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CHAPTER I - INTRODUCTION

1.1 Structural Analysis

The diamond structure is one of the simplest and most symme- \
trical arrangements of atoms known in crystallography. fwo important
semiconducting elements, silicon and germanium, habitually crystallize
in this scructufe as a result of §p3 hybridized bonas giving tetrahedral
coordination. TFigure 1.1 shows a perspective drawing of the diamond
structure with the ﬁapered arrows indicating the tetrahedral bonding.
Tﬁe development of further semiconducting materials can be achieved by
the retention of the diamond structure and the sp3 hybridized condition.
This is possible for various compounds, collectively referred to as
adamantine materials, provided there is arn average of four electrons

per atomic site and an equal number of anions and cations (64P1 ).

" For defect structures, the latter conditiom requires that there be an
equal number of anion and cation sites.

The first compounds developed satisfying tﬁese conditions are
the well known III-V compounds. With these compounds, new properties
such as a wider choice of energy gaps and band structure, and higher
mobilities, became available for study and exploitation.

Many of the II-VI compounds also have the same ordered
structure, Both these and the III-V compounds maintain the cubic sym-
metry with the cations located on one sublattice and the anions on the
other (figure 1.1).

Further development of the adamantine structure was accom—
plished by mixing cations - for example CdSnA32 and CuGaSe2 derived

from III-V and II-VI compounds respectively. In both of these cases



o

dia
rentiate the two

drawing of the

ctive
Shaded atoms diffe

pe

Pers

" Figure 1.1

inter-

sub~lattices

penetrating



the electron toNdtom rétio is maintained at foﬁr and there is an equal
number of cations and anions. Thus $he adamantine structure is also
maintained. However, the t&o cations are now ordered giving two cation
sublattices ;nd one anion sublattice. The result of this ordering is
that the structure is no lomger cubic but tetragonmal, with the ¢/a
ratio equal to, or slightly less than two. This is the chalcopyrite

structure and is shown in figure 1.2. ' 7

As discussed above, the development of many different adamanting

-2
R4

compounds provides new properties, perhaps the most importént being a
wider range of emergy gaps. At a given temperature, however, each
compound has only one energy gap value and thus only a limited number
of values can be obtained. 1In device applications, specific energy gap
values are frequently ;géuired and qften these are uncbtainable from
the compounds. This problem has been overcome by the use of alloys
such as the Gaxlnl_xAs and InAsl_yPy III-V alloys. These examples have
been shown to exist over the whole composition range with single phase
solid solution occurring throughout. The energy gap, therefore, varies
continucusly over the composition range and any energy gap within the
range between the compound values can be obtained by choosing the
appropriate alloy zomposition. Alternatively, the energy gap value can
be useful in determining the composition of an alloy saﬁple within the
compesition range. |

In modern techneological applications the variation of both
the energy gap and the lattice parameters are important. As a result,
alloy systems containing two variable parameters have bgcome of

interest. One such system are the GaxAil—xPyAS alloys. Alloys with

1=y
two variable composition parameters allow both the emergy gap and the

o



Figure 1.2 The tetragonal chalcopyrite structure illustrated

for the I-III-VI2 compounds.
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- lattice parameter to be chosen independently.

1.2 . Applications

Considerable interest has been shown recently (7581, 79C1,
79C2, 79pL, 80S1) in the tern®ry I-III-VI, chalcopyrite compounds and
their alloys because of their possible technological abplications.
Promise has been shown in the areas of visible and infr;red light=-
émitting diodeé,linfrared detectors, optical parametric oscillators,
and far infrared generation. It has been found that two ternary
compounds, CuGaS2 and CuAlSz, can be uniquely made p-type and have
direct band gap in the visible and ultraviolet respectively. These
compounds have generated activity in the area of heterojunctions with'
large band gap II-VI compounds, which can only be obtained n-type. |
Infrared light—emitting diodes have been prepared by epitaxial growth
of CdSnP2 on InP. |

Since these ternary compounds are tetragong%, they are
optically birefringent, and therefore can have applications in non-
linear optics. Since these compounds are covalently bonded to a large
extent, their nonlinear coefficients are large. This is a measure of
their usefulness as nonlinear optical materials. More recently, the
I—III-Y‘I2 compounds and alloys have been studied wit@ respect to tﬁeir

applications in solar energy conversion.

1.3 Previous Investigations of I-III-VI, Alloys

The I—III-VI2 compounds have been studied in considerable
detail with lattice parameter and energy gap results quoted‘in standard
texts (7551 chapter 2, 79P1). Information regarding the phase rela-
tionships and lattice paraméters in several mixed I—III—V12 alloys

systems with one compositidn variable have been reported by Robbins

-5 -
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et al (73R1l). Single phase solid solution was found throughout the
composition range in the Cul_xAgxInX2 selenide and sulphide systems
(7581, p. 27). However, only limited solid solubility was found for
the Cul_xAngaS2 and Cul_xAngaSe2 systems, with misc1bilitj gaps
occurring at interior compositions. Until the pyesent work, no allovs
containing tellurium had been discussed in the literature.

Very little work has been carried out on alloys with two
composition variables feor these I-III-VIz'compOunds. Chapman et al
(79C1, 79C2) have studied in some detail the crystallographic properties:
and optical emexgy gap values of the (Cul_xAgx)In(Sel_zSz)2 alloys.,
The only other investigations in this area were made by the present

author for (Cul_xAgx)(Inl__yGay)Te,2 alloys (8iAl) where lattice para—

meter and optical energy gap values were determined.

1.4 Description of Alloys ~

The present work is part of a programme being carried out at
the University of QOttawa, Physics Department, to investigate the range
of solid solut?on, and lattice parameter and energy gap values for a
number’ofI—III-VI2 alloys. The alloys are part of the géneral systen

(Cul—xAgx)(Gal—yIny)(sel-zTez)Z' This alloy system can be conveniently

represented by a cube as shown in figure 1.3, with a ternary compound

located at each of the corners. Lattice parameter data on the

(Cul_xAgx)(Gal_YIny)Te2 secglon, or z = 1 face, has recen;ly been
published (81Al). The present work extends the investigation throughout
the entire cube, the six faces as well X many interior compositions
being studied. Samples were prepared having valﬁes of %, v, and z of

0, 0.25, 0.50, 0.75 and 1.0 giving a total of 125 different alloy

compositions with 98 of these being on the surface of the cube.
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conveniently represented by a cube having a ternary
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'The‘work on the (Cul_xAgx)(Gal_yIny)(Sel_zTez)2 has efféc-
tively been divided between Kajornyod Yoodee and the present ?uthor.
S\Kajornyod Yoodee has been concerned with the crystallogréphy ana
optical work on the cgppé& face alloys (x = 0) and also with some of
the fiteing analysis. All of the other work contained in this thesis

is the work of the present author.




CHAPTER II - CRYSTALLOGRAPHY AND METHODS OF PREPARATION AND GROWTH

2.1 Methods of Preparation and Growth

Polycrystalline s;mples of the alloy system
ccul—xAgx)(Gal-yz?y)csel—zTez)Z were prepared from the elements by the
standard melt and anneal technique. | The components of 1 gram.samples
were sealed in small segments of quartz tubing under vacuum. Care was
taken to minimize the lenéth of the sealed tube in order to eliminate
losses up the sides of the tube. During all‘preparations, careful pro-
cedures were followed to énsure that the final alloy composition was in
accordance witﬂ the'initially measured qu;ntity of elements. The samples
were placed in.a melting furnace at room temperature and heated to 1100°¢
at an average rate of. about 350°¢ pe; hour.-_This temperature was main-
tained for an hour, during which time the tubes were shaken periodically
in order to ;btain a thorough mixing of the elements. Cooling to room
temperature proceeded for approximately 5 hours. This rate was-suffi-
ciently slow to avoid breakage of the quartz upon solidification of the
alloys. The samples were then placed in a furnace to anneal at
temperatures in the range of 600-800°C. The choice of the annealing
temperatures was guided by the melting point values of the ternary
compounds (7551, p. 12).

Debye-Scherrer x-ray powder photographs (see section 2.2) were
taken using small pieces of alloy to check for homogenenity, the criterion
being resolution of the Kal, Kaz doublet. Preliminary photographs
indicated that annealing times of 2-3 months were necessary for reasonable

equilibrium conditions to be obtained. In some cases, however, samples

annealed for up to 5 months before reaching equilibrium.



2.2 Crystallography

Debye-Scherrer x-ray powder photoéraphs were obtained for each

-0f the alloys using ll4.6mm diameter cameras and CuKa radiatiom. Each

~specimen was ground into a smooth, fine powder and mounted in the camera

by means of a spindle and thin glass fibre arrangement (see figure 2.1).

The fibre was coated with powder using, as an adhesive, a grease known

to give little absorption. Care was taken to keep the fibre 3? powder
in cylindric%l form in order fo minimize unsystematic absorption
corrections (seé below). Two typical x-ray photographs obtained iﬁ this
manner are shown in figure 2.4. The position of the diffraction lines
were measured using a travelling microscope and, after allowing for
absorption effects, the Bragg angle of each line was calculated. The
absorption effects me;cioned above result from the specimen having
finite width and high absorption so that scattering is obtained from
a limited region of sample. In figure 2.2(a) the effeet of absorption
will be greater in the centre of the specimen compared to the edges,
since the.incident rays have travelied a greater distance Qithin the
sample. The resulting intensity distribution across the powder line is
shownt in figure 2.2(b). For low Bragg angles this has the affect of
doubling the diffraction lines. As @ increases, however, the weaker
component becomes smaller and disappears, resulting in diffraction lines
being shifted to higher angle positions.

In some céses, when absorption is high, only part of the
specimen is irradiated. Thi: is shown in figure 2.2(¢) where x-rays
have penetrated throughout the shaded region only. Again, the effect

is to double the diffraction lines for low § and shift to higher po-

sitions for high 9. However, in both cases, it should be noted that

- 10 -.



Figure 2.1

-

The powder camera and spindle-fibre
arrangement used to take Debye-Scherrer

x-ray photogfaphs. The camera is shown in
actual size with a radius of 114.6mm. The part
labelled A is the c¢ylindrical camera body, B,
are movable pins with a locking screw to hold
the f£ilm in pesition, C, isa plugger to centre
the specimeq holder, E, in the x-ray beam.

F is the fibre onto which the specimen is
adhered, G, a drive spindle from a detachable
motor, H a detachable 1lid, and D the film.

- 11 -
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Figure 2.2

(b)

The éffeet of absorption in an x-ray specimen. An x-ray
beam is diffracted as it passes through the specimen {a).
The resulting intensity distribution is shown in (b).

The diffraction line appears to be doubled. If absorptien
is high only part of_the sample is irradiated. This region
is shown by the shaded areas in (c) and (d). X-rays in the
darkly shaded areas are absorbed within the sample after
being diffracted. The cffect of hirh absorption is to shift
the diffraction Iine to a hicher anele. The shift is

greater for lower Bragg angles (¢} and decreases as B

approaches 90° (d).
- 12 -



this shiﬁting;of lines occurs to a lesser extent at & increases (figure
2.2(d)), until in the limiting case of & = 900, no shift occurs at all.

Two methods were used to correct for absorption effecté, these
being the Nelson—Riley extrapolation (45N1), and internal calibration
techniques. In the tgz}agSnal case, which is the only case considered
in this work, the Nelson-Riley technique becomes a method of continuous
approximation whereby the'a and ¢ parameters are plotted against an error
funct;on and adjusted untii the resuiting ligespre parallel. Although
this meth;d was used to determide aand ¢ paramdters for the tellurium
face, it proved too tedious and was dropped in favour of the internal
calibration method for all of the remaining compositionms.

The internal calibration method imvolves iftimately mixing
an internal standard of accurately known lattice parameter, with the
sample being x-rayed. If the correct values of Bragg angle are known

. p

and the effects of absorption in the calibration material are determined
from these, a correction curve mayv be plotted showing the change in the
Bragg anéle 8, due to absorption as a function of &, or more conveniently,
changes in.sin26 as a function df sinze. A typical correctién curve
is ;hown in figure 2.3. Deviations from this general form will occur

£

if the sample is not circular in cross section.

2.3 Analvsis of Results.
Analysis of tﬁe x-ray photographs was approached by directly
relating the chalcopyrite structure of the alloys to the well understood,
cubié zinc blende structure. As can be seen from figures 1.1 and 1.2,

the same atomic sites are occupied in both structures, but due to

ordering, c¢ is doubled in the chalcopyrite case. This in turn doubles

- 13 -
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the Miller index £ and the Bragg condition is no longer given by

sin’g = 3— (- FK ) .. | (2.1)

for the tetragonal lattice. Furthermore, since the same atomic sites are

occuplied in both structures, all zinc blende diffraction lines must

occur in the chalcopyrite diffraction pattern. In addition, it is
’known that because zinc blende is face ceatred cubic only reflections

satisfying the conditions

h+k+£&=4n.
h+k+£&£=4n + 2 N (2.3)
h+k+4£&=2n + I1; n : integer
N
will occur. These conditions give strong line§ for N ; h2 + kz +.€2 = 3,

3, 11, 16, 19, 24 ete. and weak lines for N = 4, 12, 20, ete. Thus
these reflections will also occur in the chalcopyrite case, with -
ﬂchalco- = 2£zinc blende: Possible combinations of the values of h,
k, and £ are listed in table 2.1.for zinc blende and the chalcopyrite
alloys. Consider now, for example, reflections for which N = 8..

Providing c = 22 the 220 and 204 diffraction lines will occur at

exactly the same angle, 8. However, duve to compression of the lattice,

- 15 -



‘hkl
N - v
Zinc bdlende chalcopyrite .
3 111 . 112
4 200 200
‘ . 004
8 220 220
. 204
11 311 312
116
12 222 ] 224
16 400 ! 400
008
19 33 332
. ale
20 420 420
404
208
24 422 424
. 228
27 511 512
333 336
1110 -
32 440 440 '
408
35 531 532
. 516
i ' 3110
36 600 600
0012
40 620 - 620
604
2012
43 : 533 536
3310
44 - 622 624
2212
48 2.4 448
51 . 551 552
7L 712
5110
. 1114
56 642 644
628
4212
59 553 732
731 556
716
53i0
3114
“Table 2.1 Posaible combinations of L, k, £ for zin¢ blende and
chalcopyrite alloys. et
. ~
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this is not always the case, and in most cases ¢ will be less than 2a.
Under such conditions, in the present example, the ZiO and 204 l{nes
will split showing two diffraction lines rather than only one in the
case ¢ = 2a. Figure 2.4(a) shows an indexed x-ray photograph of an
alloy internally calibrated with silicon. This alloy (251000) has

¢ = 2a. The material used for the photograph in figure 2.4(b) has

c < 2a. o(The Nelson-Riley extrapolation technique was used in this
case, 1.e.no silicon, see section 2.2). In addition to the lines ex-
pected from the zinc blende analvsis, extra lines due to the ordering
of the cations occur but at much lower intensity, Thesg were not
needed for the present analysis of Qeterminiﬁgﬂa gnd'c and so were not
included. The ordering lines are important if it is necessary to show
that ¢ = 23, but this is clearly known from previous results in the
literature for the cases of ternary compounds. .

Once the effects of absorption were determined and the Bragg
angle correspondingly adjusted, sinze was calculated and the Miller
indices of the diffraction lines were determined. The indexing of the
lines was clear for low angle reflections and thus using these lines
only, a and ¢ were calculated using a least squareé fit (see appendix)

to equation (2.4),‘

2 2 2 2
. 2. A hT +k £- : ,
sin“g = 7 ( 32 + :EO- 7 (2.4)

The values of -a and ¢ determined in this manner were then used to
establish the indices of the higher %ngle reflections. Once all
diffraction lines were indexed, a and ¢ in equation (2.4) were recal-

culated using all of the diffraction lines. As a final check, wvalues

-17 -
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of sinze were recalculated using the determined values of a and ¢ and
compared to the measured a and ¢ values to establish the accuracy.

Typically the values of rsinza agreed within # 0.0007 nm or better.

il vy

-19 -



CHAPTER.III — OPTICAL MEASUREMENTS

A - OPTICAL AESORPTION

3.1 . Introduction

One of, the most common techniques for studying optical pro-
perties of semiconductors is that of absorption spectroscopy. Optical
absorption can be used to ﬁéasure a number of parameters characteristic
of semiconduétors, not the least of which is the fundamental enérgy

gap Eg' The fundamental energy gap of a material involves a tramsition

from the highest valence band to the lowest conduction band. This

)
-

transition is either of a direct or indirect nature. Since it is known

from the literature that the transition is direct in the casé of the
compounds involved in the pregent alloy system, (AgInTez, CuInTez,
etc.), it was exﬁected that the transition is also direct in the case
of the alloys. This was in fact found to be the case as will be
discussed later in Chapter V.

3.2 Theory of Optical Absorption.

The fundamental energy gap, Eg’ may be determined from
absorption measurements 5y observing the change in absorption of the
material as a function of the energy of radiation incident at its

v
surface. As this incident energy reaches a threshold corresponding
to the band gap energy, interband absorption occurs whereby photons
excite electrons from the valence band to the conduction band. The
result is the observation of an absorption edge in the absorption

spectrum corresponding teo a , sharp rise in the value of the absorption

coefficient above the background.

- 20 -
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«~ Consider a beam of light of ;ntensity Io incident normally
on the surface of a sample of thickness d. If a portion IR is reflected
and a portion IT is transmitted, and if interference effects are ig-
nored, then from standard electromagnetic theory it can be shown thac

the transmitted intensity is given by

-

2 2,2
IO (1- R)” (L + & /n") exp (-ad) '
Ip = o (3.1)
1 - R exp (-2ad) .

where R is the reflecﬁion coefficient, ¢ is the absorption coefficient,
and n and k are the refractive index and the extinction coefficient

of the material reépectively. An interference term in the  denomi-
nator of equation (3.1) will arise when o is small enough to allow
multiple'traverses of the material by the incident radiation. However
as aforementioned, interference effects were ignored owing to the
thicknesses of the samples used in the present work (see below) and
equation (3.1) was considered in this simpler form. Equation (3.1)

may be simplified further if d is large enough to ensure that

Rze—'?c"d is much less than unity and if k is much less than n. The
latter condition is true of energies near the absorption edge so that,
to a good approximation, equation (3.1) may be written as

I =1 (1 - 8%) exp (-ad) (3.2)

In addition, R is a slow varying function of photon energy and varies

very little in the wavelength range concerned. Thus the (1 - Rz)

‘term may be treated as a constant to a good approximation, and hence

by .taking the natural log of both sides of (3.2),

- 21 -
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I ) .
{n (igﬁ = ad - constant . (3.3)
T

Thus the reflected portion of the incident beam néed not be considered

since calculations of & from the b ratio will give values which
. T .

© are too large by a constant amount for a given sample. However, it is

well known that other effects such as absorption by impurities and

»
scattering due to impurities and free carriers will contribute to the
measured value of a, and thus must be accounted for in the fackground
;alue of a sample. In the case of scattering by free cérrie?§'or
impurities,contribu}ions to a can take the form

-

o = a ()™, ) (3.4)

the sgattering effect increases as the photon energy is decreased
(82G1). Thus this effect, if present, can easily be observed at
energies below the absorption edge, and must be considered when.cal-
culating Eg from the-absor?t;on spectrum.

The theory of interband optical absorption (67J1) shows thatr
at the absorption edge the absorption coefficient, a, varies ﬁith the .

photon energy, hv, as
n
chyv = &4 (hy - Eg) (3.5)

where A is a constant and n is 2 number which characterizes the tran-

sition process, taking a value of % for direct allowed transitions,

g-for direct forbidden, 2 for indirect allowed, and 3 for indirect

forbidden transitions. The method used to determine the value of Eg

- 22 —
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involved plotting a graph of (qhv)n-against hv. Since it is known from
literature that the transition is direct in the case of the compounds

involved in the present alloy system, n was initially chosen as %-and

the graphs were plotted. These graphs yielded straight lines indicating

that the appropriate value of n had been used. The value of E_ was then
. /

given by the intercept on the hv axis. Typical curves showing the va-
I

riation of %-En —% with photon energy hv are shown in figures 5.3(a)

. . 2
and 5.4(a) (Chapter V) and the corresponding variation of {chv)}”™ vs hv

are showm in figures 5.3(b) and 5.4(b) "(Chapter V). TFigure 5.4(a) shows

I
that at low energies, scattering effects are observed with L £Zn (EQD

d
. T
increasing as hv decreases. In this range, the experimental values
I
of %-ﬂn (Eg) can be fitted to an expression of the form of equation (3.4).
T

Values extrapolated from this can then be subtracted from the experi-
mental data at the absorpticn _edge to obtain values of a due to inter-
band transitions. In figure 5.3(a), however, scattering effects are

negligible and the background absorption considerably smaller than in
Fd

figure 5.4(a). In this case a straight line extrapolation of the

background absorption region can be subtracted from the measured value

. I R
of % £n (EQO to give the required values of o in both cases, the
T

resulting graphs of (ahv)2 vs hv should give good straight lines.

The treatment of background absorption will be discussed further in

section 5.1 with the presentation of experimental results.

3.3 Preparation of Samples

All samples were sliced into thin disecs of thicknesses
between 0.5mm and 1.0mm using a tungsten wire saw dnd a mixture of
0il and silicon carbide gritc (320 mesh size) as the cutting slurry,

- 23 -
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or a mechanical cutting machine using a 4" diameter carborundum

cutting blade. The slices were reduced in thickness as much as possible

'by lapping on a glass plate covered with a slurry of methanol and

alumina powder of varying mesh size. The mesh size was decreased to
lum as' the sample became thin, and in mdSt cases, very fragile. This
occurred when the lapped discs were typical 200¢m in thickness.

However, with some more robust samples, ix:kas possible to obtain

‘thicknesses as little as 9Cum.

The degision to lap with metManol as opposed to water was
made for two reasons. Firstly, methanol evaporates rapidly and com-
pletely from the slices. Water, ;lternatively, would have to be
removed before any transmission measurements were made, entailing
further handling of the fragile discs and risking damage. Secondly,
this avoided any possibility of the alloys reacting with water.
However, samples that were polished with-water showed no signs of
reé&tion.

The method of lapping was used for the initial group of
samples prepared for absorption measurements (Te, In faces). However
it was found that thinner slices could bé obtained with less risk
of breakage using a polishing machine. With this method it was
possible to achieve thicknesses of about 50pm in most cases. Here,
the coarsely cut discs were mounted at the end of 2 brass rod using
molten paraffin wax. The rod was then placed on end, with the sampie
in contact with a rapidly rotating polishing disc {(figure 3.1).

A slurry of water and lpm mesh alumina powder was usgd as the polishing

agent and was continuall§ replenished on top of the rotating disc.

After the sample had polished for 2 time on one side, being conti-
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Figure 3.1 Schematic diagram illustrating the polishing

equfbment used to prepare samples for optical

absorption.
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nually rotated to achiev;\;\sEooth, uniform surface, the'sample was
removed and remounted so that ékg other side could also be poliéhed.
This was done by heatiné the brasé rod in a Bumsen flame until the wax
melted and Ehe sample easily ;lid off. When the sample had reached
the desired thicknéss, fhe'brass rod was placed in a beaker of boiling
acetone to remove the sample from the rod and all wax from the sample.
This was'<done with great care so that the sample would not break,
although several times such was the.case and the procedure had to be
repeated. Ihe advantage of obtaining thinner slices, however, far
cutweighed any disadvantages of the method and, as a result, this
procedure was used for all of the remaining samples.

Whethe; the samples were polished by lapping or using the
polishing machine, the next Step was to mount the samples on small
tin plﬂée’slides._ The centres of these slides were drilled out to as
large an -aperture as could be covered by the prepared slice. The
sample was affixgd to the slide by a small amount of silver print
(d.C. electronics cﬁt- no. 21-1) applied to the edge of the aperture.
The silver print'was allowed to thicken slightly to ensure that the
solvent (n -.Butyl acetate) did not penetrate into the slice and also
that the fluid did not flow on to the slice. The slide and sample
were next piaced in front ofi¥1intense light in order to detect the
presence of any small pinholés in the sample. If present, these were
plugged with small droplets of the opaque silver print. At this point
the s;mple was prepared for mounting on an appropriate detector and

for transmission measurements to be made.

é
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3.4 Experimental Details | .

The transmission meas;rements were made using the experimental
arrangement depicted in figure 3.2. The lightlsﬁurce used was a 30W
tungsten filament'light bulb. The light beam from this source was
collected by mirror, and-focu;EEd\on the entrance slit of a
Czerner-Turner scanning spectrometer. Here the light was chopped at
about 175Hz.  The monochromatic light from the exit slit was refocussed
onto the sample and_ the trénsmitted portion detected using a PbS cell
biased at 67.5 volts.: The square wave output signal of the detéctor
was sent to a PAR-219 lock-in amplifier through a PAR-213 pre—amplifier.
The wavelength of the incident light was continuvously varied and the
output- from the lock-in traced on a roll-off chart recorder. Since the
monochromator output and the sensicivity of the detector varied con-~
siderably over the wavelength range, a reference spectrum was madé by
removing the sample and observing the signal directly from the mono-
chromater. The signal variation obtained in this manner was taken

LY

as IO.

B - PHOTOACQUSTIC DETERMINATION OF ENERGY GAPS

3.5 Introduction

v

Although op:ical spectroscopy has proven to be important in
determining;optical properties of semiconductors, there are, hbwever?
several instances where conventional transmission spectroscopy is i
inadequate. Sucﬁ a2 situation, for example, arises when ;ttempting
Lo measure very weak or very strong absorption, or when samples are

only available in powder form. The first situation involves the

measurement of a very small change in the intemsity of a strong
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Figu-re 3.2 Block diagrau} of optical abswrn . - . ririmental arrangement.
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transmitted signal or the inability to detect the transmitted signal
at- all. Transmission measﬁrements, as discussed in section 3.3, also
require that a wery thin slice of the material under investigation be

‘ . ’
available. This is, in some cases, very difficult to obtain for several
reasons. Firstly, many samples,a:e characterized by large voids
thfougéout the ingot so that evemcoarse slicing is difficult. In other
cases, samples may crumble when polishing before reaching a fhickness
suitable for transmission measurements. QOthers, still, may crumble
upon solidification excluding any attempts whatsoever for absorption

measurenents.

To overcome these difficulties, another optical technique has

- _recently been developed to study materials that are unsuitable for

conventional transmission or reflection investigations. This technique,
referred to as photoacoustic spectroscopy or PAS, involves a direct
measurement of the incident energy absorbed by some material as a
result of its interaction with the photon beam.

In photoacoustic spectroscopy, the sample Eo.be studied is
enclosed in a cell or chamber and is illuminated with monochromaric
light, intensity modulated by an electromechanical chopper. Since
the incidenE radiation is intensity modulated, the internal heating
due to absorption in the sample is also modulated. This periodic
heating results in a periodic heat flow from the sample to a non-
absorption gas in the cell, and, in turn, produces pressure and volume
changes in the gas which can be detected using a2 microphone. The
amplitude of the acoustic signal ‘depends upon the amount of optical

power absorbed by the sample.

The first attempt at a modern quantitative theory describing
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the photoacoustic effect in solids was made in 1973 by J.G. Parker
(73P3). 1In 1975, a more general theory was formulated by A, Rosencwaig
and A. Gersho (SORl, Chapter 9) for the photoacoustic effect in con-
densed media -(RG theory). Bennett and Forman (76Bl), Aamodt et al (77AL),
and Fretsel and McDonald (77Wl, 77W2) refined the theory by treating the
transport of the acoustic disturbance in the gas more exactly, and by
including contributions to the signal from thegmally—in&uced vibrations
in the sample.

Tﬁé‘RG‘tﬂE%ry is a one—dimensional analysis of the production
of a photoacoustic signal in a simple cylindrical cell of length L
(see figure 3.3). The sample is con;idered to be in the form of a disc
of thickness, £, mounted againét a pgzr thermal conductor of thickness
£". The léngth of the gas column in the cell is £' =L - £ - £". The
RG theory further assumes that the gas and backing material are not
light absorbing. The light source, of wavelength A, is chopped sinu-
soidally at a frequency w and the incident intensity on the solid is IU.
This incident radiation is absorbed in the sample to an extent deter-
mined by the absorption coefficient, @. 4s a result, the surface lavers
of the sample are heated periodically, and re-emission from the sample
periodically heats adjacent layers of the gas in the cell. )

As mentioned in the introduction, the RG theory contends that
this heatigg is the main source of the acoustic signal. Because of
the rapid damping of the temperature fluctuations away from the sample,
only a limited boundary layer of the gas sﬁows a periodic temperature
variation. The effective thickness of this layer is 2 mu', where ' is

the thermal diffusion length in the gas. The periodic heating causes

the boundary layer to expand and contractperiodically and thus act as

- 130 -



Backing Material

Sample
joundary Laver of Gas ' Gar (air)
-..'o. / l
AN | _ |
.. | b—
e, i ; Incident
‘. . & | Light
O i I
.t l
™ / ‘
L ] L] [ ] !
| | (i |
-(£+£"‘) -£ Q0 21y’ x -+ o
Figure 3.3 Cross-éectiongl view of a simple cylindrical

photoacoustic cell.

- 31 -



an acoustic piston on the rest of the gas columm. This produces an
acoustic pressure signal that travels thEoughout the entire gas columm.
By analysis of this effect in terms of standard gas laws,
a complex expression, Q, can be developed, the real part of which gi#es
the actual pressure variation. In‘general, this expression is very
complicated, but several‘special cases exist where phvsical insight may
be obtained from relatively simple expre;sions fog Q. These cases may
be grouped into two categories, defined by the optical opaqueness or
transparency of the solids concerned. ”
Optically transparent samples have light absorbed throughout
the length of the sample and some light transmitted. In this case,
__\ﬂthe optical path length, Kc, defined as
£ == (3.7)

s larger than the length of the solid, i.e. £u=~£. Although several
cases may be encountered in this category, they are unimportant in Fhe
present weork, and will thus not be further considered.

. Optically opaque solids have most of the light absorbed
within a distance that is small compared to the length of the sample,
and essentially no light is transmitted, i.e. ﬂa << £. Three cases
may now be considered which are defined according to the relative
magnirude of the thermal diffusion length u, as compared to £ and £a.
Case A: Thermally Thin Solids - p >> £ and p >> Eu

In this case the expression for Q simplifies to
(1 -

o=y ' (3.8)
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where K represents thermal conductivity, a is the thermal diffusion
- coefficient, and Yhis a parameter depending on the ambient temperature
and pressure, etc., a;d is proportional to the incident lighg intensity,
IO' The primed and double primed notation represents parameters
characteristic of the gas and backing respectively.

In this case Q is independent of ¢. This condition would be
met for a very black absorber such as carbon black
Case B: Thermally Thick Solids — u<4£ and p > KG

Under these conditions

S (1 -4 u . | '
Q=5 @y | (3.9)

This expression for Q is similar to (3.8) in that the acoustice signal
is again independent of «, and the tﬁermal parameters of the backing
are now replaced by those of the solid.

Gase C: Thermally Thick Solids - p <<£fand p << ﬂa

In this case
Q=3 & v. (3.10)

This is a very interesting and important case in that the photoacoustic
signal is porportiomal to a. Only the light within the first thermal
diffusion length, u, contributes to the acoustic signal since p o< £a.

”

3.6 Experimental Application of the RG Theory for Determining i

Energy Gaps
For semiconductors, both direct and inairect band transitions

. =33 -
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tan be observed from the photoacoustic signal, and thus énergy gap
values can be determined. TFigure 3.4 shows the PA spectrum for three
direct-band semiconductors, all in the form of powders. The band éaps
derived from these spectra are also indicated in figure 3.4. To
understand the nature.of the signal variation, both the RG theory and
thé dependence of the absorption coefficient, @, on the energy of the
incident radiation are needed.

Returning to the RG theory and Cases A and B, it is important
to note that the only parameter in.equations (3.8) and (3.9) that is
dependent upon the wavelength of the incident radiation is the light
source intensity, IO. Thus it is clear that the photoacoustic spectrum
of a photoacoustically opaque Sample (u > ia), such a§ carben black,
is simply the power spectrum of the light source. With Case C however,
the PA signal is also dependent upon &, which, in turn, is dependent
upon the incident wavelength of radiation. Now it i$ known, and
discussed in section 3.2, that the general form of the absorption
coefficient, ¢, plotted against the incident energy of radiation, hv,
is similar to the curves illustrated in figures 5.3(a) and 5.4(a)
(Chapter V). At small wavelengths or high energies, ais large, and
u o> %{ Thus condition B is satisfied. At larger waveiengths or
lower energies, o is small, p < Ea’ and condition C is satisfied. -Thus,
as the wavelength of the incident radiation increases, the PA signal
from the sample changes from one which is independent of ¢ £o one
which depends on a. At small wavelengths then, the PA signal from
the sample is tﬁe same as that of carbon black, since both are inde-
pendent of a. As the wavelength is increased, the signal from the

sample decreases in comparison to the carbon black sigral. Thus, if
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Figure 3.4 éhotoacoustic spectra of three direct-band semiconductors.

For each compound, the energy gap was taken as the energy,
hy, corresponding to the value for which the PA spectra
peaked. These PA energy gap values can be compared to the
standard values obtained using other techniques (values

in brackets).
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CQS ratio of intensities of the sample and carbon black signals is
plotted as a function of hv, curves similar to those of figure 3.4
are obtained. ‘

No satisfactory siﬁgle criterion for determining the band gap
values from the photoacoustic spectra such as those in figure 3.4 is

P

presently available. For CdSe, CdsS, and ZInS (figure- 3.4); the energy
corresponding to the peak value of -the relative photoacoustic signals
is in close agreement with the value obtained from literature. With
the present system of.alloys, energy gap values were investigated using
both absorption and PA methods for the compounds and several of the
alloys. Comparison of the results obtained from the two methods
suggested that the energy gap is obtained in the PAS case, when the
Telative PA signal reaches somewhere between 507 and 70% of its peak
value. Within this range the actual percentage value varies from
sample to sample. 1In the present work, the criterion used for any

particular section of allovs was that required to satisfy the compounds

in the section.

3.7 Preparation of Samples, the Photoacoustic Cell, and

Experimental Details

&
All the samples were prepared from the ‘elements by the

-

standard melt and anneal technique outlined in seétion 2.1, Homoge;
nenity was checked usirg tﬁe Debye-Scherrer method (section 2.2) and, .
once obtained, samples were ground into fine powders. The choice of
powdered samples gives several advantages. Firstly, condition C
(section 3;5) is best satisfied for optically opaque solids by effec—

tively reducing the thermal diffusion lengthz M. Secondly, the choice
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of powders allows for dilution with white powder thereby increasing
ﬂa to furﬁher satisfy condition C. And finally, powders conform to
ﬁhe vessel in which they are placed thus allowing equivalent
reproducible samples to be made.

Once in a powdered form the alloys were placed in a sample
holder and mounted within the photoacouséic cell. The gas - microphone -
cell for the éA system contains the s&mple and microphone, with its
. preamplifier, and an acoustically resonant section (figure 3.5). The
following criteFia governing the actual design of the cell were consi-

dered.
~

1. Acoustic Insulation: This was not a difficult problem since
lock=in detecticnr methods were used in analyzing the microphone

signal. However, to ensure that environmental noise was

limited, the microphone was well packed within the cell

with foam insulation. The cell design also includeh walls of
sufficient thickness to form a good acoustic barrier
(1 .5mm) .

2. Minimization of photoacoustic‘signal arising from interactions
with the walls, windows, and microphone in the cell: This
was achieved by employing windows as optically transparent
as possible over the wavelength range. Since wavelengths
in the visible region were of interest {(see results), glass
was a suitable material. The body of the cell was constructed

of brushed stainless steel in order to minimize ab&orption

of the incident and scattered radiation.
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3.7 Experiméntal Details o

The photoacoustic measurements were made ‘using the experimental
arrangement depicted in figure 3.6. The light source used was a 650W
quartz-iodine lamp. The light was chopped at 170Hz which was found
experimentally to give maximum responge._ The monochr&matic light from
the exit slit'of a CARL ZEISS éMA QIII) spectrometer was focussed onto
the sample.. The photoacoustic signal was detected by a 1751 PA sen-
sitive microphone via the resonance tube which was connected to the
cell. The signal from the microphone was amplified by a PAR~213
amplifier. A PAR-210 seleétéﬁé arplifier which was tuned to the
chqpping fféquency was used to reduce the noise signal other than at
the chopping frequency. Thé siénal from the selective amplifier was
detected by a PAR-213 lock-in amplifier with a reference signal from the
light chopper. The output from the lock-in amplifier was recorded by

a digital multimeter as a function of wavelength of the incident light,

and the photoacoustic spectrum obtained.
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Figure 3.6 Block diagram of a photoacoustic spectrometer utilizing™

" a gas-microphone cell. 3
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CHAPTER IV - LATTICE PARAMETER RESULTS AND FITTING

4.1 Lattice Constant Results for the Faces of the Cube

Polycrystalline samples of the alloy system
(C?l—xASx)(Gal-yIny)(Sel-zTez)Z with x, v, or z equal 0 or 1 were

x-raved using the Debyve-Scherrer technique. Once equilibrium was

attained these photographs were analvzed to determine values .of lattice

constants, a and ¢ (see section 2.3 for details). Resulting experimental

values are listed, in tables 4.1 to 4.5 (results for the Te face (z = 1)\

- -

have been previously published (81Al)). Each sample was assigned jbé“’//

- a

digit number for comvenient identig?catioﬁ. The first two digits

represent the value of x as a'percent, anﬁ the 3rd and 4th, and laSC\

two digits represent y and z percentages respectively. In the case of
: Fa

X, ¥, or z equal to 1, or 100%, the composition variable was assigned

~a value of "10' in the identification number.

Grgphs showing the variation of a and ¢ as a function of
composition for each of the 6 faces (x, v, or z equal to 0 or 1) are
plotted in figures 4.1 through 4.6. As is seen in figures 4.6(a), (b)),
(e), and (d) for the tellurium face, iattice parameter values may be
plotted ﬁs a function of either of two wvarying composition parameters.
In. the case of the tellurium face (z = 1), a and ¢ have been plotted
as—a function cf x at constant y and as a function of y at constant ﬁ.
However, for the reméining faces, only one variation for each of a and
c was pletted so that duplication of results was minimized. In most

cases one of the variable composition parameters produces a clearer,

more convenient graph. This is illustrated in figures 4.6(c) and (d)

-
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Sample :\L a_(nm) c(nm)
000000 : 0.5619 1.1026
000025 0.5715 1.1232 .
000050 0.5813 1.1483
.000075 +0.5918 1.1703
000010 0.6025 1.1935
002500 . 0.5657 1.1181
002525 0.5759 1.1395
002550 0.5862 . 1.1626
002575 0.5957 1.1842
002510 . 0.6058 1.2068
005000 0.5697 _ 1.1354
005025 0.5790 © o 1.1595
005050 0.5900 1.1806
005075 . 0.6008 1.1984
005010 0.6098 1.2196
007500 0.5737 1.1475
007525 0.5841 ©1.1680
007550 0.5947 1.1893
007575 0.6052 1.2056
007510 0.6147 1.2295
001000 0.5794 1.1572
001025 0.5886 1.1767
001050 - 0.5964 1.1936
001075 0.6095 1.2186
6 001010 0.6201 1.2379
Table.é.l Lattice constant values for x = 0 compositions.
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Sample a(nm) c{nm)

" 250000 0.5695 1.1039
250025 0.5770 1.1218
250050 0.5865 1.1470
250075 0.5955 1.1705
250010 0.6081 1.1977
252500 0.5719 1.1187
252510 0.6119 1.2078
255000 . multiphase .

T 255010 0.6169 1.2252
257500 multiphase .

" 257510 0.6196 ' 1.2392
251000 | 0.5844 1.1690
251025 0.5918 1.1848

251050 0.6040 1.2082
251075 0.6115 1.2292
251010 0.6241 1.2468

Table 4.2

- x = 0.25 compositions on the faces of the cubic

composition range.
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- Table 4.3

Sample a(nm) c{nm)

500000 multiphase

500025 mul tiphase

500050 multiphase

500075 0.5945 1.1667

500010 0.6143 1.1996

502500 multipﬁase

502510 0.6177 | 1.2129

505000 multiphase

505010 0.6223 ~ | 1.2309
* 507500 multigpase

507510 0.6268 1.2440

501000 0.5919 1.1740:

501025 0.6025 1.1935

501050 0.6087 1.2148

501075 0.6202 1.2402

501010 0.6309 1.2576

x=0.50 compositions on the faces of the cubic

composition range.
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Sample a(nm) ¢(nm)
750000 " 0.5880 1.0970
750025 ) " multiphase
750050 0.6021 1.1470
) 750075 0.6127 1.1726
750010 0.6218 1.1995
© 752500 0.5902 1.1143
752510 : 0.6265 1.2160
755000 0.5935 1.1356
755010 0.6296 $1.233 °
757500 0.5973 | t1.1545
757510 0.6335 1.2497
751000 0.6000 1.1745
751025 0.6100 1.1961
751050 0.6152 1.2124
751075 0.6259 1.2372
751010 0.6369 1.2614
Table 4.4 Lattice constant values and multiphase sample for

x=0.75 compositions on the faces of the cubice

composition range.
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Sample a(nm) c(nm)
100000 0.5971 . '1.0952
100025 : 0.6054 , 1.1083
100050 0.6135 - 1.1400
100075 0.6221 1.1685
100010 0.6325 1.1991
102500 0.6017 1.1091 |
102525 ) multiphase .
1g2550 ' multiphase
102575 ) 0.6241 ' 1.1829
102510 0.6349 1.2157
105000 0.6042 1.1284
105025 - multiphase ,
105050 " 0.6186. 1.1734
105075 0.6255 1.1990
{ 105010 0.6388 1.2338

107500 .. 0.6072 ©1.1500
107525 0.6145 _ 1.1667
107550 0.6220 - 1.1974 ‘
107575 0.6288 1.2185 f—\\
107510 0.6415 1.2477 \
101000 0.6103 1.1713

) 101025 : 0.6161 ' 1.1878
101050 0.6220 C o121
101075 0.6338 1.2339
101010 0.6452 ’ 1.2639

Table 4.5 Lattice constant values and multiphase samples for

x = 1.0 compositions.
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Figure 4.1(a)

[ I

0. 0.25 050 075 Xo
_7

Variations of lattice parameter a for the Cu face as
a function of z at various constant values of y.
Curves have been drawn by fitting the experimental

points to 2 nine term power series expression.

y=00,y =0.25A0, y=0.500, y=0.75.,//§1.0A
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Figure 4.1(b)
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Variations of lattice parameter ¢ for the Cu face as
a function of z at. various constant values of y.
Curves have been drawn by fitting the experimental

points to a nine term power series expressiomn.
y=00,y=0.250,y=0.500,y=0.75@,y =1.04A
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Figure 4.2(a)
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Variations of lattice parameter a for the Ag face
as a function of y at various constant values of z.
Curves have bfen drawn by fitting the experimental
points to a nine term power series expression.
Miscibility gaps occur for the z = 0.25 and

z = 0.50 variations.

z=00Q, z = 0.25\, z

0.50d, 2z = 0.75@, 2z =1.04
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Figure &.2(b)

~as a function of y at various constant values of z.
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y

Variations of lattice parameter ¢ for the Ag face

Curves have been drawn by fitting the experimental

points to a nine term pouwcr .. . :npression.

Miscibility gaps occur for the =z = 0.25 and z = 0.50

variations.

z =00, z = 0.254\, z = 0.503, =
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-I-‘igure 4.3(a) Variations of lattice parameter a for t:hé Ga face as a
' function of x at various comstant values of z. Curves have
— i been drawn by fitting the experimental points to a nine term

power series expressio'x. Miscibility gaps cccur for the z = 0,

2z = 0.25, and z = 0.50 variations.
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Figure 4.3(b) Vgriations of lattice parameter ¢ for the Ga fat_::e as a
function of x at various constant values of z. Curves
have been drawn by fitting the experimental points to a
nine term power series expression. Misecibility gaps occur
for the z = 0, z = 0.25 and =z = G.50 variations.
z=00, z=0.25A, z=0.500,2=0.750, z=1.0A
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Figure 4.4(a) Vartations éf lattice parameter a for the In face

as a function of x at wvarious constant values of =z.
Curves have been drawn by fitting the experimental
points to a nine term power series expression.

z2=00,z=0.25A,z=0.500],z=0.75@, z = 1.04A

. - 53 -




1.28

1.26

.24

LlL.e2

Fighre 4.4(b)

"y

4

A L

0O - 025 050 075 .0
| X
Variations of 1attiée.pérameter ¢ for the In face .
as a function of x at various constant values of z.
Curves have been drawn by fi;ting the experimental
peints to a nine term powér series expressidn.
2z =00, z=0.250, z =0.500, z=0.75@, z = 1.0A
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. Figure 4.5(a)
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X

Variations of lattice parameter a for the Se face

as a function of x at various constant values of y.
Curves have been drawn by fitting the experimental
points to a'nige term power serles expression.
ﬂiscibility gaps occur for the y =0, vy = 0.25, v = 0.50,
§ﬁd v = 0.75 variations.

¥ =00, y =0.25A, y = 0.500], y= 0.75@, y = 1.0A
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Figure 4.5(b) Variations of lattice parameter c for the Se face
as a function of x at various constant values of ¥.
Curves have been drawn by fitting the experimental’

points to a nine term power serles expression.
Miscibility gaps occur for the vy = 0, ¥y = 0.25, y = 0.50,

and y = 0.75 variations.
y =00, vy = 0.25A, y=0.500, vy = 0.75@, y = 1.04
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Figure 4.6(a)
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Variations of lattice parameter a for the Te face as

a function of x at various constant values of y. Solid

curves have been drawn by fitting the experimental points

to a2 nine term power series expression. Dashed curves
represent the variation predicted from a 26 term ex-

pression determined using an averaging technique. H
y=00, y=0254A, y=0500, y=0.75@, y=1.04
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Figure 4.6‘(b) Va.;riations of lattice parameteYa for the Te face as a

functio.n of y at various constant values of x. Curves have
.b‘een drawn by fitting the experimental points to a nine
term power series expression. |
x=00, x=0.25A, x = 0.50[), x = 0.75@, x = 1.0A
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Figuré 4.6(c) Variations of lattice parameter ¢ for the Te face as a .

function of x at various constant values of y. Solid curves
have been drawn ﬁy fitting the éxperiméntal points to a nine
term power series expression. Dashed curves represent the
variation predicted from a 26 term expression determined
using an averaging technique. )
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Variations of lattice parameter ¢ for the Te face as '
-a function of y at various constant values of x. Curves
have been drawn by fitting the experimental points to a
nine term power serles expression.

x=00,x=0.250,x=0:500],x=0.75@, x = 1.04
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for the tellurium c variationms, where ¢ plotted as a functiom of x
produces a clearer graph. Thus, 'for.the remaining faces, the most
convenient variation in this regard was plotted.

N can be seen in all cases that the variation of a and ¢

with the appropriate composition variable does not take the linear
/form Sﬁown by Robbins et al (73R2) for various pseudo—ﬁinary secéions
involving selenides and sulphides. Within the limits of experimental
”error;all curves can be fitted to a parabolic form as shown by Chapmarn

et al'(79Cl, 79¢2) for (Cul_xAgx)In(Sel_zsz)2 alloys. Also apparent

from the graphs is a certain degree of scatter in the results.

Some scattc}-, howcver., was expected for these alloys sincc'conplete
equilibrium was not attained even after annealing for periods of up
to 5 months. This was indicéted by the occurrence of blurring of the
high angle difffaction lines in the x-ray photographs of the corres-
ponding samples.

In the gallium, silver, and selenium faces it was found that

some photographs showing reasonably sharp diffraction lines gave a and

pérameters very different from those expected from the curves shown
in-figures 4.2 and 4.3. These results are indicative of two phase
behavior, and upon studying the appropriate photographs, the presence
of the second phase was obs?rved. The detection of such effects was
not easy, however, due to several factors. Firstly, faint ordering
lines present on the x-ray photographs were not measured in any
detail. Hence it was possible to confuse these lines with faint lines

resulting from the second phase. Secondly, the situation may have been
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further compiicated by multiphase rather than two-phase beﬁavior, and
finally, no simple straight line ext}apolation could be used to determine
.phase limits as iﬁ the case'of a binary diagram. Thus, the initial

criterion for determining two phase or multiphase behavior was the

observation of systeﬁatic deviations in, lattice parameter V§Lués from -
the expected wvalues. Although difficult, multiphase behavi%r was
verified by detection of a second phase on the x—ra§ powder photographs.

Only estimates can be made at this stage on the boundaries of
the miscibility gap, the reason being that although total of -125 com-
positions were investigated, this gave only five points on each curve
in figures 4.1 through 4.6. Thus it was uncertain in severa% cases
whether scatter in the data'was due to poor equiliﬁriﬁm or proximity
to the boundary edge.. Miscibility gaps are shown in figures 4.2, 4.3
and 4.5 for the galiium, silver, and Selenium.faces.

As mentioned in the introduction (section 1.3), previous
work on the Cul_xAngaSez,alloys indicared that only limited solid
solubility was found over the composition range. Robbins et al
(73R1, 73R2) have shown a miscibility gap to occur between the x = 0.45
and x = Q.GS compositions of this system. In the present work, results
from the sglenium face indicate that the (Cuo_zsAg0.7S)GaSe2 alloy appears
to be single phase. ‘The (CuO.SAgO.S)GaSZ composition, however, was found
to be multiphase. - These results are, thus, consistent with- those deter-
mined previously by Robbins et al. It has also been suggested by Robbins
et al that if the change in the value of the c:a ratio along the
(Cul;_xAgx)GaSe2 line is greater than 0.13, i.e. ACEO > 0.13; then a mis-
cibility‘gap will occur aleng this line. If this idea is extended over the

-cubic composition range it is expected that each of the Ag, Ga, and Se

- faces will exhibit multiphase behavior, since A(ED is large in each of

these cases. Thus, this extension is also consistent with the present

experimental results.
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"In order to carry out further analysis of the lattice

parameter data it is necessary to express a and ¢ as functions of the

composition pargmeters. As was mentioned previéusly, the variation
of a and ¢ can be fitted to parabolic form. This indicates the form
of the empifical equation that must be used for Fhe general glloys
for a given face (x, v, or z qual to 0 or 1) with two vafiaﬁlé
parameters. The two variable composition parameters (u, v) appro-
priate to the face concerned cannot have powers of u or v higher than
u2 oT v2 in the general equation. Thus each parameter a and ¢ for a
given‘face has been fitted to equations of the form

2 2 2 22
+ + + + + 3 + + + .
a =.ao sou YoV 6°u eV Tuv N8 Vv Bouv Aou v_ nm (4.1)

e
or

: 2 2 2 2
c=a '+ Bluty v+ s tuT+e v +z 'uv+n 'uv+ g Tur
o o o o o 0 o o

+ lo'uzv2 nm . . (4.2)

Thus the wvalues of a ané c for a given face are given in terms of
nine constants which were treated as adjustable parameters when a fit
was made to the data for that face.

' Fits were made separately to the data for each of the six
faces. In each case a least squares method was used to give values of
the nine coefficients in equatioﬂ (4.1) and (4.2) (see appendix for
least squares method). The values obtained, the number of points used
in each case, and the standard deviation, ¢, for the data points are

summarized in table 4.6.
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It can be seen from the table that the standard deviations are/small .
50 ghat these values are determined by scatter in‘the data éé/Zeen in the
graphs (4.1-4.6) and not by any systematic .misfit of the fitting
equations, (4.1) and (4.2). |

The fitting equations (4.1) and (A.Zf together with the
appropriate coéfficients listed in Table 4.6 can be used to give sepa-
~rately the contours of cpnstanﬁ a2 and ¢ for each face. These contou;é
are shown in kigures 4.7 through 4.12. Since the six sets of data
in Table 4.6 correspond to the faces of a cube, each cube edge is
common to two faces. Thus sections of adjacént faces are also shown
in figures 4:7-4.12 even ghough tﬁe analysis for each face was treated
separately. Ideally it is expected that the contéurs should éxactly
match on either side of a cube edge: As can be seen in the’figures
;he_agreement with this is.reasonably good. Regardless of this however,
the equations describing the a and ¢ variations are not unique. The
coefficients of the higher terms can vafy to some extent, with a
variation in-one coefficient compensated by a variation in the oppo-
site direction by another coefficient. This_effectiveiy occurs without
a chénge in the valué of the standard deviation, and is not unexpected
since the analysis requires the fitting éf nine parameters from as
few as 19 points (gelenium face).

In view of the above résults, each face can be considered
as a sectlon of a larger three—dimensional problem. In geﬁefaﬁ, it

is necessary to fit to a power series in x, y, and z which, if terms

containing cubed or higher powers are neglected, contains 27 terms, i.e.

e




Figure 4.7

Contours of constant a (solid curves) and constant c
(dashed curves) for the Cu face. Also shown are
constant a and c contours for sections of the faces

adjacent to the Cu face. (Contours are given in nm).
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Figure 4.8

* Contours of constant a (solid curves) and constant ¢

(dashed curves) for the Ag face. Also shown are
constant a and c-contours for sectiens of the faces

adjacent to the Cu face. (Contours are given in nm).

'. A multiphase region is cutlined by the dotted curve.
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Figure 4.9

Contours of constant a (solid curves) and constant ¢
(dashed curves) fog the Ga face. Also shown are
constant a and c contours For sections of the faces

adjacent to the Ga face. (Contours are given in nm).

A multiphase region is_out%}dgd by the dotted curve.
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Figure 4.10

™~

_ Contours of constant a (solid curves) and constant c

(dashed curves) for the In face. Also shown are -
constant 2 and ¢ contours for sections of the faces

. ) R 4
adjacent to the In face. (Contours are given in nm).
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Figure 4.117

Contours of constant a (solid curves) and constant ¢

(dashed curves) for the Se face. Also shown are .«

. constant a2 and ¢ contours for sections of the faces

“adjacent to the Se face. (Contours are given in nm}.

A multiphase region is outlined bj the dotted curve.

T
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Figure 4.12

Contours of constant a (solid curves) and constant ¢

(dashed curves) for the Te face. Also shown are

constant a and ¢ contours for sections of the faces

. adjacent to the Te face. (Contours are given in nm).

[-—J
'
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2

2

2a=A+Bx+Cy+Dz +Ex + Fyz + Gz~ + Hxy + Iyz + Jxz -

+ szy + ny2:+ Myzz + Ny22 + 0&22 + Px22 + Qxyz

+ Rx2y2 + Sy'?'z2 + Tx222 + szyz + nyzz + ny22

4 szyzz + nyzzz +_Zx2yz2 + Exzyzzz mm . (4.3)

-

f— |
: A similar equation can be written for ¢, with cég\qgffficients
represented using the cofresponding primed notatiom. ‘N; attempé has
been méde to fit all of the data to equations of this form since this
would require solving a 27 term sq&are matrix. éowéver,.it is possible
to use these equations to relate the various coefficients given in
equation (4.3) and the corresponding ¢ equation, and hence obtain
averaged values for the coefficients. No simple analiysis exists dsing
the complete 27 term equation, but the averaging may be done quite
simply if the final I of I' term in the equation is assumed to be zero.
The method used here invblves Placing emphasis on the face associated
with each composition variable that is thought fo be the more accurate.
(This will be discussed in more détail below). Thesejare the Cu, In,
and Te féces for the x, v, and z variables respectively since the Ag, Ga,
and Se faces Eacﬁ contain miscibility gaps and have fewer dara points.
Thus'the alloy system w;s temporarily rewritten as
(Cul-xAgx)(Inl—yGay)(Tel—zsez)Z and transforpation equations were set
up iﬁ order to determine the nine coefficients corresponding to each
face defined in this manner. TFor convenience this was done in two

’

steps by first converting to the system (Cul_xAgx)(Inl_yGay)(Sel_zTez)z.
In the (Cul_xAgk)(Inl_yGay)(SeszTez)z system t?e

lattice parameter variation may be written as
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2 ' 2
a= ao_-t- Bo(l -y) + Yo2 + 60(1 -y) +‘eo(l -2)" + r,o(l - )

'+'no(1 - y‘)zz2 + 60(1 - y)z:Z + 3\0(1 - y)222 nm ‘ {4.4) .
for the copper and silver faces, and

2 2 L.
3 = uq +So}“+Yo(l -y) + Gox.+€°(l -y) + t,oh(l -y
R

3 I 2
+nx (l—y)+8°(l-y)+)«éx (1 -y)" om (4.5)

A

for the selenium and tellurium faces, by replacing y by (1 - y)
_wherever appropriate in equation (4.1). When expanded and terms

collected, equations (4.4) and (4.5) were respectively rewritten as

= s - L. 2
a : (ao + So + 60) + ( Bo 25°)y +_(y0 + z;o + no)z +‘50y
®»
+ (g + + )22 + (- - 2p)) !-!- 22.
ey T8, T A o n,¥z * n,y
. 2 22 . )
+ (=6, = 23 ))yz" + Ay z  nm (4.6)
and
a = (ao +oy, t Eo_) + (Bo +o * eo)x + ('—yo - Zeo)y
+ (§_ + +3) 2 4 24 (-z. - 28 )xy
Go- Mo Ao x €Y C<:\_ Eao Xy
2 - 2 22
. 4 (no - ZAO)X ¥y + eoxy + Aax"y" nom. (4.7)



-

With the transformation.equations (4.6) and (4.7) taking
JS

the form

2 2 2
a= oy + Blu + Y1V + &d;u + eg,v 4+ L.uv + nu v

1 1 L

o222 -
+ Bluv + Alu v nm, (4.8)

-

the values of ‘the nine new coefficients, Sk Bl’ L etc., in the

’

1

(Cul_xAgx)(In1Ty

Gay)(Sel_zTez)2 transforﬁeé system were.easily cal-
culated using the data in table 4.6. .The results are shown<;ﬁ

Table 4.7. Also shown in the table are results using a similar
analysis for the ¢ lattice parameters, where the ¢ lattice parameters
are defined using the primed coefficients.

The-Second step of the analysis involved transforming

from the new (Cul_xAgx) n _yqay)Ggel_zTez)z system to the

-

Agx)(lnl_ycay)(Tel_zSez)2 system. This second transformation- o

(Cul-x

affects all the'f;ces‘ﬁith z as a variable, i.e. the Cu, Ag, Ga, and
In faces. g
Following a procedure similar to the one used in the first
transformation, the latticL parameter variation may be rewritten ‘as

¥

2 2 )
a=a + ﬁly + Yl(l -2) + ély + el(l - z)" + Cly(l - 2)

R RS R ¢ NS LU Wl CHE R (4.9)

_ \
for the copper and silver faces, and
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' 2 2
a=a + B°x+ Yo(l -2} + Gox + e:o(l -2)" + cox(l - z)

+ noxz(l -2) + eox(l - z)2 + onz(l - z)2 nm {4.10)

for the gallium and indium faces, by respectively replacing z by
(1 - 2} in equations (4.8) and (4.1) wherever appropriafe. - When
expanded and terms collected, equations (4.9) and (4.1@Nwere, in tumm,

rewritten as

2
a= (01 +oy !-:l) + (8 +¢g + Bl)y +(-yy = 2edz + (& + 0 + Ay

2

L 2 2, . .22
+ Talz + (—:;1'— 281)3.2 + (-nl - ZAl)y z + elyz + A, v z" nm (4.11)

1

-+

and
a= (ao + Y, + eo) + (BO + %o + eo)x + (-Yo - ?.so)z
(8 +n +A)NS b ezt 4 (g - 28 )xz +
o o o’ o 55 T %%
2 2. 22
+ (—no - ZAo)x z + Goxz + on z- nm _ - (4.12)
If equations (4.11) and (4.12) are expressed in the form

2 2
a=a2+82u+72v+ezv +62uv+r12uv

2 ¢
+ 8uv 4+ ?\zu?vz om ; ' (4.13)
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the coefficients Cy» 82’ Y, etc. and az', 82', Yz', etc. can be easily
calculated using the data in Table 4.7 for the copper'aﬁd silver faces,
and the data in Table 4.6 for the indium and‘gallium faces. These
results are listed in Taéle 4.8 and coz;espond to the power series
coefficients in the completely transformed system
(Cul_xAgx)(Inl_yGay)(Tel_zSez)z. Fhe coefficients oL 81, Y{» etc.
in Table 4.7 for the selénium and tellurium faces al%o correspond to ™~
the completely transformed systemsince these faces are not affected
by the change in the z variable.

The values of Gy, 62, Y,, ete. for the coppgr, silver, indium,
and gallium faces may be given in Ferms of the coefficients Ay, BZ’ CZ,V
etc. in the general power series e;pression

»

tz + G 22 + H. xyv + Jzyz +J

a.= Az + Bzx + Czy +,Dzz + EZ' 2 2%

F]

2:‘{2

~

-

+ K,xzy + szyz + szzz + Nzyz2 + Ozxzé + szzz

” .
+ szyz + szhyz +'F2y222+ szzzz + szzyz + szyzz )

+ szyz2 + szzyzz + yzxyzzz + 22x2y22 nm (4.14)

for the lattice parameter variation in the (Cul_xAgx)(In Gay)(Te

l—zsez)Z

transformed-system; This 1s done by comparing equations (4.13) and

1-y

(4.14) for each of the faces given above. The results are listed in

Table 4.9. A similar analysis may be carried out for the values of

ﬁ,_,

¢ Bl, Yy» etc. cofresponding to the selenium and tellurium faces by

comparing equations (4.8) and (4.14). These results are also given
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in Table 4.9. A table siailar to Table 4.9 c;n be constructed giving
&2_‘, ‘52-‘, YZ', etc. for the ¢ parameters-in terms of Az', Bz', Cz', etc.
in an equation analagous to equation (4.14). The table would be the same
as for the a parameter except that all coefficients would be priﬁéd.

As aforementiénéd, the coefficients in the general ;ower
ser£;s equation (4.1&)m;ére detgrminéd using an avéraging technique:
From Table 4.9, it is evid;nt that the Az coefficient may,be determined
directly by averaging the o wvalues calculated usiné the transformations,

~
for the Cu, In, and Te faces. Similarly, the'Bé coefficient may be

calculated .by averaging the 8 values for the Im énd Te faces. -Thus,

by continuiﬁg in this manner, by simply ayeragingt,the coefficients

AZ through Gzlwere calcula%ed. The values of 32 through P2 and

R2’ 82, and T2 were taken directly from the,pable as these only occurred
once as coefficients” in the Cu, In, and Te variationg. Thus the re-
maining coefficignts, Q2 and U2 through 22, were calculated from the
values determined from the Ag, Ga, and Se faces mzking use of the
parameters already obtained from the Cu, Ir, and Te faces. The
resulting values were averaged whenever the coefficients were deter-
mined from more ‘than one calculation. It should be noted here that if
the transformation to the new system,_(Cul_xAgx)(Inl_yGay)(Tel_zSez)2
were not made, then emphasis woul& have been placed on the Cg, Ga, and
Se face%. Thus éé?thrOugh T

Pl
been calculated from the less reliable faces.

92 excluding Qz, would‘have essentially

4
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~The variation of a and c for the transformed system,
(Cul—xAgx)(Inl—yGay)(Tel-zsez)z’ were found in this manner to
be given by

a = 0.6203 + 0.0154x — 0.0237y - 0.0506z + 0.0097x> + 0.0060y”

+0.00932% + 0.0213xy + 0.0404yz + 0.0388xz

) 2
2 _ 0.0310yzz = 0.0364yz"

-

" .
0.0133x"y - 0.0215xy

0.0410x°z - 0.0339x22’; 0.1317xyz + 0.0178x%v>
) ' \
b

22 2 2 2 2
+0.0279yv 2" + 0.0428x"z" + 0.1056x yz + 0.0693xy z

2
+ 0.1097xyz% - 0.0388x7y 2 — 0.0357xy"z"

, .
- 0.0780x2y22" nm (4.15)

and

' 2
¢ = 1.2380 + 0.534x - 0.0318y - 0.0897z ~0.0272x" - 0.0131y"
+ 0.00902% — 0.0527xy + 0.056lyz + 0.472xz

+ 0.0264x2y + 0.0162xy2‘- 0.0586y22 - 0.0577y22

2

0.0807x%2 — 0.0510x2% - 0.1701xyz - 0.0104x"y

0.0502y%2% + 0.0721x°z> + 0.1173x°yz

+ 0.0743xy°2 + 0.1006xyz> - 0.0306xy 2

Pl

0.0172xy222 - 0.0762i2y22 nm. (4.16)
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Reverse transformations were performed giving the variation
(4.3) and a similar ¢ variation for the variables x, v, and z defined
in tpe ?riginal systen, (Cul_xAgx)(Gal_ylny)(Sel_zTez)z. The final

results are given below -

N

a = 0.5622 + 0.0317x + 0.0139y + 0.0396z + 0.0048x" + 0.0029y>
+ 0.0008z% — 0.0235xy + 0.0172yz — 0.0566xz

9 9 9.
+0.0277x7y + 0.0121xy> - 0.0248v°z — 0.019%yz> "

®
s

2 e
+ 0.0446x7z + 0.0401xz> + 0.0835xyz = 0.0210x°y>

2.2

+0.0279¥%22 - 0.0352x°z% — 0.1280x7y2

2 2 22 2
+ 0.0021xy"z - 0.0383xyz” + 0.388x vz - 0.0357xy "z

el
+ 0.0780x°yz> mm . B (4.17)

and
2
¢ = 1.1024 + 0.0007x+ 0.0764y + 0.0892z - 0.0093x"

0.0215y% + 0.0015z% - 0.0244xy + 0.0243yz

0.0162xz + 0.0145x°y + 0.0733xy” + 0.1109xyz

’ 2
0.0410x2y2 + 0.05023{222 - 0.00§lx-22 - 0.0963x2yz

2 - 2 22 22

0.0399xy z — 0.0662xyz" + 0.0306x "y z - 0.0172xy"z
. 2 2 o - '
+°0.0762x"yz" nm. , . (4.18)

»

The averaged coefficient equations (4.17) and (4.18) were
used to fit the data of each of the six faces. It was found that the
use of these averaged.values made only a smzll difference to the fitted™

curves in figures 4.1 through 4.6 with the overall standard deviations

being 0.0015nm for a and 0.0023nm for c. The worst fits occurred
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in the case of the telluriunzfacé. These are plotted in figures &4.6(a)

-

and 4.6(c), corresponding to the dashed lines.‘ The  deviation from the

original fitting curve is relatively small, ﬁowever, even in this ex- }//J

treme case’ and thus the 'averaged' curves, either as curves of a or ¢

vs. u etec. or for contours of constant a and ¢, have not been shown for

the remaining faces. The averaged values in equations (4.17) and (4.18)

~

will be used further in the analysis of the data for the compositions
I

investigated inside the cube.

Fd

As discussed in the introduction, the energy gap or lattice

parameter value for alloys with a single variable, such as the

- -

Gal_xInxAs~alloys, can be very useful for determiﬁing the compositions

of the alloy sample (section 1l.1). However, in the case of cubic

In As, P _.alloys,

alloys with two composition variables, e.g. Ga
) . I=x""x T1l-y¥

this cannbt be done because a siggie lattice parameter cannot define
botl' composition variables. 'In the case of tetragonal alldxs,

when two lattice parametér values, 2 and c, are_obtainéﬁ, the ;;IEEB-\\
of two composition variables can be determined under favourable
circumstances. This requires that contours of constant a and constant
c intersect at a fa;;ly large angle. Thus in the diagrams shown in
figures 4.7 to 4:123Eﬁe-gallium, selenium, and tellurium faces satiéfy
this condition very well. One half of the indium face is also satis-—

’

factory, while with the silver face it may also be possible. TFoxr the a

/”——“?Emainiqgﬁhalf of the indium face and the entire copper face, the a

4
| (Y .
and\c_centours either do not intersect or intersect at small angles
1
y _

and are}therefore not useful in determining a2lloy compositions.

i

It should be noted that the above sittation, whereby two
alloy composition variables may'be determined from contours of constant
a and ¢, 1s only possible for compositions on the faces. Alloy
compositions within the interior of the cube have three composition
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variables. —Thus, once again the lattice parameter gives insufficient

data to determine the composition.

- e

4.2 Lattice Constant Results for Compositions Inside the Cube

and the Range of Solid Solution

In addition to in?estigating éhe lattice parameter variatiecn
on the surface of the cube, all samples were investigated having-com—-
positions x, v, and z equal to 0.25, 0.50, and 0.75. Using the same
identification method described‘in section 4.1, these samples. are listed
in Table 4.10 with the experimentally determined values of lattice
parameter. Also listed are the interpolated values of 2 and ¢ determined
using the averaged coefficient, general equations (4.17) and (4.18).

As can be seen in the table, several of the samples were found
Lo be two or multiphase, the criterien beiné apparent 'errors' in the
values of a and ¢ as predicted from curves similar to those of figures
4.1-4.6; and the detection of diffraction lines due to a second phase
in the x-ray powder photographs. (This has been diécussed i; more detail

in section 4.1). Thus the multiphase region, as well as affecting the

silver, gallium, and selenium faces, extends over quite a large region

in the center of the cube. Eleven out of the twenty-seven compositions in-

vestigated in the central region were, In fact, found to be multiphse. Figure

4.13 indicates the multiphase samples investigated in various sections
of the cube. As can be seen from the figure, much of the z=0, z = 0.25
planes consist of multiphase material, .The z = O.SGEplape also was
found ?9 contain multiphase material, wherea§ the z = 0.75 plane (not

shown) was single phase throughout. or
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Figure 4.13 Compositions (@) found
to be multiphase in various

sections of the cube:

(a) x«0.50, (b) x«0.75,

(c) x=1.0, {d) x=0.25,
(e} y=0, (f) v=0.25,

Eg) y=0.50, (h) y-o.7s,'

i) z=0, (j) z=0.25,

(k) z=0.50.
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Aﬁ estimated region of the cube in which there ;s a miscibility
gap is shown in figure 4.14. The exact boundaries of :hig reglon are
uncertain for reasons previously discusseé. Very detailed analysis,
well be§ond the scope of this thesis, is required to obtain more accu-
r;te information.

Graphs have been drawn‘showing the lattice parameter variation
with composition for various sections having appreciable single phase
range. These, graphs, for planes x = 0.25, vy = 0.75, and z = 0.75, are
ifllustrated in figures 4.15 to 4.17, and show botﬁ the experiﬁentél
points for single phase compositions and solid curves obtained from the
avefaged equations (4.17)_and (4.18). As seen from the curées? the..
fit to the interior points is consistently worse than the fit to ;hé
pdints corresponding to a cube edge on each graph. The standard
deviations for a and ¢ were found to be 010029 mm and 0.0059 nm res-
pectively in this case. These are cdnsiderably greater than the
standard deviations of tﬂ; fit to the faces listed in Tabie 4.6. This
is partially due to the experimental scatter -discussed in section 4.1.
In addition, however, it is also apparent that éhere is some degree of
systematic variation, with the experimental ﬁbints in many cases falling
below the fitted curves. A general fit using equation (4.3) to all fhe
experimental pointsltogether, including surface énd interior points,
w0uld improve the fi; to the interiof points but woréen the fit to the
faces. This general fit would require the solution of a 26 x 26 square
matfix, and 1s not plausible in the preseﬁt analysis.

' ‘Using the avéraged fittiﬁg equations, the standard deviati&n

for all points in the system was calculated to be 0.0015 nm and

0.002% nm for the a and ¢ parameters respectively. These values are
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Figure 4.14 Estimated region of the
' behavior.
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Figure 4.15(a)

I M
0 025 050 075 LO

A

4 . :
Variations ¢f lattice parameter a for the x = 0.25 plane

as a function of v at various constdnt values of z.
Solid lines indicate the curves predicted by the a;erage
parameter equation. Dashed lines correspond to the
three—-dimensional equation derived from the Moon et al
interpolation equation (section 6.5).

z2=00, z=0.250, z=0.500, z=0.75@, -z = 1L.0A
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Figure 4.15(b) Variations of lattice parameter ¢ for the x = 0.25 plane
as a function of y at various constant values of z.
$611id lines indicate the curves predicted by the average
. parameter equation. Dashed lines correépond to the
three-dimensional equation derived from the Moon et al
interpoiation equation (éection S.3).
z2=00, =z =.o.25A., z =7o.soD), z=0.75@®@, z=1.04

' *
4 »
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Figure 4.16(a)

T

1 I i
. 025 050 075 1.0

X

Variations of lattice parameter a for.the y = 0.75 plane

-
0 Y.

as a function of x at various constaat values of z.
Solid lines indicate the curves predicted by the average
parameter equation. Dashed lines correspond to the

three-dimensional equation derived from the Moon et al

interpola&fon equation (section 6.5).

z =00, z=0.25A, z=0.3500, z=0.75@, z = 1.04A

-
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Figure 4.16(b)
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Variations of laftice parameter c for the y = 0.75
plane-as a fung"éon of x at various cohstant values

of z. Solid lines indicate the curves predicted by

the average parameter equation. _Dashed lines correspond
to the thAree—dimensional equation derived from the Moon
et al interpolation equation (section 6.5).

z2=00, z2=0.25A0, 2=0.500, z =0.750, z = 1.0A

J
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‘ X

Figure 4.17(a) Variations of lattice parameter a for the z = 0.75
¥ plane as a function of x at various constant values
‘of y. Solid lines indicate the cu‘rves p%dicted by
the average parameter equation. Dashed lines
correspond to the three-dimensional equation derived
from the Moon et al interpolation equation (section 6.5).

y=00, y=0.25A, y=0.500, y=0.75@, y =104
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0 0.25 050 075 10

Figure 4.17(b) Variations of lattice parameter ¢ for the z = 0.75
plane as a function of x at various constant wvalues

of y. Sglid lines indicate the curves predicted by
the average parameter equation. Dashed lines
correspond to the three-dimensional equat1on derived
from the Moon et al interpolation equation (section 6.5).

=00, y=0.25A, y=0.500, yvy=0.75@, y=1.04
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e
useful for comparison with another interpolation method to be discussed

~

in Chapter VI.

4.3 Summary

Lattice parameter values were calculated for

.. (Cul_xAgx)(Gal_ylny)(Sel_zTez)ﬁ alloys throughout the cubic cgmp051tlon

“

.-an Tange. Single phase solid solution was found thr&ughout all the faces

except the gallium, silver, and selenium faces. Here, as well as in

‘much of the interior of the cube, multipbese behavior was found..
\\ Curves showing the variation of a and ¢ as a function of

{

compbsipion were plotted for each face. Fitting was done separately

o each ‘face using a nine.term power series expression. Small standard
\\\ deviations were calculated indicating that deviations were mainly the
result of scatter. The fitting equations were used to give contours
. . of constant a and ¢, Which were plotted for each of the faces. In a

g general three-dimensional analysis, the power series fits to each face
/ .

f

L_A\\;\yere used to determine the coefficients of a 26 term power series

’

using an averaging method. When plotted, the curves cerresponding to
the resulting expression were found to_ essentially coineide with the
- .

power series fits to each face. Thus only the tellurium face curves,

— .
which were slightly different, are shown.

In addition to comnsidering the lattice -parameter variation
. 1]

on the faces, similar graphs were plotted for interior plames having
single phase solid solution over most of the composition range.

Experimental points were compared to curves using the 26 term averaged

coefficient expression. Systematic deviations from the curves were

- 96 -
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evident indicating that the power series expression would need to be
exfended to give a better fit.

" The standard deviation of all the experimental points was
calculated for the averaged fit. This was found to be Ua = 0.0015 nm
and o, = 0.0023 nm and will be used for comparison with intefpolation

* 4

method results to be discussed in Chapter VI.

- 97 = L



CHAPTER V - ENERGY GAP RESULTS AND FITTING

5.1 Experimental Results and Fitting

As in the case of lattice parameter measurements, energy gaps
were investigated for many of the alloevs (Cul_kAgx)(Gal_yIn§KSel_zTez)2
with x, v, and z having values 0, 0.25, 0.5, 0.75, and 1.0, excluding

those found to be multiphase (see sections 4.1 and 4.

i A%

Y. The methods
used are described in Chapter III. It wés not possible, however, to
obtain_energy gap values for many of the samples investigated ow{ng

to several factors. In many casks the condition of the samplelwas
such that sufficiently thin samples could not be prepared for absorption
without breakage first occurring. For these samples energy gaps were
investigated using the photoaco;stic tecﬁnique, since with this method,
powdered samples can be used. However, problems also arose with the
photoacoustic method in that several of the PA spectra were relatively
£flat and did not peak near the frequency corresponding to the energy
gap. Figure 5.1 shows PA curves for the 101010, 102510; and 255010
compositions (see section 4.1 for explanation o%‘identification

scheme) where the signal intemsities behave as expected, distinctly
increasing and then remaining constant as hv increases. TFigure 5.2,
however, shows the PA spectrum for the 757510 composition. It. can

be clearly seen that in this case, it is impessible to determine the
energy gap value from the criterion discussed in section 3.6 since the
curve never distinctly peaks. Thus for samples characterized by this
behavior and the inability to polish to thicknesses sufficient for
absorption, energy gap values were not determined. It should be noted,

however, that whenever possible, absorption measurements were made
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05 | o 1S
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¢ Figure 5.1 PA curves for compositions (a) 101010, (b) 255010,
and (c) 102510.
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rather. than photoacoustic measurements since the former method involves
a2 more reliaﬁle technique.

Another problem encoymtered in absorption measurements was
the occurrence of high background absorption. This was the main
difficulty in determining energy gap values for the tellurium face.
Results for the compounds have shown that a range of compositions
oceurs for these samples (7551). In ﬁhes;.insfances, using the melt
and anneal technique described in section 2.1, ;t is possible to
obtain a slight excess of tellurium. The excess tellurium can acﬁ
as a donor, giving large electroﬁ concentrations, and thus be a factor
which could account for high Sgckgroupd absorption. A solution to this
problem would involve a detailed investigation of possible composition
variation in these materials.

. When absorption measurements were successful, curves similar
to those in figures 5.3(3) and 5.4(a) were obtained. These graphs
show the wvariation of the apparent absorption coefficient, ¢, as a

I
function of energy, hv, where o =-l-£n(—93 (see equation (3.3.)) and

d 1
T
d, IO’ and IT represent the thickness of the sample, and the incident
and transmitted light intensities respectively. Typically a varied
from about 0.035 - 0.070 um-l for samples ranging in thickness
150 - 200 pm. Figure 5.3(a2) shows the absorption spectrum for
(Cu0.25A50-75)GaTe2 (750010). 1In the calculation of &, a straight

line ext;EESi;;;;n of the background absorption, a_; as indicated in

1
the figure, was subtracted from the measured value of L ﬂn(igﬁ to give

d
. T
the required values of o. Figure 5.4(a) shows the absorption spectrum

for (CuO_SAgO S)GaTe2 (500010). In this case it can be seen that at

1
low energies scattering effects are present with-% £n(E90 increasing
I
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(a-a.)2(h)? (arbitrary units)

° 1 |
) o w2 -
hv (gV)

Figure 5.3(b) .The straight line variation of
{c - ao)z(hv)z versus hv for

, (Cug p5h8g 55)CaTe

-
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as hv decreases. This type of variation, as discussed in sectien 3.2,
takes the form a = ao(hv)-m.' However, c}oge to the band edge this.
effect is small compared with the otherfgackground effects. Thus; in
the calculation of @, a straight line extrapolation of the bgckgrdund
a?sorgtion, &, was again subtracted from the measured value of
_%-En(igo. .
T
Figures 5.3(b). and 5.4(b) show the corresponding variation

of (e - aojz(hv)? versus ‘hv for the 750010 and 500010 compositions
respectively. Since the resulting curves are straight, the value of
n appearing in equation (3.5) was appropriately chosen as n = %. This

confirms that the®¥ransitions involved are direct.
o .-

Owing to the d;ffiﬁulties discussed above in determining

energy gaps, the only faces of the composition range having complete

-
*

data aré the copper face (data obtained by K. Yoodée) and theAindium
face. Energy gap values were determined for several of the interior
cgmpositions with nearly complete data being obtained for the x = 0.25
and z = 0.75 planes. These, as well as the copper and indium faces,
are the only planes which will be discussed in dectail. Energy gap
values for the:compositions concerned with here, as well as all other
determined values (cérresponding to random compositions), are listed
in Table 5.1. " ' -

Curves of the energy gap, Eg’ versus composit?on for the
coppar and indium faces are shown in figures 5.5 and 5.6 respect%gely.
As in the case df the lattice parameter variations discussed in

-

section 4.1, parabolic -curves were obtained and fitted to an equation

—

of the form



.

vmm

R B MO LS St e

Eg'- A+ Bu+Cv+ Du2 + qu + Fuv + Gu2v + Huv2 + Iugv2 eV. (5.1)
The coefficients, number of points, and the standard &eviation'c,
obtained in the least squares fit (see appendixj to equation (5.1)
are summarized in Table 5.2. "Since Eb& standard dgviation is small,

R , \
differences between the experimental poinés and the corresponding value
on the fitted‘ curves may- be attrlibutec{ to scatter and not to some form
of systematic ﬁaria:ioh.

The coefficients listed in Table 5.2 were used to calculate
qpﬁtours of constant energy gap. These are showm for the copper-and‘
indium faces in figures 5.7 and 5.8 respectively. Contours fof the
copper faﬁe are similar fo those determined by Chapman et al (7§Cl,
79C2) for (Cul_xAgx)In(Sel_zSz)2 allovs. The contours for the indium
face are more unusual in that a2 minimem in energy éap occurs near the
composition for which x = 0.275 and z = 0.55.

Curves of the energy gap, Eg’ variation with composition for
the x = 0.25 and z = 0.75 interior planes are shown in figures 5.% and
5.10 respectively. ¥For these planes an insufficient number of aCCuraté
points could be obtained to carry out the analysis used for the coﬁper
and indium faces, i.e. fitting to equation (5.1). Instead, for the
z = 0.75 plane, each set of data in figure 5.10 was least squares fitted

{Appendix) to a parabolic equation of the form

* Eg = A 4+ Bu + Cu2 {5.2)

The coefficients determined in this manner are ligsted in Table 5.3 and
the curves are drawn_in figure 5.10. For the x = 0.25 section, only the

data corresponding to the comstant parameter y = 0.75 and y = 1.0 could

- 1n7 -
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Figure 5.5

025 . 050 075 10
Z

Variation of energy gap, Eg for the Cu face, as a function of z
at various constant values of y. Experimental data was fitted

to a nine-term power series equation.
y=00, y=025A, y=0.500, y=0.75@® , y=104
’
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0 0.25 050 0.75 10

Figgze 5.6 Variation of energy gap, Eg’ for the In face as a function of x
1

at various constant values of z. Experimental data was fitted

to a nine term power series equatiomn.
=00, z=0240A, z=0500, 2z2=075@, z=104A

- 110 -



i -
" Face Cu In
Number of points 18 22
Variable compositions
parameters (u,v) ¥lv,z) (x,2)
— A 1.503 0.943
e = B -0.488 0.104
j; ' c -0.483 -0.386
o0 D -0.067 0.07L
“i E 0.220 0.379 A
& F -1.073 -0.70%
© G 1.145 0.594
2% H- 1.476 0.569
5 I -1.299 ~0.629
5 J 0.008 0.013
Table 5.2 Power series figxing coefficients to an equation

2 2 2 2 22
Eg = A+ Bu+Cv+Du + Ev: + Fuv + Gu v + Huv + Iu v eV
for the Cu and In faces. Alsc listed are the number-of
1 data points used in the analysis, the variable composition

parameters, and the standard deviation o.
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Figure 5.7 Contours of comstant Es(cv) for the Cu face.
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Figure 5.9

{ 1 |
0 0.25 0.50 075 10
S

-

Vériatipﬂ-of energy gapg;Eg, for the x-= 0.25 plane as

a function of z at various constant values of vy. The

- experimental data for the y = 0.75 and y = 1.0 curves

were fitted to parabolic form (solid lines). -~Estimated

- curves were drawn for the vy = 0, y = 0.25, aad vy = 0.50

(dashed lines).' ©

y=00, y=024, y=050, y=07@, y=1.04

4
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Figure 5.10

™
P RV

09 B -~
I I I
0 0.25 050 0.75 L.O
Variations of energy gap Eg for the . a9 73 nlane as a

]

)

function of x at various constant valuecs of y. Experimental .

data corresponding to each value of y was fitted to parabolic

form.
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be Kitted towequation (5.2), the equations determined in this way being

‘for y = 0.75, and

5, = 0.962 - 0.526z + 0.499z% ev

»

-

E, ¥ 1.011 - 0.120z + 0.040z° ev

0 0.2 0.50 0.75 1.0
coefficient >
A 1.251 1.139 1.065 0.976 0.877
-0.285 -0.158 ©=0.172 -0.139 _=0.062
0.360 0.184 0.184 0.161 0.072
[ 4
Table 5.3 Parabolic fitting coefficients to an equation
Eg = A + Bu + Cu.-2 eV for the z = 0.75 iaterior plane.
The variable parameter, u, is x in this case fdr
constant y values.
for f = 1.0.. For the y = 0, 0.25, and 0.5 variations (x = 0.25 plane)

only one or two experimental points were determined for each curve

and thus no fitting could be done. However, guided By the energy gap

values for the compounds, dashed curves have been drawn estimating the

type of variation that can be expected in these cases. As seen in,

figure 5.9 the resulting curve for the y = 1.0 variation shows a minimum.

T - 116 -
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This is expécted since these values are common with the indium face.
Bowever, as progression is made toward the y = 0 curve, the minimum

vanishes and the curves become progressively steeper.

Energy gap values were investifated for most of the

1—yIny)(5e1—zTez)2 alloys excluding those previously found be

‘be two phase or multiphase. This was done using either of the absorption

or photoacoustic techniques outlined in Chapter III. The absorption

method was used whenevér possible. However, owing to either strong

absbr?tion by free carriers or Impurities, or the condition of the

material being poor, absorption methods were not always successful.

In such cases attemps were made to'détermine thé energy gap photo-

acoustically. Thig latter method, as well, was not always successful

since, for several allovs, the resulting PA spectra were relatively flart.
As a2 result of the above diffRulties the only faces having

complete energy gap data are the copper face Edetermined by K. Yoodee)

and the indium face. Energy gap values were determined for several of

the interiér compositions with néarly complete data being obtaimned

for the x = 0.25 and z = 0.%5 planes. Curves of the energy gap versus

composition were pldtted for the copper and indium éaces and the

x = 0.25 and z = 0.75 planes. Experimental data for the Cu and In faces

were least squares fitted to a nine term power series equation

(equation (5.1)). The standard deviation from the fitted curves was

small suggesting-any differences between the exﬁerimental points and )

the curves is due to scatter. Experimental data for curves of

constant v were fitted to parabolic form (equation (5.2)) for the
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y
z = 0.75 plane and part of the x = 0.25 plane (y = b.?Sﬁand y = 1.0;.
For the remainder of the x = 0.25 pléne insufficient daté was avai-
lable to do any fitting, thus only estimated curves could be drawm.
Contours of constant a and ¢ were plotted for both the copper
and indium faces, with a minimum in the indium face occurring near

-

the x = 0.275, z = 0.55 composition.

Al
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CHAPTER VI - TEST OF INTERPOLATION EQUATIONS

6.1 " Introduction

There has been considerable interest in quaternary semiconductor
materials for various technical applications. Regardless of this,
however, very little information is available on these méterials with
no detailed studies having been performed. As a result, various
attempts have been made to suggest interpolation methods to estimate
quﬁterﬁarf pﬁrameters from binary and/or termary alloy values.. The
basic interpolation approach is to assume a linear iqterpolation and
superimpose on this some type of bowing. Two examples of such an °
analvsis, applicable to the present work, have been carried ocut by
Clisson et al (78Gl) and Moon et al (74Ml). These interpolation tech-

niques are presented in section 6.2. -/

6.2 Moon et al and Glisson et al Interpolation Formulae

In order to estimate the band gap and lattice constant values

-

for quaternary alloy systems of the general form Al-w?xcl—vny’ Moon

et al (74Mi) ;nd Glisson.et al (78G1l) have developed separate formulae
;nterpolating these véfggé from ternary and binary data. The formulae
proposed by the two groups differ to some extent {see below), both
dealing with a two-parameter (x and y), or two dimensional, repre-
sentation of the alloy compésitioa. Thus, in both cases, the compo-
sitions were graphically represented by means of a square in the x-y
plane with a binary compopnd at each of the corners. Furtﬁer, the

quaternary alloy parameter under investigation (e.g. band gap or

lattice comstant) was described by a parameter Q(x,y) over the x, ¥

- 11% -



N~ A

composition plane. At the cornmers (x and y equal to zero and/or one)

the parameter, Q(x, y), for the four binary compounds can be defined as

0, 0) = By, Q(1, 0) = B,, AL, 1) = B, and QO, 1) =B, (see

figure 6.1). Along the boundaries of the plane, the parameter for the

four ternary alloys can be defined as Q(x, 0) = le(x),'Q(l, y) = T23(y),
Q(x, 1) = T43(x), and Q(0, y) = Tl&(y)' Using the above notation, a

linear interpolation of ternary alloy parameters obtained from consti-
tuent binary compounds may be expressed as

TOij(xq = (1 - :-:)Bi + xBj. ) (6.1)

’\ -

Aithough many ternary alloy parameters may be defined using
equation (6.1), others may show a nonlinear variation with composition.
Thompson and Woolley (67TL) have shown that for tﬁe direcﬁ band gap,
equation (6.1) takes the form

Ty (x): Tosj = 6 Ty ' (6.2)

where § Tij = Cijx(l - x) and Cij is the bowing parameter for the
ternary alloy band gap Tij' The interpolation scheme proposed by Moon
et al (74M1l) continues by assuming that in a two-dimensional model,
the quaternary bowing &Q, Iis composed of the sum Af the bowing con-
tributed by each of the x and y sublattices, i.e. 8Q = GQx + GQy.
In addition, values of 5Qy at any comstant x and GQx at any constant

v were assumed to be given by linear interpolation between the end

values. Referring to figure 6.1, if the value qﬁ the bowing parameter

at points Pl, PZ’ P3, and P, is given by Cléy(l -v), C23y(l -y,

Clzx(l - x), and CBAx(l 4 x) respectively then
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Figure 6.1 .

Plr . ’ L J2X
B 09 41'33 q ? Be

Two dimensional representation of the alloy composition
range. The parameter Q for the four binary compounds
are given by 315 Bz, 33, and B4 as shown. Pl’ Pz, P3,
and P, are compositions along the edges of the

4
composition range.

-

—~

- 121 -



dq, = (1 - x)CyA = y) + Cpuy(L = 9) (6.3)

and . ~

Q= (1 = ¥)C,¥(1 = %) + yCqx(l = x). (6.4)

Equations (6.3) and (6.4) may be rewxitten as

5Q,

-

vy - y?[(l - ¢, + c23] ' (6.5)

and

8 =x(1 -xl@ - )€y, + ¥C

" Js (6-6)

3
Thus

§Q = y(@ - LA - xC, + xC23] + x(1 - X[ - y)Cyp * yC34] (6.7)

In the same way as the nonlinear variation (6.2) was written
for ternmary alloy parameters; Q(x, y), the quaternary alloy parameter,
mayhbe expressed as -

i © QG ¥ = Q- 6Q (6-8)

where Qo = (1 - x)TOlé(y) + xTOZB(yQ. Note that Qo may equally be
expressed as Qo = (ls - y)Tolz(x) + yT043(x) and in terms of the cormer

compounds, both forms lead to the expression

Q, ='(l -1 - y)Bl + x(1 - y)Bz + xyBy + y(1 - x)B,. (6.9)
Substituting (6.7) and (6.9) into (6.7) gives the complete expression
for Q(x, v) as propoéed by Moon et al, {.e.

Qx, y) = (1 - ) (1 - By + %(1 - ¥)B, + 3By + y(L - 0B,
. § '
=,y(; -wa - x)c14 + xc23]‘- x(1 - [ - y)c.12 + yC34].(6.10)
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'
Glisson et al (78Gl) propose that the values of Q(x, y)

inside the square are given by

Qlx, y) =

x(1-x) [(1-9)T (%) + }'T43(x)] +y(1-9) (1= T, () + xTy4(¥) ]

x(1-x) + y(1-y)

-~

This is essentially an ad hoc expression, and, as will be sﬁown in
;ection 6.4, does not give as good a fit as equation (6.10) in the case
of the band gap. In the case of the lattice constant, also to be shown
i;ter, the two methods giye eééentially the same result.

An important difference between the two interpolation methods
was interpreted by Glisson et al to be associated with the manner in
which the bowing parameter, §Q, enters each formulation. In equation
(6.11) Glisson states that the termary bowing effects are included in
the Tij‘s, whereas with the Moon method, the bowing enters as a separate
guaternary bowing parameter term given by equation (6.7). At the centre

of the composition square, equation (6.11) gives %g(clz + C43 +C , +C

14 23)
as the bowing parameter whereas using the Moon method

1. -
g(C 2 +C

position range, the Moon bowing parameter is twice as large as the

43 F C14 + C23) is obtained. Thuﬁ? at thg centre of the com-
Glisson parameter.

The present experimental values can be used to test these
interpolation equations and to“'compare their wvalidity. For the lattice

parameter, values of Bi’ Bj, and Cij were determined from the experimental

values along the edgeé of the cubic composition range. These were then

used to predict values in the interior of the faces and interior of

- 123 -
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- .
the cube. The resulting predicted lattice parameter values were’

coﬁpared to the experimental-data and the validity of the interpolation

equations was assessed.

‘

For the energy gap analysis, data along the edges of the faces
was incomplete so -that the parameter vaiues along the edges, Tij’ could
not be determined. Thus, rather than use equations (6.10) and (6.11)
for interpolation, they were used instead to fit all the experimental
data on the faces. The fitting can be done in two ways for each
equation. Either the B values can be assumed known from the compecunds
and a fit made to the four C parameters, or alternatively both the
four B and four C parameters can be determined by fitting. However,
because the number of points on.;he copper face was limited, the former
method was used since this involves a fit to only four parameters. An
estimate of the‘validity of the interpolation equations was given by the
standard deviation of the fitted points for bofh.the energy gap and

»

lattice parameter analyses.

6.3 Extension of the Moon et al Interpeclation Method to

Three Dimensions

In the ﬁrevious section interpolation equations obtained
by Moon et al and Glisson et zl to determine quaternary alloy band gaps
and lattice constants from termary and binary data were presented.
The quaternary a%loys in that work were of the general form

Al-xBxcl—yDy and were thus uniquely represented by the parameters

x and vy.

The present research programme is the investigation of

B &
chalcopyrite alloys of the general form Al—xBxcl-yDy(El-ze)Z' In the

first part of the work, sections with x, y, or z equal to 0 or 1 are
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considered, giving a two variagble problem to which the Moon et al
equations can be applied. However, a further part of the reéeafch
programme involves alloys in which all three composition parameters.
are varied. Thus, in order to fit the values of lattice parameter
and ene;gy gap obtained in those al}oys, a three dimensional inéer—
pbiaiion mcﬂLl nmust be developed.

As will be discussed in detail in section 6.4, results ‘

~ ]
indicate that as far as fitting to the experimental data is concernmed,

-

the equations of Moon et al are preferable to those of Glisson et al.
Thus, the analysis of the three dimensional case developed here begins
from the Moon formulation. |

In the three dimensional model, for the general system of thg
tvpe considered in the present investigation, the sSquare x-y compo-
sition range is replaced by a cube having a ternary compound at each
of its corners. (see figuré 6.2). The parameter under study is now
descriﬁed by a parameter P(x, ¥, Z). Alon% the edges of the cube, as
with the sides of the square composition range, P(x,’y, z) is assuméd
to vary parabolically. Referring to figure 6.2, at the corners of
the cube the elements P(0, 0, 0) = By, P(1, 0, 0) = B,, P(1, 1, 0) = B,
etc. are defined. .

By analogy with equations (6.2) and (6.8), the alloy parameter
at any point (x; v, z) in the middle of the cube may be expressed in
terms of Po,‘a linear interPolation of the correéponding values of the
parameter Q0 obtained on any two opposite facés 'ipoints,A and D for
example on figure 6.2); and, 6P, a term accounting for bowing effects.
Thus

P(x, ¥, 2) = Po - &P (6.12)
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and -

Py (L - 2)Q, 0% ) +2 Qp(x, ), (6.13)

K

Equation (6.13) may equally have been expressed as

Po = (1 - x)QoE(y, z) +‘g°F(y, z) (6.14)

or

Po =(1 - y)Q&G(x, z) + ¥ QoH(x, z) (6.15)

The results cobtained by Moon et al given by equation (6:95 may be

used to rewrite equation (6.13) as

Po = (1 -‘z)[(l -x)(1 - ;)B1 + x(1 - y)B2 + xyB3 + v(l - x) 34]

+2z[(1 - 01 - y)BS + x(1 - y)B6 + x&B + v(l - x)38] (6.16)

7

Expanding this gives
Po=(1-x- v - Z)Bl_ +x(1 - ¥ - 2)B, + xy(1l - 2)33
A+ (1 - x)y(L - z)B4 + (1 - x)(1 - y)zBs + x(1 - y)286

.+ xyzB, + (1 - x)yzB8 : (6.17)

7

Again, by analogy with the two dimensional case, the bowing,
P, is assumed to be given by the sum of- the bowiné‘contributions from

each of the three sublattices, i.e.
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§P = 8P + 8B+ 4R, - : (6.18)

In addition, tS“.E’_‘c for constant y and 2z is assumed to vary
linearly with x. Similar linear variations are also assumed for
§P and 8P_. Thus,

.y . Z

t

25P - (1 = x)8Qc(y, 2) + :8Qply, 2) + (1 - v)8Q.(x, 2) + ¥Q,(x, 2)

+ (1 - ZJGQA(x, y) + zGQD(x, ¥) (6.19)
)

The left hand side of equation (6.19) is 28P, since in the summation,
the effects of each sublattice have been counted twice. Substituting

values of §Q as given by equation (6.7) into (6.19) gives

6 = x(1 - x)(1 - y)(1 - 2)Cp, +xy(L - )1 - 2)Cyy +.x(1 - )y - 2)C3;
+ (1 -0y -yQ =-2)C, + @1 -xQ -y)zQ - 2)C;
+ (1 - x)y(1l-- y)zC58 + (1 - x)yz(1 - z)C48 + x(1l - y)z(1L - z?qge
+ xy(1 - y)zcé7 + xyz(l - z)C37 + x(1 - xi(l - y)zC56

+ x(1 - x)y=zC (6.20)

87

-

S
Hence from equations t6.18) and (6.20)
s
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P=(1-x0-y)Q =28 +x(1 -~y - 2)B, + xy(1 - z)By

4

(L - x)y(1 - z)B‘t+ + (L -xQQ - y)zBs + x(1l - }')ZBB
+ xyzB, + (1 - x)yzBS -x(1 - -v)Q - 'z)CJZZ

+ xv(1 - V) - z)C23 - x(1 - ®)v(L - 2)035‘ - (1 - xX)y(l -~ v)}(1 - Z)C14

(1 -x0Q -v)z(1 - z)C15 (1 - x)y(l - y)zCqg

(1 - x}yz(1 - z)C48 - x(1 - }:)z(l -.2)026 - xy(1 - y')zC67

xvz(l - 2)Cyy = N(L = W (1 = ¥)2Cqq = x(L = X)y2Cqy . (6.21)

»

6.4 Application of Glisson et al and Two-Dimensional Moon et al

Interpolation Equations

In order to determine values of Cij’ Bi’ and Bj in the
Glisson et al and ::wo-diﬁz_ensional Moon et al analyses, the edges of the

present cubic composition range were fitted to parabolic form, i.e.

a=a+8u+'~(1'12nm _ (6.22)

4

c=a' + B'u + Y'uz‘nm (6.23)

The coefficients «, B, Y, ¢', B', and y' for each edge are listed in
Table 6.1, with the corners of the cube labelled as shown in figure

6.2 and the appropriate variable indicated.
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The parameters Bi‘and Bj are defined in section 6.2 and
correspond to values of the lattice parameter a for u =.0 and u = 1

respectively. Similarly, B,' and B,' correspond to the ‘lattice

i 3

parameter ¢ for u = 0 and u = 1 respectively. Thus B, and Bj or Bi‘

i
and Bj' may be obtained from equations (6.22) and (6.23) using the

appropriate coefficients listed in Table 6.1. .The parameter Ci' is the

bowing parameter for the ternary lattice parameter, defined in

Tij’
equation (6.2). Thus Cij is just the vy coefficient for the lattice

parameter a and Cij‘ is the y' coefficient for the ¢ lattice parameter.

The values of Bs» Bj’ c.., B,',Bj', and Cij' for each edge of the

ij i

cube are also ligted in Table 6.1. Since each corner of the cube is

-

common to three edges, the B and B' parameters for each i or j where
i = j were determined by independently fitting to equatiom (6.22} or
(6.23) three times. An average of the' threc values obtained for cach
B and B' parameter was used in tﬁe remaining analysis. The three
values that were averaged, togéther witﬁ‘the mean value for each Bi .

{or Bj) are listed in Table 6.2. Table 6.3 shows similar data for

the B! parameters. N 1

With the values of the B and C parameters determined,
equ#tions {6.10) and (6.1l), corresponding to the Mcon and Glisson
interpolation equétions respectively, were used to predict lattice
parameter values for compositions located inside each of the six faces
"of the cube.‘“The experimental value,-the Moon and Glisson predicted
value, and the standard deviation in each case is listed in Tables
6.4 through 6.9 for both the a and ¢ lattice parameters. The experi—
mental points and the wvalues predicteé by the Moon and Glisson

equations have been plotted for the tellurium face in figure 6.3(a) and

6.3(b) for the lattice parameters a and c respectively. As is
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parameter _
Averaged Bi‘s or Bj's for i = j Mean (nm)
B/ = 3 (nm)

Bl 9.5620 | 0.5616 0.5619 0.5618

B, - 0.5972 0.5974 0.5973 0.5973

B3 0.6103 0.6104 9.6101 0.6103

BA 0.5793 0.5794 - 0.5795 2.5794

B5 0.6027 0.6025 0.6025 0.6026

B6 0.6323 0.6323 0.6324 . 0.6323
BT 0.6454 0.6452. 0.6452 0.6453‘

BS 0.6200 0.6201 0.6204 0.6202

Table 6.2 Averageﬁ values of Bi's or Bj's for each 1 = j corres-
ponding to the lattice parameter, a.
parameter | Averaged B;'s or B;'s for i ='j Mean (nm)
Bi'= ; - | - (nm)

Bl' 1.1020 1.1031 1:1021 1.1024

BZ' 1.0945 1.0945 . 1.0936 1.0%842

BB‘ 1.1710 1.1711 1.1719 1.1713

BA' 1.1575 1.1575 1.1574 1.1575

BS' 1.1937 1.1937 1.1934 1.1936

BG' 1.2007 1.1988 1.19?0 1.1995

B7' 1.2636 1.2640 1.2636 1.2637

BB' 1.2374 1,2380 1.2386 1.2380

?

Table 6.3%} Averaged values of B;'s oT Bé's for each i

n
[N
-

corresponding to the lattice parameter c.
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Composition|| Experimental’ Value Moon et al Glisson et alt
' Prediction Prediction
a{nm) c{nm) a(nm) c(nm) a{nm) c{nm)
002525 0.5759 1.1395 0.5746 1.1409 0.5755 1.1396
002550 0.5862 1.1626 0.5844 1.1626 0.5855 1.1612
002575 | 0.5957 . 1.1842 0.5949 1.1848 0.5958 1.1837
- 005025 0.5790 1.1595 0.5784 1.1549 0.5796 1.1535
005050 0.5%00 1.1806 - 0.5882 1.1757 0.5896 1.1743
005075 - 0.6008 1.1984 0.5987 1.1872 0.5999 1.1961
007525 0.5841 1.1680 0.5829 1.1666 0.5840 - 1.1655
007550 0.5947 1.1893 0.5925 1.1867 0.5939 - 1.1856
007575 0.6052 1.2056 0.6031 1.2077 0.6044 1.2069
of 0.0017 ¢.0026 0.0006 0.0034
- (om),
Table 6.4 Experimental values and Moon et al and Glisson et al
- predicted values of the a and ¢ lattice parameter for com-
positions in the interior of the copper face (x = 0).
The sqandard deviation, ¢, for the Moon and Glisson
interpolation equatioqs are also given.
Composition Experimental Value Moon et al Giisson et al
Prediction Prediction
a(nm) c(nm) a{nm) c{mm) a(nm) c(nm)
102575 0.6241 1.1829 0.6250 1.1820 0.6239 1.1860
105050 0.6186 1.1734 1.6183 | 1.1709 0.6198 1.1765
105075 0.6255 1.1990 0.6276 l.l99é 0.6290 1.2037
107550 0.6220 1.1974 .0.6206 1.1900 0.6223 1.1944
107575 0.6288 1.2185 0.6302 1.2172 0.6317 1.2205
g 0.0013 0.0036 0.0022 00033
(nm)
Table 6.5 Experimental values and Moon et al and Glisson et al

predicted values of the a and c lattice parameter for

single phase compositions in the interior of the silver

face (x = 1). The standard deviation, o, for the Moon and

Glisson interpclation equations are also given.
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Experimental Value . Moon et al Prediction( Glisson et al Prediction
Composition .j‘fi
a(nm) c{nm) a(om) c(nm) =’ a(nd) c(nm)
250075 0.5955 1.1705 0.5976I 1.1712 0.5989 1.1713
500075 0.6028 1.1719 0.6046 1.1705 0.6062 1.1718
750050 0.6021 1.1470 0.6040 1.1405 0.6053 1.1430
750075 0.6127 1.1726 0.6129 1.1682 0.6143 1.1704
o ’ 0.0017 0.0040 0.0030 0.0023
(om)
Table 6.6 Experimental wvalues and Moon et al and Glisson et al predicted

values of the a and ¢ lattice parameter for single phase com-
positions in the interior of the gallium face (y=0). The stan-
dard deviation, o, for the Moon and Glisson interpclation

equations are also given.

Experimental Value Moon et al prediction | Glisson et al Prediction
Composition
a(nm) c(nm) . a(om) c(nm) a(nm) c{nm)
251025 0.5918 1.1848 0.5925 1.1858 0.5947 1.1838
’251050 (.6040 1.2082 0.6018 1.2050 0.6042 1.2032
251075 |} 0.6145 1.2292 0.6126 1.2259 © 0.6146 1.2247
501025 0.6026 1.1935 0.5986 1.1912 0.6015 1.1895
501050 0.6087 1.2143 0.6075 1.2105 0.6106 1.2091
501075 0.6202 1.2402 - 0.6181 1.2323 0.6207 1.2315
751025 0.6101 1.1960 ' 0.6063 1.1922" 0.6090 1.1912
”751050 0.6152 1.2124 0.6145 1.2122 0.6175 1.2116
751075 0.6259 1.2392 0.6249 1.2353 . 0.6274 1.2351
o - 0.0023 0.0039 0.0016 0.0048
(nm) . .
Table 6.7 Experimental values and Moon et al ané Glisson et al predicted

values of the a and ¢ lattice parameter for compositions in the
interior of the indium face (y = 1.0). The standardé deviation,
"o,” for the Moon and Glisson interpolation equations are also

given.
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Compbs;tion Experimental Value Moon et al : Glisson et al
Prediction Prediction
a(am) ¢ (mm) a(nm) }_c(nm) a(nm) c(nm)
——— ——
252500 0.5719 1.1187 0.5734 1.1207 0.5741 1.1181
752500 0.5%902 1.1143 0.5913 1.1158 0.5916 1.1150
755000 0.5935 |+ 1.1356 0.5944 1;1345 0.5951 1.1327
737500 0.5973 1.1545 0.5973 1.1542 0.5982 1.1521
0.0014 0.0035 0.0021 0.0043
{nm) '

Table 6.8 Experimental values and Moon et. al and Glisson et al p;edicted
values of the é and ¢ lattice parameter for compositions '
in the interior of the selemium face.(z = 0). The standard
deviation, ¢, for the Moon and Glisson interpolation |
equétioné are also given.

Compesition Experimental Value | Moon et al Glisson et al

Prediction Prediction

a(nm) ] ¢ (nm) a(nm) c{om) | a(nm) ¢ (nom)

252510 0.6119 1.2078 0.6110 1.2126 0.6126 1.2100
255010 0.6169 1.2252 © 0.6150 .1.2262 0.6167 1.2229
257510 0.6196 1.2392 0.6196, 1.2382 0.6210 1.2351
502510 . 0.6177 1.5129 0.6176 1.2159 0.6193 1.2131
505010 0.6223 p 1-2309 0.6214 | 1.2307 0.6233 | 1.2272
507510 0.6268 1.2440 ° 0.6258 1.2442 0.6272 1.2410
752510 0.6265 1.2160 0.6257 1.2172 0.6271 1.2150
755010 0.6296 1.2336 0.6292 1.2330 0.6307 1.2302
757510 0.6336 1.2497 0.6331 1.2478 0.6343 1.2451
o | " 0.0009 | 0.0021 | 0.0009 0.0030
(nm) P

Table 6.9 Experimental values and Moon et a2l and Glisson et;yf//
predicted values of the a and ¢ lattice para;epgr'fqr ,
compositions in the iInterior of the tellurium ﬁgce (z = 1.0.
The standard deviation, o, for the Moon and Gli§§on inter-

polation equations are also given.
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indicated by the standard deviations in Tablesv6.& - 6.9 and the tellufiuﬁ
- cﬁrves in figure 6.3, both thé ﬁbon and Glisson equations fit the expe-
rimental data within the limits of experimental error. fhe difference -
betweeﬁ the two formulations is 1imiged since the bowing is small for
all variations of the lattice parameter with compbsition; As discussed
in sectidn 6.2 the difference bé;weep the two interpolation methods is
associated with tﬁe manner in which the bowing paragecer Q, enters |

each formula;ion;

It was not possible to obtain accurate C values for the energy
gap analysis since data along the edges was incomplete and less'agcu-
rate than the lattice paraméter'daga. Thus, in order to .test the
"interpolation eqpationg for energy gaps, a fit was done to all tﬁe
foints on the copper and indium faces, except at the four corner
compositions. This was aone assuming the B parameters known, ang the
C's were determined by the least squares. method indicated in the appendix.

The B parameters used in the analysis of the copper and indium energy

gap values are listed below in Table 6.10. The energy gap

Bi " Compound Energy.cap (ev) i

B, CuGaSe, 1.51 _ Y.

B3 AgInSe2 1.110 . |

B, CulnSe, ©0.954 '

B, CuCaTe, ' 1.25" -

B, | AglnTe, 0.938

By CulnTe, 0.928

. N — e .

Table 6.}0 B parametéré‘used in the analysis of the copper and

__ indium energy gap values. . -

- 136 -



0.64

0.63
L&
o 062
0.61 4
. 060 - [

| O 025 050 075 LO
Figure '6.3(a) Variatibn of lattice parameter a for the Te face
as a function o.f x at various constant values of y.
Solid cuwés correspond to the vari'atic;n predicted -
by the Moon et a2l interpelatrion equatlon. Dashed
Curves correspond to the vai.ations pred:.cced by the
Glisson et al interpolation Lquation. -
. - y=00, y=0.25 A, y=0500, y=0.758 ,y=1.04
. | - 137 -



.27 N ' - T [
.26

.25

.24
g .23
&
— 22y
.21
.20

LIS ' ' '
0 025 « 050 075 10

X

Figure 6.3(b) Variation of lattice patameter ¢ for the Te face as

a function of x at various constant values of vy..

Solid curves correspond to the va¥iation predicted

by the Moon et al equation. Dashed cutves correspond

to the variation predicted by the Glisson et al

interpolation equation. .

vy=00, y=0.25A, y=0500, y=0.7@,.y=10A4A
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indicated wiéh.an asterisk was taken from the liﬁerature (79?1)..

The C parameter values obtained for the Glisson and Moon
'equations are given in Table 6.11 for the copper face and in Table 6.12
for the- indium face. Also listed in these tables are the C parameters
that could be determined using the edge fitting method used for the
lattice parameters. The standard deviation between the experimental
pointg on the faces, (excl;ding the four corner points) and the values
predicted by the Moon & Glisson formulatioms using the data listed in
Table 6.10 and the calculated C parameters, are also given. Tables
6.13 and 6:14 compare the experimental energy gap values and the Moon

and Glisson values. These are plotted for the copper face in figure 6.4.

Cij Moon Fit Glisson Fit Edge Fit
C14 0.017 0.141 - -0.Q46
CSS 0.115 0.584 no value
., - 7 .
C15 0.317 0.460 ‘ 07“98
- C48 _0.427 . 0.515 . 0.392
fef 0.015 0.030
(eV)
\i
Table 6.11 C parameters determined by fitting to the Moon and

Glisson .interpolation equations for energy gap
values on the copper f£ace. Also indicated are the
standard deviations, ¢, and, when possible the C's

obtained by fitfing the edge values.
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Cyy ‘| Moon fit Glisson fit Edge Fit
C14 0.142 . 0.356 0.123
Csg 0.070 0.243 0.003
C15 0.426 0.574 0.392
.8 0.361 ' - 0.582 ' 0.331
g 0.018 . 0.043

(eV) .

Table 6.12 C parameters determined by fitting to the Moon and *

Glisson interpolation equations for energy gap'values
on the indjum face. Also indicated are the standard
deviations, o, and the C's cbtained by fitting the

edge values. : ) .

Although déviations from the Moon ané Glisson fits are
within the limiés of experimental error for the lattice parameter,
the bowing is larger for energy gaps and the difference between the two
formulations is accentuated. As seen through the standard deviation
and comparison of the Moon and Glisson C values to those obtained bf
fitting to ;he"edges, the Moon equation gives consistently better
resﬁlts. The Moon fit is good for both the copper and indium faces
whereas the Glisson fit is much worse for‘the indium face characterized

by the minimum in Eg in its interior.

»
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Composition ¥ _Experimental Moon Glisson -
000025 : 1.395 1.384 1.357
000675 1.264 1.253 "1.226
002500 | 1.384 1.367 1.344
002525 1.230 1.247 1.252
002550 | 1.178 1.170 1.172
005000 1.239 1.227 1.196
005025 1.088 1.115 1.120
005050 ©1.044 1.050 1.053
005075 1.040 1.031 1.017
007500 1.106 1.090 1.066
007525 ‘ 0.977 0.989 1.001
007550 0.926 0.938 0.949
007575 . 0.957 0.937 0.938
001025 0.854 0.868 0,851
001050 0.846 0.834 0.812
001075 ~0.875 0.855 0.838

Table 6.13 Energy gap values (eV) for the copper face determined

experimentally, and using the Moon and Glisson

equations obtained by fitting to the C parameters.
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Composition Experimental Moon Glisson

001025 . 0.854 0.868 0.840

001050 0.846 0.835 0.797

001075 0.875 0.855 0.826

251000 0.966 0.966 | .0.926

251025  ~ 0.859 0.877 0.893

251075 0.870 0.852 0.867

251010 0.927 - | -0.917 0.885

501000 1.032 | 0.996 0.943 M
501025 0.898 0.902 0.914 T
501050 0.845 0.858 0.873

501075 0.859 . 0.862 0.872

501010 0.916 | i_ 0.915 0.872

751025 0.912 ° 0.943 0.952
751050 0.893 0.889 0.836

751075 0.872 ' 0.882 0.8%0

751010 0.930 0.922 9.890

101025 1.040 . 0.999 0.958

101050 0.933 0.934 0.878

Table 6.14 Energy gap valués (eV) for the indium face determined

experimentally, and using the Moon and Glisson

equations obtained by f£itting to the C parameters.
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$ariation of energy gap, Eg, for the Cu face as a function
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-

of z at various constant values of y. Solid curves
correspond to the variations predicted by the MMoon et al
equation. Dashed curves correspond to the variations

predicted by fhe Glisson et al interpolation equatioen.
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6.5 Application of the Three Dimensional Analysis Developed

from the Moon et al Interpclation Eguations

Using the three-dimensional interpdiation equation (6.215

and the walues of the B and C parameters listed in Tables 6.2 and 6.1
respectively, values of the lattice parameter a were predicted for

compo§itions in the interior of the cube. The same proceduge was‘
followed for the ¢ lattice parameter using the B' and C' par#meters
given in Tables 6.3 and 6.1 respectively. All data predicted in this:
way is shown in Table 6.15 and is compared to the appropriate experi-
mental values. Graphs have been plotted shéwi;; the experimental points
and éurves predicted from the three dimensional analysis extendeé from
the Moon formulation. These are shown for thex = 0.25,v = 0.7?, and
z = 0.75 planes in figures 4.i5, 4.16, and 4.17;respective1y by the

“

dashed line and can be compared to the 26 ﬁarameter power series fit .
indicated by the solid line on the same figures. From these figures
it can be seen that the accuracy of the pfediction appears to be about
the same as in the case of the 26 term average parameter fit. This can
also be seen by compariso; of the standard deviation of the predicted
points corresponding to each analysis. Tor.-the power ser;es fit to the
interior points ¢ = 0.0029om amnd ¢ ; 0.005%9mm for_the latticde parameters
2 and ¢ respectively. £%ese figures can bg compared to ¢ = (.0028 nm and -
¢ = 0.0046nm corresponding to the a and ¢ lattice parameters predicted
from the three dimensional Moon analysis. Thus the a and ¢ predictions

-

for the interior points are equally good for the power series and

extended Méon formulation, showing that the three-dimensional analysis

is acceptable. : . )
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Composition Experimental 3D Analysis
‘ a(nm) c{nm) a(nm) ¢ (nm)
252525 0.5764 1.1338 0.5817 1.1412
252575 0.5973 1.1784 0.6005 - 1.1871
. 255025 0.5838 1.1514 0.5849 | 1.1573
255050 0.5938 1.1780 0.5939 1.1785
255075 0.6084 1.2144 0.6040 1.2015 . .
257525 0.5859 1.1716 0.5885 1.1722
257550 0.6002 1.1965 0.5977 1.1924
257575 0.6139 |  1.2146 0.6080 1.2144
502575 0.6055. 1.1857 0.6074 1.1874
505075 0.6112 1.2040 0.6106 1.2033 -
507525 0.5908 1.1706 0.5945 1.1741
507550 0.6054 1.1960 Ojgb&l 1.1949
507575 0.6157 1.2191 0.6142 1.2183
752575 0.6153 1.1880 0.6156 1.1857
755050 0.6052 1.1743 0.6091 1.1761
755075 0.6189 1.2036 0.6185 1.2027
757550 0.6089 1.1909 0.6117 1.1941
757575 0.6224 1.2202 0.6216 1.2192
< 0.0028 0.0046
(oum}
Table 6.15 Experimental data and predicted lattice parameter

© values for interior compositions using the

3-dimensional extension of the Moon formulation.

-
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The standard deviation of all the experimental poiﬁts from the
three-dimensional extension of the Moon formulation was calculated to be
b = 0.00l6nm and ¢ = 0.0043nm for tﬁe a and ¢ lattice parameters res-
pectively. These figures can be compared to ¢ = 0.001l5nm and
g = 0.0023nm for the a and ¢ parameters respectively, determined ;imi—
larly using the 26 term;bower series expression. The power series'pre-
dictions are better, especially for the ¢ parameter. This is expected
since the power series expression was developed by fitting to all.

6 fages, leaving‘only some 18 points to be predicted. In the Moon

case, fits were made only to the cube edges to predict values on the

faces and in the interior the cube.

6.5 Summarv

Two separa;e interpolation equations to estimate the band gap
and lattice parameter values for alloys of the general form
Al_ Bxcl-yDy have been -developed by Moon et al (74ML) and Glissom et al
(78G1). These are given in terms of the values for the termary
compounds, ABC, AﬁD, etc., in equations (6.10) and (6.11) respectively.
The two formulations differ by the manner in which a bowing parameter
enters each analysis, the bowing being two times larger at the centré *
of the composition range in the Moon analysis. i

The lattice parameter data was used to test these interpolation
equations by comparing the experimental values in the interior of the
faces to those predicted by Moon and Glisson. Both of the interpoiation
equations were found to give values within the limits of experimental

error, with the bowing parameter being small for all variations of

lattice parameter with composition.
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For the energy gap analysis the interpolation equations (6.10)

and (6.11) were used to fit all of the experimental data on the faces.

.

Since the bowing is larget for the energy gaps, the. difference between

the two methods was greater, and the Moon f£it gave consistently better

]
results. ‘

In order to fit the values of lattice pérameter for alloys

of the form Al-xBxcl—yDy(El-ze)Z’ a three dimensional interpolation
equation was developed from the Moon formulation. This is given by

equation (6.21) and was used to predict values of the lattice parameter’
- . . ’ >

- for compositions in the interior of the cube. Graphs were plotted

showing the experimental points and predicted curves for the x = 0.25,

P

vy = 0.75, and z = 0.75 planes. The accuracy of the prediction was
found to be the same as in the case of the 26 term average parameter
fit done in Chapter IV. When all the points were considered together,

however, the power series predictions were found to be more accurate.
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CHAPTER VII — c¢/a RATIO AND ELECTRONEGATIVLTY VALUES

-~ . <.

7.1 Introduction

With ideal oxrdering, the chalcopyrite structure should have

c/a = 2. Howeyer, interaction between.the ordered cations and the.
anion sublattice causes the positioms of the atoms to be changed to
some extent from the ideal positions and this change results in tetra-
gonal distortion which.éan be most easily observed in the deviation of
the ¢fa ratio from 2. Thus, the value of (2-¢/a) = 4 can be taken asm.‘
a measure of this tetragonal distortion, and in almost all cases for
;halcopyrite materials, 4 > 0. .

' Oné of ;he factors which influence the tetragonal:di§£ortion
is the electronegativity values of the_atoms (7551). Various attémpts
have Jbeen made to re;ate the ‘values of 4 to the eleﬁtronegativity values
of the atoms in warious I-—III-VI2 compounds. -Thﬁs-?hillips (73P1) has

proposed that for a I-—;II-—VI2 compound the relation

A= -o-squ + 0.25){B + o.15xc+0.1 ' (7.1)

should apply, where'xA, XB, and XC are the electronegativity values

of the I, IIT, and VI atoms respectively. However, Weaire and

Noolandi (75%1) have indicated for a group of I-III—VI2 compounds with

a given A (i.e. I atom), & obeys the relation

-

pex, - x% . L (7.2)

No analysis of this type has as yet been applied to alloys of these

materials and so it is of interest to determine wvalues of 4 for the
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present alloy system and to use these to test equatioms (7.1) and (7.2).

7.2 c/a Ratios and Test of the Phillips andSWedire & Noolandi

Equations ) i .

" Various values of electronegativity have been pfoposed at
different times but both Phillips and Weaire & Noolandi make use of
the electronegativity values given by Phillips (73?2). Thus these values

will be Gsed here and are listed in Table 7.1.

Atom Electronegativicy
Cu 0.79
Ag ©0.57
Ga 1.13
In .99
‘ Se 1.79
Te L 1.47 )

Table 7.1 Electronegativity wvalues proposed by Phillips (73P2)

Since the Phillips equation contains XC while the equation

of Weaire and Noolandi does not, an initial analysis was carried out
for the results of the tellurium and selenium faces since in each of
these two sets, any contribution from the VI atoms might be expected

to be constant., It is assumed that since the copper and silver atoms

are at random on the I sublattice and the gallium and indivm atoms are
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at random on the III sublattice, it is :g_taasdnaﬁle to replace XA by .-

-

(]: - x)]‘{cu + XXAg and KB by (_1‘—-y)XGa + YXLn' When thi.s is done,

in the case of the Te facge, the Phill:‘.fasequation takes the form

A = ;g.so 4{(1 - 0X,, + xXAg} + 0.25{(1 - ¥IXg, + ¥yX } i

+ 0.15% +0.01 : ¢ )

while the Weaire and Noolandi relation can Bbe written as

L2 C o ) ) e 12
A=K {1 "”‘Cu”ﬂAg‘ (1‘3’)"_@5{- ¥}

. 2 . . ; 2 ‘ ' . P
K {hCu xGa + x(xAg - xCu) - Y(}’Tn B kGa)} ' ] )

or

. where

L . - ..
A‘=p=P+Q:c+Ry, . - /(7-4)

).

_. P=K(XCu-X s Q“KCXA - X ).,‘an& R’:--K(XJ:n-KGa

SIS . Ga g Cu
. . \

Graphs of 4 against x at constant y and against y at constant

~

x were found to be definitely non-linear, indi%ating that the present

results do not fit the Phillips equation (equation (7.3)). However,

graphs 1.'&3ﬁ (= u) plotted in a similar fashion were good stra.ight I_Eines
as is seen from figure 7.1.  This indicafés that equation (7.4) is
satisfied by the present experimental data. Also, as is seen from
the expression for Q and R, the lines in each set should be .parallel

. and this is observed in the graphs.
~~ . . -

o o - 150 -



" Figure-7.1(a)

0.25 050 - 075

Variations of y for the Te face as a function of x

at various constant values of ;.
y=00Q, yvy=0.24A, y=0.500, vy=0.75 @,

~Q
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Figure 7.1(b) Variations” of u for the Te face as a function

of y at various constant values of x.

x=00, x=0.25A, x=0.500, x=0.7@, x=1.04

v
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The value of K is not known, but from equation. (7.4), the -

ratios of the coefficients,e.g. Q/R etc., should be related to the

electrdnegativity values ggyén in Table 7.1. All the values of ¢ for

the Te face were fitted to equétion (7.4) using the usual least squares

fit (see appendix) and vaiues obtained for the parameters viz. P = 0.178,

Q= 0;205,.and R = -0:130. Thus the ratiec of —Q/R =‘£,5§ in this case.
A_simiiar -analysis was carried. out-for all'sf.the points of

the Se face and the resulting parameter values were P =.0.178,

Q = 0.260, and R = -0.167 giving —Q/R = 1.55.

From the definitions of Q and R, _ <.
- . o~
_ . tag T %
R ,th - hGa,

s 4

-

and using values of Phillips electrornegativity in Tabple 7.1 this

gives —Q/R = 1.57 which is in very good agreement with the values

determined above from the present experimental data.

However if ratios involving P are considered, the agreement

is less satisfactory. For the Te face, the experimental value of

Q/P is 1.75 while that for the Se face is 1.45. In comparison,

X, =X

Q__Az "Cu _ 0.65 4
P X.. - X
Cu Ga

from the.Phillips values in Table 7.1. But as was Indicated by
Phillips (73?1),.the effect of the VI atoms should not be zero as is
implied by equations (7.2) and (7.4). Thus, in the cases of both the
Te face and Se face, there may be a constant contribution from xTe

or XSe and this would affect the value of P in the analysis.

/



In an attempt to allow for the effect of the VI atom,

equation- (7.2) has been modified to

- -

’ 2 2 - 2 |
A=y = KX, - X+ QX)) ) (7.5)

where q is a fractional value 'to be determined. In the case of the Te

face, this leads to

-

L K‘O{Cu. - xGa + qXTe) + x(XAg - xCu)-y(xTn - xGa) (7.6)

i.e. P now has the walue K(hcu - XGa + the)

and
\ - kCu
XC c- X + q)\.re

Q-
P

Using the experimental-véiue of Q/P 1.75 and the Phllllps values of
Table 7.1, this gives q = 0.14. A similar use of the values for the
Se face gives q = 0.11. Thus the data for the Te and Se faces can
be reasonéﬁly well fitted by equation (7.6) if a value of q of the order
0.1 is .assumed. It is to be note% from equation (7.1) tha; Phillips
proposed a lesser contributiop from the Te and Se atoms than from the
others in the compounds. .

This amalysis can now be extended to the other faces of

the cube and to the alloys inside the cube by replacing equation (7.4) by

u o= 3 {1 - x)XCu + xXAg - (1 - y)xGa‘T yXIn + q(1 - z).X,Se + ?sze}

] - - - - - -7)
- Ki XCu XGa * que + x(xhg XCu) yGKIn xGa) + qz(XTe XSe)} 7

=P 4+ Qx + Ry + 52 : ﬂ
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- where

P = KXy, = Xy + Xgo)r Q- K(XAS - %0,

. R= —K(X _=-X.), and § = qK(Xg —'XSQ).

-

(7.8)

Tf the four other faces are considered separately the appro-

priate equations become

Cu face (x = Q) ¥ =P+ Ry + Sz

Ag face (x = 1) : u=(P+Q + Ry + Sz
Ga face (y = 6) p= P+ Qx + Sz

In face (y = 1) B =

(P +R) +Qx + Sz.

For each face, the experimental values were fitted by a least

fit and parameter values determined. These are listed below.

Cu face - P = 0.179 R = =0.137 S
Ag face (P + Q) = 0.422 R = -0.131 5
Ga face P = 0.190 Q = 0.237 s
In face ~ (P + R) = 0.051 Q =,0.203 s

squares

= ~0.046
= ~0.093
= =0.073

= ~0.063

Considering first the values of R; Q, and R, these are quite

consistent within the limits of experimental erroxr. If equations (7.8)

to (7.12) are used with the values of X in Table 7.1, ratios Iinvolving P, Q

and Rbut'not S for the various faces can be used to give values of q.

.« &
v

The values obtained are given in Table 7.2.
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face q

Cu 0.09
v Ag . 0.06
Ga 0.Q9 ;
* Ty

In 0.08

-

Table 7.2 Values of q for the Cu, Ag, Ga, and In faces calculated
using the Phillips eiectronegativitie‘i

These values again indicate that a reasonable fit to the_ experimental
data néeds a value of q of the order 0.1.

Turning t; the values of § éetermined ag;ve, it is seen that
there is rough agreement between these, :amd '_that"they are zll negative.
However, it is found that if these negative values are used in ratios
with P, Q, or R,in each case negative values of q are’ obtained. Thus
the values determined from S, the coeffic;ent of z in equation (7.7),
appear to be anomolous. One explangtion that can be suggested is that
q is not comstant but differs somewhat from one VI element to ano;her.
If this were the c¢ase then q-itself would be a function of z and in
equation (7.7) this would have a small effect on the parameter P but
could greatly affect the value of §. Also, for the analyses of the
separate Te and Se faces, z wouid be conséaﬁt in each case so that the
positive values of q:given above, in those casés, would appear to be
_the valid ones. However,.;qure detailed analysis making q a function

of z would not be justified with the present experimental data.
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e One parameter not considered so far is K. Weaire and Noolandi,

indicate that this parameter may depend to some extent on the elements

present in the compound considered, but give no final form for K.

I the above analysis, since q occurs only in the expressions for P and

S8, values of K can be determined by using the experimentél values of Q@

and R with the X vélues of Table 7.1. The values of K so obtained

are given in Table 7.3.

- - .
face K |
Cu -0.98 ’ oot
Ag -0.94 \

Ga -1.07
£
, In —0.92 .

Se =-1.19 ¢
Te -0.93

Table 7.3 Values of'K for all faces of the cube determined from

.

experimental values of § and R and the Phillips elec-
.tronegativities. '

(The negative sign for the K wvalues is of no significaﬁce,-sinde -
‘equation (7.6) is the square root of equation (7:5)-and either sign
could be taken). These valués seem to indicate that the’ elements
of lérger electronegativity give 1argetlvaiues of K.

If equation (7.5) is applied to all of the available

experimental data, the f£it Is only an approximate one and mean

sk |
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values of q and K are obtained., However since -the variations of
q and X with composition do not appear to be very large, it is perhaps
useful to obtain these mean values. Equation (7.7) can be written

"in the form

p = K{(1 *x)XCu + xXAg - Q- y)XGa - yXIn} + Kqi(l - z)xse + sze}
i.e. u = Ka + Kq8 (7.13)

o -

where for each sample & and § can be determined from values in Table 7.1.
- ~
Equation €7.13) was fitted to all the 102 alloys values which had been
:considered to be ‘single phase, and values of K and Kq determined by a

least squares fit (appendix). The resulting values are K = 0.90 and

g = 0.105.

7.3 : Summary .
Separate equations have beeh:proposed by Phillips (73P1l) and
Weaire and Noolandi (75W1) to relate the tetgégonal distortion,

p=2-%

2’ te the elgctronegétivity vaiues in various I—III—VI2,
comﬁounds. The relatiopnship proposed by Phillips giﬁes a as a linear
function.bé all the electronegativities, whereas the Wea;re and
Noolandi equation shows A% proportional to the electronegativities of
the I and III atoms only. ,

Graphs of A against x at ;onstanéjran¢ against y at
constant x were plotted for the tellurium face ;;d were found to be

. 1 : . ‘
non-linear. Graphs of:a” plotted similarly were found to give good,

straight, parallel lines. This indicates that the Weaire and Noolandi



proposal 1s satisfied by the presént experimental data.

With p defined as p = A%, all the values of.u for the Te and
Se faces were firted to the Weaire and Noolandi equation. The parameters,
P, Q, and R, functions of the eléctronegativities.of the atoms and some
constant, K, only, were determined for each face from the fitting.

(P, Q, and R are'defined in equaﬁion (7.4)).. A ratio of the Q and R
‘parameters, thus obtained were compared to a Q/R value determined on;y
from the electronegativities of the atoms. These ratios were found to
agree quite well for both the Te and Se face. Sim%}arly, the ratio of
the ¢ and P parameters was_;&so calculated for each of the Se and Te
faces. These were found to be quite difféerent from the values cal-
culated from the eleétroneggtivities of the atoms since the effect of
. the VI atom is not zero as suggested by Noolandi and Weaire.

The Weaire and Nﬁolandi equation was modified in order to
allow for the effects of the VI atom by making A35 a function of some
fractional value, g, of the VI atom.electro??gacévities. The data for
the Te and Se faces was found to fit reasonably well to the new
equation if a value of q of the order of 0.1 was assumed. The
experimental data for/gach of the faces was fitted to thg modified
equation and the parameters determined -in each case. These were found
to be consistent within the limits of experimental error.

Values of the constant K in the modified ;éaire er al
equation were determined using the experimental values of Q and R
with the electronegativities for each face. The resultiag-K values
seem to indicate that elements of larger electronegativity give larger
values of K. Average values of q and K were obtained by applying the
new equation to all of.tﬁp available experimental data. The resulting

values are K = 0.90 and q = 0.105.
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APPENDIX

Least Squares Fit to N Parameters ‘ -

The various equations which had to be fitted to the experi-

mental peoints could, in every case, be reduced to a power series of

~the form

—~ Aa +Bb + Cc +Dd + Ee + ... = t, "(A.1)

where”a, b, c,-etc. and t aré variables charactéristic of a given'alloy
sample and are functions of the coﬁbosition variables x, v, and =z.

A? B, C, etc. are coefficients té be determined under'the conditions
that the number of available experimental peints, n, is greater than
the number of wvariables, N. One standard method of least squares
fitting to determine tge coefficients is as follows.

A set of equations is obtained by multiplying equation (4.1)
by each of the wvariables, é; b, ¢, ete., and in turn'summing each of
the resulting equations over all of the experimental points. ~This
gives equations of the form ¢

AIaz + BIab +-Clac + ... = Iat

Arba + BEBZ 4+ CIbe + ...

AZca + BIch + CZc2 + e

bt , (4.2)

n

Zet

Values of the coefficients A, B, C, etc. can be obtained by simulta-

-

neously solving the N equations (5.2{. When N qu? this gives a simple
form which can easily be calculated. 1In Qhe present work the largest
value of N used is N = 9, and in this case standard computer ﬁrograms

*are available to evaluate the determinant invelved.
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ABSTRAFT

Polyerystalline samples of the zalloy system
‘v(Cul_xAgéxcal_yIny)(Sel_ éz)z were prepared from the elements by the
sténdard.melt and anneal “technique. & -total of 125 differeﬁt'allby
compositions having values of X, v, and z of 0, 0.25, 0.50, 0.75, and
1.0 wvere made. Debye-Scherrer x-ray ﬁowder photographs were obtained
for each of the alloys to check for homogenenity and the range of solid
solution. Single phase solid sclution was found throughout the.
Cu (x = 6), in (xﬁ= 1), and Te (z = 1) faces of the cuﬁic composition
range. Th; Ga (y = 0), Ag (x =1) and Se (z = 0) faces, were found
to show some multiphase behavior.

X-ray powdeé photographs were analyzed in 6rder to determine
values of the lattice parameters, a and c, and these were plbtted as a
function of composition for each face. TFitting was done using a nine
tern power series expre;sion and the resulting equations were used to
draw contours of constant a and ¢. In a general three-dimensional
‘analysis, the power series fits to each face were used to determine the
coefficients of a 26 term power series using an avergjing methed. The
accuracy of the résulting equation was checked by predicting lattice
parameter values throughout the entire composition range and calcu-
lating the standard deviation of the predicted values from the experi-
mental values. - a;%i

Energy'gap_valués, Eg, were investigated using edther ab-
sorption or photoacoustic techniques fof all samples found to be single.
phase. Measurements were not always succgssfu}, complete energy gap

data being determined for the Cu and In faces only. Values of Eg for

these faces were plottej/ig.a function of composition and firted to a



~‘.
]

Y

power series® expression. Contours of constant Eg were drawn.

4

———

Nearlf-compléte Eg'daéa was obtained, for the x = 0.25 and
.é = 0.75 planes. These values were plotted as a function of the
variables z and x fo; thelx = 3.25 and z = 0.75 planes respectively.
Curves of constant y Qefe fitted to parabolic.form.

| Two separate interpolatioh' equations estimating the band gap
and 1atticé p;rameter values in two-variable systems of alloys were

tested using the.data from the faces. Both equations gave values

" within the limits of experimental error for the lattice parameter. For

w .

? éﬁergy gap déta, one eguation gave_cﬁnsistently better results: This
equation was used to develop a three~dimegsidnal model to.predict
lattice parameter-valGES‘in the.interior of the cube. The accuracy
of the predicciﬁné.was found to bé comparible to that of the‘26 term
power Séries'e¥pression. . B

. ;- » The tetragonal dist?rtioh, A=2~cl/a, wés calculated for -
;éach of the alloys. -Various rela%ionships having been proposed _-
—— . ) . .

Eelating A to the electronegativities of the atoms, were checked using
the'.present experimental data.. The eqfiations were modified in order

N : - .

. to obtain better agreement between experimental values and the predicted

. Fi T
values. Fitting was done.to each face separately and to all compositions

+

together in order to obtain unknown parameter values in.the~modifie&

- -
v

equation.
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