

mobility than the light electroms, they contribute significantly

to the transport effects in samples. with a total carrier concentratiqn




greater ,than‘ 10]f -i

'rhe transport phenomena in n-type Gasb have been in-

vest:.gated. y.many uthors, however, Very few used the themomagnet:.c
effeccs for a ver:u.f:.cat:.on ‘or determmat:.on of the. parameters of the
double conduct:.on band or for a study of the electron scattering
mechanisms. Such a recent mvest:.gatlon has been presented by parfenev
et al (70Pl) ; 'they appl:.ed to th:l.s mater:.al a method proposed by Lang,

avlov and Parfenev (69L1) . These authors have dern.ved relat:.onshlps

for the magnetothermoelectr:.c power and the transverse N.-E. coefficient -

for a semconductor w:.th two types of carners of the same sign; the

relationships are only for the case of strong degeneracy and for weak:

intermediate and strong fields.. They are only val:.d for a parabol:.c

band, assuming T, (E) a E l Thls assumptlon has the advantage that

all the tensors reduce to a form by th.ch they can be easily calculated.
A method is descr:.bed here , and appl:.ed to GaSb, for

using the magneto—Seebeck and transverse N.-E. effects in the case of

two types of carr:.ers, for any pos:.tlon of the Fermi level and taking

into account the non-parabollcs.ty in the band structure, assum:.ng

a band model of the Kane type.

The results of the measurements of the magneto—Seebec]c

and of the transverse N.-E. effects on 2 sample of GaSb, are shown

on figures 7.1 and 7.3 respectively. ~The different parameters describ— .

. ing this GaSb sample can be found in section 7.3.

: 130 R




7.2. ‘THEORY AS APPLIED 7O GaSb -

7.2.1. Magneto-Seebeck effect

-

Expanding equation 4.1, one obtains:

TR RS | (EF)i i i o d (EF)i i
z 6 - 50 ——
Topy ¥p-Puir ‘u’t 100,77 P12l o ‘12
b 5 1
. 7.1
N '2 2
i i
%o + ‘Zo
i1l 112

In considering carrier transport occurring in many-bands

simultaneously, the respective tensors given by equations 4.2 have

to be added together. Thls means that if for example, as in Gasb,

conduction occurs in the <111> band where the mult:.pllcn.ty is M, this

has to be included explicitly. . ' R
Considering the multiplicity of the (ooo) band as one

and that of the <111> band as M, one obtains for such a case:
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In order to s:.mpl:.fy the previous equations, the following:
terminology is adopted: |

Let

°n * B3 Wy, = By
"Jiz B MO‘iz = B,
% I
o, = Wy, = B

Where each B, represents an individual integrgtion.

Also, let:

¢ = By * B
= +
) B, + B

The magneto-Seebeck effect then becomes:

: () (B
1 : L ]
- - B,G. 4B.G
G, (BgtBg) * G (B,*Bg)~ T T [2,6,18,6,) o AL 22
. = , ! | 41 2% L
2 2
Gl +. Gv2

Y

Valid for carrier transport jn 2 bands with e; being either of ¥ €.



. .mhe tensors. to be included in equation 7.4 are:

3 B, e e -
' ~"";-~J(;-2) poC K &
1 ‘1-2 nl‘3‘ﬂ'2 o.‘.ag 1 17171 1
e (° ¥
O - "2 , . 0O 3
B :m =M———- (o
2 12 g2 ao( 13 )_2 y G Ky dg'z‘
e (@ 9f
o1 1 - 3
B, O = — .
3% ‘n T 32 C 1 R %
. © \
2 & ¥ 3
B =Ml =M—= | 3
s¥%n M2 (35502 C2%2 %2
. L _ 7.5
: £
1l k I ? (o)
Bz 60, = —5 | U3 ) ng &,
55 ‘11 W2 o ® LT
' oo
o 2 k [¢) 3
s zwl mu—= | )y %% %
g™y Mz j % 2722 2
) : ©
| £
_ b = bz ao. 3
B;2 9, 7 2 ) Cx) BRah &,
1 o
‘ , ° f |
_wl —uB oy 3
Bg = M, “H7 2 I(ag ), Uy G % %2
1 (o}
| W S |
where c, = —-———2'—5‘ - 1.6
* l+1113

It becomes obvious from equations 7.4 and 7.5 that in

K

order to calculate o, OD€ has to adopt definitions for the £ollowing:

eil -M' (EF) i-



~ -Since the measurenents ‘vere made on n-type Gasb with a

total carrier concentration large 'eno:u.gh> to populate the <111> :band.,

el = 82' = =€, : . N

The band strug:tuie'of GaSb is, qualitatively, as shown
below: oo
L T X
-+
E
Llc
olac o= s e E
E 1
TL : E
- _--....-_-_._'. --..-...._F._...._.-— ----- o]
band gap
(not to scale) v ‘ / -\ E

.<lil> T {oo0) <loo0>

o simplify the numerical integrations, the Fermi energies
onsidering the

(EQ corresponding to each pand will be defined by ¢

i

bottom of each of the I‘l ¢ having a value of energy equal
. c

and L bénds a
1c

to zero.
_ The Fermi energies are therefore:
Egdy = Fy ,
and T
' 7.7
-EF)Z ==(Bpp, E.F)
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'qhe final expression for. the ﬁhermoelectric pbwer in a

transverse ~magnetic field is:

o k : B S .
G.(B4B) + G (B+B)) + = R (g- 4=
1 B5#Bg) + G, By) + o0 [8618,6,] + 3 (- gy [3,6,+8,%,]
6= — - — 7.8
- 2 ' -
& + &

AR

7.2.2. Transverse N.-E. effect

i
o
g\f
3,
Bt
X

Using a similar treatment as for o, this coefficient becomes,

after rearranging equation 4.9,

- . ) (&)
121 a2 ol o) O 02 2 1| _1__2
1 (07,14 ) (67,495, (0, 07,) €00 10| T et
217 3 —
1 .22 1 .2.2
(0,70 (012+M§12)
g (B
1 ol Py 1
71112 e2T . eIT, _
o1 2.2, 1 2.2
(0' 1 l'l-MUll) + (0'1 2+MG 12)

ta
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With the same convention f°r'ei and (EF) "
e S B ] "1

0 ) =™y () e [Ul Mo2 -Mo° 022]

1 eT 11712 7111
o =3 ' '
1~ B R '2 _ 7.10
(maFeom?
. BApplying the terminology described by equations 7.5, .
G(B+B)-G'(B'+B")+—IE' (B.B'-BB)
1 2576 17778 er . 23714
Q=3 2‘ ; 7.11
G, + 6

For the case of one carrier, n-type, equations 7.8 and

7.11 will reduce to:

' 'E
: F 2, .2
BB, + BB, = (85 + B))

- 7.2

and

15 37 73

Equations 7.12 and 7.13 can be compared with equations

6.1 and 6.8; equa{:ions 7.12 and 7.13 are easier to use in computations,

if the conventions, described in this chapter, are adopted.
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7.3. CHOICE OF PARAMETERS

» In‘drder_;;to'- calculate theoretically the valtes of ¢ and

0 [ according to equétions 7.8 and 7.11, various parameters ére_ needed:

EX effective mass band gap,

o °
ni;l s boti:om of the band effective mass for the -
" (oco) band,
m’i K] effective mass for the <11tl> band,
'EI‘L and EF' A

'mhese parameters were chosen as:

Band gap.
g =.0.813 eV - (59271)
o0 - .
L, _ 5
g o+ & - (6TV1)
B, © BT Ber
cer : R : -4 _0
with e =-5.47x10 eV/K ,
I S ‘ (61W1)
g = 112.4°K
Effectivé masses.
a*. (0°k) =-0.042m (7081)
ol R .
m; (r;)'om temperature) = 0.226m (69T1)
with an ellipticity parameter

K of 8.6 (64P1)



-

'l‘he measurements of o and Q.l. were made on 2 sample of
GaSb on wh:.ch prev:.ous hlgh temperature transport measurements: had been - E o .
made in this laboratory.v 'mese measurements of resis_tivity and Hall
coefficient as a function of magnetic £ield and temperature have been

analyzed and published by Basinski, Kwan and Wooiiey '(7231) . The

following parameters were determined:

- 0.097 eV with a temperature coefficient

a) E'rL(O) = ’
of - 3.4 %107 eV/K.
- . N _ o
b) n, = 3.757 2 101-7/cc, W = 3.760 x 10 cm Vs
: : - 2 -1-1
‘m, =107 x 10'%7cc, " w, = 4.9 %10 e’ Vs
o E Z 4 0.0292 eV

7.4. ANALYSIS, RESULTS IND DISCUSSION

7.4.1. STUDY OF THE SCATTERING USING TWO SCATTERING PARAMETERS,

Sy FOR BAND (000) AND Sp FOR BAND <111>

2.4.1.1. - Method of Analysis
- An attempt was made m:.tlally, to fit the-experimental cuIVe

. of & vs B using, for the relaxatiOn £ime of each type of electron. the



"genexalized form":

s ' dE .
T, = : —)
i (,To‘)i ky F; 7.14
The only unknown parameters to fit with, are 5 and s,
A1l the other needed paramet E*, mt,, mt
ed paraneters, Eo' m°.1' m2, 0’1, 02, EI‘L andvi-‘.F
are considered as _fixed constants.
Note:
Refer to Appendix 6.1 for a descﬁption of how (To)i is
calculated using o,- '

7.4.1.2. Results and discussion

Figure 7.1 shows the variation of the thermoelectric

power with the magnetic field induction B. The fit was only possif:le

with values of si = =0.26 and s, = -0.36; the absolpte valué of « is,
percentage wise, in good agreement with the experimental curve.
The longitudinal N.-E. coefficient is displayed'o;x figure
7.2 where the overall shape of the curve- can be studied more closely.
The transvei‘se N.-E. coefficiént, figure 7.3, is lower in

value than the experimental curve. Note that the theoretical curve is

calculated using the values of 1 and s, which gave the best possible.

fit to ¢ vs B. It was shown in the previous chapter, for the alloy

system of GaxInl—;:As' that it was possible to fit the measured coefficient

of this effect only if a constant Q l(i) was added to the theoretically

S0




1.0 o , 2.0 . 3.0
B (Wb/m’) :

Figure 7.1 Magneto-séebeck coefficiehtthr.GaSbfand fit using-sl and s,

0 éxperimental . 0

- thequ' (sl' = - 0.26, s, = - 0.36).. ; o

1.0 22.0
Figure 7.2 Longitudinal N.-E. coefficient for Gasb and fit using ) and Sy
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0 experimental

. = theory using s, = 20,26
and s, = -0.36
o ©
o 0.0 o
_— ' (0]
©co 00
o) .
0
Oo
Ooo
- C’000
o
0

1.0 2.0 L3O

— B (Wb/mz) —

Figure 7.3 .Transverse N.-E. coefficient for Gasb and theory using s, and Sy
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calculated values. Q (:.) is the contnbut:.on from the :.nhomogene:.t:.es.
Therefore, one may except in the work on GaSb, that the transverse N.-E.
.coefficient will here also, be affected to ‘some -extent by the presence of
mhomogene:.t:.es. , ' |
On that bas:l.s, the d:.fference between the curves on
figure 7.3 is partially attributed to the presence of inhomogeneit:.es.
It was mentioned in chapter .6, that the relaxation time
descr:'ibed lay equation 7.14 has a limited validity of application.
Non-parabolicity effects are not taken into account 1n the scattering
probability. This is-discussed extensively by Zawadzki and scymanska
(7121) ; thls paper also shows that considering. (T ) as a constant
is not a:_l,ways valid. For example, m the presence of scattering by .
charged centers, the effect of screem.ng leads to an energy dependence
which should be incorporated in (‘ro)i. Thls usual procedure of neglect-

ing the enexgy dependence due to screening produces an overest:.matlon

of this mode-in the thermomagnetic effects. This conclusion is in /7

agreement with the results shown on ‘figures 7 2 and 7.3 vhere Ao and

Q 1 (theory) are both smaller in value as. compared with the experimental

results.
This nethod of analysis has, however, the important

usefulness that in some cases it may provide an insight on the possible

scattering mechanisms present in a semiconductor. This is even more

true, at low carrier concentrations, in single band semiconductors vhere

the possibility of s being an noffective" scattering parameter, repre-

Senting a combination of many scattering mechanisms,

v

is nruch more limited.



) Fromthe results I.of-s>2‘.1’=' -0.36, it.seem_s clear thét
acoustic scattering is present m the <111> band. sir;ce .the carrier
concentratiofx 'is relatively high, ionized impurity sc;attering is prob-
ably also effective. |

As for s; ==0.26, considering the w;n:k done by. other )
authors, for example on GaAs, the presence of optical phonon and ionized
impurity scattering seems reasonéble; the negative sign of sy can be
explained by the -preserice of cqmpensatéa regions in the'_ material, since
space~charge Aslc;atterinég has a parameter éf - -]2= . Becauﬁe of the..
presence of the <111> band at a dist‘ance‘. of only 0.087 eV,.interband
scattering may also be a possibilify; ‘The extent to which either of

these mechanisms are present cannot be determined from the present

analysis.

7.4.2. STUDY OF THE SCATTERING USING CHOSEN RELAXATION TIMES

7.4.2.1. Bnalysis and chosen parameters

The magnetic field dependence of the magneto-Seebeck and

transverse N.-E. coefficients will be calculated for a mixed scattering

mechanism and compared with the experimental results.

The rélaxation time will be defined by the following

equation instead of equation 7.14 used in' the previous analysis:

R e | 7.15
T Ti




The scatten.ng mecham.sms chosen, so as to def:me the
relaxation tmes of the electrons in the two dlfferent bands will now °
be ment:.oned. The' dlfferent parameters needed, so as to fully descrn.be
each mdlv:.dual scattermg mechanism, - follow with the associated

references.

rlc band (spherical, non-parabolic)

i) Intraband optical phonon. scattering, equations

 4.29 to 4.32.

(Rug), ~ = 0.0297 eV  (63M1)
. 1c
K =13.8 - (70R1)
«© A
-l'cé = 15.0 (70Rl)
ii) _Interband optical phonon scattering, equation 4.33.
“mw.. =0 63D1, 63M1)
ﬁmlz 0.8 (ﬁwz)rlc ( '
p = 5.6137 gm/cc -{68M1)
x -4 © (e9P1)
_ 2,1/3 -
ma | = (anyl.) b
RTINS
"t p....  adjustable
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 3ii) - Acoustic phonon.scatteri - "
;334) »-. Booustic phonen scattering “defomation. potentialt,

 equation 4.24.

.U,

Y = 4298 x 10 om/sec (68M1)
By, =8.0¢eV ~ (7081)
iv) Tonized impurity scattering, equations 4.39 and 4.42.

‘N.) ., adjustable

I T1c
v) Space-charge scattering, eguation 4.43.
#* =
mo mol

(NSQS) ' adjustable

Because of the number of adjustable parameters, it is not
possible to obtain a meaningful model from the magnetothermai effects
aloné since the measurements were made at only one femperature. The
transport properties have bbeen analyzed for this GaSb sample (72Bl)
and curves of mobility versus témpe;ratt'xre, one for the I, band and

one for the'; Llc band, have been obtained.

A theoretical curve has been calculated and co?aparéd

 with the experimental results of ui vs T by Basi}nski‘et al (72B2).
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As for the mob:.llty )1 J.n -the. L | band versus temperature,
it has been compared, by the present author and J. Bas:.nski (72B4),
with results from a model‘ wh:.ch m;:ludea the major possible scattering
mechanisms for th:.s band. |

In order to descnbe the scattenng in the I‘ band,
two theoretical models are ‘suggested (72B2) as possible combinations of
the different scattering modes: model a and modal b. These models are
lipiting cases and provide a possible range of values for the different
adjustable parameters.. Model a includes all the possible scatt?ering

lc

modes mentioned above. The adjustable parameters D12' (NI)r and Nst

are said to give a good fit for the following#values:

8 :
o= 4. V, .
D12 4.4 x 10" eV/cm
18
= 2. 0
L5 25 JH 2.1 x 107 /ec
wma  Ng  =29x10°m°
s*s

In this model, (Ny) T was kept constant and the other

two parameters were adjusted. In order to obtain a range of possible

values for (Ny) T1c’ model b did not :.nclude space-charge scattering

and in that case, DlZ were the variables. The results

for model b are the following:

and (Ny) Fic

3.8 x 108 eV/cm

o
1}

12

and . (NI) T
' lc

3.37 x 1018/cc

n



The range of the parameters whlch obv:.ously do not '

have um.que values 1s therefore. ,

\ 38x10 ﬂ & D, <4dx 10° ev/em

2lx10 /cc <(NI) <337x10 /cc‘

S . . .‘.- " : . 6 -l
<
o s N O, _<_2..9 x10° m

The number of ionized impurities was chosen as 2.1 x 1018/cc,

in mogel a, on account of the following:

In the absence of compensation in an n-type material,

and n = N

vhere N is the number of donors per unit volume and n is the total

carrier concentratlon.

In GaSb, compensatmg acceptors are present in all
samples; if the acceptors are assumed to be doubly charged (Baxtex,
Reid and' Beer, 67Bl), consider:.ng a Z2 scattering law, each doubly
charged center will scatter as effectlvely as four singly charged

centers. Thus, the "effective” density of charged centers Wl.ll be:

N = N H 4,

7.16

vhere NA is the number of acceptors.
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7.17

' dné" finally obtains for the "effective number of ionized

impurities: |
N =21 + GNA . | 7.18
. 17,

-If NA is chosen as 1.1 x 10 /cc (67B1, 72B2),
NI =-2,1 X 1018/¢¢. As for the value of 3.37 x 10;8/cc in model b,
this is an upper limit for NI.- ‘The total number of scatterers may be
increased from 2.1 to 3.37 x 1018/cc if the heavy electrons of the Llc
band are also considered as scattering centers. One cbtains in such

a case:

. o) =n+ ey, + ‘ 7.19
> (NI)rlé n oy .

vwhere NA has a value of 1.4 x 10:L /cc.
Since the heavy electrons are in motion, they are unlil<¢1y to scatter

as efficiently as the jonized impurities; hence, equation 7.19 represents

an upper limit for (N )
. ‘ I T1c
The analysis of the scattering mechanisms in the <111>

band gave the foliowing resultsﬁ (Basinski, Demars and Woolley, 72B4)

<
4



L, band: (’ellipsoifda_l_“,?-‘ga"r,gbou,c) |

-4). " Acoust:.c scattering, -equation 4.23.
m* = m¥*

( E l) :.: L .
, Lyc? adjm@le

ii) ’ Ioni.zed ippurity scattering, eguations 4.34 to 4.36 .
* = m¥
m m} |
(Np)y, =2.3x 1018/cc
lc 17
. (with NA =1.4x 10 /cc)
iii) " Intraband polar optical phonon scattering,

equations 4.29 to 4.32.

(o), = B0y, = 0-8 By

?"lc I'lc:4 -

iv) Intervalley optical phonon scattering (68C1).

(similar to interband scattering, equation 4.33)

2 * 3/2
..i— = —3- _Bi.' (Md) " 1
v, 4 2 1 £ p syt P ]
X.st
lE+ ﬁmjj.)l/z +edd (E- ﬁmjj,)J‘/z] 7.20




(6631)_ R

The factor 3/4 in the -above equatlon takes account of
"the fact that trans:.t:.ons between valleys at oppos:.te ends “of the '
same <111> axis- reqm.re no: phonon at all, while those between valleys
on different <111> axes requ:.re,the Long:.tudlnal Optical (LO) phonon
at the zone edge in the <111> .directions. Hence, three of the
ellipsoids are considered from a total of fou#

T'.l‘he values of (Ej) e, and Djj' wh:':ch provided with the
best possible fit to the cuxve of the mobility 'pz as a function of

temperature are the following:

- (Ey)

10 eV

e

and Djjl 7.0 x 108 ev/cm

7.4.2.2. Results and discussion

N The - thermomagnetic effects have then been calculated

" using the above data and the results from model a des_cri.bing the

scattering in the Ty band. No adjustable parameters were used.

The results obta:.ned and the compar:.son with the experimental data

are shown on figures 7.4 and 7.5. These d:.splay respect:.vely ‘the

longitudinal and tramsverse N.-E. coefficients. The percentage

S

R POy
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dev:.at:.ons of the calculatlons w:.th respect to the exper:.mental results
are given in: Table 7. 1. 3 It is seen: t.hat the theoret1ca1 values of the
themoelectr)c power and of the transverse N.-E. coeffn::.ent are res-
pect:.vely Ts% and 3% lower than the exper:.mental values while the
longitudinal N.-EQ coefficient ‘(at 3.2 Wb/m )*is 1.7% below the corres-
pond:.ng expenmental data.

The author wishes to po:.nt out that the deviation is much
larger than the poss;ble expermental-er:pr in the case of a(o) and
comparable in the case’ of. Aa and Q | Looking at figures 7.4 and 7.5,
the scattering of the po:.nts can be estimated to be 1-2% in the case
of the 1ongitud_ina1 N.”-E."'cbefficient at high fields and also 1-2% in
the case of the transverse N.-E. coefficient at low fields. Even if
one would consider a systematic error due to the possible i.mperfef:t
thermal contacts, as discussed in section 5.4.3., the observed deviation
in the thermoelectric power could not be explained on this basis.

Furthermore, the experimental values’ compare well with

_those obtained by other authors. For example, Silverman, Carlson and

Ehrenreich (63S2) measured 'che Seebe k coeff:.clent and the transverse

0, o] .
N.-E. coefficient in n-type GasSb at 300 K. Their results were the

following:
2
Ry o, Q) (0.6 Wh/u’)
cm3/cou1 _ uv/°K cm2/°K sec
-13 =350 + 0.16
2 -9 | -288 +0.19
3 -3 T =230 +0.15 . ‘

1 and 3 are from (6352); 2 is the present work.
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Figure 7.5. Transverse N.-E.

for GaSb '




Conperison of experimental and theoretical results of the longitudiral |

and transverse N.-E. coefficients. -

n‘l | 11‘2 N S | Aa(3.2 ;3 ) 9 (Wgak-F:.eld)z
2. 2. 1 , » — 2 5
| em™/V sec cn”/V sec | uv/eK uV/oK cm /9K sec
Lbcperiment 3760 491 : -288 . - +23.8 | +0.185
Theory 3776 526 -250 +23.4 40.179
Percentage deviation with S
respect to experiment 132% 1.7 3.2%

Résume’ of theoretical scattering model

used to obtain the above results.

(oo0) band
i) Intraband optical.
ii) Interband optical, D,, = 4.4 x 108 eV/cm (adjusted)-
iii) Acoustic, E, = 8 ev-
iv) ZIonized impurity, | NI = 2.1x 1018/cc. .
v) Space-charge, - NSQS =2.9%x 106 m_:L (adjusted).
<111> band
i) Intraband optical. '
ii) Intervalley, jj'= 7.0 x 108 eV(cm (adjusted).
iii) Acc;ustic, El = 10 eV (adjusted).
iv) Ionized impurity, NI =2.3x 1018/cc.
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Notetha”ttheﬂ < coeff:.c:.ent, Q.l. v :Ln (6352) ’ goes

£ about + 0 19 and then decreases to

+. 0.15.,; :L‘h presen results therefore agree well w:.th those. It

1s also necessary tostress, as seen from table 7.1, that the

' analysls 'was: restr:.cted' b ‘the mob:.llty values nl and u

Cons:.der:Lng now the theory used to descr:.be the 2—band

st ~-.-~~«~.ru‘ B

case of the thermomagnet:.c_‘__effects, ‘one; fz.nds that’ 1t has def:.nlte '

mposed lm:.ts. It 1s only valld under the follow:.ng condltlons-

,spher:.cal energy surfaces, :.ndependent energy bands, 1sothermal
cond:.t:.ons and. relaxat:.on tme approxmatlon.

: . In the case of GaSb, w:.th the anlsotropy of the Llc
~band descr:.bed by K = m]:‘/mT = 8.6, the. ut:Ll:Lsat:.on of ‘the theory for

5pher1ca.l energy surfaces should- be a good apnroxmatlon.v Ts:.d:.l'kovsk:.,’

(6212), _mentions_,,:that_;_.n Ge, for example, with K = 17, the anisotropy
parameters which enter 1nto the theory of the themoma:met:.c effects
are quite close to un:.ty for the s:.ngle band case. It follows that

in such cases,.the. anisotrop:.c phenomena can. be dealt with qulte
satisfactorily by means of the isotropic formulae. Also, in a one~
band case, the ;longitudinal N.-E. coefficient (classical statistics and

high fields). is not d:.fferent whether the energy surfaces are spherical

or ellipsoidal; . as for the transverse N.-E. coeffz.c:.ent (Tow f:.elds) r



the. theory for spherlcal energy surfaces pred:.cts larger values than

the theory for ell:.pso:.dal energy surfaces.: Assmn:mg that these

comments apply also to the 2—band case, the an:.sotropy of the L band can.
probably be taken into account to a good extent through the use: of the.
density of states and conduct:.v:.ty effect:we masses, except for u(o)

The oondlt:.on of uncoupled bands enunciated above is

not so restnct:.ve as .1t nught appear at first glance. Phys:.cally,
we may mdeed have :Lnteract:.on in the form of z.nterband scatter:.ng.
It is apparent that, for example, if transport in each band can be
described_by a r_elax'ation t:'une and by a steady-state carrier density,
then the bandS" are 'uncoupled maﬂ1ematically. A carrier scattered
from bam_l 2 to bandl is immediately replaced by a carrier sc}ttered
into 2 by the inverse transition. ‘This point has been made by
threnreich and ‘0verhauser (56E1) who have investigatecl transport by -

the heavy- and light- mass valence bands m germanium.

Tt has been discussed prev:Lously, that the experimental

conditions were not ijsothermal but ad:.abat:Lc. Because there is no *

availahle experimental data on the value of the Righi-Leduc effect:. .

in Gasb, it is not possible to estimate the' difference between the

adiabatic and isothermal N.-E. coefflclents using equations 5. 4 and 5.5.

One is 11m1ted to saying that sirice the electronic thexmal conductlv:.ty

is very small compared with the lattlce +thermal co..duct:.v:.ty (66A1) ,

this difference is certainly very small and probably negligible.
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ince’the measurements and the analys:.s have been

made at room -temperature,v the relaxatlon tme approxmat:.on

A‘_. :

could’ be a source of dlscrepangz, E:.nsteln temperature, hv/k

being 336°K for GaSb In the I‘l band, accord:.ng to Matth:.essen s
rule, mtra.band optlcal phonons contnbute 16% in limitin the |
nobility and 21% in the Ty , band. ' o

The :Lnterband opt:.cal phonon scattering law :.s
quite valid smce the phonons concerned have an energy ‘corresponding
to a temperature of 270°1<. | |

It should be noted also, that the treatment -of polar
modes which lead to the .mtraband scattenng jaw is correct only for
wave functlons with s. symmetry and ‘therefore becomes less accurate
for energies some distance from the band edge. The admixture of P
functions which occurs, causes a decrease in the effectiveness of polar
scattering. This effect has been neglected here and will lead to an
overestiniate of this effect for large energies. This is especially
true in the case of the Ll band. ‘

Among the other scattering laws used, mnized impurity

scattering is a possible source of errors in the theoret1ca1 analysis but

these would be small. The 1om.zed impurities 1limit the moblllty of the

Tie band by 56% and by 32% in the Lic band. This scatter:.ng law is

valid under the Born approxmat:.on,

This assumes that the _scatter:.ng produces a small perturbatlon of the

electron motion. It is therefore valid if the potential energy of

a particle in an external field is small compared with its ka.net:.c

that is, 2>>1 in equat:.ons 4.34 and 4.39‘. N
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energy. ‘The Born approx:unat:.on :.s therefore always appl:.cable to
fast part:.cles. Under ‘the exper:.mental cond:.t:.on of T = 300K, at ke, \
=2 for the ,I‘l band. Since Z\J.s'proport:.onal to. the effectire mass,
Born s approxmat:.on is a better assumpt:.on in the. case of the I'l
band.

However, despite these problems with respect to scattenng,
good fits can be ma.de to the mob:.llty curves and the theory of the
thermomagnetic effects also provides a good fit to the experimental
measurements without varylng any of the parameters.

A theory of electron scattering in InSb-type semicon-
ductors has been proposed Iby Korenblit and Sherstobitov (68K2), which
takes account of the effect of a non-parabolic energy spectrum-on the
quantum - mechanical collision probability. The influence of an
admixture of p functions in the wave function of a band electron on
the probability of its scattering is taken into account. Closed
formulae foz;;.the relaxation times have been obtained in the cases of
ionized impurities, acoustical and optical lattice scattering.
Unfortunately this work contains numerous mistakes and the problem has

" been redone by Zawadzki and Szymanska (7121). In this work, it is

mentioned that neglecting the energy dependence due to screening in

charge-center scattering leads to considerable overestimation of this

mode in the thermomagnetic effects. This is why this effect has been

taken into account in the present work. As for the o_ther scattering
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mecham.sms.x acoust:.c and opt:.cal latt:.ce scattermg, the relaxat:.on

time fomulae uSed in’ the present work and. those quoted m Zawadskl
and 82ymanska (7121) have been compared and found to be in agreement.
The non-correct:.on for the :melast:.c:.ty of collisions is the only |
point left which 'has'. not been d_iscussed; .

A theory of transport phenomena has also been developed
by Xorenblit and Sherstobitov (681(3) for semiconductors. and semimetals
with an isotropic spectrum of particle energies taking into account
elastic and inelastic carrier scattering pechanisms. Unfortunately,
it is valid only for degenerate materials. To calculate the transport
coefficients in the case of inelastic collisions, it is usual to employ
the var:.atlonal method. However, Korenblit et al (68K3), point out that
by dropping the assumption of a smgle relaxatlon time, the T fomal?.sm'
can be easily generalized to descnbe transport phenonena in the
inelastic. scattering case. This has the jmmense advantage, over the
usual variational procedure, that a full set of relaxation times allows

the calculation-of any--transPort. phenomenon while the variational method

requires special calculations for each effect separately. Although this

work is inapplicablé to the present one, it is important_ to mention

that Korenblit et al (68K2) conclude by saying that the inelasticity of

collisions affects very strongly the majority of the galvanomagnetic

and thermomagnetic effects.

However, the mechanism of iﬁtra_band polar optical scattering
is responsible for only 16% of the total scattering in the rlc ba.od
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,_;band Therefbre, 1n thls partlcular case, ‘the
1nelast1c1ty‘of the colllslons affect the results only very slzghtly.
As 1s shown by the good agreement between theory and
experlment, the.model, used to descrlbe the scatterlng in the two
conduction band GaSb, is seen to glve a good descrlptlon of the

scatterlng‘processes.

1 KRR



CHAPTER 8

A smple apparatus has been des:.gned to measure, at
room temperature, both the magneto—Seebeck and the transverse N.-E.

' effects. The problem of :meerfect thermal contacts has been reduced

‘ to a mm.mum by us:.ng a th:.n piece of sapphire as the electrical

insulator and thin sheets of :.nd:.um in order to improve the-thermal
conduction. Comparing with other '-methods of,measurements, good

agreement of the electron effectlve mass values has been -obtained

on the alloy system of Ga Inl As, it can therefore be said that the
experimental set-up is satlsfactory. |

' The;magneto-Seebeck_ coefficients of the Ga Inl -
alloys have been measured.. Assming that the conduction b_and»of

those alloys sat:.sf:.es the Kane “model, the ele'ctron effective mass -

m;» at the bottom of the (000). conduct:.on band has been calculated

as well as the scattering parameter S. ‘The variation of m; w:.th %

exhibited an almost 1inear behaviour with a small parabolic deviation.-

The scattering- parameter s varied £rom + 0.5 to + 0.3 in going from

InAs towards 60% of GaAs This indicated that polar-optical

scattering was the ‘main scattering mecham.sm with an increasing

contribution from a mechanism vhav:.ng a negative scattering parameter

in going from InAs towards X = 0.6.



ebeck coeff:.cient

usmg the general equation for this effect and J.t was shown that :mhomo—

geneitles affected the measurements to a: large extent in th:.s alloy
system..": - ‘

: Ithasthen ‘been shewn., dsingf‘the general theory_ of the
magneto-Seebeck effect, that indeed, the main scattering mechanism is
_polar opt:.cal scattering with a possmle maximam contribution of 28%
near x = 0.6, from either of alley scattering or space-charge
scatteriag. |

Tlie magneto-Seebeck and transverse N.-E. ceefficients

have also been measured on doped, n-type, GaSb. A theory involving .
two~conduction band parameters, on the assumptions of spherical
energy surfaces and non-éaralaoiic bands, has then been used in order
to.-int'e'rb'r’et‘ ‘the experimental results. A reasonable inodel has been
suggested to describe the scattering mechanism involved in GaSb.
It has been put forward that in the ‘rlc band, a combination of polar

optical phonons, jntraband and interband, ionized impurities, acoustic

phonons and space-charge and in the Li band, a combination of optical

phonons, intraband and intervalley, ionized impurities and acoustic

phonons stoceeded in describing the complex situation of scattering

in GaSb since correct mobility values were obtained. Furthermore,




when -the model- was used :.n a tw : band thermomagnet:.c theory, the experl-

mental results Were qu:l.te Well explamed.,
It has then been dlscussed that this model was qulte ,

good. The relaxatlon tme approxmatlon descr:.b:.ng the polar opt:.cal

scatter:mg and the restnct:.ons :unposed on the theory of the thermo-

magnetlc effects together with the non-:.nclus:xon of the adm:.xture of
- and p—type ‘wave functlons in the theory of the scattermg laws and

' ‘the l.unlted val:.d:.ty of Born s approx:.mat:.on at low energies, at room

temperature, were shown to- have- llttle effect on ..he f:Lnal results.
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L CAPRENDIX 3.E.

mmmi oF .Q:'

Q;" is defined in chapter 3 as:

Q;l = 31% = J_n%:;_ . i . | : | 3 [1]

The current density in the x-direction, Jnx can be

obtained from:

3, = I n(k) £ v & [2]

where n(k)dk is the number of states per wit volume with k in the
element dk, 1'7:-" ;_is_@ft;h_e;{relbdity.-in the x~direction and f is the
distribution function disturbed from equilibrium by the electric field

E Ll
X

Through the use of Boltzmann's equation, it is possible

to show that:

. . 2 .

2¢ E.. o f .

_ X7 - ; ) 3

Tx " J f, &) G ) %) [5]
0
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where D (E )dE‘h:‘ 1.s the dens:.ty of states J.n the conductlon band, 1t

J.S proportlonal to E /

The partlcle current dens:Lty J 1; therefore:

Jnx ~2en.Ex'- ® ' ' afo R
Jﬁxé—-'-_e— = 3mn ' Jtzi gn Dn(gn) (E;_).dgn ' [4]

If the energy per part:.cle is (E + E ), the thermal

current dens:.ty is:

of

4283"'&' (E.+e:)o(s>( °)as [s)
% = T )= £y %, -
= 3 (&, +Q)

' Dividing equation [5] by equation [4]:

® 'af

(E +EE)D(E)(——)d€
3 o [6]
e ’:: af 6
Nx i . ___ a
. J .5 o, &) t5g ) £ )
)
Defining, for the use of chapter 3 only, the mean
value of any éuantitf, say y, over the conduc{:ion band as:
© . -1 3f° . ‘ , ,
I ¥ Dn(;n) »(.-é-g—) d;n | 3 7]

<_Y> = f
| -_E n(a)(gg—)és



[e]
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CALCULATION OF-3n, /3% ~ INVOLVED IN EQUATION 4.42 |

: = The elé'é:_tron density n, is generally expressed as:

1 2 & i
-3 j £ k & a . _ [1]
T o

substituting k and &k/&E in equation [1], using

- the equation for a'garébolic-'b'ani'd{ one obtains

2‘“*'3/2J e /% a '[2]
0

and -

o . amthr 372 '[3]'
ngarabolic= 4r (—---'-"'h2 ) 1“1/2 ©) .

2(K) :Ls the standard Fermi-Dirac iité&fa},'defined as:

. n ' . )

o _ x & = [4]

F (;) - x—; -
n ‘ o l+e ) -

where Pl /
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if howg’v'erf the enexqy band is non-parabolic, using
equation: 4.12, equation [1] can then be expressed in terms of Fermi-

Dirac integrals as:

2m? kr [ ]
B on-parabolic - b 02 ) £o) 6
where-
. 1
£g) = B, , @)+ [5 [2- 5Y]B 3/2(1;)+[ 2v18%, ,© [ +118%, ,®
with Y = m;/m
and- B =lu/E: ‘
The derivatives of equations [3] and [6] can be calculated -
using‘the property of the Fermi-Dirac functions:

- 9F_(2) - '
s SAA S -
o :

. p>o
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Th.:.s approach has been used in this thes:.s in the case of

GaSb and appl:.ed to the I' band. The carrier concentra.t:.on n, was chosen

as. the total carr:.er concentrat:.on so as to :.nclude the effect of

screen:.ng by the heavy electrons of the <111> band.

- 'l‘herefore,
T 14 14

where nl and n, are respectlvely the carrier concentrations in the
non—parabollc (ooo) band and in the parabol:.c <111> band.

One should note that in the case of n2 which will be
described by equation [3], the multiplicity M of the <111> band has

to be included explicitly. '

* Finally,
9. - ' 2_m*l kr 3/2
A L g (22— B [o]
. '3; _ - h2 X
where
. - 7‘ 21 2., . _ll_l 3p
£ = %F " (c)+ 3 [._ - 5Y]3Fl/2(;)+ 2 - S8 0 3 [F = 57187F5 (%)

C _ *
Wlth B"' mol/m






KPPENDIX 6.1

CALCULATION OF ‘T INVOLVED IN.EQUATION .4.50 |

" The dpndtiétivity ¢ can be expres'sed‘as:

¢ = nel-l-

2 <t/m*>"

<>
® of 3
I ( - 5'3’9') T/m* k- dE
0
=-he s of

() 3
(-5 ) ¥ &

o

Using equations ‘4.50 and 4.5 for T and m*,

. o eg

¢ = (—=) T (-3 ) & ax
CwE 0, <

[_ﬂ

| [2]

g

am



o weE | L .
K = e2 o iy afo ls+l de ,2 [=)
Lo - “_El-,-a?')k ('&').dE

Equation [S] means that if the conductivity ¢ is known,

assuming a value for s and a value for EF' T, can be calculated.
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