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ABSTRACT

_ . This thesis . investigates the crystalloéraphy and opticai

//;roperties of some quaternary compounde.as well as'the behaviour of the

‘Fz point energy gaps as ;a function of temperature for several

compositione of the alloy system CuGa(Gel_ )2.

Polycrystall1ne samples, of the general chemical formula I-[]-III-IV-

Seys where [] 1nd1cates a vacancy in the lattice structure, were

produced by direct synthesis, e%d used for both crystallographic
investigations and transmission measurements.

Debye-Scherrer X-ray powder photographs ' were obtained for the

_ “"to@pounds.'An analysis of the films showed that the lattice structure is

tetragonal with c/a ratios ranging from 1.73 to 2.88. Calculations

involving relative diffraction 1line intensities showed that this

structure is chalcopyrite and further, that the vacancy is associated °

with the Group I cations.

Transmission meéasurements were made on thfﬁgg}ycrystalllne quaternary

samples and the nature and value of the lowest band—-gap Eg for the

materials were determined., The lowest band-gap would appear to be a

direct transition. : (:F \\

A study of the behav1our of thé lowest bamd-gap as a function of
temperature for two quaternary compounds AgGaSnSe4 and AgGaGeSe, was

undertaken, the value of Eg being Kdetermlned'_from transmission

. measurements, As this variation of Eg with temperature could not be
fitted to the Varshni equation (67V1),
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E = E_ - yI°/(8+T)
the Manoogian—peclerc equation (79M1) ‘was used:
E =E —-U'I‘gz\ll/(vthﬁ—l).. ,

Measurements of reflectance as a function of temperature from 4 K to
306 K were made on a single grystal sample of CuGaSnSe4 u51ng light
polarlsed (a) perpendicular to and (b} parallel to the ¢ axis of the
crystal. Values of the energy gaps EA' EB and EC between the three
valence bandsland the conduction band were‘thusrdetermined as a function
of temperature. These values were “fitted to the Manoogian—Leclerc
equation. Values of spin-orbit splitting Aso and crystal field

splitting‘Acf were determined and the temperature variatiop of these

quantities explained in terms &f contributions from d orbitals to the

valence band. Values of the various spintoxbit splittings and
deforMation potentials are discussed in the text.
Measurements of reflectance as a function ‘of temperature from 4 K te_.
300 K were made on~sing1e‘crystal samples and one polycrystailine sample
of the';iloy system CuGa(Se S )2 Values of the energy gaps E, and Eg
only were thus determlned as a functlon of temperature. The variations .
of these gaps were agaln fitted to the Mancogian-Leclerc equatlon. The
~values of the varicus parameters Qe - a function of alloy composition are
dlscuésed in the textv The crystal f181dISEIIPt1ng of CuGaS, as a
function . of temperature was determined and explained “in terms ;of'

contributions to the valence band from the d orbitals. _ Values of the

deformation potentials used in the analysis are discussed.
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1* Chapter T

- INTRODUCTION &

1.1 PREAMBLE

In recent vyears, it has been argued that applied research is
more worthy of public funding than pure research. While it iﬁk an
»

undeniable fact that applied research vyields fairly immediate 'and

lucrative dividends, such investigations would not in many cases hauonnh\\

rl
r

been possible without the 'pure' research that came before. This is

‘certainly the case in the field of semiconductor physics.

Semiconductivity was first discovered by Faraday in 1883-when the
temperature coefficient of resistance of silver sulphide was observed to
be negative. Earlier in 1874 F. Braun and A. Schuster had been the first
to investigate rectifying systems using for the most part natural
crystals of lead sulphide and copper oxide. Definitely, at that time,

such studies had 1little application outside the laboratory and were

. but curiosities to occupy the minds of learned men. This was the case

for almost seventy years as experimentaiists and theorists continued to
expand the body oE knowledge. However, the invention of the
semicopducting transistor in 1949 (49B1), touched off a technological
revolution, which not only drew upon this knowledge, but simultaneously
stimulated expanded research into new semiconducting materials -"and

properties.



oy

\\\In a mere thirty vyears, }knoﬁledge which at one time was of little

»

ich much benefit acrues.

soclological relevance, ; has become the focal point of much of todays
high technolody fifyrﬁﬁ)

1.2 BRIEF HISTORY

Essentially this thesis 1is concerned with the investigation of

o -

new semiconducting materials with respect to their optical and physicél

'//_, properties.

Early researchers concentrated on the elemental semiconductors
silicon and germanium, which form in the diamond lattice structure. ~ In
1952 it was reasoned that those compounés which were iso-electronitc,

i.e. tetrahedrally bonded, with the elemental semiconductors might also

~  share their propérties (52W1). This led to the investigation of the
compounds. These compounds have the zinc-blende structure, which
is derived from diamond structure and consists of two ordered
interpenetrating sub-lattices. InSb was the first of these to be
extensively studied; also of interest was GaAs, the structural and
electronic analog of germanium.
As thé possible III-V compounds were being investigated, thej
. obviougly advéntageous possibility of alloying the binary compounds was
considered as one possible way of extending various semiconducting
parameters. In the mid 1950's work was begun on the mixed III-V ternary
.systems by such workers as Goryunova, ;vanov—Omskii and Woolley, and is
still continuing today (78Gl, 79Gl, 80Gl). This way, instead of

discrete values of such parameters as band-gap or effective mass,



dontinuous ranges could be made available fo the technologists for

device applications. With ﬁhe advent of vapour and liqpid phase thin

film single crystal techniq&es, researchers began to study III-v

quaternary alloy systems. Such alloys would provide a range of not only
. .

the previously mentioned parameters, but also a wider variation of

n
lattice constants. Thus, materials with the desired optical and

electrical characteristics could be grown on a substrate of quite.

different composition, facilitating device production.

Another path which was followed was the study of the II-VI
compounds and the ternary II-VI alloys of =zinc-blende structure.
Following from this, | interest grew in the ternary chalcopyrite
structured compounds derived from either the TI-VI's, ie: the
I—III—VIz's, or from the{IIij's, ie: the II—IV;Vés (53H1, 54D1, 57Gl).
Typical exa@ples are CuGaS2 for the former and ZnGeA52 for the lattér
case.

Previcus interest in chalcopyrité structure materials was directed
toward the production of thermoelectric devices. Presently the interest
in these materials is for possible applications in the fields of solar,
luminescent, and non-linear devices. While much has been, . and still
remains to be done on ternary chalcopyrites, researchers are beginning

to shift to the derived quaternary and Féntenar§ compounds and alloys of

the ternaries .

With this in mind, some thirty polycrystalline quaternary compounds
of the general chemical formula I—III-IV—[]—VI4 ([1 - vacancy), were

bPrepared and various parameters studied.

Faly



This thesis can be divided into two ﬁain topics: (1)
characterization of the materials with respect to their crystaliographic
p:opérties and (2) the wvariation of the band-gap values of these
materials as a function of composition and temperature.

The first Eopic is dealt with in Chapter 2, The preparation of
these quaternary compounds and their crystallographic structure and
ordering .condition, és determined from an analysis of Debye-Scherrer
powder X-ray films is "discussed. A comparison of several adamantine
structures will also be presented. Chapters 3 to 6 deal with the second
tobic. In Chapter 3 the basic theoretical and experyngntal aspects of
the dgtermination of a principal band-gap value from an analysis ‘of
transmission measurments will be discussed. As well, the results of room
temperature transmission measurements on these compounds will be
presented with particular emphasis  on the variation of the principal
band-gap as a function of composition. The behaviouf, as a function of
temperature, of the lowest direct band -gap, Eg, of two of the
guaternary compounds, AgGasnSe , and AgGaGeSe4, is dealt with in the
fourth chapter. This behaviour is aﬁalysed using the semi-emperical
equations suggested by Manoogian and Leclerc (79M1) and Varshni (67V1).
Chapters 5 and 6 discuss feflectance measurements made on single crystal
samples of the quaternary compound CuGaSnSe,, and the ternary alloy
system CU‘Ga(SEl_‘XSX)Z respectively._ The behaviour of the T point band-
gaps, as a function of temperature, for the.above mentioned materials,
is discussed with respect to the Manoogian and Leclerc equation. In
Chapter 5, the values of the crystal field and spin-orbit splittings of

the wvalence bands for CuGaSnSe, are calculated using the Hopfield



relation and their variation with temperature is discussed. Similarly,
the behaviour of thé crystal field splitting of CuGaS, as a function of

temperature, is discussed in Chapter 6.



Chapter II

STRUCTURAL ANALYSIS

2.1  INTRODUCTICN

Any material with a crysta]lographic structure derived from the
teErahedrally bonded diamond structure can be  called adamantine.
Typical examples are the Group IV elements which crystallize in the
diamond structure, the III-V compounds which have the zinc-blende
structure and various ternary compounds which crystallize in' the
chalcopyrite lattice structure. Two basic requirements for these
structures to be adamantine are a; an average of four valence electrons
per lattice site (79P1) and b; equal numbers of anions and catio; sites,
The I—III-—IV—[]—VI4 cémpounds satisfy this condition by having one
cation site in four vacant - thus being examples of defect adamantine

compounds. The assumption that the vacancy acts effectively as a cation

-is wvalid in as much as in all known examples of defect adamantine

compounds, the lattice vacancies only occur on the cation sites.

As  the main aim of this Chapter is to establish the
crystallographic structure and the ordering conditicn of these
compounds, it would be instructive at this point to review the

previously mentioned adamantine structures.



Fig. 2.1 Perspective drawing of the diamond structure.
Shaded atams differentiate the two interpenetrating
sub-lattices.
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(b} Projection of atomic
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‘Figure.2.i 5566;— a pérspeé&ive drawing of the diamond structure.
The tapered arrows indicate the tetrahedral bonding to the four nearest -
neighbours. Figure 2.2b is a projection on 1@ cube face of the atohic
positions in the unit cell. The shaded circles at @ and 1/2 are on one
face centered.cubic lattice and thbse"at l/@ and 3/4 are on a similar
lattice ;isplaced along the body diagonal by a quarter of its length. As
can Ee seeq there are eight atoms per unit cell.

The point and sp;;e group syﬁmetry of the structure is shown in
Figure 2.2a.rAs indicated, there is an inversion centre at the mid-point
of each line connecting nearest peighbours.

The III-V compounds with one cation (III) and one anion (V) and an -
averaég%'of four valence electrons pPer site <are adamantine compounds
which crystallize in the-zinc—blende structure. Examining Figure 2.3, it
is evident that this étructure results from the diamond structure when
Group III atoms‘are placed on one fcc lattice and Group V atoms on the:
other. The bonding is slightly different in that a degree of ionicity is
introduced. The planar map, Figure 2.4b, showing the atdmic positions of
this structure is seen to be similar to that depicted in Figure 2.2b.
The only difference is that the shaded circles now differentiate betwé
the two atoms as well as the two sub-lattices. The ordering of the ato::\\\_
reduces the symmetry to that indicated in Figure 2.4a. It is evident
that there is no longer an inﬁersion centre between neafést neighbours
and that the diamond glide symmetry is also lost. As well the.screw

tetrads of the diamond structure are reduced to screw diads.
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Fig. 2.3 Perspective drawing of zinc-klende structire (Sphalerite) .
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When one alloys these compounés-atogether, the structure remains
zinc—élende Sut now the constituent cations (or anions, depending on the
case) are randomly arranged on the appropriate sub-lattice. GaxInl_¥As
is an example of such an alloy system. On an average taken over many
atoms, it will appeér as if the cation sub-lattice is occupied by
identical atoms of the form (GaxInl_x).

lThe compounds and alloys formed from the combinations of Groups
f,III and VI atoms are also adamantine. However because of the ordering
of the constituent atoms, the ﬁnit cell symmetry is no longer cubic as
in the above cases. These Conpounds have a tetragonal structure with c/a
ratios equal to or-slightly less than 2.  One example is CuGaSe2 with a
c/a ratio egual to 1.962 {7581}. . The-structure involved is identical
with the CuFeS2 é%ructure, commonly known as chalcopyrite. The unit cell
of this structure contains sixteen atoms as compared to eight atoms for
the previously discussed structures.

In the chalcopyrite structure there are two cation sub—lattices
each occupied by one type of cation and one anion sub-lattice. Thd
planar ﬁaps of the lattice sites projected on the c and b faces, shown
in Figures 2.5b and é.Sc, clearly show the three sub-lattices involved.
The shaded and open circles represent the two cation sub-lattices and
the crosses the aﬁfggxéub—lattice. Due to the difference in bond
strengths, the anion positions will be shifted by a small amount from
the ideal positions towards one of the pairs of cations. One can see
this in Figure 2.6 where the tetrahedral bonding is indicated by the

tapered arrows.
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It is immediately Ohxiggg_fznm_,fggﬁ:es 2.5b and 2.5 that . the

'doubled cube' ordering of the elements gives rise tc a considerable
lowering pf,the symmetry oé the crystal.' For example, in Fﬁgure 2.5a it
can be'séen that the previously-mentioned screw diads of zinc-blende are
lost altogether. Also eliminated are the inclined triads of the cubic
structures: As well, the inversion tetrads bfsitioned at the centres of
the octants for both diamond and zinc-blende structures are reduced to
screw diads.

Alloys of these ternary compounds have a randam arrangement of
atoms on the appropriate sub-lattices as is also the case with the zinc-
blende compounds. For example, in the CuGa(Sel_xSx)z system the cations
are located as before but now there is a random arrangement of the
sulphur and selenium atoms gon the anion sub-lattice. Similarly alloying
AgGaSe2 with CuGaSe2 will result in a random arrangement of Ag and Cu on

the Group I sub-lattice.

The crystallographic structure of the binary and ternary compounds
having been discussed, the question of what structure these quaternaries
compounds will favour, if in fact they form, ariges.

Table 2.1 shows that there are many combinations of the form
I—III—IV-[]~VI4, which can be postulated. However, combinations
involving the row 5 atoms may be ruled out as they do not form
tetrahedrally coordinated Compounds. CQuaternary compounds invelving row
1 atoms are ruled out for technical reasons, but are still feasible;

There remain, therefore, fifty four possible compounds.

- 15 -



TABLE 2.1 SECTION OF PERIODIC TABLE

I III v VI.
5 6 8
B C 0 1
13 lQ[ﬂ 16
Al Si s 2
29 31 32 34
Cu Ga Ge Se 3
47 49 5§ 52 )
Ag . In Sh Te 4
79 81 82 84
Au T1 Pb Po 5

Initial investigation of copper compounds of this type were carried
out by Hahn and Strick (67H1). These authors determined lattice
parameter values, demonstrating that the compounds are tetragonal but
did not establish thé cation ordering condition. Pamplin et al. (77P1)
and most recently Hughes et al. (88H1) have reported further preliminary
work on both the copper and silver quaternary compounds.

In the present work, fifteen selenium compounds have been
investigated. These involve all the possisle combinations of Cu or Ag,
Al,Ga or In, and Ge or Sn as the catlons with selenium as the anion,  as

well as three compounds -involving Si, AgGaSiSe,, - CuGaSiSe, and

- 16 -



CuAlSiSe4. In addition, eight possible tellurium compounds and five
sulphides have been considered, no altminum compounds being investigated

in this case.
2.2 - PREPARATICN

The method of preparation by direct synthesis used previously by
Hahn and Strick (67H1) has been followed in the present work, i.e.
melting together the component elements followed by slow cooliﬁg and
annealing at a lower temperature. The required masses of the elements
were sealed in an evacuated quartz ampoule. The ampoule was slowly
heated (20-40° C per hour) up to 1050-1100° C, 1left at that temperature
for 5-1¢ hours, slowly cocled (1@—2@0 C per hour) down to approximately
see“c and then anﬁealed at that temperature for 10~100 hours before
cooling to room temperature. The heating was carried out in a furnace
mounted on a platform which was slowly oscilléled through an arc of 60°
either side of the horizontal. This ensured good mixing of the
components. During the cooling of the ampoules and subsequent annealing
of the ingots, the furnace was positioned as near vertical as possible,
The resulting ingot was cut up to provide specimens for powder X-ray

photographs and for optical work.

It was found for all of the selenides that the quaternary compound
formed and hence lattice parameter values could be determined. However
in no instance was a telluride quaternary produced; in each case a

[

mixture of the ternary I-III-Te2 plus IV-Te and free tellurium being
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obtained. 1In the case of the sulghide quaternaries, X-ray photographs
revealed that some of the samples produced by the above method showed a
range of structures. One compound, AgGaGe[]5,, was found to have an
“orthorhombic structure, while two others,' CulnSn([]lS, and AgInSn[]S4,
crystallized " in the spinel structure. The rémaining two compounds,
CuGaGe[]S, and CuGasn[]S,4, gave the same tetragonal structure as the
selenides. As the work on the suiphides is not completed, these

compounds will not be discussed further.

In the case of the selenides, the X-ray results showed the presence
to a greater or lesser extent, of small amounts of the ternary I-T1I-Se,
and binary IV-Se, compounds. In some cases the diselenide was barely
discernible and the ternary undetectable. Whether the existence of the
three phases indicated the breakdown of the quaternary into ternary and
diselenide or to incomplete reaction despite the long annealing énd slow
cooling rates was not established in this work. In some cases, it was
found that the ratio of quaternary to ternary could be increaséd by
adding up to 20% excess- IV-Se, to the ampoule charge. This increase
could be determined qualitatively by comparing the relative intensities
of the X-ray lines belonging to the two phases.  However it was found
that the ratio changed only to a small extent. Longer annealing of the
stoichiometric charges at SHBOC‘also increased the quaternary content
but some trace of IV-Se, could .always be detected in the powder
photographs.

In the case of CuGaSn(]Se,, growth of single crystals has been

carried out using the iodine transport temperature oscillation method of
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Pendelofen (77A1). This work has been done by Adan Lopez-Rivera at the
University of Bath in England in collaboration with this group. The
process was carried out in a two =zone furnace - the deposition zone
being subjected to a periodic upward fluctuation of temperature éuring
the growth period. This fluctuation was controlled in five steps by a
microprocessor. The source zone was heated up in two stages; the first
stage was relatively fast (though always keeping the temperature lower
than that of the deposition zone) and the second stage was very sloQ -
this being the nucleation period. The source zone was finally held at
constant tempéFgEE#§: while the cryétals grew.

Needle shaped crysfals of approximate dimensions 1 x 13 mm were
obtained . The vapour transport technique also gave, in some cases,
single crystal platelets of SnSe,. The optimum conditions for the

growth of single crystals of the quaternary compounds have still to be

determined.

2.3 STRUCTURE LATTICE PARAMETERS © )

A set of Debye-Scherrer powdér X-ray photographs for the fifteen
compounds was obtained using 114.6 mm diameter cameras and Cu Kaﬁ
radiation. The positions of‘the diffraction lines were determined and
from the subsequent analysis, the Miller indices involved for each line
were established. The structure was found to be tetragonal and the
lattice parameger values are sumarized in Table 2.2. The values listed
5

for the quaternaries are for .c and a poarameters extrapolated to 9g°

Bfagg angle. An examination of the low angle lines showed that there



was a consistent set of ordering lines present in each film. These were
the (161), .(103),(105),(211), and (301) ‘lines. The position of these
ordering lines showed that the c/a ratios of interest here rarge from a
low of 1.730 for AgGaSiSe4 to a maximum of 2.06 in the case of

CuInSnSed.

TABLE 2.2
SUMMARY OF IATTICE PARAMETERS FOR TERMARY AND OUATERNARY COMPOUNDS
TERNARY a(m) c/a V(0™ m ) QUATERMARY a(m)  c/a Vs~ Pn )

AgAlSe2 #,5968 1.800 383 AgAlGeSe @.5871 1.755 355

4
AgAlSnSe4 .5882 1.821 371

AgGaSiSeA/ 9.5478 1.73 283

AgGaSe2 0.5992 1.817 391 AgGaGeSé4 . .@8.5826 1,782 352
| AgGaSnSe4 P.5869 1.843 373
AgInSe2 0.61¢2 1,910 434 AgInGeSe4 @.5759 1.877 359
¢ AgInSnSe, €.5877 1.920 390

CurlSiSe, €.5584 1.925 335

-

CuhlSe, 0.5617 1.946 344 CuAlGeSe, 0.5575 1.916 332
CuAlSnSe, @.5684 1.954 344

CuGaSiSe, @.5571 1,918 332

CuCaSe, 0.5616 1.962 348 CuGaGeSey 0.5568 1.947 336
' CuGaSnSe, @.5611 1.958 346

CulnSe, 6.5782 2.060 387 CulnGeSey ~0.5646 1.980 355

CulnSnSe, 0.5708 2.0200 379
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To establish which tetragonal structure was involved, a computer
program was written to enable the .calculgtion of the abproximate
intensities of the powder x-ray diffraction lines which would be
expected from a particular ordering. Implied in this statement is the
fact that there would be’ilnes with intensities“identically egqual to
zero. These 11nes which HEnceforth will be called absence lines, will,
along with the consistent set.of indexed lines mentioned previBusly,
establish the general ordering of the cations.

For the purpose of calculation, -it was assumed that the intensity
of the lines on a Deb?e—Scherrer powder photograph would be proportional
to the expression given by egquation 2.1 (51H1). This gxpressign will
not only allow the determination gf the Miller indices of diffraction
lines of =zero and non-zero intensities, but also the relative
intensities of the low angle ordering lines as compared with nearby

étructure lines.
2 . 2 2
- I a{(l+cos 28)/sin ecosG)pApF ‘ {(2.1)

In equafion 2.1, I is the integrated intensity of the diffraction line,
and 6 is the Bragg angle. The trigonometric expression takes into
account the probability that: a particular set‘ of planes will pass
through a reflecting position and that the total intensity of a
reflection ;s spread out along a curved line. This is a slowly varying

function which may be ignored in the low Bragg angle reglon of interest.

Ap is the absorptien factor for the powder sample and will dgpend upon

the linear absorption coefficient u of the material. For all intents

and purposes, Ap can be assumed to be essentially constant over the

&
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regi-on-- of interest and of the Sé:ne magnitude ;for all the samples
considered. Thus this factor will als\d‘be ignored.

The factor p, takes into account the possible number of different

sets of planes whvich can b/e; generated fromra simgle 's:et by the. operation

- of all symmetry elements in the appropriate poin't group. This

multiplicity factor depends upon the Miller indices of the reflecting -

. ‘pianes and on the crystal syrrmet.ry. For the tetragonal symmetry seen

here p has the following values:

,"“‘\‘
\
A
1’ N
hee q . ,
oe1 2
. ho1 8
hk @ 8
- hhe 4
hhl 8
hk1 16
N -

F2, the geometrical structure fa,c«tbfr, depends upon the btype of
¢~ atoms present in the unit cell and upon their relative positions. This

i tem is essentially given by o
"
. .
F™ = (f‘:lfn co:s?n( hx, + ky, + 1z, ) +
(3£ sin2n( hxy + kyy + 1zg 2 (2.2)
n .

5
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where the sumation is taken over all the atoms in the unit cell. It is
this term which can become identically zero for the absence lines. The

atomic scattering factor £, was assumed to be proportional to the

average atomic number of the cation row of the particular atom concerned

’

<
and constant over all 6. Thus recalling Table 2.1 it can be éeen that

-

1 .
for the row 2 atoms a value of 13.5 was assumed for f . Similarly,

n

~ values of 3.7 and 48.7 were assigned to fn for row 3 atoms and row 4

atoms respectively. The atomic number of selenium, 34.@, was assumed for
the valtue of the scattering factor for the anions.

Obvicusly, h, k and 1 are the Miller indices_and Xpr Yp end z,, are
the coordinates, _expresséd as fractional values of the cell dimensions,
of the various atoms involved in scattering the X~rays. 1In Figure 2.7
the cation sites are labelled by the letters A-H and have the
coordinateé‘indicated. The anion sites, not shown, have been assumed to
‘be in the ideal positions mentioned prev&ously.

This approach. is.of course simpkj%ied since apart from = the above
S%proximations, fn has been assumed to be independent:of the Bragg angle
8 and the -wavélength of radiation used. However since the Miller
indices of lines of éero and non-zero intensity and the' relative

intensities of certain ordering lines to adjacent structure 1lines are

required, the simplifications mentioned will not pose any problqgg.

)

The first possibility investigated was that the quaternaries formed

a tetragonal structure in which the two_vacancies of the compounds are
) /
ordered on their own subilattice. In order that the differences in

intensity can be attributed to the vacancies only, it was assumedlthat

the cations were all row 3 atoms i.e. Cu, Ga and Ge.
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General tetragonal diaq.i‘am (cation positions).




, To this end the calculatiqns involved placing vacancies on the
- corners of the general latticé (Figure 2.7) and pairing these sites with’
all other possible sites is;e AB, AD, AE etc,

All feasible combinations predicted either lines of non—géro
inﬁensity which experimentally did not occur, or indicated that the
expefimengally observed ordering lines should not occur. Thus it must be

concluded that the vacancies do not occupy a separate sub-lattice.

The next péséibility to \bé considered is that the vacancief are
randomly distributed on a cation sub-lattice together with one of\Eﬁe\\
three cations,

Several possible tetragonal stucture; could accommodate such a
random arrangement of the vacancies. The possiblg candidates considered
here are thiogallate, stannite and chalcopyrite.

\ | Y

The thiogallatq structure is ‘named fqr the éompound CdGaz[]S4 ..
The open circles of Figure 2.8 are the cadmium atoms and the shaded
circles are the gallium atoms. The vacancies are located at the E and H
sites of the general tetragonal diag}am shown previously. The cadmium
| atoms sit on the AB sub-lattice and ghe gallium atems on the CDFG sites,
As before, the anions are located at the ideal positions.

Figure 2.8 can bd redrawn such that the corners of the étructure
are oc;upied by the vacancies. Thus the B site of the new representation
is occupied by & vacancy as well. This is accomplished by translating
all sites by ~1/2 a f + 1/4c k. Referring td the guaternary compounds,

it can be seen that this arrangement was covered by the first analysis.

'
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The next analysis assumed that the cations of thesé compounds are
arranged such that one type is on the AB sub-lattice another on the EH
sub-lattice with the remaining atomlarranged randanly with the vacancy
on the CDFG sites. This analysis predicts a set of ordering lines that
contains noé only the observed set but in addition, lines which are not
seen experimentally. Therefore it must be concluded that the compounds

do not have this ordering.

) The next -possibility considered is Stannite. This structure is
naﬁ25>?or CuyFeSnS, . We can see in Figure 2.9 that there are again
- three cation sub-lattiges; the AB sub-lattice is occupied by the iron
atoms (open circles), the CD sub—laﬁtiée is occupied by the tin atoms
(black déts) - and finall the copper atoms are situated on the EFGH
gites. There are two possible Stannite orderings which could accommodate
the quaternary compounds. These are referred to as Stannite A and

4

Stannite B. \

-

Stannite A would have the AB or CD sub¥1attice occupied by
vacancies. This also has been ruled out by the first analysis.

Stannite B on the other hand would have separate cations on the AB
and CD sub~lattices with the vacancies randomly arranged with. the
remaining cation on the sub-lattice formed by the EFG and H sites.

1
This structure is also an unsatisfactory choice as the calculations

predict thaffzggﬁBbserved ordering lines should be missing and that the

experimentally determined absent spectra are present.

. Y
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Finally, there remains the previously discussed chalcopyrite
structure, With refepencé-to Figure 2.7, it éan be seen that the two
cation sub-lattices ére formed by the ABEH sites for one and the CDFG
sites for the other. With the different effective cations, the only
probable structure is one in which the the vacancies are randomly
distributed with one cation on one sub-lattice and the remaining two
cations randomly distributed on the oﬁhgr. For all the compounds
investigated it was kound Ehat this arrangement predicted the correct
absence and ordering lines. Hence the quaternary compounds have ‘the
same general st(ysgure as the ternary I—III—VI2 coﬁpounds.

~
Now that the general ordering of these compounds has been
" established as chalcopyrite, there remains the problem of determining
which cation is associated with the vacancies. The.three possibilities

are:

(I-[1) (III-1V) Se,

(I-II1) (IV-[]) Se, .

(I-IV) (ITI-[]) Se4

For all the 'compounds, the sum of the ratios of the intensities of
the 103 to the 112 and the 211 to the 220 diffraction lines were
determined from the calculated values, for each ‘ of the three
arrangements mentioned above. Theﬁsum calculated for Cu[]InSnS:_e4
(vacancy associated with the copper atoms) was further rationalized by

assigning a value of 18 to this arrangement. All other calculated sums

were then adjusted relative to this value. v
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Experimentally, the 183 and 211 ordering lines were identified and
the intensity of each relative to the nearest structure line i.e. 112
and 220 was visually determined by two independent observers. An average
of the four values so obt:ainecj was ca-iculated and used to char!acterize
the intensity of the ordering lines. It was found that the powder X-ray
~film of CuInSnI]Se4 had the most intense ordering lines. Thus this film
was assigned é-value of 1. The other films were subsequently ranked
relative to thislfilm and assigned a value of relative intensity from @

to 10.

Table 2.3 summarizeé the experimental and theoretical results.
Column one shows the ranking and relative intensities determined from
the films. The second, - third and fourth columns list the calculated
relative intensities. The good agreement of the magnitudes of columns 1
and 2 show that the random arrangement of I-{] on- one sub-lattice and
IiI—IV on the other is the actual cation ordering. As well, examinining
lines 2,5,8,9,10 and 12 of Table 2.3, it can be seen that the vacancies
cannot be associated” with the Group III cations as the relative
intensities of the lines are predicted to' be other than actually
observed. Similarly an examination of lines 1,5,6,11 éhd 13 rules out
the possibility of the arrangement being []-IV.

Thus these quéternaries have the chalcopyrite st;hcture and should

~be written as

(1-[1) (ITI-1V) Se,

-3p -
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: TABLE 2.3 : <{i\\

hS

v

CALCULATED AND EXPERIMENTAL INTENSITY RATIOS OF QUATERNARY COMPOUNDS
EXP CP{\LCUI.ATED

I-[]1 III-[] 1IV-[]

Cul]InsnSe, 8.6 1.8 2.1 2.1 1
Cu(]InGeSe, 7.0 6.2 9.4 6.2 2
2g(]InsnSe,, 7.0 4.7 4.7 4.7 3
Cu[]GasnSe, 6.0 6.2 6.2 0.4 4
Cu[]Alsnse 3.0 3.0 12.9 @.85 5
Ag[]InGeSe 3.6 2.1 2.1 10.6 6
Cu[]GaGeSe; 2.0 2,9 2.9 2.9 7
Ag[]GaSnSe4 2.6 2.1 1g.6 2.1 8
Cu[]AlGeSe4 a.5 8.7 8.0 8.7 9
Ag(]AlsnSe , 3.5 8.5 18.86 #.5 10
Ag[)GaGeSe , 2.5 .4 6.2 6.2 11

Ag[]AlGeSe ,  <B.5 @.65 12.9 3.0 12

Ag[]Gasise <B.5- 2.5 3.0 12.9 13

4

2.4 OTHER STRUCTURES

Different structures were obtained in one or two cases which
indicated a more complicated form of phase diégram. Thus in the case of
CulnSnSe4, when the ampoule was slowly cooled to room temperature from
1000 C  without annealing at 586°C, . in addition to the quaternary
compound, strong lines of a cubic phase (probably with an NaCl structure |

of lattice parameter @.544rm) were obtained. When the same sample was
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annealed at Szﬂoé, this cubic phase disappeared. However,. if the
annealing time at this tenperathre was relativelylshort {e.g. 1 day),
lines of both the guaternary qnd the ternary CulnSe, were obtained. The
léttice parameters of these phases are not greatly different and hence
corresponding h k 1 lines were close toéether in the powder photograph.
A qualitative study of the intensities of such pairs of lines indicated
that the intensity at points between the lines did not fall to the
background level, indicating the possibility that solid solution can
occur between the ternary and quaternary compouqu. Lornger annealing of
such samples with the stéichiometric quaternary composition gave good
quateinary lines with no ternary lines visible, although as menqjoned
above, some small traces of SnSe2 could still be detected.

In the case of AgAlGeSe,, one of the materials for which the effect
of addition éf excess GeSe2 was investigated, it was found that‘wﬁen
40 molet¥ excess GeSe, was added, a new compound with orthorhombic

structure was obtained.

2.5 DISCUSSION '

Hughes et al. (86H1) have demonstrated that there is a
systematic relation between the ternaries and the Ge and ‘Sn substituted
quaternaries. For example if one plots the difference betweem the
terﬁary and quaternary unit cell volumes (aV = VTrVQ) &gainst the
ternary. unit cell volume VT Figure 2.10 ié obtained. The lattice

parameter values for the ternary compounds have been taken from the

literature (7551) and the volumes used are listed in Table 2.2. In all



cases except CUAlSnSe4 the quaternaiy unit cell is smaller than the
related ternary, l.e. AV is positive, and the change in volume AV dué to
the inclusion of either Sn or Ge_is greater the larger the volume of the
corresponding ternary unit cell. To a good approximation the data can
be represented by straight line equations. The slope of the line passing
through the points for the Ge substituted compounds is 1.47 times that
for the Sn substituted qompounds. This larger slbpe can be .attributed td}
the relatively smaller size of the Ge atom compared with the Sﬁ atom,
Taking the volume of an atom to be proportional to the cube of its
atomic radius (52El), one finds that the ratio of volumes of Sn to Ge .is
1.50. ‘This agreement strongly indicates thét the compounds all have the
same structure -and that the change from ternary to quaternar} is due to
a consistent substitution of a combination of atoms and vacancies which
require less volume.

In Figure 2;11 the difference between the %ernary and;qﬁatérnary
c/a ratios A(c/a):(c/ﬁ)T—(c/a)Q is plotted againé; the related ternary
ratio (c/a)T. Alc/a) is positive for the Ge substituted compounds (the
ternary c/a ratio is larger than that of the quatefnar}) but is negative
for the Sn substituted compdunds. The values of A(c/a) are relatively
small and hence less accurate but again: Q&thirhthe limits of the
experimental error, for each case the variation of alc/a) witﬁ (c/a)T
be taken as a straight line, ' the 1line having positive slope for the Sn
substituted compounds and negative slope for the Ge substituted
compounds, The magnitudes are, within the limits of experimental error,

equal.
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Fig. 2.10 Variation of the difference between the ternary and cquaternary
unit cell AV = V'I‘ - VO with the ternary unit cell volume Vi,
for Ge and Sn substituted quaternary camnounds.
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2.6 . SUMMARY

" This Chapter - has establié;l_')ed that'; the selenide qLiaternary
compounds of the form I-[] -_III-IV-Se 4 have the same crystallographic '
sfru,ctu.fre as the compound chalcopyrite. Further, the wvacancy [] has
been shown to be associated with the Group I atoms. T1:1e latfice

parameters determined for these compounds are listed in Table 3. 2.

>
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Chapter III

ENERGY GAP, VALUES AS A FUNCTION OF QUATERNARY CCMPOSITION

3.1  INTRODUCTION : — R
‘A material is characterized by more_ . than just its

crystallographic structure. .In-addition, the optical and electrical

properties of the material are of great importance. Due to technical

difficulties in obtaining relisgle ommic contacts to these compounds, no

0
detailed electrical measurements were perfomed. For this same reason,

'

.such methods as FPhotovoltalc effect, Photo-Conductivity and

Electroreflectance, were ruled out as methods to determine the principal

.band—gap, Eg. . - _ .

In this Cha§£er.the values of the principal band-gép of the
quaternary selenides, as determined from the analysis of aptical
transnission measurements, are‘reported. Further, the relation of these
valueé to the band-gap values of .the ternary compounds f’}\om ~which the

. @

q?aternaries are derived is investigated. o
:' i

- *

The principal band-gap of a material involves a transition from the

highest valence band to the lowest conduction band. This transition is
. ! . R
R -

-
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either of a direct or iﬁdirect'naéure; However, with the‘chalcopyrite
structure, the direct transition is divided into two sub-classes ?—
direct and pseudodirect.
Chaldyshev and Pokrovski (66C1,63C1), Karavaev and Poplavnoi, (66K1)
and Karavaev et al. (68K1), have shown’that since there is a 'doubliﬁg'
of the lattice in the z direction; thére is a subsequent folding of-an X
point of the zinc-blende Brillouin zone into the I' point of the
chalcopyrite zone. Vif this process results in the lowest conduction
band, the transition will be direct but to a band which in a zinc-blende
material would have resulted in an indirect transi;iop. This is hence
reféred to as pseudodirect.
‘ )
Due to the tetragonal compréssion aléng’ the z axis (¢ < 2a)* and the -
interaction of the four kinds of cations, (Cu, Ga, Sn, []), which shifts
the anion sites away from the ideal (1/4, 1/4, 1/4) . and symmetrically
related positions, there ij/a noncubi; crystalline field of tetragonal

symmetry. -

When, in the absence of spin-orbit splitting, this tetragonal field
‘is applied to the lt;iply degenerate Iy valence band, the resul§ is a
nbn—degenerate‘band of Pd-symmetry and a doubly degenera&e band ;of Ty
symmetry.  The inclussion of spin-orbit effects changes the symmetry of
the F4 band to one of P7 and lifts the degeneracy of the Tgs resulting

in bands of F6 and F7 symmetry.

\

a
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‘The FG conduction ‘band of chalcopyrite correspends to the PG band
of zinc-blende. As indicated above an X point of zinc-blende is folded
into the I' point of chalcopyrite and this results in a conduction band

of P7 symmetry when. the crystal field and spin-orbit effects are
included.

e
f If the lowest conduction band is of Ie symmetry, the principal
Band—gap will be direct. However if the r7 conduction bahd_ is lower

than the PG band then the principal band-gap is pseudoditect. The two

cases are summarized in Figures 3.1 a and b.
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Pig. 3.1 (a) Band structure for

the direct transitions in &'

chalcopyrite crystal derived fram the I'yg + Ty

band-gap in a zinc-blende crystal.

(b} Bard structure for

the nseudodirect transitions

in a chalcooyrite crystal derived fram the

I15 > ¥, indirect transitions in a zinc-blende

crystal. -
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1

. Due to the mechanical prope[tégz\:?“tht( polycrystaliine materials
{to be discugseé below) and as no contacts werelrequired, 'transmjssion
measurements were -decided upon as a methoa which was applicable for all
of the materfals under investigation. Such measurements have long been
used to stdﬂy éhe fundamental absorption edge. A very good review of
the subject can be found in Volume 3 of Semiconductors and Semimetals
(67W1) .

This edgé arises from a process called inteqpand absorption in
which photons excite electrons from the valence band to the conduction
band. The process has a'threshold at an energy corresponding to the
band-gap energy and results in a rise in the value of the absorption
coefficiént above the background as the energy of fhe incident radiation
increases.

Two possible cases must be considered for interband absorptidn.
The first case arises when the transition occurs between baﬁd extrema
situated at the same point in the Brillouin zone and as a result is
called a direct or pseudodirect transition (depending wupon the
conduction band symmetry as dicussed above). The absorption curve for a
direct transition is characterized by a steep rise in the wvalue 6f the
absorption coefficient over several tens of milli electron—voltst‘ while
_ the curve for ~a pseujodire;t transition 1is considerably less steep
(72B1). If the transition is between band extrema located at different
points in the zone, then phonons must be involved to provide thé
required change of momentum. This case is appropriately referred to as

an indirect transition. The absorption curve in this case is shallow

and spread over several hundred milli electron-volts. -
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‘If the above process lis approacl:led from a quantum mechanical
viewpoint, the absorption coefficient is seen to depend on the
probability of an electron being prombﬁed from the valence band to the
conduction band. Thus the‘absorption coefficient a is the number of

- o

quanta abSorbed pe it time per unit volume divided by the Fflux

density. For sipple parabolic bands, the absorption coefficient due to

direct transitiors has been shown {67W1) to satisfy the equation

(@hv) = % (;122“-)3/2iﬁcv(o) |2(hv - EQ 172 . (3.1)
i.e. (uhu)2

= Afhv - E 1 3.2
(hv q) ' | (3.2)

where u is the reduced mass of the electron hole pair, |Hcv(ﬂiu'is the
optical matrix element between the initial and final band states afd hv

is the photon energy.
If however the transition is indirect then it may be shown that the

absorption coefficient satisfies the form given by (67W1)

(ehv) = B(hv ~ E!q)2 | (3.3}

\ & :
@j_ .

\
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3.2  EXPERIMENTAI, METHOD

The fﬁndamental edge may be determined from transmission
. measurements by observing the change in the absorption as a function of
incident energy. In geheral, measurements are made at near normal -
incidence with both the transmitted and reflected intensities being
recorded. - Howeyer, a5 will be shown presently, the reflected portion of

the incident radiation need not be considered here. +

Consider a dielectric medium with a complex index of refraction
given by N = n+ik, At nommal incidence, the complete formulae for the
transmitted and reflected intensities I and I, respectively normalized

to I, are given by Stratton (4151) as

. e 1 -Rr? 4 4R sin s ] "

I, = i (3.
12 - —

. (1 - re ™ H2 4 4re gind (g 4 4)

- - 2
R[Q-e )2 4 407 5in%s]
L= “od 2 “od . 2 (3.5)
(1 - Re ) + 4 Re gin (6 + §)

The nomenclature adopted by Greenway and Harbeke (68G1) has been used

here. Thus o is the absorption coefficient and is given by

-

a = 4mk/ A, ) N (3.6)

A being the wavelength in vacuum. Equations 3.7 and 3.8 give R and 0in

terms of n, the refracﬁhve index, and k; the extinction coefficient.

[n - 17 +.1§2] M+ 1%+ 2] (3.7)

T ll
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and

tan 8= 2k/(n° + K> - 1) | (3.8)

The quantity & = 2nnd/} indicates the phase change on one traverse of
the radiation through a dielectrié sheet of thickness 4. The second
tefm in the denominator of equations 3.1 and 3.2 is an interference term

‘ X
which becomes important only when « is small enough to allow multiple
traverses of the material by the incident radiation. If the sample is
too thick or too large, or the surface of the material is rough, no

interference fringes will be observed. 1In this case the interference

term must be averaged, resulting in the reduction of equations 3.1 and

3.2 to
— 2
I, = (1’R)Zead(%+k2/“’ (3.9)
€ l- R2 e od ¢
and
-2ad )
Ir =, 2 2 e_zud) , (3.1¢)
1 -R e '

For energies near the absorption edge, k is very much less than n . If
. e 2 -208 .
in addition d is large enough to ensure that R e od is much less than

1, equation 3.6 further reduces to the simple form

I, = (1- )2 ¢ ‘ (3.11)

Generally R is a slowly varying function of photon energy and its
maximum possible value is one. Thus the (l—R)2 term may be treated to a
good approximation as a constant. Taking the natural log of both sides

of equation 3.11 one obtains (writing Tt as Im/Io)

1n (IO/En) =ad - In (C) (3.12)
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In the experimental work the wvalue of %-En Tg (£) has been
deteémiﬁed as a function of photon energy hv. 1In orde? to determine «
from £ it is necessary to find a value for 1ln(c). This 1ln{c) gives rise
to a 'background' that must be subtracted from the measured values of £
before proceeding with any further analysis. The criterion used in

deciding the value of this background is dealt with in section 1.4 of

this Chapter.

The transmission measurements we:s mage using the experimental det-
up depicted in Figure 3.2. Light from either a nominal 47 Watt quaftz—
iodine hulb or a 35 Watt tungsten filament 1light bulb was collected by a
mirror and focused at the entrance slit of a Spex 1702 monochromator.
The light beam was amplitude modulated by a Rofin model 7548 1light -

chopper positioned before the entrance slit,

The diverging monochromatic output was refocused on to the sample
under investigation by means of a mirrer. The sample was mounted

directly on to the front of a detector appropriate to that energy range.

"The detectors used were a DUMONT 6911, an EMT 62555 photomultiplier or a

PbS cell biased at 67.5 volts. The square wave output signal of the
detector was sent to a P.A.R. 186 A lock-in amplifier either directly’or

through a P.A.R. model 113 roll-off amplifier.
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C ct@@pper
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P.A. pre-amplifier

_ L.A. lock-in amplifier
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Fig. 3.2 Block diagram of optical exmerimental set-up.’
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In practice when the detector was either of the photomultipl iers,
the anode voltage was increased, within the limits allowed by the
maxiqu rating of the tube, so that at the wavelength of maximum
transmission, the signal could just be accommodated on the largest scale
of the lock-in. Tf however at the maximum rating of the tube the signal
was still not large enough the roll-off was used. When the detector was
the PbS cell, the signal was amplified, if necessary, using th?/tSEE:SEE:
(maximum amplification of 10608 x). The output of the lock-in was
registered on a strip chart reco}der. In order to minimizébthe error in
reading data from these charts, the sensitivity of the lock-in and/or
the chart recorder were adjusted to maintain as close to full scalé
deflection as possibie on the charg:

hmen the optical system was aligned for a specific light source and
grating, a spectrum of the detector response was obtained for
calibration purposes, with the appropriate voltages and ampl ifications
being noted. Tt was assumed.that since, from one occasion to another,
the aligrment of the optical system was not disturbed and that the same
power was always supplied to the light source, this spectrum “would
represent Io' As the transmission measurements were ‘made using
different amplifications and/or different detector voltages than were

‘used'for the various possible I0 curves, it was necessary to determine a
mcplli'ng factor for each run. This scaling factor represents the
! difference in magnituie beéween the meésured IO se?ctra and what the

magnitude would be if the I Spectra were determined hnder the same

experimentadl conditions as the transmission measurements. For the-

calculation of o it was thus necessary to multiply the IO curves by this

Toon
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" .factor to obtain the proper normalization of the transmission spectra.
For reasons which will be discussed below, this scaling factor will not

be very important.

3.3 SAMPLE PREPARATION

The sample preparation was undertaken as soon as possible after
the ingots were removed from their quartz ampoules and immediatéi; prior
to the transmission measurements. It was found that most of the
polycrystalline materials were coarse grained and that, in addition, in
some instances tiny voids were distributed at random through the ingots.
Theée voids were probably due to the occurrence of small pockets of
unreacted selenium gas as the molten charge froze.

All samples were sliced to a thickness of 6.5 mm to 1 mm on a
rtungsten wire saw which used a mixture of oil and silicon carbide grit
{ 328 mesﬁ size) as the cutting slurry. The slices were reduced in
thickness as much as was feasible by lapping on a glass plate covered
with a slurry of methanol and alumina powder ({ 1 micron mesh size). When

»*
lapped the slices were typically two hundred microns in thickness. The

samples were rnot polished to a high reflectivity as the thinned slices

tended to be quite fragile.

Methanol was chosen instead of water for two reasons. Firstly, it

evaporates rapidly and completely from the slices, unlike water which

— 48 -



would have to be removed before any transmission measurements. The
further handling that this would entail would only increase the

probability of.damaging the thinned slice. Secondly, the uncertainty of

whether or not the quaterndry compounds would react with water had to be

considered. It was certainly felt that this might be a problem for the
quaternary and ternary selenide compounds which contained,aluminun:

The samples were next mounted on brass discs, the centres of which
had been drilled out to as large an aperture as could be covered by the
prepared slice. The sample was affiKFd to the disc by a small amount of
silver print ( G.C. Eleétronics cat. no. 21-1) applied to the edge of
the apertﬁre. 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 onto the slice.

An intense light .was placed behind.the disc in order to detect the
presence of any small’pinholes. If present, these were plugged with

small droplets of the silver print which is opaque. At this point Ehe

disc would be mounted on the appropriate detector for the wavelength

range of interest.
After the transmission measurements wete made, the disc was placed
in n-Butyl Acetate to dissolve the silver print. The sample once free,

was carefully removed and its thickness determined using a micrometer

.

capable of reading to within one micron.
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3.4 ANALYSIS AND DISCUSION

[

Transmission measurements on  fifteen quaternary selenide

. compéunds and one ternary selenide compound (AgAlSej) have been

v

performed usmg the method de'sé:rlbed above.
The £ vs. hv curves for the quaternary compounds are observed to/\%
similar. For all polycrystalllne samples, these curves resemble region B
v "- of the g vs. hv curve of’ PgGasSnSe, deplcted in F1gug£ 3.3; i.e. there is
a stralght line ramp below the absorption edge. Howeve:, in the cases
PR of CuInGeSe4, CuMSnSede/xgg-CuAng’Se4 the slope'of the.edge ;}s guiFe
shallow compared to the slope of the edge depicted in Figure 3.3. As
seen from eguatiéns 3.11 and 3.12, the‘reflested.portion'of the incident
radiation adds a constant term ts the vslpe of E. Thus,‘ it would be

expeeted that below the absorption edge, & would tend to a constant

P . value. As can be seen in Figure 2.3 the E‘vs; hv curve doés“ _rbave an
extended'region of constant £ below the edge. However, the E curves of
\/;ﬂu///rf*\\___\a single_crYstal sample of CuGaSnSe4 and polycrystalline sspples of Gaas

and  AgIngesSe, did show such an extended region. For some of the

- .

. samplés,;ii\\iédition to region-B, behaviour similar to that of zggion A
[} — P - ' : [

is observed. It:}élkound'that this region can be very well fitted to a

polWer law rela;ién of the form g = ElEﬂn', whe

!

El is the value of ¢

at 1 ev.

/"‘
T . ?; Yy
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It is well kn§wn that effects other than that of reflectance can
contribute to the background value of £ of a sample (67W1l). One effect
which can explain the behaviour'of £ in region A fs that of scattering
of the incident radiation which increases th' value of £ below the

absorption edge as the energy of the incident radiation decreases. 'This

EEhttering can be due to the grains of the polycrystalline sample, to

the presence of a finely distributed impurity, or to free carrier

effects. A second effect is absorption in an impurity which has a lower

band—gap than the sample. This effect, which increases the value of £

as the energy of the incident radiation increases, could explain the .

linear ramp below the edge. Both mechanisms may be present to some
extent for any particular sample and hence the variation of £ with
photon energy below the edge will have no simple mathematical form.
Indeed, for those cases where region A was observed, the exponent, m,
was found to vary over é range of wvalues from -0.5 to -6.0 indicating a
variety of scattéring processes.

Whatever the origin of the dominant background feature close to the
absorption eége, it must be subtracted from the values of £ to obtain
values of Cte If scattering is the dJdominant feature, then a power law
fit to the background is subtracted. On.the other hand, if impq;ity
absorption or the (l—R)2 term of equation 2.41 is the dominant feature,
a straight line extrap%lation can be used. The wvalues of a are

subsequently used in the analysis involving either equation 3.2 or 3.3.

o
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Fig. 3.4 Absorption coefficient @ vs. hv for AgGaSnSe 4t
" (a) power law fitted background removed, (b) ramp background removed.
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To demonstrate -the methods "used to allow for the background
effects; the anaiysis of several samples will be considered in some
detail.

The results for PgGa_!SnSe4 depicted in Figure 3.3 show ;he presence .
of both scattering and impbrity absorption effects. It can be shown
that. the method chosen for background subtraction makes very little
difference to the final value of Eg obtained.

. Figure 3.4a shows the effect of reﬁéving a poﬁer law fitted
backg round from.the g values. The power law was fitted to the region of
Figure 3.3 below 1.2 eV and subtracted from the value of ¢ determined
from the transmission data. Tt is seen that the maximum value of the o
curve is 550 cm—l. In Figure 3.4b, a‘ramp, representing a straight line
fit to the values of ¢ between 1.2 eV and-1.5 eV has been sdbtracted:
from Figure 3.3, the variation of ¢ with hy belowll.z eV having been

. . : . -1 .
ignored. 1In this case, the maximum value of o« is 450 am ~. It is to be

noted that tkough the energy scale of Figure 3.4b is expanded by a

factor of 2.5, \compared to Figure 3.24, the two absorption curves are
essentially tﬁe sgme.  Indeed, as illustrated in Figures 3.5a and b,
when the data ig analysed according to equatioﬁ 3.2, a gooq‘straight
line is obtaiped and it is seen that the shift in the band-éap value is
quite small/, being only 4 meV. This shift is within the experimental
uncertainty estimated of 1@ meV. |

Curves a and b of Figuges 3.6 show the variation of g with energy
for a pol&crystalline sample of FZuGaSnSe4 (a) and a single crystal of

R 4
the same compound (b).
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Curve a is quite similar to that depicted in Figure 3.3. In both
cases the low, energy rise of E below the absorption edge can be
attributed to scattering processes. When this region is fitted to a
power law and subtracted from the E values, a ramp remains below the
edge. ~ As indicated above the £ vaiues in this ramp are due to
“absorption by an impurity. If these particular values of E are anal?sed
in accordance with phe work of ‘Domiﬁgo et al. (66D1), the extrapoléfed
curve yields the value of the indirect forbidden band-gap of SnSe,:. This
impurity has been shown by powder X-ray photographs to be present in an
appreciable amount in this particular sample.

In the case of curve b for thé singlé crystal sample there is a
_constant value of £ lower than that due to 5n3Sej absorption below the
observed edge. This is to be expected since no trace of SnSep was
observed in the X-ray photographs of this sample. Recalliqg equation
3.11, this constant value can be attributed to the effect og the (l—R)2
term. For the thickness of sample used, ‘aivalue of the order of 68%
reflectivity is obtained. This is consistent with the fact that the
iample was not highly polished.

For both curves of Figure 2.6'a and b, the background values
discussed above have been subtracted from £ to give values of a. Plots
ofl(ahv)2 against hv (Figure 3.7) in accordance with equation 3.2, in
éach case give good straight lines indicating a direct gap. The energy
gap values obtained agree within the limits of experimental error giving

a value of 1.42 eV. \
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Figure 3.6.c gives the variation of g with hy for a polycrystalline
sample of AgInGeSe,. In this case even though the X-ray results show
the presence of some GeSe,, impurity absorption is not observed because
the band—gap of Ggbe, 'is well above 2.0 eV, ~Once again the background
is constant below the absorption \edge and can be attributed to the
(1—R)}2 term of equation 3.11. With the thickness of sample used, this
corresponds to a reflectivity of Ehe order of 53%, which again is not
unreasonable for the sample surface used. The subtraction of this
béckground from the ¢ data gave values and the analysis according to

equation 2.2 (Figure 3.7) indicated a direct band—gap with a value of

/\,/f

Since the background in each case can be explained by one of these

1.58, eV.

effects and its removal gives consistent results, the curves for

compounds are présented with the background suitably

“

Tt was found that for ali the quaternary materials investigated,

; ) '
the observed edge was- best fitted by equation 3.2. Thus for all
compouids, «ng observed absorption edge is of a direct nature. In the
cases of eSe, CUAlSnSe4 and CuInGeSe, where the slope oﬁ\ the

cbserved ed// ig"shallow - compared to the others, the tran31t10n is

grobagz;%ggé?dodlrect \

/
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Figures 3.8 through 3.18 show the curves of absorption cqefficiént
(@) plotted aéainst energy as well as the (uhu)z vsS. energy cufves‘used
to determine the band—-gaps of the remaiﬁing quaternary compounds, ‘The
absorption coefficients are of the saﬁe magnitude in most cases, the
only exceptions being curves a.and b of Figure 3.18, where the ealues of
a are an order of magnieede smaller. =,

Curves a and b of Figure_B.Q show the variatio;'of « with hv for
polycrystalline samples of AgGeGeSe4 and CUGaGeSei‘ respectively. -The
corresponding (ahv)zvs. hv curves of Figure 3.9 . give values of 1.845 eV

and 1.855 eV for AgGaGeSe, and CuGaGeSe, respectively; )

-

Ny,
“The absorption curves of Figure 3.1@ show the results obtained from

. N . ) : L] .
measurements on samples of the two guaternary compounds CLiInSnSe4 and .

PgInSnSe,. As mentioned above, the";A;alues in these cases are an order
of magnitude smaller than the values obtained for the other compounds .
It was observed that the £ curves for both of these compounds showed the
presence of two edges. -~ From the X-ray work it is known that both the
ternary and quaternary. compounds are present in both of tﬁese eemplest
If Fhe quaternary band—gap 1is below the terﬁary- Sand~gap ealue in
energy, it sheuld_ be possible to determine a value of Eg for the
quaternary compound. _fn both cases the higher energy edge was seen to
occur iﬁ the vicinity of- that expected for the associated ternary

compound and when this edge was analysed accorQ}ng to equation 3. 2 the

-

"/approprlate ternary band—gap was obtalned

Y
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An examingtion of x-ray films of the samples of both compounds used .

in the absorption work revealed that a greater amount of the ternary

compound was present in the material than was found in any of the other

sampleeripvestigated, In view of this, the fact _that the absorption

edge ofy the ternary proved to béltﬁe\wfominant feature of the total

absorption curve for these ‘parti ulaﬁ)semples Is not 1in the 1least
surprising. ' B , 4 ' .
The curves depicted in Figure 3.10 are those for- the lower energy

edge and are due te the quaternary band—gap. From these data curves of

(uhy}z vs. hv were obtained as.-in  Figure 3.11 and these _showed

conclusively shat the bandhgaﬁ is direct in each case. Thus values of

0.71 eV and ‘.94 ev are found- for Eg for the compounds CUInSnSe4 and
] . . .
pa—

Mm&%4m$WUWw.
The absorptfon curves of Figure 3.12 are for AgAlSnsed and
PNl Ge

3. 13. The values of d1rect band-gap determlned for 2gAlcnSe

Lo

AgAlGeSe are 1. 87 ev: ‘and 2>ﬂ2 eV respect1ve1y.

4 and

-

The absorption curves . of CuAlSnSe, and CuAlGeSe4 are shown in

gigyre 3.14 whlle Figure 3.15 a* shows the absorptlon curve obtained for
éuIﬁGeSe4. It is 1mmed1axe1y obv1ous that . the slope of all three of
these curves is shallow when compared to the prev1ous absarptlon curves.
Such shallow curves must be attributed to elther pseudodirect or
indirect bandqgaps. However 1n each case, the data were best fitted by

equation 3.2 (F1gures 3.15 b a 6L. Thus the prlnclpal band—gaps of

éé

-these materlals ‘are of a dlrect nature and probably correspond to a

pseudodlrect transition. ' The energy gap values determined in - these
b

cases were CuAlSnSe 1.94 ev, CuAlGeSe4 .25 eV and CUInGeSe4 1.26 eV.
8 .

l"
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Several quaternary compounds containing silicon have aleo. been
investigated. It was found that some of these materials had the same
structurelas the othe; quaternaries discussed above. =~ ‘These compound%
were AgGaSiSey, CuGaSiSe, , and CuAlSiSey . ' -

X-ray powder photographs of samples of the first compound revealed
the presence of an amount of the associated ternary (AgGaSez), aslin the
case of the specimens 6f’CuInSnSe4 and PgInsnSe; that ~were discussed
above. The band-gap values discussed above indicate that the smaller the

Group, IV atom substituted into the ternary compound the larger the value

of ﬂé foF'the quaternary. Therefore, it is expected that Ag aSiSe4

—~The E
g

valueﬂfor this material is S¢ meV above the band-gap value of 1.88 eV

should have a band-gap value above - that found for PgGaGeSe, «

quoted in the literature (7581)  for 2gGaSe,. An analysis of_ the

transmission measurements made on samples of tha51Se4 found a value of

©1.80 eV For~the observed edge in agreement with the value quoted for

AgGaSe Unllke the case of CUInSnSe4 or AgInaneq, absorptlon by the

2.
assoc1ated ternary tdtally obscured the band edge of the quaternary-

The other two samples containing 5111con did ngt show a 51gn1f1cant

presencg of the associated ternary. Therefore only one band edge was
obeerved in the measurements andrthls was a551gned to the quaternary
4 and CuAlSiSe4 " the o vs, hv and the
(ghv) vs hv curves are shown together in Figures 3 17 and 3.18. The

compound. For CuGaSiSe

valge of the lowest band—gap of CuGa81Se4 is 1.88 eV’ and that of

AlSiSe4 is 2.2 eV.

‘The results obtained for the lowest band—gap -of the quaternary
v
compoundsp as determined Erom the above analysis of the transmission

L \ = . '3

-

-’
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ata, are summarized in Table 3.1. Except for the case of 'éAlSez, the
c ! .
value listed for the lowest band-gap of the associated ternary is taken

from the literature (75S1). The value _guoted in the table for Iﬁg_hlSe2

-has been determined in the present work from an analysis of transmission

measurements made on a polycrystalline sample. This ternary compound was

produced by direct synthesis in the same manner as the quaternary

compounds.  * BN h | . )

TABLE 2.1

~

ROCM TEMPERATURE TERNARY (ET) AND QUATERNARY (E!O) BAND-GAP VALUES

. E, | £y BBy -BEL/AEq
(ev) (eV) {eV) .
AgAlSe,  2.54 AgAlGeSe‘; 2.2 -8.52  -B.77
AgAlSnSe, 1.87 -0.67 .
- rgcas‘ez 1.80 'AgGaGeSe, 1.85 +4.05 f.50
hgGasnSe, 1.78 o108 - _
AgInSe, 1.24 .;\gIﬁC?eSe4 1.58 .3 13

aginsnsey (.94 =8.30
CuAtse §* 2.50 CuAlSiSey 2.30 % _5.20
CumlGeSe, 2.25 & -0.27 . -0.45
CunlSnSgq 1.90  ~0.60
CuGaSe 5 1.71 CuGaSiSe, 1.88 +8.17 oo
i CuGaGeSe 1.85 +8.14  0.58
CuGaSnSey 1.42 —0.24
“CulnSe, £.95 CuInGeSey 1.26  @.31 1.3

CulnsnSe,  8.71 °-g.24 °
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As. was indicated in the previous ‘Chapter, there is a sfrond-

-

relatienship between the quaternary 'germeniun and tin substituted™
compounds ana the ternaries from which they are derived, The entries“in -
column 5 of Table 3.1 show the change in the value of the band-gap
elther germanium or tin is substltuted into the structure of the ternary
compound The charge is considered to be negative for a reduction of the
band—gap and positive if the value 1is increased. The negatlve ratio%f
the change in the band—éap for the compound containing germaniun‘éo that

! - containing tin is listed infcolumn 6 of Table 3.1.

Figure 3.19 is a plot of column 6 of Table 3.1 against the

associated ternar§ band—gap wvalue. It is observed that within the N
experimental error the points are represented by a straight line.
b > . )
{,
. I
. S

1:0 - — 2-0 3.0

Fig. 3.19 'Variation of —AEGE/AESn vs. ET'Iternery<band~gap).
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The analysis of the ébsorption curves has shown that for all of
the quaternarycompounds considered the band-gap is direct probably
being pseudodlrect in the cases of CuAlEhSe} QJAIGeSe4 and CuInGeSe4
The ener@)\ gap values of the quaternarles are found to be related to

those of the correspondmg ternary compounds and the stralght: line

character of the graph of-
. 8Ean
same type of band-gap is present.

E*I‘ confims that in all cases the

Iri all of the measurements a background value of £ was observed ak\\
it has been shoﬁ that this .can be attributed to oné or more of t.:hree
different effects, Qiz; i) scattering by small impurity partiéles or by
free electrons, 1i) absorption due’ to impurities and iii) the presence
of the‘term (1—R)2 in equation 3.11. In the case of effects (ii) and,

(iii) analysis of yelevent data gave satisfactory values for the energy

gap of~ Sn‘S'e2 impurity and for reﬂ&q:ténce coefficients.

LN

14

.'Qj
-
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Chapter IV

TEMPERATURE VARTATION OE. E_ FOR AgGaginSe, AND AqGaGeSe),

4.1 INTRODUCTION = N

J R

The behaviour of the lowest energy band-gap with temperature was

investigated for/t'»o quaternary compounds, i’ugGaSnSe4 and PgGaGeSetl.' The
kY ’

temperature was varied from the ambient room temperature of 308 K down
to 4.2 K in steps of 25 K using 'a continuous flow helium cryostat which
will be descrlbed below. Transmission measurements were made at each

temperature and " a value of the lowest band—gap was detemlned from an

-
-

analysis of the data }n the manner described in the prevmus Chapter.
The resulting"energy versus temperature data was fitted'-»using a-form of

the equation proposed by Mancogian and Lgclerc (79M1) .- >

>

4.2 EXPERIMENTAL PROCEDURE .. I

-

The transmission measurementa. were made with the .'specimen
<

'p051t10ned at the centre of the’ experimental chamber of an OXFORD CF 204

-

cryostat., Apart from this difference in the positioning of the sample,
. ? . R

the procedure described in the previous Chapter was- followed.

5 - ‘ .
The CF 204 system (cryostat and digital temperature: controller)

Pl

bperates on the principle of a controlled contingous transfer of either '

n

S +

-7 - o S

[N



/

liquigd nltrogen or helium from a storage dewar to the cooling coil
situated on the exterior of the sample chamber. This chamber is vacuum
insulated and thermally shielded. Thermal contact between the sample
and the chamber is establlshed by means of an exchange gas, usually\-
helium, which is introduced into the chamber at the beginning of the
experiment. In practice it was found that the temperature of the system
could be regulated to within ﬂ.i-K. ,

From the schematic diagram shown in Figure 4.1, it can be seen that
the sample is introduced into the chamber .from the tob‘of the cryostat.
Thus the‘sample must‘be mounted on a rigid support suspended from the

top Elange.x A stainless—steel tube, soldered at one end to a threaded

brass cylinder and at the other end to a stainless-steel flat positioned

K parallel to the tube axis was used for this éurpose, ;;E:;;TThda:.__—

threads into & brass ring which sits o?//ihe top .flange. This
arrangement permits Vvertical adjustment of the sample position. Thus
thé contraction oﬁ.the length of the tube as the temperature is lowered
may be ‘compensated for.. A brass-disc, on which Aa sample has been
mounted 15 the manner described in the previous Chapter, is secured with
GC Electroﬁice_Type Z9 Silicone, a heat sink compoune, ‘over an aperture
drilled in the stainless-steel flat. The tube is rotated such that the

sample is positioned perpendicular to and at the focus of the incident

_monochromatic light. The diverging transmitted light, upon exiting the

cryostat, was directed by a flat mirror on to a spherical mirror which

refocussed the light at the detecte£/5a/65;5;;76911 pat) .
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Fig. 4.1 schematic diagram of CF 204 cryostat. .
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4.3 ANALYSIS AND DISCUSSION.

SR S

The transmission data wa5 analysed in the same manner as

described in the previoﬁs Chapter: . For both materials investigsted the
éEéorption coefficients (a) were obtained by subtracting a yamp fitted
to the wvalues of £ below the edge. Thg curves of (ahu)2 vs. hv for
various temperatures for a specimen of MGasSnSe, are presen%ed in
Figures 4.2 and 4.3 . The E?riation of the bandqéap with temperature as
determined from these curves is shown in Figure 4.4 .

Simiiarly, Figures 4.5 and 4.5 show the (chv)2 vs. hv curves at
several temperatures a sample of AgGadéSe4. Figure 4.7 indicates
the band-gap variétiozegisz'function of temperature for this material.

. Table 4.1 summarizes the,results obtained _from the analysis of the
transmission data at the temperatures indicated, for the two materials
investigated. A cursory examination of this table reveals that in the
case of AéGaSnSe4, the band-gap variation is 86 meV over the temperatufe
range investigated. For the same range, the band—gap for AgGaGeSe,
changes by 157 meV from the room temperature value to that found at
4,2 K. |

Since the transmission measurements as a function .6f temperature
were performed in one continuous run, it was estimated that although the
abéolute accura;y in q? i; no better than 10 meV as indicated above, the
relative accuracy for Eg at different temperatures is considerably

better., ‘The estimated relative accuracy is of the order of 1 meV as is

- “shown by the small value of standard deviation obtained with the least-

¢
squares fit to the experimental points,

\_-w-

~
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Fig. -4.2 (0._11\))2 vs. hv for AgGaSnSe, at T = 300 K, 250 K and 200 X
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Fig. 4.3 («chv)” vs. hv for AgGasnSe, at T = 175 K, '125 X, 100 K -
and 4.2 K.
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Fig. 4.4 Variation of the band-gap Eq with temperature T for AgGaSnSe,.
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Fig. 4.6 (ahv)2 vs. hv for AgGaGeSe, at 125 K and 50 K.
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For temperatures above 15¢ K, it can be seen from Figures 4.4 and

4.7 that the change in the band—gap may be approximated by a straight
. . . _4

line. , The slope of such a line, -—dE/dT, is found to be -4.4x18 gv/K

for h;GaSnSe4 and —8.ﬂx16—4 ev/K in thefc-a/sje of PgGafSeSe‘;. 4

—
1

TABLE 4.1

VARTATION CF BAND-GAP WITH TFMPERATURE FOR kgGaSnSe4 AND AgGaGeSe 4

TEMPERATURE ~  AgGaSnSe, PgGaGeSe
{K) , (eQ) : (ev)
208.9 1.698 . l.845
275.¢ . 1.867
250, ¢ 1.721 1.888

225.0 1.907

200.0 1.744 1.928
175.8° 1.755 1.948
150.7 1.764 1.966
125.0 1.773 " 1.978
160. 9 1.778 1.989
75.0 1.782 . 1.995
50, 7 1.783 2.000

25.9 1.784 \ A
- 4.2 - 1.784 2.007
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The variations of the band—gap with temperature of rérious

materials have previously been described by the semi-empirical equation

-
+

proposed by Varshni ({67v1). This equation is generally written as:
E =B -yr¥ (B + T) (4.1)
g 0 : :

where E,, .y and B are constants to be determined, B being closely

-/ﬁx‘related Fo the Debye temperature. Varshni (67V1) has shown that a good
fit to the experimental data is obtained for the Group IV elements, III-
V' and II-vI compounds and that there is a fair correlation between the
value of g determined and the Debye temperature,

Tt was found that the d;ta ,in Table 4.1 could not be fitted
satisfactorily by this equation 97? any reasonable combination of E, Y
and B. Even when all three parameters were allowed- td assume ahy value,
the best fit gave a very poor value of éténdard' deviat;on g and the
value of B obtained was of the order of several thousand Kelv{n which is
clearly inconsistent with the assumed coffelation with the Debye
temperature.

Varshni (8@V1) has indicatéd that it is quite possible that this
simple form of equation need not be valid'fof‘these more complicated
multi—component compounds.

Manoogian and Leclerc (79M1, 79M2} have proposed an equation, again
semi-empirical, to describe the variation - of the band-gap with
temperature which is very diffegent from the Varshqi equation. ~ This

equation has been applied to band-gap vs. temperafure data for the Group

IV semicondutors and several compounds, GaAs, CdS and it is found that
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the expression. fits very well. The Md;oogian—Leclerc expression is
< 2

"\,
usually written in the following form:

‘7

’.o : : ;
By =Ey (1 + ATS) B[ coth(8,/2T)+8 jcoth(8,/2T)] 44.2)

() .
where ED . A, s, B, el' aﬁﬁ~62 are parameters determined from a fit to

the .experimental datay The first term in equation 4.2, represents the

_effect of lattice dilatation.. The second téfﬁbrepresents contributions

due to two wvibration frequencies,l namely ﬁhat of the average acoustic
ané optical phonon modes.. ,These frequencies are expressed in terms of
absoluteltemperaﬁure by using the relation 1012 Hz = 47.977 K. It has
v
been found that the values of &, and 8, predicted from the £it to the
data *for khe various materials mentioned above are indeed those of the
aQerage acoustic and optical phenon moées. The secénd térm of equation
4.2 may for simpiicity Be written in terms of only one theta. Thus
Manoogian’and.Leclerc have - found that when the data is fitted by this
form of their equaﬁion, the resulting value éf 8, within experimental

error, corresporids to the average phonon frequency.

One can well appreciate that with six adjustable parameters to be

"determined the uncertainty in the experimerital values of both the

-

temperature or the band-gap must be small and that there must be
appreciéble data. Since in the present. work at most only thirteen
points were obtained, it was felt that a fit to two ©'s was not
justified. Thus the equation was rewritten so that only one 0 was used
which, following the arguments of Mandogian and Leclerc (79M1, 79M2),

would correspond to the average phonon frequency. From the work on the

Group TV semiconductors (79M2) a value of 0.7 for s was found. An

- 89 -
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analysis of the wvariation of the three T—point transitions oflcuGaSeé,
reported in Chapter 6, gave a value of B.65 for s. Hence for the work
reported here a value of 2/3 was assumed. The effect of the first term

X T )
is small compared ‘to that of the second and thus an approgimate value of

»

this parameter is gufficient. Thus -equation 4.2 is reduced to the
following form;
2/3

Eg ='EO - UT " "= Vg[coth({8/2T) - 1] - (4.3)

-

q
independent of T, and are determined from a fit to the experimental

where EO is the value of E_.at T =0 Kand U, Vand 8 are constants
. - .

data.

This equation was used then to fit the data obtained for the two

quaternary compounds investigated. The solid line of Figures 4.4 and 4.7

represents the fit obtained in each case. It can readily be seen that
the fit is Qery good. The maximum deviation of any data point from ghe

line is 0.3 meV for the AgGaSnSe, curve and 1.8 meV for the PgGaGeSe,

curve. . The parameters obtained for the two materials are summarized in

Table 4.2 .

TABLE 4.2
MANOOGIAN FIT PARAMETERS FOR AgGaSnSe , and AgGaGeSe 4

E v

U
k) en (ewd D (eV/K)

. -5 -4
AgGaSnSe4, 375.8  1.784 1.47 x 10  2.88 x 10

N

-4 -4
AgGaGeSe4 394.6 2.863 2.60 x 1@ 5.16 x 1@
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4.4 CONCLUSION

-

In this chapter the values of bend~gap E:g have been determlned
as a function of temperature in the range 4.2 - 390 K for the tMD
compounds AgGasSnSe, and AgGaGeSe4. It is found that the Varshnl
equation w111 give only a poor f1t to the experlmental data wh11e the
Manoogian equation gives a good fit. Notwithetanding the fact that the
Manoogian equation has more adjustable parameters and hence for this
reason could give a better fit, it is coesidered that for these\\
materia%s this equation is very usefnl in describipg the temperature
variation. Hewever a tuller test of this equation. is not possible at
' this stage since the phonon distribution .curves for these materials are
not known and hence'no_comment can be made oh the accuracy of the.values
of © determined in the two cases. The values for the diﬁf;}ent

parameters determined for all of the various materials investigated in

this work will be discussed later,

.
7
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Chapter V

TEMPERATURE VARIATION OF ENERGY GAP VALUES IN CuGatnse 4

5.1  INTRODUCTION

»

It has been shown that the compound Cu{]GaSnSe4 has a disordered

defect ch;?gopyrite structure with the.vacancies ([]) associated with
the coppgr atoms and randomly arranged dn one cation sub-lattice
(Chapter 2, 81G2). |

As was previously discussed in Chapter 3 the combined effects of
the resulting{étetragonal crystalline field and the spin-orbit
interaction completely remove the triple degeneracy of the p -~ like
valence bands. This gives rise to three valence to conduction band

-

transitions EA’ EB and EC.

Since it has been established that the lowest band-gap E ‘is a

direct transition (Chapter 3, 82Gl), 1t was deduced from the shape of

the absorption curve of this material, that the lowest T point

coﬁduction band has Te symmetry as opposed to F7 symmetry.  However the
symmetry of the highest valence band (A) was not established.

In this Chapter, the results of réflecténce measurementgﬁéhat have
been made on a single crystal sample of CuGaSnSé4 to determine the
polarization dependence of these T paint energy gaps and hence the

symmetry of the three valence bands are presented. In addition the
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variation of these gaps with temperaturé is reported. Previously in
Chapter 4 it was shown that for certain quaternary cémpqggdé a very gobd-
fit to the variation of the lowest b;Ld—gap with temperature could be
obtained using the equation suggested by Manoogian #nd Leclerc (79MI,
79M2) . That equation has bee# used in the pfeSent case also. Uﬂilizing
the curves generated by the best fits to the experimental data, wvalues
of the crystal field B¢ and spin—ofbit splitting &,  have been

determined frtm the Hopfield relation (60H1),. Thus the behaviour of Acf

and Aso as a function of temperature has been obtained.

5.2 PREPARATION OF SAMPLES

+

Thg‘ single crysfal samples were grown by iodine vapour
transpoft, details of the method used having been discussed in Chapter
2. Crystal plates of various sizes were produced, the sample used in
the reflectance work being of approximate dimeﬁsions 8x5x 2m. An
analysis'of a back reflection Laue X-ray photograph showed that the
plane of the sample was the (112) and hence‘the'g axis was inclined at
35.70 to this plane. This result is not surprisiﬁg in Qhag_ggg ternary
chalcopyrite single crystals also have this growth habit. The surface
of the crystal was véry good and no polishing was deemed necessar&.

Just prior to making reflectance measurements, the surface was lightly

. o . .
etched in warm HCl (5@ C) to remove any oxides or other contamilnants.

e

t
o]
LS}

|



4 4

5 -
\\/ .
o=

I

5.3 OPTICAL MEASUREMENTS AND RESULTS

The SPEX 1702 monochromator was again used to give radiation in
a wavelength range o§ Q.QS to A.65 ﬁm.f which would cover the required
range for the various band gap énergies. The light ‘squrFe was ’ a,
tungsten filament lamp (3@watts) powered by a stabilized D.C;';ﬁpply and
the light was chopped aé the input of the monochromator.  The output
from the monochromator was.focussed'on the reflectina surface at almost
normal incidence and the reflected light refocused on to a Dumont 6211
photoﬁultiplier. The output from the photomultiplief was applied to a
P.A.R. 186-A lock-in amélifier and the output of this registered by an
Electronik Mddel 19 strip chart recorder. Thus a spectrum of the
reflected sample signal as a function of waveleﬁgth was obtained at each
temperature. A spectrum of the reflected signal of an aluminum surface,
" prepared by flash evaporation of ‘aluminum on to a glass substrate, was
obtained at room temperature. This spectrum was taken to be a measure of
'IO, and thus the rét19 of the reflectance signals from the sample and.
the aluminum standard was taken as the reflectance value R of the
sample.’

All reflectance measurements were made with the sample or standard
positioned at the centre of the same dXFORD CF 204 cryostat described in
Chapter 4 and held in place on the sample holder by a small amount of
‘heat sink'. The quartz windows of thé‘ cryostat were replaced by CaFé

windows to permit. reflectance measurements using polarized incident

1ight.
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The use of the two polarization orientations can give usefyl
information since, as has been indicated by Shay and Wernick (75S1) ES?
these non-cubic materials, the three reflectance peaks are polarization
dependent. Therefore an H R polarizer was placed in the beam between
the monochromafor and the sample so that the reflectance spectrum could
be determined for different polariza;ions. Owing to .the orientation of
the sample face, spectra with polarizationﬁ perpendicular to the c axis
could be obtained, but it was not possible with normal iﬁcidence to
obtain spectra_with the polarization completely parallel to the c axis.
However, spectra were taken with the polarization having a maximum

: (o]
component parallel to c (i.e. at 5.7 to the ¢ axis)

In the present work, while the wavelehgth of _the peaks
corresponding to the transitions (Eg and En~) from the second and third
valence bands could be determined satisfactorily from the curve using
unpolarized light, it was not possible to obtain Ens the transition from
the highest valence band, with any reasonable accuracy as is shown by
the curve in %igure 5.1. As indicated in this diagram, the shoulder on
the curve below 1.5 eV could be Ep- Certainly Ey and E. are much more
pronouncéd than this and can be determined more accurately.
Figures 5.2 and 5.3 show‘the reflectance curves for room ‘temperature
(295 K) and 4 K with the two polarization arrangements respectively. In
both figures it is obvious that the transitions Eg énd E-~ are more
clearly defined than in Figure 5.1 and thus the uncertainty in the

positions of the gaps is somewhat reduced.
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“Fig. 5.1 CuGaSnSe 4 Toam temperature variation of reflectance R with nhoton
energy hv for unoolarized light. A, B and C indicate T point
valence band to conduction band transitions.
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Fig. 5.2 Roan temperature variation of reflectance R with photon energy hv
for light polarized.parallel and perpendicular to the ¢ axis of
CuGasnSe 4 B and C indicate T point valence band to conduction
band transitions.
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Fig. 5.3 variation of reflectance R with photon energy hv at 4.2 K for light
polarized parallel and pervendicular to the c axis of CuGaSnSe 4
B and C indicate I' point valence band to conduction band transitions.
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f\\Eb\eeterﬁine the value of Eys graphs of AR =R, - R, were plotted

. as a function of hv and the curves, corresponding to temperatures of -

295 K, 268 XK and 4.2 K, are shown in Figure 5.4. As ene'can see, the

transition becomes better defined as the tquerature is reduced and in
T

all cases it was possible to determlne En with the same degree of

ceftainty as for the other two transition

The resulting varlations of -EPV Eg and  En with temperature are

shown in Figuré'S.S, the error bars indicating the error which it was

- estimated could occur in the determination of the energy peak, due to

the broadness of the peak.

ALYSIS AND DISCUSSION -
\\) -
As was found in Chapter 4, a good fit to the experimental data
could be obtained using the equation proposed by Manoogian and Leclerc
(79M1, 79M2) (see equation 4.3). The parameter s was taken to be 2/3

for the same reasons indicated previously and, as before, the remaining

constants determined by a least squares fit, subject however to one-

further constraint. Maﬁoogian and Leélerc indicated from the values of
8 obtained in their experimental analysis that kBB agrees very wéll with
the known value 'of the mean phonon energy for the material concerned and
so in the present analysis, the condition has been imposed that 8 Has
the same value for all three curves, i.e., the best fit to the three

curves has been obtained with seven parameters viz, 8, UA’-UB’ UC’ Voo

V

B’

o Using the condition of minimum mean square deviation, good fits

were obtained to all three curves as is shown by the full lines in
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Fig. 5.4 Variation of the d,iffereg-uj_cg@ndicular and parallel

reflectance R, - R, with photon energy hv for CuGaSnsSe 4 at
the indicated temperatures.
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Fig. 5.5 Variation of T point band—gans EA’ EB and EC of Cu(';r';i.SnSe4 with
temperature. ‘The sclid lines are the fitted curves.
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Figure 5.5. The values of the parameters determined by the fit to the

data of each curve are listed in Table 5.1.

TABLE 5.1 MANOOGIAN FIT PARAMETERS FOR CuGasSnSe ,

o = 459 K
(eV) x 1072 ew/K) x 1672 ev/k%3
‘ E = 1. = 1.52 = 1.
i 4 Egp = 1-513 v, 5 u, 2
By Fgp = 1+579 v, = 1.89 ug = 20.0
E = - = - = -
¢ By = 1.803 v, = 2.72 U, = 2.71

As was indicated in Chapter 4 for the other quaternary compounds
the value of 6 listed above is the one given.by the condition of minimum
mean square deviation of the fit from the experimental points. However,
within the range of the error bars +indicated in Figure 5.5, a
considerable range of 6 can be used and curves obtained vwhich satisfy
the experimental values. The present parameters may be compared with

the parameters determined using the same criterion from the data for the

CUGa(Sel_xSx)2 alloys, which will be presented in Chapter 6. It will be
seen that the values of 8, in that case, lie in the range 550-808 K. If
kBe is the mean phonon energy, then g can be locked upon &s a measure of
the average bond strength in the materiaiﬁ so that a lower value of 8 in
CuGaSnSe4 is not unreasonable since it is a defect structure with, on
the ave?%ge, one cation site in four vacant.

As was mentioned previousl§, the third term in equation 4.3 is the
dynamic contribution due to phonon interaction. The values of the V

parameter listed in Table 5.1 are roughly the same size as those found

for AgGaSnSe4 and AgGaGeSe4 (Chapter 4) and the CuGa(Sel‘_xSx)2 alloys
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(Chapter 6). As in the latter case, the value of V is found to increase
somewhat as one proceeds from A to B to C. Assuming that the value of V
;;\a\yweasure of the effect of the pho;%ﬁ interaction with the bands
'concerned, this ;ariation in V would seem to indicate that, for a given
material, the lower the valence band in energy the larger the effect of
the phonon interaction. T ‘ \
Agéin, as has been shown for the compounds in Chapte& 4 and as will
be seen with the alloys in Chapter 6, the Uﬁs term, which is the static/
or dilatation term, is very much smaller than the dynamic term. Thus it

is felt that this term can not be determined with any great accuracy

using the present data and hence no comment can be made here.

From the values of Eh, Eﬁ and Eb as fitted sbove, values of spin-
orbit splitting 85, @nd crystal field splitting 8. can be calculated
using Hopfield's quasi-cubic model (60H1).

The qua

ubic model was originally proposed by Hopfield to
5

explain the obse exciton fine structure in ZnO and C3S. The model

suggests thatitBe observed splittiﬁg of the valence band is a result of
two contributions. The first is a small amount of spin-orbit coupling
( Aso< Eg) which mixes the P valence bands. The second, arising from a
strain applied along the z éxjs of the crystal, is a second order energy

shift of the Pé states (8, << Eq). _The eigenvaldes of the resulting

Hamiltonian, thus yield the Hopfield relation: . ‘ //

E, .= _é(ASb/AC

1,2 £ ii[(ﬁso *hcg) —8/3 AsoAcf] (5-1)
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where the sign convention differs from the original papef in that the
positive energy direction is now the same for both the conduction and
valence bands. For materials having wurtziﬁe structure Eq and E, are
the energies of the F7 valence bands relative to the Fg valence band.
In the case of GiS e&é(ellent agreement gs found between the predictions
of the model and experimental fact. towever the model was only
qualitatively successful in the case of ZnO. |

Rowe and Shay (71R1) extended the quasiicubic mcdel to ternary
chalcopyrite crystals. The authors noted that the strain Hamiltonian is
formally the same for both the * trigonal distortion appropriate for
wurtzite and the tetragonél distortion appropriate to chalcopyrite. The
model quantitatively explained the observed polarization dependences for
both ZnSiAs2 and CdSnPZ. 0

Since CuGasSnSe also has a chalcopyrite structure, Hopfield's
relation is applicable and has therefore been used here. 1In this case;
E

and Ey of the above equation are the energies of the T7 valence bands

1
-relative to the FG valence bands.

Therefore, before the Hopfield relation can be applied, it is
necefsary to détermine the valence band symmetry arrangement. ‘
Figure'S.Gé and b show two possible valence band ordgrings. In
both diagrams the tetragonal crystalline field splits the T15 band into
two valence bands, a singlet F4 and a doublet FS‘ From group theory it
can be shown that the F4|— T traﬁs{tion is allowed for liéht polarized

parallel to the c axis and that the Te - Tl transition is seen only for

light polarized perpendicular to the q,axis.

D
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In- Figure 5.6a- the P4'band lies above the I'. valence band and by

5
convention (7881) the crystal field is negative. The spin—orbit:'

interaction 1ifts the degeneracy of the PS- band yielding two valence

bands of T and T, symmetry as depicted. The selection rules mentioned

above are now somewhat relaxed in that QA is weakly visible for

perpendicular polarization and Eb for parallel polarization. With this

r
valence band arrangement, T7 'rﬁfr7' the theoretical wvalues of the

relative intensities of the transitions should be as follows: for.l

polarization EA weak and’EB and EC strong, for || polarization EC weak

andrEA strong with no EB.

With a positive crystal field, the I valence band lies above the

P4 valence band as depicted in Figure 5.6b. The spin-orbit interaction

Yields a valence band ordering of T ', and T.. As before, the

6" 17 7

selection rules are relaxed and the theoretical relative intensities

will be as follows: for polérization %: weak , EA and EB strong, for li

polarization %B weak, EC étrong and no EA'

2n examination of the experimental values in Figures 5.2 and 5.3
reveals that while E; and E. are seen ‘for both the |l ‘and 1
polarizations, éA is observed only for the 1 case and even then is weak
compared with Ep and Eq. Since the background values in Figures 5.2 and
5.2 show a peak close to the-value correspondiné to EB} it 1is not
possible to comment on ihe relative intensities of Ep and Eq for the two

4 ¢ : :
different polarizations.

Comparing these wvalues with the theoreticgl predictions given”
above, it is seen that the T6F7F7 case gives a closer resemblance to .
the experimental data but even 1in this case the agreement is not

o~
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excellent. If other possible valence band arrangements are postulated,

no better agreement is obtained.

1

One important experimental fact that must be taken into account is

that the parallel configuration is only nominal and in this case some

31% of the incident. intensity is in fact polarized 1 to the c axis.
Thus all values for the nominal parallel case will include some -
contribution. When this condition is included in the the consideration
of the data, it is found that it is not possible to make any definite
conclusion ahout the band_ordering; i,e. qwhile r6F7T7 appears more

probable the arrangement can not be ruled out. Since the

77677
chalcopyrite ternary compounds are known to show the .

F7T6F7. ordering

of valence bands (7581) and since the quaternaries have the same’

chalcopyrite structure (88HI) it was felt that the case could

FTFGF?
not, in light of the above discussion, be ignored. Hence below, the

analysis is made for both caseé and both sets of results are considered.

The first case is of a valence band ordering of TgT4To - This

ordering, suggested by the experimental results, would mean that the EA
peak corresponds to a transition from a T, valence band to a TG
conduction band and that EB and EC correspond to transitions from

valence bands of T symmetry to the same conduction band. Analysis on

this basis (case 677) gives the values of Aso and Aog shown in Fiaure :

5.7. It is to be noted that Asd and &cf are positive and that the *

magnitude of each increases as the temperature is reduced.
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The second possibility is of a valence band ordering of ToTels -
The resulting values of Aéo and Acf calculated from the present fitted
data in this case (767) are shown in Figure 5.8. ' It is to be noted that}
this gives Aso as positive and Acf as negative and that the magnitudes

of both splittings increase as the temperatur?/is reduced.

In both cases, the wvariation of th | A__ and A g values with

S0
temperature can be attributeﬁ/}o’"a\change in the contribution of 4
orbitals to the valence band form (75552 79Y1) . Thus as has been
indicatgd previously (7551, 79¥1), 1if the fractional p gharacter in the

valence band is'¢, and hence (l1—¢) the fracticnal 4 'chéracter, the

values of Aso and Acf can be written as

.

P
Aso = b, + (1 - d) AL (5.2)
' d
A . = ¢Apf + (1= b) b (5.2)

cf C

L

where Azo and Agf'are the spin-orbit splitting due to the p and d levels

P
cf

splittings which may be expressed as

P _<
beg = 3/2Db, (2 a)/\\/ (5.4)

—

. a . .
respectively and A and Acf are the corresponding crystal field

I

d
Acf

where % is the cxysﬁallographic axial ratio of the compound and bp and

= 3/2 by (2 - g) ' (5.5)

b3

respectively.

are the deformation potentials associated with the p and d orbitals

L3
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To apply these equations to the present results, it is assumed that

d
' b

P
bsor s0

D and by are temperature independent and that the variation

. . C i : c
of Aso and 8,y with temperature is due to variations in ¢ and . It has

s c . .
been assumed that the wvariation of 3 may be taken as linear with

temperature, the value at 28F X being known -to be 1.958 (8@H1l). Thus it

' is convenient to write that

32 (2-9 = .863 + (T - A00) {5.6)

-

where € 1is a temperature ccefficient not as yet determined
crystallographically but which may be tregted as an adjustable parameter

in the fit to A, and 8,¢. Substituti into equation 5.3 one finds

Beg = (8 by (1 - 9)bgl [W063 + (T - 300)} (5.7)

In order to carry out any analysis based on equations 5.2-5.7, it
is necessary to assume valgeé for some of the various parameters.

Following the analysis of Braunstein and. Kane (62Bl) and that of

Poplavnol and Polygalov (71P1) it will be assumed that

P . 1l p .30 ,lp  3p
Bso G (32 ACu * 33 bca " B ASn * 3 ASe) (5.8)

where Agu etc. are atomic p spin-orbit splitﬁings of the elements and Gp
is an enhancanent.factor for ‘the solid. For both zinc —blende (62B1,
69CJ). and ternary chalcopyrite structures (71P1), Gp has been taken as
%% and so that value will be used here. - Previous workers (62Bl1, 71P1,

63¥1} give the values of the atomic splittings as

8.031 ev Aga = (3.1¢2 eV

9]
c
Il

= §.450 eV (0.376 eV

92}
=}
|
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Hence from equation 5.8, for CUGaSnSe4, Azo = (.50 eV.

Tt is assumed that the d contribution in Aso is due to the copper

atoms only, the other d levels being much too deep (63Y¥1l} to centribute.

d . . .
Thus Aso = Gd(ACu)‘.Fér copper in a cubic environment Agu = %—Ed (6781) ,
wheré Eq is the Condon-Shortley one-electron parameter (62Bl). For

. d
opper £, = -0.1681 eV, i.e. AL = -0.152 eV (69Cl}). Under these
d Cu i

conditions the d level triplet acts like the p levels (6751} and so it

. 2 .
will be assumed that Gd = 5% alsoe. Thus Ago = -0.22 eV. With these

P d :
»values of &g, and 4., and the experimental values of Bggr values of ¢ as

a function of temperature can be determined from equation 5.2.

In equation 5.7, there still remain threé parameters to be
determined. However, it has.been shown for the ternary chalcopyrites
that bp may be taken as -1.0 eV §7551). This magnitude will therefore
be used in the present analysis. However, because of the éﬁfferent sign
for Acf in the two cases,. it is necessary to assume that bp = +1.0 eV
for the 677 case and bp = -1.0 eV for the 767 case.

With these parameter values, eguation 5.7 has been fitted by a
least squares analysis te give values for bd and ¢ from the experimental

values of Acf’ The results thus obtained are summarized in Table 5.2

below.
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TABLE 5.2

677 case
2F - g.s0 ev Ad‘*ﬂzzv b_ = +1.8eV
so - J - e s0 = =. e P = -
by = +2.A2 eV & = -8.97 x 107 O/K

and ¢ varies from .63 to 0.62 with temperature.

t

767 case
WP - p.56 ev = p.22ev  b_=-1.¢ev
SO- o e SO—-—. e‘ p—a—. e
. D
bd = -1,26 eV £ = —6,.680 x 10 /K

and ¢ varies frém #.65 to 3.625 with temperature.

-~

i
L

In these two sets of results the wvalues of ¢-are pgractically the

same and very similar to the values of ¢ quoted for the varicus ternary

=3

I-TII-VI, chalcogz;i}g compounds {7581} . Yamamoto et al. (79Y1l) obtained

X -5
a value of ¢ = +2.80 x 1@ /K for CUGa52 and found that(a value of by =
~4.9 w%:crequired to explain their data. Tn a further analysis of
reflectance measurements on CUGaSz, Goodchild et al. (81G1l) showed that

-
their data required that -2.2 eV > bp > — ®. Thus by comparison with the

CuGas., results, the 'value of_|bd| = 2.0 eV in the 677 case appears more
probable. However the value of e in this case is large, 1indicating a

-5
variation of the g- value of §‘= 1.95845.9 x 1@ (T - 300). No
experimental value of the'temperature coeffictent is available at the

present time.
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5.5 CONCLUSIONS

The results show that the behéviour of this quaternary defect
chalcopyrite compound is in general form similar to that of the ternary
chalcopyrite compound to which’'it is analogous. The temperature
variation of the three [ point band gaps can be fitted well by the
equation of Manoogian and Leclefc, but as will be seen in the case of
the CuGa(Sel_xSx)2 alloys, the ramge of temperafure used {0 - 3AQ K) is
not sufficient to allow an accurate determination of the parameter 6.
However, the 8 value is lower than those of the alloys, demonstrating
_the softening of the structure due to the presence of lattice vacancies.

The wvariation with temperature of the wvalues of spin-orbit
splitting and ‘crystal field splitting from the measured data can be
explained by admixture of d orbitals with the normal p orbitals forming
the valence bands of the compound.

An analysis has been carried out for two différent orderings of the
valence bands. values for the spin-orbit splittings of the p and 4
orbitals have been calculated from atomic values and hence values
determined for the deformation potential associated with the d orbitals
of copper and for the tempfrature coefficient of the g-ratio of the
crystal. These values may'be compared with the corresponding values
guoted for the ternary chélcopy;ite compound CuGaSz. The values of the

déTormation potential for the copper d orbitals seem to give some

(‘p

suppnft for the proposed T6F7f7 valence band ordering.
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Chapter VI . j

TEMPERATURE VARIATION OF ENERGY GAP VALUES IN
CuGa(se,_ S, ),

6.1  INTRODUCTION

It is well established that in the alloy system CuGa (Seq_,8,) 5
single phase sclid solution occurs at all values of x and that the
lattice parameter values of the chalcopyrite structure vary linearly
with ¥ (7551). Measurements of the energy gap values have been made for
the compounds by various techniques (7551, 75S82), but no systematic
investigation of the temperature variation of the energy gaps has been
made,

Reflectance measurements on single crystal samples have a clear
advantage over absorption since in the former case all three valence —
conduction band Q}ansitions at the T' point En, Eg and Epmay be
investigated while in the latter case only Ep can be observed. Here,
reflectance measurements have been used to determine energy gap values
in the temperature range from liquid helium to room temperature.
| The application of the Manoogian and Leclerc equation to the
temperature variation of energy gaps has been shown in previous chaptérs

+to be quite successful in describing the variation of-a band-gap with

temperature. This _eguation will be used here alsoc.
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. 6.2 PREPARATION OF SAMPLES

.For each sample, the appropriate apounts of ~ the required’
elements were melted together in an evacuated quartz capsule, a rocking
furnace being used to give good mixing. The rcharge was heated
slowly (apﬁ}oxiﬁately 200/hour) and after being held in a molten state
was slowly cooled. In all cases except x = 0.25 the resulting material
was then resealed and crystals grc*gl py the iodine vapour transport
method described in Chapter 2. The groth of the single crystal samples
was undertaken by Jesus Gonzales at Universidad de Los Andes in
Venezuela in collaboration with this ‘group. The source material was
sealed in a quartz tube of diameter 16 mm and length 120 mm with
approximately 18 mg/cm of iodine added as the transport medfum. The
tube was placéd in a horizontal furnace with a temperature gradient
producing a hot zone of 756°C and a cold ;one of 7BGOC. The time of
growth for the qrystals was of the order of 7 days and the resulting

crystals had good reflecting surfaces and were of typical dimensions

180 x4 x 1 rm.

Small pieces of the final crystals were powdereg and lattice

parameter data -obtained from Debye-Scherrer X-ray powder photographs.
\

These data showed that the required composition values were obtained to

within #¢.01 in x. -

The optical specimens (except-for x = 0.25) were the as-grown

crystals which were carefully cleaned in boiling acetone, methanol
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vapour and then 1lightly etched in warm HCl (50 C). The sample of
composition x = @8.25 was cut and one surface carefully lapped with
alumina powder down to #.3 um size to give a good reflecting surface.

This was then treated in the same manner as the single crystal samples

above.

6.3 OPTICAL MEASUREMENTS AND RESULTS

Essentially, the same set up as described in the previous
Chapter was used to chtain the reflectance data. The only difference
was the use of the BMI 6255s pmt or of an BG&G SFD 160 flat response
silicon diode rather than the Dumont 6211 pmt ‘as the detector 1in the
visible wavelength regioh for some of the measureménts. As before, the
ratio of the rgflectance signals from the sample and an aluminum
standard was téken as the reflectance value R of the sample. The
variation of R with photon energy h  at certain temperatures for the
case of CUGéSe2 is shown in Figure 6.1. Two peaks are observed
corresponding to the transitions from the higher wvalence bands (A & B)
to the conduction band. The estimated accuracy in the determination of
each peak was *2 meV. ‘The transition from the lowest valence band (C)
could no£ be detected with any accuracy and has not been considered

further here.
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The spectra obtained for the alloys and for CuGaS, showed a™little
more noise than for CuGaSe;. The estimated error in the positidﬁ of
both peaks in these cases was 4 meV. In the casge of the polycrystalline
sample of composition x = ﬁ.25, the spectrum was appfeciably noisier and
though the error in the position of the A peék was the same, the
position of the higher energy B peaké could not be determined with any
great accuracy. The estimated error in this case was 18 meV;

For each value of x, the energy value of each peak was plotted as a
function of tempera;ure and the resulté, at increments of x = 0.25, are
shown in Figures 6.2 through 6.6.

A7 C
J ‘ t

6.4  ANALYSIS AND DISCUSION

As-discussed before, a good [fit to the temperature variation
data of the chgicopyrite materials could not be ébtained using the
Varshni equation (equation 4.1). Although the Debye temperatures of
CuGaSep and CuGaSp are estimated to be 239 K and 320 K respectively
(7601) , to obtain any fit at all it was found, as for the quatéfnary
compounds, that B needed to be greater than 2000 K so that the -
temperature term in equation 4.1 effectively takes an T? form. Even
with thgse values, tﬁe fit wag poor and values fitted to the
interﬁediate temperature range used here would clearly show deviation
from experiment at higher temperatures. Hence a fit to the experimental
data was attempted using the Mancogian and Leclerc expression in the

il

same form as used in the previous Chapters,
p

/

et AN : ’
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i.e. E=E_ - UT® + VB (coth8/2T - 1) (6.1)

where s, U, V and 8 are constant and independent of T.

In the present analysis, s was first treated as an unknown

Y

parameter and determined, together with the other parameters, by a least

-,

sqguares fit to the CuGaSe2 data and a value of s = 0.65 was obtained.
The CuGaSe, data wefe used as they were'considered the best experimental
valﬁes of the present set, However, it was found in thg analysis of the
present results that the UTS- term 1is considerably smaller than the
second term on the RHS of eqﬁgtion 6.1, so .that the fit to the
experimental data was not very dependent on tbe.exéct value of s used.
Hence to simplify the fitting process?/qi; was assumed in the analysis

of all curves that s had a value of 2/3.

As has been previously indicated, kp® is the mean phonon energy for
the material and as in the previous Chapter, the ponditioﬁ has been

imposed that 0 has the same value for both the EA and‘EB curves. Thus

the best fit to the two curves has been obtained with five variables,

viz. 8, UP( UB' VA, VB’ the normal criterion of minimum mean square
deviation of the experimental points being used. ~ Under these
4

_conditions, good fits were obtained to all curves bfth for EA.and E. as

B
can be seen in Figures'§fz‘tom:6.6 where the full line represents the

curve fitted in this manner.

+ e
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Fig. 6.7 Variation of the valwe of 8 determined fram best fit to

E vs. T curves with camposition x of CuGa(Sel_xsx)z.



Figure 6.7 shows the value of 0 determined in this way.as a

function of x, the values 1lying in the range 520 - 828 K and the’
variation being obviously non-linear. .In an attempt to find a relation -

between 8 and x, the next approximation of a perabolic form was '

considered. Excluding the wvalue at x = 0.25, the points gave a very

good fit to an equation of the form
8 =588 - 163x + 391x°) | (6.2)

as is shown by the full line in Figure 6.7. Since the sample with
X = #.25 was the only one which was not single crystal, it was
considered likely that any discrepancy between the var}ous samples codld

probably be attributed to problems with this sample. \\\,

However, if the proposals of Manoogian and Leclerc apply in
the case of these materials, these values of 6 should give mean phonon
frequencies fér the alloys. The values of Ehe_ various optigal phonon
frequencies for these alloys has been given by Bodnar et al. (77Bl). It
is found that the values of 8 determined above are all higher than the
value; to be expected from the phonon frequencies. In order to check
this disagreement further, an attempt has been madé} to cglculate mean-

phonon energies and hence § values from the.data of Bodnar et al.’ The

phonons divide into two sections, one being CuGaSez—like and the other

CuGaSz—like, as has been found to be the case with. III-V alloys also
(76L1). Since Bodnar et al. do not give intensity wvalues, for each
alloy in the CuGa(Se,_S ), system, a weighted mean has been used giving

the CuGaSézwlike phonons a weight of 1 — x and the CuGaSz-lik;/phoﬁbns a

weight of x. The resulting values of 8 obtained in this way/ are shown -

in Figure 6.8 and are fitted to the equation

- 127 ~ ™~
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8 = 381 + 97x + 5Ox ’ (6.2

500

\s-,//l///r—~—~
P\\\ I l‘?;grp i

O 05 10
NG

Fig. 6.8 Variation of the value of 8 determined’ fram photon spectra

with canp051tlon&x of CuGa(Sel_xsx)z.

With these values of 8, the experimental values of Ep and Eg vs. T
have been fitted using the U and V parameters as adjustable and the
resulting fitted curves are shown as the dashed lines in Figures 6.2
through 6,6. While these curves do not fit quite as well as the best-
fitted curves given'previously, the minimum mean square deviation being
2 to 3 times greater in this'case, it i; seen that the fit can still be

considered to be well within the limits of experimental error quoted

above for the various samples investigated. 1

-
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' It is apparént that although 2 good fit to the experimental data
can be oﬁtained with the equation of Manoccgian and Leclerc, an accurate
determination of the valuve of 6 requires measurements at many more
temperatures - particularly in an extended range of temperature - or
very accurate determination of thé values of EA and EB'

In fitting Ehe experimental data to eguation 6.1, the wvalues
obtained for V, and to some extenf those for U, depend appreciably on
the value of 6 used. But which ever of the two fitted results from
above is used, the values determined for the V and U parameters show
similar general form. In all cases, the values of U determined are very
small, the values lying in the range of experimental fluctuations and so

no effective comment can be made on these. However, the values of V are

larger and can be determined with reasonable relative accuracy. In each

case, both the.A and B curves, it is found that the values of V can be
fairly well fitted to a'parabolic form of V.= a, + bx + cvx2 and the
values of V show a minimum at about x = @.4. As an example, the values
of V using the phonon 8 curve are shown in Figure 6.9 for both En and Ep

values. The lines fitted to these points are given by

' 2
1.66 — 1.74x + 2.26x

VA = ~~
-4 .
x 1# eV/K {6.5)
- 2
Vp = 1.82 - 1.57x + 2.01x
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Fig. 6.9 Variation of parameter V with camposition x for the EA and

Fp, Curves of CuGa(Sel_xSx)z.

Thus the value of Vg is somewhat larger than that of Var which is

found to be the case also for the results on the quaternary chalcopyrite
type compound QuGaSnde (82L1) discussed in Chapter 5.  However, thé
‘ Qariation of the two curves with alloying is very similar, as indicated
by the similarity of the values of the bowing parameter Cy. If the
values of 6 determined from the best fit condition are used, different
values of Vv are of course obtained, but- the variaﬁion with x is of é

rd

very similar form to that mentioned above i.e.

- 130 -




e

<
]

= 2.35 - 3.76x + 5.ﬁ2x2
7 ) X lﬁ_4ev/K J (6.6)
Vy = 2.55 - 3.96x + 5.17x2

It has been iﬁdicated by Manoogian and Leclerc that the V term in
equation 6.1 represents dynam%g or phonon interaction effects, Thus it
is seen that the effects of phonon interaction are very similar for the
two valencé bands investigated here, as are also the effects of
alloying.

It is observed that the twa. methods of fitting described above
yield very similar values both for %A and fof EB at' absolute =zerec,
i.e. Eyp and Eyp. Figure 6.17 shows the variation with c0mposition_of
Fgp and Egg- It is found that within the limits of experimental error

both values vary linearly with x, the values from least squares fitting

being

EOA 1.729 + 3.783x
eV (6.7)

Eqg = 1.804 + 0.819x_

Since the’third transition Fn could nof be observed, it is not possible
to cg}culate vatues of spin-orbit A, and crystal field A ¢ splittingg
féf the alloys. However, if a linear variation of both A, and A.¢
between the quoted room temperature values for the compounds (77¥1) Is
assumed, the predicted room temperature values of Ep and Eg agree with
the values determined experimentally to within 4%. This assumption is
reasonable since as, mentioned above, the band-gap variation of both Ep

and Eq with composition is linear.

r_’___—-—
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Fig. 6.10 Variation of zero temperature values EOA and EOB with
- camposition x of CuGa(Se;_ .S ), =

In the special case of CuGaSz, the spitn-orbit splitting is given'as
zero {7551) and hence the difference Ep - Ep gives the value of & ¢ in
this case. ‘These values are found to vary smoothiy between 122 meV at
g K and 177 meV at 209 K. This decrease in Acf with temperature has
been attributed (75S1) to the variation with temperature of the

’

contribution of & orbitals to the valence band form. Thus as previously

-132 -




stated in Chapter 5, 1if thfvfraction 6£\p5§§§facter in the valence band
(

is ¢, and hence that of d characte 1 -¢), as indicted by .

v

Yamamoto et al. (77v1, 79Y1) , the crystai? field éplittjng should be

given by -
N = oaP oy B
_‘ b ¢>Acf-l: (1 -0) A (6.8).
with Af;f ='3/2b (2 —f) 7 (6.9)
' -~ d c. ,
and e = 3/2by (2 -3) _ : (6.18)

-~

c . 4
where 3 is the crystallographic axial ratio for CuGaS, and bp and bg are

* the deformation potentials of the p and d orbitals respectively.

-

’

. . C - ) .
Yamamoto et al. determined 7 as a function of temperature in this
, o
case and their results can be expressed as;

3/2 (2= ) = £.0495 + 2.80 x 187, - - (6.11)

For the II-IV’—V2 chalcopyrite materials, it has been shown that the
coefficient bp has a value of -1.2 ev. " For the-I—IEI-NI2 chalcopyrite
materials, a valué of -1.8 eV has been used athouéh this may be suspect
since'in its estimate the éffectsl_pf d ?Qntributions were not allowed
for. Froﬁ their mqasﬁrements on QuGaS,, Yamamoto et al. estimate that
bd = —4!& ev. Usiné these values, the variation of ¢ with temperature
can"bé determihea from the present data. - Using bp =-1.0 eV and
bg = -4.9 eV the vflues of. ¢ obtained vary almost .linearly 'h?th
temperature‘from #.63 qt K to 8.74 at 360 K. Vvalues of ¢ aboutBS%

larger are obtained "if b is taken as -1.2 eV, Yamamote et al.
b - .
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estimated a value*6f ¢ of @.61 at 300 K while values of ¢ in the range

f#.55 to  B.87 have been determined for other I ITI VI, .compounds from

-

‘values of spin-orbit splitting (75Sl). -

. In work on the chalcopyrite-like quaternary compound CUGaSnSe4
(82L1) 'it has been fouhé necessary té assume a positive value of bd in
that case to give any.fit to the experimental data. It seemed of
interest therefore ito determine the range of by possiblgj in the

i

. interpretation of the present results for CuGaS applyingrEhe obvious

2]’
condition that # < ¢<1 at all temperatﬁres. With a |value of
bp = -1.2 eV, this condition requires that by must lie in the-range from

-2.0 eV to -=, With b_ = -1.6 eV, the corresponding limit to by was

p
-2.2 eV. Thus 'the positive value OE#bd requiréd for the interpretation

of the results on the quaternary compound cannot apply in this caﬁe.

6.5  CONCLUSION _ L.
' - ' %

For these chalcopyrite type alloys, the wvariation with
temperature of the band dap values E, and Ep cannot be fitted
atisfactorily to the Varshni-type equation which applies well’ in the
case of Group IV elements and the III—V’and IT-VI compounds and their
alloys. The Mancogian-Leclerc type of équation can give a satisfac%ory
fit thAIl of the EA.and E&;vs.:‘T ¢Urﬁes, but unless a very wide range
of temperatufes is covered or very-baccuratej‘Plues of energy are known,
it is not possiblé to make an accufate determingtion of the 8 parameter.

Thus the present results do not contradict the statement of Manoogian

.
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and Leclerc that the value of kzf is that.of the mean phoﬁon energy of/l
the material. ‘The parameters determined in the analysis indicate that
the effects of phonon interaction and of the ailgying ‘are ve:§ similar
on both the A and B valence bands.

| The variations of the absolute zero values’ of'EOA and Egp with
composition are found_to be linear with no measurable bowing due to
alloying effects in this case. |

An analysis of the crystal field splitting for CuGaS, shows that

the value of the d orbital parameter bd must for these results be in the

range -2.0 eV.to o, '~ Use of the wvalue of -4.9 eV. proposed ’by

Yamamoto et al. gives a value for ¢, the fractional contribution of p

character to the valence bands, which is somewhat 1larger than that
. L !

-

estimated by Yamamoto et al.
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Chapter VII

RECOMMENDATIONS FOR FUTURE WORK:

7.1  INTRODUCTION -

Recent work (81L1) has shown that these compounds can Qé
-synthesized in a much purer form than the materials used in the work
described above and this has been confirmed by the latest work in the
laboratory at the University'of Ottawa. This is accomplished by simpiy
annealing for a few days at temperatures much nearer the melting point

of the compound. For example the two materials which proved to be the

most difficult, CuInSnSe, and AgInSnSe4, have now been grown- here with

4
no ternary or SnSe2 dissolved in the ingot. However, measurements of"
optical absorption on this sample of AngSnSe4 gave the same value of
energy gap as was obtained with the previous sample, indicating that the
analysis described above is not affected by the presence of tha
impurities. This material is of interest for possible application in
the optical communication field ag the value of the lowest band—gap is
quite near to the lowest minimum in the absorption vs. energy curve of
the material currently used for optical fibers.

. With the availability of better polycrystalline materials,- work is
progressing towards thé growth ©f single crystal samples by the lodine

transport method.
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More detailed meésurements of 6ptica1 absorption woﬁld give
information aé to which compounds show direct and which psewdodirect
band-gaps. Comparisson of these results with similar ones for the
corresponding teénary compounds would allow a further comparison of the
band strucﬁures of the two types of compound to be made.

«Measurements, either by direct or modulated reflectance, would
yield detailed information about the band structure of these quaternarx
compounds. For example the crystal field and spin-orbit splittings of
. these materials can be determined from the values of the three T point
band;gaps. From theée values, an analysis similar to that of Chapter 5
could be undertaken to determine the values of the deformation
potentials bp and Qd" "Detailed X-ray work could also be done to
investigate the variation of g with temperature, thus elimiﬁating € as
an adjustable parameter in equation 5.7.

For the Manocogian-Leclerc equation to be tesEgd more thoroughlgl it
would be necessary to investigate thege compounds in much greater
detail. Thus more accurate values of energy gaps over a wider range of
temperature and some information on the phonon dispersion curves would
be required. However, material for which more information is airéady
available hould‘ be a better candidate than these new quaternaries for
which so;I?EEIé data has as yet been obtained. Detailed studies would
no doubt es£ablish values for the s paraaétgg which could either be the
same for all materials or more likely for materials of the same form.

Good quality polycrystalline materials, if not single crystals, are
required fo}la %tudy of ohmic contacts.” Once this work is done detailed

investigatfdns irfto the transport properties of these compounds may be

_i§§7 -



vt

undertaken. Such investigations wouldq;:::?;TﬁEPﬁobility and carrier

1

concentration values and the effect of doping. R

It is quite evident that there remains a great deal more work to be

done on these quatérnary chalcopyrite structured materials.

—
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