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ABSTRACT

Ingots of Al,Ga,In Sb were growa using a directional

t=xy
freezing .technique, Slices were taken from these ingops,and
their compositions were determined by an X-ray fluorescence
mathod._ X-ray powder photographs vere taken of the slices,
and iﬁ they were single phase, the 1lattice parameters and
;inimun energy gaps vwere determined. The ‘energy gaps wvere
determined by simple transmission. Empifical'equations weré

derived from the data ¢to fit the lattice parameter and

energy gaps as a function of composition..
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"Chapter . I ‘

INTRODUCTION

The quaternary III-V semicodducting alloys studied here
ﬁre chemical compounds of the form hxaycpqﬂn ' vhere A,B,
and C répresent elements in‘group II{ of the pgriodic table
and D represents an element in group V of the periodic ta-
ble. In this case , A,B, and C are Al, Ga, and In respec=-
. tively, and D is 5b. X and y represent atomic fractions of
AlSb and - Gasb respectively, in the a%;o; system. x and Y
are independent éuantities, and—’maf take anj value,provided
their sum does .not exceed 1. ~ In sinﬁle termé,‘one may sup-
pose that the formula represents a struétﬁre -that'consi?ts
~of one group III aton £§ every atom of antiﬁony.‘_ ¥ is just
the fractiom of thé group III -atoms that are aluminum, and
so forth, and overall there is just one group III atom to

every atoa of antimony. .

-

-The main purpose of the présent work was to find out how
certain prcperties of the alloy system varied as x and y
varied. ‘Sinca x and y may be variled independently, a giveﬁ
property in general depends on both x apd Ye Thns it is pos~-
sible to find a series of x and y such. that a certain pro-

pecrty is a constant. However, in.general, a second property
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Hill_ﬁot he a constant for the same series of x and y. This
anouﬁts to beingrable to make independen£ selections of any
two(independent).properties of é éuateruary ailoy systen(the
1inmits of ihe selection depending on the range of possible
propérties). |

In the presant-work,the properties studied were primarily
the lattice parameter and the minimum energy gap. It is
useful to knov these properties because:- the energy gap det-
erpines the wavelength of light obtained when the semicon-
ductor is used for making some light emitting device,and the

lattice parameter is significant in regards to the growth

of thin layers of the material.

As a practical example of the utility of quaternary al-
Yoys, consider the construction of an LED (light emitting

diode). The selection of a material u;;h\wh'

diocde may be 1limited by the particul avelengthnof light

desired. However,if one is making the material by liquid
phase epitaxy, good’layers can be made only if the lattice
parameter of the layer is closely matched to that .of the
substrate (what the layer is grown on). With a guaternary
alloy, the twvo independent variables x and y (as mentioned

earlier) allow one to select an alloy with a lattice parame-

~ ter matching that of the  substrate,yet also allows one to

choose the energy gap as wail.



Up to the present time, little:work has been done on the

gquaternary alloys, mainly because work was still being done

on ternary (such as GaxInthQ),
elamental semiconductors. Work
basically just the next step in
it is important to realize that

vork done on tarnary and binary

binary (such as Gasb}, or

on the quaﬁernary alloys is

semniconductor research, and
this work rests upon earlier

seniconductors.



'Ehapter B ’ '

GROWTH OF THE ALLOYS

2.1 INTRODECTION

If one i; to study an alloy systenm, the first step ié to
deter&ine whether single phasé material of the desired com-
" position exists. The use of the term "alloy" herelis thus
nore restricted tham that in common usage. . The alloys one
generally speaks_?f ’ fogféianple iron alloys, fréduentiy
contaiL several p;>§es intivately mixed, but in the present
vork, only single phase material is indicated. - There is no
certain way (short of preparing the material) of determining
in advanca whether br not single phase alloy material can
exist. Howvever, since for all three of the ternary systens
Al,Ga, ,Sb , Al Imn,,Sb, and Ga,Imn,,Sb, single phaée solid na-
terial does exist for all x, there was a reasonable basis
for expecting‘single phase pmaterial in the quaternary systen
This beiné so , it wvas thus decided that it would be worth-
vhile to continue. In any case, even if there vas not sin-~
gle phase material for all x and y, the research would es-
tablish the range of x and y for whick single phase material

did exist. . '



2.2 PREPARING SINGLE PHASE MATERIAL

Tﬂe neit step is to find aA method which will produce
single phase material reasonably fast, and in reasonably
large apodhts. There are saveral possibilities. dne of
these is to mix together various amounts of the pure ele-
ments or pure antimonides such ‘that the uhéle sanple has the
desired average compositionm , then melt together and cool.
This method has been attempted in this labbratory (Ma 72);
but it has proven to give unsatisfactory results. The basic
problem with this method is that the sample in the liquid
state may have the desired composition, but if this sanmple
is cooled,the solid which starts to form when the tempqra-
tore is low enough (the solid irn equilibrium with the 1li-
quid) does not in genmeral have the same composition as the
ligquid (see figure 1). For simplicity, this is illustrated
for a binary system, but the same principles apply for a
gquaternary systen. In Ma 72 sanples wvwere melted in gquartz
tubes about Smm in diameter, then quenched.  However, even
the fastest quenching possible (a fev seconds) still re-
sulted in samples which were non- homogeneous. For this

reason, this method was not tried.

In another method samples are prepared as above, but
after cooling, the solid is powdered (to about 10 or 20 mi-
cron‘grain size), pressed into another quartz tube, and then
annealed at a temperature below the melting point of the

*

-5-
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Figure 1: A typical binary phase diagfan

A sample of composition Xa has a single }Aquid phase at Ta
and a single solid phase at Te. If it is/cooled to Tb, there
will be a solid of composition Xb in equilibrium with the
liquid. If some solid precipitates out, then the remaining
liquid will have a composition Xd, and will start to precip~

itate out a solid of composition Xc at temperature Tc, and
so forth.Thus the cooleﬂfggmple will not be of uniform comp-

osition. To avoid this§the sample must be cooled very quick=--

ly from Tb to Td where the equilibrium condition is two
phase.

solid, but as close to it as possible. This method was
tried for 12 samples, which were then annealed for about 3
mon ths, But even after this period, they had falled to

reach equilibrium,so no further attempts wvere made in this

direction, .



Directional freezing is still another method, and it vas

used swccessfully.It will now be described in detaiiﬁ

2.3 DIRECTIONAL PREEZING =

v

Directional fréezing. has been ' used §uccessfully"n&hy
times in this laboratory, for example, Martel (Ma 72) prepared
Ga,In, ,1s Sb,,, Thomas (Th 69) prepared 6a,In, Sb and oth-
ers, Gratton (Gr 78) prepared GaAsbehx; and so forth, so it.

wvas a logical choice for the particular alloy system being

used here. The technique will be dascribed.

A quantity of maﬁerial (either the pure elements or the
pure antimonides) is placed in a guartz tube, - then evacu-
ated, and generally backfilled to ¢ne half an atmosphere
vith either argon or nitrogem to facilitate sealing the
tube. Quartz is the preferred material 5ecause it can with-
stand high temperatures and sudden'tenperature changes.
Most materials can be sealed directly in quaréz, but alupmi-
num compounds will react with the quartz énbe causing it to-
devitrify and eventually break. Thus. it is npecessary to
_either coat the inside of the tube with carbon, or place the
material in a carbon toube wvhich is placed inside the quartz
tube. In the present vork,both of these methods vere used.
The inner carbon tube or the carbon coated quartz tube had

an inner diameter of about 10ma and a length of about 15cm.

The weight of the charge was generally 30~40 gms. The ma-

-7 -



terial was then " malted in a sﬁecial furnace vhich could be
rocked during the melting process. The material was rocked
in the molten state .for a few hours. It was found that this
seesned éo ensure good nixihg and helped tq prevent the in-
gbt fron bréaking up into several smalier pieceézalong the
length of the tube. After melting and cooling, the ingot
{still in the gquartz tube) vas transferred to the direc—

tional freeze furnace.

2.3.1 - Purnaces

‘How, a brief note about the furnaces. The basic furpace
consisted of a length Qf refractory tubing., The length and
diameters varied, but a typical tqbe wvas 60cm long and 4cn
in diameter, Resistance wvire is wound on the tube in a coil
fashion in order to produce the desired temperature gra-
dient. The wire is then coated with refractory cement to
ensure good heat conduction and that the wire stays in
place. The tube is mounted centrally along the axis of a
rectangular box with aluminum and asbestos board walls, ap-
proximately 25cm x 25cm x 60cm. The space inside is filled
with vermicelite for imsulation. A Pt-PtRh(13%) thermocou-
ple is cemented to the furnce tube near the centre, or
placed inside the furnace to be used to control the tempara-
ture of the furnace., The directional freeze furnace differs
from this. Its main feature is that it is really twvo fur--

naces, separaﬂéa by a three centimeter air gap. Water

o



cooled csppér baffles are'pléceg oo either Jide of the gap.
One of these furnaces is heated ho£ endugh to melt the in-

got. The other furnace can be heated hot enough to prevént
‘-condensation of volatile material when only part of the in-
got is in the hpt zone of the furnace, This feature wasn't
actually requirédéin the presant work though. The purpose
of the water cooled section.is .to‘have as steep a tempera-
ture gradiegi as possibletét the end of the furnace. The

reason for this will be explainad shortly,

The sesaled off.ingot ¥as placgd in one end of a long
quartz tube., This en& vas placed in the hot zone of the fur-
nace, and the other end placed on a trolley vhich was out-
side of the furnace. This tube was used merely to hold the
ingot and was not sealed off im any way. - The trolley was
slowly moved along a track, pwlling the qﬁartz tube with it,
and therefore pulling the ingot out of the hot zone of the
furnace. Thus the ingot started to freeze from one end, and
eventually the uholé ingot vas frozem. The ingot was pulled
out of the furnace at a rate of 0.8 to 1.5 cm a day, and the
whole growing process took 3-4 veeks, Ideally the result is

an ingot about 15cm long, 1cm wide, 0.5cm thick and approxi-

mately oval in cross section.



2.4  THEORY OF DIRECTIONAL FREEZING

The result of this pulling process is an ipgot that has
- an overall composition gradient, but a thin section of it 1s
single phase and more or léss homogeneous. By single phase
Ve meén thag an X-ray powder photograph taken of a piece of
the thin section shows only one phase (the technique uil; be
explained later). By homogeneous ve mean that tge change %n
x and } from one face of the section to another is as small
as possible. The sections are about 1mm thick. In practice,
ﬁomogeneous means that the change in x and y Se close to
.01, but it may occasionally be several times this. The
reason for this will now be considered; As explained ear-
lier using the binary phase diagram, in general for a multi-
component system,. as a liquid is cosled . a temperature is
reached where the liquid'ﬁegins to solidify. However, the
solid in equilibrium with the liquid at this temperature nay
not have fhe same compositioh as the liquié. Now suppose
the liquid e;ntains A and B, but the solid is richer in B
than the ligquid. This means that the remainimg liquid is
depleted of some B and it now has a different composition.
But this nev liquid , at the right temperature, is in equi-
librium with a solid of a.different composition. Thus , as
an ingot solidifies, the.composition of the newly forming
solid is gradually changing because the 1ligquid is being
slowly depleted of B. But, if a section of the ingot is
thip relative to the whole ingpt, we vwould not expect much
change in composition over the \vidth of the section.

- 10 -
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2.5  PROBLENS OF DI ECTIONAL FREBZING -
To‘grov ingots successfully, one must take 1into accbuht a
nuﬁber of factbrs. ‘ First; the ingot must be grovﬂ slowly
enough so éhat equilibrium conditions are obtained through-
out thé groving'process. We also must have good temperature
stability in the furnace (stable to within 19 ¢, ideally).
The ﬁemﬁeraturg gradient at the freezing en& mﬁét be as
steep as possible in order to avoid constitutional super-
cooling. - Thié results in inhomogeneous solidification at
the freezing interface. The reason is because at the li-
quid-solid interface there is a depletion of the high helt-
ing point material (B in my example )} which results in a lo-
calized drop 'in the liquidus temperature (the temperature
above which there is onlf‘a liquid phase). Ideally equili-
brium is established by diffusion from the molten part\of
the ingot. Since diffusion cannot begin until there is a
- composition gradignt:establiSQed,~ there is always a local-
ized depletion region‘ and a Eegion of supercooled material
is formed immediately in advance of the freezing interface.
Geanerally though, with this method the temperature gradlient
is steep enough to avoid problems with constitutional supsr~

cooling. But if any of these conditions are not met, then

all or part of the ingot may be multiphase.

-11 =
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2.6 OBTAINING SLICES

By taking slices fromn various parts of the ingot, a number
of samples with a wide range of compoéitibn cah generally be
obtained. Slices may be taken from the'ingotlusing a var-
iety of methods. In this work three different methods vere

tried:

1. Spark cutter:A potential difference vas establ-
ished betveen. the ingot and & moving vire. Thé
vire was lowvered onto_the, ingbt iPd the resulting"
spark eventually cut through the imngot.  This

~method was moderately slow, produced rather bad
cuts and suffered from a frequently breaking wire.

It wasn't used very nmuch.

2, Wire saw: A thin ﬁolybdenum vire, coated with si-
licon carbide paste, was passed over the ingot un-
til it was, cut through. This method was very slow,
but the cuts were better, the wire broke less of-
ten than in wmethod 1, and thinper slices than in

pethod 3 could be produced.

3. Blade saw: A thin carborundum wheel was used to
cut through the ingot. This method was fast, pro-
vided good cuts, ©but the slices bhad to be rather
thick, or théy had the +tendency to shatter while

cutting.

-12 -



None of these methods were perfect, but genérally aethod 3

was used , and sometimes method 3.

i
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. . Chapter IXII

- DETERMINATION OF COMPOSITION

U
A

3.1  INTRODUCTION

. et i -——— -

This was probably the. most critjcal aspect oflthis work,
for while the goal was the deiermination of lattice parame-
ters and energy gaps, it is clearly of little value to know
the 1attice parameters ‘and energy gaps of unknown materials.
It vas decided to use an X~Ray fluorescence (henceforwvard
abbreviated XRP) method, as the equipﬁaht waslconvieniently
available. _ A‘radioisotope IRF method has been used in ‘this
laboratory, (Ma 72, Gr 78), but since a vorking X-ray spec-
trometer was available,and as the 1étter was very much more
convienient and reliable than the radioisotope setup, it was

therefore used.

3.2  THEORY OF XIRF

XEP is described in detail in several books(Bi 69, Mu
72} along with details of energy dispersive Spectrometers,
detectors ¢+ 8tc, so only an outllne of the relevent details
will be given. Figure 2 illustrates the basic process of

XERF. Specifics of saamples , crystals, detectors, etc, will

follow after am introductory section.
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Figure 2: Simplified diagram of ar X-ray spectron;XGr

¥hite X-radiation from the source is incident on the sam-~
ple. This radiation ionizes some of the inner electrons of
the atoms, which results in certain transitions in order to
£3111 these '-newly vacant energy levels. This radiation

causes transitions between " inner electron levels in the

atons of the specimen. K-alpha, K-beta, and l-alpha are

sope typical tramsitions observed im XEF. In fact, nmost

- 15 -



prdbtical vOoTk makes use of these transitiéns ﬁost of the
time, since they are usvally the siroﬁgest. ince these
transitions are between inner electron 1evels:5§§ are ef-
fectively ihdependent of the chemical state of the aton,
thu§ the radiation is characteriétic of the atom, at least
for the heavier elements (2>6), and sefves‘ to distinguish

J
the elements among themselves. BY rotating the crystal and

~detector simultaneously we can detect a given wvavelength,

hence look for a given element. The detector converts the
radiétion to counts, Sg; vhen we speak of the counts (actu-
ally counts/sécond), wééﬂﬁean the counts recorded .- from thae
detector when it is analyziné the chﬁjacteristic radia£ion
from that element, |

3.3 . INSTROUMENTATION

The apﬁaratus used to make the nmeasurements basically
consisted of two parts: the Phillips PW 1410 X-ray spectrom-
aeter, and the Phifiips PH 1390 Channel control. There is
not really anythipg“ﬁpecial about the spectrometer itself,
but, when used with the Channel control, it beconmes aﬁ in~
strument of great versatiiity. .The reason is that the Chan-
hel control can be progranmmed to _ahtomatically control a
series of actions involving the speétrometer, vhich is not
6n1y rapid, but practically eligipates human variability as
a factor, The actions which can be controlled include the

following:



_ Q@ .
1. Choice of sample (out of four)

2. Choice of analysing wavelength
3. Choice of length of each measurement

4. Choice of crystal,' collimator, and detector for

each measurement

The requiremeats. for these measurements were decided after
careful study and the measuring program was'stdréd in the
Channel control. Once this was done, to make the measure~
ments it was only necessary to load éhe sample holders. n‘
series of four measurements would take about 22 ninﬁtes.
The proceﬁs of XRF will now be considered in greater detail,
with particular reference to the varioms factors which can
be controlled by the Chzgnel céntrol.

The spectrometer used a chromium X-ray tube,. operated at
60kv¥ and 40maA. The radiation is sent to the sample, which
isrheld in place with one of the sample holders described
later. The radiation froam the sample, after passing throggh
the primary collimator, in order to obtain parallel radia-
tion, is then diff;acted by the crystal. The radiation is
'diffracted according to the Bragg equation nh=2dsin9. The
choice of crystal depends on a number of facéors. These in-

clude the relative intensity of radiation from the crystal,

presence or absence of higher order reflections, durability
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of the crystal, and of course the value of 2d. The higher
the value of 24, the 1oﬁger is the max?mum wavelength the
crystal is capable §f analysing. For that reason, analysing
the rédidtion from aluminuam reqﬁired a different crystal.
LiF is pgpbably about the best choice under most circum-

stances, unless light elements need to be analysed.

After being diffracted, the radiation now passes through

the secondary collimator. Choice of the secondary collima--

tor controls the resolution of the spectral lines-the nar-
rover the spacing, the better the resolution. However, the
intensity of the lines also drops as the spacing is de-
creased. Two collimators were available, one with a spacing

of 250 ilcrons, and another with a spacing of 500 microns.

Two tygés of detectqré vere available, a scintillation
counter and a.flou counter, | The flow counter has the sane
electrical structﬁre as a_sealed proportional counter. The
latter consistsrof a metal shell thrdugh which passes a cen-
tral wire, which is insulated from the shell, and is main-
tained at a high voltage of around 1500-1800 vol£s. The
ends of the shell are sealed with mica or berylfinm windovws,
so that radiation can pass in or out of the shell. The tube

is filled with a gas such as ¥e, Ar, He, etc to absorh.the

X-rays and generate electrical pulses, which can be counted..

The flow detector differs in that it is built so that gas
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can flow in and out of the tdbe; The principle advantége of
_this'kindipf detector is that, since the gés‘can be replen-
ished, £hinner vindows (such as aylar), can be .used, ena-
bliné the’ detector to be uged to deiect longer wavelength
radiation.

The scintillation counters used for X-ray analysis con-
sist of a thallium iodide activated sodium iodide crystal
sealed to the windowv of a photomultiplier tube which ampli-
fies the signal generated. When an X-ray photon is absorbed
in the crystal it generates a number of yisible-light pho-
toas (Scintiilations) which may then be cdunted. The prin-
ciple advantage of the Scintillation ~Q?unter is.that it can
be used for detecting the radiation frox the heaviest ele-
ments. For energies above 6kev it is nmore efficient than
_the flow detector, but below 6kev, - the noise level is too

high for the detector to be useful.

3.4 OSING THE COUNTS

{Note: since all exposures were for the same ledgth of tinme,
" the counts rather than the counting rate were used. 1In gen-
ergl, though ‘counts' should be replaced by' '‘counting
rate’), The counts for a given element were determined by
finding the counts at a particular wavelength (which corres-
ponds to a particular value of 26) only,not by integrating

over the whole area under the curve of counts vs ecergy, as
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vas'done for the radioisotopelxnr. Since the maximal and
integral intensities are proportional for a line (Mu 72), it
is only necessary to measure the maximal line intensity.
This is vhat was done.l It is practical BecauseRthe spec-
troﬁeter used is capable of measuring to the saﬁe value of
286 with a repeatability of t.003*. This means, in teras Bf
energy,about * a few ev. (about 1 part in 10000 or less),
so one can -be reasonably sure that the same point is mea-
sured each time. None of +the peaks chosen.overlapped vith
any of the other peaks imn the system, so the counts could be
used Qirectly. In a system with many more elements, the an-
alysis can get quite complicated because of the gverlappinq

peaks. However, this does not concern the present ‘analysis.

In addition, for each element a point wvas choseﬁ to det-
ermine the background counting rate, which was subtracted
from the peak rate. In practice it appears that little , if
any accuracy Ais lost by assuming that the background is a
constant, finding'.an average value of this from a series of
measurenents, and using this value in subsequent calcula-
tions. The background point was also far enough away fronm

any of the peaks that there was no interference from thenm.
To ensure repeatability of the measurements, in addition

to counting at the peak and subtracting the background, ﬁse

vas made of a norralizing standard. This was an additional
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sample which contained all ofr the elements present in the
other samples. Its composition was not known, Lut this wvas
not important. It was only nacgssafy that about equql am=
ounts of all the elements be present. Thé normalizér wvas

analyzed within minutes of analyzing the other samples, ‘as
frequently as once every 3 unknéun samples (the spectrometer
can hold a maximum of 4 samples at a time), but once a day
was usually sufficient. The coﬁnﬁs from the n;rmalizer at a
particular angle are compired with the counts obtained from
the initial analysis of the normalizer. at- the same angle.
Ideally,then, all the counts are then adjusted up or down
according to whether the ‘normalizer counts are higher or
lcver than they were the first time. FPor example, if the
dntimony peak of the normalizer was originally giving 1000
ccunts/sec, but at a later date it was only giving 900
counts/sec, then all the measurements of the antimony peak
made at that time would be considered to be only 90X of
their "true™ value, and raised accordingly. Thus, any’
changes in_the system we would expect to be 'evident in the
changes in the normalizer, since we use the same normalizer
each time. Changes 1in the normalizer are swmall and slow,
and unless they were siganificant, the results from the nor-
malizer were gemerally ignored. However, it must bé consid-
ered. It proved nacessary in the preéent case. From June
1979 to April 1980, the antimony peak dropped to 96% of its

original level, indium to 97% , and gallium to 80%. The
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arops wvere quite gradual, the day-to-day changes being in-
significant. In the case of the gallium peak, it‘proved to
be necessary to make such a large adjustment in order for
the sample measurements nade in June agree vith those made
in April. In view of this fact, a.change in the normalizer
can be ruled out. One possible explanation for this change
is that the X-ray tube may have changed yith time. Observa-
tions of other X-ray tubes in operation confirm this view.
Also, the response of the detectoré may have changed with

time, or some other subtle factor may be involved.

-’ "

TABLE 1

Sunpmary of the YRF measurements

Ele- Line Peak | Backgrnd| Detec~- Colli-|{Crystal

ment analysed angle angle tor mator

sh Kox¢ 27.00 28.00 Scintil- Coarse|{LiF 200
{(2nd order) lation

In Keor 29,46 31.80 |Scintil- | Coarse|LiF 200
(2nd order) lation

Ga K & 38.88 37.00 Scintil- Coarse|L{F 200

lation
1
Al b o 144,98 140,00 Flow Coarse PE

Coarse colli&e%égﬁgpacing: 500 microns
Crystals: LiF {200) plane 2d= 4,02
PE {pentaerythratol) (002) plane 2d= 8.76

B s
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3.5  SAMPLE PREEAEQI;?NE/\SAHPLE HOLDERS

Since this subject is thoroughly discussed elsewhere (Mu

72 for example), only a fev relevent details vill be consid-

ered,

There are 3 mair principles +that must bhe considered when

preparing samples for XRF analysis:
1. homogeneity
2. grain size, and

3. surface preparation
—

Giver that the counts from an unknown specimen are known,
determining the conposition is not a trivial matter since
the intensity of an X-ray uavelength leaving the sample
(hence the counts or counting rate at a’ particular angle)
depend not only on the relative amount of the element which
gives tﬁis particular wavelength, but also on the relative
apounts of all the other elements. This is because while
ali elements may absorb the characteristic radiation from an
element, they would not do so to the same degree, Some ale=
nehts.may even enhance the radiation from another element.
To deteramine the composition of something by chenmical analy-
sis means that the sample is destroyed, and the constituents

isolated. Thus it makes no difference how the components of
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the sample were arranged. However, for a sample used for
XRP, the situation is entirely different, because the saaple
is unaffected by the measurements, Por one thing, a large
sémple may be used, but the X-rays do not penetrate into the
sample very much, only about 100-300 microans. Thus only a
comparatively small amount of material is beiné analysed.
To ensure that this small. part is representative of the
whole sample, it must be homogeneous. For the XRF results
to be meaningful,. the path of all X-rays entering or leaviig
the sample nﬁst be the'sane, that is, every X-ray. must "see®
the same number of atoms of each different element, so that
‘absorption is independent of position 1in the sample. This
is accomplished if the sample is homcgeneous on a scale con-
siderably smalier than the penetration depth of the x-raysy
'which, as mentioned earligf, was about 100~-300 microgs {but
note that radiatiom from a very light element in a heavy ma-.
trix cap have considerably smaller penétration depths). In
practice ( see, fdr example, Ca 66} this means homogeneity
on a scale greater than about 10 microns. This means that
any volume in the sample greater than or qﬁual to about (10
nicrons)3 in size must contain the same guantity of each
element as any other equal volume, but any volume less than
this need not. In practical terms, for the various factors

nentioned, this may be considered as follows:

1. homogeneity~-thls would be as discussed as above.
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2. grain size-the sasmple could consist of a aixture

of several kinds of povder, but provided that all
the powders had grains no larger than about 10 mi-
crons, the results would be unaffected by grain

size

3. surface prepafation-provided surface irregulari--
ties were no larger tham about 10 microns, the

condition of the surface would not matter.

Using these principles, one comes up with 4 main ways of

preparing samples:

—

1. 1ligquid solution
2. borax (or other) glass fusion

3. powdered and pressed samples, with or without a

binder
4. s0lid sample vwith a smooth suarface

Bethods 1 and 2 wvere not used. Host of the standards were
prepared by method 3. In this nethod, the. samples to be
used were powdered, and a guantity of each was weighed,

mixed vith a welghed quantity of a binder, and pressed into

a pellet abouc 3mm in diameter under a mass of abount
: ’ .

800kg. It is not necessary to use a binder (the binder used

vas phenolformaldehyde, an organic resin), but without a
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binder, the powder tends to £lake off tha pallet, and it ev-
entually crumbles in most cases. Since it is undesirable to

introduce powder into the spectronmeter, use of a_binder is
the preferred method. The pellets can be made  even more
durable by heating them at around 100°C for an hour, which
makes them less brittle It is not necessary for all the pel-
lets to be the same thickﬁess, provided they were thicker
than SOOImicrons or so { greater than the penetration depth
of the x-rays). To make one of these pelléfs, no more than
15-20mg of material needs to be used, which is a considera-
ble advantage. Howvever, it is rather time consuming to

veigh and powder the samples.

'Since samples were to be cut into slices (sl?ces fron
the directiocnally frozen ingot) anyvays, and since the sur-
faces of the slices were reasonably smooth, most of the sam-
ples were analyzed using method 4. This made the prepara-
tion process sinple and quick, since one only needed to
ensure that the surface wa§ clean and flat enough. Once this
vas done, the sample could be used directly. Note that
method 4 may be considered as a special case of method 3
(vithout any binder) since powders with a grain size of the
order of 10 microns give the same results as a solid. There
vas no appreciable difference in the values oflthe composi-

tion determined whether binder was used or not.
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3.6 SAMPLE ROLDERS

The sample holders were made out of pure (commercial
grade) copper, in order that the radiation from the elements
in the sample holder would not interfere with the radiation
from the sample elements.,  However, Aif th;s could not have
been avoided, 1t would have been possible to filter out the
copper radiation, 2 types of sample holders were con-
structed, one type (figure 3b) for holding the pressed pel-
lets, and a second type (figure 3¢) for holding thé slices.
As the spectroneter was designed for much larger samples,
the nevw holders had to fit inpside the-ériginal ones (figure
3a). It vas also necessary to preserve the geometry of the
original holders, in order that the samples would be the
same distance from the X-ray beam as saamples used in the or-
iginal holders would. Further deﬁails concerning sample

preparation and holders may be found in Mu 72.
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Pigure 3: Sample holders

3.7 HE LACHANCE EQUATION

Nov that we have established the pethod of determining
the-counts from a specific element, and the vay the measure-
ﬁents vere made, we need to establish some way of relating
the counts to the composition, since the counts are not sim-
ply proportional to the amount of one element. 1A method has
been dev}sed by Lachance,- which appears to give good re-
sults, and was used™n the present apalysis. Lachance's

method {La 66#1, La 66 #2) may be summarized as follows:

Theé, relative intensity of a characteristic line emitted

bf a muﬁticomponent systen may' be computed from the rela-

tionship:
Ia - Ca
1(a) 1+Cbaba+lcaca......*Cnana : (1)
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where Ta= net measured.intensity of X-ray line A-from g spe-

cimen, .

Y(a)= net measured intensity of X-ray line A from pure ele-

-ment RA.
Ca,Cb..... are wveight fractions of elements A,Bsuccee

eab, ocac ....are constants that. account separately for the
effects on the intensity emitted by element A caused by ale-

mnents B,C etc.

The method is found to be applicable to X-ray diffraction
XRF, and electron microprobe analysis.

There may be some question. ds to why weight fractions
have baen used, rather than atomic fractions, since the var-
jous factors would seem to depend on the relative nunmbers
of the different elements, rather than the relative wéi@hts.
The reason is that the method was developed for purposes (
compositions of rocks, ores,etc ) vwhere the wveight fraction
was the item of interest. It was declded to preserve the
form of éhe lachance equation, and convert from weight to
atonic fractions after the composition deternination,- be~
cauge his wvas a proven method. Also, since the chemical
foraula of the binder vasn't Xknown, the atoric fractioh‘of_

the binder could not be established anywvay.
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3.8 TEEMINOLOGY
* The folloning'termé and abbreviations will be used in the
remainder of this work.
a=Al o . '
g=Ga. |
i=In '
§=5b

b=Binder_

sbas oCa ....are constants that account separately for the

effects‘on the intensity emitted by element A caused by ele-

ments B,C atc.

Wi= atomic fraction of element X in the sample
o

" Wox= weight fraction of element X (or Binder) in the sanmple

Cx= counts at the éharacteristic line peak of eledent X
in the sample
c100x= counés at the characteriétic line peak of element
X in pure X i
C100yx= counts at the characteristic line peak of element

XY in the pure compound y (in this éase, oply

antimonides)

Define Ka, Kg, Ki such that

Wos = KaWoa in pure AlSDH ) ' -
Yos = KgWog in pure GasSb S
Wos =

KiWwoi in pure InSb
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T:izgnunbers vere calculated and are:

K 8.5127 Xg = 1.7465 Ki = 1.0602

so, in a mixture of pure antimonides, this relation

holds trua:

[

Wos = Woa*Ka + Wog*Kg + Wol#Ki

4.5127*%oa + 1.7465*%Wog + 1,0602%Woi C(2)

Since all samples were analyzed for the same length of
time (40 seconds )} and each sample had an equal area exposed
to the beam, as well as' being exposed té the same position
ih the beam, and were smooth and homogenous enough to be
unaffected by these factors, thenlthe only variables affect=-
ing tﬁe counts are the relative - amounts of the various ele-
nents.'

&

So we can write

Ta/I(3) = Cx/C100x ~ Bew-

riting Lachance's equation with this terminology,

K}

Cx
= Wox ) '
CT00x l - (3)
' 1+ZaixHof L
or i {where there are n elements i)
n ' _
Cl00x Wox =1 = zIaixWoi ‘ (8)
x iEx o '
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where the «'s are constants.

In principlé we can write exactly,

| n = N

519%5595 -1 = ¢ Zajix{Woi)? , (5)
X i#x j=1 ‘

But Lachance (La 70) has shown that there is little value inm

including higher order terms, keeping only the single term

(§=1) is a very good approximation. No attempts were made

to determine higher order terns.

3.9 DETERMINATION OP THE o COEFFICIENTS

In principle, one can obtain the & coefficients fronm
;eries of two-element mixtures, but this has its difficul-
ties, because ensuring 'homoéeneity by careful povdering
would be next to impossible with, for example, indium-gal-
lium mixtures. It was decided instead to obtain the coeffi-
cients from mixtures of the antimonides, since such samples

~ had already been made for annealiné purposes,

The pure antimonidesuwere accurately veighed out, mnelted
together, quenched, powdered, {Eited well with an approxi-
mately equal ({but known) wveight of birder, and presged into
pellets. A total of 12 samples, with a wide range of aver-

age compositions, were prepared in this way. The samples
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vere multiphase, buf vere powdered and mixed well enough, in
my opinion, so that Y-ray analysis would give a true average
composition., In addition, fhe pure antimonides and the pure
elements vere made into pellets of the same size. A series .
of binder+ single antimonide pellets wvwere also prepared,
since the binder absorbs radiation, and we mnrust therefore
define % bx coefficien;s {but of course there are no o(xb

coefficients).

Counts were obtained for the various elements im all of
the samples. It turned out that the aluminum counts were
quite low (of the order of one tenth that of the other ele-
ments), so it was decided not to use them, for the sake of
accnracy. It is not necessary to know the aluminugm éounts,
however, since there are 3 pileces of information (Sb, 1In,
and Ga counts), even without the aluminum counts, but bnly 2

unknovns (x and y).

Values of C100x vere obtained from analysing the " pure
elements, From analysing the pure antimonides, since ve
just have tvo-element pairs, it is easy to obtain «xs and
®sXx, By analysing the series of pellets which contalned
only binéér and pure antimoride, ve may graphically obtain
o«bx and asx,. Hpte that we may obtain the qsx by two differ-
ent methods. Similar results are obtained for both these

methods. Now this leaves only 4 aunknovns to find from the



analysis of the 12 mixed antimonide + binder data: gi, «ig,
oai, and xagq. Pairs of these unknowns may be easily found

’graphically. Details of the graphical analysis follow.

3.10  GRAPHICAL ANALYSIS OF THE DATA

1. Analysis of the pure antimonide data.

Using equation (8), since there is only one unknoun, ¥e can

write

c1og§wos -1 = asxHox (6)

and find oxs directly. We can use a similar procedure , re-
placing the antimony counts with those of the other element,

to obtain the osx.

2. Analysis of the binder + single antimonide data. First
consider the equatioms derived from the antimony counts.

Using equation (4), we can get three equations of the form

C100sKos -1 = axsWox + abshob (7)
Cs '

vhere x can be a, g or 1. But note that Wob= 1- Wos-Wox. (8)
Also, Wos = Kx*Wox (eqn (2))

S0 we can novw write

Wos _ Wos (Kxaxs - abs(Kx+1)) + 1 + gb
Cs T100s : C]Ugss (8]
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Thus, if we plot Wos/Cs vs ﬁos, ve should get a straight
line with slope

Kxaxs - abs(Kx+1)
C100s

and intercept
1 + abs
C100s

Since we know C100s, we cén therefore obtain axs and «bs.

If we nov consider the esquations obtained froam the counts .

of x (A1, Ga, and In), ve geat

Cl100xWox -1 = asxWos + abxWob ‘ . (10)
o Cx .

and making use of equatiomns (2) and (8), we obtain

Wox _ Wox (asxKx - abx{1+Kx)) + 1 + abx’ (11)
Cx C100s C100s {

By plotting Wox vs Wox/Cx, wve again obtain a straight line,
and ve can obtain the asx and ohx from the slope and the

intercept.

3. Analysing the binder + mixed antimonide data. From equa=-

tion (4) ve can set up & equations, ome for each of Ca, Cgq,

ci, and Cs.

£10aH0a - - 1 4 gaWog + aiaboi + asakios + abaliob (12)
C100gkog _ 1+ aaghoa + aighoi + asgHos + abghob (13)
g _
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C100ioi = 1 + aailoa * agiWog + asiWos _+ abilob (14)
c10€§wos = 1 + aasWoa + agsWog + aisWoi + absWob - (15)

Since we no¥ know the axs, «sx, abx, Wox's, Cc100*s, and C's
each aquation has only two unknowns., Rewriting the first 3

aguations as follows,

(C100aWoa -1 -asaWos - ubaﬂob)/WO = at i
g = ataWoi + aga 16
Ca Wog 1e)
(cwggwog -1 - asghos - abgWob)/Woa = aighoi .+ aag ‘ (17)
g Woa
(C]g?iwoi -1 - asilos - abiWob)/Woa = agilog + aai - (18)
T \ Woa

ve can eaéily see that these are linear equations , and the
unknown coefficients may be obtained f£from the slope and in-

tecept.

Thus we have found all {pe unknovn guantities. The re-

sults for all the analyses are summarized in table 2.

TABLE 2

The o coefficients and the C100's

xag= .68 * .13 |sai=~-.67 ¥ .06 |[as=-,88 % ,04 |C100g=945,000 2 2%
xig= .94 * .06 |agi= 001 .03 lgs=-.25% .01|C100i=120,300 2 2%
xsg=1.16 2 .15 [asi=-.26 % .01 |[xis=-.157 .01 [C100s=102,500 # 2%
obg=-.67 * .06 |dbi==.75 £ .03 jbs=-.722 .03
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3.11 COMPARISON OF THEORY WITH EKPé?IHENTAL DATA

NYowv, using these «'s and C100's , we can go back and cal-
culate the composition, to §ee hov_uéll the compositions
dgtermined using these quantities agree with the actual‘COl-
positions. Since we have 3 pieces of information, Cg, Ci,
and Cs, but only 2 'unknovns, x and y, ve can use any 2 of
the counts, along with the q's,io determine the composition..
Similar results are obtained when any pair of counts are

used. As an example, the results obtained vhen only thke ?n-

dium and gallium counts are used nay be seen in table 3,

TABLE 3

Comparisdn of compositions determined from the e
coefficients with the actual conpositions:

T-theoretical compositions obtained from the computed «'s,
the C100's, and the indium and gallium counts.
E-actual compositions of the sanmples

{numbers are atowmic fractions)

Sanple & AlSb ‘ Gash InShb

T E ' T E T E
1 .171 ,.200 <721  .700 .107 .100
2 693 .700 .108  .100 .204  ,200
3 <246 ,250 L8048 ,450 .305 .300
4 .269 300 312 .300 418  .400
5 .081  ,050 «107 .100 .853 .850
6 .108 ,100 «152 ,150 <740  ,750
7 .033 .050 «307 .300 -65% .650
8 «123  .100 .281 .300 .596 .600
9 .231  .210 .158 .160 611 .630
10 .238 ,L250 .047 .050 «715 700
11 «353 .350 .056 .050 «5%0 .600
12 .093 .100 «350 .350 «556 .550




The accuracy obtained is comparable with that . obtained by

Lachance (La 66%#1, La 66#2), and by BirksﬁiEi/ﬁg), vho used

a similar method.

3.12 COMPOSITION DZTERNINATION

To determine the composition, given that the counts are
.known, Tequires solving alsystem of linear equations. A
faster wvay is to simply preﬁare a table of counts as a func-
tlon of composition, and mérely consult this table to find
the cémposition. This enables compositions to be determined
"on the spot"™. One set of samples could have their composi-
tions determined before - the next set was analysed, Hhich
vas convienient, since it sometimes emabled one -to get by
vith analysing fewer of the samples. A still better techni-
que is to prepare a set of ratio; (Cg/Cs , Cg/Ci, or Ci/Cs )
as a function of composifion. By using ratios, the effect
of surface preparation grain size, area of sanmple exposed,
etc, can be reduced even further, since while radiation in-
tensity is a, strong function of these factors, the raiios
are relatively constant. This was true even for gross dif-
ferences. Most oﬁ the compositions vere determined from ta-
bles of Cg/Cs and Ci/Cs, .derived from the of's and C100°'s.
Table &4 gifes an abbreviated version of these tables, to
give an idea how these ratios varied. (the actual tables
used had listings for about every 1% differdnce in corposi-

tion}. .,

- 38 -



TABLE &

Count ratios as a funcion of composition
Atonic fraction
Alsh GasSbhb InsShb Cg/Cs Ci/Cs
0.000 0.000 1. 000 0.000 1. 184
$0.000 0.200 0.800 0.487 0.950
0.000 0.400 0.600 1.000 0.714
0.000 0.600 . 0.400 1.543 0.478
0.000 0.800 0.200 2.126 0.2u40
0.000 1.000 0.000 [ 2,758 0.000
0.200 0.000 0. 800 0.000 0.966
0.200 0.200; 0.600 0.482 0.728
0.200 0.400 0.400 0.99%0 0.487
0.200 0.600 0. 200 1.531 0.245
0.200 0.800 0.000 © 2.115 0.000
0.400 0.000 0.600 0.000 0.743
0.400 0.200 0.400 0.475 0.498
0.300 0.400 0.200 0.978 0.251
0.400 0.600 0.000 t.516 0.000
0.600 0.000 0. 400 0.000 0.511
0.600 0.200 0.200 O.467 0.258
0.600 0.a00 0.000 0.963 0.000
0.800 0.000 0. 200 0.000 0.266
0.800 0.200 0.000 0.457 0.000
1.000 0.000 0.000 0.000 0.000

3.13 RELIABILITY OP THE COMPOSITION DETERMINATION

The étrongest evidence that the compositions are as
claimed is that the set of & coefficients produces reasona-
ble agreement with experiment when these coefficients are unsed-
with the known counts of the 12 standard samples. This is
especiaily true considering that only 4 of the 12 «'s vere
actually determined from the standards data, the others com-
ing from the pﬁre element and antimonide data, as vell as
froa the pure antimonide+ binder data. Additional evidence -

vill be given later in this work.
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3.14 COMPOSITION OF THE UNKNOWN INGOTS

The ingots, prepared by the'directional freezing method
described earliér, had approximately lam thick slices taken
frém them about every icn aloﬂg the length of the-ingot, us-
ing oné of the methkods described earlier. The counts were-
determined, the ratios Cg/Cs and Ci/cs were found and the
conposition of the slices were found by consultiﬁg the ta-
bles. Fros these results, the region of the ingot which had
a significant positive aluminumn conceantratiom vas found, and
this section wvas thgh sliced up completely into 1mm thick
slices, and every slice vas analysed. Next, the atonic
fractions of Ale.énd Gasb were plotted as a function of
conmposition. It was decided to dréw a smooth curve through
these points and to use these curves, not aany particular
point, to determine the composition at any distance along
the ingot. . There are good reasons for this. Fe note that
any particular point on the graph is subject to uncertainty

- for the folloving reasons:

a

1. statistical error in counts
2. measuring error in position of slice on the ingot

3. additional error in position of slice,  because no
attempt wvas made to note which side of the slice
vas analysed. -~ This means that there is an addi-

tional uncertainty of 1mm in the position.



4., uncertainty in the «'s

The smoothing procedure would tend +to eliminate the first 3

of these sources of error. This.smoothing proceahre vas

Y

also used for the lattice parameter and energy gap data.

3.15 EVIDENCE OF BRELIABILITY OF THE COMPOSITION DATA

If the comébsition data is reliable, then, giveh that the
composition vs distancelcurve is known for the ingot, as
well as the léngth of the ingot, then it should be possible
to deduce the starting composition of the ingot and find

that it agrees with the knmown starting composition. This is

true if the following conditions hold:
1. each slice has the sape area

2. there vas no loss of material during the growing

process

3. there was no multiphase region in the ingot (this
could mean lack of homogeneity, thereby preventing

the true composition from being known).

This can be accomplished by integrating the curve of compo-
‘gition vs distance, then dividing by the total length of the
ingot, which should ine the fraction of the Particnlar ma—‘
terial which makes up the ingot. This was done as well as
possible, and the result was comparéd with the known start-
ing compositions. The results may be seen in table 5..

A
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TABLE S

Ratios of Theoretical/actual starting compositions of the

ingots
Ingot % AlSh % GaSh
accounted for " accounted for
10454542 104 101
201070 73 S 101
161668 78 89
252550 , 106 . : 88

Results aré expressed as the ratlio of the calculated atonic
fraction / the actual atomic fraction (of the starting in-
got). These results appear reasonable, cousidering that the
3 conditions mentioned didn't hold exactly for any ;0f the

ingots.

The following pages contain the graphs of composition vs
distance along ingot, as well as graphs showing the compdsi-
tion of th= ingotslplotted using friangular coordinates. We
see fron graphs 2-5 that the ingots typically start rich in
aluminum, and the aiuminum concentration drops rapidly to
near zero, Since the ingots are 12-15cm long, much of each
ingot has negligible aluminum in 1t. This is not unex-
pected, since the components of 4this system have a Qide
difference in melting points. No general remarks may be
made about the variation of the GaSb concentration. This
would depend on the phase éiagram, which 1is not presently

known. The differsnce in melting points of InSb and GaSb is

too small (about 200 degrees) for any general remarks to be
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lade.in the absence of nmore information. As mentioned ear-
lier, some of the ingots,_aftenﬁgolidification, vere not in
one long éiecg, but in several smaller ones. Graphs. 1 and 2
show examples of such ingots. Ir each of these cases, the
plece which vas the second to freeze vas‘used in the anmaly-
sis (identified by #2 after the ingot identification sym-
bol). Thgse pieces. were chosen because they were relatively

long and had regions of significant R1Sb concentration. The

length of these pieces was about 6cm, so ' the region of
significant AlSb concentration was considerably less than in
the other 1ingots, Ingot 104545 broke into two pieces of
dproxinately equal length, and it is believed that they had
much the same composition. The starting composition of In-
got 103060{2 was not known, so it is difficult &p say
whether the pattern of Ingot 103060 follows the same éattern
as the other ingots (kigh initial B31Sbh concentration, fall-
iﬁg rapidly). This pattern'is Jgore obviously:seen by axa-
mining graphs 6-10. In all thgﬁgraphs, " only the reqgions
with a significant 215b concentration are shown, which is
only about ome guarter to one third of the whole length of
the ingot. In addition, smooth lines wvere drawn only
through the regions'of the 1ingots that were not multiphass,
gince useful information Sn the other measurad parameters
could be obtained only when the samples were single phase.
Graphs 2-4 have such multiphase regions. Por those unfamil-

lar with triangular coordinates, the atomic fraction of one

-423—



of the 3 antlmonides may be found by aetermining the frac-

tion of the dlstance alonq the perpendicular bisector fronm

one edge of the triangle to,-the,opposite corner, The cor-

-hers-represént the pure antimonide (see figure %), The in=-

formation on graphs 1-5 is presented in graphs 6-10 in order

that it mpy be quickly seen where the compositions of the

ingots lxe in relation to the ontire alloy system.
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., Pigure 4: Trianqular coordinates
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'Graph 1: <Composition vs distance for
Ingot DF Agis 103060#2
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Graph 2: Composition vs distance for
' Ingot DF AGIS 104545#2
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Grabh 3: Composition vs position for
Ingot DF AGIS 161668

4.80

1)
N

4.40

2.80  3.20

2.40 -
Distance along ingot{cm.)

o
. O
o
o
LS
o
r
o
- 0
o
. : —O
S e . 3
x E.cg >
_ x i > 3
060 080 00 09°0 0S°0 o000 080 020 000 000
{(X)wnuiwn|y YoL3IBUS ILWOLY
200 $9°0 95°0  8%°0 ov‘'0  2€°0 v2'o - 91"0 80°0 00°0

{(Auntiey uor3oeay JLwoy

46



Graph 4: C

omposition vs distance for
Ingot DF AGIS 201070
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Graph 5: Composition vs distance for
Ingot DF AGIS 252550
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Chapter IV

DETERMINATION OF THE LATTICE PARAMETER

If the slices were to be used, it wvas necessarfnto es-
tablish that they vere single phase. This was dbne by a
standard X-ray powder photography metkod usiag a.Dé%ye-Sher—
rer camera, and Cu-Kef radiation. Por the X-ray analysis, a
small piece' vas cut from the slices (such that the piece
would contain material from both sides of the slice (establ-
ishing a somevhat more reliable average)). This piece could
be very small, as less than 1mg of material is necessary to
take a powdeg photograph. It is‘usually more convenlent to
take a little nmore, S-10mg if possible. Once this was done,
the lattice paraameter a ndy be readily found. In_powder
photographs, it is sometime necessary to correct for absorp-
tibn'of X-rays in the sample. The lzttice parameter obtained
this way;is called ao. 111 lattice ﬁarameters vere found
this vay. The wmethod is standard and may be found in He 51,
along with other general informatiom about the technigue of

X-ray powder photography.

AR selection of the slices were used to establish the lat-
tice paranmeter along the ingot. ' Not every slice vas used,
but, depending on the composition yradient, every second or

-
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third slice . If the composition gradient was very steep.
every slice in that region uould ‘be used, hovever. The se=-
lection process does not affect the results signlficantly.
because vhere the composition gradient is not very steep,
the lattice parameter variation from slice to. slice is not

very great, so it is simply not necessary to use every oné.

‘A smoothing procedure was used for this data, vhich was si-

milar to the method used for the composition vs position
curves, The lattice parameter data 1is the most accurately

kmown. ao can usgally be determined to within .001A.

4,1 FURTHER EVID:NCE OF THE RELIABILITY OF THE

i e mmm e e ——— g S——

COMPOSITION DATA .

Among the various slices analysed usiag X8F, some shoved
nearly zero 21sb, and had their lattice paraneters deter=-

mined. If these compositions are accurate, then we can com=

pare the XRF composition determination with that based on

Vegard's lav (linear variatiom of lattice parameter with Xo

This is known to apply to the Ga,Im,,Sb system (Wi 6d4)) The
results may be seen in table 6.°

The agreement -here is good, ‘and is favourable evidence that
the composition data is reliable. UOnfortunately, ﬁo samples
of GaxAl,,Sb or'Inxhlhxéb vere availabie, so all aspects of
the XRP analysis could not be ;ested by this method. _Graphs

of lattice parameter vs positiom follow. w

WHRE



o TABLE 6 - . N

Comparison of- compositions determined'frOI‘laptice
parame%ésswith-those dftermined from XIRP’
411 Alsb concankg;fions are zero
Composition measurement®-.are in atomic fractioms

B ' e
Sample Lattice | | - Composition Composition

> LT Parameter (A) (Vegard's lavw) (XRF)
. . Gasb | Insb Gasb | InSb
161668 5.6cm|  6.395 . .222 | .780 .200 | .800
$.7cn 6.826 .138 | .862 .125 | .875
9. 4cn 6.“69’ .080 | .960 .050 | .950.
201070 S5.3cnm 6.401 «203 | .797 . «210 {.790
6.2cm 6.417 .160 | .B4O ,=150 | .850
12.0cm 6.470 .023 | .977 .025 { .975
104545 1.6cm - 147 .BEE.| . 134 .B840 | . 160
2 . 2V7en «237 . «630 [..370 - .660 | .340
4.9cm| 63473 .013 | .987 «010 | 4990
103060 "1.0cnm - 6.169 .810 | .19C .800 | .200

£2 a .

252550 7.3cm 6.209 .704 | .296 .685 | .315

We. see from the§§ grﬁyhs(11-15) that,- in general, “phe
lattice barimeter -iﬁcreases slowly and smoothly with dis-
tance, This. i; conéiszght with the ‘composition meaéure-
ments, which sﬁow a,“decreasing aluminem concentration with
distance, Sipgg the lattice parameter of Rl1Sb is low, ve
would expact alﬁminum rich alioys to have a lower lattice
parameter. Graph 12 is'of interést, because it shows that,
within ex?erimeﬁtﬁl'error, ingot 10454542 followed ; line of
constant lattice parameter. This was useful information to
know yhen it came to fittimg the lattice parameter data. &s
-in tﬁﬁ graphs of composition vs distance, only the regions _
vith a significant 21Sb concentration are shown,” and smooth:

7 curves are drawn only vhan the samples were single. phase.
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Graph 11:

Lattice parameter vs distance
for Ingot DF AGIS 103060#2
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.K Graph 12: Lattice parameter vs distance
P for Ingot DF AGIS 104545#2
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Graph 13:Lattice parameter vs distance

for Ingot DF AGIS 161668
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Graph 14:Lattice parameter vs distance
for Ingot DF AGIS 201070
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Chapter v

ENERGY GAP DETERMINATION

Vafious slices from the ingots {selected on the basis of
the composition gradient, as explained in the lattice param-
eter section} , which were shown to be single phase by X=ray
powder photography, were lapped by hand in a paste of 5000
mesh g;uminum ~oxide powder and nethanql (vater cannot be
used, as Al compounds will react with water), until they
vere between 90 and 180 microns ‘thick. The thin slices were
washed off afterwards,‘ but wvere ﬁot othefwise polished or
treated, The transmission as a function of wavelength {at
room temperature) was determined for these slices, The fol-
loving setup was used to make these measurements {Eigure 5),
The preamp and selecééve amplifier were not used‘iﬁ all the
Deasurements, but only if there was insufficient signal us- |

ing the selective amplifier alone.

The theory of optical absorption is well known (see for
exémple, Sm 59 and Ab 72) r SO Only the relevent details
will be discussed here. The ninimum enerqgy gap in the
Al,GayInthSb system is expected to be an allowed indirect
transition in part of the range of compositions, and a di-
rect transition for the rest, For a direct transition, the
following relation is known to hold:

= 62 -



Lock-in Sclqdi’ivd
Amplifier Amplifier
Light Source
Spectro-
eter
MEIET | Lignt !
Chopper
. Pre- i C hdart
re-ampltier Recorder
[ \
DetecTor
. £

e

Pigure 5: Apparatus used in the transaission measurements

- iuhyl = B(hv-Eg)]/Z . - (19)

where «is the absorption coefficient, h is Planck’s con-

stant, and 2 is tﬁe fregquency of the light passing through
£he sénple.' This relation is well satisfied for ‘direct
gaps, and there are no probleas associated with deteré%ning
Bg in the dirzct gap region. To find the direct gap one
plots a graph of («hv) vs kv ( « first has the background
" a subtracted from it, as is the.usual procedure). This
.graph has a linear regiom, and if this linpear region is ex-

-4
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trapqlated to o=0 , the intercept should be Eg. This is the
procedure that was followed. See figute ¢ for some sanple

curves.

For an allowed indirect transition, the following rela-

tion is expected to hold:
|ahv| = B(hv-Eg)® - _ (20)

But it turns out that in AlSb (hence one might reasonably
expect also in most of the irdirect gap region of the sys-
tem) this relation is not satisfied by the exéerimental data
tﬁi 66) . Optical absorption meaéurements uére made on a
specimen of pure Alsb, and it was confirmed that assuming
relation (20) could not give an Eg which agreed with the va-

lues commonly quoted in the literature (1.60-1.65ev, see W1
T2) . . -
4
There are, however, other ways of determining the energy
gap. One method which has been -used is to take the energy
gap as the energy where « is a certain level above the back-

P

ground abs éption; Thomas (Th 69) has made studies of the
various cr terio; of this sort for determining the enerqgy
gap. Tt +turns out that by choosing the Eg to be at the
poiﬁt where of is 150§m-' above the background a gives re-

sults which are comparable with those obtained using rela-

tion (19). (300 or 100cm-' are mnot bad either). If wve use
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Figure GE Some typigd& absorpfion curves

Results for GaAs. (known to be a direct gap material) and Si
{known to have an indirect minimum energy gap) are shown for
comparison. Notice that the curve for Al1Shb is very much un-
like that for silicon, thus confirming that the behaviour is
not as would be expected. Figure 6a shows a curve for a typ-
ical material in the middle of the composition triangle (di=~
rect gap). These curves typically fall more slowly with de-
creasing enerqy than in the case of Gals, since the materi-
als do have a small composition gradient.

the 150cm-! criterion as a basis for establishing the energy
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~gap then ve obtain an Eg‘ for AlSb which agrees with fhose
obtained by others. For this reason it was decidgd ;; use
this method,as a basis for determing the valves of Eg.
Cutves of Eg vs position along the ingot were constructed,
and smooth curves were drawvn through the points, wusing the
same ideas as wvere used in the smoothing procedure for the
conapositon curves. These curves follow. As expected, since

-+,

the AlsSh concentrations are dropping with distance;” $o does

,

PRI

the energy gap, since A1Sb has the highest energy gap of the ¢

thrze antimonides. The graphs (16-20) do not exhibit any unu-
sual behaviour whem the nminimum energy gap becomes direct.
As in the composition and lattice parameter vs distance
curves, only the single phase regions with a significant
AlSb concentration are shown on the graphs. It may be seen
that there is a dagree of scatter amopg the poimts, so that
the choice of the method of Eq determination is not that
critical, In addition for these graphs, it should be noted
that due to limitations of the equipnent, no measurements of
energy gaps below about 0.Lav were possible, so there were a
few single phase samples with a positive A1Sb concemtration
that’did not have their energy gaps determined. It is
hopea that these samples will be measured sometime in the
futuore. hs a further check on the data, the following sam-
rles had the Eg determined, and also had approximately zero
A15b, so we can compare the composition determined using XEFF

with that based on the energy gap.
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TABLE 7

Conparisdn of compositions determined from absorption
T, measurements with those determined by XRF

Composition measurements are in atomic fractions

All AlSb concentrations are zero

sample Energy Composition Composition
gap{ev) (absorption) (XR P}
‘ GaSb| InSb GaSbj InSb
252550 7.3c¢m . L8 «685 | .280 . 120 | .280
104545 1.6¢cm .55 (est .} .840 } 160 .810 | .190
#2 :
103060 1.0cm | - .52 (est.) .800 } .200 .780 } .220
2 :
4
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Graph 16:Energy gap vs distance for
~Ingot DF AGIS 103060#2
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Graph 17: Energy gap vs position for
Ingot DF AGIS 104545#2
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Graph 20: Energy éap vs distance for
Ingot DF AGIS 252550
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Chapter VvI

FITTING THE DATA

6.1 INTRODUCT ION

Since the main purpose of this work ié to characterize
the Al,Ga In,xysb system, in orderlthat the Composition nay
be determined without recourse toc XRF or electron microprobe
techniques, it would be vaiuable if a set-of equations could
be obtained which would fit the lattice parameter and enerqgy

gap data as a function of conﬁosition. This was attempted,

and it is believed that it has baen reasonably successful,

6.2 FITTING THE LATTICE PARAMETER DATA
ke

It is assdmea that the sides of the‘compoéition triangle

.are known , and folléu Yegard's ;aw.f This is a good approx-
imation for these alloy systems (Wi 66). _ If the only re-

| qULrement is that the eguatlon satlsfles\megard's law on the

sides of the comp051t10n triangle then the equatlon iS°

= 6.4789-0.3433x-0.3834y " (R) - . @y

(data taken from We 70). If this is the true egquation, then
ac=av. However, this is not true , ' so ve must add addi-

tional terms. Since av fits the sides of the conposition



triangle, the only non-v&;ishing terns must be in xyz
(i=1-x-y),The simplest general form of the equation with ad-

ditional term#® is

ao = av + xyz(A+B;le) | N (22)

therefore _ : 5‘ |
30-av = A+Bx+Cy
- XyZ :

and the coefficients may be obtained by standard fitting

methods, If the equatioﬁfis even simpler, of the fora

ao-ay_ =-A+ B(x, y, or z) ‘ (23)
Xyz '

then the coefficients can be obtained graphically. A rea-

sonable fit was obtalned with A+B£,. vhere ==0.25 and

==3.25. S0 the complete equation is:

a0 = 6.4789-0.3433x-0.3834y + xyz(-0,25-3.25z) (R) (24)

69 points were.used in the fitting procedure, and the stan-
dard deviation o =, 0101 corresponds to a few % in composi-
tion. The contours of this egquation plotted on triangular
coordinate paper, along with all the data points, appear at
_the end of this chapter.

\ '
6.3 FITTING THE EG DATA :

Since part.of the range 'qf cdmpositions has an indirect:
gép, and part hés a direct gap, each part had to be fitted
separately. To do this one-had to estimate where the¢ indi-
rect gap region was, since it was not known. It was, how-
eﬁpr, generaliy obvious_vhether a point was better fitted in
th;vdlrect or indirect gap regioﬁ;

-3 -



Tﬁe direct gap 1is known along the edgés of the composi-
tion triangle, and this inféfnation was used in the fitting
procedure, The 1indirect gap 1s known for the Gajal,,Sb
edge. It is also known for AlSb and at the point on the
In,AleSb system uﬁere the direct angd iﬁ&irectAgaps. are
aqual{x=.8), but otherwise it i1s not well known.&_It was as-
sumed to be linear along this edge. This is probably a'rea;
sonable approximation, at least for the upper (x<.5). regiomn
of the In,Al, xSb ,system(personai conmunication,
J.C;ﬁoolley). For tke Ga,Inthb system, the indiredt gap is
not vell known, s0O once again it was decided to assume_that_
it ias linear, bésed on the known value for GaSb and the ex-‘
trapolated value for InSh. The fact that these valuas are
not well knovn is not "very important, : because these values
are used only to make the fitiing_procedure‘easier. A fit
is desired only in the region far from these unknoun.edges.
¥o attempt is made to claim that the fit is reliable near

these unknown edges.

6.3.1  Direct gap

If we take the known fits -to the;edges of the cdmpbsition
triangle, then we can obtain the following equation, which

fits the edges omnly:

Epd = 0.095 + 1.76x + 0.28y + 0.345(x% +y%) + 0.08522 . (&v)  (25)

- 708 -



I TABLE 8

Summary of data and sources used in fiﬁtinq-the,eneggy gap

data : -
(values are in ev)
Direct gap
System Pquation . Source
GaxIn,Sb Ed= 0.18 + 0.11x + 0.43x Th 67
Gaxldl, «Shb Ed= 0.72 ¢ 0,.79x + 0.€9x Au 75
Al,xIn,Shb Bd= 1.02 + ,085x + .525x Is 748
Indirect gap
Systen Equation Source
GaxAl,.xSb El= 1.02 + .085x + .525¢x . Ru 75
(rodified so that Ei=1.63 when x=1)
In,ALl,.xShb Ei=,B0S5 + .825 estimated

(estimated from known value vhen r=.4 (1.30)
from Aq 72, and an average valve from various
sources of 1.63 for x=1) . o K
Gayln,_,Sb Ei= 0.805 + 0.215x \f;tiuated_

!
Thus, any additional terms aust contain xyz. The simplest

general form of this solution is

Egd = Epd N xyz(A + Bx + Cy) -, (26)
—
vhere Fgd is the direct energy gap. A simjilar fitting

procedure was used in this case as vas done for the lattice

parameter case. A reasonable fit was obtained with -

Egd = Epd + xyz(23-28y) . - (27)

27 points vere used in‘this analysis, and a standard devia-

tion of o=.03ev was bhtained.



6.3.2 Indirect gqap

A similar -procedure was used for the indirect‘gap. The

bvarabolic fit is:

Epi = 1.0675 + 0.30x - 0.31y + 0.2625(x° + y° + 22) - (ev) (28)

and a good fit was obtafned withs

B9t = Epi + xyz(-5.9 + 20x) = | ()

35 data points were used and a standard deviation of or=.02ev

was obtained,

6.4  SUNNARY

‘The final equations for the direct and indinéct gép fit
are as follous:
Direct gap:
Egd = 0,095 + 1.76x + 0.28y + 0,345(x ty ) +0.085z2

#xyz (23-28y)  (ev) . | (30)

Indirect gap:
Zgi = 1.0675 + 0.30x - 0.31y + 0.2625(x. +y #z )

+XyZ (=5.9 + 20x) (evm) o (31
The contours resulting from these equations, as well as the

actual points, may be seen at the end of this chapter.

=76 -
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6.5 HNOTES ABOUT THE FITS

1. The points ;sed vere ob£ained‘§y associating a position
on the smoothed lattice parameter or energy gap vs position
curve vith the same position on the.smqbthed composition vs
position curve.“ Iq others words, for a given position along
the 1ingot, a smoothed‘c;mpostioh vas associated with. a
smoothed laﬁtice pafameter or emnergy gap, althouéﬁ therg may
not actually h;ve been a slice at that particular position.
However, approximately the same nunmber of boints vere used

as there were actual slices.

2. Tt is not claimed that the derived coefficients have any

1

(Fheorgtical basis.,® This is a purely empirical fit.

3. The contours shown ﬁere beér no resemblanqe to the coat-~

ours based on the thedretical analysis in Gl 78 and Wi 78.

-7 -
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Chapter VvIT
THERMODYNAMIC DATA
| - N\

In addition to. the composition, lattice parameter and en-
ergy gap data, some other information was obtainable from
tﬁis vork, It was possible to establish for each successful
%ngot a tie line. The tie line shows the solid cohposition
in equilibrium -vith ; 1{351d of a certain composifion. It
vas possible to deterﬁine such lines because the ingot was
entirely liquid at the start, and began to freeze from one
end. Since the amount frozen out at the very tip 6f the in-
got is only a small fraction of the total ingot, the average
conposi{%bn of the. the remaining liquid has not changed much

)
during the freezing process. Since we know the starting
1 .

,composition of the ingot, and if we find the composition of

the tip, ‘then’ we have enough information to deteraine the
tie 11Le: Some of the tie lines are only estimations, since
the tip vas nmultiphase. All the tie‘lines are shows in the
following diagram. Tie lines are useful to kn?v because tﬁey
enable the phase diagram to be determined, if the tempera-
ture aé'lwhich thé. ligquid begins to freeze ;s also known.

Many more tie lines would be required to determine the phase

diagram to any degree of completeness.
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Chapter vIII

CONCLUSIONS

The quaterﬁary III-V semiconducting alloy system_
kleaYInhxﬁsb vas sFudied here. It was decid2d that there
¥as a reasonable ?asis for supposing that complete solid so-
lution existed in this alloy systen. Existence of single
phase material over most of the alloy'system was later con-
firmed exéerimantqlly. Attenmpts were made to prepare single
'.phase material by two methods:

direct¥dnal freezing and annealing of pressed powdars.
quots of single phase material were successfully grown by
,,érgctional freézingr' but annealiﬁg for three months failed

to produce single phasg material.

To' determine the compositidn of the samples, an IXRF
method was useé. This involvad the use of an X-ray spec-.
tromater. A meihod of interpreting XRF data, developed by
Lachance, which dinvolves the use of o coefficisnts, was

used. - This method works reasonably well for this alloy sys-

tenm,

vder diffraction photographs were taken of the

~.determine if thay ‘were single phaéE; IE this

5




were the case, the lattice parameter vas measurfed, and then
optical absorption measurements were _madé on the samples,
and the minimum energy gap was de;érmined.
< .
Using the collected . lattica parameter and energy gap

data, attempts were made to find empirical equations which

related this data to the composition data.

It is possible‘to.find an eéuation wvhich satisfies the known
values of these quantities on the%edges of’ the composition
triangle {(that is, satisfy the conditions that either Ale:
Gasb, or-InSb is not present). Using onlz two additional
parameters, detérmined experimentally, equations were found
'éhich fitted fairly well the data in the entire alloy sys-
tem. The system is fairly well characterized by ghase equa-
tioms. Measurements of lattice parameter and,g;équ gap.of
an unknowvwn sample_ should be sufficiemnt to fix the composi-
tion to within a few % of the components. The final equa-
tions are:

The equation for the lattice parameter is:

ao = 6.4789-0.3433x-0.3834y + xyz(~-0.25-3.252) (%)

The equatién for the direct gap is: ' '

Egd = 0.095 + 1.76x + 0.28y + 0.345(x*+y*) +0.0852%

+xyz(23-28y):e {ev)
The e§uation for thé indirect gap i;?ﬁ‘
Egqi = 1.0675 ¢ 0.30x = 0.31y + 0.2625(1:2%01124'.22)

+xXyZ (~5.9 + 209 (ev)
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8,1 SUGGESTIONS FOR PUTORE WORK

o
-

There is a small region in the alloy systém ihere single
phase material wvas not obtained.  Several. ingots which would
have producad such natefial vere mdltiphase in ihe_desired
region. This suggests_the possihiliﬁynthat,sihgle'phqse ma-

terial does not exist im this region., Puture work will- con-

‘firm or denj this. )

L]
~

Studies of the direct gap in  the Alsbd rich regiomn of the
alloy system were not possible using optical absorption, but

are possible using eléctroraflectance. These studies would

‘determine whether the direct gap equation has' -any validity

¢

in this region (note that it is not claimed to bé). Cu;4

rently, work is beihg done in this direction.
Evéntually, all possible III-V quaternary systems (there

are 13 of them) could be .studied, as thoroughly as the ter-

nary systems have been done.
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