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ABSTRACT |

‘ . This thesis 1nvestigates the variation of the effective
mass of electrons at the bottom of the .(000) conduction band for
the a]]oy ;;stem GaAs Sb1 x Infrared Faraday rotation data in
the range 4 microns to 13 microns was combined with Hall effect
measurements using the Van der Pauw technique, ‘Maasurements were
made at room tehperature and some of the samples were also studied
at-liquid nitrogen temparatures. The samples were cut fron ingots
gronn using a horizontal Bridgeman technique and were n-type with
a carrier concentration ranging from lolscni'3 to 1018cm'3 . The
Kane model'far the energy bands was used ao analyze tne data anaiﬁ

the variation of -effective ma(j'versus composition was found.
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I INTRODUCTION

.
14

1.1 ORIGIN OF THE PROJECT - . T

‘During the past few'years a grect deé] of'cesearch has been-

4

aimed at ana]yzing the properties of the ternary a110ys formed. from

the III-V compounds InSb, InAs, GaSb and GaAs. Previous workers

_(66T1 69A1 71T1) have found the bottom of the conduction band ef—

fECt{V£’;ass as a function of composition. ‘Using four experimental
methods: cyclotron resonance,.iqfrared reflectance, magneto-thermo-
electric power and Faraday rotation, all possible combinations of

these compounds‘with the exception of GaAs, Sb, have been studiedﬁ*-~'“
1-x

The sc0pe ‘of this thesis then, is to provide the values of m o (X X)

for this system.. . Since the GaAsbel X ingots that were availab]e

at the time that specimens were prepared tended to have p-type GaAs o

rich ends; on]y the GaSb end of these 1ngots was used. ' N v

—_— - at

1.2 HISTORICAL BACKGROUND ~ : ' g

The historical background to the work done in this‘thesie '

. would not be complete without mentioning Michael Faraday (1791 1869)

who made many p1vota1 d1scover1es in physics and chem1stry One such
discovery was the effect which now bares his name - the Faraday effect.
This effect is the rotation of the plane of po]arization of plane po-
larized 1ight as it propagates through a medium in the presence of a '
longitudinal magnetic field. His d1ary (B1) states that on the 13'th
of September in 1845 after having tr1ed a number of conf1gurat1ons
using his electromagnets and a glass block that "when contrary mag-
netic po]es were on the same s:de there was am effect produced on the

*Since this work was written there has been some results pub]ished on
this alloy system (Filion, Fortin C.J.P. 52 743 1974)

-~ A
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polarized ray." His experimental set-up-is shown in Fig.1.1.

Earlier, in 1825, Freipé1 had Shown that natural optical

rotation the plane polarized wave could be con idered as right and’
left cireu1ar1y po]arized waves traﬁe]]ing'

ferent velocities. Thus the rotation of .the pTane of po1arization _
1 ~

R . for 1ight passing through a material o “1ength g is given by the angle

g

& .= wi{n_-n;)
7 t

An exp]anat1op of this-effect, in terms.of-<€lectron motion,

was not made until 1897 when Becquerel gave the'rera-ionship between

where Wooa eB is the Larmor frequency, e is the magnitude of the

2m
charge of the elect}on and m is the mass of the'electron. The two
’ L]

components then have an angular frequency w_mﬁ and Wy

-

Dur1ng this~same period, 1n 1879, the Am&r1can phys1c1st
Edwin Hall (1855-1938) discovered the Hall effecti‘ This effect is
the potentia] d1fference which appears across a conductor when a
magnetic f1e1d is applied to the “conductor perpendicular to the di-
‘rection of the current f]ow. ‘

Both the Faraday effect and the HaH ‘effect have‘ proven to

g T

rough the medium at dif-

T
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be very. usefu1 methods of analyzing the energy band structure of

semiconductors. )

.The study of éemiconductfngﬂcrystéls goes back to the in-
vent%on of copper oxide rectifiers in the 1920's. fhe-behavidur:of
the copper oxide rectifiers‘éould never be completely understood be-
cause of the unknown way in which thejr operation depended on the '
manner in which the oxide%qu prepared. However two key events‘%é-
curred in the late 1940's which loosened a flbpd.Of discoveries and
these were the discovery of the transistor action by'Brattain,
‘Bardeen and Shackley and secondly the develbpméﬁt\of the zone refining
process for growth of high purity Si and Ge crystals_by Pfann(P1).
In the early 1950's Welker (52W1, 56W1, 56W2) and others indicated
that the III-V compounds had semiconducting properties similar to
those of Si and Ge.: Not only the compounds but also the'mixéd qnyétal
systems were also investigated and found to be §emiconducting.‘ o
InAsxP]_x was one of thé.first such systems investigated. It was oé;’
served that by alloying two semiconductors of different characteristics,
one could generate a system_with'prOperties r;nging between the extremes.
The ternary alloy. Gahs,P, ., : .
tation of this principle. This system, which.was one of \the first to

is & good example of the commercial exploi-

be~investigated,” is' now used to fabricate light emitting diodes whose
wavelength of radiation is dependent on the principal enerdy gap. As
a result, for x = 1.0 the radiation is in the infrared, Mr x = 0.6

the radiatidn is red and finally for x = 0.0 the radiation is green.

-



‘Besides the aspect of device app]ication. the 'other reason
that alloy study is 1mportant is the knowledge gained about the
enerqy band structure. By alioying different III-V compounds and
by measuring the principal energy gap (Eg) or the efféctive mass
as a function of the composition we gain an 1nsight jnto the band
structure. If two compounds,with similar band structures are al-
loyed, then we expect to see a smooth variation with composition.
If on the other hand the conduction and valence bands are of dif-
) “ferent forms, we might find an abrupt change of s]ope in the de-
pendence of Eg at some 1nter;ed1ate composition. This result ap-

pears:in the GaAs P, system for Eg versus compos1tion. A kink

1-x
in the curve arises, because in GaAs there is a direct transitidn

where as in GaP the transition is indirect.

1.3 ELEMENTARY BAND THEORY

The'energy bands 6f semiconductors arise trom the individual .
e]ectrohic states of the atom. The isolated etom has discrete en-
ergy levels but as the atoms are brought closer together and the Lf/
1nternuc1ear'spaciog‘decreases,-the‘electronic energy_1evé]s spreed?
into a band see Fig.i1.2. The overlapping of the vaIence e]ectron
orbits corresponds to an 1nteratomicacoup1tng,which causes each sep-
arate, ai]owed"valence electron energy level to split up into a band
of allowed energy levels characteristic of the crystal. aE1ectrons

in the States neatest the nuclei®interact with the fields of i

\
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neighbeuFing nuclei to a lesser extent hence the bands they produce S
will be narrower than those formed by valence electrons. The reSu]tent
band structure determines whether the solid igﬁen 1nsu1ator, metal or:
semiconductor (E1, P2)- The band structure so produced also conta1ns
_regions where e1ectrons are not permitted ‘and these are called the
forbidden bands. Pure semiconductors and insulators are simi]ar since
af OOK.their energy bands are either'complete]y full or-completely
empty and so their electrons cannot change their net eneﬁgy state
without traversing the forbidden gap. The difference beﬁween them
1ies in the magnitude of their forbidden gap; it is mﬁch 1argee in
the case of the insulator. In a metal the bands are never completely
full so little eneegy is reqqired to change the.state oflthe'eIectrons
my.

The mathematical analysis of band structure in a so]ie is sim- -
. plified if we use 5 single electron approximation'assumﬁng this electron
to belong to the whole lattice. The pptential that this e]ectroh then
. expériences is that due to th;'nqc1ei in the lattice plus the”chafge :
distribution.qf the other elec;gphs. As a result, the electron is sub-
. jected to a periodic pog ntial. ;The‘basic eeuetion.used‘to analyze thi§

problem is the Schro fhger wave equation introduced by the Austrian

physicist Erwin Schr dinger in 1926. This equation which is applicable
to the motion of particles Jin any field of forces was derived from the

work done’ by de‘Broglie B1). For one dimension the equation is



sy + o E-V(x):)¥(x) =

(S

When the potential function V(x) is d%riodic so that V(x+a) =

V(x) then it has solutions of the form ¥ (r) = ik:r

K(r') for three
dimensions. This result 15 known to mathematicians as Floquet's theorem.

The Block function u (r), is"a periodic function with the periodicity
. of the lattice, The functions e1k represent p]ane waves and have €
. momentum p = fik. The plane wahes would be the solution of the Schrodinger
wave equation in a constant potentiail. " This_BIech wave represents eif1ux
of partic]es since the X vector is related to the momentum of a wave by
the de Broglie relation. The.partic]es‘move uniformly through an ideal
lattice comp]ete]y unhineered by the atoms (P1).

The energy gap can be thought of as arising'from the Bragg re-

flection of electron waves at certa1n values of k for which constructive

1nterference occurs

In the simple cubic crysta] the first planes off which dif-
" fraction can occur are the' closg packed [OQ} planes since the dis-
tance between these p]anes is larger than that for any. otheh Bragg s law
* for the' GOO] planes ‘is

A = 2d cos 6 or wn = k-d
For dif%haction of the lowest order (n r'=“1)Ither'e are 6-equiva1ent
diffracting planes in k space correspondmg to the six [100] planes.

From this argument we can see that at certain energies for

4
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which k = + nz where nf='i,2.3,----. and a is the lattice parameter,
there 15 no B?och function solutions for the wave‘equation. On com-
‘paring, 1n;one dimension. the E vs k curves for free electrons and
those subject to.a- periodic potential we see that they are similar
except for the presen;e of forb1dden regions in the latter case. In
three dimensionel K space the discontinuities enclose a'vo1ume, the
first of which is cal]ed the firgt Brillouin zone. From the previous'

" analysis of Bragg reflection in a simple cubic crystal we see that
-in this case the first Brillouin zone is,simply a cube. . For a face
centered cubic cf&éta] the Brillouin zone is ‘truncated octahedron.

Up until now we have considered‘what is known as the extend-
ed zone scheme, however if we encounter a Bloch function with K out-
side the first zone we may always find a suitable reciproca] lattice
vector G such that k = k'~ G~ lies within the first Brillouin zone.
This is a result of the periodicity of the-Bloch funet{oes in the
erystal lattice. .As a resu1; we can construct a reduced zone scheme'
in which we find different energies at the same value of the wave
vector.' Each different energy characterizes a different band. In
three dimehsions the energy baﬁd scheme is drawn from the (000)
point along.the dire;tions possessing extrema in the energy variation.
These extrema usually 1ie in the <ill> and the <100> direction in |

cubic semiconductors. This reduced zone scheme is shown for GaSb
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and GaAs in Fig. 1.3 and Fig. 1.4.

1.4. CRYSTALLOGRAPHY

The III-V compounds crysta]lize into the zincblende stru-
ture (ZnS). This structure can be pictured verba11y if we consider
the lattice to be formed from two 1nterpenetr;t;ng. face centered
cubic sublattices displaced from one another by a'quarter of the .
distance along the body diagonal. Each atom is then at the center
of a tetrahedron with four oppbsite etoms at its vertices: (see
Fig. 1.5). In the case of GaAs by, the tetraualent'atoms occupy
~one f.c.c. lattice and the pentavalent atoms occupy the other. |

While the structure of the compounds is fairly clear the
question that arisescis what is the structure of an alloy of two
compounds? The simplest case is that of a ternary alloy i.ei one in
which one of the component atoms is common to. both compounds. In the

case of GaAs Sb » Ga is the common element. Experiments show that

1-x
this ternary alloy can be pictured as a continuous ;1ncb]ende'phase
in which the common element occupies all the points of one lattice
and.the other atoms are randomly’ distributed on the other lattice.
.Although the macroscopic(variation is shown quite accurately by X-ray
films, the variation on the microscopic scale is not known.
There-have been different simplified models (B2) proposed
fer_analysis of disordered alloys, the simplest of which is the rigid
~ band model (Mott and Jones 1936, 1958). The potential for the alloy

is constructed from the periodic pbtential of the matrix atoms and is

N\



Fig. 1.5 The tqtrahedrél arrangement of the atoms in GaAs.
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perturbed by the potential due to the different fields of the solvent
and solute atoms. . )

However'the application orrtﬁe rigid bahd approximation can.
be austified only when the concentration of so}vent greatly exceeds

the concentration of the solute. The next development in the theory

“of disordered alloys was a model suitable for any conceﬁ;ration of

the alloy constituents (Nordheim 1931, Parmenter 1955, Schoen 1969).
This model assumes the alloy electrons behave 1ike electrons in a
hypothetdca]nordered system, where_the_crystal poﬁentiaI is an'average
of the potenfiels'of the components weightedaﬁccordjng to their-con-
centration. The po;ential d?“tbe lattice consists of two perts - e
per1od1c part and an aperiod1c-§2%¢\gﬂere the periodic potential
varies 11near1y w1th alloy composition.) The periodic part ié'the‘
average alloy potential, for a spec1f14\eompesit1on, taken over(aJ1
possible configurat1ons of the atoms and the aperiod1c part is the
dev1at1on from the average. The per1oqjc1ty can be seen to arise
from the fact that the'atemeioccupy the zincblende structure. The
aperiodic part arises'?rom,the random distributioﬁ of the non;commdn

atoms. Nordheim proposed a virtual crystal model in which the per-

" riodic potential is used to,qetermine the band structure of this vir-

tual crystal and the effect of the aperjodic bart is then treated as

a perturbation. Considering'the virtual crystal model, a smooth var-

jation of the various parameters'is predicted, and Parmenter has

)
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predicted a x(1=x) type variation in’ parameters when second order

p ’fhrbation s considered. "

1.5 CRYSTAL GROWTH

-

Commercial crystal pullers are now available capabie of pro;

ducing single cryste1s of I11-V compounds weighing several 'kilograms.

GaAs and GaP are présently needed in 1arge quantifies to supply a

“large L.E.D.-market. Problems that 1n the ear]y stages of research
| vere quite ‘serious such as high melting points, toxity of the

fpentavalent atoms and the-high vapour pressure of arsen1c ‘have

largely been overcome.

As mentaoned previously the samp]es used in this thesis were

“»cut form ingots grown using a horizontal Bridgman ;echnique (25B1).

This ‘technique consists of slowly pulling an evacuated amboulexcone
- \f . . - ) -

taining the ternary melt from a hot zone in which the alioy is molten

through a sharp temperature gradient to a coo] zone. The ampou1e is

Teft a suff1c1ent1y'{ong time 1n the hot ‘zone so that mixing is com--

plete before passing through'the gradient. The resd}tant‘ingot has

* a composition which varies with the Ien%th,of' & ingot as shown'in
. Fig. 1.6. The first part %o solidify is th high melting point-

-~ component; in the'present case the GaAs rich material so]idifies-

first. As the ingot is removed from the hot zone the melt becomes |

richer in the 1ower melting point component

. Not all comb1nations of III-V compounds give completely

miscible alloys over the_whole range of x: The extent of solid

'

-
1 »
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solubility is generally smaller the Targer the size difference between '
the atoms. A rule for this, first stated by the metal]uréist Hume-
Rothery,.describes the behaviour found for many aIIuy systems. Large

termina1 solid solubility is not possible if the twp atoms differ in

- size b& much more than 15 percent.. The rule must be applied with care

because a favourable size ratio is a neeessarq, but not sufficient
reason -for largé solubtlity In the Ga59;5b1_x system there is a
miscibility gap from 3gs X £ g1 (73 G1).- '

" - This method of growing bultk samples is ideal for the study
of a]]oys since the resultant ingot has a varying composition from
one extreme to another. The-materia] is usually homogeneouslsince
several weeks are -spent pu11ing 1t threugh the step.- thus gtving
the' solid a s]ow growth schedu1e and a1so tame to annea] at a
temperature very c]ose to the solidus temperature The one dis-
advantage is that the resultant material is po1ycrysta11iue and4
ideally we would 1ike to werk with single crystals. .

Possibly future workerslwho will investigate;the alloys
in greater detail wi]] take aduantage of vapour or 11qu1drphase
epitaxidl methods capable of growing seVera1 hundred m1crons of

single prysta] material at various compositions and doping levels

on single crystal substrates. .

>a
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-+ I1 THEQRY

2.1 SIMPLE THEORY

' The initial sections of the theofy deVeldﬁed in this chapter
are taken from numerous texts to which references have been made. The
latter sections dealing wifh conductivity and Boltzmann theory comes
primarily from‘théory'deve1oped by'c.R. Pidgeon (P5) and Eric Van
- Tongerloo {T1) in their doctoral theses. '

The aim of this section of‘the theory is to relate the net
rotatjon, 6, experienced by the linearly polarized radiation, to the
refractive indices -of the radiation within the semiconducting crys-
tal. A chronological ordering is used starting with the early re-
~ sults of Fresnel. Several sectidhs of the theory involve long al-
gep}aic development and for the sake of readabiliéy thosé sehtioqs
are left to the appendices, or references are givgn fo other sources.
The most important result of tﬁ1s theory is the relation between the
rotatio;-;;d the refractive index because this result is used at
furtﬁer stages'iﬁ thé development. However in this same subsection
I shall also introduce Drude's theory for'the equation of motion‘of
an electron in an electric and magnetic'fie1d. By sb doing we are
able to relate the rotation to more basic energy bénd parameters,
such as the effective mass. From this result we can obtain certain
information about the enerdy band as 16ng'as certain considerations
are kept in mind. In the development several approximationé are em-

"ployed and an effort has been made to justify their use.



. N . ) ‘9
'ii  RESULTS OF EARLY EXPERIMENTERS

. ) > .
(a) Fresnel, Becquerel C .

The exp]anét10n~of optical rotation was given by Fresnel
(1825) who showed that when a plane polarized vibration enters a
plate of axis cut quartz the vibration is resolved into tﬁo equal
- ¢ircular vibrations rotating in oﬁposite dirébtions.' These two
circular vibrations travel through the plate at unequal ve]oci;{és
and therefore emerge with a difference in angular phase. Two E?r-
cular vibrations of equal ahplityde'énd périod but rotating in op-
posite directions when acting together are equ{ﬁalent to a recti-
linear vibration (61). "~ l

The‘explanatjon (P3)-of nﬂe\natural.rOtatibn in active
substances which Fresnel gave \ﬁ'l] do for mégnetic rotatio‘rfﬂro-
vided that it can be shown that the refractjve 1ndex'of a medium
in a magnetic field for circularly po1arizeﬁ light depends’ on the
direction of the revolution. ]

This problem was attacked experimentally by Righi and.
Becquerel independently and both investigators found that the in-
terference fringes forﬁed by two streams of circularly polarized
light, one of which has traverseq a block of glass placed befween
the poles 6f a‘magnet, were disp]éced when thé magnetic field was
formed. The direction of displacement depended oﬁ.whether right | .

or left-handed circular 1ight was used, which showed that the effect
C : »
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e field was to increase the refractive index for one type of
ibration and diminish it for the other:”
Bgcquere]!s result is summarized in an‘equatioﬁ named

after him

6 = uw.dn | | TR
2 Sdu : |

Iﬁ this equation 8 is the_angularlrotation,'m is the angialar fre-
quency of the radiation péss{ng thrdugh the sample, n is the re-
fractive index of the material and we is the cyclotron frequency. ™
The cyclotron frequency, whose value is |

e
eB

m
introduces the magnetic field va1qe to the equation.
{b) The relation between 8 and the refractive index

If we consider a plane polarized wave as éonsisting of the
fwo circularly polarized Eomponents then the appliéation of a magnetic
fié]d-along the direction of propagation of the radiation‘gi11 subject
each component to a different refractive index. We may consider clock-
~ wise rotation from the reference of the source as poéitive and use the
:spbscript "t iabe] such rotations. Counter-c1ockw1§e-rotations
will be labled "-" and.so using this format we have n, }epresentipg
the refractive index for clockwise rotation énd n_ repreSenting the
refractive index for counter clockwise kotatiﬁn._ .

With this model in mind and using basic physical formulas -

N\ /.
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for féfractive index and velocity we obtain the following expression

" for rétation:

= tnln -1 2.2
o = trln-n) (2.2)

7 ¥See appéndix A
The rotation is in radians, t is the thickness of the sampie and A

is the wavelength of the radiation in a vacuum. We can see that if

' .
" n,=n_=n then n2-nZ = (n_-n }(n_+n }=2n(n_-n,)

Substituting this value into equation (2.2) we obtain

8 = tn-(n_z_-ni) . . l (2.3)
Zan ’ .

It is this form of the expression for rotation that is required in
the more advanced theory that is developed later.

iii DRUDE THEORY o _ )

-
1

(a) Equation of Motion for an Electron
" In order to relate the angular rotation of the radiation

to the effective‘mass of the electrons, we shall now study Drude!s
thebry of .dispersion. If we consider an electron to be disﬁlaced-'

E}}%kforce,which 1nstant]y‘ceases, then the electron is drawn back

by the elastic force of restitution and vibrates with a definite pe-

riod depending on its mass, charge and the force of restitution.

Forces akin to friction damp this v%brafion and evéntua11y.bring the
) i

With the magnetic induction §»a1ong the z axis the classical

. equation of motion of an electron (02) drivenjby an appliied field

IR



Eoet ot 45 " d2s + gh* ds - iBe ds = eEoet®t

{2.4)
@ d  dt |

-

where s'= x + iy 1is the-cdmp]ex displacement of the electron and
the +fut exponents describe two contrarotating circularly polarized
waves. The quantity.m* is the electron effective fass and e the

N . - *
- electronic charge magnitude. The gm %g _term represents viscous ,-.
‘ : t

damping and provideg for an éﬁergy Toss mechanism arisiﬁg.from
various scatteffng mechanisms in & solid. The nucleus is assumed
to have 1nf1nite‘mass, otherwise the reduced mass should have been
used. The small force -ev x B arising from the interaction of the
electron with the magnetic field of the radiation ﬁas been|neglectgd‘
since v§<c. | ﬂ

The solution to this differential equation is a compiex

amplitude . : ‘ o '
tiwt

s = (e/m*) Eoe . ' o (2.5)
H—uﬁtmc iig’) - . k}i B .

From this expression for the complex amplitude we may now obtain a

value for the dielectric constant. . o

(b} The Expression for Rotation

The electric field forces cau;31p051tive and negative
cha?ges to move in opposite directions causing *ﬁon]e.moment, the
LB
direction of which coincides with the electric fteld (P 4). Ina

first approximatidn, the value of the dipdle moment.may be taken to
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be proportional to th;ifield. The polarization is P =-Nes whare.
e and s are already defined:and where N -is the number of elec-
trons per unit volume. -The-dielectric cénstant g s given by the
expression ‘e = (nteiki)z =1 - Nezll(m!meol where g = %

(-w:tmcﬁg[

This reiation equa5#§7the optical constants of the material to "the

¥

effective mass, e1ectron1c'charge, etc. Here n ds the refractive

(2;65

. index x is the extinction coefficient.” We can now relate the ro-
tation of the radiation}to the efi;ctiée mass, etc. by using this‘
equétion. To do this we assume that ;ﬁe extinction coefficieﬁt is .
small compared to the refractive inde£ i.e. that n2>»«® and also
that m2>>mc2 and w>>1. After manipulating equation (2.6) and 4
then substituting into equation (2.3) we obtain |

% o = BNe3t ‘ o . (2.7)
2n$eom}§w2 : a?pendi* B
" We immediately see that the rotation is proportional tq_%_ » S50 it
| | Mie
becomes apparent that the Faraday rotation data in cdnjunction'with
thé carrigr conéentration'can be used to evaluate the effectivé'e]ec-
tronic mass. The effective mass value that appears in this equation

dE

is the cyclotron effective mass, which is equal to 1
S 0k dk.

—_—

~ iv_ CALCULATIONS BASED ON THIS THEORY

Since we ﬁow have a relation between the rotatipn and the

-
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cyc1opron effective mass, we may now make some Jimited calculations.
The first requirement is that the semiconductor have a'high degener- -
acy; by which we mean that the Fermi energy is greater than 4KT above
the conduction band minimum. The second requiremen#{éf that the sur-

faces of constant energy‘be_spheriéa1;With these conditions it has been °

shown (58 51) that the cyclotron effective mass is interpreted as

1 1 1 | _ - (2.8)
mg _7 E' dklfs .

where the subscript i= 0 1or?2 sign1fies (000}, <III> and <100>

conduction bands respectiveTy The subscript ¢ reminds us it is the

cyclotron effective™mass and the £ implies that the slope of the E

- ';s k curve'is found at the Fermi }eQell The ba;?c proceduré for
deriving the shape of the egergy band is fairly straightforward.
If we again consider equation (2:7) '
| = BNe3t |
2nceom:§m2 _
it becomes evident that after pérforming a Faraday rotatibn Exper—
‘iment and a Van der Paw measurement then all values except the re-
fractiveé index n and mgc » the cyc]otron;éffectiye mass, are known.
‘The refractive index values for an a1lqy in general are not avail-
able although'some III-V alloy systems have had results tabula@gd
(67 C1). These résults show a linear variation from x = 0.0 to-~
x = 1.0. Based on these‘resu1ts and assumin%:g\ﬁimiliar Tinear re-

: (e - - -
~lationship for the Gans sb, system, we may evaluate the refractive



@

1n&ex by finding the valﬁes of the compounds and then assuming a
1inear variation._ An.inspection of equation<£F;6) however shows
that the refractive index is a functiop of the concentration of
free carriers, so a correction must be applied for those samples
whfth are highly doped. . _

At this juncture we ‘know all vaiues except the.qyc16tron
effebtive mass which we can now prodeéd io solve for. Once we
have obtained the value for effective mass we can solve for the
siope of the conduction band-at'the Fermi 1eve]. This so1utio&
also requires a knowledge of kf . the Fermi radius {59 S1)

3 = 2
ked = 3u2N

-v._Justification of the App?oximations _

_The analysis of this section of the theory Eesu]ted in

equations that were derived ué?hg three.apprbximations
(a) . n2>>¢? e .7

Verbally this approximation ftates that the absorption of the ra-
diation within the sample is sma}1. Absorptiﬂn;f; not usually mea~
sured in terms of the extinction coefficient k, but rather in terms
of .the absorption coefficient a yhich‘apﬁeawy in the expression
I = loe ™ uhere Io is the incident intensity. .The rejation-
ship which equates the extinction coefficient tdttﬁe absorption

coefficient is k = aA . where A is the wavelengh in a vacuum.

Taking absorption coefficient values for GaAs as typical, I found
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that for a = 300. c:m'1 at 0.9 and o = 21'cm'1 at 19u the values-
of k = 0.0d2 and 0.003 respectively. The vaiue of thé refréctive
index is greater than 3.0 ;0 the approximapion n >>k2 s valid.
(b)  w?>>u?, Wt ;

“

~ The approximation w2 >>w. 2 states that the square of the
angular frequency of the radiation used to obthin the Faraday rota~.
tion is larger than the square of the qyclotfon resonance frequency.

. ' .
Since CH eH we find by substituting into this expression ap-
m¥c

proximafe values, that W 1013. Values of angu}af frequency thét
were used in this experiment were generally all greater, than 20 x 10!3.

It is safe to Qay then that w? >>m-c2 and in a similar way by taking
‘ approximately known values of t it can be shown that wr >>1f

2.2 CONDUGTIVITY THEORY

i Introduction

' The theory (T1) that is developed in this section has the basic
i:%I of expre551ng\the rotation. in terms of the conduct1v1ty of the
specimen. To do xhis we first establish a re]at1onsh1p between the
refractive index and the conductivity by using Maxwell's equations.

The equation is solved for the refractive index and this is substi-
tutéd 1n¥o equation (2.3). Certain approximations are used during

the development to obtain a simplified result.

* - Note that the upper Timit for w is g1ven by fw <E_, where E is the
energy gap. ‘ 9: g :

L4

2y
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»

ii The Relation between the Refractive Index and the Conductivity

IF we manipulate Maxwell's field equation for a conducting

medium we obtain the wave equation

-+ + + ) '
V2E - udd - pe 3*E = 0 (2.9)
| at at2

-+ ' N + R
where E is the electric field vector and J is the current density.

The values u  and € are the permeability and the dielectric
constant‘respectively. This expression 1s‘arrived at by taking the

curl of the expression
-+ -+

UxE = (2.10)

- u3H

.ot
o -+ -+ -> .
and substituting vxH = J + ¢ 3E 1into the resulting equation. -

3t . -
'Abe1e; and Meiboom (54. A1) have shown that for cubic crystals in
=

the presence of a static magnetic field H the component of the cur-
rent density may be written to second order as

and &, .

where Z.. =0 6;: 5 Zio . . '
i i3 ijk = 0%, ij is the Kronecker

ijk

delta and &4 5k is the substitution tensor. Here o, and ¢ -

are both complex conductivities i.e.

o= + o, ¢’ = g”_+ ig”,
ﬁr i, _ L

¢

The subscripts r and i refer to real or imaginary quantities.

Now we substitute the value for the current density back

-
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into'the'WaVe equation and let Ex = Eot exp iu(Ner + ct)

c
"

represent the e]ectr1c field of a plane po]ar1zed wave. The x and

y components of the resulting equation are

a2E aE 32F '
e ST A A uq'___y_ H, - ee” x=0 (2.12)
X2 at it ¢ -

2 32 E

8 Ey - uo Ey + uo _aE_x - uea E! =0 (2.13)

e at at

If we mu]tfp1y (2.13) by i . and add to (2.}2) we obtain

2 $n2 ) .
32E, _ o oF, - - JOE H - u? E, =g (2.14)

arZ "ot at at?

£ - ) . -
Substituting the values for ¢° , o and Et and solving for the

square of the complex refractive index Nﬁ ‘we obtain

" =.‘,cz[g + %1% 0% - (% s o) (2.15)
“w W w w _

where N, = n_ - iy, ; The real and imdginary value of the complex

-refractive 1ndex‘may be determined by using_the following mathe-

[

matical indentities:

If A 1s a complex number then

(Re(A))” z[ne(AnJ(Re(A D+ (ant))?]

(In(A)* = 1 [-Reinzi +{(Im(A2n"- + (-Re(Azn"‘]

" '.,.v.‘-‘f“‘ L
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The values of n;° and «s? that result from using these identities are

g niz = %p_[e: +of ¥ H, oy -_fJ {e + a3 ¥ Hzﬁr"i%‘*‘(ﬂr + lli_lé.l")z]
’ B w W I w
ke = C—ZP[‘E ~oi* Hgor® ”‘J‘E' '“_’i *Ha0p7)2 + (Er. + ﬂz?_i‘)'z.]
2 o ' w .
Using these values of refractive index and the equation
T 8 = tn{ n.2 - n,2) T
2An

we can'now evaluate 8 in terms of the conductivity. In the Tow field
case in which terms in H, 2 are neglected and assuming again that the
absorption is small we obtain (T1) the expression

tCuH o,
e‘-, -Zn__-- . | . (2.16)

This Tow f1eﬂd approx1mat1on has appeared before when it was assumed
that for the cyclotron frequency (which is proportlonal to Hé) was
small compared to the frequenqy of the rad1ation As Tong as this
is the case then the equation (2.16) is valid and o has now been

- expressed in terms of the conductivity of the specimen.

2 3,130me 'I‘HEDRY

—

,,a;;f’;”f” -i_Introduction

The main purpose of this section of the theory is to relate

a

o .
the conductivity o, that was obtained. in the previous section to
* .the band.parameters. The method used” 1s to. first obtain an expres-

s sion for the Fermi d1str1bution function in the presence of external

' & a et
-3 . o : RS
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forces. This term is then substituted into the expression for the
current density and by comparison with a previous equation the

value for o/ is extracted.” At this point o; s expressed in

r

4

terms. of the band‘paramefers; Uti]izing equation (2.16), we then
may evaluate the rotation in terms of the band parémetg;s. .

i Evaluation of c; in Terms of the Band Parameters

—

' (a) The Boltzmann_Equation '

| 'fﬁé Bdltiﬁann equation considers three effects on the
transport of carrie;s: (a)'diffusions,'(b)'fié]ds and {c) colli-
sions in terms of the Fermi distribution function. In the steady
state the total rate of change is zero, which is‘expressed as

ko= ‘F]diff. + 'Fk]field + fk]con-. =0 - tean)

For small deviations from equilibrium the collision term may be

LS

written as v . -
Ef& o= - - fo .o . J(2.]8)
dt |coll. T B :

In other words; we assume that the rate of relaxation is proportion-
al to the deviationjof the function from equilibrium. Here t 1s

the réIaxation time and.f0 is the form ofi the function f correspond-
ing to thermal equilibrium. For small deviations from equilibrium

it would appear that this equation is justified but for non-isotropic

 crystals © is not necessarily a scalar quantity. The time of

L
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relaxatioh is clearly of the same order of magnitude as the time

between collisions but }he numertcdl factor connect{ng them can .

‘'only be determjned wﬁen an exact definition of the latter time

has been adopted. |

For an isothemal semiconductor f]djff. =0 so that for
the steady. state _ |

af(k) 3k - |af (k) =0 O (2.9)

3k ot Ifields at [coll.
B E . .

Since the Lorentz force is F = e (E + v x B) we obtain

> > o _ , . .
__E_SE_+ y x B) - kak + fk - fo =0 _ . {2.20)
h . .

T .

which is the Boltzmann equation for an isothermal semiconductqr.

-We now introduce a new function o defined by

[}

fk=f°-¢.a__f°-
9E

This function is just a measure of the deviation: from equilibrium

in the electron distribution, weighted with a factor which depends

“on the form of that distribution. In fact it is the extra energy

that the particles have because'of the transport process. If we

éubstitutelthis equatidh.into the BoTltzmann equation for an iso-

thermal semiconductor then we obtain an eguation in ¢ = 4
- +/ > + -+ '
o+ g_E/- vE+teB-vVEXV/e=0 , (2.21)
T ‘fl'\ fi2 . ,
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¥

which has been soived for ¢ by Jones and Zener (34 J1). The

solution obtained is

-

=3 -+ -+ > - [ R . ' .
&= -ﬁe—tTE.vkE-ﬁzTB.vkEka (TE'VkE) sauee +} (2-22)

- wheré higher order- terms are neglected.

(b) Current Dens ity

!
>

" The current density J ‘is equal to the electronic charge ’

times the velocity summed o&er a}1 the carriers in K space

. -

> © >
= d3
Jljé(fk)v_g?lg_

[=]
“where d3k = dk, dgy dkz is the volume element. The nuwber of |
electronic states per unit volume associated with an eiement

dk, dgy dk, of space is (including spin)E%qux dgy dk, . The

average number of occupied states is fk dkx dgy dkZ . Now if we

3
substitute f = f - ¢ af - into the equation we obtain
3E
R R
= . - 3
J=-e [VE (fo o fg)d k (2.24)
43 h aE

(-]

The term fo" does not contribute anything to the current since it

is spherically symmetric with respect to k. By using f, - ¢.of
E

2y
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. we emphasize the fact that the current is essentia]1y.determihed

by the deviation f_- ¢ af  from the Fermi distribution. Sub-
E 8

. : N
stituting for ¢ we obtain for the current density J

-+ o .. - +* .

J=-¢e [af v.E{[- et E+ v ,EY d3k :

"o k e -k . -
4v3h A B_E ] '

o > o+

> > =+ )
3 . e 3 -
+ e Efg_vkE e3 B vkE X )y (<E vkE)) d3k -
41T|i A BE ﬁ-g' . |

o

-+ +> > .
= @2 fr af wE «E - 9Ed3k
o 'k k B

4rh< A TIE
: > + > o+ : T
- @3 [,2 . . ‘ . 3
e’ [t 5- VkE B VkE X Vk (E VkE)) d k— (2.25)
4 3hY 3k -

If we consider an alternating electric field we must mbdify our

equations, - For the d.c. case the displacement of the Ferﬁi sphere

-
by an applied field E is 4
| -+ + -+ -1 |
sk =e Er =eE |1
A i\t
.+

In the alternating case E is of the form E = Eoe™} and so .

the displacement of the Fermi sphere becomes

-+ > ’ 21 - !
sk =eEf1 + i)™ .
i \+ ‘
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As a result in order to obtain expressions for- the aIte\rnating

1
field case we replace t by-(-r Yo+ 'im) and 2 by

-1 -2
(r~ +iw)” . At high frequencies wr>>1 and these terms reduce

-
1 -1} and 1 +2i
T & = ‘

Subst'ftuting these terms into the equation for the current |

to

density we obtain

@ -+ . |

-
J=" e . 1af°vkE £ . v,E d3k
4mhZu? | T 3E '
[-]

0 -3 -3
- e%j af v,E « £ « v,E d3k
o K k

4rfi<y oF : <
[} .
. R ‘

o -+ - -+ - -
3 . B - . 3,
+ e Eig_vkE B‘vkEka (E vkE)dk
4nhty oF ‘
o’ -+ > + -+ - -+
+2ed 1 af VE B QExV (E- vE) d3k ~ (2.26)
I3 ] T aE : !
4 I

If we now make’? direct comparison of this equation with that pre-
viously derived in the foregoing sect'ion,

+ + + jor -
(o 10 } §; EJ (a 10 ) €53k EJ Hk .,\_ we see that



]

. o »> + o+ I .

- ) = @3 « R'u N . .

o €44k E‘j H =e - [of, ,E B vkE.x ?k ;E vkE) d3k
: 4 h*we 9E S Cae

(2.27)
We have now obtained the va}ue for o; in terms of the band

parameters and are now ready to substitute this value into the ex-

pression for the rotation.

—

iii Relationship between 8 and the Band Parameters

From the section on conductivity theory, the value that

was obtained for the rotationwas 8 =t cqn Hz o- . If we now

el e o
2n .
substitute the value for a; we obtain
_ . - ) (2.28)
p = 45 e3t szfafo oE {BE - 32E - 3E - ?%F } d3k
Ta3 Tk 13K Tl
8r°h%c egn.) 3k ka Bky EE;Bky le Wy

" A factor of 180 has been introduced to convert from radians to

™

-
l

‘' degrees. »Ne let

] . . (2029)
L = ﬁfo oF {aE 32E - f 82 } d3k
¥4
o 9E 3k, {3k, 3k ok, akx‘ aky

(-]

I, =f1‘:; d3k (2.30)
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T

where N= 2 ffo d3k s the relation for the carrier con-
)3

centration. Then we see that

45 e3t B N A2 ° I;
2r3htcde n 1
5 - 2

o]
If we compare this equation with equation(2.7)

N et B a2 ,
b 3 o
8'" C eo'h 1TI1C

@

I
we can obtain an expression for the Faraday effective mass in terms

of I and I,

2 O\X ' . '
e . (L (2.31) .
m . I |
where I, .ahd I, have previously been defined. and a = §i2
' Zm
2.4 KANE. THEORY ﬁ&

i Introduction

The end product of the Kane theory {56 K1,.57 K1) is to
provide a model of the conduct%on bénd whi&h we can uﬁe to determine-
the particular value of the rotation in terms of the boéiom of- the
band effect%ve mass. The previous section obtained the rotation

in terms of the derivatives of the energy and the distribution
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]
bl

function. In this sebtion,_l shall brief]j present the rgsu1ts of
the Kane theory and then proceed to derive the value for & based
on Kane's model for the conduction band. From thefe I shall show
how it is possib1e'tq determine the variation of the efféqtive

mass as a function of composition.

i1 Results o6f the Kane Theory

Beginning with the Schrodinger equation and using the
kfp perturbation approach, Kane obtained a sdldtion to the resul-
tant secular determinant at kK = 0 . The resulting equation is at

absolute zero -

- \. PR - - - ) - 2 2
(£ + E{ B (7 + ) (B2 4 €)) (B0 b +a) - ak2 P

(E-+E +2a )} =0 where _ _ 2 and E- = E - ak2
0_3_0 9--25

“which is the energy minus the free electron energy. E_ s the

fundamental gap at absolute zero, A, is the valence band spin |

orbit splitting and P? is the momentum matrix e]emenf. For the

solution at highér temperatures, Ehrenreich (57 E1) h;s shown

fﬁat E0 may be replaced by E: » an effective maés band jap.
If P2 is expressed in terms 6f the effective mass assuming

E-ak?2 <E*+ 2 4
: o] O
3
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~ the equation reduces to (T1):

, ;5"
ak? + EX |1+ 4a fm N K2 LT
£ = Z |l F\®,
o] QO '
which will be the model used for the conductibn band.

iii-‘Eva]uafﬁon of 8°

From equation (2.28) we know that

®

45 e3t B:\:ﬁfo 3E '[aE 92E . .- oF a.ZE] d3k
8n°h'tc e, 3E akx aky akxay akx aEzy ‘
. . -1 . '
where fb = (exp (E - Ef) ] KT+ 1) and
: Y
ak? + E: {j +4a fm - 1) k2 } =1
E= - 20 B\WE, /- |
0 [#70] .

If we now proéeed to do a term by term evaluation of each derivative

we obtain for the rotation

o - 60 e3 ad t By I
™ ft ¢ €N KT

where _
@ ‘
4 u - %]
. K1+ - 1) 1+_-§?,-(ﬁ'}}—-1)k2} ] dk
a% 00 0 00 )
Iy = ETE E B .

2 + exp i KTrfoE O

(2.32)

(2.33)

' (2.34)

e
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4

and since the carrier concentration N is N =1 'ff‘o k2 dk
' w2

-

then N = 1

where I, = J - k2dk . | (2.35)
| E- Epy
1+ exp }- 9}

S

\

Again if we compare this equation with equation (2.7)

. .

N e3 t Bkz ." .'.
Z 3 * L -

8 7< ¢® e9n mic

9 =
we find that [\
1, 1%

- Mef _ |3k 22
m 2a Il

(2.35)

jv Method of Analysis

The experimental values of I; and I, may now be eval-
uated in terms of the conduction band parameters. For each sample
we know the percent composition from the x-ray data. Knowing this
‘we can obtain the value of E* which we set equal to |

E +E where E is the fundamental gap at
o0 o] . 00 _

2
absolute zero and E,  is the fundamental gap at room temperature..
This is done because it was found by Smith et. al. (62S1) that
this was the best form to fit the Faraday rotati‘on data for InSb.

. . . %
In any case it is found that the values determined for m.. are
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s .
not ‘very sensitive to’'small variations in EX .

The integrals contain two other unknowns m:o » the ef-
fective mass at the bottom of the conduction band and Ef, , the
Fermi energy. Froﬁ experimental results we have va]ueslfor both
I; and I; . For any chosen value of mjo we can Qany the Fgrmi
energy until the éxperimental va?ue I; is obtained. For tﬁe
same effective mass *6 ; wexban again vary the Fermi eﬁergy until
the value for I; js obtained. In general the two values of Ef
will not be the same. However, if we plot on'a graph of m:° Vs
Ef_ the solutions (m. -, Ef ) for each of I; and I, , then we
obtain ého curves which intersect at a common solution (m:o, Efo)'
This value is taken as thé bottom of the band effective mass of
the sample. ) |

A fﬁrther refinement must be added since the cailcula-
~ tions involve the-refractive~index which for heavy doping is a
function of the wavelehgﬁh. Because of ths the refractive in-

dex must.be modified if the carrier concentration is large.
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) IIIMETHOD

3.1 _SAMPLE PREPARATION

o

{a) Ingots Growth

The samples studied in this thesis were cut fram the Gasb
rich end of Gaps Sb) . ingots grown in this department by
Dr. Stanley Rosenbaum. Three ingots were used as a source ofsam—>
ples: -#7F-p, TZF-5.and TZF-6 and all had been doged with Te, a
danor impurity. These ingots had been grown using the horizontal
Bu;idgman technique with a pull rate of less-than'l cm. per day.
This ensured that homogeneous results would occur. t_Inforttmately
ﬂleGaAsrichendoftheingotswerep-typeanasocouldpptbe
used. The mechanics of the growth of these ingots has previcusly
been described in the introduction and for the interested reader
fﬁ:ther information may be found in S. Rosenbaum's doctoral the-
sis (R1). '

(b) Sample Preparatiop

Once an-ingothadbeenselécted, samples were cut from
it using a spark cutter. ';hesbarkcutterconsi'stsofatravel—
.ling wire charged to a preset voltage. The wire and work piece

areﬁmeréedhakemsemdiglectricandaservmbtordrivés
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them.reassesrblydowntothemﬁcplecewhlchlsgromded
,Eventuallythew:recarescloseenoughforﬂlevoltageto -
breakdown the dielectric between the work: piece and the wire.

The resulting spark is sufficiently hot enough o melt micro-

pits in the sample. -A feed-back system adjusts the raté of
dowrmardtravelofthemreelectrode The advantage of this N
' c:IttJ.ngmethodis that 1t1ntmducesvery11ttledamagetothe "
sample and produces a muummn loss of material.

After the samples had been cut from the ingot.ﬂxeyweie
thenmmtedonalappingblod{andlappeddomtoafewhlmdred
microns usmg ab mJ.cron gr:.t The faces were lapped parallel
andtlmwerepohshedtoasmlrmrfmlshusmga 1 micron pow- .
der and a rotating polishing pad. The resulting samples were
square, & mm. on each side and varying in thickness from 60 mi-
crons to 200 microns, depending on how heavily doped they were.
The more highly doped,sattples were more absorbing so the thick-
ness was made inversly proportionél to the carrier‘ concentration. |
Thicknesses were measured using both a mlcrmeber marked off -into
2 micron divisions and a‘verqier probe. ‘_I'he.finalrvalue was taken
as-the'average of all readings. . 5 L

Finally the-samples were given a deg:ease-ain solventé and

thenblovmdry Atth.lspomtﬂmeywe.rereadyformgneto-opucal

expe.rmts .
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32 I'EGQEID-OPTICALE{PERMI‘S

'I‘heequlpmtusedtoneasuretherotaumasaﬁmctlm
of thewavelength is shown mFig. 3.1.° 'Ihe equlptent ccms:.sted
ofthreebasmpartswhlchwxllbedealt w:.th md:u.v:.dually. »

(a) The Optical System

The héart of the. optical system was a Perkin-Elmer mono~
chrcmeterwmchusedaNemstfllmtsouroe 'Bussourcegave
a high mtens:.ty of rad:.at:.on in the wavelength range that was used
(2 to 13 mc.rms) . The rad:.atmn was focused onto a NaCl prism '
- vhich vas attached to a revolving table within the monochrometer.

ay r}otating this prism, different wavelengths.could'be made‘to'
;xq:\\thele:dt slit. The prism was interchangeable and for
" wavelengths longer than 15 microns a KBr priém could be used.
Within mom)chraneter a blade rotating at 12.5 c.p.s. chop-
‘ped the radiation. ° |
* The general procedure when using the monochrometer was
toad;ustthemtemalm.rrorstomamuzetheradlatlm atthe
“exit slit. After tha.g,/the Settlngoa'xtl'nedrmnwhlchtumedthe
pnsmhadtobecallbrabedlnte.nnsofthewavelength To do
this a scan was done using different filters and the read—out an- .
a;.ysed. By studylng{ the known absorptlon of air, polystyrene
etc. a graph of wavelength versus drum setting could be plofted
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(see F:Lg. 3. 2) Before every uéa'suxerent the c&iibration was check-
ed by locat.mg a large, easily recognlzed absoxptmn band and makmg
'surethatthedrmnreadmgcorrespmdedtothlswaveleng&

After leaving the exit slit the radiation was focussed
through a- Beckman silver chloride éiléof—plates polarizer onto the
samle, For liquid n:.trogm tenpe.rature measurements the sample was
cmtamedmanevacuatedcryosbatatthee:ﬁofacoppercoldfm—
ger. Small mirrors plaoed at. 45° to,the sanple, permitted the ra-
diation‘topassthromhthesanpleinthesanedirecticmas;the
magnetic field. The chamber had KBr windows to minimize labsorption

After leaving the sanjple the £adiatim passed -through
another plle-of-plates analyzer that was rotated slowly by a motor.
"Iheradlatlmwasttmfomnsedontoan mfrareddetectorandthe
‘signal was neasured.’

(b) Electrical System

The chopped signal was passed from the detector to a
trénsfémer and .from there to a pre—amplifier. The pre-amplifier
was connected to a lock-in amplifier which in twmn was connected
+0 an x-y recorder. The x-y recorder measured voltage along one
ai:isandtjmalcngtheo&:e;r. Several minutes.were needed to

camplete a revolution of t‘he analyzer and the resulting curve -
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Fig. 3.2 Calibration curve for the NaCl prism from 1 to 9 microns.
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was sinusoidal, see Fig. 3.3. After one revoluti_m, the mag-
netic field was reversed and the x-y recorder was again zeroed
the curve was shifted from the original position by a value of 26
where 0 is the Faraday rotation.  The phase shift was determined

from an average of several points on the curve.

(c) The Magnetic System

The magnetic system consisted of a Harvey-Wells "Magnion"
magnet capable of delivering a maximmm field of 32 kilogéuss uni-
formly over a spacing of 4 cm. . The field was stabilized by a feed-
back system using a Rawson Gauséreter prcbe. Before measurements

were taken the magnetic field was calibrated.

3.3 VAN DER PAUW MEASUREMENTS

{a) Sample Preparation

Cantacts were made at the four corners of each sample..
Most samples gave good J:esults using a small ball of conductive
epoxytopmvide‘ar'ihermoe férthegoldwire to the comer of the
sample. _A series of measurements were done using this type of
‘contact. Occasionally non-ohmic contacts would result so a sec—
mdset of measurements were done using Au-Sn wire spark welded
to the corners, after having removed the epoxy. These gave ohmic
results. '
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Fig. 3.3 Sinusoidal t:gces resulting from the rotation of
the analyzer\with a fixed polarizer. '
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(b) Sa:rple.}blder and ‘Current Source

.The sample holder for room temperature measurements cone: :.
' sis@ of a non-magnetic insulating base plate on which the sample
was placed flat.: The gold w:Lres were soldered with indnm to pads
which in tum were connected to.the current¥scurce leads, see Fig.
3.4. For liquid nitrogen temperatures a cryctat and cold finger
set-up was used. '

) ~Aconstantmurentsoumewasusédmtheneasuralmts
andtluscunentwasreversedthroughthesanpleatmcp.s. by

a chopping switch. The voltage across the sample, which was mea- _
sured using a chart recorder, was synchronousiy reversed at the
same rate. . 'Iheuseofachartzecorderpermlttedareadmgtobe.
‘taken when equ:.llbrlmnwas established and also made any zero
shifts apparent. The current was measured by taking the voltage
across a standard resistance. A potentiometer placed in parallel
with the chart recorder permitted the voltage to be zerced prior
to app.l:.cat:.on of the magnetic field. After a neasufenent was |
done, the field was reversé;i and the Hall voltage was measured in
ﬂ'h_gé’v/&tjsedlrectlm The magnet was the same as that used for
the magneto-optical measurements and Hall coefficiemts_ could be
measured with fields as high as 32 kilogauss. Fig. 3.5 shows the

experimental set-up for Van der Pauw measurements.
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.Fig. 3.4 Samp1e and connections to the curﬁent source leads.
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curyent

chart

ghop br ) recorder

Fig. 3.5 Van der Pauw equipment.
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IV RESULTS AND DISCUSSIONS

.Res?lts-have been obtained for thirteen samples Gans Sb,
varying in camposition fram x =h13 to x = .31, removed from
ingots TZF-4, TZF-5 and TZF~6. |
Three sets of measurements were made on each sample
(a) | Faraday Rotatim‘
(b) Van der Pauw Measuxatmts

»

(c) X-ray Analysis. : .
4.1 Faraday Rotation

Practically all the Faraday rotation data had a linear
variation of 8 vs A2 as would be expected. A calculation of the .
reflection coefficient and the approximate absorption for the car-
rier'concentrat‘ions used here, indicate that multiple ref‘lection‘ ?
would contribute anly a very small value to the total rotation.
Hence it was assumed that internal reflections could be ignored.
The results are shown indthe following g'raphs.and the values of the
slopes are given in table 4.1.

» ‘
The results for Faraday rotation at liquid’nitrogen tem—

-

peraturesareriotslnmsince'theycmldmtbeusedduetothem—
certainty of values for the carrier concentration at liquid nitrogen

. temperature. However in all cases the slope of 8 vs A2 increased
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TABLE 4-1

SLdPE (6/x%) 101 degrees/m=

SA]i-‘II.DLE oy o LTqueaees/i  COMPOSITION ()
TZF4-1 .163 .28
o 044 13

3 .074 .102 14

4 77 .216 .24

5 .198 .16
TZF5-1 .182 27

2 .044 .066 24

3 .078 .090 .22

4 .118 127 23 -

5 .019 .023 .23

6 .074 ©.078 19
TZF6-1 .348 425 .31

3 .353 .15
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w:.th decieasing temperature. Since __9_2 « (constant) N

A ' A . m¥ r
[#]

2
[¢]
this indicates that the ratio 131_"2 Ais increasing. BAn expla-
. omEs
. ¥ ) . © - i - -
nation of this effect is given later on in this section. .
€ & '

4.2 VAN DER PAUW RESULTS' . '

_ Roam temperature measurements were made on all samples
andscmaattenptﬁasmadetoneasuretﬁecartiei concentrati §e?Lt |
liquid nitrogen terrperature.‘ The latter results were poor, Zw~
ever due to a low signal to noise ratio. | )

The equation (58 Pl) used to obtain the-Hall coefficient
is giﬁen by

-5 :
R - ARt x 10 omd /e
B

where t is the sample thickness, B is the magnetic field in kilo-

- gaussmmm%sthemsistanceobtainedbypassingacur\xentﬁmugh
one pair of diagonally opposed cczntacts and measuring the \peye.ntlal
'ac'i:ossfheotherpair. Allmeasu'renentswéretakm as a functi¢n
of magnetic’ field strength so that a saturation value for the Hall
coefficient could be fowd. The results are sumarized-in table
4.2, ;- | |

e
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TABLE 4-2
SAMPLE - CARRIER CONCENTRATION (1017 cm-3)  COMPOSITION (X)
: e
TZF4-1 - 4.8 .28
2 K 1.1 | 13
3 . 1.5 .14
4 3% | .24
5 3.7 . .16
TZF5-1 2.5 Y.
2 . : 8 .24
3 s .22
4 2.1 _ .23
5 2 .23
6 1.2 RN
TZF6-1 , 27. .31

3 o 7. 15
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~

\
4.3 X-RAY RESULTS.

A representative section of each sample was powdered and
_x~rayed by G: Goodchild. The x~rays indicated that the samples
" were hmngeneous The composition was determined from a graph of

lattice parameter vs composition for GaAs Sb taken from the

X 1-xX
work of Gratton and Woolley (73 Gl). The results are summarized

in table 4.3 along with the values for the refractive index.

4.4 ANALYSIS

Equation 2.33'expresses I in termms of the Faraday.ro-

tation data i.e. _8 (constant) Bt I; where the constant

A2 n
: ' ©o.25 ’ : !
has a value of 2.093 x 10 , 6/A% is abtained fram the Faraday

rotation data and Bt is known. Asai‘esultv:emayreadilyobta.‘in
4. n ! .

an experimental value of I; . Similarly an expermental value of

I, . may also be found since I, = n2 N . However both I, and I,

may be also derived fram the integrals in equations 2.34 and 2.35.
. _

To evaluate these integrals we require values for mo o and E¢ and

* ‘ *
Eo .~'I‘hep1:’ocedureusedwastosubstituteavalueoon and -

* i ) P -
r‘n‘c-)“0 and find the value of I; and I, over a range of Eg - Then
- * . ’ . - -~ -~ ) *

m , was changed and a new set of I, and I Tound.For each m

-

‘value there exists values of E, for which the I) (thearetical)

v
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TABLE 4.3
SAMPLE COMPOSITION(x REFRACTIVE INDEX
A
TZF4-1 .28 . © 3.68
2 13 3.76
3 14 3.76 -~
4 .24 3.71
5 16 3.75
~
: TZF5-1 .27 3.69.
2 .24 3.71
3 .22 S 3.72
4 .23 3.71
5 .23 3.71
6 19 3.73 -
TZF6-1 .31 3.67
3 a5 3.75
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and I, (theoretical) equal the I, (experimental) and T, (ex-
perimental). If this process is repeated over several effective

Mass vlalues,.then curves of solutions for I; and 5:2 are generat-

ed and at the.point at which they cross a‘common solution of m:0

and Eg for both I; and I, is obtained. The effective mass ob-

" tained by this process is that value that gives the correct ex- _
perlme.ntal results for.both the Faraday rotation data and the car- ~
rier concentration data and so may be taken as the bottom of the

band effective mass for the sample (see Fig. 4.4). The program

used to evaluate these integrals is listed in the index.

The analysis used for these samples was a single band
analysis. This wag justified since doi)ing concentrations were
relativelf small and the contribution of the <111> band elec.-

“trans to the rotation would be minimal, because of their much larger
effective masses. It should be kept in mind that the rotation is
inversely pmportmnal tgjthe square of the effective mass.. However

it is possible that one sample, TZF6~3' could have a small contri~

tion to the rotation due to the <111> band. This would be a re-

sult of its large carrier concentration combined with its high Sb
concentration. A two band analysis would probably give a slightly

s@lle.r .efféctive mass value jfo;: this sample but it would not be

more than 28%. . ' : : : - |

-‘-
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common
solution

effective mass

Fermi energy

'F'ig. 4.4 Method of obtaining the common solution.



The solution of equations'2.33 and 2.35 for sets of

.valuesof (m/}.f) require that we know the value for the re-
fractive index and E ~, 'The refracta.ve index for the alloy is as-
,smmedtovaxy,lu:earlyfmnGa;ShtoGaAg. Work done on the
Ga}\sxPl = system (67 Cl) provides same j{:stifica_tion for this.
The actual values for the refractive :inde.xof the campounds were
taken from the average of publisﬁed values. Although the refract-
ive mdex is a function of the wavelength, it was found that for:
the doping level present in these samples, there was nodiffert—:"hof
between the results when n waskeptconstantandwh:—mn var:l.ed
with wavelength

4.5 RESULTS

The values of the effective mass for each sample are shown
in Table 4.4 and also in graph 4.5 plotted as a function of compo-
sition. The first result that is_apparent is the large amount of
scatter present in the graph. This scatter had its ¢rigins in
either the Faraday rotations or the Van de_rkPaw . ts. It
m felt, m-z_ever, that the Faraday rotation were more
accurate since there was very little scatter. in the curves of
6 vs a2 . There vas a greater possibiliy of error originating in’
the carrier concentration measurements. Thig error could have been
due to the non ideal situation, inwhichthe.reareratherlargegon-
tact pads on a reléi_-_i.vely small sample, resulting in shorting out

-\

gomrer—
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TABLE 4.4
SAMPLE 1;{(10710) Ex (ev) m* Ep(ev)  COMPOSITION (x)
TZF3-1 1.009 .72 .0487 .026 .28
2 342 72 0809 -.015 13
3 - .308 .72 .0505 -.015 .14
4 .750 72 .0487 0137 .24
5 .915 <0454 .020 16 -
TZF5-1 .682 .72 .0432 .008 ,27
2. L 72 0885  -.031 .28
3 .394 .72 0445 - 2,009 .22
4 475 72 .0479 °  -.002 23"
5 .058 .72 .0429 -.064 .23
6 .351 .72 0424 . -.014 .18

TZF6-1 4.253 . ;32—/ .0503 12 .31
3 3.295 T .0469 . .09 .15
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-~of part of the crystal.

The second‘resulia that is apparent is that the charac-
teristic drop in effective mass to a minimm value,- whlch appears
in other I1I-v alloy systems, is not present. Bprolo, Woolley and
Van Vechten (73 Bl) have predicted a strong dip in the variation of
effective mass with coamposition for GaAs Sb, =~ and for convenience
the predicted variation is Jncluded cn the same graph. Although
there is considerable scatter in the points the results indicate a
larger effective mass than is predicted ;Jy theory. In fact the re—
sults seem to indicate that there is no dip at all and that the ef-
fective mass varies apprmﬁrrtately linearly in this fegion. This
larger effective mass can not be explained by a contribution f.ran
the %11_1>_ band since for the carrier concentration and the ccmpo—
sitions used in this'thesig, the contribution would be small.

In locking for a source of error in the measurements the
‘ "‘carrier concentration was most suSpect since it involved less read-
" ings than the Faraday rotation data. With this in mind, results
for samples fram ingot TZF-6 were campared with results of samples
taken from the same ingot by S.. Rosenbaum (R1). The results were
found to fit very well on a curve of carrier concentration versus
camposition that was made fram S. Rosenbaum!s data. This lent more
supporttothecorrecmessofthedata. Afurdwrd:edcwasmade
using a single crystal 'of GaAs to determine if the overall process
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gave reasonably accurage effective mass results. The result obtained
fortheGaAswaswithintherangeof(raiuesexéected, which gave
credence to the overall process. |
In order to eliminaté any question of the <111> band having
an effect on the meam:u:emmts, calculations were made using data
which represented the worst case. In this case sanple TZFG-B was the
choice. ’Ihls sample has a carrier concentratlcm in the low 10 ch :
range and a relat:i.vely small energy separatum between the T; and I,
bands due to its high Sb concentration. To make a sample calculation
I needed to know the number of carriersinthe‘:lllfba_ndandthis
information was cbtained fram Dr. S. Rosenbaum's doctoral thesis.
For this sample, whose overall carrier concentration us:.ng the Van
derPawtecImlqmwas 17x10 cm 3, it was fommdthatNo was
15 x 10 cm-a, and N; was 4.3 x 10 e .
For a two band analysis (68 L1)

453t N, . N; A2 +AB
23 Z N ya - 32
2r°méc g, (m:f/m) (mtf/m) n by

' - -2
where the A2 term is due to the free carrier rotation and the X

. ‘term is due to inter-band.rotation. Since N and N; are known

* - * . . '
andmof andmlf canbeglvmapprommatevalues_of 045 m

and .24 m respectively,.‘ we can find the percentage cantributed

‘botherortatimbythedll:v electrons. Intllemxjstcaseﬂ'ne

'
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contribution was approximdtely 1%. ' Tt can be assumed then that
the <111> - band has little effect on the total rotation.

" an explanation of the increase in rotat®¥n versus A2 at
1iquid nitrogm.temper'att}re is possible if we consider the elec-
trong from the <111> band fredzing out into the (000) band and
hence providing a larger mumber of electrons with a much reduced

effective mass. This effect would be opposed by the increasing

effective mass with lowering temperature. -
-
N
w
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V CONCLUSIONS

The bottom of the band effective mass of the '1‘1 elec-
trons in the Gahs Sb,_ ~ System has been measured for ,13< x 5_'31; .
and the results compared to the theoreticgl predicticns of Berolo
et. al . It was found that the results adhere closer to a linear
variation of effective mass versus ccmpositio;r than is predicted
and the reason for this is not‘mxdersﬁodd. Perhaps the presence
of a miscibility gap modifies the theory in same way.

:I;nanycasefurthermrkshoulabedonetoverifyﬂmere—
sults with values taken at higher As concentration. More accurate
results could pribably be obtained if single crystal material could
be used. A gréat improvement in uniformity and .signal to noise
ratio was noticed by the author when study:mg single crystal Gahs )
as opposed to the poljcrystalline alloy. The elimination of elec-
trical barriers, which S. Rosenbaum states are 'preseﬁt in this

material, should also give better results.

'



APPENDIX A

' The expression 8 = ;—t (n_ = n,) can be-derived using
the relations between the refractive index and the group velocity.

Cansider the positive component first. The growp velocity is ,
V#=c_ . The time required to traverse a thickness t is

0

"

Vi e .

-tiﬂ . The frequency of . the rotation is v and the nunber
of rotations occuring in the time t is simply the frequency mul-
\ Vi :
&'tiplied by the time. The rotation in degrees for the positive com-

ponent is thus 360 (f)(tn+) _ 360 (%n+)

A c A
" A similar line of reasoning would give the rotation for the negative,

D

camponent as 360 (tn_) . The net rotation is equal to one half of
A .

the difference of these two values

_ 1 (360 t) (n_~)
e‘?(x) +

Expressed in radians .

= Er (n_~mp)
8 y + | y
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'APPENDIX B

2
r{Ne /(m*mt—:o)

‘the following conditions are-applied: n

t

vaingpjghat,-»- )2
\ (ny =3ry)" = 1- G w_¥ig)
o=t (n2-n2) e can show that oo

and that
o

BNe3t

2nce ¥ 2y2
__n 0 ic®

. 2 2 8
-_>':>u1<i ’ we >> mc. ,.

[N

w2 >> gt "whereg_=<l)2 " where t is the relaxation time.
_ , T.

.. 2 * .
o - Ne /{m we )

(n, = ik})2 =1~ o

* * ‘ (—mimcilgs

Ne? it
fl‘ 2: l—- ’ c v
+ m*m._eo {~w + mc)z +gcf .

Taking the real part and if ﬁiz >> Kiz' “then

Ne2 - - w w? >> 92
n 2= 1~ c ' m2 > 2
- m*ue (-m-wc)" + g< - Ye
) - ’
: Ne2 w+ w W -
n?-n?2 = _C. c
- + m*we we + 2w 2 -
o c we =2ww
c
2', 2 Ne? 2eB ) ¥, substitute this value in to the .
R e m¥p3) "

expression for the rotation and we cbtain

N, '
oo B edt

2nce-0m*i'c w?
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